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Abstract

The development of pseudocapacitive materials for energy-oriented applications have

{

stimulate erable interest in recent years due to their high energy-storing capacity with

high pow evertheless, the utilization of nano-sized active materials in batteries

[ o
leads to fast redox kinetics due to the improved surface area and short diffusion pathways,

which shifig thesr electrochemical signatures from battery-like to the pseudocapacitive-like

G

behaviour. result, it becomes challenging to distinguish “pseudocapacitive” and
“battery” eridls. Such misconceptions have further impacted on the final device

configurations. Mis review is an earnest effort to clarify the confusion between the battery

US

and pseu(ﬁve materials by providing their true meanings and correct performance

metrics. outlined a method to distinguish battery-type and pseudocapacitive

materials [isi e electrochemical signatures and quantitative kinetics analysis. Taking

d

solid-s pacitors (SSCs, only polymer gel-electrolytes) as an example, we have

discussed th ction between asymmetric and hybrid supercapacitors. The state-of-the-art
progress 1n the engineering of active materials is summarized, which will guide for the

developme@ht of real-pseudocapacitive energy storage systems.

Keywords- udocapacitive materials, Battery materials, Asymmetric supercapacitor,

Hybrid sufercapacitor.

Auth
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1. Introdu

T orld is incomplete without the portable and wearable electronic devices
that ha\’e Ermed our lifestyles. For instance, mobile phones with several functions and
applicatio ivity trackers (smartwatches and sensors), healthcare, and implantable
medical Q (pacemakers, insulin pumps, and many more) have made our lives
convenierWrertheless, the increased energy consumption of these smart electronic
devices oblBMcient energy storage systems. Notably, the supercapacitors (SCs), among
diverse ele mical energy storage (EES) systems pave a way towards the development
of portabl nic appliances due to their high power and rate capability, long cycle and
calendar 1@521fe-operations.4'6 The traditional electric double-layer capacitors (EDLC)

that st electrostatically at the electrode/electrolyte interface (a non-Faradaic

process) en xcellent power-delivery compared to other devices such as batteries.
Nevertheless, using the state-of-the-art carbonaceous materials, the SCs typically deliver high
power deiities (~15 kW/kg) with poor energy storage capability (5-10 Wh/kg), which

restricts t er applications.”'® Several recent and upcoming applications, including

electric ve and renewable energy storage, are in enormous demand for high energy

h

besides th&high-power supply.

{

uit of simultaneous high energy and high power devices, pseudocapacitive

materials emerge@ into the picture with completely different electrochemical features where

Ll

the current se is neither purely capacitive nor bulk Faradaic (like-batteries).'""* Yet,

these ma ndergo fast and reversible surface-controlled redox reactions at the electrode

A

surface through either intercalation or adsorption of electrolyte-ions; therefore, they offer a

pathway for achieving both high energy and high power densities. Although pseudocapacitive
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materials display very high-rate capability similar to that of double-layer capacitive materials,

they differ from EDLC due to the involvement of battery-like redox reactions for charge

{

storage. Be they are distinct from traditional battery materials as the kinetics of the

redox rea tremely fast and not limited by semi-infinite diffusion."* In other words,

[
pseudocapacitors can be considered as a complementary form of EDLC despite not being

electrostatigain Rgigin. They display similar electrochemical signatures (cyclic voltammetry

Cﬁ

and charge arge profiles) to EDLC. Brousse and co-workers have very well explained

S

the back d_ahd Conway’s intention to use the word “pseudocapacitance” for labelling

such materials. ccordingly, the prefix “pseudo” with “capacitor” is used to describe the

U

properties electrode that shows the features of a capacitor in its electrochemical

{

signature CDs) and to differentiate them from EDLC in regards to the charge

storage m

dl

s, the recent advancements in nanotechnology enable the utilization of
nanomateria nergy storage systems, especially in batteries (electrodes) as a route for
increasing power density. This size reduction (nano-structuring) improves the surface area of
the matetsls, shortens the ion diffusion lengths, and sometimes suppresses the phase
transform battery materials.'® As a result, the electrochemical signatures of such
battery ma in the bulk-state shift to pseudocapacitive outputs (quasi-rectangular CV
and quasiStriangular CD curves). Studies have shown that crystal structures, surface
functiow or interfacial effects may contribute to pseudocapacitance creating new

challenges and milsunderstandings about the battery and pseudocapacitive materials.'”"’ New

U

terminologi as “intercalation pseudocapacitance” and “extrinsic pseudocapacitance”
with me distinguish battery and pseudocapacitive materials are helpful to some
extent. Still, many researchers unintentionally misunderstand them, creating more confusion

in the scientific community.
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This review attempts to clarify some of the confusions mentioned earlier, by

providing different definitions of pseudocapacitance with their kinetic signatures and charge

storing mechanisms. Also, it draws clear boundaries between pseudocapacitive and battery
materials.dwith the outline of the traditional supercapacitors such as EDLC and
pseudoga vrs, followed by the true meaning of new terms such as extrinsic and
intercalatigm pseudocapacitance with their electrochemical signatures. Later, the methods
proposed t nguish pseudocapacitive and battery materials accurately using quantitative
kinetics a isgare outlined. To the end, the progress on the design and development of
nanostructure ectrode materials in both asymmetric and hybrid supercapacitors is
summarize ing solid-state supercapacitors as an example.
2. Detailsﬁe storing mechanisms

Prmeview articles have already provided accounts concerning the traditional
charge chanisms at the interface of the electrode/electrolyte and their fundamental

922 which is not the scope of the present article. Nevertheless, we have

electrochemi
discussed the recent confusion about materials, their charge-storing mechanisms, and the

terminology used in the SCs. It is known and understood that SCs store charges through two

[

different jsms, such as electric double-layer (EDLCs) and pseudo-capacitance.”

Thanks to tting-edge characterization techniques and theoretical modelling tools, we

h

could di ntiate the energy storage properties of the materials and categorise them

L

appro ! s section provides a guide to identify and differentiating rubrics of EDLC,
pprop

pseudocapacitorsfand faradic energy storage systems.

U

2.1 Double- capacitors

ouble-layer capacitor (EDLC) is the most common and thoroughly studied

A

form of SCs where the capacitance arises due to the adsorption of both anions and cations at

the electrode/electrolyte interface (Figure la)**. The capacitance of the EDLCs strongly
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depends on the surface properties of the electrode materials (e.g. specific surface area and
pore-size distribution) that is accessible to the electrolyte ions. During the charging process,

the electroiﬁve from the negative electrode to the positive electrode through the external

loop, wit ving to the positive electrodes. In contrast, the cations move towards the
. — . . ‘ .
negative tctrode. The moving direction of the electrons and ions would be reversed in the

discharginggproggss.”>>* The Helmholtz model is the simplest model to describe this process

as double- apacitance using the equation for a parallel plate capacitor:

a
Il
|2

(D

U

where C 1 ble-layer capacitance, ¢ is the permittivity of the dielectric separating the

charges, Alis the surface area of the electrode, and d is the distance between the electrode and

N

26-28

electrolyte {['ypically, carbon-based porous materials such as activated carbon,

5

xerogels,’ n nanotubes (CNTs),”>> carbon nanofibers (CNFs),”*® graphene,””*' and

42-44

carbide- carbons show EDLC type behaviour owing to their high specific surface

arca a

M

ductivity. The charge/discharge process in EDLCs is associated with the

purely non-Faradaic reactions; thus, responds immediately to potential changes. The

f

electrochemical signatures of EDLC-based material are shown in Figure 1 (b, ¢). Cyclic

voltamme

©

) curves are rectangular-box-type in nature, while galvanostatic

charge/di GCD) profile shows a symmetric triangular pattern. The lower energy

n

density values (gspecially volumetric energy density) for the carbon-based SC is the

t

limitation ir successful practical implementation. Therefore, research needs to focus on

U

the synth dition to enhance the performance-enhancing factors such as the specific

sirface energy, electrical conductivity and pore size distribution.

2.2 Pseudocapacitors

This article is protected by copyright. All rights reserved.
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The term “pseudocapacitance” was firstly defined by Conway to describe the
materials that exhibit electrochemical signatures (CV and CD) similar to those of traditional
capacitors C), which however involve different charge storing mechanism."> Unlike
EDLC, t pacitive reactions are faradic in origin and store electrical energy
through- fst—and reversible redox processes at the electrode surface. In other words,
pseudocapaeiti aterials exhibit battery-like redox reactions that happens at very high rates
similar to citor, and reflect their electrochemical features (quasi-rectangular CVs and
quasi-triawCD curves).” * The charge storage mechanisms in pseudocapacitive
materials can 1yplve either i) at or near surface-redox reactions; or ii) intercalation-type
reactions, whi e briefly discussed in the following sections.

2.2.1 Sur X or intrinsic pseudocapacitors

In redox pseudocapacitors, the charge storage is mainly attributed to the

r redox reactions) occurring at the surface of the electrode. As revealed

from Figure | the CV and the GCD profiles for surface-redox pseudocapacitors are
closely resembling those of carbon-based materials (Figure la-c), suggesting the linear
dependents of the charge storage along with the whole potential window. This does not mean

that pseu itors store the charges only via double layer mechanism. However, they can
ch

store the via surface faradic and double layer mechanism.*® The materials exhibiting
such in-&'id electrochemical features are referred to as intrinsic pseudocapacitive
materiaHts surface-redox pseudocapacitive materials such as transition metal oxides
have been inv@stigated since 1971. Trasatti and Buzzanca®' first reported the
pseudocapaci of RuO; in SC. It is an intrinsic (redox) pseudocapacitive material due to
the fas@d electron-conducting properties. Likewise, other transition metal oxides
such as MnO; and Fe;O4 are also exhibiting intrinsic (redox) pseudocapacitance. Owing to

their multiple valence states, they can initiate the fast and reversible redox reactions at the
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electrode surface, which makes them better than the EDLCs as they store much high energy
at high charge-discharge rate. The charge storage mechanism and electrochemical signatures
of redox ps capacitors are displayed in Figure 1 (e-f) with MnO, as an example where

MnO; sto through the surface or bulk redox reactions in between the +4 and +3

= A8
oxidation Sates of Mn ™.

Q MnO, + xA* + xe~ & A, MnO, ()
In the abov tion mechanism, the symbol ‘4’ embodies an alkali metal cation (Li+, Na',

K"). The wpacitive properties of Mn-oxides strongly depend on their crystallinity and

crystallographic $tructures.*”” Based on the different arrangements of the MnOg octahedra, the
Mn-oxides classified in the diverse crystalline structures such as a, f, y, d, and 4
forms™ w, , and y phases have 1D tunnels, ¢ and A show 2D layered and 3D spinel
structuresvely51 .

i nt physical processes and the electrode materials are responsible for these
two distinct anisms (EDLC and pseudocapacitance). Nevertheless, the similarities in
their electrochemical signatures can be ascribed to the relationship between potential and the
amount OSharﬁes developed at the electrode/electrolyte interface or within the inner surface
due to n/desorption processes. Thus, without such electrochemical features
(signatures), the materials cannot be qualified as pseudocapacitive, and it is not appropriate to
calcula citance values. Typically, conductive polymers (CPs) and transition metal
compoMs) are the fundamental candidates explored as pseudocapacitive electrode
materials >, ISmust be eminent that these explanations related to the pseudocapacitive
nature of mateui#s must only be applied to an individual electrode and not to the device.

2.2.2 Inte ion pseudocapacitors
Apart from surface redox reactions, some layered materials (such as TiO; (B), Nb,Os,

and MoO3) undergo Faradaic charge transfer due to the intercalation of electrolyte ions into

This article is protected by copyright. All rights reserved.
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the tunnels or layers with no crystallographic phase change. Notably, these materials exhibit
reversible and fast charge storage rates approaching or even surpassing the traditional
surface-re! cudocapacitive materials;' " *° therefore; they cannot be directly referred to as
redox psears. This type of charge storage mechanism is defined by Dunn and
Simon‘E 5—gs“intercalation pseudocapacitors”, which is common in non-aqueous electrolyte

system. Theseleggrochemical features of the intercalation pseudocapacitance are: the current is

linearly pr: nal to the sweep rate, capacity does not vary significantly with charging

S

time, and tentials do not shift considerably with sweep rate. A key feature for the

intercalation psc§gocapacitance is that materials do not undergo phase transformations during

U

intercalati&general reaction mechanism can be expressed as follows:
MA, + xLi* + xe™ & Li,MA, 3)
In contras@iDLCs, the charge storage process for the intercalation pseudocapacitance

is not he surface and thereby utilizing bulk of the materials for the reversible

faradic ele mical reactions. Nb,Os is the typical example of the intercalation

WA

pseudocapacitance. The corresponding electrochemical profiles are shown in Figure 1 (g-1).

2.3 BatterSi-type charge storage and true performance metrics

E

tional battery-type electrode materials are different than the capacitor-like

@

electrodes in terms of the redox processes, which is responsible for the phase change of the

N

electro s during the electrochemical process. Moreover, during the charging-

i

dischar ss, the potential of the battery-type electrode remains constant, agreeing to

the phase rule amdd follows the Nernst equation, as shown in Figure 1 (j-1). Therefore, the

4

materials lid-state diffusion-controlled faradic (battery-type) reactions display a

couple o ined redox peaks in CV profiles and flat (plateau) charge/discharge profiles

A

similar to a battery (see Figure 1 k, 1).">>® The typical battery-materials include Ni, Co, Cu
and Cd constructed oxide/hydroxide, sulphide/selenide and phosphide that react with
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hydroxide ion in alkaline media to store a charge. In the case of the battery-type electrode

materials, it is strictly necessary to calculate the specific capacity (mAh/g) or specific charge

constant t

(C/g) from :CV and GCD profiles because the “average capacitance (F)” will not be

the potential window. These metrics provide the number of ions and
electrons scepted by a certain mass generally intercalated into a crystalline solid inside an
electrode. Qactical, specific capacity can be calculated by using both CV and GCD
curves as s. Typically, CV is recorded at a fixed voltage scan rate (V/s), and the

specific ¢ tydan be estimated by CV curves using the following equation:

[i(V)av (A.V)

Spegific capacity (Ah/g) = m(g) x 9 (V/s) x 3600

(4)
where thegtegration of current over voltage window will give the total voltammetric charge

(which neme divided by 2) in A.V (ampere*volts); v is scan rate and m is the mass

loading. Typicay, CV is recorded at a slow scan rate for battery-materials, which can deliver
the best capd®iyg values. However, it is vital to perform a few CV cycles until they overlap
before i y calculations. The specific capacity can also be calculated by using
galvanostgc CD curves (n=1):
o , Ji(4)dt(s)
Oeaflc capacity (Ah/g) = m (5)

In equatio g and m are the applied current density (4), discharge time (s), m is the mass
loadin ve material (g). Moreover, the specific capacity of the electrode (for only

)

capacitive ials while using in devices) can be further converted into specific capacitance
(F/g) by aﬂhe following equation:

Specific capacity (Ah/g) X 3600
AV (V)

capacitance (F/g) = (6)

where V' is the potential window of the solitary electrode configuration (V). Such calculations
are crucial to build a full device using a capacitive negative electrode.
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2.4 Evolution of the term “Extrinsic Pseudocapacitors.”

The rapid development of nanotechnology stimulates the use of nanomaterials with

large surfac as and nano-dimensions as electrodes in energy storage devices, particularly
in batterieﬁ

o-structuring reduces the ion diffusion lengths and sometimes conquers
N B ) : . .

the phaseshange in battery materials. As a consequence, their electrochemical signatures

shift to psaacitive materials (quasi-rectangular CV and quasi-triangular CD curves). In

this case, aditional definition of “pseudocapacitor” is unable to differentiate these

3

materials

S

‘Phttery-type” behaviour. Therefore, Dunn and co-workers'** have referred

this new development as “extrinsic pseudocapacitors” where the materials show battery-like

U

features (str dox peaks and plateau in GCD) in the bulk phase, however, in the form of

N

nanostruc eudocapacitive behaviour emerges. The most notable example of such
battery m@s LiCoO;,, which is a well-known intercalation-type cathode in traditional

ies. When the size of LiCoO, particles was reduced to <10 nm, the

electrochemi ofile (GCD) changes from that of a typical battery (voltage plateau) to a
capacitive profile with a linear dependence of charge storage (linear voltage) within the
potential ®indow (see Figure 2a).'° Tt is believed that the increased surface area via nano-
structurin ses phase transformation of LiCoO, to a large extent and promotes the rate
performanc ause of decreased diffusion lengths and increased surface lithium-ion storage
sites. Th! example demonstrates how typical battery-type material turns to a
pseudOMaterial after reducing its dimensions to nanoscale by promoting surface-
dominant ion-st§age. Similarly, nano-sized V,0s, nickel and cobalt hydroxides have also
been consid s “extrinsic pseudocapacitors” by some researchers.” ° Similar to the
layeredmes, the 2D layered metal sulphides (MS,, where M= Mo, W, V, Ti, etc.) are
also considered as ideal candidates for the intercalation pseudocapacitance owing to their

unique sulphide-metal-sulphide (S-M-S) layers, which are linked through van der Waals
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61, 62

forces, and can provide the sufficient interspace for the alkali metal ions to perform the

intercalation/de-intercalation electrochemical reactions. %

{

3. Distinguj capacitive contribution from a diffusion-controlled process

T lution of “intercalation pseudocapacitance” has dramatically broadened
the numbe! of pseudocapacitive materials. However, it is well-known that the intercalation in
batteries igglinmiged by semi-infinite diffusion into the bulk of host materials, which is

reflected trong-redox peaks in CV curves. Whereas several intercalation

S

pseudoca vesaterials demonstrate minor or tiny redox peaks in CV curves, which then

arises a questior how to ascertain that these diffusion reactions do not limit the intrinsic

Ul

kinetics? T ve this issue, the quantification of the charge storage kinetics of these new

i

materials i an important method. In principle, the redox electrode materials display

specific elec mical features in their response to (a) scan rates in the CV; (b) applied

d

consta GCD curves and (c) alternating current in electrochemical impedance

11, 45

analysis. ral methods are reported to quantify or distinguish diffusion-controlled

W

process and non-diffusion limitation process for electrode materials.®*® Among those, CV

measuremegts is an ideal tool where the response current is varied with scanning rates

F

dependin ther the redox reaction is controlled by ion diffusion or not.

O

It is aSSumed that the total charges stored in the intercalation type electrode materials

are th iffusion-controlled faradic and capacitive (pseudocapacitive + EDLC)

th

process result, it is essential to identify the capacitive contributions (EDLC +

pseudocapacitandé) and diffusion-controlled faradic process to the total capacity of the

u

electrode . Simple CV measurements at various scanning rates can be sufficient for

such a di ion where the current response for the applied sweep rate is a combination

A

of diffusion-controlled (faradic) and surface-controlled (capacitive) processes. At a particular
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potential, the relationship between the current (i) and the scan rate (v) can be expressed by a

power law *:

i=av’ (7)
Th@the b in the above equation can tentatively define the majority of the
I

[
charge stoiage process, and it can be determined from the slope of the plot of log(i) v. log(v).

The para:@as two well-defined conditions (Figure 2b). The b value of 1 signifies that
the majority ofggharge contributions are from fast surface-controlled redox reactions and the
adsorptiomion of the electrolyte ions. In this case, the current response in the CV
curves is 1inear1§varied with the scan rate(i « ). On the other hand, the » value of 0.5
correspon w semi-infinite diffusion-controlled faradaic processes where the current
response illg’ curves is varying with the square root of the sweep rate (i & 9/2) and

can be exs follows:

i =nFAC D"*v"*(anF | RT)"* 1'? y(bt) (8)

o, D, n, A, F, R, and T are the surface concentration of the electrode
material, t!ansfer coefficient, chemical diffusion coefficient, number of electrons involved in
the electrochemical reaction, electrode material surface area, Faraday constant, molar gas
constant a' erature, respectively. The function (bf) symbolizes the normalised current.
By calcEngte value of b by using the power law, it is possible to identify the material
type in tﬂs i the capacitor and battery. Also, it is possible to estimate the exact
contributimae surface-controlled processes (EDLC + pseudocapacitance) and the

diffusion-controlled processes (i.e., faradic processes in battery-type electrodes). There is no

clear b@#lnday which can define the pseudocapacitive and battery-type materials based on b
value. The b value ranges from 0.5 to 1.0 signifying the transition from the battery type

behaviour to the capacitive behaviour. More importantly, the value of the b can act as a
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guideline to design and develop the high-performance SCs electrode materials. For example,
(1) b value can act as a gauge to distinguish pseudocapacitive charge storage mechanism from
the battery-tyge: and (ii) it provides the more kinetic evidence in terms of the charge storage
process a tentials and sweep rates. Further, it is possible to quantify the exact

I E— /2 . . . .
capacmveSk] V) and battery type (k>1/?) charge storage contribution by rearranging equation

(7) as follD
. . . 1
w l(V) = lcap + ldiff = k119 + k2192 (9)
or
(v
: ‘W) 012 4k, (10)

91/2
Craeki e values of k; and k, at respective potential permits for the separation of
the diffusi capacitive currents. The slope and the y-axis intercept point for the plot of

i/V'? versus will give the value of the constants k; and k,, respectively. After estimating
the values of onstants k; and k, it is straightforward to distinguish the capacitive (k)
and the diffusion-controlled (kzvl/ %) currents in the voltammograms as a function of diverse
potentials.gs seen in Figure 2c, the blue areas indicate how the capacitive current
contributi es in the CV curve.

In some recent work, this method is also utilized to investigate the quantitative

. . . . . 70
kinetic -type Faradaic electrodes. For instance, Li4TisO» © and even for electrodes

71,72

th

based o on reactions and alloying mechanism in Na and K-ion batteries, where

the capacity confiibution from capacitive reactions was estimated to be 58 % (for B-SnS,

ul

electrode a /s)"" and 90.7% (for VSe, as a conversion anode for KIBs at 1.1 mV/s).”?

Thus, refe such a large capacitive contribution as “pseudocapacitance” is misleading

A

and puzzles between the terms “battery” and “pseudocapacitive” materials. However, such an
instance can be well explained as b ~ 1 suggests that the process is either a capacitive or a
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fast redox reaction process, which has no diffusion limitation owing to the large surface area

and short diffusion lengths of nanostructures. It is emphasized that all the electrochemical

signatures d be presented in a wide range of sweep rate and current density to fit the
above cri eover, to determine b-value using Dunn’s method, it is suggested to
N E— . o o ‘
record CVpcurves at relatively low scan rates. Indeed, the kinetics analysis is constructive to
understanmrge storing mechanism. Still, it cannot be solely used to determine whether

an electro erial is a pseudocapacitive one or not, since the basic electrochemical

signaturesw be firstly considered. Besides, other methods such as electrochemical

impedance analy8is should be utilised to support the claims.

4. An asyc supercapacitor (ASSCs) vs hybrid supercapacitors (HSSCs)

Tma growing number of papers on the asymmetric configuration of

lls, and it is important to define standard terminologies to refer to these

devices. Th r distinction between the “asymmetric” and “hybrid” SCs has been

previously explained by Brousse et al. '°. Note that the terms “asymmetric” and “hybrid” can

only be uﬂ for devices and not for the electrodes. It is well known that the capacitors are the

high-pow@és with limited energy storing capacity while the batteries are the high-
A%

energy de aving poor power density. The combination of both systems is expected to

develog &;h;le device, which can deliver simultaneous high power and high-energy
charactw depicted in Figure 3 (a). Such a system can be fabricated using two
dissimilar@es of different charge-storing mechanisms, for example, one capacitive and
one battery- aradaic (activated carbon and Ni(OH),) electrodes. These devices display
the eleﬁal signature in between SC and battery-type electrodes and defined as
“hybrid supercapacitor (HSSC)” (Figure 3a)'* ™ ™

. In HSSCs, the high working potential
(AV) is used to reach the redox potential of the battery-like electrode (AVy), which ultimately
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improves the energy storing capacity of the SCs. The CV and GCD curves for HSSCs (full

cell) with one battery-type and one capacitive (EDLC or pseudocapacitive) electrodes show

the deviatig m ideal capacitive characteristics with more capacitive-like behaviour due to
the hybri shown in Figure 3 (a). Although the high capacity and wide working
] . , .
voltage msrove the energy storing capacity of the HSSCs, the battery-type electrode with
intrinsicalQ charge kinetics (due to phase transformation) leads to poor rate
performancty rior cycle life and sluggish dynamics.””’ Many strategies were proposed to
circumveWssues that include the design of nanoscale-electrodes, the introduction of
highly conEuc?S carbonaceous additives, such as graphene, carbon nanotube (CNT) and AC

CtC.78-80

Bece battery-type positive electrodes, the use of reversible ion adsorption

(EDLC) msurface redox reaction (pseudocapacitive) capacitor-type electrodes is

anticip promising approach to develop a new cell with comparable power density
to that of SC this respect, a new cell design with two different electrode materials (such
as the cell having two different electrode materials with different charge storing mechanism
or the elesoactive materials having varied ratios of the redox-active sites) is proposed and
defined as@wtric supercapacitors (ASSCs)”. Most of the time, the electrodes are based
on the capa or pseudocapacitive mechanism, and the cell can provide the high working
voltage with high energy density at high power rates and long-standing driving stability. The
term “aw’ should only be used when capacitive or pseudocapacitive electrodes (both
EDLC orEeudocapacitive or one EDLC//one pseudocapacitive) are involved (for

example, acti carbon//MnQO,) (Figure 3b) to avoid confusion with HSSCs. The ASSCs

with two itive electrodes show an idyllic rectangular box-type CV curve and a

triangular GCD curve for the full device (see Figure 3b).
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According to the thermodynamic, both ASSCs and HSSCs use the different potential
windows of the positive and negative electrode to reach the maximum working voltage for
the SCs ce::§ a result, a greatly enhanced energy storing capacity is recorded for both
ASSCs a 1ls. Charge balancing (Q+ = Q ) on both electrodes is essential to reach

. H _ .
the h1ghetcell voltage and energy density value. Since the stored charges are related to the
specific c@ce (C), and mass (m) of the electrode, the optimized mass ratio from the
81-83

positive to ve electrodes can be derived according to the following equation.

S

m, C_xAE. "
m_  C, X AE, an

U

where m ., C., AE,, and AE. are the masses, capacitance and the potential window for

the positie and negative electrode, respectively. Further, the energy and power densities can

N

define the ance metrics of the ASSCs and HSSCs cells. The following equations have

d

been used ate the energy density (E, Wh/kg) and power density (W/kg) values for the

SCs cell:

M

0.5 X C(F/g) x V% (V)
3.6

E (Wh/kg) = (12)

E (Wh/kg) x 3600
t(s)

P (W/kg) = (13)

Or

where ¢ is ing time and the V' is the resultant voltage of the SCs cell. It must be noted

that the eflergy and power densities can only be calculated for full device and not for the

g

single W(conventional three-electrode cell). The estimation of electrochemical
performa oth of these devices should be carefully performed, taking into account the
charge-storing hanisms and their resulting electrochemical signatures, which is described

in deta er et al.%,

5. Roadmap for the selection of active electrode materials for asymmetric designs
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Ideally, it is necessary to calculate the theoretical capacitance for the electrode

materials before using it for the SCs cell application. Such kind of calculations can give the

{

basic idea rding the appropriateness of the electrode materials for SCs. For the

pseudoca trode materials, the theoretical capacitance can be calculated by using

1

[
the followang relation between the potential (E) and fractional charge analysis (X = 1) as

follows:

a

_ (M4 here X i das1 14
_(E)E (here X is assumed as 1) (14)

SC

where n, F and m are the number of transferred electrons, Faraday’s constant, and molecular

U

weight of aterial, respectively. The discussion was so far convinced that the key to

achievingligh energy density SC is to widen the working voltage window of the device. The

f

selection o ectrode materials (both positive and negative) and electrolyte plays a vital

a

role to de he operational voltage window of the device. However, all the approaches
to enha voltage window of the SCs cell are not fully understood. Nevertheless, the

oxidati n reactions in metal oxides are directly associated to their work functions,"

V]

and the electrodes with the largest work function difference can offer highest voltage window

I

in ASSCs. , the following equation can be used to calculate the working voltage window

for the AS

E:E0+AE1+AE2:

+ AE, + AE, (15)

§

F((J)ﬁ - (,l)a)NA

In the awﬂion, the work function for the positive and negative electrode is denoted by

B

" and o, respeglively. At the same time, the Ny, 4E; and AE, are the Avogadro’s constant,

L

surface di ential of the positive and negative electrodes, respectively.*™®’ For the SCs

cell with tical electrodes having the same charge storage mechanism (symmetric

A

SCs) leads to the 4E; = —AE, and o’ = »® Hence, the operating voltage limit for the
symmetric SCs is similar to their three-electrode measurements, or it depends upon the
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dissociation energy of the electrolyte. On the other hand, the HSSCs and ASSCs contain two
different electrodes having different work function values, and the working potential leads to
the higher e limit. Therefore, the higher voltage limit for the SCs device is reachable
when the ifferent electrodes have the largest work function difference. More
importa-nt mbserved working voltage ranges for the HSSCs and ASSCs are larger than
for the SSGs andhthe water dissociation potential. In the aqueous system of the electrolyte, the
hydrogen ngen evolution reactions on the electrode surface lead to the water
dissociatiw kept constraints on the resultant voltage window of the cell. The work
function V@\' the different electrode materials and their potential operating window are
summarised_in _Figure 4 (a) which can guide us for selecting the positive and negative
electrode ﬁs for the HSSCs and ASSCs **'. In the case of the metal oxide-based
electrode ms, the work function can be modified by creating some oxygen vacancies
that wi ype dopants and as a result, shift the Fermi level closer to the conduction
band edge. ver, the chemisorption of proton and hydroxide ions from the electrolyte
solution on the surface of the metal oxide electrode will further enlarge the potential window
by modif)s% the work function. Thus, according to Figure 4 (b), the MnO, (with 6.2 eV) and
MoO; (wi V) can be considered as positive and negative electrodes, respectively, to
achieve ext voltage windows owing to their largest work function difference. Thus, the
potential &;kin; window for MnO,//MoO; ASSC can be calculated using equation 15 (see
Figure Her, to provide more insight for developing the high voltage SCs cell, we
have sum@the redox potential windows of different materials in Figure 5, which will
guide the re ers to identify appropriate positive and negative electrode materials and

electrolytcst e we would like to mention that the potential window of the electrode

materials varies from one electrolyte to another one (pH or ion types) as well as the
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nanostructure, crystal structure and the particle size can modify the potential window for the
electrode material.
6. Materi ions for solid-state asymmetric designs
N . ‘ ‘
Ths electrode materials and the electrolytes are the primary performance determinant
factors in Q storage systems. This section will provide the earnest efforts taken to
develop el ¢ materials for two distinct device configurations based on charge storing

mechanisWombination of electrodes: 1) Asymmetric solid-state supercapacitors

(ASSCs), which'Will cover the advances in the capacitive/pseudocapacitive materials in terms

of the posE negative electrodes; 2) Hybrid solid-state supercapacitors (HSSCs), which
will be fo the development of different battery-type materials as positive electrodes
in combin@ti ith different capacitive electrodes.

6.1 Asymm olid-state supercapacitors (ASSCs)

s defined previously, the asymmetric SCs is comprised of two electrodes revealing
the capactfive (EDLC and pseudocapacitive) mechanisms. It should be noted that only
intrinsic pacitive materials are considered in this class of devices. The section is
dedicated to development of promising electrode materials for ASSCs. Typically, carbon

and its a!g;o;es such as activated carbon (AC), graphene, CNTs etc. are proposed as

favouraHdates for EDLCs, while transition metal compounds (including
oxides/car@rides) and conducting polymers (polyaniline, polypyrrole, and
polythiophe th fast and reversible redox reactions are explored as pseudocapacitive
electrodes: e, we have summarized the advances in ASSCs, taking into account the
electrode materials with capacitive or pseudocapacitive mechanisms (both EDLC or both

pseudocapacitive or one EDLC//one pseudocapacitive).
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6.1.1 Carbon for negative electrodes

Traditionally, carbon and its allotropes are the most prospective negative electrode
materiaﬁ ASSCs owing to their higher electrical conductivity, good mechanical
stability, lancy, eco-friendly nature and low cost. **** In addition to this, the large
speciﬁc- s@rea, tunable porosity, and chemical inertness with double-layer charge
storing mgghaiglm make them desired negative electrode material candidate to achieve
higher elemcal response for ASSCs.

Aweral carbon-based materials, activated carbons (ACs) in combination with
transition metal @ompound have been extensively studied as a negative electrode in ASSCs
due to their ent features such as high specific surface area (SSA) (2,000 to 3,000 m*/g)
with widede tunability, extending from macropores (>50 nm) to nanopores (<2 nm).”*

7 Some mc-based ASSCs have been developed. The best example is AC/MnO,.”®

nO; has been extensively investigated as a positive electrode in ASSCs

due to its la tural abundance, low cost, large theoretical capacitance (~1370 F/g), and
low harmfulness.”” ' From the charge storage point of view, the MnO,-based electrode
materials @n perform the fast and reversible pseudocapacitive redox reactions (Mn®/Mn"*")
at or near gce of MnO; nanostructures. Zhang and co-workers fabricated ASSCs using
Ni/MnO, ted filter paper (FP) as the positive and Ni/AC decorated FP as negative
electrodesSwith gel electrolytes composed from the poly(vinyl alcohol) (PVA)-Na;SO4
(Figure#optimized ASSCs might work in the wide voltage window of 2.5 V and
delivered Eitance of 1.4 F/em® at 2.5 mA/cm® current density with the excellent
maximum ¢ density of 0.78 mWh/cm®.'"" The low electrical conductivity with rarely
achieve ical capacitance is the major obstacle for the MnO,-based pseudocapacitive

electrode for its utilization in practical ASSCs.*? Combining the MnQO;-based electrode

material with the other conducting electrode materials is the best option to enhance their
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energy storing and delivering capacity. With this aim, Tao et al.'® developed polypyrrole
(PPy) wrapped MnO; nanoflowers on the flexible carbon cloth (CC) current collector as a
positiveeeH and assembled ASSCs by pairing with AC@CC with enhanced electrical
conductiv&C//PPy/MnOz device exhibited 1.41 F/cm® of volumetric capacitance
with engr ?sity and power density of 8.67 mWh/cm® and 12.35 mW/cm’, respectively, in
an extendedsvoltage window of 1.8 V. The ASSCs cell could further light up an LED display,
a toy car Mi-motor after full charging.

Dewe significant advancement in AC-based ASSCs, the poor electrical
conductivity and§low specific capacitance of AC hinder their application in high-performance
SCs.'” Inst AC, the one dimensional (1D) carbon nanotubes (CNTs) are considered as
a favoura ince for SCs since Niu et al. anticipated this.'®* Although CNTs exhibits less
theoreticamZSO-BlS m?/g), CNTs can deliver relatively high capacitances than ACs
due to thei igue tubular structures with a large number of mesopores, which offer easy
charge trans ion and great accessibility of electrolyte ions.'® '% Also, CNTs provide
lower contact resistance during charge/discharge reactions, leading to great energy and power
densities.!’ '% The MnO,-decorated CNTs have been prepared by Kang et al.'” for the
ASSCs as@ electrode materials with the CNTs coated regular Xerox paper as negative

electrodes. combination of the different featured electrode materials in the single

electrode g enlarge the energy storing capacity. Here, the high energy storing capacity of
the an with highly conducting nature of the CNTs leads to the specific energy of
5.97 Wh/k@r‘antly this figure is higher than that of a CNTs-based symmetric cell (0.89
Wh/kg). In years, the highly flexible woven or knitted fabrics/textiles based SCs have
been dev by using CNT fibres.''’ For example, the ASSCs based on CNT@MnO,
composite as a positive electrode and the CNT yarn as the negative electrode conveyed about

five-fold larger energy density (42 Wh/kg) and power density (483.7 W/kg) than the CNTs-
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based SSCs.'"" Because of the high strength and flexibility, CNT//CNT@MnO, two-ply

device maintains excellent electrochemical performances during the repeated

folding/un! ino actions, implying its suitability for flexible automated electronic gadgets
which req rmanency and wearer comfort.

o — o . .

Likkewise, fibre-shaped ASSC with high volumetric energy density was assembled
using a p@electrode based on the ternary hybrid fibre, and carbon/CNTs ordered
112

microporo negative electrode.” ~ The ternary hybrid was prepared by growing MnO,
nanosheet togPoly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)-
coated C]\Ee (Figure 6b). The device delivered a high volumetric energy density of
~11.3 mW 3 and high volumetric power density of ~2.1 W/cm’, analogous to the
commerci ilable bulk supercapacitors with good cycling stability of 85% retention
over l0,0M. Due to the unique fibre shape, such devices can be woven or knitted into
flexibl tile applications. Despite great research on CNTs-based SCs, the lack of
efficient ans-cost manufacturing methods hampers the technology transfer to the
commercial market. Also, the imbroglio in CNTs is the main difficulty that results in poor
efﬁciencysi it limits ionic transport.

Re the graphene-based electrode materials have been considered as an
emerging negative-electrode for ASSCs due to their exceptional electrical conductivity,
mechani ibility, and higher SSA (2630 m*/g).""*'"® The exceptional inherent double-
layer cW(zﬂ uF/cm?) in graphene can deliver a huge specific capacitance of up to

550 F/g, beating @imost all EDLC materials, including ACs, CNTs, mesoporous carbon.''® '’

U

In recent ye veral exciting ASSCs have been developed using graphene-based negative
electrodes:. instance, Pan et al.''® have developed ASSC by pairing MnOx (as a positive
electrode) with chemically converted graphene (CCG) as a negative electrode. Initially,

ultrathin MnOy nanosheets were grown on Ni-coated CC to prepare a three-dimensional (3D)
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porous electrode. Typically, 3D porous nature of the electrode materials is beneficial for the

electrochemical performance as it provides the shorter diffusion paths for electrolyte ions and

continuous tron pathways for better electrical contacts.''” The as-fabricated device

delivered yclic stability of 81.5% after 10,000 charge/discharge with an energy
. 3 _ o

density ofs .16 mWh/cm”. However, restacking of the graphene sheets significantly lowers

the SSA uts in low energy storing capacity. To overcome this drawback, graphene-

based nano sites such as graphene/MnO, as a positive electrode and the graphene/Ag as
a negativwe have been prepared and used in the ASSCs.'*” This approach overcomes
the restac@blem of the graphene nanosheets and improves the electrical conductivity
and capaciﬁ‘f/~ the electrodes. The resulting ASSCs cell showed the highest energy

density of, kg with a power density of 24.5 kW/kg.

Like % Yang et al.'”' developed the ASSCs by pairing the 3D Al@Ni@MnOy
nanospj and CCG as a positive and a negative electrode, respectively, which can
operate in th age window of 1.8 V. Interestingly, the assembled ASSCs cell delivers the
energy density of 23 Wh/kg (1.29 mWh/cm?), which was maintained to the 6.57 Wh/kg at a
high powét density of 59 kW/kg. Additionally, the cell delivers excellent cycling durability
over I0,0(Q by reversing 96.3% of its initial capacitance, implying effective utilization

m

of active s, facilitating electrolyte permeation, and shortening the electron pathway in
the activeggterials. Conversely, another effective approach to avoid restacking of graphene
nanoshwing them with other carbon materials. Freestanding CNT-graphene (CNT-
G) paper @ted as an efficient negative electrode with Mn3;O4-graphene (Mn3;04-G)
paper'** as ive electrode to assemble ASSCs, which could be reversible in the higher
voltage of the 1.8 V. The cell achieved an energy density of 32.7 Wh/kg, which is
much higher than that of Mn;04-G (7.1 Wh/kg) and CNT-G (10.5 Wh/kg) based symmetric

cells. More importantly, the CNT-G//Mn304-G cell shows maximum power density of 9.0
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kW/kg at a high energy density of 22.9 Wh/kg signifying that it can provide high energy and
power densities as well as high current densities. The low specific capacitance is another
issue for aphene-based electrodes apart of restacking, which obstructs its practical
applicatio erging tactic to improve the capacitance is the functionalization of
grapher?e @ctional groups, metal oxides or conducting polymers.

Chgi arigh co-workers'® assembled ASSCs based on an ionic liquid functionalized
chemicalmed graphene (IL-CMG) film (as the negative electrode) and a hydrous
RuO,-IL c@mposite film (as the positive electrode) (Figure 6¢). Flexible self-standing
ASSC device exhubited a high energy density of 19.7 Wh/kg and power density of 6.8 kW/g,
higher thﬁ of symmetric SCs based on IL-CMG films. Moreover, the device can

operate e r extremely high current density 10 A/g with 79.4% retention of specific

capacitanrkably, this device retained 95% of its specific capacitance after 2000

cycles h mechanical conditions including twisted and bent states, suggesting

excellent flexipality and cycling stability. Recently, the Metal-organic frameworks (MOFs)
derived nanoporous carbon has been used as a negative electrode to assemble the ASSCs.'**
For examfile, Tian et al.'*> prepared the porous metal-doped carbon material for the ASSCs
via specianization process of the MOFs. The developed ASSCs with the porous
metal-dope on material show the energy density of 51.4 Wh/kg with a power density of
1500 W/K®. Similarly, Zhao et al.'"*® developed ASSCs with N, F co-doped hierarchical
nanopown polyhedron (NFHPC) as a negative electrode showing the energy density

of 55.1 Wh/kg ati power density of 799.8 W/kg, and a long cycle life up to 5000 cycles.

6.1.2 Me ides for negative electrodes
As described in the previous section, carbon composed materials are employed as

negative electrodes in combination with positive pseudocapacitive electrodes for designing
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various ASSCs (EDLC//pseudocapacitive type). However, the lower capacitance of carbon-
based negative electrodes limit the overall capacitance of ASSCs according to the following
relation; 1 = 1/C; + 1/C, where Cr is total capacitance, C; and C. are capacitances of
positive a iie clectrodes, respectively.127. Compared with EDLCs, pseudocapacitive
N . . ) ) )
electrode saterlals can achieve much higher energy storing capacity as they can provide a
variety of an states for efficient redox charge transfer. Some pseudocapacitive metal

compound ding oxides/nitrides, conducting polymers) which operate in the negative

potential W -128:12% may be combined with another positive pseudocapacitive material
and thus overcie the limitations of the carbon-based ASSCs. Typical pseudocapacitive

materials &ative potential window, including MoOs and Fe,03, * *° hold a great

promise t high energy density. Taking advantage of the diverse operating potential
windows m NWs (positive side) and Fe,O3 nanotubes (negative side), Yang et al. *°

ASSC with PVA-LICl gel-electrolyte (Figure 7a). The cell cycled in the

voltage limit .6 V with high specific capacitances of 91.3 F/g (1.5 F/cm®) at a current
density o mA/cm?. Besides, MnO,//Fe,O3; device showed excellent rate capability (with
59% retelion) with an energy density of 0.55 mWh/cm® and a high power density of 139.1
mW/cn’. eless, the inherent semiconducting nature of metal oxides- based electrode
materials 1€ o poor electrical conductivity, ultimately resulting in low electrochemical
parameterS) for ASSCs.”®! In this respect, Fe;Os; nanorods coated with carbon shell
(Fe203@!|-nl’ explored as a negative electrode with MnO, nanowires based positive
electrode. The thin carbon coating on the Fe,O; nanorods grown on CC improved the
electrical co vity, while MnO, was decorated on CuO NWs, which were prepared by
anne:aliﬁe.132 The coil-type ASSCs were accumulated by merely twisting the
Fe,O3@C negative electrode onto the MnO,@CuO NW positive electrode divided by a PVA-

LiCl gel-electrolyte. Remarkably, the assembled wire-type cell delivered 2.46 F/cm® of
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capacitance along with excellent rate-performance (95.4%) and high energy density of 0.85
mWh/cm’. Moreover, 93 % of cycling stability was obtained for the 4,000 cycles at different
bendingsaﬁmilarly, the conductivity of metal oxide electrodes can be further improved
by mergi igh highly conducting carbon-based materials. As an example, ASSC was
N .. ) ) )
assemblec! with the positive wrinkled MnO,/CNT electrode and negative wrinkled
Fezog/CNQOdem. The enhanced electrical conductivity for both positive and negative

electrodes ves the electrochemical features such as an extended voltage of 2 V, the

energy de ofi#5.8 Wh/kg and continued cycling over 10,000 cycles.

Thus, scWeral advancements have been reported using transition metal compounds

US

based nega'ﬁctrodes in ASSCs by designing various strategies such as nanocomposite

electrodes ilyying crystal structures and use of deep eutectic solvent-based electrolyte.

However,m enhancements can be done by testing many other negative//positive

combirSapplication of deep eutectic solvent-based electrolyte for these systems.

6.1.3 Metal nitride for negative electrodes

Dls to the excellent electrical conductivity, metal nitrides have recently attracted
much atte promising electrode materials for high-performance SCs. For instance, the
conductivit itanium nitride (TiN) varies between 4x10° and 5.55x10* S/cm'**, which is
close to th! of metals and thus can be beneficial for SCs electrode that requires fast transport
and eff ection of charge. Nevertheless, metal nitrides usually oxidise in aqueous

solutions, and tEirefore, to circumvent this issue, they have been encapsulated with more

135 136-138 In

stable materj y different processes, including CNT °~ and graphene wrapping.
this sensc, nd co-workers'” grown titanium nitride (TiN) and iron nitride (Fe,N) on

graphene nanosheets (GNS) and utilized them as the positive and negative electrode,

respectively, to assemble ASSCs. The fabricated Fe;N@GNS//TiN@GNS cell was operated
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in a wide voltage window of up to 1.6 V. It delivered a stable capacitance of 60 F/g at 10
mV/s with < 2% capacity drop after an increase in scan rate to 100 mV/s, suggesting

extraordinaﬁfe capability. Moreover, the cycling stability of the device was tested under

bending ¢ om cycle 5,000 to 15,000 and subsequently under the natural state in the
I — . . .. .

last 5,000Sycles, suggesting that bending had a negligible effect on the capacitance of the

device. Tl@e achieved both a high volumetric energy density of 0.55 mWh/cm® and a

high powe ty of 220 mW/cm®. Such impressive results can be credited to the structural

stability o te@de material in a gel electrolyte.

USs

6.1.4 MXe egative electrodes

T

1

MXenes is collectively representing the family of materials such as

transition rbides, carbonitrides and nitrides (e.g., Ti3C,, NbyC, Ti3CN and TisN3),

d

which st 2D materials and have attracted much attention since their discovery in

2011,140-142 compounds have a general formula of M, X, Tx (n = 1-3), where M

IV

represents an early transition metal (Ti, V, Nb, Cr and Mo), X is carbon and/or nitrogen, and

143, 144

Ty corresp@nds to the surface terminations (hydroxyl, oxygen and fluorine). Unique

[

properties e compounds such as high electronic conductivity (1000 to 6500 S/cm),

¢

excellent m ical properties and hydrophilicity make them promising materials for energy

storage s s. MXenes are commonly prepared by selective etching of element ‘A’ (mostly

h

Al) fror“ered precursors (MAX phases) using wet chemistry routes, such as etching
in HF'® OEOIutions of fluoride salts (LiF in HCl).146 MXene, especially Ti3C, Ty, is an
emerging 1 due to its graphene-like 2D shape and unique properties, and high
volumetri citance (1500 F/cm®). Owing to their negative operational potential and
pseudocapacitive nature, MXenes since recently are considered as promising negative

electrode materials in ASSCs."*"'*® For instance, Jiang and co-workers'’, developed all
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pseudocapacitive ASSCs using Ti;C,Tx as negative and RuO; as positive electrodes, which
can operate in an extended voltage window of 1.5 V (Figure 7b). The complementary
working tial windows of Ti;C;Tx and RuO,, along with proton-induced
pseudoca ignificantly enhanced the device performance to deliver an energy
. H —— 5 _ - . _
density of§7 uWh/cm” at a power density of 40 mW/cm” with 86% capacitance retention

after 20,0me/discharge cycles. Similarly, the asymmetric yarn SC, which comprises

MXene/C MnO,/CNT bi-scrolled yarns as negative and positive electrodes, was
fabricatedWVA/LiCl gel electrolyte.148 The MXene/CNT//MnO,/CNT cell delivered a
capacitancEO mF/cm? at 0.3 mA/cm® discharge rate. It retained about 80% when the
discharge r: increased tenfold (1-10 mA/cm?). Due to the extended voltage window of
2V, the dﬁher showed an energy density of 100 pWh/cm” and high power density of
26 mW/cmcapacitance retention of 96% over 10,000 cycles. Almost negligible loss in

observed under deformations, suggesting its applicability in wearable

electronics. overall results show that the pseudocapacitive negative MXene electrodes
can potentially replace carbon-based materials in ASSCs, leading to an increased energy

density. Eswever, further investigation of MXene-based negative electrode is required by

exploring ®c positive electrodes and cell designs.
6.1.6 C@ polymer for negative electrodes

0s, conducting polymers (CPs) were first demonstrated as promising

electrode @ for SCs.'* They exhibit pseudocapacitive charge storage through doping
and de-dopi he polymer backbone, which results in intercalation and de-intercalation of
electroﬂvithin the polymer electrode to maintain charge neutrality.'”® Also, CPs
deliver high conductivity (imparted by their conjugated backbones, which allow for

delocalization of p-electrons over the entirety of the polymer chain), low cost, and facile
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processability,"”" ' Several conducting polymers, namely polyaniline (PANI), poly(3,4-

ethylenedioxythiophene) (PEDOT), and polypyrrole (PPy) displayed good specific

capacitanceHch are comparable or higher than many other pseudocapacitive metal
oxides.153'dtingly, CPs can provide stable and impressive energy storage
perforrrTalgTboth positive and negative working potentials. For example, all-polymer
ASSC dev;j fabricated on Au-coated PEN plastic substrates using PEDOT and PANI as
negative Qtive electrodes, respectively,'>® which could be cycled in a wide voltage
window w and exhibited a volumetric stack capacitance of 34 F/cm® at a current
density o@cmz. Moreover, the PANI//PEDOT cell displayed the energy density of 12
mWh/cm®, which was sixfold higher than that for the symmetric PEDOT cell (2 mWh/cm®)
and two-(ﬁler than for the PANI-based symmetric cell (5 mWh/cm?). Further, the
ASSC cell's d good cycling stability with capacitance retention of 80% over 10,000
cycles. ss, CPs undergoes serious mechanical degradation due to the swelling and
shrinking dugiag®the charge/discharge processes. Thus, poor cycling stability is always
observed, especially when the materials are used as negative electrodes. Therefore, different
strategies Men developed to enhance and stabilize the capacitance of CPs in negative

potential an this context, Lu et al."”’ developed highly ordered 3D a-Fe,O;@PANI
I n

core-shel ires as negative electrodes for ASSCs. Initially, a-Fe,Os; nanowires were
electrode&}ted on CC and annealed in air, on top of which a thin layer of PANI was then
electroWo produce the 3D a-Fe,O3@PANI core-shell structure. This unique o-
F6203@PAI\13-shell nanoarchitecture provides a large reaction surface area, fast ion and
electron tra and good structure stability, all of which improved the electrochemical
performa e ASSC cell was then assembled with a-Fe,O;@PANI as negative and PAN1

on carbon cloth as positive electrodes, which displayed a capacitance of 2.02 mF/cm? (based

on the volume of the device). In addition, the device delivered a high energy density of 0.35
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mWh/cm® at a power density of 120.51 mW/cm® with good cycling stability over 10,000

cycles. Another strategy explored to enhance the mechanical strength and cyclic stability of

CPs is to m omposites with carbon-based materials. CNTs are considered as an effective
additive ilj cxceptional mechanical properties, good electrical conductivities and
large surfse areas, which can help to mitigate the cycle degradation problems in pristine

CPs. RecmNT/PANI as the negative electrode was prepared and combined with

CNT/MnO; ene positive electrodes to construct ASSCs with a PVP-Na,SO, gel

15

electrolyt as-fabricated cell was operated in a high voltage range up to 1.6 V and

S

achieved an enchgy density of 24.8 Wh/kg with a high-power density of 2,230 W/kg. Thus,

U

several strategies have been developed to improve the capacitance and cycling stability of

CPs in th

1

e voltage region, which are still significantly poorer than the expectations.

Table 1 s s the electrochemical performance of ASSCs based on different negative-

d

159 160 161 162 163 164 165 166 167 168 169 170 171

electro ir corresponding gel electrolytes

172 173 174

M

6.2 Hybrid solid-state supercapacitors (HSSCs)

AsWdiscussed in the previous section, the term “hybrid SCs” should be used when the

I

device is d using one capacitive and one battery-type Faradaic electrode, implying

0O

the charactettStics of SC and battery in a single system. The first report on hybrid SCs was

patented D% Varakin et al. in the mid 90’s'” by combining EDLC electrode (AC) with a

h

L

positiv ide battery electrode. This section will provide a brief description on

similar cell desighs by taking into account the recent advancements in faradic battery-type

B

(including ic pseudocapacitors) positive electrode given their nanostructures,

compost core-shell heterostructures, used to improve the overall electrochemical

A

performances in terms of energy density and cycling stability. Note that the extrinsic
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pseudocapacitors are also considered as battery-type materials despite their pseudocapacitive

behaviour on nano-structuring, therefore, can be covered in HSSC.

T

6.2.1 Ni-b&rials for HSSCs

gﬁ@ed materials have been widely used for Ni-Zn, Ni-Cd, and Ni-Metal
hydride bajgeriggyfor many years. Indeed, these materials exhibit pure battery-characteristics,
which stoQ(es through Faradaic processes (see Figure 1 (j-1)); nevertheless, they have
been falsWnted as pseudocapacitive electrodes for SCs and hybrid devices.” 7% 77
Regardless o misinterpretation, Ni-based battery electrodes can be of interest as positive
electrodes 1 Cs operating under KOH electrolyte, together with a suitable capacitive-
negative ﬁ.”g This section comprises the efforts taken to utilize Ni-based electrodes
in hybrid (HSSCs) to achieve the improved energy and power densities of such
device , as described in the previous sections, the specific capacity (mAh or C) is
the correct and not the capacitance (in F) for such battery-electrodes; however, to
avoid confusion for the reader, we have used the same metrics used in respective papers.

Se¥eral  Ni-based  materials such as  Ni(OH),, NiO and  Ni-
sulfides/s hosphides have been utilized as positive electrodes in HSSCs. Among

them, Ni(O s widely investigated due to its high theoretical specific capacity (1041 C/g,

290 mAh low cost, well-defined electrochemical redox activity and the possibility to

enhancwance by forming nanostructures. Ni(OH), exhibits hexagonal-layered

=

structure and codmonly exists in o and g forms, corresponding to y- and B-NiOOH after

oxidation.

H), is a hydroxyl-deficient phase with interlayered anions and water
molecules: i(OH), possesses a brucite structure without water molecules. a-Ni(OH),/y-

NiOOH couple shows higher capacitance than f-Ni(OH),/B-NiOOH couple due to the more
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considerable change in valence states. Ni(OH), stores charges through
deprotonation/protonation reaction, which can be expressed as follows:
Ni(OH), + OH™ & NiOOH + H,0 + e~ (15)
Previous &s suggested that the hydrous Ni(OH); holds a great promise to provide
? I . . . 1179
a speci 1csapa01tance as high as 1000 F/g when used as a positive-electrode material.
However, @ge hmgnble rate capability due to the poor electric conductivity of Ni(OH), and the
ility confine its practical applications. Incorporation of Ni(OH), with

poor cycli

conductinW-based materials can efficiently improve the electronic conductivity, thus

increasing EEe p5ver density and stability of the resulting hybrid device. For example, Feng

and co-wor %0 deposited Ni(OH), and Mn3;O4 on conducting paper (nickel/graphite/Paper,
NPG) and fitikiged them as positive and negative electrodes, respectively, in HSSC. Normally,
Mn-basedm are employed as positive electrodes in aqueous neutral electrolytes;
howev Mn(ID)[Mn(1I1)],04) with Mn in multiple valences can provide rich redox
reactions in egative region with aqueous alkaline electrolytes. The superior cycling

stability (82.5% capacitance retention after 12000 cycles) was observed for a Ni(OH),/NGP

electrode. Wloreover, the assembled flexible Mn304-NGP//Ni(OH),-NGP device delivered a

[

large cap@ of 3.05 F/em®, superior cycling stability (87% capacity retention over

12000 cyclcS™t a scan rate of 100 mV/s), and high energy/power densities of 0.35 mWh/cm®

h

and 32 3 respectively. Similarly, flexible carbon fibres (CFs) have also attracted

much a

L

conducting support due to their high conductivity, high knittability, and

porosity, which effectively load the maximum amount of active material. Ni(OH), coated

u

on CF (CF- )2) has demonstrated cycling stability of 99.9% over 1500 continuous

A

charge/d1 in the conventional three-electrode configuration.'®! Furthermore, HSSC
was assembled using CF-Ni(OH), as the positive and CF-CNTs as negative electrodes in

PVA-KOH gel electrolyte, which exhibited high specific energy of 41.1 Wh/kg at a high
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specific power of 1.4 kW/kg accompanied by excellent cycle stability (retaining 98%

capacitance retention over 3000 cycles).

ide (NiO), which can be obtained through heating of nickel hydroxide, is

also a pro itive electrode for HSSCs due to its high theoretical capacity (1292 C/g,
N E—— _ L . .

359 mAh/s), low cost and environmental friendliness. Two charge storing mechanisms have

been propgsed NiO: one considers that the energy storage process occurs between NiO

and NiOO . 16 and 17) while the second suggests that first NiO changes to Ni(OH), in

an alkalinwlyte and then the electrochemical reactions occur between Ni(OH), and

NiOOH (Eq. d 19). The reactions can be expressed as follows:

NiO + OH™ & NiOOH + e~ (16)
CNi0+H20<—>NiOOH+H++e_ (17)
©_ -

Ni(OH), & NiOOH + H* + e~ (18)

Ni(OH), + OH™ & NiOOH + H,0 + e~ (19)

Similar to Ni(OH),, NiO also suffers from low conductivity and poor cycle
performar& due to the substantial volume change during the charging/discharging processes.
Composiv@with carbon materials or metal or conducting polymers can efficiently
enhance the clectric conductivity and surface area, leading to an excellent rate capability.'®*
%3 He ping of nickel (Ni) has been proposed to improve the electrochemical
performM/NiO by tuning the annealing temperature of a nickel-based metal-organic
frameworlEOF).]84 The incorporation of Ni*" into the primitive lattice of Ni/NiO
nanoparticlesgiroduces disordering into the Ni/NiO lattice, providing a large number of
electroche action active and ion-conduction paths. The HSSCs based on Ni/NiO as
positive and CNTs-COOH as negative electrode displayed a high energy density of 61.3
Wh/kg at the power density of 900 W/kg, which was maintained at 28.2 Wh/kg at a high
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power density of 9064 W/kg. More importantly, the device delivered excellent cycling
stability over 10,000 cycles with 92.8% capacitance retention, signifying that the specific
structure of Ni/NiO composites can prevent the collapse of the structure caused by the
volume e&ring cycling. Similarly, non-metal elements (such as N, P and S) were
introdu:et?othe crystal defects of Ni-MOF to enhance the stability of the Ni-MOF
structure te the unique frame structure. Among them, sulphur (S) doped Ni-MOF
(S@Ni-Mmonstrated improved performance. The material was further utilized as a
positive ew to assemble HSSC with AC as a negative electrode. The as-assembled
HSSC ethhigh energy density of 56.85 Wh/kg at a power density of 480 W/kg. After
20,000 cycl capacitance retention was 86.67%, which can be assigned to the formation
of a stablﬁork structure and large active sites due to S modification. Combining NiO
with congd ux% polymers (CPs) is also another strategy, which not only improves the

electri ivity and stability but also can deliver extra pseudocapacitance. For

instance, Ya al.'® developed a fibre-shaped HSSC with NiO/Ni(OH), nanoflowers

encapsulated into a 3D interconnected PEDOT on contra wires (Contra is a kind of a Cu-Ni
alloy witls the nickel content from 1% to 44%) as the positive electrode and ordered
mesoporan (CMK3) as the negative electrode. The as-formed flexible HSSC device
delivered a al capacitance of 31.6 mF/cm” (3.16 F/cm’) at a current density of 0.4
mA/cm2i gich was maintained t015.9 mF/cm® (or 1.59 F/cm’) even at a higher current
densityHcmz, suggesting excellent rate capability. The cell further exhibited an

operating @of 1.45 V with an energy density of 0.011 mWh/cm? at a power density of
0.33 mW/cm2 stable performance over 1,400 cycles.

%i-oxides/hydroxides, Ni-sulfides/selenides are other candidates of the
battery-family, which can be potentially utilized as positive electrodes for HSSCs owing to

their desired properties such as higher electric conductivity, improved electrochemical
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activity, and the diversity of stoichiometric chemistry compared to their oxide counterparts.

The electrochemical behaviour of nickel sulphides involves the reversible redox reaction of

Ni(l) < in the presence of hydroxide counter anions and can be generalized as

follows:
N

L NiS, + OH™ & NiS,OH + e~ (20)
Among thgddiv@gse crystal structures of nickel sulphide, NiS, NiS, and NisS, have been
widely stmelectrode materials in energy storage systems. To achieve a high active
surface a\wapacitive enhancement, much research has been devoted to tailoring the
morphology o e nickel sulphide nanostructures. For example, heazlewoodite NisS,
nanorods irectly grown on Ni foam (NF) as a binder- and conductive agent-free
positive e&for HSSC.'"™ The heazlewoodite phase of NisS; is among the most feasible
for SCs cm novel atomic structures and electronic properties.'® In addition, NisS,
exhibit§' ehaviour but the bonding in its structure is more covalent compared with
metal oxid esulting in high electronic conductivity and corrosion resistance. By
combining 3D rGO-foam capacitive electrode with Ni3;S, Faradaic electrode, an HSSC was
assemble(&hich was reversibly cycled up to 2.2 V and delivered high energy density of

kW/kg. Even at a high power density of 33 kW/kg, the device maintained

an energy density of 52.44 Wh/kg with a capacity retention of 90.4% after 5000 cycles. The
excelle ] roperties can be ascribed to the unique combination of metallic Ni3S;
nanoroMrconnected porous 3D rGO electrode, which offers sizeable ion-accessible
surface area, effigient electron and ion transport pathways. According to the literature, nickel
sulphides t assemble into hierarchical nanosheets. Due to their ultrathin and porous
nature, the jon pathway of electrolyte ions is significantly reduced, accompanied by an
increased accessible active surface area. In this regards, Chen et al.'® developed open porous

and sponge-like NiS/Ni3S, hybrids with interconnected thin nanosheets. The formation of
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such hybrid nanosheets significantly improved the rate capability, with 87.6% of the capacity
retention when the current density was increased by 10 fold. A two-electrode HSSC
comprising NaS/NisS, as a positive and AC as a negative electrode demonstrated a high
energy de&@ mWh/cm? with a high power density of 12.825 mW/cm®. Moreover,
long-ter-mmof the cell showed capacity retention of 86.7% after 8000 continuous GCD
cycles, suggestimg excellent stability with high Coulombic efficiency. Direct growth of active
materials Qbon fibre cloth (CFC) was proven to be an efficient way to improve the
electrochwrformance of electrodes due to enhancement of phase contact between the
electrode materfal and the current collector resulting in enhanced electron transfer. NiggsSe
nanosheets own directly on CFC exhibited an excellent rate capability (83.17%) and
improved ﬁ;erformance with 82.6% capacitance retention over 10,000 cycles.'® The

HSSC faith AC negative electrode materials and KOH/PVA gel as the electrolyte

achiev nergy density of 29 Wh/kg at a power density of 779 W/kg under the

optimal volt nge of 1.6 V. Furthermore, the cycling performance of NigsSe//AC HSSC
devices demonstrated capacitance retention of 81.3% after 5000 charge/discharge cycles.
-
6.2.2 Co- sitive electrodes
Sim o nickel, Co-based materials such as Co(OH),, Co-oxides and Co-
sulﬁdes/sszides: endowing them with rich structure chemistry and distinguishable
propertiwlited as positive electrodes in HSSCs. Co(OH); has a similar structure and

properties to Ni(SH)z, which is also a hexagonal-layered structure. It can also be divided into

a- and f-Co , and a-Co(OH); has better supercapacitive performance than f-Co(OH),.
The reac be expressed as follows:

Co(OH), + OH™ & CoOO0H + e~ 21)

CoOOH + OH™ & Co0, + H,0 + e~ (22)
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Since the performance of most of the advanced functional materials depends

intimately on their accessible SSA, considerable interest has concentrated on the controllable

synthes#OH)z nano-morphologies. In addition, the use of conductive substrates
further pr&ient pathways to improving the electrochemical performance during the
ion tra:s mprogress. Recently, carbonized wood (CW) is proposed as a suitable
substrate tgademgsit Co(OH), nanoflakes, where CW not only serves as high surface-area
support to ve the mass loading but also permits fast electron conduction and ion
diffusion, Welerating the rate performance.'”® When this electrode had been used as a
self-standngtive electrode to assemble HSSC (with CW-negative electrode), the cell
displayed hj al-specific capacitance of 2.2 F/cm® with improved rate capability (59%
when the ensity was increased by 20 folds) and capacitance retention of 85% over
10,000 cme HSSCs device (using CW as a negative electrode) delivered superior
energy 1 0.69 mWh/cm® at a power density of 1.126 W/cm®, and volumetric
capacitance 319 F/cm’® and energy density of 4.45 Wh/L, respectively.

Typically, cobalt oxide occurs in two different modifications, namely as CoO and

Co304. TRE CoO is challenging to obtain since it readily takes up oxygen even at room

F

temperatqurm to a higher oxide, while Co30O4 exhibits a stable spinel structure of
AB,O4 typ onging to the cubic system. The Co3O4 showed higher theoretical specific
capacit better cycle stability than NiO as well as excellent corrosion resistance. The

charge Wctions of Co304 can be described as follows (Eq. 30 and then Eq. 22):

i60304 + OH™ + H,0 <& 3Co00H + e~ (23)
Co304 1s a v used positive electrode material for hybrid designs; however, it suffers
from low onic and ionic conductivity, leading to poor rate capability. In addition, the

substantial volume change with pulverization during the cycling process results in short cycle

life. To improve the rate capability and cycling stability, the core-shell nanostructure of
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conducting Co30O4 nanocubes (shell) and high surface area Co(OH), nanosheets (core) has
been employed as the positive electrode (Co304/Co(OH);) in HSSCs with AC negative
electrode. ™! e controllable uniform distribution of Co3O4 nanocubes on the Co(OH),
nanosheeta unique, well-defined surface-interface nanostructures, resulting in
improvgd @hemical performances. For instance, HSSC device delivered a capacitance
of 210 mF/gm’mwhich is almost twice as high as that of Co3;04.nanocube//AC (111 mF/cmz),
fivefold hgn that of Co(OH), microplate//AC (43 mF/cm?) and twice as high as that of
C03O4+(w/AC (133 mF/cmz) cells. The Co304/Co(OH),//AC cell maintained a
capacitance of 9 mF/cm? at a current density of 10 mA/cm?, suggesting improved rate

capability &apacitance retention) with an energy density of 9.4 mWh/cm® as well as

excellent iiagy performance with only 3% decay in the initial capacitance over 5,000
cycles. Tmmctured Co304 materials can provide large SSA as well as short diffusion
and tr ways of ions and electrons, resulting in fast reaction kinetics. The well-
defined Co nostructures with unique crystalline architectures and highly tuneable
porosities can be achieved using a template-assisted method. MOF is a new class of hybrid
materials,Mcan be used as templates or precursors for the synthesis of nanoporous
materials. @proper post-synthesis treatment, MOFs can be readily transformed into
porous carbOfiS; metal oxides, and metal sulphides as active materials for energy storage. In
this contes “one for two” strategy has been proposed to construct two nanoporous electrodes
such awnd N-doped carbon on CC for flexible HSSC using single 2D-MOF
precursor]@e 8a). Owing to the tuneable porosity, both electrodes showed excellent
rate capabili example, CC@Co30;4 retained 58.7 % while CC@NC delivered 80.8 % of
initial ca ce after 16 times increment in the current density. The as-assembled
CC@Co0304//CC@NC cell exhibited energy density of 41.5 Wh/kg at a power density of 6.2

kW/Kg, and it maintains 27.4 Wh/Kg at a peak power density of 49.2 kW/kg, suggesting
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excellent rate performance. The cell experienced only 10-15% of decay in the initial
capacitance over 10,000-20,000 cycles under different bending/twisting conditions, showing
structural stability with excellent cycling durability. Thus, the high rate properties can be
ascribed t noporous structure of the electrodes, which provides high surface areas
and short !n diffusion lengths, and (ii) the direct contact between the active materials and the
carbon suwt offers a good electron transport highway. By taking advantage of MOF-
materials, ced electrodes with hierarchical hollow architectures can be designed and

engineere iplproved energy storage. Dai et al. '** developed CoO@S-Co30; core-sheath

S

nanoarrays on for binder-free electrode materials with MOFs as a versatile scaffold. The

U

hollow S-d 0304 sheath was prepared using a two-step synthetic protocol, which

includes t

1.

e etching of CoO nanowire for synchronous in-situ growth of well-aligned
ZIF-67 ammwing hydrothermal process. The synergetic effect between CC nanofibers

and h ed CoO@S-Co304 ensures efficient mass and electron transport. By

assembling -derived nanoporous carbons as a negative electrode and CoO@S-Co30;4 as
a positive electrode, the HSSC delivered the highest energy density of 33 Wh/kg at 1000
W/kg, togSher with 87.9% capacitance retention over 5000 continuous cycles. Such a high
performav@be attributed to the core-sheath structure, which facilitates both mass and

electron tra simultaneously.

A&;din; to the phase diagram of Co-S, cobalt sulphides can exist in different

L

stoichio positions, such as Co04S3, Co9Sg, CoS, C03S4, C0,S3, and CoS; with rich

structure chemistily and divergent properties. Among the diverse crystal structures of cobalt

U

sulphides, C CoS, and CoS; have been widely studied as electrode materials in energy

194

storage S In cobalt sulphide, the energy is stored and released by exploiting the

A

Faradaic reaction of CoSx with OH and inducing the electron transition between the

Co®"/Co>" redox couple. The reaction can be generally expressed as:
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CoS, + OH™ & CoS,0H + e~ (24)
CoS,OH + OH™ & C0S,0 + H,0 + e~ (25)

s

earch has been dedicated to engineering core-shell nanostructures with
improved and fast charge kinetics to achieve high electrochemical performance.

N '
By takinggadvantage of 1D nanostructure of Co3QO4, acicular-type Co¢Sg nanorod and

C03O4@Rmosheet were grown on carbon cloth and utilized as positive and negative

electrodes SC, respectively'(Figure 8b). CooSg nanorod arrays were grown by a

hydrotherWhuration of acicular Co304 nanorod arrays, while the RuO, was directly

deposited on t5530304 nanorods. The as-fabricated HSSC can be cycled reversibly in the

voltage ra .6 V and exhibited superior electrochemical performance with an energy
density o Wh/cm® at the power density of 0.89 W/cm’ and excellent cycling
performavmulti—rate currents and large currents after thousands of cycles. Compared
with traasiti tal oxides, metal selenides possess higher electrochemical activity since the
electronegatiyigg®f selenium is lower than that of oxygen. Thus, the substitution of selenium

for oxygen could create a more flexible microstructure. Furthermore, transition metal

selenides §exhibit much enhanced electrical conductivity compared with metal

[

oxides/su Therefore, it is expected that transition metal selenides would show
excellent eleCtfochemical properties as active electrode materials. Thus, cobalt selenide can
be con@promising battery electrode for HSSCs due to their low-cost and good
electrowctivities. The cobalt selenides are composed of two stable forms (CoSe,
CoSe,) and two ;ssible compounds (CosSes, Co,Ses) at room temperature. Zhang et al. 196
have grow s CoSe directly on a stainless steel substrate using the electrodeposition
method a bined with AC-negative electrode to assemble HSSC. The single CoSe-
electrode exhibited superior cycling stability with capacitance retention of 91 % over 5000

cycles, which can be originated from the unique porous structure of the CoSe thin films. The
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maximum energy density and power density of the CoSe//AC HSSC achieved were 0.17

mWh/cm® and 33.16 mW/cm®, respectively, with 96.7% of capacitance retention over 5000

cycles. The gaigue porous structure of CoSe where the nanoparticles were connected by thin
nanosheetm

orted each other maintains the structural stability and facilitates ion
H ) : .
exchange gurlng the charge/discharge process, thereby enhancing the electrochemical
properties gf thezdevice. Three-dimensional (3D) architectures growing on flexible substrates
with high c areas, inter-connective porous channels, high conductivity and excellent

structural, haflical stability were employed to improve the rate performance and cycling

S

stability.' y uging selenization treatment, freshly grown Cos;Og4/carbon was transformed

U

into hierar 3D CoSe, architectures on carbon fabric, which delivered excellent

1

capacitan ion of 95.4% after 5000 cycles in conventional three-electrode design. The

HSSC wi carbon fabric as a negative electrode and MnO,/carbon fabric as a positive

d

electro enhanced electrochemical performances including the extended voltage
window of 1 and the energy density of 0.588 mWh/cm® at the power density of 0.282
W/em® wit .8% capacitance retention after 2000 cycles. The improved electrochemical
activities % ascribed to the hierarchical 3D CoSe, architectures. Besides, MnO,
nanowires bon fabrics exhibit sizeable specific surface area, which offers more
efficient ch mass exchanges and easy ionic transportation.

In gdition to the materials mentioned above, some new promising materials, for
instancMosphides (CoP) with both metalloid characteristics and excellent electric
conductivity havs been employed as a negative electrode in HSSC."® The hybrid design of
SCs with NW as the positive electrode, displayed excellent supercapacitive

character including a volumetric capacitance of 1.94 F/cm’

and energy and power
densities of 0.69 mWh/cm® and 11420 mW/cm®, respectively. In addition, the

CoP/CC//MnQO,/CC cell showed high cycle stability with 82% capacitance retention after
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5000 charge/discharge cycles, which can be assigned to 3D-nanowire arrays that provide a

large surface area and short ionic and electronic diffusion paths.

{

6.2.3 Mix sed positive electrodes

[ : .
Angintelligent approach to push up the electrode material’s performance is to create

architecturgs with a high specific surface area. Such an approach is anticipated to achieve a

G

joint impr nt in electrical conductivity, specific capacitance, energy and power

densities, ic stability. Several methods, such as the formation of nanocomposites and

S5

direct growth ofWaterials on conducting substrates, are summarized in the previous sections.

U

On the ot , the integrated hierarchical 3D porous structure, coupling two types of

materials

i

anostructures on conductive substrates, brings together many competitive

advantagms easy accessibility of electrolyte ions, rich electroactive sites, short ion
diffusi perior current collection efficiency and the synergetic effects of different
components. ing this in mind, Gao et al.'”” prepared a hierarchical core/shell CoOO@NiO

hybrid nanostructure, taking urchin-like CoO nanostructure as a backbone to deposit NiO

nanoflake§lon flexible activated carbon textiles (ACT). Due to the high surface/volume ratio

f

of CoO u@nd large surface area of NiO nanoflakes, the hybrid CoO@NiO electrode
enables fas arge accumulation and ion transport. The HSSC was assembled using
CoO@NiMas a positive electrode and ACTs wrapped with graphene as a negative electrode
with 1“ polymer gel-electrolyte. The CoO@NiO/ACT//ACT/graphene cell
synergically worked together to achieve improved electrochemical properties in terms of
working vo 1.6 V), the energy density of 52.26 Wh/kg and power density of 9.53
kW/kgﬁcitance retention of 97.53% after 2000 cycles. Thus, a hierarchical 3D
porous core/shell CoO@NiO/ACT nanostructure with high surface area facilitates the charge

accumulation and ion transport. In contrast, the porous ACTs wrapped graphene with good
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electrical conductivity offers an “expressway” for electrolyte ions, endowed the high rate and
stable performing HSSC. Conversely, a single step electrochemical synthesis of NiO-Co304
composite Questainless steel yarn (SSY) was reported to yield a high-performance electrode
for HSSCh electrochemical properties were assigned to both the nanospherical
N ) . . . .

morpholo! of the Ni/Co oxides and the flexible, highly conductive stainless steel yarns.
Moreovergregularly used carbon-based negative electrodes, highly pseudocapacitive

1 ed SSY was utilized as the negative electrode. By taking advantages of

polypyrro

battery an udbcapacitive electrodes, the HSSC achieved a high volumetric capacitance of

S

14.69 F/cm® withyan energy density of 3.83 mWh/cm® at a power density of 18.75 mW/cm’.

U

Moreover arging/discharging for 6000 cycles, the HSSC retained nearly 90% of the

1

original ¢ itaiace. Despite such a high surface area, the mixed or core-shell nanostructure

of oxides @n “ Jucting substrate, the interface between the core and shell may experience

d

low co ue to the intrinsically poor conductivity of oxides. In this regard, a unique

hierarchical 4@C@N13S, sandwich-structured nanoneedle arrays on Ni foam were
engineered as an efficient battery-electrode where mesoporous Co3;0;, arrays served as a core,
a thin cavgn layer used as the inner shell layer and Ni3S, nanoflakes as the outer shell

01

layer.2 304 nanoneedles not only provide a conductive connection for Ni3S, but

also enlarg specific surface area, while the thin Ni3S, nanoflakes increase the contact
area with g;trol:/te, enabling fast redox reaction. In addition, a layer of carbon nanoparticles
on the Mnoneedle surfaces acts as an intermediate layer, which offers electron
“superhighways”for charge storage and transportation as well as a “protection” layer to
induce a per ating of ultrathin Ni3S, nanoflakes on the Co3;O4 nanoneedle arrays. By the
synergtmuﬁon from individual constituents and the complex configuration, the
Co3;04@C@Ni3S,//AC HSSC delivered an energy density of 1.52 mWh/cm® at 6 W/cm® and

0.920 mWh/cm® at a high-power density of 60 W/cm®. Additionally, capacity retention of
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91.43% after 5000 charge-discharge cycles was achieved, demonstrating the high rate

performance and good cycling stability of the device.

6.2.4 BinQased positive electrodes

L : . .
Ofy the various battery-type electrodes, binary metal-based (including
oxides/sulwelenides) materials have been conceived as a promising cost-effective and

scalable al e since they offer many advantages such as good electrochemical activities,

abundant WS, low cost and environmental friendliness. It is reported that the binary

metal oxides haWg higher electrical conductivity than unitary metal oxides and contain both

componentg’ ributions to the total capacitance, which result in better electrochemical
performa ared to individual components. Depending on the structure, morphology,
particle siZe, metal ions, broad and stable reversible capacities can be achieved. This
sectio i he advancements in binary metal-based materials as positive electrodes in

HSSCs.

pinel cobaltites (MCo,04; M = Mn, Ni, Zn, Cu, etc.) are promising battery-materials
as they heie high specific capacities and good rate capabilities owing to the advantages of
both meta everal spinel cobaltites have been reported, among them, NiCo,04 (NCO)
attracts mu ention, as it possesses much better conductivity and higher electrochemical
activityi agast two orders of magnitude higher than conventional transition metal oxides.”"*
203 Typw0204 possesses a spinel structure where Ni occupies the octahedral sites,
and Co is distrSuted over both octahedral and tetrahedral sites.””® The charge storage
mechanism Co,04 in alkaline media during the redox process corresponds to the
reversible ions of Co’"/Co®" and Ni*"/Ni’" transitions as given in the following
204,205

equations:

NiC0,0, + OH™ + H,0 & NiOOH + 2Co00H + 2e~ (26)
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CoOOH + OH™ & Co0, + H,0 + e~ (27)
Synthesizing NCO with rationally designed morphology and nanoscale structure

provided oﬁ the most feasible ways to create high-performance positive electrodes for

HSSCs. T ical NiCo,04 nanostructures (with airy organdy NiCo,04 nanosheets on
. H ——— _ _

vertical Nag 0,04 nanoarrays) were prepared on carbon cloth and combined with 3D-porous

graphene QPGP) negative electrode to assemble HSSC.?*® The NiCo0,0,/CC//PGP cell

delivered a ination of electrochemical properties including extended working voltage

(1.8V) wWergy density of 60.9 Wh/kg and power density of 11.36 kW/kg. Moreover,

the capacitance ftention of 96.8% over 5000 cycles was achieved under mechanical bending.

Similarly, t nt the capacity fading due to the volume change during charge/discharge
processes,ﬂictive route is to construct smart core-shell hybrid architecture electrodes.
Such a hmﬁguration benefits from each of the materials. This can provide unique
synergisti to facilitate the transfer of ions and electrons during electrochemical
reactions pr ® In this context, ultrathin Ni(OH), nanosheet wrapped NiCo,04 nanowires
were grown on carbon nanotube fibres (CNTF) as the positive electrode, which provides a
large acceiible surface area in the electrolyte and improved ionic transportation,*®’ as shown

in FigureQﬂike typical carbon-negative electrode, highly conducting and porous
nitride

vanadium (VN) nanowires on CNTF were utilized as a pseudocapacitive negative
electro ble HSSC with a NiCo,04@Ni(OH),/CNTF positive electrode. The cell
VoltageWO 1.6 V with a capacitance of 291.9 mF/cm?® (106.1 F/cm®) and energy
density of 103.8 WWh/cm” (37.7 mWh/cm®). The flexibility and cycling stability of HSSC
was tested ving into a glove, which retained a capacitance of greater than 90% after
bending 00 cycles. The porous VN nanowires and NiCo,04@Ni(OH), core-shell

hierarchical nanowires arrays with a large specific surface area contributed to shorter

transportation path for the diffusion of electrolyte ions and accelerate the redox reactions
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between electrolyte ions and electrode materials. The integration of metal oxide with
conducting polymers is another possible approach to enhance the electron transport and ion

diffusion 152& traditional metal oxides. For example, Kong and co-workers™”® engineered

3D hiera it 0,04@PPy coaxial nanowire arrays on carbon textiles where the
mesopo-ros%204 nanowires serve as the highly electroactive “core” and uniform PPy
nanosphergg w as the conductive “shell”. This hybrid electrode provides several key
advantageUm nanostructure, the mesopores NiCo,04 improve ions access and transport
while theWting PPy shell increases the electron transport within every nanowire.
Moreover, the uflique core-shell design allows electrolytes to penetrate in every nanowire so
that both the NiC0,0, and PPy can involve in the redox reactions to contribute to the energy
storage. ﬁ204@PPy//AC cell achieved a high energy density of 58.8 Wh/kg and
power deO.2 kW/kg with capacitance retention of 89.2% after 5000 cycles as well as

. On the other hand, improved electrochemical performance induced by

foreign carb ous materials has also been reported.”” For instance, NiCo,04-based
graphene oxide/carbon fibre (NCGO/CF) electrodes were prepared and paired with a P-doped
graphene Wrbon fibre (PGO/CF) negative electrode. The resulting fibre-type HSSC
delivered ergy density of 36.77 mWh/cm® at a power density of 142.5 mW/cm?, and
their unique tybrid structures exhibit satisfactory electrochemical performance.

Ot spinel cobaltites such as ZnCo,04, FeCo0,04 and MnCo,04 exhibit same

q

[

structur’ 04 except for X (X= Zn, Fe or Mn) that replaces Co”" at the tetrahedral site

in Co304, whicll) can also be utilized as positive electrodes in HSSCs. The common

Gl

electrochemj erformance-limiting factor for metal oxides is their low electrical

conducti ce, it is essential to combine them with conducting carbon and/or polymer-

A

based materials. The hybrid ZnCo,04/ZnO@multiwall carbon nanotube was fabricated as a

positive electrode for HSSC.*'? Initially, ZnCo,04/Zn0O was deposited onto Ni foam by the
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hydrothermal method, with subsequent deposition of MWCNT by a dip and dry process. The

sandwich structure of ZnCo,04/ZnO@MWCNTs with a jungle flake inside showed improved

rate capabili nd capacitance retention of 80.2% after 3000 cycles, assigning to the

improved ea and electrical conductivity. The HSSC cell displayed a specific
_H . )

capacnanc! of 111.8 F/g (at 1 A/g) with an energy density of 48.1 Wh/kg (at 900 W/kg) and

good capmretention of 92.9% after 3,000 cycles. Moreover, two serial connected

ZnCoy04/ WCNT//AC HSSC could light four parallel-connected LEDs, which

remained

S

tMor 23 min. Similarly, Ma and co-workers?!! designed ZnCo,04@MnO,

core-shell nanof@be arrays on Ni foam as a positive electrode and paired with 3D porous

U

Fe,O; on Fg foil as the negative electrode. The as-designed HSSC exhibited an extended

[

operating window of 1.3 V with a maximum energy density of 37.8 Wh/kg and

capacitanon of 91% after 5,000 cycles.

bdates (MMoO4 where M = Ni, Co, etc.) with superior redox-activities

have drawn ive research attention.?'* ! NiMoO,4 with multiple oxidation states offers
high redox reactivity in a suitable electrolyte and can be used as battery-electrode in HSSCs.
Gao et al@* prepared NiMoO, nanorods covered with conducting PANI to take the best
properties these two materials to improve the electrochemical stability and charge
storage cap of SCs. The PANI with good mechanical stability can also prohibit the
structural ®pllapse of NiMoO, during charge/discharge processes. The assembled HSSCs
with NMI composite and AC demonstrated an energy density of 33.07 Wh/kg at
240 W/kg@h capacitance retention of about 98.6% after 5000 cycles. Similarly, Chen
and co-wor grew CoMoQO4 nanowires on carbon cloth (CC) and then wrapped them
with a thi of electrically conducting PPy, aiming to improve the cycling stability. The

resulting CoMoQO4/PPy nanocomposite showed capacitance resistance of 95.2% after 2000

cycles, which was significantly higher than that of pristine CoMoO4 nanowires. The better
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cyclic stability of CoMoO4/PPy hybrid can be assigned to the existence of the PPy layer. The
latter serves as a mechanical buffering layer that prevents the structural evolution of CoMoO4
as wellasHes the volumetric swelling/shrinking during the rapid charge/discharge
process.

E wHSSC device was fabricated by coupling CoMoQO4/PPy positive electrode
with a congentiagal AC negative electrode. The energy density for the cell was determined to
be 104.7 (3.522 mWh/cm®) at a power density of 971.43 W/kg (32.6 mW/cm®). The
device dwa maximum power density 2171 W/kg (409.6 mW/cm®) at the energy
density 0@ hkg (0.887 mWh/cm’), suggesting good rate performance. Moreover, the

device maintained capacitance retention of 95 % over 2000 cycles under the bending angles

ofup to 1

TFMnegaﬁvity of sulphur is lower than oxygen; replacement of oxygen with
sulphu a more flexible structure, preventing the structural disintegration and
making it eaég electrons to transport, which is beneficial to electrochemical performances.
Due to the lower bandgap, binary NiCo,S4 possesses an electric conductivity ~100 times
higher thas that of NCO. Therefore, it was widely explored as electrode material for energy

storage aans. Recently, Lu et al.*'® proposed the enhancement of the electrochemical

activities o 1C0,S4 electrode by interface regulation and further cobalt geometrical-site-
dependengiectrochemical propensity modulation. They have employed a different route to
regulat#aces and edges in NiCo-spinel structure effectively and introduced active

2+

species such asf§Co®" at the tetrahedral site and Co’" at the octahedral site, which

correspondi chors the specific reactions, i.e. energy storage or catalytic process. The
HSSCs 1C0,S4 positive and reduced rGO hydrogel negative electrode delivered a
satisfying rate capability with the capacitance retention of 89.5% when the current density

was increased four-fold. In addition, the cell showed impressive long-term cyclic stability
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without a visible drop even after 5000 cycles with the energy density of 22.21 Wh/kg at the
power density of 962.2 W/kg. Thus, it was uncovered that the electrochemical performance
could not be improved due to the electronic conductivity but also depends on
geometricaobalt species in NiCo,S4 nanostructure. On the other hand, to further
improvg tgﬁcapability and cycling stability, NiCo,S4s@CoMoQ, core-shell nanowire
arrays wergpgr on carbon cloth.”'” Benefiting from the unique hierarchical structure and
their synemfects between CoMo0QO4 and NiCo,Sy4, the electrode realizes a fast electron
and ion tWa large electroactive surface area and superior conductivity, resulting in
good rate capabiity (81.6%) and cycling stability (88.6% capacitance retention after 5000
cycles). Th. bled HSSC device with AC-negative electrode achieved an energy density
of 66.6 W, power density of 0.8 kW/kg and high-power density of 16 kW/kg at 49.95
Wh/kg thi d capacitance retention of 85.6% over 5000 cycles. Similarly,
CoMo 11 554 rambutan-like hybrids were also investigated as positive electrode for
HSSC, the ered an energy density of 127.86 Wh/kg at a power density of 2003.88

W/kg and showed prominent capacitance retention of 96.3 % after 2000 cycles.*'® These

electrocheiical performances were assigned to the special structure of the

CoMoO;;@LSSA; hybrids, with CoMoOy as a core and Co; sNi; sS4 as branches; these

provide hig ace area and reveal synergistic effects. In addition to this, Kumbhar et al.*"’

develogeége HSSC by using the NiCo,0O4 as a positive electrode and AC as a negative
electrom, the Ni-Co hydroxide was prepared by three different electrodeposition
routes, and further, it was converted into the NiCo,S4 via a hydrothermal process. The
developed Ni 4// AC HSSC shows the energy density value of 69.7 Wh/kg with a power
density%kg. Further, carbon-containing NiCo0,Ss hollow-nanoflake structures were
fabricated by Mohamed et al. **° via one-step solvothermal method using CS, as a single

source for sulfidation and carbonization. The as-fabricated asymmetric supercapacitor based
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on carbon-containing NiCo0,S4 nanoflakes and AC electrodes revealed a high energy density
of 38.3 Wh/kg and a high power density of 8.0 kW/kg with capacitance retention of 91.5%
and a r efficiency of 95.6% after 5000 cycles. In addition, some more different
binary mﬁ&s such as CuC02$4,221 graphite nanosheet@CoMoS;;,222 CoNi284/Ni223
have be-er!mgated as positive battery electrodes for hybrid solid-state supercapacitors
with a suigabldgygapacitive-negative electrode to achieve high energy density, good rate
performanc excellent cycling stability.

M bimetallic sulphides have also been tested as positive electrode for the HSSC
cell. Recently, Javed et al. ** have prepared the Zn,Co,S nanoparticle-embedded in
nitrogen-do rbon on flexible carbon cloth (ZnyCo;4S-NC) as a binder-free positive
electrode exible HSSC. This unique hierarchical mesoporous composite structure
was simmed from a metal-organic framework (MOF) precursor, followed by
calcinagi ned sulfurization process. Flexible HSSC based on ZnyCo;4S-NC as the
positive elec and bimetallic MOF-derived nitrogen-doped mesoporous carbon (MPC) as
the negative electrode (ZCS//MPC-ASC) were assembled and exhibited excellent energy
density of§92.59 Wh/kg with inspiring cycling stability by retaining 91.82% of its initial
capacitanr@OOO cycles. Further, Sun et al.”* developed the HSSC by using the redox-
active positive and negative electrode. They proposed the effective metal-organic framework
(MOF)-deti proach to construct high performance positive and negative electrode
materiawore-shell heterostructure. Binary MOF arrays were converted to zinc—cobalt

sulphide nanoshiats (ZnCoS-NSs) scaffolds with excellent conductivity and a flexible

structure, whi n offer an electrically and ionically conductive 3D continuous network for

ive materials. Further, the Ni(OH), and VN were decorated on the ZnCoS-
NSs to form the positive Ni(OH),@ZnCoS-NSs and negative VN@ZnCoS-NS for HSSC

application. The assembled HSSC device exhibited ultrahigh energy density (75 W h/kg at a
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power density of 0.4 kW/ kg), stable electrochemical stability (82% capacitance retention
even after 10 000 cycles), and excellent flexibility (92% capacitance retention after bending

4000 times

6.2.5 L:y muble hydroxide (LDH)-based positive electrodes

Megalligglayered double hydroxides have attracted increasing attention as promising
battery elc;cw due to their extremely reversible redox activities, rich abundance, low price
and naturWliness. Importantly, the easy intercalation/deintercalation of ions without
altering th@ure is favourable for the stable energy storage application. In addition to

this, the faﬁoliation into monolayer nanosheets and easy chemical modification makes

them exc ectrode for the energy storage application among the other hydroxide
electrode er, the unsatisfactory structural stability and conductivity severely restrict
their practi ications in high-performance HSSCs. Hollow nanostructures possess many

advantages s large surface area favouring electrolyte accesses and charge transfer, thus
leading to enhanced electrochemical activities.

Inw few years, numerous studies were carried out on the NiCoAl-LDH for the
energy sto lication due to its high energy storing capacity and tunable structure. Some
of the prim udies focused on the synthesis of single-phase NiCo-LDH by changing the
ratio of t! ;ickel and cobalt precursors.””® **” Recently many efforts have been taken to
combinH)H with different conducting materials such as graphene nanosheets®”",
reduced gmpBoxide (rGO)**’ and V4C; Mxene.”® For example, Wang et al.”*° prepared
the compos;j ctrodes by combining the NiCoAl-LDH and V4C; Mxene in a single
electrode e the benefits of the battery-type and capacitive-type charge storage
mechanism. As a result, the hybrid supercapacitor with NiCoAl-LDH/V4Cs as the battery-

type electrode and activated carbon (AC) as the capacitive electrode, show superior energy
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densities of 71.7 and 45.0 W h/kg at power densities of 830 and 20 000 W/kg in 1 M KOH,

1.231

respectively. Similarly, Gao et a systematically investigated the effect of the Al in the

ternary L ﬁ the supercapacitive performance. They prepared the NiCo,Al-LDH by

changing ion of the Al and studied its impact on the structure, morphology, and
N . .
electrocheslcal features of the electrode. At the appropriate level of Al (x=2), the mixed
nanowireszgandgheets-based morphology exhibited the 2.3-fold capacitance of NiCo,-OH.
Further, th 1d supercapacitor was developed by using the NiCo,Al-LDH as a positive
electrode, F derived porous carbon as a negative electrode with PVA-KOH gel
electrolyte. TheNdeveloped hybrid supercapacitor shows the highest energy density of 44
Wh/kg a‘ﬁwer density of 462 W/kg with remarkable cyclic stability with 91.2%

capacitan on over 15 000 charge-discharge cycles. Some other approaches have also

been repcmthe literature to enhance the energy storing capacity of the LDH based

t al.>* fabricated the core-shell based electrodes by preparing the NiCo-

LDH nanos n the CoMoO,4 nanowires by a two-step hydrothermal process. Further,
they developed the hybrid supercapacitor by using the CoMoO4@NiCo-LDH as a positive
electrode sd AC as a negative electrode with PVA-KOH gel electrolyte. The developed

hybrid su itor achieves a maximum energy density of 59.5 Wh/kg at a power density

of 800 W/ d long-term cycling stability over 5000 cycles. The Ni-V LDH has been

1

reported he Tyagi et al.”>* for the HSSC. They developed the hybrid supercapacitor by

using t H as a positive electrode and AC as a negative electrode with PVA/LiCl

!

gel electrolyte. The HSSC works at a voltage limit of 1.6 V with a maximum energy density

Gl

of 0.24 mW " In addition to this, NiFe-LDH was also reported for the HSSC application.

A

Wang et oposed the NiFe-LDH/RGO/CNFs composite as a positive electrode for the
flexible asymmetric supercapacitor. Initially, they prepared the NiFe-LDH/RGO/CNFs

composite via the one-pot hydrothermal process and later assembled the flexible NiFe-LDH-
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RGO-CNFs//AC HSSC. The developed asymmetric supercapacitor shows the capacitance of

98.4 F/g with an energy density of 33.7 Wh/kg at a power density of 785.8 W/kg. Given all

these exce electrochemical features for the LDH based supercapacitor cell, the

fundamenaanding of each component of the LDH during the charge-discharge
N

process is secessary.

6.2.6 Other—type positive electrode

In tighl to the materials mentioned above, some new promising compounds have
also been utilizgd for the hybrid supercapacitors to achieve higher electrochemical
performanc xample, novel 1D Co;.1sNijgS1,05(OH)4 ultrathin nanoflakes architecture
was paireﬁraphene nanosheets (GNSs) to realise an HSSC.>* Interestingly, the as-
assembledfC 10.8251,05(OH)4//graphene HSSC cell displayed a specific capacitance of
194.3 - current density of 0.50 mA/cm? while retaining the value of 141.6 mF/cm?
at a current ty of 6.0 mA/cm® (~73% capacitance retention). Further, the cell could
deliver a maximum energy density of 0.496 mWh/cm® and excellent cycle stability with
96.3% iention over 10,000 cycles. Zhao et al.>® prepared the novel

Nizo[(OH)Q][(HPO4)8(PO4)4]~12H20 nanorods via the one-pot hydrothermal method

and appl them for the flexible hybrid supercapacitor. The developed
Ni,o[(OH O)s][(HPO4)s(PO4)4]-12H2O//graphene  hybrid supercapacitor works at
operatiwof 1.6 V with a maximum energy density of 0.446 mWh/cm® at a current
density otElA/cmz. Moreover, the metal silicate has also been reported for the
supercapaci lication. Wang et al.”*” prepared the metal silicate (MnSi, CoSi and NiSi)
by using gber method-fabricated SiO, sphere as a template (Figure 9b). The developed

HSSC with the metal silicate as a positive electrode and AC as a negative electrode with

PVA-KOH gel electrolyte shows impressive electrochemical features. The MnSi//AC,
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CoSi//AC and NiSi//AC device demonstrated an areal capacitance of 1048.3, 375.5 and 120.9

F/cm?, corresponding to a high energy density of 4.6, 2.6 and 0.93 mWh/cm®, respectively.

Recently, ankar et al.®® have prepared the battery-type phosphorus-containing

amorphou, nickel-ruthenium—cobalt hydroxide (P@NRC-OH) nanofibers via one
(H ‘ o

step b1ndesfree potentiodynamic polarization approach. The prepared P@NRC-OH electrode

exhibited md energy storage properties in terms of specific capacity (541.66 mAh g'

at 3 mA ¢ #Cycling durability (90.35% retention over 20 000 cycles), and rate capability

(308.64 , at 20 mA cm °). The assembled full-cell HSSC with P@NRC-OH
nanofibers as positive electrode and porous AC as the negative electrode produced
maximum specific energy of 90.02 W h/kg at a specific power of 1363 W/kg which remained
as high aﬁw h/kg at a power density of 6818.18 W/kg, also showing long cycling

stability omOO charge-discharge cycles.

al core/shell nanostructures are of great interest owing to their large

surface area diffusion paths, and fast ion/electron transport pathways and component

synergistic effects that are feasible for high-performance SCs. Recently, Chodankar et al.”
reported tﬁf-assembled vertically aligned microsheets-structured 2D Ni,P,0O7 decorated
with amo@Ni-Co-hydroxide as a positive electrode for the hybrid supercapacitor
(Figure 9c). assembled Ni,P,07/Ni-Co-hydroxide//AC hybrid worked at a high voltage
limit of V with an energy density of 78 Wh/kg (1.065 mWh/cm®) and revealed
extraorwic stability over 10000 charge-discharge cycles with excellent energy
efﬁciencyEO%) for all current densities. Similarly, Liu et al. *** developed transparent
HSSC by usj core-shell structured electrodes. Initially, they prepared the Ag nanowire-
decorate 1Co(OH); to form the core-shell electrode, which was used as a positive

electrode to assemble the hybrid supercapacitor. Impressively, the hybrid supercapacitor

composed of the Ag NW@NiCo/NiCo(OH), cathode and the Ag NW/graphene anode
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achieves a maximum areal capacitance of 9.6 mF/cm? at a current density of 0.2 mA/cm?, the
high energy density of 3.0 Wh/kg and power density of 3.5 W/kg.

of their s ronic conductivities, enriched redox-active sites, lower band gaps, large

Metﬁ!enides have been regarded as a new class of battery-type electrodes because
—

specific swiface areas, and ultrahigh specific capacities as compared to their corresponding

metal oximgues. Recently, Nguyen et al.**! have prepared the ternary metal selenides

of nickel— m selenide (NixV3;—xSe4) and nickel—iron selenide (NixFe;—xSe,) series by

a simple lo-cost hydrothermal method, followed by selenization for flexible HSSC

application. have studied the impact of the Ni*" on the electrochemical features of the
NiXVngZﬁickeliron selenide NisFes; Ses electrodes. As a result, the developed
Nix Vi3S ishie: Ses HSSC cell shows the energy density value of 73.5 Wh/kg at a power

density omW/kg and superior cycling performance (96.6% capacitance retention after

10 00 imilarly, Zhai et al.”** fabricated the mixed Co-Cd selenide (Co-Cd-Se)

nanorods an. the material as a positive electrode to develop the HSSC cell. In addition
to this, the bismuth selenide has also been tested for the HSSC.#

Trabsition metal phosphides (TMPs) have recently emerged as a positive electrode
material f@ HSSC thanks to their intrinsically outstanding specific capacity and high
electrical co tivity. Recently, Yang et al.*** have prepared the highly conducting 2D GePs
via hi%h-gzerature and high-pressure oriented growth technique (HTHP-OGT). The
prepare‘w shows the excellent electrical conductivity of 2.4 x 10° S/m, which is quite
favourableEh-performance HSSC applications. As a result, the prepared 2D GePs
exhibits exc electrochemical performances (including an ultrahigh scan rate of 1000
V/s), a ific capacitance of up to 35.86 F/cm® at 5 mV/s, a great power density of

397.24 W/cm® and energy density of 4.98 mWh/cm®. Furthermore, binary TMPs have also

been reported in the literature as a positive electrode for the HSSCs to overcome the
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limitations of the unitary TMPs. For instance, bimetallic CoxNi;«xP ultrafine nanocrystals
supported on carbon nanofibers (CoxNi;—4P/CNF) have been synthesized by Zhang et al. 245
for the hig ficient HSSC application. They find that the Co:Ni ratio has a significant
impact on, ific capacitance/capacity of CoxNi;—P/ CNF, and CoxNi; xP/CNF with an
optimal- matio exhibits an extraordinary specific capacitance/capacity of 3514
F/g/1405.646’/chat a charge/discharge current density of 5 A/g, which is the highest value for
TMP-baS;Qﬁode materials reported by far. The density functional theory (DFT)
calculatioWy that the significant capacitance/capacity enhancement in binary

CoxNilemompared to the unitary NiP/CNF and CoP/CNF, originates from the

enriched depsity of states near the Fermi level. An HSSC cell was developed with
CoxNi—P, a positive electrode material, AC as a negative electrode material, and a
KOH-PVm'ner gel as the electrolyte. The HSSC cell shows a specific
capaci ity of 118.7 F/g/166.2 C/g at 20 mV/s, delivers an energy density of 32.2
Wh/kg at W/kg, and demonstrates good capacitance retention after 10000

charge/discharge cycles. Similarly, Nguyen et al.*** prepared the 3D Zn-Ni-P nanosheets
arrays Vi%@ scalable and cost-effective hydrothermal and subsequent effective
phosphori@chnique. Furthermore, the developed Zn—Ni—P NS//Fe;O3@NG HSSC cell
delivers an -high volumetric capacity of 1.99 mAh/cm’, excellent energy density of
90.12 W at a power density of 611 W/kg and extraordinary cycling stability (93.05% of
initial Mer 20 000 cycles at a high current density of 15 mA/cm?). The detailed
summary @ advancement in electrochemical performance of flexible solid-state hybrid

SCs based opgdifferent positive and negative electrodes is presented in Table 2.

6.2.7 Extrinsic pseudocapacitive materials in HSSCs
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As mentioned earlier, the layered materials such as V,0s, TiO,, MoS, and WS,

exhibit diffusion-controlled (battery-like) behaviour in their bulk state, however, they behave

like pseu! citive materials while turning to nanostructures and therefore called as
extrinsic citors. This section describes the utilization of such materials in the

fabr1cat10gf HSSCs. For example, titanium dioxide (TiO,) can be considered as a promising
electrode sgmatemgl for HSSCs due to its excellent electrochemical stability at negative
potential rg to -1.6 V vs SCE) in neutral aqueous electrolytes.**’*** However, most of

the TiO, th exhibit the tunnel-type structure or layered structure constructed by the

corner-shareE oSedge-shared [TiO¢] octahedra chains (Figure 10a). The compact crystal

structures Q TiO, polymorphs with small interlayer spaces and tight (1x1) tunnels
suffer fro i

on diffusion in the crystal, leading to low specific capacitance and poor
rate-perfomso'25 > Thus, to improve the charge storage capacity and advance ion-
diffusi “intercalated hollandite TiO, electrode with large (2x2) atom tunnels (K 0cT10;)
has been de d via a phase transformation from anatase TiO, to hollandite TiO, with
partial extraction of the intercalated K" ions.*> The large (2 x 2) tunnels offer large space for
ion storags they also facilitate the intercalation/de-intercalation and transportation of ions in
the cryst wing the hollandite TiO, high pseudo-capacitance with high-rate
performanc gure 10a). The K 0cT10, has been utilized as a novel negative electrode with
MnO, Ro&';e electrode to assemble a high voltage (2.4 V) MnO,//K0sT10; flexible HSSC
device,cher delivered a high capacitance of 295.5 mF/cm” and energy density of
639 mW}E/loreover, after 10,000 cycles, the device retained 72.7% of the initial
capacitance, ting good cycling performance. Conversely, Lu and co-workers proposed
core-she red hydrogenated TiO,@MnO, for the HSSC application; the corresponding
SEM images are shown in Figure 10 (b).>* Combining MnO, with the TiO, can drastically

enhance the electrical conductivity and the stability of the core-shell structured electrode.*>
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More importantly, the carrier density of pristine TiO, can be increased by three orders of

magnitude upon hydrogenation. Based on these merits, hydrogen-treated TiO, (H-TiO,)

nanowires employed as the core (conducting scaffold) to support electrochemically

arbon shells (H-TiO,@C). Thus, HSSC was fabricated using H-
TiO,@Mn®), and H-TiO,@C as positive and negative electrodes, respectively, which
delivered golumetric and specific capacitance values of 0.71 F/ecm’ and 141.8 Flg,
respectivemo mV/s. It also delivered a good energy density of 0.30 mWh/cm® (59
Wh/kg) a er density of 0.23 W/em® (45 kW/kg) with good cycling performance with

8.8% capacitanc® loss over 5,000 cycles. The utilization of metal oxides as positive and

negative el s in HSSCs enhances the energy density of SCs to some extent; however, it
is still faﬁhe energy density of batteries. Therefore, in addition to the hybrid cell
designs, flirt trategies need to be developed to improve the energy density of SCs.
Ecologi patible deep eutectic solvent-based electrolytes are implemented to
assemble hi tage SCs that can significantly improve the energy density of a device and

also work 1n a broad range of operating voltage.”**> For instance, PVA-acetamide-LiC10,
(PAL) deg eutectic solvent-based gel electrolyte was sandwiched between vanadium oxide

(VOx) an@anese oxide (MnOx) nanofibers on a conductive paper as positive and

negative el es, respectively.”® The constituted VOx//MnOx HSSCs delivered a great
specific capacitance of 100 F/g in an ultra-high-voltage region (4.2 V). Because of the wide
Voltageﬁ device exhibited outstanding energy density of 245 Wh/kg at 1800 W/kg,
which wasmEined to 98 Wh/kg even at a high power density of 95.3 kW/kg with good
cycling stabili 10% loss after 6000 cycles). The deep eutectic solvent-based electrolyte
affords a lied potential of ~4.2 V due to the efficient and reversible intercalation/de-

intercalation of electroactive cations (Li(urea)n’) into the electrode materials and a large

variation of the oxidation states of electrodes.”®® #*” Similarly to oxide, vanadium-based
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nitrides can be potential candidates as negative electrodes for HSSCs due to their relatively
high electrical conductivity. For instance, vanadium nitride (VN) with large specific
capacitance 40 F/g) and high electrical conductivity (cpyx = 1.67 x 10° /Qm) operates in a
negative ion. HSSC was fabricated using porous VN nanowires as the negative
electroc?e EOX nanowires as the positive electrode®®' (Figure 10c). Notably, the
VN//VOx devimg exhibited a stable electrochemical window of 1.8 V and achieved a
volumetric itance of 1.35 F/em® (based on the volume of the entire device; 60.1 F/g, per
the total WCtive materials) with remarkable rate capability of 74.7%. Indeed, a high
energy density Of 0.6 mWh/cm® and a high power density of 0.85 W/cm® were achieved
with longﬁcling stability (87% retention after 10,000 cycles). Moreover, the device

delivered ectrochemical performances even under different deformation conditions

such as nd twisting, which confirms its potential for application in wearable
electropd

As a rnative to EDLC based carbon materials, few pseudocapacitive metal
sulphides with high capacitance and stability have also been investigated as a negative
electrode §or HSSCs, including MoS, and WSz.262’ 263 MoS; is a particularly attractive
pseudoca lectrode material owing to its large van der Waals gap of 6.2 A in micro-
sized sampl@& which can increases up to 6.9 A in nanostructured samples.’®” **° The
increased der Waals spacing should further reduce the guest-host interaction, making an
ideal pswitive material. Owing to the two-dimensional (2D) atomic layered structure,
MoS; has recenti been considered to be a proper choice for SCs, which can provide large
surface area rmeable slit-shaped channels to facilitate ion insertion/extraction within an
individua Jayer.”®> %" However, its sluggish ionic kinetics and poor cycling stability
limit their electrochemical performance. The nanocomposite of MoS, with carbon-based

materials would help to improve the electronic conductivity and enhance the structural
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stability so that it can potentially be useful to fabricate high-performance SCs. Thus, MoS,

nanosheets coated carbon nanotube fibres (MoS,@CNTFs) were developed as a negative

construct

electrode &d with Na-doped MnO; nanosheets on CNTFs (Na-MnO,@CNTFs) to

designed fibre shaped HSSCs cell exhibited a large operating potential
. N . . 5 .
window os2.2 V with a remarkable specific capacitance (265.4 mF/cm”), as well as high
energy dem78.4 uWh/cm?). Besides, the device showed excellent flexibility with the
capacitanc tion of 92.4% after bending 3500 times and maintained stability at various
angles. InWar line, Yang and co-workers®*® developed HSSCs using the flower-like
MoS, and Mn rown on graphene nanosheets (GNS) as negative and positive electrodes,

respectivelﬁn MoS,/GNS and MnO,/GNS nanostructures were prepared by the

controlled ermal process where MoS,/GNS hybrid displays a typical crinkly and

rippled stmith ultrathin MoS; nanosheets uniformly grown on the graphene.

y, the MoS,/GNS electrode exhibits superior electrochemical performance,
such as high fic capacitance (320 F/g at 2 A/g) in a negative potential window which is
quite suitable for the HSSCs application. The assembled MnO,/GNS// MoS,/GNS HSSCs
delivers a%able energy density of 78.9 Wh/kg at a power density of 284.1 W/kg. To

overcome gish electrode kinetics of MoS,, Liu et al.*®

proposed the phosphorus
heteroatom ng strategy to enhance the electrical conductivity of MoS, and to lower the
diffusion ier of Na' ion. According to density functional theory (DFT), the lowest energy
barrier Hlsion in P-doped MoS; (0.11 eV) is considerably lower than that for pure
MoS; (0. I@gnifymg the improvement in rate performance upon P-doping. As a result,
the develo SCs with P-doped MoS; as a negative electrode and MnO, as a positive
electrode its an ultrahigh energy density of 67.4 Wh/kg at 850 W/kg and excellent

cycling stability with 93.4% capacitance retention after 5000 cycles at 8 A/g. Our group®’

has recently developed the high-mass loaded HSSCs with 2D MoS,/CF and MnO,/CF as
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negative and positive electrodes, respectively, and with PVA-Na,SO,4 as gel electrolytes.

Record-high capacitances (close to their theoretical values) have been reported for the

materials Siﬁi MnO, and MoS,. Importantly, the achieved capacitances are possible only

when the ass loading is less than 1 mg/cm?. However, the electrode mass loading

Ny , : o
less than Se I mg/cm” is meaningless for commercial applications. Our group has recently

developed@nass loaded MnO,/CF (6.6 mg/cm?) and MoS,/CF (7.2 mg/cm?) using a

controlled hermal process for HSSCs. These hierarchical 2D nanosheets delivered

outstandiw capacitances of 1187 and 495 mF/cm® at high current densities with

excellent cyclingystabilities. The assembled HSSC cell shows an energy density of 2.305

172

mWh/cmﬂver density of 50 mW/cm® and capacitance retention of 92.25% over 11,000

271
1.7

cycles an gaimal diffusion resistance (1.72 Q/s ). Likewise, Liu et a reported the

first exan@ystalline WS, nanosheets as a promising negative electrode for HSSCs by

nO,@TiN nanostructure as a positive electrode. Indeed, the stable

electrochemi Itage window of as-fabricated WS,//MnO,@TiN device was estimated to
be 1.8 V with a capacitance of 4.2 F/cm®. Moreover, the device delivered a maximum energy
density 0!‘.97 mWh/cm® at a power density of 702.1 mW/cm’® that was retained to 0.36

mWh/cm3®h-p0wer density of 1.14 W/cm®, demonstrating excellent rate capability.

7. Persges';es and Challenges

H asymmetric supercapacitors (ASSCs) and hybrid supercapacitors (HSSCs)
with high@density, short charging time, long cycling life represent one of the key
energy stor stems in portable and wearable electronics. The research in the field of
ASSCs a Cs is principally focused on enhancing the energy density of SCs without
compromising its power and cycling stability. In this context, several nanostructured

electrode materials and combinations of different positive and negative electrodes (capacitive
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and faradic) in devices have been explored. However, the more in-depth understanding of the

charge storage mechanisms and respective terminologies needs to be better provided. It is

well elabor that despite the impressive advancements, still, innovative approaches are

necessary the working voltage window of the ASSCs to boost the energy density.
N L

We have !mmarlsed some of the current challenges and the future research directions for the

asymmetriggsupRgcapacitor;

e Termi 1es used for Materials: The redox chemistries of materials in SCs can be

S

broad iyalled into two categories such as pseudocapacitive (surface redox and
interc@ and faradic (bulk reactions) electrodes. Based on the electrochemical
signat V and CD curves), both materials can be easily distinguished. However,
sever: s on Ni, Co and Ni-Co battery type electrodes have designated them as
pseud®ca % ive materials although they display sharp and distinct redox peaks.
T lear understanding of the electrochemical properties of materials and their
charge mechanisms should be developed.

e Suitable metrics and calculations: A standardised calculation method and
electrsgemical performance metrics need to be designed and developed for different
materj example, every year numerous studies on the nickel, cobalt and nickel-
cobalt ed electrode materials with faradic charge storing mechanisms report the
sp&citance in the range of thousands of Farads per gram, which is merely
me - For such electrode materials, their capacity (either in C/g or mAh/g) should
be reported. JAlso, reporting the volumetric electrochemical parameters are essential for
the A s the mass loading of the active material over the current collector is
neglig gL comparison with the weight of the whole device.

e Terminologies for Device Configurations: As previously discussed, the proper
terminology should be used for the device configurations based on the electrode

This article is protected by copyright. All rights reserved.
63

85U8017 SUOWIWIOD BAEa.D 3ol jdde sy Aq peusenob ke sejoie VO ‘8sn Jo sejni Joj Ariq1aulUQ AB]1I UO (SUOTIPUCD-PUE-SLLBYWOO A 1M AJelq Ul [Uo//:SAny) SuonipuoD pue swie 1 8y} 88s *[£202/20/20] Uo ARigiauluo A8|im ‘ABojouyse ] JO Aisieniun puesusend Aq 908200202  1IWS/Z00T OT/I0p/woo" A3 1M Akeag1jeuluo//sdny wolj pepeojumod ‘€ ‘0202 ‘62895TIT



materials and their charge storing mechanisms. For instance, the device containing two

different electrode materials with similar (capacitive) charge-storing mechanisms should

{

be ed as asymmetric supercapacitors (EDLC//EDLC,

Pseu isg//Pseudocapacitive and EDLC//Pseudocapacitive). On the other hand,

] . . .
the dgwice with different positive and negative electrode materials and different charge

stora nisms such as one battery-type and one capacitor-type electrode should be

strictl

G

“hybrid capacitor”. The hybrid capacitors are also considered as a subclass

of th

S

etric cell design. However, to avoid confusion, the devices need to be

clearly defied.

U

Mater operties: Searching the suitable electrode material with higher electrical

h

cond large specific surface area and controllable pore structures are essential for

the entha lectrochemical performance. In the last decade, the 2D electrode materials

d

su es, metal nitrides, MOFs and metal dichalcogenides have been explored

for AS owever, the obtained electrochemical performances of these electrode

Vi

materials are not sufficient for the practical applications.

Enha¥icing working voltage window: The selection and optimisation of the electrolyte

E

for th are fundamentally necessary to improve the energy storing capacity. The

0O

majorit research on the ASSCs is conducted on electrode materials. However, the

el is equally responsible for the resultant electrochemical performance.

1

Ty , both electrode materials and the electrolyte can affect the resultant cell

voltage. Therefore, it is essential to develop the electrolyte having high ionic

Gl

conductigi®,” thermal stability, and higher overpotential for the hydrogen evolution

reacti R) and the oxygen evolution reaction (OER). The use of redox-active

A

electrolytes is another approach to enhance the energy density of ASSCs. Besides, the
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proper selection of the positive and negative electrode materials is necessary to improve

the voltage limit of the cell.

o Self-j e: The high rate of self-discharge is another critical issue for the ASSCs.

The ffort is taken in the last decade to enhance the energy density, power

N E— ) . ] )

denm! and the cycling stability of the asymmetric supercapacitor. However, not many of

the s@idieBgydiscuss the self-discharge issue. To effectively use the asymmetric
or at the commercial level, it is necessary to overcome the self-discharge

superc

1ssue.

S

In summaty, the present review has provided the proper terminologies for electrode

t

materials a ices with a fundamental understanding of their charge storage mechanisms,

M

design, fabileatien and the evaluation of the appropriate electrochemical performance metrics
and recenfiad @ ement an in an asymmetric fashion. The recent progress in flexible ASSCs
-state ASSCs would play a vital role in the emergence of lightweight,

sugges

flexible and ble capacitive devices in the near future.

W
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Table of Contents (TOC): Pseudocapacitive materials are in high demands due to their
unique characteristic of high energy storing capacity but at high rates for long periods of
time. M with the recent scientific advancements, the boundary between
pseudoca and battery materials is blurred. This review provides a true meaning of
pseudocam their electrochemical signatures. The distinction between asymmetric

and hyBt dS@FeFeapacitor based on electrode combinations is demonstrated.

-

uthor Manuscr

mary of recent progress in asymmetric supercapacitors with both

capacitive electrodes

Negative Positive Electrolyte Voltage Specific Max.
El Electrode window (V) capacitance Energy
density

N/AC Ni/MnO, Na,SO4/PVA 2.5 1.4 Flem® @ 0.78

2.5 mA/cm’ mWh/cm®

Activated PPy/MnO,/CC H;POy/ 1.8 1.41 Flem® @

8.67
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carbon/CC PVA 0.5 mA/cm” mWh/cm’
AC MoS,/CNTs- PVDF- 4.0 50.5F/g@0.5 | 124 Whikg :
MnO, HFP/EMIMBF4 Alg [
A /EMIMTFSI
CN MnO,/CNT Na,SO,/ 1.8 56.3 Flg @ 597§
silica/ 1 Alg Whikg
H PVA
Ordegd MnO,@PEDOT | Na,SO,/CMC 1.8 23.4 Flem® (21.7 113 |
microp :PSS F/g) @ 0.085 mWh/cm® §
carbon/@NTs Alem’ :
IL-C RuO,-ILCMG H,S0y 1.8 175 Flg @ CY
/PVA 0.5 Alg Whikg |
K0,06ﬁ ) MnO, LiCI/PVA 2.4 295.5 mF/cm’ 639
@ 0.25 mA/cm® | mWh/cm® 3
Titanium carbid RuO», H,SO4/PVA 1.5 60 mF/cm” @ 19 g
MXene ( I;x 5mV/s uWh/cm?® g
MXene MnO,/CNT LiCI/PVA 2.0 220 mF/cm” @ 100§
c 0.3mA/em’ | pWhiem® }
Graph Graphene/MnO, | KOH/PVA 1.8 2.69 F/em® 123
polypym (1752 F/g) @ mWh/cm’ ;
1 mA/cm? b
CW CW/PNC/PEDO | KOH/PVA 1.45 31.6 mF/cm” 0.011 ;
T (3.16 F/em)@ | mWh/em® ;
0.4 mA/cm’
MoS,@CNTFs Na-Doped Na,SO4/PVA 2.2 265.4 mF/cm” 0.178 /
MnO,@CNTFs @ 1 mA/cm’ mWh/cm?® 7
F ezN@M TiN@GNSs LiCI/PVA 1.6 60 F/g @ 15.4 Wh/kg §
— 50 mV/s 3
OPHPC-’ MnO,@OPHPC | Orange peel 1.0 3.9 F/em® (65.4 - :
peel derived juice/PVA F/g) @ :
porous 1 mA/cm’ :
Nﬁﬂ Fe,03-Fe;0, KOH/PVA 1.6 112F/g @ 2455 3§
0.8 Alg Whikg 1§
Tydm Hydrophilic LiCUPVA 13 62.66 Flg@ | 282 Whikg §
Carbon Clot Carbon Cloth@ 0.5A/g
Polyp MnO, &
C@TIN@ MnOx@TiN | EMIMTFSI/PV 3.5 36 F/em® (360 612 1
(@carbon DF-HFP mF/cm?) at 0.1 mWh/cm’ ;
nanotube fiber Alem® 3
H-TiO,@C H-TiO»@MnO, LiCI/PVA 1.8 0.71 F/cm’ 030
(1418 F/g) @ | mWh/cm® §
10 mV/s (59 Whikg)
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Fe,03/CF a-MnO,/CF LiCI/PVA 1.6 1.5 F/em® @ 0.55
2 mA/cm’ mWh/cm’ g
Graphgne MnO,/graphene/ KCI/PAAK 1.6 2.54 Flem’ @ 0.9 ?
hy% CF 0.2 mA/cm? mWh/cm’ ::
(GH)/cop 3
&
ROQ e | MnO2/ZnO LiCI/PVA 1.8 0.52 F/em’ @ 0234 ¢
10 mV/s mWh/cm®
CF@T& CF@RGO@Mn | KCI/PAAK 1.6 - 123§
D 0, mWh/cm® :
CNT/gra Mn;0,/graphene |  KCI/PAAK 1.8 72.6 Flg @ 32.7 E
pap paper 0.5A/g Wh/kg i
Fe, MnO, LiClO4/PVA 2.0 147 Flg @ 41
5mV/s Whike 1§
Fe,03 s CuO Na,S04/CMC 2.0 79 F/g @ 23 ]
2 mA/cm® Wh/kg g
Eggplant vY-MnS - 1.6 1104 F/g @ 37.6 ¢
A 1.0 mA Whkg &

an

Table 2: dvances in hybrid supercapacitors with one battery and one capacitive
electrode
Positi e | Negative | Electro | Volt | Specific | Max. | Max. | Cycli | Re
Electrod lyte age | capacit | Energ | Power | ng f.
e wind | ance y densit | stabi
L ow densit y lity
V) y (%)
Carbon F @ )- | CF-CNT | KOH/P | 1.3 - 41.1 3.5 98 | ™
Ni(OHR VA Wh/k | kW/k | over
cycle
4# 5
MOF-derived CNTs- | KOH/P | 1.8 | 1364 | 61.3 | 9.064 | 92.8 | '
Ni/@ COOH VA F/lg@ | Wh/k | kW/k | over
2 g g 10,00
mA/cm® 0
cycle
]
NisS, 3D-rGO | KOH/P | 22 | 105F/g | 7058 | 33 | 904 | '™
VA @ Wh/k | kW/k | over
1 Alg g g 5000
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cycle
S
NiSﬂiigsz' AC KOH/P | 1.7 034 | 0289 | 12.82 | 86.7 | *™
VA mAh/c | mWh/ 5 over
m’ cm® | mW/c | 8,000
2 m’ cycle
L m —— mA/cm’ S
NiossSe AC KOH/P | 1.6 | 81F/g | 29 | 5512 |[81.25]™
VA @1 | Whik | kW/k | over
O Alg g g 5,000
cycle
S
Co(OH), bohiz | Carboniz | KOH/P | 1.5 | 14.19 | 0.69 | 1544 | 85 | ™
ed wo ed wood VA F/cm® | mWh/ 7 over
(CW) @ cm® | W/em | 10,00
1 (1087 | *? 0
mA/cm? | Whik | (236.8 | cycle
C g | Wkg)| s
MOEF-derj MOEF- | KOH/P | 15 1.99 071 | 207 | 879 | ™
COO@% derived VA F/em® | mWh/ | mW/c | over
carbon @ cm’ m’ | 5,000
2 cycle
mA/cm? S
Co;04@ | KOH/P | 1.6 4.28 144 | 089 [ 902 | ™
RuO, VA F/cm® | mWh/ | W/em | over
@ cm’ 32,000
s 2.5 cycle
mA/cm’ S
CG: ) AC KOH/P | 1.4 18.1 0.17 | 33.16 | 96.7 | ™°
VA mF/ecm® | mWh/ | mW/c | over
@ cm’ m’ | 5,000
s 0.5 cycle
mA/cm? S
W CoSe, | LiCI/P | 1.6 | 1.77 | 0588 | 0.282 | 94.8 | ™7
VA F/cm® | mWh/ | W/em | after
: @l | om’ > 12,000
mA/cm’ cycle
S
CoO C AC- | KOHP | 1.6 | 1476 | 5226 | 953 | 975 |
textile textile VA F/g@ | Wh/k | kW/k | over
/graphene 10 g g 2,000
mA/cm® cycle
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S
NiO+Co304 Polypyrr | KOH/P | 1.5 | 14.69 | 3.83 29 91 |
ole VA F/em® | mWh/ | mWh/ | over
H @ cm’ cm’ | 6000
25 cycle
mA/cm® S
CosO4C@NiaS AC | KOHP | 18 : 152 [ 60 [91.43 [
s VA mWh/ | W/cm | over
cm’ 3 10,00
O °
cycle
S
NiCoﬁfa Porous | LiOH/P | 1.8 | 7132 | 609 | 11.36 | 96.8 | “*®
graphene VA F/lg@ | Wh/k | kW/k | over
s paper 5 g g 5,000
(PGP) mA/cm’ cycle
S
Ni(OH)z@m VN@CN | KOH/P | 1.6 | 2919 | 0.103 8 87.2 |
@C TF VA mF/cm’ 8 mW/c | over
& (106.1 | mWh/ | m* | 5000
F/cm’) cm’ cycle
@1 s
mA/cm?
NiC CF | P-doped | KOH/P | 20 | 733 | 3677 | 1068 | 97 |*®
GO/CF VA F/em® | mWh/ | mWh/ | over
@ em’ | em’® | 2,000
s 0.146 | (50.6 | (1.5 | cycle
Alem’ | Whik | kW/k | s
O 100 | o | g
Flg @
0.21
Alg)
NiMo AC KOH/P | 1.6 | 93F/g | 33.07 | 52 | 98.6 |*"
VA @ Whik | kW/k | after
: 03 Alg g g 5,000
cycle
S
CO Py AC KOH/P | 1.7 - 1047 | 9714 | 95 |*P
VA Wh/k 3 over
g W/kg | 2,000
cycle
S
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NiCo,S4 rGO- | KOH/P | 1.5 | 110.8 | 22.21 - No |?*'°
hydrogel VA F/g @ | Wh/k Loss
2A/g g after
‘l—' 5000
cycle
4Q S
NiCo, 8@ CaMO, AC KOH/P | 16 | 1873 | 66.6 16 | 856 |
s VA Flg@ | Whik | kW/k | over
1 Alg g g 5000
O cycle
S
CoMoOy ~Vik AC 1.6 | 2213 | 127.8 | 6.587 | 96.3 | *™®
m F/g @ 6 kW/k | over
1.5 A/g | Whik g |2,000
: g cycle
S
Cu MoO,@ | KOH/P | 1.6 | 184F/g | 651 | 12.8 | 90.6 |~
E N-doped VA @ Wh/k | kW/k | over
carbon 1 Alg g g 5000
m cycle
S
i AC KOH/P | 1.8 | 95.11 | 4285 | 45 | 932 |**
nanosheet Sy VA F/g@ | Wh/k | kW/k | over
1 Alg g g 8000
cycle
S
CoNf§S./Ni CNTs+G | KOH/P | 1.8 |235F/g| 10.6 | 3.732 | 773 | **
R/Ni VA (102 | Whk | kW/k | over
O mF/cm’ g g 1800
@ 12 cycle
mA/cm® S
NiCc>A1-£H/\/;(:3 AC KOH | 1.6 | 194F/g | 71.7 | 20000 | 98 % | ***
@1 Wh/k | W/kg | after
‘|—' Alg g 10,00
0
: cycle
S
Tis -Al- AC KOH/P | 1.6 | 12889 | 458 | 693 | 97.8 | **
VA F/g@ | Wh/k | kW/k | after
0.5A/g g g 10,00
0
cycle
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S

Ni-V-LDH AC KOH/L | 1.6 91 024 | 2144 | 100 | %
1Cl mF/em® | mW | mW/c %
H @0.1 | h/em’ m’ after
mA/cm’ 15,00
0
N cycle
S

002,18th95 Graphene | KOH/P | 1.75 | 1943 | 0.496 | 388 | 963 | >
(C@ VA mF/cm® | mWh/ | mW/c | over
@0.50 | cm’ m’ | 10,00
mA/cm’ 0
w cycle
S

MnSi s AC KOH/P | 1.2 | 10483 | 4.6 - 1000 | 7
VA mF/cm® | mWh/ cycle
C @2 cm’ ]

mA/cm®

Ni,P,07/Nj-Co- AC KOH/P | 1.6 | 299 78 | 2814 |91.83 |
hyd VA F/em® | Wh/k | W/kg | %
@?2 g after
mA/cm® 10,00
0
cycle
S

MnO,@Ni,P,0; AC KOH/P | 1.6 | 82mA |66Wh| 1920 |91.83 | "
s VA We@l| /kg | Wkg | %
Alg after
O 10,00
0
cycle
S

Nﬂg- AC KOH/P | 1.6 | 265F/g | 945 | 156 | 80.5 | *™
‘i—' VA at 1 A/g | Whik | kW/k | over
g g 1000
: cycle
S

Ni( p Mn;O4/N | NaOH/ | 1.3 196 | 035 | 325 | 83 [ ™
GP PVA F/cm® | mWh/ | mW/c | over
@ cm’ m’ | 12,00
50 0
mV/s cycle
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S
NiMn-LDH/CNT | RGO/CN | KOH/ | 1.7 | 221F/g | 883 | 172 | 94 | %"
T Nafion @ Wh/k | kW/k | over
‘l—' of lAlg| g g | 1,000
cycle
S
NaCQPQuC0sQ: | Graphene | KOH/P | 1.0 | 286 | 039 | 50 [ 945 [*"
s VA mF/cm® | mWh/ | mW/c | over
@ cm’ m’ | 5,000
O 0.1 cycle
mA/cm? S
NiCo, AC KOH/P | 16 | 1654 | 588 | 102 | 89.2 [ *®
m VA @ Wh/k | kW/k | over
| g g 5,000
s mA/cm’ cycle
S
Ni;(HP Yo | Graphene | KOH/P | 1.4 1.64 | 045 33 | 933 |7
: VA F/em’@ | mWh/ | mW/c | over
0.50 cm’ m’ | 10,00
m mA/cm® 0
cycle
S
Car AC KOH/P | 16 | 1673 | 59.5 16 | 89.7 | ¥
cloth 4@N1 VA F/lg@ | Wh/k | kW/k | over
0 1 Alg g g 5000
cycle
s S
K,C03(P,02-2H,0 | Graphene | KOH/P | 1.07 | 6 F/em® | 0.96 | 54.5 | 94.4 | *'
é VA @ mWh/ | mW/c | over
10 cm’ m’ | 5,000
mA/cm’ cycle
S
Fegc 04 AC KOH/P | 1.6 | 194F/g | 688 | 155 | 91 |[**
poW VA @ Whk | kW/k | over
1 Alg g g 5000
: cycle
S
Nj AC KOH/P | 0.8 | 8044 | 7.15 | 118 | 75 |*®
sulfonate ene VA F/g@ | Wh/k | W/kg | over
0.05 g 1000
Alg cycle
S
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Co11(HPO3)s(OH)s- | Graphene | KOH/P | 1.38 | 1.84 | 048 | 105 | 98.7 | **
Co030y4 VA F/em® | mWh/ | mW/c | over
@ cm’ m’ | 2,000
H 0.5 cycle
mA/cm? S

Polypyrm@ai AC | KOH/P | 1.6 |224F/g| 796 | 797 | 60 |7
/sulfgnaied GO VA @ Wh/k | kW/k | over
s 1 Alg g g 5,000
cycle
Q |

Ni- Ni-Fe-S | KOH/P | 1.6 103 | 82.13 | 13.10 | 95.86 | *
VA mAh/g | Wh/k 3 over
(D @ g kW/k | 10,00
2 g 0
: mA/cm’ cycle
S

Cobalt N-doped | KOH/P | 1.9 | 1535 | 0.77 | 253 | 936 | *
hydrox1dmd graphene VA mF/cm® | Wh/m | W/m® | over
graphen @ 2 2,000
m 1.0 cycle
mA/cm® S

S (@i AC KOH/P | 16 | 1365 | 56.85 | 4.1 |86.67 "™
VA F/g @1 | Wh/k | kW/k | over
Alg g g 20,00
0
cycle
S

Nio.1Coy 1 PAN- | KOH/P | 1.6 | 147F/g | 52.47 8 89.5 | ¥
@ derived VA @ 1 Wh/k | kW/k | over
carbon Alg g g 10,00
0
s cycle
S

—MW AC KOH/P | 12 | 1.048 | 4.6 80 32 [
VA F/cm®* | mWh/ | mW/c | over
: @ cm® | m’ | 900
2 cycle
mA/cm? S

Co- AC KOH/P | 1.5 | 0375 | 26 98 45 | 7
VA F/cm®* | mWh/ | mW/c | over
@ cm’ m’ | 2,800
2 cycle
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mA/cm?

S
Ni-Silicate AC KOH/P | 1.6 012 | 093 | 102 | 42 [*7
VA F/cm? | mWh/ | mW/c | over
‘l—' @ cm’ m’ | 3,000
2 cycle
mA/cm? S
PPY@NiCo(OH) AC | KOH/P | 14 [307F/g| - - 93 | **
s VA @ over
1 Alg 5,000
O cycle
S
CuGay@, FeP/NF | KOH/P | 1.5 | 202F/g | 63.15 9 90 | *!
m VA @ Wh/k | kW/k | over
1 Alg g g 5,000
s cycle
S
NiO N- KOH/P | 15 [624F/g| 195 | 115 RS
nanofm Carbon VA @ Wh/k | kW/k
nanofiber 20 g g
s/CC mA/cm®
Niégg N-doped | KOH/P | 1.6 | 120F/g | 42.7 8 94 |7
porous VA- @ Wh/k | kW/k | over
carbons PEO 1 Alg g g 10,00
0
cycle
S
NiCozﬂ-LDH MOF | KOH/P | 15 | 144F/g| 44 | 6286 | 912 |~
derived VA @ 0.5 | Wh/k | W/kg %
O porous Alg g after
carbon 15,00
0
s cycle
S
Ti 505 TiN@V, | LiC/P | 1.6 | 7425 | 26.42 89.8 | °
Os VA F/cm® | mWh/ | W/em | after
: @ om’ > | 4000
1 Alem’ cycle
S
MnO> WS, LiCI/P | 1.8 2.13 097 | 1.14 | 703 | "
VA F/cm® | mWh/ | W/em | after
@ cm’ 3 2500
4 cycle
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mA/cm?

S
MoS,-tGO/MWCNT | rtGO/MW | H,SO./ | 1.4 5.2 - - - |
CNT PVA F/em®
H @
0.16
4Q Alem’
MnO,@PERQIPSS | VN@C | NaSO, | 1.8 | 2135 | 009 | 2.7 [ 96.8 | '
s /PVA mF/cm? | mWh/ | mW/c | after
@03 | cm’ m’> | 5,000
O mA/cm’ cycle
S
2D me VN SiO,- | 2.0 16.1 216 | 1539 | 90 |
Mm LiTFSI mF/cm? | mWh/ | mW/c | after
(38.8 | cm’ m’ | 5,000
F/cm’®) cycle
@1 s
mV/s

Author Manu
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E'(a) Electric Double Layer ; (d) Surface Redox E(g) Intercalation 1) Battery-type
: Pseudocapacitor Faradic Reaction

v

Capacitance

Pseudocapacitor

(3! e.g. MnO, ( l P

E < <

P S Mn™0, +Na*| | E E

F = S 1 I~ Y (SR = o

‘o @ Sl 5

P = [ MnM"Q,Na* + e i ([ LicNb,O5 + xe” =

H : =3 =3 :

S O (& o

Potential (V) Potential (V) Potential (V) Potential (V)
ic) 4] (i) , {n

i S = = 2

P E t € t

: 3 2 2 2

2 £ £ 2

Time (sec) Time (sec) Time (sec) Time (sec)

Figureéschemaﬁc illustration of the energy storage mechanisms with their
corresponding electrochemical signatures (representative shapes of CV and CD curves): (a-c)
electrical gouble layer capacitance, (d-f) surface redox capacitance, (g-i) intercalation
capacitanhl) faradic battery-type.

Autho
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Figure anostatic discharge curves for various kinds of pseudocapacitive materials
(surface intercalation pseudocapacitance, and a nanostructured extrinsic
pseudoc ¢ material) in comparison with bulk LiCoO, (LCO). Reprinted with
permis ef.', Copyright 2019, Springer Nature. (b) Power law dependence of the

peak current on sweep rate for capacitive materials (b = 1) and typical battery-type materials
(b =0.5).The “transition” area between capacitive and battery-type materials area is located
in the range of b = 0.5-1.0. (c) CV at 100 mV/s of Au/MnO, core-shell nanowires separated
into capag @ arying with v) and diffusion (varying with Vl/z) contributions. Reprinted
with permWgigagfom Ref.***, Copyright 2012 American Chemical Society.
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Figureé;hematic illustration of work function of different metal oxides. (b)
Relationship between potential window and the shift of work function (electrochemical
potential) gof two electrodes during charging. Reprinted with the permission from Ref.",
Copyright iley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figlre 5. Potential window of various electrode materials in aqueous electrolyte.
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Figure 6.memaﬁc illustration for the Ni/MnO,-FP//Ni/AC-FP ASSC device. Digital

photograp /MnO,-FP//Ni/AC-FP device in a bent state. Relation curve of energy

density and er density of Ni/MnO,-FP//Ni/AC-FP ASSC. Reproduced with the
permis m Ref.'®!, Copyright, 2015, American Chemical Society. (b) Schematic
illustration fabrication of fiber-shaped MnO,/PEDOT:PSS/CNT//OMC/CNTs ASSC.

Comparative CV curves of OMC/CNT and MnO,/PEDOT:PSS/CNT electrodes at 20 mV/s.
CV curves measured at different operating voltages at a constant scan rate of 20 mV/s.
Reproduced with the permission from Ref.''?, Copyright, 2016, American Chemical Society.
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(c) Pictorial diagram of IL-CMG//RuO,/IL-CMG all-solid-state ASSC. Comparative CV
curves recorded for IL-CMG and RuO,-ILCMG films in 1 M H,SOy4 solution at 50 mV/s.
Cycling stgbility of IL-CMG//RuO,/IL-CMG devices under normal, twisted, and bent states
at 1 A/ 0 cycles. Reproduced with the permission from Ref.'*, Copyright, 2012,

The Royaﬂof Chemistry.
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Figure 7 images of a-MnQO; nanowires and amorphous Fe,O3; nanotubes grown on
flexibl fabric. Schematic diagram a-MnQO,//Fe;O3; ASSC. CV curves of the

assembled solid*State ASSC device collected in different scan voltage windows, inset shows
a blue LED powered by the tandem ASSC devices. Reproduced with the permission from
Ref."*’, Copyright, 2014, American Chemical Society. (b) Schematic representation of the
fabrication process of Ti;C,Tx/CF//RuO,/CF ASSC. CVs curves of RuO,/CF, Ti;C,Ty/CF,
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and the Ti3C,Tx/CF//RuO,/CF ASSC at a scan rate of 50 mV/s. Reproduced with the
permission from Ref.'*’, Copyright, 2018 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinhei
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Figure 8 images of Co304 nanosheets deposited on carbon cloth (CC). CV curves of
CC@Co304 with three electrode configurations in KOH electrolyte. Ragone plots and cycling
test re e CC@Co304/CC@NC HSSC with PVA-KOH gel electrolyte, inset shows
digital image he flat, bent, and twisted states of the cell during cycling test (upper) and a
demo f{ 1l cells can light up 8 orange LEDs. Reproduced with the permission from
Ref.'”?, Copyright, 2017, The Royal Society of Chemistry. (b) SEM and TEM images of
Co9Sg naErod arrays and Co3;04@RuO; nanosheet arrays on woven carbon fabrics. CV

curves co the scan rate of 100 mV/s for the CogSs//Co304@Ru0O, solid-state HSSC
under no t, and twisted conditions. Insets are the device photographs under different
test condi gone plots of liquid and solid-state electrolyte based CoySs//Co3;04@RuO,

HSSC deviC€® Reproduced with the permission from Ref.'”, Copyright, 2013, American
Chemical §0cCiety.
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Figure 9 hematic illustration of the fabrication process for VN/CNTF and
NiCo,04@Nag@H ),/CNTF HSSC device. Optical images of a FACS woven into a glove.
GCD cu ined at different bending states corresponding to images. Cycle stability

tested at Q0° bending states corresponding to images in the inset. Reprinted with the
permissmﬁ roaRef.zm, Copyright, 2018, American Chemical Society. (b) Schematic

illustrat synthesis procedure of metal silicate. The Ragone plot (power density to
energy de the metal silicate based HSSC devices. An LED is powered by MnSi//AC,
CoSi//AC 1//AC devices connected in series. Reproduced with the permission from

Ref.*’, Copyrighg 2019, Elsevier. (c) SEM and TEM images of Ni,P,07/NiCo-OH 2D-on-2D
materials. The schematic of the assembled Ni,P,O-,/NiCo-OH//AC solid-state
s for the Ni,P,07/NiCo-OH and activated carbon electrode at 100 V/s scan
rate. Capacitance retention for the Ni,P,O7/NiCo-OH//AC solid-state HSSC, inset shows the

initial and final GCD cycles. Nyquist plot for the Ni,P,07/NiCo-OH//AC device, inset sows
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the actual demonstration of the Ni,P,O7/NiCo-OH//AC solid-state HSSC. Reproduced with
the permission from Ref.? 9, 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 10 chematic of the phase transformation from anatase TiO, to hollandite K4TiO,
via the intffcalation of K ions at high temperature hydrothermal condition. CV curves of the
Ko 0sT1 O, electrodes at 5 mV/s in the 5 M LiCl electrolyte. Cycling performance
and Cchiencies at different cycles of the all-solid-state MnO,//K ¢ T10, ASSC at
the curre ity of 5 mA/cm”. Reproduced with the permission from Ref.*”*, Copyright

2019, Elsevier. (8) TEM images of H-Ti0,@MnO; and H-TiO,@C NWs with corresponding
SAED pa “CV curves of the H-TiO,@MnO,//H-TiO,@C HSSC collected in different
scan volta ows. CV curves collected at a scan rate of 100 mV/s for the HSSC device
under t, and twisted conditions with the pictures under test conditions. Reproduced
with the pe ion from Ref.>>, Copyright, 2013 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim. (¢) SEM images of VOx and VN nanowires grown on carbon cloth with
corresponding magnified SEM images (inset). CV curves collected for VN and VOx
nanowire electrodes at 10 mV/s scan rate. Capacitance retention of the VOx//VN-HSSC
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device measured at different bent conditions with their digital pictures. Reprinted with the
permission from Ref.**!, Copyright, 2013, American Chemical Society.
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