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Abstract: The present review article concludes with three different types of materials recently used
to enhance the efficiency of supercapacitors. The first type involves carbon-based materials for stor-
age and supercapacitor applications. The carbon materials could be obtained naturally and synthe-
sized manually based on the needs. The second type discusses the recent advances in metal oxide
materials for high-performance supercapacitors. The metal oxide materials involve in different
types of attachment through the bi-tri metallic bonding, which enhances the specific capacitance.
The third type involves recently advanced materials for high energy and power density application.
The power and energy density of the materials is enhanced by the surface modification of the ma-
terials. In recent days, the MXene and Nano-composite materials seems to be an appropriate mate-
rial to increase the power and energy density of the device.
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1. Introduction

The industrial revolution, rising per capita consumption, and population growth have all con-
tributed to a sharp rise in global energy demand. [1-4] Around 80 % of the world's energy production
comes from conventional or nonrenewable sources like coal and petroleum. Overuse of these fossil
fuels harms both the environment and global economies. Burning coal and petroleum-based products
releases harmful gases like COz, CHs, and N20 into the atmosphere, which has detrimental effects on
both the environment and human health. Research into using eco-friendly and renewable energy
sources has been intense due to the shortage and environmental issues caused by the use of fossil
fuels. One of the key strategies for the global science and technology communities in response to the
increase in energy demand is the development of clean, sustainable, and efficient energy storage and
conversion technologies using renewable energy sources. Researchers and academics look for novel,
functionalized advanced nanomaterials in a variety of dimensions that can support integrated energy
storage and conversion processes that strike a balance between economic growth and environmental
responsibility. [5-7]

According to a power survey, there is insufficient energy storage, which results in the loss of
about 30 % of the power that is generated. To solve these issues, it is crucial to create high-perfor-
mance, substantial energy storage systems. [8,9] Alternative energy storage technologies include
pumped hydroelectric storage, compressed air storage, flywheels, hydrogen storage, thermal energy
storage, superconducting magnetic energy storage, and electrochemical energy storage. Industrial
and automotive applications, including those for electric vehicles and the military, are paying more
attention to electrochemical energy sources like batteries and electrochemical capacitors (ECs). [10,11]
Batteries are the preferred option for applications requiring high energy density, despite their limited
power output. In applications that call for high power but low energy density, conventional
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electrolytic capacitors are preferred. Research on new kinds of effective energy storage systems, such
as electrochemical capacitors or supercapacitors, has been sparked by this (S5Cs). [12] Future genera-
tions of energy storage devices will likely favor supercapacitors because of their superior specific
capacitance, high power density, long lifespan, quick charge-discharge rate, excellent circulation fea-
tures, low cost, and safety.

In a supercapacitor, the type of electrolyte and electrode surface area determines how much
charge can be stored overall, whereas the size of the electrode and the total active mass are the limit-
ing factors for the total charge that can be stored in a battery. Supercapacitors operate similarly to
traditional capacitors. Supercapacitors have higher capacitance (F/g, F/cm?) because their electrodes
have a large surface area. Supercapacitors have a long-life cycle of about 5,00,000 cycles and can store
10-100 times more energy per unit volume than other rechargeable batteries. [9,13] In addition, SCs
have a wider range of capacitance (12700 F) than conventional electrolytic capacitors, a lower equiv-
alent series resistance (ESR 1/10th of electrolytic capacitor), and long cycle stability. [14] Conse-
quently, as shown in the Ragone plot in Figure 1, supercapacitors can act as a link between conven-
tional capacitors and secondary ion batteries.
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Figure 1. The need for high-power/high-energy electrochemical energy storage devices is demon-
strated by the Ragone plot. [15].

New electrolytes and electrode materials can increase the energy density of supercapacitors. Ac-
tive electrode materials are suitable for supercapacitors, such as activated carbon, carbon nanotubes
(CNTs), graphene, transition metal oxides, conducting polymers, etc. Different types of electrolytes,
such as aqueous, non-aqueous, polymer-based, and ionic liquid-based electrolytes, can be used in
supercapacitor devices. [8] Active electrode materials play a crucial role in determining the perfor-
mance of supercapacitors in terms of energy and power density, capacitance, and stability. Materials
with high specific capacitance, such as activated carbon or transition metal oxides, can significantly
enhance the energy density of supercapacitors, enabling them to store more energy per unit of mass
or volume. Materials with high electrical conductivity are important for achieving high power den-
sity.

Capacitance and stability depend on the specific surface area and pore structure of the active
electrode material. The redox properties of the active electrode materials determine the electrochem-
ical performance of supercapacitors. Pseudocapacitive materials, such as metal oxides, hydrogens, or
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conducting polymers, undergo fast and reversible faradaic reactions at the electrode-electrolyte in-
terface, enabling higher energy storage capacities than non-faradaic processes. The choice of active
electrode materials affects the specific redox reactions, reversibility of the reactions, and charge trans-
fer kinetics, thereby impacting the overall electrochemical performance of the supercapacitor. Active
electrode materials significantly influence the cycling stability and lifespan of supercapacitors. Ro-
bust electrode materials with good mechanical stability and chemical resistance are necessary to en-
sure long-term performance and retain the supercapacitor's capacitance over a large number of cy-
cles.

2. Classification of Supercapacitor Based on the energy storage mechanism

Two electrodes, the electrolyte and the separator, which are submerged in the electrolyte, make
up supercapacitors. Supercapacitors may be classified into three groups based on their means of stor-
ing energy as shown in Figure 2. electrochemical double-layer capacitors (EDLCs), pseudo-capaci-
tors, and hybrid systems. The electrostatic interaction between ions on the substantial specific surface
area of active electrode materials and electrolytes is the basis for the energy storage mechanism of
EDLCs. The fast and reversible Faradaic redox reaction between the electrode materials and the elec-
trolyte ions near the surface is the energy storage mechanism for pseudocapacitors. Pseudocapacitors
typically have higher capacitance per gram than EDLCs, but their kinetics are slower because, in a
pseudocapacitor, the energy storage process takes place both in the bulk of the electrode materials
and on their surface, whereas in an EDLC, the charge/discharge process only takes place there. Hy-
brid Supercapacitors are a combination of EDL and Faradaic mechanisms provide a synergistic com-
bination of EDL and pseudocapacitance, resulting in high energy density and improved cycling sta-
bility. [16]
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Figure 2. Classification of supercapacitor based on mechanism.

2.1. Electrochemical double-layer capacitors (EDLCs)

The electrostatic double layer that forms at the interface between the electrode and the electro-
lyte serves as the foundation for the energy storage mechanism in EDLCs. lons from the electrolyte
are drawn to the electrode surface when a voltage is applied, creating a double layer of charged spe-
cies. The storage of energy results from this charge separation. The high-power density of EDLCs
makes them capable of delivering and absorbing large amounts of power quickly. [17-20] Rapid
charge and discharge rates are made possible by the absence of chemical reactions during charging
and discharging, which makes EDLCs ideal for applications requiring quick energy delivery.

In comparison to other energy storage technologies like batteries, EDLCs typically have a lower
energy density. The electrode's surface area and the capacitance of the double layer are the main
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determinants of energy storage. The goal of ongoing research is to create materials and designs that
will increase the energy density of EDLCs.

An increase in the material's dielectric constant, surface area, and decrease in interplanar thick-
ness can all increase the capacitance of a standard capacitor. [21,22] However, further modifying the
material system and capacitor design can result in such an increase. For example, changing the par-
ticle size to the sub-nanometer scale can lead to the material's extraordinary electrochemical perfor-
mance. Metal ion doping, i.e., Fe, Mn, Cr, and Co, can increase the electrical conductivity of the elec-
trode material, which consequently increases the capacitance. For instance, if a capacitor has sym-
metric electrodes or its working principle is based on faradaic reactions, this supercapacitor can even-
tually have enhanced electrochemical performance. They are highly reversible due to their non-fara-
daic electrical mechanisms and have an extremely stable cycling ability of up to 10¢ cycles or more.
The main disadvantage of EDLCs is the limited availability of electrode materials, which is now pos-
sible thanks to the development of ionic, conductive electrolytes. There are three main types of EDLCs
in terms of their carbon content, which lead to different functions or roles in the device. carbon nano-
tubes (CNTs), graphene, and activated carbon are the most important features. [23]These materials'
porous structure offers a significant surface area for the formation of the double layer and increases
capacitance. The excellent cycling stability of EDLCs typically enables them to withstand numerous
charge-discharge cycles without significantly degrading. Energy storage in EDLCs doesn't involve
any chemical reactions, which extends their life and reliability.

2.2. Pseudocapacitors

Pseudocapacitance increases as a result of the electrolyte and electrode surface's quick oxidation
and reduction. [24] In redox reactions, reactants experience an alteration in the oxidation state. An
object is said to be oxidized when an electron has been removed from it, whereas an object has been
reduced when an electron has been added. Pseudo-capacitors made through this faradaic process
have an increased energy density over EDLCs. The size of the electrode's surface areas and the kind
of electrolyte used determine how much pseudo-capacitance there is. Electrons generated by the re-
dox reaction are transferred across the electrolyte-electrode interface during the Faradaic process
which leads to the accumulation of electrons at the electrode. [25,26] Theoretical metal oxide pseudo-

capacitance can be calculated using the following formula:
nXxF

MxV

where n represents the average number of electron transfers during the redox process, The Far-
aday constant is given by F, and the molar mass of the operating voltage window, and V is the metal
oxide.

As shown in the following formula, a supercapacitor's energy density (E)
cv?

)

The formula for calculating a supercapacitor's maximum power density is
VZ
Pmax = —
4R

where R denotes the device's total equivalent series resistance.

High pseudo-capacitance is provided by transition metal oxides like titanium sulfide (TiSz),
manganese oxide (MnQOz), nickel oxide (NiO), and ruthenium oxide (RuO:). Due to their high specific
power and electrochemical stability, supercapacitors based on transition metal oxides perform ex-
tremely well electrochemically. Because of their high energy storage capacity, high pseudocapaci-
tance value, low conducting resistance, low mass, and low price, conducting polymers have also be-
come promising electrode materials for supercapacitors. The materials for electrodes can be any metal
oxides, noble metals [27], and conducting polymer, including polypyrrole, polyacetylene, poly (phe-
nylenevinylene), polythiophene, polyaniline, etc. However, the life cycle and power density of
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pseudocapacitors are also shorter. These outcomes are the result of redox reactions occurring in the
capacitors.

2.3. Hybrid

To create a hybrid supercapacitor, a single supercapacitor can simultaneously produce EDLC
and pseudo-capacitance. With the ability to store charges in both non-Faradaic and Faradaic ways,
hybrid supercapacitors can produce higher energy and power densities with good cycling stability.
For instance, in a single supercapacitor, the non-Faradaic charge-discharge process occurs on one
electrode while the redox reaction takes place on a different electrode. Composite hybrid [28-30],
battery-type hybrid [31], and Asymmetric hybrid [32-34] fall under this category.

2.4. Performance parameters of supercapacitor electrode materials

Specific capacitance (normalized by electrode mass, volume, or area), energy density, power
density, rate capability (retained capacitance at a high current loading), and cycling stability are the
major performance indicators of supercapacitors. [35] It is preferable to raise the specific capacitance
(©), and the operating voltage window (V), as well as lower the equivalent series resistance in a su-
percapacitor to increase its energy density and power density (R). The maximum operating voltage
window (Vm) for EDLC supercapacitors is primarily determined by the electrolyte used, which is
constrained by the electrolyte's stability. For supercapacitors based on aqueous electrolytes, Vm is
typically 1 V. The creation of non-aqueous electrolytes with high Vm is one of the current research
trends in supercapacitors. For instance, an electrolyte based on an ionic liquid can be operated at a
Vm as high as 3.5 V. [36]

v'Essential for rate capability and power density is high electronic conductivity.

vincreased specific surface area, which controls the specific capacitance

vlow costs for production and raw materials.

v'ideal electroactive locations that allow for pseudocapacitance.

v'High thermal and chemical stability have an impact on cyclic stability.

v'Rate capability and specific capacitance are impacted by controlled porosity.

These are all the characteristics that an ideal electrode should have. [37]

In this review, we have discussed the most recent developments in Electrode Materials in super-
capacitors. The paper describes the three materials used to improve supercapacitor efficiency: carbon-
based materials for storage, metal oxide materials for high-performance applications, and advanced
materials for high energy and power density applications. MXene and nanocomposite materials are
suitable for increasing device power and energy density. that make them perfect for supercapacitor
electrodes, as well as methods for producing the materials with appropriate performance.

3. Carbon-based materials for the high-performance supercapacitor

The research community is making great efforts to develop novel and high-performing electrode
and electrolyte materials for solar cells (SCs). The widely accepted and popularized energy storage
electrode material for SCs is carbon, which has low manufacturing cost, reduced size and weight, an
abundance of availability, a large surface area, a controllable morphology, the intercalating capability
of electrolytes within its high porosity, and high electrical conductivity. [38,39] Additionally, carbon
materials can be post-treated to alter their structures and chemical and mechanical properties easily,
which adds up to an advantage in improving their SC functioning and performance. With these
added features and merits, virtually all SC manufacturers today make carbon or activated carbon
(AC) their number one priority active electrode material component. [40,41] AC is a popular electrode
material with a large surface area, good electrical characteristics, and a reasonable price. It can be
produced from various carbonaceous materials, either physically or chemically. Physical activation
involves heating carbon precursors to high temperatures, while chemical activation uses substances
like sodium hydroxide, potassium hydroxide, zinc chloride, and phosphoric acid. AC has well-de-
veloped surface areas of up to 3000 m? g' and varies in physiochemical properties depending on
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the activation techniques and carbon precursors used. [42,43] Specific capacitance and specific sur-
face area (SSA) have been found to differ in AC, with a high SSA of 3000m? g resulting in a low
capacitance. This implies that not all pores are productive when charge is accumulating. Performance
of electrochemical reactions in carbon materials is also influenced by additional factors, such as pore
size distribution. Large pore volumes, poor conductivity, and low material density are caused by
excessive activation, and these factors lower the energy density and increase power loss. [44,45]

Because of its distinctive pore structure, mechanical and thermal stability, and superior electrical
properties, carbon nanotubes (CNTs) have completely changed the science and engineering of carbon
materials. Through the catalytic decomposition of hydrocarbons, CNTs are created, enabling the cre-
ation of nanostructures in different conformations and managing their crystalline structure. [42] They
are highly regarded for their electrical conductivity, support for active materials, and high-power
electrode materials. Compared to AC, CNTs have a small surface area and a low energy density.
Using potassium hydroxide for chemical activation can enhance specific capacitance.

The newly developed graphene has the highest specific surface area (5SA) of all carbon materials
used as electrode materials in electrochemical double-layer capacitors, at about 2630 m? g-'. [46—48]
Graphene can reach a capacitance of up to 550 F g1 if the entire SSA is utilized. The fact that both of
the graphene sheet's major surfaces are exposed to the outside and are easily accessible to the elec-
trolyte is another advantage of using graphene as an electrode material. The production of various
types of graphene can be accomplished through a variety of processes, including chemical vapor
deposition (CVD), micromechanical exfoliation, the arch discharge method, the unzipping of CNTs,
epitaxial growth, electrochemical and chemical processes, and intercalation in graphite. [49-51]

3.1. Bio derived carbon

Activated carbon, which is primarily made from conventional fossil fuels like coal, petroleum,
and their derivatives, is distinct from biomass carbon. [52-54] Biomass has a more logical three-di-
mensional hierarchical porous structure (with macro-, meso-, and micropore distributions) and easily
modifiable surface functional groups. This will provide more active sites for supercapacitor applica-
tions, such as larger ion storage interfaces and pseudocapacitance generation through redox reac-
tions. It has been suggested so far that biomass can be converted into clean renewable energy systems
because of a variety of applications, including electrocatalysis, secondary batteries, energy conver-
sion, and storage. [55-57] Initial research efforts were concentrated on carbon produced synthetically
from biomass. The structural variations of carbon derived from biomass and their application in en-
ergy storage have also been proposed. For instance, Pan focuses on the design of biomass-based car-
bon structures while Toupance emphasizes the use of biomass-based carbon in supercapacitors and
hybrid solar cell applications. When presenting carbon derived from biomass or making references
to particular applications, these reviews emphasize synthetic techniques. It is therefore still challeng-
ing and essential to address the ever-increasing research on biomass to present a thorough review in
synthetic strategies, various dimensions, and applications in electrocatalysis, energy conversion, and
storage of carbon derived from biomass.

In addition, biomass is a sustainable and renewable source of carbon, making it a better choice
for the environment than more conventional carbon sources like coal and petroleum. Additionally, a
variety of natural sources, such as agricultural waste, forestry residues, and municipal solid waste,
can be easily sourced for biomass (Figure 3). The use of biomass porous carbon is positioned to play
an increasingly significant role in meeting these needs as the demand for energy storage and conver-
sion technologies grows. Biomass porous carbon is a promising material for the creation of high-
performance supercapacitors and other energy storage devices because of its special properties and
advantages in the economy and environment. Because it also results in the production of biomass oil
as a byproduct, the process of preparing biomass carbon has a significant contribution to make to the
economy. It possesses high thermochemical stability in addition to a large specific surface area and a
hierarchical porous framework that is three-dimensional. It possesses a variety of surface functional
groups, including oxygen, nitrogen, sulfur, and phosphorus-containing groups, and it is simple to
modify these groups by the requirements of individual application scenarios. The vast majority of
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biomass materials are composed of alkali and alkaline earth metals, which not only speed up the
activation reaction process but also offer an abundant supply of ion-binding sites for supercapacitors.
Because of these characteristics, biomass porous carbon is undeniably an excellent candidate for en-
ergy storage and conversion processes. [50,51,58]
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Figure 3. Classification of biomass based on the plants, animals and microbial waste [59].

Debika Gogoi used porous carbon made from coconut fiber as the anode and a nanocomposite
made of CoFe20s nanoparticles (CF) immobilized within the pores of porous carbon (PC) as the cath-
ode, created a high-performance all-solid-state flexible asymmetric supercapacitor device. The cre-
ated device had a high energy density of 50.34 Wh kg at a power density of 1450 W kg! and a
good cycle life (retention of 91 % specific capacitance (CS) after 5000 cycles). [60]
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Figure 4. Schematic representation of the supercapacitopr device (a), and the CV (B), GCD (c) CV on
flexible state (d), Ragone plot (e) and fabricated device on real-time light (f) application of the pre-
pared material. [60].

The successfully fabricated biomass-based carbon and (-Ni(OH): hybrid electrode materials
(Figure 5 (i,ii)), and the gravimetric capacitance of C-Ni electrode materials reached ~952 F g1 at
1.0 Ag' based on a three-electrode system configuration. The sample can still reach 126 F g1 even
at a high current density of 30 A g (Figure 5 (a-f)). [61]
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Figure 5. Schematic representation of the bioderived carbon and its Ni composite (i-ii), the electro-

chemical performance of the

carbon-nickel composite (a-f).

The selection of appropriate precursors is one of the most important steps involved in the pro-
duction of high-performance activated carbon. Tianxiang Jin [62] have chosen daylily due to the high
levels of nitrogen and phosphorus that it contains, it is suitable for use as a precursor in the produc-
tion of heteroatom-doped activated carbon (Figure 6 (i)). A straightforward carbonization technique
was used to successfully produce a porous carbon derived from daylilies. The resulting carbon had
a large specific surface area and a high percentage of heteroatoms. The as-prepared carbon materials
exhibited a remarkable specific capacitance of 299.1 F g at a current density of 0.5 A g and an ex-
cellent cycling stability of 99.6 % after 4000 cycles at a current density of 1 A g (Figure 6 (a-c)). In
addition to this, the assembled symmetric supercapacitor demonstrated a high-power density of
598.2 W/kg in 6 M KOH electrolyte while also exhibiting a high energy density of 21.6 W hkg-! (Figure

6 (D))
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Figure 6. The schematic illustration of the biomass derived carbon from daylily flower (i), and the
electrochemical behavior of the activated carbon material (A-D).

3.2. Synthetic derived Carbon:

Porous materials are essential in various industries, including biomedicine, energy, adsorption,
separation, and catalysis. Traditional porous materials, such as zeolite, mesoporous silica, carbon,
metal oxide, and polymer, are amorphous, porous solids with irregular pores and ill-defined struc-
tures. Zeolites, a class of crystalline porous solids with superior stability, periodic structure, and in-
trinsic acidity, are widely used in industrial adsorption and catalysis. However, controlling acidic
site distribution is challenging due to the various types of pore structures. Metal-organic frameworks
(MOFs), a class of organic-inorganic hybrid and crystalline porous materials, have greatly expanded
the field of porous materials. [63—65] MOFs are fascinating materials due to their high porosity and
atomic-level structures. However, their narrow pores limit their applications in diffusion control and
large species processes. The development of hierarchically porous MOFs (HP-MOFs), composites,
and derivatives has sparked interest in expanding traditional MOF-based carbon materials for energy
storage applications (Figure 7).
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4 Nanoarchitectures :
Design and synthesis of MOF-derived nanoporous carbons

Single MOF Bimetallic MOF Core-shell MOF
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|

High performance supercapacitor

Figure 7. Various NPC Development Methods from Nanoarchitectured MOFs for Supercapacitor Ap-
plications. [21].

Rahul R. Salunkhe [66] made MOF derived porous carbon (Figure 8 (1,2)) and the uniformity of
the large-sized NPC particles is good, and their average size is 1 mm. SEM images with high magni-
fication display polyhedral shapes and symmetric geometry (Figure 8 (a-d)). The obtained carbons
are ZIF-8 morphologically authentic. The polyhedral shapes of small NPC particles make it simple to
adjust particle size by altering reaction conditions. With a maximum capacitance of 251 F g1 at 5 mV
s, a specific energy of 10.86 W h kg, and a specific power of 225 W kg, the ZIF-8-derived NPC
demonstrated impressive performance. Other NPC materials with improved pore architectures for
next-generation energy storage applications could be created using this inexpensive technique. [67]
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+
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i )\cm
H
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H \T}( ! g HF treatment

\ﬁ/ ZIF-8 derived

N b Nanoporous carbon

Symmetric supercapacitors
(2) based on MOF-derived nanoporous carbons (NPCs)

d)

Intensity

10 20 30 40 50 60 70
20 (degree)

Figure 8. Synthesis and calcination of ZIF-8, schematic representation of supercapacitor electrode de-
vice, the surface morphology images (FE-SEM (a,b), HR-TEM (c)) and the P-XRD results (d) of the
MOF derived carbon material.

Jing Yu developed nitrogen-doped porous carbons (NPCs) by treating the melamine-urea-for-
maldehyde resin with KOH. The addition of KOH increased the specific surface area and pore struc-
ture, resulting in high-performance supercapacitors with good electrochemical performance. The best
sample had a large specific surface area of 2248 m2 g and a high N content, resulting in a specific
capacitance of 341 F g1 under 1 A g and a retention of 92 % after 5000 cycles. A symmetrical solid-
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state supercapacitor using NPCs as the electrode material had a maximum energy output of 9.60 W
hkg'at1lA g'(Figure 9 (a-e)). NPCs offer potential benefits for high-performance supercapacitors

and other energy storage technologies.[68]
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Figure 9. The symmetrical supercapacitor device structure and the CV (a,b), GCD (c), Ragone plot (d)
and the real-time lighting application of the NPCs-2-700/NPCs-2-700.

As we mentioned already supercapacitors are being investigated using materials like highly po-
rous carbon black (CB), carbon nanotubes, carbon nanoflowers, carbon Nano horns, graphene, and
their composites. However, low specific capacitance results from pure electrostatic charge accumu-
lation, such as graphene's 200 F g1 in aqueous electrolytes. Short cycle life remains despite composites
increasing specific capacitance through the redox process. Heteroatoms can increase specific capaci-
tance invisibly by introducing heteroatoms to porous carbon materials like nitrogen and oxygen. This
preserves the inherent benefits of carbon materials, such as high conductivity and a large specific
surface. Heteroatom-doped carbon materials can be prepared using chemical vapor deposition, [69]
post-production processing, [70] and direct carbonization, [71] with direct carbonization being the
preferred method due to its cost-effectiveness. Table 1 lists capacitive data for carbonaceous precur-
sors, including synthetic and natural sources like polyindole, polyaniline and polyacrylonitrile (Fig-

ure 10 a-f).
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Figure 10. Schematic illustration of the preparation of porous carbon material derived from organic
polymer (i), the electrochemical performance (CV, GCD, EIS and specific capacitance) of the prepared
carbon material (a-f).

In order to create N/O-doped porous Cocres (optimized porous carbon material), Jianhao Lao
developed a network-structured organic crosslinked polymer COCLP-4.5, which exhibited excep-
tional electrochemical performance. The specific capacitance reached 522 Fg' at 0.5 Ag! and 309 Fg!
at 20 Ag'in a three-electrode system. Additionally, the symmetric capacitor attained a power density
of 200.0 W kg and an energy density of 18.04 Wh kg. The Coctrs benefited from the hierarchical
porous carbon formed by organic crosslinked polymers' net structure as well as from the pseudo-
capacitance that heteroatoms added.

4. Recent Metal oxide materials on supercapacitor

The metal oxides-based supercapacitors are much important to the super capacitor applications.
The advantages of the metal oxides are as follows, (i) good conductivity, (ii) more stability, (iii) me-
chanical strength, (iii) high energy and power density. The combination of multi metal oxide materi-
als may enhances the synergetic effect of the material, these would be modified by the optimization
of various metal oxide materials. The multi metal oxide composition has more advantage to enhance
the synergetic effect of the materials, however it needs to optimize the proper composition by the
experimental procedure. Here some of the multi metal oxide advanced electrode materials for the
supercapacitor applications.

4.1. Bi-metal oxide

The manganese and molybdenum based hierarchical MnM00O4.H>0 @MnO> core-shell Nano ar-
rays were used for the high-performance asymmetric supercapacitor (Figure 11 (a-n)). The bi metal
oxide material of MnM0QO4.H>0 @MnQO» was prepared by using two step hydrothermal method.
To enhance the specific capacitance the bimetal oxide material was directly coated on the nickel
foam substrate. The FE-SEM and the TEM analysis were demonstrates the core-shell nanosheet ar-
ray structure of the material. The material was confirmed by proper characterization techniques
such as P-XRD, XPS and elemental mapping analysis. The electrochemical performance of the mate-
rial studied through 2,3-electrode system. The 3-electrode system impels the maximum specific ca-
pacitance of the material was 3560.2 F/g at 1 A/g. The obtained result is considerable high in the re-
cently reported material in supercapacitor area. The 2-electrode system possess the energy and
power density of the material are 45.6 Wh k/g and 507.3 W k/g. The synergetic effect of the bi-metal
oxide could be the reason for the high efficiency of the material.
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magnifications, (c-h) the electrochemical performance of the bimetal oxide on 3-electrode system, (i-
n) the device structure and the electrochemical analysis of the materials on 2-electrode system. [72].

The hollow structured NiCoOs nano sphere type material was prepared by modified Stober and
hydrothermal method. The material confirmed by P-XRD, XPS analysis and the surface area was ob-
tained by BET method. The FE-SEM and HR-TEM analysis suggest as the material shows the hallow
nanosphere structure with the diameter of ~200-220 nm. The obtained surface area of the NiCoOs is
166.1 m?/g and the pore size distribution are 3.8 - 4.3 nm. The electrochemical performance of the
material studied systematically (Figure 12 (a-s)). The specific capacitance of the material is 1229 F/g
at 1 A/g with the rate performance of ~83.6 %. The material shows specific capacitance of 68.7 F/g, the
attained energy and power density are 21.5 W h/kg, 4500 W/kg. The results suggest as the array for-
mation on the nanosphere could enhances the specific capacitance, due to the increase in surface area
of the material.

90 003
g
<80 002
4 »
230 S
e =001
5 :
€ 50,001
£-30; 5]
S 0.0t
= gly8 53 00 01 02 03 04 05 00 01 02 03 04 05  -00
IR 11“1 SAA ’ ’ | 2 00 03 06 09 12 15 00 03 06 09 12 15
3 | oo Potential (V vs.SCE) . Potential (V vs.SCE) & Potential (V) Potential (V)
> 45 5
| &3
2 ot At kK 2 ()
|JC4"BS”&‘2C,JJ'!B' 50.30] § 80
10 20 30 40 50 60 70 E Hotlow NiCoz0«] g
2 Thela (dagres) € 840
= Q
50.15{ 8
& NiCo204 microsphere) o
P 220 \.
0.00; a8
460 800 1200 1600 0 300 600 900 1200 1500 @ Of g gy %%
Time (s) Time (s) Current density (Alg) Power density (Wikg) .,
12 120 160 (o) ——————7120%
& \‘\\‘“‘) . ] -
. e g <
64 ‘0238990‘ 8‘20‘_| {—*su&
o T [teeen &
28 N T T §
108y £e0l g S| 8
800 > =2 i ] zosf | LA AL 40 9
L] 5t |3 i 30 B s
06 $30] @ S| £
ol e g |— el | S
3
T E T 5 ds o ° 3753 B B2 09 500 1000 1800 2000 ©
Current density (A/g) Z' (ohm) Cycles

Figure 12. The FE-SEM images of the prepared materilas (a-c), the powder XRD (d), HR-TEM (e,f)
and the elemental mapping analysis (g) results, (h-m) the electrochemical properties of the NiCoOs
on the 3-electrode system, and the electrochemical behavior of the NiCoOu on 2-electrode system (n-
s). [73].

4.2. Tri-metal oxide

The tri-metal oxides-based materials are much interest in battery type super capacitor applica-
tions. These materials show fast charge diffusion and reversible faradaic reactions; hence it provides
high specific capacitance, energy and power density. Many available metal oxides such as Co3Os,
MnOy, Fe203, MoOs, V205 and ZnO could be applicable for the preparation of tri-metal oxides-based
materials. The advantages of theses metal oxide materials include cost effective and environmentally
friendly as well.

The Cu-Ni-Co oxides was used to prepare tri metal oxide materials and followed by boron dop-
ing was adopted for the high-performance super capacitor application. The FE-SEM analysis shows
needle like morphology was obtained for trimetal oxide materials, while the agglomerated needle
like morphology obtained for boron doped metal oxide materials (Figure 13 (a-r)). The obtained spe-
cific capacitance of the doped trimetaloxide is 974 C /g at 2 A/g, and the materials shows 700 C /g at
20 A/g this suggest as the material shows high rate capability. The energy and power density of the
material was calculated by using coin cell method. The rGO was used as a negative electrode, while
the prepared material was used as a positive electrode. The obtained energy and power density of
the trimetal oxide material is 42 Wh /kg and 926 W /kg. The materials stability and the electrochemical
performance of the tri metal oxide material are increased after the boron doping. The results suggest
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as the doping of hetero atom onto the metal oxide material could enhance the electrochemical per-
formance of the material.
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Figure 13. Schematic diagram of the synthesis on trimetallic (Cu-Ni-Co) oxides (a), comparison (b)
and device fabrication mechanism (c) of the material, (d-i) electrochemical performance of Cu-Ni-Co
oxides on 3-electrode system, (j) the possible mechanism on charging and discharging of electron on

the metal oxide surface, (k-r) the device fabrication and the electrode performance on 2-electrode sys-
tem. [74].
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Figure 14. Synthesis of fluoride doped trimetallic Ni-Co-M (M=Mn, Fe, Zn) oxide material (a), the
powder XRD (b,c), FE-SEM (d-g), HR-TEM (h-m) and the elemental mapping (n) analysis of the pre-
pare trimetallic oxide material, the electrochemical performance on 2,3-elctrode system (o-z) of the
fluoride doped trimetallic oxide material. [75].

The Ni-Co-M (M=Mn, Fe, Zn) based porous trimetallic fluoride materials prepared as an elec-
trode material for the high-performance asymmetric supercapacitors (Figure 14 (a-z)). The obtained
material shows high rate capability and recycle stability. Among the various composition the Ni-Co-
Zn fluoride shows highest specific capacitance of 914.4 F/g at 1A/g with 81.3 % capacitance retention
at 20 A/g. The fluoride doped trimetal oxide material shows the high energy density of 49.3 Wh/kg
at 800 W/kg. The reason for the high energy density is due to the superior synergetic effect between
the metal oxide materials. The obtained fluoride doped transition metal oxide materials suggest as
the doping of halogen group element to the transition metal oxide materials could enhances the spe-
cific capacitance of the electrode materials.
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5. Advanced materials for the high power and energy density application

5.1. Carbon metal oxide composites

Due to their substantial surface area, low price, and simplicity of processing, activated carbons
(AC) are frequently used as electrode materials. However, their rate and energy storage capabilities
are subpar. On the other hand, pseudo-capacitance can achieve higher capacitance values but has
poor electrical conductivity, which leads to low power density and unstable cycling. Both activated
carbons and pseudocapacitive materials need to be developed in order to improve supercapacitors.
Through the cooperative action of EDLC and pseudocapacitance mechanisms, recent composite ma-
terials that combine carbon-based materials with metal oxides, hydrocarbons, or conducting poly-
mers have demonstrated improved capacitive performance and cycle life. These composites improve
each component's inherent qualities, such as mechanical stability, electrical and ionic conductivity,
and electrochemical reactivity. Hybrid designs can also successfully reduce the surface energy of ac-
tive nanomaterials. In recent publications, electrodes made of activated carbon or metal oxide-hy-
droxide were used in a variety of applications.

Because metal oxides, such as RuOx, CoOx, SnOx, FeOx, MnOx, NiOx, etc., possess pseudocapac-
itance that results from a quick redox reaction between metal oxides and electrolytes in addition to
the regular double-layer capacitance, they have a higher capacitance than carbon materials. [76] For
instance, it was determined that CosOs and NiO have theoretical capacitances of 3560 and 2584 F g,
respectively, which are significantly higher than those of carbon electrodes. [26,77] However, due to
their poor electrical conductivity, severe agglomeration, and short cycle life, metal oxides are fre-
quently ineffective when used directly in high-performance supercapacitors. As an alternative, both
academia and industry have highlighted composite materials made of porous carbon and metal ox-
ides that are used as electrodes for supercapacitors. Superior electrochemical performances are the
result of the synergistic interactions between hierarchical porous carbons and pseudocapacitive metal
oxides, which can both increase electrical conductivity and provide channels for charge transport.
For instance, Zheng et al. created a 3D binder-free electrode using hierarchically porous carbons
loaded with CosOs nanoarrays and morpho butterfly wing scales to achieve an exceptional specific
capacitance of 978.9 F g1 at 0.5 A g. [78]

Zhiwei Tian [79] reported a manganese oxide/carbon composite with high specific capacitance
and conductivity (Figure 15 (a-i)). Utilizing homemade porous carbon and KMnOs as raw materials,
manganese oxides/carbon composites have been created. Due to the Mn-O-C interaction, these com-
posites have high specific metal oxide capacitance and high carbon conductivity. At current densities
of 1,2,3,5 and 10 A g7, the optimized composite electrode exhibits extremely high specific capaci-
tance values of 550, 520, 481, 402, and 318 Fg'. The completed asymmetric supercapacitor (ASC) de-
vice exhibits excellent rate performance at 1600, 2297, 3715, and 6890 W/kg and an energy density of
50.2 Wh kg at 800 Wkg. After 10,000 cycles, the ASC device still maintained 90.5% capacitance,
demonstrating excellent cycling stability. Energy storage uses for these ASC devices could include
powering 35 lights and an electronic stopwatch. The material is a promising candidate for manga-
nese/carbon composite supercapacitors, which are anticipated to be produced in large quantities
commercially due to their straightforward preparation methods and ultra-high performance.
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Figure 15. The electrochemical performance (a-g) and the real time application (h,i) of the manganese
oxide/carbon composite material.

5.2. MXenes based materials for the high-performance supercapacitor application

MXenes are a group of two-dimensional advanced functional nanomaterials that have been in-
vestigated for use in the synthesis of fuel and clean energy, among other applications. They have
distinct layered structures that enhance electrolyte ion transport in addition to offering active transi-
tion metal redox sites on the surface. MXenes are particularly promising as high-performance elec-
trodes for electrochemical capacitors because of these qualities like conductivity, aspect ratio etc., [80]
With aqueous electrolytes like (NH4)2501 and MgSQOs, electric double-layer capacitors (EDLC) have a
significant impact on the charge/discharge tests of MXene electrodes. Because hydrated ions fill the
interlayer spacing, the EDLC dominates these tests. [81,82] A higher capacitance is seen when H250x
is used, suggesting that protons are the predominant charge carriers. H25O4's impact on the storage
mechanism is still debatable, necessitating additional theoretical research and combined characteri-
zation. Redox reactions, intercalation, and underpotential deposition are blamed for pseudocapaci-
tance. In an H2504 electrolyte, MXene cathodes that are connected to conductive polymer-based an-
odes produce pseudocapacitance. Intercalation stores alkali metal cations in MXene-based superca-
pacitors that use organic electrolytes. Although in situ characterization tools can shed light on the
structural development and chemical environments of MXene-based electrodes, there are still many
unanswered questions regarding ion dynamics in supercapacitors. [83,84]

MXene-based electrocatalysts require innovative methods for synthesizing monolayer MXenes
with large transverse dimensions and thoughtful structural modifications in order to achieve excel-
lent activity and selectivity. Rui Ma [85] developed TisC2Tx MXene-based supercapacitor electrodes
with improved capacitance, rate capability, cyclic stability, and mechanical flexibility. He combined
engineering the electrode structure, surface chemistry, and fabrication process through an optimized
integration approach. The P-MXene/CPAQ-A electrode, made of quinone-amine polymer, achieved
a capacitance of 532.9 F g1 at 5mV s and better rate performance and cyclic stability (97.1 % retention
after 40,000 cycles at 20 A g) (Figure 16 (i), (a-h)). This electrode outperformed pristine MXene and
Puxene electrodes in terms of retention and cyclic stability. The optimized techniques produce more
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active sites, quicker ion accessibility, better chemical stability, and good mechanical flexibility. The
P-MXene/Cpolymer electrodes show capacitance enhancements due to enlarged interlayer spaces,
nanostructured carbonized polymers, PMMA sacrificing templates, and intercalated K* ions. MXene
surface modifications include F removal, a decrease in OH, an increase in O, K* intercalation, and
some carbonized polymers possessing electrochemically active groups. Improved rate capability is
due to enlarged interlayer spaces and porous or hierarchical nanostructured polymers, which cir-
cumvent restacking and accelerate ion accessibility. However, undesirable nanostructures may affect

performance at higher scan rates. Improved cyclic stability is likely due to enhanced chemical stabil-
ity and repressed oxidation.
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Figure 16. The Schematic representation of the preparation of MXene and the MXene modified mate-

rial upon the various process (i), the electrochemical analysis results of the rGO/PANI/P-MXene/C (a-
h) with various parameters.

Bao Shi [86] successfully synthesized self-supported and vertically aligned Ti2CTx MXene
nanosheets on the surface of carbon fibers (CF), which required the use of the molten salt method in
conjunction with the selective etching method (Figure 17 (a-h)). This method reduces the risk by using
CFs as a flexible substrate and carbon resource without the need to collect powder samples from HF
mixtures. Additionally, the Ti2CTx MXene's vertical alignment solves the stacking issue with conven-
tional MXene film electrodes made using the filtration method, which shortens and streamlines the
ion transport path and improves the performance of zinc-ion n hybrid supercapacitors (HSC). With
90% capacity retention after 10,000 cycles, a super low self-discharge rate of 0.53 mV h-, and a high
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areal capacitance of 380 mF Cm? at a scan rate of 5 mV s, the Zn-ion HSCs made from Ti2CTx
MXene@CF/Zn@Cu@CF exhibit excellent stability.
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Figure 17. The electrochemical performance of the Ti2CTx MXene@CF/Zn@Cu@CF on various analysis
(a-g) and the possible charging and discharging mechanism (h) of the prepared material.

Table 1. The electrochemical performance results of some recently reported martials.

Specific capacitance Energy density Power den-

Materials (F &) (Wh kg-1) sity Ref
Biomass derived Carbon 258.8at1 Ag! 7.11 125.46 [87]
Biomass derived Carbon 382 at1 Ag! 23.13 300 [88]

polyindole 293 at02 A gt 15 - [89]

polyaniline ~290at1 A g 10.3 - [90]

polyacrylonitrile 252 at0.1 A gt 8.8 - [91]
Metal Oxide (Cu-doped

Co:0: NP) - 64.1 800 [92]

Metal Oxide (MO fri- 57 5 311 p g1 917 8995  [93]
angular structures)
Carbon/metal oxide com-
posite 1988.8 43.59 4000 [94]
(ZnO/ NiO@MWCNT)
Carbon/metal oxide
(NiO@Co030s-Activated 8009 at 1.0 A. g1 136.6 - [95]
©)
MXene (TizC2Tx/V20s) -319.1at5A g ! 18.43 603.2 [96]
MXene (TiAlC/polyani- )5 041 4 g1 399.95 39.33 [97]

line/Co Ni LDH)
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6. Conclusion

In a comparable form, supercapacitors (SCs) are examined in detail in this paper, including their
structure, operating principles, specifications, materials, and applications. The classification of super-
capacitors based on mechanisms was briefly discussed as well. It examines their benefits, contempo-
rary technologies, and suppliers. The SC model, a real-time application, and performance evaluations
are also shared in the paper. The article discusses the most recent advances in material technologies,
overcoming application challenges, and enhancing the marketability and efficacy of SCs. The com-
posites of carbon-metal oxide and carbon-MXene are expected to be promising composites in the
future because of their excellent performance, environmental friendliness, simple manufacturing pro-
cedures, and commercial viability.
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