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Cerium Metal-Organic Framework Composites 
for Supercapacitor Energy Storage

Ruhani Bawejaa, Sanjeev Gautamb, Navdeep Goyalc

Abstract: Supercapacitors have emerged as efficient energy 
storage devices, offering high power density, long cycle life, and 
rapid charge-discharge capabilities. Advanced materials such as 
carbon nanotubes (CNTs) and graphene oxide (GO) stand out 
due to their exceptional electrochemical properties, including 
open structures and chirality, with capacities ranging from 300 
to 1300 mAh g–1. However, the search for cost-effective and 
highly conductive materials continues to challenge researchers. 
Metal-Organic Frameworks (MOFs) have surfaced as strong 
candidates due to their vast surface area, inherent conductivi-
ty, and affordability. Nonetheless, the relatively low conductivity 
of pristine MOFs necessitates composite integration for op-
timal performance. This review focuses on cerium-based MOF 
(Ce-MOF) composites, analyzing their structural and electro-
chemical properties. Key aspects, including synthesis methods, 
structural characterization, and electrochemical evaluation 
through cyclic voltammetry and galvanostatic charge-discharge 
techniques, are discussed in detail. The integration of functional 
composites into MOFs enhances cycling stability and minimizes 
capacitance loss over extended use. This review aims to inspire 
further research into Ce-MOF composites, underscoring their 
potential as high-performance materials for supercapacitor 
applications. 
Keywords: Metal-organic framework (MOF); CeO2; Carbon nano-
tubes (CNTs); Graphene oxide (GO); Capacitance.

1. INTRODUCTION

The escalating global demand for electrical energy has intensified the 
consumption of fossil fuels and other non-renewable resources, posing 
critical sustainability challenges. This surge underscores the urgent 
need to transition toward renewable energy solutions, including so-
lar, wind, and hydroelectric power (Fauzi et al., 2022; Gautam et al., 
2023). Advanced methodologies, such as ion implantation (Kaur et al., 
2022) and nanomaterial doping (Kaur et al., 2023), have significantly 
enhanced solar cell efficiency, addressing these growing energy de-
mands. These innovative energy technologies not only offer substan-
tial energy storage capacity but also exhibit robust cyclic performance, 
making them suitable for diverse applications (Tang et al., 2018).

The growing reliance on energy storage technologies has elevat-
ed the importance of batteries, with lithium-ion (Li-ion) batteries 
emerging as a dominant solution. These batteries have revolutionized 
portable electronics, electric vehicles, and renewable energy systems 
through their high energy density and compact designs. A prominent 
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application is the Hybrid Electric Vehicle (HEV), 
which integrates a battery, an electric motor, and 
a combustion engine to optimize fuel efficiency 
(Smith et al., 2010). Despite their widespread adop-
tion, conventional Li-ion batteries face inherent 
limitations, including restricted power output and 
finite cycle life (Subramanian et al., 2020). In con-
trast, supercapacitors have attracted substantial in-
terest as complementary energy storage devices, of-
fering remarkable attributes such as superior power 
density, rapid charge-discharge rates, and extended 
operational lifetimes (Wang et al., 2021). They of-
fer a potential alternative to batteries by combining 
the high specific power of an electrolytic capacitor 
with the high specific energy of a battery. Super-
capacitors store energy primarily in the form of an 
electrical double layer, enabling them to be recycled 
millions of times and providing longer lifespans 
compared to batteries (Nikolaidis et al., 2017).

The increasing demand for energy storage devic-
es with rapid charge-discharge rates and extended 
cycle lives has spurred interest in advanced capac-
itors. Supercapacitors stand out as unique energy 
storage devices, leveraging membranes for ion mo-
bility to achieve superior energy and power densities 
(Teffu et al., 2021). Their remarkable attributes posi-
tion them as critical components in applications such 
as electric vehicles, renewable energy systems, and 
portable electronics (Ramineni et al., 2022). Despite 
their promise, enhancing energy and power densities 
in supercapacitors remains a pivotal challenge tied 
to the choice of electrode materials. Addressing this, 
researchers have explored diverse materials—in-
cluding metal oxides, hydroxides, conducting poly-
mers, ferrites, and sulfides—that exhibit favorable 
electrochemical properties for use in pseudocapaci-
tors (Tiwari et al., 2020; Sharma et al., 2019).

To enhance electrode efficiency, combining 
metallic and non-metallic materials with opti-
mized morphologies has proven effective, signifi-
cantly boosting supercapacitor capacitance (Yuan 
et al., 2009). For example, reduced graphene oxide 
(rGO) demonstrates a notable specific capacitance 
of 684 Fg−1 (Padmanathan et al., 2014), which can 
increase tenfold through platinum (Pt) doping (Cao 
et al., 2021). Carbon-based materials like graphene 
and carbon nanotubes (CNTs) are widely used in 
electric double-layer capacitors (EDLCs) due to 
their vast surface area, high porosity, and excellent 
electrical conductivity (Wang et al., 2012). Tran-
sition metal oxides such as MnO2 and NiO2 offer 
high capacities, simple synthesis routes, favorable 

structures, and robust electrochemical properties. 
However, challenges such as cost, toxicity, limited 
electrical conductivity, and reduced long-term sta-
bility persist, necessitating the search for superior 
electrode materials (Wang et al., 2019; Prasanna 
et al., 2015). 

Supercapacitors surpass batteries in power den-
sity while offering compact size and lightweight 
designs. Rather than replacing batteries, they com-
plement them, with supercapacitors providing high 
power output but lower energy-to-weight ratios, 
while batteries excel in energy storage but deliver 
lower power levels (Gautham et al., 2019). To ad-
dress challenges such as low energy density and high 
self-discharge rates in supercapacitors, materials 
like carbon-based compounds and conducting poly-
mers are utilized. Conducting polymers, in partic-
ular, outperform carbon materials in conductivity, 
capacitance, and cost-effectiveness. The prevalent 
n-p polymer configurations enable enhanced ener-
gy storage and mechanical robustness. However, 
limitations such as reduced pseudocapacitor perfor-
mance in n-doped conducting polymers highlight 
areas requiring further development (Sharma et al., 
2020). To overcome these limitations, researchers 
are moving towards metal oxides as they show bet-
ter capacitance than both carbon-based materials 
and conducting polymer materials (Sharma et al., 
2020), and have lower values of equivalent series 
resistance (ESR).

Some instances of metal oxides are ruthenium, 
nickel or manganese oxide and among them, manga-
nese oxide is highly preferred because of lower cost. 
The capacitance and energy density of supercapaci-
tor electrodes can also be improved by methods such 
as surface modification which includes heteroatom 
doping and also by compounding with other materi-
als like combining graphene and carbon nanotubes 
(Bellani et al., 2019). Cong et al. developed superca-
pacitors (SCs) using a combination of graphene and 
polyaniline (PANI). These SCs exhibited a remark-
able capacitance of approximately 763 Fg−1 at 1 Ag−1 
in 1M H2SO4, surpassing the capacitance values of 
the individual components, PANI (520 Fg−1) and 
graphene (180 Fg−1) (Cong et al., 2013).

Metal-Organic Frameworks (MOFs) have also 
emerged as highly promising materials for super-
capacitor electrodes. Their exceptional properties, 
such as large surface area, tunable pore sizes, and 
the incorporation of redox-active metal centers, 
enable MOFs to exhibit excellent electrochemical 
performance in supercapacitor devices (Zhao et al., 
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2016). Furthermore, when employed directly as elec-
trode materials, bare MOFs, with the inclusion of 
pseudocapacitive redox centers, can provide a great-
er number of active sites and expedite ion transport 
between the electrode and electrolyte (Wang et al., 
2016). However, the limited flexibility of MOFs and 
materials derived from them in terms of electrolyte 
compatibility can lead to reduced stability during 
the charge/discharge process and this issue has been 
recognized as a significant limitation in superca-
pacitor applications (Yang et al., 2014). Fortunately, 
MOFs can be effectively combined with various oth-
er materials, including carbon-based materials, met-
al nanoparticles, metal oxides, polyoxometalates, 
and polymers. This integration retains its exception-
al attributes of high surface area and pore structure 
while addressing the issue of low conductivity typi-
cally associated with pure MOFs. For instance, Wen 
et al., introduced a Ni-MOF/CNT composite for su-
percapacitor applications, achieving an impressive 
energy density of 36.6 Whkg−1 (Wen et al., 2015). In 
a separate study, Saraf et al. investigated the electro-
chemical characteristics of Cu-MOF combined with 
reduced graphene oxide (rGO). Their findings high-
lighted a significant improvement in the capacitance 
behavior of Cu-MOF and exceptional cyclic sta-
bility upon the addition of rGO (Saraf et al., 2016). 
These combinations of MOFs with carbon materials 
not only facilitated the efficient utilization of active 
sites during electrochemical performance but also 
synergistically enhanced mechanical strength and 
electrical conductivity. 

The combination of MOFs with transition met-
als such as cobalt, nickel, copper makes it better 
electrode materials for supercapacitor applications 
and the specific capacitance obtained for such 
MOFs ranges from 206.76 Fg−1 to 2564 Fg−1 (Yang 
et al., 2017). In comparison to transition metal-con-
taining MOFs, there has been relatively little ex-
ploration of lanthanide MOFs as materials for su-
percapacitor electrodes. To exemplify, Ghosh et al. 
determine the specific capacitance of different lan-
thanide MOFs like MOF-Ce, MOF-Pr, and MOF-
Nd to be 572 Fg−1, 399 Fg−1, and 360 Fg−1, respec-
tively at a current density of 1 Ag−1. This proves 
Ce-MOF to be a better material for supercapacitor 
electrodes as it also found to have better retention, 
which is 81%, after the completion of 5000 cycles, 
in comparison to other which have 74% and 50%, 
respectively (Ghosh et al., 2019). Moreover, incor-
porating metal or metal oxide nanoparticles into 
MOFs enhances the pseudo-capacitance property of 

MOFs by augmenting the number of available re-
dox centers. To exemplify, the composite of MOF 
with ceria, known as cerium oxide metal-organic 
frameworks (CeO2‑MOFs), has attracted significant 
attention due to their unique properties and the po-
tential to enhance the efficiency of supercapacitors, 
as cerium oxide possesses a range of remarkable 
properties, making it highly versatile and suitable 
for various industrial applications. These properties 
include excellent mechanical strength, the ability to 
exist in different oxidation states, high light trans-
mission, good electrical conductivity, large surface 
area, high oxygen storage capacity, numerous re-
dox-active sites, and the presence of oxygen vacan-
cies (Xie et al., 2017). These characteristics make 
cerium oxide a valuable material for electrochem-
ical applications. By leveraging the advantageous 
characteristics of both cerium oxide and MOFs, 
MOF/CeO2 composite offers new opportunities for 
developing high-performance supercapacitors.

This review delivers a detailed analysis of ce-
rium-based MOF (Ce-MOF) composites, including 
Ce-MOF/CeO2, Ce-MOF/GO, and Ce-MOF/CNT, 
as promising materials for supercapacitors. It high-
lights the distinctive attributes of cerium and MOFs 
that drive their demand in energy storage applica-
tions. The review examines the synthesis method-
ologies, structural and electrochemical characteri-
zations, and stability of these composites, offering 
insights into their potential in advanced energy 
storage systems. Particular emphasis is placed on 
the electrochemical properties of Ce-MOF-derived 
electrodes, including enhancements in capacitance, 
redox activity, charge storage mechanisms, and 
long-term stability. Moreover, challenges, optimi-
zation strategies, and prospective research direc-
tions are discussed to advance the development of 
Ce-MOF-based supercapacitors. The subsequent 
sections will delve into the specific aspects of Ce-
MOFs and their composites which include Ce-MOF/
CeO2, Ce-MOF/GO, and Ce-MOF/CNT, shedding 
light on their unique properties, synthesis methods, 
electrochemical performance, stability, and the 
path towards optimizing their use in supercapacitor 
systems to meet present-day requirements.

2. OVERVIEW AND IMPORTANCE

2.1. Supercapacitors

Supercapacitors, also referred to as ultracapaci-
tors or electrochemical capacitors, have emerged 



REVIEW ARTICLE Ruhani Baweja, Sanjeev Gautam, Navdeep Goyal

4 | Nanofabrication (2024) 9	 https://doi.org/10.37819/nanofab.9.2032

as prominent energy storage devices due to their 
unique ability to bridge the gap between traditional 
capacitors and batteries. Their distinctive proper-
ties make them suitable for a wide array of applica-
tions, ranging from portable electronics to electric 
vehicles (Iro et al., 2016).

The architecture of a supercapacitor includes 
two electrodes separated by a permeable membrane, 
with an electrolyte and current collector facilitating 
charge storage. Materials with high surface areas 
are employed to enhance energy storage capacity 
(Teffu et al., 2021). Unlike batteries, which rely on 
chemical reactions for energy storage, supercapac-
itors utilize electrostatic charge mechanisms and 
electrochemical double-layer capacitance. Based 
on their charge storage mechanism, supercapacitors 
are classified into three categories: electric dou-
ble-layer capacitors (EDLCs), pseudocapacitors, 
and hybrid capacitors. EDLCs store charge at the 
inner surfaces of active materials, while pseudoca-
pacitors store energy through redox reactions oc-
curring at the electrode surface (Khan et al., 2021).

Supercapacitors utilize different types of elec-
trolytes, which can be divided into two categories: 
aprotic and protic electrolytes. Each category offers 
advantages:

●	 Protic solvents are water-soluble and considered 
environmentally friendly. They offer higher 

conductivity but have a narrow potential win-
dow. Examples include sodium hydroxide and 
sulfuric acid (Libich et al., 2018). These ions 
have high adsorption ability due to their small 
size and offer low internal resistance (Abdelad-
im et al., 2015).

●	 Aprotic solvents help increase the energy densi-
ty of supercapacitors by expanding the working 
voltage window. For example, lithium tetrafluo-
roborate and lithium perchlorate salts are mixed 
in organic solvents such as ethylene carbonate 
and diethyl carbonate (Libich et al., 2018). Since 
organic ions have larger sizes, their adsorption 
capability is reduced, which results in higher in-
ternal resistance (Abdeladim et al., 2015).

●	 In conclusion, protic electrolytes with lower 
resistance have higher power density but lower 
energy density due to their lower voltage range 
(Abdeladim et al., 2015).

2.1.1. Electric Double-Layer Capacitors

Electric double-layer capacitors (EDLCs) resemble 
traditional capacitors in design but differ funda-
mentally in their charge storage mechanism. In-
stead of using a dielectric material, EDLCs employ 
a permeable membrane and an electrode/electro-
lyte interface to store energy (illustrated in Fig. 1). 
These capacitors utilize fluid electrolytes, including 

Figure 1. Diagram representing electrical double layer capacitor (Nikolaidis et al., 2017). Adapted with 
permission under a CCAL from Nikolaidis et al., J. Power Technol., 97, 3, (2017)220-245. Copyright 2017 OJS.



REVIEW ARTICLE Cerium Metal-Organic Framework Composites…

https://doi.org/10.37819/nanofab.9.2032	 Nanofabrication (2024) 9 | 5 

both organic and inorganic options like KOH and 
H2SO4 (Goncalves et al., 2020). The capacitance of 
EDLCs is influenced by factors such as electrode 
separation, the choice of electrolyte, and the proper-
ties of the separating membrane between the anode 
and cathode (Ramachandran et al., 2015).

Energy in EDLCs is stored through non-far-
adaic processes, where double layers form at the 
electrode/electrolyte interface, accumulating elec-
trostatic charges. The dimensions of these double 
layers critically affect capacitance. As no chemical 
reactions are involved, only physical charge-trans-
fer processes occur, ensuring reliable and rapid en-
ergy storage (Khan et al., 2021). The behavior of 
EDLCs is elucidated using three primary models: 
the Helmholtz model, the Gouy-Chapman mod-
el, and the Gouy-Chapman-Stern model, as de-
picted in Fig. 2. The Helmholtz model describes 
the formation of an electric double layer, termed 
the Helmholtz layer, at the electrode-electro-
lyte interface under an applied electric field. The 
Gouy-Chapman model extends this by introducing 

a diffusion layer formed due to the thermal mo-
tion of ions. The Stern model integrates aspects of 
both, dividing the double layer into the stern layer 
and a diffuse layer.

Within this framework, the inner Helmholtz 
plane (IHP) is located closer to the electrode 
surface, while the outer Helmholtz plane (OHP) 
is farther away, delineating the charge distri-
bution. This combined approach offers a more 
comprehensive understanding of capacitance in 
EDLCs (Varghese et al., 2011; Balasubramani-
am et al., 2020). 

The energy density (E) of electric double-layer 
capacitors (EDLCs) is determined by the following 
expression:

E =
C V 2

(1)
2.m.3600

where C is capacitance, m is the mass of super-
capacitor and V is the region with the maximum 
value of electrochemical stability.

Figure 2. Representation of different models of electrical double layer, shown at positively charged 
surface (Raza et al., 2018). Adapted from Raza et al., Nano energy, 52(2018). Copyright 2018 Elsevier.

The specific power (P) of a supercapacitor, 
which reflects its rapid energy delivery capability, 
is expressed as:

P =
V 2

(2)
4.ESR.M
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where ESR is the equivalent series resistance, a 
key parameter influencing the power output of 
the device (Faraji et al., 2015).

2.1.2. Pseudocapacitors

Unlike EDLCs, pseudocapacitors store energy via 
faradic processes, involving charge transfer be-
tween electrodes and electrolytes through oxida-
tion-reduction reactions under an applied potential 
(Karthikeyan et al., 2021). These electrochemical 
reactions differ during charge and discharge cycles. 
Pseudocapacitors typically exhibit energy densities 
and capacitance values 10 to 100 times greater than 
EDLCs (Meng et al., 2018). However, their practi-
cal application is constrained by lower power densi-
ties and reduced cycling stability, which stem from 
their comparatively weak electrical conductivity 
(Zhao et al., 2021).

Pseudocapacitance arises from three primary 
mechanisms: underpotential deposition, redox re-
actions, and intercalation pseudocapacitance.

●	 Underpotential Deposition: This occurs when 
metal ions form a monolayer on the surface of 
a metal at potentials above their standard redox 
potential (Augustyn et al., 2014).

●	 Redox Pseudocapacitance: This involves the 
physical adsorption of ions onto the material’s 
surface, coupled with faradaic charge transfer 
(Jiang et al., 2019).

●	 Intercalation Pseudocapacitance: This mecha-
nism features ion insertion (intercalation) into the 
electrode material’s structure with simultaneous 
faradaic charge transfer (Djire et al., 2019).

These mechanisms collectively contribute 
to the enhanced energy storage capabilities of 
pseudocapacitors.

Hybrid supercapacitors integrate the features of 
both EDLCs and pseudocapacitors, harnessing the 
benefits of faradaic and non-faradaic energy storage 
mechanisms. By combining these processes, hybrid 
supercapacitors address the limitations of EDLCs (low 
energy density) and pseudocapacitors (short cycle life), 
offering enhanced performance in terms of energy and 
power densities (Lin et al., 2019). The schematic dia-
gram of pseudocapacitors is shown in Fig. 3(a).

Pseudocapacitance can be expressed as:

C =
d (∆q)

(3)
d (∆V )

where (∆q) is the charge acceptance and (∆V) is 
the changing potential.

Figure 3. Typical diagram of (a) pseudocapacitor, and (b) hybrid supercapacitor describing flow 
of charges and ions (Hossain et al., 2020). Adapted from open access under the creative 
common By license from Hossain et al., Energies, 13 (2020) 14. Copyright 2020 MDPI.

2.1.3. Hybrid Supercapacitors

Hybrid supercapacitors are categorized into three 
types: composite, asymmetric, and battery-type, as 
illustrated in Fig. 4.

•	 Asymmetric Hybrid Supercapacitors: These 
feature a negative electrode made of carbon 
materials and a positive electrode composed 
of pseudoactive materials (Halper et al., 
2006).
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•	 Composite-Type Hybrid Supercapacitors: These 
combine physical and chemical charge storage 
mechanisms within a single electrode. The in-
tegration of carbon-based materials with metal 
oxides or conducting polymers enhances the 
surface area and improves electrolyte-pseudo-
active material interactions, leading to higher 
capacitance (Inoue et al., 2007).

•	 Battery-Type Hybrid Supercapacitors: These 
incorporate one supercapacitor-like electrode 
and one battery-like electrode, blending their 
respective advantages.

These supercapacitors can exist in three forms: 
composite, asymmetric, and battery- type as shown 

in Fig. 4. In asymmetric hybrid supercapacitors, the 
negative electrode is made from carbon materials, 
while the positive electrode is composed of pseudo-
active materials (Halper et al., 2006). Composite-type 
supercapacitors involve both physical and chemical 
charge storage mechanisms occurring simultaneous-
ly within a single electrode. This is achieved by in-
tegrating carbon-based materials with metal oxides 
or conducting polymers, which increases the surface 
area and enhances the contact between the electrolyte 
and pseudoactive material, resulting in higher capac-
itance (Inoue et al., 2007). In battery-type superca-
pacitors, one electrode functions as a supercapaci-
tor-type electrode, while the other electrode behaves 
like a battery- type electrode (Hossain et al., 2020).

Figure 4. Classification of hybrid electrodes into different types.

The primary difference between symmetric 
and asymmetric hybrid supercapacitors lies in the 
composition of their electrodes. Symmetric hybrid 
supercapacitors use identical materials for both 
electrodes, typically in hybrid form. In contrast, 
asymmetric hybrid supercapacitors employ dis-
similar materials for the electrodes, allowing for 
complementary characteristics. Common materials 
used in asymmetric designs include activated car-
bon (AC) paired with MnO2 or AC-Ni(OH)2, opti-
mizing the device’s performance through tailored 
energy and power densities (Muzaffar et al., 2019). 

The specific energy (E) of an electrode material 
is calculated as:

E =
C ∆V

(4)
2

where C is the specific capacitance in Fg−1, 
and ∆V is the cell voltage in volts (Muzaffar 
et al., 2019). 

The power output (P) of a supercapacitor, which 
indicates its rapid energy delivery capability, is ex-
pressed as:

P =
E

(5)
tD

where E represents energy, and tD denotes the 
discharge time, equal to tC (charging time), en-
suring Coulombic efficiency through matched 
charge and discharge densities (Muzaffar et 
al., 2019). 

The specific capacitance (C) of an electrode ma-
terial is defined as:

P =
I

(6)
w · ∆V

where w is the total electrode mass, I is the ave-
rage current (A), and ∆V represents the voltage 
scanning rate (Muzaffar et al., 2019). 
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3. WHY SUPERCAPACITORS?

The comparative performance of energy storage devic-
es based on energy and power densities is illustrated 
in Fig. 5. Batteries and capacitors each exhibit unique 
strengths and limitations: batteries excel in energy 

storage but deliver lower specific power, whereas ca-
pacitors offer exceptional power delivery but have lim-
ited energy storage capacity. Supercapacitors bridge 
this gap by combining high power density with effi-
cient energy storage, making them versatile solutions 
for a wide range of applications (Li et al., 2022).

Figure 5. Comparison between energy storage devices on the basis of energy and power density 
(Riaz et al., 2021). Adapted from open access under the creative common By license from 

Riaz et al., J. Sens.,21 (2021) 15. Copyright 2021 MDPI.

Supercapacitors are distinguished by their rap-
id charging capabilities, constrained only by the 
RC time constant. The charging process follows 
an exponential curve, whereas discharging oc-
curs almost instantaneously. Unlike batteries, su-
percapacitors endure unlimited charge-discharge 
cycles without undergoing chemical reactions, 
ensuring stable performance over time (Wang et 
al., 2008).

One of their most notable features is their 
exceptional cycle life, with the ability to endure 
hundreds of thousands to millions of cycles with 
minimal performance degradation. This reliabil-
ity makes them ideal for long-term applications 
(Sahin et al., 2022). Additionally, supercapacitors 
operate efficiently across a broader temperature 
range than batteries, from +70 °C to -20 °C, as 
their energy storage mechanism is independent of 
chemical reactions. However, it is worth noting 
that extreme temperatures may affect the conduc-
tivity of organic electrolytes used in supercapaci-
tors, potentially impacting performance (Green et 
al., 2002).

3.1. Applications of Supercapacitors

3.1.1. Telecommunication

Supercapacitors play a pivotal role in telecommu-
nications by providing reliable power backup, effi-
cient energy management, and operational stability. 
During power outages or interruptions, superca-
pacitors discharge stored energy rapidly, ensuring 
seamless operation of critical systems, including 
data centers, network routers, and communication 
infrastructure. Their high power density makes 
them ideal for delivering short-term backup pow-
er until secondary sources, such as generators or 
batteries, become active. Furthermore, their com-
pact design makes them well-suited for space-con-
strained telecommunication systems and equipment 
(Abdeladim et al., 2015).

3.1.2. Transportation - Electric Vehicle

Supercapacitors are integral to modern transpor-
tation, particularly in electric vehicles (EVs) and 
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hybrid electric vehicles (HEVs). In HEVs, super-
capacitors address the need for rapid power bursts 
during acceleration and deceleration while effec-
tively capturing and storing energy during regener-
ative braking. Their ability to charge and discharge 
swiftly makes them indispensable for delivering 
instantaneous power during acceleration and recov-
ering energy during braking, as illustrated in Fig. 6.

By incorporating supercapacitors into HEV 
systems, overall vehicle performance and energy 
efficiency are significantly improved. Moreover, 
their integration with batteries reduces the stress 
on battery systems by supplying transient currents, 
thereby prolonging battery life. This capability en-
hances the overall energy efficiency of vehicles and 
makes supercapacitors particularly valuable for op-
timizing regenerative braking systems (Shah et al., 
2008).

3.1.3. Renewable energy systems

Supercapacitors are instrumental in renewable en-
ergy systems, addressing challenges associated 
with surplus energy storage and compensating for 
the intermittent nature of solar and wind power. 
They mitigate power fluctuations and provide short-
term energy storage, enhancing grid stability and 
integration. By managing peak power demands and 
balancing loads on the grid, supercapacitors alle-
viate the strain on primary energy sources during 
high-demand periods by discharging stored energy 
rapidly.

Additionally, supercapacitors enable efficient 
energy time-shifting, storing excess energy gen-
erated during low-demand periods and releasing 
it when demand rises. This capability optimizes 

energy utilization, reduces reliance on conventional 
power plants, and supports a more sustainable and 
efficient energy framework (Van Voorden et al., 
2007; Sahin et al., 2022).

4. EFFICIENT MATERIALS 
IN SUPERCAPACITORS

Efficient materials play a critical role in enhancing 
the performance of supercapacitors by improv-
ing key parameters such as energy density, power 
density, cycle life, and internal resistance. Various 
materials including metal oxides, conductive poly-
mers, and carbon-based materials, have demon-
strated their potential as efficient choices. Materials 
with high specific capacitance enable supercapaci-
tors to store more energy per unit mass or volume, 
resulting in higher energy storage capacity. For ex-
ample, spinel ferrite nanomaterials exhibit excel-
lent capacitance, durability, and long-term stability, 
making them desirable electrode materials for su-
percapacitors (Elkholy et al., 2017). Graphene, with 
its unique properties, can also enhance the energy 
density of supercapacitors by carefully balancing 
the mass and amounts of positive and negative elec-
trodes (Redondo et al., 2020).

Materials that facilitate fast ion transport and 
charge transfer kinetics can enhance the power den-
sity of supercapacitors and enable rapid charging 
and discharging rates. For instance, N-doped 
graphene hydrogel, synthesized through the hydro-
thermal process, demonstrates an outstanding pow-
er density of 205 kW kg−1 (Abdel et al., 2021). Car-
bon-based materials, known for their durable power 
density, also contribute to efficient energy storage 
(Abdel et al., 2021).

Figure 6. Use of supercapacitors in hybrid electric vehicles for compensating the requirement 
of rapid acceleration and deceleration (Zhang et al., 2016). Adapted with permission under 

an CC by 4.0 from Zhang et al., Energies, 9, 5 (2016). Copyright 2016 MDPI.
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Materials with high stability and resistance to 
degradation are crucial for ensuring the long cycle 
life of supercapacitors. Carbon-based materials, 
known for their excellent cycle stability, are widely 
utilized. Additionally, polymer-based materials are 
gaining importance due to their remarkable prop-
erties such as flexibility, conductivity, and ease of 
synthesis (Snook et al., 2011). Materials with low-
er values of electrical resistance can minimize the 
energy losses during the charging and discharging 
processes, resulting in higher overall energy con-
version efficiency. For example, the specific capac-
itance of a ZnCo2S4 electrode is approximately four 
times higher than that of a Zn-Co electrode due to 
its low charge transfer resistance, resulting in im-
proved energy storage performance (Li et al., 2019).

A range of metal oxides, including RuO2, 
MnO2, NiO, Fe3O4, ZnO, TiO2, and others, have 
been investigated as potential electrode materials 
for supercapacitors. These active materials, when 
carefully integrated into the graphene structure in 
specific proportions, can yield exceptional elec-
trode materials. The incorporation of metal oxide 
nanoparticles serves as nanoscale spacers between 
the layers of graphene, effectively preventing them 
from re-stacking. In their study, Lu et al. have ex-
plored the supercapacitor properties of composite 
materials comprising graphene and either ZnO or 
SnO2. Their findings reveal a notable enhancement 
in the electrochemical performance of graphene-
ZnO composites when compared to pristine ZnO, 
SnO2, or graphene. Specifically, the graphene-ZnO 
composite exhibited a significantly improved ca-
pacitance value and reversibility. It achieved a spe-
cific capacitance of 61 Fg−1 and an energy density 
of 4.8 Whkg−1, surpassing the corresponding values 
for graphene-SnO2 samples (Lu et al., 2010). Addi-
tionally, the authors investigated a graphene-MnO2 
composite with a high MnO2 content of 78 wt.%. 
This composite exhibited a remarkable specific 
capacitance of 310 Fg−1 at a scan rate of 2 mVs−1. 
The authors attributed this impressive performance 
to the synergistic effect of graphene and MnO2, 
which increased the specific surface area, resulting 
in enhanced conductivity and ultimately yielding a 
high-performance supercapacitor (Yan et al., 2010). 
Composites formed by combining graphene with 
electrically conductive polymers such as polyani-
line, polythiophene, polypyrrole, and poly(3,4-eth-
ylenedioxythiophene) have garnered significant at-
tention. The combination of the inherent flexibility 
and electrical conductivity of these polymers with 

graphene’s layered structure makes for a promising 
material suitable for electrode applications in super-
capacitors. The growing demand for lightweight, 
flexible, and smaller supercapacitors in the field 
of future electronics has sparked a keen interest 
in these graphene/polymer composite electrodes. 
Notably, these composites exhibit enhanced me-
chanical strength and conductivity when compared 
to each individual material. As an illustration, the 
composite of graphene and polyaniline nanorods 
demonstrated an impressive specific capacitance of 
555 Fg−1 when tested in a 1 M H2SO4 electrolyte, 
and it exhibited remarkable cyclic stability over 
2000 cycles (Xu et al., 2010).

Li et al. synthesized a flexible, lightweight, 
self-standing film by combining activated carbon, 
CNT (carbon nanotubes), and reduced graphene ox-
ide (rGO) (Li et al., 2018). This hybrid film weaves 
a 3D porous framework using CNTs and graphene, 
which accommodates activated carbon particles 
through van der Waals forces. In this material, each 
component plays a vital role: carbon particles prevent 
graphene restacking, and CNTs enhance electronic 
conductivity. The resulting AC/CNT/rGO electrode 
displayed a specific capacitance of 101 Fg−1 in an or-
ganic electrolyte at the current density of 0.2 Ag−1, 
and with a maximum energy density of 30 Whkg−1. 
Notably, this flexible hybrid film can operate over a 
wide temperature range, from -40°C to 200°C. The 
electrode material exhibited a maximum area-spe-
cific capacitance of 330 mFcm−2, an energy density 
of 1.7 mWhcm−3, and maintained 90% retention even 
after 100,000 cycles (Zang et al., 2017). 

Some metal oxides have been investigated as 
an electrode material because of their lower cost 
and good electrical conductivity. Magnetite-carbon 
composites have been explored as electrode ma-
terials in energy storage devices because of their 
cost-effectiveness and relatively strong reversible 
redox activity. These electrode composites demon-
strate specific capacitances ranging from 115 to 
220  Fg−1, coupled with excellent cyclic stability 
(Sinan et al., 2016). Guan et al. reported the creation 
of a Fe3O4-CNT composite supercapacitor elec-
trode using a straightforward hydrothermal treat-
ment process. This electrode exhibited a specific 
capacitance of 117 Fg−1 and achieved a maximum 
energy density of 16 Whkg−1 (Yang et al., 2014). 
Similarly, in a comparable approach, substituting 
CNTs with RGO (reduced graphene oxide) result-
ed in improved electrochemical performance for 
the Fe3O4-RGO composite. In this particular study, 
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the Fe3O4-RGO composite displayed a notably high 
specific capacitance of 220 Fg−1, which maintained 
its stability even after 3000 charge/discharge cycles 
(Wang et al., 2014).

Metal-organic frameworks possess structured 
cavities within the organic ligand coordination net-
work, allowing for the attainment of a surface area 
spanning several thousand square meters per gram. 
The metal ions present in MOFs may undergo re-
versible redox interactions making it a desirable can-
didate for energy storage, especially in supercapaci-
tors. However, they possess some lesser conductivity 
and thus are combined with various composites to 
ensure high specific capacity, good electron acces-
sibility and long-term mechanical and electrochem-
ical stability (Lee et al., 2012). For instance, Fleker 
et al. synthesized hybrid compositions of MOF-acti-
vated carbon, where the activated carbon functions 
as the conducting host for MOF nanoparticles. The 
MOF’s precursor materials were introduced into the 
pores of the activated carbon, and the MOFs were 
then synthesized within these nanopores (Fleker 
et al., 2016). Intriguingly, an electron paramag-
netic resonance (EPR) signal indicated that MOF 
nanoparticles in contact with activated carbon ex-
hibited electron-conductive behavior. Moreover, the 
Cu2+/Cu+ redox couple within the MOF contributed 
a 30% capacity increase to the double-layer capac-
itance of the activated carbon. Yaghi et al. exten-
sively explored the growth of MOFs on graphene 
substrates. They investigated the electrochemical 
performance of a comprehensive series of 23 distinct 
MOFs featuring diverse organic functionalities, 

metal ions, pore sizes, shapes, and structure types. 
The graphene sheets served as a conductive plat-
form for the active MOF materials. Several MOFs 
displayed exceptional performance, with the highest 
areal capacitance recorded at 5.09 mFcm−2, achieved 
by a zirconium-based MOF over 10,000 charge/dis-
charge cycles (Choi et al., 2014).

4.1. Metal organic Framework (MOFs)

4.1.1. What are MOFs?

Metal-Organic Frameworks (MOFs) are porous 
crystalline materials characterized by large surface 
areas and adjustable pore sizes, achieved through 
the modification of organic ligands that coordinate 
with metal ions (Xu et al., 2020). These properties 
endow MOFs with exceptional versatility, making 
them valuable in various applications such as catal-
ysis, drug delivery, and energy storage (Sangeetha 
et al., 2020). Their well-ordered porous structures 
allow for the encapsulation and stabilization of 
nanomaterials within their networks. MOFs exhibit 
diverse structural configurations, including 0D, 1D, 
2D, and 3D forms, as illustrated in Fig. 7. These 
structures are created by the coordination of metal 
ions with organic ligands, resulting in distinct pore 
types: micropores, mesopores, and macropores. A 
significant advantage of MOFs is their ability to 
combine mesoporous and microporous structures 
within a single framework, enhancing their func-
tionality across various applications (Hassan et al., 
2020; Hou et al., 2020).

Figure 7. The process describing the formation of metal organic framework (Javed et al., 2023). 
Adapted with permission under an CC BY-NC 3.0 from Javed et al., RSC advances, 13, 2 (2023). 

Copyright 2023 Royal Society of Chemistry.
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MOFs have recently emerged as promising candi-
dates for energy storage and conversion, particularly 
in supercapacitor applications. Some MOFs, classi-
fied as pseudocapacitors, combine high surface area, 
tunable porosity, and intrinsic electrochemical activ-
ity, making them ideal for improving the energy stor-
age capabilities of supercapacitors (Cao et al., 2022). 
MOFs are increasingly replacing carbon-based ma-
terials such as carbon nanotubes (CNTs) due to their 
cost-effectiveness and comparable specific capaci-
tance. Their exceptional properties make MOFs high-
ly desirable for supercapacitor applications, where 
they can be employed directly or as components in 
advanced composite materials (Khan et al., 2021).

4.2. Synthesis of MOFs

MOF synthesis typically involves the coordina-
tion of metal ions or clusters with organic ligands 

under controlled reaction conditions. Common 
methods include hydrothermal and solvothermal 
techniques, which utilize high temperatures and 
pressures in autoclaves. These processes facilitate 
the dissolution of otherwise insoluble elements, en-
suring efficient and energy-saving synthesis (Cao 
et al., 2022).

Mechanochemical synthesis offers a sol-
vent-free alternative for MOF production, relying 
on mechanical forces like grinding or milling to 
trigger reactions between metal precursors and 
organic linkers. This method boasts several ben-
efits, including reduced reaction times, enhanced 
product purity, and alignment with green chem-
istry principles (Raptopoulou et al., 2021). Addi-
tionally, metal oxides are often used as starting 
materials instead of metal salts in this method, as 
water is produced as a by-product by using metal 
oxides.

Sample Electrode Surface 
area Electrolyte Current 

density Ag−1 Capacity References

C-MOF-2 Negative 1378 1M H2SO4 1 170 Cg−1 (Aiyappa 
et al., 2013)

Co-MOF Positive 2900 1M LiOH 0.6 103 Cg−1 (Diaz et al., 
2012)

MOF-Co9S8 Positive 3M KOH 1 1252 Cg−1 (Yang et al., 
2020)

MOF-NixCo3−xO4 Positive 3M KOH 1 1291 Cg−1 (Jayakumar 
et al., 2017)

MOF-NiS Positive 2M KOH 1 744 Cg−1 (Qu et al., 
2018)

Ni-MOF Positive 2M KOH 1 726 Fg−1 (Kang et al., 
2014)

Tb-MOF Positive 6M KOH 1 510 Fg−1 (Jafari et al., 
2020)

Eu-MOF Positive 6M KOH 1 468 Fg−1 (Dezfuli 
et al., 2019)

NiCo-MOF Positive 2M KOH 1 1202.1 Fg−1 (Wang et al., 
2019)

Ni-MOF/CNTs Positive 6M KOH 0.5 1765 Fg−1 (Wen et al., 
2015)

Table 1. Some electrodes made using MOF composites for the supercapacitors.

Another important method for MOF synthesis is 
the microwave-assisted technique. This technique 
aids in the formation of nanoporous materials with 
high crystallinity. It allows for the selection of spe-
cific structures and results in a narrow particle size 
distribution (Stock et al., 2012). The synthesis of 
MOFs can be influenced by various factors, includ-
ing pH, temperature, reactant concentration, and 

reaction time. These parameters need to be careful-
ly controlled to achieve the desired structure and 
properties of the MOF. 

Following MOF synthesis, comprehensive char-
acterization is essential to evaluate crystal struc-
ture, morphology, surface area, and porosity. Tech-
niques such as X-ray diffraction (XRD), scanning 
electron microscopy (SEM), transmission electron 
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candidates for various energy storage technologies 
such as gas storage, hydrogen storage, battery elec-
trodes, and supercapacitors. In battery technology, 
MOFs have shown significant potential as electrode 
materials in both lithium-ion batteries (LIBs) and 
alternative battery systems. Their tunable structure 
enables the development of electrodes with tailored 
properties, including high specific capacity, supe-
rior rate performance, substantial lithium storage 
capacity, and extended cycle life. MOFs can serve 
as active electrode materials, conductive additives, 
or protective coatings, enhancing both the perfor-
mance and stability of batteries.

One notable advantage of employing MOFs as 
cathode materials is their ability to endure high 
current densities without significant structural deg-
radation (De Combarieu et al., 2009). Additionally, 
MOFs demonstrate good performance as anode ma-
terials (Song et al., 2016). Figure 8 illustrates the 
mechanisms of energy storage across various devic-
es, highlighting the specific types of MOFs suited 
for each application. Although advantageous, MOF 
films on substrates often encounter challenges such 
as incomplete coverage and poor adhesion, which 
can undermine structural integrity and electrode 
performance. Irregular film growth can result in 
gaps and defects, adversely affecting electrochemi-
cal properties and long-term stability. Furthermore, 
weak adhesion of MOF films may lead to detach-
ment or delamination during battery operation, 
causing active material loss and diminished elec-
trode efficiency.

MOFs are gaining popularity in supercapacitor 
applications due to their high surface area, adjust-
able porosity, and inherent electrochemical activ-
ity. These characteristics enable MOFs to be used 
as standalone electrode materials or in combina-
tion with other substances to boost performance. 
For instance, composites of MOFs with conduc-
tive carbon materials, such as graphene or carbon 
nanotubes (CNTs), demonstrate enhanced specific 
capacitance and improved stability. However, the 
limited cyclic stability of pristine MOFs remains a 
significant challenge (Song et al., 2011). To address 
the limitations of pristine MOFs, hybrid composites 
have been developed by integrating MOFs with ma-
terials that provide enhanced conductivity and sta-
bility. For instance, reduced graphene oxide (rGO) 
is frequently incorporated into MOFs to improve 
their electrical conductivity and cyclic perfor-
mance. Likewise, the combination of Ni-MOF with 
CNTs has demonstrated potential in asymmetric 

microscopy (TEM), and nitrogen adsorption-de-
sorption (BET analysis) are commonly employed 
to obtain detailed insights into the properties and 
quality of the synthesized MOFs.

4.3. Properties and characteristics
of MOFs

Metal-Organic Frameworks (MOFs) showcase a di-
verse range of properties owing to their unique ar-
chitecture, which combines inorganic metal nodes 
or clusters with organic linkers. A defining charac-
teristic of MOFs is their exceptionally high surface 
area, often surpassing thousands of square meters 
per gram. This property, derived from their porous 
nature, makes MOFs ideal for the adsorption and 
storage of gases and molecules. The porosity and 
pore size distribution in MOFs can be finely tuned 
through the careful selection of metal nodes and or-
ganic linkers. This adaptability enables the design 
of MOFs with customized properties, making them 
suitable for accommodating specific guest mole-
cules and optimizing performance across various 
applications (Raptopoulou et al., 2021).

The exceptional characteristics of MOFs make 
them highly suitable for use as electrode materials 
in supercapacitors. The abundance of surface pores 
in MOF electrodes facilitates effective electrolyte 
penetration, promoting enhanced faradaic redox 
reactions. This results in improved specific capaci-
tance and boosts the overall performance of energy 
storage devices (Javed et al., 2018). Table 1 summa-
rizes the variations in capacitance performance of 
supercapacitors employing different MOF materi-
als under varying current densities.

MOFs’ distinctive structural features also make 
them suitable for selective sensing applications. 
Guest molecules interacting with the MOF frame-
work can alter its electrical, optical, or magnetic 
properties, enabling precise detection. These attri-
butes make MOFs ideal for sensing applications in 
environmental monitoring, healthcare diagnostics, 
and security (Jiao et al., 2019).

4.4. Applications of MOFs 
in energy storage

Metal-Organic Frameworks (MOFs) have attracted 
considerable interest in energy storage applications, 
primarily due to their unique features, including 
high surface area, tunable porosity, and multi-
functionality. These properties make MOFs ideal 
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supercapacitors by leveraging the complementary 
properties of both materials. Figure 9 illustrates the 
performance of various MOF-based composites in 
supercapacitor applications (Lu et al., 2012).

To address these challenges, researchers are ex-
ploring strategies to improve the growth and adhe-
sion of MOF films on substrates. Approaches such 
as substrate surface modification, the use of adhe-
sion-promoting layers, and the optimization of film 
deposition methods are being developed to ensure 
uniform growth and robust substrate interactions. 
Additionally, scalable fabrication techniques for 
MOF-based electrodes with high surface area and 
enhanced conductivity are under investigation to 
meet the growing demand for efficient energy stor-
age devices (Baumann et al., 2019). Sodium-ion 
batteries have gained considerable attention as a 
cost-effective alternative to lithium-ion batteries, 
owing to the abundance and affordability of sodium 

Figure 8. Typical energy storage devices and the mechanisms by which energy is stored, 
which further characterizes the type of MOF required (a) Metal-ion batteries, (b) Lithium-
sulfur batteries, (c) Lithium-oxygen batteries, and (d) Supercapacitors (Baumann et al., 
2019). Adapted with permission under an CC by 4.0 from Baumann et al., Communications 
Chemistry, 2, 1 (2019). Copyright 2019 Nature Publishing Group UK London.

resources. While their operational principles are 
similar to those of lithium-ion batteries, the larger 
size and higher atomic mass of sodium ions result in 
slower insertion and extraction rates. This has driv-
en research into materials with larger tunnel struc-
tures to enable faster sodium-ion transport (Mehtab 
et al., 2019). The stability and tunability of MOFs 
make them excellent candidates for accommodat-
ing larger sodium ions, effectively addressing the 
limitations of slower ion kinetics. The versatility 
of MOFs makes them highly adaptable materials 
for a variety of energy storage applications, par-
ticularly in supercapacitors and batteries. Howev-
er, limitations such as low electrical conductivity 
and reduced cyclic stability remain critical barri-
ers to their widespread adoption. Addressing these 
challenges requires innovative approaches, such as 
scalable synthesis methods and the development of 
hybrid materials, to unlock their full potential.
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One promising strategy involves the integration 
of conductive polymers, such as polyaniline and 
polypyrrole, into MOF structures. This hybridiza-
tion enhances the electrochemical properties of 
MOFs by combining the conductivity and flexibili-
ty of polymers with the porosity and structural pre-
cision of MOFs. MOF-polymer composites demon-
strate improved charge storage capacity, cyclic 
stability, and rate performance, positioning them as 
strong candidates for next-generation energy stor-
age systems (Li et al., 2021).

MOFs are also increasingly utilized in super-
capacitor electrodes due to their exceptional prop-
erties, such as high surface area and tunable pore 
sizes. While they can be employed directly, com-
posite approaches are often necessary to overcome 
limitations in cyclic stability. Hybridizing MOFs 
with materials like graphene and carbon nano-
tubes significantly enhances their electrochemical 
performance, ensuring better conductivity and sta-
bility during charge-discharge processes (Khan et 
al., 2021).

In addition, functionalized MOFs with modified 
organic linkers, such as hydroxyl (-OH), carbox-
yl (-COOH), and amino (-NH2), further improve 
MOF-electrolyte interactions. These functional 
groups enhance redox activity and ion transport, 
resulting in significantly higher capacitance and 
energy density compared to unmodified MOFs (Li 
et al., 2014). Similarly, combining MOFs, such as 
Ni-MOF, with carbon nanotubes has shown con-
siderable potential in asymmetric supercapacitors, 
leveraging the complementary properties of both 
materials (Wen et al., 2015).

MOFs are also valuable as templates or precur-
sors for the synthesis of porous carbon, metal sul-
fides, and oxides, which can be used as high-per-
formance supercapacitor electrodes. MOF-derived 
porous carbon, in particular, exhibits excellent 
electrochemical performance due to its high mes-
oporosity and conductivity. These advances high-
light the superior electrochemical performance of 
MOFs and MOF-based materials, making them 
promising and stable options for energy storage 
technologies.

While MOFs hold great promise, further re-
search is essential to overcome challenges such as 
low conductivity and limited stability under harsh 
conditions. Efforts are focused on hybridizing 
MOFs with conductive materials, functionalizing 
linkers to improve electrochemical behavior, and 
employing structural engineering to enhance their 

mechanical and chemical resilience. These ad-
vancements will be critical in expanding the practi-
cal applications of MOFs in energy storage systems 
(Wang et al., 2015).

4.5. Ce-MOFs: Electrifying 
Supercapacitor Performance

Cerium-based metal-organic frameworks (Ce-
MOFs) have emerged as exceptional materials for 
supercapacitor applications, owing to their high 
surface area, tunable porosity, and intrinsic re-
dox-active sites. These properties enable Ce-MOFs 
to significantly enhance both the energy density 
and power density of supercapacitors. Additional-
ly, the redox-active cerium ions (Ce3+/Ce4+) provide 
a notable advantage for faradaic charge storage, 
resulting in higher specific capacitance compared 
to traditional electrode materials (Montini et al., 
2016).

Ce-MOFs are predominantly synthesized using 
solvothermal or hydrothermal methods, where-
in cerium salts react with organic linkers under 
controlled temperature and pressure. This process 
yields highly crystalline frameworks with well-de-
fined porous architectures (He et al., 2020). To ad-
dress the inherent low electrical conductivity of 
MOFs, they are often hybridized with conductive 
materials such as graphene, reduced graphene oxide 
(rGO), or carbon nanotubes (CNTs). These hybrid 
composites exhibit significantly enhanced electri-
cal conductivity, improved cyclic stability, and su-
perior electrochemical performance, making them 
practical for energy storage applications (Jacobsen 
et al., 2020).

The electrochemical properties of Ce-MOF 
composites are typically evaluated using cyclic 
voltammetry (CV) and galvanostatic charge-dis-
charge (GCD) techniques. These analyses con-
sistently demonstrate the excellent specific ca-
pacitance and energy density of Ce-MOFs, which 
are attributed to their redox-active sites and po-
rous structures (Zeng et al., 2016). For instance, 
Ce-MOF/CeO2 composites exhibit superior elec-
trochemical performance compared to pristine 
Ce-MOFs, as the inclusion of CeO2 enhances 
electrode stability and faradaic activity. Likewise, 
Ce-MOF/graphene and Ce-MOF/CNT composites 
show improved rate capability and capacitance re-
tention, benefiting from the synergistic interaction 
between the MOF and the conductive additives 
(Yuan et al., 2023).
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Synthesis method for the formation 
of Ce-MOF

The Ce-MOF sample was synthesized using a hy-
drothermal method as described in (Yuan et al., 
2023). In this procedure, cerium nitrate hexahydrate 
(Ce(NO3)3·6H2O), and 2,6-naphthalene dicarboxyl-
ic acid were dissolved in deionized water and sub-
jected to ultrasonic treatment for 30 minutes. The 
resulting solution was then transferred to a 100 mL 
Teflon-lined stainless-steel autoclave and heated at 
60 °C for 20 hours. Afterward, the suspension was 
allowed to cool naturally to room temperature. The 
resulting precipitate was collected via centrifuga-
tion, washed thoroughly with deionized water, and 
dried at 60 °C for 24 hours.

4.5.1. Mechanism for the formation 
of Ce-MOF

Experimental findings have shown that during the 
synthesis of metal-organic frameworks (MOFs), an 
etching process simultaneously occurs, facilitating 
the incorporation of nanoparticles (NPs) into the 
MOF structure. This etching/immobilization ap-
proach results in a significant increase in oxygen 
vacancies, which are known to enhance the catalyt-
ic activity of the NPs. Specifically, during the syn-
thesis of Ce-MOF, cerium nanoparticles (CeNPs) 
are introduced into the solution along with the li-
gand (Yang et al., 2017).

The inclusion of CeNPs triggers surface etch-
ing, reducing the particle size and increasing the 
concentration of Ce3+ ions, thereby generating ad-
ditional oxygen vacancies. This process ensures 
that the NPs are highly dispersed and stabilized 
within the MOF framework. The unique etching/
immobilization strategy is expected to substan-
tially improve the catalytic activity of Ce-MOF 
by leveraging the ultrasmall size of the NPs, the 
abundance of oxygen vacancies, and the elevated 
concentration of Ce3+ ions. Compared to colloidal 
CeNPs, this method provides superior dispersion 
and stability of the NPs within the MOF structure, 
which further enhances both the catalytic proper-
ties and electrochemical performance of the mate-
rial (Babu et al., 2009).

4.5.2. Preparation of Ce-MOF electrode

The Ce-MOF electrode was prepared by mechani-
cally grinding a mixture of carbon black, Ce-MOF, 

and silicone oil. The resulting paste was then trans-
ferred into polymer tubes fitted with copper wire 
connections and left to dry at room temperature. 
Once dried, the electrode surface was smoothened 
using blotter paper, yielding the desired electrode 
ready for subsequent electrochemical testing.

4.6. Ce-MOF derived composites: 
Boost supercapacitor’s efficiency

While MOFs hold great potential as materials for 
supercapacitor electrodes, they also face certain 
limitations, including poor electrical conductivity 
and particle aggregation. These issues can reduce 
porosity and lead to the degradation of electrode 
materials during charge-discharge cycles (Li et al., 
2021). However, MOF-based composites overcome 
these challenges by offering a synergistic combina-
tion of properties, introducing novel physical and 
chemical characteristics that outperform their indi-
vidual components.

Composites derived from MOFs exhibit excep-
tional electronic conductivity, a large surface area, 
and substantial pore volume, making them highly 
effective for charge storage in supercapacitors (Mo-
hanty et al., 2021). These advantages position MOF 
composites as promising candidates for next-gener-
ation energy storage systems.

4.6.1. Ce-MOF/CeO2

Cerium oxide exhibits a wide array of exceptional 
properties, making it a highly versatile material for 
diverse industrial applications. Its key attributes in-
clude excellent mechanical strength, multiple oxi-
dation states, high light transmission, superior elec-
trical conductivity, a large surface area, substantial 
oxygen storage capacity, numerous redox-active 
sites, and the presence of oxygen vacancies (Xie et 
al., 2017). These unique characteristics make ceri-
um oxide particularly valuable for electrochemical 
applications.

Notably, cerium oxide can undergo a reversible 
transformation between CeO2, and CeO2–x during 
redox processes, a behavior attributed to the cre-
ation of oxygen deficiencies and lattice defects 
within the cerium structure. This reversible trans-
formation significantly enhances its utility in ener-
gy storage and catalytic systems.

The crystal structure of cerium oxide (ceria), de-
picted in Fig. 9, comprises a face-centered cubic flu-
orite lattice with a unit cell composition of Ce4O8. 
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In this structure, each cerium atom is coordinated 
with eight oxygen atoms, while each oxygen atom is 
connected to four cerium atoms. With a molar mass 
of 140.12 g mol−1, the estimated density of ceria is 
approximately 6.770 g cm−3 (Kowsuki et al., 2023). 
At the nanoscale, the cubic fluorite structure of ce-
rium oxide (CeO2) remains stable, even with the 
presence of oxygen vacancies that serve as redox 
reaction sites. This structure includes three distinct 

low-index planes: (100), (110), and (111). Each plane 
exhibits unique characteristics, such as the presence 
or absence of dipole moments parallel to the sur-
face, which can result in charged planes, neutral-
ized planes, or surfaces without dipole moments. 
These surface properties and plane characteristics 
of cerium nanoparticles significantly influence mo-
lecular interactions and adsorption behavior on the 
cerium surface (Walkey et al., 2015). 

Figure 9. (a) Represents Ce4O8’s fundamental fcc fluorite lattice in 3D (Mishra et al., 2021), 
and (b) represents 2D project of the crystal structure. Adapted from Mishra et al., 

Materials Today Comm., 28 (2021) 102562. Copyright 2021 Elsevier.

Ceria nanoparticles exhibit diverse mor-
phologies, including rod-like shapes, octahedra, 
and cubes. Ceria-octahedra and ceria-cubes are 
well-faceted, with the former enclosing {111} fac-
ets and the latter enclosing {100} facets. In contrast, 
ceria-rods are less well-faceted, featuring complex 

exposed planes characterized by rough surfaces, 
numerous corners, and edges. This morphology in-
cludes both {111} and {100} facets, resulting in a 
spectrum that represents a superposition of the oth-
er two morphologies, as illustrated in Fig. 10 (Cao 
et al., 2018).

Figure 10. Relation between planes of Ceria and morphology (Cao et al., 2018). 
Adapted from Cao et al., J. Phys. Chem. C, 122 (2018) 35. Copyright 2018 ACS Publications.
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Nallappan et al. investigated the electrochem-
ical behavior of CeO2 electrodes using cyclic vol-
tammetry at various sweep rates and with different 
electrolytes, such as sodium chloride, potassium 
chloride, sodium sulfate, and potassium sulfate. 
The resulting curves, shown in Fig. 11, highlight 
the pseudocapacitive nature of CeO2. The study 

revealed that as the size of the electrolyte ion in-
creases, the diffusion rate decreases, leading to a 
reduction in capacitance (Maheswari et al., 2015). 
These findings suggest that the pseudocapacitive 
performance of ceria is influenced by the size 
of ceria particles and the presence of structural 
defects.

Figure 11. Cyclic voltammetry curves of CeO2 nanoparticles which are obtained by using different 
electrolytes (a) NaCl (b) KCl, (c) Na2SO4, and (d) K2SO4 (Maheswari et al., 2015). Adapted from Maheswari 

et al., Energy & Fuels, 29 (2015) 12. Copyright 2015 ACS Publications.

The charge storage in this occurs through two 
mechanisms: (i) the absorption and desorption of 

M+ ions on the surfaces, and (ii) the intercalation 
and de-intercalation of M+ ions on the surface.

Material used Size of particle Method of synthesis Application

Zr doped CeO2 10-20 nm Force hydrolysis 
sintering

Polymer electrolyte 
membrane additive

Nano CeO2-Polymer 
composite < 25nm Commercial Polymer ceramic composite 

Li-ion battery separator

Nano CeO2 
loaded carbon 3-5 nm Thermal hydrolysis Li-S battery cathode

Co-doped CeO2 4-7 nm Hydrothermal ORR/Supercapacitor

Pd/C-CeO2 20-40 nm Thermal hydrolysis Anode catalyst for pt free anion 
exchange membrane fuel cells

Ni doped CeO2 Grain size Microwave-assisted 
sol-gel Supercapacitor

Table 2. Applications of cerium oxide in energy storage (Wang et al., 2020).
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The chemical equation representing the non-far-
adaic process is as follows:

(CeO2)surface
 + M+ + e− ⇌ (CeO2.M+)surface	 (7)

The chemical equation representing the faradaic 
process is as follows:

CeO2
 + M+ + e− ⇌ CeOOM	 (8)

where M+ = Na+, K+.

The morphology and crystal planes of CeO2 
nanostructures play a critical role in their electro-
chemical charge storage capabilities. Controlling 
the morphology of CeO2 nanostructures promotes 
the formation of highly reactive crystal planes, 

enhancing the electrochemical charge storage and 
rate performance of energy storage devices (Je-
yaranjan et al., 2020). Oxygen vacancies on spe-
cific crystal planes correlate directly with their 
redox-type storage capacity, making the morphol-
ogy of ceria nanoparticles a key determinant of 
pseudocapacitance. Different ceria nanoparticle 
morphologies contribute uniquely to supercapac-
itor performance. For example, 0D cerium oxide 
nanoparticles exhibit a capacitance of 134.6 Fg−1 at 
1 Ag−1, while 0D hexagonal-shaped cerium oxide 
nanostructures achieve a capacitance of 927 Fg−1 at 
2 A g−1. Similarly, 1D dumbbell-shaped cerium ox-
ide nanoparticles demonstrate a capacitance of 779 
Fg−1 at 1 A g−1, whereas 1D cerium oxide nanorods 
exhibit a capacitance of 162.47 Fg−1 at 1 A g−1 (Pon-
naiah et al., 2021).

Figure 12. Process of synthesis of ceria by hydrothermal method.

Ceria nanoparticles can be synthesized using 
cost-effective methods such as the sol-gel meth-
od, co-precipitation method, and hydrothermal 
method. These techniques enable the production 
of ceria nanoparticles with tailored morphologies, 
which can be further doped with other substances 
to enhance their functional properties. A summa-
ry of these methods and applications is provided in 
Table 3. Cerium oxide’s abundance, cost-effective-
ness, and high porous surface area make it a prom-
ising material for supercapacitors. Its inclusion in 
energy storage systems improves capacity, low-
ers input resistance, enhances cycle stability, and 
boosts charge-discharge efficiency, making it an 
attractive option for next-generation energy storage 
technologies (Gong et al., 2018). 

The electrochemical properties of cerium ox-
ide nanoparticles synthesized via the hydrothermal 
technique are commonly evaluated using galvanos-
tatic methods. Beyond its redox activity, ceria ex-
hibits free radical scavenging capabilities, further 
broadening its application potential. The hydrother-
mal synthesis process for cerium oxide is illustrated 
in Fig. 12. The procedure involves mixing hydrat-
ed cerium nitrate with deionized water and sodium 
hydroxide, followed by stirring the solution at room 
temperature. This mixture is then transferred to an 
autoclave and heated in an oven at 200 °C. The re-
sulting precipitates undergo multiple centrifugation 
steps using deionized water and ethanol. Finally, the 
product is dried in an oven at 60 °C to yield the de-
sired cerium oxide nanoparticles (Pujar et al., 2020). 
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CeO2-based materials have been widely studied 
for their potential applications in lithium-ion bat-
teries, serving as both anode and cathode materials. 
As an anode material, CeO2 offers a high theoret-
ical capacity and excellent cycling stability. How-
ever, its electrochemical performance is hindered 
by poor electronic conductivity, which limits its 
practical application (Liu et al., 2016). In the con-
text of supercapacitors, CeO2-based materials have 
gained attention for their high power density and 
rapid charge-discharge capabilities. The high sur-
face area and redox-active properties of CeO2 con-
tribute to its pseudocapacitance behavior, enabling 
enhanced energy storage performance. To address 
its limitations, hybrid materials combining CeO2 
with carbon nanomaterials have been developed. 
These composites exhibit improved specific capac-
itance and enhanced cycling stability, overcom-
ing the inherent conductivity issues of pure CeO2. 
CeO2-based supercapacitors hold significant prom-
ise for applications requiring rapid energy storage 
and delivery, such as electric vehicles and portable 
electronic devices, offering a viable pathway for 
next-generation energy storage technologies (Ghosh 
et al., 2020).

4.6.2. Synthesis of CeO2 contact 
interface with Ce-MOF

To enhance the activity of cerium oxide, significant 
efforts have been made, including structural mod-
ifications such as the incorporation of defect sites, 
introduction of oxygen vacancies, and heteroatom 
doping. Despite these advancements, cerium ox-
ide nanoparticles are prone to aggregation, which 

reduces their surface area and diminishes their cat-
alytic and electrochemical activity. To address this 
limitation, nanoparticles are embedded into met-
al-organic frameworks (MOFs) within their porous 
hosts. MOFs stabilize the nanoparticles, prevent ag-
gregation, and offer a larger accessible surface area. 
Additionally, the open channels of MOFs facilitate 
access to the active sites of cerium oxide, further 
enhancing its activity (Yang et al., 2017).

CeO2-MOF composites combine the high sur-
face area, tunable porosity, and redox properties 
of MOFs with the catalytic and electrochemical 
properties of CeO2, yielding highly stable and effi-
cient materials for supercapacitor applications. The 
synergistic interaction between CeO2, and MOFs 
amplifies their individual properties, resulting in 
superior overall performance.

Synthesis of CeO2 -MOF Composites

The synthesis of CeO2-MOF composites involves 
combining CeO2 precursors with MOF components 
in a suitable solvent under controlled conditions. 
One common approach is solvothermal synthesis, 
where CeO2 nanoparticles and MOF precursors are 
mixed and subjected to controlled heating. For in-
stance, cerium nanoparticles are mixed with a sol-
vent such as dimethylformamide (DMF) in one vial, 
while benzenedicarboxylic acid is dissolved in DMF 
in another. These solutions are combined and placed 
in an oil bath at 100°C. Ammonium cerium nitrate is 
then added to the mixture while stirring for 30 min-
utes. The resulting precipitate is washed, dried, and 
activated under vacuum to obtain the CeO2-MOF 
composite (Fig. 13) (Lammert et al., 2015).

Figure 13. Typical diagram representing the immobilization of cerium nanoparticles in the MOFs 
(Hassan et al., 2020). Adapted from Hassan et al., ACS Appl. Nano Mater., 3 (2020) 4. 

Copyright 2020 ACS Publications.
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Another method for synthesizing CeO2-MOF 
composites is the co-precipitation technique. This 
approach involves the simultaneous precipitation of 
CeO2 and MOF components from a common pre-
cursor solution. By adjusting reaction parameters 
such as temperature, pH, and the ratio of CeO2 to 
MOF components, the formation of well-integrat-
ed CeO2-MOF composites can be controlled. For 
example, a solution of 1,3,5-tricarboxylic acid in 
ethanol is mixed with cerium nitrate hexahydrate 
in ethanol and stirred briefly. The mixture is left 
undisturbed overnight, and the resulting precipitate 
is washed and dried to yield the final product (Ram-
achandran et al., 2018).

4.7. Ce-MOF/GO

Graphene, with its two-dimensional (2D) crystal-
line structure, possesses extraordinary electronic, 
optical, and mechanical properties. Within its crys-
tal lattice, graphene’s charge carriers, electrons, 
exhibit ballistic movement, which enables remark-
ably high electrical conductivity, despite its organic 
nature (Brownson et al., 2013). Composed entirely 
of sp2-hybridized carbon atoms, graphene offers a 
suite of exceptional characteristics, including high 
electrical and thermal conductivity, lightweight, 
chemical stability, excellent mechanical strength, 
and a tunable surface area of up to 2675 m2 g−1 (Xia 
et al., 2009). These properties make graphene and 
graphene-based materials indispensable for appli-
cations in high-performance structural nanocom-
posites, electronics, environmental protection, and 
energy devices, including energy generation and 
storage (Liang et al., 2011). Such applications span 
technologies like Li-ion batteries, fuel cells, super-
capacitors, photovoltaic systems, and solar cells. 
Notably, single-layer graphene exhibits a theoret-
ical specific capacitance of approximately 21 µF 
cm 2, which corresponds to a specific capacitance 
of roughly 550 F g−1 when its entire surface area is 
utilized (Xia et al., 2009).

Extensive research has focused on graphene-
based materials as conductive frameworks to fa-
cilitate redox reactions in transition metal oxides, 
hydroxides, and conducting polymers. Nano-hybrid 
electrodes comprising graphene and nanoparticles 
of transition metal oxides, hydroxides, or conduc-
tive polymers demonstrate remarkable electro-
chemical performance. This performance arises 
from synergistic effects, where graphene layers 
improve nanoparticle dispersion, serve as highly 

conductive matrices to enhance electrical conduc-
tivity, and provide structural support, while metal 
oxides, hydroxides, or conducting polymers con-
tribute significant pseudocapacitance.

Graphene is essentially a monolayer of graph-
ite, while graphene oxide (GO) is a key derivative 
of graphene. GO, which can be readily synthesized 
from graphite, retains a layered structure and ex-
hibits surface-related properties. Depending on the 
synthesis method, GO may possess various surface 
functional groups distributed differently across its 
structure. Oxygen-containing functional groups 
such as hydroxyl, carboxyl, and epoxy groups are 
typically located around the edges of graphene 
sheets, aiding in the stabilization of quasi-2D 
sheets. On the basal plane, GO typically features 
phenol epoxy and epoxide groups, while ionizable 
carboxylic acid groups are situated at the sheet edg-
es (Cai et al., 2011).

Graphene can be organized into diverse struc-
tural forms, including free-standing particles or 
dots, one-dimensional fibers or yarns, two-dimen-
sional films, and three-dimensional foams or com-
posites. While mechanical exfoliation is capable 
of producing high-quality graphene, this method 
is limited in scalability and is mainly suitable for 
research purposes. As an alternative, chemical oxi-
dation processes can produce graphene oxide (GO) 
on a larger scale. Reduced graphene oxide (rGO), 
derived from GO, serves as a foundational material 
for energy storage devices due to its enhanced con-
ductivity and structural versatility (Liu et al., 2021).

4.7.1. Synthesis of Ce-MOF 
derived GO composite

The incorporation of graphene oxide (GO) into Ce-
MOF significantly enhances its specific capacitance 
and energy density, which has been measured at 
approximately 233.8 F g−1 in 3 M KOH solution 
(Ramachandran et al., 2018). This improvement is 
primarily attributed to the pseudocapacitance con-
tribution of oxygen-containing functional groups 
present in GO.

To synthesize Ce-MOF-based GO composites, 
H3BTC (1,3,5-benzenetricarboxylic acid) is first 
dissolved in a 3:1 mixture of water and ethanol (by 
volume). A small quantity of graphene oxide is then 
added to this solution and sonicated for a specific 
duration to ensure proper dispersion. The resulting 
solution is left undisturbed in a beaker overnight to 
allow stabilization. The precipitate is subsequently 
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washed with ethanol and dried to yield the desired 
Ce-MOF/GO composite (Ramachandran et al., 
2018).

4.8. Ce-MOF/CNT

Carbon nanotubes (CNTs) have garnered significant 
attention for their exceptional structural, electrical, 
and mechanical properties, making them valuable 
materials for various technological applications. 
CNTs are formed when a graphite sheet is rolled into 
cylindrical shapes, resulting in single-walled CNTs 
(SWCNTs) and multi-walled CNTs (MWCNTs). 
They exhibit a unique structural design, nanome-
ter-scale dimensions, high surface area, low electri-
cal resistivity, and remarkable stability, all of which 
make them excellent candidates for use in polariz-
able electrodes. Both SWCNTs and MWCNTs have 
been extensively studied for their application in 
electrochemical supercapacitor electrodes, lever-
aging these properties (Venkataraman et al., 2019).

CNTs possess several remarkable attributes, 
including cost-effectiveness, lightweight nature, 
high aspect ratios, expansive surface area, superi-
or optical characteristics, exceptional thermal and 
electrical conductivity, and outstanding mechanical 
strength. These characteristics make CNTs highly 
versatile for a variety of applications in electronics, 
biomedicine, and industrial sectors. For instance, 
CNTs hold significant potential in advancing elec-
tronics “beyond CMOS,” serving as active devic-
es and interconnects in future integrated circuits 
(Agarwal et al., 2018).

CNTs belong to the fullerene family, a group 
of carbon allotropes with cage-like structures, in-
cluding hollow spheres, ellipsoids, and cylindrical 
tubes. Fullerenes are composed of interconnected 
graphene sheets with hexagonal and pentagonal 
rings, forming their distinctive curved architec-
ture. The carbon atoms in CNTs are sp2-hybrid-
ized, which are mechanically stronger compared 
to sp3-hybridized carbons in diamond, resulting 
in exceptional strength and stiffness. Theoreti-
cal calculations estimate the specific surface area 
(SSA) of an individual SWCNT to be approximate-
ly 1315 m2/g. However, actual measured SSAs are 
often lower due to bundling, agglomeration, and 
impurities in the tubes. For MWCNTs, the SSA pri-
marily depends on the number of walls, with mea-
sured values ranging from 680-850 m2/g for two-
walled CNTs to around 500 m2/g for three-walled 
CNTs (Peigney et al., 2001).

CNTs also possess excellent thermal properties 
and intriguing dimensional characteristics, includ-
ing a high aspect ratio. Their exceptional charge 
carrier mobility makes them highly promising for 
various electronic applications. Notably, the band-
gap of semiconducting CNTs exhibits an inverse 
relationship with their diameter, calculated using 
the formula:

Egap =
2𝛾0ac-c (9)

d

where 𝛾0, represents the C–C tight-binding 
overlap energy (2.45 eV), ac−c is the nearest-nei-
ghbor C–C bond distance (0.142 nm), and d is 
the diameter of the CNT (Matsuda et al., 2010).

These exceptional properties position CNTs as 
critical materials for a wide range of emerging tech-
nologies in energy storage, electronics, and beyond.

4.8.1. Synthesis of Ce-MOF 
derived CNT composite

To enhance the specific capacitance of Ce-MOF, it 
is combined with carbon nanotubes (CNTs). The in-
tegration of MOFs with CNTs improves the conduc-
tivity of energy storage devices by increasing the 
surface area and providing greater cyclic stability 
(Anwer et al., 2023). For example, Ramachandran 
et al. reported a specific capacitance of 94.8 F g−1 for 
Ce-MOF and 129.6 F g−1 for Ce-MOF/CNT compos-
ites in KOH electrolyte at a current density of 1 A 
g−1 (Ramachandran et al., 2018).

The synthesis of Ce-MOF/CNT composites in-
volves dissolving H3BTC (1,3,5-benzenetricarbox-
ylic acid) in a 3:1 mixture of water and ethanol by 
volume. A small quantity of carbon nanotubes is 
then added to this solution, which is sonicated to 
ensure proper dispersion. The mixture is left undis-
turbed overnight in a beaker to stabilize. The result-
ing precipitate is washed with ethanol and dried to 
obtain the desired Ce-MOF/CNT composite (Ram-
achandran et al., 2018).

4.8.2. Characterization techniques 
for Ce-MOF composites

XRD characterization

X-ray diffraction (XRD) analysis is a widely used 
technique for determining the crystalline structure 
of Ce-MOF composites. The diffraction patterns 
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provide crucial insights into the crystal phases 
present, the degree of crystallinity, and any phase 
changes or interactions between Ce-MOF and oth-
er components. Additionally, XRD can be used to 
evaluate stress and strain within the crystal lattice. 
Ce-MOF exhibits a fine structure with a high de-
gree of crystallinity, evidenced by the sharpness 
and clarity of its diffraction peaks. The powder 
XRD (PXRD) pattern of Ce-MOF aligns with a 
distinct group of lanthanide-based MOFs (Ln-
BTC). In these structures, each BTC linker coor-
dinates with six Ce3+ ions, and each carboxylate 
group of the linker forms bonds with two different 
Ce3+ ions. 

The inorganic building block of Ce-MOF con-
sists of distorted pentagonal CeO7-bipyramids, 

where six oxygen atoms belong to carboxylate 
groups, and one oxygen atom is associated with 
a solvent molecule, such as water or DMF. These 
CeO7 units oscillate in two directions within the 
plane, assembling into helical chains that create 
43-screw axes, ultimately forming square-shaped, 
non-interconnected channels (Ethiraj et al., 2016). 

Ramachandran et al. investigated the XRD 
pattern of Ce-MOF doped with GO and CNT, con-
cluding that the crystallinity of Ce-MOF is retained 
even after doping, as shown in Fig. 14(a) (Ramach-
andran et al., 2018). The XRD pattern of Ce-MOF 
reveals peaks at 2θ angles of 7.2°, 8.3°, 11.7°, 13.8°, 
and 14.4°, corresponding to the crystal planes (111), 
(200), (220), (311), and (222), respectively (Hassan 
et al., 2020).

Figure 14. (a) X-ray diffraction pattern of Ce-MOF (Ramachandran et al., 2018). Adapted with 
permission under an CC BY-NC 3.0 from Ramachandran et al., RSC advances, 8, 7 (2018). Copyright 
2018 Royal Society of Chemistry; (b) TEM image of (i) Ce- MOF/GO (Ramachandran et al., 2018); 
(ii) Ce-MOF/CeO2 (Hassan et al., 2020); (iii) Ce-MOF/CNT (Ramachandran et al., 2018). Adapted from 
Hassan et al., ACS Appl. Nano Mater., 3, 4(2020). Copyright 2020 ACS Publications; Adapted with 
permission under an CC BY-NC 3.0 from Ramachandran et al., RSC advances, 8,7(2018). Copyright 2018 
Royal Society of Chemistry, (c) BET measurement for determining the surface area (Ramachandran et 
al., 2018), Adapted with permission under an CC BY-NC 3.0 from Ramachandran et al., RSC advances, 
8,7(2018). Copyright 2018 Royal Society of Chemistry; (d) TGA for determining the thermal stability 
of cerium oxide-MOF (Peng et al., 2019). Adapted with permission under an CC BY-NC-ND 3.0 from 
Peng et al., Arab. J. Chem.,12,7(2019). Copyright 2019 Elsevier.

Ahmed et al. analyzed the PXRD patterns of Ce-
MOF, GO, and GO@Ce-MOF, observing similar 
peaks for Ce-MOF and GO@Ce-MOF at 2θ values 

of 8.5°, 17.3°, 20.5°, 24.7°, and 34.2°. However, no 
peak was observed at a 2θ value of 12°, which corre-
sponds to the GO structure. This absence indicates 
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that the GO@Ce-MOF crystals are uniformly dis-
tributed within the spaces between GO sheets, sug-
gesting that GO does not interfere with the synthe-
sis of Ce-MOF. The resulting Ce-MOF composite 
exhibits well-organized Ce-MOF units within the 
structure. The diffraction peaks of GO@Ce-MOF 
confirm that the presence of GO does not hinder the 
crystallization of Ce-MOF or the formation of com-
posites containing the Ce-MOF framework (Ahmed 
Malik et al., 2022).

TEM analysis

Transmission electron microscopy (TEM) is a criti-
cal tool for analyzing the morphology, size, and dis-
persion of CeO2, GO, and CNT nanoparticles within 
the MOF framework. TEM images provide detailed 
insights into the composite’s structure, particle size 
distribution, and the interface between Ce-MOF 
and its composite components. Hassan et al. used 
TEM to examine Ce-MOF-derived ceria compos-
ites, as shown in Fig. 14(b)(ii), revealing that the 
immobilization and etching of cerium oxide within 
the Ce-MOF matrix result in reduced particle size. 
This size reduction and the uniform dispersion of 
cerium nanoparticles are attributed to the chemical 
etching process (Hassan et al., 2020).

Similarly, Ramachandran et al. analyzed TEM 
images of Ce-MOF-derived GO and CNT com-
posites, shown in Fig. 14(b)(i) and Fig. 14(b)(iii), 
respectively. The images depict wrinkled graphene 
oxide sheets uniformly decorated with Ce-MOF 
nanorods, highlighting how GO prevents aggrega-
tion of Ce-MOF (Ramachandran et al., 2018). TEM 
images also show slight differences in morpholo-
gy and structure for Ce-MOF/CNT and Ce-MOF/
GO composites, which are linked to higher carbon 
content in the composites. Huang et al. further ob-
served from TEM images that adding CNTs to Ce-
MOF reduces the aggregation of Ce-MOF granules 
and improves the dispersion of Ce-MOF nanocom-
posites within CNT matrices (Huang et al., 2021). 

FTIR Analysis

Fourier transform infrared (FTIR) spectroscopy 
is employed to identify chemical bonds and func-
tional groups in Ce-MOF composites. FTIR spec-
tra provide insights into interactions between ce-
rium and MOF components, such as coordination 
bonds or hydrogen bonding. A band at 3393 cm−1 
indicates the presence of OH−1 groups and adsorbed 

water molecules, while asymmetric and symmet-
ric vibrations of carboxylate ions are observed at 
1611-1555 cm−1 and 1434-1370 cm−1, respectively, 
confirming the presence of carboxylate ions within 
the MOF structure. These vibrations occur at lower 
wavenumbers than those of typical C=O stretching 
bands (1690-1760 cm−1, suggesting deprotonation of 
carboxylic acids into carboxylate groups. The Ce-O 
stretching vibration appears as a band at 533 cm−1 
(Maiti et al., 2014). 

Ahmed et al. analyzed the FTIR spectra of BTC 
linkers, Ce-MOF, GO, and GO@Ce-MOF. They 
observed carboxylic acid stretching vibrations in 
the spectra but noted the disappearance of strong 
carbonyl absorption bands at 1693 cm−1, indicating 
the full deprotonation of carboxylic acids into car-
boxylates in Ce-MOF (Ahmed Malik et al., 2022). 
Additionally, aromatic C=C vibrations were detect-
ed at 1563, 1558, and 1525 cm−1. For GO, major 
stretching vibrations were observed at 3433 and 
3394 cm−1 (O-H), 2929 and 2857 cm−1 (CH3/CH2, 
1723 cm−1 (C=O in carbonyl/carboxyl groups), 1628 
cm−1 (C=C), and 1050 cm−1 (C-O-C). These bands 
confirm the presence of oxygen functional groups 
(Yang et al., 2020). 

Huang et al. noted a similar FTIR pattern for 
GO@Ce-MOF compared to Ce-MOF, with no oxy-
gen-containing GO groups visible, suggesting suc-
cessful grafting of Ce-MOF onto the GO surface. 
For Ce-MOF/CNT composites, Shen et al. reported 
FTIR spectra similar to Ce-MOF, with no detect-
able carboxylic stretching bands for CNT, as car-
boxylic groups on the CNT surface were consumed 
during Ce-MOF crystal growth (Cao et al., 2015; 
Shen et al., 2021). 

BET Analysis

Brunauer-Emmett-Teller (BET) analysis provides 
crucial information on the specific surface area 
and pore characteristics of Ce-MOF composites, 
which are vital for applications like gas adsorp-
tion, catalysis, and energy storage. BET analysis 
measures nitrogen adsorption-desorption isotherms 
to estimate surface area, with results expressed in 
square meters per gram (m2/g). The Ce-MOF com-
posite sample is subjected to stepwise adsorption 
of nitrogen gas at varying pressures, generating a 
BET isotherm that relates gas adsorption to relative 
pressure. This analysis provides insights into the 
surface area, pore size distribution, and multilayer 
adsorption behavior of the material.
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According to Ramachandran et al., as illustrat-
ed in Fig. 14(c), the specific surface area was mea-
sured to be 7.10 m2/g for Ce-MOF, 22.86 m2/g for 
Ce-MOF/CNT, and 18.83 m2/g for Ce-MOF/GO. 
The pore size distribution centered at 3.8 nm for 
Ce-MOF indicates the presence of mesopores in the 
material (Ramachandran et al., 2018). These find-
ings highlight the role of composites in improving 
the surface area and pore structure, enhancing their 
suitability for energy storage applications. 

TGA analysis

Thermogravimetric analysis (TGA) is a valuable 
technique for evaluating the thermal stability and 
decomposition behavior of Ce-MOF composites. 
TGA provides detailed information on the ther-
mal stability of the composite and the weight loss 
associated with the decomposition of its organic 
components. The TGA curve for Ce-MOF typically 
shows mass loss occurring in three distinct steps, 
corresponding to different temperature ranges. The 
first step involves the loss of adsorbed or bound wa-
ter molecules within the range of 80-150 °C. The 
second step, observed between 200-300 °C, corre-
sponds to the decomposition of extra organic com-
ponents within the composite. The final step, oc-
curring between 320-420 °C, involves the breaking 
of coordination bonds between the ligand and the 
metal framework, leading to further decomposition. 

Xiong et al. analyzed the TGA of Ce-MOF com-
posites and provided the corresponding TGA curve, 
shown in Fig. 14(d), which illustrates these decom-
position steps and highlights the thermal stability 
of Ce-MOF across various stages.

4.8.3. Electrochemical properties 
of Ce-MOF-derived composites

The electrochemical properties of Ce-MOF and its 
composites have garnered significant attention for 
their potential in high-performance energy storage 
devices like supercapacitors. The composites of Ce-
MOF exhibit high specific capacitance, a critical 
parameter determining the amount of charge stored 
per unit mass or volume of the material. Ce-MOF’s 
high surface area and porosity provide abundant ac-
tive sites for charge storage, facilitating efficient ion 
adsorption and desorption during charge-discharge 
cycles. By optimizing the composition, morpholo-
gy, and porosity of Ce-MOF, its specific capacitance 
can be significantly enhanced (Zeng et al., 2016).

Ce-MOF exhibits pseudocapacitive behavior, 
primarily due to reversible redox reactions at the 
electrode-electrolyte interface. The presence of 
redox-active species, such as Ce3+/Ce4+ couples 
within the Ce-MOF structure, contributes to far-
adaic charge storage, complementing the electro-
static double-layer capacitance. This pseudoca-
pacitive behavior results in higher capacitance 
and improved energy storage performance in 
supercapacitors (Maiti et al., 2014). Further-
more, Ce-MOF composites demonstrate excellent 
cycling stability, ensuring long-term reliability 
in supercapacitor applications. The robust MOF 
framework, combined with the stable redox activ-
ity of CeO2, GO, and CNT, preserves the struc-
tural integrity of the material during repeated 
charge-discharge cycles.

Electrochemical Studies

To evaluate the energy storage potential of Ce-MOF 
composites, various electrochemical techniques 
are employed, including cyclic voltammetry (CV), 
galvanostatic charge-discharge (GCD), and elec-
trochemical impedance spectroscopy (EIS). These 
methods provide critical insights into the capac-
itance, charge-discharge dynamics, and cycling 
stability of Ce-MOF composites when used as elec-
trode materials for batteries and supercapacitors.

Cyclic Voltammetry (CV) Studies

Cyclic voltammetry (CV) is a widely used tech-
nique for analyzing the electrochemical and redox 
behavior of Ce-MOF composites. This method in-
volves applying a potential waveform to the elec-
trode and recording the resulting current response, 
providing valuable data on redox reactions, capaci-
tive behavior, and electrode stability.

Fatemi et al. conducted CV measurements of 
Ce-MOF electrodes at various scan rates using a 
three-electrode setup, as shown in Fig. 15(a). The 
results demonstrated that the redox rate increases 
proportionally with the square root of the scan rate, 
indicating that the electrochemical processes are 
diffusion-controlled (Sangeetha et al., 2020). More-
over, the CV plot deviates from an ideal rectangu-
lar shape due to the pseudocapacitive behavior of 
Ce-MOF. The observed redox peaks in the CV plot 
correspond to faradaic reactions occurring on the 
electrode surface, involving changes in the oxida-
tion states of cerium (Fatemi et al., 2022).
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Ce(III) + OH− ⇌ Ce(III)(OH)−ad	 (9)
Ce(III)(OH)−ad ⇌ Ce(IV )(OH)ad + e−1	 (10)

The incorporation of graphene oxide (GO) into 
Ce-MOF composites significantly enhances the 
cycling stability of Ce-MOF (Ahmed Malik et al., 
2022). Shen et al. reported that the cyclic voltam-
metry (CV) curves of CNTs exhibit a rectangular 

shape with no distinct peaks, reflecting their elec-
trochemical double-layer behavior. In contrast, the 
CV curves of Ce-MOF and Ce-MOF/CNT nano-
composites display broad redox responses, with 
anodic and cathodic peaks observed around +0.7 V 
and +0.4 V, respectively. These peaks correspond to 
the reversible electrochemical reaction of Ce4+/Ce3+ 
redox couples in the nanocrystals (Shen et al., 2021).

Figure 15. (a) Ce-MOF electrode’s CVs obtained at the different scan rates; 
(b) GCD curves of Ce-MOF (Fatemi et al., 2022). Adapted from Fatemi et al., 

J. Energy Storage, 55 (2022) 105545. Copyright 2022 Elsevier.

Interestingly, redox peaks expected in the po-
tential range more positive than +0.7 V are absent in 
Ce-MOF/CNT composites. This absence is attribut-
ed to the electrochemical reaction of cerium edge 
sites in the MOF crystals that are coordinated to the 
CNT surface. Additionally, Ce-MOF/CNT nano-
composites exhibit broader and overlapping redox 
peaks with larger enclosed areas in their CV curves 
compared to pristine CNTs, indicating a significant 
increase in pseudocapacitance.

As the scan rate increases, the specific capac-
itance of the material decreases. This behavior is 
due to reduced diffusion of electrolyte ions into the 
electrode structure at higher scan rates, which lim-
its ion storage capacity.

Galvanostatic Charge-Discharge (GCD)

Galvanostatic charge-discharge (GCD) testing is 
performed by applying a constant current to the 
Ce-MOF electrode for a set period, followed by dis-
charging the stored charge at the same current den-
sity. GCD measurements provide key information 
on specific capacitance, energy density, power den-
sity, supercapacitive behavior, and cycling stability 
of Ce-MOF-based composite materials.

As shown in Fig. 15(b), the GCD analysis of 
Ce-MOF exhibits nonlinear and asymmetrical 
charge-discharge curves. This behavior is attribut-
ed to the pseudocapacitive nature and partial irre-
versibility of charge storage mechanisms in Ce-
MOF (Fatemi et al., 2022). The specific capacitance 
of the electrodes can be calculated using the follow-
ing equation:

Csp =
I · ∆t

m · ∆V

where:

●	 Csp is the specific capacitance (F g−1),
●	 I is the discharge current (A),
●	 Δt is the discharge time (s),
●	 m is the mass of the active material (g),
●	 ΔV is the potential window during discharge (V).

The GCD technique highlights the superior 
charge-discharge characteristics of Ce-MOF and 
its composites, further validating their potential in 
energy storage applications.

SC =
I t d (11)

m(Vc–Va)
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In the equation used to calculate specific capac-
itance, I represents the charge-discharge current 
(A), tdt d is the discharge time (s), m is the mass 
of the active material (g), and (Vc−Va) denotes the 
potential window (V). 

The galvanostatic charge-discharge (GCD) 
curves of Ce-MOF and its composites (Ce-MOF/
CNT and Ce-MOF/GO) at different current densi-
ties in 3M KOH and 3M KOH + K3Fe(CN)6 elec-
trolytes exhibit non-triangular shapes, indicative 
of pseudocapacitive behavior. These curves display 
plateaus at a potential of 0.2 V, corresponding to 
the faradic redox reaction of Ce2+/Ce3+ with OH−. 
The addition of the redox additive K3Fe(CN)6 to the 
KOH electrolyte shifts the plateau potential to 0.18 
V, reflecting the redox reaction of K3Fe(CN)6. The 
maximum specific capacitance values for Ce-MOF, 
Ce-MOF/CNT, and Ce-MOF/GO are 94.8, 129.6, 
and 233.8 Fg−1, respectively, at a current density of 
1 A g−1. These values increase further with the ad-
dition of K3Fe(CN)6 (Ramachandran et al., 2018).

To evaluate the cyclic stability of the electrode 
materials, galvanostatic charge-discharge tests 
were performed. Ramachandran et al. conducted 
these tests at 3 A g−1 in KOH electrolyte and found 
that Ce-MOF/GO electrodes demonstrated higher 
capacitance retention compared to pure Ce-MOF 
and Ce-MOF/CNT electrodes, indicating superior 
rate capability and excellent electrochemical cyclic 
stability (Ramachandran et al., 2018). Additional-
ly, tests incorporating 0.2M K3Fe(CN)6 in 3M KOH 
electrolyte revealed improved cycle life and superi-
or electrochemical stability compared to pure KOH 
electrolyte.

The Coulombic efficiency, which quantifies the 
charge retention and stability of electrode materials 
during charge-discharge processes, is a key metric 
for evaluating long-term performance. This metric 
highlights the effectiveness of Ce-MOF/GO com-
posites, particularly in electrolytes enhanced with 
redox additives, for durable and reliable energy 
storage applications (Wang et al., 2012).

η =
td

 * 100
(12)

tc

where td is the discharge time(s), tc is the char-
ging time(s).

The initial Coulombic efficiencies of Ce-MOF 
composites are relatively low, primarily due to 
the agglomeration of Ce-MOF nanorods and the 
restacking of GO and CNT layers. However, the 

Coulombic efficiencies improve significantly in 3M 
KOH+0.2M K3Fe(CN)6 electrolytes. This enhance-
ment is attributed to the faradic redox reactions of 
Fe(CN)6/Fe(CN)6 occurring simultaneously with 
the Ce3+/Ce2+ redox couple during the discharge 
process (Su et al., 2009). These concurrent redox re-
actions result in a longer discharge time relative to 
the charging time, thereby increasing the Coulom-
bic efficiency of the system.

Electrochemical Impedance 
Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is 
a powerful technique used to evaluate the electro-
chemical behavior and performance of Ce-MOF 
composite electrodes. By examining the impedance 
response across a range of frequencies, EIS pro-
vides detailed insights into key parameters such as 
charge transfer resistance, ion diffusion, and elec-
trode-electrolyte interface behavior. This technique 
is particularly useful for understanding the kinet-
ic processes and interfacial properties of Ce-MOF 
electrodes.

Ion diffusion within the material can be ana-
lyzed from the low-frequency region of the Nyquist 
plot. The slope of this region reflects the resistance 
encountered by ions penetrating the electrode; a 
steeper slope indicates lower ion diffusion resis-
tance (Fatemi et al., 2022).

Ahmed et al. investigated the EIS performance 
of Ce-MOF and GO@Ce-MOF electrodes. For Ce-
MOF, the solution resistance (Rs) and charge trans-
fer resistance (Rp) were found to be 1.18 Ω and 3.04 
Ω, respectively. In the case of GO@Ce-MOF, the 
Rs value further decreased to 1.14 Ω, and the Rp Rp 
value reduced to 2.9 Ω. These reductions indicate 
enhanced conductivity and improved charge trans-
fer dynamics in the GO@Ce-MOF composite com-
pared to pure Ce-MOF (Ahmed Malik et al., 2022).

These findings demonstrate the role of GO in 
improving the electrochemical properties of Ce-
MOF composites by reducing resistance and en-
hancing ion transport, thereby contributing to the 
superior performance of the material in energy stor-
age applications.

Future Challenges

This review highlights the potential of Ce-MOF-
derived composites in supercapacitors, showcasing 
their promising role in advancing energy storage 
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technologies. However, one of the primary chal-
lenges in this field is the limited availability of re-
search focused specifically on Ce-MOFs in super-
capacitor applications. Addressing this limitation 
requires a comprehensive exploration of related 
areas, such as CeO2, graphene oxide (GO), carbon 
nanotube (CNT)-based materials, and other met-
al-organic frameworks (MOFs). These related fields 
provide valuable insights into synthesis methods, 
characterization techniques, and electrochemical 
studies that can guide the development of Ce-MOF 
composites.

As an emerging research area, the study of Ce-
MOFs in supercapacitors is rapidly evolving. Super-
capacitors play a crucial role in various applications, 
including hybrid vehicles, smartphones, and porta-
ble power sources, due to their exceptional proper-
ties such as long cycle life, fast charge-discharge 
rates, and high power densities. Despite these ad-
vantages, supercapacitors face inherent challenges, 
including high costs, lower energy density, and re-
duced electrical conductivity compared to batteries 
(Gautham Prasad et al., 2019). As a result, extensive 
research is underway to develop materials capable 
of overcoming these limitations.

Ce-MOFs have shown great potential in enhanc-
ing the capacitance of supercapacitors. To further 
improve their electrical conductivity, incorporating 
reduced graphene oxide (rGO) has proven effective 
due to its low electrical resistance (Fatemi et al., 
2022). Additionally, the introduction of sulfides can 
enhance electron transfer among electrolyte ions. 
Sulfides, with lower electronegativity than oxygen, 
improve conductivity and hold promise as effective 
electrode materials for supercapacitors (Lee et al., 
2021; Bibi et al., 2018).

Optimizing the morphology and composition 
of Ce-MOFs is also critical for enhancing their 
electrochemical performance. By precisely con-
trolling the size, shape, and porosity of Ce-MOF 
particles, their specific surface area, ion accessi-
bility, and charge transfer kinetics can be signifi-
cantly improved (Zhang et al., 2016). Furthermore, 
tuning the composition through the incorporation 
of functional groups or dopants can enhance their 
capacitive behavior. Practical considerations, such 
as electrode thickness, loading density, and cur-
rent collector material, should also be carefully 
optimized to reduce resistance and ensure efficient 
charge transport.

The design of hierarchical or nanostruc-
tured electrodes with well-defined pores and 

interconnected pathways is another promising av-
enue for improving ion diffusion, reducing diffu-
sion lengths, and boosting overall electrochemical 
performance. Such advancements could address the 
current limitations of supercapacitors and open new 
opportunities for Ce-MOF composites as effective 
materials for energy storage devices.

This review on Ce-MOF-derived composites 
in supercapacitors provides a valuable resource for 
researchers, offering a comprehensive understand-
ing of the field and highlighting the opportunities 
and challenges ahead. By overcoming the current 
limitations, Ce-MOF composites could emerge as 
a highly effective material for supercapacitor elec-
trodes, enabling the development of promising ener-
gy storage devices for a wide range of applications.

CONCLUSION

In conclusion, this comprehensive review provides 
a detailed exploration of the utilization of Ce-MOF-
derived composites-specifically Ce-MOF/CeO2, 
Ce-MOF/GO, and Ce-MOF/CNT-as efficient mate-
rials for supercapacitors. It underscores the critical 
role of supercapacitors in diverse applications and 
highlights the pressing need for advanced materials 
to overcome current limitations. Ce-MOF and its 
composites demonstrate immense potential due to 
their unique properties, including high surface area, 
tunable porosity, and redox activity, which make 
them suitable for high-performance energy storage.

The review extensively discusses the synthesis 
methods for Ce-MOF composites and various char-
acterization techniques, such as XRD, SEM, TEM, 
XPS, and FTIR. Additionally, it examines the elec-
trochemical performance of Ce-MOF electrodes 
using cyclic voltammetry (CV), galvanostatic 
charge-discharge (GCD), and electrochemical im-
pedance spectroscopy (EIS). Ce-MOFs exhibit ex-
cellent electrochemical properties, including high 
specific capacitance, outstanding cycling stability, 
and rapid charge-discharge kinetics. The pseudo-
capacitive behavior, driven by the reversible redox 
reactions of cerium ions (Ce3+/Ce4+), significantly 
enhances their charge storage capabilities.

The review also emphasizes the importance 
of optimization strategies for Ce-MOF-derived 
composites in supercapacitor applications. These 
strategies include tailoring the morphology and 
composition of the composites, hybridization with 
other materials, electrode design optimization, and 
surface functionalization. By implementing these 
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strategies, the electrochemical performance, cy-
cling stability, and overall energy storage capabili-
ties of Ce-MOF electrodes can be further enhanced.

Overall, this review serves as a valuable re-
source for researchers, scientists, and engineers 
in the energy storage field. By fostering further 
exploration and innovation, it lays the foundation 
for the development of high-performance, durable, 
and cost-effective supercapacitors that can meet the 
growing energy storage demands across various 
sectors. applications.
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