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Abstract 

The development of pseudocapacitive materials for energy-oriented applications have 

stimulated considerable interest in recent years due to their high energy-storing capacity with 

high power-outputs. Nevertheless, the utilization of nano-sized active materials in batteries 

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

which shifts their electrochemical signatures from battery-like to the pseudocapacitive-like 

behaviour. As a result, it becomes challenging to distinguish “pseudocapacitive” and 

“battery” materials. Such misconceptions have further impacted on the final device 

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

and pseudocapacitive materials by providing their true meanings and correct performance 

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

materials using the electrochemical signatures and quantitative kinetics analysis. Taking 

solid-state supercapacitors (SSCs, only polymer gel-electrolytes) as an example, we have 

discussed the distinction between asymmetric and hybrid supercapacitors. The state-of-the-art 

progress in the engineering of active materials is summarized, which will guide for the 

development of real-pseudocapacitive energy storage systems.  

 

Keywords- Pseudocapacitive materials, Battery materials, Asymmetric supercapacitor, 

Hybrid supercapacitor. 
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1. Introduction 

The modern world is incomplete without the portable and wearable electronic devices 

that have transformed our lifestyles. For instance, mobile phones with several functions and 

applications, activity trackers (smartwatches and sensors), healthcare, and implantable 

medical devices (pacemakers, insulin pumps, and many more) have made our lives 

convenient.
1-3

 Nevertheless, the increased energy consumption of these smart electronic 

devices obliges efficient energy storage systems. Notably, the supercapacitors (SCs), among 

diverse electrochemical energy storage (EES) systems pave a way towards the development 

of portable electronic appliances due to their high power and rate capability, long cycle and 

calendar life with safe-operations.
4-6

 The traditional electric double-layer capacitors (EDLC) 

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

process) enable excellent power-delivery compared to other devices such as batteries. 

Nevertheless, using the state-of-the-art carbonaceous materials, the SCs typically deliver high 

power densities (~15 kW/kg) with poor energy storage capability (5-10 Wh/kg), which 

restricts their further applications.
7-10

 Several recent and upcoming applications, including 

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

besides the high-power supply.  

In the pursuit of simultaneous high energy and high power devices, pseudocapacitive 

materials emerged into the picture with completely different electrochemical features where 

the current response is neither purely capacitive nor bulk Faradaic (like-batteries).
11-13

 Yet, 

these materials undergo fast and reversible surface-controlled redox reactions at the electrode 

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 

 16136829, 2020, 37, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202002806 by Q
ueensland U

niversity O
f T

echnology, W
iley O

nline L
ibrary on [07/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



 

 

 

This article is protected by copyright. All rights reserved. 

4 

 

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. Besides, they are distinct from traditional battery materials as the kinetics of the 

redox reactions are extremely fast and not limited by semi-infinite diffusion.
14

 In other words, 

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

electrostatic in origin. They display similar electrochemical signatures (cyclic voltammetry 

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

the background and Conway‟s intention to use the word “pseudocapacitance” for labelling 

such materials.
15

 Accordingly, the prefix “pseudo” with “capacitor” is used to describe the 

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

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

storage mechanism.  

Nonetheless, the recent advancements in nanotechnology enable the utilization of 

nanomaterials in energy storage systems, especially in batteries (electrodes) as a route for 

increasing power density. This size reduction (nano-structuring) improves the surface area of 

the materials, shortens the ion diffusion lengths, and sometimes suppresses the phase 

transformations in battery materials.
16

 As a result, the electrochemical signatures of such 

battery materials in the bulk-state shift to pseudocapacitive outputs (quasi-rectangular CV 

and quasi-triangular CD curves). Studies have shown that crystal structures, surface 

functionalization, or interfacial effects may contribute to pseudocapacitance creating new 

challenges and misunderstandings about the battery and pseudocapacitive materials.
17-19

 New 

terminologies such as “intercalation pseudocapacitance” and “extrinsic pseudocapacitance” 

with methods to 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. It begins with the outline of the traditional supercapacitors such as EDLC and 

pseudocapacitors, followed by the true meaning of new terms such as extrinsic and 

intercalation pseudocapacitance with their electrochemical signatures. Later, the methods 

proposed to distinguish pseudocapacitive and battery materials accurately using quantitative 

kinetics analysis are outlined. To the end, the progress on the design and development of 

nanostructured electrode materials in both asymmetric and hybrid supercapacitors is 

summarized, taking solid-state supercapacitors as an example.     

2. Details of charge storing mechanisms  

Previous review articles have already provided accounts concerning the traditional 

charge storage mechanisms at the interface of the electrode/electrolyte and their fundamental 

electrochemistry 
20-22

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

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 mechanisms, such as electric double-layer (EDLCs) and pseudo-capacitance.
23

 

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

could differentiate the energy storage properties of the materials and categorise them 

appropriately. This section provides a guide to identify and differentiating rubrics of EDLC, 

pseudocapacitors and faradic energy storage systems.  

2.1 Double-layer capacitors 

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

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

the electrode/electrolyte interface (Figure 1a)
24

. 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 electrons move from the negative electrode to the positive electrode through the external 

loop, with anions moving to the positive electrodes. In contrast, the cations move towards the 

negative electrode. The moving direction of the electrons and ions would be reversed in the 

discharging process.
25,23

 The Helmholtz model is the simplest model to describe this process 

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

  
  

 
                  

where C is the double-layer capacitance,  is the permittivity of the dielectric separating the 

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

electrolyte ions. Typically, carbon-based porous materials such as activated carbon,
26-28

 

xerogels,
29-32

 carbon nanotubes (CNTs),
33-35

 carbon nanofibers (CNFs),
36-38

 graphene,
39-41

 and 

carbide-derived carbons
42-44

 show EDLC type behaviour owing to their high specific surface 

area and good conductivity. The charge/discharge process in EDLCs is associated with the 

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

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

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

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

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

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

the synthesis condition to enhance the performance-enhancing factors such as the specific 

surface area, surface energy, electrical conductivity and pore size distribution. 

 

2.2 Pseudocapacitors 
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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 (EDLC), which however involve different charge storing mechanism.
15

 Unlike 

EDLC, the pseudocapacitive reactions are faradic in origin and store electrical energy 

through fast and reversible redox processes at the electrode surface. In other words, 

pseudocapacitive materials exhibit battery-like redox reactions that happens at very high rates 

similar to a capacitor, and reflect their electrochemical features (quasi-rectangular CVs and 

quasi-triangular GCD curves).
9, 45

 The charge storage mechanisms in pseudocapacitive 

materials can involve either i) at or near surface-redox reactions; or ii) intercalation-type 

reactions, which are briefly discussed in the following sections. 

2.2.1 Surface redox or intrinsic pseudocapacitors 

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

charge transfers (or redox reactions) occurring at the surface of the electrode. As revealed 

from Figure 1d-f, the CV and the GCD profiles for surface-redox pseudocapacitors are 

closely resembling those of carbon-based materials (Figure 1a-c), suggesting the linear 

dependency of the charge storage along with the whole potential window. This does not mean 

that pseudocapacitors store the charges only via double layer mechanism. However, they can 

store the charges via surface faradic and double layer mechanism.
46

 The materials exhibiting 

such in-build electrochemical features are referred to as intrinsic pseudocapacitive 

materials.
45

 Various surface-redox pseudocapacitive materials such as transition metal oxides 

have been investigated since 1971. Trasatti and Buzzanca
47

 first reported the 

pseudocapacitance of RuO2 in SC. It is an intrinsic (redox) pseudocapacitive material due to 

the fast proton and electron-conducting properties. Likewise, other transition metal oxides 

such as MnO2 and Fe3O4 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 pseudocapacitors are displayed in Figure 1 (e-f) with MnO2 as an example where 

MnO2 stores charges through the surface or bulk redox reactions in between the +4 and +3 

oxidation states of Mn 
48

. 

                      (2) 

In the above reaction mechanism, the symbol „A‟ embodies an alkali metal cation (Li
+
, Na

+
, 

K
+
). The pseudocapacitive properties of Mn-oxides strongly depend on their crystallinity and 

crystallographic structures.
49

 Based on the different arrangements of the MnO6 octahedra, the 

Mn-oxides can be classified in the diverse crystalline structures such as α, β, γ, δ, and λ 

forms
50

 where α, β, and γ phases have 1D tunnels, δ and λ show 2D layered and 3D spinel 

structures, respectively
51

.  

The different physical processes and the electrode materials are responsible for these 

two distinct mechanisms (EDLC and pseudocapacitance). Nevertheless, the similarities in 

their electrochemical signatures can be ascribed to the relationship between potential and the 

amount of charges developed at the electrode/electrolyte interface or within the inner surface 

due to adsorption/desorption processes. Thus, without such electrochemical features 

(signatures), the materials cannot be qualified as pseudocapacitive, and it is not appropriate to 

calculate the capacitance values. Typically, conductive polymers (CPs) and transition metal 

compounds (TMCs) are the fundamental candidates explored as pseudocapacitive electrode 

materials 
52-55

. It must be eminent that these explanations related to the pseudocapacitive 

nature of materials must only be applied to an individual electrode and not to the device. 

2.2.2 Intercalation pseudocapacitors 

Apart from surface redox reactions, some layered materials (such as TiO2 (B), Nb2O5, 

and MoO3) undergo Faradaic charge transfer due to the intercalation of electrolyte ions into 
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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-redox pseudocapacitive materials;
11, 56

 therefore; they cannot be directly referred to as 

redox pseudocapacitors. This type of charge storage mechanism is defined by Dunn and 

Simon
45, 57

 as “intercalation pseudocapacitors”, which is common in non-aqueous electrolyte 

system. The electrochemical features of the intercalation pseudocapacitance are: the current is 

linearly proportional to the sweep rate, capacity does not vary significantly with charging 

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

intercalation pseudocapacitance is that materials do not undergo phase transformations during 

intercalation. The general reaction mechanism can be expressed as follows: 

                     (3) 

In contrast to the EDLCs, the charge storage process for the intercalation pseudocapacitance 

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

faradic electrochemical reactions. Nb2O5 is the typical example of the intercalation 

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

2.3 Battery-type charge storage and true performance metrics 

The conventional 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 

electrode materials during the electrochemical process. Moreover, during the charging-

discharging process, the potential of the battery-type electrode remains constant, agreeing to 

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

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

couple of well-defined redox peaks in CV profiles and flat (plateau) charge/discharge profiles 

similar to a battery (see Figure 1 k, l).
15, 58

 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 

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

constant throughout the potential window. These metrics provide the number of ions and 

electrons accepted by a certain mass generally intercalated into a crystalline solid inside an 

electrode. The practical, specific capacity can be calculated by using both CV and GCD 

curves as follows. Typically, CV is recorded at a fixed voltage scan rate (V/s), and the 

specific capacity can be estimated by CV curves using the following equation:  

                         
∫             

                 
                  

where the integration of current over voltage window will give the total voltammetric charge 

(which needs to be divided by 2) in A.V (ampere*volts);  is scan rate and m is the mass 

loading. Typically, CV is recorded at a slow scan rate for battery-materials, which can deliver 

the best capacity values. However, it is vital to perform a few CV cycles until they overlap 

before making any calculations. The specific capacity can also be calculated by using 

galvanostatic CD curves (n=1): 

                         
∫           

          
                           

In equation 5, i, t, and m are the applied current density (A), discharge time (s), m is the mass 

loading of the active material (g). Moreover, the specific capacity of the electrode (for only 

capacitive materials while using in devices) can be further converted into specific capacitance 

(F/g) by applying the following equation: 

                           
                             

      
                  

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 surface areas and nano-dimensions as electrodes in energy storage devices, particularly 

in batteries. Such nano-structuring reduces the ion diffusion lengths and sometimes conquers 

the phase-change in battery materials. As a consequence, their electrochemical signatures 

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

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

materials from “battery-type” behaviour. Therefore, Dunn and co-workers
14, 45

 have referred 

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

features (strong redox peaks and plateau in GCD) in the bulk phase, however, in the form of 

nanostructures, pseudocapacitive behaviour emerges. The most notable example of such 

battery materials is LiCoO2, which is a well-known intercalation-type cathode in traditional 

lithium-ion batteries. When the size of LiCoO2 particles was reduced to <10 nm, the 

electrochemical profile (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 window (see Figure 2a).
16

 It is believed that the increased surface area via nano-

structuring suppresses phase transformation of LiCoO2 to a large extent and promotes the rate 

performance because of decreased diffusion lengths and increased surface lithium-ion storage 

sites. This example demonstrates how typical battery-type material turns to a 

pseudocapacitive material after reducing its dimensions to nanoscale by promoting surface-

dominant ion-storage. Similarly, nano-sized V2O5, nickel and cobalt hydroxides have also 

been considered as “extrinsic pseudocapacitors” by some researchers.
59, 60

 Similar to the 

layered metal oxides, the 2D layered metal sulphides (MS2, 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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forces,
61, 62

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

intercalation/de-intercalation electrochemical reactions. 
63-65

 

3. Distinguishing capacitive contribution from a diffusion-controlled process 

The recent evolution of “intercalation pseudocapacitance” has dramatically broadened 

the number of pseudocapacitive materials. However, it is well-known that the intercalation in 

batteries is limited by semi-infinite diffusion into the bulk of host materials, which is 

reflected by strong-redox peaks in CV curves. Whereas several intercalation 

pseudocapacitive materials demonstrate minor or tiny redox peaks in CV curves, which then 

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

kinetics? To resolve this issue, the quantification of the charge storage kinetics of these new 

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

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

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

analysis.
11, 45

 Several methods are reported to quantify or distinguish diffusion-controlled 

process and non-diffusion limitation process for electrode materials.
66-68

 Among those, CV 

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

depending on whether the redox reaction is controlled by ion diffusion or not.  

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

are the sum of diffusion-controlled faradic and capacitive (pseudocapacitive + EDLC) 

processes. As a result, it is essential to identify the capacitive contributions (EDLC + 

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

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

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

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 
69

: 

    (7) 

The value of the b in the above equation can tentatively define the majority of the 

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

The parameter b has two well-defined conditions (Figure 2b). The b value of 1 signifies that 

the majority of charge contributions are from fast surface-controlled redox reactions and the 

adsorption/desorption of the electrolyte ions. In this case, the current response in the CV 

curves is linearly varied with the scan rate     . On the other hand, the b value of 0.5 

corresponds to slow semi-infinite diffusion-controlled faradaic processes where the current 

response in the CV curves is varying with the square root of the sweep rate          and 

can be expressed as follows: 

)()/( 2/12/12/12/1* btRTnFDnFACi    (8) 

where C*,, D, n, A, F, R, and T are the surface concentration of the electrode 

material, transfer coefficient, chemical diffusion coefficient, number of electrons involved in 

the electrochemical reaction, electrode material surface area, Faraday constant, molar gas 

constant and temperature, respectively. The function (bt) symbolizes the normalised current. 

By calculating the value of b by using the power law, it is possible to identify the material 

type in terms of the capacitor and battery. Also, it is possible to estimate the exact 

contribution of the surface-controlled processes (EDLC + pseudocapacitance) and the 

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

clear boundary 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 

bai 
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guideline to design and develop the high-performance SCs electrode materials.  For example, 

(i) b value can act as a gauge to distinguish pseudocapacitive charge storage mechanism from 

the battery-type; and (ii) it provides the more kinetic evidence in terms of the charge storage 

process at various potentials and sweep rates. Further, it is possible to quantify the exact 

capacitive (k1) and battery type (k2
1/2

) charge storage contribution by rearranging equation 

(7) as follows:   

                       
 
                           

 or  

    

    
    

                                                      

Cracking the values of k1 and k2 at respective potential permits for the separation of 

the diffusion and capacitive currents. The slope and the y-axis intercept point for the plot of 

i/1/2
 versus 1/2 

will give the value of the constants k1 and k2, respectively. After estimating 

the values of the constants k1 and k2, it is straightforward to distinguish the capacitive (k1) 

and the diffusion-controlled (k2
1/2

) currents in the voltammograms as a function of diverse 

potentials. As seen in Figure 2c, the blue areas indicate how the capacitive current 

contribution changes in the CV curve. 

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

kinetics battery-type Faradaic electrodes. For instance, Li4Ti5O12 
70

 and even for electrodes 

based on conversion reactions and alloying mechanism in Na and K-ion batteries,
71, 72

 where 

the capacity contribution from capacitive reactions was estimated to be 58 % (for B-SnS2 

electrode at 0.2 mV/s)
71

 and 90.7% (for VSe2 as a conversion anode for KIBs at 1.1 mV/s).
72

 

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

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 should be presented in a wide range of sweep rate and current density to fit the 

above criterion. Moreover, to determine b-value using Dunn‟s method, it is suggested to 

record CV curves at relatively low scan rates. Indeed, the kinetics analysis is constructive to 

understand the charge storing mechanism. Still, it cannot be solely used to determine whether 

an electrode material is a pseudocapacitive one or not, since the basic electrochemical 

signatures should be firstly considered. Besides, other methods such as electrochemical 

impedance analysis should be utilised to support the claims.  

 

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

There is a growing number of papers on the asymmetric configuration of 

supercapacitive cells, and it is important to define standard terminologies to refer to these 

devices. The clear distinction between the “asymmetric” and “hybrid” SCs has been 

previously explained by Brousse et al. 
15
. Note that the terms “asymmetric” and “hybrid” can 

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

high-power devices with limited energy storing capacity while the batteries are the high-

energy devices having poor power density. The combination of both systems is expected to 

develop a single device, which can deliver simultaneous high power and high-energy 

characteristics, as depicted in Figure 3 (a). Such a system can be fabricated using two 

dissimilar electrodes of different charge-storing mechanisms, for example, one capacitive and 

one battery-type Faradaic (activated carbon and Ni(OH)2) electrodes. These devices display 

the electrochemical signature in between SC and battery-type electrodes and defined as 

“hybrid supercapacitor (HSSC)” (Figure 3a)
12, 73, 74

. In HSSCs, the high working potential 

(V) is used to reach the redox potential of the battery-like electrode (Vb), 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 deviation from ideal capacitive characteristics with more capacitive-like behaviour due to 

the hybridizations, as shown in Figure 3 (a). Although the high capacity and wide working 

voltage improve the energy storing capacity of the HSSCs, the battery-type electrode with 

intrinsically slow charge kinetics (due to phase transformation) leads to poor rate 

performance, inferior cycle life and sluggish dynamics.
75-77

 Many strategies were proposed to 

circumvent these issues that include the design of nanoscale-electrodes, the introduction of 

highly conductive carbonaceous additives, such as graphene, carbon nanotube (CNT) and AC 

etc.
78-80

  

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

(EDLC) or fast surface redox reaction (pseudocapacitive) capacitor-type electrodes is 

anticipated to be a promising approach to develop a new cell with comparable power density 

to that of SCs. In 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 electroactive materials having varied ratios of the redox-active sites) is proposed and 

defined as “asymmetric supercapacitors (ASSCs)”. Most of the time, the electrodes are based 

on the capacitive 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 “asymmetric” should only be used when capacitive or pseudocapacitive electrodes (both 

EDLC or both pseudocapacitive or one EDLC//one pseudocapacitive) are involved (for 

example, activated carbon//MnO2) (Figure 3b) to avoid confusion with HSSCs. The ASSCs 

with two capacitive 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 cell. As a result, a greatly enhanced energy storing capacity is recorded for both 

ASSCs and HSSCs cells. Charge balancing (𝑄+ = 𝑄_) on both electrodes is essential to reach 

the highest cell voltage and energy density value. Since the stored charges are related to the 

specific capacitance (C), and mass (m) of the electrode, the optimized mass ratio from the 

positive to negative electrodes can be derived according to the following equation.
81-83

  

  

  
 

      

      
                                          

where m+, m-, C+, C-, ΔE+, and ΔE- are the masses, capacitance and the potential window for 

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

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

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

SCs cell: 

          
                  

   
                     

         
              

     
                                 

where t is discharging time and the V is the resultant voltage of the SCs cell. It must be noted 

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

single electrode (conventional three-electrode cell). The estimation of electrochemical 

performances of both of these devices should be carefully performed, taking into account the 

charge-storing mechanisms and their resulting electrochemical signatures, which is described 

in detail by Kaner et al.
84

. 

 

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 regarding the appropriateness of the electrode materials for SCs. For the 

pseudocapacitive electrode materials, the theoretical capacitance can be calculated by using 

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

follows: 

  (
  

 
)
 

 
                                                      

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

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

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

selection of the electrode materials (both positive and negative) and electrolyte plays a vital 

role to determine the operational voltage window of the device. However, all the approaches 

to enhance the voltage window of the SCs cell are not fully understood. Nevertheless, the 

oxidation-reduction reactions in metal oxides are directly associated to their work functions,
85

 

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

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

for the ASSCs: 

             
 

          

                              

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

ω
α
 and ω

β
,
 
respectively. At the same time, the NA, ΔE1 and ΔE2 are the Avogadro‟s constant, 

surface dipole potential of the positive and negative electrodes, respectively.
86, 87

 For the SCs 

cell with two identical electrodes having the same charge storage mechanism (symmetric 

SCs) leads to the ΔE1 = −ΔE2 and ω
β 

= ω
α
. Hence, the operating voltage limit for the 

symmetric SCs is similar to their three-electrode measurements, or it depends upon the 

 16136829, 2020, 37, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202002806 by Q
ueensland U

niversity O
f T

echnology, W
iley O

nline L
ibrary on [07/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



 

 

 

This article is protected by copyright. All rights reserved. 

19 

 

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 voltage limit. Therefore, the higher voltage limit for the SCs device is reachable 

when the two different electrodes have the largest work function difference. More 

importantly, the observed working voltage ranges for the HSSCs and ASSCs are larger than 

for the SSCs and the water dissociation potential. In the aqueous system of the electrolyte, the 

hydrogen and oxygen evolution reactions on the electrode surface lead to the water 

dissociation, which kept constraints on the resultant voltage window of the cell. The work 

function values for 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 materials for the HSSCs and ASSCs 
88-91

. In the case of the metal oxide-based 

electrode materials, the work function can be modified by creating some oxygen vacancies 

that will act as n-type dopants and as a result, shift the Fermi level closer to the conduction 

band edge. Moreover, 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 modifying the work function. Thus, according to Figure 4 (b), the MnO2 (with 6.2 eV) and 

MoO3 (with 4.4 eV) can be considered as positive and negative electrodes, respectively, to 

achieve extended voltage windows owing to their largest work function difference. Thus, the 

potential working window for MnO2//MoO3 ASSC can be calculated using equation 15 (see 

Figure 4b). Further, to provide more insight for developing the high voltage SCs cell, we 

have summarized the redox potential windows of different materials in Figure 5, which will 

guide the researchers to identify appropriate positive and negative electrode materials and 

electrolytes. Here 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. Materials innovations for solid-state asymmetric designs 

The electrode materials and the electrolytes are the primary performance determinant 

factors in energy storage systems. This section will provide the earnest efforts taken to 

develop electrode materials for two distinct device configurations based on charge storing 

mechanism and combination of electrodes: 1) Asymmetric solid-state supercapacitors 

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

of the positive and negative electrodes; 2) Hybrid solid-state supercapacitors (HSSCs), which 

will be focused on the development of different battery-type materials as positive electrodes 

in combination with different capacitive electrodes.  

 

6.1 Asymmetric solid-state supercapacitors (ASSCs) 

As defined previously, the asymmetric SCs is comprised of two electrodes revealing 

the capacitive (EDLC and pseudocapacitive) mechanisms. It should be noted that only 

intrinsic pseudocapacitive materials are considered in this class of devices. The section is 

dedicated to the development of promising electrode materials for ASSCs. Typically, carbon 

and its allotropes such as activated carbon (AC), graphene, CNTs etc. are proposed as 

favourable candidates for EDLCs, while transition metal compounds (including 

oxides/carbides/nitrides) and conducting polymers (polyaniline, polypyrrole, and 

polythiophene) with fast and reversible redox reactions are explored as pseudocapacitive 

electrodes.
92

 Here, 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 

materials for the ASSCs owing to their higher electrical conductivity, good mechanical 

stability, large abundancy, eco-friendly nature and low cost. 
38, 93

 In addition to this, the large 

specific surface area, tunable porosity, and chemical inertness with double-layer charge 

storing mechanism make them desired negative electrode material candidate to achieve 

higher electrochemical response for ASSCs.  

Among several carbon-based materials, activated carbons (ACs) in combination with 

transition metal compound have been extensively studied as a negative electrode in ASSCs 

due to their excellent features such as high specific surface area (SSA) (2,000 to 3,000 m
2
/g) 

with wide pore-size tunability, extending from macropores (>50 nm) to nanopores (<2 nm).
94-

97
 Some of the AC-based ASSCs have been developed. The best example is AC//MnO2.

98
 

Pseudocapacitive MnO2 has been extensively investigated as a positive electrode in ASSCs 

due to its large natural abundance, low cost, large theoretical capacitance (~1370 F/g), and 

low harmfulness.
99, 100

 From the charge storage point of view, the MnO2-based electrode 

materials can perform the fast and reversible pseudocapacitive redox reactions (Mn
3+

/Mn
4+

) 

at or near the surface of MnO2 nanostructures. Zhang and co-workers fabricated ASSCs using 

Ni/MnO2 decorated filter paper (FP) as the positive and Ni/AC decorated FP as negative 

electrodes with gel electrolytes composed from the poly(vinyl alcohol) (PVA)-Na2SO4 

(Figure 6a). The optimized ASSCs might work in the wide voltage window of 2.5 V and 

delivered a capacitance of 1.4 F/cm
3
 at 2.5 mA/cm

3
 current density with the excellent 

maximum energy density of 0.78 mWh/cm
3
.
101

 The low electrical conductivity with rarely 

achieved theoretical capacitance is the major obstacle for the MnO2-based pseudocapacitive 

electrode for its utilization in practical ASSCs.
45

 Combining the MnO2-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.
102

 developed polypyrrole 

(PPy) wrapped MnO2 nanoflowers on the flexible carbon cloth (CC) current collector as a 

positive electrode and assembled ASSCs by pairing with AC@CC with enhanced electrical 

conductivity. The AC//PPy/MnO2 device exhibited 1.41 F/cm
2
 of volumetric capacitance 

with energy density and power density of 8.67 mWh/cm
3
 and 12.35 mW/cm

3
, respectively, in 

an extended voltage window of 1.8 V. The ASSCs cell could further light up an LED display, 

a toy car and a mini-motor after full charging.          

Despite the significant advancement in AC-based ASSCs, the poor electrical 

conductivity and low specific capacitance of AC hinder their application in high-performance 

SCs.
103

 Instead of AC, the one dimensional (1D) carbon nanotubes (CNTs) are considered as 

a favourable nominee for SCs since Niu et al. anticipated this.
104

 Although CNTs exhibits less 

theoretical SSA (≈50-1315 m
2
/g), CNTs can deliver relatively high capacitances than ACs 

due to their unique tubular structures with a large number of mesopores, which offer easy 

charge transportation and great accessibility of electrolyte ions.
105, 106

 Also, CNTs provide 

lower contact resistance during charge/discharge reactions, leading to great energy and power 

densities.
107, 108

 The MnO2-decorated CNTs have been prepared by Kang et al.
109

 for the 

ASSCs as positive electrode materials with the CNTs coated regular Xerox paper as negative 

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

electrode can enlarge the energy storing capacity. Here, the high energy storing capacity of 

the MnO2 merged with highly conducting nature of the CNTs leads to the specific energy of 

5.97 Wh/kg. Importantly this figure is higher than that of a CNTs-based symmetric cell (0.89 

Wh/kg). In recent years, the highly flexible woven or knitted fabrics/textiles based SCs have 

been developed by using CNT fibres.
110

 For example, the ASSCs based on CNT@MnO2 

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.
111

 Because of the high strength and flexibility, CNT//CNT@MnO2 two-ply 

device maintains excellent electrochemical performances during the repeated 

folding/unfolding actions, implying its suitability for flexible automated electronic gadgets 

which require high permanency and wearer comfort.  

Likewise, fibre-shaped ASSC with high volumetric energy density was assembled 

using a positive electrode based on the ternary hybrid fibre, and carbon/CNTs ordered 

microporous as a negative electrode.
112

 The ternary hybrid was prepared by growing MnO2 

nanosheets onto Poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)-

coated CNTs fibre (Figure 6b). The device delivered a high volumetric energy density of 

∼11.3 mWh/cm
3
 and high volumetric power density of ∼2.1 W/cm

3
, analogous to the 

commercially available bulk supercapacitors with good cycling stability of 85% retention 

over 10,000 cycles. Due to the unique fibre shape, such devices can be woven or knitted into 

flexible power textile applications. Despite great research on CNTs-based SCs, the lack of 

efficient and low-cost manufacturing methods hampers the technology transfer to the 

commercial market. Also, the imbroglio in CNTs is the main difficulty that results in poor 

efficiency as it limits ionic transport.  

Recently, the graphene-based electrode materials have been considered as an 

emerging negative-electrode for ASSCs due to their exceptional electrical conductivity, 

mechanical flexibility, and higher SSA (2630 m
2
/g).

113-115
 The exceptional inherent double-

layer capacitance (≈21 μF/cm
2
) in graphene can deliver a huge specific capacitance of up to 

550 F/g, beating almost all EDLC materials, including ACs, CNTs, mesoporous carbon.
116, 117

 

In recent years, several exciting ASSCs have been developed using graphene-based negative 

electrodes. For instance, Pan et al.
118

 have developed ASSC by pairing MnOx (as a positive 

electrode) with chemically converted graphene (CCG) as a negative electrode. Initially, 

ultrathin MnOx 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 electron pathways for better electrical contacts.
119

 The as-fabricated device 

delivered excellent cyclic stability of 81.5% after 10,000 charge/discharge with an energy 

density of 1.16 mWh/cm
3
. However, restacking of the graphene sheets significantly lowers 

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

based nanocomposites such as graphene/MnO2 as a positive electrode and the graphene/Ag as 

a negative electrode have been prepared and used in the ASSCs.
120

 This approach overcomes 

the restacking problem of the graphene nanosheets and improves the electrical conductivity 

and capacitance of the electrodes. The resulting ASSCs cell showed the highest energy 

density of 50.8 Wh/kg with a power density of 24.5 kW/kg.  

Likewise, Yang et al.
121

 developed the ASSCs by pairing the 3D Al@Ni@MnOx 

nanospike (NSP) and CCG as a positive and a negative electrode, respectively, which can 

operate in the voltage window of 1.8 V. Interestingly, the assembled ASSCs cell delivers the 

energy density of 23 Wh/kg (1.29 mWh/cm
3
), which was maintained to the 6.57 Wh/kg at a 

high power density of 59 kW/kg. Additionally, the cell delivers excellent cycling durability 

over 10,000 cycles by reversing 96.3% of its initial capacitance, implying effective utilization 

of active materials, facilitating electrolyte permeation, and shortening the electron pathway in 

the active materials. Conversely, another effective approach to avoid restacking of graphene 

nanosheets is mixing them with other carbon materials. Freestanding CNT-graphene (CNT-

G) paper is presented as an efficient negative electrode with Mn3O4-graphene (Mn3O4-G) 

paper
122

 as a positive electrode to assemble ASSCs, which could be reversible in the higher 

voltage window of the 1.8 V. The cell achieved an energy density of 32.7 Wh/kg, which is 

much higher than that of Mn3O4-G (7.1 Wh/kg) and CNT-G (10.5 Wh/kg) based symmetric 

cells. More importantly, the CNT-G//Mn3O4-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 the graphene-based electrodes apart of restacking, which obstructs its practical 

applications. An emerging tactic to improve the capacitance is the functionalization of 

graphene with functional groups, metal oxides or conducting polymers.  

Choi and co-workers
123

 assembled ASSCs based on an ionic liquid functionalized 

chemically modified graphene (IL-CMG) film (as the negative electrode) and a hydrous 

RuO2-ILCMG composite film (as the positive electrode) (Figure 6c). Flexible self-standing 

ASSC device exhibited a high energy density of 19.7 Wh/kg and power density of 6.8 kW/g, 

higher than those of symmetric SCs based on IL-CMG films. Moreover, the device can 

operate even under extremely high current density 10 A/g with 79.4% retention of specific 

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

cycles under harsh mechanical conditions including twisted and bent states, suggesting 

excellent flexibility and cycling stability. Recently, the Metal-organic frameworks (MOFs) 

derived nanoporous carbon has been used as a negative electrode to assemble the ASSCs.
124

 

For example, Tian et al.
125

 prepared the porous metal-doped carbon material for the ASSCs 

via specific carbonization process of the MOFs. The developed ASSCs with the porous 

metal-doped carbon material show the energy density of 51.4 Wh/kg with a power density of 

1500 W/kg. Similarly, Zhao et al.
126

 developed ASSCs with N, F co-doped hierarchical 

nanoporous carbon polyhedron (NFHPC) as a negative electrode showing the energy density 

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

 

6.1.2 Metal oxides 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/CT = 1/C+ + 1/C-, where CT is total capacitance, C+ and C- are capacitances of 

positive and negative electrodes, respectively.
127

. Compared with EDLCs, pseudocapacitive 

electrode materials can achieve much higher energy storing capacity as they can provide a 

variety of oxidation states for efficient redox charge transfer. Some pseudocapacitive metal 

compounds (including oxides/nitrides, conducting polymers) which operate in the negative 

potential window
89, 128, 129

 may be combined with another positive pseudocapacitive material 

and thus overcome the limitations of the carbon-based ASSCs. Typical pseudocapacitive 

materials with negative potential window, including MoO3 and Fe2O3, 
89, 130

 hold a great 

promise to provide high energy density. Taking advantage of the diverse operating potential 

windows of MnO2 NWs (positive side) and Fe2O3 nanotubes (negative side), Yang et al. 
130

 

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

voltage limit of 1.6 V with high specific capacitances of 91.3 F/g (1.5 F/cm
3
) at a current 

density of 2 mA/cm
2
. Besides, MnO2//Fe2O3 device showed excellent rate capability (with 

59% retention) with an energy density of 0.55 mWh/cm
3
 and a high power density of 139.1 

mW/cm
3
. Nevertheless, the inherent semiconducting nature of metal oxides- based electrode 

materials leads to poor electrical conductivity, ultimately resulting in low electrochemical 

parameters for ASSCs.
131

 In this respect, Fe2O3 nanorods coated with carbon shell 

(Fe2O3@C) were explored as a negative electrode with MnO2 nanowires based positive 

electrode. The thin carbon coating on the Fe2O3 nanorods grown on CC improved the 

electrical conductivity, while MnO2 was decorated on CuO NWs, which were prepared by 

annealing Cu-wire.
132

 The coil-type ASSCs were accumulated by merely twisting the 

Fe2O3@C negative electrode onto the MnO2@CuO NW positive electrode divided by a PVA-

LiCl gel-electrolyte. Remarkably, the assembled wire-type cell delivered 2.46 F/cm
3
 of 
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capacitance along with excellent rate-performance (95.4%) and high energy density of 0.85 

mWh/cm
3
. Moreover, 93 % of cycling stability was obtained for the 4,000 cycles at different 

bending states. Similarly, the conductivity of metal oxide electrodes can be further improved 

by merging them with highly conducting carbon-based materials. As an example, ASSC was 

assembled with the positive wrinkled MnO2/CNT electrode and negative wrinkled 

Fe2O3/CNT electrode
133

. The enhanced electrical conductivity for both positive and negative 

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

energy density of 45.8 Wh/kg and continued cycling over 10,000 cycles.  

 Thus, several advancements have been reported using transition metal compounds 

based negative electrodes in ASSCs by designing various strategies such as nanocomposite 

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

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

combinations and application of deep eutectic solvent-based electrolyte for these systems.       

 

6.1.3 Metal nitride for negative electrodes 

Due to the excellent electrical conductivity, metal nitrides have recently attracted 

much attention as promising electrode materials for high-performance SCs. For instance, the 

conductivity of titanium nitride (TiN) varies between 4×10
3
 and 5.55×10

4
 S/cm

134
, which is 

close to that of metals and thus can be beneficial for SCs electrode that requires fast transport 

and effective collection of charge. Nevertheless, metal nitrides usually oxidise in aqueous 

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

stable materials by different processes, including CNT
135

 and graphene wrapping.
136-138

 In 

this sense, Zhu and co-workers
139

 grown titanium nitride (TiN) and iron nitride (Fe2N) on 

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

respectively, to assemble ASSCs. The fabricated Fe2N@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 

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

bending conditions from cycle 5,000 to 15,000 and subsequently under the natural state in the 

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

device. The device achieved both a high volumetric energy density of 0.55 mWh/cm
3
 and a 

high power density of 220 mW/cm
3
. Such impressive results can be credited to the structural 

stability of electrode material in a gel electrolyte. 

 

6.1.4 MXene for negative electrodes 

The term MXenes is collectively representing the family of materials such as 

transition metal carbides, carbonitrides and nitrides (e.g., Ti3C2, Nb2C, Ti3CN and Ti4N3), 

which are the latest 2D materials and have attracted much attention since their discovery in 

2011.
140-142

 These compounds have a general formula of Mn+1XnTx (n = 1-3), where M 

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

Tx corresponds to the surface terminations (hydroxyl, oxygen and fluorine).
143, 144

 Unique 

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

excellent mechanical properties and hydrophilicity make them promising materials for energy 

storage systems. MXenes are commonly prepared by selective etching of element „A‟ (mostly 

Al) from their layered precursors (MAX phases) using wet chemistry routes, such as etching 

in HF
145

 or acidic solutions of fluoride salts (LiF in HCl).
146

 MXene, especially Ti3C2Tx, is an 

emerging material due to its graphene-like 2D shape and unique properties, and high 

volumetric capacitance (1500 F/cm
3
). Owing to their negative operational potential and 

pseudocapacitive nature, MXenes since recently are considered as promising negative 

electrode materials in ASSCs.
147,148

 For instance, Jiang and co-workers
147

, developed all 
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pseudocapacitive ASSCs using Ti3C2Tx as negative and RuO2 as positive electrodes, which 

can operate in an extended voltage window of 1.5 V (Figure 7b). The complementary 

working potential windows of Ti3C2Tx and RuO2, along with proton-induced 

pseudocapacitance, significantly enhanced the device performance to deliver an energy 

density of 37 μWh/cm
2
 at a power density of 40 mW/cm

2
 with 86% capacitance retention 

after 20,000 charge/discharge cycles. Similarly, the asymmetric yarn SC, which comprises 

MXene/CNT and MnO2/CNT bi-scrolled yarns as negative and positive electrodes, was 

fabricated using PVA/LiCl gel electrolyte.
148

 The MXene/CNT//MnO2/CNT cell delivered a 

capacitance of 220 mF/cm
2
 at 0.3 mA/cm

2
 discharge rate. It retained about 80% when the 

discharge rate was increased tenfold (1-10 mA/cm
2
). Due to the extended voltage window of 

2 V, the device further showed an energy density of 100 μWh/cm
2
 and high power density of 

26 mW/cm
2
 with capacitance retention of 96% over 10,000 cycles. Almost negligible loss in 

performance was observed under deformations, suggesting its applicability in wearable 

electronics. Thus, overall results show that the pseudocapacitive negative MXene electrodes 

can potentially replace carbon-based materials in ASSCs, leading to an increased energy 

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

exploring different positive electrodes and cell designs.  

 

6.1.6 Conducting polymer for negative electrodes 

In the 1990s, conducting polymers (CPs) were first demonstrated as promising 

electrode materials for SCs.
149

 They exhibit pseudocapacitive charge storage through doping 

and de-doping of the polymer backbone, which results in intercalation and de-intercalation of 

electrolyte ions within the polymer electrode to maintain charge neutrality.
150

 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 

 16136829, 2020, 37, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202002806 by Q
ueensland U

niversity O
f T

echnology, W
iley O

nline L
ibrary on [07/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



 

 

 

This article is protected by copyright. All rights reserved. 

30 

 

processability,
151, 152

 Several conducting polymers, namely polyaniline (PANI), poly(3,4-

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

capacitances, which are comparable or higher than many other pseudocapacitive metal 

oxides.
153-155

 Interestingly, CPs can provide stable and impressive energy storage 

performance in both positive and negative working potentials. For example, all-polymer 

ASSC device was fabricated on Au-coated PEN plastic substrates using PEDOT and PANI as 

negative and positive electrodes, respectively,
156

 which could be cycled in a wide voltage 

window of 1.6 V and exhibited a volumetric stack capacitance of 34 F/cm
3
 at a current 

density of 0.5 mA/cm
2
. Moreover, the PANI//PEDOT cell displayed the energy density of 12 

mWh/cm
3
, which was sixfold higher than that for the symmetric PEDOT cell (2 mWh/cm

3
) 

and two-fold higher than for the PANI-based symmetric cell (5 mWh/cm
3
). Further, the 

ASSC cell showed good cycling stability with capacitance retention of 80% over 10,000 

cycles. Nevertheless, CPs undergoes serious mechanical degradation due to the swelling and 

shrinking during the charge/discharge processes. Thus, poor cycling stability is always 

observed, especially when the materials are used as negative electrodes. Therefore, different 

strategies have been developed to enhance and stabilize the capacitance of CPs in negative 

potential regions. In this context, Lu et al.
157

 developed highly ordered 3D α-Fe2O3@PANI 

core-shell nanowires as negative electrodes for ASSCs. Initially, α-Fe2O3 nanowires were 

electrodeposited on CC and annealed in air, on top of which a thin layer of PANI was then 

electrodeposited to produce the 3D α-Fe2O3@PANI core-shell structure. This unique α-

Fe2O3@PANI core-shell nanoarchitecture provides a large reaction surface area, fast ion and 

electron transfers and good structure stability, all of which improved the electrochemical 

performance. The ASSC cell was then assembled with α-Fe2O3@PANI as negative and PANi 

on carbon cloth as positive electrodes, which displayed a capacitance of 2.02 mF/cm
3
 (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
3
 at a power density of 120.51 mW/cm

3
 with good cycling stability over 10,000 

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

CPs is to make composites with carbon-based materials. CNTs are considered as an effective 

additive due to their exceptional mechanical properties, good electrical conductivities and 

large surface areas, which can help to mitigate the cycle degradation problems in pristine 

CPs. Recently, CNT/PANI as the negative electrode was prepared and combined with 

CNT/MnO2/graphene positive electrodes to construct ASSCs with a PVP-Na2SO4 gel 

electrolyte.
158

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

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

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

CPs in the negative voltage region, which are still significantly poorer than the expectations. 

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

electrodes with their corresponding gel electrolytes
159

 
160

 
161

 
162

 
163

 
164

 
165

 
166

 
167

 
168

 
169

 
170

 
171

 

172
 
173

 
174

. 

6.2 Hybrid solid-state supercapacitors (HSSCs) 

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

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

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

patented by Varakin et al. in the mid 90‟s
175

 by combining EDLC electrode (AC) with a 

positive nickel-oxide battery electrode. This section will provide a brief description on 

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

(including extrinsic pseudocapacitors) positive electrode given their nanostructures, 

composites and core-shell heterostructures, used to improve the overall electrochemical 

performances in terms of energy density and cycling stability. Note that the extrinsic 

 16136829, 2020, 37, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202002806 by Q
ueensland U

niversity O
f T

echnology, W
iley O

nline L
ibrary on [07/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



 

 

 

This article is protected by copyright. All rights reserved. 

32 

 

pseudocapacitors are also considered as battery-type materials despite their pseudocapacitive 

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

 

6.2.1 Ni-based Materials for HSSCs  

Nickel-based materials have been widely used for Ni-Zn, Ni-Cd, and Ni-Metal 

hydride batteries for many years. Indeed, these materials exhibit pure battery-characteristics, 

which store charges through Faradaic processes (see Figure 1 (j-l)); nevertheless, they have 

been falsely presented as pseudocapacitive electrodes for SCs and hybrid devices.
25, 176, 177

 

Regardless of this misinterpretation, Ni-based battery electrodes can be of interest as positive 

electrodes in HSSCs operating under KOH electrolyte, together with a suitable capacitive-

negative electrode.
178

 This section comprises the efforts taken to utilize Ni-based electrodes 

in hybrid designs (HSSCs) to achieve the improved energy and power densities of such 

devices. Note that, as described in the previous sections, the specific capacity (mAh or C) is 

the correct metric 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.  

Several Ni-based materials such as Ni(OH)2, NiO and Ni-

sulfides/selenides/phosphides have been utilized as positive electrodes in HSSCs. Among 

them, Ni(OH)2 is widely investigated due to its high theoretical specific capacity (1041 C/g, 

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

enhance performance by forming nanostructures. Ni(OH)2 exhibits hexagonal-layered 

structure and commonly exists in α and β forms, corresponding to γ- and β-NiOOH after 

oxidation. α-Ni(OH)2 is a hydroxyl-deficient phase with interlayered anions and water 

molecules. β-Ni(OH)2 possesses a brucite structure without water molecules. α-Ni(OH)2/γ-

NiOOH couple shows higher capacitance than β-Ni(OH)2/β-NiOOH couple due to the more 
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considerable change in valence states. Ni(OH)2 stores charges through 

deprotonation/protonation reaction, which can be expressed as follows:  

                          (15) 

Previous investigations suggested that the hydrous Ni(OH)2 holds a great promise to provide 

a specific capacitance as high as 1000 F/g when used as a positive-electrode material.
179

 

However, the humble rate capability due to the poor electric conductivity of Ni(OH)2 and the 

poor cycling stability confine its practical applications. Incorporation of Ni(OH)2 with 

conducting carbon-based materials can efficiently improve the electronic conductivity, thus 

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

and co-workers
180

 deposited Ni(OH)2 and Mn3O4 on conducting paper (nickel/graphite/Paper, 

NPG) and utilized them as positive and negative electrodes, respectively, in HSSC. Normally, 

Mn-based oxides are employed as positive electrodes in aqueous neutral electrolytes; 

however, Mn3O4 (Mn(II)[Mn(III)]2O4) with Mn in multiple valences can provide rich redox 

reactions in the negative region with aqueous alkaline electrolytes. The superior cycling 

stability (82.5% capacitance retention after 12000 cycles) was observed for a Ni(OH)2/NGP 

electrode. Moreover, the assembled flexible Mn3O4-NGP//Ni(OH)2-NGP device delivered a 

large capacitance of 3.05 F/cm
3
, superior cycling stability (87% capacity retention over 

12000 cycles at a scan rate of 100 mV/s), and high energy/power densities of 0.35 mWh/cm
3
 

and 32.5 mW/cm
3
, respectively. Similarly, flexible carbon fibres (CFs) have also attracted 

much attention as conducting support due to their high conductivity, high knittability, and 

porosity, which can effectively load the maximum amount of active material. Ni(OH)2 coated 

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

charge/discharge in the conventional three-electrode configuration.
181

 Furthermore, HSSC 

was assembled using CF-Ni(OH)2 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).  

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

also a promising positive electrode for HSSCs due to its high theoretical capacity (1292 C/g, 

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

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

and NiOOH (Eq. 16 and 17) while the second suggests that first NiO changes to Ni(OH)2 in 

an alkaline electrolyte and then the electrochemical reactions occur between Ni(OH)2 and 

NiOOH (Eq. 18 and 19). The reactions can be expressed as follows: 

                    (16) 

                      (17)  

OR 

                      (18) 

                          (19) 

Similar to Ni(OH)2, NiO also suffers from low conductivity and poor cycle 

performance due to the substantial volume change during the charging/discharging processes. 

Composing NiO with carbon materials or metal or conducting polymers can efficiently 

enhance the electric conductivity and surface area, leading to an excellent rate capability.
182, 

183
 Heteroatom doping of nickel (Ni) has been proposed to improve the electrochemical 

performance of Ni/NiO by tuning the annealing temperature of a nickel-based metal-organic 

framework (Ni-MOF).
184

 The incorporation of Ni
3+

 into the primitive lattice of Ni/NiO 

nanoparticles introduces disordering into the Ni/NiO lattice, providing a large number of 

electrochemical reaction 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 expansion during cycling. Similarly, non-metal elements (such as N, P and S) were 

introduced into the crystal defects of Ni-MOF to enhance the stability of the Ni-MOF 

structure and create the unique frame structure. Among them, sulphur (S) doped Ni-MOF 

(S@Ni-MOF) demonstrated improved performance. The material was further utilized as a 

positive electrode to assemble HSSC with AC as a negative electrode. The as-assembled 

HSSC exhibited a high energy density of 56.85 Wh/kg at a power density of 480 W/kg. After 

20,000 cycles, the capacitance retention was 86.67%, which can be assigned to the formation 

of a stable framework structure and large active sites due to S modification. Combining NiO 

with conducting polymers (CPs) is also another strategy, which not only improves the 

electrical conductivity and stability but also can deliver extra pseudocapacitance. For 

instance, Yang et al.
160

 developed a fibre-shaped HSSC with NiO/Ni(OH)2 nanoflowers 

encapsulated into a 3D interconnected PEDOT on contra wires (Contra is a kind of a Cu-Ni 

alloy with the nickel content from 1% to 44%) as the positive electrode and ordered 

mesoporous carbon (CMK3) as the negative electrode. The as-formed flexible HSSC device 

delivered an areal capacitance of 31.6 mF/cm
2
 (3.16 F/cm

3
) at a current density of 0.4 

mA/cm
2
, which was maintained to15.9 mF/cm

2
 (or 1.59 F/cm

3
) even at a higher current 

density of 8 mA/cm
2
, suggesting excellent rate capability. The cell further exhibited an 

operating voltage of 1.45 V with an energy density of 0.011 mWh/cm
2
 at a power density of 

0.33 mW/cm
2
 and stable performance over 1,400 cycles.  

Besides Ni-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(II)  Ni(III) in the presence of hydroxide counter anions and can be generalized as 

follows: 

                    (20) 

Among the diverse crystal structures of nickel sulphide, NiS, NiS2 and Ni3S2 have been 

widely studied as electrode materials in energy storage systems. To achieve a high active 

surface area for capacitive enhancement, much research has been devoted to tailoring the 

morphology of the nickel sulphide nanostructures. For example, heazlewoodite Ni3S2 

nanorods were directly grown on Ni foam (NF) as a binder- and conductive agent-free 

positive electrode for HSSC.
185

 The heazlewoodite phase of Ni3S2 is among the most feasible 

for SCs due to its novel atomic structures and electronic properties.
186

 In addition, Ni3S2 

exhibits metallic behaviour but the bonding in its structure is more covalent compared with 

metal oxides,
187

 resulting in high electronic conductivity and corrosion resistance. By 

combining 3D rGO-foam capacitive electrode with Ni3S2 Faradaic electrode, an HSSC was 

assembled, which was reversibly cycled up to 2.2 V and delivered high energy density of 

70.58 Wh/kg at 1.1 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 

excellent device properties can be ascribed to the unique combination of metallic Ni3S2 

nanorods and interconnected porous 3D rGO electrode, which offers sizeable ion-accessible 

surface area, efficient electron and ion transport pathways. According to the literature, nickel 

sulphides tend to assemble into hierarchical nanosheets. Due to their ultrathin and porous 

nature, the extrusion pathway of electrolyte ions is significantly reduced, accompanied by an 

increased accessible active surface area. In this regards, Chen et al.
188

 developed open porous 

and sponge-like NiS/Ni3S2 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 NiS/Ni3S2 as a positive and AC as a negative electrode demonstrated a high 

energy density of 0.289 mWh/cm
2
 with a high power density of 12.825 mW/cm

2
. Moreover, 

long-term cycling of the cell showed capacity retention of 86.7% after 8000 continuous GCD 

cycles, suggesting excellent stability with high Coulombic efficiency. Direct growth of active 

materials on a carbon fibre cloth (CFC) was proven to be an efficient way to improve the 

electrochemical performance of electrodes due to enhancement of phase contact between the 

electrode material and the current collector resulting in enhanced electron transfer. Ni0.85Se 

nanosheets array grown directly on CFC exhibited an excellent rate capability (83.17%) and 

improved cycling performance with 82.6% capacitance retention over 10,000 cycles.
189

 The 

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

achieved a high energy density of 29 Wh/kg at a power density of 779 W/kg under the 

optimal voltage range of 1.6 V. Furthermore, the cycling performance of Ni0.85Se//AC HSSC 

devices demonstrated capacitance retention of 81.3% after 5000 charge/discharge cycles. 

 

6.2.2 Co-based positive electrodes 

Similar to nickel, Co-based materials such as Co(OH)2, Co-oxides and Co-

sulfides/selenides, endowing them with rich structure chemistry and distinguishable 

properties to be suited as positive electrodes in HSSCs. Co(OH)2 has a similar structure and 

properties to Ni(OH)2, which is also a hexagonal-layered structure. It can also be divided into 

α- and β-Co(OH)2, and α-Co(OH)2 has better supercapacitive performance than β-Co(OH)2. 

The reactions can be expressed as follows:  

                       (21) 

                       (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 

synthesis of Co(OH)2 nano-morphologies. In addition, the use of conductive substrates 

further provides efficient pathways to improving the electrochemical performance during the 

ion transmission progress. Recently, carbonized wood (CW) is proposed as a suitable 

substrate to deposit Co(OH)2 nanoflakes, where CW not only serves as high surface-area 

support to improve the mass loading but also permits fast electron conduction and ion 

diffusion, thus accelerating the rate performance.
190

 When this electrode had been used as a 

self-standing positive electrode to assemble HSSC (with CW-negative electrode), the cell 

displayed high areal-specific capacitance of 2.2 F/cm
2
 with improved rate capability (59% 

when the current density was increased by 20 folds) and capacitance retention of 85% over 

10,000 cycles. The HSSCs device (using CW as a negative electrode) delivered superior 

energy density of 0.69 mWh/cm
2
 at a power density of 1.126 W/cm

2
, and volumetric 

capacitance of 14.19 F/cm
3
 and energy density of 4.45 Wh/L, respectively.  

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

Co3O4. The CoO is challenging to obtain since it readily takes up oxygen even at room 

temperature to reform to a higher oxide, while Co3O4 exhibits a stable spinel structure of 

AB2O4 type belonging to the cubic system. The Co3O4 showed higher theoretical specific 

capacity and better cycle stability than NiO as well as excellent corrosion resistance. The 

charge storage reactions of Co3O4 can be described as follows (Eq. 30 and then Eq. 22):  

                          (23) 

Co3O4 is a widely used positive electrode material for hybrid designs; however, it suffers 

from lower electronic 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 Co3O4 nanocubes (shell) and high surface area Co(OH)2 nanosheets (core) has 

been employed as the positive electrode (Co3O4/Co(OH)2) in HSSCs with AC negative 

electrode.
191

 The controllable uniform distribution of Co3O4 nanocubes on the Co(OH)2 

nanosheets results in unique, well-defined surface-interface nanostructures, resulting in 

improved electrochemical performances. For instance, HSSC device delivered a capacitance 

of 210 mF/cm
2
, which is almost twice as high as that of Co3O4-nanocube//AC (111 mF/cm

2
), 

fivefold higher than that of Co(OH)2 microplate//AC (43 mF/cm
2
) and twice as high as that of 

Co3O4 + Co(OH)2//AC (133 mF/cm
2
) cells. The Co3O4/Co(OH)2//AC cell maintained a 

capacitance of 159 mF/cm
2
 at a current density of 10 mA/cm

2
, suggesting improved rate 

capability (75% capacitance retention) with an energy density of 9.4 mWh/cm
3 

as well as 

excellent cycling performance with only 3% decay in the initial capacitance over 5,000 

cycles. The nanostructured Co3O4 materials can provide large SSA as well as short diffusion 

and transport pathways of ions and electrons, resulting in fast reaction kinetics. The well-

defined Co3O4 nanostructures with unique crystalline architectures and highly tuneable 

porosities can be achieved using a template-assisted method. MOF is a new class of hybrid 

materials, which can be used as templates or precursors for the synthesis of nanoporous 

materials. Using proper post-synthesis treatment, MOFs can be readily transformed into 

porous carbons, metal oxides, and metal sulphides as active materials for energy storage. In 

this context, “one for two” strategy has been proposed to construct two nanoporous electrodes 

such as Co3O4 and N-doped carbon on CC for flexible HSSC using single 2D-MOF 

precursor
192

 (Figure 8a). Owing to the tuneable porosity, both electrodes showed excellent 

rate capability, for example, CC@Co3O4 retained 58.7 % while CC@NC delivered 80.8 % of 

initial capacitance after 16 times increment in the current density. The as-assembled 

CC@Co3O4//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 to: (i) the nanoporous structure of the electrodes, which provides high surface areas 

and short ion diffusion lengths, and (ii) the direct contact between the active materials and the 

carbon support that offers a good electron transport highway. By taking advantage of MOF-

materials, advanced electrodes with hierarchical hollow architectures can be designed and 

engineered for improved energy storage. Dai et al. 
193

 developed CoO@S-Co3O4 core-sheath 

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

hollow S-doped Co3O4 sheath was prepared using a two-step synthetic protocol, which 

includes the surface etching of CoO nanowire for synchronous in-situ growth of well-aligned 

ZIF-67 and the following hydrothermal process. The synergetic effect between CC nanofibers 

and hollow ordered CoO@S-Co3O4 ensures efficient mass and electron transport. By 

assembling MOFs-derived nanoporous carbons as a negative electrode and CoO@S-Co3O4 as 

a positive electrode, the HSSC delivered the highest energy density of 33 Wh/kg at 1000 

W/kg, together with 87.9% capacitance retention over 5000 continuous cycles. Such a high 

performance can be attributed to the core-sheath structure, which facilitates both mass and 

electron transfer simultaneously.  

According to the phase diagram of Co-S, cobalt sulphides can exist in different 

stoichiometric compositions, such as Co4S3, Co9S8, CoS, Co3S4, Co2S3, and CoS2 with rich 

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

sulphides, Co9S8, CoS, and CoS2 have been widely studied as electrode materials in energy 

storage systems.
194

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

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

Co
2+

/Co
3+

 redox couple. The reaction can be generally expressed as:  
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                     (24) 

                          (25) 

Much research has been dedicated to engineering core-shell nanostructures with 

improved surface area and fast charge kinetics to achieve high electrochemical performance. 

By taking advantage of 1D nanostructure of Co3O4, acicular-type Co9S8 nanorod and 

Co3O4@RuO2 nanosheet were grown on carbon cloth and utilized as positive and negative 

electrodes in HSSC, respectively
195

(Figure 8b). Co9S8 nanorod arrays were grown by a 

hydrothermal sulphuration of acicular Co3O4 nanorod arrays, while the RuO2 was directly 

deposited on the Co3O4 nanorods. The as-fabricated HSSC can be cycled reversibly in the 

voltage range of 1.6 V and exhibited superior electrochemical performance with an energy 

density of 1.44 mWh/cm
3
 at the power density of 0.89 W/cm

3
 and excellent cycling 

performance at multi-rate currents and large currents after thousands of cycles. Compared 

with transition metal oxides, metal selenides possess higher electrochemical activity since the 

electronegativity of 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/sulphides. Therefore, it is expected that transition metal selenides would show 

excellent electrochemical properties as active electrode materials. Thus, cobalt selenide can 

be considered as promising battery electrode for HSSCs due to their low-cost and good 

electrochemical activities. The cobalt selenides are composed of two stable forms (CoSe, 

CoSe2) and two possible compounds (Co3Se4, Co2Se3) at room temperature. Zhang et al. 
196

 

have grown porous CoSe directly on a stainless steel substrate using the electrodeposition 

method and combined 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
3
 and 33.16 mW/cm

3
, respectively, with 96.7% of capacitance retention over 5000 

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

nanosheets and supported each other maintains the structural stability and facilitates ion 

exchange during the charge/discharge process, thereby enhancing the electrochemical 

properties of the device. Three-dimensional (3D) architectures growing on flexible substrates 

with high specific areas, inter-connective porous channels, high conductivity and excellent 

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

stability.
197

 By using selenization treatment, freshly grown Co3O4/carbon was transformed 

into hierarchical 3D CoSe2 architectures on carbon fabric, which delivered excellent 

capacitance retention of 95.4% after 5000 cycles in conventional three-electrode design. The 

HSSC with CoSe2/carbon fabric as a negative electrode and MnO2/carbon fabric as a positive 

electrode showed enhanced electrochemical performances including the extended voltage 

window of 1.6 V and the energy density of 0.588 mWh/cm
3
 at the power density of 0.282 

W/cm
3
 with 94.8% capacitance retention after 2000 cycles. The improved electrochemical 

activities can be ascribed to the hierarchical 3D CoSe2 architectures. Besides, MnO2 

nanowires on carbon fabrics exhibit sizeable specific surface area, which offers more 

efficient charge/mass exchanges and easy ionic transportation.  

In addition to the materials mentioned above, some new promising materials, for 

instance, cobalt phosphides (CoP) with both metalloid characteristics and excellent electric 

conductivity have been employed as a negative electrode in HSSC.
198

 The hybrid design of 

SCs with MnO2 NW as the positive electrode, displayed excellent supercapacitive 

characteristics, including a volumetric capacitance of 1.94 F/cm
3
 and energy and power 

densities of 0.69 mWh/cm
3
 and 114.20 mW/cm

3
, respectively. In addition, the 

CoP/CC//MnO2/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 Mixed metal-based positive electrodes 

An intelligent approach to push up the electrode material‟s performance is to create 

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

joint improvement in electrical conductivity, specific capacitance, energy and power 

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

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

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

materials and/or nanostructures on conductive substrates, brings together many competitive 

advantages such as easy accessibility of electrolyte ions, rich electroactive sites, short ion 

diffusion paths, superior current collection efficiency and the synergetic effects of different 

components. Keeping this in mind, Gao et al.
199

 prepared a hierarchical core/shell CoO@NiO 

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

nanoflakes on flexible activated carbon textiles (ACT). Due to the high surface/volume ratio 

of CoO urchins and large surface area of NiO nanoflakes, the hybrid CoO@NiO electrode 

enables fast charge accumulation and ion transport. The HSSC was assembled using 

CoO@NiO as a positive electrode and ACTs wrapped with graphene as a negative electrode 

with PVA/KOH polymer gel-electrolyte. The CoO@NiO/ACT//ACT/graphene cell 

synergically worked together to achieve improved electrochemical properties in terms of 

working voltage (1.6 V), the energy density of 52.26 Wh/kg and power density of 9.53 

kW/kg with capacitance 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-Co3O4 

composite on stainless steel yarn (SSY) was reported to yield a high-performance electrode 

for HSSC.
200

 The high electrochemical properties were assigned to both the nanospherical 

morphology of the Ni/Co oxides and the flexible, highly conductive stainless steel yarns. 

Moreover, unlike regularly used carbon-based negative electrodes, highly pseudocapacitive 

polypyrrole coated SSY was utilized as the negative electrode. By taking advantages of 

battery and pseudocapacitive electrodes, the HSSC achieved a high volumetric capacitance of 

14.69 F/cm
3
 with an energy density of 3.83 mWh/cm

3
 at a power density of 18.75 mW/cm

3
. 

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

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

of oxides on conducting substrate, the interface between the core and shell may experience 

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

hierarchical Co3O4@C@Ni3S2 sandwich-structured nanoneedle arrays on Ni foam were 

engineered as an efficient battery-electrode where mesoporous Co3O4 arrays served as a core, 

a thin carbon layer used as the inner shell layer and Ni3S2 nanoflakes as the outer shell 

layer.
201

 Here, Co3O4 nanoneedles not only provide a conductive connection for Ni3S2 but 

also enlarge the specific surface area, while the thin Ni3S2 nanoflakes increase the contact 

area with electrolyte, enabling fast redox reaction. In addition, a layer of carbon nanoparticles 

on the Co3O4 nanoneedle surfaces acts as an intermediate layer, which offers electron 

“superhighways” for charge storage and transportation as well as a “protection” layer to 

induce a perfect coating of ultrathin Ni3S2 nanoflakes on the Co3O4 nanoneedle arrays. By the 

synergetic contribution from individual constituents and the complex configuration, the 

Co3O4@C@Ni3S2//AC HSSC delivered an energy density of 1.52 mWh/cm
3
 at 6 W/cm

3
 and 

0.920 mWh/cm
3
 at a high-power density of 60 W/cm

3
. 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 Binary metal-based positive electrodes  

Of the various battery-type electrodes, binary metal-based (including 

oxides/sulphides/selenides) materials have been conceived as a promising cost-effective and 

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

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

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

components‟ contributions to the total capacitance, which result in better electrochemical 

performance compared to individual components. Depending on the structure, morphology, 

particle size, and metal ions, broad and stable reversible capacities can be achieved. This 

section describes the advancements in binary metal-based materials as positive electrodes in 

HSSCs.  

 Spinel cobaltites (MCo2O4; M = Mn, Ni, Zn, Cu, etc.) are promising battery-materials 

as they have high specific capacities and good rate capabilities owing to the advantages of 

both metal ions. Several spinel cobaltites have been reported, among them, NiCo2O4 (NCO) 

attracts much attention, as it possesses much better conductivity and higher electrochemical 

activity, at least two orders of magnitude higher than conventional transition metal oxides.
202, 

203
 Typically, NiCo2O4 possesses a spinel structure where Ni occupies the octahedral sites, 

and Co is distributed over both octahedral and tetrahedral sites.
203

 The charge storage 

mechanism of NiCo2O4 in alkaline media during the redox process corresponds to the 

reversible reactions of Co
2+

/Co
3+

 and Ni
2+

/Ni
3+

 transitions as given in the following 

equations:
204, 205

 

                                  (26) 
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                         (27) 

Synthesizing NCO with rationally designed morphology and nanoscale structure 

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

HSSCs. The hierarchical NiCo2O4 nanostructures (with airy organdy NiCo2O4 nanosheets on 

vertical NiCo2O4 nanoarrays) were prepared on carbon cloth and combined with 3D-porous 

graphene papers (PGP) negative electrode to assemble HSSC.
206

 The NiCo2O4/CC//PGP cell 

delivered a combination of electrochemical properties including extended working voltage 

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

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

Similarly, to prevent the capacity fading due to the volume change during charge/discharge 

processes, one effective route is to construct smart core-shell hybrid architecture electrodes. 

Such a hybrid configuration benefits from each of the materials. This can provide unique 

synergistic effects to facilitate the transfer of ions and electrons during electrochemical 

reactions process. In this context, ultrathin Ni(OH)2 nanosheet wrapped NiCo2O4 nanowires 

were grown on carbon nanotube fibres (CNTF) as the positive electrode, which provides a 

large accessible surface area in the electrolyte and improved ionic transportation,
207

 as shown 

in Figure 9a. Unlike typical carbon-negative electrode, highly conducting and porous 

vanadium nitride (VN) nanowires on CNTF were utilized as a pseudocapacitive negative 

electrode to assemble HSSC with a NiCo2O4@Ni(OH)2/CNTF positive electrode. The cell 

voltage reached to 1.6 V with a capacitance of 291.9 mF/cm
2
 (106.1 F/cm

3
) and energy 

density of 103.8 µWh/cm
2
 (37.7 mWh/cm

3
). The flexibility and cycling stability of HSSC 

was tested by weaving into a glove, which retained a capacitance of greater than 90% after 

bending over 5000 cycles. The porous VN nanowires and NiCo2O4@Ni(OH)2 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 issues of traditional metal oxides. For example, Kong and co-workers
208

 engineered 

3D hierarchical NiCo2O4@PPy coaxial nanowire arrays on carbon textiles where the 

mesoporous NiCo2O4 nanowires serve as the highly electroactive “core” and uniform PPy 

nanospheres work as the conductive “shell”. This hybrid electrode provides several key 

advantages. In this nanostructure, the mesopores NiCo2O4 improve ions access and transport 

while the conducting PPy shell increases the electron transport within every nanowire. 

Moreover, the unique core-shell design allows electrolytes to penetrate in every nanowire so 

that both the NiCo2O4 and PPy can involve in the redox reactions to contribute to the energy 

storage. The NiCo2O4@PPy//AC cell achieved a high energy density of 58.8 Wh/kg and 

power density of 10.2 kW/kg with capacitance retention of 89.2% after 5000 cycles as well as 

a good flexibility. On the other hand, improved electrochemical performance induced by 

foreign carbonaceous materials has also been reported.
209

 For instance, NiCo2O4-based 

graphene oxide/carbon fibre (NCGO/CF) electrodes were prepared and paired with a P-doped 

graphene oxide/carbon fibre (PGO/CF) negative electrode. The resulting fibre-type HSSC 

delivered a high energy density of 36.77 mWh/cm
3
 at a power density of 142.5 mW/cm

3
, and 

their unique hybrid structures exhibit satisfactory electrochemical performance.  

Other spinel cobaltites such as ZnCo2O4, FeCo2O4 and MnCo2O4 exhibit same 

structure as NiCo2O4 except for X (X= Zn, Fe or Mn) that replaces Co
2+

 at the tetrahedral site 

in Co3O4, which can also be utilized as positive electrodes in HSSCs. The common 

electrochemical performance-limiting factor for metal oxides is their low electrical 

conductivity; hence, it is essential to combine them with conducting carbon and/or polymer-

based materials. The hybrid ZnCo2O4/ZnO@multiwall carbon nanotube was fabricated as a 

positive electrode for HSSC.
210

 Initially, ZnCo2O4/ZnO 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 ZnCo2O4/ZnO@MWCNTs with a jungle flake inside showed improved 

rate capability and capacitance retention of 80.2% after 3000 cycles, assigning to the 

improved surface area and electrical conductivity. The HSSC cell displayed a specific 

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

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

ZnCo2O4/ZnO@MWCNT//AC HSSC could light four parallel-connected LEDs, which 

remained bright for 23 min. Similarly, Ma and co-workers
211

 designed ZnCo2O4@MnO2 

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

Fe2O3 on Fe foil as the negative electrode. The as-designed HSSC exhibited an extended 

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

capacitance retention of 91% after 5,000 cycles. 

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

have drawn extensive research attention.
212, 213

 NiMoO4 with multiple oxidation states offers 

high redox reactivity in a suitable electrolyte and can be used as battery-electrode in HSSCs. 

Gao et al.
214

 prepared NiMoO4 nanorods covered with conducting PANI to take the best 

properties out of these two materials to improve the electrochemical stability and charge 

storage capacity of SCs. The PANI with good mechanical stability can also prohibit the 

structural collapse of NiMoO4 during charge/discharge processes. The assembled HSSCs 

with NiMoO4-PANI composite and AC demonstrated an energy density of 33.07 Wh/kg at 

240 W/kg and high capacitance retention of about 98.6% after 5000 cycles. Similarly, Chen 

and co-workers
215

 grew CoMoO4 nanowires on carbon cloth (CC) and then wrapped them 

with a thin layer of electrically conducting PPy, aiming to improve the cycling stability. The 

resulting CoMoO4/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 well as tolerates the volumetric swelling/shrinking during the rapid charge/discharge 

process. 

Later, the HSSC device was fabricated by coupling CoMoO4/PPy positive electrode 

with a conventional AC negative electrode. The energy density for the cell was determined to 

be 104.7 Wh/kg (3.522 mWh/cm
3
) at a power density of 971.43 W/kg (32.6 mW/cm

3
). The 

device delivered a maximum power density 2171 W/kg (409.6 mW/cm
3
) at the energy 

density of 26.37 Wh/kg (0.887 mWh/cm
3
), suggesting good rate performance. Moreover, the 

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

of up to 180°.  

The electronegativity of sulphur is lower than oxygen; replacement of oxygen with 

sulphur can create a more flexible structure, preventing the structural disintegration and 

making it easy for electrons to transport, which is beneficial to electrochemical performances. 

Due to the lower bandgap, binary NiCo2S4 possesses an electric conductivity ~100 times 

higher than that of NCO. Therefore, it was widely explored as electrode material for energy 

storage applications. Recently, Lu et al.
216

 proposed the enhancement of the electrochemical 

activities of the NiCo2S4 electrode by interface regulation and further cobalt geometrical-site-

dependent electrochemical propensity modulation. They have employed a different route to 

regulate the interfaces and edges in NiCo-spinel structure effectively and introduced active 

species such as Co
2+

 at the tetrahedral site and Co
3+

 at the octahedral site, which 

correspondingly anchors the specific reactions, i.e. energy storage or catalytic process. The 

HSSCs with NiCo2S4 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 only be improved due to the electronic conductivity but also depends on 

geometrical-sites of cobalt species in NiCo2S4 nanostructure. On the other hand, to further 

improve the rate capability and cycling stability, NiCo2S4@CoMoO4 core-shell nanowire 

arrays were grown on carbon cloth.
217

 Benefiting from the unique hierarchical structure and 

their synergistic effects between CoMoO4 and NiCo2S4, the electrode realizes a fast electron 

and ion transfer, a large electroactive surface area and superior conductivity, resulting in 

good rate capability (81.6%) and cycling stability (88.6% capacitance retention after 5000 

cycles). The assembled HSSC device with AC-negative electrode achieved an energy density 

of 66.6 Wh/kg at a power density of 0.8 kW/kg and high-power density of 16 kW/kg at 49.95 

Wh/kg with good capacitance retention of 85.6% over 5000 cycles. Similarly, 

CoMoO4@Co1.5Ni1.5S4 rambutan-like hybrids were also investigated as positive electrode for 

HSSC, they delivered 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.
218

 These 

electrochemical performances were assigned to the special structure of the 

CoMoO4@Co1.5Ni1.5S4 hybrids, with CoMoO4 as a core and Co1.5Ni1.5S4 as branches; these 

provide high surface area and reveal synergistic effects. In addition to this, Kumbhar et al.
219

 

developed the HSSC by using the NiCo2O4 as a positive electrode and AC as a negative 

electrode. Initially, the Ni-Co hydroxide was prepared by three different electrodeposition 

routes, and further, it was converted into the NiCo2S4 via a hydrothermal process. The 

developed NiCo2S4// AC HSSC shows the energy density value of 69.7 Wh/kg with a power 

density of 8 kW/kg. Further, carbon-containing NiCo2S4 hollow-nanoflake structures were 

fabricated by Mohamed et al. 
220

 via one-step solvothermal method using CS2 as a single 

source for sulfidation and carbonization. The as-fabricated asymmetric supercapacitor based 
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on carbon-containing NiCo2S4 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 coulombic efficiency of 95.6% after 5000 cycles. In addition, some more different 

binary metal sulphides such as CuCo2S4,
221

 graphite nanosheet@CoMoS4,
222

 CoNi2S4/Ni
223

 

have been investigated as positive battery electrodes for hybrid solid-state supercapacitors 

with a suitable capacitive-negative electrode to achieve high energy density, good rate 

performance and excellent cycling stability. 

Mixed bimetallic sulphides have also been tested as positive electrode for the HSSC 

cell. Recently, Javed et al. 
224

 have prepared the ZnxCo1-xS nanoparticle-embedded in 

nitrogen-doped carbon on flexible carbon cloth (ZnxCo1-xS-NC) as a binder-free positive 

electrode for the flexible HSSC. This unique hierarchical mesoporous composite structure 

was simply derived from a metal-organic framework (MOF) precursor, followed by 

calcination and a tuned sulfurization process. Flexible HSSC based on ZnxCo1-xS-NC as the 

positive electrode 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 

capacitance after 5000 cycles. Further, Sun et al.
225

 developed the HSSC by using the redox-

active positive and negative electrode. They proposed the effective metal-organic framework 

(MOF)-derived approach to construct high performance positive and negative electrode 

materials with a core-shell heterostructure. Binary MOF arrays were converted to zinc–cobalt 

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

structure, which can offer an electrically and ionically conductive 3D continuous network for 

the growth of active materials. Further, the Ni(OH)2 and VN were decorated on the ZnCoS-

NSs to form the positive Ni(OH)2@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 Layered double hydroxide (LDH)-based positive electrodes 

Metallic layered double hydroxides have attracted increasing attention as promising 

battery electrodes due to their extremely reversible redox activities, rich abundance, low price 

and natural friendliness. Importantly, the easy intercalation/deintercalation of ions without 

altering the structure is favourable for the stable energy storage application. In addition to 

this, the facile exfoliation into monolayer nanosheets and easy chemical modification makes 

them excellent electrode for the energy storage application among the other hydroxide 

electrodes. However, the unsatisfactory structural stability and conductivity severely restrict 

their practical applications in high-performance HSSCs. Hollow nanostructures possess many 

advantages such as large surface area favouring electrolyte accesses and charge transfer, thus 

leading to enhanced electrochemical activities. 

In the past few years, numerous studies were carried out on the NiCoAl-LDH for the 

energy storage application due to its high energy storing capacity and tunable structure. Some 

of the primary studies focused on the synthesis of single-phase NiCo-LDH by changing the 

ratio of the nickel and cobalt precursors.
226, 227

 Recently many efforts have been taken to 

combine NiCo-LDH with different conducting materials such as graphene nanosheets
228

, 

reduced graphene oxide (rGO)
229

 and V4C3 Mxene.
230

 For example, Wang et al.
230

 prepared 

the composite electrodes by combining the NiCoAl-LDH and V4C3 Mxene in a single 

electrode to take the benefits of the battery-type and capacitive-type charge storage 

mechanism. As a result, the hybrid supercapacitor with NiCoAl-LDH/V4C3 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, 

respectively. Similarly, Gao et al.
231

 systematically investigated the effect of the Al in the 

ternary LDH on the supercapacitive performance. They prepared the NiCo2Al-LDH by 

changing the proportion of the Al and studied its impact on the structure, morphology, and 

electrochemical features of the electrode. At the appropriate level of Al (x=2), the mixed 

nanowires-nanosheets-based morphology exhibited the 2.3-fold capacitance of NiCo2-OH. 

Further, the hybrid supercapacitor was developed by using the NiCo2Al-LDH as a positive 

electrode, and MOF derived porous carbon as a negative electrode with PVA-KOH gel 

electrolyte. The developed hybrid supercapacitor shows the highest energy density of 44 

Wh/kg at the power density of 462 W/kg with remarkable cyclic stability with 91.2% 

capacitance retention over 15 000 charge-discharge cycles. Some other approaches have also 

been reported in the literature to enhance the energy storing capacity of the LDH based 

electrodes. Zhao et al.
232

 fabricated the core-shell based electrodes by preparing the NiCo-

LDH nanosheets on the CoMoO4 nanowires by a two-step hydrothermal process. Further, 

they developed the hybrid supercapacitor by using the CoMoO4@NiCo-LDH as a positive 

electrode and AC as a negative electrode with PVA-KOH gel electrolyte. The developed 

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

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

reported by the Tyagi et al.
233

 for the HSSC. They developed the hybrid supercapacitor by 

using the Ni–V LDH 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 

of 0.24 mWh/cm
3
. In addition to this, NiFe-LDH was also reported for the HSSC application. 

Wang et al. 
234

 proposed 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 excellent electrochemical features for the LDH based supercapacitor cell, the 

fundamental understanding of each component of the LDH during the charge-discharge 

process is necessary.  

 

6.2.6 Other battery-type positive electrode 

In addition to the materials mentioned above, some new promising compounds have 

also been utilized for the hybrid supercapacitors to achieve higher electrochemical 

performance. For example, novel 1D Co2.18Ni0.82Si2O5(OH)4 ultrathin nanoflakes architecture 

was paired with graphene nanosheets (GNSs) to realise an HSSC.
235

 Interestingly, the as-

assembled Co2.18Ni0.82Si2O5(OH)4//graphene HSSC cell displayed a specific capacitance of 

194.3 mF/cm
2
 at a current density of 0.50 mA/cm

2
 while retaining the value of 141.6 mF/cm

2
 

at a current density of 6.0 mA/cm
2 

(~73% capacitance retention). Further, the cell could 

deliver a maximum energy density of 0.496 mWh/cm
3
 and excellent cycle stability with 

96.3% retention over 10,000 cycles. Zhao et al.
236

 prepared the novel 

Ni20[(OH)12(H2O)6][(HPO4)8(PO4)4]·12H2O nanorods via the one-pot hydrothermal method 

and applied them for the flexible hybrid supercapacitor. The developed 

Ni20[(OH)12(H2O)6][(HPO4)8(PO4)4]·12H2O//graphene hybrid supercapacitor works at 

operating voltage of 1.6 V with a maximum energy density of 0.446 mWh/cm
3
 at a current 

density of 0.5 mA/cm
2
. Moreover, the metal silicate has also been reported for the 

supercapacitor application. Wang et al.
237

 prepared the metal silicate (MnSi, CoSi and NiSi) 

by using the Stöber method-fabricated SiO2 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
2
, corresponding to a high energy density of 4.6, 2.6 and 0.93 mWh/cm

3
, respectively. 

Recently, Chodankar et al.
238

 have prepared the battery-type phosphorus-containing 

amorphous tri-metal nickel–ruthenium–cobalt hydroxide (P@NRC-OH) nanofibers via one 

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

exhibited enhanced energy storage properties in terms of specific capacity (541.66 mAh g
−1

 

at 3 mA cm
−2
), cycling durability (90.35% retention over 20 000 cycles), and rate capability 

(308.64 mAh g
−1

, at 20 mA cm
−2

). The assembled full-cell HSSC with P@NRC-OH 

nanofibers as the 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 as 37.87 W h/kg at a power density of 6818.18 W/kg, also showing long cycling 

stability over 15,000 charge-discharge cycles.   

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

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

synergistic effects that are feasible for high-performance SCs. Recently, Chodankar et al.
239

 

reported the self-assembled vertically aligned microsheets-structured 2D Ni2P2O7 decorated 

with amorphous Ni-Co-hydroxide as a positive electrode for the hybrid supercapacitor 

(Figure 9c). The assembled Ni2P2O7/Ni-Co-hydroxide//AC hybrid worked at a high voltage 

limit of 1.6 V with an energy density of 78 Wh/kg (1.065 mWh/cm
3
) and revealed 

extraordinary cyclic stability over 10000 charge-discharge cycles with excellent energy 

efficiency (75%–80%) for all current densities. Similarly, Liu et al. 
240

 developed transparent 

HSSC by using the core-shell structured electrodes. Initially, they prepared the Ag nanowire-

decorated NiCo/NiCo(OH)2 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)2 cathode and the Ag NW/graphene anode 
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achieves a maximum areal capacitance of 9.6 mF/cm
2
 at a current density of 0.2 mA/cm

2
, the 

high energy density of 3.0 Wh/kg and power density of 3.5 W/kg.  

Metal selenides have been regarded as a new class of battery-type electrodes because 

of their superior electronic conductivities, enriched redox-active sites, lower band gaps, large 

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

metal oxide analogues. Recently, Nguyen et al.
241

 have prepared the ternary metal selenides 

of nickel−vanadium selenide (NixV3−xSe4) and nickel−iron selenide (NixFe3−xSe4) series by 

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

application. They have studied the impact of the Ni
2+

 on the electrochemical features of the 

NixV3−xSe4 and nickel−iron selenide NixFe3−xSe4 electrodes. As a result, the developed 

NixV3−xSe4//NixFe3−xSe4 HSSC cell shows the energy density value of 73.5 Wh/kg at a power 

density of 0.733 kW/kg and superior cycling performance (96.6% capacitance retention after 

10 000 cycles). Similarly, Zhai et al.
242

 fabricated the mixed Co-Cd selenide (Co-Cd-Se) 

nanorods and used 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.
243

     

Transition metal phosphides (TMPs) have recently emerged as a positive electrode 

material for use in HSSC thanks to their intrinsically outstanding specific capacity and high 

electrical conductivity. Recently, Yang et al.
244

 have prepared the highly conducting 2D GeP5 

via high-temperature and high-pressure oriented growth technique (HTHP-OGT). The 

prepared 2D GeP5 shows the excellent electrical conductivity of 2.4 x 10
6
 S/m, which is quite 

favourable for high-performance HSSC applications. As a result, the prepared 2D GeP5 

exhibits excellent electrochemical performances (including an ultrahigh scan rate of 1000 

V/s), a high specific capacitance of up to 35.86 F/cm
3
 at 5 mV/s, a great power density of 

397.24 W/cm
3
 and energy density of 4.98 mWh/cm

3
. Furthermore, binary TMPs have also 

been reported in the literature as a positive electrode for the HSSCs to overcome the 

 16136829, 2020, 37, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202002806 by Q
ueensland U

niversity O
f T

echnology, W
iley O

nline L
ibrary on [07/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



 

 

 

This article is protected by copyright. All rights reserved. 

57 

 

limitations of the unitary TMPs. For instance, bimetallic CoxNi1−xP ultrafine nanocrystals 

supported on carbon nanofibers (CoxNi1−xP/CNF) have been synthesized by Zhang et al. 
245

 

for the highly efficient HSSC application. They find that the Co:Ni ratio has a significant 

impact on the specific capacitance/capacity of CoxNi1−xP/ CNF, and CoxNi1−xP/CNF with an 

optimal Co:Ni ratio exhibits an extraordinary specific capacitance/capacity of 3514 

F/g/1405.6 C/g at a charge/discharge current density of 5 A/g, which is the highest value for 

TMP-based electrode materials reported by far. The density functional theory (DFT) 

calculations imply that the significant capacitance/capacity enhancement in binary 

CoxNi1−xP/CNF, compared to the unitary NiP/CNF and CoP/CNF, originates from the 

enriched density of states near the Fermi level. An HSSC cell was developed with 

CoxNi1−xP/CNF as a positive electrode material, AC as a negative electrode material, and a 

KOH-PVA polymer gel as the electrolyte. The HSSC cell shows a specific 

capacitance/capacity of 118.7 F/g/166.2 C/g at 20 mV/s, delivers an energy density of 32.2 

Wh/kg at 3.5 kW/kg, and demonstrates good capacitance retention after 10000 

charge/discharge cycles. Similarly, Nguyen et al.
246

 prepared the 3D Zn-Ni-P nanosheets 

arrays via simple, scalable and cost-effective hydrothermal and subsequent effective 

phosphorization technique. Furthermore, the developed Zn–Ni–P NS//Fe2O3@NG HSSC cell 

delivers an ultra-high volumetric capacity of 1.99 mAh/cm
3
, excellent energy density of 

90.12 W h/kg at a power density of 611 W/kg and extraordinary cycling stability (93.05% of 

initial capacity after 20 000 cycles at a high current density of 15 mA/cm
2
). The detailed 

summary of recent advancement in electrochemical performance of flexible solid-state hybrid 

SCs based on different 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 V2O5, TiO2, MoS2 and WS2 

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

like pseudocapacitive materials while turning to nanostructures and therefore called as 

extrinsic pseudocapacitors. This section describes the utilization of such materials in the 

fabrication of HSSCs. For example, titanium dioxide (TiO2) can be considered as a promising 

electrode material for HSSCs due to its excellent electrochemical stability at negative 

potential range (up to -1.6 V vs SCE) in neutral aqueous electrolytes.
247-249

 However, most of 

the TiO2 polymorphs exhibit the tunnel-type structure or layered structure constructed by the 

corner-shared or edge-shared [TiO6] octahedra chains (Figure 10a). The compact crystal 

structures of these TiO2 polymorphs with small interlayer spaces and tight (1×1) tunnels 

suffer from slow ion diffusion in the crystal, leading to low specific capacitance and poor 

rate-performance.
250-252

 Thus, to improve the charge storage capacity and advance ion-

diffusion, K
+
 intercalated hollandite TiO2 electrode with large (2×2) atom tunnels (K0.06TiO2) 

has been developed via a phase transformation from anatase TiO2 to hollandite TiO2 with 

partial extraction of the intercalated K
+
 ions.

253
 The large (2 × 2) tunnels offer large space for 

ion storage, they also facilitate the intercalation/de-intercalation and transportation of ions in 

the crystal, endowing the hollandite TiO2 high pseudo-capacitance with high-rate 

performance (Figure 10a). The K0.06TiO2 has been utilized as a novel negative electrode with 

MnO2 positive electrode to assemble a high voltage (2.4 V) MnO2//K0.06TiO2 flexible HSSC 

device, which further delivered a high capacitance of 295.5 mF/cm
2
 and energy density of 

63.9 mWh/cm
3
. Moreover, after 10,000 cycles, the device retained 72.7% of the initial 

capacitance, indicating good cycling performance. Conversely, Lu and co-workers proposed 

core-shell structured hydrogenated TiO2@MnO2 for the HSSC application; the corresponding 

SEM images are shown in Figure 10 (b).
254

 Combining MnO2 with the TiO2 can drastically 

enhance the electrical conductivity and the stability of the core-shell structured electrode.
255
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More importantly, the carrier density of pristine TiO2 can be increased by three orders of 

magnitude upon hydrogenation. Based on these merits, hydrogen-treated TiO2 (H-TiO2) 

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

active MnO2 and carbon shells (H-TiO2@C). Thus, HSSC was fabricated using H-

TiO2@MnO2 and H-TiO2@C as positive and negative electrodes, respectively, which 

delivered volumetric and specific capacitance values of 0.71 F/cm
3
 and 141.8 F/g, 

respectively, at 10 mV/s. It also delivered a good energy density of 0.30 mWh/cm
3
 (59 

Wh/kg) and a power density of 0.23 W/cm
3
 (45 kW/kg) with good cycling performance with 

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

negative electrodes in HSSCs enhances the energy density of SCs to some extent; however, it 

is still far from the energy density of batteries. Therefore, in addition to the hybrid cell 

designs, further strategies need to be developed to improve the energy density of SCs. 

Ecologically compatible deep eutectic solvent-based electrolytes are implemented to 

assemble high-voltage SCs that can significantly improve the energy density of a device and 

also work in a broad range of operating voltage.
256-259

 For instance, PVA-acetamide-LiClO4 

(PAL) deep eutectic solvent-based gel electrolyte was sandwiched between vanadium oxide 

(VOx) and manganese oxide (MnOx) nanofibers on a conductive paper as positive and 

negative electrodes, respectively.
260

 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 

voltage range, the device exhibited outstanding energy density of 245 Wh/kg at 1800 W/kg, 

which was maintained to 98 Wh/kg even at a high power density of 95.3 kW/kg with good 

cycling stability (<10% loss after 6000 cycles). The deep eutectic solvent-based electrolyte 

affords a large applied 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.
256, 257

 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 (1,340 F/g) and high electrical conductivity (σbulk = 1.67 x 10
6
 /Ωm) operates in a 

negative potential region. HSSC was fabricated using porous VN nanowires as the negative 

electrode and VOx nanowires as the positive electrode
261

 (Figure 10c). Notably, the 

VN//VOx device exhibited a stable electrochemical window of 1.8 V and achieved a 

volumetric capacitance of 1.35 F/cm
3
 (based on the volume of the entire device; 60.1 F/g, per 

the total mass of active materials) with remarkable rate capability of 74.7%. Indeed, a high 

energy density of 0.61 mWh/cm
3
 and a high power density of 0.85 W/cm

3
 were achieved 

with long-term cycling stability (87% retention after 10,000 cycles). Moreover, the device 

delivered good electrochemical performances even under different deformation conditions 

such as folding and twisting, which confirms its potential for application in wearable 

electronics. 

 As an alternative to EDLC based carbon materials, few pseudocapacitive metal 

sulphides with high capacitance and stability have also been investigated as a negative 

electrode for HSSCs, including MoS2 and WS2.
262, 263

 MoS2 is a particularly attractive 

pseudocapacitive electrode material owing to its large van der Waals gap of 6.2 Å in micro-

sized samples, which can increases up to 6.9 Å in nanostructured samples.
264, 265

 The 

increased van der Waals spacing should further reduce the guest-host interaction, making an 

ideal pseudocapacitive material. Owing to the two-dimensional (2D) atomic layered structure, 

MoS2 has recently been considered to be a proper choice for SCs, which can provide large 

surface area and permeable slit-shaped channels to facilitate ion insertion/extraction within an 

individual monolayer.
266, 267

 However, its sluggish ionic kinetics and poor cycling stability 

limit their electrochemical performance. The nanocomposite of MoS2 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, MoS2 

nanosheets coated carbon nanotube fibres (MoS2@CNTFs) were developed as a negative 

electrode and combined with Na-doped MnO2 nanosheets on CNTFs (Na-MnO2@CNTFs) to 

construct HSSCs. The designed fibre shaped HSSCs cell exhibited a large operating potential 

window of 2.2 V with a remarkable specific capacitance (265.4 mF/cm
2
), as well as high 

energy density (178.4 µWh/cm
2
). Besides, the device showed excellent flexibility with the 

capacitance retention of 92.4% after bending 3500 times and maintained stability at various 

angles. In a similar line, Yang and co-workers
268

 developed HSSCs using the flower-like 

MoS2 and MnO2 grown on graphene nanosheets (GNS) as negative and positive electrodes, 

respectively. Both MoS2/GNS and MnO2/GNS nanostructures were prepared by the 

controlled hydrothermal process where MoS2/GNS hybrid displays a typical crinkly and 

rippled structure with ultrathin MoS2 nanosheets uniformly grown on the graphene. 

Additionally, the MoS2/GNS electrode exhibits superior electrochemical performance, 

such as high specific capacitance (320 F/g at 2 A/g) in a negative potential window which is 

quite suitable for the HSSCs application. The assembled MnO2/GNS// MoS2/GNS HSSCs 

delivers a remarkable energy density of 78.9 Wh/kg at a power density of 284.1 W/kg. To 

overcome the sluggish electrode kinetics of MoS2, Liu et al.
269

 proposed the phosphorus 

heteroatom doping strategy to enhance the electrical conductivity of MoS2 and to lower the 

diffusion barrier of Na
+
 ion. According to density functional theory (DFT), the lowest energy 

barrier of Na-diffusion in P-doped MoS2 (0.11 eV) is considerably lower than that for pure 

MoS2 (0.19 eV), signifying the improvement in rate performance upon P-doping. As a result, 

the developed HSSCs with P-doped MoS2 as a negative electrode and MnO2 as a positive 

electrode exhibits 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
270

 

has recently developed the high-mass loaded HSSCs with 2D MoS2/CF and MnO2/CF as 
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negative and positive electrodes, respectively, and with PVA-Na2SO4 as gel electrolytes. 

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

materials such as MnO2 and MoS2. Importantly, the achieved capacitances are possible only 

when the electrode mass loading is less than 1 mg/cm
2
. However, the electrode mass loading 

less than the 1 mg/cm
2
 is meaningless for commercial applications. Our group has recently 

developed high mass loaded MnO2/CF (6.6 mg/cm
2
) and MoS2/CF (7.2 mg/cm

2
) using a 

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

outstanding areal capacitances of 1187 and 495 mF/cm
2
 at high current densities with 

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

mWh/cm
3
 at a power density of 50 mW/cm

3
 and capacitance retention of 92.25% over 11,000 

cycles and a minimal diffusion resistance (1.72 Ω/s
1/2

). Likewise, Liu et al.
271

 reported the 

first example of crystalline WS2 nanosheets as a promising negative electrode for HSSCs by 

pairing it with MnO2@TiN nanostructure as a positive electrode. Indeed, the stable 

electrochemical voltage window of as-fabricated WS2//MnO2@TiN device was estimated to 

be 1.8 V with a capacitance of 4.2 F/cm
3
. Moreover, the device delivered a maximum energy 

density of 0.97 mWh/cm
3
 at a power density of 702.1 mW/cm

3
 that was retained to 0.36 

mWh/cm
3
 at a high-power density of 1.14 W/cm

3
, demonstrating excellent rate capability. 

 

7. Perspectives and Challenges 

Solid-state asymmetric supercapacitors (ASSCs) and hybrid supercapacitors (HSSCs) 

with high power density, short charging time, long cycling life represent one of the key 

energy storage systems in portable and wearable electronics. The research in the field of 

ASSCs and HSSCs 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 elaborated that despite the impressive advancements, still, innovative approaches are 

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

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

asymmetric supercapacitor;  

 Terminologies used for Materials: The redox chemistries of materials in SCs can be 

broadly divided into two categories such as pseudocapacitive (surface redox and 

intercalation) and faradic (bulk reactions) electrodes. Based on the electrochemical 

signatures (CV and CD curves), both materials can be easily distinguished. However, 

several reports on Ni, Co and Ni-Co battery type electrodes have designated them as 

pseudocapacitive materials although they display sharp and distinct redox peaks. 

Therefore, a clear understanding of the electrochemical properties of materials and their 

charge storing mechanisms should be developed. 

 Suitable metrics and calculations: A standardised calculation method and 

electrochemical performance metrics need to be designed and developed for different 

materials. For example, every year numerous studies on the nickel, cobalt and nickel-

cobalt based electrode materials with faradic charge storing mechanisms report the 

specific capacitance in the range of thousands of Farads per gram, which is merely 

meaningless. For such electrode materials, their capacity (either in C/g or mAh/g) should 

be reported. Also, reporting the volumetric electrochemical parameters are essential for 

the ASSCs as the mass loading of the active material over the current collector is 

negligible in comparison with the weight of the whole device. 

 Terminologies for Device Configurations: As previously discussed, the proper 

terminology should be used for the device configurations based on the electrode 
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materials and their charge storing mechanisms. For instance, the device containing two 

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

be termed as asymmetric supercapacitors (EDLC//EDLC, 

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

the device with different positive and negative electrode materials and different charge 

storage mechanisms such as one battery-type and one capacitor-type electrode should be 

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

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

clearly defined.   

 Materials Properties: Searching the suitable electrode material with higher electrical 

conductivity, large specific surface area and controllable pore structures are essential for 

the enhanced electrochemical performance. In the last decade, the 2D electrode materials 

such as MXenes, metal nitrides, MOFs and metal dichalcogenides have been explored 

for ASSCs. However, the obtained electrochemical performances of these electrode 

materials are not sufficient for the practical applications.  

 Enhancing working voltage window: The selection and optimisation of the electrolyte 

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

majority of research on the ASSCs is conducted on electrode materials. However, the 

electrolyte is equally responsible for the resultant electrochemical performance. 

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

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

conductivity, thermal stability, and higher overpotential for the hydrogen evolution 

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

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. 

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

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

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

the studies discuss the self-discharge issue. To effectively use the asymmetric 

supercapacitor at the commercial level, it is necessary to overcome the self-discharge 

issue.       

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

materials and devices with a fundamental understanding of their charge storage mechanisms, 

design, fabrication and the evaluation of the appropriate electrochemical performance metrics 

and recent advancement an in an asymmetric fashion. The recent progress in flexible ASSCs 

suggests that solid-state ASSCs would play a vital role in the emergence of lightweight, 

flexible and wearable capacitive devices in the near future. 
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TOC: The demonstration of distinction between asymmetric and hybrid supercapacitor on the 

basic of electrode combinations respective to their charge storing mechanisms.  
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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. However, with the recent scientific advancements, the boundary between 

pseudocapacitive and battery materials is blurred. This review provides a true meaning of 

pseudocapacitors with their electrochemical signatures. The distinction between asymmetric 

and hybrid supercapacitor based on electrode combinations is demonstrated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1: Summary of recent progress in asymmetric supercapacitors with both 

capacitive electrodes 

Negative 

Electrode 

Positive 

Electrode 

Electrolyte Voltage 

window (V) 

Specific 

capacitance 

Max. 

Energy 

density 

Max. Power 

density 

Cycling stability 

(%) 

Ref.  

Ni/AC Ni/MnO2 Na2SO4/PVA 2.5 1.4 F/cm
3
 @ 

2.5 mA/cm
3
 

0.78 

mWh/cm
3
 

2.5 mW/cm
3
 96.3 after 500 

bending cycles 

101
 

Activated PPy/MnO2/CC H3PO4/ 1.8 1.41 F/cm
2
 @ 8.67 246.9  98.6 after 1,000 

102
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carbon/CC PVA 0.5 mA/cm
2
 mWh/cm

3
 mW/cm

3
 cycles 

AC MoS2/CNTs-

MnO2 

PVDF-

HFP/EMIMBF4

/EMIMTFSI 

4.0 50.5 F/g @ 0.5 

A/g 

124 Wh/kg 9.16 kW/kg 88 after  

1100 cycles 

272
 

CNT MnO2/CNT Na2SO4/ 

silica/ 

PVA 

1.8 56.3 F/g @  

1 A/g 

5.97  

Wh/kg 

0.87  

kW/kg 

- 
109

 

Ordered 

microporous 

carbon/CNTs 

MnO2@PEDOT

:PSS 

Na2SO4/CMC 1.8 23.4 F/cm
3
 (21.7 

F/g) @ 0.085 

A/cm
3
 

11.3 

mWh/cm
3
 

2.1  

W/cm
3
 

85 after  

10,000 cycles 

112
 

IL-CMG RuO2–ILCMG H2SO4 

/PVA 

1.8 175 F/g @ 

0.5 A/g 

19.7 

Wh/kg 

6.8  

kW/kg 

95 after  

2,000 cycles 

123
 

K0.06TiO2 MnO2 LiCl/PVA 2.4 295.5 mF/cm
2
 

@ 0.25 mA/cm
2
 

63.9 

mWh/cm
3
 

565.7 mW/cm
3
 72.7 after  

10,000 cycles 

273
 

Titanium carbide 

MXene (Ti3C2Tx) 

RuO2 H2SO4/PVA 1.5 60 mF/cm
2
 @ 

5 mV/s 

19  

μWh/cm
2
 

40 mW/cm
2
 - 

147
 

MXene/CNT MnO2/CNT LiCl/PVA 2.0 220 mF/cm
2
 @ 

0.3 mA/cm
2
 

100 

μWh/cm
2
 

29  

mW/cm
2
 

96 after 10,000 

cycles 

148
 

Graphene/ 

polypyrrole 

Graphene/MnO2 KOH/PVA 1.8 2.69 F/cm
3 

(175.2 F/g) @ 

1 mA/cm
2
 

1.23  

mWh/cm
3
 

- 90.2 after 

10,000 cycles 

159
 

CW/CMK-3 CW/PNC/PEDO

T 

KOH/PVA 1.45 31.6 mF/cm
2 

(3.16 F/cm
3
)@ 

0.4 mA/cm
2
 

0.011  

mWh/cm
2
 

7.8  

mW/cm
2
 

1,400  

Cycles 

160
 

MoS2@CNTFs Na-Doped 

MnO2@CNTFs 

Na2SO4/PVA 2.2 265.4 mF/cm
2
 

@ 1 mA/cm
2
 

0.178 

mWh/cm
2
 

11.032  

mW/cm
2
 

90 after  

5000 cycles 

161
 

Fe2N@GNSs TiN@GNSs LiCl/PVA 1.6 60 F/g @  

50 mV/s 

15.4 Wh/kg 6.4 kW/kg 98 after 20,000 

cycles 

139
 

OPHPC-Orange 

peel derived 

porous carbon 

MnO2@OPHPC Orange peel 

juice/PVA 

1.0 3.9 F/cm
2
 (65.4 

F/g) @  

1 mA/cm
2
 

- - - 
162

 

N-rGO Fe2O3-Fe3O4 KOH/PVA 1.6 112 F/g @  

0.8 A/g 

24.55 

Wh/kg 

6.624 kW/kg 92 after  

10000 cycle 

163
 

Hydrophilic 

Carbon Cloth@ 

Polypyrrole 

Hydrophilic 

Carbon Cloth@ 

MnO2 

LiCl/PVA 1.8 62.66 F/g @ 

0.5 A/g 

28.2 Wh/kg 3.275 kW/kg 91.2 after 5,000 

cycles 

165
 

C@TiN@CNT 

fiber 

MnOx@TiN 

@carbon 

nanotube fiber 

EMIMTFSI/PV

DF-HFP 

3.5 36 F/cm
3
 (360 

mF/cm
2
) at 0.1 

A/cm
3
 

61.2 

mWh/cm
3
 

10.1 W/cm
3
 91.6 after 20,000 

cycles 

166
 

H-TiO2@C H-TiO2@MnO2 LiCl/PVA 1.8 0.71 F/cm
3
 

(141.8 F/g) @ 

10 mV/s 

0.30  

mWh/cm
3 

(59 Wh/kg) 

0.23  

W/cm
3 

(45 kW/kg) 

91.2 after 5,000 

cycles 

254
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Fe2O3/CF α-MnO2/CF LiCl/PVA 1.6 1.5 F/cm
3
 @ 

2 mA/cm
2
 

0.55 

mWh/cm
3
 

139.1 mW/cm
3
 84 after  

5,000 cycles 

130
 

Graphene 

hydrogel 

(GH)/copper wire 

(CW) 

MnO2/graphene/

CF 

KCl/PAAK 1.6 2.54 F/cm
3
 @  

0.2 mA/cm
2
 

0.9  

mWh/cm
3
 

0.2 

W/cm
3
 

90 after 10,000 

cycles 

168
 

RGO MnO2/ZnO LiCl/PVA 1.8 0.52 F/cm
3
 @  

 10 mV/s 

0.234  

mWh/cm
3
 

0.133  

W/cm
3
 

98.5 after 5,000 

cycles 

169
 

CF@TRGO CF@RGO@Mn

O2 

KCl/PAAK 1.6 - 1.23  

mWh/cm
3
 

0.27  

W/cm
3
 

91 after 10,000 

cycles 

171
 

CNT/graphene 

paper 

Mn3O4/graphene 

paper 

KCl/PAAK 1.8 72.6 F/g @ 

0.5 A/g 

32.7  

Wh/kg 

9.0  

kW/kg 

86 after 10,000 

cycles 

122
 

Fe2O3 MnO2 LiClO4/PVA 2.0 147 F/g @ 

 5 mV/s  

41  

Wh/kg 

10  

kW/kg 

95 after  

2,500 cycles 

172
 

Fe2O3 CuO Na2SO4/CMC 2.0 79 F/g @ 

2 mA/cm
2
 

23  

Wh/kg 

19  

kW/kg 

90 after  

1,000 cycles 

173
 

Eggplant derived 

AC 

γ-MnS - 1.6 110.4 F/g @   

1.0 mA 

37.6 

Wh/kg 

181.2 

W/kg 

89.87 after 5,000 

cycles 

174
 

 

Table 2: Recent advances in hybrid supercapacitors with one battery and one capacitive 

electrode 

Positive Electrode Negative 

Electrod

e 

Electro

lyte 

Volt

age 

wind

ow 

(V) 

Specific 

capacit

ance 

Max. 

Energ

y 

densit

y 

Max. 

Power 

densit

y 

Cycli

ng 

stabi

lity 

(%) 

Re

f. 

Carbon Fiber (CF)-

Ni(OH)2 

CF−CNT KOH/P

VA 

1.3 - 41.1 

Wh/k

g 

3.5 

kW/k

g 

98 

over 

3,000 

cycle

s 

181
 

MOF-derived 

Ni/NiO 

CNTs-

COOH 

KOH/P

VA 

1.8 136.4 

F/g @ 

2 

mA/cm
2
 

61.3 

Wh/k

g 

9.064 

kW/k

g 

92.8 

over 

10,00

0 

cycle

s 

184
 

Ni3S2 3D-rGO KOH/P

VA 

2.2 105 F/g 

@ 

1 A/g 

70.58 

Wh/k

g 

33 

kW/k

g 

90.4 

over 

5000 

185
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cycle

s 

NiS/Ni3S2 AC KOH/P

VA 

1.7 0.34 

mAh/c

m
2
 @ 

2 

mA/cm
2
 

0.289 

mWh/

cm
2
 

12.82

5 

mW/c

m
2
 

86.7 

over 

8,000 

cycle

s 

274
 

Ni0.85Se AC KOH/P

VA 

1.6 81 F/g 

@ 1 

A/g 

29 

Wh/k

g 

5.512 

kW/k

g 

81.25 

over 

5,000 

cycle

s 

189
 

Co(OH)2@Carboniz

ed wood (CW) 

Carboniz

ed wood 

(CW) 

KOH/P

VA 

1.5 14.19 

F/cm
3 

@ 

1 

mA/cm
2
 

0.69 

mWh/

cm
2
 

(10.87 

Wh/k

g) 

15.44

7 

W/cm
2
 

(236.8 

W/kg) 

85 

over 

10,00

0 

cycle

s 

190
 

MOF-derived 

CoO@S-Co3O4 

MOF-

derived 

carbon 

KOH/P

VA 

1.5 1.99 

F/cm
3
 

@ 

2 

mA/cm
2
 

0.71 

mWh/

cm
3
 

207 

mW/c

m
3
 

87.9 

over 

5,000 

cycle

s 

193
 

Co9S8 Co3O4@

RuO2 

KOH/P

VA 

1.6 4.28 

F/cm
3 

@ 

2.5 

mA/cm
2
 

1.44 

mWh/

cm
3
 

0.89 

W/cm
3
 

90.2 

over 

2,000 

cycle

s 

195
 

CoSe AC KOH/P

VA 

1.4 18.1 

mF/cm
2
 

@ 

0.5 

mA/cm
2
 

0.17 

mWh/

cm
3
 

 

33.16 

mW/c

m
3
 

96.7 

over 

5,000 

cycle

s 

196
 

MnO2 CoSe2 LiCl/P

VA 

1.6 1.77 

F/cm
3
 

@ 1 

mA/cm
2
 

0.588 

mWh/

cm
3
 

0.282 

W/cm
3
 

94.8 

after 

2,000 

cycle

s 

197
 

CoO@NiO/AC 

textile 

AC-

textile 

/graphene 

KOH/P

VA 

1.6 147.6 

F/g @ 

10 

mA/cm
2
 

52.26 

Wh/k

g 

9.53 

kW/k

g 

97.5 

over 

2,000 

cycle

199
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s 

NiO+Co3O4 Polypyrr

ole 

KOH/P

VA 

1.5 14.69 

F/cm
3
 

@ 

25 

mA/cm
3
 

3.83 

mWh/

cm
3
 

29 

mWh/

cm
3
 

91 

over 

6000 

cycle

s 

200
 

Co3O4@C@Ni3S2 AC KOH/P

VA 

1.8 - 1.52 

mWh/

cm
3
 

60 

W/cm
3
 

91.43 

over 

10,00

0 

cycle

s 

201
 

NiCo2O4/CC Porous 

graphene 

paper 

(PGP) 

LiOH/P

VA 

1.8 71.32 

F/g @ 

5 

mA/cm
2
 

60.9 

Wh/k

g 

11.36 

kW/k

g 

96.8 

over 

5,000 

cycle

s 

206
 

Ni(OH)2@NiCo2O4

@CNTF 

VN@CN

TF 

KOH/P

VA 

1.6 291.9 

mF/cm
2
 

(106.1 

F/cm
3
) 

@ 1 

mA/cm
2
 

0.103

8 

mWh/

cm
2
 

8 

mW/c

m
2
 

87.2 

over 

5000 

cycle

s 

207
 

NiCo2O4-GO/CF P-doped 

GO/CF 

KOH/P

VA 

2.0 73.3 

F/cm
3
 

@ 

0.146 

A/cm
3
 

(100 

F/g @ 

0.21 

A/g) 

36.77 

mWh/

cm
3
 

(50.6 

Wh/k

g) 

 

1068 

mWh/

cm
3
 

(1.5 

kW/k

g) 

97 

over 

2,000 

cycle

s 

209
 

NiMoO4-PANI AC KOH/P

VA 

1.6 93 F/g 

@ 

0.3 A/g 

33.07 

Wh/k

g 

5.2 

kW/k

g 

98.6 

after 

5,000 

cycle

s 

214
 

CoMoO4/PPy AC KOH/P

VA 

1.7 - 104.7 

Wh/k

g 

971.4

3 

W/kg 

95 

over 

2,000 

cycle

s 

215
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NiCo2S4 rGO-

hydrogel 

KOH/P

VA 

1.5 110.8 

F/g @ 

2 A/g 

22.21 

Wh/k

g 

- No 

Loss 

after 

5000 

cycle

s 

216
 

NiCo2S4@ CoMoO4 AC KOH/P

VA 

1.6 187.3 

F/g @ 

1 A/g 

66.6 

Wh/k

g 

16 

kW/k

g 

85.6 

over 

5000 

cycle

s 

217
 

CoMoO4@Co1.5Ni1.5

S4 

AC  1.6 221.3 

F/g @ 

1.5 A/g 

127.8

6 

Wh/k

g 

6.587 

kW/k

g 

96.3 

over 

2,000 

cycle

s 

218
 

CuCo2S4 MoO2@ 

N-doped 

carbon 

KOH/P

VA 

1.6 184 F/g 

@ 

1 A/g 

65.1 

Wh/k

g 

12.8 

kW/k

g 

90.6 

over 

5000 

cycle

s 

221
 

Graphite 

nanosheet@CoMoS4 

AC KOH/P

VA 

1.8 95.11 

F/g @ 

1 A/g 

42.85 

Wh/k

g 

4.5 

kW/k

g 

93.2 

over 

8000 

cycle

s 

222
 

CoNi2S4/Ni CNTs+G

R/Ni 

KOH/P

VA 

1.8 23.5 F/g 

(102 

mF/cm
3
 

@ 12 

mA/cm
3
 

10.6 

Wh/k

g 

3.732 

kW/k

g 

77.3 

over 

1800 

cycle

s 

223
 

NiCoAl-LDH/V4C3 AC KOH 1.6 194 F/g 

@ 1 

A/g 

71.7 

Wh/k

g 

20000 

W/kg 

98 % 

after 

10,00

0 

cycle

s 

230
 

Ti3C2/Ni-Co-Al-

LDH 

AC KOH/P

VA 

1.6 128.89 

F/g @ 

0.5 A/g 

45.8 

Wh/k

g 

6.93 

kW/k

g 

97.8 

after 

10,00

0 

cycle

232
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s 

Ni-V-LDH AC KOH/L

iCl 

1.6 91 

mF/cm
2 

@ 0.1 

mA/cm
2
 

0.24 

mW 

h/cm
3
 

214.4 

mW/c

m
3
 

100 

% 

after 

15,00

0 

cycle

s 

233
 

Co2.18Ni0.82Si2O5 

(OH)4 

Graphene KOH/P

VA 

1.75 194.3 

mF/cm
2
 

@ 0.50 

mA/cm
2
 

0.496 

mWh/

cm
3
 

38.8 

mW/c

m
3
 

96.3 

over 

10,00

0 

cycle

s 

235
 

MnSi AC KOH/P

VA 

1.2 1048.3 

mF/cm
2 

@ 2 

mA/cm
2
 

4.6 

mWh/

cm
3
 

 

- 1000 

cycle

s 

237
 

Ni2P2O7/Ni-Co-

hydroxide 

AC KOH/P

VA 

1.6 2.99 

F/cm
3
 

@ 2 

mA/cm
2
 

78 

Wh/k

g 

2814 

W/kg 

91.83 

% 

after 

10,00

0 

cycle

s 

239
 

MnO2@Ni2P2O7 AC KOH/P

VA 

1.6 82 mA 

h/g @ 1 

A/g 

66 Wh

/kg 

1920 

W/kg 

91.83 

% 

after 

10,00

0 

cycle

s 

275
 

Ni-Co LDH AC KOH/P

VA 

1.6 265 F/g 

at 1 A/g 

94.5 

Wh/k

g 

15.6 

kW/k

g 

80.5 

over 

1000 

cycle

s 

276
 

Ni(OH)2/NGP Mn3O4/N

GP 

NaOH/

PVA 

1.3 1.96 

F/cm
3
 

@ 

50 

mV/s 

0.35 

mWh/

cm
3
 

32.5 

mW/c

m
3
 

83 

over 

12,00

0 

cycle

180
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s 

NiMn-LDH/CNT RGO/CN

T 

KOH/ 

Nafion 

1.7 221 F/g 

@ 

of 1 A/g 

88.3 

Wh/k

g 

17.2 

kW/k

g 

94 

over 

1,000 

cycle

s 

277
 

NaCoPO4-Co3O4 Graphene KOH/P

VA 

1.0 28.6 

mF/cm
2 

@
 

0.1 

mA/cm
2
 

0.39 

mWh/

cm
3
 

50 

mW/c

m
3
 

94.5 

over 

5,000 

cycle

s 

278
 

NiCo2O4@PPy 

 

AC KOH/P

VA 

1.6 165.4 

@ 

1 

mA/cm
2
 

58.8 

Wh/k

g 

10.2 

kW/k

g 

89.2 

over 

5,000 

cycle

s 

208
 

Ni11(HPO3)8(OH)6 Graphene KOH/P

VA 

1.4 1.64 

F/cm
3
@ 

0.50 

mA/cm
2
 

0.45 

mWh/

cm
3
 

33 

mW/c

m
3
 

93.3 

over 

10,00

0 

cycle

s 

279
 

Carbon 

cloth@CoMoO4@Ni

Co LDH 

AC KOH/P

VA 

1.6 167.3 

F/g @ 

1 A/g 

59.5 

Wh/k

g 

16 

kW/k

g 

89.7 

over 

5000 

cycle

s 

280
 

K2Co3(P2O7)2-2H2O Graphene KOH/P

VA 

1.07 6 F/cm
3 

@ 

10 

mA/cm
3
 

0.96 

mWh/

cm
3
 

54.5 

mW/c

m
3
 

94.4 

over 

5,000 

cycle

s 

281
 

FeCo2O4@ 

polypyrrole 

AC KOH/P

VA 

1.6 194 F/g 

@ 

1 A/g 

68.8 

Wh/k

g 

15.5 

kW/k

g 

91 

over 

5000 

cycle

s 

282
 

Ni(OH)2 @ 

sulfonated graphene 

AC KOH/P

VA 

0.8 80.44 

F/g @ 

0.05 

A/g 

7.15 

Wh/k

g 

118 

W/kg 

75 

over 

1000 

cycle

s 

283
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Co11(HPO3)8(OH)6-

Co3O4 

Graphene KOH/P

VA 

1.38 1.84 

F/cm
3
 

@ 

0.5 

mA/cm
2
 

0.48 

mWh/

cm
3
 

105 

mW/c

m
3
 

98.7 

over 

2,000 

cycle

s 

284
 

Polypyrrole/Ni(OH)2

/sulfonated GO 

AC KOH/P

VA 

1.6 224 F/g 

@ 

1 A/g 

79.6 

Wh/k

g 

7.97 

kW/k

g 

60 

over 

5,000 

cycle

s 

285
 

Ni-Mo-S Ni-Fe-S KOH/P

VA 

1.6 103 

mAh/g 

@ 

2 

mA/cm
2
 

82.13 

Wh/k

g 

13.10

3 

kW/k

g 

95.86 

over 

10,00

0 

cycle

s 

286
 

Cobalt carbonate 

hydroxide/N-doped 

graphene 

N-doped 

graphene 

KOH/P

VA 

1.9 153.5 

mF/cm
2 

@ 

1.0 

mA/cm
2
 

0.77 

Wh/m
2
 

25.3 

W/m
2
 

93.6 

over 

2,000 

cycle

s 

287
 

S@Ni-MOF AC KOH/P

VA 

1.6 136.5 

F/g @1 

A/g 

56.85 

Wh/k

g 

4.1 

kW/k

g 

86.67 

over 

20,00

0 

cycle

s 

288
 

Ni0.1Co0.8Mn0.1 PAN-

derived 

carbon 

KOH/P

VA 

1.6 147 F/g 

@ 1 

A/g 

52.47 

Wh/k

g 

8 

kW/k

g 

89.5 

over 

10,00

0 

cycle

s 

289
 

Mn-Silicate AC KOH/P

VA 

1.2 1.048 

F/cm
2
 

@ 

2 

mA/cm
2
 

4.6 

mWh/

cm
3
 

80 

mW/c

m
3
 

32 

over 

900 

cycle

s 

237
 

Co-Silicate AC KOH/P

VA 

1.5 0.375 

F/cm
2
 

@ 

2 

2.6 

mWh/

cm
3
 

98 

mW/c

m
3
 

45 

over 

2,800 

cycle

237
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mA/cm
2
 s 

Ni-Silicate AC KOH/P

VA 

1.6 0.12 

F/cm
2
 

@ 

2 

mA/cm
2
 

0.93 

mWh/

cm
3
 

102 

mW/c

m
3
 

42 

over 

3,000 

cycle

s 

237
 

PPy@NiCo(OH)2 AC KOH/P

VA 

1.4 307 F/g 

@ 

1 A/g 

- - 93 

over 

5,000 

cycle

s 

290
 

CuGa2O4/NF FeP/NF KOH/P

VA 

1.5 202 F/g 

@ 

1 A/g 

63.15 

Wh/k

g 

9 

kW/k

g 

90 

over 

5,000 

cycle

s 

291
 

NiO@carbon 

nanofibers/CC 

N-

Carbon 

nanofiber

s/CC 

KOH/P

VA 

1.5 62.4 F/g 

@ 

20 

mA/cm
2
 

19.5 

Wh/k

g 

11.5 

kW/k

g 

- 
292

 

NiCo2O4 N-doped 

porous 

carbons 

KOH/P

VA-

PEO 

1.6 120 F/g 

@ 

1 A/g 

42.7 

Wh/k

g 

8 

kW/k

g 

94 

over 

10,00

0 

cycle

s 

293
 

NiCo2Al-LDH MOF 

derived 

porous 

carbon 

KOH/P

VA 

1.5 144 F/g 

@ 0.5 

A/g 

44 

Wh/k

g 

6286 

W/kg 

91.2 

% 

after 

15,00

0 

cycle

s 

231
 

TiN@V2O5 TiN@V2

O5 

LiCl/P

VA 

1.6 74.25 

F/cm
3
 

@ 

1 A/cm
3
 

26.42 

mWh/

cm
3
 

9 

W/cm
3
 

89.8 

after 

4000 

cycle

s 

31
 

MnO2@TiN WS2 LiCl/P

VA 

1.8 2.13 

F/cm
3
 

@ 

4 

0.97 

mWh/

cm
3
 

1.14 

W/cm
3
 

70.3 

after  

2500 

cycle

271
 

 16136829, 2020, 37, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202002806 by Q
ueensland U

niversity O
f T

echnology, W
iley O

nline L
ibrary on [07/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



 

 

 

This article is protected by copyright. All rights reserved. 

77 

 

mA/cm
2
 s 

MoS2-rGO/MWCNT rGO/MW

CNT  

H2SO4/

PVA 

1.4 5.2 

F/cm
3
 

@ 

0.16 

A/cm
3
 

- - - 
164

 

MnO2@PEDOT:PSS VN@C Na2SO4 

/PVA 

1.8 213.5 

mF/cm
2
 

@ 0.3 

mA/cm
2
 

0.096 

mWh/

cm
2
 

2.7 

mW/c

m
2
 

96.8 

after 

5,000 

cycle

s 

167
 

2D mesoporous 

MnO2 

VN  SiO2- 

LiTFSI 

2.0 16.1 

mF/cm
2 

(38.8 

F/cm
3
) 

@ 1 

mV/s 

21.6 

mWh/

cm
3
 

1539 

mW/c

m
3
 

90 

after  

5,000 

cycle

s 

170
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Figure 1. The schematic illustration of the energy storage mechanisms with their 

corresponding electrochemical signatures (representative shapes of CV and CD curves): (a-c) 

electrical double layer capacitance, (d-f) surface redox capacitance, (g-i) intercalation 

capacitance and (j-l) faradic battery-type.  
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Figure 2. (a) Galvanostatic discharge curves for various kinds of pseudocapacitive materials 

(surface redox, intercalation pseudocapacitance, and a nanostructured extrinsic 

pseudocapacitive material) in comparison with bulk LiCoO2 (LCO). Reprinted with 

permission from Ref.
14

, 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/MnO2 core-shell nanowires separated 

into capacitive (varying with v) and diffusion (varying with v
1/2

) contributions. Reprinted 

with permission from Ref.
294

, Copyright 2012 American Chemical Society.  
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Figure 3. Comparison of the electrochemical signature for a typical (a) hybrid and (b) 

asymmetric supercapacitors with electrochemical features of their corresponding electrodes.  
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Figure 4. (a) Schematic illustration of work function of different metal oxides. (b) 

Relationship between potential window and the shift of work function (electrochemical 

potential) of two electrodes during charging. Reprinted with the permission from Ref.
89

, 

Copyright, 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.  
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Figure 5. Potential window of various electrode materials in aqueous electrolyte.  
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Figure 6. (a) Schematic illustration for the Ni/MnO2-FP//Ni/AC−FP ASSC device. Digital 

photograph of Ni/MnO2-FP//Ni/AC-FP device in a bent state. Relation curve of energy 

density and power density of Ni/MnO2-FP//Ni/AC-FP ASSC. Reproduced with the 

permission from Ref.
101

, Copyright, 2015, American Chemical Society. (b) Schematic 

illustration of the fabrication of fiber-shaped MnO2/PEDOT:PSS/CNT//OMC/CNTs ASSC. 

Comparative CV curves of OMC/CNT and MnO2/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.
112

, Copyright, 2016, American Chemical Society. 
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(c) Pictorial diagram of IL-CMG//RuO2/IL-CMG all-solid-state ASSC. Comparative CV 

curves recorded for IL-CMG and RuO2-ILCMG films in 1 M H2SO4 solution at 50 mV/s. 

Cycling stability of IL-CMG//RuO2/IL-CMG devices under normal, twisted, and bent states 

at 1 A/g over 2000 cycles. Reproduced with the permission from Ref.
123

, Copyright, 2012, 

The Royal Society of Chemistry. 

 

 

 

 

 

 

 

 

Figure 7 (a) SEM images of α-MnO2 nanowires and amorphous Fe2O3 nanotubes grown on 

flexible carbon fabric. Schematic diagram α-MnO2//Fe2O3 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.
130

, Copyright, 2014, American Chemical Society. (b) Schematic representation of the 

fabrication process of Ti3C2Tx/CF//RuO2/CF ASSC. CVs curves of RuO2/CF, Ti3C2Tx/CF, 
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and the Ti3C2Tx/CF//RuO2/CF ASSC at a scan rate of 50 mV/s. Reproduced with the 

permission from Ref.
147

, Copyright, 2018 Wiley-VCH Verlag GmbH & Co. KGaA, 

Weinheim. 
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Figure 8 (a) SEM images of Co3O4 nanosheets deposited on carbon cloth (CC). CV curves of 

CC@Co3O4 with three electrode configurations in KOH electrolyte. Ragone plots and cycling 

test result of the CC@Co3O4//CC@NC HSSC with PVA-KOH gel electrolyte, inset shows 

digital images of the flat, bent, and twisted states of the cell during cycling test (upper) and a 

demo that three full cells can light up 8 orange LEDs. Reproduced with the permission from 

Ref.
192

, Copyright, 2017, The Royal Society of Chemistry. (b) SEM and TEM images of 

Co9S8 nanorod arrays and Co3O4@RuO2 nanosheet arrays on woven carbon fabrics. CV 

curves collected at the scan rate of 100 mV/s for the Co9S8//Co3O4@RuO2 solid-state HSSC 

under normal, bent, and twisted conditions. Insets are the device photographs under different 

test conditions. Ragone plots of liquid and solid-state electrolyte based Co9S8//Co3O4@RuO2 

HSSC devices. Reproduced with the permission from Ref.
195

, Copyright, 2013, American 

Chemical Society.  
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Figure 9 (a) Schematic illustration of the fabrication process for VN/CNTF and 

NiCo2O4@Ni(OH)2/CNTF HSSC device. Optical images of a FACS woven into a glove. 

GCD curves obtained at different bending states corresponding to images. Cycle stability 

tested at 90° bending states corresponding to images in the inset. Reprinted with the 

permission from Ref.
207

, Copyright, 2018, American Chemical Society. (b) Schematic 

illustration of the synthesis procedure of metal silicate. The Ragone plot (power density to 

energy density) of the metal silicate based HSSC devices. An LED is powered by MnSi//AC, 

CoSi//AC and NiSi//AC devices connected in series. Reproduced with the permission from 

Ref.
237

, Copyright 2019, Elsevier. (c) SEM and TEM images of Ni2P2O7/NiCo-OH 2D-on-2D 

nanostructured materials. The schematic of the assembled Ni2P2O7/NiCo-OH//AC solid-state 

HSSC. CV curves for the Ni2P2O7/NiCo-OH and activated carbon electrode at 100 V/s scan 

rate. Capacitance retention for the Ni2P2O7/NiCo-OH//AC solid-state HSSC, inset shows the 

initial and final GCD cycles. Nyquist plot for the Ni2P2O7/NiCo-OH//AC device, inset sows 
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the actual demonstration of the Ni2P2O7/NiCo-OH//AC solid-state HSSC. Reproduced with 

the permission from Ref.
239

, 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

 

 

 

 

 

 

Figure 10 (a) Schematic of the phase transformation from anatase TiO2 to hollandite KxTiO2 

via the intercalation of K
+
 ions at high temperature hydrothermal condition. CV curves of the 

K0.06TiO2 and MnO2 electrodes at 5 mV/s in the 5 M LiCl electrolyte. Cycling performance 

and Coulombic efficiencies at different cycles of the all-solid-state MnO2//K0.06TiO2 ASSC at 

the current density of 5 mA/cm
2
. Reproduced with the permission from Ref.

273
, Copyright 

2019, Elsevier. (b) TEM images of H-TiO2@MnO2 and H-TiO2@C NWs with corresponding 

SAED patterns. CV curves of the H-TiO2@MnO2//H-TiO2@C HSSC collected in different 

scan voltage windows. CV curves collected at a scan rate of 100 mV/s for the HSSC device 

under flat, bent, and twisted conditions with the pictures under test conditions. Reproduced 

with the permission from Ref.
255

, Copyright, 2013 Wiley-VCH Verlag GmbH & Co. KGaA, 

Weinheim. (c) 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.
261

, Copyright, 2013, American Chemical Society.  
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