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Abstract: This review paper highlights the recent developments in supercapacitors by pointing out the significance of appropriate electrode
and device designs. We reported ten extremely high-performance supercapacitors with specific capacitance values among the highest available
until now to the best of our knowledge. These state-of-the-art designs employing innovative electrode materials have been discussed along with
their short descriptions. The supercapacitors collected here possess the most promising potential for facilitating next-generation systems in
energy harvesting and storage. This review is just the surface that can help provide a pathway for supercapacitor research, which is still wide
open for exploring and developing new advanced materials for energy applications of the future.
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1. Introduction

Due to the increasingly diversified demands in energy storage devices, many laboratories have concentrated on energy storage
research, including supercapacitors. Capacitors, which are the principal electrical circuit element, can store energy based on
charge and discharge of electricity. Since the discovery of capacitors major evolutions are generated and finally supercapacitors
are found. Until then supercapacitors are very popular for energy storage applications and due to its ability combine faradaic and
nonfaradaic charges and thus can improve the specific capacitances’ 10-100 times of the electrode materials. Although a huge
number of articles on supercapacitors are published and increasing steadily each year, the electrochemical mechanisms of
supercapacitors have not been fully understood. This fact resulted in difficulty in following the research directions on
supercapacitors in general as well as the development of research on electrode materials for supercapacitors. Hence, the
development of electrode materials for supercapacitors is extremely crucial [1].

Improvement in electrode materials of supercapacitors can be directly linked to the increased application of these devices.
Batteries are the most common type of energy storage device and usually the most popular choice for technology-related
applications. Batteries popularity is from the fact that they can provide a very high value of energy density and have the ability to
store a large amount of energy in limited volume and weight. Supercapacitors bridge the gap between batteries (which are high
energy density devices) and conventional capacitors (which are high power density devices). Supercapacitors have a much higher
power density compared to batteries and have better shelf and cycle life but still there use is limited as they lack energy density.
Research on testing new materials for electrodes serves the purpose of improving the energy density of supercapacitors, so the
penetration of these devices in the energy storage market can be deepened [2]. However, supercapacitors are still finding several
different commercial applications. Supercapacitors are used in different automobiles such as hybrid electric vehicles, electric
vehicles, passenger trains and buses, etc. use of supercapacitors in automobile sectors owes to the rapid charge and discharge.
Electronic devices and energy harvesting systems like Wind turbines are some other application areas where supercapacitors are
used [3].

Supercapacitors have several main advantages, such as having high power density because of their fast charge-discharge rates
compared to traditional batteries. Also, supercapacitors’ energy density is relatively higher than traditional dielectric capacitors
because of their large surface area of porous electrode materials. Supercapacitors offer superior performance at a wide range of
temperatures (from -40 °C to 70 °C) and provide high cyclability (> 100,000 cycles).

Supercapacitors can be divided into three main categories concerning their distinct charge storage mechanisms: i) Electrical
double-layer capacitors (EDLC) store charges directly at the electrode-electrolyte interface by the constitution of electrical double
layers via a reversible non-Faradaic mechanism, ii) pseudocapacitors where the charge storage is made via reversible Faradaic
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charge transfer (i.e. surface redox reactions), and iii) hybrid supercapacitors in which charge storage mechanisms predicated on
the augmentation of two previous mechanisms, i.e. Faradaic and non-Faradaic, into one device.

In EDLCs, the energy storage performance depends on the electrostatic interactions of charged particles at the electrode
(mostly carbonaceous materials) and the electrolyte interface. The charge separation takes place in a Helmholtz double layer. On
the other hand, in pseudocapacitors, the charge accumulation directly results from fast Faradaic redox reactions or intercalation
processes occurring at (or near) the electrodes’ surface, which are mostly made of state of art novel materials such as doped or
undoped metal oxides, nanoceramics, and conducting polymers. One can combine these two principles into a single device by
developing a hybrid (or so-called battery-type) supercapacitor, which exhibits both Faradaic and non-Faradaic properties with
different configurations [3, 4, 5]. Hybrid supercapacitors can operate at high current densities, provide higher energy density at
low current densities, and have a broader operating voltage range and higher upper limit voltage. For hybrid supercapacitors
consisting of one capacitive and one faradaic (battery-like) electrodes, four-electrode configurations are possible: i) battery-type
positive and EDLC negative, ii) EDLC positive and battery-type negative, iii) pseudocapacitive positive and battery-type negative,
and iv) battery-type positive and pseudocapacitive negative. All four different electrode configurations are also possible for
asymmetric supercapacitors: i) pseudocapacitive positive and EDLC negative, ii) EDLC positive and pseudocapacitive negative,
iii) pseudocapacitive positive (X) and pseudocapacitive negative (Y), iv) EDLC positive (X) and EDLC negative (Y), where X and
Y are different materials [6]. As a result, unlike battery research, it is not very common to name the electrode materials as anode
or cathode in supercapacitors. The main reason for this is that the working mechanism of supercapacitors is not necessarily
involved in jon insertion but rather absorption by Coulombic forces. Energy storage performances and capacitance of
supercapacitors are affected by the Helmholtz layer thickness, presence of points defects in the electrode materials’
microstructure, synthesis method, size, and morphology of the electrode material electrolyte type [7].

Most commercially available supercapacitors have a symmetrical configuration and consist of an anhydrous or organic
electrolyte and generally use carbons with high surface area as active electrode material. The toxicity of these materials is one of
the disadvantages of these existing supercapacitors [8]. Therefore, the constitution of environmentally friendly supercapacitors
that have high power and energy capacity is of particular interest due to environmental pollution concerns.

In general, materials to be used as electrodes should have a significantly high surface area and sufficient pore distribution [9].
Thanks to developing technologies, especially nanotechnology, it has become easier to synthesize new alternative or novel
materials having improved properties. Two main factors that need to be considered when developing environmentally friendly
supercapacitors are following: obtaining electrodes in an environmentally friendly process and using water-based or nontoxic
electrolytes.

A broad range of materials can be used as an electrode, such as metal oxides, carbons, conductive polymers, and composites
[8]. Activated carbons (ACs) are amongst the highly used electrode materials to store electrical charges with an EDLC and a
Faradaic mechanism. Bioderived ACs can be synthesized from biomasses, which are agricultural wastes, thus producing electrode
materials that are both low-cost and environmentally friendly [10]. Conductive polymers are one of the electrode candidates that
can exhibit an environmental-friendly feature with the lack of heavy metals. Metal oxide-based pseudocapacitors have attracted
significant attention due to their more stable electrochemical properties than conductive polymers. Also, they have comparatively
higher capacitances and energy densities than carbon materials [8]. Noble metal oxides, such as RuO , and IrO ,, are some of the
best transition metal oxides with excellent power densities and capacitive properties. However, unlike base metal oxides such as
MnO ,, NiO, Fe ;0 4 etc., both RuO , and IrO , are not environmentally friendly [11, 12]. Manganese oxides and nickel oxides
are highly promising due to their environmentally friendly behavior and high theoretical capacitances amongst base metal oxides
[8, 13]. Fe ,O ; and Fe ;0 4 can also be used as electrode materials for pseudocapacitors due to their minimal environmental
damage. Since Fe ,O ; has poor electronic conductivity, it is not suitable for energy storage devices that seek high power. In
addition to this, Fe ;0 4 exhibits pseudocapacitance in alkali sulfide and sulfate aqueous medium [14]. Metal oxide nanoparticles
such as CuZnCdO can also be used as non-hazardous and eco-friendly electrodes [15]. MXenes are the newest addition in
electrode materials for supercapacitors application, which are gaining popularity in recent times. MXenes are 2D materials that
are comprised of transition metal carbides, carbonitrides, and nitrides. MXenes are prepared by selective etching of element A
from MAX phase precursors, where M represents an early transition metal, A is the IIT-A and IV-A element and X is carbon or
nitrogen. MXene’s increasing popularity as an electrode material is due to its excellent electrical and electrochemical properties
such as hydrophilicity and surface area which eventually leads to the high-performance supercapacitor [16, 17, 18].
Polyoxometalates (POM) is a new class of electrode material that is now used in different energy storage devices. POMs can be
used as building blocks for energy storage devices due to their nanometric oxide clusters with reversible redox activities [19].
POM stable molecular clusters give strong and reliable interaction with various electrode materials, so they are also tested in
different supercapacitor applications [20, 21]. Metal-organic frameworks (MOFs) are another comparatively new class of
materials that are used in supercapacitors, their use in supercapacitors is due to their controlled pore size and their ability to
adjust redox-metal centers. MOFs first used as electrode material was occurred in 2011 [22] and after that, there are continuous
advances in testing this material in supercapacitors [23, 24, 25].

Selection of the proper electrolyte material is another significant step for supercapacitors. Electrolyte materials in all types of
supercapacitors can be organic (e.g., acetonitrile, propylene carbonate), aqueous (e.g., KOH, NaOH, H ,SO ,), ionic liquid (IL)
or solid. Organic electrolytes are relatively environmentally hazardous compared to aqueous electrolytes because they involve
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dissolving inorganic salts in organic solvents. Another electrolyte used in supercapacitors is solvent-free ionic liquids, which are
eco-friendly because of their discardable vapor pressure. However, they are challenging to be considered commercial electrolyte
candidates high-cost and nonbiodegradability [26].

Moreover, for obtaining environmentally nonhazardous supercapacitors, biopolymers can be used as redox-active materials.
Chitosan, chitin, natural polysaccharides, cellulose, and alginates are examples of biopolymers used to develop bioelectrodes. It
needs to be clarified that these polymers are generally not used alone in supercapacitors but as composites with carbon-based
materials and/or metal oxides [27]. Recently biocompatible electrode materials such as octacalcium phosphate have been used as
an electrode to produce biosupercap and revealed high electrochemical performance [28]. However, the electrolyte type and
nature must be selected by considering the nature of electrode materials, charge storage mechanism, and working voltage window
of each supercapacitor.

In this review article, we have the ambition to discuss the supercapacitors and the logic behind their designs. We aimed to
present a pathway for the reader to understand supercapacitors’ design and the importance of the material selection. This paper
also presents 10 supercapacitors with ultrahigh specific and points out material selection significance.

2. Ten best ultrahigh specific capacitance supercapacitor designs

In the study of Andikaey et al. [29] graphene nanocomposites that were coated with Nickel cobalt (NiCo) metal-organic
framework was synthesized and utilized as electrode material for high-performance supercapacitor devices. The bimetallic
organic framework NiCo-MOFs produced using the solvothermal method which provides improved electrical conductivity and
better structural stability. Glucose-modified (GM) high-quality graphene (HQG) was manufactured here to be used as a platform
for the growth and nucleation of bimetallic metal-organic framework nanosheets (NiCo/MOF). Also, to improve the
electrochemical properties, MOFs are combined with liquid-phase exfoliated graphene (LEG). Via glucose modification, the
processability of the LEG is increased and more active sites are provided for Ni and Co precursors to connect. The synthesized
GM-LEG@NiCo-MOF nanocomposite exhibits an outstanding specific capacitance (Cm) value of about 4077 F/g at a current
density (CD) of 2.5 A/g. The developed system provides a functional group that includes -COOH and -OH that offer active sites
for the joining of Co and Ni precursors, this becomes the reason for very high capacitance value. The electrical conductivity and
synergistic effect of GM-LEG@NiCo-MOF are better than the NiCo-MOF(pure) and LEG-based composite. Moreover, an
asymmetric supercapacitor (ASC) is established where the developed nanocomposite and active carbon were used as electrodes
and 3M KOH electrolyte is used in which a specific capacitance of 244 F/g and an energy density of 76.3 Wh/g is measured.
Thanks to the unique speed ability, excellent cycle life, and excellent power and energy density as well as reversible capacitance,
the GM-LEG@NiCo-MOF composites are suitable for future ASC applications.

Zardkhoshoui et al. [30] prepared nickel-cobalt oxides/hydroxides incorporated with reduced graphene oxide nickel foam
(Ni,CoOH-rGO/NF) and used it as electrode material, the electrode was developed using a one-step simple and cheap
electrodeposition method. The developed electrode showed ultrahigh specific capacitance of 4047 F/g at a current density of 3
A/g. The extremely high value of capacitance of Ni,CoOH-rGO/NF is due to the graphene nanosheets which are highly
conductive and provide very fast electron transfer and secondly the size that is very small of Ni,CoOH on graphene sheets which
provide material the chance to get completely used during the process. Moreover, using Ni,CoOH-rGO/NF electrode both
symmetric supercapacitor (SSC) and an asymmetric supercapacitor (ASC) are assembled, the SSC was manufactured by the use
of two identical sizes Ni,Co-OH/rGO/NF electrodes in PVA/KOH gel electrolyte. The ASC was assembled with Ni,Co-OH/rGO
as the positive electrode, and FeS ,-rGO as the negative electrode. The energy density of 106.5 Wh/kg and 144 Wh/kg is measured
from the SSC and ASC, respectively. According to the results, this paper proposes a way of constructing all-solid-state flexible
energy storage devices to be used in the future.

Tian et al. [31] in this work used cobalt sulfide (CoS ,) as electrode material to be used in a high-performing supercapacitor.
The electrode material used was prepared by two different synthesis techniques, which is the hydrothermal synthesis of cobalt
sulfide on nickel foam (CoS,@Ni) and surface generated flower-like nickel-iron layered double hydroxide (NiFe-LDH)
nanospheres, are reported to design a binder-free electrode. The synthesized NiFe-LDH@CoS ,@Ni electrode shows a
phenomenal specific capacitance of 3880 F/g at a current density of 1.17 A/g. The developed electrode was eventually used as in
supercapacitor application, the assembled ASC was made by NiFe-LDH@CoS ,@Ni hybrid used as a positive electrode and active
carbon covered Ni foam utilized as the negative electrode and KOH/PV A hydrogel used as the electrolyte. Here, PVA acted both
as a solid gel electrolyte and a separator simultaneously, this setup of KOH/PVA as electrolyte and separator provides remarkable
safety and stability to the ASC. Moreover, an all-solid-state ASC, which exhibits an energy density of 15.84 Wh/kg which may be
compared as the energy enough to light up a blue LED indicator, is assembled. Thanks to the flower-like ultrathin nanosheet
structure, which has a large surface area and a large number of active sites, the diffusion distance between electrolyte ions and
the substrate is decreased which will result in fast electron transport and proved the large potential of NiFe-LDH@CoS ,@Ni in
high-performance supercapacitor applications.

In the study of Kumbhar et al. [32], a novel nickel cobaltite nickel molybdate (NiCo ,O 4/NiMoO ,) nanoflake/nanoparticle
core/shell electrodes on nickel foam (NF) are fabricated and used in high energy supercapacitor application. The electrode
materials were prepared using a binder-free, cheap, and simple electrodeposition technique. The developed electrode material
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showed an ultrahigh specific capacitance of 3705 F/g at 1.5 A/g and has a %94.6 cycle stability after 5000 charges/discharge cycles.
The nanoporous heterostructure of NiCoO , nanoflakes and NiMoO , nanoparticles leads to a fast ion transfer, increase in
electrical conductivity, a decrease in diffusion length for ions, and the synergy between the nanoflakes and nanoparticles offers a
large active surface area important for electrochemical energy storage and oxygen evolution electrocatalysis which results in such
high capacitance value. Finally, an SSC was assembled by NiCo ,0 ,/NiMoO , electrodes, a copper tape was applied for electrical
contacts, a piece of cellulose filter was utilized as a separator and 3M KOH electrolyte was used. The assembled SSC exhibits an
energy density of 76.45 Wh/kg and has %88 cycle stability after 5000 cycles. The remarkable performance of the device suggests
that the NiCoO ,/ NiMoO , core/shell heterostructure can be synthesized using the strategy in this paper as an electrode material
and can be used for energy storage devices in future applications.

In the study of Xu et al. [33], the fabrication of manganese molybdate hydrates manganese oxide (MnMoO 4H ,0@MnO ,)
core-shell nanosheet arrays on nickel foam is reported which was then used as electrode material in supercapacitor.
MnMoO ,H ,0@MnO, is synthesized using a simple two-step hydrothermal process in absence of a calcined process taking
place at high temperatures. Three MnMoO ,H ,0@MnO , are synthesized in reaction times 1 hr, 3 hrs, and 6 hrs and called
MMM1, MMM3, MMMB6, respectively. The MMM3 exhibits an ultrahigh specific capacitance of 3560 F/g at 1 A/g compared to
MMM1 and MMMS6 and offers %841 cycle stability after 10,000 cycles. It is seen that the size of the MnO , shell electrode is very
important to have a good specific capacitance because the MMM!1 was too sparse and MMMBS6 was too thick compared to MMM3.
MnMo 4,H ,0@MnO , core-shell nanosheet arrays are far more effective in providing electrochemical activity compared to a
single MnMoO ,H ,O electrode. The developed electrode offers a large surface area and more number of electrochemically active
sites which gives cycling stability and increases capacitance, it provides rapid ion diffusion and electron transport at
electrode/electrolyte interface and synergistic effect of MnMoO ,H ,O and MnO , which improves the performance of the
supercapacitor. The ASC was manufactured by utilizing activated carbon (AC) on the platform of nickel foam as the negative
terminal of the electrode and MnMoO ,H ,0@MnO , nanosheet arrays on Ni foam as the positive electrode while PVA/KOH
used as electrolyte with cellulose paper as the separator. The supercapacitor developed exhibits 45.6 Wh/kg energy density at a
power density of 507.3 Wh/kg. The electrode system assembled proves that the MnMoO ,H ,0@MnO , is suitable to use in
future energy storage applications.

Xing et al. [34] reported a smart strategy to combine nickel phosphide (Ni-P) with nickel-cobalt layered double hydroxide
(NiCo-LDH) to fabricate core-shell nanorod arrays (NRAs) on NF which was used as an electrode for application in
supercapacitor devices. NiCo-LDH nanosheets were developed on the surface of Ni-P nanorods using an easy electrodeposition
method. The fabricated Ni-P@NiCo LDH electrode gives an ultrahigh specific capacitance of 3470 F/g at 1.3 A/g owing mostly
to the better stability and electrochemical activity provided by the NiCo-LDH, abundancy of interface which the core-shell
nanorods offer, and the hierarchical structure of 1D nanorods, 2D nanosheets, and the 3D Ni foam. The asymmetric
supercapacitors (ASCs) was manufactured using Ni-P@NiCo LDH as the positive side of the electrode and activated carbon (AC)
as the negative terminal of the electrode, one piece of polypropylene fiber was used in between the electrode which serves as the
separator, and 6M KOH was electrolyte in the supercapacitor design. The assembled ASC showed 35 Wh/kg energy density at a
power density of 770.8 Wh/kg, the attained energy density can be used to light an LED for around 40 min. The obtained result is
very promising to use this electrode system for future supercapacitor applications. In the study of Cheng et al. [35], assembly of
the cobalt oxide (CoOx) mesoporous microspheres with Co ;0 4 as core@shell model (CoO ,@Co ;0 ,) using the solvothermal
route and postannealing treatment with NaH ,PO ,- 2H ,0 is aimed. The synergy between CoO , and Co ;0 4 results in CoO ,
mesoporous microspheres present an ultrahigh specific capacitance of 3377 F/g at a current density of 2 A/g, which is relatively
higher than the individual specific capacitance of CoO and Co ;0 , obtained from 3-point techniques. The phenomenal
performance of this system is credited to the fact that both Co ;0 , and CoO have very high theoretical capacitance, the three-
dimensional structure, and high number mesopores are assisted for high surface accession of OH- ions, the synergistic effect of
CoO and Co ;0 , offered by the core-shell structure due to common redox reaction and the scobinate surface which is the small
nanoparticles contained in the microspheres. Furthermore, an ASC compose of CoO , and graphene as its electrode and 6M
KOH is used as the electrolyte, which exhibits a specific capacitance of 123 F/g at a current density of 1 A/g and energy density
of 44.06 Wh/kg, is assembled. Due to the high specific capacitance, decent cycle stability, and being reversible of the faradaic
reaction of the assembled ASC, CoO ,, mesoporous microspheres are seen as a promising material.

Nickel hydroxide/carbon nanotube (Ni(OH) ,/CNT) electrodes were synthesized and used in a supercapacitor device by Tang
et al. [36]. Carbon nanotube (CNT) bundles are grown on the NFs by a chemical vapor deposition (CVD) technique and
subsequently nickel hydroxide Ni(OH) , deposited onto the CNT layers which results in the fabrication of Ni(OH) ,/CNT/NF
electrode that exhibits a specific capacitance of up to 3300 F/g. This very high value of capacitance of the developed electrode can
be considered due to the thorough consumption of the well-dispersed Ni(OH) , nanoflakes on the CNT/NF current collector
which offers a high surface area. Additionally, the conductive nature of CNT and the disorder characteristic of Ni(OH)2 structure
which occurred from intercalation of anions and water molecules increased the active surface area further, with the increase in
carrier transport as well. Furthermore, an ASC is assembled in which the Ni (OH) ,/CNT/NF electrode is used as anode and
active carbon (AC) is used as cathode and delivers a 50.6 Wh/kg energy density using KOH as an electrolyte. Thanks to the high
specific capacitance value combined with cycling stability, assembled ASC is seen as a potential candidate for future energy
storage devices.
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Carbon/cobalt oxide(CoO) nanostructured arrays were synthesized for enhancing asymmetric supercapacitor device
performance by Wang et al. [37]. The hybrid nanowire arrays (NWAs) were synthesized by the growth of high electrically
conductive carbon onto the rough CoO NW arrays on 3D NF. The CoO@C nanostructure arrays (CCNAs) were fabricated by
hydrothermal routes after which controlled annealing and carbon deposition process at low temperature in CVD was performed,
and an extremely high specific capacitance value of 3282 F/g is obtained. As both the component in the electrode system are
electrically active so they enhance the electrical conductivity, the electrochemical ions were then more convenient to absorb on
the surface of active material which results in improved redox reaction which increases the capacitance more. Moreover, an ASC,
in which CCNAs are used as the positive terminal of electrode and AC as the negative terminal of the electrode with the electrolyte
solution of 6M KOH and one piece of cellulose paper as the separator is assembled and exhibits the highest energy density (as
58.9 Wh/kg at a power density of 198.7 W/kg) up to now amongst the Co-based supercapacitors. Moreover, this study proposes
both the fabrication of graphite carbon/cobalt monoxide nanostructure arrays and the possibility of the fabrication of 1D
graphene arrays.

In the study of Zhong et al. [38], nickel cobalt manganese ternary carbonate hydroxide is used as a novel electrode material
for improving supercapacitor performance. (NiCoMn-CH) ultrathin nanoflakes are coated on cobalt carbonate hydroxides (Co-
CH) NWAs on top of an NF using a two-step scalable solvothermal method in the absence of any binder and surfactant. The
fabricated Co-CH@NiCoMn-CH electrode is a novel electrode due to its high rate and long cycle life and presents a high
capacitance of 3224 F/g at a current density of 1 A/g using a 3-electrode system. The electrode also shows an outstanding cycling
performance and reaches % 92.4 of the initial specific capacitance after the 6000 cycles. The methodology used to develop this
electrode system not only prevent the typical aggregation and give sufficient ion transfer but also reduce the charge transfer of
developed Co-CH subsequently leading to enhanced electrical conductivity for electron transfer, which is the reason for such a
high value of capacitance. Furthermore, an ASC, in which Co-CH@NiCoMn-CH is used as the positive electrode and activated
carbon is used as the negative electrode, is assembled and that exhibits a 20.31 Wh/kg energy density at a power density of 748.46
Wh/kg at a 0-1.5 V voltage window. It should be noted that using the assembled ASC, a blue LED is lightened brightly for more
than 90 s and this accomplishment proves the viability of this study and the importance of the selected strategy to fabricate this
material at low cost and temperature as well as its strategic design and will lead this material to be a promising candidate in the
future.

In summary, all electrochemical performance parameters for the supercapacitor designs given above have been listed in Table.

Table . Selected supercapacitors design and their respective properties.

Electrode materials Electrolyte Specific capacitance | Current Energy density Ref.
(Ch) (Flg) Density (j) | (Wh/g)
GM-LEG@NiCo-MOF/active carbon 3MKOHsolution 4077 25A/g 76.3 [29]
2. Ni,Co-OH/rGO /FeS ,-rGO PVA/KOH gel 4047 3A/g 144 (30]
NiFe-LDH@CoS ,@Ni/active carbon KOH/PVA hydrogel | 3880 1.17 A/g 15.84 [31]
4. NiCo 5,0 4,/NiMoO , 3M KOHsolution 3705 15A/g 76.45 [32]
5. MnMoO 4H ,0@MnO ,/active carbon | PVA/KOH gel 3560 1A/g 45.6 [33]
6. Ni-P@NiCo LDH/active carbon 6M KOH solution 3470 1.3A/g 35 [34]
7. CoO ,,@Co 30 ,/graphene 6M KOH solution 3337 2A/g 44.06 [35]
8. Ni (OH) ,-CNT-NF active carbon KOH solution 3330 NA 50.6 [36]
9. CCNAs/active carbon 6M KOH solution 3282 NA 58.9 [37]
10. Co-CH@NiCoMn-CH/active carbon NA 3224 1A/g 20.31 [38]

3. Conclusion

Here, we basically discuss supercapacitors, their types, design parameters, and the importance of material selection and gave 10
different ultrahigh specific capacitance supercapacitors pointing out their particular high capacitance in terms of materials
science. Ten different innovative approaches and significant outcomes presented in this review make the combination of
components with supercapacitors an interesting direction for developing novel, high-performance, and practically useable
electrochemical energy storage technologies. It should be noted that special care must be given to provide a synergy of the four
main parts of supercapacitors: positive and negative electrodes, electrolyte, and separator to attain very high capacitance values.
Optimizing the performance of the material is vital for elevating the performance, especially capacitance and cyclability of
supercapacitors. Instead, performance evaluation and comparison between supercapacitors should be based on power capability
and, energy capacity and should also take into account the mass of all components. However, in most of the supercapacitor
research priority has been given to the specific capacitance values compared to energy density. From these 10 ultrahigh
capacitance supercapacitor designs, one may conclude that scientists try to achieve high performance and give high priority to
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clean, environmentally friendly, and sustainable materials choices. To develop new materials with optimal performance, three
important research directions in supercapacitors are trending: electrodes from composites and nanomaterials, polymeric
electrolytes. Overall, the immediate goal should be to research more and more on the correlation between the properties of the
electrolytes and the electrodes so that a better understanding of the working principles and designs can be achieved and used to
guide scientists for further improvement and engineers for better production.

Acknowledgment

This study is supported by a research grant from The Scientific and Technological Research Council of Turkey (TUBITAK, Grant
No: 118C243) in the frame of 2232-International Fellowship for Outstanding Researchers. Partially supported by the Starting
Grant of Sabanci University with the grant number: B.A.CF-19-01962.

References

(1]

Jayalakshmi M, Balasubramanian K. Simple capacitors to supercapacitors-an overview. International Journal of Electrochemical Science 2008; 3
(11): 1196-1217.

Burke A. Ultracapacitors: why, how, and where is the technology. Journal of Power Sources 2000; 91 (1): 37-50.

Libich J, Maca J, Vondrak J, Cech O, Sedlatikova M et al. Supercapacitors: properties and applications. Journal of Energy Storage 2018; 17: 224-
227.

Long JW, Bélanger D, Brousse T, Sugimoto W, Sassin MB et al. Asymmetric electrochemical capacitors—Stretching the limits of aqueous
electrolytes. Mrs Bulletin 2011; 36 (7): 513-522.

Gogotsi Y, Penner RM. Energy storage in nanomaterials — capacitive, pseudocapacitive, or battery-like? ACS Nano 2018; 12 (3): 2081-2083.
Jiang Y, Liu J. Definitions of pseudocapacitive materials: a brief review. Energy & Environmental Materials 2019; 2 (1): 30-37.

Najib S, Bakan F, Abdullayeva N, Bahariqushchi R, Kasap S et al. Tailoring morphology to control defect structures in ZnO electrodes for high-
performance supercapacitor devices. Nanoscale 2020; 12 (30): 16162-16172.

Cuentas-Gallegos AK, Pacheco-Catalan D, Miranda-Herndndez M. Environmentally friendly supercapacitors. In: Munoz-Rojas D, Moya X
(editors). Materials for Sustainable Energy Applications. Conversion, Storage, Transmission and Consumption. New York, NY, USA: Jenny
Stanford Publishing, 2016.

Pandolfo AG, Hollenkamp AF. Carbon properties and their role in supercapacitors. Journal of Power Sources 2016; 157 (1): 11-27.
Martinez-Casillas DC, Mascorro-Gutiérrez I, Arreola-Ramos CE, Villafan-Vidales HI, Arancibia-Bulnes CA et al. A sustainable approach to
produce activated carbons from pecan nutshell waste for environmentally friendly supercapacitors. Carbon 2019; 148: 403-412.

Kim IH, Kim KB. Electrochemical characterization of hydrous ruthenium oxide thin-film electrodes for electrochemical capacitor applications.
Journal of The Electrochemical Society 2006; 153 (2): A383.

Deng W, Ji X, Chen Q, Banks CE. Electrochemical capacitors utilising transition metal oxides: an update of recent developments. Rsc Advances
2011;1(7): 1171-1178.

Si-Heng LI, Qing-He LIU, Li QI, Le-Hui LU, Hong-Yu W et al. Progress in research on manganese dioxide electrode materials for electrochemical
capacitors. Chinese Journal of Analytical Chemistry 2012; 40 (3): 339-346.

Lokhande CD, Dubal DP, Joo OS. Metal oxide thin film based supercapacitors. Current Applied Physics 2011; 11 (3): 255-270.

Pratheepa MI, Lawrence M. Eco-friendly approach in supercapacitor application: CuZnCdO nanosphere decorated in reduced graphene oxide
nanosheets. SN Applied Sciences 2020; 2 (3): 1-12.

Dubal DP, Chodankar NR, Holze R, Kim DH, Gomez-Romero P et al. Ultrathin mesoporous RuC0204 nanoflakes: an advanced electrode for
high-performance asymmetric supercapacitors. ChemSusChem 2017; 10 (8): 1771-1782.

Ammar AU, Yildirim ID, Bakan F, Erdem E. ZnO and MZXenes as electrode materials for supercapacitor devices. Beilstein Journal of
Nanotechnology 2021; 12 (1): 49-57.

Gogotsi Y, B Anasori. The rise of MXenes. ACS Publications 2019.

Sudrez-Guevara J, Ruiz V, Gomez-Romero P. Hybrid energy storage: high voltage aqueous supercapacitors based on activated carbon-
phosphotungstate hybrid materials. Journal of Materials Chemistry A 2014; 2 (4): 1014-1021.

Goémez-Romero P, Chojak M, Cuentas-Gallegos K, Asensio JA, Kulesza PJ et al. Hybrid organic-inorganic nanocomposite materials for
application in solid state electrochemical supercapacitors. Electrochemistry Communications 2003; 5 (2): 149-153.

Cuentas-Gallegos AK, Lira-Cantu M, Casaf-Pastor N, Gomez-Romero P. Nanocomposite hybrid molecular materials for application in solid-
state electrochemical supercapacitors. Advanced Functional Materials 2005; 15 (7): 1125-1133.

Lee DY, Yoon §]J, Shrestha NK, Lee SH, Ahn H et al. Unusual energy storage and charge retention in Co-based metal-organic-frameworks.
Microporous and Mesoporous Materials 2012; 153: 163-165.

Fu D, Zhou H, Zhang XM, Han G, Chang Y et al. Flexible solid-state supercapacitor of metal-organic framework coated on carbon nanotube
film interconnected by electrochemically-codeposited PEDOT-GO. ChemistrySelect 2016; 1 (2): 285-289.

YuF, Wang T, Wen Z, Wang H. High performance all-solid-state symmetric supercapacitor based on porous carbon made from a metal-organic
framework compound. Journal of Power Sources 2017; 364: 9-15.

Wang L, Feng X, Ren L, Piao Q, Zhong et al. Flexible solid-state supercapacitor based on a metal-organic framework interwoven by
electrochemically-deposited PANI. Journal of the American Chemical Society 2015; 137 (15): 4920-4923.

Stolte S, Steudte S, Igartua A, Stepnowski P. The biodegradation of ionic liquids-the view from a chemical structure perspective. Current Organic
Chemistry 2011; 15 (12): 1946-1973.

Pérez-Madrigal MM, Edo MG, Aleman C. Powering the future: application of cellulose-based materials for supercapacitors. Green Chemistry
2016; 18 (22): 5930-5956.

183



(28]

184

YILDIRIM et al./Turk J Phys

Tuncer M, Bakan F, Gocmez H, Erdem E. Capacitive behaviour of nanocrystalline octacalcium phosphate (OCP)(Ca8H2 (PO4) 6- 5H20) as an
electrode material for supercapacitors: biosupercaps. Nanoscale 2019; 11 (39): 18375-18381.

Andikaey Z, Ensafi AA, Rezaei B. Synthesis of engineered graphene nanocomposites coated with NiCo metal-organic frameworks as electrodes
for high-quality supercapacitor. International Journal of Hydrogen Energy 2020; 45 (56): 32059-32071.

Zardkhoshoui AM, Davarani SSH. Ultrahigh energy density supercapacitors based on facile synthesized Ni, COOH-rGO/NF hybrid electrodes.
Journal of Alloys and Compounds 2018; 769: 922-931.

Tian ], Zhang A, Liu R, Huang W, Yuan Z et al. Preparation of CoS2 supported flower-like NiFe layered double hydroxides nanospheres for high-
performance supercapacitors. Journal of Colloid and Interface Science 2020; 579: 607-618.

Kumbhar VS, Lee W, Lee K. Self-assembly of NiMoO4 nanoparticles on the ordered NiC0204 ultra-thin nanoflakes core-shell electrode for high
energy density supercapacitors and efficient oxygen evolution reaction. Ceramics International 2020; 46 (14): 22837-22845.

XuJ, SunY, Lu M, Wang L, Zhang J et al. Fabrication of hierarchical MnMoO4- H20@ MnO2 core-shell nanosheet arrays on nickel foam as an
advanced electrode for asymmetric supercapacitors. Chemical Engineering Journal 2018; 334: 1466-1476.

Xing J, Du J, Zhang X, Shao Y, Zhang T at al. A Ni-P@ NiCo LDH core-shell nanorod-decorated nickel foam with enhanced areal specific
capacitance for high-performance supercapacitors. Dalton Transactions 2017; 46 (30): 10064-10072.

Cheng M, Duan S, Fan H, Su X, Cui Y et al. Core@ shell CoO@ C0304 nanocrystals assembling mesoporous microspheres for high performance
asymmetric supercapacitors. Chemical Engineering Journal 2017; 327: 100-108.

Tang Z, Tang CH, Gong H. A high energy density asymmetric supercapacitor from nano-architectured Ni (OH) 2/Carbon nanotube electrodes.
Advanced Functional Materials 2012; 22 (6): 1272-1278.

Wang H, Qing C, Guo J, Aref AA, Sun D et al. Highly conductive carbon-CoO hybrid nanostructure arrays with enhanced electrochemical
performance for asymmetric supercapacitors. Journal of Materials Chemistry A 2014; 2 (30): 11776-11783.

Zhong Y, Cao X, Liu Y, Cui L, Liu J. Nickel cobalt manganese ternary carbonate hydroxide nanoflakes branched on cobalt carbonate hydroxide
nanowire arrays as novel electrode material for supercapacitors with outstanding performance. Journal of Colloid and Interface Science 2021;
581: 11-20.



