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Abstract: Recent energy research focuses on the efficiency enhancement of supercapacitor devices
for multipurpose applications. Several materials have been used as electrode materials to achieve
the maximum specific capacitance. 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 storage and supercapacitor applications. The carbon materials could be
obtained naturally and synthesized manually based on need. The additional advantage of carbon
material is these materials can be obtained from natural sources. The second type discusses the recent
advances in metal oxide materials for high-performance supercapacitors. The metal oxide materials
are involved 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 materials. In recent days, the MXene and nanocomposite materials seem to be an
appropriate material to increase the power and energy density of the device. The modification and
surface treatment of respective materials could enhance the specific capacitance of the material.

Keywords: supercapacitor; carbon; metal oxides; MXene; power; energy density

1. Introduction

The industrial revolution, rising per capita consumption, and population growth
have all contributed 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 CO2, CH4, and
N2O 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. In
response to the increase in energy demand, the global science and technology community
is developing technologies and products for converting and storing energy. In order to
achieve a balance between economic growth and environmental responsibility, researchers
and academics are searching for novel, functionalized advanced nanomaterials [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-performance, substantial energy storage systems [8,9]. Pumped hydroelectric
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storage is one alternative energy storage technology. Compressed air storage is another. Fly-
wheels offer various energy storage options, including hydrogen, thermal, superconducting
magnetic, and electrochemical, which are increasingly used in industrial and automotive
applications. (ECs) [10,11]. Research on novel storage devices is being encouraged by
the fact that batteries are favored for applications that need a high energy density, but
electrolytic capacitors are favored for applications that require a low energy density [12].
Future generations of energy storage devices will likely favor supercapacitors because
of their superior specific capacitance, long lifespan, safety, quick charge-discharge rate,
excellent circulation features, high power density, and low cost [13–17]. 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 limiting
factors for the total charge that can be stored in a battery. Supercapacitors work similarly to
regular capacitors. Because their electrodes have a huge surface area, supercapacitors have
a larger capacitance (F/g, F/cm2) than regular capacitors. With a long life cycle of about
500,000 cycles, supercapacitors can store between 10 and 100 times as much energy per unit
volume as other rechargeable batteries [9,18]. Supercapacitors offer a wider capacitance
range (12,700 F), lower equivalent series resistance (1/10th of electrolytic capacitor), and
long-cycle stability [19]. Supercapacitors link conventional capacitors and secondary ion
batteries, as shown in Figure 1 [20].
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The energy density of supercapacitors may be improved by the use of new electrolytes
and electrode materials. Active materials such as carbon nanotubes, graphene, transition
metal oxides, and conducting polymers are examples of such materials. Devices that use
supercapacitors are able to make use of a wide variety of electrolytes, including those that
are aqueous, non-aqueous, polymer-based, and ionic liquid-based [8]. Active electrode
materials significantly impact supercapacitor performance in energy, power density, capaci-
tance, and stability. High-specific capacitance materials like activated carbon or transition
metal oxides significantly increase energy density, while high electrical conductivity is
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crucial for achieving high power density. The typical supercapacitor provides high power
density, while the battery devices provide high energy density. The devices would be
prepared from various types of materials based on the requirement [16,21,22].

The exact surface area and hole structure of the active electrode material determine its
capacitance and stability. The redox properties of the active electrode materials determine
the electrochemical performance of supercapacitors. Pseudocapacitive materials, such as
metal oxides, hydrogens, or conducting polymers undergo fast and reversible faradaic re-
actions at the electrode-electrolyte interface, 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 transfer kinetics, thereby impacting the
overall electrochemical performance of the supercapacitor. Active electrode materials sig-
nificantly influence the cycling stability and lifespan of supercapacitors. Robust electrode
materials with good mechanical stability and chemical resistance are necessary to ensure
long-term performance and retain the supercapacitor’s capacitance over a large number
of cycles.

2. Classification of Supercapacitor Based on the Energy Storage Mechanism

Supercapacitors are made up of four components: two electrodes, an electrolyte, and a
separator, all of which are soaked in the electrolyte. As can be seen in Figure 2, superca-
pacitors may be divided into three distinct categories according to the manner in which
they store energy; electrochemical double-layer capacitors (EDLCs), pseudocapacitors, and
hybrid systems are all types of electrochemical storage devices. The process that EDLCs
use to store energy is predicated on the electrostatic interaction that occurs between ions
that are located on the significant specific surface area of active electrode materials and
electrolytes. The mechanism that allows pseudocapacitors to store energy is a Faradaic
redox reaction that occurs close to the surface between the electrode materials and the
electrolyte ions. This reaction is both quick and reversible. Pseudocapacitors typically have
a higher capacitance per gram than EDLCs, but their kinetics are slower. This is due to the
fact that the process of storing energy in a pseudocapacitor takes place both in the bulk of
the electrode materials and on their surface, whereas the charge/discharge process only
takes place on the surface of an EDLC. Hybrid EDL and Faradaic processes work together
to generate a synergistic combination of EDL and pseudocapacitance, which results in high
energy density and better cycle stability in supercapacitors. Supercapacitors are a mix of
EDL and Faradaic mechanisms [23].
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2.1. Electrochemical Double-Layer Capacitors (EDLCs)

EDLCs rely on an electrostatic double layer being formed between the electrode and
the electrolyte in order to store energy. When a voltage is placed between two electrodes,
ions from the electrolyte are drawn to the electrode surface, forming a double layer of
charged species. 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 [24–27]. 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 determinants of energy storage. The goal of ongoing research is to create
materials and designs that will increase the energy density of EDLCs.

The capacitance of a typical capacitor may be increased by increasing the material’s di-
electric constant, increasing its surface area, or decreasing its inter-planar thickness [28,29].
However, such an improvement is possible with further modification of the material system
and capacitor design. For instance, the material’s exceptional electrochemical performance
may result from reducing the particle size to the sub-nanometer range. Increasing the
capacitance of an electrode material by doping it with metal ions (Fe, Mn, Cr, and Co)
improves its ability to conduct electricity. For instance, a capacitor with symmetric elec-
trodes or a working principle based on faradaic reactions has the potential for improved
electrochemical performance, making it a supercapacitor. Their non-faradaic electrical
processes make them highly reversible, and their cycling stability is exceptional, reaching
up to 106 cycles or more. The introduction of ionic, conductive electrolytes has mitigated
EDLCs’ primary drawback—the scarcity of electrode materials. Carbon content categorizes
EDLCs into three broad categories, each of which serves a distinct purpose in the device.
The most notable characteristics include carbon nanotubes (CNTs), graphene, and activated
carbon [30]. The increased capacitance of these materials may be attributed to their porous
nature, which provides a large surface area for the creation of the double layer. EDLCs
are able to sustain a great number of charge-discharge cycles because of their high cycling
stability. Because no chemical interactions are necessary for energy storage in EDLCs, they
are very reliable and durable. Carbon nanotubes (CNTs), graphene, and activated carbon
are the most important features.

2.2. Pseudocapacitors

Pseudocapacitance increases as a result of the electrolyte and electrode surface’s quick
oxidation and reduction [31]. 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. Pseudocapacitors
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
pseudocapacitance there is. During the Faradaic process, electrons created by the redox
reaction are transmitted across the electrolyte-electrode contact, resulting in an increase in
electron concentration at the electrode [32,33]. Theoretical metal oxide pseudocapacitance
can be calculated using the following formula:

C =
n× F

M×V

where n represents the average number of electron transfers during the redox process, The
Faraday constant is given by F, and the molar mass of the operating voltage window, and V
is the metal oxide.
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As shown in the following formula, a supercapacitor’s energy density (E)

E =
CV2

2

The formula for calculating a supercapacitor’s maximum power density is

Pmax =
V2

4R

where R denotes the device’s total equivalent series resistance.
Titanium sulfide (TiS2), ruthenium oxide (RuO), nickel oxide (NiO), and manganese

oxide (MnO2) are all examples of transition metal oxides with high pseudocapacitance.
The electrochemical performance of transition metal oxide supercapacitors is considerably
improved by their high specific power and electrochemical stability. Due to their low
conducting resistance, low bulk, and low cost, as well as their high energy storage capacity
and high pseudocapacitance value, conducting polymers have emerged as appealing
electrode materials for supercapacitors. Electrode materials might be any metal oxide
or noble metal [34], and conducting polymer, including polypyrrole, polyacetylene, poly
(phenylenevinylene), polythiophene, polyaniline, etc. However, the life cycle and power
density of 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 pseudocapacitance. Hybrid super-capacitors, which can store charges in both
Faradaic and non-Faradaic fashions, and are capable of greater energy and power densities
and superior cycle 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 [35–37], battery-type hybrid [38], and Asymmetric
hybrid [39–41] fall under this category.

2.4. Performance Parameters of Supercapacitor Electrode Materials

The main performance indicators of supercapacitors are the specific capacitance (nor-
malized by electrodes mass, volume, or area), density of energy, capacity for power, rates
efficiency (retained capacitance at a high current loading), and cycle stability [42]. The
energy density and power density of a supercapacitor may be improved by increasing its
specific capacitance (C), expanding its working voltage window (V), and decreasing its
equivalent series resistance (R). When it comes to EDLC supercapacitors, the electrolyte’s
stability is the primary limiting factor in the maximum working voltage window (Vm). 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 [43].
√

Essential for rate capability and power density is high electronic conductivity;√
Increased specific surface area, which controls the specific capacitance;√
Low costs for production and raw materials;√
Ideal electroactive locations that allow for pseudocapacitance;√
High thermal and chemical stability have an impact on cyclic stability;√
Rate capability and specific capacitance are impacted by controlled porosity.

These are all the characteristics that an ideal electrode should have [44].
In this review, we have discussed the most recent developments in electrode materials

in supercapacitors. This paper describes the three materials used to improve supercapacitor
efficiency: materials with high energy and power densities, which include materials made
from carbon for storage spaces; metallic oxide materials for top-performance applications,
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and advanced materials. MXene and nanocomposite materials are suitable for increasing
device power and energy density, which makes 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

Researchers are putting in a lot of time and energy into finding new and improved
materials to use as solar cells’ electrodes and electrolytes. Energy storage electrodes for
supercapacitors are typically made out of carbon due to its many desirable properties (low
production cost, small size, high availability, large surface area, morphology that can be
tuned, intercalation of electrolytes within its high porosity, and high electrical conductivity,
to name a few) [45,46]. Post-treatment of carbon materials allows for easy modification
of their frameworks and chemical and mechanical properties, hence, further enhancing
supercapacitor usefulness and performance. All of these reasons explain why carbon
or activated carbon (AC) is the standard active electrode material for supercapacitors
today [47,48]. 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 NaOH,
KOH, ZnCl2, and H3PO4. AC has well-developed surface areas of up to 3000 m2 g−1 and
physiochemical characteristics which differ depending on activation procedures and carbon
precursors employed [49,50]. Specific capacitance and specific surface area (SSA) have been
found to differ in AC, with a high SSA of 3000 m2 g−1 resulting in a low capacitance. This
implies that not all pores are productive when the 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 [51,52].

Carbon nanotubes (CNTs) have revolutionized the engineering and scientific study
of carbon materials due to their unique pore arrangement, mechanical and thermal re-
silience, and superior electrical characteristics. Through the catalytic decomposition of
hydrocarbons, CNTs are created, enabling the creation of nanostructures in different con-
formations and managing their crystalline structure [49]. They are highly regarded for
their electrical conductivity, support for active materials, and high-power electrode mate-
rials. Compared to AC, CNTs have a small surface area and a low energy density. Using
potassium hydroxide for chemical activation can enhance specific capacitance.

When compared to other carbon materials utilized as electrodes in electrochemical
double-layer capacitors, the newly created graphene has the largest specific surface area
(SSA), at roughly 2630 m2 g−1 [53–55]. Graphene can reach a capacitance of up to 550 F g−1

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 electrolyte is another advantage
of using graphene as an electrode material. Chemical vapor deposition (CVD), microme-
chanical exfoliation, the arch discharge approach, unzipping of carbon nanotubes (CNTs),
epitaxial growth, electrochemical and chemical techniques, and incorporation in graphite
are all viable methods for producing graphene [56–58].

3.1. Bio-Derived Carbon

Unlike biomass carbon, which comes from renewable sources like plants, most acti-
vated carbon comes from conventional fossil fuels like coal, petroleum, and their deriva-
tives [59–61]. The macroporous, mesoporous, and microporous distributions of biomass,
as well as its easily modifiable surface functional groups allow for a more logical three-
dimensional hierarchical porous structure. More storage sites for ions and sites for generat-
ing pseudocapacitance through redox reactions; both essential in supercapacitors. It has
been suggested so far that biomass can be converted into clean renewable energy systems
because of a variety of applications [62–64]. Initial research efforts were concentrated on
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carbon produced synthetically from biomass. Energy storage systems that make use of the
structural diversity of carbon extracted from biomass have also been developed. While
Toupance places an emphasis on the usage of biomass-based carbon in supercapacitors
and hybrid solar cells, Pan is more concerned with the design of biomass-based carbon
structures. When presenting carbon derived from biomass or making references to particu-
lar applications, these reviews emphasize synthetic techniques. To give a comprehensive
overview on synthetic techniques, multiple dimensions, and applications in electrocatalysis,
energy conversion, and storage of carbon obtained from biomass is, therefore, still hard
and vital.

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). Due to its distinct
features and advantageous effects on the economics and the environment, biomass porous
carbon is a viable material for high-performance supercapacitors and other energy storage
devices. The economic impact of preparing biomass carbon is magnified by the byproduct
of biomass oil. Its three-dimensional porous structure provides it with exceptional ther-
mochemical stability and a large specific surface area. It can be readily tailored to specific
uses because of its many surface functional groups, which may be altered by adding or
removing oxygen, nitrogen, sulfur, or phosphorus. Alkali and alkaline earth metals, which
are found in most biomass materials, speed up the activation reaction process and offer an
abundance of ion-binding sites for supercapacitors. Therefore, biomass porous carbon is a
promising material for use in energy storage and conversion applications [57,58,65,66].
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Debika Gogoi used porous carbon made from coconut fiber as the anode and a
nanocomposite made of CoFe2O4 nanoparticles (CF) immobilized within the pores of
porous carbon (PC) as the cathode, creating a high-performance all-solid-state flexible
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asymmetric supercapacitor device (Figure 4). The created device had a high energy density
of 50.34 Wh kg−1 at a power density of 1450 W kg−1 and a good cycle life (retention of 91%
specific capacitance (CS) after 5000 cycles) [67].
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prepared material (Reprinted with permission from Ref. [67]. 2022, American Chemical Society).

The successfully fabricated biomass-based carbon and β-Ni(OH)2 hybrid electrode
materials (Figure 5i,ii), and the gravimetric capacitance of C–Ni electrode materials reached
~952 F g−1 at 1.0 A g−1 based on a three-electrode system configuration. The sample can
still reach 126 F g−1 even at a high current density of 30 A g−1 (Figure 5a–f) [68].

The selection of appropriate precursors is one of the most important steps involved
in the production of high-performance activated carbon. Tianxiang Jin [69] chose daylily;
due to the high levels of nitrogen and phosphorus that it contains, it is suitable for use
as a precursor in the production of heteroatom-doped activated carbon (Figure 6i). 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−1 at a current density of 0.5 A g−1 and an excellent
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cycling stability of 99.6% after 4000 cycles at a current density of 1 A g−1 (Figure 6A–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 Wh kg−1 (Figure 6D).
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3.2. Synthetic Derived Carbon

Porous materials are essential in various industries, including biomedicine, energy,
adsorption, separation, and catalysis. Traditional porous materials, such as metal oxide,
zeolite, carbon, mesoporous silica, and polymer are amorphous, porous solids with irregu-
lar pores and ill-defined structures. Crystalline porous solids known as zeolites have high
stability, a periodic structure, and a natural acidity, are widely used in industrial adsorption
and catalysis. However, since there are so many different kinds of pore architectures,
managing the distribution of acidic sites is a difficult task. The study of porous materials as
a whole has been substantially advanced as a result of metal-organic frameworks, often
known as MOFs. MOFs are a kind of organic-inorganic hybrids and crystallized porous
substance [70–72]. MOFs are fascinating materials due to their high porosity and atomic-
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level structures. However, its limited applicability in processes involving large species and
diffusion control is due to the pores’ narrowness. Interest in extending classic MOF-based
carbon materials for use in energy storage applications was prompted by the invention of
hierarchically porous MOFs (HP-MOFs), composite materials, and analogues (Figure 7).
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Rahul R. Salunkhe [73] made MOF-derived porous carbon (Figure 8(1,2)) and the
uniformity of the large-sized NPC particles was good, and their average size was 1 mm.
SEM images with high magnification display polyhedral shapes and symmetric geometry
(Figure 8a–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. The ZIF-8-derived NPC performed well with a maximum capacitance of
251 F g−1 at 5 mV s−1, 10.86 W h kg−1 specific energy, and 225 W kg−1 specific power.
This affordable method may generate next-generation energy storage NPC materials with
enhanced pore topologies [74].
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Figure 8. Synthesis and calcination of ZIF–8 (1), schematic representation of supercapacitor electrode
device (2), the surface morphology images FE–SEM (a,b), HR–TEM (c) and the P–XRD results (d) of
the MOF–derived carbon material (Reprinted with permission from Ref. [73]. 2014, Royal Society
of Chemistry).

Jing Yu used KOH to create nitrogen-doped porous carbons (NPCs) from mela-mine-
urea-formaldehyde resin. High-performance supercapacitors with superior electrochemical
performance were created by adding KOH to improve specific surface area and pore
structure. The best sample had a large specific surface area of 2248 m2 g−1 and a high
N content, resulting in a specific capacitance of 341 F g−1 under 1 A g−1 and a retention
of 92% after 5000 cycles. A symmetrical solid-state supercapacitor with NPC electrodes
exhibited the highest energy generation of 9.60 W h kg−1 at 1 A g−1 (Figure 9a–e). NPCs
offer potential benefits for high-performance supercapacitors and other energy storage
technologies [75].
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and the real–time lighting application (e) of the NPCs–2–700/NPCs–2–700.

The use of extremely porous carbon black (CB), carbon Nano horns, carbon nanotubes,
graphene, carbon nanoflowers, and their composites in supercapacitors is currently under
study. However, low specific capacitance results from pure electrostatic charge accumula-
tion, such as graphene’s 200 F g−1 in aqueous electrolytes. Short cycle life remains despite
composites increasing specific capacitance through the redox process. By incorporating het-
eroatoms like nitrogen and oxygen into porous carbon composites, specific capacitance may
be increased without being noticeable. The advantages of carbon, such as their high conduc-
tivity and wide specific surface are maintained. Heteroatom-doped carbon materials can be
prepared using chemical vapor deposition [76], post-production processing [77], and direct
carbonization [78], with direct carbonization being the preferred method due to its cost-
effectiveness. Table 1 lists capacitive data for carbonaceous precursors, including synthetic
and natural sources like polyindole, polyaniline, and polyacrylonitrile (Figure 10a–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) [79].

In order to create N/O-doped porous COCLPs (optimized porous carbon material),
Jianhao Lao developed a network-structured organic crosslinked polymer COCLP-4.5,
which exhibited exceptional electrochemical performance. The specific capacitance reached
522 Fg−1 at 0.5 Ag−1 and 309 Fg−1 at 20 Ag−1 in a three-electrode system. Additionally,
the symmetric capacitor attained a power density of 200.0 W kg−1 and an energy density
of 18.04 Wh kg−1. The COCLPs benefited from the hierarchical porous carbon formed by
organic crosslinked polymers’ net structure, as well as from the pseudocapacitance that
heteroatoms added.

3.3. CNT and Graphene Based Composites for High-Performance Supercapacitor

The V2O5–CNT nanocomposites were used as a negative electrode material for the
high-performance supercapacitor applications (Figure 11a–g). The vertically aligned CNTs
(VACNT) were prepared by supercritical CO2 impregnation and the substituent annealing
method [80]. The prepared composite material was directly grown of the nickel foam
substrate to avoid the use of binding material. The pure VACNT was used as a positive
electrode, while the composite was used as a negative electrode material to fabricate the
asymmetry supercapacitor device. The neutral Na2SO4 was used as an electrolyte solution
for the entire analysis. The obtained specific capacitance of the device is 284 F/g at 2 A/g,
and the maximum energy and power densities are 32.3 Wh kg−1 and 118 Wkg−1 [80].

Similarly, the graphene-based nano-composited shows an excellent specific capacitance
nature (Figure 11h–n) [81–83]. The reduced graphene oxide (rGO)-based composite material
was used as an electrode material for high-performance supercapacitor application. The
composite material was directly grown on the surface of the carbon cloth to achieve the
binder-free and flexible electrode device structure. The obtained specific capacitance of the
device was 451 F/g; another advantage of these composite materials includes better rate
performance and recycling stability. The material shows an excellent energy and power
densities as 51.11 Wh kg−1 and 10 k W kg−1, respectively.
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representation on the preparation of CNT–composite material (g) (Reprinted with permission from
Ref. [80]. 2021, Elsevier), the synthesis procedure of rGO metal oxide composite materials (h) and its
supercapacitor characteristic results (i–n) (Reprinted with permission from Ref. [81]. 2023, Elsevier).

In summary, the carbon-based materials taking a virtual role in the high-performance
supercapacitor applications. The major disadvantages of bio-derived carbon materials are
lower capacitance with power and energy density. The modification and surface treatment
of the carbon materials are very effective for the enhancement of specific capacitance. The
many of the carbon materials could be obtained from the natural sources, which is cost
effective and environmentally friendly.

4. Recent Metal Oxide Materials on Supercapacitor

The metal oxides-based supercapacitors are very important to the super capacitor ap-
plications. The advantages of the metal oxides are as follows, (i) good conductivity, (ii) more
stability, (iii) mechanical strength, (iii) high energy and power density. The combination of
multi-metal oxide materials may enhance the synergetic effect of the material, which would
be modified by the optimization of various metal oxide materials. The multi-metal oxide
composition has an 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.
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4.1. Bi-Metal Oxide

The manganese and molybdenum-based hierarchical MnMoO4·H2O@MnO2 core-shell
Nano arrays were used for the high-performance asymmetric supercapacitor (Figure 12a–n).
The bi-metal oxide material of MnMoO4·H2O@MnO2 was prepared by using a two-step
hydrothermal method. To enhance the specific capacitance, the bi-metal oxide material
was directly coated on the nickel foam substrate. The FE-SEM and the TEM analysis
demonstrated the core-shell nanosheet array 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 material studied through the
2,3-electrode system. The 3-electrode system impels the maximum specific capacitance
of the material to be 3560.2 F/g at 1 A/g. The obtained result is considerably high in the
recently reported material in the supercapacitor area. For the 2-electrode system, 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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Figure 12. (a) Schematic representation on the preparation of MnMoO4·H2O@MnO2 core–shell Nano
arrays, (b (i–xvi)) the FE-SEM image of the prepared metal oxide material on various magnifications,
(c–h) the electrochemical performance of the bi-metal oxide on 3-electrode system, (i–n) the device
structure and the electrochemical analysis of the materials on 2-electrode system (Reprinted with
permission from Ref. [84]. 2018, Elsevier).

The hollow structured NiCoO4 nano sphere-type material was prepared by modified
Stober and hydrothermal method. The material was confirmed by P-XRD, XPS analysis and
the surface area was obtained by the BET method. The FE-SEM and HR-TEM analysis sug-
gests the material shows a hollow nanosphere structure with the diameter of ~200–220 nm.
The obtained surface area of the NiCoO4 is 166.1 m2/g and the pore size distribution is
3.8–4.3 nm. The electrochemical performance of the material was studied systematically
(Figure 13a–l). The specific capacitance of the material was 1229 F/g at 1 A/g with a
rate performance of ~83.6%. The material shows specific capacitance of 68.7 F/g, and the
attained energy and power density were 21.5 W h/kg, 4500 W/kg. The results suggest
the array formation on the nanosphere could enhance the specific capacitance due to the
increase in surface area of the material.
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4.2. Tri-Metal Oxide

The tri-metal oxides-based materials have much interest for battery-type super ca-
pacitor applications. These materials show fast charge diffusion and reversible faradaic
reactions; hence, they provide high specific capacitance, energy, and power density. Many
available metal oxides, such as Co3O4, MnO4, Fe2O3, MoO3, V2O5 and ZnO could be
applicable for the preparation of tri-metal oxides-based materials. The advantages of theses
metal oxide materials include cost effectiveness, and they are environmentally friendly
as well.

The Cu-Ni-Co oxides were used to prepare tri-metal oxide materials, and followed
by boron doping, were adopted for the high-performance super capacitor application.
The FE-SEM analysis shows needle-like morphology was obtained for tri-metal oxide
materials, while the agglomerated needle-like morphology obtained for boron-doped metal
oxide materials (Figure 14a–o). The obtained specific capacitance of the doped tri-metal
oxide is 974 C/g at 2 A/g, and the materials show 700 C/g at 20 A/g, which suggests the
material shows a high rate capability. The energy and power density of the material was
calculated by using the 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 was 42 Wh/kg and 926 W/kg. The materials stability
and the electrochemical performance of the tri-metal oxide material were increased after
the boron doping. The results suggest as the doping of hetero atom onto the metal oxide
material could enhance the electrochemical performance of the material.

The Ni-Co-M (M = Mn, Fe, Zn)-based porous trimetallic fluoride materials were
prepared as an electrode material for the high-performance asymmetric supercapacitors
(Figure 15a–z). The obtained material shows high rate capability and recycle stability.
Among the various compositions, the Ni-Co-Zn fluoride shows the highest specific capaci-
tance of 914.4 F/g at 1 A/g with 81.3% capacitance retention at 20 A/g. The fluoride-doped
tri-metal oxide material shows ahigh 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
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oxide materials. The obtained fluoride-doped transition metal oxide materials suggest the
doping of the halogen group element to the transition metal oxide materials could enhance
the specific capacitance of the electrode materials.
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(i–o) the device fabrication and the electrode performance on 2-electrode system (Reprinted with
permission from Ref. [86]. 2021, American Chemical Society).

In summary, the different metal oxide materials possess the ideal candidate for the
supercapacitor applications. The conductivity is also expected to be higher than other
materials. The morphology and the crystal structure of the metal oxide materials is also
important to enhance the efficiency of the supercapacitor device. The doping of different
materials and the formation of the core-shell structure enhances the synergetic effect, which
further enhances the specific capacitance of the device [87].
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prepare trimetallic oxide material, the electrochemical performance on 2,3–elctrode system (o–z) of the
fluoride–doped trimetallic oxide material (Reprinted with permission from Ref. [87]. 2020, Elsevier).

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. Pseudocapacitance is a form of capacitor that, although
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being capable of producing large levels of capacitance, has low power density and unstable
cycling due to its weak electrical conductivity. The creation of activated carbons and
pseudocapacitive materials is essential for the enhancement of supercapacitors. Recent
composite materials showing better capacitance performance and cycle life combine carbon-
based materials with metal oxides, hydrocarbons, or conducting polymers. The mechanical
strength, electrical conductivity, and electrochemical activity of these composites are all
improved. The surface energy of active nanomaterials may be lowered by using a hybrid
design. Electrodes made of activated carbon or metal oxide-hydroxides have found usage
in a number of contexts.

Greater capacitance may be seen in metal oxides such as RuOx, SnOx, CoOx, NiOx,
FeOx, and MnOx because of a phenomenon known as pseudocapacitance. This phe-
nomenon is the consequence of a fast redox reaction that occurs between the oxide and the
electrolyte [88]. The estimated capacitances of Co3O4 and NiO electrodes are much higher
than those of carbon electrodes, coming in at 3560 and 2584 F g−1, respectively [33,89].
However, due to their severe agglomeration, poor electrical conductivity, and short cycle
life, are frequently ineffective when used directly in high-performance supercapacitors. As
electrodes for supercapacitors, composite materials that are made up of porous carbon and
metal oxides have attracted a lot of interest recently. By mixing hierarchical porous carbons
with pseudocapacitive metal oxides, these materials improve electrochemical performance.
Zheng and colleagues created a binder-free 3D electrode by employing hierarchically
porous carbons, Co3O4 nanoarrays, and morpho butterfly wing scales. With this electrode,
they were able to achieve a specific capacitance of 978.9 F g−1 at 0.5 A g−1 [90].

Zhiwei Tian [91] reported a manganese oxide/carbon composite with high specific
capacitance and conductivity (Figure 16a–i). Utilizing homemade porous carbon and
KMnO4 as raw materials, manganese oxides/carbon composites have been created. Due to
the Mn-O-C interaction, these composites have high specific metal oxide capacitance and
high carbon conductivity. At current densities of 1, 2, 3, 5, and 10 A g−1, the optimized
composite electrode exhibits extremely high specific capacitance values of 550, 520, 481,
402, and 318 Fg−1. The completed asymmetric supercapacitor (ASC) device exhibits
excellent rate performance at 1600, 2297, 3715, and 6890 W/kg and an energy density of
50.2 Wh kg−1 at 800 Wkg−1. 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 manganese/carbon composite supercapacitors, which are
anticipated to be produced in large quantities commercially due to their straightforward
preparation methods and ultra-high performance.

5.2. MXenes-Based Materials for the High-Performance Supercapacitor Application

MXenes are a group of two-dimensional advanced functional nanomaterials that
have been investigated for use in the synthesis of fuel and clean energy, among other
applications [8–12]. They have distinct layered structures that enhance electrolyte ion
transport in addition to offering active transition metal redox sites on the surface. MXenes
are particularly promising as high-performance electrodes for electrochemical capacitors
because of qualities like conductivity, aspect ratio, etc. [92]. With aqueous electrolytes like
(NH4)2SO4 and MgSO4, 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 [93,94]. A higher capacitance is seen when H2SO4
is used, suggesting that protons are the predominant charge carriers. H2SO4’s impact on
the storage mechanism is still debatable, necessitating additional theoretical research and
combined characterization. Redox reactions, intercalation, and underpotential deposition
are blamed for pseudocapacitance. Pseudocapacitance is produced when MXene cathodes
are coupled to conductive polymer-based anodes while the system is immersed in an H2SO4
electrolyte. Intercalation is a method for storing alkali metal cations in supercapacitors
based on MXene that make use of organic electrolytes. In spite of the fact that in situ
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characterization technologies are able to shed light on the structural evolution and chemical
circumstances of MXene-based electrodes, there are still a great deal of concerns that have
yet to be solved about the dynamics of ions in supercapacitors [95,96].
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MXene-based electrocatalysts require innovative methods for synthesizing monolayer
MXenes with large transverse dimensions and thoughtful structural modifications in order
to achieve excellent activity and selectivity. Rui Ma [97] developed Ti3C2Tx MXene-based
supercapacitor electrodes with improved capacitance, rate capability, cyclic stability, and
mechanical flexibility. A capacitance of 532.9 F g−1 was attained by the P-MXene/CPAQ-A
electrode, which was composed of a quinone-amine polymer. Additionally, the rate perfor-
mance and cyclic stability were both significantly enhanced. After 40,000 iterations, the
integration strategy that was optimized resulted in a retention rate of 97.1% (Figure 17a–i).
This electrode outperformed pristine MXene and PMXene electrodes in terms of retention
and cyclic stability. The optimized techniques produce more active sites, quicker ion acces-
sibility, better chemical stability, and good mechanical flexibility. The P-MXene/Cpolymer
electrodes show capacitance enhancements due to enlarged interlayer spaces, nanostruc-
tured carbonized polymers, PMMA sacrificing templates, and intercalated K+ ions. MXene
surface changes include the elimination of fluorine, a reduction in the number of hydroxyl
groups, an increase in the number of oxygen groups, intercalation of potassium ions, and
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the presence of carbonized polymers with electrochemically active groups. Expanded
interlayer gaps and porous or hierarchically nanostructured polymers, both of which avoid
restacking and speed up ion accessibility, are responsible for the improved rate capability
of the material. However, undesirable nanostructures may affect performance at higher
scan rates. Improved cyclic stability is likely due to enhanced chemical stability and
repressed oxidation.
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Bao Shi [98] 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 18a–h). This
technique lowers the risk by using CFs as a flexible substrate and carbon supply rather
than collecting powder samples from HF mixes. This eliminates the necessity to collect the
powder samples. In addition, the vertical alignment of the Ti2CTx MXene helps to eliminate
the stacking problem that occurs with standard MXene film electrodes created using the
filtering process. This helps to shorten and streamline the ion transport channel, which
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enhances the performance of zinc-ion hybrid supercapacitors (HSC). Zn-ion high-speed
capacitors manufactured from Ti2CTx MXene@CF/Zn@Cu@CF have great stability since
they retain 90% of their capacity after 10,000 cycles, have an extremely low self-discharge
rate of 0.53 mV h−1, and have a high areal capacitance of 380 mF Cm−2 at a scan rate of
5 mV s−1. Additionally, these Zn-ion HSCs have outstanding capacity retention [98].
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Overall, the MXenes are new class of materials for the high-performance supercapaci-
tor applications. The MXene-based materials possess the high energy and power density
in nature. The reason behind the high performance is the materials show the unique
layered-like structure. The complete MXene looks as the combination of the multilayer-like
structure similar to the graphite molecule. The each and individual layer behave like an
active channel to accommodate the applied electron. The layered structure enhances the
surface area, which opens a new window for the charging and discharging of electrons.

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

Materials Specific Capacitance
(F g−1)

Energy Density
(Wh kg−1)

Power Density
(W kg−1) Ref.

Biomass-derived Carbon 258.8 at 1 Ag−1 7.11 125.46 [99]

Biomass-derived Carbon 382 at 1 Ag−1 23.13 300 [100]

polyindole 293 at 0.2 A g−1 15 - [101]

polyaniline ~290 at 1 A g−1 10.3 - [102]
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Table 1. Cont.

Materials Specific Capacitance
(F g−1)

Energy Density
(Wh kg−1)

Power Density
(W kg−1) Ref.

polyacrylonitrile 252 at 0.1 A g−1 8.8 - [103]

Metal Oxide (Cu-doped Co3O4 NP) - 64.1 800 [104]

Metal Oxide (Mn3O4 triangular structures) 751.3 at 1 A g−1 91.7 899.5 [105]

Carbon/metal oxide composite
(ZnO/NiO@MWCNT) 1988.8 43.59 4000 [106]

Carbon/metal oxide
(NiO@Co3O4-Activated C) 800.9 at 1.0 A. g−1 136.6 - [107]

MXene (Ti3C2Tx/V2O5) −319.1 at 5 A g−1 18.43 603.2 [108]

MXene (Ti3AlC2/polyaniline/Co Ni LDH) 1200 at 1 A g−1 399.95 39.33 [109]

CNT-V2O5 284 at 2 A g−1 32.3 118 [80]

rGO-NiFe-PBA 451 at 1 A g−1 51.11 10,000 [81]

6. Conclusions

In a comparable form, supercapacitors are examined in detail in this paper, includ-
ing their structure, operating principles, specifications, materials, and applications. The
classification of supercapacitors based on mechanisms was briefly discussed as well. It
examines their benefits, contemporary technologies, and suppliers. The article clearly
envies the supercapacitor by various types of materials, such as carbon, metal oxide, and
advanced materials. The carbon-based materials deal with the environmentally friendly
carbon derived from natural sources and synthetic material. The metal oxide materials
portion promotes the different multi-metal oxide materials such as bi- and tri-metal oxides
for the electrode preparation. The advanced materials conclude the composites of both
carbon and metal oxide materials followed by the MXene-based materials. The supercapac-
itors model, a real-time application, and performance evaluations are also shared in this
paper. The article discusses the most recent advances in material technologies, overcoming
application challenges, and enhancing the marketability and efficacy of supercapacitors.
The composites 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 procedures, and commercial viability.
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