
Advances in Material Research and Technology

Sabu Thomas
Amadou Belal Gueye
Ram K. Gupta   Editors

Nanostructured 
Materials 
for Supercapacitors



Advances in Material Research and Technology

Series Editor

Shadia Jamil Ikhmayies, Physics Department, Isra University, Amman, Jordan



This Series covers the advances and developments in a wide range of materials such
as energy materials, optoelectronic materials, minerals, composites, alloys and
compounds, polymers, green materials, semiconductors, polymers, glasses, nano-
materials, magnetic materials, superconducting materials, high temperature mate-
rials, environmental materials, Piezoelectric Materials, ceramics, and fibers.

More information about this series at https://link.springer.com/bookseries/16426

https://springerlink.bibliotecabuap.elogim.com/bookseries/16426


Sabu Thomas · Amadou Belal Gueye ·
Ram K. Gupta
Editors

Nanostructured Materials
for Supercapacitors



Editors
Sabu Thomas
School of Chemical Science
Mahatma Gandhi University
Kottayam, Kerala, India

Ram K. Gupta
Department of Chemistry
Kansas Polymer Research Center
Pittsburg State University
Pittsburg, KS, USA

Amadou Belal Gueye
School of Chemical Science
Mahatma Gandhi University
Kottayam, Kerala, India

ISSN 2662-4761 ISSN 2662-477X (electronic)
Advances in Material Research and Technology
ISBN 978-3-030-99301-6 ISBN 978-3-030-99302-3 (eBook)
https://doi.org/10.1007/978-3-030-99302-3

© The Editor(s) (if applicable) and The Author(s), under exclusive license to Springer Nature
Switzerland AG 2022
This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher, whether
the whole or part of the material is concerned, specifically the rights of translation, reprinting, reuse
of illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way, and
transmission or information storage and retrieval, electronic adaptation, computer software, or by similar
or dissimilar methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or
the editors give a warranty, expressed or implied, with respect to the material contained herein or for any
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland

https://orcid.org/0000-0001-5355-3897
https://doi.org/10.1007/978-3-030-99302-3


Preface

Supercapacitors are emerging as advanced energy storage devices which bridge the
gap between batteries and conventional capacitors by providing high-power density
(as of a capacitor) and high-energy density (as of a battery). Electrochemical double
layer and redox process are twomain charge storage mechanisms of supercapacitors.
Approaches to combine both mechanisms in a supercapacitor to enhance its elec-
trochemical properties are attracting considerable attention. The electrode materials
used for the fabrication of supercapacitors can drastically affect the energy storage
capacity of these devices. Many materials such as conducting polymers, carbon-
based materials, layered structured materials, metal oxides, and sulfides are being
used for supercapacitors. Types of materials and their morphology can affect the
energy and power density of supercapacitors. This book reviews advances in this
field in addition to presenting a brief history of supercapacitors as energy storage
media and nanostructural materials. The nature of this technical book can serve as a
very useful reference book or manual for a wide range of scientists, industrial prac-
titioners, graduate and undergraduate students, and other professionals in the fields
of science and education.

This book aims to cover the current cutting-edge advances in nanostructuredmate-
rials for applications in supercapacitors. Nanoscale materials have many fascinating
properties that are ideal for energy storage applications. In addition, approaches are
aimed at their electronic, electrical, and morphological aspects to enhance their elec-
trochemical performances. Many emerging nanomaterials such as aerogels, chalco-
genides, and bio-derived carbons are covered. Novel approaches for the synthesis and
tuning of their electrochemical properties are described in detail. This book consoli-
dates information on synthesis and applications of nanomaterials for supercapacitors
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vi Preface

with detailed characterization, mechanistic approaches, and theoretical considera-
tion. Recent developments in advanced devices such as flexible and wearable super-
capacitors using nanostructured materials are covered. This book provides funda-
mentals as well as advanced concepts to the readers for developing nanostructured
materials for supercapacitors.

Ram K. Gupta
Associate Professor

Department of Chemistry
Kansas Polymer Research Center

Pittsburg State University
Pittsburg, KS, USA
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Abstract A supercapacitor is considered to provide superior power density along
with high energy density to overcome the issues of power density in a battery. The
choice of electrode materials to achieve high power and energy densities is a crucial

A. Thirumurugan (B) · K. Ramakrishnan
Sede Vallenar, Universidad de Atacama, Costanera 105, Vallenar, Chile
e-mail: arunthiruvbm@gmail.com; arun.thirumurugan@uda.cl

A. Ramadoss
Laboratory for Advanced Research in Polymeric Materials, Central Institute of Plastics
Engineering and Technology, Bhubaneswar 751024, India

P. Thandapani
Materials and Low-Temperature Laboratory, Institute of Physics ‘Gleb Wataghin’, University of
Campinas (UNICAMP), Campinas, São Paulo, Brazil

P. Thangavelu
Department of Chemical Engineering, Anna University, AC Tech, Chennai 600025, India

S. S. Dhanabalan
Functional Materials and Microsystems Research Group, RMIT University, Melbourne, Australia

N. Dineshbabu
1SSN Research Centre, SSN College of Engineering, Kalavakkam, Chennai, Tamilnadu 603110,
India

K. Ravichandran
P.G, & Research Department of Physics, AVVM Sri Pushpam College (Autonomous), Thanjavur,
India

R. Aepuru
Departamento de Ingeniería Mecánica, Facultad de Ingeniería, Universidad Tecnológica
Metropolitana, Santiago, Chile

R. Udayabhaskar · M. J. Morel · R. V. Mangalaraja
Instituto de Investigaciónes Científicasy Tecnológicas (IDICTEC), Universidad de Atacama,
Copayapu 485, Copiapo, Chile

R. V. Mangalaraja
Advanced Ceramics and Nanotechnology Laboratory, Department of Materials Engineering,
Faculty of Engineering, University of Concepción, 4070409 Concepción, Chile

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
S. Thomas et al. (eds.), Nanostructured Materials for Supercapacitors,
Advances in Material Research and Technology,
https://doi.org/10.1007/978-3-030-99302-3_1

1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-99302-3_1&domain=pdf
mailto:arunthiruvbm@gmail.com
mailto:arun.thirumurugan@uda.cl
https://doi.org/10.1007/978-3-030-99302-3_1


2 A. Thirumurugan et al.

key point. However, several attempts have been done to achieve high power density,
energy density, and long cyclic stability by attempting various electrode materials
which include carbon-based materials, pseudocapacitive materials, new materials,
and their composites. The tuning ofmorphology and composition was also attempted
and showed significant improvements. This chapter dealswith the newmaterials such
as hydroxide, metal–organic framework, MXenes, nitrides, and their composites.
The process and progress made on these novel materials are discussed with available
recent literature.

Keywords Nanomaterials · Electrode materials · Supercapacitors · Nitrides ·
Hydroxides ·Metal–Organic Frameworks ·MXenes

1 Introduction

The high-performance electrochemical energy storage devices are becoming the
cynosure of power backup technologies in automobiles such as hybrid electric vehi-
cles and modern electronics as well. To achieve that, contemporary research has
been engrossed in developing and improving efficient electrode materials. In recent
times, better performance electrodematerials such as carbonmaterials, metal oxides,
hydroxides, carbides, sulfides, nitrides are being thoroughly investigated owing to
their characteristics in the nano realms where nanotechnology enhances the device
performance. Various things such as materials, fabrication routes, and many others
affect the device’s performance while enabling them to be potential energy-efficient
materials. Therefore, developing some efficient ways to synthesize target material
with required morphology and activity is crucial to get the potential for electrochem-
ical applications which could be used for electronic devices. The development of
nanocomposites with various combinations is important to utilize the characteristics
of two or more materials in a single composite.

2 Nanocomposites for Supercapacitors

Several composites with carbon-based and pseudocapacitive materials have been
attempted and found some interesting characteristics for the new nanocomposites.
Newnovelmaterials such asMXenes,metal–organic frameworks, polymers, hydrox-
ides, nitrides, and a few metal oxides along with conventional capacitive materials
are attempted and obtained different kinds of results such as faradaic non-faradaic,
a mixture of these two, and battery type behavior. Based on the electrochemical
characteristics of the electrodes, the electrode materials are classified as capacitive

A. Akbari-Fakhrabadi
Advanced Materials Laboratory, Department of Mechanical Engineering, University of Chile,
Santiago, Chile
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Fig. 1 The shape of cyclic voltammograms (a–b, d–e, g–h) and their corresponding GCD curves
(c, f, and i) for different types of energy storage materials. Adapted with permission from reference
[1], Copyright (2021), American Chemical Society

(EDLC), pseudocapacitive, and faradaic materials as shown in Fig. 1. Pseudocapaci-
tive material may have the electrochemical properties of anyone, or a mixture of few
among redox materials, intercalation-type materials.

2.1 Transition Metal Nitrides

Owing to its good electrical conductivity, high reactivity, and durable mechanical
qualities, metal nitrides (MNs) are novel types of materials with features that can
greatly improve performance. These materials are being used in energy storage
devices, photocatalysis, sensors, and biological applications. To develop MNs, a
variety of synthesis methods are available, based on the qualities and applications
in which its synthetic frameworks are measured as the most important feature in
defining the efficiency of nitrides. The size-dependent properties of MNs integrated
with nanostructures, such as specific surface area, confirm the sufficient contact
among active materials as well as electrolytes, allowing for a short dissemination
path for ions transport and electrons resulting in improved performance. Furthermore,
MNs have excellent mechanical stability, which helps to reduce the pulverization of
electrode material during cycling [2–4].

Aside from the benefits mentioned above, the disadvantages of MNs that limit
their practical application are also discussed. Synthesis of metal nitrides requires
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multistep, high temperature (>800 °C) annealing with time to be synthesized in a
controlled environment of specified crystalline plane phases, making their synthesis,
complicated and uneconomical. The most important step in converting metal precur-
sors into corresponding nitrides is a post ammonia reduction annealing. The struc-
tural features of the precursors can be well conserved, which is a major benefit of this
conversion. Thereby the novel, cost-effective, and environmentally friendly methods
are still necessary for producing high-quality MNs.

The bonding nature of nitrides determines their classification. Group I and II
elements form nitrides with an ionic bond with excellent ionic conductivity, whereas
group III and IV elements form a covalent bond with semiconducting or insulating
nature and have a highmelting point. Ionic, covalent, andmetallic bonding contribute
to metal-nitrogen bonding, which is necessary for its unique physicochemical prop-
erties. They arewell suited for photoelectric applications, such as LEDs, laser diodes,
and power electronics, due to their higher covalent nature [5–7].

Cui et. al prepared Nb4N5 nanochannels through Nb foil anodization followed
by annealing for the first time, demonstrating their electrochemical performance
as supercapacitor electrodes. In 1 M H2SO4 electrolytes, which are among the finest
levels of nanostructuredmetal nitrides film electrodes, a capacitance of 226mF cm−2

was achieved at 0.5 mA cm−2 of current density (CD). The electrochemical perfor-
mance was ascribed to the Nb4N5 nanochannels with favorable structure, electrical
conductivity, and good capacitive behavior.Mechanistic studies further confirmed its
faradaic pseudocapacitance, which was derived from the proton integration as well
as chemical adsorption caused by the abundance of valence (+5) ions in Nb4N5.
Furthermore, 70.9% of its initial capacitance remained, indicating good cycling
stability. Even after 2000 CV cycles, 100% capacitance retention was achieved by
coating a carbon layer on the Nb4N5@NC nanochannels electrode. The prepared
Nb4N5 nanochannel structure can support the deposition of additional active capac-
itive materials to make hybrid electrode materials, also serve as a potential material
for other energy-related applications [8].

Zhu et al. then investigated the assembly of nanostructured MNs on graphene for
asymmetric supercapacitors (solid-state). By fully covering the graphene nanosheets
and maintaining close contact among active nitride material and substrate, it
ensured maximum use of conductive surfaces. The asymmetric supercapacitor made
of TiN@GNSs and Fe2N@GNSs electrodes in (PVA)/LiCl electrolyte, delivered the
SC of 58 F g−1 at CD of 4 A g−1 and was steady for 20,000 cycles. The device also
demonstrated ED of 0.55 mWh cm−3 and PD of 220 mW cm−3 when examined at a
high CD of 8 A g−1 [9].

Zhang et al. [10] studied lanthanum nitride (LAN) for energy storage applica-
tion after calcining La2O3 in the NH3 atmosphere. After 5000 cycles, 951 F cm−3

of capacitance was found in Na2SO4 (1 mol dm−3) with CD of 1 A g−1 and 87%
of the initial capacitance preserved at CD of 10 A g−1. Long cycle life, as well as
electrical charge transfer, were confirmed using a reversible electrode process. The
use of nanoparticles (NPs) in aqueous electrolytes results in good capacitance. The
symmetrical capacitor was also cycled and the obtained capacitance, lifetime, and
ED were all good. The capacitance value obtained was 7–9.5 times more than that



Nanostructured Materials for Supercapacitors 5

of AC. During the charge–discharge process, the reversible reaction measured by
diffusion and the electronic conductivity ensured longer cycle life and rate of charge
transfer. The volumetric energy densities of the capacitor were extremely high, and
it is expected that this capacitor will be used in the application of volumetric require-
ments. Additional research is being conducted to determine the exact charge storage
mechanism of this material.

Wu et al. developed vanadium nitride/carbon (VN/C) membranes using a novel
and simple approach. The VN/C (I) design was successfully prepared as a superca-
pacitor electrode material in this study, with carbon/VN networks with and porous
structure. VN/C (I) showed a surface area of 523.5 m2/g and exhibited outstanding
electrochemical performance with low resistance value as well as good SC along
with good cyclic stability. In 6 M KOH, VN/C (I) delivered a favorable rate ability
at 30 A g−1 with 51% of capacitance retention and a capacitance value of 392 F
g−1 at 0.5 A g−1. Surprisingly, at PD of 800 W kg−1, the assembled asymmetric
device made of Ni(OH)2/VN/C (I) produced a high ED of 43 Wh kg−1, which fell to
32 Wh/kg at a higher PD of 4000 W/kg. Furthermore, after 8000 cycles, good cycle
stability (82.9%) was achieved at 1 A g−1. This simple method could be used to make
other composite materials for hybrid supercapacitors bymerging carbon-basedmetal
oxide, nitride, and/or sulfide for various electrode materials [11].

Tan et al. [12] proposed an innovativemethodof combining polymerization aswell
as thermal treatment under NH3/N2 environment to make nanosheets of nitrogen-
doped carbon/vanadium nitride NPs (N-CNS/VNNPs). In this synthesis method, pH
value is significant for making the structure as well as improving the electrochemical
behavior of N-CNS/VNNPs. This material was found to make of 2D nitrogen-doped
carbon nanosheets and 0D vanadium nitride nanoparticles, according to the findings.
The size of the carbon nanosheet andVNNPs both droppedwhen the pHwas reduced
from 2 to 0. This three electrodes system achieved a maximum SC of 280 F/g for the
prepared electrode at aCDof 1A/g.After 5000 cycles, the asymmetric devicemadeof
Ni(OH)2 and N-CNS/VNNPs showed 89 F/g of capacitance value and 60% retention
of capacitance at CD of 2.7 A/g. This asymmetric device exhibited a maximum ED
of 29 Wh kg−1. At CD of 0.5 A g−1, N-CNS/VNNPs-0 delivered SC of 424 F g−1

(which is higher than N-CNS/VNNPs-1, N-CNS/VNNPs-2, and pristine VN). The
asymmetric device showed ED of 29Wh/kg and PD of 385W/kg. Furthermore, after
5000 cycles, a maximum PD of 15 kW/kg with ED of 4.3 Wh/kg was achieved by
maintaining 60% of SC at CD of 2.7 A g−1. The surface of V2O5 xerogel, which
served as both a template and an oxidative agent, in which (surface-initiated) reaction
was carried out.

Using the phase-separation method intermediated by PAA-b-PAN-b-PAA (tri-
block copolymer), Ran et al. reported a hybrid electrode for supercapacitors. The
block copolymer assembled on carbon nanofibers was used to adsorb NH4VO3 in
the procedure of phase- separation. The treatment was carried out in an NH3:N2

(3:2) environment resulted in the development of vanadium nitride NPs that were
consistently dispersed on the surface of nanofiber. The capacitance of 240 F/g was
attained at a 0.5 A/g with good rate capability with 72% capacitance retention at CD
of 5 A/g in 6 M KOH at the voltage range from −1.1 to 0 V. Furthermore, using
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porous carbon fiber@VN and Ni(OH)2 (as negative and positive) electrodes, the
device (asymmetric supercapacitor) was assembled. This device produced a higher
ED of 39Wh kg−1 at a PD of 400Wkg−1. It also demonstrated good electrochemical
stability, suggesting that it could be served as a promising energy storage device [13].

Ouldhamadouche et al. demonstrated nano-structuration using vanadium nitride
(VN) on a vertically aligned carbon nanotube (CNT) template (deposited by DC-
sputtering). This led to the development of hierarchically composite electrodes for
micro-supercapacitor applications made up of porous VN grown on CNTs. The elec-
trodes performed well in K2SO4 (0.5 M) mild electrolyte, with an aerial capacitance
value of 37 mF/cm2 at 2 mV/s of scan rate. Furthermore, after 20,000 cycles, the
capacitance decayed by only 15% and was found to increase with the thickness of
the VN deposition. The formation of oxide layers on the vanadium nitride surface,
which are favorable for energy storage behavior, was revealed by XPS analyses of
the electrodes (before and after cycling). For micro-supercapacitors, such electrodes
could contend with other MNs related electrodes. In comparison to other alkaline
electrolytes reported, this work shows that the K2SO4 electrolyte can be used for VN
to attain stability.

The supercapacitor device made of VN nanowire (NW) and VOx NW (as anode
and cathode respectively)was reportedbyLuet al. The asymmetric device displayed a
stable potential range of 1.8 V and outstanding cycling stability, with only 13%
decreased capacitance after 10,000 cycles. Furthermore, the asymmetric device
produced 0.61 mWh cm−3 ED (at 0.5 mA/cm2) and 0.85W cm−3 PD (at 5 mA/cm2).
When compared to the reported quasi/solid-state supercapacitor devices, these values
were significantly higher. This work was the first to show that VN NWs can be used
as an anode, which could enhance the performance of supercapacitor devices. VN
NWs can be used as a high-energy anode, which could help energy storage devices
perform better [14].

Cao et al. synthesized Mo5N6 crystals through in-situ conversion of MoS2. The
method was expanded to synthesize W5N6 and TiN, demonstrating the adaptability
of this general approach. They demonstrated a new way of conversion strategy from
transition metal dichalcogenides (LTMDs) to their corresponding ultrathin nitrides.
This facilitated the production of 2D crystalline MNs and opened the door to a
previously inaccessible class of 2D materials. The in-situ conversion of MoS2 to 2D
Mo5N6 revealed a reduction in thickness after conversion. By converting a four-layer
MoS2 into a 2D Mo5N6 (as thin as 2.1 nm), electrical measurements revealed that
the converted metallic Mo5N6 with good conductivity, with a low resistance value
(100 �/square). The strategy proposed by the authors will enable the development
of large, high-quality 2D MNs, which will meet the demands of high-performance
energy storage devices [15].

Metal nitrides have many advantages over metal oxides, hydroxides, and
conducting polymers.MNs, for example, have a long lifespan, high electrical conduc-
tivity, and a significant potential window.When compared to metal oxides, the phys-
ical, chemical, and electrochemical properties of MNs offer a lot of room for experi-
mentation because their fundamental properties are in demand for a variety of energy
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applications. In addition, to tailor nanostructure MNs with better performance, low-
cost synthesis procedures are required. Finally, given the recent advancement in
flexible electronics, the fabrication of advanced metal nitrides electrodes for energy
storage application is a critical task that must be tackled right away.

2.2 Hydroxides

Due to the demand for advanced devices of electrochemical energy storage, super-
capacitors with good charge–discharge rate, PD, and cycling stability have recently
received a lot of attention, but they affect by low ED issues in real-time applications.
As a result, much effort has gone into finding suitable electrode materials for super-
capacitors, to boost ED while preserving PD as well as cycling stability [16, 17].
The electrochemical active surface area of electrode materials determines their SC.
Metal oxides, hydroxides, nitrides, carbides, chalcogenides, and phosphates, among
other layeredmaterials with high surface area, have beenwidely explored as potential
electrodes for supercapacitors [18].

Because of their superior electrochemical performance, metal hydroxides have
gotten more attention. Due to their high capacitance, good electrolyte affinity, and
ease of fabrication, they are being investigated in aqueous electrolytes. The develop-
ment of layered hydroxide electrodes with pseudocapacitive behavior has been the
focus of recent discoveries. Most of them have two crystalline structures (hydrotal-
cite or brucite) with open interlayers or open tunnels, allowing for ion insertion and
extraction during redox reactions. Some hydroxides have charge-balancing interca-
lated anions in their layered structure, which are exchangeable and provide additional
routes for tailoring the charge storage properties. Furthermore, the metal site in metal
hydroxides acts as a redox-active center with various oxidation states, and its chem-
ical property allows for enhanced charge storage behavior and optimal performance
[19, 20].

Binary metal compounds have recently attained much interest. Owing to its
intrinsic conductivity, environmental friendliness, and low cost. In this regard,
NiCo(OH)2 gained a lot of attention. However, due to faradic reactions, NiCo(OH)2
usually suffered from unsatisfactory structural deterioration which reduced the dura-
tion of the cycling process. Previous reports have suggested that structural designs
such as doping of heteroatom, coating of a protective layer, pores creation, particle
size reduction, and morphology control are effective strategies for improving struc-
tural stability and electrochemical activity. Superior electron and ion transport
kinetics will be induced by the improved electrical conductivity and high surface
area, exposing vast active sites and stimulating electrochemical performance [21,
22]. The performance is mainly reliant on electrodematerials. As a result, developing
a suitable material with outstanding storage properties is critical. Dong et al. demon-
strated nickel–cobalt hydroxide nanosheet arrays (with honeycomb-like structure),
fully-fledged on nickel foam using a simple solvothermal process in this regard.
At 20 mA cm−2, the material delivered an areal capacitance of 267 mF/cm2 than
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Ni(OH)2 (31 mF/cm2) and Co(OH)2 (88 mF cm−2) electrodes. After 5000 cycles,
the observed capacity retention was 83.8%, making it a viable electrode for energy
storage applications [23].

Owing to their high theoretical capacity, layered double hydroxides (LDH)
are appealing for supercapacitors as electrode materials. However, their structure
frequently fails to withstand long charge/discharge cycles, resulting in a short
lifespan. Wang et al. also reported using an inert Zn cation (electrochemically) as a
sacrificial agent to enhance the cycling stability of Ni-Co LDH nanosheet for super-
capacitors (Zn-Ni-Co LDH). The SC of 232 mAh g−1 at CD of 1 A g−1 along with an
increase of capacity over 500% after 20,000 cycles at 20 A g−1 have been achieved
with an optimal Zn content. A hybrid capacitor made of Zn-Ni-Co LDH material
exhibited ED of 40 kW/kg and a PD of 16 kW/kg for practical applications, as well
as exceptional cycling stability (20,000 cycles). The results of this study opened up
a new avenue for developing durable electrodes for advanced supercapacitors with
good ED value and cycling stability [24].

Power densities in supercapacitors are typically high but energy densities are
low. It is critical to develop novel electrodes in terms of refining the energy densi-
ties of supercapacitors. Zhang et al. developed two redox-active electrode materials
for dual pseudocapacitors, which included Ni-Co hydroxide/oxide hydroxide coated
with reduced graphene oxide (hrGO) as cathode and rGO/Fe2O3 nanorods as an
anode, respectively. The assembled device at 1.6 V delivered ED of 91 Wh/kg at
800 W/kg of PD with good cycling stability. The maximum PD of 24,008 W/kg
was attained at 30 A/g. Thus, it can be performed as an efficient device for various
applications [25]. For advanced battery type supercapacitors, Dai et al. investigated
core–shell Fe2O3–Fe3C–C nanochains as well as NiCo–CHH microspheres. The
Fe2O3@Fe3C@C anode they developed, showed an SC of 611 C/g with good rate
capability. The fabricated cathode (NiCo–CHH) delivered a high SC of 814 C/g and
good cycling stability. As a battery-type capacitor, the NiCo-CHH/Fe2O3–Fe3C–C
device delivered a high ED of 95 Wh kg−1 with good stability. Furthermore, Raman
spectroscopywas used to demonstrate the reversibility of cathode aswell as the syner-
gistic effects of Ni and Co ions, showing its storage mechanism. Hence, the results
revealed new information about high-performance battery-type supercapacitors [26].

2D materials such as layered metal hydroxides (LMHs), MXene, and graphene
have attained more interest due to their extraordinary storage, electrical as well as
optical properties.Ultrathin layeredmetal hydroxides (LMHs) nanosheetswith active
sites, high surface area, and ion-intercalation ability have been studied extensively
in recent years. In catalysis, batteries, and supercapacitors, numerous LMHs have
demonstrated outstanding performance. Ni(OH)2, in particular, has been a competi-
tive electrode for supercapacitors due to its very high theoretical capacitance (3750
F/g) and low cost. Their activity is still constrained by their lower rate and lack of
cycle stability. In general, synthesizing LMHs along with desirable structures and
performance is a difficult chore. Xia et al. proposed a novel synthesis method using
a household microwave oven. Ni(OH)2 NSAs exhibited a capacitance of 2516 and
1273 F g−1, respectively at CD of 1 A/g and 20 A/g. Furthermore, a Ni(OH)2/AC
aqueous hybrid capacitor with a large ED of 67 Wh/kg at 400 W/kg and good
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cycle stability of 85.2% was demonstrated. Other LMH NSAs, such as vertically
aligned Cu2(OH)3NO3 nanosheet arrays (NSAs), can also benefit from the low-cost
microwave-assisted synthesis method. The exclusive nanostructure, development
of binder-free electrodes, and highly efficient microwave aqueous method could all
contribute to the outstanding electrochemical behavior ofLMHNSAs.Thesefindings
showed that microwave-assisted synthesis has the potential to produce LMH NSAs
simply and rapidly for a different range of applications. In comparison to traditional
methods, the microwave-assisted synthesis route reported here has several bene-
fits, together with rapid growth, ease of equipment as well as low cost, confirming
it as a promising option for advanced fabrication of LMH NSAs on conductive
foams. Furthermore, even after 5000 cycles, the hybrid capacitor showed cycling
stability of 85.2%. This synthetic approach was found to have a less reaction time
and excellent electrochemical performance. This research presented a novel synthesis
method for obtaining LMH NSAs, as well as a cost-effective method for designing
high-performance nanostructures for a variety of applications [27].

Cheng et al. also used a strategy to successfully prepare hollow spheres of Ni–Mn
hydroxide [28]. In the first step, solid spheres of NiMn-glycerate were obtained as
templates. The templateswere etched to produce hollow spheres ofNi–Mnhydroxide
after being treated in a mixture of N-methyl-pyrrolidone and water. This electrode
material demonstrated SC of 1680 F/g at 2 A/g and was maintained at 1068 F/g at
15 A/g owing to the hollow structures and high surface area. Meanwhile, over 5500
cycles at 10 A g−1, a decreased SC of only 3% was achieved. Furthermore, the fabri-
cated device made of Ni-Mn hydroxide and activated carbon showed a specific ED of
43 Wh/kg at 1703 W/kg, indicating that it could be a promising electrode material.
The specific ED (29 Wh/kg) at 12,747 W/kg) was also maintained. The observa-
tion showed that the hierarchical Ni-Mn hydroxides hollow spheres had a great deal
of potential in the area of energy storage. Xia et al. developed a three-dimensional
Ni/Co(OH)2 composite film electrode for supercapacitors. The nano ramified walls
of the 3D nano-Ni film served as a backbone for anchoring Co(OH)2 nanoflakes,
resulting in a composite electrode. TheCo(OH)2 nanoflake in the composite showed a
specific capacitance of 1920 F/g at 40 A/g, corresponding to high ED of 80 Wh/kg
at PD of 11 kW/kg. This composite film regarding supercapacitors with high ED,
PD, and good stability, making it suitable electrode materials for advanced energy
storage devices.

2.3 Metal–Organic Frameworks (MOFs)

Metal–organic frameworks- a new class ofmaterials includingmetal ions and organic
ligands along with porous nature suitable for various applications such as catal-
ysis [29], gas storage and separation [30], electrochemical sensors [31], and energy
storage [32]. The unique characteristics of high specific surface area, adjustable pore
structure, functional groups attachment, and higher thermal and chemical stabilities
make theMOF suitable for supercapacitor applications [33]. The opportunity to tune
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the structure andmorphology ofMOFattracted researchers to attempt newmorpholo-
gies of MOF adjusting simple experimental parameters. MOF has the highest theo-
retical specific surface area of around 14,600 m2g−1 [34] and the experimentally
achieved surface area ofMOF is 7838m2g−1 [35]. Because of the versatility ofMOF,
the number of reports on the utilization of MOF for supercapacitor applications has
increased every year [36].

Xu Zhang et al. developed Ni/Co-MOF various morphologies by just adjusting
the molar ratio of the precursors. The schematic process for the development of
various morphologies of MOF by tuning the molar ratio of precursors is shown in
Fig. 2. Ni-MOF without Co showed a spherical morphology with a size of 3 μm
containing needle shape on its spherical surface. The morphology was changed to a
broken hollow sphere with a size of 300 nm was observed when the Co2+ ions were
introduced in the MOF with a molar ratio of 5:1(Ni2+: Co2+) and the needle shape
morphologyon its surface got disappeared.These kinds of voids in thematerials could
be an advantage for supercapacitor applications as they could provide enough active

Fig. 2 A Schematic process of the fabrication process for Ni and Ni/Co-MOFs, B SEM Micro-
graphs of MOFs with various magnifications-(a–b) Ni-MOF, c–dNi/Co-MOF-1, e–f Ni/Co-MOF-
2, and g–h Ni/Co-MOF-3. Adapted with permission from reference [37], Copyright (2021), Royal
Society of Chemistry
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contact area with electrolytes, and it could reduce the diffusion length of electrons
and ions for the enhanced electrochemical activity. The yolk-shell morphology was
observed by increasing the Co2+ ions to change the Ni/Co ratio to 5:3 (Ni2+: Co2+)
and further increasing Co2+ with Ni2+ ions as 5:1 ratio resulting in the solid spherical
morphology. The obtained morphologies with a different molar ratio of Ni and Co
are observed from the FESEM micrograph as shown in Fig. 2. The electrochemical
performance of these morphologies of Ni–Co–MOF suggests that the hollow sphere
morphology is best for the Ni/Co–MOF as it showed the highest specific capacitance
of 1498 F/g with a current density of 1 A/g in a potential window of 0–0.6 V.
Whereas the yolk-shell and solid sphere morphologies of MOF demonstrated the
specific capacitance of 1244 and 1065 F/g, respectively. The study suggests that the
small variation in the molar ratio of precursors or any other experimental parameter
could strongly influence the resulting morphology and their characteristics.

It is also worth noting that the size of the MOF is important as the micro-
supercapacitors are attracted highly as it is considered in present days due to the
lightweight and foldability of wearable devices. Dai et al. reported the comparison
for the effect of bulk and nanosheet (less than 10 nm) ofMOF (Co2(CoTCPP)(PZ)2).
The lateral dimension of bulk MOF was observed as 2.6 μm and the thickness of
nanosheet MOF was observed as 6.6 nm through transmission electron and atomic
force microscopy. The BET surface area of bulk and nano MOF was estimated as
175 and 431 m2/g, respectively. The pore size of both MOFs is lies between 2 and
2.75 nm. The electrochemical supercapacitor performance of bulk (MN-MSCs) and
nano (MN-MSCs) MOF is shown in Fig. 3. It shows the areal capacitance with
increasing scan rate and current density (Fig. 3a–b). The bulk MOF was tested with
electrode thickness of bulk, 6, 12, 18, and 24 μm and the observed areal capac-
itance was increasing when the electrode thickness was reduced. The better areal
performance was observed for nanoMOF compared to bulk as seen from Figs. 3a–b.
Similarly, the specific capacitance and capacitance retention were better for the nano
MOF when it is compared with bulk MOF (Fig. 3c–d). Even with the larger scan
rate of 1000 mV/s the MN-MSC showed the areal capacitance around 9 mF/cm2,
whereas the same was reduced to around 1 mF/cm2 for MB-MSC. The capacitance
retention of around 6 mF/cm2 was observed for MN-MSC with a higher current
density of 10 mA/cm2 and the same has been reduced to the lowest of 1 mF/cm2 for
MB-MSC. The effect of CNT due to the addition in the electrodematerial is excluded
by checking the performance of the micro supercapacitor with an increasing frac-
tion of CNTs. The highest areal capacitance of around 28 mF/cm2 was observed
for MN-MSC and 96% of capacitance retention was observed for the same even till
10,000 cycles. The decreasing trend of capacitance retention was observed for the
MB-MSC. The electrochemical performance was maintained up to 97% even with
the bending states from 30 to 180° shows that the mechanical flexibility of MN-
MSC and the MB-MSC could only be able to maintain 79% of its initial capacitance
value. The electrochemical results along with the bending experiments suggest that
the electrode of MOF with nanosheets could perform better the MOF in bulk form.

The only limitation of MOF for supercapacitor application is its low conduc-
tivity and weak electrolyte ion transport performance. The charge transfer process
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Fig. 3 The areal capacitance of MSCs at various a scan rates, b current densities, c Areal capac-
itance of bare CNT and MSCs (30% CNT) at various current densities. d capacitance retention
and coulombic efficiency at 5 mA/cm2. Adapted with permission from reference [38], Copyright
(2021), Elsevier

is assumed from the process of hopping, through space, and bond [39]. To over-
come these issues with MOF, good conducting materials could be coupled with
MOF to develop hybrid composite materials of MOF. Materials belonging to the
carbon family such as graphene, graphene oxide, carbon dots, carbon nanotubes, and
carbon nanofiber are the best conducting materials among the other available mate-
rials for making composite materials. The composites of MOF with these carbon-
based materials are attempted and demonstrated their successful characteristics for
various applications including electrochemical applications. Among carbon-based
materials, CNT is attractive because of its electrical conductivity and high surface
area. Sreekanth et al. developed marigold flower-shaped Ni-MOFs decorated on
multiwalled CNT through microwave irradiation and showed the formation of the
microspheres with nanosheets. In MOF/MWCNTs, the composite formation was
achieved without changing the microsphere and nanosheet morphology of MOF.
The MOF microsphere was uniformly attached to the MWCNTs without any chem-
ical treatment for the attachment. The morphology of MOF and its composites with
MWCNTwas observed from FESEM as shown in Fig. 4. Similarly, several compos-
ites of MOF with various materials with specific characteristics have been attempted
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Fig. 4 SEM micrograph of bare Ni-MOF (a, b) and Ni-MOF@CNT (c, d) at different magnifica-
tion. Adapted with permission from reference [40], Copyright (2021), Elsevier

and showed better performance compared to bareMOF. For the progress and compar-
ison on MOF-based composites, the supercapacitor performances of a few MOF
composites are given in Table 1.

From the table, it is understood that the composites of MOF showed signifi-
cant improvement in the capacitance value and the capacitance retention. Further
improvement could be achieved by developing a suitable combination of materials
for the formation of composites.

2.4 MXenes

MXenes are the new group of two dimensional materials of transition metal carbides
or nitrides utilized in energy storage [56], catalysis [57], water purification [58],
electromagnetic interference shielding [59], lubricants [60], electrochemical actua-
tors [61], solar cells [62], water splitting [63], electronic and photonic devices [64],
wearable biosensor [65], and theranostic applications [66]. MXenes are synthesized
typically by etching of A layer from the MAX (or Mn-1AXn), (M—transition metal,
A—elements from A group and X—carbon/nitrogen and n = 1–3). Few research
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Table 1 Comparison of electrochemical performances MOF and their composites

Composites Electrolytes Specific
capacitance
(F/g)

Capacity
retention

Cycles Reference

rGO/Zn-MOF@PANI 1MH2SO4 371.91 82 5000 Le et al. [41]

AZIF8 0.5 M Na2SO4 107 91.2 5000 Boorboor
Ajdari et al.
[42]

2D Ni-HAB MOFs 1 m KOH 420 90 12,000 Feng et al.
[43]

Zn/Ni MOF 3 M KOH 161.50 90 3000 Jiao et al.
[44]

Zn-doped Ni-PTA
(MOF-2)

6 m KOH 1620 91 3000 Yang et al.
[45]

Cu-HHTP NW 3 m KCl 202 80 5000 Li et al. [46]

TbIII MOF 2 M of KOH 346 93 2000 Xia et al. [47]

ZZIF 0.5 M of
Na2SO4

500 94 5000 Boorboor
Ajdari et al.
[42]

MZIF 0.5 M of
Na2SO4

315 95 5000 Boorboor
Ajdari et al.
[42]

manganese1,4- benzene
dicarboxylate
(Mn-BDC)

1 M Na2SO4 1590 82 3000 Sundriyal
et al. [48]

ZIF–PPy 1 MNa2SO4 597.6 90.7 10,000 Xu et al. [49]

PANI-ZIF-67-CC 3 M KCl 371 80 2000 Wang et al.
[50]

Co-MOF/rGO 1 M Na2SO4 1521.6 > 95 1500 Wang et al.
[51]

PANI/UiO-66 6 M HNO3 1015 F 91 5000 Shao et al.
[52]

CNF@c-MOF 3 M KCl 125 99 10,000 Zhou et al.
[53]

Ni-MOF with CNT 6 M KOH 1765 95 5000 Wen et al.
[54]

Ni-MOF/Cabon
nanowalls

1 M KOH 677 92.3 5000 Zhang et al.
[55]

groups have done an enormous amount of effort to understand the MXene structure
and its characteristics by theoretically and by developing new synthesis methods for
various MXenes such as Ti3C2Tx, Ti3CNTx, Ti2CTx, Hf3C2Tz, V2CTx, Nb2CTx,
Nb4C3Tx, Ta4C3Tx, Ti4N3Tx, etc., and still exploring new combinations. MXenes
are having a metallic structure as well as semiconductor structures depending on the
choice ofmetal, surface group, and carbon/ nitrogen. The better chemicalmultiplicity
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and the variation in the structure make the MXenes attractive for various applica-
tions. The magnetic characteristics of theMXenes are also predicted and categorized
as shown in Fig. 5. The required magnetic and electronic properties of the MXenes
could be achieved from the suitable combination. The formation of MXene structure
can be easily understood from the Fig. 5. The properties ofMXenes could be tuned by
the selection of transition metal and surface groups. The schematic band structure is
also shown in Fig. 5. Thermal activation process could be adopted for the transition
of semiconductor transport behavior to metallic for organic molecule intercalated
MXenes [64]. MXenes are showing temperature dependent electrical characteristics
and transition occurs between semiconductor and metallic natures. The conductivity
of few MXene could be improved by vacuum annealing and the transition might be
due to the removal of functional groups, intercalant, andwatermolecules. The surface
treatment environment of MXenes is important as the surface might get oxidize and
form oxide materials and by products [67]. Proper treatment has been demonstrated
to achieve the betterDC conductivity of 9880 S cm−1 for Ti3C2Tx. Further the physic-
ochemical characteristics of the MXenes has been tuned or adjusted by developing
MXene composites with various combinations of materials.

MXenes are found as new electrode materials for supercapacitor applications due
to the architecture with open structure, high electronic conductivity, effective ion or
electron transfer, and distinctive blend of conductive nature with hydrophilicity. One
of the easy synthesis processes of MXene is the immersion of the MAX phase in
hydrogen fluoric acid with sonication of certain times and this etching process results
in the selective etching of aluminum layers and replaces them with OH and F surface

Fig. 5 Electronic and magnetic characteristics of M2CTx and M2NTx MXenes (Theoretical
prediction). Adapted with permission from reference [64], Copyright (2021), American Chemical
Society
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groups. The schematic process for the simple synthesis process of MXene from the
MAX phase is shown in Fig. 6a. Further, the restacking, metal oxide insertion and
foam type structure formation are done with filtration and simple chemical treatment
(Fig. 6b). It is also reported that 93% of transparency was achieved through a spin
coating of Ti3C2Tx colloidal solutionwith vacuum annealing at 200 °C [56]. The bare
MXene itself shows better capacitive behavior than few available electrode materials
for supercapacitor applications. But still, it is worth attempting the development of
MXene composites with carbon-based or any other active electrode materials as the
capacitance and capacitance retention may go further in a better way.

Fig. 6 a Schematic process for the synthesis of MXenes. Adapted with permission from reference
[68], Copyright (2021), American Chemical Society. b Synthesis process schematic for the prepa-
ration of various forms of MXene. Adapted with permission from reference [69], Copyright (2021),
Elsevier
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The fraction of MXene in the nanocomposite is also important as the fraction of
MXene plays a key part in electrochemical performance. The MXenes have the role
for the capacitive performance even when it is in the composites, which is evaluated
by forming the MXene composite with a layered double hydroxide (LDH). The
electrochemical performance was evaluated with the LDH composites prepared with
20, 30, and 50 mg of MXene and shown in Fig. 7. The morphology of LDH covered
on the exfoliated MXene was evidenced from the FESEMmicrograph for the 30 mg

Fig. 7 a CV curves of e-MXene, LDH and M30/LDH (@5 mV s−1) in 6 M of KOH, b CV curves
of M30/LDH with the scan rates between 2 and 50 mV/s, c GCD curves of M30/LDH with current
densities between 1 and 10A/g. The specific capacitance of samples with various current densities d
corresponding to the mass of the composite e corresponding to LDH, and f Nyquist plots. Adapted
with permission from reference [70], Copyright (2021), Elsevier
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of MXene composites. The low fraction of MXene did not cover properly with LDH
due to the limitation of available MXenes and a higher fraction of MXene also led
to aggregation or over stacking of MXenes. Notably, the surface area of MXene
composite with LDH was increased more than ten times than that of bare MXene.
The bare MXene and MXene/LDH composite showed a pseudocapacitive behavior
with a pair of redox peaks. The enhanced redox peak currents compared to bare
MXene and LDH as shown in Fig. 7a confirm that proper composite formation could
enhance the capacitive behavior with synergic effects. The less deviated redox peaks
with increasing scan rate between 2 and 50 mV/s and the non-linear discharging
characteristics with increasing current density between 1 and 10 A/g evidence good
pseudocapacitive behavior of the nanocomposite. The increasing fraction of MXene
in the composites showed the increasing tendency for the specific capacitance until
a certain limit. The highest specific capacity of 1061 F/g was observed for LDH
composite with 30 mg of MXene. The internal resistance of the composite was
observed as less than that of bare LDH. The selection of electrode materials for the
composite and the fraction of materials in the composites are playing a major role in
electrochemical supercapacitor applications.

It is also important to select the suitable experimental procedure for the
composite formation and the selection of electrolytes for electrochemical charac-
teristics. A recent report demonstrated the simple process for the formation of
Fe3O4/MXene/RGO hybrid magnetic nanocomposites through a modified chem-
ical oxidation process [72] as seen from Fig. 8A. The cubic and octahedral-shaped

Fig. 8 A Schematic process for the formation of Fe3O4 /MXene/RGO, B FE-SEM micrographs
of (a–c) Fe3O4/MXene and (d–f) Fe3O4 /MXene/RGO nanocomposites with various magnifica-
tion, and C Comparison of a CV, b GCD, c Cs versus current density and d EIS plot of Fe3O4
/MXene/RGO electrodes in different electrolytes. Adapted with permission from Reference [71],
Copyright (2021), Elsevier
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Fe3O4 magnetic nanoparticles were surrounded on the MXene (Fig. 8). The indi-
vidual Fe3O4 nanoparticles and the Fe3O4 covered MXenes on RGO sheets were
developed by a simple chemical process and the morphology of the Fe3O4, MXene,
and RGOwas observed from the FESEMmicrograph as shown in Fig. 8B. The elec-
trochemical performance of the Fe3O4/MXene/RGO was evaluated by measuring
the electrochemical characteristics and the performance of the material is shown
in Fig. 8C. The performance of the Fe3O4/MXene/RGO in electrochemical was
assessed employing Li+, Na+, and K+ electrolyte ions. The observed results show
that the performance of electrolytes varies as LiCl > Na2SO4 > KOH which is also
matched with the bare ion size in the same order. Similarly, more nanocompos-
ites of MXene with materials such as reduced graphene oxide, CNTs, hydroxides,
metal oxides, sulfides, nitrides, and polymers have been attempted and showed better
performances. The electrochemical performance of a few nanocomposites is shown
in Table 2.

3 Summary and Conclusion

Carbon-based materials, metal oxides, chalcogenides, polymers, and their compos-
ites have been continuously evaluated for electrochemical supercapacitor application
through the faradaic andnon-faradaic processes.But fewmaterials likemetal–organic
framework, layered hydroxides, MXene, and nitrides are emerging as new electrode
materials for electrochemical application due to the high theoretical capacity and
high specific area. There are more opportunities for these materials in supercapac-
itor applications if we could be able to select suitable electroactive materials for
the surface modification or composite formation. We have discussed the idea of
the emerging electrode materials such as hydroxides, metal nitrides metal–organic
frameworks, MXenes, and their composites for energy storage applications.
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Table 2 Electrochemical performance of MXenes and their composites

Materials Electrolyte Specific
capacitance
(F/g)

Capacity
retention
(%)

Number
of cycles

References

Ti3C2Tx 1 M H2SO4 892 (5 A/g) 100 10,000 Fu et al. [73]

Ti3C2Tx aerogel 3 m H2SO4 404 (0.5A/g) 96 8000 Zhang et al.
[74]

Ti3C2Tx/3D LDH 6 M KOH 1061 (1 A/g) 70 4000 Wang et al.
[70]

Graphene-MXene
Ti2CTx@polyaniline

1 M H2SO4 635 (1 A/g) 97.54 10,000 Fu et al. [75]

Co3O4/Ti3C2Tx/rGO 6 m KOH 345 (1 A/g) 85% 10,000 Liu et al.
[76]

MXene/RGO 1 M H2SO4 233 (1A/g) 91.01 10,000 Shao et al.
[77]

MXene/N-doped carbon
foam

6 M KOH 332 (0.5A/g) 99.2 10,000 Sun et al.
[78]

N&O co-doped
C@Ti3C2 MXene

6 M KOH 250 (1A/g) 94 5000 Pan et al.
[79]

Ti3C2/CNTs 6 M KOH 134 (1A/g) 100 10,000 Yang et al.
[80]

MXene/CNT films 1 M H2SO4 300 (1A/g) 92 10,000 Chen et al.
[81]

MnO2@MXene/carbon
nanotube fibers

1 M Na2SO4 181.8 (1A/g) 91 5000 Liu et al.
[82]

NiMn-LDH/MXene 6 M KOH 1575 (0.5
A/g)

90.3 10,000 Zhang et al.
[83]

Ti3C2/Ni − Co − Al
LDH

1.0 M KOH 748.2 (1A/g) 97.8 10,000 Zhao et al.
[84]

NiCo-MOF/T Ti3C2Tx 2 M KOH 815.2 (1
A/g)

82.3 10,000 Wang et al.
[85]

NiCo2S4/MXene 3 M KOH 1028 (1A/g) 94.27 5000 Fu et al. [86]

MXene/NiS 2 M KOH 857.8 (1A/g) 99.49 3000 Liu et al.
[87]

MXene/CoS2 2 m KOH 1320 (1A/g) 98 5000 Liu et al.
[88]

MXene/Polyaniline 1 M H2SO4 556.2
(0.5A/g)

91.6 5000 Xu et al. [89]
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Electrochemical Double Layer
Capacitors

Stella Vargheese, R. T. Rajendra Kumar, and Yuvaraj Haldorai

Abstract Over the past decades, supercapacitors have created much attention and
are considered promising energy storage devices owing to their high power density,
wide potential range, and excellent cyclic stability. As a part of this renewed interest
in electric double-layer capacitors (EDLCs), researchers began seeking new strate-
gies to synthesize high surface area porous carbon-based materials as electrodes for
EDLCs to obtain high specific capacitance and high energy density. This chapter
provides a basic understanding of EDLCs and the choice of electrodes used in the
EDLCs. In addition, the charge storage mechanism in EDLCs is discussed. Some
key results are summarized relating to the above properties.

Keywords Electrochemical · Supercapacitor · Double layer · Energy storage

1 Introduction

Electrical energy is an inescapable thing of modern society. With the limited avail-
ability of fossil fuels and the increasing environmental pollution, there is an urgent
need for renewable energy resources. The developed renewable energy resources like
wind, solar, and ocean can generate a huge amount of electrical energy. However, we
need energy storage devices to utilize these energy resources productively for various
applications [1].Different electrochemical energy storage devices are developed such
as batteries, capacitors, supercapacitors, and fuel cells. Among these energy storage
devices, supercapacitors or electrochemical capacitors created significant interest due
to their high power density, long life cycle, and environmental safety. Supercapacitors
possess higher power density than batteries but lower power density than capacitors.
The energy density of conventional capacitors is lower than that of batteries but higher
than that of capacitors [2]. Figure 1 shows the Ragone plot (energy density versus
power density) of different energy storage systems. As noticed from the Ragone plot,
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Fig. 1 Ragone plot of
different electrochemical
energy storage devices

the supercapacitor is an ideal storage device to overcome the gap between electrolyte
capacitor and battery [3].

Supercapacitor stores energy based on different charge storage mechanisms,
namely electric double-layer capacitor (EDLC), pseudocapacitor, and hybrid capac-
itor. Supercapacitor stores energy in the form of accumulation of charges at the elec-
trode/electrolyte interface as a double layer. Generally, carbon-based materials are
considered as electrodes for EDLCs because of their high surface area and porosity
[4]. On the other hand, pseudocapacitor stores energy via faradic reaction (redox
reaction). Transition metal oxides and conducting polymers are used as electrode
materials [5]. In the case of a hybrid capacitor, both faradic and non-faradic reac-
tions occur to store energy. The hybrid capacitor utilizes the advantages of both
EDLC and pseudocapacitor [6].

In the batteries, the energy storage capacity is solely dependent on the chemical
interconversion of electrode materials, resulting in visible phase change on the elec-
trodes during charging and discharging. As a result, the cycle life of battery cells
is shortened [7]. The non-faradic system of the supercapacitor, conversely, has a
long cyclic life (105–106 times) due to the absence of phase alterations during the
charge and discharge process. However, the specific energy of supercapacitors is
lower than that of batteries because of the charge storage restriction on the surface
of the electrode. Therefore, in recent years, several researchers have focussed on
the fabrication of advanced functional materials as electrodes to improve the energy
densities of supercapacitors comparable to the batteries without compromising the
cyclic stability [8]. In this chapter, we focus on the general overview of the basic
concept of EDLC and its charge storage mechanism. Also, the type of electrodes
and electrolytes used in the high-performance EDLCs are discussed with literature
reports. Owing to the considerable research paper in the EDLCs, a total survey was
not possible. Therefore, more detailed explanations of the particular topics can be
obtained from the related references.
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2 Supercapacitor

Supercapacitors have been recognized as next-generation electrochemical energy
storage devices owing to their long cycle life, wide potential windows, high power
density, and fast charging and discharging. They are widely used in different
electronic devices.

2.1 A Brief Overview of the History of Supercapacitor

In 1746, the capacitor technology begins when the Leyden jar was invented by Ewald
Georg Von Kleist and Pieter Van Musschenhroek. The set-up of the Leyden jar was
made to produce static energy [9]. In 1853, the electrostatic charge storage mecha-
nism of the capacitor and the behavior of static electricity were clearly explained by
Helmholtz using the electric double layer model [10]. In the early twentieth century,
the electrolytic interaction at the electrode–electrolyte interface and the formation of
a double-layer were described by Gouy-Chapman, Stern, and Grahame models [11].

In 1954, H. I. Becker has constructed an electrochemical energy storage device
containing electrodes of activated charcoal with a small operating potential window.

It was the first patented electrochemical capacitor at General electric [12]. In 1969,
the first non-aqueous electrolyte-based supercapacitor with large working window
potential was invented by Robert Rightmire [13]. In 1971, B. E. Conway discovered
ruthenium oxide (RuO2) as an electrode material. The faradic charge storage mecha-
nism indicates the pseudocapacitive nature of theRuO2 [14]. In 1978,NipponElectric
Corporation patented Standard Oil Co. of Ohio constructed a double-layer capacitor
and commercialized it in the name of a supercapacitor [13]. Pinnacle research insti-
tute began working on high-performance supercapacitors in 1980. In this project,
the porous carbon was replaced by RuO2 and tantalum oxide to increase the super-
capacitor’s performance and was named PRI ultracapacitors [15]. In 1989, the US
Department of Energy andMaxwell Technologies Inc. have done collaboration work
to improve the specific energy of the device. In that work, they introduced different
types of supercapacitors (electrical double layer capacitor (EDLC), pseudocapacitor,
and asymmetric capacitor) [16]. Later, new types of supercapacitors were created
by ELTON, CAP-XX, Nippon chemicon, and Nesscap. Since 2000, the number of
research projects has increased dramatically.

3 Classification of Supercapacitors

Supercapacitors are classified into three categories namely EDLCs, pseudocapaci-
tors, and hybrid capacitors based on their charge storage mechanism.



30 S. Vargheese et al.

3.1 Electric Double-Layer Capacitor (EDLC)

The EDLC capacitor consists of two carbon-based electrodes, a separator, and an
electrolyte (Fig. 2a). When an external potential is applied to the electrodes, the
charged ions are stored in the form of energy due to electrostatic interaction at the
electrode/electrolyte interface [17]. The positively charged ions are diffused towards
the negative electrode and the negatively charged ions are diffused towards the posi-
tive electrode. The storage is purely physical absorption and there is no ion exchange
between the electrode material and electrolyte solution. The accumulation of charges
in the double layer avoids the recombination of the ions at the surface of electrodes.
The double-layer integrates to decrease the electrode distance and to increase the
specific surface area. This enables the EDLC to achieve notable energy density [11].
Different carbon materials including porous carbon, activated carbon, carbon fiber,
carbon nanotube, and graphene have been identified as suitable electrodes for EDLCs
because of their large specific surface area, good thermal and chemical stabilities,
and excellent conductivity [17]. The EDLC storage technique allows rapid energy
intake, good power performance, and delivery. The capacitance of EDLC depends on
the adsorption of charges on the electrode surface from the electrolyte and therefore
the energy storage is highly reversible in EDLC [17]. Also, the EDLC performance
can be altered by using various types of electrolytes such as aqueous and organic
electrolytes. Compared to the organic electrolytes, the aqueous electrolytes exhibit
lower series resistance. However, the potential window range becomes narrow in
the case of aqueous electrolytes which limits the energy density of EDLC devices.
Therefore, while selecting the electrolyte, electrochemical resistance, capacitance,
and potential range must be considered.

3.2 Pseudocapacitor

Pseudocapacitors involve reversible oxidation and reduction reactions that take place
at the electrode’s surface to store energy when an external potential is applied to the
cell (Fig. 2b). In pseudocapacitor, the charge/discharge process is not controlled by
the diffusion and no phase transformation occurs on the active electrodematerial [18].
Generally, transition metal oxides and conducting polymers are utilized as effective
electrode materials for pseudocapacitors. The faradic process of pseudocapacitors
assists them to reach high specific capacitance and high energy density than EDLCs.
The chemical redox reaction that takes place in the pseudocapacitor reduces its cyclic
stability and power density due to the swelling of the electrode material. The elec-
trochemical performance of pseudocapacitor is limited due to its poor conductivity,
less accessibility of electrolyte, and short cyclic life [19].
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Fig. 2 Schematic representation of a EDLC, b pseudocapacitor, and c hybrid capacitor. Adapted
with permission from Ref. [20], Copyright 2020, Elsevier

3.3 Hybrid Capacitor

The energy source of the pseudocapacitor and power source of EDLC combined to
form a hybrid capacitor [20] to get the better of the limitation of EDLC and pseudo-
capacitor (Fig. 2c). This combination of electrode materials can increase the power
density and energy density along with the cell voltage. According to the electrode
alignment, the hybrid capacitor is classified into three types such as asymmetric,
composite, and battery-type capacitors.

4 The Mechanisms of Energy Storage in EDLCs

Conventional capacitors are constructed by two conducting electrodes that are sepa-
rated by a dielectric medium. The electrode’s surface is accumulated with the oppo-
sitely charged ions due to the external electric field. The dielectric medium plays an
important role to separate charges and produce an electric field to store energy on
the capacitors.

The ratio between charges stored (Q) and applied potential (V) is called a
capacitance (C).

C = Q

V
(1)
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The capacitance of conventional capacitors is influenced by the electrode surface
area (A) and electrode distance (D).

C = εoεr
A

D
(2)

where εr and εo stand for the relative permittivity and vacuum permittivity.
In the case of EDLCs, the charged ions/molecules from the electrolyte are elec-

trostatically attracted towards the electrode’s surface to form a double-layer at the
interface of the electrode and electrolyte. Thedouble-layer at the electrode/electrolyte
interface consisting of cations/anions and oriented solvent dipoles [21].

The EDLC process can be written as;
In the positive electrode

Es+ + A− ↔ Es+//A−1 + e−1 (3)

In the negative electrode

Es− + C+ + e− ↔ Es−//C+ (4)

Overall electrode reaction

Es+ + Es− + C+A− ↔ Es+//A−1 + Es−//C+ (5)

where C, A, E, and // represent the cation, anion, electrode, and a double-layer,
respectively. During charging (Eqs. (3) and (4)), the electrons move from a positive
to a negative electrode through an external circuit while charging supercapacitors.
As a result, the cations and anions of the electrolyte are concentrated in the nega-
tive and positive electrodes, resulting in an electrical double-layer that compensated
for imbalanced charges [22]. The cations and anions combined again during cell
discharge due to the electron transport from the negative terminal to the positive
terminal.

4.1 Helmholtz Model

Helmholtz’s model reports the charge separation at the interface of electrode and
electrolyte when an external potential is applied. Under this condition, the posi-
tive and negative ions diffuse through the electrolyte to form a condensed layer
on the electrode surface called Helmholtz double-layer [23]. The double-layer is
used to store electrical charges statically. For modeling the spatial charge distribu-
tion at the double-layer interface, this theory is the simplest approximation. At a
specific distance from the electrode surface, the oppositely charged ions neutralized
the charged electronic conductor. The Helmholtz double-layer capacitance equation
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is as follows:

CH = ε0εr .
1

XH
(6)

where CH represents the Helmholtz double-layer capacitance and XH is the distance
between nearest charges. However, thismodel did not explain the interaction between
the electrode and solvent dipole moment as well as the possibility of surface
adsorption and ion diffusion in the solution.

4.2 Gouy-Chapman or Diffuse Model

Gouy and Chapman are the first to notice the effect of ionic concentration and applied
potential on electrode capacitance. According to this model, the electrolyte contains
the same amount of oppositely charged ions, and these ions are flexible and tend
to diffuse into the liquid phase, forming a diffuse layer [24]. The kinetic energy
of the ions has an impact on the diffuse layer thickness. The ionic concentration
varies with distance from the electrode surface, although the capacitance is inversely
proportional to the ion-to-electrode distance. Because of the highly charged double-
layers, thismodel fails, and the predicted thickness value is less than the experimental
result. In quantitative applications, this model has limitations and ignores ion radius
and finite-sized ions.

4.3 Stern Model

To overcome the limitations of the Helmholtz model and Gouy-Chapman model,
Stern integrated both models. According to the Stern model, ions of finite size are
limited in their approach to the surface. As a result, the Stern model described finite-
sized ions, and the ionic radius accounted for ion-electrode contact. The Stern layer
or compact layer is termed as inner Helmholtz plane (HIP) and the outer Helmholtz
plane (OHP) are the two layers of adsorbed ions. The electric double-layer capac-
itance (CDL) is given by combining the diffuse layer (CD) and compact layer (CH)
capacitances [25].

1

CDL
= 1

CD
+ 1

CH
(7)

The Stern model considered dielectric permittivity and fluid viscosity to be
constant and this is the limitation of this model.
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4.4 Grahame Model

The interaction of uncharged species with solvent molecules was proposed by
Grahame. According to his model, the Stern layer permits uncharged species to
penetrate even when solvent molecules are close to the electrodes. When ions leave
the solvated shell, theymay come into contact with the electrode. Three layers appear
to be present in the model such as a diffuse layer, HIP, and OHP. Both Grahame and
Sternmodels show linear potential fluctuation up toOHPand an exponential variation
in the diffuse layer [26].

4.5 Brockri-Devanathan-Muller Model

Brockri-Devanathan-Muller (BDM) postulated the action of solvent molecules at
the interface of the double-layer in 1963. This model describes how the electrode
surface has a defined position for solvent molecules attaching to it. The first layer
of adhering solvent molecules is strongly related to the electric field. This link has
an impact on the solvent permittivity and it varies according to the field strength.
The solvent molecules are allowed to flow through the IHP and the layer contains
partially solvated ions as well as the ions that have been specially adsorbed. Outside
the IHP, the electrolyte solvated ions are present. The diffuse layer is the area far
away from OHP that passes through the solvated ions [26] (Fig. 3).

5 Electric Double-Layer in Supercapacitor

The aforementioned models discussed the establishment of the electric double-layer.
They do not describe how the supercapacitor electrode materials distribute charges.
Also, there is a lack of thorough understanding of the behavior of ions in the micro-
pores. The mobility of ions in the electrode depends on the pore size of the electrode
material and the accessibility of ions in the narrow pores is insufficient [27]. The
charge storage capacitance is affected by the free space of broad pores, not by all
pores. However, mesopores allowing a rapid supply of electrolyte ions can boost the
supercapacitor’s power capability.

C

A
= 1

bln(b/b − d)
× εoεr (8)

C

A
= 1

bln(b/a0)
× εoεr (9)

Ctot

2A
= Cs

A
= 1

b − a0
× εoεr (10)
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Fig. 3 Schematic models of double-layer a Helmholtz model, b Gouy-Chapman model, c Stern
model, d Grahame model, and e BDM model

where a0 is the ion size, b is the pore radius, and d is the distance between the ion and
the electrode surface, CS is the specific capacitance, and Ctot is the total capacitance.

6 Electric Field Across the Double-Layer

An electric field is created by the separation of electric charges. Coulomb’s law
and Poisson’s equation are both related to the electric field, which is a fundamental
property of the universe’s electrical action [25]. The approximate electrical field (E)
at an electrode interfacewith a 1.0Vpotential difference over an electric double-layer
is

E = 1.0/3.8 × 10−8 V cm−1 (11)

The double-layer has a thickness of 3.8 Å (0.38 nm). The thickness of the crystal
is determined by the ionic radius of the crystal and the thickness of the solvation
shell. For the double-layer capacitance, the solvated ions and the adsorbed solvent
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molecules at the electrode interface operate as a dielectric medium. The molecular
solvent (HCl or H2O) dipole produces an interatomic field of 107 V cm−1, and the
interionic local field of ionic crystals is of the same magnitude. The ions have stable
ionic states in the electric double-layer and as a result, there is no charge transfer
breakdown when charges flow between the ions. The current leakage in the double-
layer is caused thermodynamically by charge transfer at the interfacial field. The
interfacial field at the electric double-layer can be calculated using the equation
below.

E = −4πq

ε
(12)

where q is the charge density and ε is the dielectric constant. The maximum charge
density renewable at the Hg electrode surface in an aqueous medium is 4.8 ×
10−10 eus which is the charge of an electron. A compact Hg surface contains 3 × 1015

metal atoms per centimeter.

E = 4π × 4.8 × 10−10

6
× 0.17 × 3 × 1015 eus cm−1 (13)

E = 5 × 105 eus cm−1 (14)

1 V = 300 × 1 eus (15)

E = 5 × 105 × 300 V cm−1 (16)

As result, E is value-dependent. The value of potential varies with the thickness
d across the double-layer, but the magnitude is the same. The charge distribution,
solvent dipole, and interphase region make up the double-layer. All these parameters
are taken into account in the calculation of E.

7 Supercapacitor Parameter Evaluation

7.1 Capacitance

Capacitance is the measurement of a material’s ability to store energy at various elec-
trical potentials. Voltammetry and galvanometric techniques are used to determine
the device’s capacitance.
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7.2 Voltammetry Capacitance

The specific capacitance of electrode materials is typically measured using the cyclic
voltammetry (CV) technique in a three-electrode arrangement (working electrode,
counter electrode, and reference electrode). The CV curve is generally rectangular
in carbonaceous materials when capacitance is mainly derived from electrostatic
interactions. Redox peaks with distortion, on the other hand, generally accompany a
CV curve of a pseudocapacitive or battery-like substance. The specific capacitance
of the active material is computed using the voltammetry charge integrated from the
CV curves using the following equation:

CV =
∫
i(V )dV

2(v × m × �V )
(17)

∫
i(V ) dV—an integral area under the CV curve, v is the scan rate, m is the electrode

mass, and ΔV is the potential window.

7.3 Galvanometric Capacitance

The electrode material’s specific capacitance is calculated from the galvanostatic
charge/discharge curve using the following equation. For the EDLC, the discharge
curve is generally linear; however faradic contributions in pseudocapacitor andhybrid
systems cause a substantial deviation from the linearity.

Csp = I × t

m × �V
(18)

where Csp, I, t, are the specific capacitance of the electrode, discharge current
(A), and discharge time (s), respectively.

7.4 Energy and Power Densities

In addition to capacitance, energy andpower densities are twomore significant factors
to consider when evaluating the supercapacitor performance in a two-electrode setup.
The energy density is the rate of energy supply per unit time, whereas the power
density is the capacity to perform work. The cell voltage is built up between two
electrodes when the supercapacitor is charged, and the conventional approach to
estimating the maximum energy and power densities is as follows:

E = 1

2
× Csp × �V 2

3.6
(19)
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P = 3600 × E

t
(20)

where E and P are the energy density and power density, respectively.

7.5 Cyclic Stability

The electrode material or device can provide reliable data regarding its stability
after a certain number of charge/discharge cycles. The cyclic stability is often high
(> 10,000 cycles) in EDLCs using carbon electrodes. Due to the non-ideal electro-
chemical reversibility of pseudocapacitive and faradic reactions, the cycle life of
pseudocapacitors or hybrid capacitors is lower (800–8000 cycles). The parameters
such as operating voltage, electrolyte, temperature, and current density affect the
cyclic performance of electrode materials.

7.6 Coulombic Efficiency

The ratio of discharge capacity to the charge capacity within the cycle.

Coulombic e f f iciency(%) = Discharge time

Charge time
× 100 (21)

7.7 Thermal Stability

The temperature withstanding capacity of the electrode, electrolyte, and separator is
called thermal stability.

7.8 Self-discharge Rate

It is associated with the gradual loss of potential and energy across the charged
supercapacitor over a certain period when it is kept under the open-circuit condition.
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7.9 Charge Balancing Equation

Charge storage ability varies for different materials, so the mass balancing equation
optimizes the performance of the supercapacitor. It gives the mass ratios of positive
and negative electrodes.

m+
m− = C+

C− × �E+
�E− (22)

where m+ and m− are the mass of positive and negative electrodes, C+ and C− are
the capacitance of positive and negative electrodes, ΔE+ and ΔE− are the potentials
of positive and negative electrodes.

8 Electrode Materials

Supercapacitor properties such a specific capacitance and charge storage are directly
influenced by the electrode materials. The specific capacitance can be increased by
increasing the surface area of the electrodes [28]. The pore size has a direct impact
on the active surface area of electrode material because the electrolyte flows through
the pores. Moreover, the pore size should be close to the size of the electrolyte ions
for effective charge storage. The pore size must not be larger or smaller than the
electrolyte ions because this reduces the capacitance. The smaller pore diameter
(> 1 nm) lowers the accessibility of electrolyte ions leading to lower capacitance.
In the case of larger pore size, the average distance between the center of ion and
the pore wall increases, resulting in poor electrolyte contact which intern drops the
capacitance. Therefore, with the right pore size distribution and retention can be
improved to obtain higher capacitance. Owing to the good diffusion of electrolyte
ions across the electrode material with an efficient pore size distribution, an ion
sieving effect occurs [29].

The SOHIO was the first to patent a carbon-based electric double-layer capacitor
in 1969. The most noteworthy properties of electrode materials in supercapacitor
applications are their high surface area, variable pore size, pre-structure, electrical
conductivity, surface functionality, and electrolyte ion accessibility [30]. The carbon-
based materials are ideal electrodes for supercapacitors because of their unexpected
chemical stability, thermal stability, low cost, environmental friendliness, and abun-
dance. Carbon aerogels, carbon power, carbon composites, carbon sheets, carbon
monoliths, carbon fibers, and carbon foams are just some of the carbon-based elec-
trode materials we can work with. The carbon allotropes are also used as electrode
materials in electrochemical capacitors.
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8.1 Activated Carbon (AC)

AC materials are the most predominately used active materials in the EDLCs on
account of their high electrical conductivity (10−8–1010 S m−1), high surface area
(3000 m2 g−1), and low cost. The surface characteristics are established via the acti-
vated carbon manufacturing techniques [31] such as chemical or physical activation.
In the physical activation process, pyrolysis of organic precursors takes place at high
temperatures (600–1200 °C) in an inert environment to produce AC materials. On
the other hand, in the chemical activation process, the AC materials are prepared
at low temperatures (400–700 °C) by impregnating chemicals such as acid, alkali,
and salts into the carbon source [32]. The activation processes produce large surface
area carbon materials with different pore sizes. Macropores (> 50 nm), mesopores
(2–50 nm), and micropores (less than 2 nm) are among the pore sizes accessible in
the AC. The specific capacitance of the AC depends on various factors including pore
size, pore shape, surface area, surface functionality, and conductivity [32]. The low
electrochemical performance ofAC is caused by insufficient activation and activation
energy. The surface area, pore size, and pore size distribution of the AC materials
depend on the types of organic precursors used and activation methods. The surface
area of AC materials was observed in the range of 1000–2000 m2 g−1 [33].

Xu et al. [34] prepared the AC from an apricot shell and activated it with NaOH
delivered a specific capacitance of 339 F g−1. In another study, Roldán et al. [35]
synthesized the AC from coke and activated it with KOH showed capacitance of
351 F g−1. Xu et al. [36] reported the free-standing AC/CNTs paper electrode exhib-
ited capacitance of 267.7 F g−1. Jung et al. [37] prepared flexible and transparent
carbon nanocup (CNC) thin-film electrodes using a porous template (Fig. 4). The
branched structure of the CNC electrode exhibited the capacitance of 409 mF cm2

with a specific power and specific energy of 19mWcm−3 and 47mWh cm−3, respec-
tively. The capacitance (1220mF cm2) observed at 80 °Cwas three times higher than
that of capacitance at room temperature. The electrode showed long cycle life even
bending at 45°.

ThemesoporousAC synthesized from rice husk and activated usingCO2 exhibited
a surface area of 1357m2 g−1 with a specific capacitance of 114 F g−1 in organic elec-
trolyte and 106 F g−1 in the aqueous electrolyte at 5 mV s−1 [38]. In a different work,
the mesoporous carbon prepared by the activation of Polyacrylonitrile (PAN) using
NaOH showed a specific capacitance of 187 F g−1 [39]. The AC materials also
synthesized from olive pits [40] and rice husk [41] activated with KOH delivered a
capacitance of 260 F g−1 and 250 F g−1, respectively. Wang et al. [42] improved the
capacitance from 17.68 to 171.2 F g−1 by increasing the surface area of ACmaterials
from 621 to 2685 m2 g−1. The capacitance of AC electrodes in aqueous electrolytes
is in the range of 100–300 F g−1, which is higher than that in organic electrolytes
(< 150 F g−1) because of the smaller size of electrolyte ions [43]. Subramani et al.
[44] prepared the porous carbon derived from the orange peel bio-waste and used it
as an electrode for the flexible solid-state supercapacitor.
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Fig. 4 Schematics of the fabrication process of a branched CNC-based supercapacitor and its
optical images. a First, the CNC films are transferred to PDMS and released by dissolving
AAO templates. Optical pictures demonstrating b transparent and c flexible natures of CNCs
supercapacitor devices.Adaptedwith permission fromRef. [37], Copyright (2012),NatureResearch

The high surface area (2160 m2 g−1) electrode delivered a capacitance, energy
density, and power density of 460 F g−1, 11.4 Wh kg−1, and 6.6 KW kg−1, respec-
tively. They also fabricated a non-aqueous large size cylindrical device (Fig. 5)

Fig. 5 Step-by-step fabrications of non-aqueous symmetric supercapacitor device. Adapted with
permission from Ref. [45], Copyright (2019), Nature Research
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Fig. 6 Schematic of the fabrication of the green solid-state supercapacitor using the egg and rice
waste (broken eggshell and rice husk). Adapted with permission from Ref. [46], Copyright 2018,
Elsevier

by rolling two electrodes with a nonwoven foam as a separator and placed in an
aluminum container filled with tetraethylammonium tetrafluoroborate in acetonitrile
[45]. Na et al. [46] synthesized activated porous carbon from rice husk and egg white
as the gel electrolyte (Fig. 6). The supercapacitor showed a high specific capacitance
of 204.4 F g−1 at a current density of 1.0 A g−1 with good cyclic stability.

In recent years, covalent organic frameworks (COFs) created huge interest due
to their high surface area, thermal and chemical stability, tunable pore size, and lost
cost. Like organic biomass precursors, the COFs were used as precursor sources for
the synthesis of porous carbon materials. Vargheese et al. [47] synthesized N-doped
porous carbon from triazine-based COFs for high-performance supercapacitors. In a
different study, polyimine-based COF was used as a precursor for the preparation of
N-doped porous graphene delivered a capacitance of 460 F g−1 at a current density of
1.0 A g−1 [48]. Baumann et al. [49] synthesized hierarchical porous carbon derived
from COFs for high mass loading supercapacitors. However, porous carbons derived
from COFs as electrode materials for supercapacitors are scarce in the literature.
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8.2 Carbon Nanotubes (CNTs)

The CNTs are an advanced form of carbon materials and can be classified as single-
walled carbon nanotubes (SWCNTs), double-walled carbon nanotubes, and multi-
walled carbon nanotubes (MWCNTs), which are used in different applications. The
high electrical conductivity and high porosity of the tubular structured CNTs are used
as new electrode materials for supercapacitors [50]. Owing to the mesoporous struc-
ture and low electrochemical series resistance, the CNT electrodes showed higher
specific power than AC materials because of the faster diffusion of electrolyte ions.
Du et al. [51] prepared CNT thin films using a colloidal suspension of CNTs to
reduce the electrochemical series resistance. In another work, the CNTs were grown
on nickel foam using the chemical vapor deposition (CVD) technique showed higher
capacitance (127% higher) and lower electrochemical series than CNTs synthesized
by the conventional method [52]. However, the surface area of CNTs is lower than
that of AC which is the main drawback of CNTs in high-energy supercapacitors. To
overcome this problem, the CNTs were treated with oxidative species to enlarging
the porosity to increase specific surface area. Introducing a functional group into the
CNTsmatrix will increase the electrochemical performance. For example, the charge
affinity of carbon is enhanced by doping nitrogen, and the wettability is increased
by the addition of hydrophilic groups [53]. The aligned CNTs exhibited fast ionic
transport than the entangled CNTs, which denotes the regular structures make way to
migrate ions. Tips or walls of the CNTs are activated to improve the specific surface
area. Pan et al. [50] synthesized tube-in-tubeMWCNTs nanostructures by aluminum
oxide-assisted template method. The average inner and outer diameters ofMWCNTs
were 1–3 nm and 50 nm, respectively. The electrode showed the specific capacitance
of 315 F g−1 at 50 mV s−1 in 0.5 M H2SO4. Therefore, the capacitance depends
on the pore size, pore-size distribution, structure, surface area, and conductivity of
the electrodes. Frackowiak et al. [54] also synthesized MWCNTs and were used
as electrode materials for high-performance supercapacitors. The MWCNTs exhib-
ited capacitances in the range of 4–135 F g−1, depending on their CNT types, pore
size, surface area, and post-treatments. To enhance the surface area, several works
have been developed to increase the active sites and conductivity of CNTs. Doping
of heteroatoms on CNTs can also improve the active sites and conductivity [55].
The nitrogen-doped spherical particle of CNTs was prepared by emulsion-assisted
method and showed three times higher specific capacitance than the pristine CNTs
[56]. The dimension of CNTs changed from 1 to 3D by incorporating pseudoca-
pacitive materials. In this type, the electrochemical properties are enhanced by a
small diffusion path, fast redox reactions, and interconnected pores. The difficult
synthesis process and high cost are still questionable for practical applications of
CNT electrodes.
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8.3 Graphene

The carbon allotrope 2D graphene is made of a polyaromatic honeycomb structure
with sp2 hybridized carbon atoms. The visible characteristics such as thermal conduc-
tivity (3000 W m K−1), electrical conductivity, mechanical property (130 GPa), and
high surface area (2600 m2 g−1) exhibited good electrochemical performance [57].
Graphene was discovered when the idea rises to utilize the fewer layer of graphite, so
the synthesis of graphene is difficult. Mechanical exfoliation, chemical modification,
and CVD methods were applied to synthesize graphene. The graphene was used as
electrodes for high-performance supercapacitors because of its unique properties.
The advantages of graphene electrodes in comparison with AC materials and CNTs
are they do not depend on the pore size distribution in the electrode surface and also
the accessibility of complete surfaces (interior and exterior) of the electrode by the
electrolyte [58].

Even though the graphene was synthesized using different methods, the low
agglomerated graphene exhibited improved specific capacitance. The surface func-
tional group and open-pore system in graphene improve the ions transport which
intern increases the capacitance. The re-stacking property of graphene leads to irre-
versible capacity loss and decreases the coulombic efficiency of the electrochemical
device [59]. To reduce the re-stacking nature of graphene, Hummer’s method is used
to synthesize graphene or reduced graphene oxide (rGO) from graphite. The rGO
exhibits surface functional groups such as –OH, –COOH, C=O, and epoxide. Also,
the thermal exfoliation method is adopted to reduce the aggregation of rGO [60].
Among the different thermal exfoliation techniques, microwave irradiation reduces
the time duration and reaction temperature, and thus showed increased specific capac-
itance. The ion transfer path is quite longer in grFaphene or rGO electrodes because
the electrolyte ions transfer across the graphene sheets [61]. Xu et al. [62] minimized
the ion transport path by holey graphene sheets, there is an ion-transfer between holes
of graphene sheets and retaining effective electron-transport. Zhu et al. [63] reported
that the activated graphene oxide usingKOH exhibited the pore diameter and specific
surface area of 1–10 nm and 3100 m2 g−1, respectively. Kim et al. [64] fabricated
graphene-derived carbons by chemical activation of graphene with KOH. The carbon
electrode showed both mesopores and micropores structure and exhibited a surface
area of 3290 m2 g−1. The electrode delivered a high gravimetric capacitance of
174 F g−1. The higher capacitance is due to the fast transfer of electrolyte ions on the
surfaceof theporous electrode.As a result, the high specificpower and specific energy
of 338 KW kg−1 and 74 Wh kg−1, respectively were observed. Also, the effective
doping on graphene surfaces enhances its electrochemical behavior. To improve the
capability of ion adsorption, the graphene aerogel and hydrogelwere synthesized [65,
66] however, the graphene aerogel and hydrogel exhibited poor conductivity. Yang
et al. [67] described the chemical converted graphene hydrogel films with increasing
packing density by removing non-volatile and volatile electrolytes showed enhanced
charge transport and exhibited volumetric energy densities of 60Wh L−1. Yoon et al.
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[68] prepared vertically aligned rGO film electrodes for high-performance superca-
pacitors. The films with a packing density of 1.18 g cm−3 delivered a high volumetric
capacitance of 171 F cm−3 in a 6.0 MKOH electrolyte. However, still there is a need
to increase the energy density of supercapacitors.

8.4 Carbon Nanofibers

Carbon nanofibers are generally derived from polyacrylonitrile (PAN). Various
synthetic techniques such as electrospinning, template-assisted solvothermal, and
CVD produce carbon nanofibers using the PAN as a precursor [69]. Two steps
are involved in the synthesis; nanofiber synthesis and carbonization. The conduc-
tivity of carbon nanofibers directly depends on the carbonization temperature. The
conductivity and specific surface area of carbon nanofibers are lesser than that of the
CNTs. However, high porosity and small-fiber diameter showed good electrochem-
ical performance. Niu et al. [70] reported the synthesis of Inter-connected carbon
nanofibers by electrospinning side-by-side polyvinylpyrrolidone (PVP) and (PAN),
followed by carbonization. The carbon nanofibers showed higher capacitance than
that of carbon fibers prepared from the PVP/PAN blend. They also investigated the
effect of PVP and PAN ratios on the morphologies and surface area of the carbon
fibers for supercapacitor applications. Nan et al. [71] prepared electrospun carbon
nanofiber mats by electrospinning biochar and PAN mixture, followed by a pyrol-
ysis process. The weight ratio of 4:10 biochar:PAN showed the higher gravimetric
capacitance of 37.6 F g−1.

8.5 Hybrid Carbon Materials

Two different types of carbon materials combined to produce hybrid carbon mate-
rials, which demonstrate a synergistic effect to enhance supercapacitor performance.
Graphene sheet hybridizedwith carbon black andmesoporous carbon tominimize the
aggregation and increase the specific capacitance value. When the CNTs were inter-
calated with the graphene sheets, the mechanical strength and electrical conductivity
of the graphene were significantly improved. For instance, Yu et al. [72] reported
the high specific surface area (396 m2 g−1) and electrical conductivity (102 S cm−1)
of graphene sheets that were developed by combining with the CNTs fibers. Cheng
et al. [73] also prepared the Graphene/CNTs composite electrodes exhibited specific
capacitance of 290.4 F g−1 with the power and energy densities of 263.2 kWkg−1 and
155.6 Wh kg−1, respectively. They also prepared quaternary composites composed
of AC/CB/CNTs/carbon nanofibers delivered a capacitance of 66.1 F cm−3. The
specific energy and specific powerwere calculated as 29.6WhL−1 and 101.7 kWL−1,
respectively. After 30,000 cycles, the electrode losses 8.6%of its original capacitance
indicating its excellent stability.

In another study, Wang et al. [74] improved the electrochemical property of
graphene sheets by incorporating carbon black (CB) as a spacer. Ogata et al. [75]
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Table 1 Different carbon-based materials are used as electrodes in EDLCs

Electrode Specific
capacitance
(F g−1)

Power density
(W kg−1)

Energy density
(Wh kg−1)

Cyclic
stability

References

Porous carbon 120 at 1 A g−1 2827 74 100%
after
100,000
cycles

[76]

B-doped rGO 200 at 0.1 A g−1 10 5.5 95%
after
4500
cycles

[77]

P-doped carbon/CNT
monolith

220 at 1 A g−1 226 10 kWh kg−1 17%
after
1000
cycles

[55]

CNTs grown on
carbon cloth

210 at 1 A g−1 – 27.8 97–95%
after
10,000
cycles

[78]

N-doped porous
carbon

185 at 0.4 A g−1 1747 230 76.3%
after
8000
cycles

[79]

SWCNT/rGO hybrid 222 at 1 A g−1 1.19 kW kg−1 106.6 99%
after
1000
cycles

[80]

Carbon nanofiber
paper

254 at 0.2 A g−1 90 7.1 98%
after
1000
cycles

[81]

Graphene/f-MWCNT 740.9 μF cm−2 at
1 μA cm−2

2.41 W cm−3 0.107 mWh cm−3 85%
after
20,000
cycles

[82]

3D
macro-mesoporous
carbon

166 at 1 A g−1 200 39 92.2%
after
10,000
cycles

[83]

Vertically aligned
CNTs

200 at 20 A g−1 40 20 – [84]

Onion-like carbon 0.9 mF cm−2 at
100 mV s−1

1 kW cm−3 1 ×
10−2 Wh cm−3

100%
after
10,000
cycle

[85]
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developed rGO/GO/rGO composite electrode for supercapacitor and the device
voltage was extended up to 1.5 V.

Even though it is very challenging to arrange a clear-cut comparison of the
various carbon-based electrode materials used in EDLCs, we collected the data using
different parameters such as specific capacitance, energy density, power density, and
cyclic stability and presented in Table 1.

9 Self-discharge in Supercapacitors

When external sources are disconnected from EDLCs, voltage loss between the
electrodes occurs spontaneously. Self-discharge is the term for this. As a result
of the charge redistribution, the total capacitance of the electrode material rises
[86]. Self-discharge is caused by three types of self-discharge mechanisms: charge
redistribution, leakage current, and faradic reaction. In the case of the charge redis-
tribution mechanism, the movement of charged ions is adsorbed on the electrode
surface because of the concentration slope. On the other hand, the leakage current
occurs owing to internal ohmic leakage between the oppositely charged electrodes.
The Faradaic reaction mechanism outlines the redox reaction that takes place on
the surface of the electrode due to excessive charging. The above self-discharge
processes reduce the open circuit voltage followed by the energy loss in the EDLC
devices [87]. There is some heat generated during the charge/discharge process in
the EDLCs. This explains the voltage variations that are not caused by the energy
loss. Owing to the galvanostatic and potentiostatic charging, the voltage changes
in the device are slower in open circuits and with time, the voltage decay process
slows down. The following equation is used to calculate the accumulated energy on
EDLCs.

E = 1

2
CU 2 (23)

where E is the energy accumulated by the EDLC andU is the voltage drop. Detailed
explanations of the self-discharge mechanisms and the factors influencing the self-
discharge processes can be obtained from the above references.

10 Applications of Supercapacitors

The fast charging-discharging nature of the supercapacitors is explored in the energy
storage technology. The high power density and tunable energy density of super-
capacitors show priority in portable electronics. The high-performance supercapac-
itor is playing a superior role in power supply, energy storage, power production,
and memory backup [88]. A double layer electrical capacitor is used in a variety
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of applications, including energy regenerating, compensation devices, and energy
equalization.

Energy regeneration: in railways, regenerative breaks are used to recuperate the
electricity utilized for acceleration. The electricity is stored in an electrical double-
layer capacitor during the crane’s ascension. It decreases the use of fossil fuels and
decreases the efficiency of energy production.

Momentary voltage drop compensator: pose outages caused by lightning strikes
can ruin equipment used in enterprises and hospitals. An electrical double layer
capacitor is used to compensate for electricity until another source is connected.

The electrical double-layer capacitors utilized in energy fluctuation sources are
known as energy equalization. Some power plants generate electricity using green
energy, which is subject to natural changes. EDLCs keep electricity stable by holding
inputs and delivering fewer outputs.

11 Conclusion

We have discussed briefly the overview of EDLCs including their history, electrodes
fabrication, and applications. The preparation of EDLCmaterials such as AC, CNTs,
graphene, and carbon nanofibers are described with a brief statement of their proper-
ties including the specific surface area, pore size, pore-size distribution, capacitance,
and energy and power densities. The pore structures are closely associated with the
types of precursors and how they are processed to obtain the electrode materials for
EDLCs. To improve the performance of EDLCs, it is important to optimize the inter-
face between electrode and electrolyte. The EDLC is a better replacement for many
applications that needs storage of energy due to its fast charging/charging capability,
long cycle life, and wide operating temperature range. With the continued growth
of the capacitor market and the ongoing research on electrode materials and cell
assembly, electrochemical capacitors emerging as new types of possible alternatives
for batteries.
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Abstract Energy storage strategies are essential for addressing climate change
and storing energy generated from renewable technologies. As a result, developing
a highly efficient, affordable, and environmentally acceptable storage system has
become a critical task for the scientific community. The introduction of pseudo-
capacitors that exhibits higher charge storage capacity without losing their powerful
output capability has provided a considerable advancement in the field of electro-
chemical energy storage (EES) systems. The fast surface redox kinetics provide an
edge to pseudo-capacitors over batteries by providing high energy densities with
much superior power densities. This chapter starts with clarifying the misconception
between batteries and pseudocapacitive behaviors by briefing the basics of pseudo-
capacitors in detail as well as their operating principle along with the various types
of pseudo-capacitors and their fingerprint study based on different electrochem-
ical phenomena involved. Furthermore, the chapter will conclude by discussing the
various capacitance controlling parameters including energy density, power density,
and specific capacitance, their connection to eachother, andhow they canbe enhanced
using different electrolytes and working materials.
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1 Introduction

The world’s energy consumption is increasing at a breakneck speed. Economic
growth, urbanization, rising per capita consumption, and the extension of energy
access are all expected to drive up total energy demand significantly [1]. Society
recognizes the importance of gathering renewable resources, storing them, and recov-
ering them to fulfil both environmental and economic concerns [2]. In fulfilling the
global energy needs supercapacitors play a vital role by providing smart, portable,
andmore efficient storage systems. Electrochemical energy storage (EES) has proven
to be a highly effective way of storing energy because of the enhanced theoret-
ical efficiency of transforming chemical energy to electrical with better energy and
power densities [3]. EES comprises a variety of mechanisms, including the devel-
opment of a non-faradaic electrical double layer (EDL), surface electron transfers
redox reactions, ion insertion like in electrochemical intercalation, etc. [4]. The elec-
trochemical ion insertion and transition satisfy Faraday’s rule and include electron
transport reactions across the electrochemical contact. Surface redox and certain ion-
exchange processes are pseudocapacitive because their kinetics is similar to surface
adsorption–desorption reactions.

Pseudo-capacitors have revolutionized the field of supercapacitors (Fig. 1) owing
to distinct electrochemical features for high charge storage capability as well as
enhanced energy density due to offering an efficient passage to charge transfer [5].
The study started in the late 90s using oxide materials mostly transition metal oxide
and polymers, exhibiting high storage performance in comparison to EDLCs [6]. A
lot of research is still going on pseudo-capacitors, but the reason for some energy
loss during electrochemical reactions still needs to be investigated due to which their
power density along with cyclic stability is compromised when put in comparison to
other EDLCs [7]. In this chapter, an overview of the origin of pseudo-capacitance as
well as the factors controlling pseudo-capacitance are discussed in detail.

Fig. 1 Pseudo capacitors
among electrochemical
charge storage
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2 Operating Principle of Pseudo-capacitors

The main source of energy storage in pseudo-capacitors is by the mean of faradaic
reaction. Oxidation and reduction happen at or near the surface of the electrode.
In supercapacitors with a pseudocapacitive electrode, a fast and reversible redox
reaction occurs which increases overall capacitance. Due to the near and at surface
phenomenon an electrodewith high porosity or larger surface area plays an important
role to exhibit pseudocapacitive behavior due to which mainly metal oxides based
and carbon base materials with high surface area show good pseudocapacitive nature
as an electrode. Faradaic and non-faradaic processes are the two types of reactions
that any charge storage device electrode can go through. In the faradaic process after
the application of constant current to the electrode, the charges on an electrode with
voltage and the composition go to a new constant value. Whereas in non-faradaic
process charge storage is a progressive way and after the layer of charge gets stored
onto the surface of the electrode the reaction gets to a halt with no further storage to
occur [8]. Faradaic processes electrode ions fromelectrolytes undergo charge transfer
at the metal-electrolyte interface. Electrons transfer causes oxidation and reduction
to occur. As shown in the equation below. In a complete faradaic reaction, reactants
of this process come outside the bulk of the electrode and go back to the electrolyte.
Figure 2 illustrates the schematic of the working of typical pseudo-capacitance.

Oxidized specie + ne−1 � Reduced specie (1)

From a thermodynamics point of view whenever any property x is proportional
to the charges passed there will be pseudocapacitive phenomena and their relation
to the potential difference between a metal surface and the electrolyte solution can
be expressed by equation.

x

(1 − x)
= Kexp

(
VF

RT

)
(2)

Fig. 2 Schematic on
pseudo-capacitor. Reprinted
with permission from
Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim [9]
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In the equation the quantity x can be considered as occupancy fraction of the
surface of the electrode, as a measure of fractional adsorption or some extent of
fractional conversion of an oxide species to reduced species (or vice versa) in case
of oxidation/reduction system and F is the faraday constant (96,485 C mol−1) [10].
When synthesized in nanoscale forms, some material compositions that would in a
bulk form display battery-type charge storage behavior appear capacitive. Indeed,
certain faradaic electrodes when formed by using active material as nanosized or
ultrathin films exhibit pseudocapacitive behavior, even though it is due to their
morphology or electrode structure rather than any inherent features of the mate-
rial itself [11]. Although both types of electrodes produce a capacitor-like elec-
trochemical signature, we may distinguish between “intrinsic pseudo-capacitance”
and “extrinsic pseudo-capacitance” by understanding the phenomenon occurring.
Choice of active material and electrode design plays a very crucial role in the
pseudocapacitive performance of the electrode.

A pseudo-capacitive material is the one that delivers linear or almost linear
charge/discharge without producing a particularly prominent voltage plateau with
broad and close to overlapping redox peaks not too prominent like in batteries
but sufficient enough to be distinguished from EDLC [9]. Based on the materials
used as active, this electrode can have intrinsically or extrinsically pseudocapacitive.
Intrinsically pseudocapacitive materials include MnO2, RuO2, and other conducting
polymers such as polypyrrole and polyaniline as their active material. Further-
more, several pseudocapacitive materials such as TiO2 (B), α-MoO3, T-Nb2O5, and
Li4Ti5O12 have been studied which has an extrinsic pseudocapacitive behavior, an
example will be discussed later in this chapter. Another way of understanding the
working of the pseudocapacitive electrode is by observation of its cyclic voltam-
mogram (Fig. 3). Electrochemical signature analysis shows prominent oxidation
and reduction peak in a single cycle which correspond to the phenomenon that
charged species is going through redox reaction in a single cycle. Carbon-based

Fig. 3 CV Plots of aMnO2 thin film in 2MKCl electrolyte at a scan rate of 20 mV s−1. Reprinted
with permission from Elsevier [13]. b Powder-based MnO2 electrode in 0.1 M K2SO4 at 2 mV s−1

Reprinted with permission from Elsevier [14]
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electrode materials with induction of heteroatoms or with attached functional groups
can also help in increasing the overall pseudo-capacitance of the electrode [12].
Pseudo-capacitance appears when the quantity Q that measures reaction extent, is a
continuous function of the voltage difference (V), then the derivative dQ/dV will be
capacitance like quantity.

The pseudocapacitors can also be categorized as intrinsic or extrinsic supercapac-
itors. Intrinsic pseudo-capacitance is generally related to the nature of the material as
by the name the property is coming from thematerial itself. Intrinsic pseudocapacitive
material will behave like a pseudocapacitive material regardless of its microstruc-
ture [9]. RuO2 and MnO2 electrodes are among the most prominent examples [13,
15]. A nanosize thin film or a micro-sized bulk powder both will be showing the
same electrochemical signature when studied using cyclic voltammetry. Opposing
that, extrinsic pseudocapacitive materials only show capacitor-like behavior when
they are only in certain morphologies, structures, and sizes. The reason behind not
expressing capacitive behavior is the phase transformation during ion storage. But
when engineered with specific conditions they shift towards capacitive material due
to shortening of diffusion distance, and some time due to their size limitation phase
transformation effect gets suppressed. LiCoO2 is among the list of such types of
capacitive material. Commonly used as a positive electrode in Li-ion batteries, has
no capacitive response in bulk form, but when the same material is synthesized in
a way that we get nanometer thickness thin film of LiCoO2 [16]. Material starts
to behave like a capacitor. In Fig. 4, the extrinsic pseudo-capacitive nature of the
electrode is shown that with a change in the size of the material as an electrode,
capacitive behavior changes. With the increase in discharging time, pointing the
device towards a battery-like charge storage system, a smaller crystal size plot is
sloppy and the plateau region is decreasing with a decrease in size. This is due to
an increase in the influence of surface Li-ion storage sites. Pseudocapacitive elec-
trode exhibits some distinctive features which can be explained by using cyclic

Fig. 4 Discharge curve for
LiCoO2 for 1 h
charge–discharge. Reprinted
with permission from the
American Chemical Society
[16]
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voltammetry, response to voltage sweep, electrochemical impedance spectroscopy,
and galvanostatic charge/discharge.

Figure 5 illustrates the electrochemical analysis of graphene hydrogel decorated
with oxygen and nitrogen co-doped quantum dots are illustrated, four different
concentrations for decoration used. In Fig. 5a CV curves of electrodes showing
pseudo-capacitance with prominent redox peaks, where (GH is graphene hydrogel,
GCD-2, GCD-3, GCD-4 are GO:CD concentration of 4:1, 3:1, 2:1 respectively).

Fig. 5 aCyclic voltammetry plots at the scan rate of 10mV s−1. bGCDof the electrodes at 1 A g−1

of current density. c CV curves for GCD-3 electrode. d Respective GCD plots for GCD-3 electrode.
e Specific capacitance plot for GCD-3 electrode at different scan rates and current densities. f EIS
(Nyquist) plots for every electrode. Reprinted with permission from IOP [17]
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Figure 5b shows the triangular reversible behavior of these electrodes. Figure 5c and
d indicate the stable behavior of GCD-3 at various scan rates and current densities
respectively. And in Fig. 5e, the specific capacitance at various scan rates shows a
decrease of specific capacitancewith an increase in scan rate. Figure 5f shows the EIS
Nyquist plots of the respective electrodes. In cyclic voltammetry, we apply a linear
sweep voltage to an electrode at different scans rate. Capacitive material exhibits
rectangular shape characteristic plots which show the charge storage and saturation
of storage capability at a certain current limit when an external voltage is applied,
similarly, batteries also show distinctive phenomenon when voltage is linearly swept
across the working limit of the electrode, CV signature shows two distinguishable
redox peaks in the plot. Capacitors exhibit fast charging and discharging capability
with low energy density as compared to the batteries. When shifting towards pseudo-
capacitors we compromise its energy density related to batteries with an increase in
its power density. Pseudo-capacitors lie in between EDLC and batteries.

3 Phenomenon Occurring Inside Pseudo-capacitors

As already discussed, pseudo-capacitance is an electrochemical energy storage
phenomenon inwhich faradaic charge transfer is taking place. Charge transfer occurs
on the electrode–electrolyte interface is the main reason for pseudo-capacitance. The
faradaic activity initiates due to a very fast faradaic reversible reaction taking place on
the electrode surface. Figure 6 is a general representation of the reactions occurring
on the electrode surface and the effect of that on the discharge curve of the respec-
tive electrode. EDLC uses an electrostatic charge storage mechanism which shows
saturation in the curve. Pseudo-capacitor electrode allows slight bumps in the curve
due to the presence of pseudocapacitance which shows additional charge storage. As
the pseudocapacitance phenomenon is overcome by the faradaic processes its shows
a battery-like CV curve with slow discharge.

Pseudo-capacitance phenomenon can be characterized into three main types
depending upon the nature of faradaic reaction taking place at electrode–electrolyte
interphase. Underpotential deposition, in which from the electrolyte a monolayer
of atoms on the surface of the electrode gets deposited. Which normally involve
H-atoms on the near-surface on noble metal oxides. Redox pseudo-capacitance is
a phenomenon taking place near or at the surface of the electrode, and the third
one is when ions intercalate into the place available or layers of material that
exhibit redox activity, without changing the crystallographic nature of the mate-
rial is known as intercalation pseudo-capacitance [19]. Schematics of the faradaic
reactions corresponding to these phenomena are illustrated in Fig. 7.
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Fig. 6 Usual cyclic voltammetry plots of different energy storage devices. a Electrical double-layer
capacitors. b Pseudo-capacitors. c Discharge curve of (a, b). d, e CV curves for the intercalation
pseudocapacitance. f Electrodes discharge curve. g Pseudocapacitive electrode with dominated
faradaic processes. hBatteries CV signature. iDischarge curves of (g, h). Reprintedwith permission
from the American Chemical Society [18]

Fig. 7 Schematic of different faradaic processes that give rise to pseudo-capacitance
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Fig. 8 a Pb coating on Au electrode and b its CV signature curve. Reprinted with permission from
MDPI [20]

3.1 Adsorption or Underpotential Pseudo-capacitance

When a metal electrode is subjected to an external potential in an electrolyte, a
monolayer gets deposited onto the surface of the metal due to surface adsorption and
reduction of metal ions which results in a slight change in potential than its equilib-
rium potential. Adsorption of lead on the surface of Au electrode in an electrolyte of
1 mM PbF2 + 10 mM HClO4 is an example of adsorption pseudo-capacitance [20].
Schematic expression of this process is shown in Fig. 8a and the CV plot relative to
the process is shown in Fig. 8b. In this process led mono layer gets deposited onto the
surface of the electrode which creates an additional bulk phase for a charge species
to interact to. This layer act as a charge storage site and the electrode behaves like a
pseudocapacitive electrode as the CV curve clearly shows the capacitive nature with
faradaic continuity. The chemical equation for underpotential deposition of led onto
the Au electrode is expressed in the form of an electrochemical equation in Eq. 3.

Au + xPb2+ + 2xe− ↔ Au.xPbads (3)

3.2 Redox Pseudo-capacitance

Considered to be the most common type of pseudo-capacitance which is due to the
electro-adsorption of active ions from electrolytes near or at the surface of electrode
material which causes a faradaic reaction to start with continuous charge transfer.
RuO2 andMnO2 are among electrodematerials that show this kind of behavior due to
the occurrence of fast redox reactions caused by the intercalation of H+ ions or alkali
metal cations. Ruthenium-based electrodematerial got a lot of attention because of its
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Fig. 9 a Redox pseudo-capacitance in RuO2 schematics b CV signature curve. Reprinted with
permission from the American Chemical Society [15]

high electrical conductivity and good thermal stability. The schematic of the charge
store mechanism is shown in Fig. 9. In this process, no chemical changes happen to
the surface of the electrode during charging/discharging because the functionalized
molecular layer formed during the charging of the electrode gets removed during
discharging as the process involves reversible redox faradaic reaction as shown in
Eq. (4). Ruthenium oxide gets reduced during the charging cycle and gives rise to
oxide with charge species attached to it and during the discharging of the capacitor,
ion gets back to the electrolyte with balancing the potential difference between elec-
trode and electrolyte resulting back to its original form. This process is responsible
for the long-lasting cyclicity of these devices when compared with conventional
batteries. An electrochemical reaction in the form of a chemical equation is shown
in the following Eq. 4.

RuOx(OH) + δH+ + δe− ↔ RuOx−δ(OH)y−δ (4)

3.3 Intercalation Pseudo-capacitance

Intercalation pseudo-capacitance originates when ions from electrolyte intercalate
into the layered or tunnels-like structure of the redox-active material due to which
fast charge transfer of charge species of faradaic nature initiates. During this process,
charge transfer does not change the crystallographic structure of the electrode mate-
rial. As already mentioned, in other pseudo-capacitance phenomenon reaction occur
only at or near the surface of the electrode but in this process, ions intercalate into
the electrode. The reaction is fast enough that it behaves like an electrode reaction
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Fig. 10 a Intercalation pseudo-capacitance and b CV signature curve. Reprinted with permission
from the American Chemical Society [21]

of supercapacitors. A chemical reaction in Eq. 5 is an example of such a reaction.
Recently a newly developed class of materials called MXene are introduced as a
unique host material for this type of pseudo-capacitance of these types of materials
are already have a supporting structure for intercalation of electroactive ions into the
material, which results in more surface area available to the electrolyte as compared
to the other form of pseudocapacitive electrode materials (Fig. 10).

Nb2O5 + xLi+ + xe− ↔ LixNb2O5 (5)

4 Parameters Governing Pseudo-capacitors

Pseudo-capacitance was originated with the birth of porous oxide materials and
conductive polymers along with other sulfides, nitrides, and hydroxides. Scientific
studies have suggested that physical properties including microstructure and surface
morphology are the key determinants that decide the specific capacity of a material
[22, 23]. Others point out, however, that chemical factors including the hydrous
and valence state of material also control its capacitive performance [24, 25]. These
dominant parameters need to be understood well before reaching optimum pseudo-
capacitance because the physical and chemical properties of material often change at
the same time, so a more extensive investigation is required to pinpoint the individual
influence.
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4.1 Active Material Growth and Morphology

The material’s physical features play a crucial role in achieving good capacitive
storage. Both crystalline rutile, as well as the hydrous phase of the material, partici-
pate very differently in the capacitive behavior of the same material [3]. The capac-
itance rapidly declines at the start of charge–discharge usage (about 100 cycles)
and yet remains rather steady after that [26, 27]. Dissolution, detachment, struc-
tural collapse, anodization, and chemical deterioration of the active layer could all
be factored in the capacitance decline. In early studies, the transition metal oxides
were the prominent candidates involved in pseudo-capacitive charge storage. As the
work started from the ruthenium oxide due to having high conductivity and thermal
stability itwas observed that thematerial behaves differently in its various states either
conductive crystalline or the hydrated RuO2 · H2O [28]. In CV measurements it was
demonstrated that films thermally produced or made from single-crystal RuO2 have
a rectangular reaction, whereas the others have a squiggly wave. Also, it was discov-
ered that after multiple cycles of ruthenized electrodes, a rectangle CV response is
formed in the anodic area [29]. Years later, it was proven that the storage responses
of RuO2 films vary depending on the film growth procedure, implying that the film
structure also appears to be a key determinant [29, 30]. The hydrated form ofmaterial
is formed due to physisorption or chemisorption of thewatermolecules over the grain
surface. This addition and removal ofwater inside thematerial can vary the capacitive
properties as in RuO2 films the hydrated films provide higher specific capacitance in
comparison to anhydrous form [31]. The investigations revealed that annealing leads
to an extraction of confined water from the oxide layers resulting in the aggregation
of large particles along with less contribution inside capacitive storage [32]. This
also supports that the material’s particle size is also important for achieving high
pseudo-capacitance. Likewise, Manganese oxides are also very attractive electrode
materials due to their high specific capacitance, relatively higher abundance, and
eco-friendly nature. The Crystal morphology of manganese oxide exists in zero-
dimensional core shells, one-dimensional tunnel structure, two-dimensional layers,
and three-dimensional frameworks. This crystal diversity further influences signif-
icantly over the interlayer cationic insertion as well as transport, hence providing
different storage capacitance with different tunnel sizes [33]. Many oxide mate-
rials also have a property to agglomerate which severely restrained the capacitive
behavior due to which the good material dispersion is very essential while making
the working electrode for capacitive measurement [34]. Moreover, the problems like
poor conductivity, surface area, and high electrolyte dissolubility also suppress the
performance of transition metal oxides in the charge storage field.

Material porosity is also a vital factor in determining the pseudo-capacitance of
material as in ruthenium the presence of both meso as well as micropores will be
responsible for its pseudo-capacitance [35]. The hydrous state of ruthenium provides
higher specific capacitance due to micropore utilization. Moreover, the amorphous
form of ruthenium also exhibited a higher storage capacity due to flexibility inside
the lattice arrangement, inducing more active sites for electrolytic ion-exchange
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Fig. 11 Enhancement of pseudo-capacitive performance using different material hybridizations

inside the material [36]. The electrolyte may enter the porous surface more easily,
a larger ionic conductivity in the oxide was predicted, resulting in improved reac-
tion homogeneity.Which interns reduced the dissolution induced by electrochemical
polarization. The great porosity, it is assumed, allows for substantial volume expan-
sion/contraction of the oxide while charging and discharging, allowing the internal
stress caused to be easily dissipated and therefore preventing physical damage to
the electrode. The oxide dissolving rate was significantly reduced when the working
electrode transitioned from a condensed to a porous fibrous structure during cycling
[37]. Since the compact oxide nodules disintegrated quickly during CV cycling, the
fibrous oxide remained extremely durable. Since the pores inside the working mate-
rial will enhance its surface area, the fibrous electrodes were designed to have a
large surface area, which increased the oxide’s reactivity along with its reversibility.
Furthermore, the researchers are doing work for minimizing the challenges faced
by oxide materials via their hybridizations with other 2D materials like functional-
ized graphene and MXenes, conjugated polymers, or other metal oxides as shown in
Fig. 11.

4.2 Electrolyte Interaction with the Active Material

While lying between the batteries and capacitor, pseudo-capacitors have an edge
over processing both properties. Continuous work is going on for improving the
key parameters including power as well as energy density along with durability for
achieving the high capacitive performance. All these key parameters directly related
to the interaction of active material with the electrolyte are illustrated in Fig. 12.
So, for the optimization for getting efficient pseudo-capacitors, one needs a clear
understanding of electrolyte working and its interaction with the active material. The
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Fig. 12 Electrolyte role in regulating the key parameters to control capacitive performance in
pseudo-capacitors

electrolyte is indeed an important constituent in supercapacitors, as it is responsible
for transferring and regulating charges in between two electrodes [38]. There are
several groups of electrolytes used in electrochemical supercapacitors. In all elec-
trochemical processes, several electrolytes can be used but the electrode–electrolyte
interplay has a substantial impact on the interface as well as the internal structure
of active materials. Hence the electrolyte selection is critical for secure and high-
performance capacitive devices. There is yet to be a perfect electrolyte that meets
all the parameters of an electrochemical device. In cases when aqueous electrolytes
are used, water is considered as a solvent for the salts. The ambient effect, ionic
conductance, electrochemical behavior, ease of operation in the open climate, and
cost-effectiveness are some of the reasons that make an aqueous electrolyte more
preferable than an organic electrolyte.

The conductivity and capacitance of the aqueous electrolyte are higher but still are
not used in commercial applications due to their low potential window; nonetheless,
they are inexpensive and easier to produce than organic electrolytes. Electrolytic ion
size, corrosive behavior, transportation, and ion conductivity all affect electrolyte
performance. Aqueous electrolytes are classified chemically as acidic, alkaline, or
neutral [39]. Materials with working potential lie between the O2 as well as H2
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evolution potential are the exact match for these aqueous electrolytes. Different elec-
trolytic cations such as H+, Na+, Li+, and K+ provide significant variation in specific
capacitance during electrochemical performance only on a change of cation in the
electrolyte solution which is mainly due to cationic radius, mobility, conductivity,
ion exchange, and diffusion [40, 41]. Likewise, changing the anionic species inside
the electrolyte has a similar effect on capacitive behavior. The size of the ionic hydra-
tion sphere also imparts in defining the capacitive performance as a bigger hydration
sphere prohibits the entrance of electrolytic ions into pores resulting in low specific
capacitance. The active electrode will corrode if the electrolyte has high molarity.
Neutral electrolytes are more extensively employed than alkaline and acidic elec-
trolytes because they are less corrosive, have a lower cost, and have a wider potential
window [42]. If aqueous electrolytes are employed in the pseudo-capacitors, the
power density will be high.

Organic electrolytes are typically made up of organic solvents with dissolved
conducting salts. Organic electrolyte-based devices nowadays are ruling the commer-
cial sector due to a high voltage window spanning from 2.6 to 2.9 V [43]. The nature
of solvents, ionic size, their interaction, conductance, and viscosity, has substan-
tial influences on the efficiency of organic electrolyte-based capacitive devices [44].
Contrarily, organic electrolytes have a higher resistance than aqueous electrolytes
due to their big molecules, which necessitate large electrode pore sizes.

Ionic liquids are salts made up of ions (organic cation with organic/inorganic
anion) having melting temperatures below 100 °C [45]. Ionic liquids have attracted
a lot of attention as potential electrolytes due to their distinctive structures and capa-
bilities [46]. The device’s physical and chemical properties may be easily tweaked
because of its wide range of cation and anion combinations. The capacitive perfor-
mance can be increased (by adjusting the voltage window and operating temperature
range) [47, 48]. When compared to other electrolytes, ionic liquids have several
potential advantages, including nonflammability, improved thermal and chemical
stability with a voltage window greater than 3 V, and low volatility [49].

Due to the constantly expanding demand for power inwearable, portable and print-
able electronics, solid-state electrolyte-based capacitive devices have piqued interest
in recent years. Solid-state electrolytes also serve as electrode separators due to their
ionic conducting media, lack of liquid leakage, and ease of packing and fabrication
methods for capacitive storage media [50]. Gel phase polymer electrolytes offer the
highest ionic conductivity among solid-state electrolytes.Attributed to the prevalence
of a liquid phase, gel polymer electrolytes possess the maximum ionic conductivity.
These electrolytes are now dominating the area of solid electrolyte capacitive devices
due to their strong ionic conductivity, while the use of these solid electrolytes is
quite limited [51]. However, due to water presence and low mechanical strength, gel
polymer electrolytes may have a slim temperature range of operation. By inducing
pseudocapacitive contribution from redox-active electrolytes, the capacitance can be
enhanced. The pseudocapacitive material with redox mediator electrolyte can also
contribute to the pseudo-capacitance, such as an iodide/iodine redox pair can act
as the redox-active aqueous electrolyte in carbon-based supercapacitors [52, 53]. A
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high capacitance can be produced owing to the electrolyte’s pseudocapacitive contri-
bution only at the positive electrode with a narrow potential range. Furthermore, as
new electrolytes are developed, it is critical to optimize the compatibility of these
electrolytes with new electrode materials. The reaction chemistry of different types
of electrolytes, as well as their effects on electrochemical capacitive performance,
have still to be thoroughly investigated to build better electrolytes to solve energy
storage challenges.

5 Conclusions

In summary, the chapter provides proper terminology for pseudo-capacitive devices,
as well as a thorough understanding of their architecture, fabrication, and charge
storage mechanisms, as well as the phenomena involved in pseudo-capacitive
behavior, as measured by CV and charge/discharge curves. The appropriate pseudo-
capacitive materials, their shape, the interaction between the electrolytes and elec-
trodematerials, and electrolytic parameters that affect electrochemical storageperfor-
mance are also reviewed. Many aspects of the pseudo-capacitor field, however, have
yet to be explored to overcome the difficulties and challenges.
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Fundamentals, Mechanism,
and Materials for Hybrid
Supercapacitors

Son Qian Liew and Hieng Kiat Jun

Abstract With the advent of various electronic devices, energy storage systems have
become one of the important components for the devices to have a long operating
time. Supercapacitors are capable to provide fast charge when short-term power is
required. However, the energy density of typical supercapacitors is lagging behind
lithium-ion batteries. To improve the performance of energy density with good power
density, hybrid supercapacitors are introduced. These groups of supercapacitors have
the combination of the characteristics of electric double-layer capacitors and pseudo-
capacitors. Comparatively, hybrid supercapacitors have higher specific capacitance.
In this chapter, the fundamental and storagemechanism of hybrid supercapacitors are
presented. Their architecture, design, material selection, and characteristics are also
explored. This chapter also gives an overview of recent development, challenges, and
applications of hybrid supercapacitors, which can serve as guidelines for the next
step of research and development.

Keywords Pseudocapacitor · Electric double-layer capacitor · Hybrid
supercapacitor

1 Introduction and History

1.1 Brief History

Electrochemical supercapacitors (ESs) work under the concept of the presence of
an electric double-layer (EDL) that is located at the interface between its contacting
electrolyte solution and a conductor. In 1853, Hermann von Helmholtz presented the
electric double-layer theory, andGouy, Chapman,Grahame, and Stern bought further
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advancement to it [1]. Numerous theories and technologies, including supercapaci-
tors, batteries, and fuel cells, were created as a result of the invention of double-layer
theory. Capacitors classified as first- and second-generation are electrostatic and
electrolytic capacitors, respectively. Due to fast material advancements, the third-
generation capacitor known as a supercapacitorwas created [2–5]. ESs are sometimes
referred to as supercapacitors, ultracapacitors, or double-layer electric capacitors
(EDLCs). In 1971, the first commercially available supercapacitor devices manufac-
tured by Nippon Electric Company (NEC) are called ‘supercapacitors’, which have
become widely used. The term ‘ultracapacitor’ was also coined about low-resistance
devices created in 1982 by the Pinnacle Research Institute (PRI) for military uses.
Becker created and filed a patent for a low-voltage electrolytic capacitor that has
electrodes that are made up of porous carbon in 1957. In his work, a high specific
surface area carbon was coated on a metallic current collector in a sulfuric acid solu-
tion [6, 7]. In 1966, a device was created by R. A. Rightmire to allow energy storage
in a double-layer interface when hewas in Standard Oil of Ohio (an energy company)
[8]. Then, Nippon Electronic Firm (NEC) of Japan developed aqueous-electrolyte
capacitors for electronics power-saving units under a license from the Standard Oil
of Ohio in 1971. This application is the origin of commercial electrochemical capac-
itors (ECs) [7]. Donald patented the first electrochemical capacitor in 1970 as ‘Elec-
trolytic Capacitor Having Carbon Paste Electrodes’, following a few modifications
[9]. The rapid development of mobile telephones, electronic equipment, and electric
vehicles currently require novel, high-power electrochemical energy storage equip-
ment. On the worldwide supercapacitors market, researchers have also been drawn
to the development of energy collection applications that utilized supercapacitors
(solar and wind power) and in the usage of supercapacitors in aircraft and trains.
The Department of Energy in the United States established international aware-
ness of the potentials of battery and supercapacitor research at the beginning of
the 1990s. In 1992 Maxwell implemented the phrase ultracapacitors, termed ‘Boots
Caps’, to be used in power applications, resulting in the design and development
of revolutionary economically efficient electrode material and electrolytes to boost
the performance in terms of electrochemical. The principal business of Maxwell is
ultra-capacitors that have great-performance energy storage capability, as well as
can load and discharge rapidly. Tesla announced the acquisition of Maxwell tech-
nologies from the established ultra-capacitor and storage materials company in an
all-stock deal for $218 million in 2019. Various firms, including Panasonic, Maxwell
Technologies, Tesla, Nesscap, ELNA, TOKIN, EPCOS, and, NEC are now investing
extensively in developing electrochemical capacitors [10].

In 2018, the worldwidemarket of supercapacitors was valued at USD 685million,
with a CAGR of 21.8% anticipated in 2019–2024 of USD 2187 million by 2024.
Supercapacitors replace ordinary automotive batteries with excellent temperature
stability, power, and energy density. Soon, because of safety problems, supercapac-
itors could be a replacement for the lithium-ion battery. In addition, supercapacitors
have better adaptability and stability than conventional batteries, therefore, they suit
applications such as mobile devices, mobile media players, GPS, and laptops [10].
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1.2 Introduction to Supercapacitors

The demand for efficient energy storage and sustainable energy alternatives is a
significant issue today. For instance, energy storage technologies such as superca-
pacitors, batteries, and fuel cells can meet this demand. Supercapacitors are energy
storage devices. They provide sufficient energy and power densities for interme-
diate to high power requiring applications (Fig. 1). They are storage devices that
fall between capacitors and batteries [1]. Numerous alternative technologies have
emerged to alleviate significant worries about the energy issue [11]. The emergence
of this technology is to minimize greenhouse gas emissions from fossil fuels [12].
Supercapacitors are one such option, with high power densities, extended cycle
lives, fast charge and discharge times, and clean and safe electrochemical energy
storage [13]. Supercapacitors store energy via accumulating charge or reversible
redox processes. Generally, they are classified into three categories: EDLC, pseudo-
capacitor, and hybrid supercapacitor. Electrochemical conversions are the basis for
unconventional energy storage technologies, such as batteries, fuel cells, and super-
capacitors. Supercapacitors have the advantage over batteries and fuel cells, such as
long charge/discharge cycles and a wide operating temperature range [14]. Hybrid
supercapacitors have high energy storage capability and also great capacitance. Due
to their potential to combine the characteristics of their components (EDLC and
pseudocapacitor), they have been given high attention recently [15]. There are several
options for these combinationswith a strong interest in those produced by conducting
and electroactive components that possess energy storage [15].

The hybrid supercapacitor that combines EDLC and pseudocapacitor offers better
features than those of the combined components. The energy storage at EDLC is
dependent on the shell area and the partition length of the atomic charge [16]. The
redox reactions between electroactive units resting on active electrode material and
an electrolyte solution in the pseudocapacitor contribute to the storage of energy [17].
The integration of these two storagemechanisms results in the hybrid supercapacitors
energy storage system, in which half of the system consists of a pseudocapacitor
while the other half is EDLC. Compared to regular EDLC and pseudocapacitors,

Fig. 1 Ragone plot for
different energy storage
devices
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hybrid supercapacitors have greater power densities and higher energy densities,
favoring their usage in energy-efficient systems [18]. Hybrid supercapacitors are
still excelling as compared to fuel cells and batteries, although they have much lower
power density than conventional capacitors depicted in the Ragone plot for different
energy storage devices, as illustrated in Fig. 1.

The factor that distinguishes the supercapacitor from the ordinary capacitor is the
absence of dielectric material [19]. The traditional capacitor uses dielectric plates to
store electrostatic charge. A supercapacitor (hybrid) has electrodes immersed in elec-
trolyte solution separated by a separator, allowing electrolytic ions diffusion while
preventing electrode contact or short circuit [20]. In asymmetric or symmetric hybrid
supercapacitors, two different electrodes are used. To be specific, the electrodes can
be identical with different mass loadings or a combination between two electrodes
that possess dissimilar characteristics of charge storage [21].

It has a higher power density than current rechargeable batteries due to reactions
occurring on the outer layer of the electrode for charge storage without allowing
ion dispersion into the active species [22]. Generally, the mechanism of the typical
rechargeable batteries is due to the intercalation and deintercalation of cations regu-
lated by diffusion limits,which also affects the charging and discharging rate or power
density [23]. Moreover, hybrid supercapacitors can hold more charge than recharge-
able batteries at higher power rates [24]. Thus, for high power delivery and rapid
energy yield, hybrid supercapacitors may be an excellent alternative to rechargeable
batteries [25]. However, unlike batteries, their energy density or capacity is limited
because the charge stored on the surface limits their energy density or capacity. The
specific capacitance of the active material and the net cell voltage dominate in hybrid
supercapacitors [26].

The driving force behind hybrid supercapacitors is achieving high power levels,
rapid kinetics, subordinate preparatory expenditure, increased safety, and extensive
cycle life [27]. Recently, the hybrid supercapacitor systems made of non-aqueous
redoxmaterials have gained attention and are being explored and studiedwidely [28–
32]. The significant provocative aspect in hybrid supercapacitors is discoveringmate-
rials that demonstrate better energy density close to batteries without compromising
their established high density and long cycling life [33].

Besides, the highly porous electrode made up of nano-scale material was devel-
oped to boost the capacity is one of themost efficientmethods [34].On the other hand,
the performance of the overall cell voltage was effectively boosted with the construc-
tion of the hybrid supercapacitor using the potential gap between the two electrodes
[35]. Therefore, a strategy is needed to magnify specific capacitance and cell voltage
and boost performance. Enhancing the specific capacitance involves EDLCs and
pseudo-capacitors electrodes, while hybrid substratum is associated with the latter
strategy of increasing cell voltage [36]. This leads to significant improvements in
performance and their applications.

The alternative technique includes developing nanomaterial electrodes to mini-
mize the diffusion length and give a larger external layer area [37]. This technique
focuses primarily on supercapacitors and rechargeable batteries. The higher energy
density and voltages can be achieved with the interaction between the type of the
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supercapacitor electrode and the type of battery to produce a hybrid supercapacitor.
The period of recharge for hybrid supercapacitors compared to the standard platinum
acid batteries and other rechargeable batteries are the significant factor to be taken
into account [38]. The main objective now is to achieve the hybrid supercapacitors’
energy density of 20–30 W h kg−1 [39].

2 Fundamental of Hybrid Supercapacitor and Its Storage
Mechanism

2.1 Fundamental of Hybrid Supercapacitors

There are currently numerous capacitors available for energy storage that are clas-
sified according to the type of dielectric utilized or the physical state of the capac-
itor, as seen in Fig. 2 [40]. There are various applications and characteristics for
capacitors, such as low-voltage trimming applications in electronics (regular capac-
itors) and supercapacitors that have high-voltage power factor correction [41]. The
research on supercapacitors has accelerated dramatically over the last several decades
tomeet applications requiring attributes like greater specific energy, longer cycle life,
and reliability. Supercapacitors that are subjected to electrochemical behavior have
a configuration similar to that of a battery. The supercapacitor is composed of a
bi-electrode configuration that is separated by an electrolyte-immersed separator.
The supercapacitor assembly is composed of the following components: a pair of
electrodes, separator, current collector, and electrolyte solution, as seen in Fig. 3

Fig. 2 Types of capacitors
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Fig. 3 Schematic diagram
of a supercapacitor

[42]. These components contribute to the supercapacitor’s properties. Supercapac-
itors are a form of the capacitor where the charging and discharging occur at the
electrode–electrolyte contact that allows the storage of generated energy [43].

A hybrid supercapacitor is one type of supercapacitor that operates based on the
following mechanisms:

• The capacitance of the EDL resulting from the adsorption of Coulombic charge
that occurs near to the electrode–electrolyte contact

• The surface redox reactionswhich is related to their respective potentials, resulting
in the pseudocapacitance

• The interaction between both types of supercapacitors formulates the concept for
the hybrid supercapacitor operating mechanism

Although supercapacitors operate on the same principle as regular capacitors,
they are preferred for rapid energy release and storage [44]. In comparison to regular
capacitors, supercapacitors incorporate electrodes with a higher effective surface
area, resulting in a factor of 10,000 increase in capacitance over conventional capac-
itors [45]. While typical capacitors have a charge storage range of micro- to milli-
farads, supercapacitors have a charge storage range of 100–1000 F per device and
have low equivalent series resistance with high operational specific power time.
Therefore, the supercapacitors can flexibly have a specific energy range and power
with several variation orders through proper component design.

2.2 Storage Mechanism of Hybrid Supercapacitors

Asmentioned earlier, the hybrid supercapacitors are a combination of bothEDLCand
pseudocapacitors. Therefore, this sectiondiscusses the storagemechanism forEDLC,
pseudocapacitor, and hybrid supercapacitors separately for ease of understanding.
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2.2.1 Storage Mechanism of an Electric Double Layer Capacitor
(EDLC)

The capacitance mechanism of EDLC is alike to the conventional dielectric capac-
itor’s mechanism [46]. Typical capacitors’ capacitance depends on the separation
between the two charged plates, which provides limited storage. However, in compar-
ison with the ordinary capacitor, a supercapacitor is able to store more energy based
on the EDL principle due to the characteristic of wide interface area of the elec-
trodes. In EDLC, the reversible adsorption of electrolyte ions onto the electrochem-
ically stable active material electrode causes the charge to be electrostatically stored
[47]. The double-layer capacitance is generated due to the charge separation from
polarization on the electric-electrolyte boundary. The capacitance is raised due to the
true capacitance effect as the charging storage occurs directly across the electrode
material’s double-layer structure, and no charge transfer occurs across the boundary.
The surface chargingmechanism occurs in surface dissociation, ions adsorption from
electrolyte, and flaws in thematerial’s crystal lattice. To achieve electroneutrality, the
opposing charged ions are produced in the electrolyte near the electrode–electrolyte
boundary resulting from the deficiency or excessive charge formation at the surface
of the electrode. The double layer’s thickness depends on the concentration of the
electrolyte and ion sizes and for concentrated electrolytes is of the order 5–10 Å.

Von Helmholtz illustrated the EDL charge storage mechanism during his study of
the opposing charge distribution at the colloidal particle interface in the nineteenth
century [48]. Based on Helmholtz’s charge storage model, two layers with opposing
charges are created simultaneously, and the separation at the electrode–electrolyte
interface is maintained and equivalent to their atomic distance [49]. Nevertheless,
after 1957, the concept became useful when H.I. Becker of General Electric patented
the EDLC, where this is the first type of EDLC that has porous carbon electrode
submerged in an aqueous electrolyte. An ion-permeable separator kept the electrodes
apart [50].

Gouy and Chapman modified the Helmholtz model, which considers the distri-
bution of the charge to be continuous throughout an electrolyte solution layer, also
called the diffuse layer [39]. However, a more excellent capacitance estimation in
EDL is a limiting factor for the model from Gouy and Chapman because of the
inverse relationship between capacitance and distance. This model, therefore, offers
larger capacitance on the electrode’s outer layer as the presence of the ions near the
electrode interface.

Apart from that, Stern’s EDLC model combined two models relating to the EDL
mechanism [51]. The Stern model describes some ions adhering to the internal elec-
trode, while some charge distribution of ions follows according to the function of
distance from the surface of the metal, which is called a compact layer (Stern layer)
and diffuse layer, respectively [52]. The Stern layer is made up of firmly attached ions
to an electrode. Unlike this, the diffuse layer suggested by the Gouy and Chapman
models involves a continuous distribution of electrolytic ions supported by thermal
motion [53]. Continuity to that, the distinction of ions in the compact layer is achieved
by dividing it into two planes, the inner Helmholtz plane that is near to the electrode
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Fig. 4 Schematic diagram
of an EDLC

core and the outer Helmholtz plane that in contact with the electrolyte. Therefore,
the distinction of ions in the compact layer is achieved [54].

Two electrodes were attached to the metal collectors in the EDLC. Furthermore,
the electrodes are arranged in the middle in an electrolyte solution with an ion-
permeable separator, intended to avoid short circuits. The parameter such as the
double layer’s width at the electrode–electrolyte boundary significantly less than
the separator thickness determines the capacitance in EDLC. The following general
capacitance equation is used to measure the capacitance [55].

C = A× ∈o

d
(2.1)

where C is the capacitance in farads, A indicates the surface area, mo indicates the
permittivity of free space, while d is the Debye length which indicates the effectual
width of the electrical double layer.

The energy generation of a conventional EDLC is due to the electrostatic inter-
action of ions at the electrode–electrolyte boundary [56]. The representation of an
EDLC is illustrated in Fig. 4, where an EDLC consists of a simple configuration,
with a separator and two electrodes in an electrolyte [57]. The energy density is
one of the key characteristics for the application of supercapacitors. The low energy
density restricts EDLC application in cars and other novel storage devices [46]. For
instance, the current energy density of EDLC is between 5 and 10 W h−1 [15].

2.2.2 Storage Mechanism of Pseudocapacitor

Compared to the EDLC, the faradaic reactions are the key to the capacitance shown in
pseudocapacitors, which envelop the pseudoelectrode energy elevation [58]. In fact,
pseudocapacitance is not entirely electrostatic in nature and it becomes electrostatic
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due to the electrochemical charge transfers and the presence of the active mate-
rial (finite amount). The pseudocapacitor is to some extent analogous to a battery’s
behavior because the storage is based on redox reactions [59]. A pseudocapacitor
structure is formed with a supercapacitor that has a double layer structure. The word
pseudocapacitance is defined in electrochemistry as an electrochemical capacitive
material with a linear reliance of the charge stored on a potential window width [60].
For instance, several reactions involved in the charge storage process and pseudoca-
pacitance arise on the electrode’s surface due to the faradic storing mechanism [61].
In a pseudocapacitor, a charge transfer is involved through the double layer and the
amount of charge received and the changing potential result in the capacitance.

Generally, the pseudoelectrodes comprise metal oxides, metal-doped carbon,
and polymers due to their conductive properties. The pseudocapacitance I can be
described with the following equation:

C = d(�q)

d(�V )
(2.2)

where �q is the derivative of charge acceptance and �V represents the changing
potential.

The difference between EDLCs and pseudocapacitors is that the pseudocapacitors
involve rapid and reversible redox reactions due to the thermodynamic nature of the
electroactive material on the electrode–electrolyte interface [62]. The typical setup
of a pseudocapacitor is illustrated in Fig. 5 [57]. Capacitance is generated at the
pseudocapacitor electrode, which is caused by a faradaic current by electroabsorption
or redox reactions of active materials (e.g. Co3O4 and RuO2). The reaction that
takes place at the surface of the electrode is the electrosorption process of electron-
donating anions such as Cl− and B−, contributing to the electrosorption valence
[57]. The charge exchange across the double layer causes redox reactions to occur
rather than a static separation of charge. Generally, pseudocapacitance is shown in
metal oxides such as ruthenium oxides [63], vanadium nitride [64], manganese oxide

Fig. 5 Schematic diagram
of a pseudocapacitor
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[65], conducting polymers such as polyaniline (PANI) [66], carbon-based hetero-
atoms [67–71], other transition metal oxides [72, 73] and nanoporous carbons with
electro-absorbed hydrogen [74, 75].

Pseudocapacitor has a higher capacitance value than EDLC (10–100 times higher)
but its lower electrical conductivity results in low power density and weak cycling
stability [70]. The pseudocapacitance of reversible redox reactions exists due to
the faradaic charge shift and the intercalation and deintercalation processes, similar
to batteries [73]. Typically, a pseudocapacitor consists of a pair of electrodes that
are bonded with metallic current collectors, a separator, and immersed in an elec-
trolyte solution [76]. The electrode potentials in pseudocapacitors are paired with the
charge storage made of electroactive materials, resulting in a continuous logarithmic
function of the sorption [74, 77]. Pseudocapacitor electrodes, therefore, demonstrate
a linear charge dependency stored for charging potential. This linear dependency
causes an electron-transfer-based charge storing mechanism rather than an accumu-
lation of charges of the ions that occur in EDLC [78]. There is no pseudocapacitance
without double-layer capacitance [79].

The transitional metal oxides RuO2, Fe3O4, and MnO2, in particular, undergo
quick and reversible redox reactions, requiring improvement in long-term cyclability.
The most popular electrode material used is RuO2 because of its optimum capac-
itive behavior, theoretically providing a pseudocapacitance higher than 1300 g−1.
Nevertheless, according to recent reports, the maximal specific capacitance of 720 F
g−1 has been obtained [63]. Its remarkable electrochemical reversibility and exten-
sive cycling are the reasons for the high capacitance output. The following reactions
show the electrochemical protonation of RuO2, where the charge storage occurs in
an aqueous electrolyte [80]:

RuO2 + δH+ + δe− ↔ RuO2 − δ(OH)δ (2.3)

where 0 ≤ δ ≤ 1 over a voltage window of ∼1.2 V.
The diffusion factor related to voltage is required for Faradaic reactions [81],

where the desolvated ions are smaller than solvated ions [82]. The pseudocapacitance
achieved is a linear function of the coverage area of adsorbed ions within a shorter
limit [83]. Pseudocapacitance is dependent on the structure, pore diameters, and
chemical affinity of the electrodes for surface adsorption [78]. It is not only redox
reactions that produce pseudocapacitance but also various electrolyte chemisorption
reactions [84–86]. So optimizing the pseudocapacitive electrode material to create
beneficial redox sites increases the specific capacitance. In addition, based on the
recent studies on pseudocapacitors, thematerials reported to have the highest specific
capacitance are PANI and RuO2 [15].

2.2.3 Hybrid Supercapacitor

The hybrid supercapacitor concept was developed to increase the energy density to
between 20–30Whkg−1 [39]. These efforts are focused on bringing the improvement
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on the EDLC’s energy density criteria by improving electrode and electrolyte mate-
rials or developing hybrid supercapacitors. The combinations of various EDLC and
redox materials (metal oxides, activated carbon, graphene/graphite, and conducting
polymer) form a hybrid supercapacitor [87–90]. To overcome the issue such as the
energy density factor of typical pseudocapacitors and EDLCs, the coupling strategy
was proposed through the use of hybrid systems consisting of a capacitor-like and
a battery-like electrode, which are faradaic and non-faradaic, respectively [91]. The
combination provides a more significant working potential and a capacitance two to
three times that of traditional pseudocapacitors, EDLC, and capacitors.

The storage mechanism of hybrid supercapacitors combines the storage principle
of EDLC and pseudocapacitor. The pseudocapacitor does not present the downside
of the EDLC and vice versa. Therefore, the combination of two types of electrodes
results in the advantage of providing higher capacitance by overshadowing the weak-
nesses of the components, respectively. Hybrid supercapacitors can be symmetrical
or asymmetrical, which is based on the assembly configuration. Figure 6 illustrates
the architecture of a hybrid supercapacitor that comprises a carbon electrode and
a Li insertion electrode. When two different electrodes of different materials are
combined to form a hybrid supercapacitor, the electrochemical behavior is superior
to that of individual electrodes. The cycling stability and affordability are retained in
hybrid supercapacitors serve as the limiting factors in developing the pseudocapac-
itor [89]. The hybrid supercapacitors show increased specific capacitance values and
higher rated voltage than the symmetrical EDLC, corresponding to better specific
energy.

The symmetric hybrid supercapacitor is constructed from two similar supercapac-
itor electrodes, which are similar to EDLC and pseudo-capacitive components. The
typical hybrid supercapacitor is made of two alternating current electrodes dipped in
an organic electrolyte with an electrical potential of up to 2.7 V [92]. An asymmetric
hybrid supercapacitor is formed by the construction of two different electrodes, while
the best candidates for the electrode’s materials are the MnO2 and AC as well as
the AC−Ni(OH)2 [93]. Generally, the hybrid supercapacitors that are commercially
available are asymmetric, except for those having conducting polymer electrodes

Fig. 6 Illustration of a
hybrid supercapacitor
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[94]. The redox reactions are carried out in conducting polymer to store and release
charge in hybrid supercapacitor consisting of this electrode. When the polymer is
oxidized or doped, the ions are transported to the polymer backbone; when the
polymer is reduced or de-doped, the ions are returned to the solution. The charging
process occurs in the polymer matrix’s bulk volume rather than on the surface, as is
the case with electrodes made of carbon. The usage of conducting polymers enables
the achievement of increased specific capacitance. Mastragostino et al. demonstrated
a hybrid supercapacitor with a specific capacitance of 39 F g−1) based on conducting
polymer [92].

Amatucci’s groupproposed abasic asymmetric hybrid supercapacitor that consists
of a positive electrode of activated carbon (EDLC) and a negative electrode of
Li4Ti5O12 (Faradaic electrode) in an organic electrolyte [95]. In the hybrid system,
high power density is provided by the EDLC electrode, while high energy density
is provided by the psudoelectrode. As a result, dilapidation exceeding the limita-
tions of the individual electrodes results in the formation of a hybrid component
with increased parameters. It has also been reported that activated carbon can be
assembled asymmetrically with potassium sulfate (K2SO4) and manganese dioxide
(MnO2) [96]. Rajkumar et al. recently reviewed the advancements of asymmetric
supercapacitors with an aqueous electrolyte [97]. The study concluded that it is vital
to investigate the physicochemical properties and mechanism of the charge storing
process that occurs at the electrode and electrolyte boundary to improve electro-
chemical performance. Several strategies such as the development of components
with high electronic conductivity, superior structures, a large surface area, and a
high concentration of electrochemically active sites can improve the transportation
of ions. On the other hand, the specific capacitance varies owing to the characteristics
of the material type of electrode and electrolytes, as well as the fabrication technique.

Cericola and Kötz proposed a systematic approach to classifying hybrid superca-
pacitors based on material combinations [98]. As a result, the hybrid supercapacitor
assembly can be formed using EDLC and pseudocapacitor electrodes and combining
one of these components with a battery-type electrode. Hybrid systems, according
to their research, can be symmetrical or asymmetrical, depending on the electro-
chemical behavior and types of material used to produce the electrodes. In addition,
the symmetric systems outperform conventional EDLC or faradaic capacitors, yet
asymmetric systems outperform all other forms of supercapacitors in every way. As a
result, the asymmetric hybrid system is the optimal configuration for supercapacitors.

Internal resistance is the constraint on any supercapacitor’s optimum capaci-
tive operations. The power output is proportional to its internal resistance, which
is defined as the resistance of the electrolyte, current collectors, and electrodes
together referred to as equivalent series resistance (ESR) [99, 100]. By comparing to
EDLC supercapacitors, hybrid supercapacitors exhibit a lower cyclability. Addition-
ally, the electrodes and electrolyte material used will directly affect the performance
and properties of a hybrid supercapacitor. Selecting the appropriate electrolyte for
the electrode materials is critical to optimize the hybrid supercapacitor’s overall
performance.
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3 Structure and Design of Hybrid Supercapacitors

3.1 Components and Architecture of Hybrid Supercapacitors

The schematic diagram of a hybrid supercapacitor has shown earlier in Fig. 6 in
Sect. 2.Generally, a hybrid supercapacitor consists of electrolytematerials, separator,
current collector, sealants, and a combination of two electrodes. In this section, the
individual components of the hybrid supercapacitor are discussed.

3.1.1 Hybrid Electrodes

The term “hybrid supercapacitor” refers to a supercapacitor that contains electrodes
made of two or more distinct materials. These electrodes will store energy via
a combination of electric double-layer formations and pseudo-Faradaic reactions
[101, 102]. Asymmetric electrode materials are utilized to store electrical energy in
hybrid capacitors. The hybrid capacitor is designed to attain a high energy density.
Compared to symmetric capacitors, hybrid capacitors have a large potential window
and a high specific capacitance [103]. In general, hybrid capacitors employ three
types of electrodes: composite electrodes, battery-type electrodes, and asymmetric
electrodes. The types of hybrid electrodes are summarized in Fig. 7. In the first class
of electrodes, carbon-based materials are combined with pseudocapacitive electrode
material (conducting polymers or metal oxides) in composite electrodes [104]. As
a result, the mutual charge storage in an electrode is enabled based on chemical
and physical methods. The capacitive double layer made of carbon materials can
perform the EDLC function while increasing the capacitance due to the large surface
area [105]. The materials that show pseudocapacitance are conducting polymers or
metal oxides. The increased surface area property facilitates contact between the
electrolyte and the absorbed pseudo-material. In the following electrode category,
one of the electrodes in a battery-type electrode will be carbon, while the other will
be a battery electrode type [106]. In the third class of electrodes, both electrodes in
an asymmetric capacitor are capacitive in nature; however, one will exhibit EDLC

Fig. 7 Summary of types of
hybrid supercapacitor
electrodes



84 S. Q. Liew and H. K. Jun

behavior while the other will be constructed of pseudocapacitive electrode material
[107].

Composite electrodes have a significant effect on the phase structure, microstruc-
ture, and electrochemical performance. Notably, a porous nanocomposite (e.g.,
CoxNi1-x(OH)2 disks@rGO) has shown exceptional specific capacities, rate capa-
bility, and cycling stability. When used in conjunction with a capacitive-type
electrode (e.g., PPD/rGO), the hybrid supercapacitor demonstrated better energy
and power density and consistent cycling performance over 20,000 cycles at
20 A g−1. Furthermore, the hybrid supercapacitor with composite electrodes has
outstanding electrochemical performance, and the straightforward preparation tech-
nique makes it a good candidate for commercial applications. Additionally, the
straightforward preparation approach paves the way for creating cost-effective, high-
performance supercapacitors based on transition metal hydroxides/composites for
various applications [108].

Despite its asymmetry, battery-capacitor electrodes are distinct from typical
“asymmetric supercapacitors” with two capacitive electrodes but an asymmetric
capacitive charge storagemechanism. Given the complexity of electrode, electrolyte,
and device configurations, there are several options to design diverse types of battery-
capacitor hybrid supercapacitors, which are classified into the following categories:
lithium-ion type, sodium ion type, acidic type, alkaline type, redox electrolyte type,
and pseudocapacitive type [109].

It is worth noting that the term “asymmetric” or “hybrid” applies to devices, not
electrodes. The term “hybrid capacitor” is widely understood to refer to a situation in
which the two electrodes have two distinct charge-storage mechanisms: one capac-
itive and one battery-type Faradaic [29, 98, 110–113]. Furthermore, the theoretical
range of asymmetric supercapacitors is more excellent. These devices may contain
two distinct electrode materials (which may contain a hybrid device if the active
materials have a different charge storage mechanism or a different ratio of redox-
active sites on the electrode material), two distinct redox-active electrolytes, or even
the same EDLC carbon material with distinct surface functional groups. In any case,
hybrid devices are unquestionably a subcategory of asymmetric devices. Addition-
ally, hybrid capacitor devices typically comprised of a Faradaic electrode (such as
Ni(OH)2 or Co3O4) and a carbon electrode [114]. The architecture and design of the
hybrid supercapacitors with various electrodes are summarized in Fig. 8 [108, 109,
113].

3.1.2 Electrolyte Materials

The electrolyte composition dictates the power density of supercapacitors, as elec-
trolyte resistance is a significant factor. The term ‘electrochemical series resistance’
refers to the collective resistances contained within a supercapacitor system. The
power density is low if the resistance of the electrolyte is high. A variety of elec-
trolytes can be employed in supercapacitors, including aqueous, organic, and ionic,
which are classified as liquid or solid. Figure 9 illustrates the various types of liquid
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Fig. 8 Schematic diagram of hybrid supercapacitors with different types of electrodes: a composite
electrode, b Asymmetric electrode, c Battery-capacitor electrode

Fig. 9 Classification of liquid and solid electrolytes
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and solid electrolytes [107]. The electrolyte is chosen depending on the stable poten-
tial range within which it operates. Aqueous electrolytes (acids, alkalis) have a low
specific resistance, making them ideal for supercapacitor manufacture. Addition-
ally, aqueous electrolytes are significantly less expensive than organic electrolytes,
which is a significant advantage. It is worth noting that the organic electrolytes
have a high specific resistance, which decreases the supercapacitor’s power density
[115]. Additionally, aqueous electrolytes have drawbacks, including instability at
higher voltages, which results in electrode degradation, and are environmentally
toxic. However, organic electrolytes are more stable at higher operating voltages but
are also very poisonous and combustible. Aqueous electrolytes have low resistance
because protons have a high mobility and a small size, which reduces the resistance.

On the other hand, the resistance of organic electrolytes is higher due to their large
size. As a result, both the electrolyte and the porosity of the electrode architecture
are critical for the supercapacitor to work optimally. As the supercapacitor functions
for many thousand cycles, the electrolyte depletion increases the internal resistance,
reducing the capacitance and thus the energy density. This is why both aqueous and
organic electrolytes are not particularly well-suited for use in commercially available
supercapacitors. Ionic liquids are used as electrolytes in commercial supercapacitors.
These distinct classes of electrolytes are distinguished by their high conductivity and
broad electrochemical potential window [116, 117]. Ionic liquids are naturally non-
flammable, whichmakes them safe to handle. Electrolyte depletion can beminimized
by increasing the concentration of ionic liquids.

Additionally, they exhibit excellent chemical and environmental stability, making
them attractive candidates for application in supercapacitors. Due to their increased
electrochemical properties, a new class of electrolytes known as gel polymer elec-
trolytes has gained considerable popularity [118–120]. Gel polymer electrolytes can
be utilized to build solid-state supercapacitors, which are particularly favorable for
use in next-generation flexible and wearable electronic devices. Thus, a new class
of electrolytes, dubbed ionic liquid-based gel polymer electrolytes are proposed by
merging the properties of ionic liquids with gel polymer electrolytes [121, 122].
These combine all of the advantages of their individual counterparts and none of the
disadvantages, but the cost aspect remains a significant issue.

3.1.3 Separator

An electrolyte separator membrane serves two purposes: (i) it allows electrolyte ions
to pass through and (ii) it prevents the supercapacitor electrodes from short-circuiting.
For supercapacitor applications, an electrolyte membrane that possesses excellent
ionic conductivity is preferred. A simple piece of Xerox paper or a commercially
available Whatman™ filter paper will suffice because these electrolyte membranes
are inexpensive, making them accessible. Nanostructured electrolyte membranes
have also been developed recently [123–125]. One such membrane is the Nafion™
membrane. Due to the nanoscale characteristics ofNafion™membranes, they exhibit
high ionic conductivities and are widely employed in commercial supercapacitors.
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Fig. 10 Schematic diagram
of porous membrane
separator in a supercapacitor

Fig. 11 Architecture of the
current collector in
supercapacitor

However, because Nafion™ is very expensive, developing innovative electrolyte
membranes using less expensive polymers has gained attention [126, 127]. As illus-
trated in Fig. 10, the electrolyte membrane should have a porous structure to facilitate
the transfer of ions from the electrolyte to the electrodes [107].

3.1.4 Current Collector

The current collector’s function is to collect electrons from the electrode-activemate-
rial and deliver them to the external circuit. Copper and aluminum plates are utilized
for this purpose. Occasionally, alloys are used in the same way; one example is
steel plates. Two current collectors are often utilized on supercapacitors’ cathode
and anode surfaces, as illustrated in Fig. 11 [107].

3.1.5 Sealants

Sealants support the configuration of a hybrid supercapacitor, preventing the system’s
loss in performance [128]. In addition, the sealant acts as a barrier to external contam-
inants such as air, chemicals, and water. Importantly, electrolyte degeneracy and
oxidation of the electrode surface will occur with the presence of the contami-
nations. As a result, the effective sealing of the hybrid supercapacitor is critical.
Shunt resistance between cells connected to the assembly will present due to the
improper sealing, affecting the overall efficiency of the hybrid supercapacitor by stip-
ulating alternate current pathways [129]. Due to their excellent moisture resistance
and flexibility, polymeric materials are frequently utilized as sealants. A hermetic
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seal is usually used as an appropriate sealing, based on the electrolyte material that
prevents water and gas from entering the system. This sealing method is appropriate
for monopolar arrangements, but improved edge sealing is necessary for bipolar
arrangements to prevent the flow of shunt current [130]. This shunt current results
in short-circuiting, self-discharging, and a reduction in charging efficiency.

3.2 Design of Hybrid Supercapacitors

Asupercapacitor’s design is related to the alignment of individual componentswithin
a larger configuration [131]. A hybrid supercapacitor is made up of two electrode
sections that can be made of the same/different materials but with the exact dimen-
sions, and a separator (microporous), all ofwhich are immersed in a liquid electrolyte.
While charging and discharging, the hybrid supercapacitor system is located between
current collectors terminals [132]. Typically, when a non-aqueous electrolyte is used,
the electrodes are close to 100μm thick, and when an aqueous electrolyte is used, the
thickness is slightly larger. Separators typically have a thickness of 24 μm, whereas
current collectors have a thickness of 50 μm, which is a bipolar design [133]. The
most often used design for supercapacitors is the organic electrolyte containing in
the cell. The complete supercapacitor is depicted in a single cell, and the perfor-
mance in DC applications can be significantly improved by combining such singular
cells [134]. The purpose of combining such distinct cell components is to provide a
higher level of reliability than the battery’s cell combination. This provides the benefit
that the parameters may be accurately evaluated at any point in time. The asymmetric
design of the supercapacitor is gaining traction, particularly for the hybrid superca-
pacitor. Two different electrodes (EDLC and Faradaic) that operate independently
are incorporated in the asymmetric design, which significantly increases the elec-
trochemical capacitor’s energy density while simultaneously decreasing the rate of
self-discharge [131].

There are three types of supercapacitor cells: coin cells, cylindrical cells, and
pouch cells, as schematically depicted in Error! Reference source not found.. As seen
inFig. 12a, the assembly of two electrodes and a separator in ametallic casingwith the
inclusion of an insulating polymer such as Teflon are presented in a coin cell made of
SiO2-Ppy composite [134]. The metallic case is made of conductive materials, while
the insulating polymer is added to prevent short circuits and electrolyte leakage. The
appropriate sealing of the system is achieved by applying sufficient pressure to the
metallic shell [135]. The properties such as thin electrodes and a low active material
concentration are being applied to this design.

For supercapacitors with a high mass of active material loading, cylindrical cell
design is the most frequently used and recommended [63]. Figure 12b displays a
schematic representation of a cylindrical design [136]. The electrodes are drawn as
long rectangular sheets and then rolled to fit inside a cylindrical metal casing with
identical dimensional separators. Solder is used to connect the current collector to
the rolled electrode sheets. After the electrode-separator assembly is complete, the
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Fig. 12 Design of various supercapacitors: a Coin cell design, b cylindrical cell design, c pouch
type cell design

electrolyte solution is poured into the casing. Finally, the entire cell is sealed, and
safety vents are installed for added protection in the event of pressure build-up [15].

As with MnO2 coated on CNT, the pouch type design includes the stacking of
the electrode-separator-electrode layer by layer, which is critical for the arrangement
of many electrode piles, as illustrated in Error! Reference source not found. c. The
various electrodes are soldered to the current collectors respectively before being
connected based on the desired configuration. To add flexibility to the system, the
pouch design incorporates a polymer bag, rather than using an iron casing.

Manufacturing of the supercapacitor component includes various electrode fabri-
cation and electrolyte preparation procedures [134]. The preparation of electrodes
requires developing a paste (homogenized) or a slurry of active components in the
presence of a binding agent in a solvent [135]. Hot pressing is used to press the past
or slurry into a plate, which is then followed by drying, or it can be diluted further
with solvent and sprayed on the current collector like paint [134]. The most often
used fabrication process is printing, where the production of the substrate is directly
applied to the electrode surface by spraying paint or printing, templates or ink-jet
printing [137], and casting methods [135], among others. The surface coverage is
increased with this printing approach and it allows the deposition on non-traditional
surfaces such as polymers, paper, and flexible sheets. Then, the solvent is evapo-
rated after the spraying of printable material, for example, the manufactured film
(ink-jet printing) that covers a printed carbon nanotube network. On top of that,
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dual-functional materials such as single-walled carbon nanotubes (SWCNTs) on a
plastic substrate can be created using the spraying process [15].

Similarly, ink-jet printing is a frequently utilized manufacturing method for fabri-
cating monowall carbon nanotubes on cloth and elastic surfaces for thin-film elec-
trode configurations [138]. The controllable thickness, tunable electrical characteris-
tics, and geometry preservation are achieved using an off-the-shelf ink-jet printer in
this approach. Apart from that, ruthenium oxide/SWCNTs nanowire electrodes were
also produced using a similar approach [137]. The alternative form of fabrication
involves collateral lettering or depiction on cellulose paper using a graphite bar or
pencil [139]. The advantage of this technology is that it does not require solvent,
but the disadvantage is that it is not practicable for batch processing. Electrolyte
preparation, which is entirely dependent on the electrolyte type, is simple compared
to electrode preparation. For example, organic electrolytes are synthesized in a dry
environment [15].

Material design plays a critical role in hybrid supercapacitor manufacture. For
example, the ultra-centrifuging force (UCF) approach is used to design the hybrid
assembly of Li4Ti5O12 and AC [30, 64]. The nanostructure is made up of nanocrys-
talline composites of Li4Ti5O12 particles that have been dissipated on activated
carbon [140]. Therefore, the hybrid structure synthesized using the UCF approach
was more conducive. Furthermore, by applying a positive electrode made of AC and
a negative electrode made of composite material, the nano-hybrid capacitor can have
increased power and energy density [140].

4 Characteristics of Hybrid Supercapacitors

To produce a good device of hybrid supercapacitors, the parameters of energy and
power of the supercapacitors need to be taken into consideration. These two param-
eters are discussed in the following section. Although electrical parameters are not
explained, this does not mean they are of lesser importance. Readers are advised to
refer to other chapters on the discussion of other electrical parameters.

4.1 Energy Capacity

Typically, rated capacitance CR is used to rate commercial capacitors. On the
other hand, the amount of energy value provides the amount of the supercapacitors
required in providing the maximum energy for the application [141]. The interaction
between the capacitance value and themaximum energy is expressed in the following
equation:

Wm = 1

2
CV2

max (4.1)
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whereWm is the maximum energy, C is the capacitance and Vmax is the maximum
voltage. The energy value of a supercapacitor is also known as energy capacity.

In theory, the supercapacitor has maximum stored energy as defined in Eq. 4.1.
Unfortunately, in practical application, not all the stored energy is accessible. This is
due to voltage drop and the time constant over the internal resistance. That means the
effective energy Weff is reduced as a result of voltage drop and it can be expressed
as Eq. 4.2:

Weff = 1

2
C(V2

max − V2
min) (4.2)

whereVmin is theminimumvoltage. Another way of quantifying this phenomenon
is the discharge factor.Discharge factor, d is directly related to theminimum threshold
voltage as expressed in Eq. 4.3

d = Vmin

Vmax
× 100 (4.3)

The amount of energy stored in a supercapacitor usually is expressed in terms
per mass. This term is called specific energy where it is measured gravimetrically
in watt-hours per kilogram (Wh/kg). In some cases, the amount of stored energy is
expressed in terms per volume. This term is designated as energy density. In some
literature, it is also known as volumetric specific energy where the value is measured
volumetrically in watt-hours per liter (Wh/l). Generally, the range of energy density
for a hybrid supercapacitor is between 5 and 10 Wh/l.

4.2 Power

The power parameter of a supercapacitor is directly associated with the efficiency of
the supercapacitor. As discussed earlier, supercapacitors have unfavorable energy
capacity when compared with batteries. However, supercapacitors excel in high
specific power. This parameter denotes the rate at which energy can be supplied
to the load (during discharging). When voltage drop is taken into consideration, the
effective power and maximum power for supercapacitors are represented in Eqs. 4.4
and 4.5, respectively.

Peff = 1

8
· V

2

Ri
(4.4)

Pmax = 1

4
· V

2

Ri
(4.5)
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where V is the voltage applied and Ri is the internal resistance of the superca-
pacitor. For hybrid supercapacitors, the power density can range from 10 to 1000
kWh/kg even though there are different values reported in various literature [15].

Ragone chart (Fig. 1) is a valuable tool for a quick characterization of energy
storage deviceswhere the relationship between the specific energy and specific power
can be compared.

5 Applications

Supercapacitors have been put to practical use in various sectors. The various fields
of application are illustrated in Fig. 13. With the increasing demand for electric vehi-
cles (and also hybrid vehicles), supercapacitors have become the important energy
storage components in the transportation sector. They are used as instantaneous
power providers during the startup of the internal combustion engine as demon-
strated in Toyota’s Yaris Hybrid-R car [142]. Besides passenger cars, supercapacitors
are applied in buses and trolleybuses. Electric buses like e-buses which use super-
capacitors as quick charging and storage devices have been introduced in China
[143].

Application of supercapacitors in consumer products and computers peripheral
is also gaining wide acceptance. For instance, a supercapacitor is used as a memory
component where it serves as a memory backup system when there are power inter-
ruptions. In computer peripherals, supercapacitors are used as a backup power supply.
Besides transport vehicles and electronic devices, supercapacitors are also applied in

Fig. 13 Common
application fields of hybrid
supercapacitors
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the area of military equipment, medical devices, and industrial products. A compre-
hensive list of supercapacitor applications can be referred to in the review study by
Muzaffar et al. [15].

6 Conclusion

In this chapter, the concept of a hybrid supercapacitor is introduced. The background
of electrochemical energy storage is first elaborated.As hybrid supercapacitor usually
comprises partial EDLC and partial pseudocapacitor, their respective storage mech-
anisms are explained as well. The architecture and design of hybrid supercapacitors
showed that suitable composition of materials used can yield good performance of
the supercapacitors. As a high-performing energy storage device, hybrid supercapac-
itors have been applied in various sectors with automotive and consumer electronic
products taking the bigger share. It is foreseen that the market of hybrid supercapaci-
tors will continue to grow given the wide research and development interest from the
scientific community and industry players. It is, therefore, paramount to understand
and appreciate the fundamental concept of hybrid supercapacitors as presented in
this chapter for better hybrid supercapacitors design.
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Characterization Methods
for Supercapacitors

Obinna Egwu Eleri, Fengliu Lou, and Zhixin Yu

Abstract High-performance qualification of supercapacitors is most often a conse-
quence of favorable interactions in the electrode surface chemistry, electrode struc-
tural properties, and electrode/electrolyte interface. Supercapacitor performance can
therefore be investigated by electrochemical characterization techniques which can
individually access these interactions and factors contributing to its electrochem-
ical performance, most commonly by using galvanostatic charge and discharge or
cyclic voltammetry procedures. Different characterization techniques are discussed
in this chapter, expatiating on the charge storage mechanism, electrode/electrolyte
interactions, and accelerated aging procedures comparing long-term performance in
addition to failure mechanisms.

Keywords Supercapacitors · Energy density · Power density · Cyclic
voltammetry · Stability

1 Introduction

Technological progress made in the advancement from fossil fuel energy sources
into renewable energy sources has necessitated an increased focus on the develop-
ment of high-performance energy storage devices. These high-performance criteria
are mostly a function of device properties such as high-energy–density, high-power
density, low resistance, self-discharge, and long cycle life. Supercapacitors are excep-
tional due to their high-power densities and long cycle life and have thus been
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applied extensively in high power applications such as regenerative braking in elec-
tric vehicles and trains, power grids load leveling, andwireless sensors. Incorporating
supercapacitors effectively in these applications necessitates that their qualities are
continuously improved with several optimizations being made on the active mate-
rials properties, current collectors, electrolytes, and device configuration. However,
performance improvement can only be observed via the use of characterization
methods capable of observing changes in the interactions between components,
leading to favorable iterations facilitating the high-performance criteria. A compre-
hensive understanding of these device properties is needed firstly, after which char-
acterization methods via which they are obtained, would then be discussed in this
chapter.

2 Parameter Definition

2.1 Capacitance

Capacitance (measured in Farads) is the ratio of the amount of electric charge stored
on amaterial to the difference in electric potential applied. The capacitance of a super-
capacitor originates from surface electrostatic interactions and or faradaic reactions
as in pseudocapacitors, based on the charge storage media undertaken [1]. Assuming
no faradaic reactions and from first-order principles, the double-layer capacitance
originating from surface interactions is expressed by Eq. 1.

Cdl(F) = εrε0
s

d
(1)

where Cdl represents the double layer capacitance, εr, and ε0 the relative permit-
tivity of the dielectric material and vacuum permittivity respectively, s the electrode
surface area and d the distance between the charge separation in the outer Helmholtz
plane.

For pseudocapacitors with faradaic reactions, Eqs. 2 and 3 are used

RCT (�) = RT

∝ nFi0
(2)

Cp(F) = θ(1 − θ)

gθ(1 − θ) − 1

ZF

RT
(3)

where RCT represents the charge transfer resistance, ZF the faradaic impedance
and Cp the capacitance in series calculated as a function of the saturation coverage
of the electrochemical sites θ and the repulsion factor g.

For comparison purposes, capacitance can also be expressed as gravimetric capac-
itance Cg and volumetric capacitance Cv considering the mass of active materials m
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and volume of active materials v, using Eqs. 4 and 5 respectively.

Cg
(
F g−1

) = C

m
(4)

Cv

(
F cm−3

) = C

v
(5)

2.2 Specific Energy

Specific energy otherwise known as gravimetric energy density is a performance
metric calculated from the gravimetric capacitance of the supercapacitor and its
operating potential window. It is a metric value quantifying the amount of energy
stored per unit mass of the supercapacitor (Eq. 6) or per unit volume (Eq. 7) when
measured volumetrically.

Eg
(
Wh kg−1

) = 1

2
Cg�V 2 (6)

Ev

(
Wh cm−3

) = 1

2
Cv�V 2 (7)

where ΔV represents the operating potential window, Eg and Ev the gravimetric
and volumetric specific energy, respectively.

2.3 Specific Power

Specific power is a measure of the speed at which energy can be stored or given
off when needed. Supercapacitors electrostatic surface charge storage mechanism
ensures that the latency associated with charge storage in batteries by virtue of
chemical reactions is avoided, and thus the power is only affected by the internal
resistance. Specific power is expressed gravimetrically using Eq. 8.

Pg
(
kW kg−1

) = 1

4m

�V

Ri

2

(8)

where Ri is the equivalent series resistance, m is the mass of active materials, and
ΔV is the operating potential.
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3 Electrochemical Characterization Methods

In the previous sections, we described the common parameters and performance
attributes used in the characterization of supercapacitors. This section delves into
electrochemical methods via which they can be obtained, beginning from cell
configuration, and progressing with the description of the various electrochemical
characterization methods.

3.1 Cell Configuration

Characterization of a supercapacitor cell beginswith the electrode fabrication process
where the active material is mixed with suitable binders (e.g., Polytetrafluoroethy-
lene), with or often without the conductive additives and thereafter coated on suit-
able current collectors (e.g., Metal foils). Supercapacitor characterization and perfor-
mance analysis are carried out using cells designed in either a two-electrode (Fig. 1a)
or three-electrode configuration (Fig. 1b). Two-electrode systems are implemented
to characterize cells while simulating real operating conditions. Symmetric or asym-
metric cells are possible variations of the two-electrode configuration, where the
working electrodes are identical as in the former or different as in the latter. The
potential or changes observed in two-electrode systems are a summation of causative
factors from the entire cell. Three electrodes configuration, on the other hand, are used
in monitoring changes occurring in one electrode (working electrode) irrespective of
processes occurring on the other (counter electrode) as against a reference electrode.
They enable accurate observations of faradaic reactions, processes, and changes in
the potential of the working electrode solely. Potentials recorded in three-electrode
systems are referenced to a particular reference electrode connected to its appro-
priate terminal. Parameters such as mass and material changes in the counter and
reference electrodes significantly affect the potential observed across the counter
electrode and point of zero charge location [2]. Hence, three-electrode setups are
highly sensitive, and values of capacitance obtained can significantly differ from
two-electrode cell configurations as demonstrated in the works of Khomenko et al.
[3]. Due to this high sensitivity, two-electrode cell configurations are mostly used in
the characterization of the performance of an electrode material since large errors
would be obtained using three electrodes. Nevertheless, three-electrode configura-
tions are implemented in the study of faradaic reactions and other sensitive half-cell
electrochemical processes occurring on the electrode.
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Fig. 1 a Two electrode b three electrode cell configurations. Reprinted from [4, 5], Copyright
(2012) and (2016) with permission from Elsevier

3.2 Cyclic Voltammetry

Cyclic voltammetry (CV) is a versatile electrochemical technique capable of investi-
gating changes in form of chemical reactions, mechanisms, electrocatalytic activity,
degradations, and redox behavior in electrodes, electrolyte solutions as well as elec-
trode/electrolyte interaction in cells over a set potential range. CV analyses are
conducted using a potentiostat (example Metrohm Autolab) on a cell in a two or
three-electrode configuration. In a typical CV scan, a potential is applied across the
working electrode per unit of time (the scan rate in v s−1) and the corresponding
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current response is recorded as a function of the applied potential between the upper
and lower limits. Measurements are typically conducted using a linear sweep pattern
or cyclic staircase profile when multiple scans are recorded. In the former, the poten-
tial is applied linearly with time while in the latter, the potential is also applied
linearly with time, but the sweep direction is reversed at the upper limit. A plot of the
current response vs potential is obtained at a particular scan rate for each CV scan,
providing detailed information about electrochemical changes occurring on the cell.
By increasing the potential ranges in steps, the stability of the electrode/electrolyte
can be monitored, and in the process, the safe operating potential window is deter-
mined. Degradation arising from electrode oxidation or electrolyte decomposition
observed in form of irreversible anodic or cathodic peaks is noted by an increase
in the current response when the applied potential is beyond the stability limit of
the cell. The stability of the cell is influenced by reactions between the components
of the electrodes and electrolytes when a set potential is applied. Other important
criteria such as kinetic analysis and rate performance can be obtained by scanning
with multiple scan rates while keeping the potential window constant.

3.2.1 Methodology

The principle of cyclic voltammetry borders on the current response obtained from a
linear ramp of potential between the limits as shown in Fig. 2. The electrochemical
signature in terms of the current response is expressed by Eq. 9 [1].

i(A) = vCdl
[
1 − exp(−t/RsCdl)] (9)

Va Vb

Fig. 2 Cyclic voltammetry of an activated carbon supercapacitor conducted at 25 °C using a scan
rate of 10 mV s−1, potential window from 0–3 V and 1 M TEABF4 in PC electrolyte
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Fig. 3 a Cyclic voltammetry safe operating potential window determination on an AC electrode
in 1 M LiPF6 in EC/DMC (1:1) electrolyte; b Faradaic fraction vs upper potential limit. Reprinted
from [6], Copyright (2015) with permission from Elsevier

where v represents the scan rate, Cdl the double layer capacitance and Rs the
equivalent series resistance.

The cell is first connected to a potentiostat such as (Autolab fromMetrohm) using
appropriate terminals suitable for two-electrode or three-electrode cell configura-
tions. The potential window to be investigated is thereafter set as the upper potential
limit and lower potential limit as illustrated in Fig. 2 with the upper potential limit Vb

= 3.0 V and the lower limit Va = 0 V. An appropriate scan rate is thereafter chosen
most commonlywith a value between (5–20mV s−1). The CV scan is then conducted
and the stability at various potential windows can be investigated by increasing the
upper potential in steps of 0.1 V as illustrated in Fig. 3.

For supercapacitors, an ideal capacitive behavior is said to be exhibited when the
observed shape of the obtained voltammogram is close to being rectangular. While
in pseudocapacitors, the presence of reversible faradaic reactions distorts the shape
of this curve, and most times, a not-so rectangular shape is obtained. In addition, a
distorted rectangular shape characterized by a pronounced increase in current at the
upper vertex potential in form of an irreversible anodic peak indicates that the cell
has been subjected to the potential beyond its stability limit as shown in the unshaded
region of Fig. 3a. The safe operating window/stability limit can also be determined
from the plot of faradaic fraction Rf , calculated using Eq. 10 against the upper vertex
potential as proposed by Weingarth et al. [7].

R f = qa
qc

− 1 (10)

where qa and qc represent the anodic and cathodic charges. The safe operating
window is indicated by the shaded region in Fig. 3b. Using the criterion byWeingarth
et al.[7], an Rf value greater than 0.1 indicates greater than 10% faradaic contribution
and thus implies electrolyte decomposition. Hence conclusions can be made that
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electrolyte degradation, electrode oxidation, or undesirable faradaic reactions are
occurring at such potential window.

3.2.2 Specific Capacitance Determination

The specific capacitance is determined from the relationship between charge trans-
ferred from the current vs time plot or the slope of the potential vs time plot shown
in Fig. 4 in the desired operating potential window.

The charge passed during CV is equal to the area enclosed by the current vs time
plot (Fig. 4) which can be obtained via integration of the curve using Eq. 11.

Q(C) =
Vb∫

Va

idt (11)

For supercapacitors with an ideal electrostatic surface capacitive charge storage
mechanism, the average charge is used in obtaining the specific capacitance (Eq. 12).
However, faradaic reactions are expected to occur mostly during charging, hence a
more accurate valuewould be obtained by using the absolute value of charge obtained
from an integration of the discharge portion.

C(F) = Q

�V
(12)

where Q represents the average charge, C the capacitance and �V the potential
window. In instances where pseudocapacitive charge storage is dominant, Eq. 13 is
used.

Fig. 4 Current vs time and potential vs time response obtained from CV analysis of an AC sample
in TEABF4/PC electrolyte, at 20 mV s−1 after 3 cycles at (0 −2.5 V)
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C(F) =
∫ V 2
V 1 idt

∫ V 2
V 1 Vdt

(13)

The respective gravimetric or volumetric capacitance can thereafter be obtained
using Eq. 4 or 5.

3.2.3 Rate Capability

Rate capability is determined by conducting a series of CV scans with a constant
potential window (Va to Vb) and a sequence of increasing scan rates. A quick obser-
vation of the shape of the voltammogram when plotted progressively from low scan
rates to high scan rates describes the rate performance of the cell. Excellent rate capa-
bility is achieved when the device can maintain a rectangular voltammetric profile
(as illustrated in Fig. 5), even at high scan rates in addition to minimizing losses in
capacitance. Rate capability can also be determined using Galvanostatic charge and
discharge analyses. Active materials in supercapacitors require an optimum balance
between the volume of micropores and mesopores. Exclusive content of microp-
ores without sufficient mesopores promotes ion trapping effect and subsequently
increases their diffusion resistance, especially during higher scan rates or specific
currents [8]. This increased diffusion resistance translates to poor rate capability and
thus, mesopores are therefore needed to mitigate this effect and promote faster ion
diffusion during charge and discharge processes. An illustration of excellent rate
performance is presented in Fig. 5 where a rectangular profile is maintained even
with a tenfold increase in the scan rate [9].

Fig. 5 CV curves obtained
at different scan rates from
carbon nanofiber spray
coated paper electrode in
hydroxyethyl cellulose:1-
ethyl-3-methylimidazolium
ethyl sulphate (HEC:
EMIM-ES) gel electrolyte.
Reprinted from [9].
Copyright (2020) with
permission from Springer
Nature
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3.2.4 Limitations of Cyclic Voltammetry

Cyclic voltammetry is strongly affected by the cell configuration used and the nature
of reference/counter electrodes in the three-electrode configuration. Capacitance
values obtained differ with respect to the cell configurations and do not necessarily
present the real-time performance when the active material is used in an actual cell.

3.3 Galvanostatic Charge and Discharge Analysis (GCD)

Galvanostatic charge and discharge analysis involve using battery testing equipment
to apply a fixed current to a cell in form of a constant current charge and discharge
(CCCD) and recording the corresponding change in voltage as a function of time in
contrast to cyclic voltammetry where the current response is recorded. By recording
the change in the voltage, parameters such as capacitance, coulombic efficiency, rate
capability, and device resistance can be accurately determined.

3.3.1 Methodology

The device is first attached to the corresponding terminals of the battery tester. After
determination of the operating potential window from CV analysis, this potential
window (Va – Vb) is entered in the software interface in addition to a constant
charging current. In some instances, a rest period could be added between charging
and discharge to investigate the relaxation potential of the cell. In most cases, this
is omitted to properly observe the ohmic drop during the discharge sequence. A
plot of potential vs time is obtained with a voltage expression given by Eq. 14. An
illustration of a typical galvanostatic charge and discharge is presented in Fig. 6.

Fig. 6 GCD of an activated
carbon supercapacitor coin
cell
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V (V) = t

C
i + Ri (14)

where t represents the time, C is the capacitance, i is the set current and R is the
resistance.

3.3.2 Specific Capacitance Determination

Specific capacitance can be determined from the slope using Eq. (15) if a
linear discharge curve is obtained. For GCD plots with non-linear characteristics,
integration of the discharge portion given by Eq. (16) is used.

C(F) = i�t

�V
(15)

C(F) =
∫

i∂t

∂V
(16)

The ΔV used in the capacitance determination from GCD is calculated from the
difference in the operating potential window without the IR drop i.e., considering
the upper limit as the voltage recorded at the beginning of the discharge. It is also
necessary to ensure that the potential window (ΔV ) being utilized in GCD analysis
is within the operating potential window of the electrolyte used, which is typically
less than 1.2 V for aqueous electrolytes and 0–2.7 V for organic electrolytes.

Considering that most GCD analysis is typically carried out in two-electrode cell
configurations to emulate practical applications, the capacitance of a single electrode
(Cm) is thus

Cm(F) = 4 × C (17)

The multiplier 4 is used in normalizing the cellular capacitance arising from the
mass/volume of the electrodes (which is two times less than the cellular value) and
also the voltage window in a full cell which is two times greater than that of the
electrode.

3.3.3 Rate Performance

Rate performance and cyclic stability are investigated by conducting a series of
CCCD at a constant potential window while increasing currents or specific currents
when comparing multiple samples. The capacitance can then be monitored as a
function of a specific current via the corresponding GCD at a respective specific
current (Fig. 7). The ability of the device to maintain high capacitance values even
at high current densities indicates a very good rate capability. Rate capability is
calculated in percentages using Eq. (18).
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Fig. 7 Rate performance of
carbon nanofiber spray
coated paper electrode in
hydroxyethyl cellulose:1-
ethyl-3-methylimidazolium
ethyl sulphate (HEC:
EMIM-ES) gel electrolyte.
Reprinted from [9].
Copyright (2020) with
permission from Springer
Nature

Rp = Cgmax

Cgmin
× 100% (18)

where Cgmin and Cgmax are the specific capacitance obtained using the lowest
specific current, and the highest specific current, respectively.

3.3.4 Internal Resistance (IR)

Supercapacitors are advantageous in applications requiring energy storage devices
with high power density. However, achieving such a high-power density is depen-
dent on the supercapacitors internal resistance which is a combination of contribu-
tory factors such as ionic resistance from the bulk electrolyte, electrode resistance,
faradaic reactions on the electrode surface, and resistance from active material,
binder, and current collector interactions. The internal resistance R can be calculated
from the AC impedance, or the IR drop (shown in Fig. 8) derived from the onset
of a constant discharge during a GCD analysis. The internal resistance is calculated
using Eq. 19.

R(�) = Vdrop

2i
(19)

where Vdrop represents the IR drop estimated from the difference between the
upper vertex potential and initial potential at the onset of a constant discharge using
current i.
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Fig. 8 Illustration of IR
drop from GCD curve

IRdrop

3.3.5 Limitations and Special Considerations of GCD

Estimating the specific capacitance of a working electrode requires precise consid-
erations on the operating potential window, charge and discharge currents, electrode
thickness, and mass for accurate determination of its performance. Charging and
discharging a cell using a potential window beyond its stability limit would result in
an overestimation of capacitance value due to contributions from faradaic reactions.
Additionally, the capacitance values obtained also vary with the potential and errors
could arise when evaluating optimizations from different configurations. Likewise,
using too small charge and discharge currents would also result in an overestima-
tion of the capacitance from faradaic reactions and ohmic losses. Currents should
therefore be estimated using specific units, where the current applied is calculated
per mass of the active material and thus a more accurate comparison in optimization
experiments. These specific currents should also reflect real-life applications where
supercapacitors are charged and discharged in seconds. Furthermore, care should be
taken in the dimensions of electrode thickness and mass of the active material, since
very thin electrodes or small amounts of activematerials would lead to an overestima-
tion of the performance. However, ion mobility is significantly affected when using
electrodes with very high thickness [10]. Hence, active material thickness and mass
should be carefully controlled to correspond with optimized commercial standards.
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3.4 Stability Analysis: Long-Term Galvanostatic Charge
and Discharge (GCD) Versus Floating Voltage Holds
(FVH) for Aging Analysis

Supercapacitors are spectacularly known for their long cycle life in comparison to
batteries and are capable of undergoing millions of cycles of constant current charge
and discharge (CCCD). It is therefore often necessary to compare the stability of
cells while investigating influences of changes in electrolyte components, cellular
or active material configuration. This is typically done by implementing a CCCD at
appropriate current densities, (charging and discharging within 1 min) for at least
10,000 cycles.

GCD has traditionally been used in the analysis of the long-term stability and
performance of electrode materials/electrolytes in supercapacitors and other energy
storage devices. By subjecting the device to continue cycling for a prolonged period,
degradations begin to occur, and this can be compared with other materials or elec-
trolyte combinations to be analyzed. However, a certain exception could be made
to using this technique as proven by Weingarth et al. [11] have shown that it is
impossible to obtain accurate information concerning the stability of electrolytes via
continuous GCD cycling. They attributed this to the limited cumulative holding time
of the cell at high voltages in comparison to the duration of the entire cycling period.
This is in addition to the extreme durations amounting to months from thousands of
cycles which are necessary to simulate a normal continuous working life span of the
device.

FVH on the other hand ensures that cells are kept at high voltages for prolonged
periods to accurately monitor degradation, with consecutive capacity checks after
each series to observe fades. A typical FVH (Illustrated in Fig. 9) consists of a 10 h
FVH at a potential often at its stability limit or slightly beyond, after which a series
of five CCCD cycles within the stable operating potential window is conducted as
health checks to monitor the capacity of the cell. A 20% capacity fade in both the

Fig. 9 Illustration of
floating voltage hold
experiment. Reprinted from
[12], Copyright (2016) with
permission from Elsevier
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GCD and FVH is the threshold for comparison, and the number of cycles for the
GCD and hours of FVH is recorded and compared with other devices.

3.5 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) involves the measurement of
changing properties of an AC signal as it is swept at a particular frequency between
electrodes that are in contact with an electrolyte in an electrochemical cell. EIS has
been broadly utilized in the characterization of diverse energy storage devices, giving
detailed information about their impedance, internal resistance, current responses,
and capacitance for supercapacitors. In a typical EIS analysis, an alternating current is
generated in response to the applied potential and the signal characteristics/behavior
is tagged as the impedance spectroscopy.

3.5.1 Procedure

In a typical EIS procedure, a potential of small amplitude (5–10 mV) is imposed
on a working electrode and the time-dependant changes in the potential is recorded
between a specified frequency range from the first applied frequency to the last
applied frequency at a particular number of frequencies per decade. Nyquist plots of
the imaginary impedance Z′′ vs the real impedance Z

′
and others such as Bode plot

of overall impedance Z versus frequency applied, phase transition (°) vs frequency,
and oscillating (AC) current vs potential (AC) are recorded. These plots are there-
after analyzed to determine the contributors to the device resistance which are the
bulk electrolyte, electrode, electrode/current collector contact, diffuse layer, charge
transfer resistance and to estimate the double-layer capacitance.

3.5.2 Spectra Analysis

Analysis of impedance spectra begins with appropriate fitting of the obtained
response behavior according to a stipulated equivalent-circuit model (ECM), whose
complexity is dependent on the material, interface, and charge storage processes of
the cell. The ECM attempts to simulate the impedance response obtained in an actual
system and the calculation of a transfer function. Common elements of the equiva-
lent circuit include double layer and pseudo capacitances (Cdl, Cp), resistors (R) and
inductance (L), and Warburg impedance (W ) in instances where diffusion resistance
is present. Figure 10 shows a typical Nyquist plot for supercapacitors.

Where RA, RAB, RB, RBC have been attributed to the resistance of the electrodes,
bulk electrolyte/charge transfer, the equivalent series resistance, and the diffuse layer
respectively [13]. Analysis of respective plots of varying active material properties,
electrolyte, and electrode fabrication techniques can be conducted to determine their
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Fig. 10 Typical Nyquist
plot for supercapacitors.
Reprinted with permission
from [13]. Copyright (2018)
American Chemical Society

influence on the internal resistance of the device.Given that the impedance is recorded
as a function of frequency through the imposition of an oscillating AC potential of
low amplitude over a steady-state potential, specific capacitance can also be evaluated
using the imaginary part of the impedance and the relation in Eq. (20).

C = −1

2π f Z ′′ (20)

where Z
′′
represents the imaginary part of the impedance, f the frequency, and C

the capacitance.

3.6 Self-discharge

Supercapacitors are plagued with a self-discharge phenomenon whereby the open
circuit voltage is seen to decrease during a fixed period under no load after it has been
held at a constant voltage. This decrease in potential is caused by parasitic faradaic
reactions between surface functionalities on the active material and the electrolyte,
and the absence of leakage currents needed to hold the potential at the desired rating.

3.6.1 Procedure

The cell to be tested is connected to the terminals of the battery tester, charged
to a value close to its maximum operating potential, and held at this potential for a
duration (t1) as shown in Fig. 11. Thereafter, the charging is stopped and the change in
open circuit potential of the cell is recorded as time progresses. This is conducted for
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Fig. 11 Self-discharge
determination

Voltage hold 

OCPf

(t2)(t1)(t0)

OCPi 

a determined duration (t2) after which the self-discharge is calculated using Eq. (21).

Sel f discharge(%) = OCPf

OCPi
× 100 (21)

whereOCPi andOCPf , represent the initial open circuit potential after the voltage
hold and the final open circuit potential after a time (t).

4 Other Physical Characterization Methods

Electrochemicalmethods previously described, investigate performance in relation to
electrochemical interactions. Consequentially, numerical quantitativemetrics such as
capacitance and resistance are obtained which enable comparison between different
samples without typically expatiating on processes leading to such favorable inter-
actions. Understanding these interactions, therefore, needs to be undertaken by other
characterization methods which are capable of highlighting changes in electrodes
structures, and electrolyte species that are responsible for charge storage processes
as well as monitoring performance improvements and degradations. Critical under-
standing of the charge storage process would thereafter reveal further insights into
improving the performance of active materials or provide reasons for failure while
suggesting mitigating measures. The following sections highlight some in-situ char-
acterizationmethodswhich have been used in a variety of advanced characterizations
studies on supercapacitor devices, and brief instances where they have been applied.
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4.1 In-Situ Nuclear Magnetic Resonance (NMR)

NMR spectroscopy is an advanced characterization technique capable of obtaining
detailed information about the electrochemical interfaces, and the local environ-
ment around the electrodes via in-situ measurements or ex-situ analysis on elec-
trolytes/active material samples. Individual distinct element-dependent resonance
frequencies are obtained when nuclei capable of a spin are perturbed by a weak oscil-
latingmagnetic field. Examples of such nuclei areH1,C13, F19, andB11 corresponding
to chemical species present in the commercially used electrolyte 1 M TEABF4/ PC.
Analysis of these non-zero spinNuclei enables in-situmonitoring of anionic or cation
species migration through observation of the respective resonance frequencies. By
incorporating in-situ NMR during cycling, it becomes possible to probe the mech-
anism of charge storage by monitoring the adsorption of ionic moieties onto the
surface of electrodes and ion transport in the pores. Forse et al. [14] implemented in-
situ NMR in the direct monitoring of charge storing species during their investigation
of ion dynamics and charge storage in ionic liquid supercapacitors. Wang et al. [15]
also utilized in-situ NMR in their investigation of the charge and discharge mecha-
nism of supercapacitors through quantification of isolated charge storage species and
processes occurring in cathodes and anodes. Real-time migration of ions (BF4−) and
bindingwithin and unto the electrode surfaces during charge and discharge processes
was observed. Figure 12 presents 19FNMR spectra obtained from an isolated positive
electrode during cyclic voltammetry of an overlaid supercapacitor cell consisting of
a commercial AC electrode (YP50F) and 1.5 M NEt4BF4 in deuterated acetonitrile.

Ex-situ applications such as the investigation of behaviors of electrolyte species
during electrochemical cycling with the objectives of probing the onset of degrada-
tions and interactions between organic electrolyte and functionalities present on the

Fig. 12 In-situ 19F NMR spectra of a supercapacitor positive electrode during CV. Reprinted with
permission from [15]. Copyright (2013) American Chemical Society
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electrode surface have also been reported. Lee et al. [16] used ex-situ NMR in the
analysis of an extracted electrolyte from a disassembled cell, in their detailed studies
of the behavior of tetrafluoroborate BF4 – anion. Azais et al. [17] used NMR spec-
troscopy in the analysis of decomposition products from redox reactions between
carbon functionalities and electrolytes ions, during aging studies of supercapacitors
based on organic electrolytes.

Despite the advanced nature of NMR as a characterization technique, it is limited
by the relative abundance of the respective nuclei in the chemical species to be
analyzed. In addition, only samples containing elements with non-zero spin nuclei
can be analyzed.

4.2 In-Situ Electrochemical Quartz Crystal Microbalance
(EQCM)

EQCM is another technique used in examining the gravimetric behavior and interac-
tions of electrodes with different systems of electrolytes during charge and discharge
processes.A highly sensitive quartz crystalmicrobalance is used inmeasuringminute
mass changes of materials in different mediums (air, water, and electrolytes, etc.). In
electrochemical systems utilizing carbon electrodes, EQCMcharacterization enables
the measurement of changes in ionic fluxes, concentration, and ionic transport which
are dependent on the pore properties of the porous carbon material. In a typical
EQCM characterization, a Pt/Au coated quartz crystal is sprayed with a composite
active material and binder mixture in the desired ratios. Data in form of frequency
shifts are obtained and thereafter converted into mass changes using the Sauerbrey
equation (Eq. 22) [18].

�m = −Cm ∗ � f

n
(22)

where �m represents the mass changes of the coated electrode, Cm is the mass
sensitivity factor, and �f is the change in resonance frequency normalized by
the overtone order. Investigations of dominant ionic species on particular elec-
trodes through gravimetric comparisons can thereafter proceed after transforming the
frequency shifts to masses. The first step involves the calculation of the change in ion
populations of the coating Γ which is derived by dividing the mass changes in elec-
trodes �m by the molar masses of un-solvated ions. After which a relation between
Q, the electrode charge densities estimated from faradays law can then be obtained
to describe the gravimetric response of the active material during electrochemical
cycling. Levi et al. [19] demonstrated the application of EQCM in the measurement
of ionic fluxes of activated carbon electrodes in supercapacitors. Figure 13 illustrates
the total mass changes observed due to adsorbed ions and solvents, and changes in
the amount of species Γ .
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Fig. 13 CV obtained
alongside in-situ EQCM
characterization a CV of the
carbon coated quartz crystal
electrode b related EQCM
responses. A carbon coated
quartz crystal electrode was
used in 0.1 M and 0.025 M
TEABF4/PC electrolyte.
Reprinted with permission
from [19]. Copyright (2010)
American Chemical Society

Extensive reviews of the EQCM technique have been performed by Shpigel et al.
[20] and Levi et al. [18] for applications in energy storage devices. EQCM is undis-
putedly a powerful characterization technique. However, it is limited tomeasurement
of gravimetric changes only and can therefore be affected by the size of coating layer
of active materials since larger coating masses would pose sensitivity issues and also
negatively impact adhesion with the quartz substrate.

4.3 In-Situ X-ray Diffraction (XRD) Spectroscopy

Asymmetric supercapacitors utilizing nanostructured metal oxide materials are
renowned for their excellent pseudocapacitive performances and thermal stabili-
ties in comparison to single metal or bulk oxide materials. Factors contributing to
these are enhanced electroactive sites and adequate interlayer spacing responsible
for improved ionic transport. The charge storage capabilities of these electrodes are
mainly via ion insertion in contrast with the typical surface adsorption processes
in porous carbons. Consequently, interlayer spacing and crystal transformations are
important parameters to be investigated. In-situ XRD has been used as a non-invasive
technique to probe the interlaying spacing, transformation, and changes occurring
in crystal structures of these electrodes during cycling. Specially constructed cells
with x-ray permissible apertures having coverings made from beryllium disks [21],
aluminum foils [22] and Kapton foils [23] have been utilized. Notably, Zhao et al.
[24] probed the changes in the structure of free-standing MXene Nb4C3Tx super-
capacitor electrodes during electrochemical cycling using in-situ XRD. No change
in interlayer spacing was observed during cycling (Fig. 14) hence confirming that
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Fig. 14 Plot of the relationship between d-spacing and time during electrochemical cycling of
MXene Nb4C3Tx electrodes in a 1 M H2SO4 and b 1 M MgSO4. Reprinted from [24], Copyright
(2020) John Wiley and Sons

the space between the MXene layers was adequate for insertion and de-insertion
of electrolyte ions. Sufficient interlayer spacing also meant that the stability of the
electrode was guaranteed even at high charging and discharging rates.

In a similar form, Ghodbane et al. [25] implemented in-situ synchrotron XRD
measurements in their investigation of the relationship between electrochemical
properties of variousMnO2 crystalline structures andmicrostructural changes occur-
ring during electrochemical cycling. The processes of ion intercalation and deinter-
calation were observed, which corresponded to “structural breathing” of the elec-
trode (illustrated in Fig. 15) during the charge and discharge process, in addition to
“metal–oxygen bond distance” changes [25].

It is, therefore, necessary to investigate structural changes in metal oxide elec-
trodes as processes of intercalation and deintercalation induce swelling which can
be detrimental to their long-term stability and performance. In-situ XRD charac-
terization has been successfully used as highlighted by the references previously

Fig. 15 In-situ XRD on
MnO2 electrodes in 1 M
LiCl electrolyte during
charge and discharge
illustrating structural
breathing phenomenon.
Reprinted from [25],
Copyright (2012), with
permission from Elsevier
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mentioned [21–25]. Nevertheless, this characterization technique is limited to appli-
cation in metal oxide/crystalline materials and not the commonly used amorphous
carbon. Other drawbacks include difficulty in the construction of specialized cell
configurations and limitations in X-ray permissive aperture coverings with common
issues such as cost, corrosion, toxicity for beryllium, and difficulties in achieving
cell pressures most especially with large cell dimensions for aluminum and polymers
[26].

4.4 In-Situ Atomic Force Microscopy (AFM)

In-situ AFM is a powerful characterization technique capable of examining electrode
surfaces and interfaces with the electrolyte, to identify changes in the morphology of
electrodes during cycling conditions. In-situ AFM experiments are conducted using
AFM systems (e.g., Resolve by Bruker) in specially constructed three-electrode cell
configurations and an attached potentiostat for the corresponding electrochemical
cycling. During cycling, AFM tips are inserted into the test cell with a brief pause
to probe morphological changes with respect to potentials applied. As mentioned
previously, volume expansions and cracks during cycling are prominent occurrences
in metal oxide electrodes, whose occurrences could be mitigated by a thorough
understanding of relations between applied potentials and subsequent morpholog-
ical change. Particularly, the morphology of MXene based electrodes utilized in
supercapacitors undergo dynamic transformations during cycling, which are depen-
dent on nanostructure configurations and nanocomposite matrixes utilized. Guan
et al. [27] implemented in-situ AFM during electrochemical cycling to investigate
changes in the morphology of Ti3C2Tx nanosheets and Fe3O4/Ti3C2TX nanocom-
posites with applied potential. Figure 16 displays the obtained AFM images before
and after several cycles, clearly portraying changes in the height profiles of the
Fe3O4/Ti3C2TX electrode during potential cycling in 0.2 M KOH electrolyte.

Note that the protrusions present before cycling (position I) disappeared after two
cycles as portrayed in Fig. 16 b. Also, a reversible fivefold increase in the size of
protrusions in position (ii) occurred after cycling (Fig. 16b), indicating that deposits
were present on the electrode surface which corresponded to volume expansion
during cycling. These deposits were ascribed to the accumulation of FeOOH on the
surface as determined from XRD and X-ray photoelectron spectroscopy (XPS) anal-
ysis [27]. Irreversible transformation of these FeOOH species was thereafter deter-
mined to be the cause of decreased specific capacitancewith increasing cycle number,
in addition to delamination of active materials from the electrode. Hence, the conclu-
sion was made that increased loading of Fe3O4 nanoparticles in the composites could
increase the specific capacitance and decrease the volume expansion observed by the
in-situAFM.Tao et al. [28] also observed similar volume expansion in supercapacitor
electrodes using in-situ AFM.

With the applicationsmentioned previously, in-situAFMhas been effectively used
in the characterization of the morphological changes of electrodes during cycling.
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Fig. 16 Comparison of In-situ AFM images obtained before a, and after 2 cycles b, and corre-
sponding height changes of the Fe3O4/Ti3C2TX nano composites with applied potential. Reprinted
with permission from [27]. Copyright (2021) American Chemical Society

Notwithstanding, the AFM probe tip inserted into the cell during experiments could
interfere with electrochemical processes in addition to solvent evaporation during
insertion.

4.5 In-Situ Raman Spectroscopy

Raman spectroscopy is a non-destructive analytical technique used in examining the
structural, chemical, and electronic changes occurring in materials. Materials exhibit
distinctive vibrational features known as fingerprints from inelastic scattering of
light beamed on them. These features arise from interactions of photons with chem-
ical bonds and electronic configurations of molecules, leading to their polarization
and subsequent electrons’ excitement into higher virtual energy levels. Electrons at
excited states are unstable and hence need to return to their virtual energy states, and
in the process emit photons with information about their molecular characteristics
[29]. Raman spectroscopy operates on this principle by focussing a laser beam of
incident light rays on an object at a defined microscopic level, aperture opening,
and magnification. A detector thereafter collects the scattered light and produces the
record as a spectrometric graph. Upon analysis of the spectra, information about the
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electrical conductivity of electrode materials, electronic state, stability of electrodes,
and changes at the electrode/electrolyte interface can be obtained. Raman character-
ization can be obtained in-situ, using specially crafted Spectro-electrochemical cell
enclosing the working electrode, reference, and counter electrode. In-situ measure-
ments ensure that electrochemical processes in cells under operation could be related
to changes in active materials structures under influence of various applied poten-
tials. An interesting application could be in an aqueous electrolyte supercapacitor,
whose potential windows are limited due to gas evolution from the decomposition
of water at potentials beyond 1.23 V. Understanding the synergy between elec-
trode structural variations under the influence of an applied potential would be
vital towards expanding the operating potential windows of aqueous systems. In
this regard, Abouelamaiem et al. [30] investigated the relationship between elec-
trode structures and applied potentials using in-situ Raman spectrometry to study
redox reactions on cathodes and anodes. Structural characterization illustrated in
Fig. 17 was obtained at different potentials via a combination of chronoamperom-
etry and Raman spectra at decreasing negative potentials to observe changes during
electrochemical reduction.

From the spectra, it was observed that at decreasing negative potentials two new
bands at 1110 cm−1 and 1500 cm−1 were introduced in addition to the original
D 1330 cm−1 and G 1580 cm−1 observed in all experiments. These new bands
were ascribed to C(sp2)-H and C=C stretching vibrations arising from electrochem-
ical hydrogen reduction storage. The appearance and disappearance of the bands
as the potential was reversed, indicated that the process of hydrogen chemisorp-
tion was reversible. In complement with trends from other structural properties
obtained from electrode characterization such as surface functional groups, pore
volume, and surface area analysis, a trend in decreasing potentials where the onset of
hydrogen chemisorption occurred as the activation intensity increased. Thus, empha-
sizing that attaining optimum performance in aqueous systems required a systemic

Fig. 17 In-situ Raman spectra obtained for different samples aKOH-1 b ID/IG vs applied potential
obtained using a KOH activated carbon electrode and 6 M KOH electrolyte. Reprinted from [30],
Copyright (2018) with permission from Elsevier
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balance between structural properties impacted by activation methods and corre-
lating maximum potentials at which hydrogen evolution occurred. Following this
correlation, the operating potential window can therefore be expanded by structural
optimizations made to prevent hydrogen evolution. In-situ Raman spectroscopy to
monitor structural changes is therefore essential towards achieving this.

Nonetheless, Raman spectroscopy is prone to heat generation which could affect
the electrochemical processes in cells during in-situ measurements.

4.6 In-Situ Fourier Transform Infrared (FTIR) Spectroscopy

The electrochemical interface between the surface of electrodes in contact with elec-
trolytes in supercapacitors during cycling possesses vital information concerning
the charge storage mechanism, ion molecular dynamics, and characteristic changes
in the local environment of electrodes during cycling conditions. In-situ FTIR
acquired during electrochemical cycling is capable of investigating the optical
absorbance of electrolyte ion species in solution, in contact with electrodes, and
reactional changes during the experiment. During operation, an IR beam is focused
on the interface to be analyzed and a detector receives this reflection and records
it as a plot of absorbance against the wavelength. Specially fabricated reflec-
tion units like the Bruker A530/x suitable for electrochemical cells are used in
combination with required electrochemical characterizations such as CV [31] for
in-situ monitoring of electrochemical processes. Electrode surfaces can then be
analyzed with limited influence of the electrolytes using an internal reflection
with an attenuated total reflection (ATR) setup, while the electrolyte and elec-
trode surface can be analyzed using an external IR reflection absorbance spec-
troscopy[31]. Richey et al. [32] successfully utilized in-situ FTIR in monitoring and
comparing ion dynamics in a supercapacitor consisting of porous carbon-derived
carbide (CDC) and non-porous onion-like carbons(OLC) electrodes in 1-ethyl-
3-methylimidazolium bis((trifluoromethyl)sulfonyl)imide (ETIm-TFSI) electrolyte.
The normalized absorption spectra obtained during cyclic voltammetry are shown in
Fig. 18.

The spectra revealed the entrance/exit of cation and anions into the pores of the
CDCelectrode during charge and discharge. In theOLCelectrodes, on the other hand,
ion motion was restricted to the OLC surface with no ion transport occurring in the
pores. Thus, confirming the surface charge storagemechanism of non-faradaic super-
capacitors experimentally which was originally postulated using computer simula-
tions and theories. A detailed review of the application of in-situ FTIR in energy
storage devices has been carried out by Li et al. [33].

Notwithstanding, acquiring in-situ FTIR spectra on the interface of elec-
trolyte/electrolyte is plagued by absorption of a large proportion of the IR signal in
the bulk of the electrolyte solvent. This is typically pronounced in an aqueous elec-
trolyte incorporating water as the solvent [34]. Sensitivity issues are also prominent,
which is related to the weak IR sources and IR detection mechanisms.



126 O. E. Eleri et al.

Fig. 18 Normalized
absorbance obtained from
In-situ FTIR spectra as a
function of time during three
CV cycles of CDC electrodes
in EMIm-TFSI electrolyte.
Reprinted with permission
from [32]. Copyright (2013)
American Chemical Society

5 Conclusion

Different characterization methods have been discussed in this chapter, spanning
across electrochemical methods yielding performance metrics such as specific
capacitance, resistance, energy, and power densities. In addition, physical char-
acterization methods capable of identifying and monitoring charge storage mech-
anisms, and electrochemical processes occurring in supercapacitors which have
previously been limited to theories and numerical simulations have also been
discussed. A combination of these two techniques would ensure that performance
metrics are not only determined but in-depth investigations into charge storage
mediums and other electrochemically induced processes and changes occurring at
the electrode/electrolyte interfaces are conducted. Critical insights unraveled from
these techniques would ensure more effective optimizations towards producing
high-performance supercapacitors.

References

1. M. Lu, Supercapacitors, Materials, Systems, and Applications (Wiley, 2013)
2. M.D. Stoller, R.S. Ruoff, Best practice methods for determining an electrode material’s

performance for ultracapacitors. Energy Environ. Sci. 3(9), 1294–1301 (2010)
3. V. Khomenko, E. Frackowiak, F. Beguin, Determination of the specific capacitance of

conducting polymer/nanotubes composite electrodes using different cell configurations.
Electrochim. Acta 50(12), 2499–2506 (2005)

4. K.-C. Tsay, L. Zhang, J. Zhang, Effects of electrode layer composition/thickness and electrolyte
concentration on both specific capacitance and energy density of supercapacitor. Electrochim.
Acta 60, 428–436 (2012)

5. K. Kierzek, J. Machnikowski, Factors influencing cycle-life of full Li-ion cell built from Si/C
composite as anode and conventional cathodicmaterial. Electrochim.Acta 192, 475–481 (2016)



Characterization Methods for Supercapacitors 127

6. S. Dsoke, B. Fuchs, E. Gucciardi, M. Wohlfahrt-Mehrens, The importance of the electrode
mass ratio in a Li-ion capacitor based on activated carbon and Li4Ti5O12. J. Power Sources
282, 385–393 (2015)

7. D. Weingarth, H. Noh, A. Foelske-Schmitz, A. Wokaun, R. Kötz, A reliable determination
method of stability limits for electrochemical double layer capacitors. Electrochim. Acta 103,
119–124 (2013)

8. L.L. Zhang, X. Zhao, Carbon-based materials as supercapacitor electrodes. Chem. Soc. Rev.
38(9), 2520–2531 (2009)

9. M.G. Say, R. Brooke, J. Edberg, A. Grimoldi, D. Belaineh, I. Engquist, M. Berggren, Spray-
coated paper supercapacitors. npj Flex. Electron. 4(1), 1–7 (2020)

10. Z. Li, S. Gadipelli, H. Li, C.A. Howard, D.J. Brett, P.R. Shearing, Z. Guo, I.P. Parkin, F. Li,
Tuning the interlayer spacing of graphene laminate films for efficient pore utilization towards
compact capacitive energy storage. Nat. Energy 5(2), 160–168 (2020)

11. D. Weingarth, A. Foelske-Schmitz, R. Kötz, Cycle versus voltage hold–Which is the better
stability test for electrochemical double layer capacitors? J. Power Sources 225, 84–88 (2013)

12. A. Bello, F. Barzegar, M. Madito, D.Y. Momodu, A.A. Khaleed, T. Masikhwa, J.K.
Dangbegnon, N. Manyala, Stability studies of polypyrole-derived carbon based symmetric
supercapacitor via potentiostatic floating test. Electrochim. Acta 213, 107–114 (2016)

13. B.-A. Mei, O. Munteshari, J. Lau, B. Dunn, L. Pilon, Physical interpretations of Nyquist plots
for EDLC electrodes and devices. J. Phys. Chem. C 122(1), 194–206 (2018)

14. A.C. Forse, J.M. Griffin, C. Merlet, P.M. Bayley, H. Wang, P. Simon, C.P. Grey, NMR study of
ion dynamics and charge storage in ionic liquid supercapacitors. J. Am. Chem. Soc. 137(22),
7231–7242 (2015)

15. H.Wang, A.C. Forse, J.M.Griffin, N.M. Trease, L. Trognko, P.-L. Taberna, P. Simon, C.P. Grey,
In situ NMR spectroscopy of supercapacitors: insight into the charge storage mechanism. J.
Am. Chem. Soc. 135(50), 18968–18980 (2013)

16. S.-I. Lee, K. Saito, K. Kanehashi, M. Hatakeyama, S. Mitani, S.-H. Yoon, Y. Korai, I. Mochida,
11B NMR study of the BF4-anion in activated carbons at various stages of charge of EDLCs
in organic electrolyte. Carbon 44(12), 2578–2586 (2006)

17. P. Azaïs, L. Duclaux, P. Florian, D. Massiot, M.-A. Lillo-Rodenas, A. Linares-Solano, J.-P.
Peres, C. Jehoulet, F. Béguin, Causes of supercapacitors ageing in organic electrolyte. J. Power
Sources 171(2), 1046–1053 (2007)

18. M.D. Levi, N. Shpigel, S. Sigalov, V. Dargel, L. Daikhin, D. Aurbach, In situ porous struc-
ture characterization of electrodes for energy storage and conversion by EQCM-D: a review.
Electrochim. Acta 232, 271–284 (2017)

19. M.D. Levi, N. Levy, S. Sigalov, G. Salitra, D. Aurbach, J. Maier, Electrochemical quartz crystal
microbalance (EQCM) studies of ions and solvents insertion into highly porous activated
carbons. J. Am. Chem. Soc. 132(38), 13220–13222 (2010)

20. N. Shpigel, M.D. Levi, S. Sigalov, L. Daikhin, D. Aurbach, In situ real-time mechanical and
morphological characterization of electrodes for electrochemical energy storage and conversion
by electrochemical quartz crystal microbalance with dissipation monitoring. Acc. Chem. Res.
51(1), 69–79 (2018)

21. M. Morcrette, Y. Chabre, G. Vaughan, G. Amatucci, J.-B. Leriche, S. Patoux, C. Masquelier,
J. Tarascon, In situ X-ray diffraction techniques as a powerful tool to study battery electrode
materials. Electrochim. Acta 47(19), 3137–3149 (2002)

22. H. Wang, M. Yoshio, Graphite, a suitable positive electrode material for high-energy
electrochemical capacitors. Electrochem. Commun. 8(9), 1481–1486 (2006)

23. S.-L. Kuo, N.-L. Wu, Electrochemical characterization on MnFe2O4/carbon black composite
aqueous supercapacitors. J. Power Sources 162(2), 1437–1443 (2006)

24. S. Zhao, C. Chen, X. Zhao, X. Chu, F. Du, G. Chen, Y. Gogotsi, Y. Gao, Y. Dall’Agnese,
Flexible Nb4C3Tx film with large interlayer spacing for high-performance supercapacitors.
Adv. Func. Mater. 30(47), 2000815 (2020)

25. O. Ghodbane, F. Ataherian, N.-L. Wu, F. Favier, In situ crystallographic investigations of
charge storage mechanisms in MnO2-based electrochemical capacitors. J. Power Sources 206,
454–462 (2012)



128 O. E. Eleri et al.

26. W.Zhu,D. Liu,A. Paolella, C.Gagnon,V.Gariepy,A.Vijh,K. Zaghib,Application of operando
X-ray diffraction and Raman spectroscopies in elucidating the behavior of cathode in lithium-
ion batteries. Front. Energy Res. 6, 66 (2018)

27. Y. Guan, M. Zhang, J. Qin, X. Guo, Z. Li, B. Zhang, J. Tang, Morphological evolutions of
Ti3C2Tx nanosheets and Fe3O4/Ti3C2Tx nanocomposites under potential cycling investigated
using in situ electrochemical atomic force microscopy. J. Phys. Chem. C (2021)

28. X. Tao, J. Du, Y. Sun, S. Zhou, Y. Xia, H. Huang, Y. Gan, W. Zhang, X. Li, Exploring the
energy storage mechanism of high performance MnO2 electrochemical capacitor electrodes:
an in situ atomic force microscopy study in aqueous electrolyte. Adv. Func. Mater. 23(37),
4745–4751 (2013)

29. Z. Dong, H. Xu, F. Liang, C. Luo, C. Wang, Z.-Y. Cao, X.-J. Chen, J. Zhang, X. Wu, Raman
characterization on two-dimensional materials-based thermoelectricity. Molecules 24(1), 88
(2019)

30. D.I. Abouelamaiem,M.J. Mostazo-López, G. He, D. Patel, T.P. Neville, I.P. Parkin, D. Lozano-
Castelló, E. Morallón, D. Cazorla-Amorós, A.B. Jorge, New insights into the electrochemical
behaviour of porous carbon electrodes for supercapacitors. J. Energy Storage 19, 337–347
(2018)

31. T. Tague Jr, In-situ FT-IR Spectroelectrochemistry: Experimental Setup for the Investigation of
Solutes and Electrode Surfaces (Advanstar Communications INC 131 W 1ST Street, Duluth,
MN 55802 USA, 2015)

32. F.W. Richey, B. Dyatkin, Y. Gogotsi, Y.A. Elabd, Ion dynamics in porous carbon electrodes
in supercapacitors using in situ infrared spectroelectrochemistry. J. Am. Chem. Soc. 135(34),
12818–12826 (2013)

33. J.-T. Li, Z.-Y. Zhou, I. Broadwell, S.-G. Sun, In-situ infrared spectroscopic studies of
electrochemical energy conversion and storage. Acc. Chem. Res. 45(4), 485–494 (2012)

34. J.K. Foley, S. Pons, In situ infrared spectroelectrochemistry. Anal. Chem. 57(8), 945A-956A
(1985)



Nanosupercapacitors

Khairunnisa Amreen and Sanket Goel

Abstract The enormous growth of industrialization has led to a prodigious depen-
dence of humans on energy-consuming devices.Over the last fewdecades, the speedy
upsurge of energy consumption and the environmental influence of conventional
energy resources shave escalated the augmented research activities for finding alter-
nate renewable resources. However, these renewable resources are usually geograph-
ically limited and intermittent, hence, there is a persistent requirement of developing
energy storage devices like supercapacitors. There have been remarkable advances in
strategic designs and development of supercapacitors which are preferred in compar-
ison to other energy storage devices owing to their ultra-high power density, porta-
bility, and increased life spans. While the competence of supercapacitors hinges
on variable factors, their overall performance depends on the structure and prop-
erties of the constituent materials used. The current expansion of nanotechnology
has unlocked new pathways for fabricating novel materials like carbon nanotubes,
graphene, MXenes, perovskites, and other nanostructures. Such nanomaterials have
been leveraged to improve the performance of these supercapacitors, leading to a
newer name, ‘Nanosupercapacitors’. Since, electrodes mainly regulate the perfor-
mance in terms of capacitance, power density, and energy storage, widespread efforts
have been put forward to develop high-performing electrode materials. Due to the
rapid increase in the applications daily, elevating the energy density and capacitance
of nanosupercapacitors at an ultra-fast charging rate is essential. Hence, substantial
research is being carried out in this context. The present chapter briefly gives an
overview of recent advances and emerging trends in the fabrication, performance,
and development of nanosupercapacitors.
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1 Introduction

The last few decades have witnessed tremendous development in industrialization
globally. Parallelly, the growing population has escalated the energy usage and
requirements worldwide. So far, petroleum and other non-renewable fossil fuel-
based resources have been widely used which strain the present energy infrastruc-
ture and threaten the future. Hikes in fuel cost, environmental hazard, geopolitics,
global warming are a few perils of a long-term dependence on these resources [1].
In this context, there is an extreme requirement for alternate renewable sources of
power. There has been a significant effort in research and development on both
industrial and academic levels for developing more efficient technologies to over-
come the energy challenges. Several energy harvesting devices like fuel cells and
energy storage devices like batteries, supercapacitors have been realized off lately.
Supercapacitors, also regarded as electrochemical capacitors, exhibits high power
and high-density energy storage than batteries. Furthermore, based upon the energy
storage mechanism, a charge separation at the electrode–electrolyte interface, super-
capacitors possess lesser internal resistance, enhanced capacity, and ease of storage
and delivery of energy as compared to batteries, hence, attracted considerable interest
[2].

The phenomenon of energy storage in carbon porous materials was first observed
in 1957, later in 1966, the same effect was rediscovered when a group of researchers
was working on the fuel cells. Finally in 1978, NEC developed supercapacitors based
on these observations to give backup power supply to computers [3]. A typical super-
capacitor is made up of two electrodes separated electrically by a separator and an
electrolyte. The advantages like low maintenance, lightweight, portable packaging,
high power, larger thermal range, and longer lifemake supercapacitors a better energy
storage device [4]. Despite these advantages, there are certain limitations associated
with the usage on a large and commercial scale-like, like less cost-effectivity, lower
energy density, less voltage per cell, and more self-discharge. Significant research is
being conducted to overcome these research gaps, maintain high power and energy
density, faster charge/discharge cycle, and stability. One of the approaches is to use
novel electrode materials. The material of the electrode plays a key role in giving
high density and capacitance.

There are different types of materials being used for supercapacitor development,
ranging from carbons, metal oxides, polymers, nanomaterials, redox mediators, etc.
[5]. However, carbon-based materials are often used owing to their high surface
areas. On the other hand, metal oxides increase energy and power density due to low
resistance and high specific capacitance. In further, the redox reactions of conducting
polymers are useful [6]. The basic principle behind the working of a supercapacitor
and the energy storage is the electrode–electrolyte interface wherein the exchange
of electrons takes place. Depending upon how the energy is stored, the supercapac-
itors are broad of three types: (a) Electrochemical double-layer capacitors (EDLC),
(b) pseudocapacitors, and (c) hybrid supercapacitors. In further, each type utilizes
different materials for the electrodes. Figure 1 gives the general classification of the
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Fig. 1 Schematic representation of a broad classification of the types of supercapacitors

types of supercapacitors. Table 1 gives the commonmaterials used for the fabrication
of these various supercapacitors [7, 8]. However, the emerging trends suggest that
these are not the only materials used, several novels, structurally engineered metals
are also employed to improve the performance.

These highly efficient electrochemical supercapacitors provide solutions to the
energy crisis as they have multiple applications in industry, commercial fields, mili-
tary and defense, automobile industries, power companies, network and mobile

Table 1 This table describes various types of conducting materials used over electrodes for
developing different types of supercapacitors

EDLC Pseudocapacitors Hybrid supercapacitors

Electrode
Materials

• Carbon
Foam

• Carbon
nanotubes

• Carbon
aerogels
carbide
derived
carbon

• Activated
carbon
graphene

• Carbon
fibers

• Conducting
polymers

• Metal oxides

Asymmetric

Composite

Battery type

⎫
⎪⎪⎬

⎪⎪⎭

Carbon materials, polymers
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industries, electric vehicles industry, eco-friendly devices, etc. Continual research
and quest to improve the supercapacitor performance has made it a closer alternative
to the batteries [9]. However, the downsizing of supercapacitors is still challenging.
The development of nanoscale and miniaturized supercapacitors is of key impor-
tance. While reducing the size, parameters like energy output, power density, and
capacitance are to be taken care of. Lithographic techniques have led to the develop-
ment of miniaturized, thin-film electrodes for micro and nanosupercapacitors [10].
Off lately, there has been tremendous growth in miniaturizing the supercapacitors
and embedding them on flexible micro-substrates [11]. Substrates like paper, fabric,
textiles, etc. have been explored to integrate supercapacitors on a chip [12]. These
miniaturized supercapacitors have been proven to be useful in many microelectronic
applications. This chapter focuses on the emerging trends in fabricating, character-
izing, and application of miniaturized micro-and-nanoscale supercapacitors. It also
discusses the major research gaps and prospects of these miniaturized energy devices
on a larger scale.

2 Working Principle

Based upon the working principle i.e.; energy storagemechanism of supercapacitors,
they are of three types as mentioned above.

2.1 Electrochemical Double-Layer Capacitor (EDLC)

These comprise two electrodes, preferably carbon electrodes, an electrolytic solution,
and a separator. EDLC stores charge through an electrostatic process. It is a non-
faradic process wherein no transfer of charge takes place. The working principle
behind the energy storage mechanism here is the formation of an electrochemical
double layer. Upon supply of voltage to the electrodes, the charge is developed on the
electrode surface, the oppositely charged ions from the electrolyte diffuse towards
these charged electrode surface through pores of separators forming an electrostatic
double layer. This double layer enhances the uptake of energy and storage. Figure 2a,
gives a schematic representation of an EDLCworking mechanism. The performance
of a supercapacitor is decided by calculating the capacitance it offers. The capacitance
in EDLC can be calculated with a standard equation below (Eq. 1)

C = (ε0 × ε0A)/d (1)

Herein, εo is free surface permittivity,εr is dielectricmaterials relative permittivity,
A = electrode surface area and d is the distance between two electrodes. Hence,
by changing the dielectric materials, the capacitance of the supercapacitor can be
improved [7].
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Fig. 2 Schematic representation of a Electrical double layer supercapacitor, b pseudocapacitor, c
hybrid supercapacitor

2.2 Pseudocapacitors

Themechanism of energy storage in this is through a faradic process wherein, charge
transfer between electrode and electrolyte occurs. Upon applying the potential to
the electrodes, a redox reaction happens on the electrode material, which transfers
charge across the double layer. Due to this mechanism, pseudocapacitors give higher
energy density and specific capacitance than EDLC. For the ease of redox reaction
to take place, the material used over the electrode is electroactive redox in nature
like conducting polymers [13]. Figure 2b gives a schematic representation of the
pseudocapacitor mechanism.

2.3 Hybrid Supercapacitors

These types of supercapacitors are a combination of both EDLC and pseudoca-
pacitors. EDLC offers more cyclic stability and power whereas, pseudocapacitors
offer higher specific capacitance. It has two types of electrodes, polarizable which
is usually carbon electrode, non-polarizable which is a metal or conducting polymer
electrode. It utilizes both faradic and non-faradic processes. This makes it like both
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battery type and capacitor type [14] leading to provide better performance. Figure 2c
gives the schematic representation of the hybrid supercapacitor. They are of further
three types:

(a) Composite hybrid: In this, a single electrode will have a composite of carbon
material with metal oxides or any conducting polymer. The carbon portion
offers a capacitive double layer and greater surface area therefore, the contact
between metal oxides or conducting polymers increases. The faradic reaction
due to these pseudocapacitive materials enhances the capacitance. There are
two designs in this; binary with a combination of two materials, ternary with
a composite of three materials [15, 16].

(b) Asymmetric hybrid: Herein, two distant electrodes are combined. One acts as a
faradic electrode and the other as a non-faradic thus, power and energy density
are enhanced simultaneously. A carbon electrode is given a negative charge
and metal oxide or conducting polymer electrode a positive charge. These are
advantageous in terms of high cycling stability and good power density [17].

(c) Battery-type hybrid: This is a combination of two electrodes in which one is
a supercapacitor electrode, other is a rechargeable battery type. This way, the
properties of both supercapacitors and batteries are utilized in a single set-up
hence offering better performance [16].

3 Electrode Preparation

Several approaches have been reported so far for the preparation of electrodes to be
used in supercapacitors. Usually, carbon electrodes are used as the base or underlying
electrodes which are further modified with various electrode materials like metal
oxides, carbon nanomaterials, conducting polymers, etc. to enhance their energy
storage capacity. Figure 3 summarizes the most commonly used electrode materials
[3, 18–20].

The materials generally used have certain properties like high-temperature
resistance, excellent conductivity, high chemical stability, eco-friendly, corrosion-
resistant, and economic. The material should also be able to carry out a Faradic
reaction. Thus, porous materials are preferred. The conventional bulk supercapac-
itors utilize bigger electrodes that are prepared using techniques like drop casting,
spin coating, electrodeposition, physical adsorption, covalent adsorption, etc. of these
materials. Figure 4 gives a summary of some of the approaches followed for the fabri-
cation of these materials. The modern approach involves miniaturization of these
supercapacitor electrodes. In this context, techniques like lithography, 3D-printing,
screen printing, lamination, embossing are some of the recent advances specifically
used for preparing miniaturized, micro and nanoelectrodes [18].



Nanosupercapacitors 135

Fig. 3 Schematic summarizing various types of materials used on electrodes for preparing
supercapacitors

Fig. 4 Schematic representation summarizing various electrode modification methods

4 Miniaturized/Nanosupercapacitors

The plethora of the growing demand for wearable and portable electronics has
increased the need forminiaturized energy storage devices. In this regard, micro-and-
nanosupercapacitors with flexibility, safety, high power density, and longer lifespan
i.e.; the capability of undergoing >100 000charge/discharge cycles, are preferred
[21]. Fibers, textiles, papers, flexible substrates, etc. have been reported to be used as
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a base inminuscule supercapacitor. Based on the type of substrate, various fabrication
methods are adapted.

4.1 Miniaturized Supercapacitors(MSCs)

Various types of techniques are used and several miniature supercapacitors have been
fabricated. Following are some of the reported miniature supercapacitors.

4.1.1 Photolithography Based MSCs

It is quite a popular technique of microfabrication wherein, a beam of photons like
ultraviolet rays are used to engrave patterns on the substrates. Hence, also termed
optical lithography. These patterns drawn over surfaces act like the electrodes of a
supercapacitor and can be chemically modified with various electro-active materials
using methods like spin coating, spray coating, electrodeposition, CVD, sputtering,
etc. to increase their performance. For example, Si et al. developed a solid-state
microsupercapacitor over a polyethylene terephthalate (PET) substrate. Herein, a
total of 24 interdigitated fingers were designed using photolithography that was
used as anode and cathode. In further, the electron beam evaporation technique
was employed to deposit electrode materials and electrical contacts. The electrodes
were deposited with multiple layers of MnOx (Manganese oxide)/Au, with 50 nm
thickness. Their device gave an energy density and power density of 1.75 mW h
cm−3 and 3.44 W cm3 respectively. It also displayed magnificent cycling stability of
more than 15,000 times which is 74.1% higher than other bulk systems [22].

Similarly, Kim et al. reporteda3D porous, boron-doped carbon pattern using five-
beam interference lithographic approach. The designed electrodes were carbonized
under elevated temperatures(700–1000 °C) and argon. Boron doping was achieved
by dipping the designed pattern into a boric acid solution followed by gold deposition
over the electrode pattern through an interdigitated electrode mask. 50 nm thick Au
layer was deposited. A gel electrolyte was used to experiment. The device showed
capacitance of 7.15 mF/cm2, an energy density of 7.1 mWh cm−3 and a power
density of 66W/cm3 [23]. Likewise, Wang et al. prepared a reduced graphene oxide/
TiO2composite based micro-supercapacitor. The composite was deposited as thin
films over the PET substrate. Using a photomask, interdigitated electrodes were
patterned over these films using ultraviolet irradiation. Furthermore, a 45 nm gold
layerwas also deposited. Finally, a polymer gel electrolytewas droppedon the surface
and dried. Their device gave a remarkable power density of 312 W cm−3, the energy
density of 7.7 mWh cm−3, and capacitance of 233.0 F cm−3. Figure 5 is the reprint of
their schematic representation of their device fabrication and real images of various
electrode patterns designed by them reprinted with copyright (2017) publisher name
(American chemical society), permission [24].
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Fig. 5 a Schematic of photomask-based electrode pattern designing using UV. b Schematic of
photoreduction of GO/TiO2film. (c–l) Real images of various designs patterned over PET/GO/TiO2
film using photolithography. Reprinted with permission [24], copyright (2017) American Chemical
Society

4.1.2 Ink-Jet Printing Based MSCs

This is a common technique employed for the fabrication of interdigitated arrays
of electrodes. Herein, droplets of liquid electro-active materials are pushed through
the nozzles and deposited over various substrates. Viscosity, chemical stability, solu-
bility, particle size, and surface tension of the printing inks are used to play a key
role in conductivity [25]. For instance, Wang et al. developed solid-state micro-
supercapacitors using inkjet printing of δ-MnO2 nanosheets. 5 layers of δ-MnO2

ink were printed over glass and polyimide substrates. Over this, 2 additional layers
of PEDOT polymer were printed. Annealing procedure at high temperatures was
carried out post-printing to dry. The printed films were used as electrodes with
polymer gel electrolytes of modified polyvinyl alcohol. The device showed good
capacitance retention and cycling stability after 3600 charge–discharge cycles. The
device exhibited an energy density of 1.8 × 10–4 Whcm−3, power density of 0.018
Wcm−3, and capacitance of 2.4 Fcm−3 [25]. In another work, Choi et al. fabricated
a paper-based miniature supercapacitor using ink-jet printing. Herein, a suspension
of carbon nanofibers (CNF) was printed over an A4 size paper as a base electrode.
Furthermore, a viscous conductive ink with a composite of single-walled carbon
nanotube-activated carbon-silver nanowires was prepared as per standard procedure
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Fig. 6 A real image of a series of interdigitated arrays of graphene inkjet printed on a glass slide, b
Kapton sheet, c wafer. d Real image of large-scale micro-supercapacitors ink-jetted with graphene
over polyimide sheet. Reprintedwith permission [27], copyright (2017)AmericanChemical Society

and ink-jet printed over CNF patterns. An ionic liquid-polymer gel electrolyte is used
here as a medium. The device showed appreciable performance [26].

Li et al., designed graphene-based miniature supercapacitors through ink-jet
printing. Graphene was exfoliated from graphite foil through the electrochemical
exfoliation process. The obtained graphene was dispersed in DMF solvent to get
viscous suspension as printable ink. This was fed into an ink-jet printer and printed
over various substrates like a siliconwafer, glass, etc. in an interdigitated array format.
Further, for the electrolyte polymer gel (poly(4-styrene sulfonic acid) inkwas printed
and dried. Figure 6 is the reprint of their fabricated device with copyright permission
[27].

4.1.3 3D-Printing Based MSCs

3Dprintingor additivemanufacturing iswidely beingused formakingon-chip energy
devices. It aids to design nanosupercapacitors with 3D structures that enhance power
and energy density. This approach has been reported by quite a few researchers. For
instance, Yang et al. fabricated an asymmetric miniature supercapacitor. The device
was fabricated over a glass with electrodes and electrolyte ink printed. It gave an
areal capacitance value of 208 mF cm−2 and an energy density of 73.9 μWh cm−2

[28].
In another interesting work, Zhang et al. reported a unique approach wherein they

made stamps by using 3D printing which was further used to print electrodes on
paper. Herein, they used polylactic acid conducting filament, fed into a 3D-printer,
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Fig. 7 Schematic representation of 3D printed microsupercapacitor device by Yu et al. reprinted
copyright (2017) publisher name (American chemical society), permission. a Procedure of 3D-
printing, b 3D-printed interdigitated electrodes, c pouring of gel electrolyte and d dried electrolyte
and electrodes

the temperature was maintained at 2000C to make filament molten and print. Various
designs of stamps were printed like a spiral, interdigitated fingers, roller stamps,
pad stamps, etc. Further, MXene ink was prepared and brushed on these stamps. The
stamps were pressed firmly over A4 sheets to get printed and dried. These prints were
used as electrodes and similarly, gel electrolytes were printed. The device showed
an areal capacitance of 61 mF cm−2 at 25 μA cm−2 [29]. Yu et al., designed carbon
nanotubes (CNT) based microsupercapacitors with 3D printing. In this work, the
authors prepared CNT ink with solvent using standard procedure. These were fed
into a 3D printer micronozzle with printing pressures of 10–30 kPa. Glass plates
were employed as base substrates which were heated to remove the solvent. Later,
annealing was carried out. Polyvinyl alcohol gel electrolyte was printed and dried to
complete the microsupercapacitor. Figure 7 is the reprint of the schematic of their
preparation method with copyright permission. Their device exhibited remarkable
cycling stability and an areal capacitance value of 2.44 F cm−2 [30].

4.1.4 Screen-Printing Based MSCs

This is a modern approach of printing electrodes over various substrates like cloth,
paper, glass, etc. Herein, a mesh supported by a stencil is used with desired patterns.
The conductive ink of choice is poured over this stencil to obtain a print of the design
over a substrate. Ink dries and adheres to the substrate. Since it is a simpler and more
cost-effective way, it is substantially used. For example, Xie et al. reported copper
electrodes in-situ modified with Cu(OH)2@FeOOH nanotubes, interdigital array. A
polyimide flexible substrate was used here over which conductive silver and copper
electrodes were patterned using a mesh. Further, after drying, the designed substrate
was immersed in an electroactive solution of copper and ferrous chloride to carry out
electroless for in-situ electrodeposition of nanoparticles. Their device showed good
specific capacitance at 0.1 mA cm−2measuring about 58.0 mF cm−2 and an excellent
energy density of 18.07 μWh cm−2 [31].

In another work, Wang et al. developed miniature supercapacitors with screen
printing over PET substrate. Conductive silver ink was printed in the desired pattern
followed by annealing. The MnO2conductive ink was top coated over the silver
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electrodes pattern and dried. Finally, a polyvinyl alcohol gel electrolyte was printed
and dried. The procedure was also tried over glass and printing paper substrates. The
device gave good cycling stability up to more than 1000 cycles, a capacitance of 7.04
mF cm−2, and a current density of 20 μA cm−2 [32].

4.1.5 Laser Writing Based MSCs

Direct laser scribing or writing has been employed to develop graphene-based nano,
micro, miniaturized supercapacitors. Herein, various lasers, like UV, CO2, Femto,
pulsed, etc., can be used to directly engrave graphene and its derivatives over the
flexible substrates. This can be used as electrodes [33]. For instance, Kady et al.
reported large-scale production of graphene-basedminiaturized supercapacitors over
flexible substrates. Herein, they fabricated more than 100 miniature supercapacitors
over graphite oxide films by direct laser writing with a light scribe DVD burner.
Their device gave an areal capacitance, the volumetric capacitance of 2.32 mF cm−2,
3.05 F cm−3 at 16.8 mA cm −3 respectively, and a power density of 200 W cm−3

[33]. Similarly, Lamberti et al. developed an approach of fabricating graphene elec-
trodes over a flexible polyimide sheet using a CO2 pulsed laser. These were trans-
ferred onto a PDMS substrate. In further, to avoid thermal loss and create a reser-
voir for electrolytes, glass and the PDMS layer were thermally bonded. Finally,
the gel electrolyte of introduced through a syringe in the chamber created. The
device gave an areal capacitance of 650 μF cm−2 at 50 mV s−1 [34]. In another
work, Ye et al. demonstrated the deposition of graphene films via CVD over copper
substrates. Multiple graphene layers were deposited. Further, these films were trans-
ferred over gold-coated substrates. Over these, laser scribing was done to obtain
microelectrode patterns. This device showed good power density and energy density
of 1860 W cm−3and 23 mW h cm−3respectively [35].

Kurra et al. reported the fabrication of 2D titanium carbide nanoparticles inte-
grated MXene based interdigital electrode pattern over the paper. Herein, A4 papers
were coated with gold nanoparticles through sputtering. MXene slurry with tita-
nium carbide was poured and dried over the gold-coated paper. In further, CO2

pulsed laser was employed to draw electrode patterns. Further, polyvinyl alcohol gel
electrolyte was used. The device exhibited appreciable capacitance [36]. Lin et al.,
fabricated graphene-based electrodes over polyimide sheets and other polymer sheets
using CO2 laser. Interdigitated electrodes were designed and these gave remarkable
specific capacitance of 4mF cm−2 and a power density of 9mWcm−2 [37]. Likewise,
Zhang et al. developed on-chip 3D miniaturized supercapacitor. Herein, lignin film
was used as a substrate over which graphene was scribed using a laser. Interdigitated
electrode pattern was drawn and tested for energy storage application. This gave a
good areal capacitance value of 25.1 mF cm−2, an energy density of 1 mW h cm−3,
and a power density of 2 W cm−3 [38]. Overall, laser scribing is a simple and faster
method but is restricted to certain materials only.
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4.2 Fibrous MSCs

Various kinds of fibers, like carbon nanofiber, graphene fibers, composite fibers,
polymer fibers, carbon nanotube fibers, etc., have been explored for miniature super-
capacitor application. The fact that these are lightweight and flexible, makes them
ideal for wearable electronics. Techniques like dry spinning, wet spinning, electro-
spinning, and hydrothermal have been used for fabricating these fibrous nanosuper-
capacitors. Xiao et al. used carbon fiber as base material to grow MnO2particles
via the electroless deposition method. These were used as two parallel electrodes
mounted over the PET substrate. Furthermore, a PVA gel electrolyte was coated and
made to solidify. This device gave a volume capacitance of 2.5 F cm−3, an energy
density of 2.2× 10−4 Wh cm−3. To further enhance the performance, the same device
can be made by using up to 50 fibers [39]. Likewise, Sun et al. prepared reduced
graphene oxide (rGO) fibers and incorporated them with transition metal nanomate-
rials to give hybrids. These were assembled with PVA gel electrolyte to give MSCs.
The so prepared device exhibited volumetric capacitance of 1.5 F cm−3 [40]. Sun
et al., developed an MXene/CNT helical fiber structure using Mxene nanosheets and
a scaffold of carbon nanotube. These electrodes were placed over PET substrate and
filled with PVA gel electrolyte to form a solid-state miniature supercapacitor. The
device showed a current density of1.0 A cm−3, volumetric capacitance of 22.7 F
cm−3, energy density of 2.55 mWh cm-3, power density of 45.9 mW cm−3 [41].

In another work, Pan et al. used carbon nanotube fiber as a base electrode. Further,
it was chemically modified by synthesizing an alloy of Co–Ni via electrochemical
deposition. It was subsequently top coated with Au-MnOx. The electrodes were
assembled over a prepared holy graphene paper with PVA gel electrolyte to make a
compact miniature supercapacitor. The device showed an energy density of 15.1 mW
h cm−3 and a power density of 7.28 W cm−3 [42]. Cai et al., developed micro super-
capacitor wires using multiwalled CNT (MWCNT) fibers and conductive polymer
composite. Herein, MWCNT fibers were dipped in the acidic solution of aniline so
that it gets incorporated into the fibers. Further, the coated fibers were subjected
to electrochemical polymerization to form polyaniline. A PVA gel electrolyte was
coated and dried. The device gave 274 F g−1 gravimetric capacitance [43]. In another
work, Shao et al. prepared PET fibers modified with Ni-Cu layer. These fibers were
chemically modified with polyethylene oxide and MXene solution through electro-
spinning. These fibers were assembled over PET film and PVA gel electrolyte was
poured over it and dried. The device gave an areal capacitance of 13.23 mF cm−2,
a current density of 0.25 mA cm−2 [44]. Overall, fiber-based supercapacitors have
proven to be a potential candidate for fabricating nano capacitors.
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4.3 Paper and Textile MSCs

Primarily, the paper-based supercapacitors are dependent upon the fact that the cellu-
lose of paper forms a conductive network with electro-active material. There are
three basic approaches for the integration of conductive materials over the paper. (i)
Surface coating: herein, the slurry or dispersion of the conductive material can be
either coated or printed over the surface of the paper and dried. (ii) Bulk mixing:
also termed as soak and dry approach in which the paper is soaked in the solution of
conductive material and dried. (iii) Molecular mixing: herein, the conductive mate-
rials are integrated at a molecular level. The cellulose fibers are mixed as composites
with conductive material fibers and these are used to prepare a conductive paper
that can be used as an electrode. Using these methods, several research groups have
developedMSCs. For example, Cui et al. designed a single sheet of paper by printing
single-walled carbon nanotubes (SWCNT) electrodes and newspaper as a separator
over a single sheet of paper. To prevent SWCNT from seeping inside the paper,
before modification, the paper was treated with polyvinylidene fluoride to make it
impermeable for SWCNT. The device of 30 μM volume showed a specific capaci-
tance of 33 F g−1 [45]. Zheng et al., reported a unique method in which they drew
electrodes on a printing paper using a graphite rod. The electrodes were drawn on
paper and a paper separator was kept. This device gave a capacitance of 2.3 mF cm−2

[46]. Bin et al. prepared a device over a printing paper wherein they used a pencil to
draw graphite layer electrodes. Further, these electrodes were electrodeposited with
polyaniline nanowire over these electrodes. A solid-state devicewas assembled using
a PVA gel electrolyte. This device exhibited an energy density of 0.32 mW h cm−3,
a power density of 0.054 W cm−3 [47]. Zhe et al. used graphene solution and cellulose
paper with a soak and dry approach to develop a scalable approach formakingMSCs.
The device exhibited a capacitance of 46 mF cm−2 [48]. Longyan et al. developed
solid-state MSCs using a simple printing paper. The paper was soaked in an acidic
monomer solution of pyrrole and then dried in a fume hood. In further, this coated
paper was soaked in PVA gel electrolyte and dried. The device was tested for super-
capacitor application and showed an areal capacitance value of 0.42 F cm2, power
density, and energy density of 0.27 W cm−3 and 1 mW h cm−3 respectively [49].

Unlike paper, textile fibers and yarns have also been used as a base material
for fabricating miniaturized supercapacitors. Several reports using cotton, polyester
textile with carbon materials, and redox mediators have been reported for MSCs
application. Dip coating, painting, and screen printing methods are adapted for this
application. Substantial reports have been given in the literature. For example, Kristy
et al. reported screen printing over cotton and polyester fabrics with carbon inks.
Their device showed a capacitance of 210 mF cm−2 [50]. In an interesting work,
Lihong et al. developed simple cotton t-shirts into highly carbonized fabrics and
tested them for supercapacitor application. The device showed a capacitance of 112
mFcm−2 [51]. The same group also reported carbon fiber substrate modified with
Zn2SnO4/MnO2. This device gave an areal capacitance value of 288 mF cm−2 [52].
Jae et al. demonstrated redox supercapacitor usingwearable, knottable, braidable, and
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sewable yarns. CNT was incorporated into these yarns. The device gave volumetric
capacitance of 179 F cm−3 [53]. Such type of paper and textile-based nano/micro-
supercapacitors has proven to be excellent in wearable electronics.

5 Conclusion and Outlook

The present chapter discusses the emerging trends in nanosupercapacitors devel-
opment. It gives a brief account of the types of supercapacitors, their working
principle, the electrode preparation strategies reported, the electro-active materials
used, the fabrication approaches employed for miniaturized supercapacitor fabrica-
tion like photolithography, screen printing, ink-jet printing, laser scribing, and 3D
printing. In further, the recent advances in preparing microsupercapacitors using
flexible substrates like fiber, paper, textile have also been discussed. Even though the
growing need to fabricate next-generation smaller, wearable electronics has led to the
miniaturization of energy storage devices. The development of micro and nanosu-
percapacitors has several challenges to be faced and is at an early stage. Due to their
portability, bendability, and stretchability, the flexible substrates-based supercapaci-
tors have seen remarkable growth off lately. These can be used as standalone power
sources and applied in biomedical implantable devices, RFID tags, wireless smart
sensors, and other MEMS devices associated with energy collecting and exchanging
data. Several fabrication methods have been reported and significant research has
been done to enhance the performance of these nanosupercapacitors. As the field
continues to grow, the varied new applications of nanosupercapacitors are coming
into existence. Limitations of nanosupercapacitors to be addressed in the future are
especially in terms of performance, safety, more power, and energy density, and
large-scale production at an economic cost. For this, several electro-active novel
materials, substrates, and fabrication methods are being tested. Electrolytes used in
these are mostly dry, gel electrolytes that have lesser conductivity as compared to
liquid electrolytes. However, the liquid electrolytes if used faces issues like leakage
and corrosion. Probably, better encapsulation strategies need to be developed to over-
come this. Although many flexible substrates have been reported for MSCs, yet their
capacitance is less satisfactory. Modification with nanomaterials with more conduc-
tivity, and improvement in design could be helpful to resolve this issue. A lot of
improvement in terms of synthesizing solid electrolytes with improved properties
has to be done. Considerable work has to be done to structurally engineer materials
cost-effectively and at a large scale to be used for electrode modifications. In further,
the development of rapid and controllable fabrication methods for flexible nanosu-
percapacitors assemblies is an urgent need. Though research is being carried out
these nanosupercapacitors are still in infancy and have great potential in the future.
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Mesoporous Carbon for Supercapacitors

Hongzhen He, Yiyang Liu, Paul R. Shearing, Guanjie He,
and Dan J. L. Brett

Abstract With the further advancement of electrification, supercapacitors (SCs)
have garnered numerous attention as promising electrochemical energy storage
(EES) devices, due to their favourable characteristics such as, high energy density,
ultrahigh power density and long cycling stability. To fully exploit their potential
as a platform for efficient energy storage devices, it is critical to gain a more in-
depth understanding of the relationship between electrochemical performance and
materials. Mesoporous carbon has arouse considerable interests as potential material
for energy-related applications results from its large surface area, fast mass/charge
transfer kinetics, and high abundance of active sites. In this chapter, we first provide
a basic understanding of the classification of supercapacitors and the corresponding
working principles. Then, the mainstream synthetic route of mesoporous carbon will
be introduced, including templating and template-free methods. Next, an in-depth
discussion of the representative mesoporous carbon for SCs is provided. Finally,
insights into the major challenges and effective strategies for future developments
are summarized.
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1 Introduction

As energy demands continue to grow, traditional energy sources, such as petroleum,
natural gas and coal, are harder to meet human’s ambition for carbon neutrality and
net-zero emission. Therefore, efficient energy conversion and storage has become a
grand challenge to society.Researchers and enterprises currently focus their efforts on
developing new electrochemical energy storage (EES) devices, including secondary
batteries, fuel cells, and supercapacitors (SCs). Secondary EES devices represented
by Li-ion batteries (LIBs) generally have a high energy density (180 ~ 340 Wh kg-1)
and long durability, which dominates the EES market. However, their low power
density (100 ~ 300W kg−1), high cost ($140 per kWh), limited rawmaterial reserves
and safety issues hindered their further development.

Although traditional capacitors could satisfy the high-power density demands,
their low specific capacitance (≤ 2.7 F g−1) and energy density (0.01 ~ 0.3Wh kg−1)
retards the further deployments. Supercapacitors (SCs) are the devices that possess
ultrahigh power density (5 ~ 30 kW/kg), high energy conversion efficiency and long
cycling durability (>100,000 cycles), which have become one of the most promising
EES devices for high-power applications [4]. The electrochemical performance and
characteristics of SCs sit between batteries and conventional capacitors; therefore,
they have a much higher energy density (28 Wh kg−1) than conventional capacitors.
As illustrated in Fig. 1, it can be used as a starting source for vehicles and a power
balance source for lifting devices. Additionally, it can be used as a source of traction
energy for hybrid cars, internal combustion engines, trackless vehicles, and other
equipment. Up to now, a wide range of materials have been reported as the electrodes

Fig. 1 Applications of supercapacitors
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for SCs, such as carbonmaterials, covalent organic backbones (COFs),metal–organic
backbones (MOFs), conductive polymers, transition metal compounds [20].

Mesoporous carbon materials have been widely investigated and used in many
fields, including adsorption, separation, catalysis and EES applications. Mesoporous
carbon materials are distinguished from conventional carbon materials by their
controlled and superior properties in terms of synthetic routes, tunable pore structures
and surface area. Compared to macroporous (> 50 nm) and microporous (<2 nm)
carbon, the mesoporous (2 ~ 50 nm) carbon possess a more suitable pore size for
application in SCs: the macroporous carbon can not provide a high specific surface
area; while the micropores are hard for electrolyte penetration and diffusion. Despite
the excellent performance offered by mesoporous carbon in energy-oriented appli-
cations, there are several challenges for their practical application in SCs. Firstly, it
is challenging to achieve mass-production for mesoporous carbon. Secondly, scal-
able synthetic solutions with optimised structural and compositional parameters
remain critical. Until now, very few controlmethods formesoporous carbon synthesis
have been reported, particularly for spherical materials with tunable pore size and
hydrophilicity. Thirdly, modification of the surface of mesoporous carbon remains
challenging.

To provide an informative and inspiring understanding for researchers in themeso-
porous carbon and SC-related fields, this Chapter will provide an informative intro-
duction and discussion covering: (a) the working mechanisms of SCs (Sect. 2); (b)
synthesis route ofmesoporous carbon (Sect. 3); (c) representativemesoporous carbon
electrodes for SCs (Sect. 4); (d) conclusion and perspectives (Sect. 5).

2 Working Principle of SCs

The earliest capacitors date back to the invention of the ‘Leiden’ bottle by Prof.
Pieter VanMusschenbroek at LeidenUniversity in the Netherlands in 1746. A typical
Leiden bottle is a glass container covered inside and outside with conductive metal
foil to act as a pole plate. The bottle’s top end is connected to a circular electrode,
while the bottom end is connected to the inner metal foil or water via a conductor
(usually a metal locking chain). A vintage ‘Layden bottle’ can achieve a high voltage
of 20 ~ 60 kV and a low specific capacitance of ~ 1 nF (per pint of volume).

In 1853, the German physicist Helmholtz proposed a theoretical model of an
interfacial double layer: under the action of a certain voltage, the interface between
the electrode material and the electrolyte solution generates two layers of charges of
the same quantity and opposite charges, thus forming a double layer. In 1957, Becker
fromGeneralMotors prepared a small capacitor with porous carbon electrodes based
on the double layer capacitance theory mentioned above, and named it a “superca-
pacitor”, which was first developed and brought to market by SOHIO in 1969. The
technology was subsequently transferred to NEC Japan and commercialised as an
aqueous high-capacitance capacitor in battery starting systems for electric vehicles.
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Fig. 2 Schematic illustration of a EDLC, b pseudocapacitor, and c Hybrid SC

Since then, SCs have attracted the attention of many countries, and comprehen-
sive research has been carried out. In 1971, Sergio Trasatti and others discovered
the outstanding capacitive properties of RuO2, which led to a boom in the devel-
opment of pseudocapacitors based on metal oxide electrodes. After 1975, Brian E.
Conway carried out RuO2-related research and commercial development attempts.
Since then, pseudocapacitors with RuO2 electrodes have been used in military appli-
cations. A wide range of inexpensive transition metal (hydro)oxides, heteroatom-
doped carbon, conductive polymers, colvalent organic frameworks (COFs) and other
materials have been extensively investigated since the 1990s. As shown in Fig. 2,
SCs consist of cathodes, anodes, electrolytes and separators. SCs could be classi-
fied as three types depending on the charge and energy storage mechanisms: electric
double-layer capacitors (EDLCs), pseudocapacitors, and hybrid SCs.

2.1 EDLCs

Theworking principle of an EDLC is shown in Fig. 2a. Under the action of an electric
field, an equal number of anions and cations in the electrolyte move towards the
cathodes and anodes, respectively; this will create an electric potential difference and
an EDL between the electrode and the electrolyte. After the removal of this electric
field, the layers and voltage can be stabilized due to the anisotropic attraction of the
charges. After connecting EDLC to the external circuit, the charged ions adsorbed on
the two electrodes will move directionally until the electrolyte becomes electrically
neutral again.

The relationship among total capacitor capacitance is CT and capacitance of both
electrodes (C1 and C2) can be expressed by the formula:
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Fig. 3 Schematical diagram of EDL models. a Helmholtz model; b Gouy-Chapman (G-C) model;
c Gouy-Chapman-Stern (G-C-S) model; d modified G-C-S model

1

CT
= 1

C1
+ 1

C2
(1)

Since 1853, numerous theories andmodels have been developed, the most notable
ones include Helmholtz model, Gouy-Chapman (G-C) model, and Gouy-Chapman-
Stern (G-C-S) model. The central concept of the Helmholtz model’s is that opposite
charges are distributed equally on both sides of the interface; additionally, this struc-
ture can be compared to a flat capacitor (Fig. 3a). Thus, Eq. (2) can be used to
determine the unilateral charge density (C·m−3):

C = εrε0

d
A (2)

where C is the capacitance value, εr and ε0 are the vacuum dielectric constant
and the electrolyte dielectric constant, respectively; d is the effective thickness of
the EDL; A is the specific surface area of the electrode material. Then, the capacitor
capacitance (Cd ) can be determined by:

Cd = ∂σ

∂V
= εrε0

d
(3)

It should be noted that Cd is a fixed value in the three formulas; however, Cd

is actually affected by a series of factors, including relative potential, concentration
of electrolyte, etc. Therefore, incorporating a diffuse layer model, The G-C model
(Fig. 3b) was proposed. When the potential difference between two sides of the
interface is large, more ions are compressed near the electrode; however, when the
electrolyte concentration is high, the ions can also achieve charge equilibriumwith the
electrodes in a small space. In the G-Cmodel, Helmholtz model’s effective thickness
(d) is converted into a variable, thereby allowing for a more accurate interpretation
of the trend of Cd . Nevertheless, the Cd prediction in G-C model has several major
shortages: (a) at both ends of the curve,Cd approaches infinity and contradicts actual
tests; (b) could be significantly higher than the measured value; (c) low accuracy
for capacitors with highly charged DLs. These deviations are inevitable since the
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charges in G-C model are regarded as the mass points, which will be infinitely close
to the surface of the electrodes under a large potential difference. Therefore, the
distance between positive and negative charges will approach zero, which lead to a
Cd approaching infinity [23].

Later on, based on G-C models, Otto Stern take ion size into condieration, and
proposed the G-C-S model (Fig. 3c). At the electrode–electrolyte interface, the G-C-
S model predicts two ion distribution regions: Helmholtz layer and Gouy-Chapman
diffusion layer. The entire double-layer (Cdl) can be determined by capacitance
generated in the diffusion layer (Cdi f f ) and stern layer (CH ):

1

Cdl
= 1

CH
+ 1

Cdi f f
(4)

Cdl is always less than CH and Cdi f f , according to Eq. (4). When the potential
difference is small, Cdi f f has a negligible effect on Cdl and has a V-shaped curve
versus potential difference; when the potential difference is large, Cdi f f has a large
value and thus has a negligible effect on Cdl . The value of Cdl approaches CH in this
case. Nevertheless, there are serval drawbacks of the the G-C-S model: (a) the ions
in the electrolyte will be surrounded by solvent ions, forming solvated ions; and (b)
if the adsorption force at the interface exceeds the electrostatic force, even ions with
similar charges will be stable at the interface.

David C. Grahame proposed a modification to the G-C-S model in 1947, arguing
that certain ions or uncharged substances could penetrate the Stern layer. When
approaching the electrode in the modified G-C-S model, the term “specifically
absorbed ions” refers to the ions losing their solvation shell and coming into direct
contact with the electrode. As illustrated in Fig. 3d, the modified model predicted
the presence of three regions: the inner Helmholtz plane (IHP), the outer Helmholtz
plane (OHP), and the diffuse layer. The IHP denotes the distance between specifically
absorbed ions and the OHP denotes the distance between non-specifically absorbed
ions [3]. Despite the increasing precision and sophistication of these theories and
models, the debate and further exploration still exist.

2.2 Pseudocapacitors

The charge and energy storagemechanismof pseudocapacitors relies on the underpo-
tential deposition on the surface or in the bulk phase of electrode materials with elec-
trochemical activity in two or quasi-two dimensions. This results in highly reversible
chemisorption or redox reaction that generates a capacitance related to the electrode
charging potential. The voltage of this electrode system varies linearly with the
amount of charge transferred and exhibits a capacitive characteristic, hence the term
“pseudocapacitor”, as a complementary form of EDLCs. Although they are not elec-
trostatic in nature, they exhibit similar electrochemical properties to EDLC, such as
cyclic voltammetry and charge/discharge curves. In general, pseudocapacitors tend
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to have superior specific capacitance than traditional EDLCs. Nevertheless, with
the occurrence of redox reactions during the cycling, the bulk phase of the active
materials or the electrolyte composition is altered,which deteriorate the electrochem-
ical stability of pseudocapacitors [5, 15, 18]. Take metal oxides as an example, the
charging and discharging reaction process in an aqueous electrolyte is as follows:

When the electrolyte is acidic:

MOx + H+ + e− ↔ MOx−1(OH)

When the electrolyte is alkaline:

MOx + OH− − e− ↔ MOx(OH)

Alternatively, the pseudo-capacitance effect can be increased by adding ions with
redox activities to the electrolyte [6]. Ren et al. reported a pseudocapacitor using a
porous nanoflower polyaniline (PANI) electrode and redox-active electrolyte (1 M
H2SO4 + 0.8 M Fe2+/Fe3+), which demonstrates a high specific capacitance of 1062
F g−1 (2 A g-1) and remarkable capacitance retention of 93% at 5 A g−1 over 10,000
cycles (Ren et al. 2017). There are two redox systems in the as-assembled SC: (a) as
shown in Eqs. (5) and (6), the conjugated double bonds in the PANI networks (Pm ,
m is the polymerization degree); (b) as shown in Eq. (7), the active Fe2+/Fe3+ redox
couples.

Px+
m A−

x + xe− ⇔ Pm + x A− (5)

Py+
m C+

y + ye− ⇔ Pm + yC+ (6)

Fe3+ + e− ⇔ Fe2+ (7)

2.3 Hybrid SCs

The hybrid SCs combine the electrodes with different charge and energy storage
mechanisms (Faradaic, capacitive, and capacitive-Faradaic processes), and increase
the device energy density to 15–30 Wh kg−1. The design of the components deter-
mines whether hybrid SCs are symmetrical or asymmetrical. When two separate
electrodes comprised of different materials are combined in a hybrid supercapacitor,
it exhibits better electrochemical behaviour than single electrodes. The hybrid tech-
nology preserves the level of cycle stability and affordability that has been a limiting
factor in pseudocapacitor. The symmetric hybrid supercapacitor is made up of two
same SC electrodes; while the asymmetric hybrid SC is made up of two different
electrodes.
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3 Synthesis of Representative Mesoporous Carbon

Numerous synthetic methodologies have been proposed, making it possible to
prepare mesoporous carbon with various structures and morphologies. These
methodologies could be classified as two categories: templating and template-free
methods.

3.1 Templating Method

The templating method is the most widely studied methodology to prepare meso-
porous carbon. Generally, the direct carbonisation of precursors is challenging to
formmesoporous carbon with high surface area, which leads to limited electrochem-
ical performance. In the templatingmethods, carbon is deposited on the surface of the
template, thus forming a composite material, which can effectively generate carbon
materials with desired structures and morphologies after removing the templates.
In general, the templating method could be further classified as three types: hard
templating, soft templating and hybrid templating.

3.1.1 Hard-Templating Method

Insoluble Templates

Although many metal/non-metal oxide and salt templates (e.g., Al2O3, ZnO, MgO,
and SiO2) are insoluble in water, they could be removed under specific solutions.
With a high melting point and exceptional thermal/chemical/mechanical stability,
oxide and insoluble salt templates preserve their original structures and morpholo-
gies at elevated temperatures. As a result, the space occupied by the template is
retained following its removal. Simultaneously, the morphology and structure of
the resultant carbon substance are opposed to those of the templates. For instance,
Seo and colleagues synthesised a mesoporous carbon using furfuryl alcohol (FA)
and acidified mesoporous silica impregnated with phosphoric or sulphuric acid as
precursors. This work avoided the formation of undesired carbon by using a weak
acid to catalyze and slow down the FA polymerisation [10].

Soluble Templates

In contrast to insoluble templates, soluble templates can be removed directly with
water, thus avoiding harmful reagents. In addition, soluble templates could be recy-
cled during the synthesis process. De-templated wastewater could be processed to
a suitably concentrated template solution that can be re-involved in the synthesis.



Mesoporous Carbon for Supercapacitors 155

Lee’s group prepared a mesoporous carbon with uniform pores (~10 nm) by using
a mesoporous aluminosilicate foam template and in situ polymerisation of phenolic
resin. Strong acid catalytic sites for the polymerisation of phenol and formaldehyde
are created by impregnating aluminium into the silicate backbone. Several different
mesoporous aluminium silicate foamswith different cell andwindow sizes have been
synthesised as templates for many other mesoporous carbon foams. For example,
using aluminium silicate foams with 30 nm cells and 14 nm windows as a template,
a mesoporous carbon foam was obtained. The mesoporous carbon foam possess an
even mesopore size of approximately 3.5 nm, which was achieved by removing the
aluminosilicate template [7].

Ice Templating Method

Distinct from other hard templatingmethods, the ice template will be removed before
the carbonisation of the precursors. The ice template indirectly influences the carbon
material structures via altering the structure and composition of the carbon precursor,
whereas the other hard templates directly influence the carbon material structure.
In general, a typical ice templating comprises three phases. Firstly, the aqueous
carbon precursors are swiftly frozen and crystallised in the first stage, where water
condenses into ice over time. The second phase involves sublimating the ice crystals
directly into water vapour by freeze-drying, resulting in a loose and porous structure.
Carbonisation of the freeze-dried carbon precursors is the third phase. Although ice
templates can significantly increase the surface area, it is challenging to regulate the
shape and size of the ice crystals at the nanoscale. Therefore, additional procedures,
typical activation or porogenic agents, are required to control the nanostructure of
carbon aerogels.

3.1.2 Soft Templating Method

Soft templates are usually the amphiphilic molecules that can form micelles by the
self-assembly process. Then, the micelles could be disintegrated at high tempera-
tures, thus forming pores in the space they occupy. Soft-templating has been widely
used to synthesise various mesoporous materials, including zeolites, silica, inorganic
metal oxides, and mesoporous carbons. To successfully synthesize the mesoporous
carbon precursor by the soft template method, the following three requirements
must be met: (a) can form nanostructures by self-assembly; (b) consists of at least
one component that can stably form pores at high temperatures; (c) consists of at
least one kind of carbon-producing components. Currently, only a few materials
meet these requirements. Moriguchi et al. successfully synthesised an ordered meso-
porous carbon, through the ageing of the intermediate phase assembled by phenolic
resin and cetyltrimethylammonium bromide (CTAB) as a template. The lamellar,
hexagonal, and disordered intermediate phases were synthesised by varying the ratio
of phenol to CTAB from 1:1 to 6:1 [16]. Li’s group has also investigated the use
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of CTAB as a soft template for the synthesis of mesoporous carbon [9]. The carbon
precursor they usedwas a solubilized pitchmaterial with negatively charged terminal
groups; this micelle-templating strategy resulted in forming carbon materials with
a vesicular and hierarchical structure. Zhao et al. also reported another method to
synthesise mesoporous carbon materials using alkyl chain-based (Brij) surfactants.
Although highly ordered mesophases were obtained, the carbonised materials lacked
mesoporous structures. This is because the residual carbon from surfactants used can
occupy the mesopore-generating spaces. Therefore, it is recommended to remove the
surfactant molecules prior to carbonization via solvent extraction [14].

3.2 Template-Free Method

3.2.1 Pyrolysis Route

The traditional mesoporous carbon synthesis route (e.g., chemical vapour deposition
and arc discharge) are generally cumbersome and expensive, limiting their practical
applications. However, the rapid pyrolysis of biomass into functionalised meso-
porous carbon via thermochemistry is an environmentally friendly approach without
air pollution generated from open burning. Therefore, Yu et al. proposed a scal-
able “green” method (Fig. 4) for the synthesis of nanofibers/mesoporous carbon
composites via pyrolysis of Fe(iii)-preloaded biomass, which is controllable through
temperature adjustment and the addition of the FeCl3 catalyst. In an in situ CVD
process, the combined catalytic action of Fe and Cl species were able to effectively
catalyse the growth of carbon nanofibers on mesoporous carbon and the formation of
magnetic nanofibers/mesoporous carbon composites. Additionally, the as-prepared

Fig. 4 Schematical
illustration of mesoporous
carbon materials synthesis
using synthetic polymer
precursor (Adapted with
permission from Reference
[14], Copyright (2006), ACS
Publications)
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material could be directly used as electrode materials for electrochemical energy
storage without further separation and demonstrated a high specific capacitance of
(128 F g−1 at 2 mV s−1), remarkable cycling durability (98% capacitance retention
over 10,000 cycles at 0.5 A g−1 [12].

3.2.2 Natural Biomass Precursors

Biomass is an ideal carbon precursor due to its porous structure, which simplifies
the synthesis steps and reduces manufacturing costs. Also, the use of horticultural
waste addresses solid waste management, lowers raw material costs, and addresses
environmental concerns.Mesoporous carbon can be synthesised by high-temperature
pyrolysis and physical/chemical activation of natural biomass. Currently, a variety
of biomass precursors have been widely investigated, such as cellulose, chitin and
lignin.

4 Mesoporous Carbon for Supercapacitors

4.1 Mesoporous Carbon (Pure Carbon)

Due to several favourable characteristics such as ease of synthesis, low cost and
high electrical conductivity, activated carbon is widely used as the electrode material
in EES devices. However, its low effective specific surface area hinders the prac-
tical deployment due to the presence of randomly connected micropores, which are
difficult for electrolyte ions to access. To improve their performance, researchers
have explored mesoporous carbon as electrodes for SCs. For example, mesoporous
carbon synthesised by the carbonisation of a mixture of polyvinyl alcohol and inor-
ganic salts exhibited a specific capacitance of 180 F g−1 at 100 mA cm−2 in H2SO4

[2]. The size and content of themesopores will affect a wide range of electrochemical
properties, including specific capacitance, energy/power density, and others. Wang
et al. first prepared a mesoporous carbon nanofiber by restricting self-assembled
triblock copolymerswith soluble phenolic resinswithin the channels of anodicAl2O3

membranes. SEMandTEMobservations revealed hexagonally arrangedmesoporous
channels coiled concentrically around the carbon nanofibers’ longitudinal axis. The
as-prepared high specific surface area (>1424 m2 g−1) carbon nanofiber was used
as electrode materials in SCs with KOH and ethylene carbonate/diethyl carbonate
(EC/DEC) electrolytes, which demonstrates constant value in the range of 152 F/g
in sweep rates on 50 mV/s [19]. Pure mesoporous carbon generally possesses poor
electrical conductivity and low capacitance, which cannot be used directly as SC
electrodes. One effective strategy is to dope heteroatoms into mesoporous carbon,
which will be discussed in the following parts.
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4.2 N-doped Mesoporous Carbon

The presence of electron donor N in the mesoporous carbon can provide more active
sites for fast redox reactions on the electrode surface, thus enhancing a variety of
chemical/physical properties including wettability, electrical conductivity, surface
affinity for electrolytes, etc.[10]. As illustrated in Fig. 4, Liu and colleagues proposed
a template-catalyzed in situ polymerization and co-assembly method using urea
formaldehyde (UF) as the precursor and the nitrogen source and polystyrene-block
poly(acrylic acid) (PS-b-PAA) as a catalyst. The UF precursors can interact selec-
tively with partially ionised poly(acrylic acid) segments via hydrogen bonding and
electrostatic interactions, followed by in situ polymerisation of the UF resin/PS-b-
PAA composite catalysed by acidic PAA chain segments. The resulting N-doped
mesoporous carbon has a high N content of 19 wt%, a homogeneous and large
pore size (9.5–17.2 nm), and a high surface area (458–476 m2g−1). Owning to these
favourable properties, the as-fabricated SC exhibits a high specific capacitance of 252
F g−1 at 0.2A g−1 [13]. In addition,Wu et al. developed a facile synthetic route for the
N-doped ordered nanoporous carbon (NONCs) based on the in situ coating of poly-
dopamine on the surface of SBA-15 pores. The carbonisation of polydopamine/silica
nanocomposites in N2 followed by removal of the silica template resulted in the
formation of NONCmaterials with a BET surface area of 1013m2g−1 [11]. However,
the poor crystallinity of the material deteriorated its electrical conductivity. To solve
this issue, Yuan et al. synthesised a graphite-nitride ordered mesoporous carbon
(G-OMC) by using mesoporous NiO as the template/catalyst and dopamine as the
precursor. G-OMC possesses a higher degree of graphitisation than those prepared
with dopamine and pure SBA-15, mainly due to the catalytic graphitisation induced
by the NiO additives [22] (Fig. 5).

4.3 Other Non-Metal Doped Mesoporous Carbon Materials

Incorporating both N and other dopants (e.g., S, P, F and B) in the carbon framework
is becoming increasingly popular in the carbon research community due to the syner-
gistic effects of co-doped atoms. For each application, the appropriate combination
of co-dopants should be carefully chosen. For instance, the swollen carbon interlayer
produced by S doping facilitates the adsorption of larger electrolyte ions; the highly
electronegative F functional group significantly enhances polarisation and refines the
pore structure/surface; doping P into carbon can modulate the formation of various
N configurations [17]. While some literature suggests that surface co-doping has
beneficial synergistic effects on capacitive properties, the underlying mechanisms
require further investigation.
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Fig. 5 The synthesis process of the abundant N-doped mesoporous carbon via in situ polymer-
ization and co-assembly catalysed by a template (Adapted with permission from Reference [13],
Copyright (2018), RSC Publications)
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Fig. 6 a Nitrogen adsorption–desorption isotherms of ordered mesoporous carbon (OMC, red
line), B-doped OMCs-1 (blue line), B-doped OMCs-2 (black line), and B-doped OMCs-3 (green
line),bPore size distributions ofOMCs, B-dopedOMCs-1, B-dopedOMCs-2, andB-dopedOMCs-
3 (Adapted with permission from Reference [1], Copyright (2013), RSC Publications)

4.3.1 Boron-Doped Mesoporous Carbon

B doping will affect the electronic and electrical properties of the carbon nanostruc-
tures. As well as the thermal stability in the presence of nitrogen or air after substi-
tution in the graphite skeleton. Coupling soft template and hydrothermal techniques,
the evaporation-induced self-assembly (EISA) method using resorcinol and boric
acid as precursors and Pluronic F127 as soft template was used to prepare B-OMC.
However, the nitrogen adsorption data from three BOMCs in Fig. 6 demonstrate that
the surface area and pore volume decrease as the B content increases. When B is
incorporated into the OMC framework, micropores are lost, resulting in a decrease
in the specific surface area and pore volume.

4.3.2 Phosphorus-Doped Mesoporous Carbon

Phosphorus is a member of the V group element in periodic table and shares the
same number of valence electrons as nitrogen. Zhang’s laboratory reported an ultra-
convenient and energy-efficient microwave irradiation method for the fabrication
of phosphorus-doped mesoporous carbon under ambient atmosphere. The prepared
phosphorus-doped mesoporous carbon exhibits a high specific surface area (up to
2055 m2g−1), a large pore volume (up to 2.73 cm3 g−1) and good electrical conduc-
tivity. It also has a specific capacitance of up to 210 F g−1, maintains a capacitance
of over 201 F g−1 even at high current densities of 20 A g−1 and achieves a capac-
itance retention rate of 97.39% after 10,000 charge/discharge cycles. Comparative
studies showed that similar morphologies were obtained by microwave irradiation
and conventional pyrolytic carbonisation, but a more developed porosity and higher
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degree of graphitisation was obtained under microwave irradiation. The carbonisa-
tion process under microwave irradiation is completed in 1–3 min, whereas conven-
tional pyrolysis typically takes more than 2 h at temperatures above 600 °C. No
rapid increase in surface oxygen content was observed, even when produced under
ambient atmosphere. Such samples have the potential to become cost-effective and
high-performance electrode materials for commercial SCs [8].

4.4 Hierarchical Porous Carbon (HPC)

When used as electrode materials in EES devices, HPCs exhibit a multimodal pore
size distribution of micro-, meso-, and/or macropores, resulting in a high elec-
trochemically accessible surface area and mass transfer rate. Typically, HPCs are
prepared using templating techniques or a combination of templating and activation
techniques. After combination and chemical activation, Xing’s team synthesised a
series of HPCs. The pore structure analysis revealed that micropores could be gener-
ated in a controlled manner within the mesoporous walls of the mesoporous carbon
during the activation process. The prepared HPCs exhibit better capacitive properties
than the hard template ordered mesoporous carbon, maintaining a high capacitance
of 180 F g−1 at high frequencies of 1 Hz. This can be attributed to the additional
capacitance due to the generated micropores [21].

5 Conclusion and Perspective

SCs are promising EES devices to complement or even replace LIBs in various
applications. This results from their favourable characteristics, including high power
density, excellent cycle life, etc. This chapter presents and discusses the working
principles, representative synthesis routes and optimisation of mesoporous carbon
materials for SCs. Although many enlightening researches have been reported, more
efforts are needed to bridge the large gap between laboratory-based research and
commercial applications. Although these measurements are made using adsorp-
tion and theoretical models, the electrode pore structure is far more complex.
Charge shielding, ion rearrangement, and sparse ionic pores will affect capac-
itance and ion dynamics. Therefore, more advanced characterization techniques
such as micro/nano computerized tomography (CT) are recommended for further
investigations. Also, future research could focus on improving carbon/electrolyte
compatibility by adjusting micropore diameter/shape to accommodate larger elec-
trolyte ions, adding meso/macropore pathways to transfer viscous media, and doping
pseudo-active sites to improve interfacial interactions. For redox reactions and
phase transitions, the improved device architecture must optimise carbon/electrolyte
compatibility. Although challenges remain, we believe high-power, long-runtime
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carbon-based supercapacitors will be developed soon for commercial applications
in electronics and other fields.
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Activated Carbon-Based Supercapacitors

Qi Zhang, E. Yi, Meng Jiang, Xin Chen, and Runfa Li

Abstract Supercapacitors (SCs) have been gaining significant attentions in the
recent years due to their considerable power densities and long life cycles. Among
the current supercapacitor electrodematerials, activated carbons (ACs) have received
extensive attention from researchers because of the fast ion/electron transport, low
cost, high specific surface area and abundance. In this chapter, recent developments
in different kinds ofACs, especially biomass basedACs, are presented and discussed.
Moreover, the application status ofACmaterials as electrodes for SCs is summarized,
and the possible future development directions of AC materials are also proposed,
which will help AC materials to play more significant roles in wind farms, solar
stations, electric vehicles, trains, ships, high buildings, etc., for solving the energy
and environment problems of the world.

Keywords Supercapacitors · Activated carbon · Biomass · Electrochemical
properties · Applications

1 Introduction

With the fast development of the worldwide economy, population increment, and
extensive fossil fuel consumption, renewable energy technologies are urgently
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needed for future energy generation, storage, and usage [1]. A range of energy
conversion and storage technologies such as solar cells, wind power generators, fuel
cells, supercapacitors (SCs), and lithium-ion batteries are being studied, to make
full use of sustainable energy sources including solar, wind, biomass energy, etc.
[2], among which, SCs, as a type of energy storage devices, have attracted great
attentions in these years, owing to their long cycle life, high power density, supe-
rior pulse charge–discharge performance and low maintenance cost [3]. Compared
with traditional capacitors, the energy densities of SCs are much higher because of
the nanoporous electrode structure and the unique energy storage mechanisms. The
energy stored in a traditional capacitor can be as high as the mF level, however, the
capacitances of SCs can easily reach the ten, hundred, and even thousand-farad level
[4]. Among the advanced energy storage technologies, themost prominent advantage
of SCs is the quick charge/discharge response, which leads to their very high energy
densities. SCs further have high reliabilities and canmaintain excellent capacity even
after thousands of charge/discharge cycles, which makes them very promising for
being used in such as electric vehicles. To fully realize the potential of SCs, advanced
electrode material development plays a key role, and many efforts have been under-
taken on materials screening, structural design, and material preparation, to further
improve the energy storage properties of the SC electrode materials [5, 6].

Among the electrode materials that have been researched, carbon materials have
gained great interest. Advanced carbon materials such as activated carbon (AC),
fullerene, carbon nanotubes, and graphene have attracted huge attention in the fields
of energy storage, owing to of their excellent physicochemical properties, including
high conductivity, high specific surface area, tunable porosity, outstanding chemical
stability, and long cycle life [7]. Traditionally, the synthesis of advanced carbonmate-
rials relies on fossil fuel-based precursors (e.g. coal, phenol, methane, and pitch), and
are based on energy-consuming synthetic processes (e.g. chemical vapor deposition,
electric-arc discharge) [8], and the technology is relatively mature. Other than fossil
fuels, biomass is another type of precursor for carbonmaterial preparations. Differing
from fossil fuels, biomasses are creature-based materials, which have the advantages
of green resources, easiness to be obtained, and the potential of cost reduction [9],
and recycling of the biomass-derived carbons used in the energy storage field may
greatly improve the resource utilization efficiency.

Benefited from the natural biological precursor structures, different from graphite
carbon, biomass-derived carbons are mainly composed of graphite-like micro crys-
tallites, with the characteristics of smaller thicknesses and widths, more irregular
shapes, lower crystallinities, and larger interlayer spacings, which not only increase
the amount of active sites and material exchange channels but also provide 3-D
structural stabilities, which are important for improving the charge/discharge cycle
stabilities [4]. Overall, the advantages of biomass-derived carbons, used as SC elec-
trode materials, have the advantages of (1) good chemical and physical stability [10];
(2) being intrinsically porous and/or hierarchically structured, that can promote the
accessibility of electrolyte to an electrode and shorten the ion transport distance; (3)
containing nitrogen, phosphorus, and other elements, which lead to the formation of
extra-functional groups and active sites [9, 11].
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For energy storage applications, a carbon material is generally activated, to
become AC, to further optimize its performance. At present, a considerable number
of works have been reviewed, on the preparation and application of biomass AC
materials, e.g., (1) on introducing the precursor sources for biomass AC material
preparations, such as lignocellulose precursors [12], oil palm [13], wood [14], agri-
cultural waste, etc.; (2) on synthetic technologies for biomass AC preparations, such
asmicrowave [15], hydrothermal conversion [16], chemical choices for thermochem-
ical production [17] and preparation method comparison [18]; (3) on the of biomass
AC applications, in such as hybrid electrochemical capacitor materials [19], adsorp-
tions [20], and industrial contamination metal removal [21]. This review chapter
is focused on the material choices for biomass AC preparations, as well as paying
attention to the applications and future research trends of ACs.

2 Pure Biomass AC Materials

Biomass synthesis can provide the advantages of abundant sources, low price and
easy availability. Biomass AC preparation can also alleviate environmental pollu-
tion caused by large amounts of biomass wastes. Efficient utilization of biomass
is currently one of the important research topics. Biomass is the general term for
substances derived from such as plants or animals, which can include all plants,
animals, and microorganisms, and the wastes produced during their life cycles, thus,
the main sources of biomass for the preparation of AC materials include plants,
animals, and microorganisms, etc. [22, 23]. Among them, agricultural and forestry
residues are considered to be the precursors of AC with commercial development
potential due to their low price, renewability, and wide distribution, such as hemp
straw, bamboo, bagasse wastes, reed straw, celery leaves, sunflower marrow, coconut
shells, Pleurotus eryngii, etc. [24–31].

Jiang et al. [24] used hemp straw as the raw material, which is subjected to
hydrothermal treatment at 120 °C for 4 h, and activated with KOH at 800 °C for 1 h,
to obtain a specific surface area of 1964.46 m2/g, and a specific capacitance of 221
F/g at a current density of 0.2 A/g. After 10,000 charging and discharging cycles, the
specific capacitance still remains at the 96% level. The symmetrical SC can provide
a high energy density of 18.14 Wh/kg and a power density of 450.37 W/kg. Zhang
et al. [25] used bamboo as the raw material, carbonized at 700 °C for 3 h, and then
activated with KOH at different temperatures to obtain AC electrode materials. At
the optimized activation temperature of 900 °C, the specific surface area reaches
2221.1 m2/g, and the specific capacitance is 293 F/g at a current density of 0.5 A/g.
The assembled symmetrical SC can provide an energy density of 10.9 Wh/kg when
the power density is 63 W/kg in an aqueous electrolyte, and the specific capacitance
retention rate remains at 91.8% after 10,000 cycles.

Feng et al. [26] used hydrothermal carbonization combined with KOH activation
to obtain AC material, from bagasse wastes, with a specific surface area of 2296
m2/g and a pore volume of 1.34 cm3/g. The specific capacitance reached 320 F/g at a
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current density of 0.5 A/g. At a current density of 50 A/g, it can still maintain 70.8%
of the original value, and kept a specific capacitance of 226 F/g. At a current density
of 10 A/g, the retention rate of the specific capacitance exceeds 92.85% after 15,000
cycles. When assembled into a symmetrical SC, it can provide a maximum energy
density of over 20 Wh/kg at 182 W/kg and have excellent long-term cycle stability
after 10,000 cycles. Dai et al. [27] used reed straw to prepare AC, carbonized at 500
°C for 1 h, and then activated with KOH at 700 °C for 1 h. The resulted product had
a specific surface area of 2387 m2/g, and the specific capacitance reached 355 F/g at
a current density of 1 A/g in 6 M KOH. Wang et al., [28] used waste celery leaves
collected from the vegetable market to prepare porous carbon, which was carbonized
at 600 °C in an argon atmosphere, and activated with KOH at 800 °C in an argon
atmosphere for 1 h. The specific surface area reaches 3404 m2/g, and the macropore
volume is 1.88 cm3/g. In a three-electrode system, at a current density of 0.5 A/g,
the specific capacitance reached 421 F/g. At a current density of 5 A/g, the specific
capacitance retention rate was 93.1% after 2000 cycles. In the two-electrode system,
the specific capacitance is 273 F/g at a current density of 0.5 A/g.

Considering the wide availability, our group [29] used the platanus leaf as raw
material, heated to 600 °C for 2 h in a nitrogen atmosphere, and activated it with
potassium hydroxide solution at 800 °C for 1 h to synthesize biomass activated
carbon. At a current density of 1 A/g, the specific capacitance reaches 266 F/g. After
2,000 cycles at a current density of 5 A/g, the specific capacity still retains 97.0%.
Sun et al. [30] used sunflower marrow as the raw material and activated it by ZnCl2
and FeCl3 at 800 °C under nitrogen atmosphere for 2 h (Fig. 1). The specific surface
area reached 1628.5 m2/g, the macropore volume was 2.34 cm3/g, and it had a 252.5
F/g specific capacitance at 0.5 A/g, and the specific capacitance was maintained at
about 97% after 5000 cycles. The symmetrical SC produced with this kind of AC and
a 0.5 M Na2SO4 aqueous electrolyte solution exhibits 12.4 Wh/kg energy density
when the power density was 817 W/kg.

Sun et al. [31] used coconut shells to prepare porous graphene-like nanosheets
with large surface areas. The raw material is mixed with ZnCl2, FeCl3 activators,
dried at 100 °C to obtain a carbon precursor, and carbonized at 900 °C for 1 h.
(Fig. 2) The specific surface area reached 1874 m2/g, and the macropore volume was
1.21 cm3/g. The specific capacitance reached 268 F/g at a current density of 1 A/g.

Fig. 1 Schematic route to prepare a biomassACmaterial. Adaptedwith permission fromReference
[30]. Copyright 2016 International Journal of Electrochemical Science
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Fig. 2 Schematic diagram of the preparation process of porous graphene-like nanosheets. Adapted
with permission from Reference [31]. Copyright 2013 Royal Society of Chemistry

It exhibits excellent cycle durability and coulomb efficiency, and after 5000 cycles,
the specific capacitance retention rate exceeds 99.5%.

Yuan et al. [32] carbonized dried Pleurotus eryngii at 500 °C for 12 h in a nitrogen
atmosphere, and then activated it with KOH at 600, 700, and 800 °C in a nitrogen
atmosphere. For theACactivated at 700 °C, the specific surface area is 3255m2/g, and
the specific capacitance measured at a current density of 2 A/g is 236 F/g. Assembled
a symmetrical supercapacitor in 6 M KOH electrolyte, at a current density of 2 A/g,
after 15,000 cycles. It has an excellent specific capacitance retention rate of about
93%.

3 Doped Biomass AC Materials

In recent years, studies have found that it is not only the specific surface area and
pore structure that affect the performance of AC, heteroatom doping modification is
a way to introduce heteroatoms into the carbon framework to improve the electro-
chemical performance of carbon materials by adjusting the electron donor properties
and surface chemistry of carbonmaterials. Nitrogen, oxygen, sulfur, phosphorus, and
other atoms can be incorporated into the carbon material framework separately or at
the same time to obtain mono- or multi-element doped AC. When an AC material
is doped, the resulting functional groups can improve the surface wettability, effec-
tively reduce the diffusion resistance of electrolyte ions in the pores, and increase
the surface area utilization rate. The incorporation of such as nitrogen, sulfur, phos-
phorus, etc., may further effectively improve the conductivity of carbon materials.
There are two types of preparation methods for heteroatom-doped AC: one is to
dope first, and then activate the doped carbon material, and the other is to perform
post-treatment surface modification on the AC [33–36].

Khalafallah et al. [37] used potato skins to prepare porousACco-dopedwith sulfur
and phosphorus. The mixture containing sodium hypophosphite and thioacetamide
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was heated at 180 °C for 15 h, then mixed with KOH, and heated at 750 °C for 3 h to
obtain the product. The resulting heteroatom-doped porous AC has a specific surface
area of 1911.5 m2/g and a pore volume of 1.17 cm3/g. The specific capacitance is
323 F/g at a current density of 1 A/g. At a current density of 10 A/g, the capacitance
retention rate of the electrode after 5000 cycles was 98.2%. The symmetrical SC
assembled by it showed a maximum energy density of 45.5 Wh/kg under a power
density of 800 W/kg. Wang et al. [38] used durian shells to prepare activated porous
carbon materials doped with N, O, and P heteroatoms. In the preparation process,
(NH4)2HPO4 is used as an activator and multiple heteroatoms are doped into the
prepared AC material to modify the functional groups on the surface of the AC.
(Fig. 3) The specific surface area of the obtained biomass AC was 823.9 m2/g. The
specific capacitance is 184 F/g at a current density of 0.5 A/g. At a current density
of 10 A/g, the specific capacitance is 146 F/g. At a current density of 5 A/g, after
10,000 cycles, it showed a specific capacitance retention rate of about 88% and a
Coulomb efficiency that is close to 100%.

Liu et al. [39] used bagasse as the raw material and urea as the nitrogen source,
prepared a nitrogen-doped multi-level pores carbon material with a nitrogen concen-
tration of 8.92%, a specific surface area of 805.6 m2/g. (Fig. 4) The specific capac-
itance is 323 F/g at a current density of 1 A/g. When the current density reaches
30 A/g, the specific capacitance was 213 F/g. The symmetrical SC assembled from
it has a capacitance retention rate of almost 100% after 10,000 cycles at a current
density of 5 A/g.

Qian et al. [40] used human hair to prepare atom-doped biomass activated carbon.
Human hair contains carbon, nitrogen, oxygen, hydrogen, sulfur, and other elements.
The human hair is pre-carbonized and then mixed with KOH to produce AC. The

Fig. 3 The schematic preparation process of N, O, P co-doped porous carbon materials. Adapted
with permission from Reference [38]. Copyright 2020 Springer Nature
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Fig. 4 Schematic illustration of the synthesis of N-riched porous carbons. Adaptedwith permission
from Reference [39]. Copyright 2016 American Chemistry Society

resulting product has a specific capacitance of 340 F/g at a current density of 1 A/g
in 6 M KOH and a specific capacitance of 280 F/g after 20,000 cycles. Fu et al. [41]
used plant waste grapefruit peel to produce nitrogen-doped graded porous carbon.
The pomelo peel was dried and carbonized at 600 °C in a nitrogen atmosphere, and
then activated with KOH. The obtained biomass AC has a nitrogen concentration as
high as 4.47% and a BET (Brunauer, Emmett, and Teller) specific surface area of
1104 m2/g. At a current density of 1 A/g, the specific capacitance is 208.7 F/g. At a
current density of 20 A/g, the specific capacitance kept 166.9 F/g.

Zhou et al. [42] used dumpling powder to prepare nitrogen-doped porous carbon.
First, stir a mixture of dumpling powder, KOH and urea vigorously, then the product
was heated in a tube furnace at 800 °C under nitrogen atmosphere for 2 h. During the
reaction, KOH is used to activate and provide pores. Urea is used both as a nitrogen
source and a bulking agent. The resulting product exhibited a honeycomb-like porous
structure. It has a specific surface area of 2853.6 m2/g and a pore volume of 1.69
cm3/g. The specific capacitance is 311 F/g at a current density of 1 A/g. When the
current density reaches 50 A/g, the specific capacitance remained 200 F/g. At a
current density of 10 A/g, the capacitance retention rate of the electrode after 10,000
cycles was 95.5%. The assembled symmetrical SC can provide an energy density of
15.92 Wh/kg at a current density of 0.5 A/g, and a power density of 358.28 W/kg.
At a current density of 5 A/g, after 10,000 cycles, the capacitance retention rate was
97%. Yan et al. [43] used helianthus pallet to prepare N, S and O triple-doped AC.
(Fig. 5) The sunflower tray was first dried at 100 °C, pre-carbonized in a nitrogen

Fig. 5 Schematic of the procedures of template-like N, S, and O tri-doping AC derived from
helianthus pallet. Adapted with permission from Reference [43]. Copyright 2020 Elsevier
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atmosphere for 3 h, and then activated with KOH, and heated at 600 °C for 2 h. The
resulting product has a specific capacitance of 357 F/g at a current density of 0.5 A/g.
When the current density reaches 50 A/g, the specific capacitance kept 262 F/g. The
symmetrical SC assembled by it can provide an energy density of 25.9 Wh/kg at a
current density of 10 A/g and a power density of 951.4 W/kg. At a current density of
2 A/g, after 10,000 cycles, it showed an specific capacitance retention rate of about
98.4%.

Charoensook et al. [44] used rice straw to prepare nitrogen-doped porous AC.
First, carbonize at 400 °C for 4 h, then add KOH and activate at 850 °C for 2 h.
Finally, the AC is doped with nitrogen using melamine as the nitrogen source. The
resulting product has a specific surface area of 25,376 m2/g and a pore volume of
1.561 cm3/g. The specific capacitance is 324 F/g at a current density of 0.5 A/g and
undoped biomass activated carbon has a specific capacitance of 178 F/g. When the
current density reaches 15 A/g, the specific capacitance value was still 237 F/g. The
symmetrical SC assembled by it can provide an energy density of 45 Wh/kg when
the power density is 250 W/kg. At a current density of 5 A/g, after 10,000 cycles,
the capacitance retention rate reaches 95%.

4 Mixed Biomass AC Materials

Some of the biomass is in form of a mixture when collected, which is difficult and
usually meaningless to separate into single substances. The examples may include
fallen leaves, tea waste, sawdust, some other mixture of agricultural byproducts,
waste papers, Trichoderma, and its culture medium. Using mixed biomass material
for AC production can not only reduce the costs but also improve the AC material
performance,whichmay arise from synergetic effects from the different components.

Peng et al. [45] have synthesized AC derived from the mixture of crab shells
and rice husks. The mixture-derived AC showed better electrochemical performance
than single biomass-derived ACs. The rawmaterial was carbonized at 220 °C, with a
hydrothermal method, and then activated with KOH at 700 °C. SEM image showed
the AC has a unique 3D hierarchical porous morphology. This structure consists of
a stacked sheet with abundant pores, which are mainly macropores. BET analysis
showed the largest specific surface area of 3557 m2/g of the AC. The electrochemical
performance was also studied, showing the largest specific capacitance of 474 F/g.
Yang et al. [46] reported a synthesis of mixed AC derived from sawdust with hier-
archical porous morphology. Dry wood sawdust was mixed with KCl and KOH and
then heated to 800 °C for 3 h to get the AC. According to the authors, KOH has strong
oxidizability and will erode the carbon surface, letting the molten material flow into
the pores of carbon under high temperatures, and by adjusting the KOH amount,
the AC can change from hierarchical porous morphology to sheet structures. The
resulting AC with plenty of micropores and mesopores showed the largest specific
surface area of 1998 m2/g. The AC sample showed the highest specific capacitance
of 286 F/g and capacitance retention of 99.8% after 10,000 cycles. Eleri et al. [47]
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reported a sawdust-derived AC with a honeycomb structure. The honeycomb struc-
ture may stem from the cell wall of the wood sawdust. The AC with honeycomb
structure showed a specific surface area of 3083 m2/g, a specific capacitance of 160
F/g, and an energy density of 49 Wh/kg.

Ma et al. [48] have reported wood waste-derived ACs with hollow fiber
morphology. The precursor fibers were soaked in the acid solution for 5 h to obtain
half-cured fibers. Then the half-cured fibers were treated with methanol solution and
activated at a temperature range from 600–800 °C under N2 atmosphere. Hollow
fibers have the advantages of more activated sites, higher surface permeability, and
better ion transport capability than solid fibers. BET analysis showed the largest
specific surface area of 1873 m2/g of the AC samples, with a specific capacitance
of 295 F/g, excellent rate capability of 73.8% capacitance retention at 20 A /g,
and cycling stability of 99.5% remaining over 10,000 cycles. Ruan et al. [49] have
obtained Bean dregs derived AC with hierarchical pores and a specific capacitance
of 482 F/g. The pre-treated materials were carbonized at 400 °C under Ar atmo-
sphere and then activated by KOH at the specific activation temperature under Ar
flow. In Fig. 6, the SEM image of an AC material, obtained with a large amount of
KOH added, showed that there are interconnected cavities within the AC. While in
the samples obtained with small amounts of KOH, the interconnected cavities are
absent.

Jain et al. [50] have reported a synthesis of AC with acidic activate agents in mild
experimental conditions. Leaves from European deciduous trees were collected and
carbonized at a temperature range from 500–700 °C. A mixture of H2SO4 HNO3

was used as the activating agent. The mixed leaves derived ACs showed hierarchical
porous morphology, with a specific surface area of 614 m2/g and a specific capac-
itance of 24 F/g. Our group [51] has reported a study to prepare mixed AC with
microporous and wrinkled lamellar nanosheets morphologies. Different leaves were
collected, carbonized, and activated by KOH. In Fig. 7, the FESEM images showed
the AC samples from different leaves have quite different morphologies from each
other, which may be due to the significant structural differences between land trees
and the watery plant leaves. BET analysis showed the largest specific surface area

Fig. 6 SEM image of bean dregs derived ACs. Adapted with permission from Reference [49].
Copyright 2011 Royal Society of Chemistry
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Fig. 7 FESEM image of platanus acerifolia, firmiana platanifolia, pistia stratiotes derived ACs.
Adapted with permission from Reference [51]. Copyright 2011 John Wiley and Sons

of 1475.16 m2/g of the AC, and the high specific capacitance was 246 F/g, 81.6%
of which remained at 20 A/g, and a 100.0% capacitance retention was demonstrated
over 1000 cycles.

Khan et al. [52] have reported a tea waste-derived AC with rod-like morphology.
BET analysis showed a specific surface area of 1610 m2/g, a specific capacitance
of 332 F/g, and a rate capability of 66.9% at 100 A/g. Liu et al. [53] have reported
the synthesis of AC from rice husk and some other food wastes with Trichoderma
grown on them. This could be a new way for AC synthesis and biomass waste
recycling. SEM image showed hierarchical porous morphology of the AC samples,
with abundant mesoporous structures, which are controllable with the activation
temperature. BET analysis showed the largest specific surface area of 3977.3 m2/g,
and a specific capacitance of 409.7 F/g.

5 Composite Materials with ACs

AlthoughACs havemany advantages, it is generally viewed that some of their proper-
ties such as specific surface area and specific capacitance are not as good as such two
dimensional (2D) materials and pseudocapacitance materials, thus in recent years,
ACs derived from different biomass have been compounded with other materials to
form higher performance electrode materials for capacitors. 2D graphene has excel-
lent physical and chemical properties, such as ultra-high theoretical specific surface
area, excellent mechanical strength, and conductivity, and has become a prominent
candidatematerial for SC. The composite of AC and graphene can effectively prevent
the agglomeration of graphene and improve the conductivity of AC. Xu et al. [54]
have reported a composite of graphene and ACs. The ACs were derived from Gano-
derma lucidum residues. Figure 8 shows the synthesis process. The raw materials
were mixed with KOH and heated to 750 °C to achieve one-step carbonization and
activation. BET analysis showed the composite has a specific surface area of 893.9
m2/ g. In electrochemical performance, the composite showed a specific capacitance
of 176 F/g at 20 A/g and excellent cycling stability of 99.9% after 10,000 cycles.
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Fig. 8 Schematic illustration of the high-rate performance composite aerogels synthesis. Adapted
with permission from Reference [52]. Copyright 2021 Elsevier

Guardia et al. [55] have reported the composite of grape seeds derived ACs and
reduced graphene oxide. Grape seeds were solid wastes produced in the process of
the wine industry. They were collected and grounded along with a KOH activating
reagent, then heated to 1073 K under an N2 atmosphere. BET analysis showed ACs
have a large specific surface area of 1512 m2/g. The prepared composite electrodes
loaded with 20% rGO reached a specific capacitance of 260 F/g at 1mA/cm2, and
the composite electrode loaded with 20% rGO has eight times higher energy density
and four times higer power density than the electrode without rGO.

Pseudocapacitance materials, such as transition metal oxides, have high theoret-
ical specific capacitance and energy density, are usually considered as promising
SC electrode materials. However, the low conductivity of such as manganese oxide
(MnOx) has limited its practical application. Compositing MnOx with carbon mate-
rials may help charge transfer and improve the overall electrochemical performance
of the SC devices. Zhou et al. [56] have reported a composite of MnOx and radish-
derived AC. The radish was cut into pieces and carbonized at 200 °C for 6h, then it
was activated in the CO2 atmosphere at 800 °C. MnOx and ACs were composited by
ultrasonic treatment and heating. BET analysis showed the composite has a specific
surface area of 221.15 m2/g. The porous structure of the ACs may be expanded when
MnOx nanoparticles grow, resulting inmoremicroporous structures.However, exces-
sive loading of MnOx will lead to the agglomeration of nanoparticles. SEM image
showed the composite has a hierarchical morphology. And the activation process not
only resulted in the formation of a more porous structure but also kept the main struc-
ture of the carbon network. Besides, the composite shows a high specific capacitance
of 557 F/g at 1 A/g and a high energy density of 248.2 Wh/kg.

Zhao et al. [57] have fabricated the composite of wasted litchi shell-derived ACs
and MnOx through a one-step method. The wasted litchi shells were grounded
together with KOH and KMnO4 and then heated at 800 °C for 2h. SEM images
showed the ACs withoutMnOx were micro-sized particles with smooth morphology,



176 Q. Zhang et al.

while for the sample composited with MnOx, the MnOx nanoparticles were loaded
on the cambered surface of ACs randomly. Meanwhile, the composite showed a high
specific capacitance of 795.5F/g at 0.5A/g as the positive electrode, and a high energy
density of 57.7 Wh/kg at 400 W/g. Besides, the composite electrode demonstrated
good cycling stability of 93.5% after 5000 cycles. Shu et al. [58] have reported an
apricot shell (AS) derivedN-dopedACs/polyacrylonitrile (PAN) compositematerial.
The steam activation method was used to activate the apricot shell, in a rotary tube
furnace at 950 °C for 3 h. The AS-AC and PAN were composited at a certain weight
ratio through a template-free approach to fabricate the 3D porous composite. The
N-doped ACs showed 3D porous structure and were evenly dispersed on the PAN
according to the SEM result. The 3D framework shrinked when the ACs content
was larger than 30 wt%. In terms of electrochemical properties, the composite elec-
trode showed a high specific capacitance of 442 F/g at 1 A/g, and cycling stability
of 98% retention after 5000 cycles. Cao et al. [59] have synthesized RuO2/coconut
meat-derived ACs composite for high-performance flexible supercapacitor applica-
tion. Waste coconuts were collected and cut into pieces, and the RuCl3 and salicylic
acid (SA) were dissolved and stirred to get [Ru(SA)3]. The RuO2/ACs were synthe-
sized with a hydrothermal method. The resulting composite material showed a high
Ru load of 9.2% and good Ru dispersion on the ACs base. The composite electrode
showed a specific capacitance of 907.7 F/g and cycling stability of 98.2%after 10,000
cycles.

6 Applications of ACs in SCs

In 1957, General Electric (GE) applied for the first SC patent and then launched the
first electric double-layer capacitor (EDLC)using carbonmaterials fromStandardOil
Co. (Ohio) (SOHIO) [60]. AC is now widely used as the positive/negative electrode
of SC devices. High-purity AC powder has a higher specific surface area, better-
developed mesopores, reasonable pore structure distribution, and moderate apparent
density, which are good for SC applications. Functionalization of the carbon mate-
rials has been used as an important way to improve the energy storage capacity, by
improving the surface wettability of the active material, which helps the electrolyte
to penetrate through the porous structure, thereby better forming an electrostatic
double-layer [61, 62]. Currently, AC-based SCs are widely used in wind farms, elec-
tric vehicles, high buildings, industries, consumer electronics, telecommunications,
medical equipment, national defense, aerospace, and other fields due to their large
capacity, high energy density, and long lifetime.

Wind farm and solar station output power fluctuations create adverse effects on
the voltage, frequency, and stability of the electric grid. Short-term wind farm power
variations with high ramp rates can cause voltage instabilities, particularly if the
farm is located in weak-grid areas. SCs and such as Li-ion capacitors can provide the
advantages of fast responses, the long cycle life ofmore than 100,000 deep charge and
discharge cycles, maintenance-free, and high reliability, thus providing a solution to



Activated Carbon-Based Supercapacitors 177

the problem faced by the wind farms. Okazaki et al. [63] used EDLCs to smooth the
output of wind power generators. This paper studied charging methods of EDLCs to
replace rechargeable batteries in wind power generation and discussed methods of
realizing high charging efficiency. Esmaili et al. [64] further reported a system that
parallelly connected AC-based Li-ion capacitors and zinc bromide flow battery as
the proposed energy storage devices.

Electrochemical capacitors have been used in electric starting devices and energy
regenerators for various large-scale loads, including vehicles, trains, and ships. Taka-
hara et al. [65] studied the possible application of SCs to railway vehicles. The advan-
tages of energy-saving, high-efficiency operation, as well as energy regeneration
through the braking system, are discussed.

Mahon et al. [66] designed an SC based on AC with an organic electrolyte. Burke
[67] reports some carbon/carbon ultracapacitance devices that are used in hybrid
electric vehicles. Figure 9 shows two types of commercially available devices.
The analysis showed that vehicles can be designed with carbon-based SCs (both
carbon/carbon and hybrid carbon), which yield high fuel economy improvements for
all of the driving cycles, and high volume produced SCs can be cost-competitive with
lithium-ion batteries. The application of carbon/carbon devices in micro-hybrids is
particularly attractive, for permitting engine operation near its maximum efficiency,
using an electric motor of just 6 kW. In 2010, SCBuses were already demonstrated in
ShanghaiWorld Expo. The bus loaded aqueous hybrid SC fromAowel Technology’s
UCR. These buses do not need to be connected to the electric cable during motion,
and only need to be charged for 30 s to 1 min while waiting for passengers at the bus
station, and then it can travel about 5 km. Compared with traditional fuel buses, SC
vehicles have lower energy consumption, much better power performance and are
more comfortable [68, 69].

In 2016 China’s first independently designed SC train rolled off the production
line in Hunan province, and this train uses SC energy storage to operate, without
external wires when running between stations, and can be fully charged during a
30 s stop and then run for 3–5 km. This tram uses graphene/AC composite SC from
CRRC (CRRC Zhuzhou Locomotive) [70]. With the quick industrial development,

Fig. 9 Three types (a The NessCap 3000 F SC; b The Batscap 2700 F SC) of commercially
available devices. Adapted with permission from Reference [67]. Copyright 2009 John Wiley and
Sons
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the SC market size in China is expected to reach 18.1 billion RMB in 2022, and the
world SC market size is expected to reach 140 billion USD, with over 33% 5-year
increase, which will greatly help solve the energy and environment problem of the
world [71].

7 Conclusion and Outlook

In this chapter, we reviewed the recent development and application of ACs in SCs.
Biomass-relatedACpreparations, such as pure biomassACmaterials, doped biomass
AC materials, mixed biomass AC materials, and composite materials containing
biomass ACs, are extensively studied in laboratories, while for real SC applications,
all types of AC can be considered. Currently, AC-based SCs are widely used in
wind farms, solar stations, electric vehicles, trains, ships, high buildings, etc., and
are expected to play a critical role in solving the energy and environmental problem
of the world.

In today’s era, green production and utilization of energy are the direction of
modern industry. Extensive research efforts have been carried out on the development
of wind and solar technologies to produce clean and green energy. However, the
instability of wind blow and sunlight illumination require the development of energy
storage systems. In this regard, AC application for energy storage such as SCs is
very important. Bio-wastes, being used as raw materials for AC production, have the
following advantages: environmental friendliness, low-cost and abundant varieties.
An extremely larger amount of biomass waste is being made every day, and using
them as the rawmaterial for AC production not only helps solve the problem of waste
disposal but also makes the AC preparation process less expensive.Working together
with wind and solar technologies, it has the potential to replace fossil resources for
energy production. Besides pure biomass-based AC materials, mixed biomass AC
materials, doped biomassACmaterials, andACcompositedwith othermaterials have
carried out extensive research efforts. The development of these AC-based materials
has involved raw material selection, and surface functionalization, cost reduction,
composition modification, etc.

Although SCs using carbon materials have been commercialized, to further
improve the performance of the capacitors, many problems have to be further
solved. The performance improvement of the AC-based electrodes depends upon
the surface area increment, the pore size distribution optimization, as well as perfor-
mance enhancement by introducing surface functional groups and pseudocapacitive
materials. Efforts have been made to prepare carbon materials with controllable pore
sizes to achieve high specific capacitance and low impedance, composite with metal
oxides or conductive polymers to increase the pseudocapacitance effect, etc.

Increasing the working voltage of the electrode, while not reducing the specific
capacity, to increase the specific energy of the SC is one direction of future research.
Another direction is to make sure the production processes of biomass-based AC
are environmentally friendly. In the process of producing and activating AC, some
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harmful gases such as NO2 and SO2 will inevitably be produced, and how to control
the waste gas emission needs to be studied. The recycling and reuse of the other
by-products generated during AC production also require scientific thinking and
research. Besides the scientific studies in the laboratories, research work needs to be
furthermore extended to the industrial or commercial level.
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Carbon Aerogels for Supercapacitor
Applications

Jingjing Cao, Mehran Asad Ayoubi, and Wei Wang

Abstract Carbon is a commonly used material in capacitors because it is inert
and durable during charge–discharge cycles. With recent developments within the
domains of nano and 2D materials, carbon materials have once again received atten-
tion in materials science. Carbon in different forms (such as graphite, graphene, and
carbonnanotube) has a large specific surface area (SSA),which is essential for amate-
rial used in capacitors. Therefore, the application of the newly emerged carbon mate-
rials has been extensively explored. Carbon aerogel is a 3Dmaterial assembled by the
aforementioned 1D or 2D carbon forms. Thus, carbon aerogels have remarkably high
porosity and large SSA. In this chapter, we would like to present the recent progress
of carbon aerogels in their application as electrode materials in supercapacitors. The
chapter is organized into three sections. First, a brief introduction of supercapacitor
and carbon aerogels is presented. In the second section, the common methods to
synthesize carbon aerogels are summarized. In the last section, we present the appli-
cation of different carbon aerogels in supercapacitors and compare the properties of
different carbon aerogels, including capacitance, volumetric energy, porosity, etc.

Keywords Carbon · Aerogel · Supercapacitor · Carbonization · Cyclic
charge–discharge

J. Cao
State Key Laboratory of Pollution Control and Resources Reuse, National Engineering Research
Center for Organic Pollution Control and Resource Reuse, School of the Environment, Nanjing
University, Nanjing 210023, China

M. A. Ayoubi
Shanghai Pubway Biotech, Shanghai 200333, China

W. Wang (B)
Department of Chemistry, University of Bergen, 5020 Bergen, Norway
e-mail: wei.wang@uib.no

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
S. Thomas et al. (eds.), Nanostructured Materials for Supercapacitors,
Advances in Material Research and Technology,
https://doi.org/10.1007/978-3-030-99302-3_9

183

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-99302-3_9&domain=pdf
mailto:wei.wang@uib.no
https://doi.org/10.1007/978-3-030-99302-3_9


184 J. Cao et al.

1 Introduction

The increasing consumption of fossil fuels pollutes the air and the soil and gives rise
to the emission of large amounts of greenhouse gases [1]. Therefore, the development
of environment-friendly means of energy generation and energy storage is of great
significance [2]. In particular, the development of energy storage devices, including
electrochemical supercapacitors (SCs) and batteries, has received a lot of attention
[3–6]. Compared with batteries, the energy density of SCs is 3–30 times lower,
but their power density is 100–1000 times higher [5, 7]. Besides, SCs are safer
and more reliable than batteries, because SCs can withstand millions of charge–
discharge cycles through a two-layer charge storage area that is not affected by
chemical reactions, whereas excessive redox reactions during charge and discharge
result in volumetricmodulation and expansion of the active substance in the electrode
of the batteries [8–10]. However, SCs are prone to electrolyte ageing and in order to
avoid or at least minimize this phenomenon, the operating voltage of SCs must be
lower than that of batteries [8]. For SCs with a high energy density, high working
voltage is necessary. Thus, the optimization of working voltage is essential for high-
performance SCs [10].

In SCs, a barrier separates the two electrodes. In symmetric SCs, the two electrodes
are the same (Fig. 1a), but in asymmetric SCs (Fig. 1b and c), the two electrodes
are different. Depending on the energy storage mechanism used, SCs can be divided
into electrical double-layer capacitors (EDLCs), pseudocapacitors (PCs), and hybrid
supercapacitors (HSCs), which are a combination of EDLC and PC [11, 12]. In
EDLCs, the charge storage occurs between the electrolyte and the electrode inter-
face (Fig. 1a). This means that the capacitance is proportional to the surface area
accessed by the ion electrolytes. PCs involve reversible and fast Faraday redox reac-
tions (Fig. 1b). Thus, a high reaction interfacial area is required for achieving high
capacitance in PCs.

Suitable SC electrode materials should exhibit high capacitance, which is real-
ized through a very large specific surface area (SSA). They should also withstand
many charge–discharge cycles with little capacitance attenuation [14, 15]. Besides,
preferably they should be nontoxic and cheap to produce. So far, carbon-based nano-
materials are the most promising electrode materials for SCs, due to their low cost,
unique hierarchical structure, large specific surface and reaction interface area, and
excellent electrochemical/mechanical properties [16, 17]. Among such materials,
carbon aerogels are particularly attractive [17]. In addition to the excellent proper-
ties of aerogels, such as being lightweight, having high porosity, low density and
high SSA, carbon aerogels also have the advantages of excellent electrical conduc-
tivity, relatively good mechanical properties, acid, and alkali resistance, etc. [13].
This chapter summarizes the progress in the research of carbon-based aerogels used
in SCs and discusses the key elements of their synthesis and application.
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Fig. 1 a Schematic representation of electric double-layer capacitor (EDLC), b pseudo capacitor
(PC), and c hybrid supercapacitor (HSC). Reprinted with permission from Ref. [13], Copyright ©
2017, Oxford University Press

2 Synthesis of Carbon-Based Aerogels

Pekala produced the first example of a carbon aerogel by supercritical drying of
resorcinol and formaldehyde that have undergone sol–gel reaction under the catalytic
action of Na2CO3 catalyst [18]. Carbon aerogel is mainly obtained through drying of
an organic gel to obtain an organic aerogel and then applying a carbonization treat-
ment to retain the original spatial structure [14, 15]. Thus, compared to conventional
aerogels, carbon aerogels require further carbonization after the drying process. At
present, the two common carbonization methods are hydrothermal carbonization
[19–22] and pyrolytic carbonization [23–27].
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2.1 Hydrothermal Carbonization

Inspired bywhat happens in nature during the formation of coal, efforts have been put
to achieve faster carbon formation fromnatural biomass.At the beginningof the twen-
tieth century, Bergius first reported the conversion of cellulose into coal-like mate-
rials by hydrothermalmethod, and thenBerl and Schmidtmade further developments
on this basis [19]. Hydrothermal carbonization is a form of conversion of organic
matter into the inorganic matter under hydrothermal conditions. Hydrothermal trans-
formation also includes hydrothermal gasification and hydrothermal liquefaction.
Hydrothermal carbonization is a series of chemical reactions such as hydrolysis and
hydropyrolysis of organic matter under suitable temperature and pressure condi-
tions with water as the reaction medium, which converts macromolecules into small
monomers and carbon substances. The process of hydrothermal carbonization is
mainly divided into dehydration reaction, demethylation reaction, and decarboxyla-
tion reaction [20, 21]. Generally, the conditions of hydrothermal carbonization are
relatively mild and this type of carbonization is commonly carried out within the
temperature range of 180–250 °C and the pressure range of 2–10 MPa [22]. These
hydrothermal conditions can be met in a reaction vessel (usually a reaction kettle),
making the hydrothermal carbonization method a simple, efficient, economical, and
environment-friendly preparation method.

2.2 Pyrolytic Carbonization

Compared with hydrothermal carbonization, pyrolytic carbonization degrades
macromolecules in organic matter at high temperatures and decomposes them into
small molecules, resulting in water vapor, carbon monoxide, and other carbon mate-
rials [14, 15]. Pyrolytic carbonization is carried out in isolation from the air commonly
by filling the reaction vessel with inert gas, such as argon or nitrogen [23, 24]. The
pyrolytic carbonization process generally includes crosslinking reaction, depolymer-
ization, decomposition, etc., which means that the biomass undergoes irreversible
chemical and physical reaction changes [25, 26]. When the temperature is lower
than 500 °C, the main product is biomass carbon [26]. As the temperature increases,
first, a depolymerization reaction begins, and afterward, a splitting reaction initi-
ates, which results in the appearance of gases of small molecules [26]. The pyrolysis
carbonization reaction is not only affected by the temperature, but also by the heating
rate [25]. When the temperature is below 500 °C, the products are mainly biomass
carbon under a slow heating rate [26]. However, as the heating rate speeds up, the
output of biomass oil starts to increase, leading to the decrease of biomass carbon
content [27]. Taking into account both the cost and the need for sustainable develop-
ment, the pyrolytic carbonization of biomass is considered to be the most convenient,
greenest, and simplest method for the preparation of carbon materials [25].



Carbon Aerogels for Supercapacitor Applications 187

3 Applications of Carbon Aerogel Materials
in Supercapacitors

The research and development of carbon nanomaterials in energy storage devices
mainly focus on SCs, lithium-ion batteries, and other types of batteries [3].
Compared with batteries, SCs have higher power density, longer cycle stability,
higher Coulombic efficiency, and shorter full charge–discharge cycles [5]. Therefore,
SCs—especially those based on carbon nanotubes (CNTs), graphene, and meso-
porous carbon electrodes—are becoming more and more popular [9, 13]. Using
different synthetic methods, the carbon-based aerogel can be converted into a self-
supporting carbon foam/aerogel, in which, the conductivity and capacitance have
improved, while the original porous structure of the carbon foam/aerogel has been
maintained. In this chapter, we discuss the following carbon aerogel-based electrode
materials for SCs: (1) organic polymer-based aerogels, (2) biomass-derived aerogels,
and (3) graphene-based aerogels.

3.1 Organic Polymer-Based Aerogels

The first preparation of carbon aerogel was carried out by decomposition of resor-
cinol–formaldehyde organic aerogel [18]. The decomposition of organic elements
during the carbonization process does not destroy the original network structure but
leaves behind a material with a rich porous structure (with a porosity of 80%–90%),
high SSA (400–1000 m2 g−1), and good electrical conductivity [28, 29]. Thus, the
obtained carbon aerogel exhibits a high SSA and an ultra-high specific capacitance.
In recent years, there have been reports in the literature on the influence of sub-
nanometer pores on the electrochemical performance of SCs [30, 31]. The results
show thatmicroporeswith a pore diameter of less than 1 nmcan significantly increase
the specific capacitance of electrode materials, where especially those micropores
with a diameter of 0.5–1 nm are suitable for water-based electrolyte ions [30, 31].
Using phloroglucinol and p-benzodialdehyde as monomers, microporous organic
polymers were prepared under solvothermal conditions, and a series of new ultrami-
croporous carbon microspheres (UCMs) and ultramicroporous carbon nanoparticles
(UCNs) were fabricated by high-temperature carbonization using the polymer as the
precursor. The synthesis process of ultramicroporous carbon is shown in Fig. 2 [30].
As a SC electrode material, an UCN sample with regular 0.54 nm ultramicropores
[particle size ~ 30 nm; SSA = 842 m2 g−1; pore volume = 0.73 cm3 g−1] had a
specific capacitance of 206 F g−1 (at a current density of 1.0 A g−1), and exhib-
ited excellent electrochemical cycling stability by showing a specific capacitance
attenuation rate of only 2.4% after 5000 charge–discharge cycles [30]. Furthermore,
when the current density was increased to 50 A g−1, the specific capacitance of this
sample still remained at 135 F g−1, indicating that it still had good electric double
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Fig. 2 Schematic of the procedure of synthesis of ultramicroporous carbon microspheres (UCMs)
and ultramicroporous carbon nanoparticles (UCNs). Reprinted with permission from Ref. [30],
Copyright © 2013 American Chemical Society

layer capacitance characteristics at a super high current density [30]. The excel-
lent electrochemical performance of this sample came from its regular micropores
that could accelerate the migration of electrolyte ions and improve its charge and
discharge capabilities. The abundant pores provided a buffer area for accumulation
of electrolyte ions and reduced their diffusion resistance. A large number of ultra-
micropores can shorten the transmission distance of electrolyte ions to the surface
of the electrode, thereby greatly increasing the specific capacitance of the electrode
material [30]. Therefore, as a new type of carbon material, UCNs/UCMs overcome
the shortcoming of traditional microporous carbon materials in their inability to be
charged and discharged under high currents, thus showing a very broad application
prospect in the field of SC electrode materials [30].

Carbon aerogels have a 3D network of open pores, which offers a low resistance
path for ion transport and is conducive to high power output. Drying—in particular
in the atmospheric pressure—is normally accompanied by shrinkage of the pores,
sometimes resulting in SSA values less than 800 m2 g−1, which imposes a limit on
the capacitance performance of the aerogel [32]. There are reports that activation can
effectively increase the SSA of carbon aerogels and adjust their pore size distribution
[32–34]. Nevertheless, the activator migrates from the outside of the carbon aerogel
to the inside for activation. Thus, the internal space of carbon aerogel cannot be fully
activated, which leads to low utilization of carbon aerogel [32]. In the presence of
K2CO3, a hierarchical porous carbon aerogel was successfully prepared through the
polymerization of resorcinol and formaldehyde and a one-step carbonization process
[32]. This design takes advantage of K2CO3 in three capacities: (i) as a catalyst that
effectively promotes the cross-linking of resorcinol and formaldehyde, (ii) as a shape-
directing agent to adjust the generated carbon network, and (iii) as an in-situ activator
to construct an interconnected layered porous framework during carbonization. The
obtained aerogel had an SSAof 4568.9m2 g−1 and a pore volume of 4.92 cm3 g−1. As
an SC electrode material, the aerogel exhibited a specific capacitance of 173.6 F g−1

(at a current density of 3Ag−1; in EMIMBF4 electrolyte), an ultrahigh energy density
of 78.1 Wh kg−1 at the power density of 2.7 kW kg−1, and a specific capacitance
attenuation rate of only 12% after 8000 charge–discharge cycles, indicative of an
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excellent electrochemical cycling stability [32]. Due to the limitation in the length of
the chapter, other organic polymer-based aerogels are summarized in Table 1 together
with their performance as electrode materials in SCs [35–43].

3.2 Biomass-Derived Aerogel

Natural polymers are favored over synthetic polymers and carbon nanomaterials,
because they are easy to obtain, are renewable, and are less likely to cause secondary
pollution. Glucose, cellulose, bacterial cellulose, and lignin are the common natural
polymer materials widely used in the preparation of carbon aerogels [44–48]. At
present, a variety of biomass with high cellulose content, such as cotton, wood, waste
paper, bamboo, and sisal, are used in the preparation of carbon aerogels [49–52]. In
the process of high-temperature pyrolysis, some hydrophilic functional groups on
the surface of biomass can be removed through some physical and chemical reac-
tions, thus transforming it into graphitized carbon. Hao et al. used waste bagasse as
raw material, carbonized it to produce biomass carbon aerogel, and further activated
it [53]. The activated carbon aerogel showed a richer pore structure. The prepared
porous carbon aerogel exhibited a specific capacitance of 142.1 F g−1 (at a current
density of 0.5 A g−1) and possessed a capacitance retention rate of 93.9% after 5000
charge–discharge cycles, thus showing excellent cyclic charge–discharge perfor-
mance and cycling stability. Wright et al. used cheap banana peels to prepare a
hierarchical carbon foam with a large number of biopolymer microporous structures
and abundant pore surface functional groups [54]. The carboxyl and hydroxyl groups
on the banana peel surface make complexes with zinc ions to form a zinc-containing
complex similar to a metal–organic framework (MOF) polymer. Further on, the
banana peel-based zinc complex was used as a template, which could be combined
with additional carbon sources, such as aminophenol-furfural. Thus, a composite of
phenolic resin-banana peel zinc-containing coordination polymer was synthesized
and was directly carbonized to obtain hierarchical pore carbon foams (HPCFs) [54].
The obtained HPCFs had 3D interconnected macroporous cores, mesoporous chan-
nels, and microporous pores on the pore walls, with an SSA of up to 1650 m2 g−1

and average pore size of 3.01 nm. As the electrode material for SC, the HPCFS
electrode showed excellent electrochemical capacitance performance and high-rate
characteristics. The specific capacitance of HPCFS electrode was 206 F g−1 when
the current density was 1.0 A g−1 and remained 182 F g−1 when the current density
was 10 A g−1. Due to its ease of use, low production cost, and excellent electrochem-
ical performance, this type of HPCFS synthesized based on banana peel composite
has a wide range of application prospects in SCs. Xu et al. used watermelon as raw
material and used freeze-drying technology to prepare aerogels on a large scale,
and further carbonized them to prepare biomass-derived aerogels [55]. The activated
carbon aerogel had a richer pore structure. As an SC electrode material, the obtained
carbon aerogel exhibited excellent electrochemical capacitance performance with a
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specific capacitance of 333.1 F g−1 (at a current density of 1.0 A g−1). It also exhib-
ited excellent charge–discharge cycle performance and cycle stability by showing a
capacitance retention rate of 96% after 1000 charge–discharge cycles. Other exam-
ples of utilization of biomass-derived aerogels as SC electrodematerials can be found
in Table 1 [46, 56–58].

3.3 Graphene-Based Aerogel

Graphene is a new type of ultrathin 2D crystal material with high electrical conduc-
tivity, high mechanical strength and elastic modulus, and high light transmittance.
These excellent properties are specific to graphene sheets on a microscopic scale
[59–61]. Macroscopic assembly structures in the form of graphene films, fibers, and
aerogels, and other constructs are made to utilize these microscopic properties in
practical applications [61–63]. Among these, the graphene aerogel structure can not
only realize the conductivity and heat conduction properties of graphene but also has
the characteristics of high porosity, large SSA, and low density, which makes it a
flourishing research area [62, 63]. In traditional carbon aerogels, the pores are formed
by the accumulation of many carbon nanoparticles, whereas in graphene aerogels
pores are formed by stacking and overlapping 2D graphene nanosheets. Preparation
methods of graphene aerogels are mainly hydrothermal reduction [64–66], cross-
linking agent-induced assembly [67, 68], chemical reduction self-assembly [69–71],
and template-guided method [72, 73].

The different arrangements of graphene sheets result in different effective elec-
trochemical SSAs because liquid electrolyte ions can only diffuse through interlayer
gaps and pores [62]. Thus, different reduced graphene oxide (rGO) structures and
morphologies have different electrolyte ion diffusion lengths and diffusion paths
[63]. 3D graphene networks have been used in EDLCs and PCs [64, 74–86]. Shi et al.
found that when the concentration of the GO suspension is greater than 1 mg mL−1,
the GO suspension can be treated by the hydrothermal reduction method to form
a stable 3D network hydrogel structure [84]. The shedding of graphene pieces of
oxygen-containing functional groups reduces the repulsive force between the layers,
which results in the assembly of overlapped nanosheets, thus the in-situ formation of
a gel (Fig. 3) [64]. The formed aerogel showed excellent electrochemical capacitance
and high ratio discharge property with specific capacitances of 175 F g−1 (at a scan
rate of 10 mV s−1) and 152 F g−1 (at a scan rate of 20 mV s−1) [64]. SC electrodes
based on 3D layered graphene/polypyrrole aerogel showed excellent electrochemical
properties, including high specific capacitance up to 253 F g−1 (at a current density
of 0.5 A g−1), excellent rate performance, and excellent cycle stability (capacitance
retention of 93% after 2000 cycles) [85]. Huang et al. used 3D porous graphene
as the working electrode in the SC [86]. In the alkaline electrolyte, the measured
capacitance was 341 F g−1 (at a scan rate of 1 mV s−1) and the energy density was
16.2Wh kg−1, whereas in the organic electrolyte themeasured values were 166 F g−1

(at a scan rate of 1 mV s−1) and 52.5 Wh kg−1, respectively [86]. Besides, due to the
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Fig. 3 Graphene oxide
(GO) self-assembly results in
a pyrotechnic graphene
hydrogel. Reprinted with
permission from Ref. [64],
Copyright © 2010 American
Chemical Society

high packing density of the 3D graphene network, higher volume power densities of
20.7 and 67.2 Wh L−1 were obtained in alkali and organic electrolytes, respectively
[86]. After 1000 galvanostatic charge–discharge cycles, more than 96% and 86%
of the original capacitance could be retained in alkaline and organic electrolytes,
respectively [86]. 3D porous graphene electrode has better ion diffusion path and
better electrochemical characteristics than traditional carbon-based electrode. The
open pore structure improves the ion transport rate in EDLCs, reduces the ion diffu-
sion resistance and eliminates the distributed charge storage behavior [87, 88]. Other
examples of utilization of graphene-based aerogels as SC electrode materials can be
found in Table 1 [74–83].

4 Conclusion

Carbon aerogels have found their way as electrode materials in supercapacitors. This
is mostly due to their excellent electrical properties and high specific surface areas.
In this chapter, the recent progress in the areas of the synthesis and application of
carbon aerogels has been summarized, and the essential properties of carbon aero-
gels, including capacitance, volumetric energy, porosity, and capacitance attenuation
during charge–discharge cycles have been discussed.

References

1. J. Artz, T.E. Müller, K. Thenert, J. Kleinekorte, R. Meys, A. Sternberg, A. Bardow, W. Leitner,
Sustainable conversion of carbon dioxide: an integrated review of catalysis and life cycle
assessment. Chem. Rev. 118, 434–504 (2017)

2. G. Liu, M. Lee, S. Kwon, G. Zeng, J. Eichhorn, A.K. Buckley, F.D. Toste, W.A. Goddard, F.M.
Toma, CO2 reduction on pure Cu produces only H2 after subsurface O is depleted: theory and
experiment. Proc. Natl. Acad. Sci. (2021). https://doi.org/10.1073/PNAS.2012649118

3. Z. Yang, J. Ren, Z. Zhang, X. Chen, G. Guan, L. Qiu, Y. Zhang, H. Peng, Recent advancement
of nanostructured carbon for energy applications. Chem. Rev. 2015(115), 5159–5223 (2015).
https://doi.org/10.1021/cr5006217

4. C. Tan, H. Zhang, Two-dimensional transition metal dichalcogenide nanosheet-based compos-
ites. Chem. Soc. Rev. 2015(44), 2713–2731 (2015). https://doi.org/10.1039/c4cs00182f

https://doi.org/10.1073/PNAS.2012649118
https://doi.org/10.1021/cr5006217
https://doi.org/10.1039/c4cs00182f


Carbon Aerogels for Supercapacitor Applications 195

5. P. Simon, Y. Gogotsi, B. Dunn, Where do batteries end and supercapacitors begin? Science
343, 1210–1211 (2014)

6. L. Dai, D.W. Chang, J.B. Baek, W. Lu, Carbon nanomaterials for advanced energy conversion
and storage. Small 8, 1130–1166 (2012). https://doi.org/10.1002/smll.201101594

7. J.R. Miller, P. Simon, Materials science: electrochemical capacitors for energy management.
Science 321, 651–652 (2008)

8. M. Winter, R.J. Brodd, What are batteries, fuel cells, and supercapacitors? Chem. Rev. 104,
4245–4270 (2004)

9. C. Zhong, Y. Deng, W. Hu, J. Qiao, L. Zhang, J. Zhang, A review of electrolyte materials
and compositions for electrochemical supercapacitors. Chem. Soc. Rev. 2015(44), 7484–7539
(2015). https://doi.org/10.1039/c5cs00303b

10. P. Simon, Y. Gogotsi, Materials for electrochemical capacitors. Nat Mater 7, 845–854 (2008)
11. J. Cao, Q. Mei, R. Wu, W. Wang, Flower-like nickel e cobalt layered hydroxide nanostructures

for super long-life asymmetrical supercapacitors. Electrochim. Acta. 321, 134711 (2019)
12. J. Cao, T. Zhou, Y. Xu, Y. Qi,W. Jiang,W.Wang, P. Sun, A. Li, Q. Zhang, Oriented assembly of

anisotropic nanosheets into ultrathin flowerlike superstructures for energy storage. ACS Nano
2021(15), 2707–2718 (2021)

13. X. Chen, R. Paul, L. Dai, Carbon-based supercapacitors for efficient energy storage. Natl. Sci.
Rev. 4, 453–489 (2017)

14. H. Xie, J. Wang, W. Wang, Constructing porous carbon nanomaterials using redox-induced
low molecular weight hydrogels and their application as supercapacitors. ChemistrySelect 2,
9330–9335 (2017). https://doi.org/10.1002/slct.201701702

15. X. Qian, N. Li, M. Imerhasan, W. Wang, Conversion of low molecular weight hydrogel
to nitrogen-doped carbon materials and its application as supercapacitor. Colloids Surf. A
Physicochem. Eng. Asp. 573, 255–261 (2019). https://doi.org/10.1016/j.colsurfa.2019.04.037

16. S. Bose, T.Kuila, A.K.Mishra, R. Rajasekar, N.H.Kim, J.H. Lee, Carbon-based nanostructured
materials and their composites as supercapacitor electrodes. J.Mater. Chem.2012(22), 767–784
(2012). https://doi.org/10.1039/c1jm14468e

17. X. Cao, Z. Yin, H. Zhang, Three-dimensional graphene materials: preparation, structures and
application in supercapacitors. Energy Environ. Sci. 2014(7), 1850–1865 (2014). https://doi.
org/10.1039/c4ee00050a

18. R.W. Pekala, Organic aerogels from the polycondensation of resorcinol with formaldehyde. J.
Mater. Sci. 24, 3221–3227 (1989). https://doi.org/10.1007/BF01139044

19. E. Berl, A. Schmidt, Über die Entstehung der Kohlen. II. Die Inkohlung von Cellulose und
Lignin in neutralem Medium. Justus Liebigs Ann Chem (1932). https://doi.org/10.1002/jlac.
19324930106

20. Z. Gao, Y. Zhang, N. Song, X. Li, Biomass-derived renewable carbon materials for electro-
chemical energy storage. Mater. Res. Lett. (2017). https://doi.org/10.1080/21663831.2016.125
0834

21. Y. Shi, X. Zhang, G. Liu, Activated carbons derived from hydrothermally carbonized sucrose:
remarkable adsorbents for adsorptive desulfurization.ACSSustain.Chem.Eng.2015(3), 2237–
2246 (2015). https://doi.org/10.1021/acssuschemeng.5b00670

22. M.M. Titirici, A. Thomas, M. Antonietti, Replication and coating of silica templates by
hydrothermal carbonization.Adv. Funct.Mater.17, 1010–1018 (2007). https://doi.org/10.1002/
adfm.200600501

23. A. Allahbakhsh, A.R. Bahramian, Self-assembled and pyrolyzed carbon aerogels: an overview
of their preparationmechanisms, properties and applications.Nanoscale 17, 1010–1018 (2015).
https://doi.org/10.1039/c5nr03855c

24. H. Zhuo, Y. Hu, X. Tong, A supercompressible, elastic, and bendable carbon aerogel with
ultrasensitive detection limits for compression strain, pressure, and bending angle. Adv. Mater.
2018(30), 1706705 (2018). https://doi.org/10.1002/adma.201706705

25. N.A. Qambrani, M.M. Rahman, S. Won, S. Shim, C. Ra, Biochar properties and eco-friendly
applications for climate change mitigation, waste management, and wastewater treatment: a
review. Renew. Sustain. Energy Rev. 79, 255–273 (2017)

https://doi.org/10.1002/smll.201101594
https://doi.org/10.1039/c5cs00303b
https://doi.org/10.1002/slct.201701702
https://doi.org/10.1016/j.colsurfa.2019.04.037
https://doi.org/10.1039/c1jm14468e
https://doi.org/10.1039/c4ee00050a
https://doi.org/10.1007/BF01139044
https://doi.org/10.1002/jlac.19324930106
https://doi.org/10.1080/21663831.2016.1250834
https://doi.org/10.1021/acssuschemeng.5b00670
https://doi.org/10.1002/adfm.200600501
https://doi.org/10.1039/c5nr03855c
https://doi.org/10.1002/adma.201706705


196 J. Cao et al.

26. F.X. Collard, J. Blin, A review on pyrolysis of biomass constituents: mechanisms and compo-
sition of the products obtained from the conversion of cellulose, hemicelluloses and lignin.
Renew. Sustain. Energy Rev. 38, 594–608 (2014)

27. S. Kang, X. Li, J. Fan, J. Chang, Characterization of hydrochars produced by hydrothermal
carbonization of lignin, cellulose, d-xylose, and wood meal. Ind. Eng. Chem. Res. 51, 9023–
9031 (2012)

28. B. Li, Z. Guan, X. Yang, W.D. Wang, I. Hussain, K. Song, B. Tan, T. Li, Multifunctional
microporous organic polymers. J. Mater. Chem. A. 2, 11930–11939 (2014). https://doi.org/10.
1039/c4ta01081g

29. R. Dawson, E. Stöckel, J.R. Holst, D.J. Adams, A.I. Cooper, Microporous organic polymers
for carbon dioxide capture. Energy Environ. Sci. (2011). https://doi.org/10.1039/c1ee01971f

30. Y. Zhao,M.Liu, L.Gan,X.Ma,D. Zhu, Z.Xu, L. Chen,Ultramicroporous carbon nanoparticles
for the high-performance electrical double-layer capacitor electrode. Energy Fuels 28, 1561–
1568 (2014)

31. B. Xu, S. Hou, H. Duan, G. Cao, M. Chu, Y. Yang, Ultramicroporous carbon as electrode
material for supercapacitors. J. Power Sources 228, 193–197 (2013)

32. F. Li, L. Xie, G. Sun, F. Su, Q. Kong, Q. Li, Y. Chao, X. Guo, C. Chen, Boosting the specific
surface area of hierarchical porous carbon aerogel through the multiple roles of the catalyst for
high-performance supercapacitors. ChemElectroChem 4, 3119–3125 (2017)

33. N. Fechler, T.P. Fellinger,M.Antonietti,One-pot synthesis of nitrogen-sulfur-co-doped carbons
with tunable composition using a simple isothiocyanate ionic liquid. J. Mater. Chem. A 1,
14097–14102 (2013)

34. Z.Y. Jin, A.H. Lu, Y.Y. Xu, J.T. Zhang, W.C. Li, Ionic liquid-assisted synthesis of microporous
carbon nanosheets for use in high rate and long cycle life supercapacitors. Adv. Mater. 26,
3700–3705 (2014)

35. Y.H. Lin, T.Y. Wei, H.C. Chien, S.Y. Lu, Manganese oxide/carbon aerogel composite: an
outstanding supercapacitor electrode material. Adv. Energy Mater. 1, 901–907 (2011)

36. H.C. Chien, W.Y. Cheng, Y.H. Wang, S.Y. Lu, Ultrahigh specific capacitances for supercapaci-
tors achieved by nickel cobaltite/carbon aerogel composites. Adv. Funct. Mater. 22, 5038–5043
(2012)

37. P. Katanyoota, T. Chaisuwan, A. Wongchaisuwat, S. Wongkasemjit, Novel polybenzoxazine-
based carbon aerogel electrode for supercapacitors. Mater. Sci. Eng. B Solid-State Mater. Adv.
Technol. 167, 36–42 (2010)

38. G.R. Li, Z.P. Feng, Y.N. Ou, D. Wu, R. Fu, Y.X. Tong, Mesoporous MnO2/carbon aerogel
composites as promising electrode materials for high-performance supercapacitors. Langmuir
26, 2209–2213 (2010)

39. H. An, Y. Wang, X. Wang, N. Li, L. Zheng, The preparation of PANI/CA composite electrode
material for supercapacitors and its electrochemical performance. J. Solid State Electrochem.
14, 651–657 (2010)

40. Y.J. Lee, J.C. Jung, J. Yi, S.H. Baeck, J.R. Yoon, I.K. Song, Preparation of carbon aerogel in
ambient conditions for electrical double-layer capacitor. Curr. Appl. Phys. 10, 682–686 (2010)

41. X. Wang, X. Wang, L. Yi, L. Liu, Y. Dai, H. Wu, Preparation and capacitive properties of the
core-shell structure carbon aerogel microbeads- Nanowhisker-like NiO composites. J. Power
Sources 224, 317–323 (2013)

42. G. Lv, D. Wu, R. Fu, Z. Zhang, Z. Su, Electrochemical properties of conductive filler/carbon
aerogel composites as electrodes of supercapacitors. J. Non Cryst. Solids 354, 4567–4571
(2008)

43. D. Liu, J. Shen, N. Liu, H. Yang, A. Du, Preparation of activated carbon aerogels with hierar-
chically porous structures for electrical double layer capacitors. Electrochim. Acta 89, 571–576
(2013)

44. C. Li, Z.Y. Wu, H.W. Liang, J.F. Chen, S.H. Yu, Ultralight multifunctional carbon-based aero-
gels by combining graphene oxide and bacterial cellulose. Small 13, 1700453 (2017). https://
doi.org/10.1002/smll.201700453

https://doi.org/10.1039/c4ta01081g
https://doi.org/10.1039/c1ee01971f
https://doi.org/10.1002/smll.201700453


Carbon Aerogels for Supercapacitor Applications 197

45. C.Wan, J. Li, Synthesis and electromagnetic interference shielding of cellulose-derived carbon
aerogels functionalized with α-Fe2O3 and polypyrrole. Carbohydr. Polym. 161, 158–165
(2017). https://doi.org/10.1016/j.carbpol.2017.01.003

46. X. Xu, J. Zhou, D.H. Nagaraju, L. Jiang, V.R. Marinov, G. Lubineau, H.N. Alshareef, M. Oh,
Flexible, highly graphitized carbon aerogels based on bacterial cellulose/lignin: catalyst-free
synthesis and its application in energy storage devices. Adv. Funct. Mater. 25, 3193–3202
(2015)

47. Z. Zeng, C. Wang, Y. Zhang, P. Wang, S.I. Seyed Shahabadi, Y. Pei, M. Chen, X. Lu, Ultralight
and highly elastic graphene/lignin-derived carbon nanocomposite aerogels with ultrahigh elec-
tromagnetic interference shielding performance. ACS Appl. Mater. Interfaces. 10, 8205–8213
(2018). https://doi.org/10.1021/acsami.7b19427

48. J. Zhang, B. Li, L. Li, A. Wang, Ultralight, compressible and multifunctional carbon aerogels
based on natural tubular cellulose. J. Mater. Chem. A 4, 2069–2074 (2016). https://doi.org/10.
1039/c5ta10001a

49. H. Bi, Z. Yin, X. Cao et al., Carbon fiber aerogel made from raw cotton: a novel, efficient and
recyclable sorbent for oils and organic solvents. Adv. Mater. (2013). https://doi.org/10.1002/
adma.201302435

50. Y. Zhang, L. Zuo, L. Zhang, Y. Huang, H. Lu, W. Fan, T. Liu, Cotton wool derived carbon fiber
aerogel supported few-layered MoSe2 nanosheets as efficient electrocatalysts for hydrogen
evolution. ACS Appl. Mater. Interfaces. 2016(8), 7077–7085 (2016). https://doi.org/10.1021/
acsami.5b12772

51. L. Li, B. Li, H. Sun, J. Zhang, Compressible and conductive carbon aerogels from waste paper
with exceptional performance for oil/water separation. J. Mater. Chem. A 5, 14858–14864
(2017). https://doi.org/10.1039/c7ta03511j

52. W. Li, J. Liu, D. Zhao, Mesoporous materials for energy conversion and storage devices. Nat.
Rev. Mater. 1, 16023 (2016). https://doi.org/10.1038/natrevmats.2016.23

53. P. Hao, Z. Zhao, J. Tian, H. Li, Y. Sang, G. Yu, H. Cai, H. Liu, C.P.Wong, A. Umar, Hierarchical
porous carbon aerogel derived from bagasse for high performance supercapacitor electrode.
Nanoscale 6, 12120–12129 (2014)

54. Y. Lv, L. Gan, M. Liu, W. Xiong, Z. Xu, D. Zhu, D.S. Wright, A self-template synthesis of
hierarchical porous carbon foams based on banana peel for supercapacitor electrodes. J. Power
Sources 209, 152–157 (2012)

55. X.L.Wu,T.Wen,H.L.Guo, S.Yang,X.Wang,A.W.Xu,Biomass-derived sponge-like carbona-
ceous hydrogels and aerogels for supercapacitors. ACS Nano 7, 3589–3597 (2013). https://doi.
org/10.1021/nn400566d

56. K.Y. Lee, H. Qian, F.H. Tay, J.J. Blaker, S.G. Kazarian, A. Bismarck, Bacterial cellulose as
source for activated nanosized carbon for electric double layer capacitors. J. Mater. Sci. 48,
367–376 (2013)

57. K. Gao, Z. Shao, J. Li, X. Wang, X. Peng, W. Wang, F. Wang, Cellulose nanofiber-graphene
all solid-state flexible supercapacitors. J. Mater. Chem. A 1, 63–67 (2013)

58. P. Cheng, T. Li, H. Yu, L. Zhi, Z. Liu, Z. Lei, Biomass-derived carbon fiber aerogel as a
binder-free electrode for high-rate supercapacitors. J. Phys. Chem. C 120, 2079–2086 (2016)

59. A.K. Geim, Graphene: status and prospects. Science 324, 1530–1534 (2009)
60. T. Winzer, A. Knorr, E. Malic, Carrier multiplication in graphene. Nano Lett. 10, 4839–4843

(2010). https://doi.org/10.1021/nl1024485
61. H. Chen, M.B. Müller, K.J. Gilmore, G.G. Wallace, D. Li, Mechanically strong, electrically

conductive, and biocompatible graphene paper. Adv. Mater. 20, 3557–3561 (2008). https://doi.
org/10.1002/adma.200800757

62. V. Chabot, D. Higgins, A. Yu, X. Xiao, Z. Chen, J. Zhang, A review of graphene and graphene
oxide sponge: material synthesis and applications to energy and the environment. Energy
Environ. Sci. 7, 1564–1596 (2014). https://doi.org/10.1039/c3ee43385d

63. S. Nardecchia, D. Carriazo, M.L. Ferrer, M.C. Gutiérrez, F. Monte, Three dimensional macro-
porous architectures and aerogels built of carbon nanotubes and/or graphene: synthesis and
applications. Chem. Soc. Rev. 42, 794–830 (2013). https://doi.org/10.1039/c2cs35353a

https://doi.org/10.1016/j.carbpol.2017.01.003
https://doi.org/10.1021/acsami.7b19427
https://doi.org/10.1039/c5ta10001a
https://doi.org/10.1002/adma.201302435
https://doi.org/10.1021/acsami.5b12772
https://doi.org/10.1039/c7ta03511j
https://doi.org/10.1038/natrevmats.2016.23
https://doi.org/10.1021/nn400566d
https://doi.org/10.1021/nl1024485
https://doi.org/10.1002/adma.200800757
https://doi.org/10.1039/c3ee43385d
https://doi.org/10.1039/c2cs35353a


198 J. Cao et al.

64. Y. Xu, K. Sheng, C. Li, G. Shi, Self-assembled graphene hydrogel via a one-step hydrothermal
process. ACS Nano 4, 4324–4330 (2010). https://doi.org/10.1021/nn101187z

65. Y. Bai, R.B. Rakhi, W. Chen, H.N. Alshareef, Effect of pH-induced chemical modification of
hydrothermally reduced graphene oxide on supercapacitor performance. J. Power Sources 233,
313–319 (2013)

66. Y. Wu, N. Yi, L. Huang, Three-dimensionally bonded spongy graphene material with super
compressive elasticity and near-zero Poisson’s ratio. Nat. Commun. (2015). https://doi.org/10.
1038/NCOMMS7141

67. M. Chen, C. Zhang, X. Li, L. Zhang, Y. Ma, L. Zhang, X. Xu, F. Xia, W. Wang, J. Gao, A
one-step method for reduction and self-assembling of graphene oxide into reduced graphene
oxide aerogels. J. Mater. Chem. 1, 2869–2877 (2013)

68. H. Bai, C. Li, X. Wang, G. Shi, A pH-sensitive graphene oxide composite hydrogel. Chem.
Commun. 46, 2376–2378 (2010)

69. W. Chen, L. Yan, In situ self-assembly of mild chemical reduction graphene for three-
dimensional architectures. Nanoscale 3, 3132–3137 (2011). https://doi.org/10.1039/c1nr10
355e

70. H. Hu, Z. Zhao, W. Wan, Y. Gogotsi, J. Qiu, Ultralight and highly compressible graphene
aerogels. Adv. Mater. 25, 2219–2223 (2013)

71. H.-P. Cong, X.-C. Ren, P.Wang, S.-H.Yu,Macroscopicmultifunctional graphene-based hydro-
gels and aerogels by a metal ion induced self-assembly process. ACS Nano 6, 2693–2703
(2012)

72. X. Huang, K. Qian, J. Yang, J. Zhang, L. Li, C. Yu, D. Zhao, Functional nanoporous graphene
foams with controlled pore sizes. Adv. Mater. 24, 4419–4423 (2012)

73. Z. Chen, W. Ren, L. Gao, B. Liu, S. Pei, H.-M. Cheng, Three-dimensional flexible and conduc-
tive interconnected graphene networks grown by chemical vapour deposition. Nat. Mater. 10,
424–428 (2011)

74. F. Liu, S. Song, D. Xue, H. Zhang, Folded structured graphene paper for high performance
electrode materials. Adv. Mater. 24, 1089–1094 (2012)

75. X. Wu, J. Zhou, W. Xing, G. Wang, H. Cui, S. Zhuo, Q. Xue, Z. Yan, S.Z. Qiao, High-rate
capacitive performance of graphene aerogel with a superhigh C/O molar ratio. J. Mater. Chem.
22, 23186–23193 (2012)

76. W. Si, X. Wu, J. Zhou, F. Guo, S. Zhuo, H. Cui, W. Xing, Reduced graphene oxide aerogel
with high-rate supercapacitive performance in aqueous electrolytes. Nanoscale Res. Lett. 8,
1–8 (2013)

77. Z.S. Wu, Y. Sun, Y.Z. Tan, S. Yang, X. Feng, K. Müllen, Three-dimensional graphene-based
macro- and mesoporous frameworks for high-performance electrochemical capacitive energy
storage. J. Am. Chem. Soc. 134, 19532–19535 (2012)

78. X. Zhang, Z. Sui, B. Xu, S. Yue, Y. Luo, W. Zhan, B. Liu, Mechanically strong and highly
conductive graphene aerogel and its use as electrodes for electrochemical power sources. J.
Mater. Chem. 21, 6494–6497 (2011)

79. Z.S. Wu, A. Winter, L. Chen, Y. Sun, A. Turchanin, X. Feng, K. Müllen, Three-dimensional
nitrogen and boron co-doped graphene for high-performance all-solid-state supercapacitors.
Adv. Mater. 24, 5130–5135 (2012)

80. C.C. Ji, M.W. Xu, S.J. Bao, C.J. Cai, Z.J. Lu, H. Chai, F. Yang, H. Wei, Self-assembly of three-
dimensional interconnected graphene-based aerogels and its application in supercapacitors. J.
Colloid Interface Sci. 407, 416–424 (2013)

81. F.Meng, X. Zhang, B. Xu, S. Yue, H. Guo, Y. Luo, Alkali-treated graphene oxide as a solid base
catalyst: synthesis and electrochemical capacitance of graphene/carbon composite aerogels. J.
Mater. Chem. 21, 18537–18539 (2011)

82. Y. He, Y. Bai, X. Yang, J. Zhang, L. Kang, H. Xu, F. Shi, Z. Lei, Z.H. Liu, Holey
graphene/polypyrrole nanoparticle hybrid aerogels with three-dimensional hierarchical porous
structure for high performance supercapacitor. J. Power Sources 317, 10–18 (2016)

83. M. Boota, C. Chen, M. Bécuwe, L. Miao, Y. Gogotsi, Pseudocapacitance and excellent cycla-
bility of 2,5-dimethoxy-1,4-benzoquinone on graphene. Energy Environ. Sci. 9, 2586–2594
(2016)

https://doi.org/10.1021/nn101187z
https://doi.org/10.1038/NCOMMS7141
https://doi.org/10.1039/c1nr10355e


Carbon Aerogels for Supercapacitor Applications 199

84. Y. Zhao, C. Hu, Y. Hu, H. Cheng, G. Shi, L. Qu, A versatile, ultralight, nitrogen-doped graphene
framework. Angew. Chemie. Int. Ed. 51, 11371–11375 (2012)

85. S. Ye, J. Feng, Self-assembled three-dimensional hierarchical graphene/polypyrrole nanotube
hybrid aerogel and its application for supercapacitors. ACS Appl. Mater. Interfaces 6, 9671–
9679 (2014)

86. J. Hu, Z. Kang, F. Li, X. Huang, Graphene with three-dimensional architecture for high
performance supercapacitor. Carbon 67, 221–229 (2014)

87. Y. Zhao, J. Liu, Y. Hu, H. Cheng, C. Hu, C. Jiang, L. Jiang, A. Cao, L. Qu, Highly compression-
tolerant supercapacitor based on polypyrrole-mediated graphene foam electrodes. Adv. Mater.
25, 591–595 (2013). https://doi.org/10.1002/adma.201203578

88. J. Chen, K. Sheng, P. Luo, C. Li, G. Shi, Graphene hydrogels deposited in nickel foams for
high-rate electrochemical capacitors. Adv. Mater. 24, 4569–4573 (2012)

89. T. Bordjiba, M. Mohamedi, L.H. Dao, New class of carbon-nanotube aerogel electrodes for
electrochemical power sources. Adv. Mater. 20, 815–819 (2008)

90. J. Zhong, Z. Yang, R. Mukherjee, T.A. Varghese, K. Zhu, P. Sun, J. Lian, H. Zhu, N. Koratkar,
Carbon nanotube sponges as conductive networks for supercapacitor devices. Nano Energy 2,
1025–1030 (2013)

91. Y. Fang, F. Jiang,H. Liu,X.Wu,Y. Lu, Free-standingNi-microfiber-supported carbon nanotube
aerogel hybrid electrodes in 3D for high-performance supercapacitors. RSCAdv. 2, 6562–6569
(2012)

92. T. Bordjiba, M. Mohamedi, Molding versus dispersion: effect of the preparation procedure on
the capacitive and cycle life of carbonnanotubes aerogel composites. J. SolidStateElectrochem.
15, 765–771 (2011)

93. J. Zhang, G. Chen, Q. Zhang, F. Kang, B. You, Self-assembly synthesis of N-doped carbon
aerogels for supercapacitor and electrocatalytic oxygen reduction. ACSAppl.Mater. Interfaces
7, 12760–12766 (2015)

94. P. Li, C. Kong, Y. Shang, Highly deformation-tolerant carbon nanotube sponges as superca-
pacitor electrodes. Nanoscale 5, 8472–8479 (2013)

95. J.A. Lee, M.K. Shin, S.H. Kim, S.J. Kim, G.M. Spinks, G.G. Wallace, R. Ovalle-Robles, M.D.
Lima, M.E. Kozlov, R.H. Baughman, Hybrid nanomembranes for high power and high energy
density supercapacitors and their yarn application. ACS Nano 6, 327–334 (2012)

96. K. Gao, Z. Shao, X. Wang, Y. Zhang, W. Wang, F. Wang, Cellulose nanofibers/multi-walled
carbon nanotube nanohybrid aerogel for all-solid-state flexible supercapacitors. RSC Adv. 3,
15058–15064 (2013)

97. T. Tao, L. Zhang, H. Jiang, C. Li, Functional mesoporous carbon-coated CNT network for
high-performance supercapacitors. New J. Chem. 37, 1294–1297 (2013)

98. W. Si, X. Wu, J. Zhou, F. Guo, S. Zhuo, H. Cui, W. Xing, Reduced graphene oxide aerogel
with high-rate supercapacitive performance in aqueous electrolytes. Nanoscale Res. Lett. 8,
247 (2013). https://doi.org/10.1186/1556-276x-8-247

https://doi.org/10.1002/adma.201203578
https://doi.org/10.1186/1556-276x-8-247


Carbon Nanofibers for Supercapacitors

Jiadeng Zhu, Hui Cheng, and Qiang Gao

Abstract Carbon nanofibers (CNFs) and their composites have been considered as
promising candidates for the application in supercapacitors (SCs) due to their one-
dimensional and high surface area features, offering shortened electron pathways and
high ion-accessible sites. This chapter aims to provide an overview of research in the
preparation and applications of CNFs and their composites in SCs. It starts with a
brief introduction of SCs and CNFs, followed by their preparation, structure design,
properties, and advantages. Applications of CNFs and their composites in SCs have
been further discussed in detail. Perspectives regarding the broad applications of
CNFs and their composites have also been presented at the end to give insightful
comments in this area.

Keywords Carbon nanofibers · Supercapacitors · Electrospinning · Properties ·
Applications

1 Introduction

Supercapacitors (SCs) have attracted tremendous attention in the field of energy
storage systems for electric vehicles, hybrid electric vehicles, as well as portable
electronic devices recently because of their long cycle time and high power density
[1–4]. Generally, there are two types of SCs, which are called electrical double-layer
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capacitors (EDLCs) and pseudocapacitors (PCs), respectively [5, 6]. The capacitance
arises from the charge separation at the electro/electrolyte interface for EDLCs,
while for PCs, it generates from surface redox reactions of active materials (i.e.,
metal oxides, conductive polymers, etc.) [7–9]. To achieve high capacitance and a
high energy density, hybrids, which combine both EDLC and PC, have received
remarkable interest, and the selection of electrode materials is extremely important
in this regard [10–12].

Various carbon-based materials (i.e., graphene, carbon nanotubes, carbon
nanoparticles, etc.) have been widely studied As the most used electrodes for
EDLCs. Among them, carbon nanofibers (CNFs) via electrospinning, which has
been considered as a most convenient method to prepare CNFs and their compos-
ites [13–18] due to its easy set-up, are receiving tremendous attention because of
their high surface area, good electrical conductivity, surface functionality, etc. [19].
Additionally, elemental doping (i.e., nitrogen doping, phosphorus doping, etc.) and
morphology control (i.e., porous structure, etc.) approaches have been performed
to enhance the performance of CNFs [20–23]. For example, Barranco et al. [20]
prepared amorphous CNFs, which were then applied as the electrode for SCs. The
result indicated that the pristine CNFs could obtain a surface area of 448 m2 g−1,
which was increased to 1520 m2g−1 with the activation by KOH (KOH/CNF = 3/1
by weight). The corresponding capacitance of the cell reached 255 F g−1 in the acid
electrolyte, which was significantly higher than that of the cell with pristine CNFs,
resulting from new micropores, a higher content of oxygen-containing groups, and
a larger surface area. Tian et al. [21] utilized NH3 as the nitrogen provider to synthe-
size nitrogen-doped CNFs, which exhibited a high surface area of 763 m2g−1 with
good thermal and electrical conductivities, as well as rich surface functionalities. As
a result, the cell with such unique electrodes could obtain a capacity of 251.2 F g−1

at a current density of 0.1 A g−1, and capacity retention of 99% at 20 A g−1 even
after 2000 cycles.

More recently, CNF composites have been prepared to further enhance the capac-
itance of SCs, especially for the materials with surface redox reactions [24–28]. For
example, a highly conductive CNF/MnO2 membrane was fabricated, which was then
used for achieving high-performance SCs [29]. The cell with the resultant electrode
could deliver a capacitance of 311 F g−1 at 2 mV s−1 with good cycling stability. Other
materials, like Co3O4, have also been widely utilized due to their high theoretical
capacitance. Abouali et al. [30] successfully prepared the CNF/Co3O4 composite via
electrospinning followed by the heat-treatment. The capacitance with such prepared
electrode could be up to 586 F g−1 at a current density of 1 A g−1 with capacitance
retention of 74% after 2000 cycles at 2 A g−1, benefiting from the good electrical
conductivity of the electrode and the uniform distribution of active particles in the
CNF matrix.

In this chapter, we are mainly discussing the advantages of CNFs and their
composites applied for SCs. It begins with a brief introduction of electrospinning and
its working mechanism, followed by the fabrication and advantages of CNFs. More
examples regarding the applications of CNFs and their composites for SCs will be
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given and discussed in the following sections, aiming to provide an overall view of
the CNFs and their composites in this area.

2 Overview of Electrospinning Derived CNFs

Electrospinning, highly versatile nanotechnology for nanofibers fabrication, has
been widely utilized over the past decades [31–33]. This straightforward, inces-
sant, and cost-effective method involves electrohydrodynamic phenomena to launch
ultrathin fibers from an enormous number of materials including polymers, inor-
ganic ceramics, composites, etc. [34–37]. So far, numerous research groups have
contributed to the understanding of the electrospinning process, the characteriza-
tion of electrospun nanofibers, and the identification of their potential applications,
especially for CNFs.

2.1 Principle of Electrospinning

There are four main parts in a typical electrospinning apparatus (Fig. 1), including a
high-voltage power supply, a metallic spinneret, a grounded collector, and an auto-
matic syringe pump. In a conventional electrospinning process, the polymeric liquid
is under an external high electric field, then the pendant droplet held by surface
tension on the spinning tip can be charged with charges, which generates electro-
static force against the surface tension and forms a conical shape known as Taylor
cone (Fig. 1). Once the electric field reaches a threshold value at which the repulsive
electric force exceeds the surface tension, a thin charged jet is ejected from the tip
of the Taylor cone [38, 39]. The jet then starts to elongate, bend and form 3D spiral
loops simultaneously with solvent evaporating in traveling to the collector under a

Fig. 1 Schematic drawing of elementary setup for electrospinning with inserted Taylor cone
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high voltage [40]. Their small diameter provides a large surface-to-volume ratio,
high length-to-diameter ratio, tunable porosity, and excellent malleability to achieve
high-performance and multi-functional nanofibers with their 2D and 3D assemblies,
which can be further treated to synthesize CNFs for their applications in SCs [41–43].

2.2 Structures of CNFs

As discussed earlier, CNFs can be prepared after treating the as-spun fibers. The
resultant CNFs usually exhibit a unique morphologic structure featured with ultra-
fine diameters, extremely long length, large surface area per unit mass, and small
pore size. Numbers of nanofiber structures and morphologies can be obtained via
controlling parameters (i.e., spinning solutions, nozzle design, etc.). Generally, elec-
trospun nanofibers are predominately cylindrically shaped (Fig. 2a) as a result of
cylindrical fluid jet formation from the tip of the Taylor cone. For instance, Agye-
mang et al. [44] used polyacrylonitrile (PAN) as the precursor to obtaining the as-spun
PAN nanofibers, which were then stabilized and carbonized to prepare CNFs. Later,
a porous CNF membrane (Fig. 2b) was successfully fabricated with the help of
poly(methyl methacrylate) (PMMA), which was decomposed during the heat treat-
ment, performing as an activation agent to increase the surface area of the CNFs [45].
Moreover, with the design of the nozzle, hollow CNFs could also be synthesized, as
shown in Fig. 2c [46]. The PAN and poly(vinyl pyrrolidone) (PVP) solutions were
performed as the shell and core, respectively. The PVP could be fully decomposed
during the pyrolysis, which generated a core–shell structure, as can be seen in Fig. 2c.
Other morphological structures, like ribbon-shaped, helical, side-by-side nanofibers
have also been successfully formed by electrospinning with required properties and
performances.

2.3 Advantages of Electrospinning Derived CNFs

It has been considered that electrospun derived CNFs and their composites have
been widely applied in SCs ascribed to their larger surface-to-volume area, tunable
porosity, malleability to conform to a wide variety of sizes and shapes, and the
ability to control the nanofiber composition to achieve the promising results from
its properties and functionality. Besides, their desired nanostructures have exhibited
unique electrical, optical, and catalytic properties than the bulk parts as well as
nanomaterials synthesized through other approaches, which are discussed in detail
in the following sections.
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Fig. 2 The schematic illustration shows how to prepare CNFs with various structures: a solid
CNFs. Adapted with permission from Reference [44], Copyright (2018), Elsevier; b porous CNFs.
Adapted with permission from Reference [45], Copyright (2018), Elsevier; and c hollow CNFs.
Adapted with permission from Reference [46], Copyright (2019), Elsevier

3 Applications in SCs

3.1 CNFs

CNFs are one of the common electrodes for SCs because they can provide the elec-
trodes with high surface area, good electrical conductivity, surface functionalities,
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etc. Thus, tremendous efforts, including elemental doping, porous structure design,
biomass-derived carbon, etc., have been made in this area [47–51].

For instance, Hsu et al. [48] reported the preparation of interconnected CNFs
for SCs by electrospinning the PAN and poly(acrylonitrile-co-butadiene) copolymer
(PAN-co-PB) solution. The additional copolymer could prevent the polymer blends
from the macrophase separation. The as-spun fibers were stabilized at 250 °C and
carbonized at 800 °C, respectively, and the interconnected CNFs were prepared
because of the decomposition of PB. It was also found that the diameter of the
resultant CNFs was decreased with the increment of PAN-co-PB in blends since
a large amount of melted PB caused the fusion of neighboring fibers (Fig. 3a–b).
Figure 3f shows that the cell with the 90:10 PAN/PAN-co-PB derived CNFs could
have a specific capacitance of 179.2 F g−1 at a scan rate of 5 mV s−1, which was
only 137.5 F g−1 for that of the cell with pristine PAN derived CNFs, benefiting from
the increased electrical conductivity and microcrystallite size. While the surface
area of CNFs (Fig. 3c–e) started to reduce with the further increment of PAN-co-PB
contents, which was detrimental for the electrochemical performance of the prepared
SCs (Fig. 3g).

Besides, elemental doping has been proved as a promising approach to enhance
the overall performance of the CNFs based SCs because the extra pseudocapacitance

Fig. 3 SEM images of the CNFs as a function of PAN-co-PB composition: a PAN, b 90:10
PAN/PAN-co-PB, c 80:20 PAN/PAN-co-PB, d 70:30 PAN/PAN-co-PB and e 60:40 PAN/PAN-
co-PB; f Cyclic voltammograms of the above-mentioned samples at a scan rate of 5 mV s−1 and
g their corresponding rate capability. Adapted with permission from Reference [48], Copyright
(2014), Elsevier
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can arise from the fast Faradic redox reactions between the functional groups and
the ions in the electrolytes. Tian et al. [21] successfully synthesized nitrogen-doped
CNFs with remarkably enhanced capacitance. The procedure is shown in Fig. 4a.
Briefly, the CNFs were firstly prepared, which were then activated at 800 °C under

Fig. 4 a Schematic image showing the preparation process of n-doped CNFs; CV curves of PCNFs
and NCNFs at a scan rate of b 5 mV s−1 and c 20 mV s−1; dNyquist plots of the prepared samples;
e Cycling performance of the cells with PCNFs and NCNFs at 5 A g−1 for 2000 cycles. Adapted
with permission from Reference [21], Copyright (2015), Elsevier
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the NH3 atmosphere for 1, 2, and 3 h to form nitrogen-doped CNFs (NCNFs). And
the resultant NCNFs were denoted as NCNF1, NCNF2, and NCNF3, respectively.
Upon the preparation of the samples, cyclic voltammetry (CV) at various scanning
rates was performed to test their capacitance, as can be seen from Fig. 4b–c. It is
obvious that the cell with NCNFs could deliver better capacitance compared with
that of pristine CNFs (PCNFs) regardless of scanning rates, which was attributed
to the heteroatom doping and the effective specific surface area. Additionally, the
charge transfer resistance (Rct) of the NCNFs was decreased with the increment of
the carbonization time (Fig. 4d), which was lower than that of PCNFs, demonstrating
the improvement of electrical conductivity via n-doping. Moreover, Fig. 4e exhibits
that the cell with NCNF3 could have a capacitance of 201.1 F g−1 at 5 A g−1 even
after 2000 cycles with high retention of 99%, which was superior compared with that
of PCNF (94%). A similar trend was also found by Yan et al. [52], who fabricated
the nitrogen/phosphorus co-doped CNFs for achieving high-performance SCs. As a
result, the maximum specific capacitance could be up to 224.9 F g−1 at 0.5 A g−1

in 1 M H2SO4. A specific capacitance of 155.5 F g−1 even at a high current density
of 30 A g−1 with a retention of 70% could be obtained, and no capacitance loss was
observed over 8000 charge/discharge cycles. All those outstanding performances
could be ascribed to the synergetic effect of nitrogen and phosphorus functionalities
combined with the advantages of CNFs.

In contrast to the petroleum polymers including PAN, mesophase pitch, etc.,
biomass materials have also been extensively studied and developed to prepare
CNFs mainly due to their low cost and environmentally friendly features [53–56].
For example, Cao et al. [57] proposed a facile phosphating process to fabricate
lignin-cellulose-based CNFs, which were further utilized as the electrodes for SCs.
As shown in Fig. 5a, the as-spun solution of lignin and cellulose acetate with/out
H3PO4 was firstly prepared, which was then electrospun to obtain the precursor
fibers. Finally, the CNFs could be obtained after the heat treatments. Six samples
were prepared to study the effects of H3PO4 contents in this work, which were named
as CF-1 (0 wt.% H3PO4), CF-2 (10 wt.% H3PO4), CF-3 (20 wt.% H3PO4), CF-4 (30
wt.% H3PO4), CF-5 (40 wt.% H3PO4), and CF-6 (50 wt.% H3PO4), respectively.
Figure 5b–g exhibit the fiber could be not generated without H3PO4, which was
attributed to the phase separation between the lignin molecule and cellulose acetate.
The spinnability of the solution was significantly improved with the increment of
H3PO4 contents because of the stable phospholipid bonds between lignin and cellu-
lose acetate. However, more beads appeared with the excessive addition of H3PO4,
which was mainly due to the formation of polyphosphate from the extra H3PO4.
Figure 5h shows the CV curves at a scan rate of 5 mV s−1 of the cells with six
specimens, and all of them displayed a typical rectangular shape. The enclosed area
increased first and then decreased with the increment of the H3PO4 contents, which
agreed with the charge/discharge curves shown in Fig. 5i. The cell with CF-5 (40
wt.% H3PO4) could have the highest capacitance of 346.6 F g−1 among the six
samples at a current density of 0.1 A g−1, which also had the smallest resistance
(i.e., the intrinsic ohmic resistance Rs, the charge transfer resistance Rct, theWarburg
diffusion resistance Rw) based on the electrochemical impedance spectroscopy (EIS)
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�Fig. 5 a Schematic illustration of the lignin-cellulose acetate derived CNFs; SEM images of CFs
prepared by different weight ratios between H3PO4 and lignin: b 0/100, c 10/100, d 20/100, e
30/100, f 40/100 and g 50/100; h CV curves of the CFs at a scan rate of 5 mV s−1 and i their
charge/discharge curves at a current density of 0.1 A g−1; j EIS results of the cell with the prepared
CFs and k the related rate capability. Adapted with permission from Reference [57], Copyright
(2019), ACS Publications

results (Fig. 5j). Rate capability is another critical parameter for evaluating the elec-
trochemical performance of SCs. As can be seen from Fig. 5k, the cell with the CF-5
had the best capacitance retention of 82.3% when the current density was increased
from 0.1 to 5 A g−1, which was remarkably better than the others, demonstrating its
outstanding rate capability.

Very recently, Zhu et al. [4] reported that the lignin-derived CNFs could achieve
a specific surface area of 2042.86 m2g−1 via a simple modification and fractionation
strategy design, which was able to effectively increase the molecular weight and
reduce the heterogeneity of lignin, resulting in the reduction of carbon weight loss
of the precursor fibers and the increment of graphitization degree as well as main-
taining the morphology of CNFs. The cell with such prepared CNFs could deliver a
capacitance of 442.2 F g−1 in 6 M KOH at a current density of 1 A g−1, which was
attributed to its high surface area and hierarchical porous structures. In addition, the
heteroatoms on the CNF surface could provide extra pseudocapacitance, which has
been considered as an effective strategy to prepare low-cost and high-quality lignin-
derived CNFs, providing a great potential application in SCs. However, the effect
of their molecular weight and intermolecular hydrogen bonding on the properties of
lignin-based materials still needs further study.

3.2 Activated CNFs

It is well known that surface area is one of the crucial parameters of carbon electrodes
for obtaining high-performance SCs according to the working mechanism of the
EDLCs [58–61]. Therefore, many efforts have been made to improve surface area
via different activation approaches (i.e., ZnCl2, KOH, steam, CO2, etc.) [62–64].

For instance, porous CNFswere preparedwith the help of ZnCl2 byKim et al. [65]
As shown in Fig. 6a–c, the diameter of CNFs could be decreased to ~100 nmwithout
collapsing the fibrous morphology for all three samples. The combined physical and
chemical reactions including carbon densification and gas evolution (e.g., CO, CO2,
H2O, etc.) resulted in a tremendous volumetric change of the prepared nanofibers.
Meanwhile, the trapped ZnCl2 particles in the electrospun PAN nanofiber could
transform into its hydrated form (ZnCl2·nH2O), which was expected to hydrolyze
and form an oxychloride in the subsequent stabilization step. As claimed in this study,
the resultant zinc oxide might act as the catalyst for generating micropores on the
outer surface of CNFs by etching carbon atoms. Figure 6d–f exhibits the CV curves
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Fig. 6 SEM images of the CNFs and the corresponding diameter distributions: a 1 wt.%, b 3 wt.%,
and c 5 wt.% ZnCl2; CV curves of the cells with the resultant CNFs in 6MKOH solutions at various
scan rates: d 1 wt.%, e 3 wt.%, and f 5 wt.% ZnCl2. Adapted with permission from Reference [65],
Copyright (2017), Wiley Online Library

of the cells with the prepared CNFs in a 6 M KOH aqueous electrolyte solution
at various scan rates of 10–200 mV s−1. The potential range between 0 and 0.9 V
was fixed, and no obvious redox peaks were originating from the functional groups.
With the increment of ZnCl2 content, the cell could deliver a higher capacitance
(Fig. 6d–f), which was attributed to the enhancement of the surface area.

3D cross-linked nitrogen-enriched porous CNFs were also synthesized with the
existence of ZnCl2 [66]. The cell with the as-prepared CNFs could deliver a high
capacitance of 214Fg−1 at a current density of 1Ag−1 in an acid electrolyte, good rate
capability with current densities ranging from 1 to 60 A g−1, as well as outstanding
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cycling performance with high retention of 97.3% over 60,000 cycles at 2 A g−1 in
alkaline electrolyte. The remarkable enhancement of the performance was caused
by the synergistic effect of increased surface area for more charge accumulation and
cross-linked architecture that enabled the electrons to fast transfer throughout the
fibrous membrane.

In addition to ZnCl2, microporous CNFs could also be prepared via using KOH,
which can be utilized to adjust the diameter and improve the porous texture of
nanofibers. The diameter could be controlled in the range of 252–666 nm with
remarkable enhancement in terms of the microporous volume and specific surface
by turning the contents of KOH in the spinning solution with pore size ranging
from 0.7 to 1.2 nm [67]. The prepared CNF membrane could be then performed
as a binder-free electrode by using the electrolyte of 6 M KOH aqueous solution,
which exhibited higher specific capacitance, superior specific surface capacitance,
and outstanding rate capability compared to the cell with the conventional microp-
orous CNFs. Especially, the cell with the 20 wt.% KOH derived sample could obtain
a specific capacitance of 256 F g−1 with a high specific surface capacitance of 0.51
F m−2 at a current density of 0.2 A g−1. Moreover, a high specific capacitance of
170 F g−1 could remain at a current density of 20 A g−1 with a retention of 67%,
which was ascribed to the optimized pore size (0.7–1.2 nm) and high surface area
(597 m2g−1).

In contrast to the abovementioned strategies, in situ activation has also received
lots of attention since it is a facile approach to prepare porous CNFs, which does not
require an extra treatment process except for including a sacrificial agent into the
precursor. For instance, Wang et al. [68] utilized polysulfone (PSF) as the decompo-
sition agent to synthesize porous CNFs (Fig. 7a), which could achieve the highest
surface area of 687 m2g−1 with an optimal PSF content of 20 wt.% in precursor
fibers. As can be seen from Fig. 7b–k, the diameters of CNFs decreased when the
content of PSF increased, which was attributed to the PSF decomposition during the
thermal treatment. While more interconnections happened when further increasing
the amount of PSF because the PSF was melted during the carbonization process.
As expected, the capacitance, power density, as well as energy density of the cell
increased when the content of PSF was up to 20 wt.%, which was then started to
decrease after that (Fig. 7l–p). EIS was also performed to analyze the charge and ion
transport process of CNF electrodes in SCs, as shown in Fig. 7q. The charge transfer
resistance (the semicircle at the high-frequency region) decreased remarkably for
the SCs made of PAN/PSF-derived electrodes. In addition, the ion transfer resistance
(the linear part at the low-frequency region) followed the same trend, demonstrating
the enhancement of the capacitance of the cell with PAN/PSF-derived electrodes.

3.3 Hybrid CNFs

Even though CNFs have been widely studied and discussed earlier, they still suffer
from low energy density because of the limited electrical charge separation at the
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Fig. 7 a Schematic image showing the CNFs preparation. SEM images of the resultant CNFs
containing different amounts of polysulfone (PSF) within the precursor nanofibers: b, c 0%, d, e
10%, f, g 15%, h, i 20% and j, k 25%; l CV curves andm–o rate capability of the prepared samples;
p The relationship between power density and energy density of the assembled SCs and q their
Nyquist plots. Adapted with permission from Reference [68], Copyright (2017), ACS Publications

interface of electrolyte and electrode materials, which tremendously hinders their
practical applications in SCs [69]. Introducing pseudocapacitive materials (i.e., tran-
sition metal oxides, metal sulfides, metal hydroxides, etc.) is one of the promising
methods since it can combine high-energy–density from themselves and the high-
power density from CNFs [24, 70]. Zhao et al. [69] fabricated a freestanding
MnOx/CNF composite membrane with uniformly distributed MnOx nanoparticles
in CNFs. The resultant cell could have a specific capacitance of 174.8 F g−1 at a scan
rate of 2 mV s−1 in 0.5 M Na2SO4 electrolyte and outstanding capability at even
high current densities. Besides MnOx, cobalt oxides have also been studied because
of their high theoretical specific capacitance, which can be up to 3560 F g−1 [30].
It was reported that the cell with the optimum Co3O4/CNF composites (∼68 wt.%
active particles) possessed a high capacitance of 586 F g–1 at 1 A g–1, which was
ascribed to the uniform dispersion of active particles in CNFs.

Compared to an individual metal oxide, it has been demonstrated that the binary or
multiple metal oxides can offer more stable redox chemical capability and broaden
the potential window of the device, resulting in increasing their capacitance [70].
Both MnO2 and Co3O4 could be homogeneously located on CNFs, as can be seen
from Fig. 8a–c, e–j. The binary metal oxides at stable low current electrodeposition
of on CNFs could also be prepared (Fig. 8d, k–n). Figure 8o shows that the cell with
the binary electrode had the smallest resistance, indicating its efficient electron and
mass transport. As a result, a high specific capacitance of 728 F g–1 in 6 M KOH
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Fig. 8 SEM images of a the pristine CNFs, b MnO2 coated CNFs, c Co3O4 coated CNFs, d
MnO2/Co3O4 coated CNFs and their corresponding EDSmapping images e–f MnO2 coated CNFs,
h–jCo3O4 coatedCNFs,k–nMnO2/Co3O4 coatedCNFs; oEIS results;p charge/discharge profiles
at 1 A g−1 and q cycling performance of the cell with the three samples at 1 A g−1. Adapted with
permission from Reference [70], Copyright (2021), ACS Publications

electrolyte could be achieved for the cell with the as-prepared MnO2/Co3O4 coated
CNF composite with better retention compared to that of the cells with individual
oxides (Fig. 8p–q). Additionally, it could possess an energy density of 64.5 Wh kg–1

and a power density of 1276 W kg–1, respectively, at a current density of 2 A g−1.
Attributed to the high theoretical specific capacitances and fast multielectron

surface Faradaic redox reactions, metal hydroxides have also attracted lots of atten-
tion [71, 72]. Multi-dimensional hybrids containing either Ni-Co layered double
hydroxide nanorods or nanosheets onCNFwere prepared [73], and the corresponding
procedure is shown in Fig. 9a. Briefly, electrospun PAN nanofibers were stabilized
and carbonized to obtain CNFs, which were then used as the substrate. Two different
auxiliary agents were performed to grow Ni–Co layered double hydroxide with
different morphologies on CNF membranes, as can be seen from Fig. 9b–g. The
results indicated that the cells with Ni-Co layered double hydroxide nanorods and
nanosheets could have high specific capacitances of 1378.2 F g−1 and 1195.4 F g−1 at
a current density of 1 A g−1, respectively, with excellent capability (Fig. 9h). What’s
more, cycling stabilities of both hybrid membranes could be significantly enhanced
compared to the cells with the pure Ni-Co layered double hydroxide nanorod and
nanosheet powders, which might be due to the uniform distribution of Ni-Co layered
double hydroxide on CNFs, providing more active sites for electrochemical reaction
as well as more efficient pathways for electron transport.

Overall, many materials, including but not limited to conductive polymers [74],
MXene [9], graphene oxide [10], metal sulfides [75, 76], etc., have been successfully
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Fig. 9 a Schematic image showing the preparation of the Ni/Co layered double hydroxide
nanorods/nanosheets. SEM images of b the as-spun PAN fibers, c CNFs, d, e Ni/Co layered double
hydroxide nanorods coatedCNFs and f, gNi/Co layered double hydroxide nanosheets coatedCNFs;
h Rate capability and i cycling performance at 5 A g−1 of the cells with prepared samples. Adapted
with permission from Reference [73], Copyright (2015), Elsevier

introduced to prepare CNF composites to achieve high-performance electrodes for
SCs. How to scale them up becomes a big challenge, which remarkably limits their
applications.

4 Conclusions and Perspectives

In this chapter, CNFs and their composites with designed structures and desired
properties have been introduced and discussed in detail. The structure of those
CNFs mainly depends on fabrication approaches, process conditions, as well as their
compositions. Due to their unique properties (e.g., high surface area, large porosity,
etc.), these CNFs and their composites have been widely performed in the appli-
cations of SCs. However, most of them are still on a lab scale, thus, more efforts
need to make further improvements. Some perspectives are provided for the future
development of CNFs and their composites in SC applications.

It is extremely important to discover environmentally friendly electrospun mate-
rials since tremendous organic solvents are currently used for the solution prepara-
tion, leading to economic and environmental concerns. Thus, more research should
be focused on designing the electrospinning solution to not only have sustainable
features but help to increase the diversity of materials that can be applicable for elec-
trospinning. Meanwhile, advanced manufacturing technologies (i.e., multi-needle
electrospinning, needle-less electrospinning, etc.) should be further developed to
achieve mass production because of the limitation of lab-scale electrospinning set
up, further accelerating the commercialization of electrospinning in this field.
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Moreover, investigating new materials with various functionalities can enhance
the overall electrochemical performance of the resultant CNFs and their composites,
such as high electrical conductivity, good mechanical properties, etc. What’s more,
simulationmodels regarding the electrospinning process should be further optimized
to better understand the system with a long-term goal of producing uniform fibers
with high reproductivity at a large scale, while maintaining the desired morphology,
size, as well as other exceptional properties.

In summary, CNFs and their composites have been considered as promising
candidates for the applications of SCs, which play a crucial role in energy storage
devices. Meanwhile, significant progress has been accomplished on the structure
design and performance development. Future work should attract more researchers
from different disciplines to comprehensively solve the real challenges and fulfill
their practical applications in this area.
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Graphene-Based Nanomaterial
for Supercapacitor Application

Sanjeev Verma and Bhawna Verma

Abstract Graphene is a thick layer nanomaterial of carbon that plays an immense
role in the areas of supercapacitor designing in the market of electric devices. Their
two-dimensional structure, high electron movement, massive surface area, and high
strength pay much attention to their electrical as well as thermal conductivity param-
eters in comparison to other carbon-based materials. Moreover, the easy admittance
of electrolytes in pores of graphene along with not variable pore size distribution
gives the most favorable condition for supercapacitors. In this chapter, we discuss
the current scenario of research and development in the field of graphene-based
nanomaterials as efficient supercapacitors. It involves graphene structure, synthesis
of graphene, graphene derivatization, and graphene-based hybrid composites such
as symmetric as well as asymmetric supercapacitors and also to be explored more
chief domains of research for popularizing this nanomaterial.

Keywords Graphene · Carbon-based material · Nanomaterial · Conducting
polymer · Metal oxide · Supercapacitor

1 Introduction

In today’s advanced material world, besides other carbon-based materials (e.g.
graphite, fullerenes, carbon nanotubes, carbon black), graphene and its familymainly
graphene oxide (GO) and reduced graphene oxide (rGO) have attracted promi-
nent regard because of their magnificent chemical, physical, electronic, optical and
thermal properties such as higher chemical stability, huge reactive nature, larger area
(~2600 m2 g−1), a high value of young’s modulus (~1 TPa), greater mobility of elec-
tron (~230,000 cm2 V−1 s−1), higher transparency (~95%) of incident radiation and
super thermal conductivity (~3000 W m−1 K−1) at atmospheric conditions [1–4].
Graphene is a two-dimensional covalently bonded carbon atoms sheet containing
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Fig. 1 Schematic structure representation of graphite and graphene

sp2 hybridization. It is obtained from the graphite which contains many layers of
graphene (Fig. 1) and arranged in a chicken wire hexagonal pattern which gives a
perfect crystalline structure resulting in one of the strongest materials [5]. These
all factors ensure that graphene is a play-field for researchers, especially in energy
storage applications.

The existence of electrons in graphene gives massless particles and very high
conducting capability as a relativistic particle. The zero-band gap of pristine graphene
ensures that it behaves as amoremetallic or semiconducting characteristic. Themore
metallic character shown due to their sheet sizes lies between microns to several
nanometers. When the dimensions of the graphene layer are quite narrow around 1–
2 nm, it generates a separate bandgap to exhibit semiconducting properties [6]. Due to
increasing the need for energy, fewer resources availability, and high processing cost
requires novel energy storage devices like supercapacitors, capacitors, fuel cells,
solar cells, and batteries. Among all, supercapacitors pay much attention because
of their rapid charging rate, magnificent power density, and longer stability. In the
Ragone plot (Fig. 2), supercapacitors employ between the capacitors and batteries
and display the higher power density compared to a battery and greater energy density
compared to a capacitor. But less energy density than batteries and these less energy
density could be improved with few advancements in supercapacitors mechanism as
well as structure [7].

The three categories of supercapacitors are: electric double-layer capacitors
(EDLCs), pseudocapacitors, and hybrid capacitors (Fig. 3). The storage of energy
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Fig. 2 Ragone plot for various energy devices

Fig. 3 Representation of supercapacitors classification
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in EDLCs completely depends upon the electrostatic interface of electrode–elec-
trolyte. Whereas, the energy storage in pseudocapacitors is due to charge transporta-
tion. Hybrid supercapacitors show by the combined nature of EDLC and pseudo
mechanism.

The energy density along with power density are the two variables to define
its performance. The energy density (E) is the quantity of the stored energy in
supercapacitors and is represented as

E = 1

2
CV2 (Wh/kg) (1)

Whereas, power density (P) define as the speed of the energy that could be charged
or discharged and it expressed as

P = E

td
(W/kg) (2)

C = Capacitance; V = Voltage; td = Discharge time

C = ε0εr
A

d
(3)

A= electrode area; d= space between two electrodes; ε0 and εr = dielectric constant
for free space and dielectric material.

Generally, supercapacitors have two electrodes separating by a semipermeable
membrane and impregnating in an electrolyte, which sanction the flow of ions, as
displayed in Fig. 4.

The non-faradic action of EDLC exhibits low capacitance. Pseudocapacitors store
the energy in the form of faradic reactions with higher values of capacitance, high
energy density, low stability, and having electrode material as conducting polymers
and metal oxides. To overcome the lower capacitance, less energy density, and even
low stability, the development of hybrid supercapacitors is a booming area in the
current session [8].

2 Graphene Structure

The sixth element of the periodic table (i.e. carbon atom) has six proton-neutron
in the nucleus. The outer shell of the carbon atom has six electrons, two in the K
shell followed by four valence electrons in the L shell (Fig. 5a). These four valence
electrons in the valence shell can be responsible for sp, sp2, and sp3 hybridization.
Figure 5b displays the formation of sp2 hybrids. The layered hexagonal planar is
formed if sp2 hybrid carbon atoms take part with others neighboring three carbon
atoms. This layered honeycomb planar is calledmonolayer graphite or graphene. The
electronic configuration of carbon is 1s22s22px12py12pz0 in the ground state but when
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Fig. 4 Schematic representation of supercapacitors mechanism

Fig. 5 a Carbon atomic structure. b sp2 hybrid orbitals formation. c Energy level of carbon atoms.
d sp2 hybridized σ and π bond formation. e Crystal lattice structure of graphene

2s orbit gets sufficient energy then it’s one electron jumped into 2pz orbit. Due to this,
2pz gets a higher energy level than 2px, 2py, and 2s orbit reach the energy level equal
to 2px and 2py. So orbit 2s, 2px, and 2py form the sp2 hybridization (Fig. 5c). Figure 5d
illustrated that the strong σ bond form when two similar carbon atoms overlapped
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with two sp2 orbitals and un-hybridized 2pz orbitals overlap with other neighboring
2pz orbitals responsible for the formation of π bond. Generally, structural integrity
is due to σ-bond and measurement of optical and electronic properties due toπ-bond
in graphene structure.

The crystal lattice of graphene is highlighted by a parallelogrammarkedwith black
dark and dotted lines (Fig. 5e). The two-unit cell vectors a1 and a2 with carbon–carbon
spacing 1.42 Å and lattice constant 2.46 Å are also represented. The delocalization
and resonance of electrons inπ-orbitals, responsible for their extraordinary electrical
properties and stability of the planar sheet [9, 10].

3 Graphene Synthesis

There are many methods based on physical and chemical routes for graphene
synthesis, which are shown in Fig. 6.

3.1 Mechanical Exfoliation

In 1990, kurz and co-workers developed the scotch tapemethodology for mechanical
exfoliation. In 2010, Novoselov and co-workers designed a new method via the
same procedure for graphene synthesis (single or few-layered) [11]. This method
has several advantages such as

• Single-step and simple procedure.

Fig. 6 Common graphene
synthesis methods
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Fig. 7 Three-roll mill approach for continuous mechanical exfoliation of graphene

• Defect-free and non-functional graphene.
• Longer stability.

In a large production, this methodology fails because of high time consumption
with higher costs. To overcome these factors, Chen and his teammates discovered
a new mechanical exfoliation method via a three-roll mill (Fig. 7). This method is
based on continuous mode whereas the scotch tape method is a batch mode.

3.2 Liquid-Phase Exfoliation

In this method, the conversion of graphite into monolayers or few-layered graphene
occurs in liquid phase solvent via ultrasonication (Fig. 8). The following steps are
involved in this process:

• Uniform distribution of graphite in a liquid solvent.
• Exfoliation of graphite by using ultrasonication.
• Purification of obtained graphene.

Fig. 8 Schematic illustration of liquid-phase exfoliation process
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Fig. 9 Solvents for the liquid-phase exfoliation process

The degree of this exfoliation depends upon the mixing enthalpy per unit volume
of solution [12] and derived as-

ΔHmix

Vsol
≈ 2

Tg
(
√
Es − √

Eg)
2φg (4)

where Tg = thickness of a graphene sheet, Es = surface energy of solvent, Eg = surface
energy of graphene layer, φg = graphene volume fraction, �Hmix = mixing enthalpy
and Vsol = solution volume. The main standard of exfoliation process competition is
theminimalmixing enthalpywhich is performed by the equivalent of surface energies
graphene and solvent. So, the lesser amount of mixing enthalpy resulted to obtain a
higher degree of exfoliation. Solvent selection is another factor in this process. The
solvent has low interfacial tension (less than 40 mJ m−2). These solvents are NMP
(N-methyl-2-pyrrolidone ~40 mJ m−2), DCB (ortho-dichlorobenzene ~37 mJ m−2)
and DMF (N, N-dimethylformamide ~37.1 mJ m−2) (Fig. 9).

3.3 Oxidation–Reduction

The most conventional method of graphene synthesis is oxidation–reduction. In this
technique, the graphite powder is oxidized into graphene oxide/graphite oxide (GO)
by using different oxidants. GO is then reduced by using different reducing agents
to complete the synthesis of graphene/reduced graphene oxide (rGO). Graphite is a
combination of various carbon atom layers joined with a weak covalent bond and
oxidized graphite resulting to GO (Fig. 10).

After the reduction step of GO, we get rGO or graphene which is carbon atom
sheets with negligible or less functional groups separately attached. Table 1 shows
the various methods to get the oxidized form of graphite with some advantages and
disadvantages.

Table 2 lists the variousmethods of reduction ofGO to rGO.The complete removal
of functional groups is verydifficult but heremost of the functional groups are reduced
to form graphene.
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Fig. 10 Graphite to graphene synthesis using the oxidation–reduction method

Table 1 Different oxidation methods of GO synthesis

Method Oxidant Solvent Additive Advantages Disadvantages References

Brodie
(1859)

NaClO3,
KClO3

Fuming HNO3 – • Proper
oxidation

• Higher
production

• Some chlorate
left

• Explosive
nature

[13–17]

Staudenmaier
(1898)

KClO3,
NaClO3

H2SO4,
Fuming HNO3

KCl • Commer-
cial for
large scale

• Easily
oxidation

• Time
consuming
process

• Controlling of
temperature

[18–21]

Hummers
(1958)

KMnO4 H2SO4 NaNO3 • Higher
degree of
oxidation

• Defect free
product

• NOx
formation

• Exothermic
reaction
nature

[22–25]

Modified
Hummers
(1999)

KMnO4 H2SO4, H3PO4 K2S2O8,
P2O5

• Oxidation
level boost
up

• Product
perfor-
mance
enhanced

• Product
purification

• Time taking
process

[26–29]

Improved
Hummers
(2010)

KMnO4 H2SO4 K2FeO4,
boric
acid

• Improved
oxidation
states

• Ecofriendly
path

• Some
difficulty in
separation
process

• Highly costly

[30]
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Table 2 Different reducing agents for rGO/graphene synthesis

Method Reductant Advantages Disadvantages References

Green method Coconut water
(Cocos nucifera L)

• Low cost
• No harmful
chemical use

• Lesser yield
• Long reaction
time

[31]

Mango leaf
(Mangifera indica),
Pippala leaf (Ficus
religiosa), Ashoka
leaf (Polyalthia
longifolia)

[32]

Pomegranate juice [33]

Cow urine or urea [34]

Chemical method Sodium ascorbate • High conductivity
product

• Less duration of
reaction

• Some
contamination
contained

• Toxicity of
product

[35]

NaBH4 [36]

Hydrobromic acid [37]

Dimethyl ketoxime [38]

3.4 Chemical Vapor Deposition

In chemical vapor deposition (CVD) carbon atoms are deposited on the growth
substrate (Cu, Ni) from a hydrocarbon source via chemical reactions. High-quality
graphene formation with used at industrial level, continuous graphene film synthesis,
ease of setup, and long term assessment attracted fundamental interest towards this
method. The chemical reactions on growth substrate depend upon various parameters
likeCVDreactor setup, reactor pressure, furnace temperature, feedstockhydrocarbon
availability, growth interval, and so on [39]. There are mainly two types of reactions
in CVD reactor: first based on homogenous gas-phase reaction and another is based
on a heterogeneous chemical reaction. Growth substrate can be Cu or Ni foils but Cu
foil is the best applicant due to the small solubility of carbon atoms and uniformity
of graphene film on Cu substrate surface. However, in the case of Ni foil, the uniform
nature of carbon atoms on the Ni surface does not occur (Fig. 11) [40, 41].

3.5 Epitaxial Growth on Silicon Carbide (SiC)

The production of few-layer graphene on large scale with low defects has been
done by using thermal decomposition on silicon carbide (SiC) substrate (Fig. 12). In
thermal decomposition, the deposition of Si atoms from the SiC substrate is effec-
tively performed in a furnace with high temperature (above 2000 °C) along with
vacuum or argon atmosphere for uniform epitaxial graphene (carbon atoms) layer
formation.
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Fig. 11 Growth mechanism of graphene (carbon atoms) layer on metal growth substrate by using
CVD technique

Fig. 12 Graphene layer formation sketch on silicon carbide (SiC) substrate

The primary advantage of this method is that no other device is needed till the
complete growth of the graphene layer. There are two faces of polar substrate SiC,
one is the Si face which corresponds to the (0001) polar surface and another tends to
C face (0001). When SiC substrate layer is subjected to high temperature, epitaxial
graphene layer growth mechanism, and kinetics defined by few physical changes
such as faster desorption of Si atoms because of high vapor pressure than carbon
atoms and remaining carbon atoms left above on the SiC substrate layer [42, 43].
The different mechanisms and kinetics of Si and C atoms correspond to symmetry
epitaxial graphene layer formation with excellent electronic properties. So due to the
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various following benefits and ease of fabrication corresponds to the well suitable
growth of graphene layer in large scale [44].

4 Graphene Derivatization

4.1 Graphene Oxide (GO)

It is a single-layered carbon atoms material with different functional groups like
hydroxyl, carboxylic, epoxy, and ketone (Fig. 13). In the presence of these func-
tional groups, GO exhibits dispersible nature in water and other solvents. This
hydrophilic nature is responsible for enhancing the d-spacing from 0.3346 mm for
graphite to 0.9794 mm for GO [45]. Moreover GO is a bad electrical conductor as
compared to graphene. The mechanical, electrical, optical, and thermal properties
of GO are not good as graphene. So for improving the properties, GO was reduced
[46, 47]. The presence of huge chemical functionalities in GO surface makes a
flexible chemical workplace for graphene-based nanomaterials in energy storage
applications. There are various methods for GO synthesis such as Brodie, Stauden-
maier, Hummers, andmodifiedHummerswith some variations to get better oxidation
product economically.

Fig. 13 Structure model of graphene oxide
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4.2 Reduced Graphene Oxide (rGO)

rGO lies between graphene and GO because of restoring graphene-like properties
like larger area and excellent electrical conductivity [48] (Fig. 14).

From a practical point of view, rGO can not be considered ideal graphene but
it’s not false to say “real Graphene”. The degree of reduction is responsible for
good quality, less interlayer spacing, and effective properties of rGO. There are
various reduction methods with different reducing agents such as green methods,
chemical methods, thermal methods, and electrochemical methods [33, 49]. Due to
its incredible properties like graphene and ease of synthesis, rGOpaysmuch attention
to energy storage devices.

5 Graphene as Supercapacitor Material

Graphene and its derivatives based nanomaterials with other energetic materials
like conducting polymers (CPs such as PANI (polyaniline), PPY (polypyrrole),
etc.) and various metal oxides (MOx i.e. RuO2, MnO2, NiO, Co3O4, Fe3O4, CuO)
which enhance the redox actions and showing the combined behavior of EDLCs
and pseudocapacitance. High faradic pseudocapacitance, superb conductivity, easy
fabrication, reasonable cost, and high energy storage density of CPs are valuable
in supercapacitor application. Polyaniline is used for supercapacitor application due
to its enormous specific capacitance, cost-effectiveness, and high flexibility [50].
Among the composites synthesis methods, a hydrothermal method is a key method
in most cases to fabricate the composites for energy storage devices, because of the
refitting of surface morphologies by proper management of reactions temperature
[51, 52]. Polypyrrole (PPY) is another conducting polymer for electrode material

Fig. 14 Structure model of reduced graphene oxide
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Fig. 15 Structure of graphene-based nanomaterials

after PANI due to its huge redox action, ecofriendly stable nature, high conduc-
tivity, and excellent volumetric capacitance. These properties exhibit good electro-
chemical performance with nanomaterials in supercapacitor applications [53, 54].
But some drawbacks are also associated with CPs like shrinkage problems during
the doping/de-doping process, low strength, less processability, and limitations in
stability [55, 56]. Moreover, metal oxides have higher specific capacitance, variable
oxidation state, and rapid charge transfer mechanism which makes promising candi-
dates for electrode materials [57]. The combination of graphene, CPs, and MOx can
intensify the performance of supercapacitors due to the synergistic effect. Graphene-
based nanomaterial can be fabricated into a different dimensional structure such
as 0-D (zero-dimensional) (i.e. nanospheres, quantum dots, and hollow spheres),
1-D (one-dimensional) (i.e. nanoribbons and nanotubes), 2-D (two-dimensional)
(i.e. nanosheets, nanomesh, and curved sheets), and 3-D (three-dimensional) (i.e.
aerogels, hydrogels, and nanocomposite) (Fig. 15).

5.1 0-D (Zero-Dimensional) Nanomaterials

Zhang and co-workers synthesized graphene quantum dots (GQDs) with uniform
sizes by using nitric acid oxidant followed by sonication and hydrothermal process.
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The electric double-layer behavior of GQD electrode is 296.7 F/g with 41.2 Wh/kg
energy density at 1 A/g [58]. Fan et al., prepared nitrogen-doped graphene hollow
spheres (NGHS) using layer-by-layer assembly of GO and PANI on polystyrene
nanospheres by calcination and obtained 381 F/g specific capacitance at 1A/g current
density for NGHS with four bilayers [59]. Furthermore, Graphene nanospheres
(GNS) were synthesized by the Yan and its teammates. GNS has a high energy
density of 18.6 Wh/kg at 504 W/kg power density using a two-electrode symmetric
system [60].

5.2 1-D (One-Dimensional) Nanomaterials

Saito et al., synthesized graphene nanoribbons (GNRs) from chemically reduced
graphene oxide with different reduction times. The disorderly structure of GNR
electrode has shown a high energy density of 5.54Wh/kg at 313 kW/kg power density
and 71% capacitance retention at 100 A/g [61]. Zhou and co-workers fabricated
laser-induced bi-metallic sulfide on graphene (MoS2/MnS/GR) nanoribbon for high
performance of supercapacitors and having high areal energy density 7 μWh/cm2 at
50 μA/cm2 with 93.6% capacitance retention up to 10,000 cycles [62]. Moreover,
Ujjain et al. formedgraphene nanoribbonwrappedwith cobaltmanganite particles for
high-performance flexible supercapacitors. The synergic effect of pseudo andEDLCs
showed the high energy density of 44.6 Wh/kg and 11.3 kW/kg power density with
95% retention after 10,000 loops [63]. Similarly, Ping et al. developed anEdge-riched
graphene nanoribbon by longitudinal unzipping of carbon nanotubes and displayed
larger capacitance as 202 F/g compared to GO andMWCNTs at a scan rate of 5mV/s
[64].

5.3 2-D (Two-Dimensional) Nanomaterials

Li et al. synthesized graphene nanosheets with KOH activation and showed the
specific capacitance of 136 F/g, which was 35% higher than pristine graphene
nanosheets [65]. While, Thirumal et al., prepared boron-doped graphene nanosheets
using boric acid as a boron source through hydrothermal approach and displayed
113 F/g at 1 A/g current density when atomic doping was 2.56% [66]. Fan and
co-workers, synthesized porous graphene nanosheets (PGNs) by the etching over
graphene sheets byMnO2 and showed the highest capacitance as 154 F/g at 500mV/s
after etching in 6 M KOH aqueous electrolyte, and obtained 88% capacitance reten-
tion after 5000 cycles [67]. Moreover, Cerium oxide is another type of metal oxide
for supercapacitors because of its eco-friendly nature, economic and energetically
redox actions, reported by Chakrabarty and co-workers [68]. They have developed
CeO2/Ce2O3-rGO nanocomposite hybrid with different weight fractions of rGO
named CRGO1 (3 wt% rGO), CRGO2 (4.5 wt% rGO), CRGO3 (7 wt% rGO),
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CRGO4 (9 wt% rGO), and got higher specific capacitance of 1027 F/g at 1 A/g
for CRGO3 while having 90% initial capacitance retention after 1000 cycles using
1 M NaOH electrolyte.

5.4 3-D (Three-Dimensional) Nanomaterials

Lee and co-workers [69] utilize an ambient pressure drying approach to produce
reduced graphene oxide (rGO) aerogel for EDLCs behavior of supercapacitors. The
lowvalue ofRct (2.52� for 4 h sonicated rGO) indicates that proper communication is
delivered between electrolyte and electrode. The 4 h-rGO exhibited high capacitance
182.0 F/g at 0.75A/g current density, high surface area 190.40m2/gwith 0.261 cm3/g
pore volume and 95.83% retention for 10,000 charge–discharge cycles. Zou et al.,
preparedN-doped graphene/PANI (GMPH7) binary hydrogel. The preparedGMPH7
hydrogel showed the higher specific capacitance 514.3 F/g while 375 F/g for
graphene/PANI (GPH7) and 325 F/g for PANI at 1 A/g with 100% retention of its
capacitance [70]. Hou et al., fabricate amine-functionalized graphene/polyaniline (F-
rGO/PANI) andmesoporous graphene/polyaniline (PF-rGO/PANI) compositewhich
exhibit high specific capacitance (597 F/g for F-rGO/PANI and 489 F/g for PF-
rGO/PANI) at 0.5 A/g current density with 75% and 89% retention respectively
[71]. MnO2/rGO composite prepared using manganese sulfate monohydrate and
exhibit capacitance around 759 F/g at 2 A/g current density with 88% capacitance
retention for 3500 cycles [72]. Fu and co-workers presented a facile technique of
V2O5/graphene composite formation. The high specific capacitance of formed hybrid
exhibit 673.2 F/g at 1 A/g current density of V2O5/graphene-0.341 (where 0.341 was
V2O5 mass proportion in composite) with 96.8% retention after 10,000 cycle life
and excellent energy as well as power density such as 46.8 Wh/kg at 499.4 W/kg,
32.9Wh/kg at 4746.0W/kg in 1MNa2SO4 electrolyte [73].GCS@PANI@rGOwere
synthesized having a higher specific capacitance of 446.19 F/g at a current density of
2 A/g alongside 93.4% retention after 1000 cycles and even remained 88.7% reten-
tion after 5000 charge–discharge cycles, due to the synergic effect of GCS, PANI, and
rGO [74]. Reduced GO/Fe3O4/PANI was synthesized and shown a higher specific
capacitance of 610.4 F/g in comparisonwith rGO/Fe3O4 (212.6 F/g)with 87%capac-
itance because of synergic effect among rGO, Fe3O4, PANI as well and absence
of agglomeration of Fe3O4 nanoparticles on the composite surface [75]. A ternary
composite hydrogel PANI/Graphene/Fe2O3 was prepared using the microwave irra-
diation method as the first step. Furthermore, a polymerization process was carried
out. The combinationofPANI,Graphene, andFe2O3 synergic actiondisplays the high
specific capacitance 1124 F/g at 0.25 A/g current density and 923 F/g at 7.5 A/g peak
current density with 82.2% retention [76].Another ternary rGO/Au/PANI nanocom-
posite was synthesized using Cetraria Islandica L. ach. extract as a green reducing
agent [77]. This hybrid electrode material delivers a high specific capacitance of
212.8 F/g at 1 A/g current density and exhibits 86.9% retention after 5000 repeated
charge–discharge cycles. The polyaniline-based ZnS/rGO/PANI ternary composite
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exhibits a specific capacitance of 1045.3 F/g using three-electrode and 722.0 F/g
capacitance using a two-electrode system at a current density of 1 A/g. Interest-
ingly PANI based ternary composite holds 76.1% and 160% cycle stability for two-
electrode and three-electrode systems respectively after 1000 charge–discharge loops
[78].

A nanocomposite based on rGO/polypyrrole nanofiber was synthesized via
microwave irradiation reduction ofGO followed by in-situ polymerization of pyrrole.
The higher specific capacitance of 227 F/g at 1 A/g using 1 M H2SO4 as an
electrolyte and high energy density 38.5 Wh/kg at 500 W/kg power density [79].
Graphene/polypyrrole composite hydrogel prepared with good distribution and
cross-linked of PPY on porous graphene structure showed specific capacitance
of 295 to 240 F/g at 1–10 A/g current density withholds 80% capacitance reten-
tion cycle stability after 5000 cycles of charge–discharge [80]. Moreover, ternary
hybrid nanocomposite NiO/Graphene/PPY was prepared [81]. This hybrid material
on Cu(OH)2/Cu foil substrate was used as a working electrode for electrochem-
ical analysis. The flaky shape nanocomposite showed a high specific capacitance of
970.85 F/g using 6 M KOH aqueous electrolyte and 66.17 F/g for 1 M TEABF4/AN
organic electrolyte. Liang et al. synthesized Graphene/PPY/Ag hybrid nanocom-
posite [82]. The synergic nature of these three materials exhibits high areal capaci-
tance 294.2 mF/cm2 at 1 mA/cm2 current density with capacitance retention around
80.1% after 5000 loops. The enhanced performance mainly from reversible Ag/Ag+

redox action and complete wrapping of Ag nanoparticles by PPY on a graphene
surface. Another novel hybrid nanocomposite PdPGO was synthesized [83]. This
exhibits the highest capacitance as 595 F/g for PdPGO comparable to 335 F/g of
binary PdO/PPYmaterial at 1 A/g current density with 88% cycle stability after 5000
loops. Additionally, Xin et al. compared the supercapacitor material performance of
MoO3/Graphene aerogel/PPY, MoO3/GA, and PPY, which exhibited the specific
capacitance 1788 F/g, 1059 F/g, and 379 F/g at 1 A/g [84]. Based on the graphene
ternary system, the insertion of PbO2 nanoparticles has been displayed by Abraham
and co-workers into the surface of PPY/rGO for the enhanced electrochemical nature
of the supercapacitor [85].

6 Asymmetric Graphene-Based Materials
for Supercapacitors

Asymmetric supercapacitors (ASC) havemainly two electrodes of two different posi-
tive and negative electrodes. The operating potential range boosted up and discharge
times extended using asymmetric electrode materials, and also power and energy
density were enhanced compared to symmetric supercapacitor because of fast charge
transportation between electrode–electrolyte and combined effort of faradic with
non-faradic actions [86–88]. Ashraf et al. developed asymmetric electrodes based
on tungsten oxide, highly reduce-graphene oxide (HRG) as positive, and monoclinic
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tungsten oxide (m-WO3) as a negative electrode in 1 M H2SO4 electrolyte [89].
The ASC HRG//m-WO3 showed high specific capacitance 389 F/g at 0.5 A/g and
1.6 V wide window with 93 Wh/kg energy density at 500 W/kg power density. The
cyclic stability holds 92% capacitance retention after 5000 cycles. Based on asym-
metric supercapacitors, Karimi and co-workers fabricated PPY/FeCoS-rGO//rGO
ASC as positive pseudo and negative EDLC electrodes on nickel form current
collector [90]. This asymmetric device showed high specific capacitance 94 F/g
at 1 A/g and 28.3 Wh/kg energy density at 810 W/kg power density. The other
ASCs assembly of PANI/NiO/SGO//Active carbon has 91.15% cycle stability after
10,000 loops, 308.8 F/g capacitance, and 109.8 Wh/kg energy density at 0.8 kW/kg
power density [91]. The novel fabricated asymmetric deviceASC rGO-S/MnO2//AC-
PS has a maximum 1.7 V potential and 99.6% efficient with 94.5% retention up
to 10,000 continuous loops with 71.74 Wh/kg energy density corresponding to
850 W/kg power density [92]. Liu and teammates constructed NiCo-LDH hybrid on
rGO surface was used asymmetric positive electrode and displayed excellent energy
density 48.7 Wh/kg at 401 W/kg power density with 81% cycle stability correspond
to 1.6 V voltage window [93].

7 Conclusion and Prospects

Graphene, a unit layered two-dimensional structures carbon sheet collects lots of
reward due to its remarkable properties and is considered the most suitable material
among all the carbon materials. So, graphene and its family members (GO and
rGO) are widely used as electrode materials in energy storage devices. However, the
deep research on graphene-based supercapacitors has reached to advance level by
developing binary and ternary hybrid nanocomposites using conducting polymers
and metal oxides. Hence we obtained advanced supercapacitors with a high value of
capacitance, good cyclic stability, higher energy as well as power density.While pure
synthesis of pristine graphene with the less costly and easy process is still the deepest
research area for popularizing this material. But graphene can be a more efficient
nanomaterial in every field of science and engineering with the proper support of the
government. Therefore, we can say that there are wide ranges of research to boost
up the supercapacitor performance with hybrid nanomaterials using graphene and
its derivatives.
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Nanocomposites of Carbon Nanotubes
for Electrochemical Energy Storage
Applications

Pranjal Saikia, Pranjit Barman, and Lakhya Jyoti Borthakur

Abstract Carbon nanotubes are tube-shaped molecules that are composed of
plunged sheets of one or more layers of carbon atoms arranged in a honeycomb
hexagonal fashion. Because of their structural features andwell-conducting networks
they are extensively used in many devices viz. supercapacitors, smart textiles as well
as other energy conversion devices. Because of the superior flexibility and stretchable
nature carbon nanotubes show enhanced cyclic stability to be used as active electrode
material. Moreover, carbon nanotubes serve as an excellent additive for conducting
polymers, metal oxides, and graphene-based supercapacitors by providing the best
route for the propagation of charge by drastically reducing the cell resistance. This
chapter will explore the use of carbon nanotubes in supercapacitors, batteries, and
fuel cells.

Keywords Supercapacitors · Mesoporous structure · Metal oxide · Conducting
polymers

1 Introduction

Carbon nanotubes (CNT) are a morphological texture of carbon with tube-shaped
molecules arranged in a honeycomb hexagonal fashion where each carbon atom is
sp2 hybridized. Since its discovery by Sumio Iijjima in 1991 [1], CNTs have been
able to find a wide range of applications in different fields because of their unique
properties and structure [2–4]. CNT possesses high tensile strength, superior surface
area, aspect ratio, and extraordinary thermal and electrical conductivity, chemical
stability, and lightweight [5]. From the perspective of their mechanical properties
CNTs are considered the strongest and the most buoyant materials in nature so far
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[6]. Due to this unique nature, CNTs have many practical applications in chemical
and bio-sensors, catalysis [7], field emission materials [8–9], and electronics [10].
Apart from these, CNTs and their composites are potential candidates in energy
storage devices and are extensively used in supercapacitors, fuel cells, batteries as
well as in hydrogen storage devices [11–13]. Owing to their exceptionally high
electronic conductivity CNT has been used as an additive material in composite
electrodes. These composites impart superior electrochemical activity to otherwise
poorly conducting electrode materials. This chapter focuses on the use of CNTs in
supercapacitors, alkali metal ion batteries, and fuel cells.

2 Structure and Properties of Carbon Nanotubes

There are two types of CNTs viz. single-walled carbon nanotubes (SWCNT) and
multiwalled carbon nanotubes (MWCNT). SWCNT can be regarded as the wrapped
up seamless cylinders of graphene sheets with a hexagonal honeycomb lattice struc-
ture whereas MWCNTs are made up of one to tens and hundreds of concentric shells
of hexagonally arranged roll sheets of carbon atoms with a separating distance of
~0.3 nm [1, 6]. The electronic properties of CNTs may be associated with their
geometrical structure which can be specified by a set of indexes called the chiral
indexes (n, m). Based on this, CNTs are classified into three types viz chiral (n,
m), zigzag (n, 0), and armchair (n, n). In the armchair structure of CNTs, single-
layer graphene sheets are rolled up in such a way that the carbon–carbon bonds are
aligned parallel to the axis of the tube. Zigzag is made by rolling the carbon sheets
in a way that the tube axis is perpendicular to the carbon–carbon bond whereas for
chiral structure the carbon–carbon bonds are inclined to the tube axis [6]. In CNTs,
each carbon atom is covalently linked with the other three neighboring carbon atoms
through sp2 hybridized molecular orbitals in a hexagonal honeycomb lattice struc-
ture. Here, the fourth outermost electron of the PZ orbital undergoes hybridization
with other Pz orbitals and forms a delocalized π-band [14]. The chiral vector (Ch)
defines the 2D lattice of CNTs. Here Ch = na1 + ma2, n and m are the two indices that
define the configuration of CNTs that connects equivalent crystallographic sites of a
two-dimensional graphene sheet, a1 and a2 are basis vector that corresponds to the
graphene lattice structure [15]. Figure 1 shows the formation of single-walled CNTs
by plunging a single graphene sheet in a different orientation.

3 Electronic Properties of CNTs

Depending on the values of n and m indexes CNTs may be metallic or semicon-
ducting. The metallicity of SWCNT generally depends upon its chirality [14]. When
n − m �= 3q (q being an integer), its electron density of states exhibits a remarkable
bandgap close to the Fermi level, and the SWCNT will evince a semiconducting
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Fig. 1 Formation of SWCNT by wrapping graphene sheets into a cylindrical structure, the nature
of wrapping is determined by the chiral vector Ch. “Adapted with permission from reference [14],
Copyright (1993), AIP Publishing”

behavior at room temperature and will also exhibit a chirality dependent bandgap. If
n − m = 3q, the conductance and valance band will overlap and thus will be purely
metallic or semi-metallic. Zigzag (n, 0) SWCNT will show two distinct behaviors
based on n/3 value. The tube will be metallic when n/3 is an integer and otherwise the
tubewill show semiconducting behavior.When Ch rotates from zigzag (n, 0) to chiral
(n, m) the SWCNTwill have the same electronic properties as zigzag SWCNT.When
Ch rotates by 30° relative to (n, 0), it represents armchair CNTs that are expected to
show metallic behavior [14, 16, 17].

The electrical conductivity of CNTs is determined by their carbon framework
and one-dimensional property. CNTs have a current density of 109 A/cm2 and they
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also have improved rate capability to be used in electronic devices like superca-
pacitors, batteries, etc. The presence of strong carbon–carbon double bonds imparts
high Young’s modulus in the axial direction as well as the highest tensile strength
to the CNTs. At room temperature, CNTs exhibit a thermal conductivity of about
6600 W/(mK) [18]. Owing to these favorable mechanical, electrical, and thermal
properties they are extensively used in various energy storage and conversion devices.

4 Application of CNTs in Energy Storage Devices

4.1 Supercapacitors

The idea of a supercapacitor was first put forward by Becker in 1957 [19]. They
are energy storage devices having much higher capacitance values. In comparison
to conventional electrolytic capacitors, supercapacitors envy nearly 10–100 times
more capacitance per unit mass. Based on their charge holding mechanism superca-
pacitors can be categorized as (a) Electrical double-layer capacitors (EDLC) and (b)
Pseudocapacitors.

EDLC is typically composed of two porous electrodes separated by a thin sepa-
rating medium soaked in an electrolytic solution [11]. In EDLC, the capacitance is
due to the electrical charge separation, originated by the directional arrangement of
the electrons and ions at the electrode–electrolyte interfaces [20, 21]. On charging the
system, the cationsmove to the cathode and anions towards the anode.Whenelectrons
move in the external circuit from the cathode to the anode, an electrical double layer is
generated at their interfaces.When charging is over, positive charges on the electrode
attract the anions and negative charges attract the cations and this gives stability to
the double layer. During the discharging process exactly the reverse happens. During
the entire charging-discharging process the electrode material remains electrochem-
ically inactive and accumulation of charge occurs only at the electrode/electrolyte
interface. Therefore, electrical double layer capacitance is a surface phenomenon and
the charging process in EDLC is a non-Faradaic one. The charge storage capacity
therefore very much relies on the nature of the electrode material [21–24].

Pseudocapacitors mainly consist of electrodes of redox-active materials and the
capacitance arises from the fast and reversible faradic reaction at the surface that
involves passages of charge across the double layer [25, 26]. Figure 2 depicts the
charge holding mechanism of (a) EDLC (b) Pseudocapacitors.

The relationship between the capacitance and energy stored in a supercapacitor
is given by the equation

E = CV 2/2 (1)

Here, C is capacitance and V represents the voltage of the cell. Power density is
given by
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Fig. 2 (a) Electrical double-layer capacitor (EDLC) (b) Pseudocapacitor

P = V 2/4Rs (2)

Here, Rs is the equivalent series resistance [11].
The capacitance of a supercapacitor is essentially determined by the physical

properties of active electrode material. Based on specific surface area and porosity,
a wide variety of materials like carbon aerogels, activated carbon, carbon fibers
including oxides and their composites have been abundantly employed as active
electrode material in supercapacitor devices [27–29]. For a supercapacitor to have
high specific capacitance, there must be superior charge accumulation capacity of
the electrode–electrolyte interface, that relies on the accessible surface area of the
electrode to electrolyte to facilitate the rapidmovement of ions at a higher current rate.
However, the above-mentioned carbon materials have a poorly accessible surface
area and it is a major hurdle in achieving the desired specific capacitance [30]. Most
of these carbon materials have a surface area of less than 2 nm that resides in the
scale of micropores [31, 32]. However, mesoporous materials are the most suitable
contenders for the fabrication of any supercapacitor devices, andCNTs, owing to their
highmesoporosity have earned extensive attention among the scientific communities
for developing new generation supercapacitor devices.

Niu et al. [32] has pioneered the use of MWCNTs in fabricating EDLC electrode
using 38% sulphuric acid solution as electrolyte. These CNTs have enviced a specific
capacitance of 102 F/g with an energy density of 0.5 Wh/kg. An et al. [33] has
employed SWCNT as active electrode material where they have attained a specific
capacitance of 180 F/g. Niu et al. and Frackowiak and Beguin [32, 34] has reported
the use of different types of SWCNT and MWCNT to fabricate supercapacitors and
investigated its electrochemical properties. They found that in addition to mesopores
present in the nanotube structure, high specific capacitance is also contributed by the
central canal tube that facilitates the easy transport of the ions from the solution to the
charged interface. For conventional carbon electrodes, capacitance decreases with an



250 P. Saikia et al.

increase in current densities. This may be attributed to the blockage of micropores
with an increasing amount of current load. Thus the energy stored in such capacitors
can be utilized only at a restricted discharge rate at a very low frequency. On the other
hand, in the supercapacitors where CNTs are employed, fast charge integration and
ejection can be observed. The frequency dependence of supercapacitors is usually
assessed by “frequencyKnee” in its impedance spectrum.Niu et al. [32] has observed
a frequency Knee of 100 Hz for supercapacitors with CNT electrodes which means
that energy stored in such capacitors are accessible at frequencies up to100 Hz.

Recent researches have revealed that vertically aligned CNTs are more appro-
priate structured materials than their arbitrarily intertwined counterparts. Zilli et al.
[35] has observed that unlike randomly entangled CNT, the vertically aligned and
unbundled CNT holds higher mesoporosity, high accessible surface area for the elec-
trolyte ions and this in turn, provides better charge storage/delivery properties to the
capacitors. This improvement in the properties of such capacitors can be attributed to
the participation of each tube during the charging and discharging process indicating
an integrated charge capacity from all the discrete tubes or the increased surface area
of aligned CNTs. Huang and Dai [36] have applied the plasma etching method to
remove the amorphous carbon layer that covers the alignedCNTs array. Based on this
end cap opening of the aligned CNT, Frackowiak, and Begum [37] have concluded
that the aligned CNTs with their open top end permit the ions from an electrolyte
to access the internal voids present in the tubes. This distinctive arrangement with
opened tip structure of the CNTs provides superior accessibility of the surface area
to the electrolyte in comparison to it↩s arbitrarily intertwined counterparts (Fig. 3).

Based on the above-mentioned advantageous properties of aligned CNTs over
arbitrarily intertwined CNTs, many scientists have utilized these CNTs in superca-
pacitor electrodes. Chen et al. [38] have made the use of aligned CNT array elec-
trodes using the chemical vapor deposition method with porous aluminum oxide as

Fig. 3 Pictorial depiction of SEM morphologies of aligned CNTs (a) before and (b) after the
plasma treatment to open the top end-caps of tubes. “Adapted with permission from reference [36],
copyright (2002), American Chemical Society”
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templates for the fabrication of supercapacitors and demonstrated a specific capaci-
tance of 365 Fg−1 in one molar H2SO4 solution. Lu et al. [39] have reported a high
specific capacitance of 440 Fg−1 for ionic liquid as electrolyte where CNTs were
prepared by a template-free chemical vapor deposition method.

Functionalization or surface treatment of CNTs has also been observed to
contribute significantly to the efficacy of CNT- based supercapacitors. Kim et al. [40]
have conducted the functionalization of MWCNT using concentrated H2SO4/HNO3

and SOCl2 to have carboxylated and chlorinatedMWCNTs. The oxidation treatment
of MWCNT with strong acids has introduced oxygen-containing functional groups
into the sidewalls of the MWCNTs, this results in the disruption of its graphene
structure which in turn contributed to having 3.2 times higher specific capacitance of
MWCNT due to increased hydrophilicity. In contrast to that chlorinated MWCNTs
upon treatment with octanal/toluene, alkyl functionalized MWCNTs were obtained.
These alkyl groups contributed to a significant loss in the specific capacitance of the
MWCNT that can be attributed to the perfect blockage of protons/ions to access the
surface area of CNTs due to extreme hydrophobicity (Fig. 4).

Liu et al. have investigated the influence of electrochemical treatment on the
pore size distribution of SWCNT. They treated SWCNTs for 24 h at 1.5 V in an
aqueous 6 M KOH solution and observed a specific surface area of 109.4 m2/g [41].
Lee et al. has made use of fluorinated SWCNT in the fabrication of supercapacitor
electrode. They found that even though the specific surface area of both SWCNT

Fig. 4 Pictorial representation of synthetic pathway for the surface functionalization of CNTs.
“Adapted with permission from reference [40], Copyright (2005),AIP Publishing”
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and fluorinated SWCNT are quite similar, the specific capacitance of the fluorine
atom functionalized SWCNT sample is quite lower than that of the bare SWCNT,
particularly at a larger current density. However, at low discharge current density,
the capacitance is almost similar for both samples. The lower specific capacitance
of the fluorinated samples can be ascribed to the fact that micropores possessing
small pore diameters are engulfed by fluorine ions and can get obstructed easily,
at larger discharge currents. When the electrodes fabricated by fluorinated SWCNT
are heated to 900 °C for 30 min under He, the fluorinated samples enviced a larger
specific capacitance to those of pristine SWCNT.Here themicropores are assumed to
develop due to the removal of fluorine atoms from the sidewalls of the SWCNTs upon
heating. Here fluorine is supposed to be removed from the sidewalls of SWCNTs
in the form of CF4, C2F4, C2F6, and COF2 forming chemically cut SWCNTs that in
turn is expected to contribute to decreasing resistivity of the fluorinated samples to
give consistently high specific capacitance than the raw SWCNT samples [42].

CNTs have found a wide range of applications in supercapacitor electrodes,
nanocomposites form with activated carbon, graphene, electroactive polymers, and
metal oxides to have improved electrochemical performances. Portet et al. [43] have
reported an active electrode material composite, composed of a mixture of activated
carbon and CNT in organic electrolytes. They evaluated the impact of CNT content
on the equivalent series resistance (ESR) of the supercapacitor cell. No significant
change was observed in the value of ESR at low content of CNT i.e. 5–10% in
the composite. However, for the composite containing 15% and above the amount
of CNT, a sharp decrease in the ESR from 0.8 to 0.65 � cm2 has been observed.
This reflects the proper equilibrium between the surface area and the porosity which
contributes to the enhanced performance of these composite materials.

Physical and chemical activation of polyacrylonitrile or its co-polymers is usually
employed for synthesizing activated carbon with superior surface area and porosity.
Liu et al. has converted SWCNT/ PAN (polyacrylonitrile dimethylformamide)
composite films into SWCNT/activated carbon composite electrodewith CO2 activa-
tion at 700 °C for twenty minutes. By investigating their electrochemical properties,
they observed a specific capacitance of 380 Fg−1 which is significantly more than a
specific capacitance of a pure SWCNT bucky paper electrode [44]. They observed
that, though the specific capacitance of the heat-treated SWCNT/PAN composite
film before the activation was quite similar to that of the bucky paper, the power
density of the previous one is much superior to that of the latter.

Vinay Gupta and Norio Miura have reported the synthesis of PANI/SWCNT
composite by electropolymerization of polyaniline onto SWCNT. They used the
composite as active electrode material in a supercapacitor device using 1 molar
H2SO4 solution as electrolyte and obtained a specific capacitance of 485 Fg−1 having
power and energy density of 228 wh/kg and 2250 W/kg respectively having large
cyclic stability up to 73 wt% deposits density of PANI onto SWCNT [45] (Fig. 5).

Dong et al. [46], has synthesized polyaniline/MWCNT composite, employing
an in-situ chemical oxidative polymerization technique and investigated its elec-
trochemical performances using 1 mol/L NaNO3 solution as electrolytic medium
and has obtained a specific capacitance of 328 Fg−1 for the as-prepared composite
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Fig. 5 SEM morphologies of the PANI/SWCNT composites with (i) 50 wt.% PANI; (ii) 70 wt.%
PANI; (iii) 85 wt.% PANI. “Adapted with permission from reference [45], Copyright (2006),
Elsevier”

whereas a capacitance of 193 Fg−1 observed for pure PANI. These results infer that
MWCNT has offered an obvious contribution to the improvement of electrochem-
ical properties of the sample by providing additional effectual regions for faradaic
reaction and substantial specific surface area as compared to pure PANI. Kay Hyeok
An et al. has synthesized a composite of SWCNT and polypyrrole in the weight ratio
of 1:1 using 10 mmol of FeCl3 and sodium p-toluenesulfonate as an oxidant for the
polymerization of pyrrole. To reduce the internal resistance of the composite, acety-
lene black was added to the composite during the electrode fabrication. With 15 wt%
of acetylene black, the composite because of its uniform covering by polypyrrole on
the permeable and conductive support of SWNTs, envices an increased capacitance
of 265 Fg−1 than pure polypyrrole and pristine SWNT electrodes [47].

Composites of noble metal oxides and CNTs have gained a remarkable interest
among the scientific community to utilize it as an active electrode substance in
supercapacitor devices. Jong Hyeok Park et al. have evaluated the electrochemical
properties of RuO2-CNT and RuO2-HNO3 treated CNT composite. They revealed
that the electrostatic charge holding and pseuodofaradaic reaction of RuO2 nanopar-
ticles are influenced by the surface functionality of CNTs. The hydrophilicity of
the surface-functionalized CNT contributes to the easy access of the solvated ions
to the electrode/electrolyte interface. This not only magnifies the specific capaci-
tance but also the number of faradaic reaction sites of RuO2 nanocomposites. They
obtained a specific capacitance of 120 Fg−1 (13 wt% loading of RuO2) and 900 Fg−1

for RuO2/hydrophilic CNT nanocomposites that relies on the integrated mass of
RuO2/hydrophilic CNT and the mass of RuO2 respectively [48]. However, due to
disadvantages like high cost, high toxicity, and non-availability of RuO2 and IrO2

the commercial utilization of such composites has become next to impossible. For
this reason, the scientific community has diverted their interest towards the utiliza-
tion of low-priced d-block metal oxides like nickel oxide, vanadium oxide (V2O5),
and manganese oxide (MnO2), to synthesize nanocomposite with CNTs to fabricate
supercapacitor electrodes with superior electrochemical properties.

Vanadium oxide, owing to its non-poisonous, easy availability and high theoret-
ical capacitance (590 mAh/g) has been extensively analyzed as an active electrode



254 P. Saikia et al.

substance for supercapacitor devices [49]. Various composites ofV2O5 with carbona-
ceous substance and metal fibers have been synthesized to boost up its electrochem-
ical performances. Reddy and Reddy [50] have synthesized nano-porous V2O5 by
employing a sol–gel technique and observed a specific capacitance of 214 Fg1 at
a scan rate of 50 mVS−1 in two molar KCl solution and observed that its specific
capacitance decreases rapidly after 100 cycles. It was reported that V2O5 possesses
a limited electrical conductivity of 10−6~10−7 S/cm) [51]. For this reason, elec-
trodes of composites containing V2O5 with materials having high electrical conduc-
tivity have attracted lots of attention for pseudocapacitor applications. kim et al. [52]
have synthesized thin films of V2O5.xH2O on a CNT film substrate by electrode-
position from an aqueous VOSO4 solution and investigated their electrochemical
performances in LiClO4 in propylene carbonate. They observed a specific Li-ion
capacitance of 910 Fg−1 from the as-prepared V2O5.xH2O/CNT film electrode. The
specific capacitance for the V2O5.xH2O/CNT film electrode was 540 mAh/g at a
current density of 10 Ag−1. Based on the efficient semi-conductivity and redox
properties of SnO2, M. Jayalakshmi et. al has synthesized a nano-scale SnO2-V2O5

mixed-oxide by employing a hydrothermalmethod. Carbon nanotubes and the oxides
(both simple and mixed) were mixed thoroughly in the mole ratio of 1:10. After the
evaluation of capacitive behavior of V2O5, V2O5—CNT, and SnO2-V2O5-CNT elec-
trodes using 0.1 M KCl solutions through CV analysis at a scan rate of 100 mV/s,
they noticed that the electrode fabricated from SnO2-V2O5-CNT composites has the
highest specific capacitance [53].

Sofiane et al. has deposited vanadium oxide coating of different thicknesses on
the internal surface of permeable CNT electrodes utilizing Atomic layer deposi-
tion through cyclic voltammetry technique and evaluated the effect of thickness of
vanadium oxide coating on the electrochemical properties of the composite. They
observed that vanadium-coated oxygenated CNT electrodes exhibit superb retention
of capacitance at higher current density or scan rates and lowering the extent of thick-
ness up to ~10 nm allows one to attain a magnified specific capacitance of about
~1550 Fg−1 at a current density of 1 Ag−1. Their result indicates that the perfor-
mances of electrodes are largely influenced by the uniformity and precise control
over the conformity and thickness of the oxide coatings [54]. Manganese oxides,
due to their cost effectiveness, moderate specific capacitance, and environmental
compatibility too have emerged as one of the prominent candidates in this field.
Electrodes with a high specific capacitance of composites containing manganese
oxide, especially with a tiny load of manganese oxide disseminate uniformly over
conductive and carbonaceous material with superior surface area have been widely
studied. Ma et al. [55] has uniformly coated Birnessite type manganese oxide over
CNT through a spontaneous redox reaction between CNT and KMnO4. An initial
specific capacitance of 250 Fg−1 was obtained at a current density of 1 Ag−1 and
this is almost equal to 139 mAhg−1, which directly depends on the entire weight
of the electrode substance viz, (i) the electroactive substance (ii) the binder and
(iii) the conducting medium. The specific capacitance of Manganese dioxide in
the nanocomposite of MnO2/CNT is 580 Fg−1 and is equivalent to 320 mA/g of
MnO2. The electrochemical properties of MnO2 on the CNT can be ascribed to the
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nanometre scale coating of MnO2 on the CNT, the high interfacial area between
the MnO2 and electrolytic solution and the intertwined pores in the structure of
CNTs. They also observed that the specific capacitance of the composite is also
influenced by the pH of the beginning solution. Luman Zhang et al. have synthe-
sized Flexible CNT-MnO2 fiber composite by spontaneous deposition of MnO2 on
CNT fiber through direct redox reaction between an aqueous solution of KMnO4

and CNTs to obtain a wire-shaped supercapacitor by fabricating two aligned CNT-
MnO2 fibers. The composite fiber showed hydrophilic nature that largely influenced
the electrochemical properties of the fabricated supercapacitor with an enhanced
specific capacitance of 231 Fg−1 in Na2SO4 electrolyte. In addition to that, they
even synthesized a wire-shaped symmetric supercapacitor containing CNT-MnO2

fiber electrodes and PVA/H3PO4 electrolyte with a magnified length specific capac-
itance of 621.8 uF/cm having high energy density and cycling stability over 1200
cycles. They observed that the fragility of the prepared composite depends upon the
increasing concentration of KMnO4 solution and the time of the reaction. This is due
to the crumbled structure of CNT after being exposed to KMnO4 solution [56]. Guo
et al. have synthesized an electrode material that resembled the shape of a capacitor
and a battery-type electrode material of CNTs@DNAMnO2. They observed that the
hydrophilic sugar-phosphate backbone of DNA enhances the dispersion of CNTs
in water. In the CNT@DNAMnO2 composite, the phosphate group on the DNA in
the CNTs@DNA ideally holds theMnO2. They perceived that CNTs@DNA bridges
MnO2 spheres to have a permeable structure of CNTs@DNAMnO2 composite and
for that reason the electrodes exhibit an energy density of 11.6 Whkg−1 at a power
density of 185.5 Wkg−1 with 4.2 mg cm−2. mass loading of MnO2 [57].

Nickel hydroxide is extensively used in various energy sources like alkaline
rechargeable batteries, portable electronics, and electric vehicles. Numerous inves-
tigations regarding its use as active electrode material in supercapacitors have been
reported. Crystalline β-Ni(OH)2 have been extensively employed as supercapacitor
electrodes because of their excessive staking density and stability in contrast to α-
Ni(OH)2. SivalingamRamesh et al. have synthesized a nanostructured composite that
consists of MWCNT doped with a nitrogen atom and nickel hydroxide and evaluated
its utilization in supercapacitors. They observed that the composites have specific
capacitances of 350, 282, 240, 210, 160, and 140 Fg−1 at the current densities of 0.5,
1, 1.5, 2, 3, 4, and 5 A/g respectively and 90% of capacitance is retained even after
five thousand cycles at a current density of 0.5 A/g. The composite also revealed an
energy density of 43.75 wh/kg with a power density of 1500 w/kg at 0.5 A/g [58]
(Fig. 6).

Multilayered composite papers combined with CNTs and nickel oxide were
synthesized via a simple hydrothermal method by Lai et al. [59]. They first treated the
CNTswith amixture of sulphuric acid and nitric acid solution to create active sites on
their surface to decorate the NiO materials. The fabrication of multilayer composite
was carried out through layer by layer fabricating mode. Here, the composite paper
utilizes the conductive networkofCNTsas aholding framework aswell as conduction
route for the electrons whereas the NiO provides high pseudo-specific capacitance
by the redox reaction. They have employed the synthesized multilayered CNTs/NiO
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Fig. 6 (a) Pictorial representation of the route for the preparation ofNi (OH)2@N-MWCNThybrid
composite. (b) (i) Cyclic voltammetry curves at various scan rates. (ii) Current versus time curve.
(iii) Galvanostatic charge–discharge curve at different current densities. (iv) Graphical represen-
tation of impact current densities on the specific capacitance. (v) Nyquist impedance spectrum
of Ni(OH)2 @N-MWCNT. “Adapted with permission [58], Copyright the Authors, some right
reserved, Exclusive License [Scientific reports] Distributed under a Creative Commons Attribution
License 4.0 (CC BY)”

composite as the anode and an activated carbon/CNTs composite as the cathode in
an asymmetric supercapacitor with a 6 molar potassium hydroxide solution. The
capacitor had a high specific capacitance of 713.9 Fg−1 at a scan rate of 200 mV/s
having power and energy densities of 698.6 w/kg and 23.9 wh/kg respectively with
excellent cycling stability of 88% retention after 3000 cycles.Wang et al. have synthe-
sized a novel composite of highly conductive nickel cobalt oxide and single-walled
CNTswith –COOHfunctional group (NiCo2O4-SWCNTcomposite). The composite
showed a specific capacitance of 1642 Fg−1 with the retention of the capacitance of
about 94.1% after 2000 cycles [60]. Kumar et al. have prepared a nanocomposite of
Co3O4 and CNTs (Co3O4/CNT) and used it in the fabrication of a supercapacitor
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electrode material through the electrophoretic deposition method (binder-free elec-
trode deposition). Upon investigation of electrochemical properties of composite in
an aqueous electrolyte-based system with 1 M potassium hydroxide solution, they
observed that when the concentration of precursor is taken as 2 mmol the composite
envice a specific capacitance of 705 Fg−1 at a current density of 3 A/g [61].

Recently, graphene, basedon its interesting belongings like high electrical conduc-
tivity, mechanical strength, high specific surface area (2630 m2/g), and excellent
theoretical specific capacitance (550 Fg−1), has been able to find a wide range of
its application in various energy storage devices. Graphene also possesses some
drawbacks to be used directly as active electrode materials in any energy storage
devices. It generally tends to form irreversible clusters by the reason of π–π and
vanderwaal’s interconnection within its adjacent layers that contributes highly to
decrease its surface area and obstructs its possibility for doable implementation. To
overcome this hurdle different approaches like the introduction of MnO2 and RuO2

onto the plane of graphene sheets, functionalization of graphene sheets with various
hydrophilic groups, and incorporation of SWCNT andMWCNT as splitters between
sheets of the graphene layers have been extensively studied by the scientific commu-
nity. Among the above-mentioned techniques, the utilization of CNTs between the
sheets of graphene layers has been widely accepted as the most suitable, low cost and
environmentally benign approach. Cheng et al. have synthesized a composite film,
containing graphene and SWCNT and observed a specific capacitance of 290.6 Fg−1

and 201.0 Fg−1 for aqueous and organic electrolytes, respectively [62]. Moreover,
they observed an increased energy density of 23% with the introduction of SWCNT
to graphene powder and a 31% increase in the value of power density. Imran Shakir
has put forward an approach of constructing thin film of high-density flexible elec-
trodes for supercapacitor using layer by layer framework of MWCNT and graphene
sheets to prevent the agglomeration between each graphene layer. They observed
that the as-prepared layer by layer assembled electrode envised a magnified elec-
trochemical capacitance of 390 Fg−1 and showed superior cycling stability of about
97% retention even after 25,000 charge–discharge cycles [63] (Fig. 7).

Borthakur et al. have prepared a nanocomposite of carboxylic acid-functionalized
MWCNTs and reduced graphene oxide sheets and utilized them as active electrode
materials in supercapacitors with enhanced electrochemical properties. First, pris-
tine MWCNT were functionalized with a carboxylic acid group using concentrated
H2SO4 and HNO3 in the ratio 3:1. The final composite was prepared by the reduction
of graphene oxide powder employing an in-situ method in the presence ofMWCNTs
that were functionalised with carboxylic acid group and hydrazine hydrate. They
reported a high specific capacitance of 302 Fg−1 with energy and power density of
41.65 wh/kg and 496.49 w/kg respectively [64].
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Fig. 7 (a) Pictorial demonstration of the route for the synthesis of the layer by layer (LBL) frame-
work of MWCNTs and graphene on fibrous carbon cloth substrate in order to utilize it in a flexible
supercapacitor. (b) (i) Galvanostatic charge–discharge plot of layer by layer assembled electrode
with one, five, and upto ten layers of MWCNTs and graphene at a current density of 1 Ag−1, (ii)
typical charge–discharge plot for layer by layer assembled electrodewith ten layers ofMWCNTs and
graphene sheets with a current density of 1Ag−1, (iii) variation of specific capacitance layer by layer
assembled electrode with ten layers of MWCNTs and graphene as a function of different current
densities, (iv) Ragone plot of layer by layer assembled electrode upto ten layers of MWCNTs and
graphene obtained from the discharge curves studied at various constant current densities. “Adapted
with permission from reference [63], Copyright (2014) Elsevier”
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4.2 CNTs in Alkali Metal Ion Batteries

CNTs, based on their advantageous belongings like superior electrical conductivity,
mechanical robustness, and structural properties enviced excellent performance as
positive electrode materials and as negative electrode additives for alkali metal ion
batteries. CNT has earned enormous interest among the scientific community as an
electrode substance in batteries. Recently, various modifications in the CNTs have
been reported regarding its use as a favorable electrode material concerning alkali
metal ion intercalations, adsorption, and diffusion. In Li+ ion Batteries, lithium ions
are stored following two pathways (i) through intercalation and (ii) alloying. The
effective loading of Li+ ion directly depends on the surface morphologies of CNTs,
especially on its voids (defects) and diameters [65].

Defects (i.e. n rings) in CNTs are seen to occur naturally or via acid treatment.
To investigate detailed energetic adsorption of Li+ ion on the defective sidewalls of
CNTs theoretical studies like density functional theory (DFT), total-energy calcula-
tions using local-density approximation (LDA) and the generalized-gradient approx-
imation (GGA) were performed [66]. It was observed that the effective diffusion of
lithium ions into the inside CNTs is promoted by the existence of voids on the
sidewalls of the CNTs that result in the reduction of the diffusion path length. It
has also been reported that the end cap opening of CNTs can also contribute to
the effective penetration of Li+ through the ends of the open end. From theoretical
studies, Kumar et al. [67] has reported that there exists a capacitance difference
of almost 120 mAhg−1 between opened and closed carbon nanotubes. For effec-
tive ionic motion and to free intercalation/de-intercalation of Li+ ions, the size of
CNTs must be small. Wang et al. have reported that the capacity of short (300 nm)
CNTs is much higher than that of longer CNTs with length in micrometer [68].
Since the last 20 years both SWCNT and MWCNTs have found extensive use in
lithium-ion batteries either as anode materials or as a conductive additive in the
composite electrode. As compared to conventional graphitic carbons, CNTs have a
higher potential to store a larger amount of lithium ions depending on their structure,
morphology, and defect concentrations. Scientists have established effective utiliza-
tion of both SWCNT and MWCNT for the intercalation of lithium-ion in batteries
with amaximumspecific capacitance of around8500mAhg−1 formulti-walledCNTs
at a decreased current rate of 0.1 mA cm−2 [69]. Seung woo lee et al. has synthe-
sized a different class of electrode for lithium storage using carboxylated and –NH2

functionalizedMWCNT by employing a layer by layer (LBL) assembling technique.
They observed that the as-prepared additive-free LBL assembledMWCNT electrode
reveals high gravimetric energy of 200 Wh kgelectrode−1 with gravimetric power of
~100 kW kgelectrode−1 [70]. Li et al. has prepared nitrogen-doped carbon nanotubes
and utilized them as cathode material for lithium-air batteries. They observed that
the newly fabricated cathode material has shown a specific discharge capacity of
866 mAhg−1 [71]. Hemalatha et al. have used TiO2 to uniformly coat over CNTs
surface and utilized this TiO2 coated CNTs in lithium storage. The composite elec-
trode enviced a specific capacity of 470 mAhg−1 [72]. Keeping given recent trends
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of excessive usage of Lithium-ion batteries in most of the power devices, recently
researchers have diverted the attention towards the use of an appropriate alterna-
tive to overcome the storage of Li sources. Among all the potential candidates Na+

ions have been able to seek much importance to be utilized as one of the most
prominent elements replacing Li+ ions due to its high easy availability, low price,
and environmental benign characteristics. In this aspect, Yan et al. have proposed
a composite of carboxylated based organic, sodium trimesic (Na3TM) with three-
dimensional conductive networks of CNTs to be utilized as an anode material. They
observed that the composite material enviced a reversible capacity of 214.6 mAhg−1

at 0.1 Ag−1 having superb rate capability with specific capacitance 149 mAhg−1 and
87.5 mAhg−1 at 1 and 10 Ag−1 [73].

4.3 CNTs in Fuel Cells

Generally in a fuel cell, electrical energy is obtained directly from chemical energy
with superior energy transformation efficiency and low emissions. Generally, Pt is
used as a catalyst in fuel cells. Although it has good catalytic efficiency, due to its
high-cost commercial viability is a major concern. Various materials like carbon
black, graphene, CNTs, etc. have been used as catalyst support in fuel cells to
reduce the use of platinum catalysts. Jha et al. [74] used functionalized SWCNTs as
catalyst support in proton exchange membrane fuel cell (PEMFC) and found that the
Pt loading may be reduced to 0.06 mg Pt/m2. Grish Kumar et al. [75]. has reported
that CNT is a better Pt catalyst support in fuel cells than carbon black. CNTs are
also used as support in fuel cells for Pt-Ru alloy catalysts [76–78]. MWCNTs have
been used as support to synthesize Pt/MWCNTs, PtNi/MWCNTs, PtRu/MWCNTs,
PtRuNi/MWCNTs, etc., catalysts to be used in fuel cells with better electrocatalytic
activity [79].

Many attempts have been made to use cheaper alternatives of Pt catalysts and in
this regard, CNTs play a pivotal role. Sheng et al. [80] found thatMWCNT supported
Cu/CuxO catalysts have higher activity than Pt nanoparticles. Wang et al. [81] used
polyelectrolyte functionalized CNTs as a catalyst that is free of any metal ion for
oxidation–reduction reactions and has found a similar catalytic property to that of Pt
catalyst in a fuel cell. Reddy et al. [82] have reported the use of cobalt-polypyrrole-
MWCNT catalysts for hydrogen and alcohol fuel cells. Matsumoto et al. [83] have
reported the use of CNTs supported Mo2C catalyst as anode material in fuel cells
and they found that it has a higher overvoltage than Pt-based electrode. Composite
of MWCNT and SnO2 has been used as anode for microbial fuel cells with large
maximumpower density. Ru decorated Pt nanoparticles on nitrogen-dopedMWCNT
have been used in methanol fuel cells with high performance and dispersion [84].



Nanocomposites of Carbon Nanotubes … 261

5 Conclusion

For the last 20 years, CNTs have been explored as one of the most ideal electroac-
tive materials for energy storage devices. CNTs possess superior electrical conduc-
tivity, lightweight, excessive physical robustness than conventional materials like
carbon black, activated carbon, and other carbon-based materials. However, direct
utilization of CNTs in electrodes is not always feasible enough to meet the desired
electrochemical performances like high power and energy densities of the fabri-
cated devices. For this reason, CNTs are assembled to their composites with other
compounds with varying configurations to fabricate new generation electrochemical
devices. It has been observed that modification in the structure of CNTs like defect
creation, atomdopping, andmanaging pore size distribution plays a key role inmanu-
facturing binder-free electrodes. CNTs can be directly grown on current collectors
that offer effective networks for short electron transport pathways and eliminate the
need for binder and conductive additives for electrode fabrication. Electrodes with
CNT and their composite with nanostructured composites of oxides, polymers, and
other carbon-based materials exploit the benefits of high surface area and excel-
lent conductivity. This in turn imparts high stability, better ion transport, enhanced
specific capacitance, and acceptable high rate capability. Relying on its excellent
mechanical strength, CNTs have now been accepted as the most strong contender
to be employed as the active electrode substance for next-generation wearable and
flexible energy storage appliances.
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Transition Metal Oxides
for Supercapacitors
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Abstract Activematerials are the core components of energy storage devices,which
usually determine the potential window and capacity. Among the developed active
materials, transition metal oxides (TMOs) have been fascinated as electrode candi-
dates in supercapacitors (SCs) due to their high theoretical capacity, excellent redox
chemistry, multivalence states, and affordable cost. In this chapter, firstly, different
types of TMOs and their charge storage mechanism are discussed. Furthermore,
combining the TMOs in a composite form leads to an improvement in the energy
storage performance of SCs, and hence, different combinations of TMOs are eluci-
dated broadly. The impact of hybridizing the different metal oxides with other mate-
rials like graphene, conductive polymers, etc. is also comprehensively discussed.
On the other hand, versatile preparation methods to design the hierarchical/porous
architectured nanostructures of TMOs are discussed in this chapter. Recently, metal–
organic frameworks (MOFs) have emerged as a new class of materials and attracted
a great deal of interest in a variety of fields because of their captivating features.
This chapter also focussed on the development of highly porous MOF-based/derived
TMOs and their contribution to the energy storage field. Considering next-generation
flexible electronic gadgets, the proximity of TMOs in the fabrication of flexible
energy storage devices is also described in this chapter.
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1 Introduction

Active materials are major decisive parameters in the energy storage performance
of supercapacitors (SCs). So far, versatile active materials such as carbon-related
materials, conducting polymers, and hydroxides/oxides of transition metals, and
some noble metals have been investigated as electrode candidates for SCs. Although
carbon-relatedmaterials offer high power density, long durability, and high structural
stability, they can not deliver high capacity owing to the non-faradaic-type reactions
involved in their charge storage process. Conducting polymers and transition metal
hydroxides have recently attracted special interest as electrode materials due to their
advanced properties compared to those of the above-mentioned materials because
the charge storage process in those materials involves reversible faradaic-type reac-
tions with electrolyte ions. However, poor crystallinity and agglomeration of metal
hydroxides, and meager structural rigidity of conductive polymers further hinder the
development of cost-effective and high-performance SCs [1, 2]. Whereas, transition
metal oxides (TMOs) have captivated exclusive attention owing to their high theoret-
ical capacity, decent electrical conductivity, multi-oxidation states of the elements,
and affordable cost.

In this chapter, versatile TMOs which are in two classifications are discussed
comprehensively. More importantly, some misconceptions regarding the type of
charge storage process in different TMOs and the metrics used to measure their
capacity performance are interpreted with graphical demonstrations. The effect of
a combination of multiple TMOs and their hybridization with carbon-related or
conductive polymers is also discussed in this chapter. The merits involved in the
development of TMOs from the recently evolved state-of-the-art metal–organic
frameworks (MOFs) are also elaborated. In the end, the proximity of TMOs in the
design of flexible/wearable SCs is also unveiled by reviewing the recently reported
literature.

2 Types of TMOs

According to the charge storage process, the TMOs can be distinguished into two
types, i.e., pseudocapacitor (PC)-type and battery-type.

2.1 Pseudocapacitor-Type TMOs

As well known, electric double-layer capacitor (EDLC)-type materials accumulate
the charge in a non-faradaic process. Therefore, these materials (typically carbon-
based materials) usually do not exhibit oxidation–reduction peaks in their cyclic
voltammetry (CV) responsewithin the defined potentialwindow, as shown inFig. 1a–
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Fig. 1 Typical, a and c CV and b and d GCD responses of EDLC-type and PC-type electrode
materials in the SC study

b. Differently, PC-type materials show slight redox peaks in the forward and back-
ward sweeps in the CV response as they execute reversible faradaic reactions. The
word “pseudocapacitance” is perhaps standardized by joining the prefix “pseudo”
to the word “capacitance” [3]. The word “pseudocapacitance” defines “(a) nearly
impending, or trying to be” and “(b) not really but in the appearance of”. The latter
phrase iswell suited to this type of behavior because theCVandgalvanostatic charge–
discharge (GCD) outlines of PC-type materials are similar to those of EDLC-type
materials, as displayed in Fig. 1c–d. However, the electrode materials indeed demon-
strate reversible electrochemical reactions [4]. The diffusion coefficient (b) values
of the EDLC- and PC-type materials are 1 and nearly 1, respectively. The gener-
ated charge during the measurement is constant within the defined potential window.
Therefore, the electrochemical performance of these materials should be estimated
in capacitance with the unit of a Farad (F).

Ruthenium oxide: RuO2 in crystalline or amorphous state has gained the most
promising attraction as a positive electrode among different PC-type materials
because of its high electrochemical activity, redox reversibility,metallic conductivity,
and thermal/chemical stability [5–7]. Although this material was broadly studied as a
PC electrode candidate, the underlying faradaic process that corresponds to the pseu-
docapacitance further needs to be explored in an attempt to design benefit-enriched
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RuO2 materials. Some previous studies have proposed that the charge storage process
in RuO2 takes place due to the proton-electron reaction as described in the following
equation [8, 9]:

RuO2 + δH+ + δe− ↔ RuO2−δ(OH)δ (1)

Here, δ varies between 0 and 2. This equation signifies that the valency of Ru
changes from 2 to 4 in the oxidation process and vice versa in the reduction process.
Nevertheless, the demerits of the RuO2 such as high cost, formation of nanopar-
ticle clusters, instability of power density especially at high current rates impede its
extensive usage as an electrode candidate in SCs [10]. Therefore, the RuO2 mate-
rial must be synthesized in the hydrous form (designated as RuO2·xH2O) with the
structural features of a thin layer and porosity to attain the exalted capacitance perfor-
mance [11–13]. For instance, Changzhou Yuan et al. prepared hydrous ruthenium
oxides/mesocarbon microbeads (RuO2·H2O/MCMB) by hydrothermal method [14].
The resultantmaterial exhibited almost EDLCbehavior, but small redox humps inCV
analysis and nearly triangular shape-like charge–discharge lines in theGCD analysis,
as shown in Fig. 2a–b. These outlines of CV and GCD measurements endorse the
PC-type of the RuO2·H2O/MCMBmaterial. At a starting current density of 0.5 A/g,
this material demonstrated a high specific capacitance of 1084 F/g and remained 74%
of this capacitance, i.e., 812 F/g even at a high current density of 5 A/g, as illustrated
in Fig. 2c.

Manganese oxides:As an alternative toRuO2,manganese oxides have garnered great
attention because of their several characteristics such as non-noble metals, broad
divergence in its valency (Mn (0) to Mn (VII)), wide operating potential window
(∼1 V), and admirable capacitive performance (∼1400 F/g), and eco-benignity.
Besides, the manganese element is situated at the tenth place in the abundantly avail-
able elements on the Earth’s surface, which describes its cheaper cost than RuO2

[15]. Moreover, the facile oxidizing property of the manganese element makes it
promising in the derivation of versatile and stable polymorphs such as manganese
monoxide (MnO), dimangaese trioxide (Mn2O3), trimanganese tetroxide (Mn3O4),
and manganese dioxide (MnO2) with α-, β-, and δ-phases. In analogy to the RuO2

material, the above manganese oxides also demonstrate the faradaic-type charge
storage process with PC-type behavior in their CV and GCD analyses. For instance,
the CV and GCD curves ofMnO2@vapor grown carbon fiber electrode are displayed
in Fig. 3 [16].

Each polymorph differs from others due to its crystal structure, chemical configu-
ration, and diverge physical and chemical properties, which leads to the differences in
the capacity performance. The MnO2 displays disparate polymorphs of α-MnO2, β-
MnO2,R-MnO2,γ-MnO2, δ-MnO2, andλ-MnO2,whichhavehollandite-, pyrolusite-
, Ramsdellite-, nsutite-, birnessite-, and spinel-type crystal structures, respectively
(Fig. 4) [17, 18]. Besides the morphological and other properties, these crystal struc-
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Fig. 2 Electrochemical properties ofRuO2·H2O/MCMBcomposite electrode.aCVcurves,bGCD
curves, and c specific capacitance values at different current densities. Adapted with permission
from reference [14], Copyright © 2012 ChangzhouYuan et al. Published under the terms of Creative
Commons Attribution License

Fig. 3 a CV curves and b GCD curves of the MnO2@VGCF electrode measured at different test
conditions, revealing PC-type charge-storage behavior. Adapted with permission from reference
[16], Copyright (2016), Royal Society of Chemistry
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Fig. 4 Crystal structures of MnO2 polymorphs. Adapted with permission from reference [17],
Copyright (2020), Taylor & Francis

tures also play a major role in implementing redox reactions by offering intercala-
tion/deintercalation of electrolyte ions, followed by the accumulation of generated
charge.

Although MnO2 and RuO2 demonstrate a noteworthy capacity performance, they
lag behind other electrode materials due to some of the constraints like relatively
low electrochemical activity, and high cost and eco-scarcity of RuO2, respectively.
Therefore, developing more advanced TMOs with enriched redox activity, higher
electrical conductivity, low-cost features would be a propitious strategy to achieve
better energy storage performance.

2.2 Battery-Type TMOs

Recently, battery-type TMOs have attracted much attention due to their superior
characteristics of high redox chemistry, high electrical conductivity, exalted capacity
performance. Owing to the involvement of diffusion or intercalation of electrolyte
ions, the battery-type TMOs exhibit apparent and distinct redox peaks in the CV
measurement and non-linear charge–discharge curves with clear plateau behavior in
the GCD measurement, as illustrated in Fig. 5. The diffusion constant (b) value is
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Fig. 5 Typical, a CV response and b GCD response of battery-type TMOs

close to 0.5 for this type of behavior. Since the generated charge during the measure-
ment is not constant within the defined potential window, the capacity of battery-type
materials which specifically exhibit the above-mentioned behavior should be calcu-
lated in coulomb (C) or Ah. Some of battery-type TMOs and their electrochemical
behavior are explained in the following section.

So far, disparate battery-type TMOs such as nickel oxide, cobalt oxide, copper
oxide, iron oxide, zinc oxide, molybdenum oxide, etc. have been explored for use as
electrode candidates in SCs.

Nickel oxide: Among the above-mentioned battery-type TMOs, nickel oxide (NiO)
has received unprecedented attraction as an SC electrode material due to its remark-
able theoretical capacitance of ∼ 3750 F/g, high electrochemical activity, eco-
friendly nature, and affordable cost. The alkaline solution, i.e., potassium hydroxide
(KOH), is usually used as an electrolyte because of its high ionic conductivity. Here,
the charge transfer process ensues during the conversion of NiO into NiOOH. The
NiO gets oxidized by reacting with hydroxyl ions (OH–) and releases one electron in
the oxidation process, whereas the NiOOH is reduced to NiO by taking an electron
in the reduction process. The corresponding reversible redox reactions of the NiO
material in the charge storage process are given below:

NiO + OH− ↔ NiOOH + e− (2)

NiO + H2O ↔ NiOOH + H+ + e− (3)

Figure 6 displays the electrochemical properties of the NiO active material
prepared by a solvothermal method [19]. Owing to the high redox response of NiO
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Fig. 6 a CV curves and bGCD curves of the NiO electrode material recorded at various scan rates
and current densities, respectively. Adapted with permission from reference [19], Copyright (2015),
Elsevier

material, it exhibited profound redox peaks in the CV measurement and voltage
plateaus in the GCD measurement, as displayed in Fig. 6.

Cobalt oxide: Similar to NiO, different cobalt oxides such as cobalt monoxide
(CoO), cobalt dioxide (CoO2), dicobalt trioxide (Co2O3), and tricobalt tetroxide
(Co3O4) have also received considerable interest as electrode materials of SCs [20,
21]. Among these, CoO and Co3O4 have captivated more attention because of their
disparate physical and chemical properties, high theoretical capacity (∼3500 F/g),
good thermal stability, affordable cost, and natural abundance [22, 23]. These mate-
rials also exhibit reversible redox reactions by reacting with alkaline electrolytes and
the corresponding charge storage process is explained by the following equations
[24, 25]:

Co3O4 + OH− + H2O ↔ 3CoOOH + e− (4)

CoOOH + OH− ↔ CoO2 + H2O + e− (5)

Owing to the low ionic and electronic conductivities, the rate capability of this
material is usually low. However, other properties like high electric conductivity and
chemical stability of Co3O4 promote its usage as electrode materials in SC appli-
cation. For instance, Fangyan Liu et. al. synthesized ultrafine Co3O4 nanoparticles
[26]. Exploiting structural and redox properties, the Co3O4 material exhibited a high
electrochemical response with battery-type behavior, as displayed in Fig. 7. At 0.5
A/g, this electrode showed a maximum specific capacitance of 523 F/g and also
demonstrated good cycling stability after 1500 cycles.

Besides the above two materials, several other TMOs like TiO2 [27], VOx [28],
ZnO [29], NbxOy [30], MoOx [31], WOx [32], etc. have also been investigated as
SC electrode materials. The major limitations of TMOs are relatively low electrical
conductivity and moderate energy density regarding the energy storage performance
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Fig. 7 a CV curves and b GCD curves of Co3O4 electrode (sample-II) at different test conditions.
Adapted with permission from reference [26], Copyright (2017), Elsevier

of SCs. To overcome these hurdles, the possible solutions are described in the next
sections.

3 Combinations of TMOs

Toovercome the limitations of TMOsmentioned above, one of the potential strategies
is combining more than one TMO in a composite form. Here, one TMO can compen-
sate for the limitations of another TMO by its intriguing aspects and vice versa.
Consequently, these TMOs in a composite form synergistically endow their respec-
tive redox chemistry to deliver improved energy storage performance. Currently,
binary/ternaryTMOshave been fascinated because of their enriched redox chemistry,
improved conductivity, widened potential window, and good structural and charge-
transfer abilities. Binary TMOs with especially spinel structure with a formula of
AxB2xO4, where A and B are transition metals (Ni, Mn, Zn, Cu, Co, Fe, etc.) have
gained more attention owing to their high capacity, rate capability, and long-term
stability. Mostly, all of these metals exhibit bivalency in the oxide form, and some
even show trivalency and tetravalency. As a result, numerous charges can be trans-
ferred during the electrochemical reactions, which leads to capacity boosting. For
instance, M. Nagaraju et. al. prepared spinel-type manganese cobaltite (MnCo2O4)
via a single-step solvothermal method [33]. The prepared MnCo2O4 material exhib-
ited fine nanoparticles with ≤100 nm size, as displayed in Fig. 8a. To investigate
the synergistic effect of both transition metals, i.e., Mn and Co, the authors also
prepared solitary manganese and cobalt oxides by keeping all the synthesis condi-
tions the same. As shown in Fig. 8b–c, theMnCo2O4 electrode demonstrated a higher
electrochemical response in CV and GCD analyses than the solitary manganese and
cobalt oxides owing to the involvement of high redox-active Mn and Co elements.
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Fig. 8 aMorphology ofMnCo2O4 material.bCVand cGCDprofiles of solitarymanganese oxide,
solitary cobalt oxide, andMnCo2O4 composite electrodes compared at a fixed scan rate and current
density, respectively. Adapted with permission from reference [33], Copyright (2020), Elsevier

With this synergistic redox chemistry and improved conductivity, theMnCo2O4 elec-
trode was able to attain a higher specific capacity of 44.8 mAh/g than the solitary
manganese (∼23 mAh/g) and cobalt oxides (∼37 mAh/g).

In another report, Chun We et. al. synthesized Zn–Ni–Co ternary oxide (ZNCO)
with mesoporous nanowire morphology by hydrothermal process, followed by calci-
nation [34]. In this literature, the authors systematically revealed the combination
effect of differentTMOs.Theyprepared solitaryCo3O4, binaryZnCo2O4, and ternary
Zn–Ni–Co oxides. Their electrochemical response was recorded at a constant scan
rate of 2 mV/s and current density of 1 A/g, as shown in Fig. 9a–b. The ZNCO elec-
trode demonstrated higher redox response in CV and longer charge–discharge times
in GCD analyses than the other two electrodes (CO and ZCO) owing to efficient
exploitation of all respective features of Zn, Ni, and Co elements synergistically.
In detail, the Zn element provides electrical conductivity, whereas the Ni and Co
elements are highly redox-active and also have good electrical conductivity. Owing
to these benefit-enriched aspects, the ZNCO electrode delivered a higher capacitance
at all the measured current densities than solitary CO electrode and even binary ZCO
electrode, as illustrated in Fig. 9c. However, the ZCO electrode exhibited higher
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Fig. 9 a CV profiles, b
GCD profiles, and c
capacitance values compared
among the solitary Co3O4
(CO), binary ZnCo2O4
(ZCO), and ternary
Zn–Ni–Co (ZNCO) oxide
electrodes. Adapted with
permission from reference
[34], Copyright (2020),
American Chemical Society
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capacitance performance than the solitary CO electrode due to the involvement of
binary TMOs.

In addition to the number of TMOs in the composite form, the specific surface area
and conductivity are two main aspects that can enhance the SC performance. There-
fore, downsizing the morphology to the nanoscale, for example, one-dimensional
structures or thin two-dimensional structures probably are the appropriate approach
to achieve a high surface area. Another engaging strategy is synthesizing TMOs
with the aid of MOFs whose architecture typically comprises the above-mentioned
characteristics. Regarding the electrical conductivity, slightly modifying or creating
vacancies in the architecture of core material by adding/doping other TMOs can
also enhance the conductivity. Although noteworthy development has been made in
the binary/ternary TMOs for SC application, there is still room to overcome some
obstacles like binder-assisted synthesis and limited yield.

4 Hybridization of TMOs

Hybridizing TMOs with other materials like carbon-related materials, conductive
polymers, andnoblemetals is also considered as oneof the potential strategies to over-
come the demerits of TMOs. For example, the carbon-related materials integrated
with TMOs not only offer mechanical support but also boost the charge-kinetics,
power density, and rate-capability properties. In the previous literature, Jae Su Yu et.
al. fabricated a hybrid material of reduced graphene oxide (rGO) sheathed Co2VO4

(rGO@Co2VO4) porous nanospheres for bifunctional applications [35]. Scanning
electron microscope (SEM) and transmission electron microscope (TEM) images in
Fig. 10a–b unveil the wrapping of Co2VO4 nanospheres by rGO nanosheets. The
rGO can effectively suppress the volume changes in the nanostructures of TMOs
owing to its high mechanical flexibility. Thus, the rGO@Co2VO4 hybrid material
was able to maintain excellent cycling stability without a capacity loss (from the
second cycle) after 100 cycles in the lithium-ion battery (LIB) study, as displayed in
Fig. 10c. Meanwhile, the Co2VO4 material without having rGO shielding was not
able to form a solid electrolyte interphase layer until nearly 10 cycles, leading to
more capacity loss as shown in Fig. 10d. In the SC study, the comparative CV and
GCD curves revealed the higher electrochemical response of rGO@Co2VO4 hybrid
material than the Co2VO4 material. Moreover, the rGO@Co2VO4 hybrid material
demonstrated higher capacity values at all the measured current densities than those
of the Co2VO4 material obtained at the same current densities.

In addition to the carbon-based materials, conductive polymers such as polypyr-
role (PPY), polyaniline, poly(3,4-ethylenedioxythiophene) -poly(styrenesulfonate)
possessing the notable features of high electrical conductivity, good redox-activity,
good flexibility, noteworthy capacitance, low cost, and easy synthesis have also
attracted more attention in the fabrication of electrode materials for SCs. More-
over, the conductive polymers enable the solvent/electrolyte uptake property owing
to having hydrophilic functional groups, which promotes potential ion diffusion and
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Fig. 10 a SEM and b TEM images of the rGO@Co2VO4 hybrid material. Cycling test of c solitary
Co2VO4 and d rGO@Co2VO4 materials measured at 100 mA/g. Comparative e CV and f GCD
curves of rGO@Co2VO4 and Co2VO4 materials at fixed test conditions. g Areal capacity values of
bothmaterials. Adaptedwith permission from reference [35], Copyright (2020), Americal Chemical
Society

enhances the ion-accessible area. Like carbon matrix, the nanolayers of conductive
polymers can also alleviate extreme volume changes because of their high flexibility
[36]. In the previous report, Xinyi He et. al. prepared FeCo2O4 nanowires on the flex-
ible carbon cloth (Fig. 11a–c) [37]. Next, the authors decorated PPY nanolayer over
these nanowires to enhance the conductivity and redox activity, as shown in Fig. 11d–
f. Compared to pristine FeCo2O4 material, an optimized PPY coated FeCo2O4

(FeCo2O4@PPY) material showed a higher electrochemical response in both CV
and GCD tests because of boosted conductivity and redox properties, as displayed in
Fig. 11g–h, respectively. Moreover, the shell-like PPY nanolayer protects FeCo2O4

nanowires from destruction during the long-term cycling process. As a result, the
FeCo2O4@PPYhybridmaterial demonstrated remarkable cycling stability over 5000
cycles with 90.2% retention compared to the pristine FeCo2O4 material (84.5%), as
illustrated in Fig. 11i.

The hybridization strategy is, therefore, more effective to maximize the energy
storage performance and the lifetime of TMOs-based energy storage devices. Here,
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Fig. 11 SEM images of a–c pristine FeCo2O4 and d–f FeCo2O4@PPY materials. Compara-
tive g CV curves and h GCD curves of pristine FeCo2O4 with different FeCo2O4@PPY elec-
trodes. i Cycling results of pristine FeCo2O4 and different FeCo2O4@PPY electrodes Adapted
with permission from reference [37], Copyright (2020), Americal Chemical Society

the additives that are integratedwithTMOsnot only contribute their inherent capacity
but also extend the lifetime of designed electrode materials.
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5 Preparation Methods of TMOs

The preparation method is another crucial factor of SC electrode materials. As
of now, versatile synthesis methods such as chemical vapor deposition, sput-
tering, atomic layer deposition, template-assisted method, sonochemical processing,
etc. have been utilized in the development of TMOs. However, almost all of
the above-mentioned methods generally use high energy-consuming equipment or
require expensive templates and arduous operation. These factors make the SC
electrodes more expensive. Alternatively, several wet-chemical methods such as
sol–gel, hydro/solvothermal, and co-precipitation have gained particular interest
because of their easy processing, cost-effectiveness, controllability of chemi-
cals/surfactants/solution concentrations, morphology tailoring, reproducibility, high
yield, etc. [38]. For instance, Apurba Ray et. al. chose a sol–gel method to prepare
the spinel NiMn2O4 nanoparticles by considering its effective characteristics such as
fine nanoparticle formation, reproducibility, low-temperature process, and controlla-
bility [39]. Figure 12a–b displays the SEM and TEM images of the NiMn2O4 mate-
rial. From the TEM image, semi-transparent nanoparticles can be observed, which
suggests the porous behavior of the prepared material. The surface area and porosity
analyses estimated their values as 43.6 m2/g and 13.3 nm, respectively (Fig. 12c).

Fig. 12 a SEM image and b TEM image of the NiMn2O4 electrode prepared by a sol–gel method.
c Surface area and pore-size analysis results of the NiMn2O4 electrode. Adapted with permission
from reference [39], Copyright (2019), Elsevier
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Owing to the fine nanoparticle morphology with high surface area and porosity, the
NiMn2O4 material demonstrated a high specific capacitance of 875 F/g at an initial
scan rate of 2 mV/s.

In another report, Jae Su Yu et al. utilized hydrothermal and coprecipitation
methods to design the core-shell-like TMOs [40]. Both methods are cost-effective,
can produce large-scale yield, and require simple instruments. The other features
such as repeatability, uniform growth, and controllability also make these methods
more promising in the synthesis of versatile electrode materials. These two methods
can also grow the active material directly on the selected current collectors without
the aid of binders. Therefore, the authors in-situ deposited core-like NiO-Co3O4

fish thorns-like nanostructures by the hydrothermal process. The hierarchical shell-
like NiO nanosheets were then wrapped on these NiO-Co3O4 nanostructures by
employing the coprecipitation method, as described in the schematic (Fig. 13a–c).
By measuring morphological and electrochemical characteristics, the NiO-Co3O4-
NiO composite material exhibited excellent energy storage performance in three-
and two-electrode systems.

Even though the electrodematerials comprised the pack of several electrochemical
(high redox chemistry and multivalency) and physical (high redox chemistry, high
surface area, and large porosity) features, their electrochemical performance is likely
to be partly due to the presence of binders. Therefore, the important factor that should
be considered in the fabrication of SC electrode is whether it is prepared with or
without binders. Because the binders that are normally employed are electrically non-
conductive and electrochemically inactive. As a consequence, the electric resistance
of the electrode will upsurge, which leads to poor electrokinetics while performing
the electrochemical reactions as demonstrated in Fig. 14. Moreover, the binders,
auxiliary solvents, and conductive additives increase the production cost. Although
these components will not participate in the electrochemical reactions, they increase
the total weight of the SC device, which affects the volumetric capacitance. However,
the binder-free preparation overcomes all the above-stated constraints by eradicating
all auxiliary components. Besides, this preparation promotes rapid charge transporta-
tion,which results in relatively higher energy storageperformance.The features of the
binder-free preparation are illustrated in Fig. 14. Therefore, adopting the binder-free
process using cost-effective methods to synthesize TMOs is a captivative approach.

6 Metal–organic Frameworks (MOFs)-Derived/Based
TMOs

Recently, MOFs comprising transition metals and organic linkers have attracted a
great deal of interest in versatile research fields owing to their several intrinsic factors
of high porosity, high specific surface area, and tunability in pore distribution. Espe-
cially, the involvement of transitionmetals in theMOFmatrix makes them extremely
promising in the energy storage field as they are key components to execute redox
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Fig. 13 a–c Schematic representation for the synthesis of the NiO-Co3O4-NiO composite material
using successive hydrothermal and oven-based wet-chemical approaches. SEM images of d core-
like NiO-Co3O4 and e core–shell-like NiO-Co3O4-NiO samples. Adapted with permission from
reference [40], Copyright (2018), Elsevier

Fig. 14 Merits of binder-free preparation over the binder-assisted preparation of the SC electrodes
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reactions. Comprising organic linkers is another benefit in a different aspect. They,
of course, do not participate in any electrochemical reactions, but can be converted
in the form of carbon in an inert atmosphere. Since pure TMOs usually have lower
electrical conductivity and stability issues, this converted carbon is likely to enhance
these aspects efficiently. Therefore, developing MOFs-derived/based TMOs using
facile preparation routes is a prominent strategy to enhance the electrochemical
performance of energy storage devices. For instance, Jae Su Yu et al. employed
Co-MOF nano hexagonal prisms as a starting material and derived Co3V2O8 in
successive room-temperature ion-exchange methods, followed by calcining in an
inert atmosphere (Fig. 15a–c) [41]. These Co3V2O8 nano hexagonal prisms were
grafted onCuV2O6 nanorod arrays tomake theCo3V2O8@CuV2O6 compositemate-
rial (Fig. 15d). Especially, the porous nature of Co3V2O8 nanoparticles can be seen
from the TEM image as displayed in Fig. 15e. The Co3V2O8@CuV2O6-based LIB
showed a higher capacity of 1477.5mAh/g at the first discharge cycle, and also exhib-
ited excellent cycling stability over 150 cycles (Fig. 15f). Additionally, highly porous
carbon was also derived from the Co-MOF material by the carbonization, followed
by acid treatment. A hybrid SC device was then fabricated with Co3V2O8@CuV2O6

andMOF-derived carbon materials as illustrated in Fig. 15g. By exploiting the bene-
fits of both positive and negative electrodes, the SC device revealed superior energy
and power densities (0.092 mWh/cm2 and 24.40 mW/cm2, respectively), as shown
in Fig. 15h.

In another report, Yingxi Zhang et. al. designed hollow Co(VO3)2-Co(OH)2 leaf-
like arrays based on the Co-MOF materials [42]. As shown in Fig. 16a, the Co-
MOF nanostructures were initially grown on carbon cloth substrate. The VO3

– ion-
exchange reaction was then carried out at room temperature to produce Co(VO3)2-
Co(OH)2 composite material. The SEM images in Fig. 16b show the smooth surface
of the Co-MOF leaf-like nanostructure. This surface became rough after performing
the VO3

– ion-exchange reactions as presented in Fig. 16c. Benefitting from the
composite active material and structural features, the Co(VO3)2-Co(OH)2 electrode
was able to deliver a higher areal capacitance of 522 mF/cm2 at 0.5 mA/cm2 than
the other electrodes. Besides, it exhibited noteworthy capacitance retention of 90%
over 15,000 cycles.

However, the impediments in the preparation of MOFs such as low-scale produc-
tion, multiple preparation steps, and compromised electrical conductivity still limit
their extensive applicability in the energy storage field. On the other side, the devel-
opment of MOF-based electrode materials is still at the laboratory level. Therefore,
novel and cost-effective synthesis routes with high yield have to be explored to
address these issues. Moreover, incorporating two or more transition metals in the
MOFmatrix without deteriorating its core structure is highly desirable to exalt redox
chemistry and electrokinetics.
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Fig. 15 a–c Scheme for the synthesis of Co3V2O8@CuV2O6 material, d SEM and e TEM images
of the Co3V2O8@CuV2O6 material, and f LIB performance of the Co3V2O8@CuV2O6 material.
g Fabrication of hybrid SC and its h Ragone diagram. Adapted with permission from reference
[41], Copyright (2020), Wiley
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Fig. 16 a Synthesis process of Co(VO3)2-Co(OH)2 material. SEM images of b Co-MOF and c
Co(VO3)2-Co(OH)2 materials. d Capacitance and e cycling performance of Co(VO3)2-Co(OH)2
electrode. Adapted with permission from reference [42], Copyright (2018), American Chemical
Society

7 TMOs Towards Flexible SCs

The recent advancement in the emergence of portable/wearable electronics and elec-
tric vehicles has accelerated the research community to develop flexible, renewable,
and compatible SCs. The crucial component in the development of flexible/wearable
SCs is the current collector, which should exhibit disparate flexibility conditions.
Some conductive substrates like nickel foam/foil, fluorine-doped tin oxide substrate,
copper foam/foil, stainless steel foil, and titanium foil could not serve as efficient
current collectors in the fabrication of flexible/wearable SCs due to their physical
rigidity and inelasticity issues. In contrast, fabrics/cloths, cellulose papers, and thin
metal wires demonstrate excellent flexibility conditions such as bending, rolling,
folding, and even twisting. Until now, different TMOs have been synthesized on
various flexible conductive fabrics/textiles. Among these, carbon fabric has capti-
vated a great deal of interest due to its excellent flexibility, high mechanical, chem-
ical, and thermal stabilities, high electrical conductivity, and lightweight. Consid-
ering these properties, Hui Jiang et al. synthesized Mn3O4 material on the carbon
cloth using the two-step hydrothermal method, as displayed in Fig. 17a [43]. From
Fig. 17b–c, the uniform coating of Mn3O4 nanoparticles can be seen. The asym-
metric SC was then fabricated with the Mn3O4/CC as a positive electrode and acti-
vated carbon as a negative electrode (Fig. 17d). The flexibility of this SC device
was studied under physical deformations like bending and twisting, as shown in
Fig. 17e. The CV curves of the device measured for 200 cycles under bending and
twisting conditions are almost overlapped, which unveiled its excellent flexibility
(Fig. 17f–g).
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Fig. 17 a Scheme for the preparation ofMn3O4/CC sample.b and c SEM images of theMn3O4/CC
electrode. d Fabrication of the SC device. e Photographic representation of the SC device under
normal, bending, and twisting conditions. CV cycling of the SC device under f bending and g
twisting conditions. Adapted with permission from reference [43], Copyright (2020), Elsevier

Other substrates like cellulose paper [44], 3D spacer fabric [45], cellulose filter
membrane [46], etc. have also unveiled their potency as current collectors in the fabri-
cation of flexible SCs. The SC devices employing all these substrates demonstrated
a stable performance under different flexible conditions, as displayed in Fig. 18.

Furthermore, TMOs have been also fabricated on flexible yarns/wires/cables.
The SCs fabricated with these substrates can be more easily sew into human
textiles/fabrics because of their tiny size and high flexibility. However, the loading
of TMOs or any other active materials on these substrates is somewhat difficult by
the binder-assisted process, which may result in the nonuniform coating or unwanted
lumps. These factors limit the redox process and hinder the expose of inner active
material to electrolyte ions, respectively. Therefore, the TMOs should be prepared
directlywithout the assistance of binders or conductive additives. For instance, Jae Su
Yu et al. fabricated NiO@CNTs@CuO composite material in situ on the discarded
Cu fiber using facile wet-chemical processes, as presented in Fig. 19a [47]. Then, the
solid-state hybrid SC was fabricated with this electrode as a positive electrode and
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Fig. 18 Flexible SCs fabricated by the a cellulose paper. Adapted with permission from reference
[44], Copyright (2017), Nature with slight modifications, b spacer fabric. Adapted with permis-
sion from reference [43], Copyright (2020), Elsevier with slight modifications, and c CNT paper
substrates. Adapted with permission from reference [45], Copyright (2020), Elsevier

Fig. 19 a Synthesis of NiO@CNTs@CuO composite material on Cu fibers. b Fiber-shaped solid-
state hybrid SC. c CV performance of solid-state hybrid SC under various bending conditions.
d–i Real-time applicability of solid-state hybrid SC. Adapted with permission from reference [47],
Copyright (2017), Wiley

activated carbon as a negative electrode, and inserted into the heat-shrinkable tube
(Fig. 19b). The device showed a noteworthy electrochemical performance and espe-
cially showed a stable CV response under different flexible conditions (Fig. 19c).
Furthermore, the wearability of these fiber-based SCs was also disclosed by being
woven into a shirt, followed by power electronic components, as shown in Fig. 19d–i.

Most of the TMOs require a heat-treatment process at elevated temperatures to
obtain the oxide phase. As a result, some substrates such as conductive polyester
textiles and cellulose papers are unable to be employed as current collectors to
synthesize TMOs since they become brittle at elevated temperatures. To tackle this
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constraint, novel fabrication methods should be evolved in the design of TMOs
on these substrates at low temperatures, which not only promotes the usage of the
above-stated substrates but also diminishes the fabrication cost of SC electrodes.

8 Summary

This chapter described the significance of TMOs in SCs. The charge storage concepts
in EDLC-type materials and PC- and battery-type TMOs are elaborated. Impor-
tantly, the capacity/capacitance metrics that have been used to measure the perfor-
mance of the above-stated materials are interpreted clearly with corresponding graph
models, which could enlighten the readers more about these concepts. Considering
some demerits of solitary TMOs, designing the combination of multiple TMOs in
a composite form is promoted in this chapter with proper examples. Although the
EDLC-type materials and conductive polymers provide lower capacity, they can
enhance the structural and cycling stabilities of TMOs by suppressing the volume
changes. This chapter explained the benefits that result from the hybridization of
TMOs with these materials. Various synthesis methods in the fabrication of TMOs
are also discussed and some of the benefit-enriched methods are deliberated compre-
hensively. Especially, the merits of the binder-free synthesis over the binder-assisted
synthesis of TMOs are exemplified. Since MOFs typically exhibit high porosity and
surface area characteristics, the preparation of TMOs based on MOF materials is
introduced and their physical properties for high performance are also elucidated.
Finally, the fabrication of TMOs-based flexible SCs is also explained by stating
the suitable current collectors. At the end of almost every section, the hurdles that
usually exist in that specified section are discussed and their probable solutions are
unraveled.
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Novel 3D Hierarchical Porous
Carbon/Metal Oxides or Carbide
Composites

Li Sun and Chunxu Pan

Abstract The performance of supercapacitors is highly related to the microstruc-
tures of electrode materials, such as components, morphology, configurations, etc.
In recent years, a kind of three-dimensional (3D) hierarchical porous carbon-based
composite has been attracted intensive interest due to its advantages, such as highly
porous architecture, high surface area, good electrical conductivity, and highmechan-
ical strength. 3D porous structure facilitates the electrolyte access to the interior of
the electrode, and supplies electric ways for the anchored active materials, thereby
improving the electric double-layer capacitance and pseudocapacitance. Addition-
ally, the hierarchical porosity with a combination of the macro/meso/micropores
be conducive to reducing internal resistance, improving ion diffusion/transport, ion
storage, so as to achieve higher rate capabilities. In this chapter, we are concerned
with some novel structures of the 3D hierarchical porous carbon/metal oxides or
carbide composites together with their preparation methods, properties, and appli-
cations. Also, the dare of the 3D hierarchical porous carbon/metal oxides or carbide
composites is also proposed.

Keywords Novel composites · 3D · Hierarchical porous carbon ·Metal oxides ·
Carbide

1 Introduction

Supercapacitors are deemed to be one of the most potential energy storage technolo-
gies in renewable energy systems owing to their excellent characteristics such as fast
charging speed, long service life, high power density, andwide operating temperature
range [1, 2]. Supercapacitors storage charge through a double-layer capacitance on
the electrode surface or a pseudocapacitor process based on a rapidly reversible two-
dimensional redox reaction near the surface or a rapid three-dimensional intercalation
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process in an extremely thin surface layer,which is themain obstacle to implementing
the full commercial capacity of the method [3]. Many factors will affect the capa-
bility of supercapacitors. Among these factors, the structure of electrode material is
considered to be one of the pivotal elements.

In the development of supercapacitors, carbon materials have attracted more and
more attention due to their large specific surface area, high stability, good stability,
and other characteristics, and they are good candidates for electrode materials for
supercapacitors [4, 5]. Carbon materials have been extensively studied over the past
few decades, and great efforts have been made in their development and diversity.
For example, CNT electrodes with unique tubular porous structures and excellent
electrical properties can increase the energy density, however, high production costs
limit their wide application [6]. The application of graphene in double-layer capaci-
tors has aroused great interest. As a two-dimensional (2D) material, graphene shows
great potential owing to its high specific surface area and electrical conductivity [7].
In practical applications, the energy density of the currently obtained pure graphene-
based supercapacitors ranges from 15 to 35 Wh kg−1, far lower than the theoretical
value of less than 60 Wh kg−1 [8]. In addition, the planar two-dimensional struc-
ture has a high barrier to the decoration of other pseudocapacitor materials on the
graphene sheet, which usually requires electrochemical inert additives and binders to
design the graphene-based electrode, which affects the performance of the electrode.

In order to adequately exploit the high surface area of carbonmaterials, 3D porous
structure has aroused extensive interest among researchers, which can the unique
properties of carbon materials to a large extent, including honeycomb hierarchical
porous carbon, carbon foam, carbon aerogel, carbon nanotube network, and carbon
fiber network [9–13]. Moreover, due to the special porous structure (high specific
surface area and pore volume), as well as inherent characteristics, such as high elec-
tronic conductivity, good thermal stability, and excellent mechanical strength, 3D
interconnected porous carbon materials have aroused strong interest in the appli-
cation of supercapacitors. As far as we know, due to the channels in the porous
structure, the 3D porous structure carbon material can transmit electrons and ions
very quickly and can be self-supporting, which means that when used as a super-
capacitor electrode material, there is no need to add a binder. In addition, carbon
materials can endure abominable environments due to their excellent thermal and
chemical stability. However, pure carbon electrode materials offer a limited energy
density, and cannot fulfill the growing needs of people. Except for designing a 3D
porous structure, the functionalization of electrode materials also has an important
impact on it. The integration of heteroatoms into carbon substrates can effectively
regulate their intrinsic activity, which has high practicability and reference value for
carbon electrodes. According to reports in the literature, symmetry can be broken
by doping adjacent 2p or 3p elements (N, S, P, B, O, etc.) to change the carbon
structure π-π conjugation, changing the intrinsic bandgap, leads to adjustable func-
tions in energy storage scopes [14]. Zhu and his group discovered the wettability and
conductivity can be enhanced by N atom in N-doped porous carbon, and obtained
292 F g−1 capacitance value [15]. Ma and his group prepared S-doped mesoporous
carbon fibers. Due to the electron absorption properties of S, the resulting material
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has a wider bandgap, achieving 221 F g−1 capacitance value [16]. In addition, multi-
heteroatomic doping has better properties than mono-heteroatomic carbonmaterials.
Zhou and his group studied hierarchical polyporate carbon materials with multi-
heteroatomic doping (N/S) and N/P co-doped polyporate carbon/siphonate carbon
heterojunctions. Due to the synergistic effect of multiple heteroatoms, their capaci-
tance values reached 302 and 324 F g−1, respectively [17, 18]. Exhilarating, porous
structural carbon materials are a potential foothold material for doping diverse inor-
ganic,metal oxides or organics tomake up for the deficiency of pure carbonmaterials,
which offers an opportunity to construct three-dimensional carbon-based compos-
ites with synthetic electrochemical properties. Thence, the construction of porous
carbon materials has achieved all-time development in the past few years. To satisfy
the claim of new technologies, the unceasing renewal of self-knowledge has to turn
into a certain tendency of scientific progress. Zhang and his group designed a new
flexible electrode consisting ofNiCo2S4 nanosheets andN-doped carbon foam (NCF)
for supercapacitors to strengthen the energy density [19]. Due to the composition
characteristics and 3D structure of the electrode, the high capacitance of 877 F g−1

is achieved. Ma and his group synthesized 3D porous N-doped carbon frame in-situ
cladNiO nanoparticles, showing large specific capacitance (1074 F g−1 at 1.0 A g−1),
good rate property (820 F g−1 at 20 A g−1), and salient cycling performance (almost
no attenuation) [19]. Yue and his group prepared self-healing MXene-rGO aerogel
compositeswith 3D structure as electrodematerials formicro-supercapacitors,which
had 34.6mF cm−2 capacitance value at 1mV s−1, and the capacitance value remained
91% after 15,000 cycles [20].

In this chapter, the latest advances in some 3D porous heteroatom doped carbon
matrix composites are reviewed, and their energy storage mechanisms, structure-
performance relationships are investigated, while their unique potential as super-
capacitors is explored. In the following, a variety of newly designed 3D porous
heteroatom doped carbon/metal oxide or carbide composites and new preparation
methods, such as zero dimension (0D)/3D, 0D/2D/3D, 2D/3D, and one dimensional
(1D)/2D, are introduced, and highly compressible or flexible carbon/metal carbide
composites are designed and prepared according to bionics principles. Finally,
some dares facing the progress of 3D porous carbon-based composite materials for
supercapacitors are summarized, and the probable developing tendency is predicted.

2 Carbon Materials/Metal Oxides Composites with 3D
Hierarchical Porous Structure

For pseudocapacitance materials, metal oxides (Co3O4, MnO2, Mn3O4, NiO, and
RuO2) are intensively studied for supercapacitors [19, 21–23]. Among them, Mn3O4

has been widely studied for sixpenny, plentiful natural resources, salient environ-
mental compatibility, and preeminent capacitance value [21]. Nevertheless, poor
conductivity (10–5–10–6 S cm−1) and unstoppable stability make its application
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limited. At present, the preparation of 3D porous micro/nanostructured materials and
composites are considered a promising approach for elevating the overall property
of Mn3O4.

2.1 3D Hierarchical Porous Composites Constructed by 0D
and 3D

In this part, a 3D N/P co-doped hierarchical polyporate carbon skeleton “in situ”
armored Mn3O4 nanoparticles (NPCM/Mn3O4) with 0D and 3D construction was
synthesized by one-step pyrolysis [24]. Chitosan is mixed with Mn(NO3)2 solu-
tion and dilute phosphoric acid, then freeze-dried and pyrolyzed at high temper-
ature to obtain NPCM/Mn3O4-1. (The preparation process is shown in Fig. 1a)
NPCM/Mn3O4 applied to supercapacitors has excellent specific capacitance and
good cycling ability. The symmetrical supercapacitor assembled from this sample
exhibits a large energy density. Furthermore, all solid-state symmetrical supercapac-
itors assembled from this sample can withstand mechanical bending, and the salient
capacitance performance and steadiness can still be maintained.

Fig. 1 a Preparation process for NPCM/Mn3O4. b SEMmorphologies. c and d TEMmicrographs
of NPCM/Mn3O4-1. e N2 adsorption/desorption isotherms. f XPS survey spectrum. Adapted with
permission from Reference [24], Copyright (2020), Elsevier



Novel 3D Hierarchical Porous Carbon/Metal Oxides … 297

2.1.1 Morphology, Structure, and Composition of Composites

The scanning electron microscope (SEM) images show NPCM/Mn3O4-1 presents
a 3D pore construction in Fig. 1b, which can reduce the spread journey of ions,
similar to an ion buffer pool [9]. Moreover, the Mn3O4 nanoparticles are evenly
let into the carbon (inset of Fig. 1b). In Fig. 1c, transmission electron microscope
(TEM) image presents the coated carbon layer on the surface of the single Mn3O4

nanoparticle. The clear lattice fringe spacing (0.49 nm) exists in the high-resolution
TEM, which echoes the (101) plane of Mn3O4, and the wrapped carbon layer is an
irregular graphitic carbon material (Fig. 1d).

In Fig. 1e, the N2 adsorption–desorption isotherm of NPCM/Mn3O4-1 indicates
hierarchical pore construction [25]. The specific surface area can reach 338 m2 g−1.
Based on the energy storage mechanism, micropores are used to accumulate most
of the charge or electrolyte ions, and electrolyte ions can be transported into the
micropores through macropores and mesopores, thereby enhancing the conduction
efficiency. More active sites can exist owing to the prominent surface area, and
the pervasion of ions is promoted by rich porosity, thereby effectively enhancing
the performance of supercapacitors [24]. In addition, the X-ray photoelectron spec-
troscopy (XPS) of NPCM/Mn3O4-1 shows the main constituent elements are P (6.58
at.%), C, N (5.35 at.%), O, and Mn (8.93 at.%) in Fig. 1f.

2.1.2 Capacitance Performance of Composites

In Fig. 2a, an aligned symmetric redox peak appears in the cyclic voltammetry
(CV) curve of NPCM/Mn3O4-1, indicating the existence of a reversible redox reac-
tion between the electrode and the electrolyte interface [26]. Although the current
response increases with the increase of the scan rate, the curve has no obvious shape
distortion, indicating the outstanding magnification performance of the electrode
material. Surprisingly, there is no polarization phenomenon in all theCVcurves of the
sample in the potential of 1.3 V [27]. Furthermore, the similar shape of the galvano-
static charge/discharge (GCD) curve and the almost symmetrical potential platform
at different current densities in Fig. 2b indicate typical pseudocapacitance behavior
(Fig. 2b). Figure 2c shows that the highest specific capacitance of NPCM/Mn3O4-1
can reach 384 Fg−1, and even at 20 A g−1, the capacitance value still presents 204
Fg−1 and negligible IR drop. The enhancement of the capacitance performance of
NPCM/Mn3O4-1 is due to the 3D interworking polyporate construction and high
specific surface area, which prominently reduces the ion transmission journey to
promote ion storage and rapid access to the active site. Figure 2d shows that the
sample can maintain a capacitance of 98.2% after 5000 cycles and almost coincides
with the CV curve before and after 5000 cycles (the inset of Fig. 2d), indicating excel-
lent stability. [22] Mn3O4 nanoparticles are coated with a carbon layer to enhance
the conductivity of NPCM/Mn3O4-1, while preventing the migration/aggregation of
Mn3O4 [28].
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Fig. 2 Electrochemical tests (6 M KOH electrolyte): a CV curves of NPCM/Mn3O4-1; b GCD
curves of NPCM/Mn3O4-1; c Capacitance value at different current densities; d Cycling stability.
Electrochemical tests of the NPCM/Mn3O4-1 in two-electrode system; e CV and f GVD curves in
6 M KOH; g CV and h GVD curves in 1 M Na2SO4; i Ragone plot. Adapted with permission from
Reference [24], Copyright (2020), Elsevier

The voltage window of the CV curve and GCD curve for NPCM/Mn3O4-1 based
symmetrical supercapacitors (6 M KOH as electrolytes) in Fig. 2e and f can reach
1.3 V. The form of CV curves is almost unchanged, even at 500 mV s−1, indicating
that the capacitance behavior andmagnification performance are excellent. The shape
of the GCD curve of various current density tests is similar to a symmetrical triangle,
indicating that the capacitance is excellent in reversibility. The specific capacitance
of this device can achieve 237 F g−1, and the rate property (75.5%) is outstanding
in the range of 0.5–20 A g−1. In the 1 M Na2SO4 electrolyte, the potential window
of the CV curve of NPCM/Mn3O4-1 is as high as 0–1.6 V, as shown in Fig. 2g. The
highest capacitance value can reach 186 F g−1, and the capacitance retention rate is
still 70.4% at 20 A g−1 (Fig. 2h). In addition, the energy density of 13.9 and 16.5Wh
kg−1 achieve in the device in 6 M KOH and 1 M Na2SO4 electrolytes, respectively.

2.1.3 Application for Flexible Supercapacitors

The CV curve area of the all-solid flexible symmetrical supercapacitor device under
different bending states changes slightly (Fig. 3a and inset), indicating that the resis-
tivity of the device changes very little in the bending state, and it has a perfect
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Fig. 3 Electrochemical tests of all-solid-state supercapacitors (6 M KOH gel electrolyte) under
mechanical deformation: a CV curves; b EIS; c Capacitance value after cycles. Adapted with
permission from Reference [24], Copyright (2020), Elsevier

capacitance answer. The EIS test under different bending conditions (Fig. 3b) shows
that the resistance of the device changes only slightly, which is consistent with the
above conclusions. In addition, more than 95% of the capacitance retention after 500
cycles of mechanical deformation (Fig. 3c) confirms the good mechanical stability
and practical application potential of the device.

2.2 3D Hierarchical Porous Composites Constructed by 0D,
2D, and 3D

In this part, a 3Dhierarchical porous heteroatom-doped carbon foamcompositemate-
rial with a combination of 0D/2D/3D structure is prepared [29]. Chitosan is reacted
with dilute phosphoric acid to prepare [Chit][H2PO4], and then Mn(NO3)2 solution
is added. After fully immersing the commercial melamine sponge in the above solu-
tion, freeze-drying, and high-temperature pyrolysis, theMn3O4 embedded 3Dmulti-
heteroatom codoped carbon sheets/carbon foams (Mn3O4-NPCN/CF) composites
are obtained. The preparation process is shown in Fig. 4a. Mn3O4-NPCN/CF has a
3D transparent porous structure, and Mn3O4 is embedded in N/P co-doped carbon
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Fig. 4 a Schematic for preparing Mn3O4-NPCN/CF. b and c SEM morphologies. d and e TEM
micrographs of Mn3O4-NPCN/CF. f N2 adsorption/desorption isotherms. g XPS survey spectrum.
Adapted with permission from Reference [29], Copyright (2020), Elsevier

sheets. Excellent capacitance performance exists in Mn3O4-NPCN/CF-based super-
capacitors. In addition, high energy and power density are present in all-solid-state
symmetrical supercapacitors devices based on Mn3O4-NPCN/CF in different elec-
trolytes. During this period, it has excellent flexibility and can be used in a wide
temperature environment.

2.2.1 Morphology, Structure, and Composition of Composites

Figure 4b shows that the porous interconnection framework decorated by carbon
sheets is present in the Mn3O4-NPCN/CF composites, which promotes the transport
of electrons. High-resolution SEM (Fig. 4c) and TEM images (Fig. 4d) showed that
many nanoparticles (average particle size of 19.5 nm) were embedded on the surface
of the carbon sheet, and the graphite carbonmaterialwaswrapped in the nanoparticles
(Fig. 4e). This structure efficaciously enhances the conductivity and steadiness of
the composites.

In Fig. 4f, the apparent H2-type hysteresis loop in the N2 adsorption–desorption
isotherm of Mn3O4-NPCN/CF confirms the hierarchical porous feature. The SBET
values of Mn3O4-NPCN/CF reach 783 cm2 g−1. More micropores can achieve more
charge or ion accumulation, and the rapid transport of ions to the micropores can
be achieved through macropores and mesopores so that the conductivity efficiency
is improved [30]. XPS in Fig. 4g shows that the Mn3O4-NPCN/CF composites are
mainly composed of P (5.64 at. %), C, N (6.82 at. %), O, and Mn (9.87 at.%).
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2.2.2 Capacitance Performance of Composites

The redox peaks and voltage plateaus are shown in all CV curves and GCD curves
of Mn3O4-NPCN/CF composites, respectively, which are typical pseudocapacitance
behaviors (Fig. 5a and b). And there is no obvious change in the shape of the curve
with the scan rate, indicating that the capacitance performance is good [26]. The
capacitance value of 519 F g−1 (Fig. 5c) realizes in the composites, and the IR drop
is small under high current conditions, which is the combined effect of high SBET,
high content of N/P co-doping, 3D interconnection framework, and special structure
[24, 31, 32]. In addition, the 96% retention rate and the overlap of the CV curve
before and after 5000 cycle test (Fig. 5d) confirm the excellent steadiness of the
composites.

Mn3O4-NPCN/CF-based symmetrical supercapacitors show excellent capaci-
tance performance in both 6 M KOH and 1 M Na2SO4 electrolytes and exhibit a
broad potential of 1.4 and 1.7 V [28]. The capacitance values of 305 and 208 F g−1

can be realized in two electrolytes with this device. Mn3O4-NPCN/CF-based all-
solid-state symmetrical supercapacitors also have an excellent performance by CV
and GVD curves (Fig. 6a–d) in PVA/KOH or Na2SO4 gel electrolytes, achieving a
capacitance value of 207 and 141 F g−1, respectively. Moreover, the energy densities
of 20.7 and 20.9 Wh kg−1 can be achieved during this period (Fig. 6e).

Fig. 5 Electrochemical tests in 6 M KOH: a CV curves of Mn3O4-NPCN/CF; b GCD curves of
Mn3O4-NPCN/CF; c Capacitance value; d Cycling test. Adapted with permission from Reference
[29], Copyright (2020), Elsevier
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Fig. 6 Electrochemical tests of the Mn3O4-NPCN/CF in the two-electrode system. 6 M KOH: a
CV and b GVD curves. 1 M Na2SO4: c CV and d GVD curves. e Ragone plot. All-solid-state
supercapacitors under mechanical deformation: f Photographs tested, g CV curves. h CV curves
under different temperatures. Adapted with permission from Reference [29], Copyright (2020),
Elsevier
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2.2.3 Application for Flexible Supercapacitors

There are only slight changes in the shape and area of the CV curve of the all-solid-
state symmetrical supercapacitors device based onMn3O4-NPCN/CF under different
mechanical deformations (Fig. 6f and g). Even 500 times of continuous deformation
means excellent capacitance behavior and stability. The unique 3D interconnection
frame structure of 2D carbon sheet decoration reduces the change of resistivity during
mechanical deformation. [32] In addition, the device can tolerate a wide ambient
temperature (−20 to 80 °C), and the capacitance value does not change much, even
after 500 cycles of testing. This is due to the steady 3D construction, high specific
surface area, and prominent conductivity. Reduced charge transfer resistance [33].
These outstanding properties mean that Mn3O4-NPCN/CF possesses tremendous
latent capacity in flexible energy storage territory.

3 Carbon Materials/Metal Carbide Composites with 3D
Hierarchical Porous Structure

In recent years, 2D layered transition metal carbide/nitride MXene becomes a new
type of hot material due to its exciting conductivity, stability, and mechanical proper-
ties in various fields [34]. In addition, the redox-active surface and excellent conduc-
tivity have high capacitance, so MXene has potential characteristics of electrode
materials, such as Ti3C2Tx electrode material in the sulfuric acid electrolyte can
achieve a high capacitance value (380 F g−1) and outstanding cycle characteristics
[34]. However, the influence of forces between 2D nanosheets, self-stacking, and
aggregation are usually inevitable [35]. As a result, the specific surface area is small,
the ion transport channel is limited, and the active site is unreachable [35]. According
to reports, 3D structure electrodes are a possible solution. However, the porous
MXene prepared by the multi-step method and template method has an unstable
structure and is easily broken under the action of external mechanical strain, and its
elasticity is small [20]. Secondly, the crafting procedure is complicated, high-cost,
and non-eco-friendly [35]. Thence, a simple and environmentally friendly prepara-
tion process for producing an excellent performance of 3D porous MXene is the key
to large-scale applications.

3.1 3D Hierarchical Porous Composites Constructed by 2D
and 3D

This section proposes a simple and environmentally friendly method to prepare
highly compressible 3D hollow “neuron-like” structure MXene/N doped carbon
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foam (MXene/NCF) composites that combine 2D and 3D structures [36]. Commer-
cial melamine foam is fully immersed in MXene solution, then freeze-dried and
pyrolyzed at high temperature to obtain MXene/NCF composite. The preparation
process is shown in Fig. 7a. This structure not only inherits the excellent mechanical
stability of melamine foam, and effectively abates the accumulate and aggregation of
MXene nanosheets, but also the 3D hierarchical porous hollow “neuron-like” struc-
ture and good specific surface area can be used for ion diffusion/electron transmis-
sion and highly stable and efficient channel to improve electrode dynamics and mass
transmission. The composite material effectively utilizes the large-conductance and
hydrophilicity of MXene and combines the 3D polyporate neuron-like construction
of NCF. The composite endure 80% of the compression deformation, and the volume

Fig. 7 a Schematic illustration of the fabrication processes for MXene/NCF. b–e SEM images. f
Cartoon of the neuron structure. g and h TEM micrographs. i Digital images showing compress-
ibility. j N2 adsorption/desorption isotherms. k Contact angle of MXene/NCF. Adapted with
permission from Reference [36], Copyright (2021), American Chemical Society
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does not decrease significantly after being compressed 500 times under a constant
strain of 60%. Compressible all-solid-state supercapacitor with the self-supporting
electrodes of MXene/NCF still exhibits excellent electrochemical performance and
stability.

3.1.1 Morphology, Structure, and Composition of Composites

The SEM image in Fig. 7b shows that MXene/NCF has a 3D porous interconnected
tetrapod skeleton. In addition, there are many MXene nanosheets between and on
the surface of the 3D porous tetrapod framework (Fig. 7c and inset, Fig. 7d). The
surface of the irregular graphitic carbon NCF is enclosed with MXene (about 75 nm)
through the TEM image (Fig. 7g and h). Most of the joints of the composite material
have become hollow spheres (Fig. 7c), and the quadruped arms have a tubular struc-
ture through SEM (Fig. 7e and inset), resembling the neuron construction (Fig. 7f).
Compared with the solid structure, the hollow structure is more conducive to energy
storage [26]. In addition, the repeated compression test of the composite material
reflects the excellent flexibility and elasticity, and severe compression has only a
small effect on the composite material (Fig. 7i).

The N2 adsorption–desorption confirmed hierarchical porous characteristics of
composite (Fig. 7j), and the specific surface area can reach 517 m2 g−1. In addition,
the composite material can achieve a contact angle of only 47° (Fig. 7k), confirming
high hydrophilicity, which effectively promotes the electrolyte to penetrate electrode
material, thus effectively strengthening the energy storage performance of the double-
layer capacitor [24].

3.1.2 Mechanical Property of Composites

The MXene/NCF composite material can not only tolerate a weight of 100 g but the
shape and size are immediately restored to the original state as the weight decreases
(digital photo in Fig. 8a). The 20, 40, 60, and 80% stress–strain curves in Fig. 8b
show that there is no plastic deformation in the composite material from defor-
mation to recovery deformation. Moreover, the stress–strain curve (Fig. 8c) of the
composite material before and after 500 cycles of compression (60% strain) only
slightly changed, and the relative height (Fig. 8d) remained almost unchanged [37].
SEM images under different compression levels are shown in Fig. 8e–j. In addition,
the contact between the porous framework of the composite material increases the
conductive path under different strains, so that the conductivity (Fig. 8k) increases
with the increase of strain.
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Fig. 8 Compressibility tests: a Digital photo, b Stress–strain curves at different strain, c Stress–
strain curves by 500 cycles, d Height change, e–j SEM morphologies under varied compression. k
Conductivity retention. Adapted with permission fromReference [36], Copyright (2021), American
Chemical Society
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3.1.3 Capacitance Performance of Composites

The shape of the CV curve of theMXene/NCF composite in the 6MKOH electrolyte
(Fig. 9a) is rectangular, even at 1000mVs−1, confirming fast ion answer and excellent
rate property. The triangular GCD curve (Fig. 9b) confirms exceptional invertibility
and prominent coulomb efficiency [38]. In addition, the capacitance value of 332
F g−1 can be realized, and the capacitance can still maintain 64% even at 100 A
g−1 (Fig. 9c). These results are due to the synergistic effect of large specific surface
area (increasing accessible sites), N atom doping (providing additional pseudocapac-
itance), 3Dhollow interconnected neuron structure (short-range vertical transmission
of ions), and the introduction of MXene (increasing electron transfer rate) [17, 39].

Under the conditions of 20, 40, 60 and 80% compressive strain, the specific
capacitance of the MXene/NCF electrode still achieved 99.5, 98.6, 97.5 and 95.7%
retention, respectively (Fig. 9d).During the deformation process, the contact between
adjacent skeletons ofMXene/NCF reduces the actual contact sites of ions and reduces
the capacitance [10]. However, the capacitance under different compression condi-
tions is reversible, even with 80% strain. In addition, the MXene/NCF electrode can
still achieve 99.2% capacitance retention after 10,000 cycles (Fig. 9e), confirming
outstanding stability.

Fig. 9 Electrochemical tests: aCVcurves;bGCDcurves; cCalculated capacitance value;dCapac-
itance retention at different compression; e Cycling performance. Electrochemical measurements
of the device; f CV curves; g GVD curves; h Calculated capacitance value; i Ragone plot. Adapted
with permission from Reference [36], Copyright (2021), American Chemical Society
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The CV curve (Fig. 9f) and GCD curve (Fig. 9g) of the all-solid-state superca-
pacitor device (SSC) both confirmed the excellent electrochemical behavior of the
device. The device can achieve capacitance values of 63 F g−1 (Fig. 9h), even at 30
A g−1, which can still reach 40 F g−1. In addition, the maximum energy density of
8.75 Wh kg−1 is realized in this device.

3.1.4 Application for Freestanding, Highly Compressible
Supercapacitors

The MXene/NCF-based SSC device does not leak electrolytes under different
compression conditions, and the shape can be restored immediately after the stress
is removed (Fig. 10a). The CV and GCD curves of the device have only minor
differences under different compression conditions (Fig. 10b and c), and the capac-
itance attenuation is less than 3% (Fig. 10d), confirming the excellent structure and
performance stability. In addition, the gel electrolyte layer prevents the touching
between the neighboring skeleton under deformation conditions, so that the EIS
curves (Fig. 10e) of the devices under different deformation conditions are almost
the same in the high plateau area, confirming a constant internal contact resistance
[36]. In addition, the capacitance of the device still achieved 96% after 2500 cycles
under differentmechanical deformation (Fig. 10f), confirming good durability, which
is owing to the steady conductance, salient mechanical properties, and endurance
of the MXene/NCF electrode. Moreover, two devices can light up the LED (rated
voltage of 1.8 V) (Fig. 10g), and the brightness of the light-emitting diode is almost
unchanged under compression and subsequent recovery conditions (Fig. 10g), further
confirming theMXene/NCF-based SSC devices have great potential in compressible
and durable wear-resistant electronic products.

3.2 3D Hierarchical Porous Composites Constructed by 1D
and 2D

According to the principle of bionics, a new type of flexible 3D hierarchical porous
“skin/bone” structure composite material, namely: MXene/biomass-derived carbon
fiber (MXene/CF) heterogeneous structure was constructed [40]. Commercial cotton
fiber wiper is fully immersed MXene solution, then freeze-dried and pyrolyzed at
high temperature to obtain MXene/CF composite. The preparation process is shown
in Fig. 11a. The experimental results show that: (1) This newly designed structure
effectively weakens the accumulation of MXene nanosheets, with a specific surface
area of up to 386m2 g−1; (2) The 3D layered porous structure can promote electrolyte
penetration, allowing ions to quickly enter the electrode to achieve energy storage;
(3) MXene nanosheets are distributed in the carbon fiber gap to act as a bridge,
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Fig. 10 Electrochemical tests of the compressible device: a Digital photographs; b CV and c GCD
curves; d Capacitance retention; e The Nyquist impedance plot; f Cycling performance; g Photos
of the device driving LED light in different states. Adapted with permission from Reference [36],
Copyright (2020), American Chemical Society
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Fig. 11 a Schematic illustration of the fabrication processes for MXene/CF. b–c SEM morpholo-
gies. d–e TEM micrographs of MXene/CF. f N2 adsorption/desorption isotherms. g XPS survey
spectrum. h Contact angle of MXene/CF. i Digital images of mechanical properties for the
MXene/CF. j Conductivity retention under bending conditions. Adapted with permission from
Reference [40], Copyright (2021), Elsevier

providing a more efficacious and steady channel for electron transfer; (4) The exis-
tence of heterogeneous structure effectively reduces internal resistance and improves
themechanical andmechanical properties of compositematerials. Cycle stability; (5)
the composite material as a self-supporting electrode presents high volume-specific
capacitance, excellent rate characteristics, and cycle stability.
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3.2.1 Morphology, Structure, and Composition of Composites

The porous network structure formed by interlacing CF is shown in the SEM image
of MXene/CF (Fig. 11b and c), and the fiber surface is wrapped with loose, porous,
and wrinkled MXene (the inset of Fig. 11c), similar to the “skin/skeleton” structure.
The aggregation of 2Dnanosheets on the surface is effectively alleviated. TheMXene
nanosheets scattered between the CF networks are similar to bridges, increasing the
transfer channels of electrons and ions. Therefore, the accumulation is well weak-
ened. In the TEM image, the diameter of MXene/CF is about 790 nm (Fig. 11d), and
the thickness of MXene wrapped on the CF surface is about 65 nm (Fig. 11e). The
N2 absorption–desorption curve with a typical H3 hysteresis loop (Fig. 11f) confirms
the MXene/CF hierarchical porous characteristics (providing a steady and efficient
aisle for ion/electron conveyance) and achieves 386 m2 g−1 surface area to provide
more contact sites for energy storage, thus significantly improving capacitance and
Magnification performance [9, 20].

C, Ti, and O constitute the main constituent elements of MXene/CF through
XPS (Fig. 11g), and have a contact angle of 36° (Fig. 11h), confirming the high
hydrophilicity. In addition, different shape cutting and arbitrary deformation can be
realized in MXene/CF, and the shape and size will be restored to the original state
immediately after the deformation stress is relieved (Fig. 11i). The electrical conduc-
tivity changes very little during the 500 bending repetitions (Fig. 11j), confirming
the high structural stability and high electrical conductivity.

3.2.2 Capacitance Performance of Composites

The rectangular-like CV curve of the self-supporting electrode MXene/CF, even at
1000mV s−1 (Fig. 12a), confirms the low internal resistance, better rate performance,
and ion responsiveness. [41] The high coulombic efficiency can be confirmed by the
almost symmetrical GCD curve with different current densities (Fig. 12b) [30]. In
addition, the hierarchical porous framework and large specific surface area enable
the large capacitance value of 357 F g−1 to be achieved, while maintaining 63.9%
at 100 A g−1 (Fig. 12c). Furthermore, the good stability can be confirmed by 99.8%
capacitance retention after 5000 cycles (Fig. 12d) and no change in microstructure
by SEM image after cycles (Fig. 12e).

The MXene/CF-based all-solid symmetrical supercapacitor device (MXene/CF-
SSC) has a rectangular CV curve shape (Fig. 12f) and a symmetrical GCD curve
(Fig. 12g) from 10 to 500 mV s−1, confirming good rate capability, reversibility, and
high Coulomb efficiency [42]. The capacitance value of 76 F g−1 at 0.5 A g−1 and
51 F g−1 at 50 A g−1 are realized (Fig. 12h), respectively. In addition, the device
achieves the highest energy density of 10.6 Wh kg−1), which is higher than the
recently reported MXene-based SSC (Fig. 12i) [43–46].
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Fig. 12 Electrochemical measurements of MXene/CF in 6MKOH: a CV curves; bGCD curves; c
Capacitance value; dCycling test. e SEM images after cycle stability test. Electrochemicalmeasure-
ments of the device; f CV curves; gGVD curves; h Capacitance value; i Ragone plot. Adapted with
permission from Reference [40], Copyright (2021), Elsevier

3.2.3 Application for Flexible Supercapacitors

The CV and GCD curves of the device with little variation under mechanical defor-
mation (Fig. 13a and b) confirm the excellent flexibility and stability. Under the
maximum mechanical deformation, the capacitance attenuation is only less than
1.9% (Fig. 13c), and the capacitance value is completely restored immediately as the
deformation is removed. The almost completely coincident EIS curves (Fig. 13d)
in the high-frequency region under different mechanical deformations prove that
the internal contact resistance changes very little. In addition, the 2.3% capacitance
decay after 2500 cycles of mechanical deformation further proves the outstanding
durability of the device (Fig. 13e). The above results are closely related to the stability,
flexibility, and conductivity of the electrode material’s microstructure. Two devices
in series can illuminate a light-emitting diode with a working voltage of 1.8 V
(Fig. 13f), and there is almost no change in brightness under mechanical change
and recovery, indicating the huge application potential of MXene/CF in the field of
wearable electronic devices.
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Fig. 13 Electrochemical properties of the device under mechanical deformation: a CV curves; b
GCD curves; c Capacitance retention; d Nyquist impedance plot; e Cycling performance; f Photos
of the device driving LED light. Adapted with permission from Reference [40], Copyright (2021),
Elsevier

4 Prospects and Challenge

3D hierarchical porous carbon/metal oxides or carbide composite has become more
and more popular in the research field due to many excellent characteristics. More-
over, a hierarchical porous structure helps prevent the re-accumulation of metal
oxides or carbides to obtain a large charge contact area, so it is particularly popular.
Abundant ion adsorption/active sites can be achieved through micropores, and ions
can quickly diffuse into the electrode material through mesopores and macropores
to generate electrochemical reactions, thereby achieving high power density [47].
Therefore, it is important to make full use of the unique porous structure. So far,
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only moderate specific surface area, specific capacitance, and energy density can
be achieved in three-dimensional hierarchical porous carbon/metal oxide or carbide
composite materials, which is still far behind the theoretical value. Before further
exploration can be made to fully utilize the synergistic effects of the components of
three-dimensional porous carbon/metal oxide or carbide composites, the optimal 3D
hierarchical porous structure must be designed first. At present, The following main
challenges remain: (i) How to develop low-cost, environmentally friendly technolo-
gies; (ii) How to precisely control the pore structure distribution; (iii) How to balance
the proportion of different pore sizes.

In addition, there are still challenges in obtaining 3D hierarchical porous
carbon/metal oxide or carbide composite materials. While maintaining the porous
properties, it is the key to giving full play to the role of other ingredients besides the
carbon material. A significant increase in the energy density of carbon materials can
be achieved by the introduction of metal oxide or carbide materials. However, due to
the introduction of metal oxide or carbide materials into the composite material, the
internal resistance and weight will increase, thereby reducing the power density of
the composite material, and making it difficult to achieve the goal of light electrode
materials for the development of portable electronic products. Therefore, balancing
the two is the key. In the future, the focus of research may focus on the following
points: (i) How to dominate the percentage of both; (ii) How to maintain the vintage
architecture of porous carbon materials when other architecture in drafted; (iii) The
complex hybrid structure also makes the true mechanism of charge storage difficult
to understand.

This chapter is focused on the novel 3D hierarchical porous carbon/metal oxide
or carbide composite electrode materials. From this review, it can be inferred that the
3D hierarchical porous carbon/metal oxide or carbide composite material has broad
prospects in the future development of supercapacitors. Although some reported
achievements increase confidence, the exploration of new generation supercapaci-
tors should not stop at the initial stage. There is still a long way to go before mass
production is achieved: (1) To control the interface reaction between the electrode
and the electrolyte, it is necessary to understand the energy storage mechanism
in depth. In the process of exploration, advanced simulation and modeling studies
are added to reveal the nano-scale electrochemical mechanism. (2) “Technology
is always limited by available materials”, this applies in the past, or today, or the
future. In recent years, a series of new two-dimensional materials with unique elec-
tronic, chemical, and surface properties have been successfully developed to meet
the needs of new materials, such as germanene, silicone, butene and borene, and
they have shown tremendous latent capacity in supercapacitors. The combination of
carbonmaterials and these nanomaterials to construct three-dimensional hierarchical
porous composite materials is expected to produce a new generation of supercapac-
itor electrodes with high energy and power density shortly. As we all know, the
high-purity mass production of new nanomaterials is the ultimate challenge. (3) The
rapid popularization of intelligent electronic technology needs the ongoing evolution
of intelligent power with integrated stimulus responses. It will be very interesting to
integrate more functions into an energy storage device.
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Nanostructured 2D Transition Metal
Dichalcogenides (TMDs) as Electrodes
for Supercapacitor

Raheela Naz, Tahir Rasheed, Suleman Khan, and Muhammad Bilal

Abstract To satisfy the increasing global demand for energy, it is urgent to develop
new energy sources and energy storage devices. In this respect, supercapacitors are
potential energy storage devices due to their properties of high-power density, long
cyclic stability, and rapid charge/discharge ability. The performance of the superca-
pacitors mainly relies on the electrode materials with high electrical conductivity,
easy charge (ion/electron) transportation, adequate porosity, and high surface area.
To date, 2D materials such as transition metal dichalcogenides (TMDs), reduced
graphene oxide (RGO), transition metal oxides (TMOs), and their composites
have been investigated as commendable electrode materials for high-performance
supercapacitors due to their outstanding merits including high specific surface
area, additional electrochemical active sites, high conductivity, and single-layer
morphology.

Keywords Transition metal dichalcogenides · 1T-molybdenum disulfide ·
Supercapacitors

1 Introduction

For several decades, two-dimensional (2D) transitionmetal dichalcogenides (TMDs)
have been known as layeredmaterial, but their hi-tech properties have not been recog-
nized until the discovery of graphene, a 2D carbon allotrope [1]. Now, 2D-TMDs
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have arisen as attractive materials with their exotic physicochemical properties, like
good semiconducting nature, excellent chemical stability, exceptional mechanical
properties, large surface area, high catalytic activity, and low cost [2, 3]. Recently,
2D TMDs have been investigated in several applications, such as batteries, super-
capacitors, solar cells, transistors, electrocatalysts, and optical display [2]. In elec-
trochemical applications, 2D TMDs with abundant active edge sites can perform
excellent catalytic activities [4] and their 2D layered structure having large surface
area and interlayer space can help in easy ion transportation/intercalation, which is
beneficial for energy storage devices [5]. However, the easy restacking possibility
of the layered structure, low electrical conductivity, and poor electrical contact of
2D TMDs prohibit their electrochemical performance [6]. To overcome these chal-
lenges, the hybridization of 2D TMDswith highly conductive materials and inducing
defects or holes on the sheets of TMDs have become attractive routes for improving
their electrochemical performance [7].

The increasing demand for global energy and the depletion of available energy
sources are motivating scientists to explore other energy sources and develop
energy storage devices with high performance, low cost, and environment-friendly
behavior [8]. Numerous electrochemical energy conversion and storage devices,
like Li-ion batteries, hydrogen evolution reaction, solar cell, and supercapacitor are
becoming attractive techniques to solve the global energy problems [9]. As one of
the energy storage devices, supercapacitors have great importance due to their rapid
charge/discharge ability, high power density, long service life, and environmental
friendliness [10]. To develop a supercapacitor, one of the key factors is to explore
electrode materials with superior performance.

2 2-Dimensional Transition Metal Dichalcogenides (2D
TMDs)

TMDs are layered materials having the general formula (MX2), in which transition
metal (M = Mo, W, V, Re, Ta, and Ti) layer is sandwiched between two chalcogen
(X = S, Se, and Te) atomic layers. Each layer is attracted by a neighboring layer
due to weak van der Waals forces. On the base of atomic configuration, 2D TMDs
have different crystal phases, such as hexagonal (2H), trigonal (1T), and distorted
phase (T’) [11]. The atomic ratio in layered TMDs is one transitional metal to two
chalcogen atoms (MX2) except in some cases of quintuple layers (M2X3) and metal
chalcogenides (MX) [12].

2D TMDs family covers a wide range of bandgap including visible and infrared
range, as shown in Fig. 1. Most of the semiconducting 2D TMDS in monolayer, such
asMoS2,MoSe2.MoTe2,WS2, andWSe2 reveal a direct bandgap, but this direct band
can transit to indirect bandgap in bulk form. Depending on the crystal phase, most
2D TMDs could be metallic, semiconducting, and superconducting. For example,
1T-phase (metallic phase) of MoS2 is 107 times more conductive than 2H MoS2
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Fig. 1 The bandgap of different 2D layeredmaterials. Adapted fromReference [2] copyright 2017,
Elsevier

(semiconducting phase) [13]. The stability of the 2D TMDs phases is different in
different materials. Mostly the stable phase of MX2 is a 2H phase, such as MoS2 has
a more stable 2H-phase compared to 1T-phase [13] and WTe2 has a more stable 1T
and 1T′ phase than the 2H phase [14].

As elastic properties, single-layered (SL) MoS2, MoSe2, WS2, and WSe2 show
outstanding elastic performance due to the low modulus values as compared to
graphene materials [15]. Additionally, 2D TMDs show excellent electronic prop-
erties with high carrier mobility of 200 cm2/VS (demonstrated by MoS2 transistors)
[16] and high thermal conductivity (27.9–88.8 W mK−1) [17].
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3 Advantages of 2D TMDs Nanostructures

2D TMDs nanostructured materials with their exotic properties like excellent chem-
ical stability, positive lattice thermal expansion coefficient, andgood thermal stability,
have become popular among researchers for electronic applications [18]. The high
surface area andwide range of oxidation states of transitionmetals in 2DTMDs,make
these materials favorable for energy storage devices [19]. Due to the low cost, high
density of electroactive sites along the edges of sheets, and electrochemical stability
of 2D TMDs, they offer promise to use in electrocatalyst applications especially
for HER [20]. In addition, the sheet-like structured 2D TMDs with larger interlayer
spacing and weak van der Waal interaction between layers offer easy ion and molec-
ular intercalation, making 2D TMDs attractive materials for several electrochemical
applications [21].

In view of the interesting structure and properties of 2D TMDs, their applica-
tions cover numerous fields, such as sensors, energy conversion systems, electronic
devices, and energy storage technology as shown in Fig. 1.3 [22]. To date, the main
challenges related to the synthesis of 2DTMDs are the low electrical conductivity and
restacking of layers, compromise of their applications due to the reduction of active
sites, and high charge transfer resistance [23]. To overcome the above problems, the
development of heterostructure of 2DTMDswith highly conductivematerials having
a large surface area (graphene) is the main compulsory step for future applications.

4 Molybdenum Disulfide (MoS2) as 2D TMDs

Among various 2DTMDs,MoS2 hasmore attraction for researchers due to its unique
properties. MoS2 has a layered structure, in which S-Mo-S layers have weak van der
Waals interactions with an interlayer spacing of 0.615 nm, obviously larger than that
of graphite 0.335 nm [24]. The atomic structure, properties, and synthetic strategies
have been discussed in detail in the next sections.

4.1 Atomic Structure of MoS2

According to the arrangement of Mo atoms in a single layer, the MoS2 structure can
be classified into two classes: hexagonal MoS2 (2H) and tetragonal MoS2 (1 and
1T′, Fig. 2a) [25]. In 2H-MoS2, the Mo atoms have trigonal prismatic coordination
in the Mo layer, and this layer is sandwiched between two S layers and this phase is
semiconductor [26]. In comparison, the tetragonal MoS2 including ordered 1T- and
distorted 1T′-MoS2 is a metallic phase, the arrangement of Mo atoms in octahedral
coordination [27]. The study of scanning transmission electron microscope (STEM)
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Fig. 2 a Schematic of different polytypes of MoS2. Adapted from reference [25] copyright 2016,
Elsevier. b STEM images of 2H- MoS2 and 1T- MoS2. Adapted from reference [28] copyright
2012, American Chemical Society

image reveals that the 2H-MoS2 possesses honeycomb-like lattice andmetallicMoS2
(1T-MoS2) has hexagonal lattice as shown in Fig. 2b [28].

4.2 Preparation of 2D MoS2

MoS2 has a diversity of structures and a wide range of properties. Extensive research
has been done to synthesize low-cost and large-scaleMoS2 nanostructureswith exotic
properties and superior performance. Mostly, two kinds of preparation approaches
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have been used: A top-down approach (like exfoliation of bulk material); and a
bottom-up approach (including hydrothermal and solvothermal methods).

(1) Top-down approach

The top-down approach includes various methods such as mechanical, microwave-
assisted exfoliation, chemical, liquid-phase, and electrochemical intercalation and
exfoliation. Like graphene, MoS2 nanosheets have been obtained by mechanical
exfoliation of bulk MoS2 powder material. Novoselov et al. achieved single-layer
MoS2 nanosheets with a good quality crystalline structure, but the low yield is the
main hindrance for practical applications [29]. To improve the yield, chemical and
liquid phase exfoliation methods have been developed. These methods involve the
intercalation of ions like Li-ion by using n-butyllithium in an inert atmosphere. Then
the exfoliation of intercalated MoS2 sheets can be done by sonication, microwave,
and ball-milling processes. Li-ion intercalation can also be done by using a Li-ion
battery system, in which lithium foil and bulkMoS2 were used as anode and cathode,
respectively [30]. Other alkali metals have also been used for the exfoliation of bulk
MoS2. During the metal ion-intercalation, these alkali metals act as electron donors
and induce strain force leading to the phase transition of MoS2 from 2H to 1T phase
[31].

The other top-down approach such as mechanical ball milling has been used to
prepare MoS2 nanosheets without any additives or any special treatment. The size of
nanosheets and phases (2H and 1T) of MoS2 have been controlled by milling time.
Recently, Xu and coworkers used supercritical CO2 gas for the exfoliation of bulk
MoS2 [32]. Similar to alkali metals, the introduction of CO2 between MoS2 layers
induces strain forces into MoS2 sheets, leading to exfoliation of sheets and transition
of phase from 2H to 1T.

(2) Bottom-up approach

The bottom-up approach includes hydrothermal, solvothermal processes, and chem-
ical vapor deposition (CVD) for the synthesis of MoS2 nanosheets [33]. In
hydrothermal and solvothermal processes, the different precursors of Mo and S
elements have been used. These precursors were thermally treated at 180–220 ºC
for 18–24 h. The obtained MoS2 nanosheets have a 200 nm lateral size and thickness
of 2–5 layers. The temperature and composition ratio of precursors are the critical
factors for the control of the MoS2 phase. Lui et al. found that the metallic content
of MoS2 was significantly influenced by precursor ratio [33]. In CVD process, a
thin film of MoS2 has been developed by the chemical reaction of vapors over the
substrate on a large scale as shown in Fig. 3. In this method, three different types of
precursors have been utilized namely, ammonium thiomolybdate solution, molyb-
denum trioxide powder, and elemental molybdenum. Balendhran et al. reported a
bulk synthesis CVD method for MoS2, in which MoO3 precursor is evaporated on a
substrate followed by the sulfurization process in a quartz tube [34].
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Fig. 3 The schematic diagram for the Chemical vapor deposition method. Adapted from reference
[35] copyright 2019, Elsevier

4.3 Hybrid Nanostructures of MoS2

However, there are two basic challenges in the synthesis of MoS2: (1) the restacking
of the MoS2 nanosheets; (2) the low electrical conductivity of MoS2, leading to the
hindrance in electrochemical applications. Therefore, the hybridization ofMoS2 with
conductive materials, like conductive polymers, carbonaceous materials, and metals,
is the effective step to overcome the above-mentioned problems.

(1) Hybrids of MoS2 and graphene

Various carbonaceous nanomaterials including, carbon nanofibers, carbon nanotubes
(CNTs), activated carbon, and graphene have been reported as auspicious materials
for MoS2 hybridization. These carbonaceous materials have attractive properties
like superior electrical conductivity, low toxicity, lightweight, and easy fabrication
methods. Considering the graphene, the integration of graphene with MoS2 leads
to the following advantages for energy storage applications; (i) the high electrical
conductivity of graphene improves the low electrical conductivity of MoS2. (ii) The
hierarchical 3D structure of graphene aerogel boosts the structural integrity ofMoS2,
leading to improve cyclic stability for energy storage devices. (iii) The dispersion
of graphene can alleviate the aggregation of MoS2 sheets, which leads to improving
the electrochemical/catalytic performance. (iv) Graphene as a template for MoS2
growth provides a conducting network for the transportation of ions/charges [36].
In contrast, MoS2 is also advantageous for improving the properties of graphene; (i)
MoS2 anchored onto the surface of graphene provides electrocatalytically active sites
for the reduction of tri-iodide-like species, giving applications in dye-sensitized solar
cells (DSSCs) as counter electrodes. (ii) 2D MoS2 can also lessen the aggregation
of graphene sheets and increase its surface area [37].

The key synthetic route for MoS2/graphene hybrid is the hydrothermal method.
A solvothermal method was also used to prepare reduced graphene oxide doped
with S/N and decorated with MoS2 nanosheets by using L-cysteine and ethylene
glycol [38]. Flower-like MoS2/N-doped graphene hybrid has been prepared by one-
pot hydrothermal method for supercapacitor applications. In this method, sodium
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molybdate, graphene oxide, L-cysteine, and urea were used as starting materials
[39]. Initially, MoS2/graphene hybrids were synthesized via mechanical exfoliation
and dry transfer of graphene and MoS2 layers [40]. The main disadvantages of this
manual approach are; (1) unwanted gaps or wrinkles, (2) residual contamination
between connecting 2D layers leading to detrimental performance of the devices
[41]. Another approach is the direct growth of 2D-MoS2 on graphene substrate by
chemical vapor deposition (CVD). In this approach, MoS2 and WS2 sheets were
grafted on the surface of graphene by co-evaporationCVDor by theMOCVDprocess
[42]. The hexagonal flakes of MoS2 were grown on graphene substrate by a CVD
process, in which (NH4)2MoS4 precursor self-assembled to form MoS2 flakes by
thermal decomposition at a lower growth temperature of 400 ºC [43].

(2) Hybrids of MoS2 and conductive polymers

Numerous conductive polymers (CP) have been employed as electrode materials
for energy storage/conversion applications owing to their low cost, high electrical
conductivity, high energy density, facile synthesis, and biodegradability. However,
CP materials have inherent disadvantages like mechanical degradation and low heat
resistance, leading to poor electrochemical performance. It has been demanded to
prepare hybrid materials to overcome these drawbacks and improve their proper-
ties. Several approaches have been employed to prepare MoS2 hybrids with poly-
mers including physical mixing of 2D MoS2 and polymers, covalent functionaliza-
tion of MoS2 and polymers, and in-situ polymerization process. Eksik et al. exfoli-
ated bulk MoS2 and then mechanically mixed 2D MoS2 with epoxy polymers [44].
Similarly, Song et al. synthesized MoS2/PEDOT-PSS composite by dispersing the
2D MoS2 in the aqueous solutions of poly(3,4-ethylenedioxythiophene) and poly
(styrenesulfonate) [45].

The major problem of this approach is the restacking of 2D MoS2 layers
in polymer solutions. In an alternate approach of in-situ polymerization, many
conducting polymers including polyaniline (PANI), polypyrrole (PPy), and poly(3,4-
ethylenedioxythiophene) (PEDOT) were polymerized with 2D MoS2. Ma et al.
reported PPy/MoS2 nanocomposite by in-situ oxidation polymerization of pyrrole
in 2D MoS2 suspension [46]. Huang et al. synthesized PANI/MoS2 composite by
using an in-situ polymerization approach and reported this nanocomposite as elec-
trode material for supercapacitors [47]. Sha et al. reported MoS2/PANI/graphene
ternary nanocomposite by using a two-step approach, giving superior supercapacitor
performance [48].

(3) Hybrids of MoS2 and transition metal oxides (TMOs)

2D MoS2 hybrids have also been reported with TMOs as energy storage and elec-
trocatalytic HER applications. The most commonly used TMOs are iron oxide
(Fe2O3, Fe3O4), cobalt oxide (Co3O4), manganese oxide (MnO2), tin oxide (SnO2),
tungsten oxide (WO3), and ruthenium oxide (RuO2). The main roles of TMOs
in their hybrids with MoS2 are high redox activity, superior specific capaci-
tance, and preventing the restacking of 2D MoS2. In contrast, 2D MoS2 acts as
a supporting template for the growth of TMOs and restricts the volumetric change of
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TMOs during charge/discharge cycles. The most extensively used synthetic strategy
for MoS2/TMOs hybrids is a hydrothermal process. For example, a heterojunc-
tion composite of MoS2 nanoflake arrays (MNFs) and WO3 nanorod arrays was
synthesized on a copper substrate via a simple hydrothermal method [49].

Figure 4a–b shows the TEM images of MNFs-WNRs composite heterojunction.
Another heterojunction composite of MoS2 QDs/WO3 was synthesized and used as
photoelectrode. In this process, WO3 nanoplates were prepared by hydrothermal
process, and MoS2 QDs were prepared by exfoliation process, then MoS2 QDs
were deposited onWO3 nanoplates via dipping-/drop casting-annealing process [50].
Figure 4c shows the energy level structure and the principle of separation of charge
carriers inMoS2/WO3 DANPAs. In another study,MoS2 nanosheets were implanted
on TiO2 nanobelts by sequential hydrothermal processes [51]. Figure 4d shows the
SEM images of bare TiO2 nanobelts (left) and MoS2/TiO2 hybrid (right).

Fig. 4 a TEM image b HRTEM image of MNFs-WNRs composite heterojunction. Adapted from
reference [49] copyright 2018, Elsevier. c Depiction of the energy level diagram of MoS2/WO3 DA
NPAs and the charge separation process. Adapted from reference [50] copyright 2017, Elsevier.
d SEM image of TiO2 nanobelts (left) and 2D MoS2 coated-TiO2 hybrid (right). Adapted from
reference [51] copyright 2018, Elsevier
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4.4 Metallic MoS2 (1T-MoS2) as 2D TMDs

Among MoS2 phases, the metallic 1T phase shows conspicuous physical and chem-
ical properties. Compared to the 2Hphase ofMoS2, the 1T phase has 107 times higher
electrical conductivity, which enhances the electron transfer capability of 1T-MoS2.
Moreover, it has been studied that the basal plane of 1T-MoS2 has rich electrocat-
alytically active sites for HER as compared to 2H-MoS2. These properties make
1T-MoS2 (metallic) a more promising material for energy generation, conversion,
and storage applications.

4.5 Fabrication Methods for Metallic MoS2 (1T-MoS2)

1T MoS2 (metallic phase) does not occur in nature. Mostly, the Li-ion intercalation
strategy is used to convert stable 2H-MoS2 (semiconducting) to metastable 1T-MoS2
(metallic). The hydrothermal and solvothermal processes have also been reported
for the synthesis of 1T-MoS2. These fabrication methods are categorized into two
approaches; (1) top-down approach includes the intercalation and exfoliation of bulk
MoS2; (2) bottom-up approach includes hydrothermal and solvothermal processes.

(1) Lithium-ion intercalation method

The most traditional method used for the synthesis of 1T-MoS2 is the chemical
intercalation and exfoliation of bulkMoS2. Themechanism of thismethod consists of
two steps; the first step is the intercalation of Li-ion bymixing the bulkMoS2 powder
in the presence of some strong reducing agents like n-butyllithium/LiBH4 and organic
solvent, resulting in the formation of unstable LixMoS2 species; the second step is the
exfoliation of 2D MoS2 by ultrasonication of the obtained LixMoS2 resulting in the
transition of 2H-MoS2 to 1T-MoS2 [52]. Eda et al. reported the synthesis of metallic
MoS2 by mixing bulk MoS2 with n-butyllithium and hexane for two days in an inert
atmosphere of Ar gas [52]. Similarly, Acerce et al. synthesized 1T-MoS2 monolayer
nanosheets by intercalation of organolithium in bulk MoS2 followed by exfoliation
process [53]. Moreover, Voiry et al. also reported the chemical intercalation process
for the synthesis of monolayer 1T-MoS2 [54].

Furthermore, electrochemical intercalation of Li-ion is another process to synthe-
size metallic MoS2. Cui et al. successfully achieved metallic MoS2 by electrochem-
ical Li-ion intercalation [55]. They assembled 2H-MoS2 film as an anode in a Li-ion
battery semi-cell and applied a certain voltage to charge the cell. Raman and XPS
analysis were used to confirm the conversion of the 2H phase to the 1T phase of
MoS2. Zhang et al. reported the synthesis of 1T MX2 QDs by electrochemical Li-
ion intercalation [56]. They observed the effect of applied discharge current on the
transition of MoS2 phases and the size of obtainedMoS2 sheets. The small discharge
current allowed high Li content intercalation, leading to 2H to 1T phase transition
and formation of QDs. But this process has limitations of low yield and time taking
process.



Nanostructured 2D Transition Metal Dichalcogenides (TMDs) … 329

(2) Solvothermal and hydrothermal process

In the bottom-up strategy, solvothermal and hydrothermal are two typical fabrication
methods for metallic MoS2. Wei et al. synthesized a mixture of 2H- and 1T-MoS2
by a solvothermal process of 2H-MoS2 in ethanol at 220 ºC for 8 h [57]. N, N-
dimethylformamide (DMF) has been reported as an excellent solvent for the fabri-
cation of metallic MoS2 by the solvothermal process. Song et al. achieved metallic
MoS2 by the solvothermal process of molybdate tetrahydrate and thiourea in DMF
and water (1:4) mixture at 220 ºC for 72 h as shown in Fig. 5a [58]. The interlayer
distance of obtained MoS2 is 0.98 nm. This group reported that the metallic MoS2
can also be fabricated by the reaction of molybdenum chloride and thioacetamide
using only DMF as solvent.

Pan et al. reported the reaction of Na2MoO4.2H2O and L-cysteine in the mixture
of DMF and water of 1.5:1 ratio for metallic MoS2 fabrication as shown in Fig. 5b
[59]. Chen et al. reported another hydrothermal method, in which MoO3 reacts with
thioacetamide in water to give metallic MoS2 with dispersion stability of around
1 month in water and metallic phase stability is more than 90 days [60]. The study
of fabrication of metallic MoS2 has been proved that 1T-MoS2 could be achieved
by autoclave method using proper chemicals under a certain pressure. This method
does not require any specific facilities and can give a good yield.

Fig. 5 Schematic of the fabrication of Metallic MoS2 in the mixture of a DMF and water with
1:4 ratio. Adapted from reference [58] copyright 2017, RSC. b DMF:H2O = 1.5:1. Adapted from
reference [59] copyright 2017, RSC
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5 Applications of 2D TMDs Nanostructures

2D TMDs nanomaterials have diverse applications in the field of photonics, elec-
tronics, energy storage, and sensing devices (Fig. 6). The exceptional properties of
2D materials including high mechanical strength, excellent electrostatic efficiency,
tunable electronic structure, good sensor behavior, and optically transparent, make
them attractive for these applications, particularly for flexible nanotechnology.

5.1 Electrical and Optoelectronic Applications

Due to some limitations of standard silicon technology, it has been suggested from the
last few decades that 2D semiconducting TMDs might be proved excellent materials
for future electronic technology and solve the fabrication and integration problems.
So, China has released its first market product of graphene-based smartphone touch
display, in 2014. Meanwhile, 2D TMDs have been reviewed related to their inno-
vations and applications. Akinwande et al. reported high-performance flexible thin-
film transistors (TFTs) based on the CVD-grown MoS2 with electron mobility of 50
cm2 V−1 s−1 and current density of 250 µA/µm [61]. This device also achieved high
intrinsic transit frequencies of 5 GHz and oscillation frequencies of 3.3 GHz. Gao
et al. proposed novel strategies for high-performance monolayer MoS2/PNC hybrid
photodetectors (HPs) [62]. The high photoresponsivity of 6.40 × 105 mA W−1 and
quantum efficiency of 1.50 × 105% have been demonstrated by these HPs. Wu et al.
reported high-performance radio frequency transistors based on CVD-grown bilayer
MoS2 [63]. These transistors deliver an extrinsic high cut-off frequency of 7.2 GHz
and an extrinsic maximum oscillation frequency of 23 GHz.

Fig. 6 Different application areas for 2D TMDs
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5.2 Energy Applications

2DTMDshave become attractive electrodematerials for energy storage devices. This
is attributed to their high surface area, atomically thin layered structure, superior elec-
trochemical properties, and mechanical stability. However, some problems related
to its applications are low yield, small flake size, the thickness of sheets, and uncon-
trollable defects [64]. Tour et al. reported the fabrication of edge-oriented MoS2
nanosheets with large interlayer space and additional edge active sites providing
superior capacitive properties [65]. Among 2D TMDs,MoS2 has known as attractive
anode material for Li-ion batteries due to large interlayer space for ease intercala-
tion of Li-ions, no obvious volume change, and no degradation of material during
charge/discharge cycles, and high theoretical capacitance of 670 mAh g−1 [66].

5.3 MoS2 as Supercapacitor Electrodes

As new power supply devices, supercapacitors are considered a bridge for the gap
between capacitors and batteries due to their special properties of high power density,
cyclic stability, rapid charge/discharge process, and ecofriendly. As a two dimen-
sional (2D) transition metal dichalcogenide, MoS2 is promising for electrochemical
storage due to.

(1) Layered structure with intralayer Van der Waals interactions having an inter-
layer spacing of 0.615 nm significantly larger than that of graphite (0.335 nm)
[67]. The layered morphology of MoS2 provides a high specific surface
area and short charge (ion/electron) transfer distance for double layers and
pseudocapacitor charge storage [38].

(2) High theoretical capacity due to high surface area, sheet-like morphology,
and intrinsic bandgap [68],.

(3) A wide range of oxidation numbers of Mo atoms from + 2 to + 6 causes
pseudocapacitor nature and results in superior specific capacity [69].

(4) Good cyclic stability owing to low degradation and low volumetric expansion
during the charging/discharging process [70].

Various nanostructures of MoS2 have been reported for supercapacitors applica-
tions. Choudhary et al. fabricated a high-performance supercapacitor electrode based
on a thin film of MoS2 by a direct magnetron sputtering technique. This electrode
showed a specific capacitance of 330 F g−1 at 10mV s−1 and capacitance retention of
97% after 5000 cycles [71]. Karade and coworkers reported a successful synthesis of
ultrathinMoS2 nanoflakes and fabricated an electrode for supercapacitors. This elec-
trode showed excellent supercapacitance performance with a high specific capacity
of 576 F g−1 at 5 mV s−1 and good capacitance retention of 82% over 300 cycles
[72].
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5.3.1 1T-MoS2 as Supercapacitor Electrodes

The intrinsic semiconducting nature of the 2H-MoS2 prevents it from being an ideal
electrode material for supercapacitors. So, 1T-MoS2 has become a more attractive
electrode material due to:

(1) High electrical conductivity: 1T phase is 107 times more conductor than that
of 2H phase with enhanced electron transfer capability of 1T-MoS2.

(2) High electrochemical activity: 1T phase has rich active sites even on basal
plane benefiting for higher reaction kinetics.

Hongli et al. reported 2D water-coupled metallic MoS2 nanochannels by using a
simple hydrothermal process [73]. The high electrical conductivity of metallic MoS2
and nanochannels are beneficial for electron transport and ion adsorption. This M-
MoS2-H2O based supercapacitor exhibited a specific capacitance of 380 F g−1 at
5 mV s−1. The best capacitive behavior of M-MoS2 is in the Li2SO4 electrolyte
due to easy Li-ion intercalation between the nanochannels. Tarpin et al. reported the
chemical synthesis of 2DM-MoS2 andobserved that the stability of themetallic phase
of MoS2 is associated with the adsorbed monolayer of water between the nanosheets
of MoS2, leading to prevent the restacking and aggregation [60]. Chhowalla et al.
reported the fabrication of 1T monolayer MoS2 by chemical exfoliation method and
observed the volumetric capacitance of 400–650 F cm−3 at 20 mV s−2 in various
aqueous electrolytes [53]. They also investigated the capacitive behavior of 1TMoS2
film in the nonaqueous electrolyte (TEABF4). This electrode exhibited the volumetric
capacitance of 180 F cm−3 with capacitance retention of 90% over 5000 cycles at
1 A g−1. Thus, metallic MoS2 shows better supercapacitor performance due to the
hydrophilic and conductive nature leading to rapid ion diffusion as compared to
semiconducting 2H MoS2.

5.3.2 MoS2/Graphene Hybrids as Supercapacitor Electrodes

The modest capacitive performance of 2H MoS2 due to the semiconducting nature,
the hybrid composites of 2H-MoS2 with other highly conductive materials (like
graphene and polyaniline) are used to improve the electrical properties and capacitive
behavior. Xiao et al. reported MoS2/graphene hollow microsphere delivering high
specific capacitance of 218 F g−1 at a current density of 1 A g−1 [74].

Additionally, these microspheres exhibited capacitance retention of 91.8% over
1000 cycles. Sun and coworkers fabricated MoS2 microstructures on a 3D graphene
network by hydrothermal process. This 3DG/MoS2 composite showed the high
specific capacitance of 410 F g−1 at 1 A g−1 with capacitance retention of 80.3%
over 10,000 cycles at 2 A g−1 [75]. The superior capacitance performance can be
attributed to the synergetic effect of 3DG and flower-like MoS2 microstructures that
provide easy electronic transportation and additional ion diffusion channels. San et al.
reported an electrode for supercapacitor based on MoS2/PANI/rGO aerogel with a
high specific capacitance of 618 F g−1 and good capacitance retention of 78% after
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2000 cycles [48]. Xi and coworkers reported a one-pot hydrothermal process for the
fabrication of MoS2 and N-doped Graphene composite (MoS2/NG). The MoS2/NG
composite exhibited the specific capacitance of 245 F g−1 at 0.25 A g−1 and good
cyclic stability of 91.3% after 1000 cycles at 2 A g−1 [39]. Thangappan et al. fabri-
cated a composite of MoS2 nanosheets and graphene via a hydrothermal process. The
MoS2/G composite delivered a higher specific capacitance of 270 F g−1 compared
with the pure MoS2 Csp value of 162 F g−1. Moreover, this composite exhibited an
energy density of 12.5 Wh kg−1 and power density of 2500 W kg−1 [76].

5.3.3 MoS2/TMOs Hybrids as Supercapacitor Electrodes

Wang et al. fabricated a composite of layered MoS2 and Mn3O4 nanoparticles
(MoS2/Mn3O4) by using a simple hydrothermal process [77]. The MoS2/Mn3O4

composite showed the specific capacitance of 115.7 F g−1 at 5 mV s−1 with capac-
itance retention of 69.3% at 1 A g−1. Samo et al. reported a hybrid nanostructure
of MoS2 nanosheets with Fe3O4 nanoparticles and physically exfoliated graphene
(MoS2/Fe3O4/PHG). This composite MoS2/Fe3O4/PHG delivered a high Csp value
of 830 F g−1 at 1 A g−1 with cyclic stability of 96% over 2200cycles [78]. Ling
and coworkers synthesized MoS2/Co3O4 composite by using laser ablation tech-
nique and applied as supercapacitor electrode delivering a specific capacitance of 69
mAh g−1 at 0.5 A g−1 and cyclic stability of 87% after 500 cycles [79]. Wang and
coworkers reported the heterostructures of 2D MoS2 nanosheets and various TMOs
like NiO, Fe3O4, and Co3O4. They found that MoS2-NiO heterostructure delivered
a higher Csp value of 1080 F g−1 at 1 A g−1 with excellent cyclic stability of 101.9%
capacitance retention over 9000 cycles for 1 A g−1 [80]. Li et al. developed of 3D
core–shell structure with MoS2 nanosheets and CeO2 hollow spheres by using a wet
chemistry method that delivered a superior specific capacitance of 90 mF cm−2 at
2.55 mA cm−2 with capacitance retention of 98%.

6 Challenges of 2D TMDs Electrode Materials

The intensive study of 2D TMD heterostructures made them attractive materials
for energy storage and energy conversion systems due to their exotic properties.
These studies revealed that the synthesis of monolayer TMD nanostructures has been
achieved successfully. However, the achievement of high-quality TMD nanostruc-
tures on large scale is still a big challenge. Although the pseudocapacitor behavior of
most ofTMDsdelivers high specific capacitance, the lowconductivity andpoor cyclic
stability are the main hindrances for their practical applications as energy storage
devices. Additionally, the practical applications for successfully synthesized highly
crystalline TMD nanostructure are still a challenge. As the following key aspects,
the performance and efficiency of 2D TMD electrode material can be enhanced.
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• Controllable Fabrication Methods: The properties of TMDs mainly depends on
the crystalline phase and morphologies. Various synthetic strategies have been
reported including top-down and bottom-up approaches. But these methods have
various issues like low stability and low purity of phase. The development
of an effective, controllable, and ecofriendly synthetic method for 2D TMDs
nanostructures is thus highly demanded.

• Restacking: The restacking of nanosheets of TMDs is the main hindrance in
energy storage and energy conversion applications. To reduce the restacking,
various approaches can be applied like introducing a water monolayer between
the nanosheets, functionalization of TMDs, andmaking hybridswith 2Dmaterials
(graphene).

• Conductivity: In electrochemical applications, the electrical conductivity of elec-
trode materials is the key factor. So, the low conductivity of 2D TMDs limits
its application in energy storage and energy conversion applications. To enhance
the conductivity, numerous methods can be used including, hybridization with
graphene and conductive polymers, alloying of different TMDs, and doping of
graphene or TMDs with inorganic elements.

• Mass production: The low yield of synthetic methods for 2D TMDs causes
hindrance for their applications on an industrial scale. So, the production of stable
and pure 2DTMDson large scale is still a challenge. Furthermodificationmethods
like autoclave methods can be used for large-scale production.

• Cost production: For practical utilization of supercapacitor, the cost of elec-
trode materials is also an important aspect with all other characteristics. So, it
is also a challenge to fabricate the electrode material for enhanced supercapacitor
performance at a low cost.

7 Conclusion

The unique nanostructures and properties of 2D-TMDs open a new venue of great
research concern to the development of novel functional materials for a variety of
applications. Although the synthetic strategies of large-scale and uniform atomic
layers of 2D TMDs have developed, the quality of 2D TMDs has not yet met the
mechanical exfoliation strategy of 2D TMDs. To meet the practical applications
with the advanced synthesis of 2D TMDs, key issues should be addressed, including
single-layer growth, defect controllability, and doping of TMDs. Considering the
exotic properties like high surface area, atomic-layered structure, and excellent
electrochemical properties, TMDs have found huge applications in energy storage,
sensor, electrical and optoelectronic devices. Despite the excellent applications of
2D TMDs, there is more room for research for the development and advancement
in interdisciplinary areas. Hence, more study is still needed to explore the tunable
properties of nanostructured 2D TMDs materials.
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Recent Development in Chalcogenides
for Supercapacitor Applications

G. M. Lohar, O. C. Pore, R. K. Kamble, and A. V. Fulari

Abstract The electrochemical supercapacitor, due to their rapid charge-discharge
rates, good cyclic stability, high energy density, and power density are considered
an ideal candidate for energy storage devices. For the high efficiency, improvement
in performance, and electrochemical properties of supercapacitors; different nanos-
tructured electrode materials have been studied. The efforts have been carried out to
develop state-of-the-art high capacitive electrodematerials for supercapacitorswhich
enable high specific capacitance using rapid Faradaic redox reactions and provide
ultra-high cyclic stability. Recent progress studies demonstrated that the transition
metal chalcogenides especially NiX (X = S, Se, Te) are noteworthy candidates for
highly efficient supercapacitor application because of their promising properties such
as thermal stability, mechanical stability, superior intrinsic conductivity as compared
to transition metal oxides and good cyclability. In the present chapter, we discussed
the NiX (X= S, Se, Te) based materials for electrochemical supercapacitor applica-
tion. Furthermore, we have summarized the supercapacitor performance of NiX (X
= S, Se, Te) based nanomaterials. Lastly, the benefits and challenges of NiX (X =
S, Se, Te) based materials for upcoming energy storage are discussed.
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1 Introduction

The rapidly growing energy demand, energy consumption, and its consequences such
as depletion of fossil fuels, pollution, and globalwarming, etc. attract the use of highly
efficient, clean, energy consumption technologies and renewable energy resources.
In recent years, different energy storage devices for example conventional capacitors,
fuel cells, batteries, and supercapacitors receiving more attention from researchers.
Among these devices, supercapacitors with their promising properties such as low
maintenance costs, fast charging-discharging rate, high power density, high cyclic
stability, and safe operation play a crucial role in electrochemical energy storage
devices [1–3]. Based on charge storage mechanism, supercapacitors are of two types
viz electric double-layer capacitors (EDLCs) and pseudocapacitors. The EDLCs
store charges electrostatically at the electrode and electrolyte interface. Carbon-
based materials are the EDLC type supercapacitors and they are suitable in the
field of electronic equipment. But their relatively lower energy density restricts its
application where high energy storage capability is required. In pseudocapacitors,
reversible redox reactions are responsible for the charging-discharging process [4–6].

Different Metal oxides (MnO2, Co3O4, Fe2O3, RuO2, NiO, CuO), metal chalco-
genides (NiS, MoS2, VS2, NiSe, NiTe, Cu2S, CoS2, and NiCo2S4), metal nitrides
(RuN, VN, TiN,MoN), and conducting polymers have been utilized as pseudocapac-
itive electrodematerials [4, 7]. Themetal chalcogenides exhibit a better electrochem-
ical supercapacitor performance as compared to metal oxides and replacing oxygen
with chalcogenides is responsible for more flexibility for material organization.
Out of these many materials transition metal chalcogenides; especially Sulphides,
Selenides, and Tellurides have received more research interests as potential appli-
cations in supercapacitors. The better electrochemical supercapacitor performance
of these transition metal chalcogenides is because of their unique crystal structures,
tunable stoichiometric compositions, and redox-rich sites. Also, its higher electrical
conductivity in comparison to respective transition metal oxide makes them a suit-
able candidate for supercapacitor application as compared to transition metal oxides
[3, 8, 9].

Recently, the transitionmetals such asNi, Co,Mn, Ti, and Fe and their compounds
(oxides, hydroxides, and sulfides) have been extensively studied for electrochemical
supercapacitor application. Among these transition metal base compounds, transi-
tion metal sulfides especially nickel sulfides resemble suitable candidates for super-
capacitor application because of the slight difference in electronegativity of Ni (ν =
1.91 eV) and S (ν = 2.58 eV), high specific capacitance value, high redox activity,
high electrical conductivity, easy as well as low-cost preparation [10–12]. Selenium
(Se) is the nearest element of sulfur (S) in the VI A group of the periodic table and
exhibits the same oxidation states and valance electrons as sulfur. Hence, the electro-
chemical activities of metal selenides and metal sulfides almost resemble. The lower
electronegativity of Te (ν = 2.1 eV) as compared to S and Se (ν = 2.55 eV) also
attracting attention of researchers for their use in Ni-based metal chalcogenides [3,
13–15]. In the present chapter the NiX (X = S, Se, Te) based electrode materials,
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their characterizations (XRD, FT-IR, Raman, XPS spectra), and their use in superca-
pacitor application are discussed. NiX (X= S, Se, Te) based electrodematerials have
been unveiled as cheap, promising, and eco-friendly materials for the development
of supercapacitors.

2 Characterizations of NiX (X = S, Se, Te) Based Materials

Some characterizations such as X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FT-IR), Fourier transforms Raman spectroscopy (FT-Raman), and X-
ray photoelectron spectroscopy (XPS) of NiX (X = S, Se, Te) based materials for
electrochemical supercapacitor application arementioned. Parveen et al. [16] synthe-
sized flower-like NiS nanostructures by solvothermal method. The XRD pattern
(Fig. 1a) of as optimized NiS_10h electrode shows the characteristic peaks at 30.15°,
34.63°, 45.86°, 53.55°, 60.8°, 62.68°, 65.31°, 70.64°, and 73.13° which are corre-
sponding to the planes (100), (101), (102), (110), (103), (200), (201), (004), and (202)
respectively. These all peaks are related to JCPDS card number 10-075-0613 of NiS.
Wu et al. [17] synthesized Ni0.85Se nanoparticles by tuning morphologies by using
different solvents by simple solvothermal method. Figure 1b shows the XRD spectra
of Ni0.85Se different NiSe nanostructures synthesized by using different solvents.
The peaks at 33.3°, 45.0°, 50.7°, 60.3°, 62.5°, and 70.5° are assigned to planes (101),
(102), (110), (103), (201), and (202) of Ni0.85Se JCPDS card number 18-0888. These
results indicated the formation of high crystallinity and purity of Ni0.85Se nanostruc-
tures. Zhou et al. [18] developed NiTe directly deposited on NF for supercapacitor
application for the first time. Figure 1c depicts the XRD spectrum of the NiTe elec-
trode. The peaks at 58.61°, 46.52°, 43.41°, 31.54°, and in the XRD pattern of NiTe
are correspond to the crystalline plane (103), (110), (102), (101) and respectively.
These peaks are corresponding to the JCPDS card number 38–1393 corresponding to
the hexagonal crystalline structure of NiTe. Karthikeyan et al. [19] synthesized NiS
nanoparticles with a precursor hot-injection method. The FT-IR study reveals that
the peaks at 2921/2852, 3400, and 1653 cm−1 are related to the C-H stretching, N-H
stretching, and rocking vibrations respectively. Li et al. [20] prepared a composite
of graphene and NiS2 (graphene/NiS2) by using a simple solvothermal reaction.

Figure 1d presents the FT-Raman spectrum of as-synthesized graphene/NiS2
composite. The peak at 1580 and 1349 cm−1 corresponds to the G and D band
of rGO respectively. Song et al. [21] developed Nickel selenide nanoparticles on
carbon nanowires (NiSe2/C NWs) by simple hydrothermal method and salinization
strategy. Figure 1e shows the Raman spectra of NiSe2/C electrode. The Raman shift
in Fig. 1e at 1576 and 1349 cm−1 present the G and D band of carbon respectively.
Inset of Fig. 1e shows the Raman spectra with an enlarged scale of NiSe2/C NWs
showing the peaks at 151.86, 169.24, 209.20, and 231.75 cm−1. Kim et al. [22]
prepared Ni3S2/Ni electrode with the help of a two-step electrodeposition method
for supercapacitor application. Figure 1f and g presents the Ni 2p and S 2p spectrum
of Ni3S2/Ni electrode. The two peaks in Ni 2p spectrum at 855.4 eV and 873.2 eV are
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Fig. 1 a XRD pattern of NiS. Adapted with permission from [16], Copyright (2018), Elsevier. b
XRD spectra of Ni0.85Se synthesized by using different solvents. Adapted with permission from
[17], Copyright (2019), Elsevier. c XRD spectrum of NiTe. Adapted with permission from [18],
Copyright (2016), Elsevier. d Raman spectrum of NiS2/rGO. Adapted with permission from [20],
Copyright (2015), Elsevier. e Raman spectrum of NiSe2/C NWs (Inset: enlarged view of Raman
spectra). Adapted with permission from [21], Copyright (2017), Elsevier. f the Ni 2p spectrum
of Ni3S2/Ni 6 min electrode. Adapted with permission from [22], Copyright (2018), American
Chemical Society. g and S 2p spectrum. Adapted with permission from [22], Copyright (2018),
American Chemical Society. h XPS spectra of Se. Adapted with permission from [23], Copyright
(2020), Elsevier. i XPS spectra of Te 3d spectrum. Adapted with permission from [24], Copyright
(2019), Elsevier

related to Ni 2p3/2 and Ni 2p1/2 respectively. The peaks at 162.1 eV and 160.5 eV in
S 2p spectra confirm the presence of Ni3S2. Zhao et al. [23] developed hierarchical
Ni3Se2 nanodendrite arrays by a solvothermal method by a binder-free approach.
Figure 1h shows the Se 3d spectrum of as-synthesized Ni3Se2. The peaks in Se 3d
spectrum at 53.95 and 54.69 eV are related to Se 3d5/2 and Se 3d3/2 respectively
which confirms the existence of Se2−. Ye et al. [24] prepared cobalt-doped NiTe
electrode (NiTe: Co) via the single-step hydrothermal method for electrochemical
supercapacitor application. Figure 1i presents Te 4d spectrum. The characteristic
bands at 583.3 eV as well as 572.8 eV are related to the Te2−, while the peaks at
586.6 eV and 576.2 eV are related to Te4+.
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3 Recent Development in NiX (X = S, Se, Te) Based
Electrode Materials for Supercapacitor Application

3.1 Nickle Sulfides

Zhang et al. [25] developed different β-NiS morphologies by two-step solvothermal
method by varying volume ratios of a solvent such as ethanol, deionized water, and
glycol. Out of different morphologies, flowerlike β-NiS electrode achieved 2425.89
F g−1 specific capacitance at 1 A g−1. The better supercapacitor results of β-NiS
flower-like electrode as compared to other morphologies (coral-like, urchin-like,
and flake-like) raised due to its special pore structures and enlarge surface area as
compared to other morphologies. These observations confirm that the flower-like
β-NiS electrode performs a crucial role in achieving better specific capacitance. The
as-synthesizedβ-NiS//ActivatedCarbon (β-NiS//AC) electrode achieved amaximum
specific capacitance of 32.90 F g−1. Kim et al. [22] developed Ni3S2/Ni electrodes
with a two-step electrodeposition process. Figure 2a presents the synthesis process of
Ni3S2/Ni electrode by electrodeposition method. The optimized Ni3S2/Ni electrode
shows flaky morphology. The prepared electrode exhibited 786.5 C g−1 specific
capacitance at 10 mA cm−2 as well as good capacity retention of 88.6% over 1000
cycles. Also, they have prepared (Asymmetric supercapacitor device) ASC device
(Ni3S2/Ni 6min//AC)which achieved a specific capacitance of 103.2 F g−1 at 1A g−1

and cyclic stability of 93.9% after 6000 cycles. Darsara et al. [26] developed Ni3S4–
NiS and Ni3S4–NiS@rGO hybrid by one-step hydrothermal method. SEM study of
Ni3S4–NiS reveal the formation of starfish-likemorphology with various dimensions
(Fig. 2b). In the case of Ni3S4–NiS@rGOhybrid, starfish-likemorphology of Ni3S4–
NiS observed to be anchored on graphene surface plate. The Ni3S4–NiS and Ni3S4–
NiS@rGO samples showed a BET surface area of 220 and 270 m2 g−1 respectively.
The prepared Ni3S4–NiS and Ni3S4–NiS@rGO electrodes achieved 1005 and 1578
F g−1 specific capacitance at 0.5 A g−1.

The Ni3S4–NiS@rGO electrode exhibited 9% more stability as compared to
Ni3S4–NiS electrode. TheNi3S4–NiS@rGOelectrode exhibitedmore specific capac-
itance and stability as compared to Ni3S4–NiS electrode because the rGO in Ni3S4–
NiS@rGO provides more surface area for electrolyte interaction and higher conduc-
tivity. Guan et al. [27] synthesized NiS-MoS2 on carbon cloth having morphology
hetero-nanosheet arrays (HNSAs) as shown in (Fig. 2c). The maximum specific
capacity calculated for NiS-MoS2 HNSAs//CC electrode was 271.7 mAh g−1 at
2.5 mA cm−2. Also, it showed better cyclic stability of 78% over 3000 GCD cycles.
Xu et al. [28] developed carbon nanofibers (CNFs) wrapped with NiS nanoparticles
via electrospinning, calcination, and in situ sulfurizationmethod. As shown in Fig. 2d
CNFs-NiS show a netlike structure. This netlike structure is observed to be made up
of many pores spread on a rough surface. It exhibited the highest 177.1 mAh g−1

specific capacity at 1 A g−1 with 88.7% cyclic stability after 5000 cycles.
Tan et al. [29] developed cabbage-like α-NiS using facile solvothermal method

then annealing treatment. TheCVs of α-NiS electrode at 5 to 50mV s−1 scan rates are
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Fig. 2 a Schematic presentation of preparation of Ni3S2/Ni electrode. Adapted with permission
from [22], Copyright (2018), American Chemical Society. b SEM image of Ni3S4–NiS. Adapted
with permission from [26], Copyright (2021), Elsevier. c SEM image of NiS-MoS2. Adapted with
permission from [27], Copyright (2019), American Chemical Society. d SEM image of CNFs-NiS.
Adapted with permission from [28], Copyright (2018), Elsevier. e CV curves of α-NiS electrode
at various scan rates (5–50 mV s−1). Adapted with permission from [29], Copyright (2019), Else-
vier. f GCD curves of NiS/rGO composites at various current densities (0.5–5 A g−1). Adapted
with permission from [30], Copyright (2014), Elsevier. g LED indicator lighted up by two CNFs-
NiS//CNFsAsymmetric Supercapacitor device cells. Adaptedwith permission from [28], Copyright
(2018), Elsevier
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depicted in Fig. 2e. The electrode achieved a specific capacity of 235.88 mAh g−1 at
1 A g−1 and cyclic stability of 87.1% over 2000 cycles. Yang et al. [30] synthesized
NiS/rGO composite in which NiS nanorods anchored on rGO via hydrothermal
method. Figure 2f displays the GCD curves of NiS/rGO composite at 0.5–5 A g−1

current densities. The NiS/rGO electrode achieved 905.30 F g−1 specific capacitance
at 0.5A g−1 and exhibited cyclic stability of 90.9%over 1000 cycles. Figure 2g shows
the LED indicator lighted up by two CNFs-NiS//CNFs Asymmetric Supercapacitor
device cells synthesized by Xu et al. [28]. It showed an energy density of 13.32 mWh
cm−3 and about 89.5% of cyclic stability after 5000 cycles. The NiS based electrode
materials are a promising candidate in the field of electrochemical supercapacitor
application.

3.2 Nickel Selenide

Zhao et al. [31] developed NiSe@Ni3Se2/NF nanostructure by hydrothermal method
followed by electrodeposition method. The schematic presentation of synthesis of
NiSe@Ni3Se2/NF nanostructure is shown in Fig. 3a. The NiSe@Ni3Se2/NF nanos-
tructure is made up of NiSe nanowire arrays core and thin Ni3Se2 nanosheets shell.
Figure 3b shows the NiSe nanowire arrays and such morphology favorable for
better electric conductivity and indirectly better theoretical specific capacitance. The
prepared NiSe@Ni3Se2/NF electrode achieved 1260 F g−1 specific capacitance at 10
A g−1 and capacity retention of 92.5% after 4000 cycles. The ASC device exhibited
an energy density of 45.5Whkg−1 (at power density 1.600 kWkg−1). Also, it showed
capacity retention of 96.1%over 12,000 cycles. Zhao et al. [23] developed binder-less
Ni3Se2 nanodendrite arrays grown on NF with a one-step solvothermal approach for
advanced positive electrodes for supercapacitors. Figure 3c shows the morphology
and dendrite-shaped features of Ni3Se2 electrodes. Such morphology of Ni3Se2
makes it highly electronically conductive, able to provide a more surface area and
large number of electrochemical active sites. The as synthesized electrode achieved
1234 F g−1 specific capacitance at 1 A g−1. Arul et al. [32] prepared NiSe2/Ni(OH)2
nanocomposites with hydrothermal method followed by ultrasonication method.
Figure 3d depicts the FESEM image of hexapod-like NiSe2 microstructure. Such
Hexapod-like microstructures are made up of less than ~10 nm nanoparticles.

The prepared electrode exhibited 2212 F g−1 specific capacitance at 2 mA cm−2

with cyclic stability of 95% for 5000 cycles. Tian et al. [33] prepared NiSe nanorod
arrays on a NF current collector with a one-pot hydrothermal method. Figure 3e
depicts the GCD curves of NiSe NRA/NF electrode at 5–50 mA cm−2 current densi-
ties. The NiSe electrode achieved 6.81 F cm−2 specific capacitance at 5 mA cm−2.
The assembled ASC device (NiSe NRA/NF//RGO) retained 90.09% initial capaci-
tance over 3000 cycles. Wang et al. [34] developed truncated cube-like crystals of
NiSe2 via a simple hydrothermalmethod. Figure 3f presents estimated specific capac-
itance from the galvanostatic charge-discharge curve versus applied current density
of the NiSe2 electrode. The cube-like NiSe2 electrode shows a maximum 1044 F
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�Fig. 3 a Schematic presentation of synthesis of NiSe nanowire arrays (NWAs) @ Ni3Se2
nanosheets (NSs) composites by hydrothermal method followed by electrodeposition method.
Adapted with permission from [31], Copyright (2021), Elsevier. b SEM image of NiSe NWAs.
Adapted with permission from [31], Copyright (2021), Elsevier. c SEM image of Ni3Se2 elec-
trode. Adapted with permission from [23], Copyright (2020), Elsevier. d FESEM image of NiSe2
electrode. Adapted with permission from [32], Copyright (2019), Elsevier. e GCD curves of NiSe
NRA/NF electrode at various current densities (5–50 mA cm−2). Adapted with permission from
[33], Copyright (2017), Elsevier. f Graph of specific capacitance vs current density of NiSe2 elec-
trode. Adapted with permission from [34], Copyright (2017), Elsevier. g cyclic stability test of
for NiSe2//AC, N-rGO/NiSe2-5//AC, N-rGO/NiSe2-10//AC and N-rGO/NiSe2-15//AC asymmetric
supercapacitors at a current density of 5 A g−1. Adapted with permission from [35], Copyright
(2019), Elsevier

g−1 specific capacitance at 3 A g−1. The prepared NiSe2//AC ASC device shows
87.4% capacity retention over 20,000 cycles. Gu et al. [35] prepared N-rGO/NiSe2
composite with the help of a two-step method. In actual experimental firstly Ni(OH)2
synthesized by simple hydrothermal method and then N-rGO/NiSe2 nanocompos-
ites with different content of N-rGO by solvothermal method. The amount of GO
used in the synthesis of composites were 0, 5, 10, and 15 mg. Accordingly, the
obtained composites were named NiSe2, N-rGO/NiSe2-5, N-rGO/NiSe2-10, and N-
rGO/NiSe2-15 which exhibited higher specific capacitance of 720.8, 1270.4, 2451.4,
and 616.0 F g−1 at 1 A g−1. Also, they prepared an ASC device with prepared
composites and AC. Out of different ASC devices, the N-rGO/NiSe2-10//AC device
shows maximum specific capacitance of 113.8 F g−1 at a current density of 1 A
g−1. Figure 3g shows the cyclic stability test for NiSe2//AC, N-rGO/NiSe2-5//AC,
N-rGO/NiSe2-10//AC, and N-rGO/NiSe2-15//AC ASC device at a current density
of 5 A g−1. The N-rGO/NiSe2-10//AC ASC device showed better capacity retention
of 85.1% after 10,000 cycles. The study reveals that the NiSe based electrodes are
promising materials for supercapacitor application.

3.3 Nickel Telluride

Deshagani et al. [36] synthesized selenide dopped nickel telluride (NiTe: Se)
flakes by facile hydrothermal method. The experimental procedure of synthesis of
NiTe:Se@NF, synthesis of AC from dried coconut shell, and synthesis of poly(N-
methyl pyrrole) (PMP) is depicted in Fig. 4a. The SEM study shows the composi-
tional transformation i.e. doping of NiTe with Se produces NiTe:Se, and morphology
changes from fiber-like to flakelike morphology. The as-prepared electrode achieved
a 634 F g−1 specific capacitance at 1A g−1. The prepared PMP@AC//PMP@NiTe:Se
supercapacitor exhibited a capacity of 404Cg−1. Zhou et al. [18] developedNiTe rods
on NF by simple hydrothermal method. Figure 4b shows the FESEM image of the
NiTe electrode shows amaximum specific capacitance of 804 F g−1 (at 1 A g−1). The
fabricated ASC device with NiTe as anode and AC as a cathode (NiTe//AC) achieved
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Fig. 4 a Schematic diagram of the synthesis of PMP@AC//PMP@ NiTe:Se device. Adapted with
permission from [36], Copyright (2020), Elsevier. b FESEM images of NiTe rods. Adapted with
permission from [18], Copyright (2016), Elsevier. c FESEM images of Se doped NiTe with 9:100
doping ratio of Se:Te. Adapted with permission from [37], Copyright (2018), Elsevier. d Cycling
performances of NiTe and Se doped NiTe electrodes at a current density of 2 A g−1. Adapted with
permission from [37], Copyright (2018), Elsevier. e GCD curve of NiTe:Co electrode at current
densities (1–10 A g−1). Adapted with permission from [24], Copyright (2019), Elsevier

a maximum energy density of 33.6 Wh kg−1 and power density of 807.9 W kg−1.
It exhibited cyclic stability of about 81% over 3000 cycles. Ye et al. [37] prepared
Se doped NiTe electrode materials by using a hydrothermal method on Ni-foam.
Figure 4c shows the FESEM image of Se doped NiTe with a 9:100 doping ratio of
Se:Te. Such electrode showed 603.6 F g−1 specific capacitance at a current density
of 1 A g−1. Figure 4d shows the cyclic stability of Se doped NiTe and pristine NiSe
electrodes.

The estimated capacitance of the NiTe with Se doped electrode after 1000 cycling
is almost constant. The pristine NiTewithout Se doping also exhibited better capacity
retention of 93.2% over 1000 cycles. The fabricated ASC device achieved a 119.9 F
g−1 specific capacitance at 1Ag−1 and excellent cyclic stability of 76.4%after 10,000
cycles.Ye et al. [24] also synthesizedCo-dopedNiTeonNFbyone-step hydrothermal
method. The doping of Co ions in NiTe changes the original microstructure of NiTe
as well as improves the electrochemical properties. Figure 4e shows the GCD curve
of NiTe: Co electrode at different current densities (1–10 A g−1). The estimated
maximum specific capacitance of NiTe: Co electrode is 1445.6 F g−1 at 1 A g−1.
The as fabricated NiTe: Co//AC device provided an energy density of 36.8 Wh kg−1

than the NiTe//AC device (24.4 Wh kg−1).
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4 Concluding Remark

This chapter describes a brief overview ofNiX (X= S, Se, Te) electrodematerials for
their electrochemical supercapacitor application. Such electrode materials have been
unveiled as cost-effective, promising, and environmentally friendly materials for the
fabrication of scalable and flexible supercapacitors. In the beginning, we discussed
some characterizations of NiX based electrodes. We have summarized the electro-
chemical supercapacitor performance of NiX based electrodes and their composites.
The approaches towards modifying the physical and chemical parameters of NiX
based electrodes for cheap, highly efficient, and renewable energy devices are still
in demand. The NiX based electrodes are still far from commercialization even
though they show better results. To complete this target, continued and dedicated
research efforts should be needed for the improvement of its mechanisms, electro-
chemical performance, and electrochemical reactions for commercial applications.
Despite all the challenges, ongoing research should be more focused to develop
highly conductive binder-less NiX based electrodes and their composites.

Table 1 Literature review on nanostructured NiX (X = S, Se, Te) based electrodes

Sr.
No

Electrode
material

Morphology KOH
Electrolyte

Specific capacitance Stability Ref

1 α-NiS Cabbage-like 6 M 235.88 mAh g−1 at
1 A g−1

87.1%
after
2000
cycles

[29]

2 NiS Flower-like 6 M 603.97 F g−1 at 1 A
g−1

88.57%
after
5000
cycle

[16]

3 NiS Nanowires 3 M 2187.5 F g−1 at
3 mV s−1

78.7%
after
8000
cycles

[38]

4 β-NiS Flower-like 6 M 2425.89 F g−1 at 1
A g−1

~100%
after
5000
cycles

[25]

5 NiS Nanoparticles 2 M 177.1 mAh g−1 at 1
A g−1

88.7%
after
5000
cycles

[28]

6 NiS Forest-like 1 M 342.1 mA h g−1 at 4
mA cm−2

89.4%
after
3000
cycles

[39]

(continued)
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Table 1 (continued)

Sr.
No

Electrode
material

Morphology KOH
Electrolyte

Specific capacitance Stability Ref

7 Ni3S2 Flacky 1 M 786.5 C g−1 at 10
mA cm−2

88.6%
after
1000
cycles

[22]

8 NiS/NiO Nanoparticles 2 M 1260 F g−1 at 0.5 A
g−1

– [40]

9 NiS-MoS2 Hetero-nanosheet
arrays

6 M 271.7 mAh g−1 at
2.5 mA cm−2

78%
after
3000
cycles

[27]

10 Ni3S4–NiS@rGO Starfish like 2 M 1073 F g−1 at 0.5 A
g−1

91%
after
5000
cycles

[26]

11 NiS/rGO Porous microstructures 6 M 305 F g−1 at 1.1 A
g−1

91%
after
3000
cycles

[41]

12 Gaphene@NiS Graphene wrapped
nanoprisms

2 M 1000 F g−1 at 5 A
g−1

71%
after
2000
cycles

[42]

13 NiS/rGO Nanorods anchored on
rGO

2 M 905.30 F g−1 at 0.5
A g−1

90.9%
after
1000
cycles

[30]

14 NiS/rGO Nanorods anchored on
graphene

2 M 744 C g−1 at 1 A
g−1

89%
after
20,000
cycles

[43]

15 NixSy/rGO Nanoflakes 2 M 2074 F g−1 at 1 A
g−1

80%
after
5000
cycles

[44]

16 Ni3Se2 Nanodendrite arrays 2 M 1234 F g−1 at 1 A
g−1

Good
cyclic
stability

[23]

17 Ni3Se2 Nanowires 2 M 2.6 C cm−2 at
5 mA cm−2

93.1%
after
2000
cycles

[45]

18 Ni3Se2 Nanosheets 3 M 854 F g−1 at 1 A g−1 87.23%
after
2000
cycles

[46]

(continued)
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Table 1 (continued)

Sr.
No

Electrode
material

Morphology KOH
Electrolyte

Specific capacitance Stability Ref

19 Ni0.85Se Honeycomb like
nanosheets

3 M 3105 F g−1 at 1 A
g−1

90.1%
after
5000
cycles

[47]

20 NiSe2 Spheres 2 M 1144.1 F g−1 at 0.5
A g−1

Good
cyclic
stability

[48]

21 NiSe2 Hollow spheres 2 M 341 F g−1 at 1 A g−1 Good
cyclic
stability

[49]

22 NiSe2 2D nanosheets 1 M 466 F g−1 at
5 mV s−1

81.3%
after
1000
cycles

[50]

23 NiSe Nanorod arrays 6 M 6.81 F cm−2 at
5 mA cm−2

78.9%
after
2000
cycles

[33]

24 NiSe2 Truncated cube-like 4 M 1044 F g−1 at 3 A
g−1

67%
after
2000
cycles

[34]

25 NiSe2 Pyramid-like 3 M 240.83 mAh g−1 at
1 A g−1

52.7%
after
1000
cycles

[51]

26 NiSe-Ni0.85Se Irregular nanoparticle 2 M 669 C g−1

at 1 A g−1
– [52]

27 NiSe@Ni3Se2 Nanosheet nanowire
arrays

3 M 1260 F g−1 at 10 A
g−1

92.5%
after
4000
cycles

[31]

28 NiSe2/Ni(OH)2 Hexapod-like 3 M 2212 F g−1 at
2 mA cm−2

95%
after
5000
cycles

[32]

29 NiSe Microspheres 2 M 492 F g−1 at 0.5 A
g−1

84.6%
after
200
cycles

[53]

30 N-rGO/NiSe2 GO decorated with
nanoparticle

3 M 2451.4 F g−1 at 1 A
g−1

– [35]

31 Ni0.85Se@C/rGO Nanosheets on the
surface of rGO

2 M 1160 F g−1 at 1 A
g−1

88.8%
after
1000
cycles

[54]

(continued)
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Table 1 (continued)

Sr.
No

Electrode
material

Morphology KOH
Electrolyte

Specific capacitance Stability Ref

32 NiSe2/rGO Nanoparticles
supported on GO

2 M 137.7 mAh g−1 at 1
A g−1

82%
after
2500
cycles)

[55]

33 NiTe Rod like 3 M 804 F g−1 at
1 A g−1

91.3%
after
1000
cycles

[18]

34 NiTe Fiber-like 6 M 634 F g−1 at
1 A g−1

– [36]

35 NiTe: Se Flake-like 6 M 943 F g−1 at
1 A g−1

– [36]

36 NiTe Nanorods 3.5 M 618 F g−1 at 1 A g−1 75%
after
5000
cycles

[56]

37 NiTe: Co Nanoparticles 3 M 1645.6 F g−1 at 1 A
g−1

90%
after
1000
cycles

[24]

38 NiTe Flake shaped 3 M 872.7 F g−1 1 A g−1 85%
after
1000
cycles

[24]

39 Se-doped NiTe Flake-like 3 M 998.2 F g−1 at 1 A
g−1

Good
cyclic
stability
over
1000
cycles

[37]

40 NiTe – 3 M 603.6 F g−1 at 1 A
g−1

93.2%
after
1000
cycles

[37]
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Chalcogenide Based 2D Nanomaterials
for Supercapacitors

Raja Noor Amalina Raja Seman and Mohd Asyadi Azam

Abstract To overcome the depletion of fossil fuels, current cutting-edge research is
focusing on the future engineering and technologies in any energy generating devices.
A supercapacitor is one of the most promising among them, with very fast charging
and discharging times and good cyclic stability. Supercapacitors have been rapidly
developing to meet the demand to solve energy and environmental problems. The
electrochemical parameters of supercapacitor devices, such as specific capacitance,
rate, cycling stabilities, energy, and power densities, are greatly influenced by the
electrode materials used. Metal chalcogenide nanomaterials are highly demanded in
the research of various electrodes tomeet the ever-increasing energy source demands.
Metal chalcogenides are strongly scrutinized as an emerging competitor due to their
distinctive physical and chemical features. These materials have a lot of potential
as electrode materials in supercapacitor devices. In this chapter, the outstanding
performance of metal chalcogenides nanomaterials in the field of supercapacitors is
summarized in terms of their electrochemical performances, demonstrating them as
a very efficient electrode for supercapacitors.

Keywords Supercapacitor · Chalcogenides · Power density · Energy density

1 Introduction

Nowadays, due to tremendous population growth and industrial development, envi-
ronmental and energy obstacles are currently one of the most major concerns [1].
These devices have improved the energy efficiency, dependability, flexibility of
electrical systems, and the performance of manufacturing systems. This topic has
attracted a lot of interest due to the expectation of a high level of renewable energy
integration in electrical networks [2]. However, there are still a lot of requirements
to meet to develop more modern technologies that can simultaneously deliver a
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high energy and power density. Also, due to their extremely high cost, the usage of
rechargeable devices is restricted [3].

Supercapacitors have sparked rising scrutiny as the most convincing storage
devices due to their outstanding features such as high power [4], high specific capac-
itance [5], fast charge–discharge rate [6], and long lifespan [7]. Supercapacitors are
made up of electrode and electrolyte materials, as well as current collectors, sepa-
rators, and sealants, all of which contribute to the device’s electrochemical perfor-
mance [8]. Furthermore, because the electrodes must be able to provide a large
specific surface area, the electrode materials are chosen and their design is crucial
in boosting the capacitance performance of supercapacitors [9]. Also, they must be
both environmentally friendly and economical [10]. Supercapacitors are classified
into two types based on their storage mechanism which are electrical double-layer
capacitors (EDLCs) and/or pseudocapacitors [11, 12]. In EDLCs, ion electrosorp-
tion and the occurrence of an electrochemical double layer are used to store charge.
Meanwhile, the faradic reactions store the charges in the pseudocapacitors (redox
reactions). The electrodematerials for supercapacitors can be divided into threemain
categories such as carbon-based materials (e.g., graphene, activated carbon (ACs),
and carbon nanotubes (CNTs)) [13], transition metal oxides (e.g., manganese oxide
(MnO2)), [14], and conducting polymers (e.g., polyaniline (PANI), and polypyrrole
(PPy)) [15].

Currently, the electrochemical performance of supercapacitors has considerably
increased, there are still various areas where they can be improved. The electrochem-
ical performance of supercapacitors can be revampedby altering or changing the elec-
trode material [16]. Latterly, the synthesis of two-dimensional (2D) materials opens
the door for the research of materials science and technology, which had previously
been difficult to achieve due to the controlled structure of 2Dmaterials [17]. Through
the interlayer gap, 2D materials with strong in-plane covalent bonding and weak van
der Waals interaction out-of-plane across the interlayer gap materials offer a varied
spectrum of material sciences with customizable properties for energy conversion
and storage devices [18]. Novel 2Dmaterials have demonstrated various applications
including transition metal dichalcogenides (TMDs) [19], transition metal carbides
(TMCs) [20], graphene [21], black phosphorous (BP) [22], andMXenes [23]. TMDs
especially MoS2 has many of the same physical features as graphenes, such as high
charge carrier transfer and high wear resistance. Also, MoS2 outperforms graphene
in terms of cost, abundance, and a tunable bandgap with well visible light absorption
capability.

This chapter mainly focuses on recent endeavors towards the electrochemical
performances of chalcogenide-based 2D nanomaterials as supercapacitor electrodes.
We have compiled a list of the most recent advancements in 2D materials, as well as
how they can be used in the field of supercapacitors. The hybrid electrode which is
composedof 2Dmaterialswith ahighly conductive and capacitive nature outperforms
the limited performances due to their remarkable structural properties allowing better
electrochemical behavior. It also includes the advancement of 2D materials, such as
asymmetric supercapacitors with high energy and power densities. The summary of
electrochemical performance of the reported chalcogenide-based 2D nanomaterials
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Table 1 Specific capacitances from CV at different scan rates

Scan rate (V/s) Specific capacitance (F g−1)

Sample code MoSGMn-1 MoSGMn-2 MoSGMn-3 MoSGMn-4

0.001 980 788 527 310

0.005 520 460 134 120

0.01 208 190 76 70

0.05 91 90 34 31

0.1 50 39 27 25

0.5 37 20 15 13

Reproduced with permission from reference [27]. Copyright (2021) Elsevier

electrodes used in supercapacitor in terms of specific capacitances and energy density
are tabulated in Table 1.

2 Chalcogenide-Based Carbonaceous Materials
for Supercapacitors

Chalcogenide-based carbonaceous materials are favorable contenders in the field of
energy storage, particularly as electrodes for supercapacitors applications, because
of their unique combination of tunable physical properties [24] and metallic conduc-
tivity [25]. Carbonaceous materials can be found in a variety of places, including
activated carbon, graphene, carbon nanotube, and so on, because of their ability to
store charges through EDLC mechanisms, they can be employed as electrode mate-
rials for supercapacitors. Kumar et al. have used a simple hydrothermal technique
to nucleate the hexagonal NiCo2S4 hierarchical nanostructure on reduced graphene
oxide (rGO) sheets (Fig. 1). The hybrid composites showed a higher specific capac-
itance (972 F g−1) than the bare electrode at 1 A g−1 [26]. The supremacy of hybrid
rGO-NiCo2S4 composites includes expanded electrolyte diffusion channels, fast
electron transport, and a sufficient number of active sites, which take advantage
of the synergistic effects between the hierarchical architecture of NiCo2S4 and the
remarkable conductivity of rGO. The synergistic effects of the hierarchical architec-
ture of NiCo2S4 and the remarkable conductivity of rGO have benefited the hybrid
composites by providing enhanced electrolyte diffusion channels, quick electron
transport, and sufficient active sites.

Furthermore, the fabricated supercapacitor device made by modified MoS2
deposited graphene oxide rolled MnOx nanocomposite has shown large supercapac-
itance values of 980 F g−1, and 788 F g−1, respectively [27]. As the amount of MoS2
counted is reduced from 100 to 15 mg (MoSGMn-4), its efficiency gradually dimin-
ishes. MoS2 particles integrated into manganese oxide fibers with a fibrous needle
and nanotube-like morphology have the potential to change the energy levels of
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Fig. 1 CV curves at various scan rates (5–50 mV/s) of the a NiCo2S4 and b rGO-NiCo2S4.
Reproduced with permission from reference [26]. Copyright (2021) Elsevier

manganese oxide’s pseudocapacitance nature. Graphene intercalation also improves
the porous conductivity of manganese oxide during charge and discharge, which is
one of the most important elements affecting the specific capacitance values. Table
1 lists the capacitance values for four distinct samples.

Also, VS2 supported MWCNTs made by a simple hydrothermal technique have
been reported by Meyer et al. [28] for their structure, morphological features, and
prospective application as an electrode in supercapacitors. The supercapacitor has a
capacitance of approximately 33 F g−1 at 1 mA−1 current density. At lower current
densities, the increased capacitance results from a stronger and more effective inter-
action between the electrode and the electrolyte, resulting in a more efficient charge
transfer. In contrast, only minimum interaction occurs at higher current densities,
resulting in reduced charge transfer and poor capacitance. Increased carbon content
results in higher capacitance and charge transfer due to good electrical conductivity
and a larger surface area for electrolyte ion adsorption.

For instance, Ji et al. [29] have prepared a ball-milling the heterogeneous layered
materials of bulkMoS2 andGOpowders followed by the hydrazine-reducingmethod
yielded the binder-free MoS2/rGO composites. The MoS2/rGO composites elec-
trodes of symmetric supercapacitor revealed high specific capacitance of 365, 283,
267, 230, and 227 F g−1 at a current rate of 0.5, 1, 2, 4, and 10 A g−1, respec-
tively being much higher than those of MoS2 electrodes (253, 213, 199, 198 and
181 F g−1) (Fig. 2). Furthermore, the rate capability of MoS2/rGO composites elec-
trodes (227 F g−1) is higher thanMoS2 electrode even at a high rate of current density.
Also, MoS2/rGO composites electrode maintains a high specific capacitance of 260
10 F g−1 at a relatively high current density of 4 A g−1 compared to pure MoS2
electrode which is 144 ± 10 F g−1. The resultant MoS2/rGO composites electrode
showed a maximum energy density of 125.0 Wh kg−1 at a power density of 1.6
kW kg−1.

In another study, Xu et al. [30] synthesized a new type of 3D NiS/MoS2@N-rGO
hybrid composites by using an easy and cost-effective hydrothermal method. The
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Fig. 2 aCyclic voltammetry curves ofMoS2/rGO andMoS2 electrodes at a scan rate of 50mV s−1.
bGalvanostatic charge–discharge curves of MoS2/rGO andMoS2 electrodes at a current density of
1 A g−1, within a potential range of−0.8–0.8 V. c Ragone plot of MoS2/rGO and MoS2 electrodes.
Reproduced with permission from reference [29]. Copyright (2019) Elsevier

hybrid electrodes for these supercapacitors have been nickel sulfide andmolybdenum
disulfide with N-reduced graphene oxide. The fabricated NiS/MoS2@N-rGO hybrid
composites delivered a high specific capacitance of about 1028 F g−1 at 1 A g−1. In
addition, the hybrid electrodes remained stable up to 50,000 charging and discharging
cycles. Based on the Ragone plot, the hybrid device showed high energy and power
densities of 35.69 Wh kg−1 and 601.8 W kg−1, respectively (Fig. 3).

Naz et al. have demonstrated the hybrid electrode of highly defective MoS2
nanosheets of 1 T phase and on a three-dimensional rGO network through a one-pot
hydrothermal method [31]. This electrode exhibited very outstanding specific capac-
itance (442.0 F g−1 at 1A g−1, in a three-electrode system, in 1MH2SO4 electrolyte),
and cycling performances of 84.5% capacitance retention after 3000 cycles, 5 A g−1.
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Fig. 3 aCVcurves of theNiS/MoS2@N-rGO electrode at various scan rates from 5 to 100mV s−1.
bGalvanostatic harge-discharge curves of the NiS/MoS2@N-rGO electrode different current densi-
ties in the range of 1–10 A g−1. c Specific capacitances of NiS/MoS2@N-rGO electrode at different
current densities. dRagone plots of the NiS/MoS2@N-rGO electrode. Reproduced with permission
from reference [30]. Copyright (2019) Elsevier

3 Chalcogenide Hybrids with Other 2D Analogues
for Supercapacitors

Farag et al. [32] have prepared nano CuCo2O4/CuS nanocomposite samples using
the hydrothermal procedure. CuCo2O4/CuS nanocomposite possess a larger surface
area compared with CuCo2O4. The area of CuCo2O4/CuS nanocomposite increases
with increasing the amount of CuS from 0 to 25%. Meanwhile, the area of
CuCo2O4/CuS nanocomposite decreases with the addition of doping. In addition,
the 0.75 CuCo2O4/0.25CuS nanocomposite provides a larger surface area compared
with other nanocomposites. The high rate capabilities and improved specific capac-
itance of CuCo2O4/CuS nanocomposite may be attributed to the synergistic effect
of CuCo2O4 and CuS. This finding suggested that the new 0.75 CuCo2O4/0.25 CuS
composite is a promising active material for supercapacitors.

For instance, Manikandan et al. [33] have developed the selenium reinforced
hybrid NiSe2@Fe3Se4 (NFS) nanocomposites deposited on Ni-foam via chemical
bath deposition (CBD)method. Figure 4 illustrates the electrochemical performances
of Ni foam, SeO2, and hybrid electrodes at 10 mV s−1 of scan rate. The electrode
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Fig. 4 a CV curves of five different electrodes at a scan rate of 10 mV s−1. b Areal capacitance
of the electrodes at different discharge current densities, c The capacitance values of the ONAC
electrode at different currents from 1 to 15 A g−1, and d Calculated capacitance values of the HSC
device at different currents from 0.5 to 10 A g−1. Reproduced with permission from reference [33].
Copyright (2021) Elsevier

delivered a good areal capacity at a current density of 6 mA cm−2. These find-
ings show that a large contact space for rapid electrolyte ion transport across elec-
trode material/electrolyte interfaces can be created by effectively depositing NFS
nanocomposites on a Ni-foam surface. In addition, from the GCD curves, O, N
enriched activated carbon (ONAC) derived from bio-waste as a negative electrode
showed specific capacitance values in the range of 210–332 F g−1, at 1–15 A g−1

current densities. The specific capacitance value of the as-synthesized ONAC sample
was higher than that of recently published activated carbon materials generated from
diverse bio-wastes.

In another study, Gowrisankar et al. [34] have demonstrated different Mo and
W-based dichalcogenides as a bifunctional electrode material for supercapacitor
application. the examples of dichalcogenides include MoS2, tungsten sulfoselenide
(WSSe), molybdenum sulfoselenide (MoSSe), molybdenum diselenide (MoSe2),
tungsten diselenide (WSe2), and tungsten disulfide (WS2) nanostructures (Fig. 5).
Based on the CV results, MoSSe loaded electrode showed high specific capacitances
in the range of 101–314 F g−1 at 1–50 A g−1. Furthermore, the hybrid capacitor
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Fig. 5 aCyclic voltammetryofWSSe/rGOcomposites,bTheCVofMoSSe/rGO loaded electrodes
at different scan rates, cGCDprofiles ofMoSSe/rGO loaded electrodes at different current densities
(1–6 A/g), and d Specific capacitance vs current density plots. Reproduced with permission from
reference [34]. Copyright (2021) Elsevier

material resulted by incorporating rGO into MoSSe composites. Further, the specific
capacitance values for MoSSe/rGO composites are 373, 340, 230, 188, 164, and
145 F g−1, respectively. The increase in capacitance value may be attributed to the
insertion ofMoSSe onto rGO. It should be noted that as current density has increased,
the specific capacitance has gradually decreased.

Several recent studies have incorporated 2D MoS2 layers into Ni3S2 to fabri-
cate supercapacitors. For example, Liu et al. designed a hierarchical MoS2/Ni3S2
structure grown on nickel foam via a simple one-pot hydrothermal method [35].
From GCD curves, the specific capacitance value of hybrid structure was 1.033
(1 mA cm−2), 1.018 (2 mA cm−2), 0.993 (3 mA cm−2), 0.973 (4 mA cm−2), 0.926 (6
mA cm−2) and 0.894 C cm−2 (8 mA cm−2), respectively (Fig. 6). The strong interac-
tion between MoS2 and Ni3S2 endowed the MoS2/Ni3S2 hybrid structure with high
long-term cycling stability. Capacitance retention up to 62.5% was achieved after
10,000 charging and discharging repeatedly at the current density of 20 mA cm−2.

Alternatively, Lokhande et al. direct coating of ternary chalcogenide-based nanos-
tructured Cu4SnS4 (CTS) thin film electrodes for the energy storage application [36].
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Fig. 6 a CV curves at 10–100 mV/s. b GCD curves at various current densities. c CV curves
of different electrodes at 40 mV s−1. d GCD curves of different electrodes at 1 mA cm−2, and e
Capacitance retention of the hybrid up to 10,000 cycles at 20mAcm−2. Reproducedwith permission
from reference [35]. Copyright (2019) Elsevier

The Cu-rich Cu4SnS4 (CTS) nanoparticle thin film was found to provide an ionic
transfer via an effective conducting pathway. From electrochemical measurement, a
specific capacitance of the fabricated CTS electrode was 704 F g−1 in 1 M NaOH
aqueous electrolyte. Furthermore, a higher concentration of aqueous electrolyte influ-
enced the performance of the fabricated CTS electrode. 3 M NaOH exhibited lower
specific capacitance compared to 2 M NaOH with the specific capacitance value
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of 585 F g−1 and 663 F g−1 for 3 M NaOH and 2 M NaOH aqueous electrolytes,
respectively. The fabricated CTS electrode revealed a maximum energy density of
27.77Wh kg−1 and a power density of and 7.14 kWkg−1 at an applied current density
of 40 mA cm−2.

4 Recent Development of Chalcogenides for Asymmetric
Supercapacitors

As a typical example, Yang et al. constructed a flower-like CoNi2S4/multi-walled
carbon nanotube (MWCNT) nanosheet arrays on Ni foam through a facile and cheap
hydrothermal process [37]. The sulfur source was thioglycerol (TA). The synergistic
effect between MWCNT and CoNi2S4 endowed the CoNi2S4/MWCNT/Ni hybrid
electrode with high long-term cycling stability. The CoNi2S4/MWCNT/Ni hybrid
retains up to 109% after 2000 repeatedly charging and discharging at 10 mA cm−2.
Moreover, CoNi2S4/MWCNT hybrid also showed superior rate performance. The
CoNi2S4/MWCNT/Ni hybrid delivered a high capacitance of 5.65 C cm−2 at current
densities of 10 mA cm−2. The CoNi2S4/MWCNT hybrid microstructure changing
after long-term charging and discharging repeatedly exposing new redox-active sites
at the electrode/electrolyte interface, increasing capacitance retention.

AC as the negative electrode and CoNi2S4/MWCNT/Ni as the positive electrode
was built-in asymmetric supercapacitor (ASC) to investigate the practical application
of CoNi2S4/MWCNT/Ni hybrid. This ASC delivered up to 56.6% of the areal capac-
itance at a scan rate of 10mA cm−2. It was suggested that the excellent rate capability
of this ASC remain up to 85% of its initial areal capacity after 2000 charging and
discharging, repeatedly for excellent cycling stability. The ASC delivered maximum
specific energy of 60.83Whkg−1 at a specific power of 284.9Wkg−1 and amaximum
energy density of 3.6 Wh m−2 at a power density of 16.9 Wh m−2 (Fig. 7).

Furthermore, NiCo2S4 with a special structure on nickel foam for ASC using
hydrothermal and co-sulfurization methods were demonstrated by Gong et al. [38]
who reported an outstanding specific capacitance value of 850.2 F g−1 at 1 A g−1.
The capacitance retention was 93.6% based on charging and discharging repeatedly.
The NCS-A1 electrode was used as the cathode, while AC was used as the anode.
The 3 M KOH was used as an aqueous electrolyte. It was found that the value of the
specific capacitance of NCS-A1//AC device is 140 (1 A g−1), 134.9 (2 A g−1), 117.4
(3 A g−1), 105 (5 A g−1), and 58.6 F g−1 (10 A g−1), respectively. The NCS-A1//AC
ASC delivered remarkable cyclic stability with capacitance retention that can reach
84.3% after 5000 charging and discharging repeatedly. The calculated energy density
was 38.1 (700W kg−1), 36.7 (1400W kg−1), 32 (2100W kg−1), 28.6 (3500W kg−1)
and 16 Wh kg−1 (7000), respectively.

Tiwari et al. [39] fabricated an ASC with MoS2/CNT as a negative electrode
and MnO2/CNT as a positive electrode. For MoS2 and MnO2 thin films, the areal
capacitance values were evaluated to be 2.8 and 9.6 mF cm−2, respectively (Fig. 8).
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Fig. 7 a GCD curves of CoNi2S4/MWCNT/Ni//AC ASC in 2 M KOH aqueous electrolyte at
different current densities from 10 to 100 mA/cm2, b Areal capacity of the ASC versus current
densities from 10 to 100 mA/cm2, and c Ragone plot of the ASC. Reproduced with permission
from reference [37]. Copyright (2021) Elsevier

Fig. 8 a CV curves of two different electrodes and b Capacitive retention of
MoS2/CNT//MnO2//CNT asymmetric supercapacitor up to 2500 charge–discharge cycles.
Reproduced with permission from reference [39]. Copyright (2021) Elsevier



370 R. N. A. Raja Seman and M. A. Azam

The fabricated MoS2/CNT//MnO2//CNT ASC device showed remarkable cycling
stability up to 98.3% over 2500 charging and discharging repeatedly. The areal
capacitance of the fabricatedMoS2/CNT//MnO2//CNTASCdevicewas 0.25 F cm−2.
Meanwhile, the fabricated MoS2/CNT//MnO2//CNT ASC device possesses a high
energy density of 88.8 mWh cm−2 a power density of 227 mW cm−2, respectively.

Recently, Vidhya et al. [40] have synthesized MnSe2-CoSe2 by hydrothermal
process by varying the amount of Mn. Different amount of Mn was used which are
0.05 as Mn1, 0.1 as Mn2, and 0.15 as Mn3 wt.%, respectively. The influence of
amount Mn usage improved the electrochemical properties. Based on the electro-
chemical measurements in 1 M KOH, the electrode delivered a specific capacitance
value of 373 F g−1 (Mn3), 182 F g−1 (Mn2), and 295 F g−1 (Mn1), respectively. The
capacitance retention of up to 99%was achieved over 5000 charging and discharging.
Moreover, the specific energy density and specific power density values are 73, 62,
55, 53, 25 Wh kg−1 and 75, 1499, 2250, 4500, 5625 W kg−1, respectively (Table 2).

5 Conclusions

The main focus of this chapter was to bring about a broad outlook of recent progress
and development in chalcogenide-based 2D nanomaterials based on their potential
usage as a supercapacitor electrode. The research and development of chalcogenide-
based electrode materials for high-performance electrochemical energy storage
devices are gaining traction. In terms of supercapacitors, electrochemical energy
devices are a fast expanding thrust area in which thesematerials showed considerable
promise to compete with traditional energy sources.

Furthermore, combining a 2D material with a large volume material successfully
eliminates the restacking problem of 2D material. On the other hand, 2D mate-
rials including 2D conductive polymers, 2D transition metal oxides/hydroxides, and
single-element 2D material have been revealed to have a wide variety of applica-
tions for high-performance energy devices. The selection of electrode material plays
an important role in the developing study of 2D nanomaterials. Thus, the produced
composites/hybrids combining various 2D materials may collect their own merits, it
could pave the way for 2D materials to be used in high-performance electrochemical
energy device applications. In addition, it is highly desirable to design cost-effective
materials that are efficient and ecologically friendly approaches to achieve good
performance. As a result, focusing future research on the development of low-cost
2D electrode materials with high charge capacity and stability will be tremendously
useful. The supercapacitor is predicted to become a promising energy storage device
in the future.

The advantages of electrochemical supercapacitors include high power density,
longevity, cycle efficiency, operating temperatures, environmental friendliness, and
safety. However, the challenges of focusing on supercapacitors are numerous such
as energy density, cost-effectiveness, and self-discharge rate. A high energy density
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Table 2 Comparison of capacitances and energy density of the reported chalcogenide-based 2D
nanomaterials electrodes for supercapacitor

Materials Method Specific
capacitance

Energy
density/power
density

References

rGO-NiCo2S4 composites Hydrothermal
technique

972 F g−1

(1 A g−1)
– [26]

MoSGMn-1 Modified MoS2
deposited
graphene oxide
rolled MnOx
Nanocomposite

980 F g−1

5 mV s−1
– [27]

VS2 supported MWCNTs Hydrothermal
technique

33 F g−1

(1 mA−1)
– [28]

MoS2/rGO composites Ball-milling
with reducing
process

356 F g−1

(0.5 A g−1)
125.0 Wh kg−1/
1.6 kW kg−1

[29]

3D NiS/MoS2@N-rGO
hybrid composites

Hydrothermal
technique

1028 F g−1

(1 A g−1)
35.69 Wh kg−1/
601.8 W kg−1

[30]

MoS2/rGO Hydrothermal
technique

442.0 F g−1

(1 A g−1)
– [31]

CuCo2O4/CuS
nanocomposite

Hydrothermal
technique

- – [32]

NiSe2@Fe3Se4 (NFS)
nanocomposites

Chemical bath
deposition
technique

332 F g−1

(1 A g−1)
– [33]

MoSSe/rGO composites Hydrothermal
technique

373 F g−1

(1 A g−1)
– [34]

MoS2/Ni3S2 structure Hydrothermal
technique

1.033 C cm−2

1 mA cm−2
– [35]

Cu4SnS4 Direct coating 704 F g−1 27.77 Wh kg−1/
7.14 kW kg−1

[36]

CoNi2S4/MWCNT
hybrid

Hydrothermal
technique

5.65 C cm−2

(10 mA cm−2)
ASC
CoNi2S4/MWCNT/
Ni//AC

−
60.83 Wh kg−1/
284.9 W kg−1

[37]

NiCo2S4 Hydrothermal
and
co-sulfurization
processes

850.2 F g−1

(1 A g−1)
ASC
NCS-A1//AC
140 F g−1

(1 A g−1)

38.1 Wh kg−1/
700 W kg−1

[38]

MoS2/CNT//MnO2//CNT Unique
combination of
chemical and
DC magnetron
sputtering
techniques

0.25 F cm−2 88.8 mWh cm−2/
227 mW cm−2

[39]

(continued)
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Table 2 (continued)

Materials Method Specific
capacitance

Energy
density/power
density

References

MnSe2-CoSe2 Hydrothermal
technique

373 F g−1 (Mn3),
182 F g−1 (Mn2),
and 295 F g−1

(Mn1) at 1 A g−1

73 Wh kg−1/
750 W kg−1

[40]

electrochemical system is required for practical application. Because of this, elec-
trochemical supercapacitors have a lower energy density than batteries. The most
typically used electrode materials, such as carbon materials with a large porous
surface area are more expensive. Furthermore, the expense of organic electrolytes
is not insignificant. Lastly, self-discharge rates of 10–40% per day are common in
electrochemical supercapacitors.
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Chalcogenides Based Nano Composites
for Supercapacitors

A. Rajapriya, S. Keerthana, and N. Ponpandian

Abstract The hybrid structured nanocomposite materials possess outstanding
electro-capacitance behavior because of the synergistic effects from different
composite materials. Environmental pollution, ecological damage, and energy crises
consume severely hampered the future transition to a sustainable society and conse-
quently of the prompt growth of the economy and widespread usage of conventional
fossil fuels. Synthesizing novel nanomaterials with relatively low cost, high effi-
ciency, and exceptional characteristics is essential for the effective use of energy
conversion and storage (ECS) devices. Depending on individual physical and chem-
ical characteristics, such as conductivity, mechanical and thermal stability, and cycla-
bility, nanostructured transition metal chalcogenides (TMCs) have recently been
shown to be very promising candidates for effective ECS systems. In supercapac-
itor applications, the TMCs and their nanocomposites have been systematically
summarized due to their great successful cases.

Keywords Supercapacitor · Hybrid material · Nanocomposites · Transition metal
chalcogenides · Sulfides · Selenides · Tellurides

1 Introduction

Two-dimensional transition metal chalcogenides (TMCs) consist of more than 40
compounds with the general formula of MX2, M represents the transition metal
(group 4–7) and X represents chalcogenides (S, Se, Te) [1]. Significant advancement
in large-scale-based approaches to the production of 2D TMC nanosheets and their
incorporation with other innovative materials used to produce functional compos-
ites. They propose 2D TMD-based composites with metal oxides, noble metals,
metal–organic frameworks, metal chalcogenides, organic molecules, and polymers
for supercapacitors, batteries, electronics, electro- and photocatalysis, sensors, and
biomedicine [2].
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Fig. 1 Classification of transition metal chalcogenides with various composite materials

TMCs have attained plenty of contemplation over years as a result of their exten-
sive theoretical specific power, limited volume shifts besides higher surface area, high
electrical conductivity, and multiple oxidation states. TMCs establishing substan-
tial attention in energy devices including Li-ion batteries, fuel cells, supercapaci-
tors, solar cells, sensors, light-emitting diodes, memory devices, and thermoelectric
devices. Due to these facilitated properties, TMCs could store a substantial amount
of energy by electrical double layer. To demand the high energy density, necessities
of contemporary electronic devices, the hybrid electrodes are designed with TMCs
and other materials and further hybrid configurations are implemented. Over the
past few years, TMCs advanced electrochemical hybrid energy storage schemes to
overcome the drawbacks of cycle life and power density of Li-ion batteries and low
energy density of supercapacitors (Fig. 2). TMCs can be embodied as an anode for
battery through the electrochemical intercalation of ions and as a cathode material
for capacitor through physical adsorption of metal ions in electrolyte [3].

TMCs have numerous charge storage properties in hybrid capacitors: (1) Due to
high surface area TMCs, the duration of ion diffusion is inadequate (2) Havemultiple
exposed active areas. (3) TMCs are two-dimensional materials the ion transport is
rapid. (4))Two-dimensional channels canbe simply expanded and contracted. (5)The
electrical conductivity, electrode dynamics, and cycle stability of TMCs (6) Surface
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Fig. 2 Schematics of working of supercapacitor and structures ofmetal chalcogenides [3]. Adapted
from an Open Access Article is licensed under a Creative Commons Attribution-NonCommercial
3.0 Unported Licence ((OC) BY-NC)

redox pseudocapacitance or intercalation can be obtained readily using TMCs. (7)
TMC structures have outstanding steadiness and mechanical capability [4]. These
significant properties urge that transitional metal-based chalcogenides materials can
be used as pioneering electrodes for potassium ion hybrid capacitors.
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2 Transition Metal Sulfides (TMSs) Based Nanocomposites
for Supercapacitor

2.1 Metal Sulfide/Metal Oxides Composite Material

Because the composite prevents both NiFe2O4 and MoS2 from restacking, the
NiFe2O4/MoS2 could be a superior choice for energy storage. Furthermore, 2DMoS2
can offer a homogeneous and extensive surface area for electrolyte permeability
and additional networks for ions and electrons transport. Initially, the CV anal-
ysis of nickel foam was measured to clarify the capacitance contribution under
the same condition in an alkaline medium. When compared with the nickel foam,
NiFe2O4/MoS2 composite has attributed to the synergistic effect with the significant
specific capacitance [5]. The two pairs of intense redox peaks were witnessed for
NiFe2O4/MoS2 composite materials, which leads to the reversible responses to M-
S/M-S-OH and M–O/M-OOH where M is Ni, Fe or Mo ions. The electrode’s redox
mechanism may be expressed as follows. The CV curves’ pattern does not change
at any of the examined scan rates, and the current density increases as the scan
rate increases, indicating perfect capacitive behavior. Additionally, when scan rates
improve, peak current densities migrate to a wider potential window, which can be
interpreted a Charge transfer-limited kinetics and diffusion-limited redox reactions
[6].

NiFe2O4 + H2O + OH− ↔ NiOOH + 2FeOOH + e− (1)

MoS2 + OH− ↔ MoS2OH + e− (2)

TheGCDcurves ofNiFe2O4/MoS2 electrodematerial at different current densities
1, 2, 3, 4, 5, 6, and 7 A/g were studied and the capacitance may be estimated as 506,
426, 373, 331, 300, 253, and 207 F/g, respectively. The electrode can operate at a
high current density, indicating the composite material’s excellent electrochemical
performance. It’s worth mentioning that the NiFe2O4/MoS2 particles are deposited
was not constantly functional during the first cycle, but after a long period of charging
and discharging, the electrode has significant contact with the electrolyte, resulting
in improved capacitive performance.

2.2 Metal Sulfide/Quantum Dot Hybrids

Si nanoparticles have garnered considerable attention as a consequence of their great
research value in both fundamental theory and practical applications. When the
particle size of a-Si nanocrystal is limited to the Bohr excitons radius, the quantum
confinement effect occurs and it is called a Silicon quantum dot (Si-QD) [7]. The
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mobility of electrons or holes in three-dimensional space in SiQDs is restricted by the
circumstance that the restricted carrier can only be found at the isolated bound level,
and the motion is quantized, reducing the momentum conservation requirement. The
use of Si QDs as the nucleation center enhances the nucleation ofMoS2 and improves
up the reaction rates. The Si/MoS2 composite crisscross each other, forming a flower-
like structure. This structure allows the active material to make absolute contact with
the electrolyte, resulting in a redox reaction. Furthermore, the structure minimizes
the changes in the material’s microstructure induced by the charging and discharging
process to some extent. When the electrochemical performance of the two types of
electrodes (MoS2 and Si/MoS2 composite) is compared, the Si/MoS2 composite elec-
trode outperforms the MoS2 electrode in terms of specific capacitance and cyclic
stability. MoS2 prefers to build in the direction with the lowest binding potential
energy without Si-QDs [8]. The MoS2 nanosheets got larger and more stacked as the
reaction time was extended. Only a tiny portion ofMoS2 nanosheets can resist partial
binding potential energy squeezing or quasi-upright growth. The TEM analysis of
Si/MoS2 provides the high resolution image clearly illustrates the highly ordered
lattice fringes with the inter-planar distance of 0.61 nm which corresponds to the
plane (002) of MoS2 is illustrated in Fig. 3.

The electrochemical performance of pure MoS2 and Si/MoS2 composite were
compared with a sweep rate of 100 mV/s. The integrated area in the CV curves of

Fig. 3 Schematic illustration of the formation for MoS2 and Si/MoS2 composite and their HR-
TEM images [8]. This article is an open-access article distributed under the terms and conditions
of the Creative Commons Attribution (CC BY) license
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Si/MoS2 is larger when than the pure MoS2, which significantly corresponds to the
better specific capacitanceof the compositematerial. TheGCDplateaus constitute the
pseudocapacitance behavior and the composite Si/MoS2 provides the larger discharge
timewhen comparewithMoS2 with enhanced specific capacitance. For the following
three reasons, the specific capacitance of Si/MoS2 composite is greater than that
of MoS2: (i) Si-QDs is added and it acts as the nucleation center to support the
nanosheets MoS2 which readily increases the ion transport channel, (ii) the diffusion
path of ions and electrons which improves the electrochemical performances with
porous and microflower structure of Si/MoS2 and (iii) the robust electrolytic ions
supply the sufficient oxidation and reduction reactions have open space in composite
microflower [9]. In the CV curves of MoS2 and Si/MoS2 composite, the peak of
the current increased gradually when the scanning rate was increased, and the curve
form remained essentially unchanged. The composite Si/MoS2 materials improve
the electrochemical characteristics and have the specific capacitance of 574.4 F/g at
5 A/g with 84.5% retention after 1000 cycles.

2.3 Nickel Sulfide Nanohybrids

In recent decades, nickel sulfide (NiS) garnered extensive attention because of its
unique properties in hybrid capacitor applications. The arrangement of electrochem-
ically active sites, on the other hand, dramatically reduces their electrochemical
performance. Building coordinated structures with conductive substrates, increasing
active sites through nanocrystallization, and establishing nanohybrid architecture
combining different electrode materials have all resulted in substantial improve-
ments [10]. This section overviews the advancement in the practical preparation and
reasonable designing of NiS and their composite materials as an electrode combined
with several bifunctional EDLC based materials and pseudocapacitive materials.

Reaction mechanism of NiS: The oxidation–reduction reaction of NiS in alkaline
electrolytes are represented as follows [11].

NiSx + OH− ↔ NiSxOH + e− (3)

Ni3S2 + 3OH− ↔ Ni3S2(OH)3 + 3e− (4)

The electrochemical reactions of active electrode materials are verified using
quasi- diffusion-limited kinetics to distinguish between the redox mechanism of
pseudocapacitance or battery-type electrodes, where the kinetic operation of the
electrode and the flowof electrons in redox reactions are controlled by a semi-discrete
diffusion. However, in most cases, NixSy’s poor cycle performance is followed by
irreversible reactions [12]:

NiSx + H2O + 0.5Ox → Ni(OH)2 + xS (5)
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Ni3S4 + 3H2O + 1.5Ox → 3Ni(OH)2 + 4S (6)

Ni(OH)2 + OH− → NiOOH + H2O + e− (7)

According to earlier findings, NixSy electrodes’ battery-type redox process, as
well as their reduced rate performance and poor cyclic stability, would severely
restrict their applicability. Due to its fast-decaying capacitance at increased rates,
which is caused by its low inherent electrical conductivity and insufficient quan-
tity of active sites. Constructed synthesis of nanostructured materials, binder-free
electrodes produced on conductive substrates, and manufacturing of nano-hybrids
(nanocomposites) with good conductive reinforcements such as graphene, porous
carbons, and conducting polymers are some of the strategic priorities to resolve
the challenges mentioned above. The shape and surface area of electrode materials
are well recognized to influence electrochemical performance and hence controlled
synthesis of NiS nanoparticles with a steady structure and greater surface area is
essential.

NiS pristine: Among the various NixSy structures, NiS holds the easiest stoi-
chiometry occurring in two possible phases of α-NiS (hexagonal) and β-NiS (rhom-
bohedral). NiS is especially suitable for hybrid capacitors due to its large theoretical
capacity, low cost, excellent electrical conductivity, environment sustainability, and
simple production method. NiS as an electrode material has some primary disad-
vantages such as low rate capability and slow electron transport rate. These issues
can be rectified by constructing NiS with different dimensions such as nanoplates,
porous nanomaterials, nanorods, nanowires as well as hierarchical designs such as
core–shell, complex hollow [13].

NiS covered on N-doped hollow carbon spheres (NHCS) composites: The
assembly of functional materials on carbon materials such as graphene, carbon
nanotube, and carbon nanofiber is an inspiring approach to boost the electrochem-
ical behavior designated with cycling life and rate capability by combining carbona-
ceous materials and pseudocapacitive materials. The synthesis and the structure of
NiS coated NHCS through the template-assisted method. The core–shell NiS/NHCS
structures template for nickel silicates follows the formation of NiS nanosheets rein-
forced on the NHCS hollow structure. The GCD profile of NiS/NHCS electrode
favors the capacitance of 1150 F/g at 1 A/g current density with the capacitance
retention of 76% at 5 A/g over 4000 cycles of charge–discharge. The hybrid capac-
itor of NiS/NHCS//AC performed a specific capacitance of 120 F/g at 0.2 A/g current
density.

Composite material CoNi2S4/Ni3S2: The Ni3S2 composite with CoNi2S4 demon-
strates the distinctive pseudocapacitive behavior because it shows a redox peak in CV
curves. When the scan rate increases, the integrated area increases indicating that the
fabricated materials promote electron transfer and fast ion rate. The GCD curves of
composite material CoNi2S4/Ni3S2 hold a specific capacitance at the current density
(1 A/g) of 997.2 F/g and the electrode exhibited reduced contact and greater charge
transfer resistance than other metal oxides. This CoNi2S4/Ni3S2 hybrid structure has
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outstanding electrochemical performance. The electrochemical device is arranged
using the active carbon (negative electrode) and CoNi2S4/Ni3S2 nanowires (positive
electrode) to further evaluate the functional application of the as-prepared electrode.
The CV curves were operated at a current density of 50 mV/s and with the potential
range of 0–0.6 V and −1 to 0 V that the device has the total potential of 1.6 V. The
fabricated CoNi2S4/Ni3S2 electrode exhibits CV curves at different scan rate from 2
to 50mV/s. The electrocapacitive device at various potential windows at the scan rate
of 50 mV/s showed the prolonged working voltage is shown in Fig. 4. The device has
a stable capacitive behavior with both EDLC and pseudocapacitance performance at

Fig. 4 The synthesis and electrochemical characteristics of fabricated CoNi2S4/Ni3S2 electrode
[14]. Article is licensed under a Creative Commons Attribution-Non Commercial 3.0 Unported
Licence (BY-NC)
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the voltage of 1.5 V. The GCD curve demonstrated the areal capacitance of 136.05
mF/cm at 2 mA/cm current density [14].

3 Transition Metal Selenides (TMSes) Based
Nanocomposites Electrode for Supercapacitor

TMCs have recently received a lot of attention in the energy storage sector due to their
high theoretical capacity. TMSes are layered compounds made up of a hexagonal
arrangement of transition metal atoms which is sandwiched between two layers of
group six chalcogen atom-like Se. In thesematerials, metals and chalcogen atoms are
connected by strong covalent bonds and intra-layers are connected via weak van der
Waals forces. Moreover, this sandwich structure is favorable for insertion and deser-
tion of electrolyte ions [15, 16]. Even though TMSes is a metal chalcogen molecule
with a high pseudocapacitance, there have been few studies on the usage of metal
selenides in supercapacitors. Particularly TMSes, have recently received a lot of
attention as effective electrocatalysts for a variety of electrochemical applications.
Especially, due to their unique electronic conductivity, interesting electrocatalytic
activity, higher conductive nature, relatively high energy density, and binding affinity
mark them promising materials for supercapacitors [17]. According to published
studies, selenide has a high theoretical specific capacitance and excellent electro-
chemical performance. Other advantages of TMSes are their low cost, abundant
earth, and ease of manufacturing; these qualities are highly advantageous for their
use in electrical devices. Remarkably, MoSe2 is a layered structure (Se–Mo–Se) with
a narrow bandgap that might be a suitable candidate for the electrode material for
supercapacitors. Moreover, MoSe2 has a wider interlayer spacing (0.646 nm) than
graphite (0.335 nm) and MoS2 (0.615 nm). As a result, MoSe2 is considered as one
of the supreme electrode materials for supercapacitors, and some research has been
conducted on the electrochemical performance of supercapacitors utilizing MoSe2
[18]. For instance, a group developed, mushroom-like NiSe2 for the flexible super-
capacitors and it delivers remarkable properties like mechanical flexibility. These
findings open up a new initiative to build flexible, smart, and portable electronic
products [19].

3.1 Combination of Metals Selenides Hybrids
for Supercapacitor

However, the electrocatalytic activity of metals selenide is limited by relatively weak
conductivity and aggregation of the material. So, there is a need for hybrid TMSes to
be developed using nano-structural engineering to adjust their electrical and struc-
tural characteristics for the ideal architecture, which may increase conductivity and
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enhance the capacitance of electrode materials for charge storage. The combined
effect of metal selenides strengthens supercapacitor performance due to their syner-
gistic contact that emerges from the number of active sites, enhancing electrical
conductivity, rising higher surface area, and narrowing the networks to assure supe-
rior catalytic activity and higher storage efficiencies [20]. In relation, WSe2/CoSe2
hybrid composites with improved electrochemical performances were developed
using a hot-injection method by making CoSe2 well dispersed in WSe2 by altering
their conducting property and boosting the active sites on the interfaces between
the two components. Furthermore, the proposed WSe2/CoSe2 has a higher specific
capacitance of 2720 F g−1 for 1 A g−1, as well as a higher cycle life of 93.75% [21].
Likewise, a group prepared polyhedron structured NiSe2@MoSe2 by hydrothermal
synthesis is shown in Fig. 5. The fabricated asymmetric device shows outstanding
capacitance of 305 Fg−1 at 1 Ag−1 with good cycling stability. Herein, the combi-
nation of Ni and Mo delivers the greater redox activity, which is beneficial to the
higher electrochemical performance [22]. The two-electrode cell setup was built by
NiSe2@MoSe2 and activated carbon as positive and negative electrodes and the two
electrodes and both possess different potential windows is shown in Fig. 5. The

Fig. 5 Synthesis procedure, CV profile, and the schematics of an asymmetric device [22]. Adapted
from an Open Access Article is licensed under a Creative Commons Attribution-Non Commercial
3.0 Unported Licence (BY-NC)
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device fabrication and the response was shown in Fig. 5. Accordingly, the device
works well, hence the polarization achieved at the voltage of 0–1.5 V, demonstrating
the appropriate potential range of the asymmetric super capacitor should be 0–1.5 V.

The coexistence of various transition metals in bimetallic compounds improves
electronic conductivity and redox activity, thereby improving rate performances in
electrochemical reactions by sharing and combining their individual electronic prop-
erties. Based on this, a group designed CoSe2 by incorporating transition metals (V,
Zn, Mn, and Cu) to tune its rate capability towards supercapacitors. V-CoSe2, Zn-
CoSe2, Mn-CoSe2, and Cu-CoSe2 were developed directly on nickel foam in this
study. This binder-free direct growth facilitates the abundance of active sites and
lowers the interfacial resistance between the conductive substrate and activematerial.
As a result of this,V-CoSe2 consumes a higher capacitance of 1830.2F/g. The specific
capacitance ofV-CoSe2 is related to themorphology of nanosheetswith defects on the
basal plane,which provides additional active sites and increases their electron transfer
kinetics [23]. Table 1 comprises the list of a variety of hybrid-metal chalcogenides
used for making hybrid supercapacitors.

4 Transition Metal Tellurides (TMTs) and Their
Composites Based Supercapacitor

TMTs have recently received considerable attention as important members of TMCs
due to their various crystal structures and unique electronic configuration. Due to
its distinct phase transition properties, electron strong-correlated phenomenon, and
ferromagnetism, TMTs open up new avenues for fundamental research and novel
device applications. For example, the crystal structure transition between T′ and
H phases of MoTe2 is easier to trigger due to lower energy differences. Group VB
metal tellurides have been considered as a potential framework for initiating its phys-
ical parameters such as superconductivity, electro-catalytic activity, and quantum
spin hall-effect. Tellurium (Te) is an intriguing p-type semiconductor with impor-
tant supercapacitor properties, owing to its high electrical conductivity and material
density. It is widely used in a variety of energy storage systems, including Li-Te
batteries [24].Recently,metal tellurides likeCoTe,NiTe,La2Te3,MoTe2, andSm2Te3
have been used as electrode materials for energy storage devices. Because of its
thermal, electrical, and magnetic properties, CoTe has a wide range of applications,
including electro-catalysis, water splitting, solar cells, batteries, photo-catalysis, and
biosensors. Cobalt telluride nanomaterials materials have shown promise in a variety
of applications, most notably in energy production and storage. High temperatures
and a limiting atmosphere are required for the synthesis of cobalt telluride-based
2-D nanomaterials, making large-scale production and fabrication of supercapaci-
tors difficult and expensive. Thus, a group prepared CoTe nanorods by hydrothermal
method and it exhibits the high specific capacitance 170 Cg−1 at 0.5 Ag−1 and the
prepared CoTe nanorods retain 85% of its initial capacitance is shown in Fig. 6 [25].
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Table 1 Synthesis method, specific capacitance, and retention of a variety of hybrid-metal
chalcogenides

Material Synthesis method Specific capacity
or specific
capacitance

Retention Ref

Graphene wrapped
copper sulfide hollow
spheres

Solvothermal method 2317.8 F g−1 at 1
Ag−1

96.2% after
1200 cycles

[36]

NiS micro-flowers Sulfurization method 1122.7 Fg−1 at 1
Ag−1

97.8% after
1000 cycles

[37]

Manganese-cobalt
sulfide-core–shell
nanostructures

Hydrothermal method 2067 F g−1 at 1
Ag−1

89% after
5000 cycles

[38]

Hollow structured
Cu(Co–Ni)2S4 NTs/Ni
foam

Template method 903.9 Fg−1 at 2
Ag−1

96.2% after
5000 cycles

[39]

Hierarchical
cobalt-molybdenum
selenide hollow spheres

Gas bubbled template
method

211.97 mAh g−1 at
1 Ag−1

93% after
10,000 cycles

[40]

Molybdenum selenide
nanosheets

Electrodeposition 325.92 mAh g−1 80% after
1000 cycles

[41]

Cobalt–nickel selenides Selenization method 447 C g−1 at 1 A
g−1

97% after
2000 cycles

[42]

Hierarchical-sea
urchin-like bimetallic
zinc–cobalt selenide

Hydrothermal method 1419 Cg−1 at 2 A
g−1

80% after
10,000 cycles

[43]

Cobalt zinc selenide
@CNTs–CNFs

Electrospinning 1891 Fg−1 at 1 A
g−1

88.6% after
8000 cycles

[44]

Urchin-like manganese
–cobalt Selenide

Hydrothermal method 1656 Fg−1 at 1 A
g−1

91.8% after
8000 cycles

[45]

Despite the fact that tellurium has significantly higher electronic conductivity, it
is estimated that supercapacitors fabricated on a composite of metal tellurides and
carbon-based materials will have great capacitance and conspicuous electrochemical
performances by aiding better electron transfer and delivering lower electric series
resistance. In response to this exciting research, we created a simple one-step method
for fabricating MoTe2/graphene electrodes in which MoTe2 are grown on graphene
using amicrowave-synthesismethod.To further evaluate the supercapacitor behavior,
galvanostatic charge–discharge was performed and it exhibits the capacitance of 434
Fg−1 at 1 Ag−1 [26]. TMTes research for energy storage applications, on the other
hand, is still in its initial stages. Furthermore, Te has lower electronegativity, higher
electronic conductivity, and greater atomic size than S and Se, allowing for the
acceptance of more electrolyte ions with enhanced diffusion kinetics. Given these
critical issues, it is expected that the fabrication of composite materials composed of
distinct but complementary components will provide opportunities resulting from the
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Fig. 6 Schematic illustration for the growth and their capacity retention of CoTe nano-rods [22].
Adapted from an Open Access Article is licensed under a Creative Commons Attribution-Non
Commercial 3.0 Unported Licence (OC-BY)

synergistic performance of each component, resulting in improved electrochemical
performance. A group demonstrates how to design and fabricate a highly porous
CoTe@C–NiF composite material derived from a Co–MOF structure rationally. The
CoTe@C–NiF composite material is unique and significant in that it can be used
as a working electrode in a variety of potential ranges, specifically (0.8–0) V as a
negative electrode and (0–0.5) V as a positive electrode. Also, the assembled device
delivers an energy density of 43.84 Wh kg−1 at a power density of 738.88 W kg−1

[27].
A group developed, NiCoTe nanotubes directly on nickel foam by Solvothermal

method and successive ion-exchange reaction. It delivers the higher specific capacity
of 131. 2 mAh g−1 at 1 Ag−1 and satisfactory cyclic stability with the retention
of 92% after 5000 cycles. Bimetallic Ni-Co tellurides may have high electrical
conductivity, allowing electron transfer and faradaic redox reactions to occur at high
charge/discharge rates. As a result, although this has rarely been reported, Ni-Co
tellurides are highly possible to provide agreeable energy storage performances as
electrode materials. Furthermore, the morphology and microstructure of electro-
active materials would influence the accessible surface and structural stability, and
thus the electrochemical performances. As a result, we intend to develop Ni–CoTe
with controllable structures for use as high-performance electrode materials [28].



388 A. Rajapriya et al.

Still, there is scope for enhancing the action of TMTes by identifying appropri-
ately mixed metals and enabling the greatly conductive networks by adorning by
noble metals such as silver (Ag), gold (Au), platinum (Pt), and so on. Fe-based mate-
rials have received a great deal of attention for the fabrication of SCs due to their
rich redox activity, which is advantageous for high specific capacitance and Fe is
the most abundant element in the Earth’s crust, so it is inexpensive. Furthermore,
Fe-based materials are safer for the environment than other transition metal-based
electrodes. As a result, increasing conductivity by a combination of conductive mate-
rials. Because of the above-said clearness, a group created the first Ag-decorated
NiFeTe hierarchical nanorods (AMMT HNRs) on nickel foam (NF) by wet chem-
ical method. Their HSC device shows an energy density of 0.669 mWh cm−2 and a
power density of 64 mW cm−2 at current densities of 4 mA cm−2. Also, it retains its
capacity of 86% after 5000 cycles [29].

5 TMCs/Carbon-Based Nanocomposites Material
for Hybrid Capacitor Applications

Carbonaceous Materials Hybrids, such as graphene, carbon nanotubes (CNTs),
carbon aerogel, and others, typically have high electrical conductivity and surface
area. Designing TMD hybrids- or making composite with carbon-based materials
results in a complementary effect of the two materials; carbon provides conductive
channels and improves interfacial contact,while TMD improves overall electrochem-
ical performance. Likewise, a group synthesized MoS2/rGO hollow microspheres
by a hydrothermal method by using SiO2/GO hollow microsphere as a pattern.
MoS2/rGO hollow spheres deliver a capacitance of 218 Fg−1. Whereas, the HRTEM
images indicate the structure of MoS2 nanosheets anchored rGO microspheres with
the complete removal of SiO2 pattern, where the lattice fringes are noticeable and
their d-spacing is corresponding to the crystal plane (002) of MoS2 in Fig. 7.

In this way, another group prepared directly grownMoS2 nanowalls onMWCNTs
by simple hydrothermal method without the use of any binder and surfactant for
surface modification [30]. Herewith, plenty of active sites were obtained in MoS2
layers by the growth taking place in acidic conditions. Furthermore, the capacitive
contribution of the system was analyzed and found that the maximum capacitance
was attributed to the diffusion-controlled process comes from the intercalation of K+

ions into the MoS2 layers is shown in the following equation.

MoS2 + K+ + e− ↔ MoS − SK (8)

Similarly, compared with single nickel chalcogenides, nanocomposites can
make full use of the synergistic and complementary effects among components,
which makes them have superior advantages in applications. Likewise, nickel
sulfides/graphene composites are belonging to the pseudocapacitance material and
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Fig. 7 HR-TEM images of MoS2/rGO hollow spheres [30]. Adapted from an article is licensed
under a Creative Commons Attribution 4.0 International License, provide a link to the Creative
Commons license, and indicate if changes were made (CC-BY)

it facilitates the fast electron transfer leads to electrochemical performance. So
that, a group developed composites of NiS2 and NiSe2 with graphene by simple
hydrothermal synthesis [31]. In the benefit of synergetic effect, the composite of
NiCo2S4/carbon spheres proposed for high energy density supercapacitors was
prepared by a hydrothermal method is shown in Fig. 8. With this, carbon spheres

Fig. 8 Schematic illustration of the fabrication of NiCo2S4/carbon spheres [32]. Adapted from
an open access article distributed under the terms of the Creative Commons Attribution Non-
Commercial No Derivatives 4.0 License (CC BY-NC-ND)
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were uniformly shielded with NiCo2S4 promoting the enhancement of the super-
capacitor, and its shows the energy density of 101Wh Kg−1 at a power density of
0.749 kW kg−1 [32].

5.1 Metal Sulfide/Carbon Hybrids as a Nanocomposite

Because of its 2D structure, new semiconductor characteristics, and inventiveness to
be a good substitute for carbonaceousmaterials.MoS2 is one of the best among transi-
tionmetal dichalcogenides in the future. InMoS2, wide interlayer gap causes double-
layer capacitance due to the high surface area, while pseudocapacitance is caused by
the many oxidation states of the central Mo atom. Furthermore, the enhancement of
the specific capacitance is strongly influenced by differentiating features of current
collectors such as conductivity, working area of the electrode, decreased electrode-
material resistance, and high adhesive forces [33]. Current collectors utilized in the
creation of supercapacitors include stainless steel, nickel foam, carbon textiles, and
different metal mesh.

The pore size of the material, which is equivalent to the hydrated ion size, has
the potential to increase the capacitance. Hence, the pore diameter of MoS2 and
MoS2/CNF was determined to be 3.68 and 5.35 nm, respectively, which is larger
than the radius of the hydrated K+ ion size of 0.33 nm [34]. The asymmetric GCD
curves of both MoS2 and MoS2/CNF, as well as the irregular triangular form, reveal
the material’s pseudocapacitive nature. At a current density of 1 A/g, the devel-
oped MoS2/CNF nanostructures have a capacitance of 903.9 F/g and withstand 94%
of their capacitance after 5000 cycles. The void area between the nanosheets of
MoS2/CNF andMoS2 nanoflowers facilitates the insertion of electrolyte ions, which
enhances the capacitance [35]. As a result, the suggested composite could be paving
the way for the development of highly efficient supercapacitors composed of 2D and
1D materials.

5.2 Metal Selenides/Graphene Composites

Moreover, structural defects provide a new direction for boosting the inherent
catalytic activity ofmaterials, particularly 2D-TMDs. Sulphur (S) vacancies inTMDs
likeMoSSe orWSSe are stable and aid in the absorption of protons in the electrolyte.
Also, adding of S atomcanmodify the electronic structure of theMoSe/WSe. For that,
a group demonstrated the use of a hydrothermal method to prepare sulfur-introduced
tungsten selenide (WSSe) or molybdenum selenide (MoSSe). The CV and GCD
responses MoSSe and MoSSe/rGO at different sweep rates from 5 to 50 mV s−1 and
current densities from 1 to 6 Ag−1 are shown in Fig. 9. The improved performance of
MoSSe/rGO supercapacitor applications can be determined by various factors: the
complementary interaction of MoSSe/2D-rGO nanosheets possess edge active sites
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Fig. 9 The CV and GCD profiles of MoSSe and MoSSe/rGO [46]. Adapted from an open article
is available under the Creative Commons CC-BY-NC-ND license and permits non-commercial use
of the work as published, without adaptation or alteration provided the work is fully attributed

to facilitate the charge transfer and redox reaction resulting in increased contact of
electrolyte ions during the charge–discharge process [46].

Two-dimensional TMCs have gained attention for energy storage devices due
to their physicochemical properties and strong theoretical ability. And their excel-
lent mechanical performance, electrical conductivity, and thermal stability than
metal oxides make them a promising aspirant for HIC anode. Nitrogen-doped
MoSe/graphene composites with good pseudocapacitive behavior were designed
[47]. Diatomite templates were joint with sodium molybdate, Se powder, and
graphene oxide and treated in hydrothermal. The SEM and TEM images depict that
the resultant diatomic derived nitrogen-doped MoSe/G is a 3D biomorphic formed
with voids and porous structure. Further, it was employed as the anode material
for potassium ion-based hybrid capacitor in conjunction with carbon black as the
cathode. The distinctive hierarchical 3D nanostructure tends to enhance the elec-
trode/electrolyte interfacial connectivity, fast electron/ion transport, and improved
surface area, resultant in an obvious pseudo-capacitance with a high energy density
of 119 Wh kg−1 and a high power density of 7212 W kg−1 along with a period of
3000 cycles. Ge J demonstrated ED-MoS2@CT hybrids where MoS2 nanosheets are
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anchored on hollow tubular carbon. The interlayer spacing of MoS2 is controlled
by the intercalation of dopamine (DA) and ethylene glycol (EG) in a step-by-step
manner [35]. The unique morphology of MoS2@CT with broad layer spacing effi-
ciently improves the mechanical strain and provides a large area for fast ion/electron
diffusion and transition. N–C doped FeSe2 formed by the assembly of micro rods into
the hierarchical 3D structure over a diameter of about 100 nm. N–C/FeSe2 enhances
the electron conductivity by providing high active sites, minimizing the electron
transport path, and lowering the volume expansion [48]. This 3D structure attained
an energy density of 230 W hKg−1, a higher strength density of 920 W kg−1, and
superior cycling endurance over 1100 cycles at 500 mA g−1.

6 TMCs for Hybrid Ion Capacitors

Advancing technology of Hybrid ion capacitors (HICs) is in haste generating
immense energy densities at high rates throughout a long period by integrating both
batteries and supercapacitors’ premier features. By the mass of the active mate-
rials, HICs could stream energy within 60 and 200 Wh kg−1 which are higher than
that of traditional supercapacitors, and consider their strength varies from 200 to
20,000Wkg−1 superior in relative to batteries. Potassium ion (K+) storage devices are
receiving momentum in the commercialization of renewable energy storage systems
as potassium (K) is abundant in Earth’s crust and also belongs to a similar group to
that of Li exhibiting related physicochemical assets [49]. Furthermore, these storage
devices have higher ionic conductivity and, amore operating voltage in electrolytes in
contrast to sodium ion (Na+) storage devices that is the redox pair ofK/K+ has a higher
potential of 2.93 V in comparison with Na/Na+ (2.71 V) and alike to Li/Li+ (3.3 V),
preserving the efficient viability of high energy density. Altogether designing both
high-energy anode and cathode electrode materials with stable structure and better
energy values for fascinating performance is an exceptional challenge [50].

7 Strategies to Increase the Performance
of the TMCs-Based Supercapacitor

Layered TMCs-based nanostructures with semiconducting and metallic states have
caught researchers’ curiosity for application in supercapacitors. The inter-sheet and
intra-sheet double-layers over individual TMCs sheets enable layered TMCs nano-
materials to store charges due to their sheet-likemorphology and high specific surface
area. Furthermore, the varied oxidation states of transition metal atoms, such as + 2
to+ 6 ofMo atoms inMoS2, permit layered TMCs nanomaterials to store energy via
Faradaic charge transport processes. However, the poor electrical conductivity and
semi-insulating nature of TMCs diminish the cycling stability of supercapacitors.
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The feasible ways to improve its specific capacitance, TMCs are entrenched with
carbonaceous materials and the modification of its electronic structure. So that, the
metallic 1 T MoS2 electrode exhibits higher pseudo-capacitive behavior in aqueous
H2SO4, Li2SO4, Na2SO4, and K2SO4 electrolytes, suggesting that it may electro-
chemically intercalate ions such as H+, Li+, K+, and Na+ with great efficiency [51].
Carbon materials, including graphene, carbon nanotubes (CNTs), carbon nanofibers
(CNFs), and activated carbon are ideal supplements for loading MoSe2 to strengthen
its electro-catalytic activity due to its specific physicochemical characteristics and
excellent conductivity. Energy storage devices, as an essential part of this wearable
system, should be smaller, more flexible, and portable without losing energy storage
capacity. Because of their excellent temperature and corrosion resistance, carbon
fibers are frequently utilized in flexible electronic devices. With the concession of
mechanical flexibility, and the fabric structure can lower the current density of the
electrodes. Cotton fabric, on the other hand, offers exceptional benefits such as elas-
ticity, corrosion resistance, lightweight, cheap cost, and seamless integration into
clothes, but its weak conductivity severely limits its employment as a conductive
collector. In this case, a flexible conductive collector with excellent conductivity
may be produced by electroplating a conductive metal layer, such as a nickel layer
with good corrosion resistance, on its surface. So that, a group developed Ni-Co
selenide nanostructure grown nickel-plated cotton cloth as cathode and it provides
the higher specific capacity of 1333 Cg−1 at 1.2 Ag−1. Herewith, Ni-Co selenide
nanostructures electrode offers more active sites, higher surface area, and higher
electrical conductivity [52].

8 Summary and Future Perspectives

Transition metal chalcogenides have been extensively considered due to their
outstanding assets for numerous applications such as energy storage systems and
energy conversion. TMCs demonstrated exceptional achievement in the synthesis
and fabrication of supercapacitors. However, the pursuit of high quality in mass
synthesis continues to be a challenge. Despite their high specific capacitance, pseu-
docapacitors’ low conductivity and reduced cycling stability destined their real-world
use of energy storage devices.Most studies only focus onmaking different nanostruc-
tures for TMCs, with little attention paid to refining the entire production method of
the supercapacitor device. Boosting the engineering process and lowering production
costs are also essential for achieving extensive construction for industrial claims, and
scheming yields based onmarket requests canmore efficiently stimulate the practical
development of supercapacitors. Temporarily, a thorough appreciative relationship
between the performance of these TMDs for supercapacitors should be established.
The improvement of theoretical and mathematical modeling is also greatly expected
to study the complete energy storagemechanism and the rational scheme of electrode
materials, leading to the determined design of simple, low-cost, large-scale research
of TMCs with excellent electrochemical performance. It is essential to investigate
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non-aqueous electrolytes to obtain higher energy/power density, which will overlay
the way for the practical manufacture of supercapacitors. To completely maximize
the potential of TMCs -based electrode materials for supercapacitors, both synthesis
parameters, and material properties must be adjusted. In the future, the produc-
tion factors of electrodes, such as current collectors, electrolytes, and packaging,
will require a deeper study from fundamental research. Overall, with prolonged and
devoted research efforts, these attractive TMCs nanomaterials will provide a new
way for commercializing the appealing electrochemical supercapacitors.
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Abstract Recently, extraordinary attention has been directed to transition metal
derivatives, especially, transition metal chalcogenides (sulfides and selenides) and
phosphides in the energy storage devices field as supercapacitor electrodes. Because
of their outstanding features such as excellent conductivity, low cost, high surface
area, and their metalloid electrochemical features. This chapter aimed to show recent
researches that have been done on the usage of both chalcogenides and phosphides for
designing the supercapacitors electrodes, illustrating their preparation approaches.
Furthermore, we illustrated several approaches for fabricating the chalcogenides
and phosphides which can adjust their thickness and size diameter. Additionally, it
exhibits different routes for improving their drawbacks to achieve good cycle life,
energy/power densities, and retention rate, which increased the number of global
scientific researchers to apply them as supercapacitors.
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1 Introduction

Energy is considered the bottleneck for all advanced technologies playing a vital
role in our current life. Meanwhile, the continuous exhaustion of fossil fuels releases
various environmental dilemmas and can endanger sustainability in world develop-
ment [1, 2]. To overcome these aspects, there is an urgent need for developing green
energy technologies like tidal, wind, solar energies [3]. However, these renewal
energy techniques still need help from the energy storage systems. Energy storage
devices such as supercapacitors (SCs) and rechargeable batteries are extensively
applied in smart grids, electronics, and running electric vehicles [4]. The batteries
usually offer high energy density over the supercapacitors because they are carried out
through faradic interactions between electrodes leading to high capacity capability,
and enlarged potential windows as shown in Fig. 1. Nevertheless, those materials
have lower power density due to the limited kinetics of mass diffusion. Comparably,
the traditional dielectric capacitors store the electrical energy by the mechanism of
fast separation and recombination of charge on the interface between themetal-based
electrodes and dielectric materials showing higher power densities. Therefore, SCs
can connect the gab presented between these capacitors and batteries by the discovery
of new materials that can be used as electrodes with outstanding electrochemical
properties [5].

SCs can be grouped into three types; pseudo-capacitors, electric double-layer
capacitors (EDLCs), and hybrid supercapacitors (HSCs) based on the mechanism
applied for storing the energy [6, 7]. Interestingly, the various mechanisms of energy
storage, their related materials, and cyclic voltammetry are depicted in Fig. 2. Firstly,
EDLCs materials are worked by adsorbing and desorbing the ions physically at
the interfaces that existed between electrolyte and electrodes without any redox
reactions giving a fast discharge process and ultrahigh power density. EDLCs have
a rectangular CV curve and the capacitance can be estimated based on the following
equation.

Fig. 1 Ragone plot for the
widely used energy storage
devices. Adapted with
permission from Ref. [5],
Copyright (2021), Elsevier
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Fig. 2 Schematic representation for the mechanisms of energy storage, and their related materials,
and CV patterns. Adapted with permission from Ref. [5], Copyright (2021), Elsevier

C = ErEo A
d

(1)

where the dielectric constants of electrolyte, and vacuum are represented by Er ,
Eo, respectively. While d is the distance of charge separation, and A is the area [8].

The surface features and surface areas could affect the electronic properties of
EDLCs electrodes. While pseudo-capacitors are worked by prompt and reversible
redox reactions that occurred nearby or on the electrode surface yielding higher
energy density and capacitance values when compared with traditional EDLCs.
These materials are typically categorized into three kinds depending on the redox
behavior including underpotential deposition, surface redox, and intercalation
pseudo-capacitances. Underpotential deposition phenomenon is usually performed
due to the electrodeposition of metal ions by adjusting a voltage that is lower than its
redox value as a result of the sturdy binding that can happen between the substrate
and metal such as Pd2+ on Au. The operating potential is very narrow because the
potential value should be lower than that required for the redox reaction of metal
cations. In the surface pseudocapacitors, the storage of energy is carried out via a
redox reaction that happened on the surface of the electrode such as MnO2, PPy, and
RuO2. In general, these active materials have characteristic rectangular CV curves
that are the same as EDLCs. Whereas the intercalation pseudocapacitors are usually
run when the electrolyte ions are reversibly inserted and extracted into electrode
structure without performing any phase changes such as Nb2O5, and V2O5. The
CV of former materials appeared with clear faradic peaks, however, the capacitive
reactions are largely driving the kinetics of the whole process [5].

Transition metal phosphides (TMPs) involve the integration of transition metals
with phosphorus inmaterialwith outstanding conductivity,metalloid electrochemical
features [5]. In comparison, TMPs manifest higher specific capacity and rate capa-
bility than TMOs because phosphorous has a lower electronegativity than oxygen
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leading to improved physicochemical features [9]. Additionally, transition metal
chalcogenides (TMCs, MX, X = S, Se) have been widely utilized as SCs electrodes
and are also known to exhibit higher electronic properties compared to TMOs. In this
chapter, the recent advances in the utilization of chalcogenides and metal phosphides
as supercapacitor electrodes. Also, an overview was extensively introduced for their
synthesis methods. The structural properties were also related to the electrochemical
properties for understanding the whole performance of their electrodes.

2 Synthesis of Transition Metal Chalcogenides

The capability to adjust the thickness and size diameter of transition metal chalco-
genides allows recognizing new phenomena related to their characteristics. More-
over, expanding the scope of the practical applicability of the TMCs can be
achieved by modulating their properties through synthetic strategies. There are
several approaches for fabricating the TMCswhichwill be discussed in the following
sections:

2.1 Sonication Based Exfoliation Approach

Liquid-phase exfoliation (LPE) is a straightforward approach that includes the soni-
cation of layered bulks in organic solvents. The factors for adjusting the character-
istics of the product are selecting the solvent, sonication time/power, and centrifu-
gation circumstances [10]. In the LPE, the ultrasonication produces jet cavitation
which works on large blocks to stimulate breaking down into small sheets, and
hence achieving the proper exfoliation [11]. Choosing the convenient dispersant is
considered fundamentally for decreasing the potential energy found between the
neighboring layers [12]. The sonication power/time and initial mass were altered to
realize their influence on the yield [13].

2.2 Size Sorting of As-Exfoliated Nanosheets

Size sorting is a compulsory precondition designated for all practical applications
of the TMCs because their physicochemical properties rely on their size confine-
ment effect. The techniques of sedimentation separation and density-gradient ultra-
centrifugation are being used for sorting the exfoliated TMCs flakes [14]. In the
sedimentation-based separation strategy, the specific components are isolated based
on their shape, size, and density that are yielded from a heterogeneous mixture.
Particles of diverse sizes reveal different rates of sedimentation operated at various
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Fig. 3 Scheme demonstrating the cascade centrifugation approach. Size selectivity is achieved by
the removal of sediments by increasing the centrifugation rates. Adapted with permission from Ref.
[15], Copyright (2016), American Chemical Society

speeds of centrifugation, where the weighty large nanoflakes are precipitated under-
doing centrifugation, meanwhile the small ultrathin ones which possess light weights
remain to disperse in the solution. For example, the size selection of a monolayer-
enriched solution was obtained by performing the repetitive cycles of centrifugation
and discarding (Fig. 3) [15].

2.3 Intercalation of Alkali Metals and Gaseous Molecules
for Exfoliation

The yield and monodispersity have been improved by modifying the intercalation
approaches and chemical reagents. An efficient alternative method to overcome the
significant thermodynamic energy barrier for carrying out the intercalation of Li2+ is
the solvothermal reaction-based intercalation of n-BuLi at 100 °C. For example, the
lithiation of LixTaS2 at 0.55 was observed to be ideal for setting the manual shaking
exfoliation into submillimeter-sized TaS2 monolayers within small periods [16]. The
intercalation of the TMCs could also be achieved electrochemically [17] by utilizing
Li as the anode and the bulk TMC as the cathode (Fig. 4). By employing this route,
large-scale manufacture of single-layer TMC nanosheets has been accomplished in
different chemical compositions of WS2, TaS2, MoS2, and TiS2. Controlling the
exfoliation of the TMCs to give trilayered nanosheets was characterized through the
stoichiometric interaction of n-BuLi and MoS2 for undergoing the exfoliation in a
mixture of 45% (v/v) of ethanol/water solution [18].
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Fig. 4 Lithium intercalation process electrochemically to the transformation of layered and bulky
materials into 2D nanosheets from layered bulk material. Adapted with permission from Ref. [14],
Copyright (2017), American Chemical Society

2.4 Hot Injection Strategy

This method is among themost discernible synthetic strategies for fabricating single-
crystal and adjusting the shape of nanocrystals, where an anionic precursor is usually
added to a hot mixture containing the capped surfactants with the metal precursors.
Controlling the reaction factors such as molar ratio, time, temperature, and surfac-
tants, as well as selecting the convenient precursor is important for the successful
fabrication of 2D layered TMCs. For example, metal-acetylacetonate, -carbonyl,
-chloride, and -carboxylate precursors were used as efficient metal precursors
[19, 20].

2.5 One-Pot Heat-Up Strategy

In this technique, all precursors are initially agitated below 120 °C, then thermally
heated to enhance the chemical reactions and growth of nanosheets. This synthetic
approach has been utilized for fabricating all members of group IV, V, and VI 2D
TMCs [21], where metal chlorides and elemental S and Se powder chalcogen precur-
sors are used. TiS2 nanosheets with a dimension of about 500 nm and thickness of
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about 5 nm have been fabricated by injecting TiCl4 into a oleylamine containing S at
100 °C, then heating to 300 °C [22]. It has been reported that the usage of elemental S
results in poor quality 2D layeredTMCnanosheets compared to nanosheets produced
using alternative chalcogen sources like CS2 [23]. In contrary to the troubles related
to the usage of elemental S, elemental Se could be used for synthesizing the metal
selenides of groups IV and V [24].

2.6 Hydro/Solvothermal Strategy

Hydrothermal synthesis is a process in which the growth of the crystals happens
in a sealed autoclave at high temperatures and pressures. The reaction parame-
ters are the organic additives, pressure, pH, reducing agents, concentration, and
reaction time. The hydrothermal process of 2D layered TMCs generated 3D radi-
ally oriented nanospheres and corrugated nanoflowers [25–28]. The hydrothermal
strategy is appropriate to produce the TMCs of only group VI, where group IV and
V would oxidize to metal oxides during the fabrication process.

3 Synthesis of Transition-Metal Phosphides

Transition-metal phosphides (TMPs) are a complex and several family (such as
NixP (x = 2–12), FeyP, WdP and CozP (y, d and z = 1 and 2), InP, MoP, etc.)
and have different properties [29]. TMPs can be prepared via different prepara-
tion methods including (a) metal-organic precursors decomposition method [30], (b)
solvothermal/hydrothermal method [31, 32], (c) solid-state reactionmethod [33, 34],
and gas–solid phase reaction [35, 36]. Metal-phosphide preparation methods play
a vital role in distributing P inside the TMPs structure and their shaping, as well.
Additionally, the various preparation conditions such as heating rate and preparation
time affect their surface area and pore size [37].

3.1 Metal–Organic Precursors Decomposition

Thedecomposition ofmetal-organic precursors is one of themost popular approaches
to prepare TMPs by using different metal sources (such as metal oxides, metal
carbonyl, metal nanoparticles, and bulk metal precursors) and organic phosphorus
sources such as tributylphosphine (TBP) and trioctylphosphine (TOP) while the
letter one is widely used because it is happened under moderate temperatures and
reduces the problems that presented in traditional phosphide preparation methods.
Notably, TOP facilitates the phosphatization reaction thanks to its strong coordina-
tion effect and easy decomposition of its covalent C–P bond through 250–350 °C.
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Fig. 5 Schematic illustrations for the preparation of TMPs by using a the decomposition of metal-
organic precursors method. Adapted with permission from Ref. [30], Copyright (2016), American
Chemical Society. b The solvothermal/hydrothermal process. Adapted with permission from Ref.
[37], Copyright (2021), Elsevier. TEM images of c Fe2P NPs include inserting an image for its high
resolution and d FeP microspheres. Adapted with permission from Ref. [39], Copyright (2022),
Elsevier. e Schematic diagram of the one-pot solvothermal preparation of Co2P. Adapted with
permission from Ref. [40], Copyright (2021), Elsevier

In this method, the organic phosphorus is mixed with a metal-organic precursor to
produce an organometallic complex. After that, the organometallic complex exposes
to thermal decomposition to fabricate TMPs [29, 37]. For example, Read et al. [30],
reported the preparation of different TMPs by reacting various metal foils such as
Co, Cu, Ni, Fe, and NiFe with TOP or TBP as organic phosphorus sources via
metal-organic precursor decomposition method by using a syringe pump (Fig. 5a).
In Fig. 5a, organic phosphorus source as vapor was inserted within a quartz tube
which includes metal foils, and heated at a moderate temperature similar to the
low boiling temperature of TOP and TBP as 291 and 240 °C, respectively. They
showed that all products of TMPs were prepared in a highly pure form. However,
the remaining TOP and TBP ligands in the device surface were removed with a 5%
H2/Ar heating process.

3.2 Solvothermal/Hydrothermal Method

Solvothermal and hydrothermal processes are widely applied for fabricating TMP
nanoparticles according to the illustrated diagram in Fig. 5b. In the hydrothermal
route, water can be used as the solvent medium, conversely, in the solvothermal
approach, the organic solvents medium such as oleylamine and 1-octadecene can
be applied. In Fig. 5b, generally, definite amounts of phosphorus sources (white or
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red phosphorous) are mixed with metal sources by using either distilled water (for
hydrothermal route) as a solvent or organic solvents as oleylamine, ethylenediamine,
and 1-octadecene (for solvothermal route). After that, the above mixture is moved
into a tightly sealed-stainless steel autoclave and conducted at different temperatures
in the range of 120–350 °C and the reaction time. Subsequently, after finishing
the reaction time, the autoclave is cooled and the as-obtained black precipitate
product is washed by ethanol/water mixture. Finally, the final TMP product is dried
under vacuum at 70 °C. Moreover, in this method, the crystallinity and morphology
of TMPs nanoparticles can be controlled by different factors including tuning
the growth/nucleation process at various temperatures, phosphorus sources/metal
sources molar ratio, and incorporation of additional coordinating solvents [37, 38].
Chouki et al. [39], reported the preparation of iron phosphides (FeP and Fe2P)
via solvothermal route by the reaction of iron pentacarbonyl (Fe (CO)5 with triph-
enylphosphine (TPP) precursor at elevated temperatures; 300 °C for Fe2P and 350 °C
for FeP. TheTEMdata for the as-prepared iron phosphides (Fig. 5c, d) showed that the
presence of two different NPs morphology including nanospheres (less than 20 nm)
and nanorods in the range of 15–40 nm. A facile one-pot solvothermal method to
prepare cobalt phosphide (Co2P) NPS in the presence of cobalt nitrate hexahydrate,
ethylene glycol (EG) and phosphorous source (red phosphorous) has been devel-
oped by Jebaslinhepzybai et al. [40] according to Fig. 5e. In this study, they used
cobalt nitrate hexahydrate/red phosphorous molar ratio of 1:10 and then injected to
autoclaved at 200 °C for 24 h to obtain Co2P NPs.

3.3 Solid–Solid-State Reaction

The Solid–solid state reaction process is another approach to synthesize TMPs. In
this method, the solid metal source including metal oxides, metal NPs, or metal
hydroxide, is mixed with phosphorus sources such as ammonium phosphate, or red
phosphorous under a thermal condition in the presence of inert gas or vacuum at
various temperatures. Notably, metal sources and P sources are mixed with stoichio-
metric ratios. Subsequently, they are kept in an evacuated silica tube, and then heated
up to high elevated temperatures for long time to obtain TMPs. On the other hand,
various metal sources and temperature reactions fabricate diverse crystalline phases
of TMPswith uniform size and shape distribution (Fig. 6a) [37]. For example, Li et al.
[41] designed a series of Ni TMPs (NixPz) by solid-state reaction of Ni hydroxide and
sodium ammonium phosphate with a stoichiometric ratio of 1:5 under inert argon
gas. They found that Nickel hydroxide nanoplates converted to NixPz NPs after the
solid phosphatization approach (Fig. 6b, c). Also, they studied the effect of temper-
ature on the obtained controlled phases of TMPs, for instance, at 275 °C, a pure
Ni2P phase was prepared, while, both Ni5P4 and NiP2 have been obtained at a higher
temperature of 325 °C and 475 °C for the former and letter one, respectively.
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Fig. 6 a Schematic diagram of the solid–solid reaction process for preparation TMPs. Adapted
with permission from Ref. [37], Copyright (2021), Elsevier. TEM image of b nickel hydroxide
nanoplates and c NixPy NPs by solid–solid phase method at 325 °C. Adapted with permission from
Ref. [41], Copyright (2016), American Chemical Society. TEM image of d CoP nanostructures and
e FeP nanostructures, Adapted with permission from Ref. [42], Copyright (2021), Elsevier

3.4 Solid–Gas Phase Method

TMPs can be prepared by solid–gas phase reaction between PH3 phosphoriza-
tion gas and metal sources (including metal oxides, metal hydroxides, metal-
organic framework, and bulk metals) at different temperatures. Phosphorization
gas can be produced via thermal decomposition of its hypophosphites such as
sodium and ammonium hypophosphites at 250 °C. The solid–gas phase method
includes a surfactant-free method that maintains the dimensions and morphology
of the precursor material. Conversely, direct reduction of metal orthophosphates
via hydrogen gas at higher temperatures (above 650 °C) leads to preparing TMPs
[29]. For instance, most recently, Murali et al. [42] have cited the conversion of
metal oxalate to TMPs nanostructures via solid–vapor phase method using sodium
hypophosphite and their application for rechargeable Li, Na, and K-ion batteries
as an anode. Cobalt phosphide and iron phosphide have been prepared by reacting
sodium hypophosphite with cobalt oxalate and iron oxalate under Ar/H2 atmosphere.
After that, the mixture was maintained in a single sealed tube at 400 °C for 2 h, and
their TEM images are shown in Fig. 6d, e.

4 Metal Chalcogenides for Electrochemical SCs

The technically substantial and industrially scalablemetal chalcogenides (MCs) have
drawn great attention in the past couple of years because of their properties such as
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tunable band-gap, uniquemorphology, environmental stability, low solubility inmost
electrolytes, anisotropic property, and easy availability of precursors [43]. Generally,
MCs involve forming compounds from the binding of metal ions with elements such
as S, Se, and Te [44]. These layered nanomaterials owe the formula ofMX2, whereM
is a transition element (Ni, Sc,Zr, Ti,Hf, Ta,Nb,Cr,V,W,Mo,Mn,Re,Tc, Fe,Co) and
X can be any of the above-mentioned chalcogen atom [45]. Normally, the bandgap
is almost zero for pristine graphene whereas the bandgap depends on the number
of layers, elemental combination, and adopting atoms influence in transition MCs,
coinciding the band gap values from 0 to 2 eV. So, various transition MC structures
are tunable by adjusting bandgap, advantageous for industrial applications [46].

4.1 Transition Metal Sulfides

4.1.1 Cobalt Sulfides

Cobalt-based sulfides have received great attention because of salient features of
associated metal sulfide materials. Chen et al. [47] synthesized Co3S4 nanosheet
arrays on Ni-foam using simples anion exchange reaction route. When compared to
Co3O4, Co3S4 electrode shows improved specific capacitance of 1081 F/g at 1.61 A g
and areal capacitance of 1.81 F/cm2 at 24 mA/cm2. On the other hand, Wang et al.
established 3D hierarchical CoS1.097 via a simple solvothermal route. The electrode
shows excellent specific capacitances of 464 and 555 F/g at 100 and 5 mA/cm2,
respectively [48]. The high-quality Co9S8 films have been coated on Ni foam by
physical method (atomic layer deposition) and employed as SC electrode which
possesses a high capacitance of 1645 F/g at 3 A/g [49] (Fig. 7).

4.1.2 Copper Sulfide

Copper sulfide is one of the earth-abundant compoundswhich can be easily employed
for supercapacitor applications. Peng et al. synthesized CuS with various morpholo-
gies by adopting the solvothermal method. The flower-like CuS structure with a
high surface area shows excellent capacitance of 597 F/g with good cycling stability
[50]. The CuS@PPy composite has also been prepared by an in situ oxidation poly-
merization method [51]. The morphology of the composite shows uniform spheres
(average thickness 1 m) composed of intertwined sheet-like subunits, advantageous
for excellent electrochemical activities. The electrode exhibits a high capacitance of
427 F/g at 1 A/g with 88% capacitive retention after 1000 cycles. The as-prepared
CuS electrode exhibits a specific capacitance of 222 F/g and an excellent power
density of 1.75 kW/kg in 1 M LiClO4 electrolyte [52].
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Fig. 7 a, b, c CV at various scan rates, GCD at different current densities, rate performance against
the current density, cycle life at 45 A/g for 2000 cycles (inset shows the first GCD 10 cycles), d
coulombic efficiency, and f comparable CV curves for the Co9S8/NF electrode, H2S treated NF
electrode and pristine NF electrode at a scan rate of 100 mV/s. Adapted with permission from Ref.
[49], Copyright (2015), American Chemical Society

4.1.3 Nickel Sulfides

Nickel-based sulfides are the most reported metal sulfides due to their different
phases and structures with excellent electrochemical. Among various nickel sulfides,
the Ni3S2 structure displays an advanced energy storage performance because of its
advantageous and versatile morphologies including easy, low cost, and remarkable
capacitance properties. Krishnamoorthy et al. [53] prepared Ni3S2 on Ni foam by
using a hydrothermal method to improve the electrochemical properties. The elec-
trode offers a high capacitance of 1293 F/g at 5 mA/cm2. Similarly, Wang et al.
prepared 1DNiS nanorods electrode which exhibits a high capacitance of 1403.8 F/g
at 1 A/g, resulting from large specific surface area and 1D charge transport pathways
ofNiS [54]. Similarly, successful SCperformances ofα-NiS and β-NiSwere reported
byWei et al. via adopting the Kirkendall effect with various hydrothermal conditions
[55].

4.2 Transition Metal Selenides and Tellurides

Though transition metal sulfides are more studied as compared to corresponding
selenides and tellurides, there is considerable interest in these components nowa-
days. Wang et al. [56] prepared truncated cube-like single crystals of NiSe2 by using
a hydrothermal method. The electrode shows a high capacitance of 1044 F/g at 3 A/g
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with an exceptional rate capability study. Furthermore, 2D NiSe2 hexapod single
crystals have been developed; the fabricated electrode delivers a high specific capac-
itance of 75F/g at 1mA/cm2 with a capacitance retention rate of 94%after cycles [57].
The binder-free CuSe2/Cu electrode prepared by the hydrothermal method shows a
high capacitance of 1037.5 F/g at 0.25 mA/cm2 [58]. Furthermore, copper selenide
CuSe nanosheet with vertical orientation has been recently grown and it exhibited
capacitance of 209 F/g when used for flexible solid-state SCs [59]. Balasingam et al.
prepared layered structuredMoSe2 for the fabrication of two-electrode configuration
by using H2SO4 electrolyte, in which the electrode shows capacitance of 199 F/g
at 2 mV/s [60]. Xia et al. investigated that (Ni, Co)0.85 Se electrode was capable to
show a high areal capacitance of 2.33 F/cm2 at 4 mA/cm2 [61]. The as-prepared
iron selenide electrode capacitance of 671.7 F/g at 2 mV/s with 91.9% capacitance
retention at 4000 cycles [62]. The cerium selenide electrode was able to provide a
capacitance of 285 F/g at 2 mA/cm2 in a potential window of 0.9 V [63].

Recently, metal tellurides are also being reported for energy storage application
by adopting their layered structures and unique morphologies [64]. For example,
Sankapal and coworkers have reported vanadium telluride (VxTey) nanostructures
onto multi-walled carbon nanotubes (MWCNTs) to fabricate a composite for super-
capacitor application [65]. The VxTey/MWCNTs electrode showed capacitance of
470 F/g with excellent capacitive retention up to 10,000 cycles. Zhou et al. adopted a
hydrothermal route to prepare NiTe electrode which showed a specific capacitance of
804 F/g at 1A/g in 3MKOHelectrolyte [66]. The nanostructured cobalt telluridewas
reported to deliver a capacity of 170 C/g at a current density of 0.5 A/g with excep-
tional cyclic stability [67]. The Sm2Te3 electrode prepared by the simple chemical
bath deposition (CBD) method can deliver a high capacitance of 207 F/g including
a good power density of 14.18 kW/kg [68]. Siddique et al. prepared a GaTe elec-
trode which showed a moderate capacitance of 14 F/g with exceptional 96% charge
retention after 10,000 cycles [69]. The synthesized 1 T′-MoTe2 nanosheets prepared
by Liu et al. can be used as an efficient electrode with capacitances of 714 F/g and
1393 F/g at current densities of 100 A/g and 100 A/g [70].

5 Transition Metal Phosphides for Electrochemical SCs

Recently, TMPs were widely used in the fields of metallurgy, photocatalytic degra-
dation, and hydro-processing catalysts. TMPs have particularly received interest in
establishing SCs, electrocatalysts, and lithium-ion batteries owing to their unexcep-
tional physicochemical properties. Various metal phosphide systems such as FeP,
CoP, and Ni2P are being discovered for energy storage devices [71].
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5.1 Nickel Phosphide

Since the introduction of nickel phosphide (Ni2P) to the vapor phase catalysis done
in 1950, it was used globally for more than half a century [72]. In particular, Ni2P
is considered a smart candidate for making new pseudocapacitors because of its
natural abundance, higher theoretical capacitance, and inferior resistance.Many cath-
odes were fabricated based on nickel phosphide with different crystalline morpholo-
gies. For instance, Liu et al. [73] was efficiently fabricated nickel phosphide with
different crystalline structures from honeycomb-like biphasic Ni5P4–Ni2P (NixPy)
nanosheets by applying hydrothermal followed by phosphorylationmethod as shown
in Fig. 8. The hydrothermal method was used to obtain first, Ni(OH)2 nanosheets
on a substrate from nickel foam subsequent by phosphorylation process. During this
step, the amount of phosphorous source was varied at 10, 20, and 30 mmol to give
samples coded as NixPy-1, NixPy-2, NixPy-3, respectively.

As can be seen from SEM images in Fig. 9a, NixPy-1 was formed in nanosheets
shape that is constructed by the interconnection of small nanoparticles of diameter
20 nm.TEM images in Fig. 9 further confirmed the existence of numerous interspaces
with the size range of 10–30 nmbeside theHR-TEMreveals that thematerial contains
lattice fringes related to Ni2P and Ni5P4. When the mass of the phosphorous source
was increased, the material of NixPy-2 reveals rough sheets with more increased
interspacing (Fig. 9b, e, h). The further increase of sodium hypophosphite causes
the randomness of the interconnected nanoparticles and overcrowding the interspace
between the nanoparticles that limits the movement of electrolyte ion accessibility
results in depressed, electrochemical performance when used as supercapacitor elec-
trode (Fig. 9c, f, i). Such mechanism was clearly explained by the authors as seen in
Fig. 9j.

The authors found that the NixPy electrodes appeared with superior energy
capacity compared to the precursorNi(OH)2 electrodewhereNixPy-2 electrode could
specifically achieve a capacity of 1272 C/g more than NixPy-1 electrode (1009 C/g)

Fig. 8 a The preparation of NixPy nanosheets by the related two steps of hydrothermal precipita-
tion and phosphorization. Adapted with permission from Ref. [73], Copyright (2017), American
Chemical Society
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Fig. 9 SEM images of the NixPy prepared at a phosphorus source with the amounts of a 10 mmol,
b 20 mmol, and c 30 mmol. TEM and HRTEM images of the d, g 10 mmol, e, h 20 mmol, and
f, i 30 mmol. j Scheme showing the phosphorization mechanism and its changed morphology for
preparing NixPy nanosheets. Adapted with permission from Ref. [73], Copyright (2017), American
Chemical Society

and NixPy-3 electrode (1140 C/g) when applying current density of 2 A/g. Inspired
by the impressive properties of such electrode, it was assembled with activated
carbon in an asymmetrical device giving a higher power density of 67.2 Wh/kg
at the power density of 0.75 kW/kg. To overcome the poor conductivity, Ni2P was
also composited with the conductive graphene to yield a porous network that could
attain a specific capacitance of 1912 F/g at an operated current density of 5 mA/cm2

[74]. By following the same concept, the carbon fiber was mixed with NiPx which
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Fig. 10 Scheme representation showing the performance of the developed NiPx/carbon fiber.
Adapted with permission from Ref. [75], Copyright (2016), Royal Society of Chemistry

was prepared by Zhang et al. [75] through electrodeposition method and followed
by the phosphatization process for getting 3D porous nanoarchitecture with effec-
tive synergism properties. The electrode could give a volumetric capacitance value
of 817 F/cm3. Moreover, the NiPx decorated on carbon fiber can work as an elec-
trolyzer for alkaline water efficiently as it can produce a current of 10 mA/cm2 by
using only 1.61 V with higher stability. The electrode was further assembled with a
negative electrode from reduce graphene oxide attached on CF@Ni to reveal device
with energy density of 8.97 mWh/cm3, and longer cycle life (Fig. 10).

5.2 Cobalt Phosphide

There is a variety of cobalt derivatives such as cobalt oxides, phosphides, and hydrox-
ides that are operating as smart electrocatalysts. Particularly, cobalt phosphide (CoP)
is one member of the TMPs family and has been recently used as an efficient SCs
electrode because of its low cost, high theoretical capacitance, and availability. CoP
undergoes a redox reaction for Co2+/Co3+ by doing two related charge and discharge
processes. Due to the lower specific capacitance, there are limited reports about their
SCs application compared to the Ni2P-based materials. Lately, rod and flower shapes
from Co2P were designed by Chen et al. [76] as electrodes for SCs by utilizing
the thermal decomposition approach. The electrode with nanoflower morphology
was expected to have a 3D porous framework allowing specious contact area and
decreased agglomeration of the material. Therefore, its morphology was observed to
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obtain specific capacitance of 416 F/g which is relatively superior to that prepared
with rod-like structure electrode, besides it could deliver high energy density up to
8.8 Wh/kg with outstanding life stability of 97% after spending 6000 cycles. This is
important for enlarging the application ofCoP in the field of SCs by discovering novel
nanoporous materials with higher surface area for enhancing the specific features of
the electrode.

Also, the doping of cobalt phosphide is another approach for improving the
conductivity of the electrode. For instance, Elshahawy et al. [77] have deposited
hollow S-doped CoP on carbon cloth through a further sulfidation process performed
for the as-obtained CoP leading to a capacity which is 1.78 times than the undoped
cobalt phosphide as seen in Fig. 11. Also, the as-formed electrode could withstand
up to 10,000 with a more remarkable capacity retention of 99%. When HSCs were
established with a negative electrode from previously prepared porous carbon poly-
hedron to receive ultrahigh energy density of 39Wh/kg obtained at a power density of
800W/kg. In addition, thewhole device can stay for 50,000 cycleswith a considerable
capacitance remaining of nearly 86.4%.

5.3 Iron Phosphides

Another metal phosphide is iron phosphide (FeP) that is continuously attracting
great concern due to its durable chemical stability, low cost, less toxic, and ultrahigh
catalytic activity. Various FeP nanomaterials have been lately prepared for electro-
chemical applications such as FeP nanowires, FeP/carbon cloth, and porous FeP
nanosheets [78]. For achieving higher electrochemical properties of the electrodes,
the porous and hollow nanostructures from FeP should be designed as a consequence
of their huge surface area and highly allowable active sites for the electrochemical
reaction with electrolyte ions. For example, Liang et al. [79] studied the usage of
FeP nanotubes arrays for the asymmetrical supercapacitors with an areal capacity
of 142 mF/cm2. The FeP nanotubes were prepared by the deposition of sacrificial
template from ZnO on carbon cloth which followed by phosphatization process,
and their electrode was identified to give capacitance of 149.11 F/g. The conducting
polymer can modify the FeP for enhancing the conductivity and the whole proper-
ties of the final electrode. Following the same strategy, Luo et al. [80] abled to coat
the hydrothermally prepared FeP with PEDOT on carbon cloth through the electro-
chemical polymerization of EDOT monomer at 1 V for 1 min as found in Fig. 12.
Such material was used as an efficient negative electrode (operating window from
0 to −0.8 V) with electrochemically synthesized MnO2 as a positive electrode for
obtaining asymmetric cell with a volumetric capacity of 4.53 F/g and an energy
density of 1.61 mWh/cm3.
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Fig. 11 a CV, and GCD patterns achieved at 5 mV/s, 5 A/g for CoP/CC and Co(P, S)/CC, respec-
tively, c, d specific capacities versus current density, and EIS for CoP/CC and Co(P, S)/CC, respec-
tively, e cycling life test operated at 10.0 A/g for 10,000 times, and f, g HRTEM images done for
the electrodes of CoP/CC and Co(P, S)/CC after finishing the cyclic test. Adapted with permission
from Ref. [77], Copyright (2017), Elsevier

6 Concluding Remarks

Transition metal chalcogenides and phosphides are considered a new technology
for electricity generation, particularly, for energy storage devices such as superca-
pacitors thanks to their excellent specific capacitance, cycle life, and power/energy
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Fig. 12 FE-SEM images for a FeP, and b FeP/PEDOT nanorods (insets refers for high resolution
SEM), while c and d their related XRD, Raman spectra, respectively. Adapted with permission
from Ref. [80], Copyright (2018), Royal Society of Chemistry

densities. Therefore, they can be used to design supercapacitor electrodes owing
to their simple synthesis, high surface area, cost-effectiveness, and electrochemical
features. The present chapter overviewed the recent works that achieved on both
transition metal chalcogenides (sulphide and selenide) and phosphides in the field
of supercapacitors, their various preparation approach. Moreover, it showed how the
synthesis method can affect the thickness, porosity, stability, and size diameter of
the obtained chalcogenides and phosphides. Besides, chalcogenides and phosphides
could be also hybridized with graphene as EDLCsmaterials or with conducting poly-
mers as PEDOT and PPy, in addition to metal oxides derivatives including MnO2

and RuO2 for enhancing their electrochemical behavior.
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Nanostructured Metal Phosphides
and Chalcogenides for Supercapacitor
Application

Ajay D. Jagadale and Surendra K. Shinde

Abstract Recently, supercapacitor (SC) has received great attention as an energy
storagedevice owing to its high-power density, rapid charge-discharge, and long cycle
life. Various electrode materials have been explored for SC application including
carbon, metal oxides/hydroxides, conducting polymers, metal chalcogenides, and
metal phosphides. Amongst, nanostructured metal chalcogenides and phosphides
have gainedmuch interest because of their relatively high conductivity and high theo-
retical capacities/capacitances. Herein, brief information on SCs and the discussion
on important contributions on nanostructured metal chalcogenides and phosphides
have been provided. Different influencing factors including morphology, synergic
effect, and hybridization have been discussed. The literature of metal phosphides
and chalcogenides has been reviewed based on the nanostructure of an electrode,
charge storage mechanism, device configuration, and supercapacitive performance.
This chapter will be beneficial for researchers around the world to have a better idea
of the potential of metal phosphides and chalcogenides as SC electrodes.

Keywords Metal chalcogenide · Metal phosphide · Nanostructure ·
Supercapacitor · Hybrid energy storage

1 Introduction

The electrochemical energy storage (EES) devices exhibit an imperative role in
achieving the development of sustainable energy technology [1]. These devices store
the energygenerated by renewable energy sources such as solar,wind, etc., and supply
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wherever necessary. There have been two types of EES devices primarily avail-
able; supercapacitors (SCs) and batteries [2]. SCs are high power density devices,
whereas, batteries provide high energy density. SCs have several advantages over
batteries such as rapid charge-discharge, high power performance, and long cycle
life. Depending on the material and structure of the electrode, SCs store a charge via
two principles; electrical double layer capacitance (EDLC) and pseudocapacitance
[3]. The EDLC achieves electrostatic storage of energy via separation of charge at the
electrode-electrolyte interface as shown in Fig. 1a. The pseudocapacitance results
fromelectrochemical redox reactions and intercalation processes on the surface of the
electrode. Pseudocapacitance involves three storage mechanisms; (i) underpotential
deposition, (ii) redox pseudocapacitance and (iii) intercalation pseudocapacitance.
The mechanism of underpotential deposition can be understood using a process
of adsorption of hydrogen atoms on noble metals such as platinum and rhodium
(Fig. 1b). With this mechanism, a maximum capacitance of ~2200 μF cm−2 can
be obtained. However, the operational potentials range from 0.3 to 0.6 V, limiting
the capacitance values [4]. In the case of redox pseudocapacitive materials such
as RuO2 and MnO2, fast redox reactions occur at the electrode surface (Fig. 1c).
The maximum capacitance achieved through this mechanism is much higher than
that of EDLC materials. Pseudocapacitance is also observed in the process of ion
insertion/intercalation into layered crystalline materials as shown in Fig. 1d. The
intercalation happens along with the change of the oxidation states of the metal for
maintaining electric neutrality.

Previously, a variety of different materials with various charge storage mecha-
nisms have been studied for SC application, mainly carbon,metal oxides/hydroxides,
conducting polymers, metal chalcogenides, metal phosphides, carbides, and nitrides
[5]. Amongst, metal phosphides and chalcogenides have attracted great attention due
to their semi-metallic nature, high electrical conductivity, andnumerous electrochem-
ically active sites [6]. In the present chapter, we have briefly discussed a hydrothermal

Fig. 1 Schematic of charge storage mechanism of EDLC and pseudocapacitor
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synthesis route for preparing phosphides and chalcogenides alongwith the formation
mechanism. Moreover, different influencing factors such as morphology, synergic
effect, and hybridization have been thoroughly explained with the help of important
contributions. Metal phosphides and chalcogenides have been classified based on
the type of the components used such as pristine and composites with carbon, metal
oxides/hydroxides, conducting polymers, etc. Furthermore, the SC performance of
these materials has been discussed based on the morphology, nanostructure, and
compositional synergy.

2 Synthesis of Phosphide and Chalcogenides

The nanostructured metal phosphides have been prepared with a variety of different
methods including thermal decomposition, hydrothermal, solvothermal, microwave-
assisted hydrothermal, co-electrodeposition, and solid-state reaction.However,metal
phosphides preparedwith the hydrothermalmethod have been frequently reported for
SC application. The hydrothermal method is primarily used to prepare metal precur-
sors such as metal hydroxides, oxides, metal-organic frameworks, etc., and later
on, these precursors are phosphorized using a phosphorous source. For SC applica-
tion, to avoid an additional weight of binders and conducting additives, these metal
precursors are preferentially coated on conducting supports such as stainless steel,
Ni foam, etc., and further phosphorized in the inert atmosphere using a gas solid-
reaction approach. In this method, a gaseous phosphine (PH3) is effectively used for
the phosphorization process, however, due to its toxic and lethal nature, its in situ
generation via ammonium (NH4H2PO2) or sodium (NaH2PO2) hypophosphites is
recommended. A typical reaction can be given as 2NaH2PO2 = PH3↑ + Na2HPO4

[7]. As shown in Fig. 2a, hypophosphite powder is placed at the upstream side and
metal precursors are downstream of the inert atmosphere furnace, leading to a thor-
ough phosphorization of themetal precursor. Since themicrostructure doesn’t change

Fig. 2 Hydrothermal
synthesis of metal
phosphides and
chalcogenides



424 A. D. Jagadale and S. K. Shinde

significantly after the phosphorization process,materialswith differentmorphologies
can be obtained.

Metal chalcogenides can be prepared with various methods such as liquid exfo-
liation, hot injection, hydrothermal, solvothermal, etc. Amongst, hydrothermal and
liquid exfoliation methods are widely used. The liquid exfoliation is used to prepare
layered transition metal chalcogenides (TMDs) such as MoS2, WS2, and VS2.
However, these layered TMDs cannot be directly utilized for SC application without
the binder and conductive additives. The hydrothermal method has great potential to
prepare nanostructured metal chalcogenides both in film and powder forms, there-
fore, it is reported widely to prepare binder and conductive additive-free electrodes
for SC application. As shown in Fig. 2b, the hydrothermal method uses water as a
reaction medium in whichmetal salts are dissolved, to this solution chalcogen source
is added. This solution is further transferred to a Teflon-lined steel autoclave which
is heated to a designated temperature to react. Until now, various nanostructures
of metal chalcogenides have been prepared via the hydrothermal method including
hollow microspheres/cubic cages, nanoflowers, nanocrystals, nanoparticles, etc.

3 Influencing Factors

3.1 Morphology

It is seen that major technological progress has been made due to the advances in
materials. The morphology, size, and shape of materials have great control over
supercapacitive properties and can be effectively tuned to achieve enhanced perfor-
mance. The functionalities of the materials are largely affected by the morphologies
and the electrochemically active surface area. As shown in Fig. 3a–i, phosphides and
chalcogenides have been reported with variety of different morphologies including
nanorods [8, 9], nanoflowers [8], nanowires [10, 11], nanoshuttles [12], nanoparti-
cles [13, 14], nanoprisms [15], nanotubes [16, 17], nanosheets [18, 19], nanospheres
[20], nanobelts [21], nanocages [22], etc. Amongst, phosphides and chalcogenides
with nanosheets-like morphology have been reported frequently for SC applica-
tion. The nanosheets-like morphology has several advantages such as it offers a low
ion-diffusion barrier, excellent durability, and the ability to accommodate volume
variations during cycling. Besides, efforts have been made to prepare phosphides
and chalcogenides with one-dimensional nanowires-like morphology that facilitates
an efficient transport pathway for both electrons and ions, leading to a high-rate capa-
bility. Interestingly, the way material is grown or the kind of surface morphology is
formed affects the supercapacitive performance of the material. For instance, Chen
et al. [8] prepared the Co2P with nanorod and nanoflower-like morphologies by
controlling the decomposition process of Tris(acetylacetonato) cobalt(III) in oley-
lamine system using a triphenylphosphine phosphorus source. It is observed that the
heating rate influences the morphology of the material. At the rapid heating rate,
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Fig. 3 Different morphologies of metal phosphides and chalcogenides such as a Co2P nanorods,
b Co2P nanoflowers, a–b adapted with permission from reference [8] Copyright 2016, Amer-
ican Chemical Society, c NiCo2S4 nanowires, adapted with permission from reference [11] Copy-
right 2019, Elsevier, d CoP nanoparticles, adapted with permission from reference [13] Copyright
2017, Guo-Qun Zhang et al. some rights reserved; exclusive licensee Hindawi. Distributed under
a Creative Commons Attribution License 4.0 (CC BY) https://creativecommons.org/licenses/by/
4.0/, e CoP nanoprisms, adapted with permission from reference [15] Copyright 2017, Elsevier, f
Cu3P nanotubes, adapted with permission from reference [16] Copyright 2017, American Chem-
ical Society, g NiCo-S nanosheets, adapted with permission from reference [19] Copyright 2018,
Elsevier, h NixP nanospheres, adapted with permission from reference [20] Copyright 2018, Else-
vier and i NiCoP nanocages, adapted with permission from reference [22] Copyright 2019, Liang
et al. some rights reserved; exclusive licensee Wiley-VCH. Distributed under a Creative Commons
Attribution License (CC BY) https://creativecommons.org/licenses/

nanorods (∼18 nm) were formed and at a sluggish heating rate, the nanoflowers
were formed. The nanoflower-like Co2P demonstrated a specific capacitance of 416
F g−1 at a current density of 1 A g−1 that was far better than that of nanorod-like
morphology (284 F g−1).

Recently, hollow nanoarchitectures have gained great attention as a promising
material for SC application owing to their enhanced active surface area and shorter
diffusion pathways, leading to a high rate capability. Hollow structures are prepared

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/
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via a template route in which organic solvents are used to remove the polymer
template. Besides, to avoid organic solvents, SiO2 is also used as the template to
obtain a hollow structure [23]. Phosphides and chalcogenides with different types of
hollow structures have been prepared for SCs including nanoflowers, microspheres,
nanocages, microcubes, etc. For instance, Gao et al. [24] synthesized urchin-like
NiCoP hollow spheres via mild hydrothermal method followed by phosphorization.
The urchin-like structure is originated due to the gas bubble templating mechanism
of urea. This electrode demonstrated an excellent specific capacity of 761 C g−1 at a
current density of 1 A g−1 and the rate capability of 91.1% when the current density
was increased to 20-fold. Therefore, it is highly desirable to prepare these materials
with various shapes, sizes and morphologies for SC application.

3.2 Synergic Effect

The composition of multi-metallic phosphides and chalcogenides greatly influences
the SCperformance. The synergic effect between different elements inmulti-metallic
phosphides modifies the electronic structure of the metal sites, facilitating enhanced
ion adsorption capability for rapid energy storage. For instance, Liang et al. [22]
carried out DFT calculations to understand the synergic effect between Co and Ni in
NiCoP. It is observed that theOH− absorption energy ofNi sites inNiCoP (−2.63 eV)
was lower than that in NiP (−2.35 eV), implying simplistic ionic transport in multi-
metal phosphide electrodes. These nanocages-like NiCoP demonstrated excellent
specific capacity of 894 C g−1 at 1 A g−1 and rate capability.

3.3 Hybrids

Although phosphides and chalcogenides exhibit better electrical conductivity than
oxides, the conductivity is still limited to achieving the acceptable values of rate
capability. Besides, most of the phosphides and chalcogenides usually depict poor
cyclic stability due to their battery-type charge storage mechanism. Recently, many
efforts have been devoted to improving the rate capability and the cyclic stability of
phosphides and chalcogenides by combining them with electrical double layer type-
carbon materials. These composites are referred as hybrids. For example, Zhou et al.
[25] prepared NiCoP/C nanohybrid materials via in-situ calcination/phosphorization
of MOF precursor. This electrode showed an excellent specific capacity of 775.7 C
g−1 at 1 A g−1 and a rate capability of 75.1% along with excellent cyclability up
to 10000 cycles. These values were superior when compared with the bare NiCoP.
Therefore, the preparation of hybrid materials is a promising approach to enhance
the rate capability and the cyclic life of phosphides and chalcogenides.
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4 Metal Phosphides

Metal phosphides, especially, transitionmetal phosphides havegainedmuch attention
in the field of catalysis and energy storage [26]. As shown in Fig. 4, phosphides can
be classified as pristine, phosphide-metal oxide/hydroxide/chalcogenide/phosphide
composites, phosphide-carbon composite and phosphide-polymer composite as
discussed below.

4.1 Pristine Phosphides

Cobalt phosphides: Cobalt phosphides have been widely explored due to their inter-
esting magnetic, electronic, electrochemical, and catalytic properties. As a SC elec-
trode, two important phases of cobalt phosphides have been reported such as CoP
and Co2P. As observed from the cyclic voltammograms (Fig. 5a), a pseudocapacitive
CoP stores charge via following electrochemical reactions in alkaline solution, CoP
+ 2H+ ↔ Co2+ + PH2, Co2+ + 2OH− ↔ Co(OH)2, Co(OH)2 +OH− ↔ CoOOH +
H2O+ e− andCoOOH+ e− ↔Co3O4 +H2O+OH−. The research of pristine cobalt
phosphides mostly focuses on preparing various morphologies and evaluating their
influence on storage performance. For instance, Zheng et al. [10] prepared 3D cobalt
phosphide (CoP) nanowire arrays on a carbon cloth via hydrothermal and subsequent
phosphatization methods. This binder-free 3D CoP electrode demonstrated an areal
capacitance of 571.3 mF cm−2 at 1 mA cm−2. Furthermore, an asymmetric flexible

Fig. 4 Classification of metal phosphides
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Fig. 5 CV curves of a cobalt phosphide, cobalt oxide and carbon cloth, adapted with permission
from reference [10] Copyright 2017, American Chemical Society, bCu3P nanotubes at various scan
rates, adapted with permission from reference [16] Copyright 2017, American Chemical Society, c
Ni(OH)2 and nickel phosphides at 5mVs−1, adaptedwith permission from reference [28]Copyright
2017, American Chemical Society and d CoP, Ni2P, NiCoP and Ni0.5Co0.5(OH)2 at 5 mV s−1,
adapted with permission from reference [30] Copyright 2020, Elsevier

solid-state SC was fabricated by combining CoP as a negative electrode and MnO2

as a positive electrode that showed a high volumetric energy density of 0.69 mWh
cm−3 and a high-power density of 114.2 mW cm−3.

Copper phosphide: Chen et al. [16] fabricated binder-free and conducting
additive-free copper foil-supported 1D Cu3P nanotube arrays electrode via electro-
oxidation and phosphatization processes. As shown in cyclic voltammetry (CV)
curves (Fig. 5b), this 1D Cu3P electrode acts as a negative pseudocapacitive elec-
trode that showed maximum specific capacitance of 300.9 F g−1 at 2.5 mA cm−2

in 1M H2SO4. The charge storage mechanism can be revealed from the following
reactions, Cu(I)3P + xH+ + xe− ↔ Hx{Cu(0)xCu(I)3−x}P and Cu(I)3P + H2O ↔
Cu(II)yOyCu(I)3-yP + 2yH+ +2ye−. A hybrid SC fabricated with carbon nanotubes
(CNTs) negative electrode demonstrated excellent energy density (44.6 Wh kg−1),
power density (17045.7 W kg−1), and cyclability (81.9% after 5000 cycles).

Iron phosphide: Owing to its abundance and low cost, iron phosphide has attracted
great attention in different energy-related applications. For instance, Liang et al. [27]
synthesized FeP nanotube arrays on carbon cloth via the phosphatization process.
The ZnO nanorod arrays were used as the sacrificial templets. The diameter of FeP
nanorods was found to be about 200 nm and the wall thickness was in the range
of 50–100 nm. The FeP acts as a negative electrode and shows a quasi-rectangular
shape in a 1M LiCl electrolyte. This nanotube-like FeP demonstrated a maximum
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specific capacitance of 149.11 F g−1 at 1 mA cm−2. The superior performance was
attributed to the tubular structure of FeP nanotubes, facilitating easy ion pathway
and reducing inactive parts of the material.

Nickel phosphide: Different phases of nickel phosphide have been reported so
far, for instance, Ni2P, Ni5P4, Ni7P3, Ni12P5, and Ni3P. Amongst, Ni2P is frequently
reported due to its excellent storage performance. The Ni2P depicts a battery-type
charge storage mechanism with clear redox peaks in the CV curve (Fig. 5c). The
electrochemical process during charging-discharging in the alkaline solution can be
described by the following reactions, Ni2P+2OH− ↔ Ni2P(OH)2 + 2e−, and Ni5P4
+ 5OH− ↔ Ni5P4(OH)5 + 5e− [28]. Efforts have been made to prepare pristine
nickel phosphides with different nanostructures by applying various synthetic routes.
For example, Zhou et al. [29] prepared nanosheets of Ni2P on the surface of Ni
foam via phosphorization of hydrothermally synthesized Ni(OH)2 nanosheets. This
electrode depicted excellent specific capacitance of 2141 F g−1 at a sweep rate of
50 mV s−1 which is far greater than Ni(OH)2 (1592 F g−1) and NiO (1180 F g−1)
electrodes. Therefore, it is recommended to prepare nickel phosphides with different
nanostructures, morphologies, phases, and porosity for hybrid SCs.

Multi-metal phosphide: To benefit from the improved electrical conductivity and
the synergic effect between different metal species, mixed metal phosphides have
become one of the important classes of materials. Recently, a variety of binary and
ternary mixed metal phosphides have been employed for SC application. The binary
NiCoP has been reported frequently with different morphologies prepared with
various synthesis routes. The NiCoP shows a battery-like charge storage mechanism
with clear distinct peaks corresponding to Ni2+/Ni3+ and Co2+/Co3+ faradaic redox
reactions (Fig. 5d) [30]. It is observed that the electrochemical activity and stability of
monometallic phosphide can be significantly improved by preparing multi-metallic
phosphide. For instance, Liang et al. [31] demonstrated that the electrochemical
performance of Ni2P increased significantly after the incorporation of Co. Besides,
the hollow structured NiCoP provides a number of redox-active sites and simplifies
ion diffusion and charge transport. Recently, Gao et al. [24] prepared urchin-like
hollow spheres via mild hydrothermal method followed by phosphorization that
showed a specific capacity of 761 C g−1 at 1 A g−1 [24]. Previously, various hollow
structures of NiCoP have been successfully prepared such as hollow nanocages,
spheres, microcubes and nanocubes. Therefore, when compared with single metal
phosphides, multi-metal phosphides can be considered as a promising SC electrode.

4.2 Metal Phosphide-Metal
Oxide/Hydroxide/Chalcogenide/Phosphide Composite

Phosphide-metal oxide/hydroxide composites: Basically, phosphides have been
considered to be poor electrochemically stable electrodes. Integrating phosphides



430 A. D. Jagadale and S. K. Shinde

with metal oxides/hydroxides can be an effective way to boost capacitive perfor-
mance. Recently,Wen et al. [32] prepared CoP@Ni(OH)2 core-shell composite elec-
trodes via electrodeposition and vapor phase phosphatization methods. As shown
in Fig. 6a, the Ni(OH)2 nanosheets were uniformly grown on the nanosheets
arrays of CoP. This composite electrode demonstrated the longest discharging
time when compared with individual CoP and Ni(OH)2 electrodes (Fig. 6b).
The maximum specific capacitance of the composite electrode was found to

Fig. 6 a SEM image of CoP@Ni(OH)2 porous composite, b GCD curves of CoP, Ni(OH)2 and
CoP@Ni(OH)2 at 4 A g−1, a–b adapted with permission from reference [32] Copyright 2017,
Elsevier c SEM image and d GCD curves of NiSe/Ni3S2/Ni12P5 composites, c–d adapted with
permission from reference [33] Copyright 2019, Elsevier e SEM image of CoP@NiCoP and f
GCD curve of CoP@NiCoP and its comparison with other electrodes at 2 A g−1. e–f adapted with
permission from reference [34] Copyright 2020, Elsevier
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be 1989 F g−1 at 2 A g−1 which was far better than the bare CoP (645
F g−1) and Ni(OH)2 (1659 F g−1) electrodes. Similarly, different phosphide-
metal oxide/hydroxide composites have been used for SC such as Ni-P@NiCo
LDH, NiCo2O4/NiCoP, CoP@Ni(OH)2, FeNiP@CoNi-layered double hydroxide,
T-Nb2O5@Ni2P, CoPx/CoO, CuCo-P@Ni(OH)2

Metal phosphide-metal chalcogenide composites: It was highly desirable to
improve the capacitive performance of phosphides by hybridizing them with metal
chalcogenides such as nickel sulfide and selenide, cobalt sulfide, and vanadium
sulfide.Different composites such asNiFeP@NiCo2S4,NiVS/NiCuP,Ni-Mo-S@Ni-
P have been prepared so far. For instance, Tao et al. [33] grew Ni12P5 nanoparticles
on the surface of NiSe/Ni3S2 nanofibers as shown in Fig. 6c. This heterostructured
electrode showed a large mass-loading of 8.5 mg cm−2 that could provide a high
areal capacity of 2.04 mA h cm−2 at 10 mA cm−2 along with the superior cyclic life
which was quite comparable with other compositions (Fig. 6d).

Phosphide-phosphide composites: Although the phosphide-phosphide composite
materials have been reported for SC, much work is devoted to preparing core/shell
heterostructured nanocomposites owing to their high surface area and relatively
good electrical conductivity that offers a number of electrochemically active sites
for faradaic reactions and rapid charge transfer, respectively. For instance, Wang
et al. [34] synthesized CoP@NiCoP composite on Ni foam via facile two-step
hydrothermal and phosphorization methods (Fig. 6e). As depicted in Fig. 6f, this
composite electrode showed the longest discharging time than other composites.
The corresponding specific capacitance was found to be 1911.6 F g−1 at 2 A g−1.

4.3 Metal Phosphide-Carbon Composites

Metal phosphides have been considered as good conducting material as compared
with their oxide counterpart. However, the conductivity of the bare phosphide mate-
rial is not up to the mark to facilitate high-rate capability. Also, the rate capa-
bility does not only depend on the conductivity of the electrode but also depends
on the specific surface area and the porosity of the electrode. Bare metal phos-
phides still suffer due to their poor specific surface area and compact microstruc-
ture. Therefore, it is anticipated to combine them with highly conducting and
porous carbon materials. For instance, Shao et al. [35] synthesized 3D hierarchical
NixCo1−xO/NiyCo2−yP@C hybrid electrode via phosphorization treatment of hier-
archical NixCo1−xO@C grown on Ni foam (Fig. 7a). This hybrid electrode demon-
strated the longest discharging time as compared with other bare phosphide and
oxide electrodes (Fig. 7b). This 3D, nanostructured, and highly stable hybrid elec-
trode depicted a maximum specific capacitance of 2638 F g−1 at 1 A g−1. Simi-
larly, different phosphide-carbon composite materials have been prepared for SC
application including,NiCoP/C,Ni2P@N-C,CoP/C, CoP–CoNC/CC,Ni-NixPy@C,
MoP/NPC, C-doped Co–Mn–Fe-P, Ni2P-C, Ni1.4Co0.6P@C, etc.
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Fig. 7 a FESEM image of NiyCo2−yP, bGCD curves of all samples at current density 1 A g−1, a–b
adapted with permission from reference [35] Copyright 2016, American Chemical Society, c SEM
image of Co0.1Ni0.9P/CNF sample, dGCD curves of Co0.1Ni0.9P/CNF electrode at different current
densities, c–d adapted with permission from reference [36] Copyright 2019, American Chemical
Society eSEM image ofN-CNTs@NiCoP/CoPnanosheets and f GCDcurves of different electrodes
at 1 A g−1, e–f adapted with permission from reference [37] Copyright 2020, Elsevier

Research and development of flexible SC devices have received great attention in
recent years due to their unexceptional role in emerging consumer electronic devices.
One of the important components to develop high-performance flexible devices is a
flexible and robust current collector. Different current collectors have been recently
employed for this purpose including, thin metal foils, carbon paper, graphene paper,
carbon fiber cloth, etc. Amongst, the carbon cloth exhibits several advantages such
as high flexibility, large surface area, lightweight, and good electronic conductivity.
Recently, single and mixed metal phosphides have been coated on carbon cloth for
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flexible SC applications. For instance, as shown in the SEM image (Fig. 7c), Zhang
et al[36] grew bimetallic CoxNi1−xP ultrafine nanocrystals on carbon nanofibers and
used them as a positive battery-type electrode for hybrid flexible solid-state-SC. The
optimized electrode depicted a maximum specific capacity of 1405.6 C g−1 (3514
F g−1) at 5 A g−1 which outperforms almost all transition metal phosphide-based
electrodes (Fig. 7d). Recently, various metal phosphide-based flexible SCs have been
reported including AC//NiCoP@NiCoP@CC, NiCo2Py@CC// NiCo2Py@CC, etc.

Although CNTs are expensive, they are widely used for flexible and stretchable
SCs. Both single and double-walled CNTs have attracted much research interest
due to their excellent electrical conductivity, facile charge transport, good chemical
stability, and huge surface area (2000–3000 m2 g−1). Recently, metal phosphides
have been combined with CNTs to improve their rate capability. For instance, Dang
et al. [37] deposited NiCoP/CoP nanosheets on the surface of N-doped CNTs via
one-step phosphorization of hydroxide precursors (Fig. 7e). As shown in the GCD
plots (Fig. 7f), this composite electrode demonstrated the longest discharging time
and thereby the maximum specific capacity of 152 mAh g−1 at 1 A g−1. Likewise,
different CNTs and metal phosphides-based hybrid electrode materials have been
fabricated for SCs.

Graphene-based electrodes have been proved to be a promising electrode for elec-
trochemical energy storage devices such as batteries and SCs due to their interesting
properties including tunable surface area, good electrical conductivity, and excel-
lent chemical stability. Earlier, An et al. [38] grew Ni2P nanoparticles on reduced
graphene oxide via the low-temperature solid-state reaction method for SCs. This
hybrid Ni2P/rGO electrode demonstrated a maximum capacitance of 2266 F g−1 and
excellent cyclic stability. This performance is far better than the bare Ni2P electrode.
Recently, different graphene-metal phosphide-based electrodes have been prepared
for SC applications, especially, metal phosphides nanostructures are strategically
anchored on the graphene surface. Therefore, the preparation of metal phosphide-
carbon composites can be a promising strategy to improve the rate capability as well
as the cyclic stability of electrodes.

4.4 Metal Phosphide-Conducting Polymer Composite

Metal phosphides have been mostly reported as positive electrode materials in asym-
metric SCs. Since, iron-based electrodes such as Fe2O3, Fe3O4, and FeOOH have
been reported as negative electrodes, they can be a good substitute for carbon elec-
trodes. To address the poor conductivity issue of the iron oxide, iron phosphides
have been prepared and applied for SC. Besides, the poor stability performance of
the iron-based electrodes can be addressed by coating conducting polymers on their
surfaces. Luo et al. [39] recently prepared a FeP/PEDOT composite electrode that
demonstrated the highest areal capacitance of 790.59 mF cm−2 and excellent cyclic
stability of 82.12% after 5000 cycles. The stability performance was quite acceptable
when comparedwith the bare FeP electrode. Similarly, different conducting polymers
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such as polyaniline, polypyrrole, etc. have been combined with metal phosphides to
enhance the SC performance.

5 Metal Chalcogenides

Metal chalcogenides such as sulfides, selenides, and tellurides have been emerged as
an important class of materials and successfully explored for energy storage appli-
cations including SCs and batteries. The stable chalcogenide crystal structures are
formed by combining main group metals, especially, transition metals with VIA
group elements (S, Se, and Te). These metal chalcogenides exhibit excellent elec-
trical conductivity and numerous electrochemically active sites as compared to their
oxide counterparts. As shown in Fig. 8, metal chalcogenides can be classified into
sulfides, selenides, and tellurides. Each of these chalcogenides can be further clas-
sified into pristine and their composites with carbon or conducting polymers as
discussed below.

Fig. 8 Classification of metal chalcogenides
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5.1 Metal Sulfides

Transition metal sulfides have been considered as promising electrode materials
for SCs due to their unique electronic and electrochemical properties. Recently,
different types of metal sulfide-based electrodes have been reported which can be
classified as pristine metal sulfides, metal sulfide-metal oxide/hydroxide composites,
metal sulfide-carbon composites, andmetal sulfide-polymer composites as discussed
below.

5.1.1 Pristine Metal Sulfides

To understand the intrinsic electrochemical properties of bare metal sulfides, previ-
ously various bare sulfides have been prepared and employed for SC application.
Pristine sulfides and mixed metal sulfides based on cobalt, nickel, molybdenum,
copper, tungsten, etc. have been the prime focus of research.

Cobalt sulfide: The cobalt sulfide has been reported mainly with phases such as
CoS, CoS2, Co4S3, Co3S4, and Co9S8 for SC applications. As shown in CV curves
(Fig. 9a), these electrodes show battery-type storage behavior in which charge is
stored via reversible faradaic reactions in alkaline electrolytes. General possible
electrochemical reactions of cobalt sulfide can be written as CS + OH− ↔ CSOH
+ H2O + e− and CSOH + OH− ↔ CSO + H2O + e−, where CS is different
phases of cobalt sulfide such as CoS, CoS2, Co4S3, Co3S4, Co9S8, etc. Since the
SC performance highly depends on the morphology and the nano/microstructure of
the electrode, similar efforts have been made previously, for instance, Wan et al.
[40] performed the size-controlled synthesis of nanotubes-like cobalt sulfide via the
hydrothermal method. The effect of reaction temperature on the size of nanostruc-
ture and corresponding SC performance has been investigated. The cobalt sulfide
nanotubes prepared at 80 °C showed excellent specific capacitance of 285 F g−1 at
0.5 A g−1. Similarly, various nanostructures of bare cobalt sulfide have been reported
so far.

Nickel sulfide: Recently, pristine nickel sulfide electrodes are widely used in SCs
due to their attractive merits such as natural abundance, high capacitance, good
conductivity, and environmental benignity. The nickel sulfide has been prepared
with different stoichiometric forms such as NiS, NiS2, Ni3S2, Ni3S4, Ni6S5, Ni7S6,
and Ni9S8. The nickel sulfide electrode is found to be a battery-like electrode with
clear oxidation and reduction peaks in the cyclic voltammogram. As a representative
example, the Ni3S2 store a charge via reversible faradaic reaction in the alkaline
electrolyte as shown by the reaction Ni3S2 + 3OH− ↔ Ni3S2 (OH)3 + 3e− [41].
The pristine nickel sulfide with different morphologies has been reported for SC
application.

Molybdenum sulfide: The molybdenum sulfide, especially 2D form, has emerged
as a promisingmaterial for SC application owing to its interesting electrical, mechan-
ical, and optical properties. It exhibits a graphite-like layered structure with the weak
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Fig. 9 a CV curves of cobalt sulfide electrodes prepared at various temperatures at 10 mV
s−1, adapted with permission from reference [40] Copyright 2013, Elsevier, b SEM image of
CuCo2S4@NiMn-LDH, cGCD curves of different electrodes at 2 A g−1, b–c adapted with permis-
sion from reference [46] Copyright 2018, Elsevier, d SEM image and e CV curves of eggplant
derived carbon@NiCo2S4 composite, d–e adapted with permission from reference [47] Copyright
2019, Elsevier, f Schematics of synthesis of NiCo2S4@PANI/CF composite and g GCD curves of
carbon fiber, NiCo2S4/carbon fiber and NiCo2S4@PANI/carbon fiber at 2 mA cm−2, f–g adapted
with permission from reference [51] Copyright 2017, Elsevier

van der Waals force of attraction between the S-Mo-S sandwiched layers. Each layer
has a thickness of ∼0.65 nm which is double the thickness of graphite layers (0.335
nm). The molybdenum sulfide is a polytypic material that exists in three different
phases such as hexagonal (2H), trigonal (3R), and synthetic octahedral (1 T) [42].
The MoS2 stores charge via both faradaic and non-faradaic processes as described
by the reactions MoS2 + Na+ + e− ↔ MoS − SNa and (MoS2) + Na+ + e− ↔
(MoS2− − Na+), respectively [43]. Recently, MoS2 is effectively used for flexible
SCs, for instance, Javed et al. [44] used MoS2 to fabricate a solid-state flexible SC
that demonstrated a maximum capacitance of 368 F g−1 and a high power density of
128 W kg−1 at the energy density of 5.42 Wh kg−1.

Mixed metal sulfide: Due to the synergic effect between different elements in the
sulfide, it is desirable to preparemulti-metal sulfides for SCs. Recently, variousmixed
metal sulfides have been prepared, for instance, copper-cobalt, copper-tungsten,
iron-cobalt, nickel-cobalt, zinc-cobalt, etc. Among these, nickel-cobalt sulfide has
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attracted great attention due to its high conductivity and rich redox-active sites.
Owing to the high theoretical specific capacitance (2111 F g−1), the NiCo2S4 phase
is predominantly reported for SCs. Previously, various morphologies of NiCo2S4
have been reported including nanoflakes, nanoparticles, nanosheets, nanotubes, and
nanowires. The hollow structure of NiCo2S4 shows additional benefits for electro-
chemical applications. For instance, Shen et al. [45] prepared complex ball-in-ball
hollow spheres of NiCo2S4 via an anion exchangemethod for pseudocapacitor. Inter-
estingly, this electrode demonstrated a maximum specific capacitance of 1,036 F g−1

at 1.0A g−1. A hybrid SC combinedwith graphene/carbon negative electrode showed
an excellent energy density of 42.3 Wh kg−1 at a power density of 476 W kg−1. The
nanosheets of NiCo2S4 have been frequently reported for SC due to their high surface
area and numerous active sites. Therefore, it is seen that the mixed metal sulfide are
promising electrodes when compared with single metal sulfides.

5.1.2 Metal Sulfide-Metal Oxide/Hydroxide Composites

Apart from the pristine metal sulfides, metal sulfides composited with other metal
oxides/ hydroxides have been a focus of research. The metal oxide/hydroxide
normally exhibits poor electrical conductivity. To improve their electrical conduc-
tivity and enhance the surface area, metals oxides/hydroxides are composited with
metal sulfides. Recently, most of the research is focused on preparing core/shell
heterostructures by using metal sulfide core and oxide/hydroxides shell materials.
For instance, Lin et al. [46] hydrothermally prepared a hybrid structure on nickel foam
which consists ofCuCo2S4 core andNiMn-layereddouble hydroxide (LDH) shell.As
shown in Fig. 9b, NiMn LDH was conformally coated on the surface of CuCo2S4.
This hybrid core-shell structured electrode depicted the longest discharging time
when compared with bare oxide (CuCo2O4), sulfide (CuCo2S4), and LDHs (NiMn
LDH) electrodes (Fig. 9c). The maximum specific capacitance was reported to be
2520 F g−1 at 2 A g−1. It is seen that the merits of highly conductive sulfide and high
surface area hydroxides can be combined by simply preparing core-shell heterostruc-
tures.Besides, to get benefitted from the structural and compositionalmerits, recently,
metal sulfides have been composited with different single metal and mixed metal
chalcogenides for SC application.

5.1.3 Metal Sulfide-Carbon Composite

Although various nanostructures and compositions of metal sulfides have been
reported so far, they still face issues such as unsatisfactory unitization of active
material, low specific surface area, and poor conductivity. These issues can be
addressed by combining themwith carbonaceous materials including porous carbon,
CNTs, graphene, etc.Much research is focused on preparing compositeswith carbon,
graphene, andCNTs. For instance, Liu et al. [47] derived high surface area (3608.4m2

g−1) carbon flakes material from eggplant and used them as substrates for depositing
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NiCo2S4 nanosheets. This kind of architecture (Fig. 9d) may facilitate high active
surface area, accelerating ionic and electronic transport. As shown in Fig. 9e, the
area under the CV curve of the composite electrode was greater than that of the bare
NiCo2S4 electrode. Moreover, this composite showed an excellent specific capaci-
tance of 1394.5 F g−1 at 1 A g−1 which was quite higher than that of the bare metal
sulfide electrode. It is observed that the hybrid electrode made of metal sulfide-
carbon composite increases the capacitance value by almost 2-folds [48]. This is
mainly because of the reduced equivalent series resistance and high surface area
nanostructured carbon materials. In this way, the rate performance of metal sulfides
can be effectively improved by combining themwith cost-effective carbonmaterials.

CNTs are considered to be one of themost fascinating carbonaceousmaterials due
to their unique 1D tubular structure and ultra-high conductivity. When CNTs-based
materials are used as SC electrodes, they do not only improve the conductivity but
also upgrade the stability of the electrode materials. Dai et al. [49] prepared a hybrid
electrode by growing Ni3S2 nanoparticles on multi-walled CNTs (MWCNTs). This
electrode demonstrated excellent capacitive performance as compared with the bare
Ni3S2 and MWCNTs electrodes. The improved capacitive and stability performance
was attributed to the synergic effect, lower charge transfer resistance, and the better
diffusion of the hybrid electrode.

Metal sulfides are also combined with graphene, for instance, Liu et al. [50]
prepared a sandwich-like composite by embedding Co0.33Fe0.67S2 nanoparticles into
the graphene nanosheets via one-step hydrothermal method. This robust electrode
showed an excellent specific capacity of 310.2 C g−1 at 2 mV s−1 and an exceptional
rate capability of 61.8% at 200 mV s−1.

5.1.4 Metal Sulfide-Conducting Polymer Composites

Conducting polymers such as polyaniline, polypyrrole, polythiophene, and deriva-
tives of polythiophene have been commonly used for SC applications. These pseu-
docapacitive conducting polymers have attracted great attention due to their high
theoretical capacitance, good chemical stability, excellent conductivity, low cost, and
easy preparation. Recently, to benefit from the high conductivity, metal sulfides have
been combined with conducting polymers including polypyrrole and polyaniline.
For instance, Liu et al. [51] synthesized carbon fiber supported, polyaniline-coated
NiCo2S4 nanowires via hydrothermal and potentiostatic deposition methods as illus-
trated in the schematic (Fig. 9f). As shown in the GCD plots (Fig. 9g), this composite
electrode demonstrated the longest discharging time and therefore the capacitance
(823 F g−1 at 2 mA cm−2) as compared to their counterparts.
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5.2 Metal Selenides

Since selenide is the nearest neighbor of sulfide in the VI group, it has the same
valence electrons andoxidation number as sulfur. Therefore,most of the chemical and
electrochemical properties of metal selenides are similar to that of metal sulfides. In
the following section, we have discussed the SC properties of metal selenides. These
metal selenides have been classified into pristine metal selenides, metal selenide-
metal oxide/hydroxide composites, metal selenide-carbon composites, and metal
selenide-conducting polymer composites.

5.2.1 Pristine Metal Selenides

Previously, much research work was focused on synthesizing pristine single metal
or multi-metal selenides for SC applications. Pristine selenides based on cobalt,
nickel, molybdenum, manganese, copper, and cerium have been reported so far.
Besides, multi-metallic selenides, especially binaries and ternaries of the aforemen-
tioned elements have also been prepared for SC application. SC properties of some
important pristine metal selenides have been discussed below.

Cobalt selenide: Cobalt selenide has attracted great attention due to its inexpen-
siveness and high reversibility. In alkaline electrolyte, it shows battery-type behavior
with two distinct oxidation and reduction peaks in the cyclic voltammogram. Cobalt
selenides can be prepared with different phases such as Co0.85Se, Co3Se4, CoSe2,
Co2Se3, and CoSe. However, among these phases, the Co0.85Se CoSe2, and CoSe
have been frequently reported for SC application owing to their high electrochemical
activity. As a typical example, Co0.85Se stores charge via reversible redox processes
described by the reactions Co0.85Se+OH− ↔Co0.85SeOH+ e− and Co0.85SeOH+
OH− ↔ Co0.85SeO + H2O + e−. To improve the storage performance of the cobalt
selenide, different nanostructures have been prepared, for instance, Rabani et al. [52]
grew 1D-CoSe2 nanoarrays on Ti foil via wet chemical ion-exchange method. This
electrode was employed to fabricate symmetric SC that showed an excellent energy
density of 21.1 Wh kg−1 at a power density of 0.5 kW kg−1.

Nickel selenide: The nickel selenide shows a battery-type storage mechanism,
leading to a very high specific capacity. Recently different phases of nickel selenide
have been reported for SC application including Ni0.85Se, NiSe2, NiSe, Ni3Se2,
etc. Amongst, the Ni0.85Se exhibits numerous electrochemical active sites and
rapid charge-transfer channels [53]. The possible reversible reaction during the
charging-discharging process can be given as Ni0.85Se+OH− ↔ Ni0.85SeOH+e−
and Ni0.85SeOH+OH− ↔ Ni0.85SeO +H2O+e−. It is observed that the phase NiSe
prepared via electrodeposited method depicted superior capacitive performance
(1644.7 F g−1) as compared to the phase Ni3Se2 (581.1 F g−1) [54]. Since the perfor-
mance of nickel sulfide is mainly attributed to the surface morphology, the nickel
sulfide has been prepared with different microstructures. As shown in Fig. 10a,
the nanoflowers of Ni0.85Se were prepared by Kuai et al. [55] via a two-step
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Fig. 10 a SEM image ofNi0.85Se sample,bCVcurves ofNiO andNi0.85Se electrodes, a–b adapted
with permission from reference [55] Copyright 2019, Elsevier, c Schematic of storage mechanism
of NiSe@Co2(CO3)(OH)2 nanowire arrays, d GCD curves of all electrodes at 4mA cm−2, c–d
adapted with permission from reference [61] Copyright 2019, Elsevier e SEM image of C-20@(Ni,
Co)0.85Se composite and f CV curves of composites with different masses of carbon microspheres,
e–f adapted with permission from reference [64] Copyright 2021, Elsevier

hydrothermal method. This nanostructure provides intimate contact between elec-
trode and electrolyte for the electrochemical process, leading to longer discharging
time as compared to its oxide counterpart (Fig. 10b). The areal capacitance esti-
mated for this electrode was 3.6-fold greater than that of NiO. Besides, the porosity
of the electrode highly impacts the capacitive performance, some efforts have been
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made to enhance the porosity of the nickel sulfide electrode. For instance, Yu et al.
[56] prepared a porous nanosheet network of NiSe via selenylation/pickling of as
prepared manganese-doped α-Ni(OH)2. This porous battery-type electrode showed
a high specific capacity of 443 mAh g−1 at 3.0 A g−1. Therefore, it is concluded that
most of the research work was focused on preparing different morphologies, phases
and porous structures of nickel selenides.

Molybdenum selenide: The MoSe2 is considered to be a promising SC electrode
due to its layered structure and high electrical conductivity as compared with its
sulfide counterpart. It has strong in-plane bonding and weak out-of-plane interac-
tions, leading to an exfoliation into 2D layers. Due to its battery-type nature, the
MoSe2 stores charge via reversible faradaic redox reaction through the electrochem-
ical reaction, MoSe2 + Na + + e −↔ Na-MoSe2 in an alkaline electrolyte [57].
The theoretical capacity of the MoSe2 is 422 mA h g−1 [58]. Previously, the MoSe2
has been prepared with different morphologies and structures for SC application. For
instance, Zhang et al. [59] synthesized flower-likeMoSe2 via the facile hydrothermal
method. This electrode showed a maximum capacity of 641.5 mAh g−1 at 0.1 A g−1

with excellent rate capability by retaining the capacity of 380.3 mAh g−1 at a high
current density of 5 A g−1. Furthermore, a hybrid lithium-ion capacitor (MoSe2//AC)
demonstrated an ultra-high energy density of 78.75 Wh kg−1 at 3600 W kg−1.

5.2.2 Metal Selenide-Metal Oxide/Hydroxide Composite

It is well accepted that metallic doping enhances the electrical conductivity of the
materials. Recently, metal selenides have been doped with different metals such as
Ni, Co, Mn, Sn, andW and employed for SCs. Particularly, the isoelectronic (having
the same number of electrons) doping in metal selenide causes modification in the
electrical and optical properties. Bhat et al. [60] recently prepared tungsten-doped
molybdenum selenide (W-MoSe2). The MoSe2 doped with 2M % of W showed a
maximum specific capacitance of 147 F g−1.

To improve the conductivity and the rate capability of the oxide/hydroxide mate-
rials, metal selenide has been considered as a promising choice. For instance, Yuan
et al. [61] synthesized hierarchical NiSe@Co2(CO3)(OH)2 heterogeneous nanowire
arrays onto the Ni foam via a two-step soft-chemical approach. As depicted in the
schematic (Fig. 10c), the NiSe serves as a bridge for electronic transport between
Co2(CO3)(OH)2 and the current collector. Interestingly, this nanostructure prevents
the agglomeration of Co2(CO3)(OH)2 and offers high mass loading as well as effi-
cient utilization of active materials. As illustrated in the GCD curves (Fig. 10d), the
NiSe@Co2(CO3)(OH)2 electrode demonstrated the longest discharging time and the
areal capacitance (9.56 F cm−2) as compared with their counterparts. To integrate
the benefits of metal selenides and oxides, different composites have been prepared
for SC application.
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Besides, as compared with individual metal selenides, the co-existence of active
sites of mixed-phase metal selenides may facilitate an additional number of multi-
electron redox reactions. For instance, Ye et al. [62] prepared NiSe/ZnSe mixed-
phase nanostructure via co-electrodeposition method on nickel foam. It is observed
that the Ni/Zn ratio significantly influences the SC performance. The Ni/Zn ratio of
2:1 was found suitable that provided a specific capacity of 651.5 mAh g−1 at 1 A g−1.
Previously, various mixed-phase metal selenides have been prepared for SC applica-
tion includingMnSe2-CoSe2, Cu2Se@Co3Se4,NiSe-Ni0.85Se, Cu7Se4-CuxCo1-xSe2,
NiCoSe2/Ni0.85Se, etc. Recently, metal selenides have also been combined with
Mxene to enlarge the spacing and prevent the agglomeration and stacking of the
layers [63].

5.2.3 Metal Selenide-Carbon Composites

To improve the electronic/ionic diffusion, conductivity, and electrochemically active
surface area, metal selenides have been combined with different carbonaceous mate-
rials such as carbon, CNTs, and graphene. For instance, Wu et al. [64] prepared a
core-shell structure by growing cobalt and nickel selenide nanoparticles on a carbon
microsphere. As shown in Fig. 10e, nanoparticles of (Ni, Co)0.85Se were uniformly
coated on the surface of the carbon microsphere. In this work, carbon-(Ni, Co)0.85Se
composites were prepared with different amounts of carbon ranging from 0 to 30
mg. The composite formed at 20 mg of carbon demonstrated the highest area under
the CV curve as compared with other compositions and bare components (Fig. 10f).
The maximum specific capacitance was found to be 960 F g−1 along with excel-
lent stability of 85% after 2000 cycles. In another work, the MoSe2 nanotubes were
combined with carbon net and the ratio between selenide and carbon was opti-
mized. The ratio of 3:1 showed excellent SC performance as compared with other
compositions [17]. Similar efforts have been made previously [65, 66].

As an imperative carbonaceous material, CNTs do not only facilitate high elec-
trical conductivity but also serve as a framework for growing various nanostruc-
tured metal selenide materials. For instance, Liu et al. [67] grew MoSe2 nanoflakes
on a vertically aligned CNT array by combining chemical vapor deposition and
solvothermal methods. This kind of nanostructure provides a rapid transfer of ions
and reduces the effect of volume changes during the charging-discharging process.
Apart from nanostructuring, CNTs can also be simply combinedwithmetal selenides
for the enhancement of capacitive performance.

Graphene is considered one of the important carbonaceous materials due to its
high conductivity and high specific surface area. Recently, much work was executed
on combining metal selenides with graphene for SCs. The metal selenide-graphene
nanocomposite needs to be optimized to achieve a proper synergic effect between
them. It is observed that nitrogen-doped graphene also enhances the performance
of metal selenide-based composites [68]. Besides, to achieve structural benefits,
graphene, along with metal selenide has been used to develop hollow 3D structures.
For instance, Zardkhoshoui et al. [69] prepared graphene encapsulated multi-shelled
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zinc-cobalt selenide hollow nanospheres and graphene encapsulated yolk-double
shell cobalt iron selenide hollow nanospheres, as positive and negative electrodes,
respectively for SC. Preparation of 3Dgraphene scaffolds offers large specific surface
area, excellent porosity, and superior physicochemical stability.Recently, efforts have
been made on developing metal selenide-3D graphene composites for SCs [70].

5.3 Metal Tellurides

Recently, metal tellurides have become one of the important classes of materials
owing to their superior optical, electronic, catalytic, and biological properties. Previ-
ously, a significant number of metal tellurides have been prepared and successfully
employed for SCs. As described below, these metal tellurides can be classified as
pristine, metal telluride-carbon composites, andmetal telluride-polymer composites.

5.3.1 Pristine

As compared with other metal chalcogenides (sulfides and selenides), very little but
a significant amount of work has been reported on the synthesis and electrochem-
ical characterization of metal tellurides. Most of the reports focus on synthesizing
pristine metal tellurides with various morphologies for SCs. For instance, cobalt,
gallium, lanthanum, molybdenum, nickel, samarium, and tantalum tellurides have
been prepared for SCs. Most of the pristine metal tellurides have been prepared
with nanosheets-like morphology that showed excellent electrochemical properties.
Besides, as depicted in Fig. 11a, rod-like NiTe was grown onto Ni foam via a simple
hydrothermal route by Zhou et al. [71] This electrode showed a battery-type slug-
gish charge storage mechanism with distinct redox peaks as shown in Fig. 11b. For
this electrode, the maximum specific capacitance was reported to be 804 F g−1 at
1 A g−1. It is noteworthy that the synthesis of ultrathin MoTe2 nanosheets is quite
difficult as comparedwithmolybdenumsulfide/selenides due to the lesser electroneg-
ativity difference between Te and Mo (0.3 eV). Liu et al. [72] synthesized ultrathin
nanosheets of 1T’-MoTe2 via a colloidal chemical strategy. In this work, the shape
of the 1T’-MoTe2 was controlled by altering the molybdenum precursors and the
reaction atmosphere. The optimized 1T’ -MoTe2 nanosheets demonstrated a high
specific capacitance of 1393 F g−1 at 1 A g−1. Besides, it can be observed that metal
tellurides have been reported as both pseudocapacitive and battery-like materials.
For instance, metal tellurides based on Co, Ni, and Mo have been reported mainly as
the battery-like positive electrode in alkaline electrolytes, whereas, tellurides based
on rare earth elements such as samarium and lanthanum depict pseudocapacitive
characteristics.
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Fig. 11 a FESEM image ofNiTe rods,bCVcurves ofNiTe rods at different scan rates, a–b adapted
with permission from reference [71] Copyright 2016, Elsevier, (c) SEM image ofMoTe2-MWCNTs
composite and d CV curves of MoTe2-MWCNTs composite, bare MoTe2 and MWCNTs at 100
mV s−1, c–d adapted with permission from reference [73] Copyright 2018, American Chemical
Society

5.3.2 Metal Telluride-Carbon Composite

In metal sulfides and selenides, almost all of the important carbon materials have
been composited to achieve superior SCperformance.However,metal tellurides have
been combined with very few selected carbon materials. For instance, Karade et al.
[73] prepared MoTe2-MWCNTs composite via successive ionic layer adsorption
and reaction (SILAR) method. As shown in Fig. 11c, the MoTe2 and MWCNTs
were thoroughly mixed which is quite imperative to achieve synergy between them.
This composite electrode demonstrated the largest area under the CV curve when
compared with bare MoTe2 and MWCNTs electrodes (Fig. 11d). The composite
depicted a maximum specific capacitance of 502 F g−1 at the sweep rate of 2 mV s−1.
Moreover, the flexible solid-state symmetric SC formed of this composite electrode
demonstrated excellent flexibility.
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5.3.3 Metal Telluride-Conducting Polymer Composite

Conducting polymers not only provides highly conducting frameworks but also helps
in storing charge via doping/de-doping. Although conducting polymers exhibit supe-
rior properties such as high specific capacitance, good rate capability and facile
synthesis, to achieve synergic betweenmetal tellurides and the conducting polymers,
a significant amount of work has not been done yet in this field. Very few researches
have been reported so far, for instance, Deshagani et al. [74] prepared selenide
doped nickel telluride material as battery-type positive electrode and AC as negative
electrode for hybrid SC. Furthermore, both electrodes were coated with poly(N-
methyl pyrrole) (PMP) polymer. This PMP@AC//PMP@NiTe:Se SC demonstrated
a maximum energy density of 90 Wh kg−1, at 400 W kg−1.

6 Conclusions

In this chapter, initially, the construction and charge storage mechanism of the SC
are briefly discussed. Since the nanostructured metal phosphides and chalcogenides
have been prepared with various methods, one of the important protocols such as
hydrothermal synthesis has been explained. The important factors influencing the
SC performance have been discussed in great detail such as morphology, synergy,
and hybridization. Based on the components used, phosphides and chalcogenides
have been classified into pristine and their composites with metal oxide/hydroxide,
carbon, and conducting polymers. Each of these types is thoroughly described based
on the nanostructure, charge storage mechanism, and SC performance. It is seen
that efforts have been made to synthesize pristine phosphides and chalcogenides
with different morphologies and nanoarchitecture. Due to the compositional synergic
effect, the multi-metallic phosphides and chalcogenides attract great attention. The
rate and cyclic stability of phosphides and chalcogenides can be effectively improved
by preparing their composites with carbonaceous materials such as carbon, CNTs,
and graphene. In summary, phosphides and chalcogenides are found to be cost-
effective, reliable, and stable electrode materials for fabricating high-performance
supercapacitors.
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Carbon Nanocomposite-Based SCs
as Wearable Energy Storage
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Abstract Thedemand for highly efficient energy storage devices having high energy
and power densities is increasing exponentially. In this regard, supercapacitors (SCs)
have got great attention due to fast power generation and longer cyclic life. A range of
electrodes has been explored for SCs applications including C-carbon, metal/carbon
hybrids, metal oxides, etc. Among these, carbon-based electrodes have shown
tremendous potential because of their hierarchical structure, electrical conductivity,
and large surface areas. Still, carbon-based SCs offer limited energy density which
strongly limits its application to a broader scale. A range of strategies was presented
to boost the energy density of C-based SCs like developing highly porous nanos-
tructures, introducing heteroatoms for pseudocapacitance, compositing with other
forms of carbon, etc. Very recently, carbon-based electrodes have found great appli-
cations in wearable electronics owing to the fact that thin and flexible carbon elec-
trodes chemistries can be readily obtained. This has opened new avenues in energy
harvesting and utilization. In this chapter, we will provide insights into synthesis
strategies of carbon-based wearable electrodes and their potential applications.
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1 Introduction

The ever-increasing rate of fossil fuel burning and associated skyrocketing prices
have raised severe worries headed for rapid diminution of current fossil fuel supplies
along with worrisome greenhouse discharge of gas and pollution in the air. Conse-
quently, renewable energy generation and storage systems are vital for sustaining
life on earth. Several renewable energy technologies have been explored in this
regard including solar, wind, geothermal, and electrochemical, etc. Among these,
the electrochemical energy storage technologies like electrochemical SCs (ESCs)
and rechargeable batteries present the most promising renewable energy technolo-
gies owing to long life, high storage capability, easy portability, etc. [1–4]. ESCs have
a power density 100–1000 times that of batteries, however a lower energy density
of 3–30 times that of batteries [5]. The assessment regarding various energy storage
devices for definite power versus definite energy is shown in the Ragone plot (Fig. 1)
[6]. The ESCs are best suited for great-power bursts, such as those used to accel-
erate/brake high-speed transportation systems [6]. Additionally, ESCs can withstand
millions of charge/discharge cycles owing to the chemical reaction absence in the
electric double-layer charge storage [5, 7, 8]. ESCs may be classified (Sect. 2) as
electric double-layer capacitors (EDLCs), which can store charge at the interfaces
among the electrolyte or electrodes or pseudocapacitors (PCs), that can store charge
through reversible and fast Faradaic redox processes. A SC can store charge with the
combination of capacitive carbon electrodes utilizing a lithium insertion electrode
or a pseudocapacitive; therefore the SC is stated as hybrid SC (HSC).

Fig. 1 Definite power
contrary to definite energy
(Ragone plot), for many
electrical energy storage
components (i.e. exceptional
power, definite energy, time
constants). Reproduced with
permission from ref. [6]
Copyright 2008 Springer
Nature
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In recent years, the increasing growth of wearable or flexible electronics produces
a serious demand for integrated power roots that entirely depend upon flexible and
even stretchy electrodes. As a result, SCs with flexible as well as stretchy fiber-
shaped that are also termed as ultrathin SCs have garnered considerable interest
recently [7, 9, 10]. The carbon nanotubes (CNTs) and graphene (GR) have been
recognized as quality electrode materials because of their great bending power, and
outstanding mechanical stability that leads to the fabrication of flexible and stretchy
ESCs. There was an enormous quantity of research published on carbon-based ESCs,
and the number of papers continues to grow at a rapid pace each year. It is extremely
desirable to conduct a timely evaluation of such a quickly emerging area of such
importance. The purpose of this chapter is to give a timely, succinct, and critical
analysis of recent significant work on the subject by reviewing recent work and
highlighting essential concerns relating to electrode design or material fabrication
and explanation for energy-storage devices.

2 Classification of Carbon-Based SCs

SCs store energy via two distinct capacitive processes: Firstly, electric double-layer
(EDL) capacitance, which stemmed due to various accumulation of electrostatic
charges at the electrode/electrolyte interface; and secondly, pseudocapacitance owing
to fast and reversible redox reactions. Figure 2 indicates many SC types categorized
of energy storage devices together with electrode species [11].

Fig. 2 SCs taxonomy with many electrode materials
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2.1 Electric Double-Layer Capacitors

Von Helmholtz pioneered the indication and EDLmodel in 1853 when he conducted
a detailed investigation of colloidal suspension [12]. This model detailed the forma-
tion of two electrically layers opposed charges at the electrode/electrolyte interface
and their division into a monoatomic distance that was remarkably comparable to the
structure of a conventional capacitor. Then, Gouy and Chapman [13, 14] updated this
straightforward EDLmodel by taking an electrolyte in which both anions and cations
were considered as a continuous distribution that created a diffuse layerwhen thermal
motion was applied.When ions that were not been tightly bonded to the surface were
considered, the number of opposite ionic charges became equal to that of charged
solid while distributed in the electrolyte. Moreover, the thickness of diffuse layers is
somewhat dependent on the ion’s kinetic energy. Furthermore, this model resulted
in an EDL capacitance overestimation; as generally the capacitance (C) of capac-
itor seemed inversely proportional to the distance between two distinct charges;
therefore, a large C value has been produced whenever point charge approached the
surface of the corresponding electrode. Later, Stern [15] updated Gouy–Chapman
model by merging it with the Helmholtz model. He distinguished two charge distri-
bution regions: the diffuse and stern layers. Charges (often hydrated) were absorbed
extremely powerfully on the electrode in the Stern layer that comprised of: firstly,
specifically absorbed charges (SACs) and secondly, nonspecifically absorbed coun-
tercharges (nSACs). These SACs and nSACs were respectively represented by IHP
and OHP. The EDL models show that charge storage happens through electrostatic
adsorption at the electrode/electrolyte interface, however, no charge transfer exists
during charge/discharge processes. Due to the physical electrostatic reactions, the
charge/discharge processes of EDLCs are quick, allowing them to respond swiftly to
prospective changes. Calculation of the C value of an EDLCs electrode can be done
using the following Eq. 1 [16, 17]:

C = εrε0

d
A (1)

where εr and ε0 denote relative and vacuum permittivity respectively, A represents
operative contact area, and d corresponds to the thickness of EDL. Zhang and Zhao
[16] examined the evolution of the three above-mentioned modeling mechanisms for
EDL, as depicted in Fig. 3.

2.2 Pseudo-Capacitors

Unlike EDL, PCs are determined through the thermodynamic component and are
related to charges acceptance (�q) and potential changes (�U) [16, 17]. The primary
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Fig. 3 EDLCs:Models aHelmholtz model, bGouy–Chapmanmodel, and c Stern model, whereΨ

and Ψ o represent potential at electrode/electrolyte interface and electrode potential respectively, d
Helmholtz distance, where IHP relates to inner and OHP define outer Helmholtz plane, respectively.
Reproduced with permission from ref. [16] Copyright 2009 Royal Society of Chemistry

electrochemical characteristic is the Faraday reaction that is followed by PCs elec-
trode materials for instance oxidation–reduction reaction through the process of
charging or discharging operations, implying that the valence state changes in
charge/discharge operations [18, 19]. Figure 4 illustrates the charge storage methods
in PCs [20]. The term “under-potential deposition” refers to the process for noble
metals through which atoms were adsorbed via electro-deposition potential which is
usually less negative compared to the cation reduction equilibrium potential. In addi-
tion, redox processes produce redox PCs. These reactions occur in the presence of
adsorbed cations on the electrode species,which resulted in reversible and rapid trans-
mission of charge towards the contact of electrolyte/electrode [6]. Further, PC may
also be generated by the insertion/extraction of cations inside tunnels or crystalline
layer materials. During insertion/extraction, the crystal may stay electrically neutral.
Intercalation PC could be regarded using a “transitional” characteristic among the
SCs and Li-ion [21]. Although PC electrode may achieve far greater capacitance
values than EDL electrodes, it has poor electrical conductivity and cycle stability.

2.3 Carbon-Based Hybrid SCs

Initially, to bridge the gap amongst extraordinary command hybrid SCs (HSCs)might
be utilized however lower energy ESCs and higher energy with less power batteries.
Moreover, in many cases, HSCswere composed of carbon capacitive electrodemate-
rials joined with either a lithium-insertion or a pseudocapacitive material (Fig. 5a,
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Fig. 4 Illustration of charge storage in PCs: a under potential deposition, b redox reactions, c ion
insertion/extraction [20] Copyright 2018 American Chemical Society

b) [6, 22, 23]. Grouping of Faradaic surface reaction and non-Faradaic intercala-
tion on cathode and anode respectively, (Fig. 5c) offers a chance to attain enormous
energy and power densities with no effects on its cost and cycle stability. Up to
this point, in HFCs the published carbon-based electrodes employed for cathode
including GR, graphite, CNTs, 3D mesoporous C as well as many MO/polymer-
based C-nanomaterials [24]. In the same context, 3D-GR or MnO2 nanocomposite
does seem to have a greater specific capacitance (1145 F/g), with roughly 83%
theoretical capacitance and mass 13% MnO2 mass loading [23]. Conversely, HSCs
have been manufactured through a simple Solvothermal method using Fe3O4 NPs or
GR nanocomposite. Fe3O4 NPs or GR-based composite half-cell revealed an enor-
mous flexible specific tendencywithin an excellent capability and cycle stability rate,
surpassing 1000 mAh/g at 90 mA/g current density [25]. Furthermore, Li-ion-based
HSCs that are recognized as LiPF6 can be joined with this composite and attain
energy- and power densities in the order 204 to 65 Wh/kg and 55 to 4600 W/kg
respectively [25]. Apart from that, Lim et al. explained HSCs depend upon meso-
porousNb2O5 or carbon nanocomposite cathode and (ACMSP-20) anode, describing
energy power (18,510 W/kg) and power densities (74 Wh/kg) by 90% capacitance
retention at 1000 mA/g in the electrolyte combination of (LiPF6) 1.0 M/ethylene or
dimethyl carbonate with volume ratio of 1:1 after 1000 cycles [26]. Hybrid-based
SCswhich depend uponN-dopedACwere structured byLi et al. [27] signifying large
substance-level energy densities of 230Wh/kg through 76.3% capacity retention and
power density of 1747 W/kg after 8000 cycles.
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Fig. 5 Illustration of a EDLC-electrical double-layer capacitor, b PCs, and c hybrid SC (HSC).
Reproduced with permission from ref. [5] Copyright 2017 Oxford University Press

3 Carbon-Based Nanocomposites for SCs

3.1 Carbon Nanotubes

Carbon nanotubes (CNTs) are a 1-D nanocomposite entirely formed of carbon
sp2-bonded hexagonal networks that have been rolled into a tubular form [28].
CNTs were extensively researched as electrodes in SCs due to greater mechan-
ical power, structure strength along with stability, and conductivity, which all make
them attractive choices for modification and inclusion of other active materials [29,
30]. Chen et al. [31], for example, synthesized a hierarchically organized carbon
microfiber composed of an aligned and linked SWNTs net structure and intro-
duced N-doped rGO nanosheets. From two parallel fiber electrodes, ASS-micro-
SCs were prepared which demonstrated an exceptional volumetric energy density
(6.3 mWcm3) owing to large surface area for ions adsorption provided by rGO and
low interlayer and contact resistance provided by SWNTs. Conversely, the surface
wettability of hybrid fiberwas increased using oxygen functional groups and nitrogen
heteroatoms. Peng et al. [32] created GR/CNT hybrid fibers by inserting GR sheets
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Fig. 6 a Schematic view of the structure of the GR/CNT fiber composite. Reproduced with
permission from ref. [32] Copyright 2014 John Wiley & Sons. b Illustration for the production
of the ZnS@CNT composites with a multistep conversion process. Reproduced with permis-
sion from ref. [38] Copyright 2017 Springer Nature. c Representation of the fabrication routes
of Zn1Co2@MWCNT nanocomposite electrode using a laminated structure. Reproduced with
permission from ref. [40] Copyright 2017 Royal Society of Chemistry

between neighboring carbon nanotubes (Fig. 6a). Because of the strong reaction
amongGR sheets and carbon nanotubes, the GR sheets acted as conducting “bridges,
” facilitating charge movement and lowering contact resistances. Thus, the new
composite fibers exhibited the required conductivity and essential electrochemical
properties simultaneously. In addition,Wallace et al. [33] synthesized extremely flex-
ible CNTs/MgO hybrid nanocomposite fibers through wet spinning scrutinized with
MnO2 electrode position onto the carbon nanotube fibers. The internal nanonetwork
of CNTs and mesoporous MnO2 nanoflakes promoted the degree of ion transfer and
consequently increased electrochemical characteristics. The dopant concentration
of different metal oxides/hydroxides/sulfides to enhance the electrical efficiency of
carbon nanotubes has sparked widespread public attention as carbon nanotubes not
just respond as a conductive backbone for metallic particles to increase conductivity
but enable the electrolyte ions diffusion with the electrode substances [34].

Additionally, several redox processes happening mostly close to the surface or
on the surface of the metal oxide (MO)/hydroxide/sulfide may cause to boost in
the energy density of SCs [35]. A chemical co-precipitation approach to synthesize
coaxial CNT/Ni(OH)2 [36]. The ASCs were constructed using and rGO as −ve and
CNT/Ni(OH)2 as +ve electrodes, respectively. Furthermore, constructed ASCs had
power density (1.8 kWkg−1) and energy density (35 Whkg−1), which exhibits the
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coating of Ni(OH)2 on the surface of CNT improved matrix conductivity and dual-
storage processes significantly.MultiwallCNT (MWCNT)hybridfiberswere synthe-
sized byChen et al. [37]withMoS2-rGOby embedding the 2-D nanosheets intowell-
ordered MWCNT and finally curving them consecutively. The constructed asym-
metric device from MoS2-rGO/MWCNT and rGO/MWCNT demonstrated excel-
lent electrochemical properties. Similarly, an ultrathin ZnS@CNT was prepared by
Luo et al. [38] by the decoration of hierarchical ultrathin Zinc sulfide nanosheets
onto MWCNTs, as presented in Fig. 6b. The growth of three-layer sandwiched
CNT/Fe2O3@C arrays on carbon cloth was described by Zhang et al. [39] using
CVD and magnetron sputtering techniques. The CNT/Fe2O3@C composite demon-
strated good electrochemical properties that were attributed mostly to the carbon
shell’s ability to effectively shield the internal Fe2O3 and prevent dissemina-
tion of Fe-based oxide/hydroxide between the layers. A novel method for fabri-
cating ZnCo2O4/ZnO@MWCNT hybrids was conveyed by Zhao et al. [40]. The
technique entailed the synthesizing of ZnCo2O4/ZnO (Zn1Co2) on Ni foam via
hydrothermal scheme and covering MWCNTs on Zn1Co2 using a dipping-drying
process at 25 °C (Fig. 6c). The resulting sandwich structure provided large elec-
trode/electrolyte contact that give rise to boosting electrochemical progress. Thus,
the ZnCo2@MWCNTs nanocomposite demonstrated excellent SCs of 2069 Fg−1 at
1 Ag−1, while the full device consisting of ZnCo2@MWCNTs//AC exhibited a high
energy density of 48.1 W h kg−1 at a corresponding power density of 900 Wkg−1.

3.2 Graphene/Graphene Oxide

Graphene is a 2-D material that comprises of a honeycomb-like lattice structure,
consisting of monolayers of hexatomic rings [41, 42]. GR has found extensive appli-
cations in electrochemical energy storage systems also has fascinating properties
of higher surface area, superior thermal and significant electrical conductivity, and
mechanical properties [43, 44]. Thus far, the research has established its successful
utilization as an electrode for SCs. However, the electrochemical activity of GR
strongly depends on the active surface area [45]. The individualGR layers can provide
high active area and electrochemical performance [42]. That being said, because
highly cohesive interactions (i.e. van der Waals) and intense reaction among planar
basal planes and GR layers demonstrate a greater ability to restack, that also occurs
during the manufacturing and cycling of both electrodes. The restacking causes loss
of active surface and eventually results in loss of performance. Numerous techniques
have been investigated to inhibit GR layer aggregation to improve the surface area,
decrease internal resistance, and promote electrolyte distribution to the inner section
during the production of SCs [42, 46]. According to Liu et al. [47], micro-SCs
(MSC) of flexible GR/CNT were manufactured utilizing the laser-scribing method.
CNTs acted as spacers, preventing GR layers from restacking resulting in increasing
ion-accessible surface area. The laser-scribed GR/SWCNT MSC had the greatest
electrochemical characteristics when utilizing SWCNTs with sizes of 1–2 nm.
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Computational analysis and experimental testing were described by Deng et al.
[48] to study the relationship between capacitive performance and electrode structure
about GR sheet orientation. Simulation results demonstrated that GR sheets’ oriented
structure and shape had a considerable effect on the capacity to transport ions and
accumulate charges. Furthermore, the experimental data recommended that the areal
capacitive vertical GR value was approximately 38% greater than that of lateral
GR and 6 times greater for graphite paper electrode, which corresponds to effective
ion transfer stations; whereas higher field development influenced the capacitance of
vertical GRnanosheets (VGNS) (Fig. 7a, b). Ostrikov et al. [28]manufacturedVGNS
by breaking down natural precursors into a well-organized graphic form along with
the growth of CNTs directly on VGNS. The resulting VGNS/CNT 3D/1D nanoarchi-
tecture exhibited superior electrochemically activematerial density and high stability.
Kim et al. [44] through coexisting GR nanosheets and nanoscrolls, produced hier-
archically interconnected carbon nanoarchitecture with a scalable technique using
large-temperature molten salt. Through catalytic gasification, they proposed multi-
functional micro-level GR nanomesh (GNMs) with greater-density nano perforation.
The production procedure induced selective GR disintegration next to the metal cata-
lyst that leads to the formation of nanoperforations. GNMs pore density distribution,
pore size, and aperture size might be ordered by altering GR metal oxide size and
portion. The developed hierarchical linked carbon nanocomposite and GNMs all
displayed extraordinary rate capability, exceptional cycle ability, and large reversible
specific capacity towards SC applications [49]. Although previous tactics are opera-
tional to progress GR electrochemical application, the energy density is quite inad-
equate concerning high demand and rapid expansion in place of future generation
energy storage systems (EEs) devices.

Given their exceptional capacitive performance, conductive polymers and
MOs/hydroxides were integrated headed for GR nanosheets to suit the needs of
high-energy storage systems. For example, a GR-covered, Co3O4-inserted hybrid
was prepared by Oh et al. [50] by way of microwave irradiation technique (in situ)
(Fig. 7c). Moreover, an as-prepared product was enveloped with GR nanosheets and
hence mechanically protected which helped to avoid the Co3O4 aggregation and
the collapse or deterioration of electrode material in successive cycles. Likewise,
Co3O4 NPs hybrid electrode substances are oriented vertically on GR nanosheets
maintained through carbon fabric were effectively fabricated with good electro-
chemical progress (Fig. 7d–f) [46]. In addition, α-Fe2O3/GR nanostructures were
produced by Zhang et al. [51] by adopting solvothermal technique along with
annealing action. Resulted crystalline uniform α-Fe2O3 nanoparticles offered exten-
sive electrolyte contact surfaces. Meanwhile, the perfect coupling of α-Fe2O3 and
linked GR nanosheets offered fast electrical and ion transport, making α-Fe2O3/GR
composite a promising rapid energy storage material. Among manganese oxides,
metal oxides are regarded as an intriguing alternative that, due to their pseudocapac-
itive characteristics, can give a superior specific capacitive property. Furthermore,
mixed value manganese (Mn) oxide nanoparticles bound with rGO were prepared
by Yang et al. [52] through a solution-phase assembly combined via hydrazine vapor
reduction treatment. The GO performed as a template to direct MnOx’s final product
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Fig. 7 Vertically oriented SEM micrograph of GR sheets (scale 100 nm) a Tilt-view, b top-view.
Reproduced with permission from ref. [48] Copyright 2016 American Chemical Society. c Illustra-
tion of a three-step route for the production of GWCI hybrid. Reproduced with permission from ref.
[50] Copyright 2014 Elsevier B.V. d LR-SEM micrograph of the VAGN. e HR-SEM micrograph
of the VAGN, and f HR-SEMmicrograph of Co3O4-H. Reproduced with permission from ref. [46]
Copyright 2015 American Chemical Society
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production and uniform distribution. The rGO/MnOx electrode displayed improved
capacitance, speed performance, and notably extended cycle. It might be ascribed to
numerous characteristics, such as the good network of ion and electron percolation
with the mixed-valence Mn cations coexistence and synergistic impact among the
composite section. Joining 2-D GR using MOs/hydroxide for instance MnO is a
realistic approach to reconcile critical energy density and large GR cost.

4 Carbon-Based Flexible SCs with Planar Structures

The carbon nanotubes and GR are two broadly utilized C-allotropes for elec-
trochemical energy storage [53, 54]. This section discusses the development
of advanced-progress flexible SCs with planar CNT, GR, and hybrid electrode
structures.

4.1 CNT-Based Flexible SCs

CNTs were extensively employed as electrode species in the field of flexible SCs
that owns both liquid and gel as electrolytes [1, 53]. They can be directly deposited
on nonconductive substrates (like plastic film, cellulose paper, and office paper)
[55–57] or onto conductive substrates to act as a current electrode and collector as
electrode materials [58]. Printable thin film SCs were developed by Kaempgen and
colleagues [55] with spray-coated SWCNTs on PET sheets as charge collectors as
well as electrodes (Fig. 8a). To entirely printable the device, they combined the elec-
trolyte and separator into amono sheet of gel electrolyte (PVA/H3PO4). Thin filmSCs
have been sandwiched between carbon nanotube electrodes and the gel electrolyte
(Fig. 8b). Figure 8c, d demonstrates CV and GCD curves of SSSCs made in this way,
from which a specific capacitance of 36 Fg−1 was determined. Various cost bene-
fits, low-weight substrates (office paper, bacterial nanocellulose) were used as elec-
trodes in flexible SCs in addition to plastic sheets [57, 59]. Kang et al., for example,
utilized vacuum filtration to deposit carbon nanotubes onto a bacterial nanocellu-
lose substrate, yielding sheets with outstanding flexibility, huge specific surface area
(SSA), and chemical durability [59]. The ASSSCs in this study had a specific capaci-
tance (46.9 Fg−1) andwere stable after 5000 charge–discharge cycles at a high current
density (10 Ag−1). Higher efficiency of pure carbon nanotube-based flexible EDLCs
was achieved using carbon nanotube composites including transition metal oxides
(TMO) or conductive polymers with pseudocapacitance into flexible SC [60, 61].
Meng et al. [62] formed flexible all-solid-state supercapacitors (ASSSCs) utilizing
PANI-coated carbon nanotube networks as electrodes (Fig. 8e). The electrode mate-
rials (Fig. 8f, g) had a high 350 Fg−1 specific capacitance, whereas the whole specific
capacitance of the device was 31.4 Fg−1, demonstrating outstanding stability with
8.1% specific capacitance degradation after 1000 charge–discharge cycles. Vertically
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Fig. 8 a SWCNT networks SEM image; b PVA/H3PO4-based polymer electrolyte in sprayed SW
carbon nanotube films on PET; cCV and d thin film SC (GCD curves). Reproduced with permission
from ref. [55] Copyright 2009AmericanChemical Society. e PANI/carbon nanotube nanocomposite
electrode in a polymer gel electrolyte, schematically represent. f CV at 5 mVs−1 and g Flexible
PANI/carbon nanotube nanocomposite thin film electrodes discharge characteristics inH2SO4–PVA
gel and 0.5 M H2SO4 aqueous. 1 Ag−1 galvanostatic charge–discharge curves in H2SO4–PVA gel
electrolyte and 0.5 M H2SO4 aqueous solution are shown in inset (g). Reproduced with permission
from ref. [62] Copyright 2010 American Chemical Society

aligned carbon nanotube (VA-CNT) networks provide excellent inter-tube distance
along with associated porous structural features, resulting in advanced electrolyte
reachable surface area for the gain of charge transport and storage. [63, 64]. SCs
constructed with VA-CNTs can discharge 50% of their stored energy in <0.76 ms
than SCs produced of random CNT networks, according to theoretical models and
actual evidence [64]. Furthermore, plasma etching [65, 66] can be utilized to expose
the top end-caps of VA-CNTs, enabling the electrolyte access to the VA-CNTs’
interior chamber for charge storage. The current study suggests that a 3-electrode
configuration and a liquid electrolyte may be used to get the upgraded efficiency of
VA-CNTs as compared to random carbon nanotubes [63, 65, 67]. Furthermore, using
a template-free CVD technique, a VA-CNT array electrode obtained a high capaci-
tance of 365 Fg−1 in 1 M H2SO4 [68] and 440 Fg−1 in ionic liquid electrolytes [65,
69]. In contrast, VA-CNTs have received minimal attention for use in two-electrode
ASSSC lead to an increase in the flexible device performance.

4.2 Graphene-Based Flexible SCs

It was previously utilized to create other graphitic carbon forms, such CNTs, in a
variety of applications where CNTs were employed. Graphene, like CNTs, has a
huge SSA, decent electromechanical characteristics, and at last chemically stable
[70–72]. Chemical reduction of graphene oxide (GO) [76, 77], CVD [78], and ball
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milling [79] were only a few known methods for producing GR. Graphene materials
produced as a consequence have been reported to be broadly employed as electrodes
in liquid electrolyte SCs [75, 80]. A single electrode supercapacitance of 200 Fg−1

has been obtained using two-electrode SCs with large surface area GR electrode
materials (3100 m2g−1) [80]. Flexible ASSSCs with GR electrodes were reported
to have a range of interesting characteristics [81, 82], in addition to GR-based SCs
development with liquid electrolytes. El-Kady et al. [82], for example, employed a
standard LightScribeDVDoptical drive to generateGR electrodes via conducting the
laser-induced reduction ofGO sheets for SCs (Fig. 9a–f). These flexibleASSSCs also
exhibited a high energy density (1.36mWh cm−3, twice that of activated carbon) and
outstanding stability when bent from 0° to 180° (Fig. 9g–i). The majority of SSSCs
based on free-standing GR materials have specific capacitances (80–118 Fg−1) that
is expressively lower compared to the theoretical value (550 Fg−1) [83], due to
GR sheet restacking to decrease the GR active surface area and slowed ion trans-
port/diffusion within the active mat. Porous three-dimensional GR networks, like
GR hydrogels and aerogels, were created as suitable electrodes for electrochemical
energy storage devices to solve this issue [84, 85]. Moreover, freeze dehydration of
a chemically reduced GR dispersion [86] or uninterrupted CVD on Ni-foam [84, 87]

Fig. 9 a–f The manufacturing of laser-scribed GR-based electrochemical capacitors is depicted
schematically (EC), e GO film photograph as converted to laser-scribed GR. g ASS-LSG–EC
demonstrates how the gelled electrolytemaydouble as an electrolyte and a separator shown schemat-
ically. The inset is a digital image demonstrating the device’s adaptability. h CV curves obtained
when the device was bent at various angles at a scan rate of 1000 mVs−1. I Galvanostatic charge–
discharge curves for 4-devices linked in series; an LEDhas been used to power the charge–discharge
curves (the inset image). Reproduced with permission from ref. [82] Copyright 2012 AAAS
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are both used to generate porous three-dimensional GR materials. Graphene sheets
were effectively prevented from restacking in both cases, and electrolyte transport
throughout the GR network was much improved. Consequently, 3-electrode SCs
based on 3D GR hydrogels demonstrated enhanced electrochemical efficiency, with
specific capacitances (up to 220 Fg−1) for a single electrode at 1 Ag−1 in an aqueous
solution containing 5 M KOH.

Highly deformable SCs were created using 3D GR foams. Zhao et al. [89]
used hydrothermal reduction of aqueous GR dispersions to make 3D GR foam and
GR/polypyrrole composite foam (Fig. 10e–h). Under manual compression, these
foams can resist significant strain deformation (50% strain) and recover to their
innovative figure deprived of structural variation in 10 s. After 1000 compression-
decompression cycles at a 50% compressed strain, the CV curves for SCs based on
these 3D GR foams remained stable (Fig. 10i). Ball milling of graphite powders has
resulted in the production of EFGRs-edge-functionalized GR sheets with a range
of edge groups (–H, –N, –Br, –Cl, –I, –COOH, and –SO3H) [79, 90, 91]. By using

Fig. 10 a SEM image of GR hydrogel; b flexible SSSCs made of GR hydrogel photograph. c A
green LED driven by 3-series-connected SCs photograph. d CV curves for the flexible SSSCs at
10mV/s for various bending angles Permission granted by ref. [88] American Chemical Society. All
rights reserved. e Photographs of as-prepared conventional 3-D GR, 3-D GR-pyrrole (GR-Py), and
3-D GR-polypyrrole (PPy-GR) (from left to right). f–h PPy-G foam compression-decompression
procedures. I–V curves of compressible SC cells based on PPy-GR foam electrodes at 0 and 50%
compression for one cycle at a scan rate of 30 mVs−1. Permission granted by ref. [89] 2013 John
Wiley & Sons
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a wide range of solution processing/self-assembling methods, large-area hierarchi-
cally structured GR films can be produced that can be used as electrodes in a range
of various energy-related devices, including fuel cells and flexible SCs, due to the
availability of solution-processable EFGRs [79, 92].

4.3 3D Pillared CNT/Graphene Architectures for Flexible
SCs

As mentioned previously, some recent achievements in manufacturing randomly
oriented carbon nanotube/GR hybrid electrodes for SCs were obtained. Further-
more, controlling the porosity and hole distribution inside randomly oriented carbon
nanotube/GR hybrid materials is challenging, if not unachievable, due to the random
assembly of the component carbon nanotubes and GR sheets [93–95]. Recent theo-
retical studies [95, 96] demonstrate that three-dimensional pillared architectures
(Fig. 11a) [93], composed of parallel GR layers supported by VA-carbon nanotubes
in between, exhibit a high degree of structural tunability. VA-carbon nanotubes will
provide some ideal transport and mechanical characteristics for effective energy
storage within the pillared structure. In three dimensions, there are excellent conduc-
tive pathways for efficient charges transport, resulting in high capacitance and rate
capability. According to theoretical predictions, 3-D pillared carbon nanotube/GR
hybrid structurewithmodifiable pore diameters and surface areasmay be constructed
[94, 95]. Three-dimensional pillared VA-carbon nanotube/GR structures with alter-
nating VA-carbon nanotubes of various NTs lengths/packing densities and GR layers
(Fig. 11b) were produced through intercalated CVD growth [93]. They possessed a
specific capacitance of around 110 Fg−1 when employed as electrodes in a three-
electrode system [93]. After Ni(OH)2 coating, a high specific capacitance (1065
Fg−1) has been obtained (Fig. 11c), together with exceptional rate capability and
durable electrochemical stability. This value is 10 times including of big surface
area activated carbons (100 Fg−1), and is comparable to 953–1335 Fg−1 for GR-
supported single-crystalline Ni(OH)2 hexagonal nanoplates [98]. Lin et al. [99]
recently explained the fabrication in situ of 3-D CNR/GR micro-SCs (Fig. 11d–
h). The volumetric energy density of the ionic liquid has been reported to be 2.42
mWhcm−3 (Fig. 11i), which is higher than LSG–DLC49 and Al–electrolytic capaci-
tors [100]. Additionally, the ultrahigh rate capability of 400 Vs−1 enables to achieve
a maximum power density of 115 and 135Wcm−3 in aqueous and BMIM–BF4 elec-
trolyte, respectively (Fig. 11j). These findings demonstrate conclusively that the 3D
pillared carbon nanotube/GR hybrid designs provided great performance for liquid
electrolyte SCs, which is consistent with theoretical models. As a result, they should
be interesting choices for use as electrode materials in high-performance flexible
ASSSCs, though this has not yet been shown experimentally.
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Fig. 11 a Schematic of a three-dimensional pillared VA-carbon nanotube/GR nanostructure. b A
representative SEM image of 3-D pillared VA-carbon nanotube/GR architecture. c Galvanostatic
charge and discharge curves for the Ni(OH)2-coated VA-carbon nanotube/GR electrode at 21.5
Ag−1. Permission required for reproduction of ref. [93] 2011American Chemical Society. All rights
reserved. d Schematic of GR/carbon nanotube Cs–MCs structure. Inset: enlarged diagram of the
Ni–GR– carbon nanotube-Cs pillar structure without the Al2O3 on top of the carbon nanotube-Cs. e
SEMmicrograph of GR/carbon nanotube Cs–MC produced in the laboratory. f–h SEMmicrograph
of cross-sectioned carbon nanotube-Cs grown for 1, 2. 5, and 5min. i Comparing CV and discharge
volumetric current densities; j A comparison of the PV and energy density in the Ragone plots
(EV). Reproduced with permission from ref. [99] Copyright 2013 American Chemical Society

4.4 Free-Standing CNT/Graphene Hybrid Films for Flexible
SCs

There seems to be a lack of control over the film architecture/properties when
employing 3D GR foams as electrodes in SCs. One appealing approach is to utilize
1D carbon nanotubes to physically divide 2D GR sheets to retain GR’s large surface
area and to create well-controlled designs for effective charge/electrolyte transport
in CNT conducting networks [101, 102]. Free-standing CNT/GR composite films
were produced using a variety of techniques, such as LBL self-assembling, vacuum
filtering, and solution casting [102, 103]. Yu andDai [101] produced CNT/GR hybrid
films with well-defined nanopores using LBL self-assembling poly(ethyleneimine)-
modified GR sheets and acid-oxidized carbon nanotubes. Even at an extremely high
scan rate of 1 Vs−1, the resultant free-standing multilayered carbon nanotube/GR
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hybrid film displayed a virtually rectangular CV with an average specific capaci-
tance of 120 Fg−1 (3-electrode). Furthermore, the TMOs were included in a carbon
nanotube,GR, and their hybridmaterials to enhance the electrochemical performance
of the resulting flexible SC [102, 103]. Cheng et al., developed free-standing carbon
nanotube/MnO2/GR composite films with MnO2 loading of 71 wt% and outstanding
mechanical characteristics (tensile strength of 48MPa) using a vacuumfiltering tech-
nique and showed their application as flexible electrodes in liquid electrolyte SCs
(1 M of Na2SO4). Due to the existence of conducting carbon nanotube networks, a
specific capacitance of 372 Fg−1 was attained with a high rate capability. Gao et al.
[104] created an asymmetric ASSSC utilizing a free-standing carbon nanotube/GR
paper as the negative electrode and GR/Mn3O4 paper as the positive electrode in
a slightly related but independent study (Fig. 12a). Both composite sheets were
produced by filtering their respective mixed solutions. In Fig. 12b, a photograph
of the as-prepared carbon nanotube/GR composite paper with a diameter (4 cm) as
displayed, while in Fig. 12c, a cross-section SEM image of the paper is displayed,
revealing the CNTs interposed between the GR layers. The specific capacitance of

Fig. 12 a Process schematic for fabricating flexible ASSSCs using free-standing carbon
nanotube/GR and MnO2/GR paper electrodes. b Photograph of 4 cm diameter carbon nanotube
graphen-40 paper. c SEM image of carbon nanotubeGR-40 paper in cross-section. d Specific capac-
itance values for CNTG-40 I CNTG-20 (ii), and rGO (iii) papers as a function of discharge current
densities. (carbon nanotube GR-40 and carbon nanotube GR-20 denote carbon nanotube/GR papers
having a carbon nanotube mass ratio of 40% and 20%, respectively.). Reproduced with permission
from ref. [104] Copyright 2012 American Chemical Society
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the carbon nanotube/GR paper electrodes improved from 99.7 to 212.9 and 302 Fg−1

(3-electrode) with an increase in CNTmass ratio (Fig. 12d). The asymmetric ASSCs’
total capacitance reached 72.6 Fg−1 (2-electrode) at a current density of 0.5 Ag−1,
resulting in high energy density (32.7 Whkg−1) and good cycling stability.

4.5 Carbon Fiber-Based SCs

Asmentioned previously, several SCswith planar topologies have been created [105],
such as based on cotton/textile electrodes coated with carbon nanotubes or GR.
Moreover, the rapid growth of wearable electronics [106] necessitates the creation
of flexible and wearable SCs in fibers shape. As a result, wearable fiber-shaped
SCs have gained growing interest [107, 108], and a variety of fiber materials were
used as substrates, for example, Kevlar fiber [107], metal fiber [108], C-fiber [109],
CNT-fiber [110], and GR-fiber [111]. CNT fibers were widely investigated because
of their high electrical conductivity, great mechanical characteristics, and excep-
tional flexibility [110, 112, 113]. Ren et al. [110] innovated the incorporation of
carbon nanotubes into fiber-shaped SCs with a twisted structure and a low specific
capacitance (0.006 mFcm−1). The specific capacitance of a single electrode subse-
quently increased to 294 Fg−1 or 282 mFcm−1 via a pseudocapacitance originating
from PANI [113]. Similarly, Lee et al. [112] developed a fast-ion-transport yarn
(Fig. 13a, b) by scrolling MWCNT with conductive polymer (PEDOT-poly(3,4-
ethylenedioxythiophene)). The capacitance of the plied yarn SCs increased linearly
with scan rate up to 80 Vs−1 for liquid electrolytes and 20 Vs−1 for solid electrolytes.
The resulting fiber-shaped SCswere extremely stable, and exhibited high capacitance
retention upon bending as shown in Fig. 13d–e.

4.6 Carbon-Based Bendable and Transparent SCs

Besides the recent advancement in SCs and towards flexible, wearable electronics
using thin-film/fiber type (textile, fabric, and coating, etc.) were garnered increased
interest as improved power sources. Owing to their outstanding electrochemical
stability, enormous surface area, outstanding electric and mechanical properties;
C-nanoparticles are recognized as favorable electrode substances for flexible SCs.
Within the same context, transparent and flexible SCs focused on (In2O3) nanowire or
CNT heterogeneous layers were devolved by Chen et al. that shows raised specific
capacitance degree (64 F/g) as the number of (In2O3) nanowire up to 0.007 mg
distributed on carbon NT films increased [114].

Alternative work revealed that a film-based 2 mm-thick FSCs composed ofMnO2

nanosheets doped with carbon electrodes nanofiber had a gravimetric capacitance
(142 F/g) at 10 mV/s slow scan rate when interfaced through PVA-H4SiW12O40

· nH2O [115]. Additionally, TiO2/MWNT/PEDOT nanocomposite C-fibers and
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Fig. 13 a SEM-images of a 37° biscrolled yarn. b SEM-images of PEDOT/MWCNT biscrolled
yarn. c Capacitance in volume against scan rate. d Bending a flexible PET film. d Producing a glove
(the yarn SC was 5 cm long). Permission to reproduce from [112] Nature Publishing Group

different C-papers composed of nanotubes, fiber, and aerogel have been employed
as electrodes in FSCs [116]. Liu et al. [117] used an electrospinning technology
in conjunction with a Co ion-assisted acid corrosion procedure to create extremely
flexible porous carbon nanofibers (PCNFs) films. The resulting fibers exhibit excel-
lent mechanical flexibility and electrical conductivity with no resistance change after
repetitive bending up to 180°. The PCNFs electrode demonstrated a specific capacity
rate (104.5 F/g) in 0.5MH2SO4 around0.2A/g currentmarkedly increased constancy
of cycling processwith 94%specific capacity after 2000 charging/discharging cycles,
aswell as after 500bending cycles, 89.4%capacitance ratewasobserved. Such excep-
tional properties correspond to P-high CNF’s graphitization degree and its distinct
hierarchical pore structure [117].

It is usually desired to have a low processing cost while producing flexible
electrodes. Du et al. [118] created an economical, flexible, and highly efficient
hybrid electrode using a vacuum-filtered MnO2-NT and CNT nanocomposite layer
(Fig. 14a). The dynamical effects among carbon conductive nanotubes and pseu-
docapacitive MnO2-NT, the hierarchical freestanding porous layer structure, and
the superior MnO2 mass loading with 4 mg/cm2, the MnO2-nanotube or carbon
nanotube as electrodes demonstrated significant electrochemical plus mechanical
strength using the volumetric capacity rate in polyvinyl alcohol (5.1 F/cm3) because
of ultra-lengthy 1D-NT morphology. Due to the self-activation effect, the capaci-
tance retention is about 105% of initial capacitance with (PVA)/LiCl gel electrolyte
having a great energy density value (0.45 mWh/cm3) for entire FSCs volume after
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Fig. 14 a Representation for the synthesis of flexible free-standing CNT/MnO2-NT hybrid film, b
Ragone plots of the flexible SSSCs device (Inset indicates a LEDs group), c CV curves collected
under normal, bent, and twisted conditions (insets represents digital micrograph under various tests
environments), d an electronic watch wrapped around a transparent glass tube. Reproduced with
permission from ref. [118] Copyright 2014 Royal Society of Chemistry

6000 cycles. Resulted in SCs can be utilized in a source of flexible power such as
wearable electronic systems for watches and LEDs as can be seen in Fig. 14b–d.

As with traditional ESCs, composites of CNT/GR and conductive polymers were
frequently employed in FSCs. Polyacrylic acid/polyaniline (PAA/PANI) nanocom-
positeswere synthesized byWang et al. withN-decoratedGR (NG) (NG-PAA/PANI)
[119] and indicated the CC electrodes comprising 32 wt% PANI and 1.3 wt% NG
had a high capacitance (521 F/g) in (1 M) H2SO4 electrolyte at 0.5 A/g (Fig. 15). A
symmetric SC 20% PANI-CC electrodes composition demonstrated a 68 F/g capac-
itance at 1 A/g that was four times from earlier described SCs composed of flex-
ible PANI-CNT nanocomposites. With 5.8 Wh/kg energy density, 1.1 kW/kg power
density, 81% capability rate at 10 A/g, and (83.2% retention) after 2000 cycles, the
NG-PAA/PANI electrode preserved its entire capacitance through significant bending
angles [119].

Chen et al. produced the first CNT-based electrodes with good transparency (up
to 78% at 550 nm) and stretchability that increased electrical resistance by just
80% when coated with a layer of PVA–H3PO4 electrolyte [120]. On the other
hand, these scientists suggested transparent and stretchy ASSSCs (Fig. 16a, b) by
directly pressing two PDMS-supported carbon nanotube electrodes with the sepa-
rator inserted in between [120]. The device (Fig. 16b) exhibited transmittance of
~75% (Fig. 16c), equal to a single-layer carbon nanotube. However, a similar device
with a parallel constructed arrangement (Fig. 16a) showed a transmittance of 64%.
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Fig. 15 Illustration of a synthesis route for attaining an NG-PAA/PANI composite coating on CC.
Reproduced with permission from ref. [119] Copyright 2016 Springer Nature

Fig. 16 a, b Photographs of parallel and cross configurations of SCs. c Transmittance spectra of
a single layer CNT. d As a function of biaxially stretched tensile strain, the normalized specific
capacitance of a SC with cross assembly is shown. e Specific capacitance of two SCs normalized as
a function of stretching cycles. Reproduced with permission from ref. [124] Copyright 2014 Nature
Publishing Group

The device demonstrated excellent biaxial stretchability (Fig. 16d). Further, it was
demonstrated that the cross-constructed SC is more stable than its parallel equiva-
lent (Fig. 16e). By comparison, the parallel constructed SC had a capacitance rise
of almost 70% over the initial 20-stretching cycles before stabilizing. The increase
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in capacitance can be attributed to the combined effects of a stretching-induced
increase in the active sites of the carbon nanotube sheet and contact loss between
nanotubes [120].Both types of SCs demonstrated excellent stability even after several
hundreds of stretching cycles, indicating a high degree of practical application poten-
tial. Besides the transparent carbon nanotube electrodes, GR was already utilized for
the same purpose due to its superior optical and electrical characteristics [121–123].

Even though some GR-based stretchable electrodes and electronic devices were
published [121, 125], their effectiveness is still severely constrained by theGR sheet’s
susceptibility to damage when stretched. For example, when a GR sheet was placed
onto a pre-strained elastic substrate, the electrical resistance jumped by a factor of
more than one order [121]. Furthermore, it is challenging to transfer as-grown GR
with a surface area (22 cm−2) to a pre-strained substrate since theGR sheet frequently
cracks or breaks during the transfer process. Therefore, only a small amount of work
was being focused on developing transparent and stretchy GR electrodes, as this is
extremely difficult, if not impossible. One-atom-thick and/or few-layered GR sheets
exhibit excellent stretchable and transparent optoelectronics properties resulting in
high conductivity and transparency (up to 95% for a 2 nm thick film [77]). To enable
this potential, the world’s first wrinkled few-layer GR sheet was designed, which
served as the basis for the fabrication of transparent and stretchy ASSSCs [126].
Owing to its distinctive structure, the coated wrinkled multilayered GR sheet has
been observed to be extremely stretchable, with an increase in electrical resistance
of only 170% under 40% strain [126], which is significantly better than any previ-
ously reported stretchable planar GR electrode [121]. The resulting wrinkled GR
was flexible and had a 60% transmittance at 550 nm. They show that SCs with
wrinkled GR electrodes have excellent optical transparency and mechanical stretch-
ability, which is useful for portable energy storage components in stretchy integrated
systems. The low SSA of the horizontally layered GR sheets and the lack of a metal
current collector both limit the effectiveness of these recently found transparent and
stretchable SCs based on wrinkled GR electrodes. As a consequence, conductive
polymers and/or metal oxides can significantly enhance the electrochemical activity
of carbonaceous nanomaterials.

4.7 Carbon-Based Stretchable and Twistable SCs

As the FSCs discussed before, twisted and stretchy FSCs are necessary for inno-
vative electronics, for instance, self-powered polymer sensors, polymer LEDs as
well as solar cells, and sharp matrix demonstrations [127]. Using early findings
on twisted SCs, buckling SWNT or polydimethylsiloxane (PDMS) electrodes have
garnered broad interest owing to their tendency to withstand strains of a maximum of
140%without negotiating resistance [128, 129]. The use of crumpled GR nanosheets
simplified and lowered the cost of creating flexible, highly efficient electrodes for
SCs [130]. During 1000 stretch/relax cycles, the crumpled GR nanosheets electrode
paper displayed potential stretchability of around 300% linear strain and 800% aerial
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strain, as well as great specific capacitance (196 F/g) in H3PO4-PVA electrolyte and
dependability [130]. Additionally, Kim et al. [131] demonstrated a delamination-free
stretchedSCs inwhich all of the components have been arranged using a singlematrix
made of an ionic liquid, 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)-
imide, and a polymer, poly(vinylidene fluoridehexafluoropropylene), as a supporting
film and an electrode. The electrode film can be formed via integrating carbon
nanotubes into a common (polymer) matrix and then dissolving the composite’s
surface with acetone to form a single body. The operating voltage of cell was a high
as 3 V due to utilization of ionic liquid-based gel electrodes. The areal cell capac-
itance was 12.7 D/cm2, and specific electrode capacitance was 67.2 F/g. Standard
deviations for capacitance were observed to be 1.4 and 2.1% respectively, after radial
stretches at 0.5 strains and 500 lateral cycles. MnO2 nanoparticles with PPy-coating
were placed on the textile CNT-decorated SCs electrode, increasing the electro-
chemical energy storing capacity of MnO2 or CNT-based flexible (13% bend) and
stretchable (21% tensile strain) SCs by 38% (Fig. 17) [132].

A specific capacitance (461 F/g) has been found in H3PO4-PVA electrolyte at
0.2 A/g current density, which has been ascribed to the delamination anticipation of
MnO2 NPs via PPy coating. Additionally, 96.2% of capacitance is being retained
after 750,000 bending (13%) cycles [132]. The identical deformable substrate is
shown in Fig. 18 [133]. Using PANI-wrapped MWNTs and an ion-gel electrolyte
composed of poly(ethylene glycol) diacrylate and 1-ethyl-3-methylimidazolium bis
(trifluoromethylsulfonyl) imide, the MSCs patterns have been made which demon-
strated exceptional electrochemical efficiency when subjected to a 50% uniaxial
strain and a 40% biaxial strain; their initial performance. Additionally, the GR
sensor patterns have been identified NO2 gas for around an hour when integrated
with MSCs through serpentine interconnections, even when uniaxially stretched by
50%. For near-term applications, such a hybrid mixing of SCs and other practical
electrical systems is extremely required. However, considerably greater emphasis
must be placed on significantly enhancing the capacitive storage capacity of flex-
ible and stretchy SCs [134], buckled carbon nanotube films were also studied for
use as stretchable electrodes in SCs. A comparison of PANI composites of buckled
carbon nanotubes with and without nitric acid action found that acid-treated buckling
carbon nanotube@PANI electrodes had a maximum specific capacitance (1147.12
mF/cm2) at 10 mV/s in H3PO4-PVA electrolyte [134]. This finding is consistent with
the creation of stronger interfacial bonds among acid-treated carbon nanotubes and
PANI. The acid-treated electrode likewise demonstrated an energy density ranging
(31.56–50.98)Wh/cm2, and a power density of (2.294–28.404) mW/cm2 with a scan
rate of 10–200 mV/s. The comparable SC withstood a 200% omnidirectional strain.
Subsequently, yarn-based stretchable and twistable SCs were produced, consisting
of core–shell nanostructured coiled electrodes by pseudocapacitive carbon NT cores
and MnO2 core-shells [135].
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Fig. 17 a Schematic view of the polypyrrole—MnO2-fabrication coated textile SC, b illustra-
tion for bending test performed on polypyrrole—MnO2-coated SC, c cyclic voltammetry of SC
under 13% bending strain. Reproduced with permission from ref. [132] Copyright 2015 American
Chemical Society
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Fig. 18 a Schematic view of the biaxial strain εbiaxial, b optical microscope micrographs of MSC
array (left) and the strain distribution estimated with FEM analysis (right) under a biaxial strain
of 40%, c optical images (left) and the results received from FEM analysis (right) of a serpentine
interconnection in different uniaxial stretching states. The cross-sectional view shown is for a strain
of 50%. Reproduced with permission from ref. [133] Copyright 2016 Elsevier

5 Conclusion(s) and Summary

The current chapter has presented summarized overview related to recent advances
owing to various dimensional carbonaceous architectures/composites towards appli-
cations of SCs. In this regard, dimensional carbonaceous nanoarchitecture, such as
carbonaceous nanotubes, GR nature nanostructures, and carbon-based nanosheets,
porous carbons; carbide derivatives, MOF derivatives, carbon aerogels, and all other
possible nanostructures have been discussed associated with employed synthetic
strategies. Main exploring advantages are natural abundance, approachable avail-
ability, low-cost property, reliable stability, due to which carbonaceous nanostruc-
tures are widely implemented as electrodes owing to SCs. These carbonaceous mate-
rials possess a large surface area site for ions, defined pore structures for ionic
transportation, and significant electrical conductivity for transferring electrons. To
achieve these goals, a variety of strategies were employed for developing sensible
as well as controllable carbonaceous structures. Moreover, various carbonaceous
composites/nanostructures were developed enhancing capacitive efficiency along
with energy densities regarding SCs. In addition to significant researches, attrac-
tive efforts in favor of dimensional carbonaceous nanoarchitectures towards novel
applications of SCs were achieved recently. Furthermore, designing and fabrication
of attractive nanoarchitectures inheriting excellent performance towards increasing
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demand of energy storage devices are considered still a pending challenge. In addi-
tion, future carbonaceousmaterialsmaybe excavateddependinguponvarious aspects
to be discussed in this work. Firstly, the existence of a high specific area provides
necessary space with respect to ion accessibility and also charge accumulation.
Secondly, normally optimized pore diameter along with size distribution may vary
porous structure hierarchically. Microporous diameter is compared with ion size for
accelerating electrolytic ions accessibility. Mesopores may function as ion channels
for accelerating transportation of ions existing in the electrolyte into electrode mate-
rials, whereas macropores perform their role as ion-buffering reservoirs, shortening
the space of the ions diffusion mechanism. Thirdly, a balanced state of pore structure
with conductivity may significantly accelerate electrolytic ionic diffusion as well as
electron transfer, because the rising temperature may result in improved graphitiza-
tion degree, thereby generating reasonable conductivity, thoughmay cause collapsed
pore structure. Fourthly, the formation of capacitively hybrid carbonaceous nanos-
tructure associated with pseudo-capacitive components, in turn presenting faradaic
redox reactions, thereby increasing capacitance efficiency along with energy densi-
ties. Moreover, wettability lying between electrode materials as well as aqueous
media of electrolytes with production has been taken into consideration for devel-
oped carbonaceous electrode materials towards novel application relevant to SCs.
With unremitting endeavors, it is believed that the applications owing to carbon-
based nanomaterials for future generations of EESs, particularly SCs, are expected
to meet flourishing age.

References

1. L. Dai, D.W. Chang, J.-B. Baek,W. Lu, Carbon nanomaterials for advanced energy conversion
and storage. Small 8, 1130–1166 (2012)

2. X.-Y. Luo, Y. Chen, Y. Mo, A review of charge storage in porous carbon-based SCs. New
Carbon Mater. 36, 49–68 (2021)

3. Y. Han, Z. Lai, Z.Wang,M. Yu, Y. Tong, X. Lu, Designing carbon based SCswith high energy
density: a summary of recent progress. Chem. A Eur. J. 24, 7312–7329 (2018)

4. Y. Wang, Z. Chang, M. Qian, Z. Zhang, J. Lin, F. Huang, Enhanced specific capacitance by a
new dual redox-active electrolyte in activated carbon-based SCs. Carbon 143, 300–308 (2019)

5. X. Chen, R. Paul, L. Dai, Carbon-based SCs for efficient energy storage. Natl. Sci. Rev. 4,
453–489 (2017)

6. P. Simon, Y. Gogotsi, Materials for electrochemical capacitors. Nat. Mater. 7, 845–854 (2008)
7. S.-W. Xu, M.-C. Zhang, G.-Q. Zhang, J.-H. Liu, X.-Z. Liu, X. Zhang, D.-D. Zhao, C.-L.

Xu, Y.-Q. Zhao, Temperature-dependent performance of carbon-based SCs with water-in-salt
electrolyte. J. Power Sour. 441, 227220 (2019)

8. A.Borenstein,O.Hanna,R.Attias, S. Luski, T.Brousse,D.Aurbach,Carbon-based composite
materials for SC electrodes: a review. J. Mater. Chem. A 5, 12653–12672 (2017)

9. J. Cherusseri, R. Sharma, K.K. Kar, Helically coiled carbon nanotube electrodes for flexible
SCs. Carbon 105, 113–125 (2016)

10. M. Yu, D. Lin, H. Feng, Y. Zeng, Y. Tong, X. Lu, Boosting the energy density of carbon-based
aqueous SCs by optimizing the surface charge. Angew. Chem. Int. Ed. 56, 5454–5459 (2017)

11. R. Dubey, V. Guruviah, Review of carbon-based electrode materials for SC energy storage.
Ionics 25, 1419–1445 (2019)



478 M. Ikram et al.

12. H. Helmholtz, Ueber einige Gesetze der Vertheilung elektrischer Ströme in körperlichen
Leitern, mit Anwendung auf die thierisch-elektrischen Versuche (Schluss.). Ann. Phys. 165,
353–377 (1853)

13. G. Guoy, Constitution of the electric charge at the surface of an electrolyte. J. Physique 9,
457–467 (1910)

14. D.L.Chapman,LI.Acontribution to the theoryof electrocapillarity. LondonEdinburghDublin
Philos. Mag. J. Sci. 25, 475–481 (1913)

15. O. Stern, The theory of the electrolytic double-layer. Z. Elektrochem 30, 1014–1020 (1924)
16. L.L. Zhang, X.S. Zhao, Carbon-based materials as SC electrodes. Chem. Soc. Rev. 38, 2520–

2531 (2009)
17. Y. Wang, L. Zhang, H. Hou, W. Xu, G. Duan, S. He, K. Liu, S. Jiang, Recent progress in

carbon-based materials for SC electrodes: a review. J. Mater. Sci. 56, 173–200 (2021)
18. B.E. Conway, V. Birss, J.Wojtowicz, The role and utilization of pseudocapacitance for energy

storage by SCs. J. Power Sour. 66, 1–14 (1997)
19. V. Augustyn, P. Simon, B. Dunn, Pseudocapacitive oxide materials for high-rate electrochem-

ical energy storage. Energ. Environ. Sci. 7, 1597–1614 (2014)
20. Y. Shao, M.F. El-Kady, J. Sun, Y. Li, Q. Zhang, M. Zhu, H. Wang, B. Dunn, R.B. Kaner,

Design and mechanisms of asymmetric SCs. Chem. Rev. 118, 9233–9280 (2018)
21. V. Augustyn, J. Come, M.A. Lowe, J.W. Kim, P.-L. Taberna, S.H. Tolbert, H.D. Abruña,

P. Simon, B. Dunn, High-rate electrochemical energy storage through Li+ intercalation
pseudocapacitance. Nat. Mater. 12, 518–522 (2013)

22. D.P. Dubal, O. Ayyad, V. Ruiz, P. Gómez-Romero, Hybrid energy storage: the merging of
battery and SC chemistries. Chem. Soc. Rev. 44, 1777–1790 (2015)

23. M.F. El-Kady, M. Ihns, M. Li, J.Y. Hwang, M.F. Mousavi, L. Chaney, A.T. Lech, R.B. Kaner,
Engineering three-dimensional hybrid SCs and microSCs for high-performance integrated
energy storage. Proc. Natl. Acad. Sci. 112, 4233 (2015)

24. Y. Ma, H. Chang, M. Zhang, Y. Chen, Graphene-based materials for lithium-ion hybrid SCs.
Adv. Mater. 27, 5296–5308 (2015)

25. F. Zhang, T. Zhang, X. Yang, L. Zhang, K. Leng, Y. Huang, Y. Chen, A high-performance
SC-battery hybrid energy storage device based on graphene-enhanced electrode materials
with ultrahigh energy density. Energ. Environ. Sci. 6, 1623–1632 (2013)

26. E. Lim, H. Kim, C. Jo, J. Chun, K. Ku, S. Kim, H.I. Lee, I.-S. Nam, S. Yoon, K. Kang, J. Lee,
Advanced hybrid SC based on a mesoporous niobium pentoxide/carbon as high-performance
anode. ACS Nano 8, 8968–8978 (2014)

27. B. Li, F. Dai, Q. Xiao, L. Yang, J. Shen, C. Zhang, M. Cai, Nitrogen-doped activated carbon
for a high energy hybrid SC. Energ. Environ. Sci. 9, 102–106 (2016)

28. D.H. Seo, S. Yick, Z.J. Han, J.H. Fang, K. Ostrikov, Synergistic fusion of vertical graphene
nanosheets and carbon nanotubes for high-performance SC electrodes. Chemsuschem 7,
2317–2324 (2014)

29. T. Lv, Y. Yao, N. Li, T. Chen, Highly stretchable SCs based on aligned carbon
nanotube/molybdenum disulfide composites. Angew. Chem. Int. Ed. 55, 9191–9195 (2016)

30. J.Wu,W.-W. Liu, Y.-X.Wu, T.-C.Wei, D. Geng, J.Mei, H. Liu,W.-M. Lau, L.-M. Liu, Three-
dimensional hierarchical interwoven nitrogen-doped carbon nanotubes/CoxNi1−x-layered
double hydroxides ultrathin nanosheets for high-performance SCs. Electrochim. Acta 203,
21–29 (2016)

31. D. Yu, K. Goh, H. Wang, L. Wei, W. Jiang, Q. Zhang, L. Dai, Y. Chen, Scalable synthesis of
hierarchically structured carbon nanotube–graphene fibres for capacitive energy storage. Nat.
Nanotechnol. 9, 555–562 (2014)

32. H. Sun, X. You, J. Deng, X. Chen, Z. Yang, J. Ren, H. Peng, Novel graphene/carbon nanotube
composite fibers for efficient wire-shaped miniature energy devices. Adv. Mater. 26, 2868–
2873 (2014)

33. Z. Lu, Y. Chao, Y. Ge, J. Foroughi, Y. Zhao, C. Wang, H. Long, G.G. Wallace, High-
performance hybrid carbon nanotube fibers for wearable energy storage. Nanoscale 9,
5063–5071 (2017)



Carbon Nanocomposite-Based SCs as Wearable Energy Storage 479

34. H.-W. Chang, Y.-R. Lu, J.-L. Chen, C.-L. Chen, J.-F. Lee, J.-M. Chen, Y.-C. Tsai, C.-M.
Chang, P.-H. Yeh, W.-C. Chou, Y.-H. Liou, C.-L. Dong, Nanoflaky MnO2/functionalized
carbon nanotubes for SCs: an in situ X-ray absorption spectroscopic investigation. Nanoscale
7, 1725–1735 (2015)

35. W. Jiang, D. Yu, Q. Zhang, K. Goh, L. Wei, Y. Yong, R. Jiang, J. Wei, Y. Chen, Ternary
hybrids of amorphous nickel hydroxide-carbon nanotube-conducting polymer for SCs with
high energy density, excellent rate capability, and long cycle life. Adv. Func. Mater. 25,
1063–1073 (2015)

36. R.R. Salunkhe, J. Lin, V. Malgras, S.X. Dou, J.H. Kim, Y. Yamauchi, Large-scale synthesis of
coaxial carbon nanotube/Ni(OH)2 composites for asymmetric SC application. Nano Energ.
11, 211–218 (2015)

37. G. Sun, X. Zhang, R. Lin, J. Yang, H. Zhang, P. Chen, Hybrid fibers made of molybdenum
disulfide, reduced graphene oxide, andmulti-walled carbon nanotubes for solid-state, flexible,
asymmetric SCs. Angew. Chem. Int. Ed. 54, 4651–4656 (2015)

38. X. Hou, T. Peng, J. Cheng, Q. Yu, R. Luo, Y. Lu, X. Liu, J.-K. Kim, J. He, Y. Luo, Ultrathin
ZnS nanosheet/carbon nanotube hybrid electrode for high-performance flexible all-solid-state
SC. Nano Res. 10, 2570–2583 (2017)

39. Z. Zhang, H. Wang, Y. Zhang, X. Mu, B. Huang, J. Du, J. Zhou, X. Pan, E. Xie, Carbon
nanotube/hematite core/shell nanowires on carbon cloth for SC anode with ultrahigh specific
capacitance and superb cycling stability. Chem. Eng. J. 325, 221–228 (2017)

40. J. Sun, P. Zan, L. Ye, X. Yang, L. Zhao, Superior performance of ZnCo2O4/ZnO@multiwall
carbon nanotubes with laminated shape assembled as highly practical all-solid-state asym-
metric SCs. J. Mater. Chem. A 5, 9815–9823 (2017)

41. R. Raccichini, A. Varzi, S. Passerini, B. Scrosati, The role of graphene for electrochemical
energy storage. Nat. Mater. 14, 271–279 (2015)

42. Y. Shao, M.F. El-Kady, L.J. Wang, Q. Zhang, Y. Li, H. Wang, M.F. Mousavi, R.B. Kaner,
Graphene-based materials for flexible SCs. Chem. Soc. Rev. 44, 3639–3665 (2015)

43. H.-P. Cong, X.-C. Ren, P. Wang, S.-H. Yu, Flexible graphene–polyaniline composite paper
for high-performance SC. Energ. Environ. Sci. 6, 1185–1191 (2013)

44. H.-K. Kim, A.R. Kamali, K.C. Roh, K.-B. Kim, D.J. Fray, Dual coexisting interconnected
graphene nanostructures for high performance SC applications. Energ. Environ. Sci. 9, 2249–
2256 (2016)

45. H. Jiang, P.S. Lee, C. Li, 3D carbon based nanostructures for advanced SCs. Energ. Environ.
Sci. 6, 41–53 (2013)

46. Q. Liao, N. Li, S. Jin, G. Yang, C. Wang, All-solid-state symmetric SC based on Co3O4
nanoparticles on vertically aligned graphene. ACS Nano 9, 5310–5317 (2015)

47. F. Wen, C. Hao, J. Xiang, L. Wang, H. Hou, Z. Su, W. Hu, Z. Liu, Enhanced laser scribed
flexible graphene-based micro-SC performance with reduction of carbon nanotubes diameter.
Carbon 75, 236–243 (2014)

48. Y. Zhang, Q. Zou, H.S. Hsu, S. Raina, Y. Xu, J.B. Kang, J. Chen, S. Deng, N. Xu, W.P. Kang,
Morphology effect of vertical graphene on the high performance of SC electrode. ACS Appl.
Mater. Interfaces. 8, 7363–7369 (2016)

49. H.-K. Kim, S.-M. Bak, S.W. Lee, M.-S. Kim, B. Park, S.C. Lee, Y.J. Choi, S.C. Jun, J.T. Han,
K.-W. Nam, K.Y. Chung, J. Wang, J. Zhou, X.-Q. Yang, K.C. Roh, K.-B. Kim, Scalable fabri-
cation of micron-scale graphene nanomeshes for high-performance SC applications. Energ.
Environ. Sci. 9, 1270–1281 (2016)

50. R. Kumar, H.-J. Kim, S. Park, A. Srivastava, I.-K. Oh, Graphene-wrapped and cobalt oxide-
intercalated hybrid for extremely durable super-capacitor with ultrahigh energy and power
densities. Carbon 79, 192–202 (2014)

51. H. Zhang, Solvothermally induced α-Fe2O3/graphene nanocomposites with ultrahigh capac-
itance and excellent rate capability for SCs. J. Mater. Chem. A 3, 22005–22011 (2015)

52. Y. Wang, W. Lai, N. Wang, Z. Jiang, X. Wang, P. Zou, Z. Lin, H.J. Fan, F. Kang, C.-P. Wong,
C. Yang, A reduced graphene oxide/mixed-valence manganese oxide composite electrode
for tailorable and surface mountable SCs with high capacitance and super-long life. Energ.
Environ. Sci. 10, 941–949 (2017)



480 M. Ikram et al.

53. S. Park,M.Vosguerichian, Z.Bao,A reviewof fabrication and applications of carbon nanotube
film-based flexible electronics. Nanoscale 5, 1727–1752 (2013)

54. Y. He, W. Chen, C. Gao, J. Zhou, X. Li, E. Xie, An overview of carbon materials for flexible
electrochemical capacitors. Nanoscale 5, 8799–8820 (2013)

55. M.Kaempgen,C.K.Chan, J.Ma,Y.Cui,G.Gruner, Printable thinfilmSCsusing single-walled
carbon nanotubes. Nano Lett. 9, 1872–1876 (2009)

56. L. Hu, M. Pasta, F. La Mantia, L. Cui, S. Jeong, H.D. Deshazer, J.W. Choi, S.M. Han, Y. Cui,
Stretchable, porous, and conductive energy textiles. Nano Lett. 10, 708–714 (2010)

57. Y.J. Kang, H. Chung, C.-H. Han, W. Kim, All-solid-state flexible SCs based on papers coated
with carbon nanotubes and ionic-liquid-based gel electrolytes. Nanotechnology 23, 065401
(2012)

58. V.L. Pushparaj, M.M. Shaijumon, A. Kumar, S. Murugesan, L. Ci, R. Vajtai, R.J. Linhardt,
O. Nalamasu, P.M. Ajayan, Flexible energy storage devices based on nanocomposite paper.
Proc. Natl. Acad. Sci. 104, 13574 (2007)

59. Y.J. Kang, S.-J. Chun, S.-S. Lee, B.-Y. Kim, J.H. Kim, H. Chung, S.-Y. Lee, W. Kim, All-
solid-state flexible SCs fabricated with bacterial nanocellulose papers, carbon nanotubes, and
triblock-copolymer ion gels. ACS Nano 6, 6400–6406 (2012)

60. L. Hu, W. Chen, X. Xie, N. Liu, Y. Yang, H. Wu, Y. Yao, M. Pasta, H.N. Alshareef, Y. Cui,
Symmetrical MnO2–carbon nanotube-textile nanostructures for wearable pseudocapacitors
with high mass loading. ACS Nano 5, 8904–8913 (2011)

61. G. Yu, X. Xie, L. Pan, Z. Bao, Y. Cui, Hybrid nanostructured materials for high-performance
electrochemical capacitors. Nano Energ. 2, 213–234 (2013)

62. C. Meng, C. Liu, L. Chen, C. Hu, S. Fan, Highly flexible and all-solid-state paperlike polymer
SCs. Nano Lett. 10, 4025–4031 (2010)

63. J.-S.Ye,H.F.Cui,X. Liu, T.M.Lim,W.-D.Zhang, F.-S. Sheu, Preparation and characterization
of aligned carbon nanotube-ruthenium oxide nanocomposites for SCs. Small 1, 560–565
(2005)

64. T. Chen, L. Dai, Flexible SCs based on carbon nanomaterials. J. Mater. Chem. A 2, 10756–
10775 (2014)

65. W. Lu, L. Qu, K. Henry, L. Dai, High performance electrochemical capacitors from aligned
carbon nanotube electrodes and ionic liquid electrolytes. J. Power Sour. 189, 1270–1277
(2009)

66. S. Huang, L. Dai, Plasma etching for purification and controlled opening of aligned carbon
nanotubes. J. Phys. Chem. B 106, 3543–3545 (2002)

67. H. Zhang, G. Cao, Z. Wang, Y. Yang, Z. Shi, Z. Gu, Growth of manganese oxide nanoflowers
on vertically-aligned carbon nanotube arrays for high-rate electrochemical capacitive energy
storage. Nano Lett. 8, 2664–2668 (2008)

68. Q.-L. Chen, K.-H. Xue,W. Shen, F.-F. Tao, S.-Y. Yin,W. Xu, Fabrication and electrochemical
properties of carbon nanotube array electrode for SCs. Electrochim. Acta 49, 4157–4161
(2004)

69. W. Lu, L. Qu, L. Dai, K. Henry, Superior capacitive performance of aligned carbon nanotubes
in ionic liquids. ECS Trans. 6, 257–261 (2019)

70. K.S. Novoselov, V.I. Fal′ko, L. Colombo, P.R. Gellert, M.G. Schwab, K. Kim, A roadmap for
graphene. Nature 490, 192–200 (2012)

71. A.K. Geim, K.S. Novoselov, The rise of graphene, in Nanoscience and Technology. (Co-
Published with Macmillan Publishers Ltd, UK, 2009), pp. 11–19

72. A.K. Geim, Graphene: status and prospects. Science 324, 1530 (2009)
73. L.L. Zhang, R. Zhou, X.S. Zhao, Graphene-based materials as SC electrodes. J. Mater. Chem.

20, 5983–5992 (2010)
74. J. Hou, Y. Shao, M.W. Ellis, R.B. Moore, B. Yi, Graphene-based electrochemical energy

conversion and storage: fuel cells, SCs and lithium ion batteries. Phys. Chem. Chem. Phys.
13, 15384–15402 (2011)

75. C. Xu, B. Xu, Y. Gu, Z. Xiong, J. Sun, X.S. Zhao, Graphene-based electrodes for
electrochemical energy storage. Energ. Environ. Sci. 6, 1388–1414 (2013)



Carbon Nanocomposite-Based SCs as Wearable Energy Storage 481

76. D. Li, M.B. Müller, S. Gilje, R.B. Kaner, G.G. Wallace, Processable aqueous dispersions of
graphene nanosheets. Nat. Nanotechnol. 3, 101–105 (2008)

77. G. Eda, G. Fanchini, M. Chhowalla, Large-area ultrathin films of reduced graphene oxide as
a transparent and flexible electronic material. Nat. Nanotechnol. 3, 270–274 (2008)

78. X. Li, W. Cai, J. An, S. Kim, J. Nah, D. Yang, R. Piner, A. Velamakanni, I. Jung, E. Tutuc,
S.K. Banerjee, L. Colombo, R.S. Ruoff, Large-area synthesis of high-quality and uniform
graphene films on copper foils. Science 324, 1312 (2009)

79. I.-Y. Jeon, Y.-R. Shin, G.-J. Sohn, H.-J. Choi, S.-Y. Bae, J. Mahmood, S.-M. Jung, J.-M. Seo,
M.-J. Kim, D. Wook Chang, L. Dai, J.-B. Baek, Edge-carboxylated graphene nanosheets via
ball milling. Proc. Natl. Acad. Sci. 109, 5588 (2012)

80. Y. Zhu, S. Murali, M.D. Stoller, K.J. Ganesh, W. Cai, P.J. Ferreira, A. Pirkle, R.M. Wallace,
K.A. Cychosz, M. Thommes, D. Su, E.A. Stach, R.S. Ruoff, Carbon-based SCs produced by
activation of graphene. Science 332, 1537 (2011)

81. B.G. Choi, J. Hong,W.H. Hong, P.T. Hammond, H. Park, Facilitated ion transport in all-solid-
state flexible SCs. ACS Nano 5, 7205–7213 (2011)

82. M.F. El-Kady, V. Strong, S. Dubin, R.B. Kaner, Laser scribing of high-performance and
flexible graphene-based electrochemical capacitors. Science 335, 1326 (2012)

83. M.D. Stoller, S. Park, Y. Zhu, J. An, R.S. Ruoff, Graphene-based ultracapacitors. Nano Lett.
8, 3498–3502 (2008)

84. Z. Chen, W. Ren, L. Gao, B. Liu, S. Pei, H.-M. Cheng, Three-dimensional flexible and
conductive interconnected graphene networks grown by chemical vapour deposition. Nat.
Mater. 10, 424–428 (2011)

85. Y. Xu, K. Sheng, C. Li, G. Shi, Self-assembled graphene hydrogel via a one-step hydrothermal
process. ACS Nano 4, 4324–4330 (2010)

86. Y. Xue, J. Liu, H. Chen, R. Wang, D. Li, J. Qu, L. Dai, Nitrogen-doped graphene foams as
metal-free counter electrodes in high-performance dye-sensitized solar cells. Angew. Chem.
Int. Ed. 51, 12124–12127 (2012)

87. Y.Xue,D.Yu, L.Dai, R.Wang,D. Li, A. Roy, F. Lu,H. Chen,Y. Liu, J. Qu, Three-dimensional
B,N-doped graphene foamas ametal-free catalyst for oxygen reduction reaction. Phys. Chem.
Chem. Phys. 15, 12220–12226 (2013)

88. Y. Xu, Z. Lin, X. Huang, Y. Liu, Y. Huang, X. Duan, Flexible solid-state SCs based on
three-dimensional graphene hydrogel films. ACS Nano 7, 4042–4049 (2013)

89. Y. Zhao, J. Liu,Y.Hu,H.Cheng, C.Hu, C. Jiang, L. Jiang,A.Cao, L.Qu,Highly compression-
tolerant SC based on polypyrrole-mediated graphene foam electrodes. Adv. Mater. 25, 591–
595 (2013)

90. I.-Y. Jeon, H.-J. Choi, S.-M. Jung, J.-M. Seo, M.-J. Kim, L. Dai, J.-B. Baek, Large-scale
production of edge-selectively functionalized graphene nanoplatelets via ball milling and
their use as metal-free electrocatalysts for oxygen reduction reaction. J. Am. Chem. Soc. 135,
1386–1393 (2013)

91. A. Raza, J.Z. Hassan, M. Ikram, S. Ali, U. Farooq, Q. Khan, M. Maqbool, Advances in
liquid-phase and intercalation exfoliations of transition metal dichalcogenides to produce 2D
framework. Adv. Mater. Interfaces 8, 2002205 (2021)

92. L. Dai, Functionalization of graphene for efficient energy conversion and storage. Acc. Chem.
Res. 46, 31–42 (2013)

93. F. Du, D. Yu, L. Dai, S. Ganguli, V. Varshney, A.K. Roy, Preparation of tunable 3D pillared
carbon nanotube-graphene networks for high-performance capacitance. Chem. Mater. 23,
4810–4816 (2011)

94. G.K. Dimitrakakis, E. Tylianakis, G.E. Froudakis, Pillared graphene: a new 3-D network
nanostructure for enhanced hydrogen storage. Nano Lett. 8, 3166–3170 (2008)

95. Y. Mao, J. Zhong, The computational design of junctions by carbon nanotube insertion into
a graphene matrix. New J. Phys. 11, 093002 (2009)

96. V.Varshney, S.S. Patnaik,A.K.Roy,G. Froudakis, B.L. Farmer,Modeling of thermal transport
in pillared-graphene architectures. ACS Nano 4, 1153–1161 (2010)



482 M. Ikram et al.

97. O. Barbieri, M. Hahn, A. Herzog, R. Kötz, Capacitance limits of high surface area activated
carbons for double layer capacitors. Carbon 43, 1303–1310 (2005)

98. H. Wang, H.S. Casalongue, Y. Liang, H. Dai, Ni(OH)2 Nanoplates grown on graphene as
advanced electrochemical pseudocapacitor materials. J. Am. Chem. Soc. 132, 7472–7477
(2010)

99. J. Lin, C. Zhang, Z. Yan, Y. Zhu, Z. Peng, R.H. Hauge, D. Natelson, J.M. Tour, 3-dimensional
graphene carbon nanotube carpet-based MicroSCs with high electrochemical performance.
Nano Lett. 13, 72–78 (2013)

100. D. Pech, M. Brunet, H. Durou, P. Huang, V. Mochalin, Y. Gogotsi, P.-L. Taberna, P. Simon,
Ultrahigh-power micrometre-sized SCs based on onion-like carbon. Nat. Nanotechnol. 5,
651–654 (2010)

101. D. Yu, L. Dai, Self-assembled graphene/carbon nanotube hybrid films for SCs. J. Phys. Chem.
Lett. 1, 467–470 (2010)

102. Y. Cheng, S. Lu, H. Zhang, C.V. Varanasi, J. Liu, Synergistic effects from graphene and
carbon nanotubes enable flexible and robust electrodes for high-performance SCs. Nano Lett.
12, 4206–4211 (2012)

103. S.-Y. Yang, K.-H. Chang, H.-W. Tien, Y.-F. Lee, S.-M. Li, Y.-S. Wang, J.-Y. Wang, C.-C.M.
Ma, C.-C. Hu, Design and tailoring of a hierarchical graphene-carbon nanotube architecture
for SCs. J. Mater. Chem. 21, 2374–2380 (2011)

104. H. Gao, F. Xiao, C.B. Ching, H. Duan, Flexible all-solid-state asymmetric SCs based on
free-standing carbon nanotube/graphene andMn3O4 nanoparticle/graphene paper electrodes.
ACS Appl. Mater. Interfaces 4, 7020–7026 (2012)

105. L. Hu, Y. Cui, Energy and environmental nanotechnology in conductive paper and textiles.
Energ. Environ. Sci. 5, 6423–6435 (2012)

106. T. Chen, L. Qiu, Z. Yang, H. Peng, Novel solar cells in a wire format. Chem. Soc. Rev. 42,
5031–5041 (2013)

107. J. Bae,M.K. Song, Y.J. Park, J.M. Kim,M. Liu, Z.L.Wang, Fiber SCsmade of nanowire-fiber
hybrid structures for wearable/flexible energy storage. Angew. Chem. Int. Ed. 50, 1683–1687
(2011)

108. Y. Fu, X. Cai, H. Wu, Z. Lv, S. Hou, M. Peng, X. Yu, D. Zou, Fiber SCs utilizing pen ink for
flexible/wearable energy storage. Adv. Mater. 24, 5713–5718 (2012)

109. X. Xiao, T. Li, P. Yang, Y. Gao, H. Jin, W. Ni, W. Zhan, X. Zhang, Y. Cao, J. Zhong, L.
Gong, W.-C. Yen, W. Mai, J. Chen, K. Huo, Y.-L. Chueh, Z.L. Wang, J. Zhou, Fiber-based
all-solid-state flexible SCs for self-powered systems. ACS Nano 6, 9200–9206 (2012)

110. J. Ren, L. Li, C. Chen, X. Chen, Z. Cai, L. Qiu, Y. Wang, X. Zhu, H. Peng, Twisting carbon
nanotube fibers for bothwire-shapedmicro-SC andMicro-battery. Adv.Mater. 25, 1155–1159
(2013)

111. Y.Meng, Y. Zhao, C. Hu, H. Cheng, Y. Hu, Z. Zhang, G. Shi, L. Qu, All-graphene core-sheath
microfibers for all-solid-state, stretchable fibriform SCs and wearable electronic textiles. Adv.
Mater. 25, 2326–2331 (2013)

112. J.A. Lee, M.K. Shin, S.H. Kim, H.U. Cho, G.M. Spinks, G.G. Wallace, M.D. Lima, X. Lepró,
M.E. Kozlov, R.H. Baughman, S.J. Kim, Ultrafast charge and discharge biscrolled yarn SCs
for textiles and microdevices. Nat. Commun. 4, 1970 (2013)

113. Z. Cai, L. Li, J. Ren, L. Qiu, H. Lin, H. Peng, Flexible, weavable and efficient microSC wires
based on polyaniline composite fibers incorporated with aligned carbon nanotubes. J. Mater.
Chem. A 1, 258–261 (2013)

114. P.-C. Chen, G. Shen, S. Sukcharoenchoke, C. Zhou, Flexible and transparent SC based on
In2O3 nanowire/carbon nanotube heterogeneous films. Appl. Phys. Lett. 94, 043113 (2009)

115. S.K. Nataraj, Q. Song, S.A. Al-Muhtaseb, S.E. Dutton, Q. Zhang, E. Sivaniah, Thin, flexible
SCs made from carbon nanofiber electrodes decorated at room temperature with manganese
oxide nanosheets. J. Nanomater. 2013, 272093 (2013)

116. C. Chien, S.S. Deora, P. Chang, D. Li, J.G. Lu, Flexible symmetric SCs based on TiO2 and
carbon nanotubes. IEEE Trans. Nanotechnol. 10, 706–709 (2011)



Carbon Nanocomposite-Based SCs as Wearable Energy Storage 483

117. L. Zhang, Q. Ding, Y. Huang, H. Gu, Y.-E. Miao, T. Liu, Flexible hybrid membranes
with Ni(OH)2 nanoplatelets vertically grown on electrospun carbon nanofibers for high-
performance SCs. ACS Appl. Mater. Interfaces 7, 22669–22677 (2015)

118. L. Du, P. Yang, X. Yu, P. Liu, J. Song, W. Mai, Flexible SCs based on carbon nanotube/MnO2
nanotube hybrid porous films for wearable electronic devices. J. Mater. Chem. A 2, 17561–
17567 (2014)

119. Y. Wang, S. Tang, S. Vongehr, J. Ali Syed, X. Wang, X. Meng, High-performance flex-
ible solid-state carbon cloth SCs based on highly processible N-graphene doped polyacrylic
acid/polyaniline composites. Sci. Rep. 6, 12883 (2016)

120. S. Zeng, H. Chen, F. Cai, Y. Kang, M. Chen, Q. Li, Electrochemical fabrication of carbon
nanotube/polyaniline hydrogel film for all-solid-state flexible SC with high areal capacitance.
J. Mater. Chem. A 3, 23864–23870 (2015)

121. K.S. Kim, Y. Zhao, H. Jang, S.Y. Lee, J.M. Kim, K.S. Kim, J.-H. Ahn, P. Kim, J.-Y. Choi, B.H.
Hong, Large-scale pattern growth of graphene films for stretchable transparent electrodes.
Nature 457, 706–710 (2009)

122. S. Bae, H. Kim, Y. Lee, X. Xu, J.-S. Park, Y. Zheng, J. Balakrishnan, T. Lei, H. Ri Kim,
Y.I. Song, Y.-J. Kim, K.S. Kim, B. Özyilmaz, J.-H. Ahn, B.H. Hong, S. Iijima, Roll-to-roll
production of 30-inch graphene films for transparent electrodes. Nat. Nanotechnol. 5, 574–578
(2010)

123. X. Li, Y. Zhu, W. Cai, M. Borysiak, B. Han, D. Chen, R.D. Piner, L. Colombo, R.S. Ruoff,
Transfer of large-area graphene films for high-performance transparent conductive electrodes.
Nano Lett. 9, 4359–4363 (2009)

124. T. Chen,H. Peng,M.Durstock, L.Dai, High-performance transparent and stretchable all-solid
SCs based on highly aligned carbon nanotube sheets. Sci. Rep. 4, 3612 (2014)

125. A. Yu, I. Roes, A. Davies, Z. Chen, Ultrathin, transparent, and flexible graphene films for SC
application. Appl. Phys. Lett. 96, 253105 (2010)

126. T. Chen, Y. Xue, A.K. Roy, L. Dai, Transparent and stretchable high-performance SCs based
on wrinkled graphene electrodes. ACS Nano 8, 1039–1046 (2014)

127. H. Xu, X. Hu, H. Yang, Y. Sun, C. Hu, Y. Huang, Flexible asymmetric Micro-SCs based on
Bi2O3 andMnO2 nanoflowers: larger areal mass promises higher energy density. Adv. Energ.
Mater. 5, 1401882 (2015)

128. C.Yu, C.Masarapu, J. Rong, B.Wei, H. Jiang, Stretchable SCs based on buckled single-walled
carbon-nanotube macrofilms. Adv. Mater. 21, 4793–4797 (2009)

129. Z. Niu, H. Dong, B. Zhu, J. Li, H.H. Hng, W. Zhou, X. Chen, S. Xie, Highly stretchable,
integrated SCs based on single-walled carbon nanotube films with continuous reticulate
architecture. Adv. Mater. 25, 1058–1064 (2013)

130. J. Zang,C.Cao,Y. Feng, J. Liu,X.Zhao, Stretchable andhigh-performanceSCswith crumpled
graphene papers. Sci. Rep. 4, 6492 (2014)

131. W. Kim, W. Kim, 3 V omni-directionally stretchable one-body SCs based on a single ion–gel
matrix and carbon nanotubes. Nanotechnol. 27, 225402 (2016)

132. T.G. Yun, B.I. Hwang, D. Kim, S. Hyun, S.M. Han, Polypyrrole–MnO2-coated textile-based
flexible-stretchable SC with high electrochemical and mechanical reliability. ACS Appl.
Mater. Interfaces 7, 9228–9234 (2015)

133. J. Yun, Y. Lim, G.N. Jang, D. Kim, S.-J. Lee, H. Park, S.Y. Hong, G. Lee, G. Zi, J.S. Ha,
Stretchable patterned graphene gas sensor driven by integrated micro-SC array. Nano Energ.
19, 401–414 (2016)

134. J. Yu, W. Lu, S. Pei, K. Gong, L. Wang, L. Meng, Y. Huang, J.P. Smith, K.S. Booksh, Q. Li,
J.-H. Byun, Y. Oh, Y. Yan, T.-W. Chou, Omnidirectionally stretchable high-performance SC
based on isotropic buckled carbon nanotube films. ACS Nano 10, 5204–5211 (2016)

135. C. Choi, H.J. Sim, G.M. Spinks, X. Lepró, R.H. Baughman, S.J. Kim, Elastomeric and
dynamic MnO2/CNT core-shell structure coiled yarn SC. Adv. Energ. Mater. 6, 1502119
(2016)



Conducting Polymers Based
Nanocomposites for Supercapacitors

Syed Shaheen Shah, Md. Abdul Aziz, Wael Mahfoz,
and Abdul-Rahman Al-Betar

Abstract Among the unconventional electrically powered devices (supercapacitors,
batteries, and fuel cells), supercapacitors have received significant interest due to
their better electrochemical performance, exceptional cycle life, outstanding specific
power, and rapid charging/discharging rate. Furthermore, supercapacitors based on
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1 Introduction

Electrochemical energy storage technologies, for example, supercapacitors and
batteries, have shown to be highly reliable in enabling the utilization of renew-
able energy. It is essential to consider the development of efficient electrochemical
energy storage devices. The design of active electrode materials for elevated electro-
chemical performance is the essential component of an energy storage system [1, 2].
Conducting polymers (CPs), among the numerous materials used in energy storage
devices, have piqued the interest of researchers all over the globe because of their
low-cost, simple tunability of arrangements, rich redox chemistry, flexibility, struc-
ture, and morphology [3, 4]. As a result, CPs appear to be a viable option for next-
generation supercapacitors. However, cycle stability is a bottleneck restriction for
practical applications of CPs-based energy storage systems. As a result, research into
developing next-generation CPs-driven energy storage has been ongoing to provide
practically feasible solutions. CPs-based energy storage devices appear to have a
bright future, but additional research and development studies are needed before they
can be commercialized on a larger scale. Nanotechnology is an endeavor to achieve
engineering and production ofmaterials at the level of the nanoscale. The latest mate-
rials science and engineering developments have brought about the fast growth of
nanoscale materials, which draw much interest and excitement for study. The focus
is on nanoporous CPs frommaximal uses in catalysis, adsorption, the transmission of
pharmaceuticals, sensors, and energy storage/conversion [5–7]. CPs nanocomposites
have superior physicochemical and biological characteristics. CPs with secondary
component increases various features beneficial for supercapacitor applications. A
nanocomposite’s intended aspects are regulated by its shape, size, and distribution
of the dispersed phase [8]. Nanocomposites comprising CPs with metals or metal
oxides, carbon-based nanomaterials, and their ternary nanocomposites were synthe-
sized using in-situ, one-pot, and vapor-phase polymerization [9–12]. This chapter
investigates the latest developments in CPs-based nanocomposites for supercapac-
itor applications. It provides a brief overview of current advancements in CPs and
their nanocomposites, synthetic methods, and applications in supercapacitors. As
a result, improving CPs-based supercapacitor performance involves increasing the
CPs surface area. CPs must be mixed with other materials to minimize ion diffu-
sion length, allowing composites where CPs are coated onto the second materials.
Also, CPs undergo significant volume changes during redox, causing capacitance
loss during charging/discharging. Using porous carbons as templates might help
decrease this detrimental effect. To produce high-performance nanocomposites, the
host materials must meet specific criteria. They must be highly porous, have a large
specific area, and give enough electrical conductivity [13, 14]. Carbon-related mate-
rials, such as activated carbon, carbon nanotubes (CNTs), and graphene, appear to be
the best options to fulfill these problems. Advanced literature has been summarized
on CPs-based nanocomposites, including binary and ternary nanocomposites, and
recent advances in using these nanocomposites in supercapacitors are emphasized.
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2 CPs and Their Nanocomposites

Polymers are macromolecules made up of many monomers or repeated subunits.
Polymer is derived from two Greek words: poly, which means many, and mer,
which means parts or units. Monomers are small molecules that serve as the building
blocks of polymers, whereas polymers make up large molecules. CPs represent an
important class of functional organic materials for next-generation electronic and
optical devices. CPs conduct electricity due to π electron delocalization. These
compounds could be considered as either metallic conductors or semiconductors.
Organic synthesis and advanced dispersion techniques can be used to fine-tune
the electrical properties. CPs synthesized as nanomaterials are especially inter-
esting because their properties differ significantly from their bulk counterparts
[15]. CPs include polyaniline (PANI), polypyrrole (PPy), polythiophene (PTh), and
poly(3,4-ehtylenedioxythiophene) (PEDOT) display huge theoretical specific capac-
itances, which allow them to act as better electrode materials for supercapacitors.
Advances in nanotechnology allow for the fabrication of various conducting polymer
nanocomposites with different methods. CPs-based nanocomposites featuring high
surface area, small dimensions, and exhibit unique physical and chemical properties;
therefore, they have been widely used for various purposes such as supercapacitors.

CPs-based nanocomposites have attracted significant interest in recent research
due to their remarkably enhanced dielectric, electrochemical, and electrical proper-
ties, allowing their applications in electrochemical lithium-ion batteries, stretchable
electronics, sensors, and supercapacitors. Compared to other conductive materials
(i.e., transitionmetal nanoparticles, CNTs, or carbon black), nanostructuredCPs have
better tunability, processability, and moldability, meaning that they are more easily
processed into various forms such as powder, thin-films, hydrogels, and coatings to
efficiently establish dynamic interfaces inside the nanocomposites and enrich their
essential electrical functions. CPs and their nanocomposites can be formed using
chemical and electrochemical methods [14]. Chemical synthesis of CPs is achieved
by oxidation of the monomers using an oxidizing agent such as iron chloride or
ammonium persulfate, while electrochemical synthesis involves anodic polymeriza-
tion on an electrode in the presence of the counter-ion species. The chemical synthesis
of CPs nanocomposites consists ofmixing a conducting polymer’smonomerwith the
supporting material (which can be charged or discharged) before the oxidation step.
When forming a nanocomposite with an uncharged supporting material, supporting
electrolytes are also required in the reaction mixture. Electrochemical synthesis of
CPs nanocomposites can proceed in two ways, either by polymerization on a pre-
formed layer of the support material on an electrode or by co-electrodeposition. The
electrochemical deposition of the CPs and the adhesion of the supporting material
to the deposited CPs occurs simultaneously. During CPs nanocomposite formation,
chemical or electrochemical oxidation of the monomers leads to precipitation of the
polymers from solution.
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3 Importance of CPs-Based Nanocomposites

Although pure CPs own many unique properties, they are not appropriate to be
utilized as active electrode materials alone. The CPs have a common weakness that
limits their use in supercapacitors alone, i.e., their structures are degraded during
repeated redox cycles. This occurs due to the associated ion and solvent transfer
across the interface of the CPs and electrolytes, which causes shrinkage and swelling
of CPs [13]. The instability of CPs towards repeated redox cycling shows that just a
porous structure alone is insufficient to make these materials into high-performing
electrode materials. To improve the CPs-based electrochemical performances and
supercapacitors’ stabilities, researchers have tried to synthesize binary and even
ternary nanocomposites with other active materials, including carbon materials and
metal oxides, and the progress of which will be discussed hereinafter.

A range of CPs nanocomposites containing nanoarchitecture materials has been
developed to impart mechanical strength and porosity to CPs to improve the redox
cycling stability [4, 16]. Higher capacitance values for the CPs can be achieved by
forming composite structures with carbon and/or metal oxides. In current research
developments, the studies on CPs and their nanocomposites using carbonaceous
materials [4, 17] and transition metal oxides (TMOs) [18] as the electrodes for super-
capacitor devices are quite promising due to ease of fabrication, higher stability,
and high flexibility. Carbon-based nanocomposites typically enhance the surface
area of an electrode, increasing the contribution of double-layer capacitance [19],
while composites with TMOs introduce additional charge storage mechanisms to the
system [20]. Furthermore,CPsnanocomposites can also improve an electrode’smate-
rial utilization efficiency, conductivity, or cycling stability. Experimental capacitance
values for various CPs and CPs-based nanocomposites are summarized in Fig. 1.

4 CPs-Based Binary Nanocomposites

A nanocomposite is a multiphase solid substance in which one of the phases has
one, two, or three dimensions less than 100 nm, or structures with nanoscale repe-
tition intervals between the distinct phases that comprise the material. Due to their
constituents’ synergistic effect, composite materials possess more significant advan-
tages, including high mechanical stability and improved electrochemical behavior.
CPs nanocomposites are solid-phase materials (metals/ceramics) with a CP falling
within nanometer range (1–100 nm) at least in one of its dimensions. Researchers
have focused on merging nanomaterials with CPs for the past two decades because
of their efficient electronic behavior through electronic interactions or structural
modifications in the binary components. In the following subsections, we will
provide research progress of different kinds of CPs-based binary nanocomposites
for supercapacitor applications.
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Fig. 1 Specific capacitance comparison of various CPs and their nanocomposites. Adapted with
permission from reference [20]. Copyright The Authors, some rights reserved; exclusive licensee
Royal Society of Chemistry. Distributed under a Creative Commons Attribution License 3.0 (CC
BY)

4.1 CPs and Carbon-Based Binary Nanocomposites

CPs have attracted a lot of investigation in the previous decade due to their unique
characteristics. The main challenges in their supercapacitor applications are volu-
metric shrinkage and severe aggregation. On the other hand, carbon materials have
excellent electrical conductivity, large specific surface areas, cyclic stability, and
mechanical characteristics but exhibit low capacitance. To overcome these chal-
lenges, CPs are commonly mixed with carbonaceous materials to produce nanocom-
posites. Many investigations have demonstrated that compared with pure CPs,
CPs/carbon nanocomposites show better electrochemical properties. Carbon mate-
rials are ideal fillers for CPs-based supercapacitors. Various CPs/carbon nanocom-
posites have been studied, such as CPs/CNTs [21], CPs/graphene [22], CPs/carbon
nanofibers [23], CPs/carbon spheres [24], and CPs/carbon particles [4].

4.1.1 CPs/CNTs Nanocomposites

Over the last decade, there has been much research interest in CPs/CNTs nanocom-
posites for supercapacitors. Because of their large surface area, high mechanical
strength, and high conductivity, CPs/CNTs composites are very appealing for super-
capacitor applications. The main requirements for materials used in supercapacitor
applications are high specific capacitance and high electrochemical stability. CNTs
have been shown to act as a perfect backbone for a homogeneous distribution of
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CPs in the nanocomposite. Because pure CPs are mechanically weak, CNTs protect
the CPs active material from mechanical changes (breaking/shrinkage) over long
periods of charge–discharge performance. Aside from having excellent conducting
and mechanical properties, the presence of CNTs improves charge transfer, allowing
for a high charge/discharge rate [25].

Aswathy et al. [2] recently reported flexible substrate electrodes based on
PANI/CNTs for supercapacitor applications. A solid-state flexible supercapacitor
made of PANI/CNTs-based flexible substrate electrodes and a PVA-based gel elec-
trolyte achieved an aerial capacitance of 8.4mF/cm2 at 25mV/s and good capacitance
retention. The current strategy has paved the way for CPs/CNTs-based nanocompos-
ites with high porosity and flexibility as sustainable electrode materials for energy
storage applications. Wu et al. [26] fabricated a high-performance supercapacitor
using PANI/CNTs nanocomposite electrodes, with vertically aligned CNTs gener-
ated by electrochemical induction at 0.75 V. The CNTs structure also play an impor-
tant role in the development of PANI/CNTs nanocomposites. As illustrated in Fig. 2a,
the disordered CNTs (D-CNTs) were randomly aggregated, requiring a lengthy route
for charges (ions), resulting in less charge buildup in electrodes and low capaci-
tance.However, after the disordered structurewas vertically oriented (VA-CNTs), the
constantly conductive channels of the produced VA-CNTs enabled charge direct and
rapid transit. The comparative electrochemical results of the developed PANI/CNTs
nanocomposite are shown in Fig. 2b–e. The PANI/CNTs supercapacitor will have
a lot of potential for portable and wearable electronic applications because of these
extraordinary results. Zhang et al. [8] reported PANI/CNTs core–shell nanocompos-
ites electrodes for supercapacitors with large specific capacitance and high capaci-
tance retention owing to the hierarchically porous structure of electrode materials,

Fig. 2 a Schematic illustration for the development of PANI/CNTs nanocomposite electrode. b
CV curves of the pure CNTs (D-CNTs) and PANI/CNTs nanocomposite at a scan rate of 10mV/s.
c The corresponding specific capacitances and weight percentages of PANI in the PANI/CNTs
nanocomposite electrodes with different electrochemically induced time at a scan rate of 10mV/s.
d GCD profiles of the PANI/CNTs nanocomposite electrode at a current density of 1 A/g. e The
obtained specific capacitances at various current densities. Adapted with permission from reference
[26]. Copyright The Authors, some rights reserved; exclusive licensee Springer Nature. Distributed
under a Creative Commons Attribution License 4.0 (CC BY)
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decreased ions diffusion length, and effectual charge transport. They then prepared a
series of core–shell structured PANI/CNTs composites to investigate the effect of the
microstructures [27]. Despite extensive research into the connection between PANI
loading/thickness and characteristics, the concept of rational design of hierarchically
organized electrodes with good performance is still in its early stages, which is an
important issue that must be addressed.

PPy is one of the most widely studied CPs owing to its solid environmental
stability, low-cost, significant mechanical characteristics, high capacitance, and easy
solubility in aqueous media [28]. Through a combination of the high conductivity
and EDLC behaviors of CNTs, as well as the high pseudocapacitance of redox-active
PPy, PPy has been coated on pure and/or functionalized CNTs to produce nanocom-
posite electrode materials with better electrochemical performance [13, 25]. Several
studies have demonstrated that supercapacitors based on PPy/CNTs nanocomposite
have higher specific capacitances [29]. Lin et al. [30] even reported an unusually
high result of 890 F/g for the PPy/CNTs nanocomposite. Fang et al. [31] reported
that strong stacking between the conjugated backbone of PPy and the graphitic
sidewall of CNTs is responsible for the microstructural homogeneity, high specific
capacitance, and conductivity of PPy/CNTs nanocomposite in supercapacitor. CNTs
can be used as reinforcing material to overcome the PPy shrinkage/swelling during
the doping/undoping process. The innovative binder-free direct growing method is
responsible for the overall excellent cycle stability and performance of the produced
PPy/CNTs nanocomposite-based flexible electrode. Specific capacitance, energy
density, and cycle life are often used to describe the capacitive performance of
PPy/CNTs nanocomposites-based supercapacitors. It is important to note that the
ultimate capacitive properties of PPy/CNTs nanocomposites for supercapacitors are
influenced by a variety of factors such as surface morphologies, fabrication tech-
niques, PPy/CNTs ratios, and experimental conditions such as current densities,
scan rates, and electrolyte.

The electrochemical performance of PEDOT as electrode material for superca-
pacitorwas also highly improved by forming nanocompositeswithCNTs. The capac-
itance of an electrochemically synthesized PEDOT/CNTs nanocomposite was more
than twice that of pristine PEDOT synthesized using the same deposition charge.
Peng et al. [13] prepared nanocomposite films of PEDOT and CNTs by electrochem-
ical co-deposition of solutions comprising the PEDOT monomer and acid-treated
CNTs. CNTs were used as charge carriers during electrodeposition, acting as the
backbone of a three-dimensional micro- and nano-porous structure and the effective
charge-balancing dopant inside the polymer. Unlike pure PEDOT, the PEDOT/CNTs
nanocomposite retained the capacitance of the as-prepared film considerably better
in continuous potential cycling experiments. The PEDOTmonomer is only soluble in
acetonitrile, whereas the oxidized CNTs could be dispersed in the aqueous solutions.
However, the chemically synthesized PEDOT/CNTs nanocomposites can easily be
soluble in aqueous solutions [9]. In situ chemical polymerization synthesized the
homogenously grafted PEDOT/CNTs nanocomposite, which showed better electro-
chemical performance as a supercapacitor electrode [9]. A controlled and simple
technique was used to develop free-standing 3D electrodes PEDOT/CNTs sponge



492 S. S. Shah et al.

nanocomposites, and a symmetric all-solid-state supercapacitor cell was fabricated
[32]. The considerably increased capacitance of the PEDOT/CNTs nanocomposites
compared to pure PEDOT and CNTs electrodes might be attributed to pseudocapac-
itance resulting from the rapid redox process occurring in each component’s unique
connection and porous structure. The schematic representation for the synthesis of
PEDOT/CNTs sponge nanocomposite and the corresponding FESEM images are
shown in Fig. 3a. During the charge/discharge, the redox process is described in
Eq. 1 and schematically represented in Fig. 3b. The negative and positive electrodes
undergo n-doping and p-doping during charging. The n− and p− doped electrodes
adsorb opposite ions from the electrolyte, such as anions of SO4

2− and cations of
H+. Accordingly, such doping mechanism, the adsorbed charges are released during
the discharging process [33]. When the cell is entirely discharged, both electrodes
become undoped.

2PEDOT + tCm+
x An−

y � [PEDOT ]tn+t An−
y + [PEDOT ]tm−tCm+

c (1)

4.1.2 CPs/Biomass-Derived Carbon Nanocomposites

Because of their combined functionality of faradic reactions and electrostatic
charging processes, carbon and CPs nanocomposites are promising electrode
materials for high-performance supercapacitors. However, traditionally produced
nanocarbon compounds for wide-ranging purposes are not advised because of their
costly nanocarbon precursors and complicated synthesis methods. Instead, the use
of low-cost biomass precursors and the development of a more efficient and ecologi-
cally friendly approach to technological development are appealing.Biomass-derived
carbonaceous nanomaterials are produced from natural resources in labs, including
jute sticks/fibers [5, 34–38], banana leaves [39], Syzygium cumini leaves [40],Albizia
proccera leaves [41–43], nettle fibre [44], coal [45], tal palm [46], and Pithophora
polymorpha [4].

Shah et al. [4] reported nanocomposite of PANI and Pithophora polymorpha
derived nanocarbon as efficient electrode material for supercapacitor, which
displayed a pseudocapacitor behavior and exhibited high areal capacitance and good
cyclic stability. The unique redox-active behavior of PANI, the active framework
of porous heteroatoms-enriched hierarchical nanocarbon and enhanced electrical
conductivity of the composite electrode may be ascribed to its advanced electro-
chemical energy storage capabilities. The schematic representation for the synthesis
of PANI/nanocarbon via electrochemical deposition and the corresponding superca-
pacitor performance is shown in Fig. 4. The use of boron-doped activated wood-
derived nanocarbon to support and scatter PANI for the application as superca-
pacitor electrode materials were reported by Liu et al. [12]. Due to the syner-
getic effect between PANI/nanocarbon, the as-prepared PANI/nanocarbon nanocom-
posite had considerably increased specific capacitance compared to pure PANI and



Conducting Polymers Based Nanocomposites for Supercapacitors 493

Fig. 3 (A) A schematic illustration for synthesizing PEDOT/CNTs sponge nanocomposite and (a–
d) the correspondingFESEM images. (B)A schematic illustration for the chargingmechanismof the
PEDOT/CNTs sponge nanocomposite-based symmetric supercapacitors. Adapted with permission
from reference [32], Copyright (2018), Elsevier
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Fig. 4 Schematic representation for the synthesis of PANI/carbon via electrochemical deposition
and the corresponding supercapacitor performance. Adapted with permission from reference [4],
Copyright (2020), Elsevier

nanocarbon. A simple two-step synthesis method was used to produce biomass-
derived three-dimensional nanocarbon fiber aerogels containing PPy nanoparticles
[47]. The 3D carbon aerogels made from biomass and its nanocomposite with PPy
exhibited excellent capacitance and long-term stability, making them ideal for super-
capacitors. Peng et al. [48] prepared the lignosulfonate/PPy hydrogel by hydrother-
mally treating a combination of porous nanocarbon nanospheres/lignosulfonate/PPy.
This study contributes to building electroactive biomass-based hydrogels and a new
way of improving hydrogel characteristics. A promising nanocomposite of PEDOT
and bamboo shoot shells derived nitrogen/sulfur co-doped porous carbons were
synthesized for supercapacitor electrodes [49].

4.1.3 CPs/Graphene Nanocomposites

Over the last decade, there has been a surge in interest in nanocomposite materials.
Graphene, graphene analogs, and CPs are increasingly being used as nanocomposite
materials for supercapacitor applications. Combining graphene and CPs materials at
the nanoscale allows for the creation of efficient nanocomposites with unique and,
in many cases, improved characteristics. Fan et al. [50] developed a low-cost and
high-efficiency technique to produce free-standing PANI/graphene nanocomposite
sheets. PANI was evenly intercalated into the sulfonated graphene layers of the
nanocomposite paper. Individual graphene sheets were covered with nanostructured
PANI. The PANI/graphene nanocomposite sheets were thin, light, and flexible, and
their supercapacitors performed well electrochemically, with high cycle stability.
The in situ polymerization produced a micro-spherical PANI/graphene nanocom-
posite with a porous structure [51]. The 3D framework of graphene microspheres
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made of pure few-layer graphene nanosheets was utilized to load PANI, signif-
icantly improving its conductivity. In terms of electrochemical performance, the
PANI/graphene nanocomposite demonstrated good cycle stability, indicating signif-
icant promise for high-power electrical sources. Liu et al. [52] developed a simple
method for preparing PPy/graphene nanocomposites for supercapacitors. The in-
situ one-pot method reduced graphene oxide and intercalated PPy into graphene
nanosheets sequentially to avoid graphene aggregation. The PPy/graphene nanocom-
posites had the greatest electrical conductivity of 1980 S/m and specific capacitance
of 650 F/g at 0.45 A/g. Khasim et al. [53] reported the excellent performance of free-
standing films of PEDOT/graphene nanocomposites by secondary graphene doping
for supercapacitors utilizing a simple bar coating process. Table 1 summarizes the
capacitive properties of CPs/carbon-based binary nanocomposites as electrodes for
supercapacitors.

4.2 CPs/TMOs-Based Binary Nanocomposites

Supercapacitors based on TMOs operate by fast charging/discharging processes
because of the fast-faradaic redox reactions at the electrode–electrolyte interface.
Thus, compared with electric double-layer capacitors, TMOs based pseudocapaci-
tors have high specific capacity and energy density. Its weak conductivity and limited
surface area, however, hindered its further use in supercapacitors. Therefore, a syner-
gistic impact of TMOs and CPs for developing composite electrodes for supercapac-
itors was recognized to enhance conduction and surface area without decreasing the
corresponding pseudocapacitive performance. The development of electrochemical
accessibility of redox sites for supercapacitors of the high-performance processing
processes may be achieved by the CPs/TMOs nanocomposite electrodes. Therefore,
this section presents a detailed overview of the preparation, structural features, elec-
trical characteristics, and supercapacitor performance of CPs/TMOs-based binary
nanocomposites for supercapacitors.

4.2.1 PANI/TMOs-Based Nanocomposites

A range of chemical and electrochemical processes are used to prepare PANI
nanocomposites with varying TMOs for supercapacitor applications. Metal oxide
nanoparticles from a salt solution are commonly deposited on the conducting surface
of PANI (used as an electrode) by electrochemical deposition.Metal ions are reduced
at the working electrode when a sufficient current is passed through the salt solution.
The size and morphology of TMOs can be precisely controlled in this method by
adjusting the electrochemical parameters. Singu et al. [57] synthesized PANI/NiO
nanocomposites by in situ aqueous oxidative polymerization for supercapacitor appli-
cations. The study demonstrated that PANI/NiO nanocomposites could be promising
materials for supercapacitors. Recently, Jadhav et al. [58] prepared PANI/MnO2
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Table 1 Acomparison of the capacitive properties ofCPs and carbon-based binary nanocomposites
as electrodes for supercapacitors

Electrode
materials

Specific capacitance
(F/g)
(Current density or
Scan rate)

Energy
density
(Wh/kg)

Electrolyte Cyclic
stability

References

PANI/CNTs 30.69 mF/cm2

(25 mV/s)
0.16
mWh/cm2

PVA/ NaNO2
gel

71%
(8000)

[2]

PANI/CNTs 403.3 (1 A/g) 98.1 1 M HClO4 90.2%
(3000)

[26]

PANI/CNTs 1030 (5.9 A/g) … 1 M H2SO4 95%
(5000)

[8]

PANI/CNTs 1019.5 (10 mA/cm2) 40.5 PVA/H3PO4 gel 94%
(10,000)

[54]

PPy/CNTs 486.1 (0.5 A/g) 3.9 0.5 M H2SO4 82%
(10,000)

[3]

PPy/CNTs 282 (1 A/g) 1.0 1 M KCl 63.9%
(1000)

[55]

PPy/CNTs 150.8 (1 mA/cm2) 4.5 0.5 M Na2SO4 101.2
(5000)

[56]

PPy/CNTs 152.8 (1 mA/cm2) 84.9 1 M LiClO4/PC 85%
(5000)

[11]

PPy/CNTs 179 (1 A/g) 10.7 0.5 M Na2SO4 118.1
(1000)

[1]

PEDOT/CNTs 50 (100 mV/s) … 0.5 M KCl 85%
(5000)

[13]

PEDOT/CNTs 81 (0.5 A/g) 11.3 1 M LiClO4 85
(1000)

[9]

PEDOT/CNTs 147 (0.5 A/g) 8.3 PVA-H2SO4 gel 95%
(3000)

[32]

PANI/Carbon 176 mF/cm2

(1 mA/cm2)
24.5
μWh/cm2

0.1 M HCl 95%
(1000)

[4]

PANI/Carbon 421 (10 mV/s) 45.2 1 M H2SO4 83%
(2500)

[12]

PPy/Carbon 419 mF/cm2

(1 mA/cm2)
… 1 M H2SO4 86.4%

(3000)
[47]

PPy/Carbon 522 mF/cm2

(0.5 mA/cm2)
72.5
μWh/cm2

cellulose/H2SO4 98%
(12,000)

[48]

PEDOT/Carbon 302.5 (0.5 A/g) 30.60 1 M EMIMPF6 87%
(10,000)

[49]

PANI/Graphene 478 (0.5 A/g) … 1 M NaOH 88%
(2000)

[50]

PPy/Graphene 650 (0.45 A/g) 54 1 M H2SO4 95%
(5000)

[52]

PEDOT/Graphene 174 (0.5 A/g) 810 PVA/H3PO4 gel 90%
(5000)

[53]
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Fig. 5 Schematic representation for the preparation of PANI/MnO2 nanocomposites via polymer
coating and grafting approaches and their corresponding CVs. Adapted with permission from
reference [58], Copyright (2021), Elsevier

nanocomposite polymer coating and grafting approaches. The prepared nanocom-
posites performed excellently as supercapacitor electrodes. The synthesis procedure
for the PANI/MnO2 nanocomposites and their corresponding CVs are shown in
Fig. 5. An electrodeposition method was used to synthesize a high-performance
negative electrode made of vanadium oxide (V2O5) and PANI nanocomposite [59].
The PANI/V2O5 nanocomposite-based supercapacitor operated at a longer potential
window of 1.6 V and delivered a maximum specific capacitance of 443 F/g. The
ability to synthesize high-performance composite electrodes using the electrode-
position method may open new possibilities for supercapacitors with high energy
density.

When employing the chemical synthesis approach, PANI/TMOs nanocomposites
are developed by a combination of in situ chemical oxidative polymerization with
metal oxide nanoparticles [60], and in situ polymerization of monomers of PANI
with metal oxides as the oxidizing agents, where metal oxides serve as the oxidizing
agents in some cases [61]. Both TMOs and PANI can be synthesized simultane-
ously to obtain a uniform distribution of PANI/TMOs nanocomposites [62]. In-situ
polymerization is a scalable and one-step method for producing widely distributed
and strongly interacting polymer/TMOs nanocomposites. PANI/MnO2 nanocom-
posites were synthesized via a scalable and one-step in-situ polymerization method
[60]. Hu et al. [63] reported a chemical technique to create a PANI/SnO2 nanocom-
posite with a unique surface structure and a synergistic impact of the complementary
characteristics of both components. The energy storage capacity of the PANI/SnO2

nanocomposite was about three times that of pure SnO2. The FESEM images and
CV curves of the SnO2 and PANI/SnO2 nanocomposite are shown in Fig. 6. The
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Fig. 6 FESEM images of a SnO2 and b, c PANI/SnO2 nanocomposite. CV curves of d pure SnO2
and e PANI/SnO2 nanocomposite at different scan rates. Adapted with permission from reference
[63], Copyright (2009), Elsevier

corresponding CV curves of pure SnO2 and PANI/SnO2 nanocomposite at different
scan rates are shown in Fig. 6d and Fig. 6e, respectively.

4.2.2 PPy/TMOs-Based Nanocomposites

Reversible redox reactions and high capacitance make PPy CP a good superca-
pacitor electrode material. It has poor electrochemical stability owing to polymer
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molecule chain breakage during long-term charge and discharge. It is reported that
the nanocomposites of PPy and TMOs have produced a synergetic effect on the
overall performance of supercapacitors. Ruthenium, iron, copper, and cobalt ions
are used for developing PPy/TMOs nanocomposites. Interchain coordination struc-
ture between a transition metal ion and the nitrogen atom of the PPy ring improves
the cycle stability and rate capability of PPy by strengthening the polymer molecule
chain strength during charging/discharging. As a result, PPy/TMOs nanocompos-
ites are promising supercapacitor electrode materials for effective energy storage
[64]. Yuan et al. [65] synthesized PPy/MnO2 nanocomposites, and due to their
better electrochemical performance, the nanocomposites were applied as super-
capacitor electrode materials. The excellent electrochemical performances of the
PPy/MnO2 nanocomposite suggested that in-situ chemical oxidation polymerization
is an effective method to develop PPy/MnO2 nanocomposite for supercapacitors.
Raja et al. [66] developedPPy/Mn2P2O7 nanocomposite via chemical polymerization
and hydrothermal methods. The synthetic approaches are summarized in Fig. 7a. The
corresponding PPy/Mn2P2O7 nanocomposite-based supercapacitor electrochemical
results are shown in Fig. 7a–c. To increase pseudocapacitive performance, Zhou
et al. [67] fabricated a supercapacitor electrode consisting of perfectly aligned CoO
nanowires over the PPy surface. The electrode design utilized both CoO and PPy,
the high electrical conductivity of PPy, and the short ion diffusion route for arranged
mesoporous nanowires.

4.2.3 PEDOT/TMOs-Based Nanocomposites

Due to its fast charge/discharge kinetics, high electrical conductivity, and excel-
lent environmental compatibility, PEDOT has recently been reported as a rapidly
developing CP for supercapacitor electrodes. It is an electron-rich polymer, conse-
quently, has low oxidation potential with a wide potential window (1.2–1.5 V),
and hence exhibited a high capacitance [68]. Yang et al. [69] developed porous
conducting PEDOT/MnO2 nanocomposites as high-performance supercapacitor
electrodes. Simple thermal and chemical vapor polymerization techniques produce
NPs-enriched PEDOT porous structures, as shown in Fig. 8. FESEM micrographs
showed uniform dispersion of MnO2 nanoparticles into a porous matrix of PEDOT
(Fig. 8a–d). The electrochemical performance of the PEDOT/MnO2 nanocomposite-
based supercapacitor is shown in Fig. 8e–h. These synergistic characteristics make
the PEDOT/MnO2 porous nanocomposite a viable electrodematerial for supercapac-
itors. According toRanjusha et al. [70] the PEDOT/MnO2 nanohybrid spongemay be
utilized as a supercapacitor electrode. The completely functioning asymmetric coin
cell was further investigated, which delivered an energy density of 200 mWh/kg and
a power density of 6.4 kW/kg. Huang et al. [10] utilized CV analysis to electrochem-
ically load hydrous RuO2 nanoparticles into the PEDOTmatrix at different potential
cycles to develop a PEDOT/RuO2 nanocomposite based supercapacitor. Tang et al.
[71] demonstrated the controlled synthesis of PEDOT/MnO2 hierarchical nanocom-
posites as positive electrode material for high-performing supercapacitors. Lee et al.
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Fig. 7 (A) Schematic representation for the synthesis of Mn2P2O7 and PPy/Mn2P2O7 nanocom-
posite. The corresponding PPy/Mn2P2O7 nanocomposite-based supercapacitor electrochemical
results a comparison of the CV curves for AC and PPy/Mn2P2O7 recorded in three-electrode
system, b CVs of PPy/Mn2P2O7 nanocomposite-based supercapacitor at different scan rates, and c
GCD profiles of PPy/Mn2P2O7 nanocomposite-based supercapacitor at different current densities.
Adapted with permission from reference [66], Copyright (2021), Elsevier

[72] developed fabric-based PEDOT/SnO2 nanoparticles for the high-performance
supercapacitor. The dispersion of SnO2 nano powder in aqueous PEDOT solution
was used to make a composite of PEDOT/SnO2. Ates et al. [73] reported PANI/CuO,
PPy/CuO, and PEDOT/CuO nanocomposites as electrode materials for supercapac-
itors. The highest specific capacitance of 286.35 F/g at the scan rate of 20 mV/s
was obtained for PANI/CuO as compared to PPy/CuO (20.78 F/g at 5 mV/s) and
PEDOT/CuO (198.89 F/g at 5 mV/s). Table 2 summarizes the comparison of the
capacitive properties of CPs and TMOs-based binary nanocomposites as electrodes
for supercapacitors.
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Fig. 8 Schematic representation for the synthesis of PEDOT/MnO2 nanocomposite. a FESEM
image of synthesized MnO2 nanoparticles and b–d FESEM images of the synthesized
PEDOT/MnO2 nanocomposite at different magnifications. CVs curves of the e pure PEDOT,
porous PEDOT, and PEDOT/MnO2 nanocomposite electrodes recorded at a scan rate of 60 mV/s,
f PEDOT/MnO2 nanocomposite with different loading of MnO2 in the nanocomposites. g GCD
profiles of the porous PEDOT and PEDOT/MnO2 nanocomposite electrodes with different loading
of MnO2 at a current density of 0.5 A/g. h Specific capacitance versus current density curves of
the porous PEDOT and PEDOT/MnO2 nanocomposites. Adapted with permission from reference
[69], Copyright (2015), Elsevier

5 CPs-Based Ternary Nanocomposites for Supercapacitors

Several demerits are suffering from using single electroactive materials like carbon
materials, TMOs, and CPs in supercapacitors. Therefore, several kinds of hybrid
nanocomposites provide a high specific capability, energy density, power density,
and cycle life electrodes with low-cost and ecologically friendly. Although binary
CP-based nanocomposites have made significant progress in supercapacitor mate-
rials, their characteristics like cyclic stabilities, specific capacitance, and conductiv-
ities are still far from ideal, and the usage of binary nanocomposites cannot satisfy
all the high-performance supercapacitor criteria [74]. Many methods have thus been
used to prepare ternary nanocomposites by combining all three kinds of electroactive
materials (i.e., carbon materials, TMOs, and CPs) to produce the perfect supercapac-
itors. This section thus concentrates on the recent developments of supercapacitors
based on ternary nanocomposites ofCPs, transitionalmetal oxides, and carbonaceous
materials.

A ternary nanocomposite of PANI/graphene/MnO2 was prepared on the graphene
sheets coated with MnO2 through in situ chemical oxidative polymerization [75].
The fabricated supercapacitor with PANI/graphene/MnO2 nanocomposite electrode
exhibited excellent electrochemical performance. Shafi et al. [76] reported an in situ
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Table 2 Acomparison of the capacitive properties of CPs andTMOs-based binary nanocomposites
as electrodes for supercapacitors

Electrode
materials

Specific
capacitance (F/g)
(Current density
or Scan rate)

Energy
density
(Wh/kg)

Electrolytes Cyclic
stability

References

PANI/NiO 514 (1 mV/s) 17.6 1 M H2SO4 64%
(1000)

[57]

PANI/MnO2 417 (5 mV/s) 11.4 1 M H2SO4 96.4%
(2000)

[58]

PANI/V2O5 443 (0.5 mA/cm2) 69.2 LiCl/PVA gel 92% (500) [59]

PANI/MnO2 525 (2 A/g) – 0.5 M H2SO4 76%
(1000)

[60]

PANI/SnO2 305.3 (5 mA/cm2) 42.4 1 M H2SO4 96% (500) [63]

PANI/CuO 286.35 (20 mV/s) – 0.5 M H2SO4 81.82%
(500)

[73]

PPy/MnO2 250 (2 mV/s) – 2 M Na2SO4 96.8%
(400)

[65]

PPy/Mn2P2O7 658 (1 A/g) 27.4 2 M KOH 99%
(10,000)

[66]

PPy/CoO 2223 (1 mA/cm2) 43.5 3 M NaOH 91%
(20,000)

[67]

PPy/CuO 20.78 (5 mV/s) – 0.5 M H2SO4 48.39%
(500)

[73]

PEDOT/MnO2 321.4 (0.5 A/g) – 1 M H2SO4 90%
(4000)

[69]

PEDOT/MnO2 1068 (1 mV/s) 0.2 1 M KOH ~ 100%
(1000)

[70]

PEDOT/RuO2 653 (50 mV/s) – 0.5 M H2SO4 … [10]

PEDOT/MnO2 449 (0.5 A/g) 47.8 0.5 M Na2SO4 91.3%
(5000)

[71]

PEDOT/SnO2 126 (20 mV/s) – 2 M H2SO4 … [72]

PEDOT/CuO 198.89 (5 mV/s) – 0.5 M H2SO4 68.55%
(500)

[73]

polymerized PANI/rGO/LaMnO3 ternary nanocomposite as an efficient electrode
material for supercapacitors with high energy density. The developed asymmetric
supercapacitor with PANI/rGO/LaMnO3 nanocomposite electrode performed better
electrochemically than the symmetric supercapacitor. The exceptional performance
of asymmetric supercapacitors makes them ideal for the current requirements of
supercapacitors. Chen et al. [77] fabricated a flexible supercapacitor electrode based
on the ternary nanocomposite PANI/CC/NiMoO4 with consistent distributed dimen-
sions acting as the principal pseudo capacitating activematerials. Furthermore, a flex-
ible all-solid-state asymmetric supercapacitorwith PANI/CC/NiMoO4 as the positive
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electrode and commercial active carbon as the negative electrode produce maximum
specific energy of 99.26 Wh/Kg and a maximum specific power of 10,667 W/Kg.
The schematic representation for the synthesis PANI/CC/NiMoO4 based ternary
nanocomposite and the corresponding electrochemical performances of the all-solid-
state asymmetric supercapacitors are shown in Fig. 9. Another research team Sha
et al. [78] produced PANI/rGO/MoS2 ternary nanocomposite using in situ polymer-
ization technique in the presence of MoS2 and then added well distributed GOs into
PANI/MoS2 nanocomposite, followed by a decrease in urea-reduction rGO with a
hydrothermal treatment. The MoS2 and rGO components of EDLC with the PANI
pseudocapacitive component contribute to PANI/rGO/MoS2 nanocomposite elec-
trode’s total specific capacities. PANI/rGO/Au nanoparticles were synthesized by
Shayseh et al. [79] and coated on a glassy carbon electrode by CV technique as a
ternary nanocomposite, and their supercapacitor performance was evaluated.

In the presence of PPy, Zhou et al. [80] produced 3D hierarchical CNTs/MnO2

core–shell nanostructures, in which MnO2 was precisely coated on CNTs, and
a strong bush-like pseudocapacitive shell was generated to increase the specific
surface area and efficiently make the ions more accessible. The developed super-
capacitors retained high cycling and bending stability. These properties show that a
well-designed ternary nanocomposite may be used as electrode materials for high-
performance supercapacitors. PPy/graphene/MnOx ternary nanocomposite films
were electrochemically polymerized in one step using sodium p-toluene sulfonate
as a supporting electrolyte [81]. The PPy/graphene/MnOx ternary nanocomposites
were made potentio-statically by adding MnSO4 to the deposition solution. The
MnOx nanoparticles were produced directly on the PPy and conducting graphene,
acting as spacers to keep adjacent sheets apart. A one-pot synthesis technique for a
PPy/graphene/SnO2 ternary nanocomposite supercapacitor electrode was developed
byWang et al. [82]. In addition to superior rate performance, the PPy/graphene/SnO2

ternary nanocomposite electrode has exceptional cycle stability. A PPy/rGO/Fe2O3

ternary nanocomposite was prepared by two steps: one-pot chemical-microwave
synthesis of Fe2O3/rGO binary nanohybrids and in situ oxidative polymerization
[83]. This showed charge storing mechanisms in both binary and ternary nanocom-
posites. The ternary nanocomposites showed perfect capacitive performance at low
frequencies and resistive behavior at higher frequencies.Another group,Moyseowicz
et al. [84], reported a simple two-step synthesis for the synthesis of PPy/rGO/Fe2O3

ternary nanocomposite. It involves hydrothermally preparing a binary rGO/Fe2O3

composite, then polymerizing PPy on rGO/Fe2O3 composite surface.
A ternary nanocomposite of PEDOT/CNTs/MnO2 in which PEDOT was used as

the conductive wrapping over the CNTs/MnO2 nanocomposite for better conduc-
tivity and exhibited a specific capacitance of 427 F/g [85]. Wang et al. [86] used
PEDOT/graphene/SnO2 as ternary nanocomposite electrodematerials in supercapac-
itors. With improved capacitance and energy density in both acidic and neutral elec-
trolytes, the nanocomposite PEDOT/graphene/SnO2 outperforms its binary coun-
terparts. These materials increased electrochemical properties are attributed to
their well-designed ternary nanostructure of functional components with enhanced
synergistic effects. Yan et al. [87] reported PEDOT/rGO/MnO2 nanocomposite as
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Fig. 9 Schematic representation for the synthesis PANI/CC/NiMoO4 based ternary nanocom-
posite. a Schematic overview, b CVs at different scan rates, c GCD at different current densities, d
specific capacitances at different current densities, e cyclic stabilities, f differential of cyclic specific
capacitance versus cycle number, and g Ragone plots of PANI/CC/NiMoO4 ternary nanocomposite
based all-solid-state asymmetric supercapacitors. Adapted with permission from reference [77],
Copyright (2015), Elsevier
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supercapacitor electrode. With a specific capacitance of 169.1 F/g at 0.2 A/g, the
PEDOT/rGO/MnO2 material displayed good rate capability and outstanding cycle
stability with capacitance retention of 66.2% after 2000 cycles. So, ternary nanocom-
posite materials are useful in supercapacitor electrodes. A comparison of the capaci-
tive properties of CPs-based ternary nanocomposites for supercapacitors is tabulated
in Table 3.

Table 3 A comparison of the capacitive properties of CPs-based ternary nanocomposites for
supercapacitors

Electrode materials Specific
capacitance
(F/g)
(Current
density or
Scan rate)

Energy
density
(Wh/kg)

Electrolyte Cyclic
stability

References

PANI/graphene/MnO2 395
(10 mA/cm2)

– 1 M H2SO4 92%
(1200)

[75]

PANI/rGO/LaMnO3 111 (2.5 A/g) 50 3 M KOH 117%
(100,000)

[76]

PANI/CC/NiMoO4 1340
(1 mA/cm2)

99.26 PVA/KOH
gel

96.7%
(2000)

[77]

PANI/rGO/MoS2 618 (1 A/g) – 6 M KOH 96%
(2000)

[78]

PANI/rGO/AuNPs 303
(1 mA/cm2)

– 1 M H2SO4 80%
(20,000)

[79]

PANI/CNTs/TiO2 270 (0.4 A/g) 13.5 1 M H2SO4 67%
(6000)

[88]

PPy/CNTs/MnO2 529.3 (0.1
A/g)

38.42 1 M
Na2SO4

98.5%
(1000)

[80]

PPy/graphene/MnOx 320.6 (1 A/g) – 1 M
Na2SO4

93%
(1000)

[81]

PPy/graphene/SnO2 616 (1 mV/s) 19.4 1 M H2SO4 98%
(1000)

[82]

PPy/rGO/Fe2O3 626.8 (1 A/g) 87.05 1 M H2SO4 … [83]

PPy/rGO/Fe2O3 140 (0.2 A/g) 19.5 1 M
Na2SO4

93%
(5000)

[84]

PEDOT/CNTs/MnO2 200
(5 mA/cm2)

– 1 M
Na2SO4

99%
(1000)

[85]

PEDOT/graphene/SnO2 184 (1 mV/s) 22 1 M H2SO4 100%
(5000)

[86]

PEDOT/rGO/MnO2 169.1 (0.2
A/g)

– 1 M
Na2SO4

66.2%
(2000)

[87]

PEDOT/graphite/MnO2 195.7 (0.5
A/g)

31.4 PVA/LiCl
gel

81.5%
(2000)

[89]
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6 Conclusion

This chapter discusses the developments of CPs-based nanocomposites for applica-
tion in supercapacitors. The discussion begins with an introduction to CPs and their
nanocomposites and how CPs-based nanocomposites contribute to the development
of high-performance supercapacitors. As the CPs’ limitations restrict its usage in
supercapacitors and these shortcomings are largely mechanical due to their break-
down nature. To increase the mechanical strength and thus the functioning of the
composite materials, nanocomposites of CPs with solid components such as CNTs,
graphene, biomass-derived caron, and TMOs have been discussed. The processes
by which these nanocomposites can be developed were discussed and introduced
many types of CPs-based nanocomposite including CPs/carbon-based nanocompos-
ites, CPs/Metals oxides-based nanocomposites, andCPs/carbon/metals based ternary
nanocomposites. The literature review in this chapter clearly shows that controlling
the morphology of the CPs at the nanometer scale and developing their nanocom-
posites may yield considerable improvements in their electrochemical performance.
The cyclability of CPs-based nanocomposite is enhanced when coupled with carbon
nanomaterials: pure CPs offer several thousand cycles, while their electrochemical
stability rises to several tens of thousands of cycles in the case of CPs and carbon-
based nanocomposite electrodes. Construction of 3DCPs-based composite materials
reduces ion transport distance and electrochemical impedance to enhance material
spatial order.
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Abstract Supercapacitors are highly promising for future electrochemical energy
storage systems due to their excellent energy density, power density, and cycling
life. Most of the research in supercapacitors is focused on the development of elec-
trode material. The incorporation of redox-active electrolytes in supercapacitors
can greatly enhance charge storage. Redox-active electrolytes received considerable
attention due to their ability to undergo faradaic reactions that significantly enhance
energy storage performance. This chapter discusses various types of redoxmediators
employed to fabricate supercapacitors, their charge storage mechanism, classifica-
tion, performance evaluation, advantages, and disadvantages. Various methods used
for electrolyte incorporation, challenges in the development, and the future scope are
also discussed in this chapter.

Keywords Redox active electrolytes · Supercapacitors · Electrochemical energy
storage · Redox shuttling · Polymer gel electrolytes

1 Introduction

The scarcity of fossil fuels and the increasing demand for energy sources point out the
requirement to develop suitable energy storage devices as a need of the hour. Even
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though natural energy sources like solar and wind are suitable for future energy
requirements, intermittent seasonal climate change demands suitable energy storage
devices like batteries and supercapacitors to store electrical energy. Various inno-
vations in energy storage devices have provided great convenience in day-to-day
life in past decades. Batteries contributed significantly to this by storing electrical
energy based on faradaic reactions, with higher energy density and acceptable power
density. On the other hand, supercapacitors are a promising solution for the large
energy storage requirement in consumer electronics and biomedical devices. Their
low internal resistance, high cycling stability, and high capacitance allow them to
be used as a stand-alone power source similar to secondary batteries to provide
an extended lifetime. However, it is still necessary to optimize the energy storage
performance of the supercapacitor to ensure efficient utility. A wide variety of mate-
rials have been employed to fabricate supercapacitors, which are intended to obtain
high energy and high power densities. High surface area carbon materials [1], metal
oxides [2], conducting polymers [3, 4], metal hydroxides [5], and carbon-metal oxide
nanocomposites [6, 7] have been reported with high capacitance properties. Since
the tailoring of nanostructured electrode material is comparatively easy to achieve
high energy storage capacity, extensive research, a large number of research articles,
book chapters, and review articles are available to showcase the progress in this area.

It is well known that the use of conventional electrolytes employed for the
fabrication of supercapacitor does not contribute significantly towards the specific
capacitance. Therefore, various electrolytes, including aqueous, organic, and ionic
liquids, have been explored to enhance the supercapacitor performance. Among
them, aqueous solutions (alkaline, acidic, neutral) are the most widely used elec-
trolyte to fabricate supercapacitors. The major drawback associated with the system
is the decomposition of water while expanding the potential window beyond 1.23 V.
Organic and ionic electrolytes have emerged as an alternative to overcome the draw-
back associated with the aqueous electrolyte based system, and it exhibited a wide
operating potential window (2.2–2.9 V) and (2.6–4.0 V) respectively [8, 9]. Even
though organic and ionic liquid can significantly enhance the energy density (E =
0.5CV2, C—specific capacitance, V—potential window) [10], it can not enhance the
specific capacitance value.

In contrast, the use of redox mediator into these electrolytes was very effective,
and significant enhancement in electrochemical properties and specific capacitance
values were observed in such systems. Since carbon-based electrodes possess supe-
rior stability, high surface area, low cost, chemical inertness, and good electronic
conduction, they are widely employed to fabricate supercapacitors. In addition to
the inherent electrochemical double-layer capacitance of carbon-based materials,
the redox reaction occurring at the electrode-electrolyte interface provides an addi-
tional contribution of pseudocapacitance, as shown in Fig. 1a. The most enlight-
ening aspects of such systems include high energy density, power density, and
specific capacitance with an overall performance comparable to batteries with safer
preparation and operational conditions [11].
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Fig. 1 Schematic illustration of redox mediator enhanced supercapacitor (a) and charge storage
process while employing redox electrolyte in porous carbon electrode (b). Adapted with permission
from reference [12] Copyright (2015), The Electrochemical Society

2 Mechanism of Charge Storage in Redox-Mediated
Supercapacitors

The schematic illustration of the electrochemical mechanism involved and the
improvement in the capacitance when redox additive is introduced into the elec-
trolyte is depicted in Fig. 1b. The redox species in the bulk of the solution need to
move inside the pores of the electrode to contribute towards the charge storage. Step
(1) or (1’) depicts the equilibrium during the solvation and desolvation process while
entering or exiting the electrode pores. The redoxmolecule present in the pore attains
a transition state (O* and R*) in step (2) or (2’) prior to the electron transfer reaction
taking place. The process of transition state conversion to the adsorbed state (Oads

and Rads) is shown in steps (3) or (3’).
The enhanced energy storage capacity of the system was attained through the

electron transfer reaction that happened at step 4. This results in the conversion
between the adsorbed redox species present on the external and internal surfaces
of the electrode. It is possible that once it reaches the transition state (O* and R*)
without invoking the adsorption, this may also exhibit the electron transfer through
step (5 or 5’). In addition, it is possible that upon the electron transfer process, the
adsorbedmoiety (Oads or Rads) in the system transformed into a soluble product (Opore

or Rpore). Finally, it diffuses via the pores to the bulk of the electrolyte. Other than the
electron transfer reaction inside the pores of the electrode, the outer surface is also
involved in the redox process(6 or 6’). Since the outer surface area is comparatively
significantly less, the contribution of this process was insignificant.

From the above discussion, it is evident that the chosen electrode material should
possess sufficient porosity and must be able to retain redox species and the reaction
product to obtain the best performance of the redox electrolyte in supercapacitors.
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Even though the capacitance is directly related to the surface area, every part of the
high surface area activated carbon does not contribute to the capacitance [13]. This is
because electrolytes cannot penetrate through all the available pores, restricting the
system from using all the surface area for capacitance [14]. For example, the solvated
triiodide has a size of 1.8 nm; hence the electrodes with the mesoporous structure are
most suitable for the electrosorption mechanism [15]. Apart from the standard redox
potential of the additives, miscibility with water, environmental impact, and cost also
need to be considered before being employed for practical applications. However,
both organic and inorganic redox additives have been investigated and proven to
be very effective with various electrolytes. The researchers have also demonstrated
single and dual redox mediators by modifying electrolytes of different pH. Various
redox-active electrolytes are briefly explained below.

3 Inorganic Cationic Redox Mediators

Researchers have investigated the electrochemical and pseudocapacitive behavior of
various metal ions such as Ag+, Cu2+, and Fe2+ in porous carbon material. Elec-
trochemical capacitor performance was significantly enhanced due to the inherent
redox property associated with these metal ions. The pioneering work in this area
of research was by Tanahashi, who utilized silver ions to improve the capacitance
of carbon fiber cloth-based electrochemical capacitors. It was achieved by mixing
silver nitrate, of varying concentrations, with sulphuric acid and studied the effect
of silver ion concentrations. The specific capacitance of the developed supercapac-
itor increased with the increasing concentration of silver nitrate in the solution, and
the maximum was 248 F g−1 at 0.5 M silver nitrate. A three-fold enhancement in
capacitance was observed by employing Ag+/Ag redox process compared to the
zero concentration of silver nitrate. However, the high cost of silver restricts this
combination towards commercialization [16].

Qiang Li et al. [17] showed an enhancement in electrochemical capacitor perfor-
mance by adding Cu2+ions to the sulphuric acid. However, the electrochemical
process was almost irreversible, whereby the stability of the systemwas significantly
reduced. On the other hand, the inclusion of Fe2+ions into the above-mentioned elec-
trolytewas able to overcome the drawbacks associatedwith the stability and exhibited
a high capacity value of 223 mAh g−1. The enhanced performance is attributed to
the synergy between Cu2+ and Fe2+ during the electrochemical reactions.

Because of the ability to undergo (VO2+/VO2
+) redox reaction in combination

with sulphuric acid, vanadyl sulfate is commonly employed to fabricate vanadium
redox flow batteries. Due to this inherent property, the same electrolyte combination
has been employed for the various supercapacitor fabrications. Senthil Kumar et al.
developed an electrochemical double-layer capacitor using porous biomass-derived
activated carbon with the combination of VOSO4 and H2SO4. A substantial increase
in specific capacitance value was observed when comparing the performance of
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Fig. 2 The catalytic effect
of hydroxyl (a) and carbonyl
(b) during the VO2+/VO2

+

redox reaction. Adapted with
permission from reference
[18] Copyright (2013), Royal
Society of Chemistry
(United Kingdom)

pristine 1 M H2SO4. Moreover, the fabricated system could retain 97.57% of its
initial capacitance even after 4000 charge-discharge cycles [18].

The catalytic reaction in the presence of different functional groups such as
hydroxyl (-OH) and carbonyl (C = O) facilitates the significant enhancement in
VO2+/VO2

+ redox reaction through oxygen transfer reaction (Fig. 2). In detail, when
the charging happens, the adsorbed VO2+ present on the electrode surface replaces
the H+ ion from the -OH and leads to -O-V = bond formation. Further, by releasing
H+ and e−, the oxygen atom is transferred, and this causes the formation of VO2+

on the electrode surface. Ultimately, the diffusion of VO2
+ ions occurs into the bulk

solution through the H+ ion-exchange reaction [19, 20]. On the other hand, when
considering the mechanism with the carbonyl group, the adsorbed VO2+ forms a
transition state with carbonyl groups and then reacts with H2O. At the same time,
VO2

+ diffuses back into the bulk electrolyte as VO2
+ through the H+ and e− release.

Further, the exact opposite reaction is found to happen while the discharge process
takes place [18].

The potassium ferricyanide-ferrocyanide redox probewas very effective due to the
fast reaction kinetics and high electrochemical reversibility. Zhang et al. discovered
the improvement in capacitance of cobalt aluminium layered double hydroxide with
K3[Fe(CN)6]/K4[Fe(CN)6] and KOH combination [21].
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During charging, Co2+oxidized to Co3+ and Fe3+ reduced to Fe2+, and while
discharging, these reactions reversed as shown in Fig. 3. As a result, the galvano-
static charge-discharge curve obtained with Co-Al and KOH exhibited equal time
for the charging and discharging process; thereby, the system shows a very high
coulombic efficiency of 99.2%. Generally, when considering reversible or quasi
reversible electrode processes, the discharge time is always found to be the same
or slightly less than the charging time. In contrast, while mixing 0.1 M K4Fe(CN)6
or K3Fe(CN)6, the discharge time is much higher than the charging time. This clearly
shows the effect of this redox pair on the electrochemical charge storage mechanism.
In addition to the significant enhancement in specific capacitance with redox medi-
ator combinations(1 M KOH − 226 F g−1

, 1 M KOH + K3 Fe (CN)6- 712 F g−1
,

1 M KOH + K4 Fe (CN)6 − 317 F g−1) the authors have reported the reduction
in charge transfer resistance from 3.27 to 2.96 � which eases the overall electro-
chemical process. Moreover, the underlying mechanism during the charge-discharge
process is explained and proven with XRD analysis. The XRD pattern was found
unchanged after several charge-discharge cycles. This indicates no intercalation of
hexacyanoferrate into the electrodematerial, and the electrochemical reaction occurs
only at the electrode-electrolyte interface. Moreover, the hexacyanoferrate enhances
the rate of faradaic reactions between Co(II) and Co(III) during the charge-discharge
process.

Manganese dioxide-based supercapacitor shows low cycling stability and power
density due to the poor electronic conduction and low rate of faradaic processes.
Maiti et al. developed a MnO2 based symmetric supercapacitor with the addition of
K4Fe(CN)6, and they found seven times improvement in energy density with a power
density of 600 W kg−1. The charge storage mechanism of MnO2 based electrodes in
potassium hydroxide (KOH)medium follows two simultaneous processes; i. adsorp-
tion and desorption of potassium ions on the MnO2 surface, and ii. intercalation and
deintercalation of potassium ions into the electrode structure [22].

Owing to the well-defined redox property, high specific capacitance, and low
cost, Co(OH)2 based systems attracted particular attention. Zhao et al. discovered a
Co(OH)2 + K3Fe(CN)6/KOH system capable of delivering specific capacitance of
7514 F g−1 with very high coulombic efficiency and cycling stability (75% specific

Fig. 3 The electrochemical mechanism happening at the electrode (Co-Al)-electrolyte interface
during the charging (a) and discharging process (b). Adapted with permission from reference [21]
Copyright (2009), Royal Society of Chemistry (United Kingdom)
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capacitance retains even after 20,000 continuous cycles) [23]. The authors clearly
explained the influence ofK3Fe(CN)6 with the help of galvanostatic charge-discharge
at a current density of 16Ag−1. Itwas also found thatwhile varying the concentration,
the specific capacitance was increasing. Thus, even though the high concentration
of redox probe causes excellent coulombic efficiency and specific capacitance, it
may lead to the high concentration polarization, and low-rate capability there by the
electrochemical stability of the system reduces significantly. Hence the optimization
of electrolyte concentration is a crucial step in this area of research.

4 Inorganic Anionic Redox Mediators

Inorganic anionic redox mediators Br3−/Br− and I3−/I− have been employed for
enhancing the capacitance property. The reaction of potassium iodide with iodine
results in the formation of polyiodide, where the triiodide is found to be the major
proportion [24]. The reaction mechanism of Br2and Br− also follows a similar mech-
anism of I2 and I− as they belong to the same group in the periodic table. Since the
iodine has the ability to exhibit various valance states, it can deliver various redox
reactions at the same time. Even though bromine also has the ability to show different
valance states, only the −1 and 0 valance states are possible when considering the
stable potential window of aqueous electrolytes. Unlike one-electron transfer reac-
tions, interestingly I2/I− and Br2/Br− involve two-electron transfer reactions. This
clearly shows the higher capacity of the system. In addition to that, the reaction rates
of I2/I− andBr2/Br− were found to be very high (10−3–10−2 cm S−1) at room temper-
ature [25]. The possible valance states and their required potentials with respect to
SHE are explained in Fig. 4a, b [24].

Fig. 4 Electrochemical potential is required to attain various oxidation states of iodine (a) and
bromine (b). The possible redox processes when iodide and bromide based system employed as the
redox additive (c)
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The enhancement in supercapacitor performance is due to the characteristic elec-
trochemical redox process between 3I−/I3−, 2I−/I2, 2I3−/I2, I2/IO3

−and 3Br−/Br3−
the possible electrochemical mechanism involved is shown Fig. 4c.

Without the use of any supporting electrolyte Frackowiak et al. [26] have devel-
oped an electrochemical double-layer capacitor with potassium iodide as the elec-
trolyte. The faradaic reaction between I2/I3− and IO3

−/I2 contributes to the pseudoca-
pacitance, and thereby the total capacitance of the electrode significantly improved
by 10 times in one molar concentration of potassium iodide. The same research
group has explained the effect of first group cations of the periodic table towards
the carbon—iodide interface reaction [15]. Iodides of lithium, sodium, potassium,
rubidium, and cesium were employed as the redox mediators. The capacitance
was found to increase with increasing the size of cations. For example, rubidium
iodide exhibits a maximum capacitance of 2272 F g−1, whereas lithium iodide solu-
tion exhibits only 300 F g−1. The exceptional change in capacitance with various
alkali metals can be attributed to different physicochemical parameters including
polarizability, size, mobility, diffusion coefficient etc.

Even thoughpotassium iodide possesses intermediate capacitance compared to the
alkalimetal cations-based system, it received considerable research attention because
of its low cost and high capacitance properties. Similarly, potassium bromide is also
a promising redox additive in an aqueous electrolyte-based supercapacitor. Because
of the Br−/Br3− redox reaction, 0.5 M potassium bromide in combination with 1 M
sodium sulphate significantly enhanced the supercapacitor performance (4 times the
larger energy density than 1MNa2SO4) with carbon nanotube-based electrodes [27].

5 Organic Redox Mediators

Even though the inorganic redox mediators can deliver excellent ionic conductivity
and safe operational conditions, the lower working potential window due to the
decomposition of the electrolyte restricts its application for commercial needs. The
combination of organic electrolytes with organic redox-active species exhibits a wide
potential window and enhanced performance. Approximately 27 times enhancement
in energy density was observed when decamethyl ferrocene was used as the additive
in organic medium (tetrabutylammonium perchlorate in combination with tetrahy-
drofuran (THF)) 36.8 Wh kg−1. Also, it exhibits a considerable change in specific
capacitance value from 8.3 to 61.3 Fg−1 [28].

Hai jun Yu et al. also developed a redox-mediated organic electrolyte by using
p-phenylenediamine in combination with lithium perchlorate and acetonitrile. The
supercapacitor shows very high specific capacitance (68.59 Fg−1) along with an
energy density of 54.46 Wh kg−1 and a power density of 13.11 kW kg−1. The ability
of p-phenylenediamine to undergo a quick redox reaction significantly enhanced the
pseudocapacitive contribution in the system [29].

Since the organic additives possess structural diversity, similar to inorganic addi-
tives, the former is also considered a promising approach to enhancing supercapacitor



Redox Active Electrolytes in Supercapacitors 521

performance. Some of the generally used organic redox mediators are represented in
Fig. 5.

In the case of organic additives, the organic compounds containing quinine,
hydroquinone, amines are capable of involving in the electron transfer process.
The pioneering work was based on hydroquinone combination with 1 M H2SO4,

which was explained by Roldan et al. [30]. The excellent electrochemical activity
of hydroquinone was highly promising because it involves a redox reaction with a
two-electron transfer, thereby enhancing the specific capacitance value manyfolds.
As a result, the fabricated capacitor exhibited a specific capacitance of 901 F g−1

with an energy density of 31.3 Wh kg−1a three-fold enhancement in performance
was observed compared to 1 M H2SO4 (320 F g−1). However, it could retain only
65% of its initial capacitance value after 4000 cycles. Using polyaniline—graphene
composite in 1 M H2SO4 + Hydroquinone mixture, Chen et al. showed a 92%

Fig. 5 Some of the commonly employed electroactive organic compounds in electrolytes for
supercapacitor applications
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enhancement in capacitance (288–553 F g−1). In addition, the developed system
showed very high cycling stability (64%) even after 50,000 cycles [31].

One major approach for developing redox species is by altering the molecular
structure of hydroquinone. Gastola et al. developed hydroquinone with a brominated
structure (2, 5-bromobenzene-1, 4-diol). The electrochemical performance of the
developed system was studied by mixing it with KOH electrolyte.

The mechanism of the proposed approach for the synthesis of modified hydro-
quinone has been clearly presented in Fig. 6.

Q + e− ↔ Q− (1)

Fig. 6 Reaction mechanism and the various stages involved in the synthesis of 2, 5 dibromo
benzene 1, 4 –diol used for supercapacitor application. Adapted with permission from reference
[32] Copyright (2016), Elsevier
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Q.− + HA ↔ A− + HQ. (2)

HQ. + e− ↔ HQ− (3)

HQ− + HA ↔ H2Q + A− (4)

The authors have stated, there must be different faradaic reactions and pseudoca-
pacitance contributions while carrying out the electrochemical reaction in an alkaline
medium other than the quinone—hydroquinone redox process (equations 1–4). The
incorporation of bromine with hydroquinone is expected to undergo extra reactions,
which include,

2Br− ↔ Br2 aq + 2e− (5)

Br2 aq + 2H2O ↔ 2BrO− + 4H+ + 2e− (6)

Br− + 2OH− ↔ 2BrO− + 4H2O + 2e− (7)

BrO− + 4OH− ↔ BrO−
3 + 2H2O + 4e− (8)

Br− + 3H2O ↔ BrO−
3 + 6H+ + 6e− (9)

While employing the optimum ratio of brominated hydroquinone and potassium
hydroxide, the activated carbon electrode exhibits a very high capacitance value
of 314 F g−1. The major drawback associated with the above-mentioned organic
additives is that they exhibit poor electronic conductivity, which results in a lesser
power density of the supercapacitors. This is because themolecules possess a smaller
size, and the HOMO—LUMO gap is considerably high. Phenyldiamine is another
important compound capable of delivering similar performances due to the ability to
undergo p-phenylenediamine redox reaction. Jihuai Wu et al. [33] reported the effect
of phenyldiamine that significant capacitance improvement (144.0–605.2 F g−1) was
observed while testing the composition with 0.050 g of phenylenediamine and 2 M
KOH compared to the pristine KOH. A considerable variation in energy density was
also observed in this system (4.458–19.862 Wh kg−1).

Because of the presence of two quinones and amine groups in the indigo carmine
structure, the molecule exhibits superior redox activity. The expected redox mech-
anism of the molecule in 1 M H2SO4 is shown in Fig. 5. Indigo carmine shows a
leucoindigo carmine structure with oxidation/reduction at the quinine site, a two-
electron transfer reaction. Similarly, with the two-electron transfer process, the
molecule undergoes a redox reaction at the amine position, which leads to the
conversion of indigo carmine to dehydro indigo carmine. A significant enhancement
in specific capacitance (17–50 F g−1) and energy density (0.6–1.7 Wh kg−1) was
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observed while employing the indigo carmine −1 M H2SO4 combination in a multi-
walled carbon nanotube-based supercapacitor system [34]. m-Phenylenediamine is
another promising redox material capable of enhancing the supercapacitor perfor-
mance. Haijun Yu et al. [35] studied the effect of m-phenylenediamine in KOH elec-
trolytes. Upon adding this redox mediator, the ESR value was significantly reduced
(2.60–1.98� cm2) also the specific capacitance value-enhanced from 36.43 to 78.01
F g−1 with good capacitance retention over 1000 cycles.

Pauloet al. [36] explained the effect ofmethylene blue and themechanism involved
when it is acting as a redox shuttle in an activated carbon-based supercapacitor. The
major drawback associated with the system is its lack of stability which can cause
the secondary reaction, thereby reducing overall performance and cycle life signif-
icantly. The authors have showcased the strong interaction of methylene blue, and
activated carbon causes the progressive decrement in resistance of the electrode. As
a result, the energy density of the developed system has increased by more than 40%.
Electron spray mass spectroscopic studies show the presence of the oxidized deriva-
tives and the by-products formed during the demethylation after cycling. Thereby
the equilibrium potential of the system constantly varies, which leads to the change
in the charge storage mechanism.

6 Dual Redox Mediators

The combination of two differentmediators having different redox potential opens up
a new era in research. Here, the mediator with higher potential is usually employed
for the positive electrode, and it undergoes an oxidation reaction. The mediator
with lower potential reduces at the negative electrode, and the cation accumula-
tion happens at the electrode surface while charging the capacitor. Researchers have
employed various ways to improve the capacitance performance of a hydroquinone-
based system. Nuckowska et al. have developed a dual redox mediator-based super-
capacitor using Keggin-type phosphotungstate anions and hydroquinone in a molar
ratio 1:1. It exhibited a high energy density and specific capacity of 20.0 Wh kg−1

and 40.3 mAh g−1, respectively, a four-fold increase compared with a single redox
additive [37]. Frackowiak et al. [38] developed a dual electrolyte of VOSO4 and KI
as negative and positive electrolytes, respectively. To maintain the charge balance
between the two systems and to prevent mixing of both the electrolyte, a Nafion
membrane was employed. Even though the system exhibited high energy density,
it finds poor commercial viability due to the cost and resistance associated with
the Nafion membrane. Fan et al. [39] developed a similar system with polymer gel
electrolyte in place of aqueous electrolyte and without the use of Nafion membrane.
It exhibited 25.4 Wh kg− energy density with remarkable capacitance retention of
93.7% even after 3000 cycles.
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7 Redox Mediator in a Gel Electrolyte

Fabricating the energy storage devices with gel electrolytes is a promising strategy
when considering the flexibility andmechanical strength of the system for a commer-
cial need. Gel electrolyte-based system possesses superior ionic conductivity than
solid electrolytes [40]. Moreover, the application of liquid-based electrolytes is
restricted because of low flexibility, corrosion, leakage, and packing issues [41].
Therefore, polymer gel electrolytes have been employed recently to avoid the draw-
backs mentioned above. However, the fabricated supercapacitor prototypes were less
efficient than the liquid-based system because of the less ionicmovement and the less
availability of ions on the electrodes. This causes a very feeble electrode-electrolyte
contact area [42]. A schematic illustration of the difference in ion accessibility while
using polymer and liquid electrolytes is shown in Fig. 7. Unlike gel electrolyte, in
the case of liquid-based systems, ions can penetrate inside the electrodes and thereby
causes good electrolyte wettability and high capacitance value.

Polyvinyl alcohol is a commonly used polymer matrix to incorporate electrolytes
for gel electrolyte preparation. Yu et al. have developed a PVA—KOH-based elec-
trolyte by varying potassium iodide (KI) composition [43]. The ionic conductivity
of the electrolyte was found to increase with the amount of KI up to a particular
concentration. A maximum ionic conductivity of 12.73 mS cm−1was obtained by

Fig. 7 Schematic representation of different stages involved in redox-active polymer gel electrolyte
preparation and the difference in ion accessibility while employing liquid and polymer electrolyte.
Adaptedwith permission from reference [11]Copyright (2013), Royal Society ofChemistry (United
Kingdom)
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incorporating 0.60 g of KI in the electrolyte. Further increase in KI content causes a
decrease in ionic conductivity due to the free ions aggregation and the development of
KI crystals.Ahuge change in specific capacitance (from135.9 to 236.9 F g−1), energy
density (from 7.80 to 15.34Wh kg−1), and power density (from 3.98 to 4.88W kg−1)
were observed compared with the PVA—KOH gel electrolyte with and without the
KI additive. Also, the significant reduction in ESRvalue clearly explains the potential
applicability of the developed system. The same research group was also developed
PVA—H2SO4 gel electrolyte in combination with p-benzenediol. The maximum
ionic conductivity of 34.8 mS cm−1 was observed when 0.2 g of p-benzenediol
was incorporated, and they found a reduction in ionic conductivity while further
increasing the additive load [44]. Similarly, Senthilkumar et al. has used the same
electrolyte combination and studied the effect on activated carbon electrode mate-
rial derived from biowaste [45]. The two-electron transfer reaction between quinone
hydroquinone causes the specific capacitance change from 425 to 941 F g−1 with an
energy density from9 to 20Whkg−1.The commonly used redox activemoleculewith
different polymer gel electrolytes include1,4-naphthoquinone [46], indigo carmine
[10], 1-butyl-3-methylimidazolium iodide (BMIMI) [47], 1-anthraquinone sulfonic
acid sodium [48], alizarin red S [49], 1-ethyl-3-methylimidazolium tetrafluoroborate
[50], 2-mercaptopyridine [51], FeBr3 [52].

Ma et al. have developed a redox-active gel electrolyte by incorporating indigo
carmine with polyvinyl alcohol and sulphuric acid. The presence of the reversible
redox reaction of indigo carmine causes a drastic increase in ionic conductivity
(188%) and reaches 20.27 mS cm−1. This is reflected in the change in specific
capacitance value (112% increase), to 382 F g−1 with an energy density of 13.26Wh
kg−1 and 80.3% of retention in capacitance value even after 3000 cycles [10]. Sun
et al. have explained the effect when alizarin redS is used to add the same polymer
electrolyte combination (PVA –H2SO4). Interestingly the ionic conductivity value
reached 33.3 mS cm−1. In the presence of alizarin red S, the specific capacitance
value changes from 160 to 441 F g−1. Moreover, the developed system exhibited
39.4 Wh kg−1 energy density and good cycling stability.

A completely different and novel approach has been shown by Zhou et al. [42]
and Yin et al. [53]. They have developed redox additive incorporated polymer gel
electrolyte in combination with suitable electroactive material and finally as the
obtained gel was employed as electrode and electrolyte. Yin and co-workers have
used polyethylene oxide—lithium aluminate (LiAlO2) gel electrolyte in combination
with NaI/I2 as redox additive and activated carbon as electroactive material. Nafion
117membranewas used as the separator. The specific capacitance value of the system
was found to be increasing with the concentration of the redox mediator. Also, by
suppressing the electrode resistance, the rate of electron transfer was significantly
enhanced. A 27 fold increase in specific capacitance value was observed compared
to the system with no redox additive.
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Fig. 8 Redox process involved when TEMPO used as an ambipolar redox mediator

8 Ambipolar Redox Mediator

The ambipolar redox mediator is the most suitable and desired way of implementing
the redox-active mechanism in supercapacitors. Unlike dual redox mediators, this
can impart simultaneous pseudocapacitance reactions for negative and positive elec-
trodes. Lintong Hu et al. recently developed an ambipolar redox system in combi-
nation with an aqueous electrolyte and organic radical tetramethyl piperidinyloxyl
(TEMPO). The fabricated EDLC with TEMPO additive exhibits a very high energy
density of 51 Wh kg−1, and this value was found to be 2.4 times higher than that
of the supercapacitor without the presence of TEMPO. Also, it delivered promising
cycling stability over 4000 cycles [54]. Since it possesses four alpha-methyl groups
(steric protection) and delocalized free electrons, this radical was found to be highly
stable. The significant advantage of this system is that it possesses a 10−2 cm s−1

electron transfer rate constant, which is much higher than that of normal redox
mediators [55, 56]. Fabricated the supercapacitor prototype with activated carbon as
positive and negative electrode material and they were separated by an ion-exchange
membrane. This offers a potential way to significantly enhance the energy density
of electrochemical double-layer capacitors (Fig. 8).

9 Challenges in Commercialization

Although redox-active electrolytes could enhance the overall performance of super-
capacitors, the self-discharge, solubility, diffusion rate of reaction products, the toxi-
city of the mediator are still a concern. Furthermore, the redox shuttling process
between the two electrodes leads to decreased coloumbic efficiency and causes side
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reactions that restrict its development. Another major hurdle observed in this area is
the aging of the supercapacitor during the functioning. Platek et al. [57] explained the
factors which affect the aging mechanism which include test method, and galvanos-
tatic cycling. These results enhanced redox side reactions and the change in carbon
electrode structure.

The researchers have proposed different strategies to overcome the problem
associated with the redox shuttling process. To restrict the mixing of electrolytes
by allowing the process of surpassing cations and anions, commercially available
ion-selective membranes have been used [58]. For example (Nafion—117) cation
exchange membrane was used for developing KI/VOSO4 dual redox mediator-based
supercapacitor. The developed system exhibits high energy density. Likewise, in the
case of SnSO4/VOSO4 based system, an anion exchange membrane was used. Even
though the incorporation of ion-selective membrane considerably reduced the redox
shuttling, it possesses drawbacks that include nafion membrane, and sulfonic acid
cannot be employed in alkaline medium. Moreover, the ion-selective membrane is
susceptible to the PH; this shows poor chemical stability. Also, the high cost of
ion-selective membrane limits its application.

Ion exclusion membrane emerged as a promising material to overcome the draw-
back associated with the ion-selective membrane, which is capable of separating
smaller ions despite their charges. Also, it restricts the unwanted migration of ions
with a larger size. The significant advantage of the system is it possesses excel-
lent stability in electrolytes and can be employed in electrolytes of different pH.
The cost was also found significantly less compared to the ion-selective membrane.
This supports the supercapacitor fabrication towards the commercial need. Similarly,
various membranes have been employed in supercapacitors intended for obtaining
superior performance and stability of the system. The recent works include dialysis
membranes and nanofiltration membrane.

10 Conclusion

Based on the observations, the redox mediator enhanced supercapacitors are consid-
ered promising energy storage devices for future applications. Even though exten-
sive research has been carried out in this area, most of them are studied based
on electrochemical double-layer capacitor-based electrodes. The use of pseudoca-
pacitive/battery electrode materials is expected to provide better performance. It is
well known that the water-splitting reaction takes place at 1.23 V. This significantly
restricts the energy density of the devices and therefore developing a suitable addi-
tive capable of extending the water splitting potential also has significant importance.
Advances in redox mediators that can provide faradaic reactions lead to battery-like
performance for the supercapacitors. Most of the research articles are explained the
specific capacitance and energy density only by considering the mass of the elec-
trode material. In the case of supercapacitors employing redox mediators, the mass
of the redox-active molecule in the system also needs to be considered. Since most
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of the reported work does not consider this during their calculations, overestimation
of energy storage capacity and the specific charge is observed. Excellent energy and
power densities along with superior cycling stability, show the promising application
of the redox mediator-based systems for future energy storage devices.
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Supercapacitors: From Lab to Industry

Yi-Zhou Zhang and Wen-Yong Lai

Abstract The commercialization of supercapacitors start from the later half of the
twentieth century, they have since found wide applications in transportation, utility
grid, consumer electronics, flexible and wearable systems, energy harvesting, etc.
Their superior high-power performance, excellent reliability and cycle life make
them an important class of electrochemical energy storage devices; Accordingly, the
global supercapacitor market is growing exponentially. Although the basic structure
of a supercapacitor is simple, different products towards specific application calls for
cells in different forms. This chapter focuses on manufacturing of supercapacitors
from an industry point of view, mainly including their device structures, fabrication
processes, and approaches to maximize performance while reducing cost.

Keywords Supercapacitors · Supercapacitor commercialization ·Memory
backup · Power supply · Electric vehicle ·Module design

1 Introduction

The commercialization of supercapacitors can be traced back to 1957 when the
General Electric patented a type of electrolytic capacitor based on porous carbon elec-
trodes, i.e., the double-layer capacitor [1]. Then in 1970, the Standard Oil Company
patented a disk-like capacitor based on carbon paste soaked in an electrolyte, which
stored energy at the double-layer interface [2]. However, the patent was licensed to
Nippon Electric Corporation (NEC) in 1971, which went on to manufacture the first
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Fig. 1 The global
supercapacitor market size
and the corresponding
growth rate (Adapted with
permission from Reference
[4], Copyright (2019), AIP
Publishing.)

commercially successful supercapacitor. These early supercapacitors were mainly
used for memory backup in consumer electronic applications. Since then, several
companies represented by Panasonic started to produce supercapacitors, aiming for
memory backup devices. These earlier successes drew interest towards other appli-
cations, such as in hybrid electric vehicles. Since then, the reliability and cycle life
of supercapacitors has been significantly increased [3].

Nowadays, supercapacitors have gone far enough from the seminal patents in
the mid-twentieth century and are widely used in applications ranging from trans-
portation, utility grid, consumer electronics, flexible and wearable systems, energy
harvesting, etc., mainly due to their superior high-power performance, excellent reli-
ability and cycle life. Their role in shaping modern life and society has been growing
continuously and exponentially. It has become one important class of electrochem-
ical energy storage devices by itself; they are ubiquitous in our daily life and are in
different forms depending on specific application scenarios. The global supercapac-
itor market is also rapidly growing (Fig. 1) [4]. In this chapter, we will introduce how
to manufacture supercapacitors, mainly from the industry point of view, including
their device structures, fabrication processes, and issues to consider when trying to
maximize performance.

Although it can be assembled in different forms, the basic structure of a superca-
pacitor is two metal current collectors each coated with active electrode materials,
separated by a separator which is a porous dielectric film. The sandwiched structure
is then impregnated with an electrolyte can be an organic or aqueous solvent that
contains a significant amount of ions. The basic unit can be stacked to form a flat
pouch cell or rolled into a radical structure, and the size depends on the required
capacitance and voltage. Presently, carbon electrodes and organic electrolytes are
the standard materials choices in the industry. On the other hand, the device designs
are strongly dependent on target applications and can be briefly divided into small
andmedium, and large cells for various applications. The steps tomanufacture super-
capacitors in the industry include: electrode fabrication; separator positioning; cell
assembly and external connection); electrolyte impregnation; sealing of the system.
The main goals of the industrialization efforts of supercapacitor manufacturing are
to improve the device performance: increase the energy/power density, decrease the
equivalent series resistance (ESR), and increase the robustness and cycle life of the
whole cell, while reducing costs.
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The application of supercapacitors can be mainly divided into two parts: (1)
High-capacitance supercapacitors which are used in transport, uninterruptible power
supply (UPS), lifts, etc. For these applications, supercapacitors are assembled into
modules and are generally connected to an electric balancing circuit. (2) Low-
capacitance supercapacitorswhich are used in various electronic applications, such as
backup and voltage stabilization. In these applications, supercapacitors are generally
in the same dimension as other electronic components such as electrolytic capacitors
and dielectric capacitors, are often directly welded into the circuit board.

2 Components

2.1 Electrodes

2.1.1 Current Collector

In most commercial supercapacitors, it is necessary to deposit active materials on a
metallic current collector to achieve low resistance, except for a few designs where
self-supported electrodes are used without using a current collector, such as when
conductive carbon cloth is used as a self-supportive electrode. In the latter case, the
ESR is often too high to be efficient for obtaining a high power density. However,
when considering making flexible supercapacitors, the self- supportive-electrode
approach can be preferred.

The current collector connects the electrode with the outside circuit. The detach-
ment of active material from current collector largely accounts for the increase of
ESR during cycling. Optimizing the electrode material’s mechanical and chemical
adhesion on the current collector is an essential issue in commercial supercapaci-
tors. Coating an activated carbon-containing aqueous or organic slurry on the current
collector is the most widely adopted approach in the industry. It is also possible to
directly laminate activated carbon on the current collector [5]. This method is not
suitable for fabricating thick electrodes. To improve adhesion, the surface groups of
activated carbon can be utilized through chemical reactions [6]. Adhesion can also
be improved using physical means; for instance, plasma has been used to enhance
adhesion between activated carbon and aluminum current collector [7].

The criteria for choosing a current collector include stability in the electrolyte,
cost, density, and processability. First and foremost, it is critical to choose suitable
current collectors depending on the target electrolytes. The most common current
collector in an organic electrolyte is aluminum. It possesses low price, low density,
and high electrochemical stability in common organic electrolytes. Moreover, its
surface can be specially treated to increase the adhesion between itself and the
active material. There are two primary forms of Al for such application: (1) Standard
aluminum foil, which is low cost. However, excellent adhesion between the active
material and current collector is difficult to maintain using conventional binders
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such as PVDF (polyvinylidene fluoride) or PTFE (polytetrafluoroethylene). Special
binders such as acetamides are often used. (2) Etched aluminum. Al can be electro-
chemically corroded, resulting in the so-called etched aluminum [8], which helps
increase both the adhesion and porosity of the electrode. The aluminum current
collector is not suitable for aqueous supercapacitors because of the usage of strong
acids and bases [9]. Instead, they use nickel and stainless steel as current collec-
tors [10]. Unavoidably, they are more costly and heavier than Al. Their ESR can be
decreased by increasing the roughness of the foil and by shaping the collector into
grids and introducing an underlayer.

2.1.2 Activated Carbons

Since the invention of supercapacitors, activated carbons have been the main active
electrode material of commercial supercapacitors. It is thus a perfect example to
show how to increase device performances through modifying materials. The early
activated carbons have low pore density. Soon after, it became common knowledge
that the ion-accessible surface needs to be increased to increase the capacitance.
The first commercial activated carbons for supercapacitors were manufactured from
the sugar industry. Thus, these carbons suffer from low purity, untuned particle size
distribution, high surface functional group content, and low lifetime. Since then,
researchers have tried activated carbons from different sources, trying to overcome
these undesirable features. Common knowledge is that only ~20% of porosity is
genuinely accessible to the ions, thus contributing to energy storage [11–13]. Many
researchers focused on tuning porosity to increase the ion-accessible pore structures
[14–16].

Carbon Sources

There are mainly two ways to categorize activated carbons, namely, the activation
method and precursors [17]. However, it is worth mentioning that although many
activated carbons have been developed in the laboratory, to upscale to the industrially
relevant level is another story [18].

Supercapacitor manufacturers have used many activated carbons due to their
balanced cost and performance. As shown in Fig. 2, some commercially successful
carbon sources have been explored, includewood [19–21], coconuts [22], petroleum-
residue [23], and carbohydrates [24, 25].

Pore sizes

Because of the energy storage mechanism, it is natural to think that the gravimetric
or volumetric capacity is in proportion to the BET surface area of the carbon, which
is in turn determined by the available pore volume for absorbing nitrogen molecules.
However, in practice, the capacitance in neither aqueous nor organic electrolytes is
proportional to the N2 BET surface area. This is understandable because the stored
ion sizes in supercapacitors are larger than the nitrogen molecule.
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Fig. 2 Graphical representation of supercapacitor fabrication from a biomass (Adapted with
permission from Reference [21], Copyright (2020), Springer Nature) and b oil residue (Adapted
with permission from Reference [23], Copyright (2021), Elsevier)

There are many industrial recommendations on the pore size distribution of acti-
vated carbons for organic supercapacitors. For example, the macropore and micro-
pore volumes should be controlled to be less than 10% and close to 50% of the
total pore volume [26]; Although there is no proportionality between capacitance in
organic media and BET surface area; an optimum pore size distribution can be found
according to different ion sizes within electrolytes (Fig. 3) [27–29, 31].

Particle Size Distribution

Apart from pore size distribution, particle size distribution also strongly impacts
performance [31]. In one representative study, a medium particle size of 4–8 µm is
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Fig. 3 a Plot of specific
capacitance normalized by
BET SSA and average pore
size carbons; drawings of
solvated ions residing in
pores with the distance
between adjacent pore walls:
b greater than 2 nm, c
between 1 and 2 nm, and d
less than 1 nm, to illustrate
distinguishing behavior
schematically. (Adapted with
permission from Reference
[27], Copyright (2006),
American Association for the
Advancement of Science.)

needed to obtain polarizable EDLC electrodes, which helps increase the capacitance
[32].

Surface Functional Group

The impact of surface groups on supercapacitor performances can be two-fold. They
can impact the major performance parameters such as capacitance, resistance, opera-
tion voltage window, self-discharge, etc. First of all, surface groups can lead to redox
reactions that contribute reversible pseudocapacitance [33–35], therefore adding to
the total capacitance in both aqueous [36] and organic electrolytes [37]. However,
residual oxygen can increase the resistance of the electrode [38–40]. Moreover, the
acid functional groups are harmful in aqueous media because they facilitate gas
release at low potential [41], and significantly reduce the lifetime of devices [42].
Even in organic systems, the oxygen-containing functional groups can reduce capac-
itance and reduce the operating voltage window of the device [43]. Therefore, in
organic media, oxygen-poor carbons are generally preferred. Moreover, the amount
of surface functional groups can also impact the self-discharge of supercapacitors
[44].

Although the functional groups of carbon can significantly impact the perfor-
mance in organic and aqueous electrolytes in complex ways, in general, oxidation of
activated carbon could lead to increased capacitance while bringing about the aging
problem. There are many proven surface modification methods to treat carbons,
including acid treatment [45, 46], oxidizing [47–49], electrochemical [50], thermal
[51], plasma [53, 54], laser [52], polishing [55], etc. However, it is worth noting that
activated carbon manufacturers have a strict amount when doing such modifications
to limit the aging issue of supercapacitors.
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2.1.3 Binders

A binder in supercapacitors has two primary functions: connecting particles and
increasing the adhesion of electrode on the current collector, which decreases the
ESR and limits capacitance decrease [56]. However, the binder content must be low
in the electrode mainly because most binders are insulating, high content of which
can increase the ESR. As nonactive material, higher binder content can also decrease
gravimetric capacitance. Moreover, the wettability of electrolytes on carbon can also
increase adhesion between carbon and binder [57, 58]. PTFE (Polytetrafluoroethy-
lene) is a popular binder in the supercapacitor industry because of its high electro-
chemical stability and processability in aqueousmedia [59]. A typical weight content
is 3 and 5%. In one seminal patent [60], PTFE-carbonmixturewas coated on a current
collector to fabricate an EDLC device. Also popular is PVDF [61] that are dispersed
in an organic solvent such asN-Methyl-2-pyrrolidone (NMP) andDimethyl sulfoxide
(DMSO), and THF (tetrahydrofuran). Other popular binders include water-soluble
polymers such as PVA (polyvinyl alcohol) and CMC (carboxymethylcellulose) [62].
However, they cannot work at high voltage due to the tendency to degrade. Thus
chemical modification of these binders are often necessary [63]. Another important
binder is polyimide, which is particularly useful for high temperature applications.

2.1.4 Conductive Additives

Aconductive additive is needed to increase the electrical conductivity of the electrode
and to reduce the ESR. In 1972, carbon black was first proposed to be added to
improve the conductivity of the EDLC carbon electrode [64]. This patent is the
earliest of its kind to use conductive additives in the electrode formulation. Many
conductive additives have since been developed, mainly including carbon black,
acetylene black, Ketjenblack, carbon fibers, carbon nanotubes (CNTs), graphite,
metallic fibers and particles, etc. The particle size of these conductive additives
also has influence on the electrode resistance [65]. So far, manufacturers mainly
use carbon blacks because of their good overall performance including electrical
conductivity, purity, cost, stability, lightweight, and processability. Carbon blacks
are composed of largely spherical particles with a diameter range of dozens of nm,
and could form aggregates of hundreds of nm. The aggregates can then form a
compact 3D conductive network. The microstructure of carbon blacks resembles
that of graphite. Two types of carbon black, i.e., Ketjenblack and acetylene black,
are often preferred due to their significant mesoporosity [66, 67].
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2.2 Electrolyte

The electrochemical stability window of the electrolyte thus has a heavy influ-
ence on the performance of supercapacitors. Moreover, electrolytes can also influ-
ence the ESR and capacitance [70]. Critical parameters of an electrolyte include
conductivity, electrochemical Stability, thermal Stability, toxicity, etc. The conduc-
tivity of an electrolyte is determined by the ion concentration, ion mobility, solvent
or solvent mixtures, and temperature. The choice of salt in the electrolyte is the
first important step to obtain high conductivity. The tetraalkylammonium ions are
commonly used in industrial supercapacitors due to their good solubility and conduc-
tivity. These cations have shallow reduction potential, which leads to high stability.
Many have studied have found out tetraalkylammonium ions can be reduced on
various electrodes [69–71]. The cation RN4

+ is often reduced to alkanes, alkenes,
and trialkylamines. Common anions are BF4−, ClO4

−, PF6−, and SO3CF3−. The
most popular ions are Et4NBF4 (tetraethylammonium tetrafluoroborate, TEABF4)
and Et3MeNBF4 (triethylmethylammonium tetrafluoroborate, TEMABF4). Given
the high conductivity in ACN compared to other solvents [72], the use of Et4NBF4
in ACN has rapidly become popular. However, some companies replace ACN with
PC based on an environmental concern. However, the lifetime of supercapacitors
based on PC is typically lower than that of ACN [73].

Regarding salt concentration, Zheng et al. [74] found that the salt concentration
in can directly influence the operation voltage of supercapacitors. An example from
industry shows that a capacitance of 166 F g−1 is raised from 103 F g−1 when
the ratio of Et4NBF4 in ACN is increased from 0.1 to 1.4 M [75]. A compromise
often needs to be made in the industry setting, as the electrolyte price, especially
the salt, is a major part of the whole unit. Therefore, 1 M of TEABF4 in CAN
or PC is adopted by most companies. When choosing solvent, things to consider
mainly include responsiveness to the electrode’s electroactive species, its dielectric
constant and its polarizability, and its stable electrochemical window. Combining
these requirements, common industrial solvents in supercapacitors mainly include
EC (ethylene carbonate), PC, DME (dimethoxyethane), THF (Tetrahydrofuran),
ACN, DMF (Dimethylformamide), etc. The electrochemical stability of a solvent
is a vital issue for industrialization and is strongly linked to impurities and to the
cathodic or anodic potential [76]. Particularly, oxygen and trace water can be very
harmful to many organic electrochemical systems [77]. Thus, supercapacitor solvent
in the industry must have wider electrochemical potentials than the potential window
of the device and very high impurity.

Electrolyte degradation

Even a pure electrolyte with high stability can still degrade through interacting with
other supercapacitor components. One of themost important degradation approaches
is with the trace water and surface functional groups (especially acidic ones [78])
from the activated carbon, mainly when the supercapacitor voltage is higher than
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2.3 V [79]. Gasses are generated from the degradation reactions, which block pores
in activated carbon and separator, and increase the ESR [80].

Gasses of propene, CO, CO2, and hydrogen were detected up to a voltage of
2.6 V when a PC electrolyte (1 M TEABF4/PC)-based supercapacitor was analyzed
[81]. Similar findings were reported later by other groups and companies [82]. These
studies into the degradation mechanisms of electrolytes indicate a potential failure
mode of supercapacitors, i.e., the building of pressure due to the continuous produc-
tion of gases. Therefore, an organic supercapacitor must be mechanically robust to
resist increased inner pressure and prevent leaking. The main patented solutions are
the following: gas evacuation from the inside of the device through valves [83] and
membranes [84]; condense gas within the component [85]; reinforce the superca-
pacitor with increased thickness of cover and can; open the device via a membrane
or a venting [86]; decrease the gas amount generated using chemicals [87].

Thermal stability

One significant advantage of supercapacitors is their wideworking temperature range
(at least−30 to 70 °C). Therefore, it is essential to keep the conductivity of different
electrolytes at extreme temperatures in mind when designing cells. There are various
approaches to increase conductivity at extreme temperatures. For instance, PC-based
electrolytes’ temperature range and conductivity can be improved by adding fluo-
robenzene [88] or using EMPyrBF4 (ethyl methyl pyrrolidinium tetrafluoroborate)
salt. A special thermal control unit can also be used to ensure the smooth operation
of supercapacitors at deep space temperatures [89].

Since commercial cells mostly use high-freezing-point solvents such as PC and
CAN, the main challenge is to design electrolyte mixture with low melting points
and sufficient ionic conductivity while minimizing the ESR increase at lower temper-
atures. By adding another solvent, a wider temperature range than ACN can be
obtained [90]. At high temperatures, high-power applications require high conduc-
tivity, however, high temperature also brings about accelerated aging. In practice,
ACN can be used up to 80 °C, Above this temperature, PC-based electrolytes can
be used, but aging can be quite serious. Other feasible solvents at high temperatures
include sulfolane or EC. If an even wider temperature range is needed, ionic liquids
can be used.

Non-traditional Electrolytes

A traditional solvent such as ACN has a low flash point and is toxic. Therefore, most
supercapacitor manufacturers need to design cells so as to avoid electrolyte leakage.
Also, the electrolyte quantity is limited in cells to avoid liquid leakage. Still ACN
is still unaccepted in some countries given the strict environmental constraints. To
improve PC-based supercapacitor performance is a viable option, however, it is still
hard to find alternatives to ACN in terms of the combination of conductivity, thermal
Stability, and electrochemical Stability [91]. However, the low flash point issue can
be partially overcome by adding flame retardants [92].

Solvents can be removed altogether by using pure ionic liquids as electrolytes
for supercapacitors [93]. Being solvent-free, stable over wide temperature ranges,
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and non-flammable, ionic liquids seem ideal candidates, except for the relatively low
conductivity [94]. Moreover, their purification is difficult [95], which, as discussed
above, may compromise the lifetime of supercapacitors. This feature also results
in the high price of ionic liquids, making them unsuitable for industry, except for
some niche applications such as at high temperatures [96] and high voltage. There
are already products that are commercially available based on DEME-BF4, that have
shown better performance than PC-based electrolytes [97].

2.3 Separator

Separators are used to separate the two electrodes from contacting each other while
allowing ions to pass through. Correspondingly, their requirements include high
stability (electrochemical, thermal, and chemical), high porosity, low thickness (as
thin as possible but not too thin for the carbon particles to cause shortening between
two electrodes), and low cost. Paper made from cellulose fibers is routinely used as
supercapacitor separators. They are made from high-purity cellulose fibers (Fig. 4a),
with a thickness of 15–50 µm and a low density of less than 0.85. Strong drying by
thermal outgassing or acetone washing is needed to rid such separators of any water
contamination in supercapacitors [98, 99].

However, these paper separators have one important drawback: when exposed
to a high voltage of over 3 V, oxidative deterioration happens, leading to a signif-
icant decrease in strength and even destruction of the paper [100]. However, such
voltage is often reached or approached in practice, and researchers are working on
increasing the working voltage to maximize energy density and power density. Thus
polymeric separators have been developed in the industry [101]; some typical exam-
ples include: Glass fiber-based separators [102, 103]; porous polypropylene films
[104–106] (Fig. 4b); multilayer separator [107], with the second layer of electro-
spun ultrafine fibers deposited on one standard polymeric separator, such structure
can help reduce short circuits between electrodes; separators based on thermoplastic

Fig. 4 SEM images of the surface of different separators. a Cellulose. b Porous polypropylene.
(Adapted with permission from Reference [99], Copyright (2021), Springer Nature.)
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Fig. 5 a Coin-type cell construction (Adapted with permission from Reference [110], Copyright
(2011), The Royal Society of Chemistry.) and b wound-type cell construction. (Adapted with
permission from Reference [111], Copyright (2015), PLOS.)

resin and pulp fibers [108, 109], which have excellent mechanical strength, ion, and
liquid permeability, yet also high price; PTFE- andpolyimide-based based separators.

3 Cell Design and Assembly

According to applications, small supercapacitors (coin type) and large ones (hundreds
of F) have different architectures.

3.1 Small-Size Supercapacitors

These refer to welded components for electronic applications, such as energy storage
units for wireless communication sensors, actuators, and toys, backup power for
memory boards, power management for laptop computers, a power system for
portable and mobile applications such as LED flashes. Cells for these applica-
tions typically have less than 1 F capacitance. These supercapacitors can have two
appearances [110, 111]: Coin cells (Fig. 5a) and Wound cells (Fig. 5b).

3.2 Large Cells

Large cell structure and construction are less standardized than their small-size coun-
terparts: each manufacturer uses its own designs. But generally, there are two forms:
the high-power cells, for use in electric vehicles; and energy cells for stationary
applications such as uninterrupted power supply (UPS).
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Fig. 6 Pouch cells from GTCAP (a 6000 F, 4.0 V, b 2000 F, 4.0 V)

3.2.1 High-Power Cells

The high-power requirements call for low ESR, thus cell design is relatively simple.
Main designs include wound cell and bipolar design. The spiral wound cell roll
electrodes with the huge surface area into a small case. The large electrode area can
significantly reduce the capacitor’s internal resistance, and the case greatly simplifies
the capacitor sealing. In a spiral wound design, only the outside components require
sealing. On contrary, each cell needs sealing around the electrodes in the bipolar
design. However, in a wound design, only the outer can require sealing. Because
of targeted heavy-duty applications, high reliability is emphasized, i.e., these cells
must resist high pressure and remain fully sealed. The cover and can commonly use
aluminum.

3.2.2 Energy Cells

The assembly of these energy cells is inspired by electrolytic capacitors. Because of
the emphasis on energy density, the ESR of this type of cell is higher. Typically, they
are based on PC electrolytes, and the electrode thickness is generally higher than
power-type cells to increase energy density.

Pouch cell designs are commonly adopted for EDLC energy cells. This design,
like in Li-ion cell phones, enables high energy density and easy flat-mode integration
in applications such as cell phones (GTCAP, Fig. 6) and electronics. However, due
to the light packing, these cells cannot resist mechanical shocks, they are sensitive
to heat, gas, and water thus has limited long-term utility.

4 Module Design

Supercapacitor modules are needed for specific applications where high voltage and
high power output are needed. By combining several units in series, higher voltages
and energy density can be achieved. Such application often calls for high individual
voltage. In a supercapacitor module, only unit cells contain active materials. Thus,
the energy/power densities of the module are always lower than unit cell values.
Manufacturers tend to design their modules with minimized passive materials versus
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the cellswhile considering safety, environmental, and aging performances. Geometry
can also be an important design factor. The passive components within a module are
detailed as follows.

4.1 Metallic Interconnects Between Cells

It is often necessary to connect unit cells to increase the voltage (connected in series)
or capacitance (connected in parallel). When designing interconnects, the cell geom-
etry and terminal positioning on the cells must be taken into consideration. For
example, flat interconnect strips can be used if cell terminals are flat [112]; while
rolled or tubular modules call for more complex strip geometries [113]. The connec-
tion between the cells and the interconnect strip can be achieved by welding [114],
brazed [115], screwed [116], etc. Meanwhile, the connecting strips also help thermal
dissipation of the module.

4.2 Electric Terminal for Module

The connection between terminals of the first and last cells must have low resistance
to constrain heat generation. One common approach is to weld the module terminals
directly on the first and the last cell of the module [117].

4.3 Insulator for Module

Many commercial insulating materials can be readily used. For instance, Polyimide
and PTFE can be used for small thickness scenarios. Interestingly, one of the useful
insulator materials is an elastomer filled with carbon black. The elastomer layer
fulfills several functions simultaneously [118]. Apart from insulation, it can also
absorb shock through compression and promote heat exchange between the module
and the environment.

4.4 Cell Balancing

To obtain high module durability and safety, thermal modeling of the supercapacitor
cell is important, to ensure the supercapacitor module is within a suitable temperature
range [119, 120]. Voltage balancing between cells to a cell is needed to distribute
stored charges across cells evenly.Moreover, since cell capacitance, series resistance,
and self-discharge cannot be fully equal because of variations in processing and aging
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Fig. 7 Module enclosure of
a Jiashengtai electronics
(16 V/500 F), and b LSUC
(3000 F/2.8 V)

[121], in the absence of balancing electronics, cell overvoltage could lead to a risk
of cell overvoltage to excessive aging. Voltage balancing can be achieved by driving
a bypass current in/out of cells when the voltage passes beyond a threshold voltage.
To enhance the balancing effect, one balancing circuit per cell can be connected in
series into a balancing system.

4.5 Module Enclosure

Figure 7 shows some aluminum encloses various modules. Such enclosure also
enables simple cooling through air ventilation. Although such a heavy enclosure
significantly lowers the gravimetric energy/power densities of the modules, security
is of paramount importance for urban transport applications.

5 Summary

There are mainly two families of commercial supercapacitors, i.e., the small cells
that have are mature for years and are widely used in mobile applications, consumer
electronics, toys, backup, etc.; and large cells that are based on low-cost materials
to be competitive for new markets such as automotive and grid utility. Besides cost,
innovative ways of using supercapacitors in new applications also drive the industry
development of supercapacitors. For instance, energy density is important in electric
vehicle application besides the traditional advantages of long cycle life and high
power density. New issues and designs are necessary to meet this new demand.
Specifically, in a conventional symmetric supercapacitor, the energy density can be
increased by increasing the operating voltage. To do so, one can change the capaci-
tance ratio of two electrodes; match the electrolyte ion sizes to the electrode; match
the pore size distribution of electrodes to the electrolyte ions by changing electrolyte
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conditions. Lastly, cell and module designs are critical issues for successfully taking
the supercapacitor from lab to industry.
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Abstract Energy has remained one of the top priorities of researchers for its
maximum conservation due to the rapidly depleting conventional energy resources.
The recent developments in the field of energy storage have compelled researchers
to explore the power and potential of supercapacitors. These efforts have revealed
the hidden yet unique benefits of supercapacitors for producing highly advanced and
smart flexible wearable devices and consumer electronics. The ongoing researches
have explored the performance, potential, and capacity of supercapacitors in compar-
ison with conventional capacitors. In this chapter, different types of materials and
methods utilized to facilitate energy storage have been discussed. In particular, the
use of graphene with metal oxides, chalcogenides, and conductive polymer materials
along with mechanisms have also been emphasized in detail. Additionally, the recent
advancements on various supercapacitors and their possible applications, including
sensors, smart, flexible devices, consumer electronics, hybrid vehicles, advanced
energy storage systems, heavy machinery, power grid systems, etc. were considered
as the heart of this chapter. Further, the prospects of supercapacitor-based devices
which hold promising innovations in advanced energy storage processes are also
systematically highlighted.
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1 Introduction

Energy is the most valuable commodity in the world today. It is the strength of
energy that has driven economic and social progress in societies and has determined
the quality of life. The importance of energy can be seen through the extensive
innovative developments in technology and its use in everyday life. For instance, in
developed countries like Canada, reliable and affordable energy is the driving force
behind the production and distribution of services that enrich and extend life. Be it
power computers, communications, transportation, or cutting-edge medical equip-
ment; energy is the mainspring behind every revolutionary innovation [1]. Broadly,
energy sources are of two types; renewable and non-renewable. Despite a lot of
progression in the non-renewable energy sector, crude oil and coal are the most
dominant form of non-renewable energy source that is used in industry, agricul-
ture, trade, and transportation [2]. However, the world is rapidly moving towards
renewable energy sources, mainly solar, wind, and hydroelectric energies. These are
considered safe and reliable for long-term use compared to the rapidly depleting non-
renewable sources. According to a study, renewable energy share would be equal to
two-thirds of the total global primary energy supply in 2050 [3]. Along with the
escalation in the use of renewable energy, there have been efforts to store energy on
chemical and electrical levels, which employs supercapacitors in electrical devices,
machines, and appliances. These are lightweight and environment-friendly and show
high performance in less charging time than conventional batteries [4].

Energy storage is one of themost difficult yet invaluable aspects of energy produc-
tion and consumption practices. Energy is required in the transportation, industry,
and overall economic activity of a country; therefore, its preservation and storage
are immensely important [5]. Energy storage in the grids is also considered to be the
reason formaking the grids systemsmore efficient and reliable in the long term. Once
energy is stored and appropriately utilized, economic and environmental security can
strengthen a country that is directly related to the energy storage mechanisms [6].
Since the non-renewable sources are depleting and the renewable ones are still in the
initial phases, there is a capacity to introduce other methods of energy storage. These
methods are of various types, and they are creating strides in the energy sector. They
can be categorized as mechanical storage, electrical/electromagnetic storage, elec-
trochemical storage, thermal storage, and chemical storage. The mechanical storage
includes spring, flywheel energy storage, pumped hydro energy storage, fireless
locomotive, hydraulic accumulator thermal expansion, solid mass gravitational [7].
The capacitor, supercapacitor, superconducting magnetic energy storage is a type
of electrical/electromagnetic storage. Electrochemical storage contains rechargeable
batteries, flow batteries, ultra-batteries, liquid air energy storage, liquid nitrogen
system. Thermal storage incorporates cryogenic energy storage, steam accumu-
lator, and chemical storage covers biofuels, eutectic system, hydrated salts, hydrogen
storage, vanadium pentoxide.

There are various types of energy storage methods used across the globe, and
the most frequently and extensively used are batteries. Batteries have been used in a
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Fig. 1 Difference between capacitor, supercapacitor, and battery charge–discharge capabilities.
Adapted with permission from reference [9], Copyright 2018, Springer Nature

wide variety of applications that extend from toys to medical implants. The energy
storage in the battery has a fewdrawbacks that include heating problems, gasification,
risk of explosion, danger to the atmosphere, shorter lifecycle, lower power density,
and longer charging time. Supercapacitors can be an alternative to batteries with
the characteristics of both the batteries and the capacitor. In the last few years,
there has been significant progress in the field of supercapacitors for commercial
applications [8]. The supercapacitor, as compared to batteries and capacitors, has
superior capacitance, longer lifecycle, reduced charging time, lightweight, and has
no significant impact on the environment (Fig. 1) [9].

2 Importance of Flexible/Wearable Devices

Over the past few decades, flexible and wearable devices have been used to preserve
energy and innovatively use them. These electronics have inspired many developers
to create innovative technologies in more advanced ways. Unlike the conventional
silicon-based inventions, flexible and wearable electronic devices reflect more reli-
able and superior qualities like high flexibility, ultra-lightweight, easy processability,
adaptability to roll-to-roll production procedures, and acceptance by the users who
find themmore convenient than the traditional devices [10]. These devices are contin-
uously being evolved into the best versions possible. For this, the bendability and
flexibility of these devices are frequently measured to determine their quality and
longevity. The curvature radius of these devices is observed, which should bear
approximately 80% bending and remain intact, i.e., from 100 mm up to 1 mm. Simi-
larly, if the curvature radius declines to 1 mm or less than that, then the device
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is recognized as an ultra-flexible substrate. This observation, however, determines
whether the device is reliable or not for energy storage [11]. The most important
aspect of these flexible wearable devices is that they are much different in durability
and adaptability in terms of performance and adjusting to the emerging needs of the
consumer market. Especially, when the world is moving towards energy conserva-
tion, these devices are meant to make this job easier. They are unbreakable as they
incorporate a glass-free active matrix display which is unique and convenient. Also,
they can be easily manufactured at a low cost along with creating minimum waste
[12]. Similarly, these devices have a maximum processing temperature of 100 °C
which is best for the lower-cost production of flexible substrates. Hence, the flexible
wearable devices are of immense advantage for themanufacturers and the consumers
both.

Recently, there has been much innovation in the field of consumer electronics in
which many flexible and bendable devices are being created. These devices offer
unmatched pliability and a robust structure that is not just safe but durable as well.
For instance, sensors, bendable display screens, electronics made with durable plas-
tics, etc., have become popular in the consumer markets. The most striking aspect of
flexible devices is that they ensure thin, lightweight wearables, yet robust enough to
be durable, as they have a perfect form factor to be adjusted in any shape. Also, they
prove to be immensely comfortable for the user. The futuristic applications of these
devices include 3D printed flexible batteries for wrist bands, etc. Similarly, elec-
tric car companies like Tesla incorporate flexible devices for their future electronic
car productions. These are also being further investigated to be used in healthcare
systems as conventional treatment and disease tracking devices. Thus, the future
holds immense opportunities for the applications of flexible wearable devices.

Flexible supercapacitors are considered as a promising energy storage technology
for future textiles, automobiles, gadgets, electronics, etc. [13]. The importanceofflex-
ible supercapacitors can be reflected in the fact that they aremuch in demand than ever
before. This is because they are new, lightweight, cost-friendly, and environment-
friendly. These are largely incorporated in the production of display technologies,
touch screens and sensors, and other bendable electronics. Another aspect of their
importance is that electrodes in flexible supercapacitors are composed of a carbon
network, which can be binder-free and conductive. These properties of carbon
networks also remove the need to use metal foils in the devices [14]. Similarly,
the combination of the carbon network and the pseudocapacitive materials, created
with the doping of polymers in the carbon chains (polyaniline or polythiophene), is
known to increase the capacitance of the flexible electrodes. Hence, these proper-
ties of the supercapacitors make them unique and of high utility [15]. Simply put,
when compared with conventional capacitors, supercapacitors exhibit high power
density, prominently increased capacitance, a good low-temperature performance,
whichmake them durable, enhance energy density, improve current discharge ability,
offer longer life, promote fast charging speed, along with convenient detection [16].
That is why they are frequently used in flexible wearable devices and other elec-
tronic gadgets for more convenience. They are also important for hybrid vehicles for
supplementary storage of battery life and energy.
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3 Materials and Charge Storage Mechanisms

As compared to conventional batteries, capacitors are known to be of much promi-
nence in terms of being able to store energy for shorter periods, i.e., for quick
use of any device. Also, they have less energy per unit weight, which makes them
quite slow during the performance. However, the higher specific powers and faster
response make them better than batteries. Comparatively, supercapacitors have more
power and response times than capacitors [17]. The mechanism of batteries and
capacitors differ due to the difference in energy storage electrodes and their mate-
rials. These differences of mechanism include (a) the faradic charge storage, i.e.,
of batteries, and (b) the non-faradic or the capacitive charge storage in pseudoca-
pacitors, which are caused by electrostatic interactions in the electrodes. Superca-
pacitors are electrochemical devices for storing energy in an efficient way [18].
However, the materials used for energy storage include nanostructured materials
that have higher reaction rates due to the additional electrode surface area and
short path lengths. These nanoscale materials are needed for batteries so that the
solid-state ionic diffusions must be avoided for uninterrupted charge storage. In
supercapacitors, carbonaceous materials are used to store charge energy, such as
graphite, graphene, carbon nanotubes (CNTs), activated carbon (AC), carbon fiber-
cloth, conducting polymers, transition-metal oxides, sulfides, etc. Precisely, super-
capacitors use electrodes, electrolytes, and separators that collectively work to store
energy [19].

The hybrid supercapacitors are the combinations of electrochemical double-
layer capacitors (EDLCs) and pseudocapacitors and therefore have an enhanced
performance rate. Hybrid supercapacitors have elevated chances of amplified energy
density, extensive life cycle, rapid kinetics, better security, and low expenditure on
preparation [20]. These supercapacitor systems also have non-aqueous redox mate-
rials that are responsible for furthering the energy storage process. There are two
types of hybrid supercapacitors; (a) symmetric and (b) asymmetric. The difference
between these two types is based on the electrode material. The symmetric hybrid
supercapacitor has similar electrodes while asymmetric has dissimilar types. The
most unique and popular application of hybrid supercapacitors is vehicles. They
are incorporated in hybrid vehicles that create reduced environmental pollution and
offer high energy storage capacity. Therefore, to generate maximum performance of
the vehicles or electric devices, the combination of high-energy–density lithium-ion
batteries and high-power density supercapacitors is the perfect way to make the elec-
trodes work best for reliable power generation and storage applications [21]. One of
the distinctive features of hybrid supercapacitors includes a higher capacitance than
the normal capacitors and a higher working voltage. They also exhibit a very low
current leakage as compared to EDLCs. Hybrid supercapacitors are normally safe;
however, the electrolytes in them can be flammable and harmful. That is why they
require a specific temperature to avoid too much heat for possible damage. Despite
that, they are more efficient and reliable in terms of durability and performance of
the devices.
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4 Flexible Supercapacitors

Flexible supercapacitors are immensely important when it comes to lightweight,
portable electronic devices. These supercapacitors are installed in the devices for
maximum energy storage with the least inconvenience. Flexible supercapacitors
incorporate the combination of the flexible electrode and the substrate material,
which creates structural flexibility with high power density. These abilities of these
supercapacitors make them unique and perfect for innovative portable devices. Flex-
ible supercapacitors are produced with various materials; however, the ones made
from activated carbon showed high capacitance as the activated carbon is responsible
for reducing resistance [22]. For a successful design of a flexible supercapacitor, it is
important to synthesize EDLCs and the pseudocapacitors along with the synthesis of
electrodes and electrolytes. These will ensure the stable design andmaximum perfor-
mance of a flexible supercapacitor. Flexible supercapacitors are bendable, and their
electrodes are also adjustable to this bendability. For flexible supercapacitors, the
most popular design is free-standing films with a large scale up to several centime-
ters. The active electrode materials used in them are usually larger than the planar
configuration, which is the actual reason for high capacitance. Hence, with high
capacitance come much stronger mechanical properties. The flexibility of the flex-
ible supercapacitors can be achieved by using free-standing electrode films, flexible
current collector substrates, and gel polymer-based electrolytes, such as carbon-
based cloths, metal foils, fibers, wires, and tapes (Fig. 2). These materials enhance
the potential of the supercapacitors in terms of energy storage, and they are also the
most feasible for flexible wearable devices [23].

Fig. 2 Photographic view of the construction of flexible solid-state supercapacitors. Adapted with
permission from reference [24], Copyright 2018, Elsevier
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4.1 Allotropes of Carbon for Flexible Supercapacitors

Various allotropes of carbons such as graphene, carbon nanotubes are used to maxi-
mize the energy storage capacity in flexible supercapacitors. Graphene is a thin layer
of pure carbon in a hexagonal honeycomb-like structure, tightly bonded together.
Graphene has enhanced the capability and performance of carbon-based supercapac-
itors. For example, they can charge within seconds and discharge tens of thousands
of charging cycles [25]. Graphene-based electrodes have been tested to make them
more responsive in terms of the energy storage process.

Over the years, various graphene materials have been synthesized to increase
the potential of supercapacitors. These materials include graphene films, graphene
fibers, and 3D porous graphene frameworks, which exhibit more power storage and
less energy wastage. These materials can be deformed in a controlled environment to
be adjusted into portable, flexible devices. This feature of graphene supercapacitors
has increased their application, for instance, in solar cells and similar self-powering
devices.

4.1.1 Graphene-Based Flexible Supercapacitors

The overall potential and performance of a supercapacitor are determined by its
charge storage mechanism, which incorporates either EDLCs or redox reactions.
While EDLCs store charges more like normal capacitors, the pseudocapacitors work
more like batteries. However, carbonaceous materials are the ones that dominate
the energy storage process as compared to the above-mentioned materials. But, for
this elevated performance, the carbonaceous materials require graphene and carbon
nanotubes which increase their potential manifold, especially in flexible electrodes.
There has been extensive research on these carbonaceous materials as they have
outstanding electrical and electrochemical properties, especially graphene.

Graphene-based electrodes as well as the electrolytes, are highly flexible, be it
symmetric or asymmetric in nature and structure. This is because graphene contains
prominent physical features, such as good mechanical strength, high specific surface
area, good chemical stability, high electrical conductivity, thermal conductivity, and
mechanical flexibility for flexible supercapacitor devices, which makes it a suitable
electrode material. These features are responsible for creating a highly flexible and
thin film of graphene-based electrode materials (as demonstrated in (Fig. 3) that can
be worn on the body or in wearable electronic devices. One of the main compos-
ites graphene-based flexible supercapacitors include pure graphene-based electrode
materials that are graphene-based or reduced multilayer graphene oxide film-based
flexible electrodes, prepared by chemical reduction of graphene oxide (GO). This
method is conducted through organic reducing agents, resulting in identical flex-
ible graphene electrodes or combining flexible devices with ultra-thin and optically
transparent features [26]. Besides, pure graphene is also responsible for delivering
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Fig. 3 Graphene-Ag-3D
graphene foam electrodes
used in Flexible
self-charging SC [29].
Adapted from reference [29].
This is an open-access article
distributed under the terms
of the Creative Commons
CC-BY license

normalized capacitance of 80 μF/cm, which is quite efficient in a flexible super-
capacitor (FSC). Also, graphene is best when prepared as a porous flexible paper
through vacuum filtration, which can be directly used as a supercapacitor electrode
without even using a binder [27]. This electrode has high capacitance (468 F/g at
a scan rate of 2 mV/s), and an exceptional cycling performance [28]. Some of the
prominent composites of graphene-based FSCs are discussed below.

4.1.2 Metal Oxide/Graphene Composites For Flexible Supercapacitors

Metal oxides are used for the synthesis of composite materials in which the metal
oxide nanoparticles’ size andmorphology change drastically. These changes improve
the availability of sorptive sites for sorbate molecules, which enhances the capaci-
tance [30]. Graphene, being a carbon monolayer, is unique for its functional prop-
erties. Especially when combined with metal nanoparticles like metal oxides, the
efficiency of graphene-based FSC increased manifold. For instance, metals such as
silver (Ag), manganese (Mn), gold (Au), nickel (Ni), copper (Cu), palladium (Pd),
platinum (Pt), ruthenium (Ru), and rhodium (Rh); and oxides likeMnO2, ZnO, TiO2,
SnO2, Fe3O4, Co3O4, Cu2O, NiO, RuO2, and SiO2 are the prominent materials [31].

Metal oxides are suitablematerials that show enhanced electrochemical properties
for sensors or biosensors. They can construct a 3D conductive pathway for clearing
charge transfer ways in a porous form. These pathways help to improve the sensitivity
of the electrochemical sensors and devices. Due to this ability of metal oxides, they
are beneficial for supercapacitors [32]. The creation of graphene nanoparticles is
a diverse process that results in the synthesis of various graphene composites. For
instance, as Fig. 4 shows, different techniques of creating graphene composites result
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Fig. 4 Pictorial view of techniques used for the creation of graphene–nanoparticles (NPs) compos-
ites and different structures of (a) encapsulated-graphene nanoparticless, (b) wrapped-graphene
nanoparticles, (c) graphene-nanosheets to which NPS are anchored, (d) mixed graphene–NP struc-
tures, (e) sandwich structures of graphene nanoparticle, and (f) layered graphene nanoparticle.
Adapted with permission from reference [33], Copyright 2021, Springer Nature

in different types of graphene-basednanoparticles. These nanoparticles are all equally
effective and efficient for enhancing the supercapacitor’s potential.

Manganese oxide usually contains negative charges that need to be made posi-
tive to suit the graphene-based FSC. For this, the incorporation of manganese
dioxide in hexadecyltrimethylammonium bromide will increase capacitance rapidly
as compared to that of neat manganese dioxide. This can be done through the process
of micro-emulsion. Similarly, ammonia-doped rGO and Cu(ClO4)2 suspension in
ethanol was employed to fabricate N-doped porous rGO/copper oxide composite.
This is done via the one-pot technique, which involves the application of a direct
current voltage. This technique is more favorable compared to others as it does not
use any additives or surfactants in the process. Besides, this technique can be used
for maximizing the performance of other metal ions and conducting substrates as
well. Similarly, a simple hydrothermal method was used to fabricateMnO2 nanorods
(MnO2 NRs) of 20–40nmdiameter [34]. The electrodesmadewithMnO2 NRs@rGO
normally showed a higher specific capacitance of 759 F/g at 2A/g, when operated at a
potential of 0.9V in 1MNa2SO4. Alongwith this, it also displayed increased specific
energy i.e. 64.6Wh/kg,when a specific power of 15 kW/kgwas applied. Thismaterial
was found to be highly efficient for FSC applications with a life cycle of 88%. This
material also exhibited excellent performance in hybrid SCs. Figure 5 demonstrated
a well-defined mechanism of reduced-graphene oxide when combined with copper
oxide in a hydrothermal process. This process helped to synthesize the two materials
of high-performance SCs. In another study, iron oxide (Fe3O4) was reported to have
superior supercapacitative performance. The prepared material was characterized
by various techniques such as field emission scanning electron microscopy, X-ray
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Fig. 5 Multistep sequential growth mechanism of 3D rGO-conjugated Cu2O-nanowire meso-
porous hybrids in the presence of graphene oxide and o-anisidine in a one-pot hydrothermal
treatment. Adapted with permission from reference [36], Copyright 2012, American Chemical
Society

diffraction, cyclic voltammetry, galvanostatic charge–discharge, and electrochem-
ical impedance spectroscopy. The results indicated that iron oxide when combined
with nitrogen-doped graphene displayed high supercapacitative performance [35].
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4.1.3 Other Carbon/Graphene-Based Composites for Flexible
Supercapacitors

Carbon is an ideal choice for supercapacitors material because of its good elec-
trical conductivity. It also has high chemical stability along with a large surface
area and mechanical strength. Besides, carbon is also known to support high elec-
tron mobility and high adaptability. Some of the common carbon-based graphene
composites include activated carbon, carbon nanotubes, and carbon nanofibers. Acti-
vated carbons like coal, wood, etc. are highly electrically stable towards supercapac-
itors’ performance. These materials, when treated under hydrothermal carbonization
process at 700–1200 °C, exhibit promising characteristics in terms of significant
specific surface area (2000 to 3000 m2/g), balanced micro-mesoporosity, high elec-
trical conductivity, and high specific capacitance (up to 270 F/g). Activated carbons
can also be extracted from hydrochars via the hydrothermal carbonization process
[37]. These chemically activated carbons were found to be suitable for graphene-
based FSCs. Moreover, the blending of activated carbons with several activating
agents like zinc chloride, phosphoric acid, sodium hydroxide, etc., can maximize
their surface area.

Carbonnanotubes are rolled-upgrapheneswith in-plane properties thatmake them
the strongest fibers.Despite that, they can be easily bent and twisted as they also retain
flexibility and high pliability. CNTs have been recognized as excellent anode mate-
rials for supercapacitor electrodes [38]. CNTs can stack up in a nested structure of
tubes inside the multi-walled nanotubes (MWNTs), displaying the notable mechan-
ical and electrical properties in a supercapacitor. Hence, CNTs are more sensitive
to tube orientations which reinforces the overall performance of a graphene-based
supercapacitor [39]. CNTs are also widely used for FSCs due to the high absorption
ability towards different molecules/biomolecules which make them excellent agents
to be used in highly selective and sensitive biological and chemical sensors [40].
Carbon nanofibers are used for graphene-based FSCs owing to their capabilities of
high surface area and good electrical conductivity. However, although their surface
area and structure are quite stable, they can still be modified through surface etching
and using chemical activation methods and doping agents.

4.2 Chalcogenides-Based Flexible Supercapacitors

Chalcogenides are chemical compounds in column VI of the periodic table, and
chalcogenide materials consist of at least one chalcogen ion. These compounds form
covalent glasses that intervene between the fabrication processes of glass oxides
and polymers. Similarly, metal chalcogenide-based flexible supercapacitors, which
include transition metals like Cu, Ni, Fe, and Co, have been of much significance in
the production of flexible supercapacitors, mainly due to their anisotropic property
[41]. The structure and properties of these transition metal chalcogenides resemble
semi-metal pristine graphene. Their band-gap values range between 0 and2 eV,which
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Fig. 6 Schematic illustration for the formation of 3-D Ni3S4 nanosheet frames and Ni3S4 sheets.
Adapted with permission from reference [42], Copyright 2010, Royal Society of Chemistry

makes them flexible. Therefore, different industrially important materials have been
produced owing to their highly trimmable and adaptive structures. These produc-
tions are demonstrated in Fig. 6, in which different forms of chalcogenides-based
supercapacitors are shown, incorporated in various products.

The chalcogenides-basedFSCs are known for not just having a high specific power
but their ability to endure continued stability and life cycle make them unique among
researchers. These FSCs portray a high tolerance relative rate towards batteries,
making them applicable to a wide range of devices such as electric tools, consumer
electronics, hybrid electronic vehicles, buffer power systems, etc. [43]. Apart from
these applications, chalcogenides-based FSCs have been researched and found to be
most suitable for producing solar cells, fuel cells, LEDs, Li-ion batteries, sensors,
electro-catalysts, memory devices, and thermoelectric devices. Chalcogenides are
responsible for making the supercapacitors more efficient due to their properties of
unmatched flexibility, long life cycles, catalytic power, higher conductivity, reduced
resistance, very low current and ohmic loss, short passage length that supports elec-
tronmovements, and projecting quantum-sized effects. They also showgreat conduc-
tivity, enhancedmechanical and thermal stability, andhigher electrochemical activity,
creating strong bond structures for composite supercapacitors. These structures are
created by lead and cadmium chalcogenides, which are grafted on pyrolytic graphite
surfaces.Hence, a successive ionic layer adsorption process helps theFSC tooptimize
its capacitance power [44].

In recent studies, the replacement of Se atom by Te in SnSe significantly enhanced
the thermoelectric performance of pristine SnSe [45]. Through an experiment to
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fabricate a spray-painted 3D binder-free electrode by painting the ink using the SnSe
nanocrystals, it is typically seen that the created electrodes show enhanced reversible
capacity of 676 mAh/g after 80 discharge–charge cycles at a current density of
200 mA/g. The coulombic efficiency of 90% was obtained. Due to these properties
of high charge and conductivity, FSCs become stronger and durablewhen thesemate-
rials are installed in them. Hence, metal chalcogenides have gained much attention
for being fitting material for supercapacitor electrodes. This prominence is because
they possess not only rich redox chemistry but also better mechanical and thermal
stability and conductivity.

4.2.1 Chalcogenides and Their Composites for Flexible
Supercapacitors

Chalcogenides, especially transition metal ones, are used in high-performance logic
devices and mono-layered nanosheets. These are considered to be ideal for bigger
electronics that are flexible and transparent. The pliability of these layers can be
viewed through the highly flexible thin-film transistors in which showcase better
electrical performance with a remarkably high mechanical flexibility, good voltage,
and desirablemobility. Some of the composites of chalcogenidematerials for flexible
supercapacitors are discussed below.

Copper chalcogenide-based materials have high intrinsic conductivity and a fast
charge transfer rate. It has been observed that copper chalcogenide prepared by
an in-situ oxidative polymerization approach project a superior specific capacity
of 171 mF/cm2 with excellent cycling stability, which is useful for fabricating
chalcogenide-based nanosheets [46]. These nanosheets are synthesized using a one-
step solvothermal process that eventually increases the capacitance. A successive
ionic layer adsorption and reaction (SILAR) process is used to prepare thin elec-
trode films for supercapacitors by combining the reduced-graphene oxide and copper
sulfide materials. This process is shown in Fig. 7.

Fig. 7 Step by step process for the preparation of rGO-CuS thin film electrode by using SILAR
process. Adapted with permission from reference [47], Copyright 2020, Springer Nature
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Selenides are essential materials used for making Li-ion batteries, just as reduced
graphene oxide/cobalt selenide(rGO/CoSe2) composites [48]. These two materials
provide stable anode material, which ensures strong electrochemical performance
in individual selenides. Resultantly, the advanced energy-saving systems produced
in the markets turn out to be highly efficient and reliable [49]. Besides, the high
electrical conductivity of selenides can act as free passages for smooth and fast elec-
tron transfer when incorporated in electrode structures. Similarly, they have a rough
nano-rod structure that enables large active surface areas and rapid ion channels for
uninterrupted ion transport. Combining all these factors form an ultra-high specific
capacity for the FSCs. For instance, the combination of Co-Cd-Se and a Fe anode
was used to build a battery-supercapacitor hybrid (BSH) system to show a promi-
nent power density that regulates the life cycles of the electrode materials. This is
done by mixing Co-Cd selenide (Co-Cd-Se) nanorods, fabricated on nickel foam via
a two-step hydrothermal route. The obtained selenide shows a specific capacity of
124 mAh/g at a high current density of 20 A/g, and 95.3% capacity retention can
be obtained after cycling 1000 times at 2 A/g [50]. Thus, this feature projects the
superiority of metal selenides in increasing performance in an FSC [51].

Sulfur chalcogenides are a low-cost and environment-friendly cathode material.
Sulfur possesses advantages that are much preferred by researchers and manufac-
turers of smart electrical devices. For the production of high-performance 3D elec-
trodes in the pseudocapacitors and EDLCs, sulfur is used through a solution-based
activation process. This process is efficient as it helps in manufacturing scalable
and mass production of electronics [51]. For sulfur-chalcogenide batteries, a flex-
ible cathode reflects excellent features as compared to conventional cathodes. These
include (1) high content of active materials, (2) mechanically robust structure to
adjust volumetric changes, (3) long-range interpenetrated conductive framework,
(4) porous structure for electrolyte infiltration, and (5) a 3D scaffold to improve areal
sulfur loading. With the help of Cu2S nanorods, a highly efficient cathode substrate
for FSCs can be created. This is done through a direct synthesis process in which
ammonium sulfide is applied to the Cu2S solution. At room temperature, the created
Cu2S electrode exhibits excellent specific capacitance and superior rate retention
performance. It also demonstrates a higher specific capacitance of 750 mF/cm2 at a
current density of 2 mA/cm2 with an excellent rate and cycling retention of 82.3% at
a current density of 40 mA/cm2, and 90.5% at 20,000 cycles, respectively [52]. Due
to these features of a sulfur chalcogenide-based electrode, the flexible supercapacitor
can enhance its performance. Telluride-based reduced graphene oxide composites
are perfect anode materials for the smooth working of a flexible supercapacitor.
Especially in the form of hybrid powder, telluride chalcogenides combined with
iron become spherical-like fine-sized anode materials. These powders can be made
hybrid by mixing them with reduced graphene oxide as their hybrid forms show
higher conductivity and Na-ion storage capacity [53]. Besides, telluride-based mate-
rials have an excellent electrochemical performance. Thesematerials are synthesized
by conversion reactions throughwhich the creation of hybrid metal telluride powders
becomes feasible.
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Manganese has unique polymorph crystals, which are very good conductors for
electrolytes. These crystals (α-MnS, β-MnS, and γ-MnS) are undoubtedly among
the best materials for supercapacitor electrodes. These are made to perform through
a one-pot template-free solvothermal method in which hollow α-MnS spheres are
createdwhich have a porous shell. This combination creates a stable specific capacity
of 430 mAh/g after 20 cycles at a current density of 0.2 A/g [54]. As compared to
the theoretical capacity of pure MnS nanoparticles and graphene, this capacitance
is much higher. Hence, with the addition of this MnS, the efficiency of an FSC
increases.

Cobalt can be used to produce high-performance metal sulfides like CoS2, Co3S4,
CoS, and Co9S8, which are promising anode materials with high potential capacities.
Many cobalt sulfides have nanostructures like hollow spheres, cotton-like, rode-like,
yolk-shell microspheres, hollow nanospheres, etc. These structures are synthesized
to form high electrochemical performance in an SC. It is due to the porous and
rough nanostructure of thesematerials, which becomes suitable for diffusing lithium-
ions during the charge/discharge process. Nickel sulfide (NiS) composites for the
graphene-based SCs are synthesized through a two-step method that results in the
creation of Ni3S2-rGO. This process creates a nanoslice structure of NiS, which
shows a high-performance rate when used in an SC. It is because nickel sulfides
have varying molecular formulas and crystal forms, which influence the formation
of Ni3S4 nanoprisms for graphene.

4.3 Metal Oxide-Based Flexible Supercapacitors

Single metal oxide like MnO2 and compound metal oxides like NiCo2O4 constitute
the organic constituents. These have large-conductance changes associated with their
transformation. In this regard, transition metal oxides are chosen for flexible super-
capacitors because they have a good (a) charge storage material and capacity, (b)
proper structure for making graphene more efficient, and (c) mechanical properties
to support graphene-based electrodes [55]. Due to these properties, the transition
metal oxides can turn into various forms and structures that support the mechanism
of different types of supercapacitors, i.e., symmetric or asymmetric, etc., as projected
in Fig. 8.

Nickel oxide (NiO) appears the most promising element for being installed in
an SC among all metal oxides, which is because of its easy oxidation process. This
process involves a hydrothermal method through which the elements show very high
capacitance, i.e., 1016 F/g, and excellent cycling stability even after 5000 cycles
with capacitance retention of 94.9%. These materials show very impressive charge
transport and electrolyte diffusion in a 3D conductive graphene sheet [57].
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Fig. 8 Flexible SC based on transition metal-oxide electrode. Adapted with permission from
reference [56], Copyright 2012, American Chemical Society

4.3.1 Metal Oxides and Their Composites for Flexible Supercapacitor

One of the best choices for strengthening the mechanism of graphene is the use
of metal oxide composites. These composites also increase the interaction between
metal matrix and graphene, making them more stable and reliable [58]. Some of
these metal oxide composites include are as follows.

Magnesium composite for graphene is created by the combination of two tech-
niques, such as hot-pressed sintering and ball-milling. Through these techniques, the
mechanical characteristics of the composite are also enhanced. In the aerospace and
automotive industries, magnesium and its alloys have a huge application due to their
outstanding damping capacity and lowmass density.Hence, the addition of graphene
enhances the mechanical strength and chemical properties of all materials along with
increasing the capacitance capability of an SC.

Copper-graphene composite is combined with graphene oxide (GO) through a
laser vapor deposition process. This process makes the graphene electrode more
active and electrically charged. Nickel-graphene composites are carbon-stable mate-
rials. They are used in graphene sheets through the process of nickel-plating using
NiSO4 solution. The microstructure of Ni-graphene composites is usually used as
catalysts for capacitance increase as they have a permeable shape, particular big
region, and they can constantly absorb Ni particles on the film surface of graphene.
Tungsten oxide composites are electrochemically stable n-type metal oxide. It has
effective applications in gas detectors, energy storage devices, photo-catalyst, and
electrochromic tungsten oxide products. Nanostructured tungsten oxides as electrode
components are seen to exhibit refined electrochemical competence, mainly due to
their low charge movement resistance and significant surface area.

Titanium di-oxide composite has been considered to be one of the best compounds
for super-capacitor electrodes. It is because of their unique features of having high
chemical stability, non-toxicity, low manufacture cost, easy availability, and a large
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surface area. Thus, titanium dioxide composite is best suited for the production of
large energy storage devices, especially due to its highly enhanced power sensitivity
rate. In contrast to other noble metals or nanostructures of metal oxides, copper
oxide composite is one of the low price intercalation materials, which is due to its
impressive features like best capacitive properties, easy availability, low price, and
less toxicity. It has a wide application stream, such as being in active anodematerials,
superconductors, sensors, and heterogeneous catalysts. Hence, the graphene–Cu–O
composite is created through a hydrothermal method which is guided by ammonium
solution present in the supercapacitors. Zinc is an element that is used as a composite
for the graphene electrodes for their ability to change the power and performance
of the electrode materials. When combined with reduced-graphene oxide, the zinc
oxide nanoparticles strengthen the graphene material for the electrodes that show
a high electric charge rate and specific current. Also, zinc has a low resistance and
improved ion diffusion capacity, ultimately responsible for enhanced capacitance.

Manganese monoxides are crystalline with a high specific thickness and manage-
able particle size and morphology. This makes them good electrical conduc-
tors, which ultimately enhance the speed, capacity, and cycling strength of the
electrode materials. Similarly, the structure of compounds based on MnO2 can
be further enhanced by using conductive substances like conductive polymers,
nanofibers/spheres, flexible metal substrates, and carbon nanotubes [59]. To sum
up, metal oxide-graphene-based composites have enormous utilizations. These show
unique characteristics like being highly accessible for metal matrix nanocomposites,
which increase the performance of SCs.

4.4 Conducting Polymer-Based Flexible Supercapacitors

Conducting polymers (CPs) are known for their intrinsic properties of formed struc-
tures and compositions through controlled synthesis processes. These are typically
formed by chemical or electrochemical polymerization methods. Figure 9 shows
these different methods, which result in various conducting polymer composites for
electrode materials. Due to the outstanding processability, insulating nature, and
low-cost qualities, CPs are used in the manufacturing of many devices.

CPs exhibit reliable characteristics that are needed for stable electrochemical
energy storage. However, they have low stability under charge/discharge situations.
Therefore, with the inclusion of graphene to change the molecular conformation and
orientation of CP chains, a positive effect on the composites is observed. In other
words, the combination of CP and Gr creates a high surface area, structural unifor-
mity, a short distance for ion transfer, considerable structural diversity, and a control-
lable morphology. Hence, through asymmetric configurations, CPs can expand the
voltage of the supercapacitor to achieve maximum potential energy, which makes it
more effective in its overall performance.
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Fig. 9 Composite materials for various conducting polymers. Adapted with permission from
reference [60] Copyright 2017, Elsevier

4.4.1 Conducting Polymer and Its Composites for Flexible
Supercapacitor

Conductive polymers can be useful in various commercial applications such as
supercapacitors and solar energy conversion devices. Such polymers with electrical
conductivity mainly include polyacetylene, which is considered important owing to
their exceptional chemical and electrical properties. The conducting polymer-based
composites of graphene are responsible for high load-bearing membrane applica-
tions. These membranes are made with layered graphene polymer films and are
created by either covalent or non-covalent nanosheets with 2D models for polymer
ornaments. These composites increase the solubility of graphene materials. Through
a sonochemical process, the conducting polymers can be combined to fill the pores
of activated carbon powder. This method increases the capacitance of electrodes
three times. Some of the composites of conducting polymer are as follows. Ther-
mally reduced graphene nano-fillers have a potentially high capability to impart
conductivity to polymers compared to carbon nanotubes. During the process, the
conductive fillers were added into the non-mixable polymer blend, resulting in the



Recent Development in Flexible Supercapacitors 571

selective localization of the nano-fillers. That is how they maintain their conduc-
tivity, enhanced by the nano-fillers, which results in high-performance electrodes.
Graphene nanoparticles are created by various methods, including the combination
of rGO and thermally reduced graphene nano-fillers, which enhance the filler quality
for high performance.

Carbon-based polymer nanocomposites are highly responsible for enhancing the
capacitance in photovoltaic (PV) cells and supercapacitors. It happens because, in
a solar cell, merely a conductive electrode is enough for producing energy output.
For instance, materials like Indium tin oxide (ITO) and fluorine tin oxide (FTO)
work well as conductive electrodes for PV devices. For the creation of carbon-
based polymer nanocomposites, a smooth process of the dispersion of nanoparticles
in a polymer matrix must happen uninterruptedly. This process will determine the
success of the nano-composites creation, which occurs through a solution mixing
method, resulting in the strengthening of the fillers. During this process, the physical
properties of carbon-based polymer nanocomposites can be changed. It is usually
due to the nano-filler dispersion capacity and the capacity of carbon nanotubes as
fillers. The high-filler content composites in carbon-based polymers are used in
many applications, in many forms. This is due to the high mechanical and electrical
properties of these carbon-based polymer nanocomposites.

Carbon nanotubes (CNTs) are often used as the material for the double-layered
electrochemical supercapacitors owing to their high surface area, strong electrical
properties, goodmechanical strength, and good spatial structure. CNTs help increase
composites’ conductivity by 106 S/m, which is the best rate among all nanocompos-
ites. Similarly, graphene-based polymer composites also have a remarkable electrical
conductivity, as they have a combination of reduced graphene oxides and graphites.

Di-electric polymer composites are composites that have low thermal conduc-
tivity but have significant thermal insulation. However, the thermal conductivity of
polymeric materials can be increased by adding boron nitride, silicon nitride, and
aluminum oxide fillers. Factors like intrinsic thermal conductance matrix and filler
size or type define the conductivity and thermal capacity of the polymers. Also, with
surface treatment methods, not just the thermal conductivity of filler particles can
be improved, but the polymer matrix and the filler can be smoothly synthesized and
combined. This process is demonstrated in Fig. 10, in which the thermal resistance
decreases while the conductivity of the electrode increases.

Silica–carbon-epoxy resin composite is known for its high conductivity. Adding
this composite into the polymer materials can enhance the conductivity of all
other composites. Hence, the introduction of silica increases the conductivity of
the composites due to strong conductive networks made of carbon black particles,
which become activated with the addition of silica. Therefore, silica can increase
the performance of electrodes in a flexible supercapacitor. Similarly, as shown in
Fig. 11, sulfuric acid and potassium permanganate oxidation combination result in
the creation of graphite oxide, which has the same effect as that of silica–carbon
composite on the graphene electrodes.

Conductive polymers have become an important aspect of the development of
electrochemical electrode materials as they can be obtained with low cost, high
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Fig. 10 Overview of the dielectric breakdown strength and energy storage density in polymer
composites. Adapted with permission from reference [59] Copyright 2020, Elsevier

Fig. 11 Schematic diagram of the CPs-based flexible electrode fabrication process. Adapted from
reference [61]. This is an open-access article distributed under the terms of the Creative Commons
CC-BY license

conductivity, high environmental stability, high charge storage capacity, and excellent
reversibility. These features have made them highly in-demand among the manufac-
turers of electronics. However, for further improvement in the future, 3D conductive
polymer-based composite materials will be required, which could reduce the ion
transport distances and the electrochemical resistivity. Thus, the conductive poly-
mers can be further optimized for effective flexible supercapacitors in the future,
making the SCs much more efficient and durable. Figure 12 shows some of the
applications of flexible supercapacitors in terms of charge storage and distribution.
Flexible supercapacitor used in the devices includes wearable wristband with LED
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Fig. 12 Pictorial illustration for the application of FSC in various devices. Adapted from reference
[62]. This is an open-access article distributed under the terms of the Creative Commons CC-BY
license

lights, self-powered power pack system, and FSC used with addition to the solar cell
for the operation of the prosthetic hand.

5 Conclusion

Energy is one of the most important things for human survival, and therefore, efforts
have been put into place for its maximum conservation as the non-renewable sources
of energy are rapidly depleting.With recent innovative upgrades in the field of energy
storage, flexible electronics have been created thatworkwith FSCs. These FSCswork
with the help of many electrode materials that are responsible for enhancing their
conductivity and performance in flexible devices. For instance, graphene, carbon
nanotubes (CNTs), activated carbon (AC), carbon fiber-cloth, conducting polymers,
transition-metal oxides, etc., are the materials used for increasing electrode power.
These composites are responsible formanaging the life cycles, conductivity, electrical
ability, and durability of the anode charges in an SC. Variousmaterials and innovative
methods are being employed for enhancing the performances of FSCs and FSC-based
devices for future application. For instance, big companies like electric vehicles,
electronic wearable devices, and smart and flexible screen manufacturers are already
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incorporating supercapacitor technology for better device performance. Hence, the
advanced SCs will be incorporated in the new rail transit systems, smart meters and
trackers, hybrid automotive, power grid tools, wind turbines, andmilitarymachinery,
which will significantly boost the use of FSCs in the future.
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Flexible Supercapacitors

Hazar Guemiza, Thuan-Nguyen Pham-Truong, Cédric Plesse,
Frédéric Vidal, and Pierre-Henri Aubert

Abstract For decades, supercapacitors (SCs) have emerged as a promising tech-
nology providing the necessary power that was lacking to batteries and many efforts
have been devoted to developing new materials, to design (nano) architectures that
considerably improve their performances: energy, density, lifetime, decreased cost,
renewable. This success pushes the supercapacitor technology to the next challenges,
i.e. development of high-performing flexible SCs to power up imprinted, portable
electronics and more recently wearable devices such as light-emitting diodes or flex-
ible screens. This book chapter puts a focus on the strategies to develop electrode
(nano-)materials, with help of chemistry, material science, and engineering tools.
It will pave the way toward the development of flexible SCs with the perspectives
of future research on stretchable SCs, which represents a new target and a real
breakthrough in the field of energy storage.

Keywords Flexible supercapacitors · Flexible electrodes · Carbonaceous
materials · Conducting polymers · Transition metal oxides · MXenes · Metal and
covalent organic frameworks

1 Introduction

Energy storage devices are playing an important part in our lives. In 1990, lithium-ion
batteries with high energy densities (180 Wh/kg) were introduced by Sony and are
now indispensable in our everyday life. Since then, a lot of efforts have been dedi-
cated to the improvement of their performances [1], especially to increase their energy
density and to decrease their charging time. Hence, it is very beneficial for the devel-
opment of automotive systems and to improve their integration in portable consumer
electronic devices (cell phones, tablets, etc.) and their miniaturization (Internet of
things, IoT). Energy storage devices require to charge/discharge in a given time that
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fundamentally governs two key parameters: specific energy (Wh/kg or Wh/l) and
specific power (W/kg or W/l). Whilst batteries offer high energy densities (20–150
Wh/kg), they are unable to charge/discharge at a high power rate. Supercapacitors
(SCs) appear as ideal solutions thanks to their high power density (1-10 kW/kg) and
long cycling lifetime (>1 000 000 cycles) [2]. Since the past decade, intensive invest-
ments have been focused on the improvement of their performances [3–6], working
mainly on the design of electrodes materials and electrolytes. Commercially avail-
able SCs are using carbon materials with highly developed specific surface area to
store charges. They operate on the principle of an Electrical Double-Layer Capacitor
(EDLC) that can release all its harvested energy within short times, typically from
a few seconds to a few minutes, which is complementary to batteries. This behavior
is directly related to the faster ion motion at the electrode/electrolyte interface of
SCs compared to the much slower bulk insertion reactions with charge transfer in
batteries. SCs are almost maintenance-free and display a longer shelf and cycle
life, so they are often favored in many electronic applications [7]. Commercially
available SCs are commonly found in different configurations such as flat with a
single pair of electrodes, wound in a cylindrical case, or stacked in a rectangular
case. However, these available packagings are rigid, stiff, and not compliant, making
them unsuitable as energy storage devices for the growing and fast-evolving field of
flexible electronic systems, including roll-up, bendable displays, portable electronic
papers, and wearable personal multi-media [8]. Consequently, significant efforts are
nowadays brought to develop flexible, conformable, and even stretchable SCs.

In this chapter, we will focus on the recent developments of active materials suit-
able for flexible supercapacitors. After an introduction, classical consideration on
supercapacitors will be briefly mentioned and will put the first bases on the specifi-
cations for SCs flexibility. The following sections will describe the methodologies
to obtain flexible SCs from classical carbonaceous materials, typically activated
carbons, carbon nanotubes, graphene, and of course their mixtures. Then conducting
polymers, metal oxide, as well as emerging material such as Metal Organic Frame-
works and MXenes, will be addressed. Finally, a conclusion with perspectives will
open the future orientations on the topic.

2 General Considerations on Supercapacitors

2.1 Conventional Supercapacitors

Conventional electrochemical capacitors (Fig. 1a) consist of two metal foils (current
collectors), each of them coated with active material of electrodes (positive and
negative) separated by an ion-permeable membrane (separator) and an organic or
aqueous electrolyte. The expression of capacitance at each electrode (+ or −) is
given by the expression:
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Fig. 1 Schematic representations of conventional electrochemical capacitors a with planar elec-
trodes and formation of double-layer capacitance and supercapacitors b where the porous material
at each electrode increases the specific surface. Usually macro (>50 nm) and meso (2–50 nm) pores
are accessible by ionswhilst micro pores (<2 nm) aren’t, except in specific caseswhere the geometry
of ions fits the micropore size

C+/−
dl = εrε0S

+/−/d (1)

where εr is the relative permittivity of electrolyte, ε0 is vacuum permittivity, S is
surface of electrode and d is electrochemical double layer thickness. With classical
values (solvent = water, and d = few Angtröms) the typical surface double layer
capacitances are in the range of 10–20μF cm−2 [9]. Thus the only lever to increase the
ion storage at the interface is the available surface area of the active material. For this,
SCs are a class of electrochemical capacitorswhere an electrode ismade of 3Dporous
material typically activated carbon (Fig. 1b) exhibiting 1000–2000 m2 g−1 according
to their preparation. According to these specifications, the specific capacitance Cm

±
of an electrode can reach theoretically 200 F g−1 but experimentally, the real surface
area of activated carbons seen by ions is lower, limiting the capacitance to 100 F g−1.

The specific energy stored in a supercapacitor is given by the relation Em = 1/2
Csc x �V2

max where Csc is the specific capacitance (F g−1) of the SC (Csc = 1/4
Cm±), �Vmax is the maximum voltage supported by the SC, usually limited by the
electrochemical window (EW) of the electrolyte (1.2–1.8 V in aqueous media, 2.7 V
in organic solvent like acetonitrile). To improve the performances (specific energy
Em and specific power Pm = Em/ discharge _time), state-of-the-art researches focus
on three main areas:

• Electrode material by increasing the specific capacitance of 3D materials: this
trend focuses first on the improvement and control of the pore size of the mate-
rials [2, 10] leading to the use of other forms of carbon materials such as Carbon
Derived Carbides (CDCs) [11–13]. The latter exhibits more control in the pore
size distribution. Hence, the specific surface area is considerably increased, as
long as ionic species are correctly selected [14]. Other materials of interest are
carbon onions, carbon nanotubes (CNTs) such as multi- and single-walled [15–
18]. More interestingly, vertically aligned CNTs [16, 19–22] afford straight diffu-
sion paths to the ionic species, clearly improving the rates of charge/discharge.
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In addition, graphene has already proven its suitability as an electrode mate-
rial with enhanced performance [23–28]. These materials are certainly the most
promising in their category since they afford good interface with electrolyte (both
sides are free for ions adsorption in contrast with CNTs), have high electronic
conductivities, and are easily solution-processable to be cast as electrode mate-
rials. CNTs and graphene are usually combined [29–31] to improve ionic path-
ways inside 3D porous nanocomposites. Finally, to enhance the specific capac-
itance, nothing is more effective than adding redox reactions at the interface;
hence pseudo-capacitive materials such as metal oxides or conducting polymers
have demonstrated their potentialities in this field as long as they are mixed as
composite electrodes with carbonmaterials (activated carbons, CNTs or graphene
with Polypyrrole, Polythiophenes, Polyaniline [32–44].

• Electrolytes to increase the EW by use of organic-based electrolytes. Typically,
the replacement of water has considerably increased the potential window but
often at the expense of specific capacitance that drops due to the lower permit-
tivity of these solvents compared to that of water. If acetonitrile, propylene
carbonate, γ-butyrolactone [45–47] have advantageously replacedwater, they still
come up against safety considerations due to flammability and/or leakages issues.
Ionic liquids are also interesting with even larger EW (up to 5 V) [48]. For a
long time they suffered from high cost and high viscosities but recent research
tends to demonstrate their potential interest in EDLCs [2, 49, 50]. Nowadays, a
general trend in electrolyte research is focused on polyelectrolytes [51], gel-based
electrolytes, quasi-solid, and all-solid electrolytes [52–54].

• Electrical Serial Resistance (ESR) to improve power capabilities. If ESR ismainly
depending on a good ionic conductivity (>1 mS/cm) of the electrolyte, all inter-
facial issues are also of interest to decrease ESR: [55] manufacture of electrodes,
interfacial resistance between the active material and the electrolyte, or with the
current collector are all parameters that have to be taken into consideration.

2.2 Structural and Architectural Insight for Flexible
Supercapacitors

All the above-mentioned aspects contribute to intensive research focusing on the
improvement of energy storage performances. However, as mentioned earlier, the
mechanical properties of the resulting devices must also be considered to answer to
the growing need for soft electronics for which the rigid bulky cases of commercially
available SCs appear unsuitable. The development of flexible SCs combining not
only excellent electrochemical performance but also high mechanical integrity when
bending, folding, or even rolling with a compact lightweight design has become a
crucial target. To illustrate this, Fig. 2 shows the number of publications on this rapidly
growing field (source:Web of Science, keywords: supercapacitors and (flexible < or >
stretchable <or >wearable).Among the 1900papers, 39 are reviews and84 are highly
cited in the field. The topic unites materials, nanoscience, electrochemistry, physics,
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Fig. 2 Bibliometrics on the topic “supercapacitors” using the keywords “flexible”, “wearable”,
“stretchable”

and engineering domains. Since 2015, >100 publications per year are produced (>300
since 2019) and the total citation reaches 15 000 per year.

The development of flexible energy storage devices requires considering several
elements. Firstly, all materials, being inorganic or organic, can support bending to
some extent. This ability is correlated to the material’s mechanical properties but
also, and most importantly, to the thickness of the material. Indeed, bendability and
flexibility increase significantly with the reduction of the thickness as experienced
when comparing a stiff, bulky, and poorly deformable aluminum piece with bendable
and rollable aluminum foil while they both present the same Young’s modulus. It can
be explained by estimating the strain (ε) experienced by a material in the bending
direction which can be calculated by the ratio of the thickness of the layer h to twice
the radius of curvature, 2r [56]. Significantly decreasing the thickness of the layer
will proportionally decrease the resulting strain leading to the possibility of large
bending deformations even for stiff materials.

However, when considering electrochemical devices such as SCs, this simple
solution reaches rapidly some limits. Indeed, SCs are composed of multiple layers
(current collectors, active material, separator + electrolyte, encapsulating layers,
etc.) which can limit the accessible decrease of thickness. Moreover, if bendability
and flexibility could be achieved by the development of ultrathin multilayer SCs, the
resulting energy stored per surface area would become too low for many practical
applications. It is then necessary to consider also the mechanical properties of each
component. Among them, the active layer materials are the main focus of research
efforts since they are mostly made of stiff carbon microstructures that need to remain
thick enough for large energy storage per surface area. Consequently, they can easily
break, crack or peel away from the current collector, upon repetitive bending, twists
or stretching, a non-reversible process, except in a few cases like with self-healable
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Fig.3 Summary of
nanomaterials for flexible
supercapacitors

materials [51, 57, 58]. For the development of high-performance flexible supercapac-
itors, novel configuration designs are required but also novel electrodematerials, with
or without binder and/or inert conductive additives, since their mechanical flexibility
would be not only an extra advantage but becomes a prerequisite [59]. The following
parts will then present the recent developments of flexible electrode materials for
the very active field of flexible SCs. More specifically, it will focus on carbon-based
materials (activated carbon (AC), CNTs, graphene, and their composites), electronic
conducting polymers, metal oxide, and metal–organic framework (MOF) (Fig. 3).
Finally, general considerations on the future of flexible SCs, i.e. turning flexible
devices into stretchable ones, will be discussed.

3 From Material Engineering to Fabrication of Flexible
Supercapacitors

3.1 Carbone-Based Materials

Carbon materials have a variety of geometric shapes from a macroscopic point of
view, such as zero-dimensional fullerene or carbon nanoparticles, one-dimensional
CNTs or carbon fibers (CFs), and two-dimensional graphene or graphite sheets.
Carbon nanoparticles, graphene, and CNTs have been widely used for the fabrica-
tion of freestanding SC. With their high-developed surface, intrinsic conductivity,
and high aspect ratio they are naturally good candidates for flexible electrodes. Intrin-
sically, casual material developed for rigid SCs can be used to develop flexible SCs
prototypes as long as the symmetric configuration (Al/AC||membrane||AC/Al) is
sandwiched inside a flexible encapsulation such as transparent tape [60]. If perfor-
mances are maintained compared to rigid devices, the application requires to store
more energy and for that point of view, the nano structuration, or addition of extra-
active material is important. For example, flax is a waste product in the industry and
can be recycled to produce flexible carbon fibers after the pyrolysis step [61], keeping
themechanical properties of the initial flax (Fig. 4a–b). The pyrolyzed flax has intrin-
sically EDLCs behavior but exhibits low capacitances near 1 F g−1. Nevertheless, the
material has good capacitance retention (100% after 8 000 cycles) and the authors
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a b c

d

Fig. 4 a Flax textile before a, after b carbonization and c afterMnO2 deposition. Top SEMpictures
enlarge the surface of the carbonized flax and MnO2-decorated flax. d Evolution of specific capac-
itance Cm (F g−1) upon gravimetric current Im (A g−1) for different MnO2 loadings. Reproduced
with permission [61]. Copyright 2015, Elsevier

added pseudocapacitivematerial, such asMnO2 fabricated in situ fromKMnO4 treat-
ment onto the pyrolyzed flax fibers. Such composition still maintains the flexibility
of the electrode since the electrode can be entirely rolled-up (Fig. 4c). and they
observed, of course, a huge improvement in the capacitance (684 F g−1). Moreover,
different MnO2-modified materials (MCFC1 MCFC2 and MCFC3, Fig. 4d) with
increased MnO2 composition show extremely high rate capabilities with c.a. 300F
g−1 @300A/s. If the study concludes that carbon cloth derived from flax can offer a
low-cost material for the facile, cost-efficient and large-scale fabrication of binder-
free electrode materials, it also highlights that after a first modification (pyrolysis of
a flax) the carbonaceous flax is still flexible.

Activation of carbon fibers is also an interesting route. Carbon cloths (CC) are
inexpensive and conductive textiles and are good candidates as a substrate for assem-
bling EDLCs due to their very good mechanical properties and electrochemical
compatibility. However, the wide possibility of application is significantly hampered
by their low specific capacitance. It is possible to increase the capacitance by several
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techniques,mainly using thermal activation, such as for common carbonaceousmate-
rials. ThusWang et al. [62] have increased 800 folds the areal capacitance of commer-
cial carbon-cloths by thermal activation to reach up to 933 mF cm−2 with NaBF4
electrolyte. BET experiment shows that the heat treatment allows generating macro-
pores (1–2 nm) by oxidation of carbon in the structure of CC, with a specific BET
surface passing from 28 m2 g−1 to 698 m2 g−1. Moreover, the increased surface area
is mainly contributed by micropores. Here, not only focusing on the enhancement
of capacitance performances, the authors play with the macroporosity of the CC
to stack 2 × 4 electrodes to build 3.3 F cm−2 flexible SC with energy and power
densities of 740 μWh/cm2 and 9000 μW/cm2. Good capacitance retention (95.2%)
is observed after 10 000 charge/discharge cycles, showing outstanding cycle dura-
bility of the flexible SC. No bending tests were done but the work offers a foolproof
and scalable method to prepare flexible electrode materials for wearable energy
storage devices. One particularity of carbonaceous materials stands in the possibility
to prepare inks, then to obtain thin films via different techniques like vacuum filtra-
tion through membranes, spraying, casting, printing on flexible substrates, etc. In
this context, flexible electrodes can be prepared with CNTs or graphene or a mix
of both. Single-walled Carbon nanotube (SWCNT) thin-film electrodes and flexible
SCs were described by Yuksel et al. [63] Typically SWCNTs were filtered on poly-
dimethylsiloxane substrates byvacuumfiltration followedby a stampingmethod.The
binder-free electrodes were assembled in a symmetric configuration with gel elec-
trolyte (TBAPF6:PMMA:PC:ACN)1 in a ratio of 3:7:20:70) to achieve a solid-state
SC. With a specific capacitance of 34.2 F g−1, the power density of the SC reaches
41.5 kW kg−1 and shows good capacity retention (94%) upon cycling. Concerning
the mechanical tests, SWCNT bucky-paper electrodes do not show any change of
resistivity when submitted to bending stress. Moreover, the CV test exhibit the same
rectangular shape upon bending at different radius curvature, from r= infinite (flat) to
r = 13 mm then 9 mm and finally 6 mm. Additionally, the low content of SWCNTs
allows good optical transparency of 82% and opens the route to capacitive trans-
parent electrodes for the next generation of flexible displays. Xi et al. [64] fabricated
micro-SC with interdigitated electrodes made of CNT fibers. The in-plane arrange-
ment of the SC device is interesting for printing technologies that are cost-effective
and allow the large-scale production of printable organic electronics. CNT fibers
and yarns were obtained by CVD [65] using a mixture of ethanol, ferrocene, and
thiophene at 1150 °C. Assembling onto polydimethylsiloxane (PDMS) as multiple
parallel digit electrodes (Fig. 5a), they obtained a solid-state, flexible, “on-chip” SC
withH2SO4/PVAgel electrolyte. The as-fabricated SCs have demonstrated high flex-
ibility such as folding, rolling, and twisting. For example, after 1 000 bending cycles
(curvature radius of 5 mm, parallel to the digits, Fig. 5b) the specific capacitance of
the device (11.23 F g−1) is constant even at a smaller radius of 2.5 mm.

Numerous studies report CNT as an active material of flexible SC, one can cite
also the work of Hu et al. [66] who prepare SCs of classical cellulosic paper or Sun

1 TBAPF6: tetrabutylammoniumhexafluorophosphate, PMMA: poly(methyl methacrylate), PC:
propylene carbonate and ACN:acetonitrile.
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Fig. 5 a Fabrication process of all-solid-state supercapacitors, b optical picture of supercapacitors,
and c SEM d TEM images of CNT. Reproduced with permission [64], Copyright 2016, Elsevier

et al. [67] who prepared asymmetric fiber-shaped solid-state supercapacitor (FSSC)
withAC@CF (negative electrode) andCNT@CF (positive electrode). The FSSCwas
8.5 cm long, 2.4 mm thick affording 400mF@5 mA. The bending test demonstrated
80% capacitance retention after 1000 cycles and 100% retention upon repetitive
torsion test. This work demonstrates that FSSC would have wide applications for
portable devices, smart electronics, implantable medical devices, etc., and highlights
the importance of interfacial modification between the fiber current collector and
active material, which applies to most of the fiber-shaped solid-state supercapacitors.

Graphene-based materials have proven to be promising for use as an electrode in
supercapacitors [24, 26, 68, 69] with their impressive physical and chemical prop-
erties: large specific surface area (up to 3100 m2.g−1), good electronic/mechanical
properties, and chemical stability, when rolled or stacked. Using chemical activa-
tion of exfoliated graphite oxide, a capacitance of 200 F g−1 for a single electrode
can be reached; graphene-based wearable energy devices are obtained according
to different fabrication, such as freestanding electrodes, substrate supported, and
graphene-coated conductive/nonconductive substrate electrodes [70]. El-Kady et al.
[7] used a standard Light Scribe DVD optical drive to reduce graphene oxide (GO)
films to reduced graphene oxide (rGO). The produced films show high electrical
conductivity of 1738 S m−1 and specific surface area 1520 m2 g−1, and they are
self-standing and mechanically robust. This particularity makes them flexible and
they can be used directly as electrodes without the need for binders nor current
collectors. The electrode show excellent capacitance of 4.85 mF cm−2 (265 F g−1)
but, more impressive, the capacitance retention is 40% @1000A g−1!! Flexible SC
devices were produced with these electrodes and have an ultrahigh energy density of
1.36 mWh cm−3 (associated with ionic liquid), a value that is approximately 2 times
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higher than that of theAC-based SCs; also, they possess a high power density of 20W
cm−3 to correspond to c.a. 20 times higher compared to that of the AC-based SCs.
Mechanical tests were also performed on the corresponding SCs: for example, the
measure of capacitance by cyclic voltammetry didn’t show any difference when the
SC was bent with angles ranging from 0, 30°, 60°…180°. It means that both energy
and power capabilities are maintained upon repetitive mechanical strain indicating
that they could be used in high-power, flexible electronics.

One of the drawbacks of graphene is the stacking of nanosheets into nanopellets
that deny the accessibility of ionic species to the whole surface. To prevent the re-
staking after the dispersion/deposition process, the incorporation of nanomaterials
as spacers to improve the 3D porous graphene structure has been envisaged. Xu
et al. [71] have developed free-standing, mechanically flexible, and binder-free 3D
sandwich-type network film electrodes. The active material, i.e. reduced graphene
oxide (rGO), is mixed to wrapped helical carbon nanotubes (HCNT) intimately elab-
orated by a synergistic and applicable self-assembly strategy (Fig. 6a). The resulting
architecture efficiently prevents the self-restacking of the rGO sheets with inter-
layered HCNT acting as conducting spacers. This rGO/HCNT film has excellent
mechanical properties and can be bent, twisted, rolled, or folded (Fig. 6b) without
visible cracks. The electrode structure provides direct channels for electrolyte ions
and ensures high-rate performance. In addition, the HCNT help for the formation
of interconnected 3D conducting network architecture to guaranty a highly robust

Fig. 6 a Schematic illustration for the construction of RGO/HCNT hybrid film. b Pictures of
the appearance and flexibility testing (bending, rolling, twisting, and folding) of the obtained
RGO/HCNT hybrid film. Reproduced fromXu et al. [71] with permission. Copyright 2020, Elsevier
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conducting pathway by improving electronic transport while maintaining the archi-
tectural integrity. As a result, the as-prepared rGO/HCNT electrodes show excellent
electrochemical characteristics, yielding the specific capacitances of 336 F g−1 at a
current density of 0.25 A g−1, and it offers the energy density of 7.5 Wh kg−1 with
the corresponding power density of 100W kg−1 as well as excellent cycling stability
at approximately 89.5% capacitance retention for 3000 cycles. This novel HCNT
materials and design provide a way for the next-generation wearable energy device.

Jiang et al. [72] reports an interesting strategy to form densely packed graphene
nanomesh/CNT films (GNCN). The method consists in etching the graphene sheets
and subsequently mixing them with CNTs before forming the film by vacuum filtra-
tion. The ionic transport is improved in the cross-plane diffusion path but also the
in-plane diffusion since CNT act as a spacer between the rGO sheets (Fig. 7a).
Furthermore, CNTs significantly improve the hybrid film’s electrical and mechan-
ical properties (Fig. 7b and insert) and the GNCN film can be bent and twisted. The
GNCN electrode film has a specific capacitance of 294 F g−1 (331 F cm−3) at 5 mV
s−1, which is better than the rGO alone (185 F g−1) and stands for the best reported
combined gravimetric/volumetric values at this stage. The excellent rate capability
(200 F g−1 at 2 V/s) is confirmed by electrochemical impedance spectroscopy (EIS)
and outstanding cycling performance (93% capacitance retention after 5000 cycles)
is also reported.

Weng et al. [73] show a simple and scalablemethod to fabricate graphene cellulose
paper (GCP) by vacuum filtration of graphene nanosheets suspension throughout a
piece of filter paper. GCP electrode membranes show good electrochemical conduc-
tivity and high stability with a decrease of only 6% after being bent 1000 times
and a high gravimetric capacitance of 120 F g−1 of graphene, with retention > 99%
capacitance over 5000 cycles. In addition, the mechanical flexibility of the GCP
membrane was examined by using tensile and fatigue tests, stress–strain curve, and
in situ resistance change (�R/R). The GCP membrane can withstand stress as high
as 8.67 MPa with a 3% elongation which is three times higher than that of the
G-paper (0.76%), which broke at 5.13 MPa. These findings show that flexible Poly-
SCs made of GCP material could be useful as energy storage devices for a variety
of flexible, rechargeable, and portable micropower sources. Moreover, Xu et al. [74]
have demonstrated the fabrication of flexible solid-state supercapacitors based on
3D graphene hydrogel films with a highly interconnected 3D network structure.
Briefly, a modified hydrothermal reduction method was used to prepare graphene
hydrogel in the presence of a 2 M ascorbic acid aqueous solution. The mixture
was sealed in a Teflon-lined autoclave and kept at 180 °C for 2 h. Once cooled,
the as-prepared graphene hydrogel was removed and soaked overnight in a 1 M
H2SO4 aqueous solution all night. The as-synthesized graphene hydrogel film has a
high specific surface area (414 m2 g −1), with exceptional electrical conductivity of
192 S m−1, and mechanical robustness. All these features make it very promising
for flexible SCs. The fabrication of a flexible solid-state SC device using these 3D
graphene hydrogels yielded outstanding capacitive performance in H2SO4/PVA gel
electrolyte. The as-assembled SC achieves a high specific capacitance of 186 F g −1

at 1 A g −1, good stability, a high energy density of about 6.5Wh kg−1, and excellent
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Fig. 7 a illustration of the ion diffusion (in-plane and cross (plane) behavior for the rGO film and
porousGNCN. b Pictures of theGNCNfilm obtained showing excellent flexibility; cCyclic voltam-
metry experiments of theGNCNfilmat lowandhigh scan rates.dEvolution ofGNCNcapacitance as
a function of scan rate, compared to rGOfilms. eVolumetric versus gravimetric capacitance compar-
ison of GNCN film electrodes with other carbon electrodes in aqueous electrolytes. Reproduced
with permission [72]. Copyright 2015, Elsevier

flexibility, making graphene hydrogel’s 3D network structure promising materials
for high-performance flexible energy storage devices. Additionally, the use of solid-
state ionic liquid electrolytes can also improve the energy density of graphene-based
SCs. Tamilarasan et al. [75] reported a mechanically stable, flexible graphene-based
all-solid-state SCs with ionic liquid incorporated polyacrylonitrile (PAN/[BMIM]
[TFSI]) electrolyte (Fig. 8). The as-fabricated SCs exhibit a specific capacitance of
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Fig. 8 Images of
PAN/[BMIM][TFSI] and the
fabricated
supercapacitor device which
demonstrate their flexibility.
Reproduced with permission
[75], Copyright 2013,
Elsevier

98 F g−1 at 10 A g−1 with good cyclic stability. Moreover, by expanding the potential
window to 3 V, the as-fabricated flexible SCs achieved a high energy density of 32.3
Wh kg−1.

3.2 Conducting Polymers and Their Composites

Since their first discovery in the late 1970s by Shirakawa et al. [76]whowere awarded
Nobel Prize in Chemistry 2000, conducting polymers have been widely investigated
and applied in a large spectrum of applications, ranging from electrochemical/bio
sensor [77], organic electronic [78], electrochromic devices [79] and more impor-
tantly in the electrochemical energy storage system [80–84]. From a structural stand-
point, ECP’s backbone is generally built with an alternating system of a single and
double bond, resulting in a continuous network of the delocalized electron. Accord-
ingly, in the past few decades, different physical–chemical properties of different
conducting polymers have been reported. Indeed, they all have tunable conductivity
depending on the doping state (10−15 to 105 S cm−1) [85], reversible redox behavior,
ion-electrical conversion capability, and processability. Commonly, ECPs can be
synthetized either by chemical polymerization and electropolymerization. And last
but not least, important flexibility compared to inorganicmaterialsmake themcapable
of being employed in lab-on-skin, implanted, or wearable devices. As typical repre-
sentatives, polyaniline (PANI), polythiophene and their derivatives (PEDOT, P3HT,
etc.), or polypyrrole (PPy) are currently receiving intensive attention for responding
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Fig. 9 Doping of n-type and p-type ECPs where δ reflects the doping level

to the requirement of flexible systems, especially in the field of SCs. From an elec-
trochemical standpoint, conducting polymers can undoubtedly be classified into two
main categories, n-doped, and p-doped ECPs, depending on the doping process as
shown in Fig. 9. Nevertheless, n-doped conducting polymers cannot, up-to-date, be
used as standalone materials for fabrication of n-doped ECPs supercapacitors due
to their compacity, low cycling stability, and high sensibility with humidity and
oxygen (Fig. 9). Indeed, due to the stability problem, p-doped ECPs are dominantly
exploited in supercapacitor applications. Upon doping process, positive charges are
generated on the polymer backbone with a doping level ranging from 30–50% per
monomer unit. Accordingly, counter anions need to diffuse from the bulk solution
into the film to stabilize the formed charges, leading to the formation of polaron
(radical cation) and bipolaron (di-cation). As a consequence, ECPs store charges
using pseudocapacitive phenomenon.

Theoretically, significant specific capacitance could be therefore obtained, e.g.
750 F g−1 (PANI), 620 F g−1 (PPy), 485 F g−1 (PTh), and 210 F g−1 (PEDOT).
However, it is worth noting that polymer chains usually form densely packed struc-
tures, which limit the diffusion of ions back and forth within the matrix, resulting in
non-accessible and/or irreversible doping regions. Consequently, a dramatic decrease
in gravimetric capacitance and increase in ionic resistance is commonly observed. A
typical example that could be cited is the early works fromWallace et al. [86] on the
preparation of flexible supercapacitor from drop-casted polyaniline onto Au coated
PVDF membrane. It was demonstrated a drastic decrease in specific capacitance
from 253 to 134 F g−1 in 1 M H2SO4 after 10 000 cycles at v = 100 mV s−1; i.e.
55% capacitance retention.

Generally, to overcome these issues, many efforts have been focused on
improving the nano structuration of ECP layers, the interfaces of ECP/solution,
or coupling ECPs with other materials to afford more performing composites. In
the same study, Nafion® was used as a protection layer for the PANI layer. A



Flexible Supercapacitors 593

a b c

Fig. 10 a scheme of an electrochemical cell for capacitance measurement of symmetric PAN
nanofiber/Nafion electrode. (b and c) Digital photographs and cyclic voltammograms of PAN
nanofibers on gold-coated PVDFmembrane in 1.0MH2SO4 at various scan rates:bPlanar electrode
and c twist electrode. Reproduced with permission [86], Copyright 2010, Elsevier

simple casting of 2 μL of Nafion (0.25%wt in ethanolic solution) on 1 × 1 cm
PANI/Au/PVDF surface is enough to enhance the stability of the electrode up to
84% in capacitance retention (237 to 178 F g−1 under the same experimental condi-
tions). Afterward, the assembly of 2 electrodes results in a symmetrical cell, i.e.
PVDF/Au/PANI/Nafion/PANI/Au/PVDF (Fig. 10a). The specific capacitance of the
resulting cell in 1M of sulfuric acid reaches 269 and 248 F g−1 at v= 10 and 100mV
s−1, respectively. The capacitance retention is about 90 and65%after 3500 and10000
cycles which is reasonable for further developing stable flexible SCs. Nevertheless,
upon bending, the electron transfer kinetic of PANI is lowered, resulting from a
broadening of peak-to-peak separation. Indeed, upon bending, most of the stress is
in the layers owing lower Young’s modulus [87], which is the active material film
(PANI/Nafion) rather than on stiffer layers (0.1 μm thick Au and PVDF substrate),
thus the electrochemical behavior could not endure important bending deformation
[88]. In parallel with tailoring the ECP/solution interface, it was recently found
that combining PANI with CNTs and graphene can reduce the volume change upon
charging and had a good effect on the electrochemical properties of the flexible ECP-
based supercapacitors. For example, Yan et al. [89] coated graphene nanosheets
(GNS) and carbon nanotubes (CNT) mixture (mass ratio of 99:1) with PANI via
in situ polymerization from aniline solution (0.93 g vs 0.195 g of GNS/CNTs) in
presence of ammonium persulfate (APS) as oxidant (molar ratio of 1:1). As-prepared
PANI/GNS/CNTs exhibited a specific capacitance of 1035 F g−1 in 6 M KOH at v
= 1 mV s−1 (vs. 115, 780, and 1046 F g−1 for PANI, PANI/CNTs, and PANI/GNS,
respectively). Even though PANI/GNS/CNTs exhibits slightly lower capacitance
compared to PANI/GNS, excellent cycling stability is obtained with capacitance
retention of 94%over 1000 cycles (vs. 52, 67%forPANI/GNSandPANI/CNTs). This
phenomenon could be explained by the synergetic effect by mixing graphene/CNTs
which has also been reported elsewhere [90, 91]. In another approach,Wang et al. [92]
prepared rGO@PS2 membrane by mixing aqueous suspensions of rGO and of PS
together followed by filtration through PVDF membrane. Once dried, freestanding
rGO/PS film was collected by peeling from the PVDF membrane. Afterward, in-situ
polymerization of aniline in presence of rGO/PS film was performed in presence of

2 PS = Polystyrene.
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APS as an oxidative agent. Finally, polystyrene was removed from the film by chem-
ical etching in tetrahydrofuran (THF), leading to the generation of freestanding 3D
rGO/PANI film. The flexibility was visually demonstrated by rolling the membrane
without damaging the integrity of the film. In terms of storage performance, 3D
rGO/PANImembrane exhibits a specific capacitance of 740 F g−1@0.5 A g−1, which
is 7.4, 3.9, and 2.4 times higher than rGO, 3D rGO, andPANI, respectively.Moreover,
an energy density of 65.94 Wh kg−1@power density of 0.2 kW kg−1 and 34 Wh
kg−1@4kWkg−1 were achieved.Besides, capacitance retention of 87%was obtained
after 1 000 cycles at 10 A g−1. In complement with PANI, Liu et al. [93] report
the fabrication of all-solid-state flexible supercapacitors based on all conducting
polymer electrodes, i.e. poly(3,4-ethylenedioxythiophene): polystyrene sulfonate
(PEDOT:PSS) and polypyrrole (PPy). Two different approaches were proposed to
prepare two electrodes (Fig. 11a). Briefly, PEDOT:PSSwas incorporated as a compo-
nent in PEDOT:PSS/PVA hydrogel electrode noted (EG-PCPPH), resulting from a
physical cross-linked structure using 3 cycles of freezing–thawing with a mixture
of 0.5 − 0.65 wt% of PEDOT:PSS and 5% of PVA (degree of polymerization =
2000). For preparing PPy/PVA electrode (CCPH-PPy), vapor phase polymerization
was applied where FeCl3 saturated PVA hydrogel film (CCPH) was rapidly placed
in a pyrrole vapor saturated chamber. A trilayer asymmetric flexible supercapacitor
(AFSCs) with a thickness of 0.4mm (Fig. 11c) was fabricated with a CCPH layer in a
sandwich between 2 ECP-based electrodes (Fig. 11a). Remarkably, the device shows
goodmechanical durability and flexibility, with a tensile strength of 22.3MPa and an

a
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Fig. 11 a Illustration of the preparation process of the all-solid-state integrated AFSCs. b Digital
photos of AFSC demonstrating flexibility. c Cross-section of the AFSC by optical microscopy. d
Tensile stress − strain curve of the AFSC. e CV curves of AFSC under various bending states at a
scan rate of 60 mV s−1 Reproduced with permission Copyright 2021, Elsevier



Flexible Supercapacitors 595

elongation at a break of 286% (Fig. 11d). Furthermore, the SC is very malleable that
can be easily rolled or bent (Fig. 11b). From an electrochemical standpoint, 1.46 F
cm−3@20 mA cm−3 and 58.5 mF cm−2@0.8 mA cm−2 were achieved as volumetric
and areal capacitances. Interestingly, the electrochemical behaviors remain intact in
the function of bending angle (Fig. 11e) and the capacitance retention is 88.1% over
10 000 charge–discharge cycles and > 98% over 1 000 bending cycles (θ = 90°,
bending radius = 5 mm) at 100 mA cm−3. Moreover, volumetric energy density is
obtained at 397.99 and 322.6 μWh.cm−3 at power density of 14.13 and 73.04 mW
cm−3, respectively. Last but not least, 2 ECP-electrodes are perfectly interchangeable
without differentiation.

The combination of good electrochemical and mechanical properties has been
also explored by the preparation of graphene/polymer composites. Wang et al. [94]
have fabricated a Graphene/Polyaniline composite paper by in situ electropolymer-
izations of anilinemonomers into PANI film for high-performance flexible electrode.
Graphene/PANI composite paper shows a favorable tensile strength of 12.6MPaand a
stable large electrochemical capacitance of 233 F g−1 for gravimetric capacitance and
135 F cm−3 for volumetric capacitances, which outperforms many other currently
available carbon-based flexible electrodes and is hence particularly promising for
flexible supercapacitors.

As a step forward, electrodeposition of ECPs could efficiently reduce the problems
of interfacial resistancewithout the need for polymeric binder. Lin et al. [95] report the
development of an all-solid-state supercapacitor from rGO@PANI@carbon woven
fabric (CWF), prepared through a two-step method. Firstly, the PANI layer was elec-
trochemically deposited onto CWF substrate by chronoamperometry at 0.65 V/SCE,
leading to a deposition of a dark green filmwith a coatedweight of 2.2mg cm−2. After
that, controllable graphene wrapping was deposited by facile impregnation method
by dipping the PANI/CWF substrate successively into Poly (allylamine hydrochlo-
ride) (PAH), GO suspension, and HI/EtOH solution, respectively (Fig. 12a), leading
to the formation of rGOx-PANI/CWF electrode where x (0.5 – 5 mg ml−1) repre-
sents the concentration ofGO suspension. In presence of PAH linker, rGOnanosheets
combine well with the PANI particles (Fig. 12b) with an increase in the electrode’s
conductivity and limiting the volume change during the charge/discharge process.
In terms of electrochemical characteristics, the specific capacitance of the optimized
electrode, rGO-1/PANI/CWF, is 571 F g−1@1A g−1 (areal capacitance of 812 F
cm−2) along with superior stability, i.e. 89% in capacitance retention after 5000
cycles at 10 A g−1. Afterward, the assembled solid-state supercapacitor, which is
built from 2 plates of rGO-1/PANI/CWF separated by a gel electrolyte, has excellent
flexibility where the SCs can easily be twisted and bent (Fig. 12c). Moreover, the
electrochemical response shows a negligible change from a normal state to deformed
states (Fig. 12d), and the cycling stability was tested in the bent state (bent angle
of 180°) for 5 000 cycles at 10 A g−1, resulting in capacitance retention of 82%
(Fig. 12e). As key parameters, energy and power density are reported in the Ragone
plot where high energy density of 20.6 Wh kg−1 (28.2 μWh cm−2)@ 0.13 kW kg−1

(0.12 mW cm−2).
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Fig. 12 a Preparation process of the graphene-enveloped CWF/PANI. b SEM images of rGO@
PANI carbon fabric electrode. c Schematic of flexible solid-state supercapacitor (FSC) assembled
with two identical PANI-rGO-1 hybrid textiles with a gel electrolyte and digital photos of the as-
prepared solid-state flexible supercapacitance, including a photograph of a LED powered by three
devices in series. d CV curves under different deformation states. e Cycling stability of FSCs at 10
A g−1 f FSCs data compared to data from other all-solid-state SCs in a Ragone plot. Reproduced
with permission [95], Copyright 2018, Elsevier

Zhou et al. [96] developed flexible all-solid-state supercapacitors by using elec-
trochemical deposited PPy@CNTs as freestanding electrodes using chronoamper-
ometry (Edep = 0.7 V/Ag|AgCl for 200 s). The resulting PPy@CNTs films reach a
specific capacitance of 331.4 F g−1 @5 mV s−1. The symmetrical device exhibits
high stability during 10 000 charge/discharge cycles with capacitance retention of
65.6% at 2 A g−1. They have also exhibited nearly unchanged capacitive behavior
upon bending to 120°, folding into an ‘S’ shape in a twisted state. These characteris-
tics provide them for many potential applications in flexible electronics and energy
storage textiles.

In summary, even though numerous investigations reported using conducting
polymers as activematerials aloneor as a component in composites to developflexible
supercapacitors, promising results (high energy density at high power density, supe-
rior capacitance) are highlighted in the literature, the reported storage performances
show a large discrepancy, ranging from ~ 102 to ~ 103 F g−1 under the same discharge
rate. Indeed, the morphological properties of ECP layers have a great impact on their
electrochemical behaviors. As prospective directions, a reliable model correlation
between morphology, processing methods, and storage performance must be estab-
lished. Moreover, cycling stability at a low discharge rate is likely to remain their
fatal weakness. Besides, new conducting polymers or new substituents on existing
ECPs or combining different ECPs as a copolymer with enhanced accessibility of
ions as well as improved stability and strengthened adhesion to the substrate could
be further explored.
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3.3 Metal Oxides and Composites

Transition metal-based materials, e.g. metal oxides (TMO), metal dichalcogenide
(TMD), and metal phosphides (TMP), attract significant attention for electrochem-
ical storage systems thanks to their abundancy, their well-defined redox properties,
diversity in composition andmorphology, high theoretical specific capacitance along-
side with superior energy density. However, based on their chemical nature, severe
drawbacks could be undoubtedly listed as low electrical conductivity, uncontrollable
volume change during the charge–discharge process as well as sluggish ion diffusion
in the core of the materials. Besides, Young’s moduli of these materials are extremely
high (> > 1 GPa) for consideration as materials alone for flexible supercapacitors.
Therefore, intensive investigations are urgently required to tailor the physical–chem-
ical properties of these materials using designing new compositions and novel nano
structuration, making them more electrochemically/mechanically controllable. Up-
to-date, a wide range of transition metals has been already investigated (Ti, V, Mn,
Fe, Co, Ni, Cu, Zn, Mo, Ru) in their oxide/dichalcogenide/phosphide form towards
the fabrication of supercapacitors, and some of them have even been applied in flex-
ible supercapacitors by combining with other materials. In this context, MnO2 and
RuO2 have demonstrated a high capacitance through the transformation between
their different valence states [97] but their structural instability [98], on the other
hand, results in short cycle life. In addition, NiO, Co3O4, ZnO, and CuO-based
materials, pave the way for the fabrication of flexible electrodes owning high energy
and power densities [99, 100], but their poor cycling stability and retention rate limit
their practical uses [98]. Among different oxides, RuO2 was originally regarded to
be one of the ideal supercapacitor electrode materials, thanks to its good chem-
ical stability, high theoretical capacitance, large voltage window, good electronic
conductivity, and reversibility [98, 101]. It is worth noting that RuO2 nanopar-
ticles agglomerate into larger particles during the manufacturing, charging, and
discharging processes. Consequently, the latter affects the electrochemical perfor-
mance of the RuO2 electrode [101]. For resolving these problems, Ruiyi et al. [98]
recently reported the synthesis of atomically dispersed RuO2-tryptophan functional-
ized graphene quantum dot-graphene hybrid (AD-RuO2-Trp-GQD-G) as shown in
Fig. 13a. In amultistep process,AD-RuO2-Trp-GQD-Gwas obtained by pyrolyzing a
ruthenium complex, Ru3+-tryptophan@GQD-G, under an inert atmosphere followed
by re-oxidation in the air at 200 °C for 2 h in sequence. The resulted material exhibits
a high capacitance of 503.7 F g−1 @1 A g−1 in 1 M H2SO4 compared to those of the
graphene (160 F g− 1) and G-Trp-GQD (192F g−1). Moreover, AD-RuO2-Trp-GQD-
G shows superior capacitance retention of 55.5% when the discharge rate increases
from 1 A g−1 to 25 A g−1, resulting from an extremely fast faradaic process as all of
Ru sites are exposed to the solution. Indeed, well-defined redox behavior of RuO2

from voltammograms at different scan rates are obtained. Afterwards, assembled
device was prepared by 3D printer from which the current collector (thickness after
drying = 20 μm) are interdigitatedly printed onto flexible PET substrate followed
by superposing a layer of active material (thickness = 2 mm). Lately, a layer of
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Fig. 13 a Illustration for the synthesis of Trp-GQD and AD-RuO2-Trp-GQD-G B) Preparation of
the symmetrical flexible supercapacitor, c Digital photographs of the supercapacitor and its specific
capacitances at the current density of 1 A g−1 for 5-cycles Reproduced with permission [98],
Copyright 2021, Elsevier

gel electrolyte (PVA/H2SO4) was printed to cover the whole device (Fig. 13b). The
resulted device displays high capacitance of 354 F g−1 at 0.5 A g−1 and an energy
density of 33 Wh kg−1@52 kW kg−1. Furthermore, as the atomic RuO2 species
are stably embedded in the composite, their stability over cycling is remarkably
enhanced compared to other reported works on RuO2-based materials, i.e. 99.5%
capacitance retention after 10,000 cycles at 10 A g−1. More importantly, the elec-
trochemical responses of flexible supercapacitor versus mechanical constraints were
tested at different bending/twisting angles. Hence, the capacitance retention remains
> 99% (Fig. 13c). This approach is outperforming several flexible systems which are
mainly based on RuO2 nanoparticles, aggregates, or bulky ones [102–105]. Although
several studies on using RuO2 have been reported in the literature as aforemen-
tioned, RuO2 tends to be replaced by other transition metals due to their high cost.
In this context, MnO2 based materials have been widely investigated due to their
interesting properties, such as high theoretical specific capacitance, good chemical,
and thermal stability, natural abundance, environmental friendliness, and low cost
[106]. However, MnO2 possesses low electric conductivity (10–5 to 10–6 S cm−1),
implying a severe problem to achieve excellent electrochemical performance. Conse-
quently, improving the electrical conductivity of MnO2-based electrodes becomes
crucial, leading to the development of MnO2 based composites with an electrically
conductive material.

Moving forward to this direction, He et al. [107] developed a freestanding, three-
dimensional Graphene/MnO2 composite network with a large MnO2 loading up
to 92.9% (9.8 mg cm−2) of the entire electrode’s mass. Starting from lightweight
(0.75mg cm−2), ultrathin (<200μm), highly conductive (55 S cm−1), and flexible 3D
graphene electrode, electrochemical deposition of MnO2 was performed in aqueous
by pulsed square wave technique (pulse period of 2 ms for a duration ranging from
15 to 1440 min with a current density of 0.5 mA cm−2). After that, the as-prepared
electrode was annealed at 300 °C under an inert atmosphere to generate a crystalline
structure. From a large range of mass loading, the highest specific capacitance was
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achieved at 465 F g−1@2mV s−1 with a mass loading of 0.1 mg cm−2. Nevertheless,
from a practical standpoint, the performance of the device not only depends on the
specific capacitance per gram of the active material but critically on the total mass
(including 2 electrodes, separator, current collector, electrolyte, etc.), hence a mass
loading of 0.4 mg cm−2 (Csp/entire electrode = 110 F g−1 and Csp/entire cell = 30 F g−1

vs. 50 F g−1 and 13.6 F g−1 for 0.1 mg cm−2) was chosen as the most balanced
value for fabrication of lightweight (<10 mg), thin (<1 mm) and flexible SCs. The
resulting symmetrical devices exhibit good stability over cycling with capacitance
retention of 82% after 5 000 cycles at a current density of 1.5 mA cm−2. Moreover,
an energy density of 6.8 Wh kg−1@62 W kg−1 and 3.75 Wh kg−1@2.5 kW kg−1

are achieved. It is widely known that depending on the deposition conditions, a large
spectrum of morphology could be obtained using electrochemical methods. Accord-
ingly, different works on electrochemical deposition of MnO2 for flexible SCs have
also been reported with high storage performance, e.g. MnO2 nanoflowers/graphene
fiber (Csp(cell) = 9.6 mF cm−2) [108], MnO2 nanospheres/CNT paper (Csp = 486.6 F
g−1@0.5 A g−1) [109], In parallel, other methods are also investigated for preparing
MnO2 nanostructured, such as hydrothermal (MnO2 nanosheets on nanocarbon based
filmwith specific capacitance of 324 F g−1@1.9A g−1 [110], 634.5 F g−1@2.5A g−1

[111], 520 F g−1@0.5 A g−1, [112], 560 F g−1@0.2 A g−1, [113] and solvothermal
(3D MnO2 microspheres with Csp = 129 F g−1@0.5 A g−1 ([114]), MnO2 NPs/C
fibers (803.6 mAh g−1@20 mV s−1) [115].

3.4 MXene and Composites

MXene refers to a novel class of 2D inorganicmaterials ranging from transitionmetal
carbides, carbonitrides to nitrides [70, 114]. With a general formula of Mn+1XnTx,
where M is a transition metal (Mo, V, Nb, Ta, and Ti), X is a carbon or Nitrogen,
Tx represents the surface groups (=O, −OH, −Cl, and −F) and 1 < n < 4 (e.g.
Ti3C2, Ti3CN, Nb2C, and Ti4N3) [70]. MXenes have attracted tremendous interest
in different fields such as catalysis, electromagnetic interference shielding, and rein-
forcement for composites, energy storage, and many other applications [70, 116].
The synthesis of MXene consists mainly of the exfoliation of MAX using fluoride
contained substance (Fig. 14) [117]. Interestingly, MXene is recognized as a flexible
2D material with plentiful surface-active groups (–OH, –F, or –O), as well as good
electrical conductivity and due to its ultrahigh density, an MXene can provide far
larger volumetric capacitance than graphene. These properties are attained due to:
(1) the presence of a conductive inner transition metal carbide layer that provides
fast electron transport to electrochemically active sites; (2) electroactive transition
metal oxide-like surface generated during the synthesis; layered structure with pre-
intercalated solvent molecules, thus enables fast ion transport [118]. Due to their
unique structure, MXenes are particularly attractive for energy storage applications.
Up-to-date, titaniumcarbideTi3C2Tx has been themost extensively exploredMXene,
with high volumetric capacitances of 900 F cm−3, a high electronic conductivity up
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Fig. 14 Schematic illustration of different MXene syntheses from MAX via different routes.
Reproduced with permission [117], Copyright 2017, Royal Society of Chemistry

to≈10 000 S.cm−1, and a TiO2-like surface, resulting in ultrahigh volumetric capac-
itance (≈1500 F cm−3) in Ti3C2Tx hydrogel films and high areal capacitance (≈61
mF cm−2) in Ti3C2Tx MSCs.

To get insight into the origin of the resulting capacitance of Ti3C2Tx, Lukatskaya
et al. [119] reported the use of in-situX-ray absorption spectroscopy (XAS) to probe
the storage mechanism of this material in 1 M H2SO4 aqueous electrolyte. A linear
relationship between the Ti edge energy (resulting from Ti K-edge XANES spectra)
with applied electrochemical potential proves a change in the Ti oxidation state of
Ti3C2Tx during charge/discharge, concluding that the predominant electrochemical
behavior of Ti3C2Tx is pseudocapacitivewith proton-coupled electron transfermech-
anism. More importantly, the average Ti oxidation state in Ti3C2Tx, is closer to + 2
than + 4 (from 2.33 to 2.43 or 0.1e per Ti atom). A simplified presentation of the
redox process at MXene surface can be shown as Ti3C2Ox(OH)yFz + δe− + δH+

→ Ti3C2Ox−δ(OH)y+δFz, confirming the crucial role of oxide groups at the surface.
Moreover, the role of OH-terminal groups could be further extended in a flexible
system. Thin-film of pristine Ti3C2Tx MXene was demonstrated to have sufficient
mechanical strength to handle with a tensile strength of 22 ± 2 MPa (thickness of
3.3 μm) and Young’s modulus of 3.5 GPa. However, the stiffness was increased by
adding poly(vinyl alcohol) at 60 wt% (tensile stress of 91 ± 10 MPa). It is worth
noting that this phenomenon is not completely attributed to the MXene or PVA itself
(tensile stress = 30 ± 5 MPa/ 12 μm thick film) but correspond probably to the
interaction between OH-terminal groups of MXene and PVA, resulting to a transfer
of some stress into the interfacial bonding [120]. It is worth noting that the strain to
failure is also increased about 4 times, thus more flexible and stronger materials are
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achieved. Consequently, MXenes have been advantageously used in flexible super-
capacitors with/without additional binders. Binder-free Ti3C2Tx MXene/CNT yarn
prepared by biscrolling method was reported by Wang et al. [121] Indeed, MXene
suspension was drop-casted onto 5 layer-stacked vertically aligned CNTs (350 μm
in height/sheet). One end of the CNT substrate is then fixed to an electric motor
which is in charge for twisting the substrate into yarn with a rate of 2000 turns
m−1, leading to Mxene/CNT yarn with a mass loading of 97.4%. As prepared fiber
was directly electrochemically tested in electrolyte without any current collector.
Specific capacitances of 523 F g−1, 118 mF cm−1, 3188 mF cm−2 and 1083 F
cm−3 @2 mA cm−2 was achieved which outperform other fibered structures [122–
125]. Moreover, flexible SCs can be easily built by twisting 2 fibers of PVA-covered
MXene/CNTs with an energy density of 8.54 mWh cm−3@530 mW cm−3. The
resulted devices exhibit strong stability over 0.8 V voltage. To further improve the
interaction with MXene as well as increase the interlayer distance of MXene, Yan
et al. [126] proposed novel approach for self-assembling of titanium carbide MXene
and rGO by means of electrostatic interactions. Reduced graphene oxide was first
mixedwith poly(diallyldimethylammoniumchloride) – PDDA (0.01wt%) to afford a
positively charged rGOmixture. Then, negatively charged and delaminated Ti3C2Tx

MXene was added into PDDA@rGO suspension, large aggregates of MXene/rGO
were obtained followed by vacuum-assisted filtration to afford freestanding and flex-
ible film.With only 5%of rGOwithin thematerials, the electrochemical performance
is strongly enhanced. Accordingly, a specific capacitance of 335.4 F g−1 (1 040 F
cm−3@2 mV s−1) along with superior rate capability (100 F g−1 at 10 V s−1, i.e.
30% in capacitance retention) were observed. The improvement in rate capability
can be attributed to the increase in interlayer spacing of MXene in presence of rGO.
However, a further increase in rGO leads to a decrease in specific capacitance which
is evidenced by a drop in electrical conductivity of the composite. Furthermore,
remarkable stability was achieved with no degradation after 20 000 cycles. For prac-
tical use, a symmetrical device was built and displays a gravimetric energy density
of 10.5 Wh kg−1@80.3 W kg−1 (and retain at 3.3 Wh kg−1@24 kW kg−1), an ultra-
high volumetric energy density of 32.6 Wh L−1, and a maximum power density of
74.4 kW L−1.

Even though massive investigations have been devoted to the development of
more and more performing electrode materials, there are still many challenges that
hinder the practical use of MXene based materials. From the synthesis standpoint,
the exfoliation of bulk MXene into stable 2D layers are mainly occurred in HF and
more recently LiF/HCl to reduce the toxicity of HF. However, more eco-friendly
approaches with fluoride-free substances need to be developed. As aforementioned
about the importance of surface functional groups, seeking for new synthesis proce-
dure that can improve the quantity and homogeneity of surface functions is still open
for further studies. Finally, the porosity and electrochemical surface area of pristine
MXene are relatively low which requires an improvement. Countless efforts have
been put on combining other materials with MXene to increase interlayer spacing
but the addition of those materials leads to a decrease in electrical conductivity of
MXene, thus decreasing the storage performance.
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3.5 Metal–Organic Frameworks and Composites

Since their first discovery in the 2000s, Metal–organic frameworks (MOFs) have
excited the scientific community as new class of porous materials synthetized from
metal–organic complexationwith ultra-high specific surface area (up to 6000m2 g−1)
and unlimited possibilities of designing their physicochemical structure by changing
the structure of ligands as well as themetallic centers. Depending on the coordination
number of involved transition metal, the resulted MOF could take different geome-
tries. Although significant specific surface is obtained, most of reportedMOF cannot
be electrochemically exploited, resulting from a low electrical conductivity, ranging
from fS to mS cm−1 [127]. Up to date, most of reported works on fabrication of (flex-
ible) supercapacitors using metal organic frameworks are based on their composites
with other materials. Up-to-date, most of reported works on fabrication of (flexible)
supercapacitors using metal organic frameworks are based on their composites with
other materials. Various porous MOFs were synthesized in the past few years using
distinct synthetic methods like hydrothermal/solvothermal [128, 129], electrochem-
ical [130], mechanochemical [131, 132], microwave healing/ultrasound irradiation
[133], depending upon the targeted proprieties and the desired final structure. Among
various MOF-based SCs, they can be classified into three categories: (1) SCs that are
fabricated by using pristine MOFs [134], (2) MOF-based composites [135] and (3)
porous carbon derived from pyrolyzed MOF [136]. Even though it is derived from
MOF, generated porous carbon-based materials will not be treated in this subsec-
tion. The first pristineMOF used as supercapacitor electrode was Co8-MOF-5 [137].
MOF-5 electrode showed typical electric double layer capacitors behavior in acetoni-
trile at low scan rate, due to the influence of carbon black additives. The electrode
exhibited low specific capacitance (3.27 F g−1@25 mV s−1) due to its low elec-
tronic conductivity limited by the particular MOF and the electrolyte used, which
may be solved by a specific tuning of the MOF structure and the use of suitable
electrolytes. Recently, 2D conducting MOFs were reported with enhanced specific
capacitor. Sheberla et al. [138] reported novel MOF, Ni3(HITP)2, from the complex-
ation of Ni2+ and hexaaminotriphenylene (HATP), leading to ultrahigh electrically
conductive of 2 S cm−2 for bulk pellet and 40 S cm−1 for thin film configuration.
Later, they demonstrated the use of reportedMOF to supercapacitor application with
a specific capacitance of 111 F g−1 at 50 mA g−1 (or 18 μF cm−2 once normal-
ized with specific surface area) [134], paving the way for possible application in
flexible supercapacitors. However, none of state-of-the-art MOF can be used for
flexible SCs in their pristine form. Accordingly, to further improve the electrical
conductivity and flexibility, conducting polymers were widely used to combine
with MOF, resulted to ECP@MOF composites. Among them, Polypyrrole (PPy)
polyaniline (PANI), poly (3,4-ethylenedioxythiophene) (PEDOT) etc. are commonly
chosen [139]. Conducting polymer can be physically mixed with MOF nanoparti-
cles. However, the dispersion of MOF nanoparticles in the polymer still not uniform
and the composite still has a poor charge transfer [5]. To overcome this problem, a
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more effective method is to grow or deposit polymers on MOFs and form a conduc-
tive network connecting all particles [5]. Wang et al .[140] develop PANI@ZIF67
deposited onto carbon cloth as an electrode for flexible and all-solid-state SC by elec-
trochemically interweaving MOF particles with polyaniline (PANI) chains. When
compared to the pristine MOF architecture, the presence of PANI allowed not only
an addition of pseudocapacitance contribution butmore importantly and easy electron
and electrolyte transport across the interwoven hybrid structure connecting all the
MOF crystals together. Consequently, PANI-ZIF-67-CC exhibits high areal capaci-
tance of 2146 mF cm−2 at 10 mV s−1 [140]. Instead of PANI, flexible MOFs-based
supercapacitors can also be prepared by fabricating an in-situ network of ZIF-67
particles connected by conductive PPy tubes [141]. The obtained MOF–PPy (ZIF–
PPy) hybrid showed a specific surface area of 1545.2 m2.g−1 and good electric
conductivity. This result makes the MOF–PPy hybrid an ideal supercapacitor elec-
trode candidate. They exhibited a specific capacitance of 554.4 F g−1@0.5 A g−1 and
excellent stability in a three-electrode system. This hybrid structure allowed for faster
electron transfer between the MOF and PPy, resulting in a continuous conducting
network connecting allMOF nanoparticles. Apart from previouslymentionedworks,
countless efforts have been given for coupling MOF with conducting polymer for
flexible supercapacitors by changing the nature of MOF and ECP or by modulating
the morphology of resulted composites for achieving improved storage performance
[5, 142–144]. In parallel with conducting polymer, nanocarbons (graphene, CNTs)
were also intensively investigated in preparing composite with metal organic frame-
work [145, 146]. However, flexible supercapacitors from this family of composites
are still very scanty. As a typical example, 2D-Ni MOF and Co MOF was coupled
with rGO through self-assembled approach to afford flexibles ASC with a high
volumetric energy density of 1.87 mWh cm−3 a power density of 250 mW cm−3

[147]. Schematic procedure for synthetizing 2D-MOF/rGO paper is displayed in the
(Fig. 15a). Owning positive −Ni(Co) surface terminated groups, resulted 2D-MOFs
are intrinsically positively charged while GO are negatively charged due to the pres-
ence of oxygenated groups (Fig. 15b). Oncemixed together, electrostatic interactions
lead to the formation of self-assembled composites. After vacuum filtration, flexible
membrane were obtained as shown in the (Fig. 15c). Afterward, electrochemical
behaviors of freestanding papers with 40 wt% of GO was tested in 1 M H2SO4,
resulted to a specific capacitance of 656.6 and 570.8 F cm−2@1 mA cm−2 for Co-
MOF/G and Ni-MOF/G, respectively. Afterwards, Co-MOF/G and Ni-MOF/G were
used as positive and negative electrodes for fabrication of asymmetric SCs (Fig. 15d),
leading to an areal capacitance of 426.5 mF cm−2 as well as volumetric capacitance
of 22.45 F cm−3@1.2 mA cm−2. Rate capability was evaluated by changing the
discharge rate from 1.2 to 14.4 mA cm−2 with a capacitance retention of 21% (4.7 F
cm−3). Moreover, specific capacitance of the device remained intact with different
bending angle, ranging from 0° to 180° as well as after 100 bending cycles (94%)
or 3000 charge–discharge cycles at 2.4 mA cm−2 (97.5%). More importantly, this
approach allows to achieve editable device which can be cut into desired shape
without damaging its storage performance.
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Fig. 15 a Schematic route for synthesis of 2D-MOF/rGO paper. b Zeta potential and (inset) photo-
graph of 2D Ni-MOF, Co-MOF and GO suspension. c Photographs of freestanding and flexible
2D-MOF/rGO paper. d Assembly scheme for fabricating ASCs. e Voltammograms of N-M/G-40
and the C-M/G-40 electrodes at v = 10 mV s−1. f Capacitance retention with different bending
angles. Reproduced with permission [147]. Copyright 2018, Royal Society of Chemistry

4 Conclusions and Prospects

In conclusion, the development of flexible electronics involves developing highly
flexible energy storage devices, with energy/power density and rate performance
at least similar to conventional power sources. The key point to address is the
mechanical properties of the device that is mainly achieved by engineering stiff
(nano)materials onto flexible substrates or by intimately mixing these materials into
intrinsically flexiblematerials (e.g. CNTs or graphenewith other components such as
ECPs,MXenes,MOF,MO, etc.). The latter approach is awin–win concept since both
electrochemical performances and mechanical properties are improved at the same
time by maintaining a robust 3D framework and providing a maximum accessible
surface area for the pathway of electrolyte ions, hence improving the capacitance.
Generally, an additional binder is no more necessary and efforts made on the devel-
opment of new electrolytes (such as polymer electrolytes, gels, etc.) help for the
improvement of mechanical properties of the assembled device. The table below
summarizes some of the performances of relevant works referenced in the Chapter:
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Materials Capacitance Capacitance
retention

Capacitance
retention
upon
deformation

Energy/power
density

Reference

MCFC 684 F g−1 at
2 A g−1

94% 1000
cycles

n.d.* 46.54 Wh
kg−1

45.50 kW
kg−1

[61]

TACC 3291 mF
cm−2

95% 10,000
cycles

n.d.* 740 μWh
cm−2

9000 μ W
cm−2

[62]

SWCNT 34.2 F g−1.
at 0.63 A
g−1

94% 500
cycles

Any change
of resistivity
when
submitted to
bending
stress

18.0 kWh
kg−1

21.1 kW kg−1

[63]

CNT fibers 11.23 F g−1

at 0.075 A
g−1

>2000
cycles

High
flexibility

n.d.* [64]

SWNT 115.83 F
g−1

n.d* n.d.* 48.86 Wh/kg [66]

a-FSSC 111 mF
cm−2

110% 5000
cycles

80% after
1000
bending
cycles

25.l mWh
cm−2

0.48 mW
cm−2

[67]

LSG-EC 3.67 mF
cm−2

96.5% after
10,000
cycle5

95% after
>1000
cycles

1.36 mWh
cm−3

[7]

rGO/HCNT 336 F g−1 at
0.25 A g−1

89.5% 3000
cycles

98.8% of
the initial
specific
capacitance
can be
retained at
180°

7.5 Wh kg−1

100 W kg−1
[71]

GNCN electrode 294 F g −1

at 5 mV s−1
93% 5000
cycles

n.d.* 26 Wh L−1 [72]

GCP electrode 81 mF cm−2 99% 5000
cycles

Resistance
of the GCP
membrane
increased
only 6%
after 1000
cycles

n.d.* [73]

(continued)
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(continued)

Materials Capacitance Capacitance
retention

Capacitance
retention
upon
deformation

Energy/power
density

Reference

Graphene hydrogel 186 F g−1 at
1 A g−1

70%
retention
@20 A g−1

n.d.* 6.5 Wh kg−1 [74]

Graphene 98 F g−1 at
10 A g−1

92% 1000
cycles

n.d.* 32.3 Wh kg−1

82 kW/kg
[75]

PVDF/Au/PANI+Nafion 269 F g−1 at
l0 mV s−1

90% 3500
cycles

n.d.* n.d.* [86]

GNS/CNT/PANI 1035 F g −1

at 1 mV s −1
94 % 1000
cycles

n.d.* n.d.* [89]

rGO/PANI 740 F g−1 at
0.5 A g-1

87% 1000
cycles

n.d.* 65.94 Wh
kg−1

0.2 kW kg−1

[92]

EG-PCPPH/CCPH-PPy 58.5 mF
cm-2

88.1%
10,000
cycles

98% after
1000
bending
cycles

397.99 μWh
cm−3

14.13 mW
cm−3

[93]

rGO/PANI/CWF 790 F cm-2

at 1 A cm-2
82% 3000
cycles

n.d* 20.6 Wh kg−1

0.13 kW kg−1
[95]

PPy@CNTs films 331.4 F g−1

at 5mV s1
65.6%
10,000
cycles

unchanged
capacitive
behavior
upon
bending to
120°

n.d.* [96]

AD-Ru02-Trp-GQD-G 354 F g−1 at
0.5 A g−1

99.5% after
10,000
cycles

96% of the
initial
specific
capacitance
can be
retained at
150°

332 Wh Kg−1

52 kW kg−1
[98]

3D graphene/MnO2 465 F g−1 at
2 mV s−1

82% after
5000 cycles

92% after
200 bending

62 W/kg
6.8 Wh/kg

[107]

BMX yarn 523 F g−1 n.d.* 100% after
1000
bending
cycle

61.6 mWh
cm−3

5428 mW
cm−3

[121]

MXene/rGO 335.4 F g−1 61% n.d.* 32.6 Wh L−1

74.4 kW L−1
[126]

PAM-ZIF-67- CC 2146 mF
cm−2

80% after
2000 cycles

n.d.* 16 μWh
cm−3

0.833 W
cm−3

[141]

(continued)
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(continued)

Materials Capacitance Capacitance
retention

Capacitance
retention
upon
deformation

Energy/power
density

Reference

*n.d. = no data

Flexible power sources’ application areas and lifetime are depending on their
mechanical deformation and the electrical property retention under deformation.
They should be able to endure high strain induced by external mechanical deforma-
tion like bending, compressing, stretching, folding, and twisting with keeping elec-
trochemical performance stability and structural integrity. However, while flexibility
enables numerous new applications for energy storage devices, some limits already
appear in terms of mechanical robustness and conformability. Indeed, concave
surfaces, moving textiles like a garment of sails require more than just flexibility
and bending. In this case, stretchability becomes the new target and stretchable elec-
tronics can be considered as a technological breakthrough. These devices can achieve
highly stable performance under strain and be reversibly stretched while maintaining
functionality, such as light-emitting [148, 149] or light-harvesting [150] or transistor
[151]. In comparison with the field of flexible devices, stretchable electronics are
pushing further the strain or deformation that the device can experience, operate
under or conform to. Developing similarly wearable energy storage devices such
as stretchable supercapacitors (SSCs) becomes essential for powering those above-
mentioned systems. To guarantee the sustainable operation of a (wearable) electronic
device, suitable SSC power sources must supply stable and persistent current/voltage
output whatever the input deformation conditions that can be bending, twisting,
stretching, or even scratching which requires the SSCs devices to be at least flex-
ible, stretchable to be comfortably implemented onto clothes or on human bodies [8,
152]. To date, research efforts in stretchable SCs have been devoted mostly to some
points: (i) The design and configuration of all stretchable components, from elec-
trodes, current collectors, and (electro)active materials. The quasi-infinite combi-
nations of (nano)composite materials and the numerous possibilities of electrode
designs (planar, coaxial, 3D, etc.) result in substantial differences in both the final
mechanical properties and electrochemical performances of the SSCs compared to
the classical SCs. (ii) all components of the SSCs must be compliant with stretcha-
bility, whatever the configuration (coaxial, 2D, or 3D) of the SSC to maintain power
delivery performances upon any deformation. (iii) The compliance with other func-
tionalities such as lightweight, thinness, or in some cases, for “on skin” development,
transparency.

The latter point remains one of the main challenges in the next decade. To date,
the research has mainly focused on the electrode components, responsible for the
electrochemical and mechanical performances. So, priority was mainly devoted to
preparing stretchable electrodes, with rational material selection and novel structure
designs [153, 154].
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In addition to intrinsically stretchable devices where the components are made
inherently stretchable, extrinsic stretchability can be obtained thanks to the device
design. The field of textile appears especially promising for this purpose since it
adds a level of control on the final mechanical properties by adapting the textile
construction itself such as the numerous possibilities of knitting or weaving yarns.
Providing that yarns aremade electroactive, elementary linear functional yarns can be
assembled into large-area products by taking advantage of the tremendous progress
made in recent years in the field of technical textiles [155].
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Supercapacitors: Future Direction
and Challenges
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Abstract The development of high-potential energy storage (ES) devices via
advanced technologies is at the forefront of the current research scenario related to
science and technology. Supercapacitors (SCs) or Electrochemical capacitors with
longer durability and faster capability of charge storage are proved as emerging
candidates in the energy domain. However, SCs are not a viable option in compar-
ison to batteries and fuel cells for practical applications. There is also an urgent
requirement of fabrication methods, which must be encountered to provide a suit-
able SC electrode. Herein, in this book chapter, a brief description of the various
challenges experienced in terms of the manufacturing of the devices and market
applications will be critically examined, and potential solutions towards the future
technology will be provided. A major part will focus on the already developed and
reported supercapacitor material and technologies. The book chapter will be able to
impart a better understanding of the challenges at different stages of the research,
manufacturing, and practical implication of SC in the market. Finally, a conclusive
outlook of how the above-mentioned discussion will provide critical insights and
generate opportunities to increase the potential scope of new-generation SCs has
been discussed.
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1 Introduction

Depletion of fossil fuels and natural resources due to globalization, industrialization,
and significant enhancement in the use of electronic equipment (hybrid vehicles,
electric vehicles, mobiles, laptops) with high rise population explosion has created
an alarming situation for the whole world. On the other hand, the world’s population
is consistently increasing and is expected to be 9.4–10.2 billion by 2050 and to fulfill
their energy demand the convenient and efficient energy storage devices such as
supercapacitors and batteries are solicited [1–6]. The discovery of advanced energy
storage devices/energy material/technique/devices is indisputably one of the great
challenges in the twenty-first century to meet the need of modern society.

Electrochemical Supercapacitors (ECs) orUltracapacitors, is themost enthusiastic
research field for the current generation after battery research. Supercapacitors form
a bridge between traditional capacitors and batteries. Capacitors do not store the
energy as chemical energy, but rather by positioning opposite electrical charges near
each other. The first-ever patent for supercapacitor was filed by H. I. Becker in
1957 (U.S. Patent 2,800,616), however, the device was never marketed. Although
the concept of traditional capacitors was acquainted by Hermann von Helmholtz
in 1879, the commonly used supercapacitor technology was invented by Robert A.
Rightmire, who was working as a chemist at Standard Oil Company, Ohio in 1962
withDonaldL.Boos [1–6]. This technology emerged in several other industries based
on supercapacitors and the rapid growth can be well observed by advanced electronic
devices. Electrochemical supercapacitors of SOHIO have progressed through several
generations.While the supercapacitors are initially used in power devices for volatile
clock chips and computer memories as complementary metal-oxide-semiconductor
(CMOS).

ECs offer several advantages over other capacitors such as high energy density,
high power density, stable cycle life, continuous longer charge–discharge cycles,
low cost, environmental friendliness, and easy maintenance [7, 8]. Although they
are capable to provide higher power density (PD) than batteries, their commercial
liability is very low. Therefore, it is necessary to enhance the energy density (ED)
by developing highly active electrode materials and widening the operating voltage
window [9–27]. The physical charge storage of ECs does not rely on chemical reac-
tion rates, which limits its application. Further, the search for novel, smart, flexible
supercapacitors is an ongoing process. Apart from that, several disadvantages such as
quick charging–discharging restrict the practical implication of SCs in applications.
Moreover, unfortunately, the traditional ECs are bulky, and thereby can’t be utilized
in advanced electronic devices [1, 5, 9–12].

However, until the 1990s electrochemical supercapacitor technology was unable
to draw attention, in the advance energy sector. Considering recent times, the demand
for high-speed/power rechargeable energy storage devices with high performance is
continuously increasing as shown in Fig. 1, and has motivated a lot of researchers
to develop new advanced materials. The smart mobile devices, roll-up displays,
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Fig. 1 Publication or
Technology or patent of
supercapacitor technology
from last decade (Data
source Scopus)

implantable biosensors have drawn huge attention with the use of organic light-
emitting diode (OLED) in TV panels, smartphones, in the automobile industry as
electric or hybrid vehicles and in wearable devices (smartwatch, different sensors)
has forced the new generation to find out alternative energy sources apart from the
conventional sources.

To fabricate a better performing electrochemical supercapacitor it is requisite to
examine the storage mechanism. Apart from that, the development of advanced,
and improved technology in such a manner that the state-of-the-art materials in SCs
can replace the world-renowned batteries. Despite, numerous advantages such as
long cycling life, safety, high efficiency, and high stability, why are supercapacitors
lacking behind the batteries, and are incapable of substituting the batteries? Following
this, the first crucial need is to understand the mechanism of ECs. Supercapacitors
store electrical charge following the Faradic and/or electrostatic process at a surface-
electrolyte interface. The specific or high capacitance is obtained due to the high
surface area of the active materials such as metal oxides/sulfides/different carbon
sources/polymers. The supercapacitors can produce higher energy density which is
far greater than that of regular capacitors. The capacitance C (Farad, F) is calculated
from the equation [10–12].

C = εS

d
(1)

where ε is the dielectric constant of the insulating separators (F M−1), S is the area
of the electrodes (m2) and d is the distance between the two electrodes (m).

The energy stored in supercapacitor devices is given by the following equation

E = 1

2
CV 2 (2)

where, E=Energy density inWh kg−1/Wh cm−1, C=Capacitance in F g−1/F cm−2,
V = voltage in Volt.
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Furthermore, EC devices show high power density with enhanced ultra-high
energy density. However, the EC devices having high equivalent series resistance and
low ion diffusion rate exhibits lower power density. The following relation shows
the relation between power density (P), cell voltage (V), and resistance (R).

P = V 2

4RS
(3)

Therefore, to increase power density an appropriate electrolyte with reduced
equivalent inner resistance ismuchneeded.Electrochemical impedance spectroscopy
(EIS) is one of the most commonly used techniques for the investigation of super-
capacitors. It shows the charging of supercapacitors with a particular amplitude
and a supplied potential. Frequency is directly proportional to applied potential,
which is a major tool for supercapacitor study. Lower the frequency response better
will be the capacitive behavior [10–13]. So, to boost the capacitance of EC’s the
cell applied voltage, electrolyte stability, selecting proper electrode materials and
working substrate are playing an important character.

In this book chapter, we have briefly discussed the future perspective and mech-
anism of supercapacitors starting from the historical background. We have also
discussed the key features of supercapacitors. In the second part, the development
of the currently applicable devices along with their future scopes are discussed.
While in third part the future aspects of supercapacitor technology with respect to
energy material, device fabrication, industrial standard, and market values of SCs
with respect to its consistency and reliability and how they will impact the future
research are presented.

2 Current Research

The researchers and scientific community have shown keen interest in the super-
capacitor and its development. They are constantly trying to establish the concept
of ECs based on the charge-storage mechanism. The total charge storage is based
on charge transfer reaction or faradic process (intercalation/deintercalation reaction)
and non-faradic (electric double layer effect by electrode/electrolyte interface) [14,
15]. The total charge storage mechanism developed by Dunn gives a new direction
towards fundamental supercapacitor research [16, 17]. The need for an alternative
advanced energy storage devicewith higher charge storage capacity than the currently
established technologies is paving the way towards real-time application.

In the early years of the SC, the research was more focused on developing elec-
trode materials with high operating cell voltage (~4 V) by using novel and emerging
electrolytes. The prime focus in earlier decades was based on the fabrication of
symmetric/asymmetric supercapacitors and (Pseudo/Double layer) capacitors. With
numerous progress, real ECs devices are fabricated (shown in Fig. 2) and named
as hybrid supercapacitors, flexible supercapacitors, microsupercapacitors (MSC),
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Fig. 2 Currently developed
supercapacitor devices

photocapacitors, wearable capacitors, etc. With the rapid improvement, the flexible,
multifunctional, miniature, with lightweight and deformable micro-energy storage
and devices, integrated into the circuit, has become extremely important from the
viewpoints of both basic research and practical applications.

2.1 Conventional Supercapacitors

It’s very well known that supercapacitors are of two types; one is pseudocapaci-
tors and the other is double-layer capacitors. While according to device fabrication
methods, asymmetric and symmetric supercapacitors are fabricated. Still, lots of
research going on metal oxide/sulfides, high surface area, and porous carbon-based
materials like graphene, carbon nanotubes, activated carbon, etc.

The metal oxides or metal-based energy materials or conducting polymers show
pseudo-capacitance behavior while the carbon or carbon-based, or carbon-derived
materials show electric double layer behavior. Some of the new materials such as
MXene [18, 19], metal-organic framework (MOFs) [20, 21], tertiary composites
[22], metal oxides/sulfides [23] have gain attention. While the role of electrolytes
still needs to be optimized. The discovery of MXene has shown some new promise
for the development of supercapacitor devices and we can expect this will abolish all
the energy problems. Transition metal carbides, carbonitrides and nitrides belongs
to the MXene family with formula the Mn+1XnTx (n = 1–3), where M signifies
transition metals like Sc, Ti, Zr, Hf, V, Nb, Ta, Cr, Mo ….), X for carbon/nitrogen
and Tx for hydroxyl/oxygen/fluorine groups with several MXene compositions [19].
Some of them show extraordinary electrochemical behavior as a supercapacitor. It is
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quite helpful in developing electrochemical flow capacitors, however, reaching the
maximum cell voltage can be achieved through the ionic liquid rather than aqueous
or organic electrolytes.

2.2 Hybrid Supercapacitors

Supercapacitor technology is still behind the batteries and fuel cells concerning their
energy density. So, to achieve higher voltage, the concept of the hybrid-structured
capacitor is developed,which consists of two electrodeswith distinctivemechanisms.
Here, one electrode is a battery-type faradaic electrode as an energy source, and the
other is a capacitive electrode as a power source [24, 25]. Similar to rechargeable
batteries, they play a crucial role in consumer electronics, automotive, aerospace, and
stationary markets. There are primarily two types of devices for reversible electro-
chemical energy storage, secondary batteries, and electrochemical capacitors. The
former offers a high energy density, while the latter offers high power and high
cyclability. The current dominant energy storage technology is the lithium-ion battery
(LIB), which is based on a Li-containing ceramic oxide cathode and a graphite anode.
Then only the hybrid supercapacitors will be able to fulfill the high energy and power
density and it is well understood from Fig. 3 [26].

The latest use of hybrid supercapacitors is in the emergency door operation and
eviction slide operation in the Airbus A380 jumbo jet. The e-bus developed in China
by a hybrid configuration of Ni(OH)2-AC. With only 90s charging it can cover a
7.9 km distance with a maximum speed of 44.8 km h−1 and an average speed of
22 km h−1. In addition, the tramcar working on EDLC configuration with charging
time of 30 s and distance range of 3–5 km has been developed by CSR Co. Ltd.
(Chinese) [11].

Fig. 3 Concept of different supercapacitors. Activated Carbon (AC) as both cathode and anode is
called supercapacitor, while AC cathode with battery-type anode (HTO) called hybrid supercapac-
itor. When Li based material as cathode and HTO as anode is used called Lithium ion batteries.
Adapted from Reference [26], Copyright-The Authors (2018), Springer Nature. Distributed under
a Creative Commons Attribution License 4.0 (CC BY)
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2.3 Microsupercapacitors

Another intriguing type of SC is micro-supercapacitors (MSCs), which are used
as power sources in a wide range of applications. While for the hybrid vehicle,
implantable biochips and advanced electronic devices miniaturized power source
devices are necessary which provide them required higher power and energy for a
longer time. However, they often possess a relatively low (ED) and limited mechan-
ical stretchability. In addition to that, they inevitably suffer from frequent replace-
ment due to their short life span, especially in biomedical and sensor fields.Moreover,
micro-batteries are not competent in the cases where high power is needed. Although
it has been reported that high power can be output to integrated systems through series
and/or parallel connection of batteries, it will inevitably increase the device volume.
Recently, renowned metal-free MSCs developed by the Kamboj group have gained
substantial attention [28]. The MSC chips are developed by using Laser irradiation
(LI) of rGO or ErGO with computer-controlled laser writing methods, which may
be helpful for future research.

A metal-free LIG-MSC can be stable up to 100,000 cycles as they have a unique
structure, interconnected highly conducting graphene sheets that facilitate ion and
electron diffusion. The complete graphitization process is achieved by the combina-
tion of electro-reduction and LI reduction, but this process is not so easy and still
has challenges to overcome [29–31]. The MSCs reduce the material cost by up to
90% during commercialization. In Fig. 4, the micro supercapacitor developed with
different electrode materials shows the bearable current is achieved as compared to
commercial electronics and it satisfies the current threshold. So, one can hope for
future opportunities on the MSCs [30].

2.4 Photo Supercapacitors (PSC)

Another class of emerging dual-functional devices is photo supercapacitors which
consist of hybridization of energy harvesting devices like solar cells, and energy
storage system like SCs into a single unit. This kind of integration helps us to
increase the efficiency, flexibility, and portability of the fabricated device. More-
over, the integration of a solar cell or dye-sensitized solar cell with a supercapacitor
module termed as “self-charging power unit”, can also yield stable power output by
simultaneously compensating for the power fluctuation in the commercialized solar
cell [32, 33].

Photo capacitors have tremendous potential in flexible electronic, and optoelec-
tronic devices, and as a sustainable self-powered system in portable electronics.
However, the integration of supercapacitors with an energy harvester requires a
proper power management strategy. Nonetheless, to grasp the full potential of PSC
several challenges including the manufacturing and designing of photo capacitors
must be addressed. The hybridized devices should be efficiently able to integrate
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Fig. 4 Schematic representation of Microsupercapacitors and its cross section with comparison
cyclic voltammetry curves, rate capacity curves and Ragone plots. “Adapted from Reference [30],
Copyright-TheAuthors (2021), SpringerNature. Distributed under aCreativeCommonsAttribution
License 4.0 (CC BY)”

the individual performance of each unit. This includes that PSC should have similar
energy storage capacity and durability as that of a viable supercapacitor, and conse-
quent efficiency should be the same as a commercial solar cell. An inevitable goal
would be to eliminate the excess circuitry and consider the reduction of resistive
losses in the device. In that regard, a variety of supercapacitor electrode materials
are being constantly investigated, to establish which combinations are best suited
for such a device. The fabrication of the photo supercapacitor and its design with
solid-state electrolyte and electrodes are well studied [34] (Fig. 5).
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Fig. 5 Schematic presentation of thin film amorphous silicon solar cell with solar charging perfor-
mance and self-discharge performance. “Adapted from Reference [34], Copyright-The Authors
(2017), Springer Nature. Distributed under a Creative Commons Attribution License 4.0 (CC BY)”

2.5 Wearable Supercapacitors

Over the years, flexible and wearable electronic devices, including portable mobile
phones, laptops, health monitors, watch bands, electronic sensors have shown an
emerging growth in the consumer market sector and are focused to develop flexible,
light-weight supercapacitors having [32, 33] promising electrochemical andmechan-
ical performance. Apart from that, the high specific capacitance, storage rate, and
improved delamination property, structural flexibility, and appreciable conductivity
of electrodes fabricated from the conducting polymers make them suitable for the
construction of wearable or stretchable hybrid supercapacitor devices [35]. Flexible
MSCs can be employed as the most capable energy storage devices [35–38]. The
wearable supercapacitors recently (Fig. 6) developed has shown promising result for
the future scope [36]. This will help us to store charges without using bulk storage
devices.



628 R. Barik et al.

Fig. 6 Photographs of the
energy storage textiles made
of yarns. a The 15 cm ×
10 cm woven clothes can
light 30 LEDs. bAwristband
knitted with a pattern (inset
shows the pattern powering a
LED). Adapted with
permission from reference
[36], Copyright (2015),
American Chemical Society

3 Energy and Electrode Materials

Regardless of the type of device fabrication, the electrochemical performance is
mainly determined by charge storage mechanism or faradic process taking place
at the interface, one is an electric double layer (EDLC) and the other is pseudo
capacitors as presented in Fig. 7. Battery type/supercapattery/hybrid capacitors are
recently developed novel supercapacitors. While coming from the material point of
view, the search for stable, highly efficient, and promising energy material is still in
a nascent stage. The discovery of graphene, MXene, and metal-organic framework
gives some hope, but still, they are yet not well established. The detailed study with
respect to mathematical modeling and theoretical simulation will be helpful for the
establishment of supercapacitor industries. The solution to the high-cost ionic elec-
trolyte or the toxic organic electrolyte is essential to be found out. Supercapattery
is an efficient battery-type material, which helps in eradicating the slow kinetics,
low cycling stability and diminished performance of ESCs. Due to the intercalating
faradic process, they possess high (ED) when compared to EDLC however, they
suffer at cost of providing longer cyclic stability, which restricts their overall perfor-
mance, and practical applications [39]. The Li-ion capacitors (hybrid capacitors)

Fig. 7 Schematics presentation of types of supercapacitors: a EDLC, b pseudocapacitor, and c
hybrid system
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discovered in 2007 has shown promising performance in the field of hybrid capac-
itors, which further gives hope for the next generation to work on Li-ion capacitor,
Na-ion capacitor along with mixed composites hybrid materials. Based on these
distinct mechanisms, varied electrode materials are being used for the SCs and how
they will be beneficial in the future are discussed. There is an urgent need for the
configuration of flexible, lightweight, portable/wearable asymmetric supercapacitor
(ASC) devices. The most used ASCs are having major issues such as low mass
loadings or the weight of current collector (not flexible or hard, low width) are not
favorable for true electrochemical performance, and hence are far from practical
implications. However, profound knowledge in synergistic effects/material interac-
tions/supercapacitor technology and optimization of different physical parameters
such as mass loading, material composition is required to ensure high-performing
ASCs [2, 40].

3.1 EDLC Materials

In EDLC, the storing mechanism involves the formation of two layers in which one
is a Helmholtz inner layer and another Helmholtz outer layer. While the EDLC is
formed at charged Helmholtz inner monolayer over the surface of electrodes without
faradic process or charge transfer between electrodes and electrolytes. TheHelmholtz
outer layer is formed due to the electrostatic interactions of the opposite charge at
the Helmholtz inner layer. However, the enhanced specific capacitance of EDLC is
attributed to the surface area of the electrode materials. Carbon nanotubes (CNTs),
graphene, graphite, activated carbon– or carbon-based materials show EDLC [41].
Due to the adsorption of electrolytic ions forming a double layer have better storage
durability since no faradic processes are involved, which eliminates the adverse
effect of the faradic process, and is safer and faster during the discharging–charging
process. Using stable, safe high voltage electrolytes, EDLC can be commercialized
due to its low economic cost, and wide availability [42].

3.2 Pseudo Capacitor Materials

Pseudo capacitor materials gained recognition as efficient SC electrode materials
owing to their enormous surface area, intrinsic conductivity, and highly porous struc-
tural organization. Metal oxides (generally transition metal oxides (TMOs)) are used
as pseudocapacitors, due to the reversibly fast redox reactions taking place over their
interfacial surface region. Out of the widely used TMOs some metal oxides like
ruthenium oxide (RuO2), manganese dioxide (MnO2), nickel oxide (NiO), cobalt
oxide (Co3O4), and iron oxide (Fe2O3, Fe3O4) are very well-acknowledged. These
metal oxide-based materials can contribute towards the high-capacity rate, appro-
priate energy/power density values and perform efficiently as energy storage systems
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mainly due to their unique mechanism, which consists of simultaneous adsorp-
tion/desorption of electrolytic ion and/or its intercalation. They are proficient as
highly efficient SC electrodes and can be utilized as rechargeable batteries or hybrid
capacitors.

Indeed, these materials will become more alluring and are expected to provide
new growth horizons for energy storage. Exploration in materials will improve the
energy densities and overall rate performances and a device based on the pseudoca-
pacitive materials is realized. Figure 8 shows the power density and energy density
relationship of asymmetric, symmetric systems, batteries, and other supercapacitors,
etc. Another class of electroactive materials that are widely recognized in recent
years as SC, on account of their much high energy density, when compared to TMOs
are conducting polymers. These are economically viable, easily accessible materials
having lesser equivalent series resistance (ESR) that serves as a significant solution
in the current research scenario for the development of SC devices [43]. However,
they store charges via faradic reactions in the matrix of the polymer and suffer from
disadvantages like poor cyclic stability. Some of the important most commonly used
conducting polymers (CPs) are polyaniline (PANi), polypyrrole (PPy), and poly-
thiophenes (PTh). Primarily, to enhance the overall performance of the CP-based
supercapacitor electrodes, certain properties are needed to be addressed are the crys-
tallinity, and morphology of the as-generated microstructures done usually via modi-
fying the method of polymerization, oxidation rate, type of surfactant’s used, and its
composition. Besides that, a few other important properties such as thermal dura-
bility, and mechanical strength are usually required to meet practical implementation
in the market sector.

Apart from the charge storage mechanism the ECs involve symmetric or asym-
metric type device fabrication [44]. Symmetric supercapacitors are made of two
analogous electrode configurations. Mostly, it involves carbon as active material
which shows larger cycle stability due to the interfacial mechanism. The asymmetric

Fig. 8 Energy density and
power density of different
energy storage devices
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system (ASC) is of two dissimilar electrode configuration systems, one is active
electrode material, and the other is mostly carbon material with different surface
functional groups. In addition to this, the choice of positive and negative electrode
need to be optimized with respect to the applied potential window [40].

Still, the ASC has several drawbacks like mediocre electrical conductivity which
inhibits the Van der Waal forces and reduces the ion transport. Novel materials such
as metal-organic frameworks (MOFs), MXenes, metal nitrides, covalent organic
frameworks (COFs), metal sulfide, etc. emerged as the electroactive material for
asymmetric systems. There is a thorough study on asymmetric supercapacitors by
Kaipannan et al. 2019 as presented in Fig. 9 [45]. Their asymmetric supercapacitor
is fabricated by using nickel hexacyanoferrate-derived Ni(OH)2 nanosheets. They
have used bio-activated carbon as a carbon source for negative electrodes and they
showed how to fabricate the symmetric device and how it can be commercialized.
The proper cell assembly, packaging, and application like glowing of LEDproved the
development of a new supercapacitor electrode material which give a high voltage
of 9.6 V, and we can hope this work will help researchers to establish their work on
a practical scale.

However, there are enormous number of studies based on the supercapacitor tech-
nology, electrodematerial, electrolyte, device system, and charge storagemechanism
in literature. But there are a few critical features that require more attention for the
road of commercialization. To manufacture or fabricate a device there are several
steps to be achieved. Firstly, a proper electrode should be manufactured with an

Fig. 9 A step-by-step fabrication of asymmetric supercapacitor device. “Adapted from Reference
[45], Copyright-The Authors (2019), Springer Nature. Distributed under a Creative Commons
Attribution License 4.0 (CC BY)”
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insulating separator soaked in highly conducting electrolytes. Secondly, electrode
assembling followed by electrolyte impregnation is the most crucial task.

3.3 Composite Materials

Over the years, varied active materials are being explored vigorously to facilitate
the electrochemical efficiency and performance of the SC. Nonetheless, there are
numerous associated technical challenges still hampering the progress of ECs and
cannot fulfill the practical implications. Compositing EDLC materials with pseudo-
capacitive materials (metal oxide, and CPs) is a propitious approach to comprehend
their synergism for the enhanced energy-storage capacity. These composites can
profitably diminish the supposed bridging gap between the metal-ion batteries and
SCs. An extensive exploration of these newly emerging composites, having charac-
teristic morphology, and unique architectures arrangement, will impart prospective
research for the development of efficient SCs. Moreover, tailoring of electrode mate-
rials according to a particular type of electrolyte utilized is also required, and the
capability of electrode material in keeping with suitable electrolytes is also required.
One such class of materials is metal-organic frameworks (MOFs), having char-
acteristic porosity and tunable pore structure with a regular 3D framework with
exceptionally large surface area. But MOFs tend to suffer from insufficient electrical
conductivity, to overcome this composite of MOFs with varied carbonaceous mate-
rials like carbon nanotubes (CNTs), graphene oxide, etc., is a considerate approach
to boost the electronic conductivity. In addition to that, breakthroughs have been
achieved in SC applications via novel materials for SC electrodes like MXenes,
Metal nitrides/sulfides, Covalent organic framework (COFs). These materials have
been studied for the fabrication of highly advanced and efficient supercapacitors [46].

3.4 Electrolyte

The electrolyte is one of the most crucial and substantial components in SC, it is
responsible for efficient transportation of charges between the cathode and the anode
and affects the cyclic durability, energy/power density, and capacitance rate. As
already stated, the development of these newly recognized electrolytes like Ionic
liquids (ILs), redox-active, all-solid-state electrolytes has been a solicited solution
to storage capacity, an optimal operational voltage of the SCs. Mostly aqueous,
organic, inorganic, solid-state redox-active electrolytes are used and need to bemodi-
fied to prevent poorer electrical conductance, insufficient electrochemical durability,
flammable nature, and voltage leak problems. Numerous characterization methods
(in situ FT-IR, NMR, Raman) together with theoretical, and modeling simulations
are studied or opted for innovative electrolytes [47]. Furthermore, to construct flex-
ible SC devices based on the various polymer-based electrolytes it is condemning to
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estimate the mechanical performance of the electrolyte. Lastly, to accomplish excel-
lent performance, and expand SC technologies in the consumer sector of the market,
harmony between the newly emerging electrolytes and novel electroactive materials
is of paramount importance.

3.5 Current Collector (CC)

Apart from the electrode, and electrolyte, a suitableCC is also a prime requisite for the
proficient performance of SCs. Practically speaking, electrochemical performance is
affected by the thickness of the substrates. Usually, in the laboratory, the substrates
are used only 2–3 mg cm−2 of mass loading which exhibits high specific capacitance
while coming to industrial-scale the value become worsen and it hampers the overall
rate performance of the fabricated SC device.

Again, the electrocatalyst is uniformly coated on a CC’s surface, a CC must
possess a low contact resistance or charge transfer resistance, along with reasonable
electrical conductivity [48]. The CC must be thin with insubstantial weight having
vigorous stability, mechanical resistance, and flexibility. Over the years, the majority
of current collectors in SC technologies are developed with aluminum, however, due
to their high charge transfer resistance alternative sources like carbon cloth, copper
foil, nickel foam, are required to diminish the contact resistance, without hampering
the overall cost and performance efficacy of SC.

According to Ref. [49], the Cu wire can be a very good substrate for wearable
supercapacitors with a flexible textile substrate (Fig. 10a) [49]. Hopefully, this study
will diminish the use of carbon sources as negative electrodes will abolish the use

Fig. 10 aFlexibility and scalability of textilematerial for its possible application in textile/wearable
devices. “Adapted from Reference [49], Copyright-The Authors (2019), Springer Nature.
Distributed under a Creative Commons Attribution License 4.0 (CC BY)”. b Photograph of
printed inks on fabric substrates, with contact angle for stress–strain curves of different fabrics
and with different processing methods. “Adapted from Reference [50], Copyright-The Authors
(2020), Springer Nature. Distributed under a Creative Commons Attribution License 4.0 (CC BY)”
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of liquid electrolytes and the issue of flexible current collectors. Again, the study of
ink-printed fabric substrate (Fig. 10b) will also be a good help for the development
of flexible substrate. These studies positively bring some new futuristic material for
commercialization [50].

4 Future Perspective with the Current Situation

With several expectations in the energy sector, supercapacitors are themost promising
and simplistic devices. Initial research was focused only on the development of new
energy materials along with the established supercapacitor techniques. With time,
it is clearly understood that these are not only the problems, and the supercapacitor
technology needs more modifications.

4.1 Supercapacitor Research Advantages and Disadvantages

The supercapacitor can enhance the battery life with a combination of fuel cells
which will be beneficial for enhancing efficiency. But the use of organic electrolytes
or high-cost electrolytes makes the system unstable and unsafe. The high cost, the
voltage drop in aqueous electrolytes, are considerable issues for the large-scale
commercialization of supercapacitors [51, 52]. There are several features of ECS
like voltage drop, stability, cost, safety still needs to be either modified or new mate-
rials/technology needs to be invented. The development of some new materials like
highly stable textile materials as working electrodes, solid-state electrolytes, new
computational tools are developed, and they give us hope for the future.

4.1.1 New or Futuristic Materials or Substrates and Their Future
Aspects

The carbon-free GMS (graphene mesosponge) sheets (less carbon content i.e. 4%
of the number present in conventional activated carbons) modified with Al2O3 show
a high voltage of 3.5 V at ambient temperature with green electrolyte. Hopefully,
more research will be done with this material so that the activated carbon and multi-
walled carbon nanotubes-free [53] high-voltage supercapacitors can be developed.
The toxicity of carbon will be abolished along with no expensive electrolyte or
hectic assembling of hybrid type supercapacitors fabricated system will be avoided.
Along with MXene, MOFs/COFs should be explored more for the establishment of
supercapacitor technology.
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4.1.2 Substrates and Conducting Sources

For commercial supercapacitors, the foremost important electrodematerial precursor
is carbon and their allotropes like carbon nanotubes and graphene along with poly-
mers owing to their high conductivity. It is very well known that the carbons and
polymers (specially polyaniline) are having high surface area and high conductivity
with porous structure, which facilitates the conductivity of the supercapacitor elec-
trode material [54]. This metal-free supercapacitor research gives new directions to
the current research. The development of graphene hydrogels [55], 3D Printed mate-
rials [56], and favorable carbon sources (Biomass [57]/waste rice [58]/Spent Tea
Waste [59, 60]/leaves [61], conducting polymers [62, 63], different peels, woods,
etc.) based materials give a new direction to supercapacitor research.

4.2 Technology and Real Devices

The invention of smart supercapacitors or self-healing (identify the damage and
immediately repair themselves) supercapacitors are utmost needed [36, 64]. The
self-healing of a supercapacitor is one of the best solutions to the current problems
of faster charging-discharging problem Although it’s a biological phenomenon, the
Fe3O4@Au/polyacrylamide (MFP) hydrogel-based electrodes and electrolyte mate-
rials developed byYu and his group [64] shows this kind of unique behavior. Also, the
development of some smart shape fiber or electrochromic supercapacitors is another
necessity for industrial application. The high electrical conducting, more stretchable,
good energy storage capability flexible fiber polymers with multi-functionalities, are
used in the development of smart shape-memory supercapacitors [32, 65].

Mostly the wearable and flexible supercapacitors are emerged with superior elec-
trochemical andmechanical performances. Despite several advantages, these are also
having some lacuna like the need for carbon sources for enhancement of conduc-
tivity, and optimization of electrodes for the device fabrication. Colossal substantial
efforts are made to develop highly conductive energy storage electrodes with high
energy density but still, it is highly enticing to commercialize the material. However,
the shortage or production of conductive yarns for industrial-scale limits the wide-
scale application of textiles. Despite the achievements made in flexible and wearable
MScs some issues need to be addressed. Photocapacitors have emerged as advanced,
encouraging self-sufficient energy devices which unite the greener solar cells and
supercapacitors for simultaneous energy conversion and storage. It is one of the
greener devices which may be helpful for the remediation of energy scarcity by
converting light into an electrical signal.
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4.3 Industrial Precautions or Technical Challenges

Over the years, the fabrication/development of supercapacitors as per the industrial
standards is the most important factor for its research. SCs are capable to deliver
massive power within a limited span of time-long life with a faster discharge rate
but suffer lesser stability. Therefore, the high durability performance without any
loss in charge storage ability is inevitably required. In the last three decades, many
other applications have developed such as portable wireless communication, power
sources for industries, power generation systems, and hybrid electric vehicles. There
are several supercapacitor industries currently trying to improve the electrical param-
eters of supercapacitors such as Panasonic, Cooper, Fuji Heavy Industries, Maxwell,
AVX corporation, Elna (USA), Power Systems (Japan), EL Technology (Russia) LS
EPCOS (Germany), Cable (South Korea), Cap-XX (Australia), Tavrima (Canada)
and many more.

For the laboratory scale research or publishing the data, the low mass loading,
aqueous electrolyte, expensive non-abundant material can be accepted, but when
coming to the storage device system the reverse would be expected. The manufac-
turing cost should be reduced by avoiding low-cost material as it is almost 10 times
higher than batteries and electrolytes. Another critical thing is to analyze the design,
and charge storage mechanism of supercapacitors via theoretical aspect or compu-
tational view [5, 66]. A continuing expansion of the global supercapacitor market
(Fig. 11) can be observed that China has surpassed all other countries. However, from
laboratory to industrial scale supercapacitor fabrication is still the major barrier. The
supercapacitor was commercialized with a maximum voltage of 2.7 V, maximum
power density of 23,275 Wh kg−1 and working efficiency of 95% [20].

Fig. 11 Distribution of supercapacitor technology worldwide. (Data source Scopus)
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4.3.1 Computational Tools

The fundamental knowledge, which will provide a comprehensible understanding of
the structural organization of these advancedmaterials, is also vital. Recently, compu-
tational techniques such as molecular dynamic (MD) simulation/modeling, density
functional theory (DFT) have been developed to rationalize a better performing SC
device and thus provide a thorough understanding of the charge storage mecha-
nism [67]. These DFT studies elaborate the perception about the capacitance contri-
bution due to the pore size in double-layer materials and solvation of electrolytic
ions in the charging and discharging mechanism of SCs. The MD simulations can
quantify various models associated with interfacial contact of electrode and elec-
trolyte. Nonetheless, these technologies still lack admiration for the highly advanced
and novel composite SC materials based on the pseudocapacitive and EDLC type.
Therefore, an extensive conception of the charge storage mechanism for SC based
on these simulation techniques might help to develop new-generation devices with
significantly high and improved performance.

4.3.2 Consistency Detection

The advance, stable, high current, and faster charging–discharging supercapacitors
are essential for technical execution. So, consistency is one of the most impor-
tant factors for supercapacitor technology. Even though overcharging and unstable
ECs have created life-threatening problems. Proper sealing or packaging is vital to
prevent the performance loss of supercapacitors. There are several parameters such
as weighing, appearance, charge–discharge curve, open-circuit voltage, and internal
resistance, which are inconsistent. So, after normalizing this characteristic informa-
tion of dynamic data in power performance and life cycle of supercapacitors can be
enhanced [66, 68].

4.3.3 Reliability of Supercapacitors

Reliability is another important property that is necessarily required for the commer-
cialization of supercapacitors. The basic properties likemechanism, design, statistics
based on operation data need to be evaluated carefully for real-time application. It
is a known fact that sometimes the fabricated device does not perform well while
its root cause and failure should be analyzed. While the life span and life cycle cost
of electrical ECs, ambiguities in cost data and technical parameters must be care-
fully analyzed. The failure of commercialized capacitors always faces capacitance
loss, series resistance, leakage, and opening of capacitors [69, 70]. Although some
statistical models may help develop test groups and lifetime of supercapacitors as
suggested byKobyashi et al. 1984Weibull cycle life [68]. The electrochemical super-
capacitor functionality is mostly dependent on the circuit, so with the dead circuit,
the supercapacitor may collapse. The control of electrolyte flow, cell rupture, and
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packaging will control the failure or death of the supercapacitor. The cell reliability
assessment further generates hope for future application.

4.3.4 Protocols

There are some protocols or procedures for any industrial application. Similarly,
supercapacitor technology should follow some standard rules like the basic mecha-
nism of the component and materials, the reliability, degradation performance, life
span of the device, the physical phenomena like temperature resistance, voltage
resistance, engineering of the device, electronics parts, performance of all compo-
nents, device physics, and failure mechanisms. Before final application, the device
must be tested extensively. The lifetime of the supercapacitors must be studied
and estimated. The safety parameters and care must be taken for circuit designing
and following safety parameters which leads to the success of supercapacitors for
potential application and the future perspective aspect.

4.4 Strategies

The bigger electric vehicles or e-buses introduced by Aowei Technology Co., Ltd.
(Shanghai, China) and “Capabus” in 2006 the worldwide research is motivated for
basic research with practical visions, which further symbolizes the bright prospects
of supercapacitors. Some common terms associated with supercapacitor technology
like self-discharge, packaging, high voltage, temperature resistance, advanced energy
storage low-costmaterials has gained serious attention and somebasic strategy should
be followed.Therefore, awell-organized strategy ismuchneeded for the development
of supercapacitor technology to solve the practical energy issue from the future
perspective.

First, SCs technology should be developed identical to a wearable supercapac-
itor, photo supercapacitors, hybrid supercapacitors, so that further commercializa-
tion will be feasible. The natural unending sources such as water, solar, air must be
helpful in the development of energy storage devices. Theminiaturized electrochem-
ical storage device in form of micro supercapacitor (MSC), wearable, self-healing,
supercapacitor offers a larger power density which may be simple for transportation.
The flexible/wearable devices should be designed by following computational tools
and industrial protocols. The fundamental knowledge and charge storage mecha-
nism should be well understood by the researchers so that the failure, short circuit,
self-discharge, series resistance will be avoided.

Then moving on to data analysis, it should be perfect and well-studied. Some
low-cost energy material synthesis techniques likely electrospinning, microwave,
hydrothermal, coprecipitation should be developed or followed to avoid multiple
chaotic steps. This will further support the MXene, MOFs to abolish conductivity,
inhibit the aggregation, volume expansion, structural scaffolds, etc. issues. For the
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commercialization point, the reliable electrochemical analysis data should come
from the two electrode or asymmetric device system with higher mass loading and
flexible electrode, which can further reinforce the large-scale industrial production of
SCs without capacitance loss. The solid-state electrolytes or aqueous binders will be
favorable for better supercapacitor fabrication. The development of non-flammable
and non-toxic electrolytes will be a boon for supercapacitor technology.

Further, the problem associated with supercapacitors like self-discharge, voltage
loss or low voltage, resistance, packaging, electrolyte, stability, sustainability, and
flexibility should be resolved for the appropriate SC technology. Self-dischargewhich
means the loss of stored energy at higher temperatures is the biggest drawback for
supercapacitors. The parasitic redox reactions occurred at the electrode and elec-
trolyte interface and the short circuit may cause self-discharge. That problem will
be diminished using some battery material as for Lithium-ion battery. The coupling
of the supercapacitor will provide a larger density which will minimize the self-
discharge. Still, the coupling is not easier, but with this self -discharge can be
controlled [42].

Energy is directly proportional to the capacitance and square of the applied
voltage. Therefore, a strategy is needed for the increase in both capacitance and
voltage. While another most important parameter, the equivalent series resistances
(ESR) of the device/cell should be controlled. ESR of supercapacitor should be
very low, by controlling the surface of the active material and current collectors,
which also minimizes the Ohmic drop. Once the operation voltage is too high espe-
cially in an aqueous electrolyte, the electrolyte decomposed so fast leading to self-
discharge.Restrained self-discharge canbe achieved through themigrationof charges
in the obstructed electric double layer. EDL between two electrodes is hindered, the
suppressed self-discharge is achieved [71, 72]. There are lots of techniques that are
evaluated but now it’s time to standardize the evaluation procedures with respect to
the industrial application for determining the capacitance and resistance of devices
by achieving higher energy and power density.

In the aspect of safety operation, high/low-temperature supercapacitor devices
will be more helpful. The performance of conventional capacitors due to sluggish
ion and charge transport often deteriorateswith decreasing or increasing temperature.
The commercial supercapacitors developed by AVX Corporation can be reached up
to 175 °C. But by increasing the ionic mobility of ionic liquid electrolytes, they can
be stable up to 200 °C [72]. So, research can be focused on the use of solid-state
electrolytes [73] and 3D-printed aerogel for low-temperature supercapacitors [74].

The supercapacitors should be moisture free and proper sealing must be done to
avoid performance failure. They must be prevented from impurities (air and water)
from further degradation and surface oxidation on electrodes, or short circuit in
cells. The multiple connections of supercapacitors to achieve high voltage must
be avoided which may enhance the resistance and overall efficiency of the device.
Therefore, packaging plays a vital role that needs to be carefullymanaged. The use of
polymeric material with electrical insulation and moisture resistance property may
provide mechanical stability/flexibility.
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5 Concluding Remarks

The exhilarating development of energy storage devices like supercapacitors and
batteries has dragged the attention of energy storage research from the last two
decades, with numerous applications such as portable electronic devices, hybrid
electric vehicles, industrial-scale power production, and energy management. In this
view, this chapter deals with the advanced energy storage materials development
towards the preparation of electrodes for supercapacitors for commercialization.
After a short introduction to energy storage systems/devices, the history and mech-
anism of supercapacitors are discussed. Then the current research going on with the
development of various supercapacitors and their future aspects are discussed and
explained. The portable and flexible cutting-edge electronics are strongly required to
develop next-generation reasonable, ultra-flexibility, small dimension, and sustain-
able energy storage systems. Enormous studies are still going on. TheMXene,MOFs,
COFs, metal oxides/sulfides needsmore attention and care before further processing.
One important aspect of data interpretation should be perfect and with respect to
theoretical calculation. Also, computational tools should be obtained before expan-
sion. We have summarized the future perspective of supercapacitors in Fig. 12. The
knowledge of the mechanism, types of supercapacitors, and device fabrication is

Fig. 12 Future perspective of supercapacitors
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much needed or the preliminary requirements of supercapacitor technology devel-
opment. The industrial standards must be followed with some unique strategies. The
miniature, hybrid, smart, flexible supercapacitors can be developed with the current
technology and energy materials. So, we can expect a proper strategy for the devel-
opment of energy material and electrolytes, and by following industrial protocol, the
recently developed supercapacitors will be established.
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