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Abstract  Original Research Article 
 

Energy sustainability has become a pressing concern in material science due to the growing demand for scalable, 
efficient, and eco-friendly energy storage solutions. In recent times, supercapacitors have become a central focus in the 

field of advanced electrochemical energy storage system. For supercapacitor electrodes, metal-organic frameworks 

(MOFs) are one of the most talked materials due to their multiple structures, suitable functionalities, and similar metal 

centers resulting in broad applications. This review provides a comprehensive overview of the recent advancements in 
the fabrication of Nickel-based MOFs (Ni-MOFs) and Cobalt-based MOFs (Co-MOFs) and their applications as 

electrode materials in high energy supercapacitors. Ni-MOFs and Co-MOFs have garnered significant attention in 

energy storage systems due to their exceptional properties including remarkable durability, highly porous nature, high 

specific capacitance, rich active sites, robust redox activity, excellent performance, and eco-friendliness, making them 
ideal for advancing supercapacitors to meet the increasing demand for efficient electrochemical energy storage devices.  

Keywords: Nanomaterials, Metal-organic frameworks, Supercapacitor, Nickel-MOF, Co-MOF, Specific capacitance, 

Energy density, Power density. 
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INTRODUCTION 
Nanotechnology has gained significant 

attention globally, with various revolutionary 

advancements, media coverage, and investments, 

making it an important field of research. It is a versatile 

field that enables progress across various scientific 

disciplines, leading to new innovations. Its applications 
can potentially create better, cheaper, cleaner, smarter, 
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and faster products with improved manufacturing 
processes [1]. The term "nanotechnology" simply means 

"technology at the nanoscale". The word ‘‘nano’’ is 

derived from Greek term ‘‘nanos’’, which indicates a 

dwarf or something very small. A nanometer (nm) is 
equivalent to one billionth of a meter or one-millionth of 

a millimeter. Nanotechnology involves manipulating 

matter at the atomic and molecular levels within the 

range of 1 to 100 nanometers [2]. It refers to the capacity 
to control and fabricate materials at a nanoscale level, as 

well as to observe, measure, manipulate, and manage 

them while Nanoscience refers to the interdisciplinary 

field that combines materials science, physics, and 
biology to study the modification and designing of 

materials at nanoscale [3]. Nanotechnology has shown 

promising results in reducing pollution and creating 

productive and economical energy solutions. For 
instance, nanotechnology can be utilized to minimize the 

pollution generated during material production, 

manufacture affordable solar cells, and eliminate volatile 

compounds from the atmosphere. Nanotechnology is 
transforming the scientific landscape through its 

exceptional characteristics [4]. Nanotechnology is often 

linked with materials and systems that possess advanced 

chemical, physical, and biological properties due to their 
nanoscale components and structures. The progress of 

fresh theoretical and practical approaches for study, as 

well as the discovery of new materials, phenomena, and 

processes at the nanoscale, give new opportunities for the 
advancement of imaginative nanostructures in the 

materials and nano systems [5]. 

 

1.1. The Imaginative Pioneers of Nanoscience 

Nowadays, nanoparticles (NPs) have gained 

considerable interest due to their numerous applications 

in different fields. The roots of nanoscience were laid in 

1950s to 1960s, a period when scientist began examining 
materials at molecular and atomic levels. In 1959, during 

a conference held by the American Physical Society, 

Richard Feynman gave a talk called "There's Plenty of 

Room at the Bottom" at the California Institute of 
Technology (Caltech) [6]. In his research, he proposed 

the concept that weaker micro-level forces such as Van 

der Waals and gravity become dominant at the 

nanoscale, while significant effects of other forces are 
negligible. This talk is often cited as a seminal moment 

in the history of nanoscience and nanotechnology. 

During the 1970s, the progress made in microscopy and 

other technologies allowed scientists to observe and 
control materials at the nanoscale with greater accuracy. 

In 1974, Norio Taniguchi coined the term 
‘‘nanotechnology’’ into the scientific community. Erie 

Drexler wrote his first book "Engines of Creation: The 

Coming Era of Nanotechnology" in 1985. The United 

States initiated its first nanotechnology program under 
the National Science Foundation in 1991 and it was 

approved in 2001. China, South Korea, Japan, Germany, 

and other nations are increasingly focusing on the 

development of nanotechnology. Numerous fields of 
research have benefited from the use of nanotechnology 

to enhance various goods [7]. 

 

1.2. Classes and applications of nanomaterials 

Nanostructured material plays a crucial role as 

a fundamental component within the realm of 

nanotechnology. The chemical and physical features of 

nanostructured materials, also known as nanomaterials, 
are strongly influenced by their morphology, or shape. 

There are four main classes of nanostructured materials, 

which include organic, inorganic, carbon-based, and 

composite materials. The categorization of 
nanostructures by dimensions was redefined by Pokro-

pivny and Skorokhod. These structures were divided into 

four categories based on their size named as 0D, 1D, 2D, 

and 3D [5]. 
 

Nanotechnology relies on a variety of 

nanomaterials that differ in their nature, size, and 

morphology such as nanoparticles (NPs), nanospheres, 
nanocomposites, nanoflakes, nanotubes (NTs), and 

nanowires (NWs). Nanoparticles (NPs) are tiny 

materials, usually measuring between 1 to 100nm, and 

can be categorized based on their properties, dimensions, 
and shapes [8]. Common classes of NPs include carbon-

based, lipid based, polymers, semiconductor, and 

ceramics. NPs have a significantly greater surface area 

compared to larger particles, which enables them to 
interact with various chemical groups, increasing their 

chemical affinity [9]. The morphological features of NPs 

are highly significant as they determine the major 

properties of NPs. NPs have many applications in the 
field of biomedical and pharmaceuticals. NPs are widely 

utilized in industrial applications, like lubricants, 

adhesives, and coatings owing their exceptional 

mechanical properties, including high Young's modulus, 
strain, and stress capabilities. NPs have various 

applications in the field of photodegradation, and many 

nanomaterials are used for this purpose as demonstrated 

in Fig. 1. Additionally, NPs are utilized in energy storage 
systems at the nanoscale in various ways [10]. 
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Fig 1: Applications of nanomaterials in different fields 

 

1.3. Properties of nanomaterials 

The nanoscale size of nanomaterials leads to 

remarkable chemical and physical properties, such as 
magnetism, optical absorption, electrical and thermal 

conductivity, fluorescence, melting point, and catalytic 

activity, that differ significantly from their bulk 

counterparts. Structuring materials at the nanoscale can 
lead to a wide range of property adjustments [11]. 

 

Table 1: Variable properties and examples of Nanomaterials 

Characteristics Examples 

Electrical Enhanced electrical conductivity in magnetic nanocomposites and ceramics, along with higher 

resistance in metals 

Mechanical Enhanced alloy’s resilience and hardness, as well as increased ceramic 
ductility and superplasticity. 

Sterical Optimized selectivity, hollow spheres for targeted drug delivery, with regulated release capabilities.  

Catalytic Improve catalytic performance with higher surface area relative to volume 

Magnetic Elevated magnetic properties up to a particular grain size, leading to superparamagnetic effect  

Biological Improved biocompatibility and enhanced permeability via biological 

barriers. 

Optical Improved semiconductor crystal’s quantum efficiency, attributed to changes in fluorescence and 

optical absorption qualities. 

 

2. Metal-Organic Frameworks (MOFs) 

Discovering novel materials that exhibit higher 

stability and efficacy is a challenging task in the 

advancement of storage systems and sustainable energy 

conversion technologies. MOFs are the class of porous 
materials made up of metal ions or clusters that are linked 

with organic ligands, creating a 3D crystalline structure. 

Usually, MOFs are composed of organic ligands that 

have two or more binding sites that coordinate with metal 
ions, forming a well-organized network with high 

surface area and pore volume [12-14]. These porous 

crystalline materials have a unique structure where the 

metals are arranged in a closed position, creating a rigid 
and porous geometry that is held together by various 

organic groups (Fig 2). Due to their flexible structure, 

controllable pore size, and large surface area, MOFs have 

wide range of applications in different fields including 
separation [15, 16], sensing [17, 18], gas storage and 

adsorption [19, 20], catalysis [21, 22], drug delivery [23, 

24], luminescence [25, 26], molecular recognition [27], 
and energy storage [28-30]. The 3D porous and tunable 

channels of MOFs make them highly useful for 

separation, storage, and molecular conversion based on 

their dimensional properties. In general, MOFs can be 
classified as a type of coordination polymer family. 

However, MOFs are more specific as compared to 

coordination polymers due to their porous structural 

crystalline networks in two or three dimensions. MOFs 
are sometimes called porous coordination polymers 

(PCPs) because of their porous nature and coordination 

polymer structure [31]. 

 
The pores in MOFs provide an immense 

internal surface area, estimated to be around 7800 square 

meters per gram of MOF, which is enough to cover an 

entire football ground. Besides much larger internal 
surface areas, MOFs have an advantage over zeolites due 

to their ability to modify organic units in a predictable 

Applications of Nanomaterials:

Biomedical & Health care

Construction materials

Electronics and Energy storage

Renewable energy

Food packing and processing

Environmental remediation
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manner to create materials that are customized for 
specific applications. Recently, researchers have made 

significant efforts to improve the stability of MOFs. 

Enhancing the stability of MOFs can expand their 
practical applications [32]. 

 

 
Fig 2: Representation of MOF building blocks and resulting porous, crystalline structure 

 

2.1 Historical developments 

The idea of using organic ligands to coordinate 

metal ions and create extended networks was initially 

proposed during the 1960s. Coordination polymers 

fabricated using di- and tetratopic carboxylic acid linkers 
coordinated to di-, tri-, or tetravalent metals were first 

reported by Tomic in 1965 [33]. He studied the thermal 

stability of these polymers and found that it was linked 

with both the valency of the metal and the binding sites 
on the linker. Hoskins and Robson suggested that a vast 

array of scaffold-like materials could be fabricated, 

adjusted, and potentially beneficial [34]. The first report 

on MOFs was published by Leonard MacGillivray and 
Michael L. Gross in the journal Science where they 

synthesized a porous 1D coordination polymer of copper 

(II) ions and 4,4'-bipyridine. Yaghi et al., later formed a 

3D crystalline material by using hydrothermal synthesis 
technique and introduced the term MOF [35]. At the 

same time, Kitagawa et al., conducted research on the 

potential of MOFs for the storage of methane gas [36]. 

During the 2000s, the field of MOFs grew rapidly with 
the discovery of numerous new materials and 

applications. Over the years, the field of MOFs has 

continued to grow and diversify. Researchers have made 

significant advancements in comprehending the 
fundamental properties of MOFs, including their 

stability and mechanical characteristics, and have 

devised new techniques for synthesizing and 

functionalizing MOFs. 
 

2.2 Structural aspects of MOFs 

The primary building units (PBUs) and 

secondary building units (SBUs) define the structural 
characteristics of MOFs. Within MOFs, PBUs and SBUs 

are distinct levels of organization that contribute to the 
distinctive properties and functionalities of these 

materials.  

 

2.2.1. Primary building units (PBUs) 

Primary building units (PBUs) are the essential 

building blocks of MOFs, consisting of an organic ligand 

linked to individual metal ion or network of metal ions. 

Metal ion or cluster acts as the basic coordination site, 
whereas the organic ligands act as the coordination bonds 

that connect the PBUs to form the MOF framework. The 

arrangement of metal ions decides the structure, 

geometry, and dimension of the pores in MOFs. These 
organic compounds and metal ions which are utilized in 

the development of MOFs are known as the Primary 

Building Units of MOFs. Transition metal ions from the 

first row such as Co2+, Fe3+, Cr3+, and Zn2+ are commonly 
used as connectors in the construction of MOFs. 

Examples of common PBUs include octahedral, 

tetrahedral, and trigonal prismatic coordination 

geometries [37]. 
 

2.2.2. Secondary building units (PBUs) 

SBUs are larger units that are formed when two 

or more PBUs coordinate through metal-ligand bonds. 
The overall architecture of a MOF is determined by the 

connectivity and arrangement of SBUs, which can be 

formed by identical or different PBUs. Designing and 

engineering the properties of MOFs frequently involve 
the use of SBUs to control factors such as pore size, 

stability, and capacity for gas adsorption. Examples of 

common SBUs include Linear SBUs, Planar SBUs, and 

Cage-like SBUs [38]. 
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2.3. Synthetic technologies of MOFs 

MOFs are synthesized via hydrothermal, 

solvothermal, sonochemical, chemical vapor deposition, 

mechanochemical, and solvent-free methods. The 

majority of these techniques are carried out in a liquid 
medium, where the inclusion of a solvent allows for 

easier mixing and organization of metal salts and organic 

ligands, resulting in the formation of well-structured and 

crystalline arrangements. Choosing an appropriate 
solvent is crucial as it plays a significant role in 

determining the synthesis conditions such as reactivity, 

stability constant, solubility, and redox potential. These 

factors are important in achieving the desired outcome of 
the synthesis process [39]. The complete schematic 

representation of synthesis techniques is shown in Fig 3. 

 

 
Fig 3: Schematic representation of various synthetic techniques of MOFs 

 

3. Nickel Nanomaterials 

Nickel was actually discovered by Axel Fredrik 

Cronstedt in 1751. Nickel is a transition metal that 

appears as a shiny metallic silver in its pure form. It is 

hard and ductile, and it has a slow rate of oxidation, 
which gives it good corrosion resistance. The crystal 

structure of nickel is face-centered cubic (FCC), which 

is frequently observed in other metallic elements. The 

lattice parameter of nickel is about 0.352nm and its 
density is about 8.908 g/cm3. Nickel atoms are bonded 

together primarily through metallic bonding, where 

valence electrons are shared among all the atoms in the 

crystal lattice. Due to the presence of metallic bonding, 
nickel possesses a high melting point, electrical 

conductivity, and ductility. Nickel has an atomic radius 

of about 0.124 nm, which falls between the atomic radii 

of iron and copper. Nickel can exist in various oxidation 
states ranging from -2 to +4. The most stable and 

common oxidation states of nickel are +2 and +3 [40]. 

 

Nickel metal-organic frameworks (Ni-MOFs) 
refer to a group of porous materials that composed of 

metal nodes, often nickel ions, and organic ligands that 

are linked together through coordination bonds to form a 

3D network structure. The formation and properties of 
Ni-MOFs are significantly influenced by the distinctive 

characteristics of nickel, including its coordination 

chemistry, oxidation states, and electronic properties. 

Coordination bonds that form in a Ni-MOF can either be 
covalent or electrostatic, and the potency of these bonds 

can impact the stability and porousness of the resulting 

material. Due to their inexpensive cost, good abundance, 

improved catalytic activity, and electrochemical 
characteristics, nickel (Ni) ions are a widely used 

transition metal ion of interest. Ni-based MOFs are also 

used in different types of applications such as 

electrochemical sensing, drug delivery, electrical energy 
storage, and electrocatalysis [41]. 

 

4. Cobalt nanomaterials 

Cobalt (Co) can be obtained from various types 
of ores, including cobaltite, erythrite, glaucodot, and 

skutterudite. The electronic configuration of cobalt is 

(Ar) 3d7 4s2. Cobalt possesses several distinct properties 

that make it valuable in numerous applications. Cobalt is 
a metallic element that has a hard, shiny, and silver-white 

appearance. It is ferromagnetic, which means it can be 

magnetized and has a high MP and BP of 1495°C and 

V
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2870°C, respectively. These include its magnetic 
properties, high-temperature stability, and catalytic 

activity. Cobalt is known for its remarkable mechanical 

characteristics including high tensile strength, good 

thermal conductivity, and impressive corrosion 
resistance. In addition, cobalt is also known for its 

catalytic activity and biocompatibility, which makes it a 

valuable material for various applications. Nanoscale 

Cobalt Particles usually have surface area between 30-70 
m2/g and a size range of 20-60 nm. Cobalt is a well-

known element that has been used for centuries to 

produce brilliant blue pigments for coloring paint and 

glass. Cobalt is also known for its ferromagnetic 
characteristics and it is used in the fabrication of high-

strength superalloys. Co-60 is a radioactive isotope that 

has commercial importance and can be used as a source 

of gamma rays and as a tracer material [42]. 
 

At room temperature and atmospheric pressure, 

cobalt exhibits a face-centered cubic (FCC). Under high 

pressure, cobalt can undergo a phase transformation and 
adopt a hexagonal close-packed (HCP) crystal structure. 

Cobalt is a ferromagnetic material, which means that it 

retains a magnetic field even when no external magnetic 

field is present. The magnetic properties of cobalt are due 
to the alignment of electron spins in its atoms. Due to the 

presence of 27 protons in its nucleus, cobalt has a higher 

atomic number, which results in a greater electron 

density in its outermost electron shell [43].  
 

5. Supercapacitors 

The increasing global concern about 

environmental pollution and energy scarcity has led to a 
rising demand for sustainable and renewable sources of 

energy. Solar, wind, and tidal energy are some examples 

of clean energy sources that are gaining popularity as 

alternatives to traditional fossil fuels. These energy 
sources are typically converted into electricity for 

storage and future use. To meet the required efficiency 

levels, various types of electrical energy storage systems 
are being developed. Supercapacitors (SCs) have been 

given significant attention among these devices due to 

their charge and discharge capabilities, power density, 

and cycling stability [44]. A supercapacitor typically 
consists of three main components: a high surface area 

electrode, a separator (which serves to prevent short 

circuits among two electrodes) and an electrolyte (which 

can be aqueous or organic). To determining the 
performance of a supercapacitor the electrode is a crucial 

element [45]. It can be seen that SCs have an electrical 

storage capacity many times greater than that of fuel cells 

and batteries. They demonstrate efficient and speedy 
charging and discharging capabilities, with a significant 

amount of power released. This feature has drawn the 

attention of researchers in energy storage field. The 

performance and properties of supercapacitors are 
influenced by their material composition, and several 

potential materials have already been utilized, including 

pristine carbon-based materials like graphene, as well as 

active carbon, conductive polymers [46]. 
 

Currently, there is a significant amount of 

scientific research being conducted on supercapacitor 

devices. These devices can be divided into two 
categories based on the electrode material and 

charging/discharging mechanism [47]. 

• The electrical double-layer capacitor (EDLC)  

• Pseudo-capacitors 

 

EDLC relies on the electrostatic interactions 

between the electrolytic ions and the conductive surface 
of the electrodes to save energy. While Pseudo-

capacitors primarily rely on faradaic reactions, which 

involve oxidation-reduction reactions, intercalation 

processes, and electro-sorption through electron charge 
deliver among the electrodes and electrolyte (Fig 4). 

 

 
Fig 4: Schematic demonstration of capacitor type; (a) EDLC, (b) pseudocapacitor, (c) conventional capacitor [48] 
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5.1 MOF as a supercapacitor 

In recent years, valuable research work has been 

focused on investigating MOFs as potential electrode 

materials for SCs. This is because MOFs possess redox-

active metal ions and large surface areas that makes them 
promising candidates for use in supercapacitors. 

Sundriyal et al., have suggested that utilizing electrode 

material in supercapacitors can be advantageous when 

using MOFs. These advantages include their ability to 
provide extremely high porosity, adjust the distribution 

of pore sizes, undergo convenient synthesis, and exhibit 

robust structural adaptability [45]. The exceptional 

properties of MOFs have drawn valuable attention for 
their potential in SCs advancements in recent times. 

Additionally, MOFs have the capability to be combined 

with various other materials, including metal 

nanoparticles, metal oxides, polyoxometalates, carbon-
based materials, and polymers to create composites with 

enhanced properties [46]. MOFs are composed of 

organic linkers like imidazole and carboxylic acids and 

different metal ions including Fe, Co, Ni, Zn, Mn, etc. 
that have been used for many applications including 

memory backup devices, consumer electronics, and 

energy storage devices [49]. Díaz et al., were the first to 

investigate the supercapacitive behavior of a pure or 
pristine MOF, specifically Co8-MOF-5. However, the 

results showed that Co8-MOF-5 had a very low specific 

capacitance [50]. Following this initial study, Yaghi et 

al., examined 23 different nanocrystalline MOF 
materials as potential electrode materials for 

supercapacitors. Their findings revealed that the Zr-

MOF exhibited a higher areal capacitance than 
commercially available activated carbon, indicating the 

promising potential of MOFs for supercapacitor 

applications [51].  

 
6. Nickel and Cobalt MOF for supercapacitors 

6.1. Pristine Nickel MOFs  

MOFs based on transition metals, especially Ni-

MOF, have garnered considerable interest in energy 
storage systems due to flexible structures, extensive 

surface area, and organized meso-porosity, which 

distinguish them from other MOFs [52]. Over the past 

several years, extensive studies have demonstrated that 
Ni-MOFs are excellent precursors for active materials in 

energy storage systems. While pristine Ni-MOFs may 

not provide adequate electronic conductivity when used 

as electrodes, their large specific surface area (SSA) and 
uniform pore structure can enhance electron and ion 

transport. Compared to pure MOFs, Ni-MOF-derived 

structures exhibit a substantial improvement in electrical 

conductivity while maintaining high SSA [45]. To date, 
a wide array of Ni-MOF nanostructures has been 

synthesized through diverse chemical methods and 

reaction conditions, for example, Khan et al., [53] 

developed Ni-MOF by hydrothermal approach utilizing 
terephthalic acid as an organic ligand which exhibited a 

specific capacitance (Cs) of 565.32 Cg-1 at a current 

density of 1.2 Ag-1. Moreover, the assembled asymmetric 

supercapacitor (ASC) device demonstrated remarkable 
energy density (ED) and power density (PD) which were 

45.56 Whkg-1 and 850 Wkg-1, respectively (Fig 5). 

 

 
Fig 5: Schematic illustration and electrochemical performance of Ni-MOF. Reproduced with permission from 

Ref. [53]. Copyright 2024, Elsevier 
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Furthermore, Bhoite et al., [54] designed thin 
films of binder free Ni-MOF by utilizing solvothermal 

method. These nanosheets like fabricated MOF 

showcased excellent electrochemical performance by 

achieving a Cs of 850.42 Fg-1 at 1 mAcm2. Additionally, 
Ni-MOF electrode exhibited an impressive ED of 18.66 

Whkg-1 at a PD of 1671 Wkg-1. Wang et al., [55] 

presented a novel method for synthesizing composite 

NiO/Ni-MOF electrodes for supercapacitors. The 
amount of H2BDC was dissolved in hydrothermal 

approach that was found to be able to conveniently tune 
the conversion degree of NiO/Ni-MOF (Fig. 6). It was 

used to produce an ASC, which had a high degree of 

cyclic stability and a higher ED of 31.3 W h kg⁻¹ at a PD 

of 374.2 W kg⁻¹. These results highlight Ni-MOF as 
well-designed and environmentally friendly option for 

electrode materials in next-generation energy systems, 

contributing to the development of sustainable energy 

technologies.  

 

 
Fig 6: Device fabrication and capacitance retention of NiO/Ni-MOF electrode. Reproduced with permission from 

Ref. [55]. Copyright 2021, American Chemical Society 

 
6.2. Pristine Cobalt MOF  

Cobalt, being transition metal, offers redox 

active sites and is an ideal choice for designing MOFs 

with excellent electrochemical performance. 
Additionally, the diverse oxidation states of cobalt 

contribute to surface redox reactions, providing better 

electrochemical activity compared to other MOF-based 

materials. Ramachandran et al., [56] investigated the 
systematic synthesis of Co-MOFs in various solvents and 

mixtures by using the solvothermal approach. The Co-

MOFs were characterized for detailed information about 

their crystal nature by XRD, morphology by FESEM, 
and porosity by BET. In 3M KOH, the electrochemical 

characteristics of Co-MOFs were examined for SCs as an 

electrode material (Fig 7(a)). At a current density of 2 

Ag-1, Co-MOF can reach a maximum Cs of 958.1 Fg-1 at 

2 Ag-1. Even after 3000 cycles, the capacitance retention 

was kept at a high level of 92.3%. Moreover, Zheng et 

al., [57] used one-pot hydrothermal synthesis method by 
a facile surfactant-assisted to prepare ultrathin 2D Co 

based MOF nanosheets (NS). Due to their extraordinary 

thinness, the resulting 2D Co based MOF had 

exceptional electrical and optical transparency. For 
improved capacitance and stability, their distinctive 

nanostructures made them suitable choices for high-

performance supercapacitors. More significantly, the 

electrode maintains 96.7% of specific capacitance and 
shows very minimal capacitance decay after 6000 cycles 

(Fig 7(b)). 
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Fig 7: (a) Charge storage mechanism of Co-MOF. Reproduced with permission from Ref. [56], Copyright 2018, 

Elsevier. (b) Synthesis illustration and Retention of Co-MOF. Reproduced with permission from Ref. [57], 

Copyright 2019, Elsevier. 

 

6.3. Nickel and Cobalt MOF-based composites (NiCo-

MOF) 

The drawbacks of having a single metal active 

site and limited electrical conductivity lead to the poor 

performance of single MOF materials in supercapacitor. 

Compared to monometallic MOFs, bimetallic MOFs 
offer quicker redox retraction, leading to improved 

stability on the applications of supercapacitor. The 

synergistic interaction between bimetallic ions improves 

ion and electron transport, while tuning the properties of 
different metal ions can enhance the electrochemical 

performance of MOF materials for energy storage. For 

example, Zhou et al., [58] developed Ni/Co-MOF-NPC 

derived from Nickel and Cobalt which showed unique 
structural characteristics and outstanding 

electrochemical efficiency and had the best choice for 

electrode material. In a three-electrode test system, CoO 

had a Cs of only 104.3 Fg-1 at 1 Ag-1. However, the 
fabricated material exhibited a Cs of 1214 Fg-1, that was 

significantly higher than CoO. Even after 6000 cycles at 

a current density of 10 Ag-1, the capacitance of the 

electrode still retained 98.8% of its initial value. The 

device also demonstrated an extremely maximum ED of 
55.4 Whkg-1 at a PD of 758.5 WKg-1 and retained a stable 

performance over a long period of cycling. Liang et al., 

[59] fabricated a series of bimetallic MOFs by using a 

hydrothermal method that possessed a layer-and-channel 
frameworks (Fig 8). The capacitive behavior of the 

bimetallic series of NinComMOFs was remarkable due to 

the combined effect of Ni and Co. Ni1Co1MOF showed 

exceptional capacitive performance with a capacitance of 
up to 1333 Fg-1 at 2 Ag-1. Moreover, even at 10 Ag-1, it 

maintained 83% of its capacitance, that was greater than 

the equivalent monometallic MOFs. An ASC was 

assembled by pairing Ni1Co1MOF with activated carbon 
(AC). The device demonstrated a remarkable 

capacitance of 97 Fg-1 when tested at 0.5 Ag-1. The ASC 

device demonstrated a maximum ED of 28 Whkg-1 at a 

PD of 444 Wkg-1. The electrochemical properties of the 
bimetallic MOFs made them a promising material for 

supercapacitor electrodes. 
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Fig 8: Fabrication of NinComMOFs and comparative capacitance graph. Reproduced with permission from Ref. 

[59], Copyright 2021, Elsevier 

 

Chen et al., [60] synthesized the Ni/Co-MOFs 

via etching Ni-based MOF microspheres in cobalt nitrate 

mixture and found that the amount of Co (NO₃)₂ and 
etching time played a critical role in their formation. The 

optimized material showed high capacitance at different 

current densities when utilized as electrode materials for 

SCs. The highest capacitances were achieved by the 
optimized Ni/Co-MOF-5, with values of 986.7 Fg-1 and 

1220.2 Fg-1 observed with current densities of 10 Ag-1 

and 1 Ag-1, respectively. The resultant Ni-Co-S electrode 

performed better after sulfurization, with specific 
capacitances of 1377.5 Fg-1 at 1 Ag-1. When the current 

density was raised to 10 Ag-1, the electrode showed a 

retention of 89.4%, indicating better rate capacity. Both 

the synthesized materials demonstrated exceptional 
cycling stability, retaining approximately 87.8% and 

93.7% of their initial capacitances, respectively. Wang et 

al., [61] prepared three-dimensional Co-doped Ni-based 

MOF by hydrothermal method. The addition of Co 
enhances the electrochemical characteristics of Ni-MOF, 

most special Co2-Ni-MOF. Links between the electrolyte 

ions and active sites were facilitated by the 3D flower-

like microspheres that showed Co doping has an open 

hierarchical structure. At 1 Ag-1, it has an outstanding 
rate performance and a notable specific capacitance of 

1300 Fg-1. After 3000 cycles, the Co2-Ni-MOF 

capacitance still holds 71% of its initial capacitance. The 

increased conductivity was caused by the combined 
impact of both Co2+ and Ni2+ ions. Moreover, the ASC 

device (Co2-Ni-MOF//AC) showcased a remarkable Ed 

of 25.92 Whkg-1 at a PD of 375 Wkg-1. 

 
Combining MOFs with conductive material can 

also enhance their electrochemical performance. 

Rahmanifar et al., [62] reported the novel method for 

synthesizing water-stable Ni-based and Co-based MOFs, 
along with a composite material composed of reduced 

graphene oxide (rGO). The Ni/Co-MOF-rGO 

nanocomposite exhibited a specific capacitance of 860 

Fg-1 at 1 Ag-1, indicating high performance (Fig 9). The 
ASC device demonstrated an excellent ED (72.8 Whkg-

1) and PD (850 Wkg-1) 
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Fig 9: The electrochemical performance of Ni/Co-MOF-rGO. Reproduced with permission from Ref. [62], 

Copyright 2018, Elsevier 

 

Table 2: Electrochemical performance of NiCo-based MOFs 

Electrode Material Specific 

Capacitance (Fg-1) 

Retention (%) Energy density 

(Whkg-1) 

Power density 

(Wkg-1) 

Refs. 

NiCo2-MOF 1070 91.1 % after 5k cycles 17.97 1075 [63] 

NiCo-MOF//AC 1348 67 % after 10k cycles 46.6 800 [64] 

Ni/Co-MOF 1-3 1230.3 92.1 % after 6k cycles 116 795 [65] 

NiCo-MOF//AC 927.1 64.4 % after 200 bends 28.5 400.5 [66] 

Ni2Co-MOF//AC 1074.5 Cg-1 79 % after 5k cycles 66.1 800 [67] 

NiCo-MOF: 8:2/rGO 113 97.7 % after 10k cycles 40 800 [68] 

NiCo-MOF/rGO//AC 1320 90.6 % after 5k cycles 39.82 359.70 [69] 

Co-Ni/rGO//3D rGO 5229 87.4 after 10k cycles 39.58 208.3 [70] 

 

7. CONCLUSION 
This review paper emphasis the significant 

advancements in energy storage applications driven by 

Ni-MOF and Co-MOF nanoparticles. An in-depth 

examination of electrochemical performance of Ni-MOF 

and Co-MOF and their composite materials with 
conductive materials were carried out, with particular 

attention to the role of each component in improving the 

overall electrochemical efficiency. The scientific 

community is excited about the rapid progress being 
made in the development of agile and highly efficient Ni-

MOF and Co-MOF- based nanocomposites for 

supercapacitor electrodes, foreseeing that the upcoming 

energy storage and conversion devices will be 
economically viable in the near future, contributing to 

solving global energy issues.  
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