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Abstract

A hybrid supercapacitor (HSC) is a supercapacitor (SC) based on two different electrode materials. One electrode is based on
battery type faradic reactions (also known as extrinsic pseudocapacitor), and the other is based on the electric double-layer
capacitor (non-faradic, known as intrinsic pseudocapacitor). In HSC, generally negative electrode material includes carbon-
based materials (such as activated carbon, carbon nanotubes (CNT’s) and graphene), metal oxides (such as V,0s and MoOs),
and their composites, while positive electrode materials are Ni, Co-based, mixed metal oxide, binary metal-based, layered
double hydroxide (LDH) based materials etc. The synergy between high conductivity, specific surface area of negative
electrode and architectures, heterostructures of positive electrodes is used to improve the overall electrochemical
performances of the HSC’s device. In this review, the basic charge storing mechanisms, a method for determination of
capacitive and diffusion-controlled contribution, are explained. This review highlights the importance of hybrid solid-state
supercapacitors (HSSC'’s) as energy storage devices. Finally, recent advancement in the HSSC fields is discussed and will guide

future work in the HSSC field.
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1. Introduction
In recent years, researchers are focusing on the development
of the energy storage device to fulfill global energy
demands.*? The increasing demand for efficient, durable, safe,
sustainable energy sources have swelling interests in the
development of innovative electrode materials for advanced
energy storage devices like batteries and electrochemical
capacitors.?4  Among these energy storage devices,
supercapacitors (SC’s) have gain attention as next-generation
energy storage device due to its high power density than
batteries and dielectric capacitors.P! Electrode materials play a
vital role in the progress of high-performance SC devices in
terms of morphology, surface area, and porosity.[*!

Recently the research concentrated on pseudocapacitors

1Thin Film Materials Laboratory, Department of Physics, Shivaji
University, Kolhapur 416 004, M.S., India

2School of Nanoscience and Technology, Shivaji University, Kolhapur
416004, M.S., India.

3 Department of Physics, Vivekanand College, Kolhapur 416003, M.S.,
India.

* E-mail: psp_phy@unishivaji.ac.in (P. S. Patil)

38| Eng. Sci., 2020, 12, 38-51

(PC’s) because of their high energy density than
electrochemical double-layer capacitors (EDLC’s).['%!1 Based
on the energy storage mechanism, SC’s are classified into two
classes: EDLCI?4 and PC.15¢ EDLC’s can store the charge
in an electrostatical manner, which does not include the
transfer of charge between electrode and the electrolytic
ions.'1 While PC’s store charges via the faradic process,
which involves the transfer of charges between electrode and
electrolyte.’®t EDLC’s offer excellent cyclic stability and
power performance while the PC’s exhibit high energy
density.PTEDLC electrode materials are basically carboneous
materials like activated carbon (AC),1?" carbon nanofibers,?1]
graphene,?>24 and carbon nanotubes (CNT’s).l?®! On the other
hand, metal oxides,?*31 and conducting polymers®34 are
pseudocapacitive materials due to their redox charge storage
mechanism. In the case of the hybrid system, it provides an
advantage of both, by combining the energy source of the
battery-like electrode with a power source of the capacitor-like
electrode in a single device. By selecting a suitable electrode
material combination, it is possible to increase the working
potential window, which in turn leads to an enhancement in
both power and energy densities. 53!
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Fig. 1 Types of supercapacitors based on device configuration.

Besides this, the rapid advancement of portable electronic
gadgets pull in to explore the novel integrated energy storage
devices with lightweight, flexible, and even rollup
characteristics.’’38l Inspired by these necessities, wide-
ranging research focused on developing hybrid
supercapacitors (HSC’s) as well as asymmetric
supercapacitors (ASC’s). Several configurations are studied
by the researcher in the past few years for both electrodes in
several electrolytes.*®4 Recently, research is focused on

developing various types of SC devices.[*] These SC devices
distinguished according to different mechanism-based
electrode configurations such as symmetric,*? asymmetric, !
and hybrid“*” devices as shown in Fig. 1.

Brousse et al.*l reported a difference between PC’s and
battery materials. Pseudocapacitance is provided by electrode
materials exhibiting a linear relationship between the charges
stored and changing potential. Materials such as RuO,*% and
MnO,,*8 show curves in cyclic voltammetry (CV) and
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Fig. 2 Reported research papers from the year 2000 onwards with search keyword ‘Hybrid Supercapacitor’ (www.scopus.com).
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Fig. 3 (a) The schematic representation of the energy storage mechanisms in supercapacitors. (b) Electrochemical signatures

(illustrative shapes of cyclic voltammograms and correspondi

ng galvanostatic discharge curves): 1-2) electrical double layer

capacitance, 3-4) intrinsic pseudocapacitor, 5-6) intercalation pseudocapacitor, and 7-8) extrinsic pseudocapacitor.

galvanic charge-discharge (GCD) analysis, similar to EDLC
can be included in pseudocapacitive materials. The battery-
type electrodes like LiMn,0O4,41 PbO,, 8 etc. should not be
considered as pseudocapacitive materials.*! According to
Brousse, a device with a pseudocapacitive (intrinsic PC or
intercalation PC) electrode along with the EDLC electrode is
termed as “ASC”. Also, the terminology “HSC” should be
used for a device having one battery type (extrinsic PC)
electrode and EDLC as another electrode as shown in Fig. 1.

SC’s have low energy density while batteries have low power
density. However, in the case of non-aqueous lithium ion
batteries and Pb-acid batteries, safety issues cannot be ignored
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Fig. 4 (a) The plot of Log(i) versus Log(v) for calculation
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due to their deadly and flammable organic electrolytes. Hence,
HSC tackles all the difficulties, which have been faced in SC’s
and batteries by the advantages of a combination of the high
energy density of batteries along with the high power density
of SC.B51%2 As shown in Fig. 2, from the year 2000 onwards,
a large number of researchers are attracted towards HSC. In
comparison with the SC’s using liquid electrolyte, all solid-
state SC’s have certain benefits such as enhanced flexibility,
safety, and lightweightness, which are basic needs of flexible
and portable energy storage devices.[’*% Thus, hybrid solid-
state supercapacitors (HSSC) can be prominent devices to
utilize for commercial applications.5%]
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Fig. 5 CV of Au/MnO; core-shell nanowires differentiated into
capacitive and diffusion contributions at 100 mV/s, reproduced
with permission from [84].

2. Charge storage mechanisms

In this section, we have discussed the basic mechanisms to
understand the charge storing principle in SC’s. All the
mechanism illustrations and their electrochemical profiles are
shown schematically in Fig. 3 (a & b), respectively, will help
in understanding EDLC as well as PC energy storage
mechanisms.

2.1 Electric Double Layer Capacitance (EDLC)

An electric double-layer capacitor is the traditional and
thoroughly studied form of SC where the charge storage arises
due to the physio-sorption of electrolytic ions on the electrode
surface.’1 As the charge storage is physical in nature, the
surface area plays an important role in EDLC. The capacitance
of EDLC firmly resides upon the surface properties of
electrode material like specific surface area, pore size, and
pore-size distribution.* The Helmholtz model is the simplest
model used to explain this mechanism as double-layer
capacitance using Equation (1) for the parallel plate capacitor
as:

€A
= (1)
where C is the capacitance of EDLC, ¢ is the permittivity of
the dielectric medium, A is the surface area of the electrode,
and d is the distance between the electrode and electrolytic
ions. The carbon-based materials like AC,5 CNT’s, %% carbon
aerogels,®! graphene,®? carbide-derived carbons,®! and
carbon nanofibers® possess this type of charge storage
mechanism. The electrochemical features of EDLC based
materials are shown in Fig. 3 (b). From this, we can observe
that the CV curves are rectangular in shape, while the GCD
profiles show a linear charge-discharge pattern. As the charge

c=
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storage in EDLC is electrostatic in nature, so they respond
immediately to potential changes. Therefore, they have high
power density, but low energy density because of the absence
of faradic reaction, i.e., physical adsorption of electrolytic ions
resists its energy density, which sets up a hindrance for its
practical utility.[®%

2.2 Pseudocapacitors (PC’s)

PC’s described by Conway are for the materials, which
possess electrochemical characteristics similar to EDLC, but
the charge storage mechanism is quite different from those of
conventional EDLC’s.[¢l The PC’s store the charges through
faradic redox reactions, which are highly reversible and occur
at the surface and sub-surface region. Based on the charge
storage mechanism, the PC’s are again classified into three
sub-categories:[®"]

1) Surface- redox reactions;

2) Intercalation-type reactions;

3) Battery type faradic reactions.

2.2.1 Surface redox reactions/Intrinsic PC

The intrinsic pseudocapacitive materials mainly store charges
by redox reactions occurring at the surface or sub-surface
regions.® From Fig. 3 (b), the CV and GCD profiles of
intrisnsic PC, we can see that they have similar characteristic
features to that of EDLC. However, due to the faradic charge
storage mechanism, a 2-fold increase in capacitance can be
observed for intrinsic pseudocapacitive materials over the
conventional EDLC’s.®l The materials like ruthenium oxide
(RuO;) and manganese oxide (MnO;) show intrinsic
pseudocapacitive behavior.l'®"YI These materials have multiple
valence states, through which fast and reversible redox
reactions can be possible, making them better than EDLC’s in
terms of energy density.

2.2.2 Intercalation-type reactions/intercalation PC

In the 21% century, Dunn and Simon introduced intercalation
charge storage mechanism.’>” Layered materials such as
Nb2Os,l TiO2,™1 and MoOs!*®1 undergo faradic charge
transfer due to the intercalation of electrolyte ions into the
layers without any change in phase. Due to no phase
transformation during intercalation, this mechanism is
independent of rate, exhibiting redox peaks in the CV. Nb,Os
is a representative example of an intercalation PC. The
reaction mechanism of lithium ions into NbyOs is as follows,

Nb,Os + xLit + xe™ © LiyNb,0¢ ()
The materials with intercalation pseudocapacitors are
promising for high rate charge storage devices.

2.2.3 Battery type faradic reactions/extrinsic PC

With the help of cutting edge technology and advancement in
instrumentation, this mechanism was introduced by Dunn and
others"®1 The name includes the word battery due to the
involvement of nanostructured battery materials in SC
applications. Examples of extrinsic PC include LiCoO,,[""
MoO;.,["® LaMnOs ™ etc. These materials show well-

Eng. Sci., 2020, 12, 38-51 | 41
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defined redox peaks in CV and plateau in GCD as represented
in Fig. 3 (b), like a battery. Nanostructured battery materials,
show pseudocapacitive electrochemical features and hence
must be termed as extrinsic pseudocapacitors. Choi et al.l'®
showed that how the GCD electrochemical profile of lithium
cobalt oxide changed by variation of size from bulk to nano.

and m is the mass loading of active material. From GCD,

_ JiA)xdt(s)

. ., (Ah
specific capacity ( ) ~ m(g)x 3600

= )

where i is applied current density, ¢ is discharge time (s), m is
the mass loading of the active material (g). The energy
efficiency can be calculated as follows:[®!

For HSC devices, specific capacity can be evaluated using ffici Edischarge X100 5
the following expressions from CV, [ energy ethclency = Echarge ®)
e .. (Ah i(V)xdV(A ; ;
specific capacity (_) _ _Jiw (@Av) (3) Where E is energy density.
g 2xm ()% v (3)x3600
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Fig. 7 (a) Synthesis strategy scheme for N-doped porous carbons. (b) SEM and TEM images of nanosheet structured N-doped porous
carbons. (c) Capacitance retention study of the device at 2 A/g over 10,000 cycles, reproduced with permission from [87].
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Fig. 8 (a) Synthesis scheme illustration of FeCo,O4@PPy. (b) FESEM and TEM images of FeCo.O4@PPy. (c) Schematic
representation of the ASC based on FeCo,04@PPy and AC (d) Comparative CV curves of the FeCo,04@PPy and AC electrodes at
5 mV/s. GCD curves of ASC device at various current densities. (¢) Cyclic stability of ASC device at a current density of 8 A/g for
5,000 cycles, reproduced with permission from [88].
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3. Method for determination of capacitive and diffusion
controlled faradic contribution
To understand the electrochemical features of the SC
electrodes, various tools are used, such as CV, GCD, and
electrochemical impedance spectroscopy (EIS) analysis.
Among them, CV measurement is an essential tool to
understand the electrochemical features of the electrodes.
Simple CV measurements at different scan rates can be useful
for the distinction of faradaic and capacitive contribution. At a
specific potential, the power-law can be given as:[®
i = kv (6)
where both k£ and b are variable parameters, and v is the scan
rate. The value of b in the above equation is calculated from
the slope of the plot of log (i) versus log (v). Its value
represents the dominant charge storage process, i.e., charge
diffusion faradaic or capacitive, as shown in Fig. 4 (a). It also
provides a kinetic indication in the form of charge storage
mechanisms at different potentials and sweep rates.
For the ideal diffusion-limited faradaic process, » = 0.5

(iOCU%), if b=1, then most of the charge contributions are from
high rate surface-controlled redox reactions and the
adsorption/desorption of the electrolyte ions (iocc v ).
According to the following Randle-Sevcik Equation:[®

i = x(bt)nFAC( (7

where A is the electrode area, n is the number of electrons
participating in the electrochemical process, o is the transfer
coefficient, v is the scan rate, function (bf) symbolizes the
normalized current, R is the ideal gas constant, F is the
Faraday constant, C is the surface concentration of the
electrode material, D is the chemical diffusion coefficient, and
T is the temperature.

To determine the quantitative contribution of both
capacitive (kjv) and diffusion (kov'?) charge storage behavior
over total current determined by Equations (8&9):

= icap + idiff1
i=kv+kyvz
Rearranging the above equation, we get,

manFDv. X
)2

®)
)

d o kpvetk, (10)

1
V2

As we know the general equation straight-line as,
y=mx+C (11)

where the straight line is having slope m and the y-intercept C.

Now, compare with the general equatlon of the stralght line.

To determine the value of ki, lets plot 1/v2 versus vz as shown
in Fig. 4 (b). The slope will give the value of k; and the y-axis
intercept will give the value of ko parameters.

After getting the values of the quantities k; and ko, then it
is simple to separate the capacitive (kjv) and the diffusion-

44 | Eng. Sci., 2020, 12, 38-51

1
controlled (kov2) currents in the voltammograms as a function
of varying potentials, as shown in Fig. 5.

4. Hybrid solid state supercapacitors (HSSC’s)

HSC consists coupling of the capacitive electrode and battery
type electrode. Recently, Chodanakar et al’% clearly
explained the difference between ASC and HSC. Fig. 6 shows
the electrochemical signature of HSC. These HSC have
promising features as improved specific capacity, energy
density, and power density. However, they still need to be
excelled, as compared to present SC devices. In this section,
recent top research articles in the HSSC field are discussed.
For positive electrode, metal, binary metal, mixed metal,
battery type (in nanostructure), layered double hydroxide
(LDH)-based electrodes are generally used. However, for the
negative electrode, traditional carbon-based electrodes are
used. The main aim of such development was to widen the
potential window, increase in energy and power density with
improved cyclic stability. For HSC, specific capacity and
energy efficiency should be reported along with specific
capacitance and coulombic efficiency using Equations (3), (4),
and (5).1% However, to avoid the misperception of readers,
here, we have discussed the metrics mentioned in
corresponding papers.

Nickel and cobalt are mainly considered as battery
materials due to strong redox behavior, but in the
nanostructured form, they follow extrinsic pseudocapacitive
mechanisms. Jio et al.® studied the vital role of lattice
distortions of materials in the case of metal-organic framework
(MOF) derived Ni/NiO as positive electrode and CNTs-
COOH as negative electrode to achieve 92 % excellent
stability over 10,000 cycles. Liu et al.®1 developed N-doped
porous carbons (NPCs) with multiple shape-controlled and
tunable morphologies by single-step pyrolysis/activation
method. The synthesis method scheme, SEM, and TEM
micrographs of nanosheet structured NPC are shown in Fig. 7
(a & b). The maximum specific capacitance achieved by NPC
as cathode and NiCo,04 as anode is 120 F/g at 1 A/g with 42.7
Wh/kg, 8,000 W/kg maximum energy and power density
respectively. The capacitance retention study is represented in
Fig. 7 (¢).

In another study, flexible ASC 1is fabricated with
FeCo020s@polypyrrole (FeCo04@PPy) core/shell nanowires
as anode and AC as cathode. Due to the obtained hierarchical
nanostructure, the ASC device delivers an impressive energy
density of 68.8 Wh/kg (800 W/kg) and a long cycle lifetime
(91 % over 5000 cycles).®8 For FeCo,04@PPy//AC: synthesis
route schematic, FESEM and TEM micrographs, ASC device
illustration, and electrochemical signature of the ASC device
are shown in Fig. 8.
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Fig. 10 Schematic illustration of the synthesis process for NiCo,04@Ni-MOF electrode. GCD curve,

capacity retention, and

coulombic efficiency study of NiCo,04@Ni-MOF//AC device, reproduced with permission from [97].

Further, HSC with NiS/Ni3S; as a cathode and AC as an
anode demonstrated an excellent specific capacity (0.34

developed MnCo,04@N—-C@MnO; as positive and nitrogen-
doped graphene as negative electrode for assembling

mAh/cm? at 2 mA/cm?) with enhanced cycling stability (86.7%asymmetric solid-state devices. The device was fabricated

over 8,000 cycles).®l  Moreover, Wang et al.*% developed
3D hierarchically porous electrode architecture with open
pathways for the ASC device. In  particular
Co(OH) @carbonized wood (CW)/CW delivers maximum
energy and power density of 0.69 mWh/cm?, 15.447 W/cm?
respectively and shows a sustained long lifespan as 85 % of
capacitance retention 10,000 cycles (at current density of 1
A/g). Wang et allPU reported NiCoAl-layered double
hydroxide/V4Cs//AC configuration in the KOH electrolyte.
The fabricated HSSC device shows excellent 71.7 Wh/kg,
20,000 W/kg maximum energy and power density,
respectively. Liu et al.®2 synthesized 2D carbon nanosheets
via a one-step precipitation polymerization strategy with a
notable specific surface area up to 3,292.3 m?/g. The ASC
device  Nio.1C00sMno.1//PAN  (Polyacrylonitrile)-derived
carbon exhibit enhanced specific capacitance of 147 F/g at 1
A/g. Also, the device has a long-term cycle stability as 89.5 %
of capacitance even after 10,000 cycles.

Cobalt composite such as cobalt oxides, cobalt hydroxides,
Co-based sulfides/selenides with stable structures and
attractive features have been used as positive electrodes in
HSSC’s. For example, Kong et al.®® synthesized three-
dimensional ternary porous hybrid architecture for next
generations hybrid devices. Its fabrication route with the ASC
solid-state device schematic is shown in Fig. 9. Wei et al.[*1
synthesized graphite nanosheet-supported CoMoSs (GN-
CoMoS4) via a simple hydrothermal route. ASC with a
configuration of GN-CoMoS4//AC deliverded a maximum
energy density of 42.85 Wh/kg with 900 W/kg power density.
The fabricated ASC had an impressive cycling stability, as
93.2 % capacity remained after 8,000 cycles.

Recently, the transition metal phosphates showed a great
potential as a promising candidate for the SC’s. Chodankar et
al.®l reported MnO,@NiP,07/AC HSSC devices, which
exhibited 66 Wh/kg, and 640 W/kg specific energy and power
density, respectively. The HSSC device also exhibits only 7 %
retention in capacity after 10,000 cycles. Shrestha et al.[*l

© Engineered Science Publisher LLC

using the KOH-PVA gel electrolyte. The device showed a
specific capacity of 85.3 mAh/g at a current density of 4
mA/cm?. Also, the device delivered enhanced maximum
energy and power density of 68.2 Wh/kg and 11,200 W/kg.
The device retained a capacity of 91.1 % after 10,000
consecutive charge/discharge cycles. Li et al.l’1 fabricated
NiCo0,04@Ni-MOF using a simple two-step process as
represented in Fig. 10. The flexible HSSC device has a
configuration of NiC0204@Ni-MOF//AC. Due to
heterostructure of the hybrid electrode, enhanced performance
was observed, exhibiting no retention in capacity after 6,000
charge/discharge cycles as depicted in Fig. 10.

Moreover, Xia et al.®® synthesized NiCo,O4@NiMn-LDH
and assembled HSSC device with NiCo204@NiMn-LDH and
AC as positive and negative electrodes. The device showed an
improved energy density of 47 Wh/kg at a power density of
357 W/kg. Qu et al.® investigated nickel-cobalt phosphide
nanostructures for HSSC’s. The HSSC device had a
configuration of NiCoP//AC. The hybrid device exhibited a
specific capacitance of 136 F/g at 1 A/g with a wide potential
window of 1.6 V. The hybrid device delivered maximum
energy and power density of 48.4 Wh/kg and 13,000 W/kg,
respectively. Further, He et al.*® reported three-dimensional
nickel-cobalt phosphide porous nanoplates for solid-state
hybrid supercapacitors with enhanced performance. With
NiCoP and AC electrodes, the HSSC device exhibits
impressive maximum energy and power density of 30.2
Wh/kg, 12,620 W/kg, respectively.

Recently, Yin et al.' reported a three-dimensional core-
shell structure of NiCo20s@hafnium carbide (NiC0204@HfC)
on the carbon cloth. The HSSC was assembled using
NiC0204@HTC as positive and AC as negative electrodes. The
device exhibited an excellent energy density of 53 Wh/kg. It
retained 94.8 % of specific capacitance over 5,000 cycles of
charge/discharge. Along with the above-discussed literature,
similar to Ni and Co based[*1%! high- performance, HSSC’s
electrochemical profiles are summarised in Table 1.
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Table 1. Summary of recent progress in hybrid solid-state supercapacitor devices.
. . Potential i Max. .
deoirode  cloarode  Electioe  window  CBERR - energy  MECEEET My R
[V] density
MOF-derived R 136.4 F/g at 61.3 92.8 over
Ni/NIO CNT’s-COOH  KOH/PVA 1.8 > mA/cm? Whikg 900 W/kg 10,000 cycles [86]
N-doped
. KOH/PVA- 120 F/g at 42.7 94 over
NiC0204 porous PEO 1.6 1 Alg Whikg 8,000 W/kg 10,000 cycles [87]
carbons
FeCo020:@ 194 Fl/g at 68.8 91 over
polypyrrole AC KOH/PVA 1.6 1Al Whikg 15,500 W/kg 5,000 cycles [88]
0.34 mAh/cm? 0.289
NiS/NisS2 AC KOH/PVA 1.7 at mWhc 12825 86.7 over [89]
2 2 mW/cm 8,000 cycles
2 mA/cm m
Co(OH)@car 3 0.69
bonized wood cw KOH/PVA 15 1419 Femat —\vhye 15447 Wiem? 85 over [90]
1 mA/cm 2 10,000 cycles
(Cw) m
NiCoAl- 717 98 over
LDH/V4Cs AC KOH 1.6 194 F/gat1 Alg Whikg 20,000 W/kg 10,000 cycles [91]
Nio1CoosMno.  PAN-derived 52.47 89.5 over
) carbon KOH/PVA 1.6 147 Flgat1 Alg Whikg 8,000 W/kg 10,000 cycles [92]
1.52
Co304s@C@N 3 91.43 over
iS5 AC KOH/PVA 1.8 - mVn\WIQ/c 60 W/cm 10,000 cycles [93]
Graphite@Co 95.11 F/g at 42.85 93.2 over
MoSs AC KOH/PVA 1.8 1 Alg Whikg 4,500 Wikg 8,000 cycles [94]
MnO2@NizP2 82 mAh/g at 1 66 93 over
O AC KOH/PVA 1.6 Alg Whikg L920Wkg 14409 eycles [95]
N-doped
MnCo0204@N 85.3 mAh/g at 4 68.2 91.1 over
-C@MnO; ﬂ;zprgzr;? KOH/PVA 16 mA/cm? Whikg ~ B20OWkKS 46000 cycles (%]
NiC0204@Ni- 41.5 mAh/g at 2 32.6 100 over
MOE AC KOH/PVA 1.6 AJCm? Whikg 33682Wikg 10 cycles [97]
NiC0204@Ni ~38 mAh/g at at 47 95.6 over
Mn-LDH AC KOH/PVA 16 2 mA/cm? Wh/kg 357 Wikg 5,000 cycles [98]
. 48.4 88.8 after
NiCoP AC KOH/PVA 1.6 136Flgatl1Alg 0 kg 13,000Wkg g o0 cycles [99]
. 30.2 126 after
NiCoP AC KOH/PVA 15 145Cigat1Alg o kg 12620Wkg 14009 cycles [100]
NiCo04s@Hf 53 94.8 over
c AC KOH/PVA 1.6 149F/gat1Alg - kg 2400Wikg 5 oqg eycles [101]
: 30.63 85.77 over
MnNiDH AC KOH/PVA 1.6 - Whikg 21,000 W/kg 10,000 cycles [102]
123.3 mAh/g at
NiCoP/CNT ~ CNT@N-C - 15 current density 00! gosowikg o2 OVers000 aq
Wh/kg cycles
1 mA/g
. 167.8 Clgat1 27.9 13,812.9 126 over
NiCo-OH AC KOH/PVA 15 Alg Whikg Wikg 10,000 cycles [104]
NixCoyMoO4
60.4 94.4 over
@MONSizS/COS/ AC - 1.5 173Flgat1Alg 0 kg 15500 Wkg 50 eycles [105]

5. Concluding remarks and future perspectives

Flexible and efficient energy storage systems are needed in our
daily life, and make our life easy and productive. As discussed
above, HSSC devices have attractive features as low cost, long
cyclic stability, excellent energy density, and power density,
etc. The need for HSSC’s in portable and wearable devices

46 | Eng. Sci., 2020, 12, 38-51

plays a crucial role due to its charge storage mechanism. The
HSC is invented to enhance the energy density by sustaining
high power density with long cycle life. HSSC devices are
made up of one battery electrode (extrinsic PC), which
provides energy density due to redox reaction, and another is
the capacitive (EDLC) electrode, which gives high power
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density by surface charge storage mechanism. There is a
requirement of enhancing the energy density with the stability
of HSSC devices for market availability. Hence, we have
summarized some current challenges and upcoming research
directions for HSSC devices.

The energy and power density of the HSSC devices mainly
depend on the potential window, active material, electrolyte,
and conductivity (ionic and electronic). The energy density of
HSSC’s can be enhanced by combining two electrodes
working in different potential windows in the same electrolyte.
The electrolyte plays a critical role in enhancing potential
window and hence electrochemical performance. In aqueous
electrolyte, the potential window is restricted to 1.0 V, while
organic and ionic liquids electrolytes shift potential window
beyond 1.0 V. So, it is necessary to develop/prepare an organic
and ionic liquid electrolyte that provides high ionic
conductivity in solid state electrolyte suitable for both
electrodes.

Another challenge direction is the fabrication of HSSC’s in
nano-/microstructure, having enhanced energy density, power
density, and cycling stability with minimum self-discharge.
Current challenges are dealing with the self-discharging of the
device; and accomplishing the goal of storing maximum
energy.

In summary, this review article focuses on key information
about SC’s, their types, and electrode materials for hybrid
solid-state SC’s. Also, the SC mechanisms are discussed in
details. The merits/demerits of EDLC and PC’s over the
extrinsic PC are discussed. The recent progress in HSSC’s
suggests that it has a great future in flexible and wearable SC
devices.
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