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Abstract: The global demand for energy is constantly rising, and thus far, remarkable efforts have been
put into developing high-performance energy storage devices using nanoscale designs and hybrid
approaches. Hybrid nanostructured materials composed of transition metal oxides/hydroxides,
metal chalcogenides, metal carbides, metal-organic frameworks, carbonaceous compounds and
polymer-based porous materials have been used as electrodes for designing energy storage systems
such as batteries, supercapacitors (SCs), and so on. Different kinds of hybrid materials have been
shown to be ideal electrode materials for the development of efficient energy storage devices, due
to their porous structures, high surface area, high electrical conductivity, charge accommodation
capacity, and tunable electronic structures. These hybrid materials can be synthesized following
various synthetic strategies, including intercalative hybridization, core—shell architecture, surface
anchoring, and defect control, among others. In this study, we discuss applications of the various
advanced hybrid nanostructured materials to design efficient batteries and SC-based energy storage
systems. Moreover, we focus on their features, limitations, and real-time resolutions.

Keywords: hybrid materials; energy storage systems; battery; supercapacitor; hybrid electrode

1. Introduction

The radical deficit of fuel, global warming, and the growing interest in moveable
electronic devices and electric automobiles have encouraged the development of efficient
energy storage systems. Moreover, the total energy consumption rate is exponentially
growing with the increasing global population, economic revolutions, invention of tech-
nologies and machines, access to modern facilities in remote areas, and significant changes
to human lifestyles [1]. According to the annual BP Statistical Review of World Energy 2022,
the total amount of primary energies consumed worldwide in 2021 exceeded 595 exajoules,
which is 3% higher than that in 2019 and 5.5% higher than in 2020, when primary energy
consumption levels fell due to the coronavirus pandemic and its effects on the demand for
transportation, fuel, and general economic performance (Figure 1) [2]. Another report has
predicted that the demand for clean and sustainable energy will increase by about 20% by
2050 [3]. The radical shortage of fossil fuels and growing interest in wearable electronics
and electric vehicles has driven the innovation of efficient hybrid technologies for suitable
energy storage systems.
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Figure 1. Statistics of the world’s primary energy consumption for the last 10 years.

In order to maintain a balance between energy production and consumption, it is
essential to store excess energy to fulfil the demand in relation to short- and long-term
purposes. The utilization of advanced energy storage facilities makes it possible to over-
come the limitations of suitable storage systems for renewable energies from solar, wind,
hydroelectric, and geothermal sources. In this case, non-conventional energy storage
devices—predominantly batteries and capacitors—facilitate the storage of electricity from
renewable sources. Moreover, it is possible to distribute it continuously through electric
wires, even in remote areas. Therefore, there have been significant research efforts focused
on the innovation of sustainable energy storage technologies. Among them, priority has
been given to rechargeable batteries and capacitors due to their remarkable storage capacity,
with very high power (W kg~!) or energy density (W h kg1 [4].

Developing new devices to satisfy the necessity and urgency of energy storage has
become an important issue for addressing the challenges regarding energy supply. The
International Energy Agency (IEA) reports that worldwide energy demand will increase
up to 450 GW in 2050 [5]. Therefore, it is important to store the excess energy for future
use, if any extra electricity is produced from any source. For a long time, batteries have
been used as non-conventional devices for storing and supplying energy in remote areas.
Many different types of vehicles are run using the energy stored in batteries as a portable
form. The latest applications of this type of energy are in smartphones (e.g., Galaxy and
iPhones); in this case, lithium-ion (Li-ion) batteries play a vital role, storing and supplying
energy for operating these electronic devices. High-tech manufacturing facilities with
continuous power supply at a consistent frequency are essential for the production and
use of such electronic devices [6]. Compared to the elevated rate of energy demand, a slow
transition rate has been observed in developing sustainable energy systems. Currently, the
biggest challenge in satisfying the rising energy demand is introducing an efficient and cost-
effective energy storage system. Additionally, it is important to develop efficient materials
for manufacturing devices with high capacity, such as supercapacitors and rechargeable
batteries. Therefore, the biggest difficulty facing electrochemical systems in recent years
has been the investigation of new electrode materials or the modification of existing ones.
In particular, the specific capacity, cyclic stability, and Columbian efficiency are three very
important properties desired for any energy storage cell to work effectively. However,
there are common limitations of most materials used as electrodes, such as limited capacity,
changes in crystal structure, and volume growth during cycling [7,8].

To avoid these drawbacks, hybrid nanostructured materials are being employed
as electrode materials in modern supercapacitors as well as various batteries. Hybrid
materials are nanocomposite materials with or without interactions between the inorganic
and organic components, amorphous sol-gel complexes, and crystalline highly structured
coordination polymers, etc. Therefore, to increase the power and energy density of next-
generation storage systems, varieties of multifunctional hybrid nanostructured materials
are consistently generating tremendous interest.
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There are five sections in this review. The various types of energy storage systems,
especially supercapacitors and batteries will be concisely covered in Section 2 after the
introduction in Section 1. Section 3 will detail the different types of nanostructured hybrid
materials, their special electrochemical characteristics, and some representative outcomes
as an example of recent development for energy storage performances. The current electro-
chemical data on hybrid energy storage systems will be briefly examined in Section 4, along
with other information. We will also summarize our discussion with some limitations and
a forecast for the future applications of hybrid electrode materials in Section 5.

2. Energy Storage Devices

Available energy storage devices can be classified into various types; for example,
based on storage duration, there are three types: short-, mid-, and long-term. Depending
on their reaction time, they are considered to be either rapid or slow. According to their
storage capacity, they can be classified as small-, medium-, or large-scale [9]. There are many
techniques for the storage of various types of energies, including electrical, mechanical,
chemical, and thermal. Moreover, based on the precise needs and applications, storage
technologies have different technical and economic criteria [10].

2.1. Types of Energy Storage Systems

The classification of energy storage systems is consistent with the various associated
shapes; energy is often stored within a mold, which can be electrochemical, electromagnetic,
mechanical, and thermal one (Figure 2). Hydrogen batteries and fuel cells are electrochemi-
cal systems, while electromagnetic systems include SCs and superconductors. Mechanical
systems are often divided into kinetic energy storage (e.g., flywheels) and potential energy
storage (e.g., pumped hydraulic and compressed gas systems) [11,12].

Electrochemical

Energy Storage Systems

l

Electromagnetic Mechanical

Thermal fluid storage
Batteries : Ceramic thermal
Capacitors Pumped-
Vanadium el Super- conductor | | Flywheels Hydro storage
ZnCl capacitors SMES Compressed Hot water storage

Lead acid ZnBr
PbSb liquid PsBr
Li-ion

Air

Figure 2. Classification of energy storage systems based on their natural construction.

Techniques and devices are constantly changing and improving to meet the increasing
demands for energy storage devices. The battery, as the primary systematic energy memory
device, remains the leading and most widely used technique, with a general efficiency
of over 90%. A battery may be a chemical device, storing electricity within chemicals
and converting the stored energy into a direct current (DC) through an electrochemical
reaction. A battery usually consists of three main components: two electrodes and an
electrolyte. It also consists of terminals, a separator, and a container. There are two types
of electrodes: anode (negative electrode) and cathode (positive electrode) [13]. The Italian
physicist Alessandro Volta invented the first battery (in the modern sense) in 1800, which
consisted of disks of zinc and copper, while a concentrated salt solution (brine) was used as
an electrolyte. To date, many different types of batteries have been reported, such as Ni-Cd,
Li-O,, and Li-S batteries [14,15].

2.2. Batteries for Energy Storage

There are two main types of batteries: physical and chemical batteries (Figure 3a). A
physical battery is a device that directly converts solar power, thermal energy, or atomic
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energy into DC electricity using physical effects, such as solar cells, thermoelectric genera-
tors, core batteries, and so on. A chemical battery is a device that converts energy directly
into DC electricity. Chemical batteries are the most common type of batteries, and can
be classified into two categories: primary (non-rechargeable) and secondary (recharge-
able). A primary battery is a straightforward and convenient power source, such as a
zinc-manganese or alkaline-manganese battery, which cannot be charged electrically. They
are utilized in household applications for various portable electronic and electrical ap-
pliances, such as lamps, cameras, watches, toys, radios, and so on. A secondary battery
is commonly referred to as a rechargeable battery, which may be recharged after being
discharged to its original state by a current through the cells during discharge. For instance,
lead-acid and lithium-ion batteries are well-reported rechargeable batteries. It should be
noted that the energy storage capacity of an electrochemical system is restricted by the
electrochemical properties of the electrode materials. Therefore, storage abilities need to
be increased through the use of coupling (or hybridizing) with materials having very low
equivalent weights. At present, the world is entering a new era of digital technologies
featuring updated energy storage devices.

(a) Battery
Chemical Chemical
Primary battery Secondary battery

Physical battery

Nickel primary Lithium ion
- battery battery Thermoelectric
battery
Zinc-mercury Lead acid
pattery patieny Solar battery
Zinc-manganese
battery
|| Alkaline manganese
battery
(b) Supercapacitors
Electric Double-layer Capacitors Pseudocapacitors
(EDLC), (Helmholtz layer) (Faradic charge transfer)
|_| Activated Hybrid Capacitors Conducting
Carbon Charge storage: Electrostatically Polymers
& Electrochemically
|| Carbon Redox Metal
Aerogels Oxides
| | Composite
— carbon Electrodes Soluble Redox
Nanotubes Electrolyte
| EDLC/
Pseudocapacitor
Graphene
| | Battery/
Supercapacitor

Figure 3. Classifications of: (a) batteries; and (b) supercapacitors based on electrode materials and

charge storage mechanism.

2.3. Supercapacitors for Energy Storage

After the invention of rechargeable batteries, another storage device, known as a
capacitor, has been widely used for this purpose. A supercapacitor (SC) is an upgraded
version of a capacitor. In this line, the hybridization of a battery and capacitor can be
accomplished to achieve high energy storage efficiency. The general performance of an
SC is mainly governed by the nature and structure of the electrodes, separator, current
collector, and electrolytes. SCs provide many advantages over batteries, such as a high
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power density (>10 kW kg 1), quicker charging/discharging speed (within seconds), cyclic
stability (>100,000 cycles), and being more cost-effective and safer [16,17].

Figure 3b exhibits the different types of SCs. Based on their charge storage behavior
and electrode materials, there are three kinds of supercapacitors: electrochemical double-
layer capacitors (EDLCs), pseudo-capacitors, and hybrid capacitors [18]. The most well-
known type of energy storage technology now employed in industrial applications is the
EDLC. Here, electricity is stored at the interface between the electrolyte and electrode
through Helmholtz double layers [19]. As this process does not allow for a Faradaic redox
reaction, the swelling of the active material, EDLCs typically present high stability and
rapid charge/discharge rates. Due to their environmental friendliness, large specific surface
area, good electrical conductivity, high chemical stability, and wide working temperature
range, carbon-based materials such as graphene, activated charcoal, CNTs are used to make
the majority of EDLC electrodes. Furthermore, depending on the type of electrolyte utilized,
EDLC performance might be altered. However, the energy density of EDLC equipment
is constrained as a result of the electrostatic surface charging mechanism, which severely
limits the use of EDLCs.

On the other hand, pseudocapacitor electrodes are constructed of some redox compo-
nents, such as polymers, metal oxides, or hydroxides [20]. Moreover, their charge storage
mechanism follows a fast Faradaic reaction. The formation of such an electrical double
layer near the surface provides larger capacitance with high energy density, compared
to other capacitors. As pseudocapacitors can store charge through electroporation, redox
reactions, or intercalation, they have higher capacitance and energy density than EDLCs.
In contrast to EDLCs, pseudocapacitance can be created both on the electrode surface and
throughout the entire electrode, resulting in a higher energy density and larger capacitance.

Another type is called hybrid capacitors, which are a combination of EDLCs and
pseudocapacitors, with higher specific capacitance compared to each individual type. A
hybrid capacitor accumulates charges either electrostatically or electrochemically, using
electrochemical or electrostatic absorption-desorption or oxidation-reduction reactions.
The hybrid supercapacitor is further divided into three categories: battery-type hybrid,
composite hybrid, and asymmetric hybrid. With its extensive power and energy density,
as well as improved cycling stability, the hybrid supercapacitor can perform well [21]. In
addition, SCs may have various geometric properties, such as flexible SCs including a
skinny film, sandwich-type, and planar structure (e.g., as integrated micro-SCs). Flexible
SCs are ultrafast rechargeable energy storage devices. It is necessary to utilize a material
with very good conductivity, high mechanical rigidity, compact structure, and lightweight
properties for the design of flexible SC devices. A planar structure design enhances the
rapid ion transfer within the 2D-direction of flexible SCs [22-24].

In terms of the storage and release of electricity, batteries and capacitors are very
similar; however, they perform in a completely different manner. In general, batteries
offer better energy density for storage, whereas capacitors may charge and discharge more
quickly [25]. The supercapacitor’s cyclic voltammetry (CV) curve (Figure 4a) is rectangular
during the charge and discharge operation, yet the current is nearly constant. Additionally,
the galvanostatic charge/discharge (GCD) curve (Figure 4c) of this device is typically
inclined with a constant slope. Generally, a battery keeps its voltage steady except when
it is close to 100% charged/discharged (TOC/EOD), during which it exhibits Faradaic
reactions and its CV curve displays a clear redox peak (Figure 4b,d). In addition, the GCD
curve shows a relatively flat charge-discharge platform. At the same time, supercapacitors
must be integrated with a DC-DC converter for applications requiring a consistent output
voltage to control and maintain the output voltage. The energy stored in these two types
of electrodes is measured differently (in terms of capacitance vs. capacity) due to the
difference in the charge-storage process [26].
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curves of supercapacitors and batteries. Reproduced with permission from [26]. Copyright 2018
American Chemical Society.

Based on the power density equation, the energy density of a capacitor is determined
by the specific capacitance of the electrode material and the potential difference between
the positive and negative electrodes, developing porous nanoelectrode materials is one of
the best strategies to raise the energy density of supercapacitors. Porous nanoelectrode
materials can boost energy density by increasing the specific surface area, which in turn
raises the specific capacitance. Constructing hybrid or asymmetric supercapacitors is
a further approach that can improve the performance of the entire device. Hence, we
highlight current developments in nanostructured hybrid electrode materials for batteries
and supercapacitors in the next section.

3. Hybrid Nanostructured Materials in Energy Storage Devices

Hybrid nanostructured materials are a type of nanocomposites made up of two or
more separate components at the molecular level, each of which has at least one dimension
on the nanoscale. They are put together in a manner that offers them characteristics that
no one substance alone could provide. Metal ions, metal clusters or particles, oxides,
sulfides, non-metallic elements, and their derivatives are typically combined in hybrid
nanomaterials through specific interactions that enhance their functional properties in a
synergistic manner. Electrostatic interactions, dispersion interactions, H-bonding, and other
intermolecular interactions may all play a role in the assembly of hybrid materials, from the
formation of molecules to nanoscale binding, self-assembly, and microstructuring [27]. The
general classification of hybrid materials is shown in Figure 5a. Hybrid materials are now
categorized into three types based on their utility, as illustrated in Figure 5a: (i) structurally
hybridized materials, (ii) functionally hybridized materials, and (iii) chemically hybridized
materials [28,29]. Furthermore, hybrid materials that are formed through weak chemical
interactions, such as Coulomb forces, hydrogen bonds, and dipole-dipole forces are classi-
fied as Class | hybrid materials. On the other hand, Class II hybrid materials are formed by
combining the constituent components through strong chemical linkages, such as covalent
or ionic-covalent interconnections.

In the last two decades, a variety of synthesis techniques have been used to rapidly
advance the design and preparation of hybrid nanostructured materials with various ar-
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chitectures and dimensionalities. These hybrid materials could be from 0D nanoparticles
to 2D nanosheets, including core—shell hybrid nanostructures (for example, MOF-derived
NiSe@C nanocomposite [30]), nanoparticle-based hybrid nanostructures (such as Graphene—
silver hybrid nanoparticle [31]), well-defined heterostructures (for example, CoZn-Se@N-
MX heterostructured hybrid [32]), hierarchical heterostructures (e.g., hierarchical MX-
ene/TMC (SnS, NiS, and MoS;) [33]), and so on. The techniques for constructing these
superior materials, together with nanostructuring, nano-/micro-combination, hybridiza-
tion, pore-shape control, configuration design, surface modification, and composition
optimization, are key challenges for researchers.

Figure 5b provides a summary of the synthetic mechanisms and methods used to create
hybrid materials, enabling the creation of custom materials with predetermined features
for particular applications [34,35]. Route A is a traditional sol-gel process that employs
specific bridged, polyfunctional precursors and a hydrothermal synthesis process to create
homogenous molecular organic-inorganic compounds. This approach is highly versatile
and can be used to synthesize crystalline microporous hybrid solids such as zeolites
and Metal-Organic Frameworks (MOF) [36]. Route B, on the other hand, utilizes self-
assembling techniques to create various inorganic nanocomposites or hybrid networks that
are templated by organic surfactants. This method provides a high degree of control and
enables adjustment over the hybrid interfaces, resulting in a wide variety of nanocomposites.
Route C involves assembling or dispersing well-defined nanobuilding blocks (NBB) that
retain their integrity in the final product. These NBB can be organically pre- or post-
functionalized nanoparticles, metallic oxides, chalcogenides, clays, and layered double
hydroxides that can intercalate organic components. Route D combines the use of NBBs and
self-assembly methods to obtain hierarchically organized materials in terms of structure
and function. This approach enables the tailoring and fine-tuning of the mechanical,
optical, electrical, thermal, and chemical properties of hybrid materials, allowing for the
development of specialized applications using the synthesized materials [37].

3.1. Applications of Hybrid Nanostructured Materials as Electrodes in Batteries
and Supercapacitors

To be an efficient electrode in energy storage devices, materials must adhere to certain
standards. For example, the cathode material in a lithium-ion battery (LIB) or a sodium-ion
battery (NIB) must exhibit a high free energy of reaction with lithium or sodium to achieve a
high voltage, as well as have large interstitial spaces within their crystallographic structure
to accommodate a significant amount of Li or sodium ions. Moreover, electrode materials
must have a high level of electronic conductivity, be non-toxic, and not react chemically
with the electrolyte [38]. When used as an anode, the material should show low voltages
(0.0-1.0 V) and usually control the energy density, cycle life, and power density of the
cell [39].

Capacitance and charge storage are two criteria that depend on the kind of electrode
materials used in supercapacitors. According to the energy density formula, the specific
capacitance of the electrode material and the potential difference between the positive
and negative electrodes determine the energy density of a capacitor. Developing porous
nanoelectrode materials is one of the most effective ways to increase the energy density of
supercapacitors. Porous nanoelectrode materials can increase energy density by increasing
specific surface area, which increases specific capacitance. This highly efficient method of
enhancing the performance of supercapacitors could revolutionize their use in a variety
of applications. For example, using carbon materials is more promising due to their
high surface area, low cost, availability, and electric conductivity. Surface area, electrical
conductivity, electrode wetting, and the permeability of electrolyte solutions are just a
few of the variables that have a significant impact on the electrochemical performance of
electrode materials [40]. Another approach is to build hybrid /asymmetric supercapacitors,
which can improve the overall device performance.
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Figure 5. (a) The general classification of hybrid materials and (b) several general approaches for the
design of hybrid nanostructured materials prepared by various routes (A: homogenous molecular
organic-inorganic materials, B: self-assembling procedures into account, C: assembling of well-defined
nanobuilding blocks and D: combination of self-assembly and nanobuilding block approaches). (b) is
reprinted /adapted with permission from Ref. [34] 2021, MDPL

In addition, energy storage materials are critical for the efficient, clean, and adaptable
use of energy, as well as the exploitation of renewable energy sources. As a result, they
encompass a wide spectrum of materials and have received a lot of attention, in all stages
from research to industrialization. In particular, the electrode materials of batteries and SCs
with high charge density, cycling strength, rate capability, and stability of batteries and SCs
are of utmost importance [41]. The area of the electrode that will be reached by ions/charges
may be a particularly crucial factor in determining battery or SC performance [42]. The
operational, thermal, and electrical characteristics of devices are largely determined by
the electrode material and electrolyte used. The electrodes, for example, must have high
conductivity, high temperature stability, long-term chemical stability, high corrosion resis-
tance, large surface area per unit volume and mass, environmental friendliness, and low
cost [43,44]. Therefore, to meet the emerging demands, numerous multifunctional hybrid
nanostructured materials are being explored at the present time in order to improve the
energy density and power of next-generation storage devices. As an example, applications
of some of the hybrid materials with promising performances as an electrode in batteries
and SCs will be discussed in the following sub-sections.

3.1.1. Carbon-Based Electrodes

Among the diverse electrode materials, carbon compounds have been widely used
due to their exciting properties, such as low cost, massive surface area, excessive electric
conductivity, availability, non-toxicity, chemical/thermal resistance, environmental friendli-
ness, and excessive stability [45-48]. Nanostructured porous carbon materials have a large
surface area, which allows for the addition of functional compounds, such as oxidative
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groups, hydroxyl groups, or nitrogen, in order to maximize electrode performance. Their
surface changes have been demonstrated to allow for increased capacity and electrochemi-
cal activity, which is beneficial for the electrolyte. Carbon-based electrode materials also
have longer cyclic stability, high performance rate, better safety, and are more cost-effective
than pseudo-capacitive electrode materials. When used as electrodes in SC cells, conducting
polymers and transition metal oxide-based nanomaterials may result in lower power densi-
ties and compromise their long-term stability. To address these limitations, carbon-based
asymmetric or hybrid materials are widely used as electrodes in over 80% of commercially
available supercapacitor devices [45]. Activated carbon (AC) [49], carbon nanofibers [50],
templated carbon [51], carbon aerogels [52], carbon nanotubes (CNTs) [53], graphene [54],
and carbon composites are all examples of carbon materials [55] which have been used as
electrode materials for batteries and SCs.

CNTs with metal oxides, or conductive polymers based on various sorts of core-shell
hybrid nanostructured materials as electrodes, have presented outstanding electrochemical
performance, promising constancy, longevity, flexibility, and almost 95% capacitance reten-
tion at around 1147.12 mF em 2 at 10 mV s~! (or more), even after 10,000 cycles [56-61].
Their outstanding performance may be due to the formation of interfacial linkages and
a conductive grid between the CNTs and substrate molecules within the composite. For
example, a nanocomposite of y-Fe;O3/CNT has exhibited great reusability, with calculated
capacity of 1186.8 mAhg ™! after 400 cycles [56].

As an electrode, graphene has been proven as another potential candidate, due to the
existence of a strong van der Waals interaction among its layered structure. Additionally,
a highly porous structure with a wide surface area and very good conductivity are its
primary characteristic properties, which makes it an ideal material for energy storage
applications [62]. Graphene is composed of graphite and has excellent mechanical, electrical,
and optical properties. Unfortunately, it also has some practical limitations, including low
electron/lithium-ion transport between sheets, which results in poor anode electrochemical
performance. Additionally, graphene’s large specific surface area can lead to agglomeration
between sheets, reducing its effective area and capacity. Due to these constraints, graphene
is typically studied as a hybrid or nanocomposite compound, or in a modified form.
However, because of its excellent mechanical properties, graphene can also be used as a
conductive carrier and to connect active materials, preventing the destruction of electrode
structures [63]. Graphene-based three-dimensional (3D) conductive networks may improve
electron and ion movement within electrode materials [64]. Several studies have reported
the use of reduced graphene oxide (rGO) as a hybrid component with other metal oxides;
for example, an NiO/SnO, /rGO composite has been employed as an anode for Na-ion
and Li-ion batteries, which showed a specific capacity as high as 800 mAh g~ at a current
density of 1000 mA g~!, even after 400 cycles [65]. Another study has reported that
an as-synthesized porous graphene nanoribbon foam displayed greater stability up to
10,000 cycles, maintaining a specific capacity of 123 mA h g~! [66]. Additionally, three-
dimensional graphene sponges and aerogels have exhibited a high specific capacitance
(~1100 F g~ 1) at the current density of 10 A g~ 1.

Activated carbon (AC), as another carbon-based material, has also presented very good
performance in the manufacturing of power storage systems, due to its intense conductivity
and large surface area [67]. A Li-ion battery exhibited high specific capacity (1351 mA h
g~ 1), with great stability even after 300 cycles, when a sulfur-incorporated AC composite
was used as an electrode material [68]. Contact between AC and sulfur decreases the gap
among inter-layers, enhancing Li-ion transport as well as energy storage capacity. A mesh-
like structure of fullerene (Cg9) connected by covalent bonds has been shown to be another
promising carbon material [69]. The fullerene-coated nanocomposites have exhibited
outstanding specific capacity over 2000 mAh g~! with high stability, both as anode or
cathode [70,71]. These types of resources may lead to a revolution in determining workable
methods for the innovation of cost-effective energy storage devices. The electrochemical
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properties of various carbon-based hybrid nanostructured materials as electrodes in various
energy storage devices, such as batteries and supercapacitors, are listed in Table 1.

Table 1. The electrochemical performances of carbon-based hybrid nanostructured materials as
electrodes in various energy storage devices.

Application in Supercapacitors

Mo Cpagnee TPy Prbey i g
N, B co-doped -GO 885 23.23 872 80/10,000 [72]
NiCo,S4/graphene aerogel 704.34 20.9 800.2 80.3/1500 [73]
MoS, NS-polypyrrole -rGO 1942 39.1 700 78.6/3000 [74]
SWCNTs/TiO, 144 20 10,000 95/10,000 [75]
Bio-C/MoS, 945 157 80 92/10,000 [76]
SnO, /PCN electrode 799 138 53 95/500 [77]
rGO/MXene-PPy composite 408.2 11.3 500 91.2/10,000 [78]
GeySey /RGO/FCNTs 440 32 1071 83/5000 [79]
CoP/CoO@PrGO 402 42 785 100/10,000 [80]
Application in Batteries

Materials Disc(l:::ffﬁ gC_a%J)acity Cu(rrrszth]?ge_nls)ity I()Ze/t(e:;:i;);l Application Ref.
NiS@C 435 50 99.9,/500 Mg?* /Li* battery [81]
F-CuS-CNT hybrid 479 165 85.5/100 Mg?*/Li* battery [82]
MWCNTs@N-doped-C@CoS, 1590 100 99.9/250 Li-S battery [83]
NG/C@Si/CNF hybrid 1346.20 100 97.8/100 Li-ion batteries [84]
2D Si@SiO,@MpC 1239 100 99.94/600 Li-ion batteries [85]
NG/SiOx /NG hybrids 545 200 99/450 Li-ion batteries [86]
TC-RGO-CNT hybrid 1401 50 99% /150 Li-ion batteries [87]
VSe;@MWCNT hybrid 319.6 50 99.7/200 Na-ion batteries [88]
C@porousSi/rGO composite 825.7 40 90.4/100 Li-ion batteries [89]

3.1.2. Metal-Organic Framework (MOF) Electrodes

MOFs (metal-organic frameworks) have shown to be promising materials for efficient
energy storage systems [90-92]. MOFs are composed of metal sites and organic linkers.
The metal sites are often ions of transition metals, alkaline earth metals, or lanthanides,
while the organic linkers are typically multi-dentate molecules with N- or O-donor atoms
(e.g., pyridyl, polyamines, carboxylates, and so on). As a result of the presence of highly
organized and tunable metal nodes and organic linkers, MOFs offer various unique compo-
sitional and structural advantages. Due to their large specific area and low density, MOFs
are considered to be very promising electrode materials for new—generation rechargeable
batteries and SCs [93-95]. Additionally, various porous MOF nanoarchitectures, such
as 0D nanoparticles, 1D nanorods, 2D nanosheets, and 3D hierarchic structures, can be
developed through the precise management of MOF growth following re-crystallization,
surface management, and size confinement. Moreover, the assembly of MOF crystals into
superstructures, or the template-guided growth of MOF-based materials, is expected to
allow for increasingly diverse options in this field [94]. In relation to the efficient utilization
of MOFs in energy storage devices, the versatile insertion of counter-components, such as
polymers, carbons, ionic liquids, and solid inorganic compounds, has inspired the design
of new MOF architectures with improved storage capabilities [96].
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3.1.3. Halide Perovskite Electrodes

Halide perovskites have recently been deployed for electricity storage in lithium-
ion batteries and photo-rechargeable batteries [97-101]. Three-dimensional perovskite
structures have been utilized in various fields of energy storage applications, including
metal-ion batteries and SCs. Ionic defects within the structure of perovskite materials have
a major impact on transport properties such as ionic diffusion and ionic conductivity. These
properties are important in the consideration of perovskite materials in energy storage
applications [99]. The application of perovskite materials as electrode materials in SCs has
been limited, due to their low specific surface area and poor catalytic properties. In recent
years, several research groups have reported that transition metal oxides containing a per-
ovskite structure can overcome these limitations. For instance, TMOs with a 3D-perovskite
structure—namely, NiMnOj; oxide—have been synthesized via a low hydrothermal method.
As an electrode material for SCs, it showed a high specific capacitance of 99.03 F g~! and
excellent cycle stability (77%) after 7000 cycles [102].

3.1.4. Transition Metal Oxide and Its Nanosheets as Electrodes

The promising family of transition metal oxides (TMO) and mixed metal oxides has
been considered appropriate for use as active electrode materials in batteries and SCs, due to
the multiple oxidation states and ions they possess, resulting in superior specific capacitance.
Moreover, hybridization with graphene and other materials has gained incredible interest
due to their large surface area and excellent electrical conductivity, which is very important
for promoting a Faradaic redox reaction [103-105]. In addition, various nanocomposites of
TMOs—such as RuO;, NiO, MnO;, Mn3Oy4, V705, Co304, and their corresponding hybrid
materials—have widely been used as electrodes in energy storage studies. For example,
the growth of TMO nanoparticles on highly porous carbon nanotubes, graphene, activated
charcoal, and carbon fibers has been reported, with a theoretical capacitance of 1300 to over
3500 F g1 [106-111]. Moreover, the incorporation of carbon components can remarkably
enhance the overall capacitance. Additionally, increasing conductivity—and, therefore,
stability in cycling—makes these composites important for energy storage applications.

Beyond the above, many promising electrode materials have been developed with
diverse 2D-nanosheet structures for the design of energy storage devices. Among them,
transition metal oxides (TMOs) nanosheets (NSs) [112], transition metal dichalgogenides
(TMD) [113], MXene NSs [114,115], layered double hydroxide (LDH) NSs [116,117], and
MOFs NSs [118,119] have been shown to present promising characteristics. The hybridiza-
tion of 2D inorganic NSs with counter nanomaterials/NSs can provide a viable means
to investigate high-performance anode materials with extended surface zones, extended
voltage windows, increased electrical conductivity, and improved capacitance, in particular.
These points of interest of 2D inorganic NSs render them promising candidates in the de-
velopment of effective cathode materials for different auxiliary batteries and SCs [120,121].
Two-dimensional (2D) inorganic NS-based terminals are regularly synthesized through
certain manufacturing methodologies, such as intercalative hybridization, stacking control,
core—shell engineering, surface securing, and deformity control [120]. As an example, a 3D
NiCo,04@MnO, nanohybrid has been synthesized utilizing a two-step electro-deposition
strategy, which displayed a progressive particular capacitance of 913.6 F g~ ! with a high
capacity of 37.5 Wh kg ! and an extreme control thickness of 7500 W kg~! [122]. Another
report has found that a 1 mol% La-doped Ni(OH), /CNT nanohybrid electrode exhibited a
capacitance of 2731 Fg~1 at 1 A g~! and good capacity retention of 84% at 5000 cycles [123].

3.1.5. Conducting Polymer Electrodes

Conducting polymer- (CP), such as polyaniline (PANI-), polypyrrole (PPy-) and poly-
thiophene (PTh-) based nanocomposites have attracted vital interest due to their physical
phenomena, reaction behavior, and promising potential for versatile applications ranging
from environmental rectification, energy storage, novel catalysts, and so on. The conductive
behavior of polymers is the main reason for their utilization in the development of SCs and
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Li-polymer batteries. CPs possess a delocalized 7-electron, obtainable redox conditions, and
controllable physical assets, which have made them the ultimate choice in the design of var-
ious energy storage devices [124]. The sole limitation of CPs is their poor cyclic stability due
to architectural demolition of the polymer electrodes, leading to a poor charge/discharge
capability [125]. Therefore, the addition of various metal oxides/hydroxides/phosphates
and/or CNT graphene to CPs may produce more promising nanostructured electrode
materials [126]. For example, according to Shao et al., polyaniline (PANI)/graphene quan-
tum dots/graphene was coated on commercially available compressed nonwoven towels
and used as an electrode in SC. The composite material displayed a high specific capac-
itance of 195 mF cm~2 at 0.1 mA cm~2 and a high level of stability at 96.5% retention
6000 cycles later [127]. Furthermore, ternary composites such as carbon LiFePO4/PANI
have a substantial function as cathodes with increased capacity. The active carbon-based
polyaniline composite was chemically oxidized and introduced into the LiFePO, cathode to
improve the low theoretical capacity of 170 mAh g~!. At 10 C, the carbon-LiFePO,/PANI
composite electrode outperforms the carbon-LiFePOy electrode by 26% [128]. Furthermore,
the outstanding elasticity of CPs can also facilitate the manufacturing of flexible tools for
wearable electric arrangements [129,130]. For instance, Table 2 lists selected conducting
polymer-based hybrid materials that are used as electrode materials in batteries, and SCs.
Although the progress of varied polymer-based nanocomposite materials has provided
considerably more consistent energy storage capacities, beyond this, their fabrication cost
and limited performances in some cases until now has been restricted in the consideration
of large-scale applications.

Table 2. Applications of conducting polymer-based hybrid materials as an electrode in energy storage

applications.
Applications in Supercapacitors
Electrode Materials Ca}()l?gci_tf)n ce PO(VIZ‘(Z Egeills; v {;jtg;:ig: Ref.
MnO, /PANI/rGO QD 423 640 85/2000 [131]
PANI/S,N:G QDs 2524 2250 100/1000 [132]
PVA-GQD/PEDO 291.86 984.4 98/1000 [133]
TBN-Py CMP/SWCNT 430 - 99/2000 [134]
3D NiCoO,-PPy 1037 465 89/7000 [135]
LaMnO3;@CC-Ppy 862 - 66/3000 [136]
Applications in Batteries

Electrode Materials Disc(l:iffs gCﬂ))acity Cur(r;r:: gIielr;sity Retecn;ic(l)zls("/o)/

Polymer/CNT hybrid films 142.3 500 74.6/300 [137]
Poly(Te-BnV) anode 502 - 100/300 [138]
Poly(pyrene-tetraone Sulfide) 697.1 3354 82/500 [139]
TEMPO-Methacrylate Copolymers 1110 - 99/500 [140]
Metal-organic conjugated polymers 1164 - 99/1500 [141]
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4. Hybrid Energy Storage Device (HESD)

As it has been discussed in the above sections, the development of some hybrid
nanostructured materials have shown promising results in various energy storage devices.
Beyond this, the performance of most of the devices is restricted either by their power
or energy capability for energy storage because of above mentioned limitations of the
employed electrode materials [142,143]. Therefore, a novel form of hybrid energy stor-
age device (HESD) using the benefits of both battery-type and capacitor-type electrode
materials has been reported at first in 1999 by Stepanov et al. [144]. This type of HESD
has a high energy density and power density compared to other types of energy storage
devices such as traditional batteries and capacitors [145]. As a result, the hybrid energy
storage device (HESD) that combines battery-type and capacitor-type electrode materials
is one of the most promising next-generation energy storage systems. The basic principle
behind the development of this kind of device is some characteristics of batteries and su-
percapacitors. Especially, batteries provide options with low power density (<1 kW kg~1),
high specific energy (30-200 Wh kg 1), shorter lifecycle, lower self-discharge capacity, and
lower prices. On the other hand, SCs present less specific energy (<20 Wh kg~!), high
specific power (~10 kW kg 1), quick charging, longer time periods (~100,000 times), and
high self-discharge capacity. Thus, the combination of batteries and SCs can serve to utilize
the complementary properties of each alternative. These HESDs are regarded as one of
the most promising energy storage systems for future applications because they inherit
the high-power density and long cycle life of supercapacitors and the high energy density
of the secondary battery [146]. It is crucial to obtain a perfect match between the positive
and negative electrodes since HESD has both battery-type and capacitance-type electrode
properties. If the two electrodes are well-matched, the overall performance of HESDs will
be enhanced. As shown in Figure 6a, a perfect match between the positive and negative
electrodes can result in improved energy density and power density, as well as a longer
cycle life.

HESDs can be mainly categorized into two types; (i) asymmetric supercapacitor (ASC),
and (ii) battery-supercapacitor (BSC). BSCs are systems in which one electrode stores
charge using a battery-type Faradaic process, while the other electrode stores charge using
a capacitive mechanism [147]. ASCs are systems with two separate capacitive electrodes.
The schematic diagrams for ASC and BSC are displayed in Figure 6b,c, respectively. Based
on the electrolytes used, BSCs can be further classified into lithium-ion BSCs (LIBSCs),
sodium-ion BSCs (NalBSCs), acid BSCs (ADBSCs), alkaline BSCs (ALBSCs), and other
types. For instance, Li et al. developed a unique LIBSC that used activated carbon as the
anode electrode and a composite of LiMn,;O4 and graphene (LMO-MSs@GNSs) as the
cathode electrode [148]. According to the electrochemical test results, the LMO-MSs@GNSs
composite LIBSC demonstrated an energy density of 38.8 Wh kg~! at a power density of
12.6 W kg~! with an organic electrolyte in the voltage range of 0-2.3 V. After 500 cycles,
the capacity was maintained at 90.4% at 2 C. One direction for the development of HESDs
is lead-acid batteries. The cycling performance of the electrode material was significantly
enhanced by the use of a graphite current collector in H,SO4 in a PbO, film that was
supported by graphite. The completed device can be charged and discharged 3000 times at
10 C, yielding an energy density of 27 Wh kg_1 [149].
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Figure 6. (a) Schematic representation of the development of a hybrid energy storage system through
the combination of hybrid materials as electrodes for both supercapacitors and batteries. Different
types of hybrid energy storage devices (b) asymmetric supercapacitors. (c) Battery supercapacitors.
(b,c) are reproduced with permission from [150]. Copyright 2019 Elsevier.

According to the various energy storage mechanisms, battery-type materials can
be broadly classified as intercalation-type, conversion-type, and alloying-type materials.
The electrochemical redox reaction of H*, OH, Li*, and Na* ions from their respective
nanocomposites, such as LiMn; Oy, LiCoO,, LiFePOy, and LiTiy (POy)3, is the energy storage
mechanism of the intercalation-type electrode. Activated carbon, carbon nanotubes, and
graphene are examples of porous carbon materials with a large specific surface area that
are typically used as double-layer electrode materials. Transition metal compounds, e.g.,
MnO;, RuO,, MXene, etc., conductive polymers, and heteroatom-doped carbon materials
are frequently used as pseudocapacitance materials. It is crucial to achieve a perfect match
between the positive and negative electrodes since the energy storage device combines
several charge storage techniques and has properties of both capacitance- and battery-type
electrodes. A well-matched HESD can lead to enhanced overall performance. The mass
matching method, widely adopted in battery research, is used to match the positive and
negative electrodes’ capacities at their respective current densities [151]. However, HESD
research is still in its early stages, there are certain obstacles as well as opportunities: due
to the charging transfer kinetics, the conductivity of pseudocapacitance and battery-type
electrode materials is relatively poor, limiting the rate performance. In addition, commonly-
used capacitance-type materials such as AC have a very low capacity, making electrode
fabrication and matching extremely challenging. Therefore, much work is still needed to
develop a HESD that combines high power and energy density.
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5. Conclusions and Future Perspective

There is a growing global demand for batteries that are lighter, smaller, more powerful,
and efficient, in order to meet the requirements of modern energy storage devices. For
instance, lithium-ion batteries are widely used for electronic devices, electric vehicles, and
portable electrical equipment. However, many components of battery cells need improve-
ment, leading to numerous options for research and development in the field of high-power
lithium-ion cell batteries. The performance of a battery or supercapacitor is significantly
influenced by its electrodes and electrolytes. Research has shown that nanostructured
hybrid materials are highly promising for fabricating high-performance supercapacitors
and batteries, as they can regulate morphologies, surface areas, and electronic properties
for energy storage. Therefore, the development of novel electrodes, including those that
are micro- and nanostructured, has shown potential to meet these expanding needs. Addi-
tionally, several synthesis techniques have been employed to increase their energy storage
capacity, including the manufacture of electrodes made from a variety of materials such
as conducting polymers, transition metal oxides, and carbon. Furthermore, modifying
carbonaceous materials structurally has been used as active electrodes in both batteries and
supercapacitors.

Supercapacitors are suitable for applications that require rapid charging and dis-
charging, high cyclic stability, high power delivery, and extended cycle life. Although
supercapacitors” energy densities are substantially lower than those of the rechargeable
batteries that are now in use, it is anticipated that supercapacitor technology has a long
way to go before it can achieve battery-level energy densities to replace it.

Efficient energy storage systems have been the subject of recent studies. However, the
goal of developing high-capacity energy storage devices to meet the growing global energy
demands is still far from being achieved. (i) The literature suggests that reasonable alter-
ations in the geometry of electrode materials can enhance their electrochemical behaviors.
Therefore, a thorough understanding of the electrode-electrolyte interface is essential to
design new electrode materials and solid-solid or solid-liquid interfaces. (ii) Nanostruc-
tured materials with optimized electrochemical properties are more appropriate for use in
battery technologies. Therefore, very effective nanostructured hybrid substances need to
be advanced in the future to address imminent power storage issues, mechanical strength,
and outstanding conductivity, enabling future power storage functions in batteries and
SCs. (iii) The synthesized materials must be inexpensive, highly pure, and easy to produce,
and the synthesis process must be adaptable to an industrial setting. (iv) The degradation
of the electrode material with use is another crucial factor. To ascertain the electrodes’
usable specific capacity and cyclic resistance, a series of chronoamperometric experiment
is necessary to prevent mechanical deterioration of the electrode structure resulting from
changes in the electrode’s volume. (v) To advance further, it may be necessary to use green
electrolytes such as ionic liquid electrolytes, which have high electrical conductivity and a
large voltage window. (vi) As for increasing the efficiency of electrodes, more and more
new hybrid materials must be explored for the resolution of issues related to material
structure changes during electrochemical processes, to increase electrochemical efficiency,
and facilitate the use of these materials in more demanding energy applications.

Author Contributions: Conceptualization, H.-J.L. and M.S.I,; resources, M.S.I. and M.M.; writing—
original draft preparation, M.S.I. and M.M.; writing—review and editing, H.-J.L. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Data is contained within the article.

Acknowledgments: This work was supported by a research grant from Seoul Women'’s University
(2021-0409).

Conflicts of Interest: The authors declare no conflict of interest.



Inorganics 2023, 11, 183 16 of 21

References

1.  Muzayanah, LEU.; Lean, H.H.; Hartono, D.; Indraswari, K.D.; Partama, R. Population density and energy consumption: A study
in Indonesian provinces. Heliyon 2022, 8, €10634. [CrossRef]

2. British Petroleum Co. BP Statistical Review of World Energy 2022; British Petroleum Co.: London, UK, 2022.

3. Sonnichsen, N. Primary Energy Consumption Worldwide from 2000 to 2021. 2022. Available online: https:/ /www.statista.com/
statistics /265598 / consumption-of-primary-energy-worldwide/ (accessed on 10 October 2022).

4. Chen, G.Z. Understanding supercapacitors based on nano-hybrid materials with interfacial conjugation. Prog. Nat. Sci. 2013, 23,
245-255. [CrossRef]

5. International Energy Agency. Technology Roadmap-Energy Storage. 2014. Available online: https://www.iea.org/reports/
technology-roadmap-energy-storage (accessed on 12 June 2022).

6. Yao, L. Yang, B,; Cui, H.,; Zhuang, J.; Ye, J.; Xue, J. Challenges and progresses of energy storage technology and its application in
power systems. J. Mod. Power Syst. Clean Energy 2016, 4, 519-528. [CrossRef]

7.  Baker, ]J. New technology and possible advances in energy storage. Energy Policy 2008, 36, 4368—4373. [CrossRef]

8.  San Martin, J.I.; Zamora, I.; San Martin, J.J.; Aperribay, V.; Eguia, P. Energy storage technologies for electric applications. In
International Conference on Renewable Energies and Power Quality (ICREPQ’11); European Association for the Development of
Renewable Energies, Environment and Power Quality (EA4EPQ): Vigo, Spain, 2011.

9.  Pearre, N.S.; Swan, L.G. Technoeconomic feasibility of grid storage: Mapping electrical services and energy storage technologies.
Appl. Energy 2015, 137, 501-510. [CrossRef]

10. Fauvel, C.; Claveau, E; Chevrel, P; Fiani, P. A flexible design methodology to solve energy management problems. Int. |. Electr.
Power Energy Syst. 2018, 97, 220-232. [CrossRef]

11.  Rao, B.M.L.; Francis, R.W.; Christopher, H.A. Lithium-aluminum electrode. J. Electrochem. Soc. 1977, 124, 1490-1492. [CrossRef]

12.  Bruce, P.G.; Freunberger, S.A.; Hardwick, L.J.; Tarascon, J.-M. Li-O, and Li-S batteries with high energy storage. Nat. Mater. 2012,
11, 19-29. [CrossRef] [PubMed]

13.  Abraham, K.M. Prospects and limits of energy storage in batteries. J. Phys. Chem. Lett. 2015, 6, 830-844. [CrossRef] [PubMed]

14. Sovacool, B.K.; Del Rio, D.D.F. Smart home technologies in Europe: A critical review of concepts, benefits, risks and policies.
Renew. Sustain. Energy Rev. 2020, 120, 109663. [CrossRef]

15. Poonam; Sharma, K.; Arora, A.; Tripathi, S.K. Review of Supercapacitors: Materials and Devices. J. Energy Storage 2019, 21,
801-825. [CrossRef]

16. Afif, A; Rahman, SM.H.; Tasfiah Azad, A.; Zaini, ].; Islan, M.A.; Azad, A K. Advanced Materials and Technologies for Hybrid
Supercapacitors for Energy Storage—A Review. J. Energy Storage 2019, 25, 100852. [CrossRef]

17. Pal, B; Yang, S.; Ramesh, S.; Thangadurai, V.; Jose, R. Electrolyte Selection for Supercapacitive Devices: A Critical Review.
Nanoscale Adv. 2019, 1, 3807-3835. [CrossRef] [PubMed]

18. Zhang, Q.-Z.; Zhang, D.; Miao, Z.-C.; Zhang, X.-L.; Chou, S.-L. Research Progress in MnO,—Carbon Based Supercapacitor
Electrode Materials. Small 2018, 14, 1702883. [CrossRef] [PubMed]

19. Yu, L, Chen, G.Z. Redox Electrode Materials for Supercapatteries. J. Power Sources 2016, 326, 604—612. [CrossRef]

20. Dubal, D.P; Chodankar, N.R.; Kim, D.-H.; Gomez-Romero, P. Towards Flexible Solid-State Supercapacitors for Smart and
Wearable Electronics. Chem. Soc. Rev. 2018, 47, 2065-2129. [CrossRef]

21. Park,].; Hwang, J.C.; Kim, G.G.; Park, ]. Flexible Electronics Based on One-dimensional and Two-dimensional Hybrid Nanomate-
rials. InfoMat 2020, 2, 33-56. [CrossRef]

22. Lin, Y,; Gao, Y.; Fan, Z. Printable Fabrication of Nanocoral-Structured Electrodes for High-Performance Flexible and Planar
Supercapacitor with Artistic Design. Adv. Mater. 2017, 29, 1701736. [CrossRef]

23. Kerns, J. What's the Difference between Batteries and Capacitors? Available online: https://www.machinedesign.com/
automation-iiot/batteries-power-supplies/article /21831866 /whats-the-difference-between-batteries-and-capacitors (accessed
on 12 July 2022).

24. Tan, C; Chen, J.; Wu, X.-J.; Zhang, H. Epitaxial Growth of Hybrid Nanostructures. Nat. Rev. Mater. 2018, 3, 17089. [CrossRef]

25. Riaz, A.; Sarker, M.R,; Saad, M.H.M.; Mohamed, R. Review on Comparison of Different Energy Storage Technologies Used in
Micro-Energy Harvesting, WSNs, Low-Cost Microelectronic Devices: Challenges and Recommendations. Sensors 2021, 21, 5041.
[CrossRef]

26. Shao, Y,; El-Kady, M.E; Sun, J.; Li, Y.; Zhang, Q.; Zhu, M.; Wang, H.; Dunn, B.; Kaner, R.B. Design and Mechanisms of Asymmetric
Supercapacitors. Chem. Rev. 2018, 118, 9233-9280. [CrossRef] [PubMed]

27.  Ananikov, V.P. Organic-Inorganic Hybrid Nanomaterials. Nanomaterials 2019, 9, 1197. [CrossRef] [PubMed]

28. Guan, G.; Han, M. Functionalized Hybridization of 2D Nanomaterials. Adv. Sci. 2019, 6, 1901837. [CrossRef]

29. Srivatsan, T.S. A Review of: “Hybrid Materials: Synthesis, Characterization, and Application, G. Kickelbick (Ed.)”: Wiley-VCH
Verlag GmbH & Co., KGaA Weinheim, Germany, 2000, 476 Pages, ISBN 9783-527-31299-3. Mater. Manuf. Process. 2009, 24, 1231.
[CrossRef]

30. Shi, X,; Fang, L.; Peng, H.; Deng, X.; Sun, Z. Metal-Organic Framework-Derived NiSe Embedded into a Porous Multi-Heteroatom
Self-Doped Carbon Matrix as a Promising Anode for Sodium-Ion Battery. Nanomaterials 2022, 12, 3345. [CrossRef] [PubMed]

31. Kalidasan, B.; Pandey, A.K.; Rahman, S.; Yadav, A.; Samykano, M.; Tyagi, V.V. Graphene-Silver Hybrid Nanoparticle Based

Organic Phase Change Materials for Enhanced Thermal Energy Storage. Sustainability 2022, 14, 13240. [CrossRef]


https://doi.org/10.1016/j.heliyon.2022.e10634
https://www.statista.com/statistics/265598/consumption-of-primary-energy-worldwide/
https://www.statista.com/statistics/265598/consumption-of-primary-energy-worldwide/
https://doi.org/10.1016/j.pnsc.2013.04.001
https://www.iea.org/reports/technology-roadmap-energy-storage
https://www.iea.org/reports/technology-roadmap-energy-storage
https://doi.org/10.1007/s40565-016-0248-x
https://doi.org/10.1016/j.enpol.2008.09.040
https://doi.org/10.1016/j.apenergy.2014.04.050
https://doi.org/10.1016/j.ijepes.2017.11.005
https://doi.org/10.1149/1.2133098
https://doi.org/10.1038/nmat3191
https://www.ncbi.nlm.nih.gov/pubmed/22169914
https://doi.org/10.1021/jz5026273
https://www.ncbi.nlm.nih.gov/pubmed/26262660
https://doi.org/10.1016/j.rser.2019.109663
https://doi.org/10.1016/j.est.2019.01.010
https://doi.org/10.1016/j.est.2019.100852
https://doi.org/10.1039/C9NA00374F
https://www.ncbi.nlm.nih.gov/pubmed/36132093
https://doi.org/10.1002/smll.201702883
https://www.ncbi.nlm.nih.gov/pubmed/29707887
https://doi.org/10.1016/j.jpowsour.2016.04.095
https://doi.org/10.1039/C7CS00505A
https://doi.org/10.1002/inf2.12047
https://doi.org/10.1002/adma.201701736
https://www.machinedesign.com/automation-iiot/batteries-power-supplies/article/21831866/whats-the-difference-between-batteries-and-capacitors
https://www.machinedesign.com/automation-iiot/batteries-power-supplies/article/21831866/whats-the-difference-between-batteries-and-capacitors
https://doi.org/10.1038/natrevmats.2017.89
https://doi.org/10.3390/s21155041
https://doi.org/10.1021/acs.chemrev.8b00252
https://www.ncbi.nlm.nih.gov/pubmed/30204424
https://doi.org/10.3390/nano9091197
https://www.ncbi.nlm.nih.gov/pubmed/31454924
https://doi.org/10.1002/advs.201901837
https://doi.org/10.1080/10426910902984058
https://doi.org/10.3390/nano12193345
https://www.ncbi.nlm.nih.gov/pubmed/36234473
https://doi.org/10.3390/su142013240

Inorganics 2023, 11, 183 17 of 21

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Ye, Z.; Jiang, Y.; Li, L.; Wu, F;; Chen, R. Self-Assembly of 0D-2D Heterostructure Electrocatalyst from MOF and MXene for Boosted
Lithium Polysulfide Conversion Reaction. Adv. Mater. 2021, 33, 2101204. [CrossRef]

Jin, J.; Xiao, T.; Zhang, Y.; Zheng, H.; Wang, H.; Wang, R.; Gong, Y.; He, B.; Liu, X.; Zhou, K. Hierarchical MXene/Transition Metal
Chalcogenide Heterostructures for Electrochemical Energy Storage and Conversion. Nanoscale 2021, 13, 19740-19770. [CrossRef]
Kure, B.; Piglowska, M.; Rymaniak, L.; Fu¢, P. Modern Nanocomposites and Hybrids as Electrode Materials Used in Energy
Carriers. Nanomaterials 2021, 11, 538. [CrossRef]

Sanchez, C.; Rozes, L.; Ribot, E; Laberty-Robert, C.; Grosso, D.; Sassoye, C.; Boissiere, C.; Nicole, L. “Chimie Douce”: A Land of
Opportunities for the Designed Construction of Functional Inorganic and Hybrid Organic-Inorganic Nanomaterials. Comptes
Rendus Chim. 2010, 13, 3-39. [CrossRef]

Materials Design and Discovery Group; Chae, HK.; Siberio-Pérez, D.Y.; Kim, J.; Go, Y.; Eddaoudi, M.; Matzger, A.].; O'Keeffe, M.;
Yaghi, O.M. A Route to High Surface Area, Porosity and Inclusion of Large Molecules in Crystals. Nature 2004, 427, 523-527.
[CrossRef] [PubMed]

Backov, R. Combining Soft Matter and Soft Chemistry: Integrative Chemistry towards Designing Novel and Complex Multiscale
Architectures. Soft Matter 2006, 2, 452. [CrossRef] [PubMed]

Reddy, A.L.M.; Gowda, S.R.; Shaijumon, M.M.; Ajayan, PM. Hybrid Nanostructures for Energy Storage Applications. Adv. Mater.
2012, 24, 5045-5064. [CrossRef] [PubMed]

Mukherjee, S.; Bin Mujib, S.; Soares, D.; Singh, G. Electrode Materials for High-Performance Sodium-Ion Batteries. Materials 2019,
12,1952. [CrossRef]

Iro, Z.S.; Subramani, C.; Dash, S.S. A Brief Review on Electrode Materials for Supercapacitor. Int. . Electrochem. Sci. 2016, 11,
10628-10643. [CrossRef]

Gong, X.; Yang, Q.; Zhi, C.; Lee, P.S. Stretchable Energy Storage Devices: From Materials and Structural Design to Device
Assembly. Adv. Energy Mater. 2021, 11, 2003308. [CrossRef]

Zhang, Y.; He, J.; Gao, Z.; Li, X. Converting Eggs to Flexible, All-Solid Supercapacitors. Nano Energy 2019, 65, 104045. [CrossRef]
Nguyen, T.; Montemor, M.D.F. Metal Oxide and Hydroxide-Based Aqueous Supercapacitors: From Charge Storage Mechanisms
and Functional Electrode Engineering to Need-Tailored Devices. Adv. Sci. 2019, 6, 1801797. [CrossRef]

Zheng, X.; Luo, J.; Liu, Z.; Wang, Q.; Zhang, W.; Yang, C.; Yu, Y. Advanced Research on Energy Storage Materials and Devices.
Coatings 2022, 12, 971. [CrossRef]

Sinha, P.; Banerjee, S.; Kar, K K. Activated Carbon as Electrode Materials for Supercapacitors. In Handbook of Nanocomposite
Supercapacitor Materials II; Kar, K K., Ed.; Springer International Publishing: Cham, Switzerland, 2020; Volume 302, pp. 113-144.
ISBN 978-3-030-52358-9.

Zhou, Q.; Yao, H. Recent Development of Carbon Electrode Materials for Electrochemical Supercapacitors. Energy Rep. 2022, 8,
656—661. [CrossRef]

Zhu, C.; Ye, Y.; Guo, X.; Cheng, F. Design and synthesis of carbon-based nanomaterials for electrochemical energy storage. New
Carbon Mater. 2022, 37, 59-92. [CrossRef]

Narita, K.; Citrin, M.A.; Yang, H.; Xia, X.; Greer, ].R. 3D Architected Carbon Electrodes for Energy Storage. Adv. Energy Mater.
2021, 11, 2002637. [CrossRef]

Sevilla, M.; Mokaya, R. Energy Storage Applications of Activated Carbons: Supercapacitors and Hydrogen Storage. Energy
Environ. Sci. 2014, 7, 1250-1280. [CrossRef]

Wei, J.; Geng, S.; Pitkdnen, O.; Jarvinen, T.; Kordas, K.; Oksman, K. Green Carbon Nanofiber Networks for Advanced Energy
Storage. ACS Appl. Energy Mater. 2020, 3, 3530-3540. [CrossRef]

Kado, Y.; Soneda, Y.; Hatori, H.; Kodama, M. Advanced Carbon Electrode for Electrochemical Capacitors. . Solid State Electrochem.
2019, 23, 1061-1081. [CrossRef]

Alwin, S.; Sahaya Shajan, X. Aerogels: Promising Nanostructured Materials for Energy Conversion and Storage Applications.
Mater. Renew. Sustain. Energy 2020, 9, 7. [CrossRef]

Lu, Z.; Raad, R; Safaei, F;; Xi, J.; Liu, Z.; Foroughi, ]. Carbon Nanotube Based Fiber Supercapacitor as Wearable Energy Storage.
Front. Mater. 2019, 6, 138. [CrossRef]

Carratala-Abril, J.; Rey-Martinez, L.; Beneito-Ruiz, R.; Vilaplana-Cerda, J. Development of Carbon-Based Composite Materials for
Energy Storage. Mater. Today: Proc. 2016, 3, S240-5245. [CrossRef]

Olabi, A.G.; Abdelkareem, M.A.; Wilberforce, T.; Sayed, E.T. Application of Graphene in Energy Storage Device-A Review. Renew.
Sustain. Energy Rev. 2021, 135, 110026. [CrossRef]

Hong, M.; Su, Y.; Zhou, C.; Yao, L.; Hu, J.; Yang, Z.; Zhang, L.; Zhou, Z.; Hu, N.; Zhang, Y. Scalable Synthesis of y-Fe,O3/CNT
Composite as High-Performance Anode Material for Lithium-Ion Batteries. J. Alloy. Compd. 2019, 770, 116-124. [CrossRef]
Chen, Y.; Du, L.; Yang, P,; Sun, P,; Yu, X.; Mai, W. Significantly Enhanced Robustness and Electrochemical Performance of Flexible
Carbon Nanotube-Based Supercapacitors by Electrodepositing Polypyrrole. J. Power Sources 2015, 287, 68-74. [CrossRef]

Sun, J.; Huang, Y.; Fu, C.; Wang, Z.; Huang, Y.; Zhu, M.; Zhi, C.; Hu, H. High-Performance Stretchable Yarn Supercapacitor Based
on PPy@CNTs@urethane Elastic Fiber Core Spun Yarn. Nano Energy 2016, 27, 230-237. [CrossRef]

Gu, T.; Wei, B. High-Performance All-Solid-State Asymmetric Stretchable Supercapacitors Based on Wrinkled MnO, /CNT and
Fe;O3/CNT Macrofilms. J. Mater. Chem. A 2016, 4, 12289-12295. [CrossRef]

Progress and Future Perspective. Natl. Sci. Rev. 2021, 8, nwaa261. [CrossRef]


https://doi.org/10.1002/adma.202101204
https://doi.org/10.1039/D1NR05799E
https://doi.org/10.3390/nano11020538
https://doi.org/10.1016/j.crci.2009.06.001
https://doi.org/10.1038/nature02311
https://www.ncbi.nlm.nih.gov/pubmed/14765190
https://doi.org/10.1039/b602579j
https://www.ncbi.nlm.nih.gov/pubmed/32680243
https://doi.org/10.1002/adma.201104502
https://www.ncbi.nlm.nih.gov/pubmed/22740354
https://doi.org/10.3390/ma12121952
https://doi.org/10.20964/2016.12.50
https://doi.org/10.1002/aenm.202003308
https://doi.org/10.1016/j.nanoen.2019.104045
https://doi.org/10.1002/advs.201801797
https://doi.org/10.3390/coatings12070971
https://doi.org/10.1016/j.egyr.2022.09.167
https://doi.org/10.1016/S1872-5805(22)60579-1
https://doi.org/10.1002/aenm.202002637
https://doi.org/10.1039/C3EE43525C
https://doi.org/10.1021/acsaem.0c00065
https://doi.org/10.1007/s10008-019-04211-x
https://doi.org/10.1007/s40243-020-00168-4
https://doi.org/10.3389/fmats.2019.00138
https://doi.org/10.1016/j.matpr.2016.02.040
https://doi.org/10.1016/j.rser.2020.110026
https://doi.org/10.1016/j.jallcom.2018.08.118
https://doi.org/10.1016/j.jpowsour.2015.04.026
https://doi.org/10.1016/j.nanoen.2016.07.008
https://doi.org/10.1039/C6TA04712B
https://doi.org/10.1093/nsr/nwaa261

Inorganics 2023, 11, 183 18 of 21

61.

62.

63.

64.

65.

66.

67.

68.

69.
70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Zhou, Y,; Jin, P,; Zhou, Y.; Zhu, Y. High-Performance Symmetric Supercapacitors Based on Carbon Nanotube/Graphite Nanofiber
Nanocomposites. Sci. Rep. 2018, 8, 9005. [CrossRef]

Palacios, A.; Cong, L.; Navarro, M.E; Ding, Y.; Barreneche, C. Thermal Conductivity Measurement Techniques for Characterizing
Thermal Energy Storage Materials—A Review. Renew. Sustain. Energy Rev. 2019, 108, 32-52. [CrossRef]

He, Y,; Li, A.; Dong, C.; Li, C.; Xu, L. Mesoporous Tin-Based Oxide Nanospheres/Reduced Graphene Composites as Advanced
Anodes for Lithium-Ion Half/Full Cells and Sodium-Ion Batteries. Chem. A Eur. ]. 2017, 23, 13724-13733. [CrossRef]

Kure, B.; Wysokowski, M.; Rymaniak, L.; Lijewski, P.; Piasecki, A.; Fu¢, P. The Impact of the Vanadium Oxide Addition on the
Physicochemical Performance Stability and Intercalation of Lithium Ions of the TiOp-RGO-Electrode in Lithium Ion Batteries.
Materials 2020, 13, 1018. [CrossRef]

Zhu, J.; Duan, R;; Zhang, S.; Jiang, N.; Zhang, Y.; Zhu, ]. The Application of Graphene in Lithium Ion Battery Electrode Materials.
SpringerPlus 2014, 3, 585. [CrossRef]

Zhou, G,; Sun, J.; Jin, Y,; Chen, W.; Zu, C.; Zhang, R.; Qiu, Y.; Zhao, ].; Zhuo, D.; Liu, Y.; et al. Sulfiphilic Nickel Phosphosulfide
Enabled Li2S Impregnation in 3D Graphene Cages for Li-S Batteries. Adv. Mater. 2017, 29, 1603366. [CrossRef]

Fan, Z.; Yan, J.; Wei, T.; Zhi, L.; Ning, G.; Li, T.; Wei, F. Asymmetric Supercapacitors Based on Graphene/MnO, and Activated
Carbon Nanofiber Electrodes with High Power and Energy Density. Adv. Funct. Mater. 2011, 21, 2366-2375. [CrossRef]

Lee, ].S.; Kim, W,; Jang, J.; Manthiram, A. Sulfur-Embedded Activated Multichannel Carbon Nanofiber Composites for Long-Life,
High-Rate Lithium-Sulfur Batteries. Adv. Energy Mater. 2017, 7, 1601943. [CrossRef]

Kroto, HW.; Heath, J.R.; O'Brien, S.C.; Curl, R.E; Smalley, R.E. C60: Buckminsterfullerene. Nature 1985, 318, 162-163. [CrossRef]
Jiang, Z.; Zhao, Y.; Lu, X,; Xie, ]. Fullerenes for Rechargeable Battery Applications: Recent Developments and Future Perspectives.
J. Energy Chem. 2021, 55, 70-79. [CrossRef]

Zhang, R.; Mizuno, F; Ling, C. Fullerenes: Non-Transition Metal Clusters as Rechargeable Magnesium Battery Cathodes. Chem.
Commun. 2015, 51, 1108-1111. [CrossRef]

Prakash, D.; Manivannan, S. N, B Co-Doped and Crumpled Graphene Oxide Pseudocapacitive Electrode for High Energy
Supercapacitor. Surf. Interfaces 2021, 23, 101025. [CrossRef]

Li, B; Tian, Z; Li, H.; Yang, Z.; Wang, Y.; Wang, X. Self-Supporting Graphene Aerogel Electrode Intensified by NiCo,5,
Nanoparticles for Asymmetric Supercapacitor. Electrochim. Acta 2019, 314, 32-39. [CrossRef]

Hao, J.; Liu, H.; Han, S.; Lian, ]. MoS; Nanosheet-Polypyrrole Composites Deposited on Reduced Graphene Oxide for Superca-
pacitor Applications. ACS Appl. Nano Mater. 2021, 4, 1330-1339. [CrossRef]

Lal, M.S.; Badam, R.; Matsumi, N.; Ramaprabhu, S. Hydrothermal Synthesis of Single-Walled Carbon Nanotubes/TiO, for
Quasi-Solid-State Composite-Type Symmetric Hybrid Supercapacitors. J. Energy Storage 2021, 40, 102794. [CrossRef]

Mahajan, H.; Mohanan, K.U.; Cho, S. Facile Synthesis of Biocarbon-Based MoS, Composite for High-Performance Supercapacitor
Application. Nano Lett. 2022, 22, 8161-8167. [CrossRef]

Liu, C; He, Z.; Niu, J.; Cheng, Q.; Zhao, Z.; Li, H.; Shi, ].; Wang, H. Two-Dimensional SnO ; Anchored Biomass-Derived Carbon
Nanosheet Anode for High-Performance Li-lon Capacitors. RSC Adv. 2021, 11, 10018-10026. [CrossRef]

Wang, G.; Jiang, N.; Xu, Y,; Zhang, Z.; Wang, G.; Cheng, K. Solvent-Assisted Assembly of Reduced Graphene Oxide/MXene-
Polypyrrole Composite Film for Flexible Supercapacitors. J. Colloid Interface Sci. 2023, 630, 817-827. [CrossRef]

Das, J.K.; Padhy, A.; Parida, S.; Pathi, R M.; Behera, ].N. Tetra Germanium Nonaselenide Enwrapped with Reduced Graphene
Oxide and Functionalized Carbon Nanotubes (GesSeg /RGO/FCNTs) Hybrids for Improved Energy Storage Performances.
Dalton Trans. 2022, 51, 11526-11535. [CrossRef] [PubMed]

Arunkumar, P; Gayathri, S.; Saha, D.; Hun Han, J. Atypical Performance of CoO-Accelerated Interface Tweaking in Hierarchical
Cobalt Phosphide/Oxide@P-Doped RGO Heterostructures for Hybrid Supercapacitors. J. Colloid Interface Sci. 2023, 635, 562-577.
[CrossRef] [PubMed]

Zhu, G.; Xia, G.; Pan, H.; Yu, X. Size-Controllable Nickel Sulfide Nanoparticles Embedded in Carbon Nanofibers as High-Rate
Conversion Cathodes for Hybrid Mg-Based Battery. Adv. Sci. 2022, 9, 2106107. [CrossRef]

Zhang, Y.; Li, Y.; Wang, Y.; Guo, R.; Liu, W,; Pei, H.; Yin, G,; Ye, D.; Yu, S.; Xie, J. A Flexible Copper Sulfide @ Multi-Walled Carbon
Nanotubes Cathode for Advanced Magnesium-Lithium-Ion Batteries. ]. Colloid Interface Sci. 2019, 553, 239-246. [CrossRef]
[PubMed]

Lin, Y.; Ouyang, Z.; He, S.; Song, X.; Luo, Y.; Zhao, J.; Xiao, Y.; Lei, S.; Yuan, C.; Cheng, B. An Individual Sandwich Hybrid
Nanostructure of Cobalt Disulfide In-Situ Grown on N Doped Carbon Layer Wrapped on Multi-Walled Carbon Nanotubes for
High-Efficiency Lithium Sulfur Batteries. ]. Colloid Interface Sci. 2022, 610, 560-572. [CrossRef]

Cong, R.; Jo, M.; Martino, A.; Park, H.-H.; Lee, H.; Lee, C.-S. Three-Dimensional Network of Nitrogen-Doped Carbon Matrix-
Encapsulated Si Nanoparticles/Carbon Nanofibers Hybrids for Lithium-Ion Battery Anodes with Excellent Capability. Sci. Rep.
2022, 12, 16002. [CrossRef]

Liu, Q.; Hu, X; Liu, Y.; Wen, Z. One-Step Low-Temperature Molten Salt Synthesis of Two-Dimensional Si@SiO,@C Hybrids for
High-Performance Lithium-Ion Batteries. ACS Appl. Mater. Interfaces 2020, 12, 55844-55855. [CrossRef]

Liu, G.; Wei, Y,; Li, T,; Gu, Y.; Guo, D.; Wu, N.; Qin, A.; Liu, X. Green and Scalable Fabrication of Sandwich-like NG/SiOx/NG
Homogenous Hybrids for Superior Lithium-Ion Batteries. Nanomaterials 2021, 11, 2366. [CrossRef]


https://doi.org/10.1038/s41598-018-27460-8
https://doi.org/10.1016/j.rser.2019.03.020
https://doi.org/10.1002/chem.201702225
https://doi.org/10.3390/ma13041018
https://doi.org/10.1186/2193-1801-3-585
https://doi.org/10.1002/adma.201603366
https://doi.org/10.1002/adfm.201100058
https://doi.org/10.1002/aenm.201601943
https://doi.org/10.1038/318162a0
https://doi.org/10.1016/j.jechem.2020.06.065
https://doi.org/10.1039/C4CC08139K
https://doi.org/10.1016/j.surfin.2021.101025
https://doi.org/10.1016/j.electacta.2019.05.040
https://doi.org/10.1021/acsanm.0c02899
https://doi.org/10.1016/j.est.2021.102794
https://doi.org/10.1021/acs.nanolett.2c02595
https://doi.org/10.1039/D1RA00822F
https://doi.org/10.1016/j.jcis.2022.10.135
https://doi.org/10.1039/D2DT01637K
https://www.ncbi.nlm.nih.gov/pubmed/35838188
https://doi.org/10.1016/j.jcis.2022.12.055
https://www.ncbi.nlm.nih.gov/pubmed/36610200
https://doi.org/10.1002/advs.202106107
https://doi.org/10.1016/j.jcis.2019.06.027
https://www.ncbi.nlm.nih.gov/pubmed/31207544
https://doi.org/10.1016/j.jcis.2021.11.102
https://doi.org/10.1038/s41598-022-20026-9
https://doi.org/10.1021/acsami.0c15882
https://doi.org/10.3390/nano11092366

Inorganics 2023, 11, 183 19 of 21

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.
106.
107.

108.

109.

110.

111.

112.

Abbasnezhad, A.; Asgharzadeh, H.; Ansari Hamedani, A.; Hayat Soytas, S. One-Pot Synthesis of Tin Chalcogenide-Reduced
Graphene Oxide-Carbon Nanotube Nanocomposite as Anode Material for Lithium-Ion Batteries. Dalton Trans. 2020, 49, 5890-5897.
[CrossRef]

Jin, Y.;; Lee, M.E.; Kim, G.; Seong, H.; Nam, W.; Kim, S.K.; Moon, ]J.H.; Choi, ]J. Hybrid Nano Flake-like Vanadium Diselenide
Combined on Multi-Walled Carbon Nanotube as a Binder-Free Electrode for Sodium-Ion Batteries. Materials 2023, 16, 1253.
[CrossRef] [PubMed]

Ding, N.; Chen, Y,; Li, R.; Chen, J.; Wang, C.; Li, Z.; Zhong, S. Pomegranate Structured C@pSi/RGO Composite as High
Performance Anode Materials of Lithium-Ion Batteries. Electrochim. Acta 2021, 367, 137491. [CrossRef]

Furukawa, H.; Cordova, K.E.; O’Keeffe, M.; Yaghi, O.M. The Chemistry and Applications of Metal-Organic Frameworks. Science
2013, 341, 1230444. [CrossRef] [PubMed]

Wei, C.; Tan, L.; Zhang, Y.; Xiong, S.; Feng, ]. Metal-Organic Frameworks and Their Derivatives in Stable Zn Metal Anodes for
Aqueous Zn-Ion Batteries. ChemPhysMater 2022, 1, 252-263. [CrossRef]

Liang, Z.; Qu, C.; Guo, W.; Zou, R.; Xu, Q. Pristine Metal-Organic Frameworks and Their Composites for Energy Storage and
Conversion. Adv. Mater. 2018, 30, 1702891. [CrossRef] [PubMed]

Zhu, B,; Liang, Z.; Xia, D.; Zou, R. Metal-Organic Frameworks and Their Derivatives for Metal-Air Batteries. Energy Storage Mater.
2019, 23, 757-771. [CrossRef]

Qiu, T,; Liang, Z.; Guo, W.; Tabassum, H.; Gao, S.; Zou, R. Metal-Organic Framework-Based Materials for Energy Conversion and
Storage. ACS Energy Lett. 2020, 5, 520-532. [CrossRef]

Mehtab, T.; Yasin, G.; Arif, M.; Shakeel, M.; Korai, R.M.; Nadeem, M.; Muhammad, N.; Lu, X. Metal-Organic Frameworks for
Energy Storage Devices: Batteries and Supercapacitors. J. Energy Storage 2019, 21, 632-646. [CrossRef]

Baumann, A.E.; Burns, D.A ; Liu, B.; Thoi, V.S. Metal-Organic Framework Functionalization and Design Strategies for Advanced
Electrochemical Energy Storage Devices. Commun. Chem. 2019, 2, 86. [CrossRef]

Goel, P; Sundriyal, S.; Shrivastav, V.; Mishra, S.; Dubal, D.P; Kim, K.-H.; Deep, A. Perovskite Materials as Superior and Powerful
Platforms for Energy Conversion and Storage Applications. Nano Energy 2021, 80, 105552. [CrossRef]

Kostopoulou, A.; Brintakis, K.; Nasikas, N.K.; Stratakis, E. Perovskite Nanocrystals for Energy Conversion and Storage. Nanopho-
tonics 2019, 8, 1607-1640. [CrossRef]

Tsvetkov, N.; Moon, B.C.; Lee, ].; Kang, J.K. Controlled Synthesis of Nanocrystalline Nb:SrTiO3 Electron Transport Layers for
Robust Interfaces and Stable High Photovoltaic Energy Conversion Efficiency in Perovskite Halide Solar Cells. ACS Appl. Energy
Mater. 2020, 3, 344-351. [CrossRef]

Cai, W,; Cao, D.; Zhou, M,; Yan, X; Li, Y.; Wu, Z; L1, S.; Mao, C.; Xie, Y.; Zhao, C.; et al. Sulfur-Tolerant Fe-Doped Lag.35r(.;TiO3
Perovskite as Anode of Direct Carbon Solid Oxide Fuel Cells. Energy 2020, 211, 118958. [CrossRef]

Yue, B.; Hu, Q.; Ji, L.; Wang, Y.; Liu, ]J. Facile Synthesis of Perovskite CeMnO3; Nanofibers as an Anode Material for High
Performance Lithium-Ion Batteries. RSC Adv. 2019, 9, 38271-38279. [CrossRef]

Kim, H.-Y,; Shin, J.; Jang, I.-C.; Ju, Y.-W. Hydrothermal Synthesis of Three-Dimensional Perovskite NiMnO3 Oxide and Application
in Supercapacitor Electrode. Energies 2020, 13, 36. [CrossRef]

Low, W.H.; Khiew, PS.; Lim, S.S.; Siong, C.W.; Ezeigwe, E.R. Recent Development of Mixed Transition Metal Oxide and
Graphene/Mixed Transition Metal Oxide Based Hybrid Nanostructures for Advanced Supercapacitors. J. Alloy. Compd. 2019, 775,
1324-1356. [CrossRef]

Abdel Maksoud, M.I.A.; Fahim, R.A.; Shalan, A.E.; Abd Elkodous, M.; Olojede, S.0.; Osman, A.L; Farrell, C.; Al-Muhtaseb, A.H.;
Awed, A.S.; Ashour, A H,; et al. Advanced Materials and Technologies for Supercapacitors Used in Energy Conversion and
Storage: A Review. Environ. Chem. Lett. 2021, 19, 375-439. [CrossRef]

Jiang, Y.; Liu, J. Definitions of Pseudocapacitive Materials: A Brief Review. Energy Environ. Mater. 2019, 2, 30-37. [CrossRef]
Kate, R.S.; Khalate, S.A.; Deokate, R.]. Overview of Nanostructured Metal Oxides and Pure Nickel Oxide (NiO) Electrodes for
Supercapacitors: A Review. J. Alloy. Compd. 2018, 734, 89-111. [CrossRef]

Zhang, X.; Song, W.-L.; Wang, M.; Tu, J.; Jiao, H.; Jiao, S. Photo-Electrochemical Enhanced Mechanism Enables a Fast-Charging
and High-Energy Aqueous Al/MnO; Battery. Energy Storage Mater. 2022, 45, 586-594. [CrossRef]

Nwankwo, M.C.; Nwanya, A.C.; Agbogu, A.; Ekwealor, A.B.C.; Ejikeme, PM.; Bucher, R.; Osuji, R.U.; Maaza, M.; Ezema, FI
Electrochemical Supercapacitive Properties of SILAR-Deposited Mn3Oy Electrodes. Vacuum 2018, 158, 206-214. [CrossRef]

Liu, P; Zhu, K,; Gao, Y.; Luo, H.; Lu, L. Recent Progress in the Applications of Vanadium-Based Oxides on Energy Storage: From
Low-Dimensional Nanomaterials Synthesis to 3D Micro/Nano-Structures and Free-Standing Electrodes Fabrication. Adv. Energy
Mater. 2017, 7, 1700547. [CrossRef]

Quispe-Garrido, V.; Cerron-Calle, G.A.; Bazan-Aguilar, A.; Ruiz-Montoya, ].G.; Lopez, E.O.; Baena-Moncada, A.M. Advances in
the Design and Application of Transition Metal Oxide-Based Supercapacitors. Open Chem. 2021, 19, 709-725. [CrossRef]

Yu, T.; Wang, F.; Zhang, X.; Lv, G.; Lv, H.; Wang, ].; Zhai, Y.; Li, M. Typha Orientalis Leaves Derived P-Doped Hierarchical Porous
Carbon Electrode and Carbon/MnO, Composite Electrode for High-Performance Asymmetric Supercapacitor. Diam. Relat. Mater.
2021, 116, 108450. [CrossRef]

Fang, S.; Bresser, D.; Passerini, S. Transition Metal Oxide Anodes for Electrochemical Energy Storage in Lithium- and Sodium-Ion
Batteries. Adv. Energy Mater. 2020, 10, 1902485. [CrossRef]


https://doi.org/10.1039/D0DT00857E
https://doi.org/10.3390/ma16031253
https://www.ncbi.nlm.nih.gov/pubmed/36770259
https://doi.org/10.1016/j.electacta.2020.137491
https://doi.org/10.1126/science.1230444
https://www.ncbi.nlm.nih.gov/pubmed/23990564
https://doi.org/10.1016/j.chphma.2021.09.003
https://doi.org/10.1002/adma.201702891
https://www.ncbi.nlm.nih.gov/pubmed/29164712
https://doi.org/10.1016/j.ensm.2019.05.022
https://doi.org/10.1021/acsenergylett.9b02625
https://doi.org/10.1016/j.est.2018.12.025
https://doi.org/10.1038/s42004-019-0184-6
https://doi.org/10.1016/j.nanoen.2020.105552
https://doi.org/10.1515/nanoph-2019-0119
https://doi.org/10.1021/acsaem.9b01592
https://doi.org/10.1016/j.energy.2020.118958
https://doi.org/10.1039/C9RA07660C
https://doi.org/10.3390/en13010036
https://doi.org/10.1016/j.jallcom.2018.10.102
https://doi.org/10.1007/s10311-020-01075-w
https://doi.org/10.1002/eem2.12028
https://doi.org/10.1016/j.jallcom.2017.10.262
https://doi.org/10.1016/j.ensm.2021.12.020
https://doi.org/10.1016/j.vacuum.2018.09.057
https://doi.org/10.1002/aenm.201700547
https://doi.org/10.1515/chem-2021-0059
https://doi.org/10.1016/j.diamond.2021.108450
https://doi.org/10.1002/aenm.201902485

Inorganics 2023, 11, 183 20 of 21

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Hoang Huy, V.; Ahn, Y.; Hur, J. Recent Advances in Transition Metal Dichalcogenide Cathode Materials for Aqueous Rechargeable
Multivalent Metal-Ion Batteries. Nanomaterials 2021, 11, 1517. [CrossRef]

Gogotsi, Y.; Huang, Q. MXenes: Two-Dimensional Building Blocks for Future Materials and Devices. ACS Nano 2021, 15,
5775-5780. [CrossRef]

Kshetri, T.; Tran, D.T.; Le, H.T.; Nguyen, D.C.; Hoa, H.V,; Kim, N.H.; Lee, J.H. Recent Advances in MXene-Based Nanocomposites
for Electrochemical Energy Storage Applications. Prog. Mater. Sci. 2021, 117, 100733. [CrossRef]

Alam, A.; Saeed, G.; Lim, S. One-Step Synthesis of 2D-2D Co(OH),-MoSe, Hybrid Nanosheets as an Efficient Electrode Material
for High-Performance Asymmetric Supercapacitor. J. Electroanal. Chem. 2020, 879, 114775. [CrossRef]

Zhao, Y.; He, ].; Dai, M.; Zhao, D.; Wu, X,; Liu, B. Emerging CoMn-LDH@MnO, Electrode Materials Assembled Using Nanosheets
for Flexible and Foldable Energy Storage Devices. |. Energy Chem. 2020, 45, 67-73. [CrossRef]

Meng, J.; Liu, X.; Niu, C.; Pang, Q.; Li, J.; Liu, E; Liu, Z.; Mai, L. Advances in Metal-Organic Framework Coatings: Versatile
Synthesis and Broad Applications. Chem. Soc. Rev. 2020, 49, 3142-3186. [CrossRef] [PubMed]

Ran, F; Xu, X,; Pan, D.; Liu, Y.; Bai, Y.; Shao, L. Ultrathin 2D Metal-Organic Framework Nanosheets In Situ Interpenetrated by
Functional CNTs for Hybrid Energy Storage Device. Nano-Micro Lett. 2020, 12, 46. [CrossRef]

Tahir, M.B.; Fatima, U. Recent Trends and Emerging Challenges in Two-dimensional Materials for Energy Harvesting and Storage
Applications. Energy Storage 2022, 4, e244. [CrossRef]

Wang, J.; Malgras, V.; Sugahara, Y.; Yamauchi, Y. Electrochemical Energy Storage Performance of 2D Nanoarchitectured Hybrid
Materials. Nat. Commun. 2021, 12, 3563. [CrossRef] [PubMed]

Zhang, Y.; Wang, B.; Liu, F; Cheng, J.; Zhang, X.; Zhang, L. Full Synergistic Contribution of Electrodeposited Three-Dimensional
NiC0,04@MnO, Nanosheet Networks Electrode for Asymmetric Supercapacitors. Nano Energy 2016, 27, 627-637. [CrossRef]
Chakrabarty, N.; Chakraborty, A.K. Controlling the Electrochemical Performance of 3-Ni(OH),/Carbon Nanotube Hybrid
Electrodes for Supercapacitor Applications by La Doping: A Systematic Investigation. Electrochim. Acta 2019, 297, 173-187.
[CrossRef]

Siwal, S.S.; Zhang, Q.; Devi, N.; Thakur, V.K. Carbon-Based Polymer Nanocomposite for High-Performance Energy Storage
Applications. Polymers 2020, 12, 505. [CrossRef] [PubMed]

Naresh, V,; Elias, L.; Martha, S.K. Poly(3,4-Ethylenedioxythiophene) Coated Lead Negative Plates for Hybrid Energy Storage
Systems. Electrochim. Acta 2019, 301, 183-191. [CrossRef]

Das, H.T.; Barai, P,; Dutta, S.; Das, N.; Das, P.; Roy, M.; Alauddin, M.; Barai, H.R. Polymer Composites with Quantum Dots as
Potential Electrode Materials for Supercapacitors Application: A Review. Polymers 2022, 14, 1053. [CrossRef]

Kumar, SM.; Yasoda, Y.K.; Das, P.; Malik, S.; Kothurkar, N.K.; Batabyal, S.K. Urea-Mediated Synthesized Carbon Quantum
Dots to Tune the Electrochemical Performance of Polyaniline Nanorods for Supercapacitor Device. |. Sci. Adv. Mater. Devices
2022, 7, 100403. [CrossRef]

Lian, J.; Wang, X.; Zhang, W.; Huang, Y.; Xia, T.; Lian, Y. A Ternary Polyaniline/ Active Carbon/Lithium Iron Phosphate Composite
as Cathode Material for Lithium Ion Battery. J. Nanosci. Nanotechnol. 2016, 16, 6494-6497. [CrossRef] [PubMed]

Chauhan, N.P.S; Jadoun, S.; Rathore, B.S.; Barani, M.; Zarrintaj, P. Redox Polymers for Capacitive Energy Storage Applications. J.
Energy Storage 2021, 43, 103218. [CrossRef]

Li, S.; Chen, Y.; He, X.; Mao, X.; Zhou, Y.; Xu, J.; Yang, Y. Modifying Reduced Graphene Oxide by Conducting Polymer Through
a Hydrothermal Polymerization Method and Its Application as Energy Storage Electrodes. Nanoscale Res. Lett. 2019, 14, 226.
[CrossRef] [PubMed]

Kazemi, S.H.; Abdollahi Aghdam, S. High-Performance Asymmetric Supercapacitor Based on Ternary MnO,-Polyaniline-
Reduced Graphene Oxide Quantum Dots Nanocomposite Electrode. J. Electron. Mater. 2019, 48, 5088-5098. [CrossRef]
Ramadan, A.; Anas, M.; Ebrahim, S.; Soliman, M.; Abou-Aly, A. Effect of Co-Doped Graphene Quantum Dots to Polyaniline Ratio
on Performance of Supercapacitor. . Mater. Sci. Mater. Electron. 2020, 31, 7247-7259. [CrossRef]

Syed Zainol Abidin, S.N.J.; Mamat, S.; Abdul Rasyid, S.; Zainal, Z.; Sulaiman, Y. Fabrication of Poly(Vinyl Alcohol)-Graphene
Quantum Dots Coated with Poly(3,4-Ethylenedioxythiophene) for Supercapacitor. J. Polym. Sci. Part A Polym. Chem. 2018, 56,
50-58. [CrossRef]

Samy, M.M.; Mohamed, M.G.; El-Mahdy, A.EM.; Mansoure, T.H.; Wu, K.C.-W.; Kuo, S.-W. High-Performance Supercapacitor Elec-
trodes Prepared From Dispersions of Tetrabenzonaphthalene-Based Conjugated Microporous Polymers and Carbon Nanotubes.
ACS Appl. Mater. Interfaces 2021, 13, 51906-51916. [CrossRef]

Gong, S.H.; Wang, B.Q.; Xue, Y,; Sun, Q.S.; Wang, J.; Kuai, J.; Liu, E; Cheng, ]J.P. NiCoO, and Polypyrrole Decorated Three-
Dimensional Carbon Nanofiber Network with Coaxial Cable-like Structure for High-Performance Supercapacitors. J. Colloid
Interface Sci. 2022, 628, 343-355. [CrossRef]

Sun, X.; Hao, Z.; Zeng, F; Xu, J.; Nan, H.; Meng, Z.; Yang, J.; Shi, W.; Zeng, Y.; Hu, X.; et al. Coaxial Cable-like Dual Conductive
Channel Strategy in Polypyrrole Coated Perovskite Lanthanum Manganite for High-Performance Asymmetric Supercapacitors. J.
Colloid Interface Sci. 2022, 610, 601-609. [CrossRef]

Li, Q.; Li, D.; Wang, H.; Wang, H.; Li, Y; Si, Z.; Duan, Q. Conjugated Carbonyl Polymer-Based Flexible Cathode for Superior
Lithium-Organic Batteries. ACS Appl. Mater. Interfaces 2019, 11, 28801-28808. [CrossRef] [PubMed]


https://doi.org/10.3390/nano11061517
https://doi.org/10.1021/acsnano.1c03161
https://doi.org/10.1016/j.pmatsci.2020.100733
https://doi.org/10.1016/j.jelechem.2020.114775
https://doi.org/10.1016/j.jechem.2019.09.027
https://doi.org/10.1039/C9CS00806C
https://www.ncbi.nlm.nih.gov/pubmed/32249862
https://doi.org/10.1007/s40820-020-0382-x
https://doi.org/10.1002/est2.244
https://doi.org/10.1038/s41467-021-23819-0
https://www.ncbi.nlm.nih.gov/pubmed/34117228
https://doi.org/10.1016/j.nanoen.2016.08.013
https://doi.org/10.1016/j.electacta.2018.11.174
https://doi.org/10.3390/polym12030505
https://www.ncbi.nlm.nih.gov/pubmed/32110927
https://doi.org/10.1016/j.electacta.2019.01.159
https://doi.org/10.3390/polym14051053
https://doi.org/10.1016/j.jsamd.2021.11.005
https://doi.org/10.1166/jnn.2016.12137
https://www.ncbi.nlm.nih.gov/pubmed/27427742
https://doi.org/10.1016/j.est.2021.103218
https://doi.org/10.1186/s11671-019-3051-6
https://www.ncbi.nlm.nih.gov/pubmed/31289953
https://doi.org/10.1007/s11664-019-07318-z
https://doi.org/10.1007/s10854-020-03297-8
https://doi.org/10.1002/pola.28859
https://doi.org/10.1021/acsami.1c05720
https://doi.org/10.1016/j.jcis.2022.07.134
https://doi.org/10.1016/j.jcis.2021.11.111
https://doi.org/10.1021/acsami.9b06437
https://www.ncbi.nlm.nih.gov/pubmed/31313916

Inorganics 2023, 11, 183 21 of 21

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Li, G.; Zhang, B.; Wang, ].; Zhao, H.; Ma, W.; Xu, L.; Zhang, W.; Zhou, K.; Du, Y.; He, G. Electrochromic Poly(Chalcogenoviologen)s
as Anode Materials for High-Performance Organic Radical Lithium-Ion Batteries. Angew. Chem. Int. Ed. 2019, 58, 8468-8473.
[CrossRef] [PubMed]

Li, K; Xu, S.; Han, D.; Si, Z.; Wang, H. Carbonyl-rich Poly(Pyrene-4,5,9,10-tetraone Sulfide) as Anode Materials for High-
Performance Li and Na-Ion Batteries. Chem. Asian J. 2021, 16, 1973-1978. [CrossRef] [PubMed]

Elbinger, L.; Schroter, E.; Friebe, C.; Hager, M.D.; Schubert, U.S. Hydrophilic Crosslinked TEMPO-Methacrylate Copolymers—a
Straight Forward Approach towards Aqueous Semi-Organic Batteries. ChemSusChem 2022, 15, €202200830. [CrossRef] [PubMed]
Xie, J.; Cheng, X.; Cao, X.; He, J.; Guo, W.; Li, D.; Xu, Z.J.; Huang, Y.; Lu, J.; Zhang, Q. Nanostructured Metal-Organic Conjugated
Coordination Polymers with Ligand Tailoring for Superior Rechargeable Energy Storage. Small 2019, 15, 1903188. [CrossRef]
[PubMed]

Huang, F.; Cornelius, C.J. Designing Hybrid Inorganic-Organic Materials By Utilizing Sol-Gel Chemistry for Batteries and Energy
Storage. Meet. Abstr. 2014, MA2014-01, 1631. [CrossRef]

Zhao, H.; Zhang, W.; Sun, P; Ying, X,; Huang, J.; Li, X. Electrode Material of PVA/PANI/GO-PANI Hybrid Hydrogels
through Secondary Induced Assembly In Situ Polymerization Method for Flexible Supercapacitors. Macromol. Mater. Eng
2022, 307, 2200366. [CrossRef]

Stepanov, A.B.; Varakin, LN.; Menukhov, V.V. Double-Layer Capacitor. US Patent 5,986,876, 16 November 1999.

Bistline, J.; Cole, W.; Damato, G.; DeCarolis, J.; Frazier, W.; Linga, V.; Marcy, C.; Namovicz, C.; Podkaminer, K.; Sims, R.; et al.
Erratum: Energy Storage in Long-Term System Models: A Review of Considerations, Best Practices, and Research Needs. Prog.
Energy 2020, 2, 039601. [CrossRef]

Simon, P.; Gogotsi, Y. Capacitive Energy Storage in Nanostructured Carbon-Electrolyte Systems. Acc. Chem. Res. 2013, 46,
1094-1103. [CrossRef]

Aravindan, V.; Gnanaraj, J.; Lee, Y.-S.; Madhavi, S. Insertion-Type Electrodes for Nonaqueous Li-Ion Capacitors. Chem. Rev. 2014,
114, 11619-11635. [CrossRef]

Li, J.; Zhang, X.; Peng, R.; Huang, Y.; Guo, L.; Qi, Y. LiMn;O, /Graphene Composites as Cathodes with Enhanced Electrochemical
Performance for Lithium-Ion Capacitors. RSC Adv. 2016, 6, 54866-54873. [CrossRef]

Ni, J.; Wang, H.; Qu, Y.; Gao, L. PbO, Electrodeposited on Graphite for Hybrid Supercapacitor Applications. Phys. Scr.
2013, 87, 045802. [CrossRef]

Tie, D.; Huang, S.; Wang, J.; Ma, J.; Zhang, J.; Zhao, Y. Hybrid Energy Storage Devices: Advanced Electrode Materials and
Matching Principles. Energy Storage Mater. 2019, 21, 22—40. [CrossRef]

Balogun, M.-S.; Qiu, W.; Luo, Y.; Meng, H.; Mai, W.; Onasanya, A.; Olaniyi, TK.; Tong, Y. A Review of the Development of Full
Cell Lithium-Ion Batteries: The Impact of Nanostructured Anode Materials. Nano Res. 2016, 9, 2823-2851. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/anie.201903152
https://www.ncbi.nlm.nih.gov/pubmed/30951238
https://doi.org/10.1002/asia.202100455
https://www.ncbi.nlm.nih.gov/pubmed/34057815
https://doi.org/10.1002/cssc.202200830
https://www.ncbi.nlm.nih.gov/pubmed/35723221
https://doi.org/10.1002/smll.201903188
https://www.ncbi.nlm.nih.gov/pubmed/31650707
https://doi.org/10.1149/MA2014-01/43/1631
https://doi.org/10.1002/mame.202200366
https://doi.org/10.1088/2516-1083/abab68
https://doi.org/10.1021/ar200306b
https://doi.org/10.1021/cr5000915
https://doi.org/10.1039/C6RA09103B
https://doi.org/10.1088/0031-8949/87/04/045802
https://doi.org/10.1016/j.ensm.2018.12.018
https://doi.org/10.1007/s12274-016-1171-1

	Introduction 
	Energy Storage Devices 
	Types of Energy Storage Systems 
	Batteries for Energy Storage 
	Supercapacitors for Energy Storage 

	Hybrid Nanostructured Materials in Energy Storage Devices 
	Applications of Hybrid Nanostructured Materials as Electrodes in Batteries and Supercapacitors 
	Carbon-Based Electrodes 
	Metal–Organic Framework (MOF) Electrodes 
	Halide Perovskite Electrodes 
	Transition Metal Oxide and Its Nanosheets as Electrodes 
	Conducting Polymer Electrodes 


	Hybrid Energy Storage Device (HESD) 
	Conclusions and Future Perspective 
	References

