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Metal-organic frameworks (MOFs) with diverse, periodical structures bearing high surface area and tun-
able pore size have appeared as a new porous hybrid advanced class of material constructed from
organic linkers and metal-containing nodes. Due to their high porosity and thermal and mechanical
stability, they can be applied in different noteworthy applications. The low conductivity property of
MOFs generates a problem for their supercapacitor applications. Thus, their composite formation with
graphene can overcome the drawbacks of MOFs and benefit from two-parent constituents. In this
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context, we give a brief introduction to supercapacitors made from MOF-based graphene composites.
Different kinds of supercapacitor with their working principles are also discussed here. This review article
focuses on the development of functionalized MOF-based graphene composites by adopting various
synthetic strategies and their application in energy storage supercapacitors. The benefits of MOF-gra-
phene composites in supercapacitor applications are also discussed here.

DOI: 10.1039/d3ma00523b
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1 Introduction

In this era, the limitations of renewable energy resources and
the lack of fossil fuel energy are playing a crucial part in
developing clean and sustainable energy sources in

@ Materials Chemistry Department, CSIR-Institute of Minerals and Materials
Technology, Bhubaneswar, Odisha, 751013, India. E-mail: bikash@immt.res.in
b Academy of Scientific & Innovative Research, Ghaziabad, 201002, India

Dr Debal Kanti Singha received
his BSc degree in Chemistry from
Bankura Christian College (under
The University of Burdwan) in
2011. He completed his MSc
degree in 2013 from Visva-
Bharati University. He obtained
his PhD in Chemistry from Visva-
Bharati University under the joint
supervision of Dr Sudip Kumar
Mondal of Visva-Bharati
University and Dr  Partha
Mahata of Jadavpur University.
Currently he is working as a
Post-Doctoral Researcher (Senior Project Associate) at CSIR-
Institute of Minerals and Materials Technology under the
guidance of Dr Bikash Kumar Jena. His current research interests
are focused on the areas of supercapacitors, electrocatalysis, and
sensing using nanomaterials and MOFs.

Debal Kanti Singha

© 2023 The Author(s). Published by the Royal Society of Chemistry

Rupali Ipsita Mohanty graduated
in Chemistry honours from Utkal
University, Odisha in 2016. After
that, she completed her Master’s
in Chemistry from the College of
Engineering and Technology in
2018. In addition to that, she
had an internship in electro-
catalysis at the School of
Chemical  Sciences, NISER.
Currently, she is pursuing her
PhD under the supervision of Dr
Bikash Kumar Jena at CSIR-
Institute  of Minerals and
Materials Technology, Bhubaneswar, Odisha. Her area of study
is focused on the development of porous metal phosphonates for
electrochemical energy conversion and storage applications.

Rupali Ipsita Mohanty

Mater. Adv., 2023, 4, 4679-4706 | 4679


https://orcid.org/0000-0003-3129-0066
https://orcid.org/0000-0002-8793-218X
https://orcid.org/0000-0001-5847-8291
https://orcid.org/0000-0003-1794-4430
http://crossmark.crossref.org/dialog/?doi=10.1039/d3ma00523b&domain=pdf&date_stamp=2023-09-26
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00523b
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA004020

Open Access Article. Published on 08 2023. Downloaded on 12-06-2026 11:14:57.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

economically advanced ways." CO, emission during the pro-
cess generates an environmental problem. To solve these
problems, extensive research is going on all over the globe,
concentrating on clean, sustainable, and renewable energy
resources that can replace fossil fuels.” In this regard, solar
energy, tidal energy, and wind energy have been considered as
alternatives.® But these energy sources are not available for an
uninterrupted time or they depend on the time of day or
location.””"® Energy storage and conversion devices have
become very important to the scientific community. Besides
with the rapid development in means of transportation, such as
fully electric vehicles, plug-in hybrids, and hybrid electric
vehicles, and consumer electronics extending from laptops, to
digital cameras, mobile phones, and emergency doors, the
requirements for the power and energy density of energy
storage devices have increased.''™* The battery is the most
frequently used energy storage device. High energy capacity
batteries can be applied in many fields.'® But the lower power
density of a battery provides a barrier to its application that
requires a large power impulse. Supercapacitors can provide
high power density and specific capacitance, a longer cycle life,
a faster charge-discharge rate, excellent reversibility, a wide
thermal operating range, cost-effectiveness, and self-operation
in devices, all of which make supercapacitors an active area of
research.'®?® These characteristics of supercapacitors are
extensively used in gadgets such as electronic equipment,
camera flashes, digital communication devices, by the military,
in aerospace, as industrial accessories, etc.>°*® Supercapacitors
comprise four main components: electrode materials, a current
collector, electrolyte, and a separator.®® The ion permeability of
the separator permits ionic charge transfer. Supercapacitors
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with high power densities, moderate energy density, and long
cycle stability bridge the gap between traditional capacitors and
batteries.***® The lower energy density of supercapacitors,
compared with batteries and fuel cells, creates a challenge at
4647 g0, researchers are motivated on a
determined pathway to enhance the absolute energy of super-

this current time.

capacitors through the development of new electrodes and
electrolytes, and through innovative device fabrication."®*°
However, a supercapacitor depends on two charge storage
mechanisms: ie., EDLCs and pseudocapacitors. In EDLCs,
charge species are adsorbed onto the surface of the electrode.
In contrast, in pseudocapacitors, intercalation of ion species
occurs between the electrode and electrolyte interface, resulting
in the faradaic redox reaction of the active materials.
Different kinds of materials, including metal oxides, metal
phosphides, graphene derivatives, covalent-organic frame-
works (COFs), MOFs, and porous carbon materials, have been
reported for their application in supercapacitors.”**®® In 1995,
Yaghi and co-workers discovered MOFs, and since then MOFs
have been widely used in various applications.®” This term
became more popular when Yaghi and coworkers discovered
the structure of MOF-5.°®* MOFs built by connecting organic
ligands with metal clusters, or metal ions®*”> made a bright
appearance in the area of hybrid crystalline substances. The
choice of metal ions or metal clusters with an appropriate
organic ligand structure allows the formation of MOFs in
different dimensions.>” Compared to other porous materials,
the pore size of the framework could be easily controlled by
altering the length of the organic linker. MOFs with tunable
pore structures, redox-active metal centres, and large surface
areas are bright candidates for electrode materials for
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supercapacitor applications.”*”> But their low conductivity
property  generates a problem for supercapacitor
applications.”®”” However, the synergistic effect of bimetallic
MOFs provides enhanced supercapacitor performance com-
pared to monometallic MOFs. On the other hand, graphene
has a large theoretical surface area, good electrochemical
stability, high conductivity, and other distinct chemical and
physical properties that have gathered significant attention for
supercapacitor applications. The number of individual articles
reported for supercapacitor applications in the last few years,
expressly since 2018, using MOF and graphene, is provided in
Fig. 1(a). The formation of a composite with graphene can
overcome the drawbacks of MOFs and benefit from two-parent
constituents. Combining hetero-structured MOFs with gra-
phene enhances the electrical conductivity of the matrix, which
is helpful for faster ionic movement in electrochemical reac-
tions. Due to this, the interfacial interaction can be improved,
ensuring faster charge storage kinetics. Also, the durability of
the composite could be improved by integrating MOFs with
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graphene because of the increased contact area with the
electrolytic ions. Agglomeration of graphitic layers in graphene
oxide can be diminished by a composite with MOFs, resulting
in a higher electro-active surface area in the materials. For
these reasons, a few review articles have been published based
on MOF-graphene composites, focusing on their synthesis and
their potential applications for different purposes.”®*®* But in
the above-mentioned review articles, multiple applications of
MOF-graphene composites are described. In this review article,
we present a focused and updated discussion about the appli-
cation of MOF-graphene composites in electrochemical super-
capacitor applications. Measurement of the electrochemical
performance of supercapacitors, types of supercapacitors, and
materials for supercapacitors are discussed in this review
article. We discuss the MOF-graphene composites thoroughly
based on different metal-based MOF-graphene composites.
The benefits of MOF-graphene composites in supercapacitor
applications are also discussed with proper explanation in this
section. We also give an idea of various other MOF-based
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(a) Radar plot showing the number of journal publications on MOF and graphene for supercapacitor application since 2018 (source: ISI Web of

Knowledge). (b) The timeline displays recent progress in the development of different MOF—-graphene composites.
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composites and their derivatives for supercapacitor applica-
tions. Different types of MOF-graphene composites have flour-
ished over time, and their supercapacitor applications have
been explored (Fig. 1(b)).

2 Electrochemical performance
measurement of supercapacitor
electrode materials

The supercapacitor performance of an as-obtained electrode
has been evaluated by performing various electrochemical
measurements like cyclic voltammetry (CV), galvanostatic
charge-discharge (GCD), and electrochemical impedance
spectroscopy (EIS). One can obtain the values of basic para-
meters like current, voltage, and time from the above measures.
From the values of the above parameters, it is possible to obtain
the values of other related parameters, including specific
capacitance, cyclic stability, energy density, power density,
and charge transfer resistance of the supercapacitor. These
parameters are essential for the supercapacitance performance
of the electrode materials. From cyclic voltammetry, the spe-
cific capacitance (C) of an electrode could be calculated using
the equation:

Rr(vyav
¥ gl)_n{uV(IVi—)Vl)

where C is the specific capacitance (in F g~ '), m is the mass of
the active electrode (in g), v is the scan rate (in Vs™'), v, and V,
are the potential limits (in V) and J"I;fl (V)dV indicates the area
under the CV curve over an operational voltage range. The
specific capacitance from the galvanostatic charge-discharge
(GCD) analysis can be determined using the following equa-
tion:

-

where I indicates the steady discharge current applied (in A) for
GCD measurement, m is the mass of the active electrode (in g),
[V(t)dr is the area under the discharge curve, and (V, — V;) is
the working potential window (in V). The energy density (E) and
the power density (P) of a supercapacitor can be calculated as:

E= C(Vy — V1)?

2x3.6
and

_ 3600E
t

P

3 Types of supercapacitor

Supercapacitors can be divided into three categories based on
the pathway of energy storage: (i) electrical double-layer capa-
citors (EDLCs), (ii) pseudocapacitors, and (iii) hybrid
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Fig. 2 Classification of supercapacitors.

capacitors. A classification of supercapacitors based on charge
storage mechanism is provided in Fig. 2.

3.1 Electrical double-layer capacitors (EDLCs)

EDLCs are formed by the combination of two electrodes and an
electrolyte. In EDLCs, charge storage is possible either electro-
statically or through a non-faradaic process, which can be
generated from the accumulation of the charges at the elec-
trode-electrolyte interface. The electrical double layer is the
principle behind energy storage in EDLCs. So, the pore size
distribution and the accessible surface/interface features of the
electrode materials generally determine the capacitance of
EDLCs.*® This charge separation allows the formation of the
electrical double layer. In EDLCs, charge storage occurs
through a surface phenomenon. EDLCs allow quick energy
uptake, power performance, and energy delivery. Carbon-
containing substances, such as graphene, activated carbon, or
carbon nanotubes, are usually applied as electrode materials
for EDLCs. These materials possess high conductivity, a large
surface area, and high-temperature stability.’® EDLCs possess
higher power density as well as superb charge-discharge
cycling stability, as the chemical reaction occurs at the elec-
trode surface during the charge-discharge process.®> But
EDLCs have a relatively low energy density and limited specific
capacitance.®””*® Enhancing the conductivity and controlling
the pore size and surface area are the most fruitful approaches
to achieving high capacitance in an EDLC.%%°

3.2 Pseudocapacitors

In pseudocapacitors, a quick faradaic redox reaction of electro-
active materials at the interface is involved where the charge
transfer has occurred, which is the reason behind the energy
storage. The larger specific capacitance and energy densities of
pseudocapacitors compared to EDLCs are due to the involve-
ment of the faradaic process. Usually, conducting polymers and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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metal oxides, especially transition metal oxides, sulfides, sele-
nides, and nitrides, are used as electrode materials for
pseudocapacitors.

3.3 Hybrid capacitors

EDLCs exhibit good power performance and cyclic stability,
whereas pseudocapacitors possess a high specific capacitance
value. Hybrid capacitors are special supercapacitors that com-
bine EDLCs (non-faradaic) and pseudocapacitors (faradaic).

3.3.1 Composite supercapacitors. A composite supercapa-
citor is a combination of carbon-containing substances with
conducting polymers or metal oxide frameworks. Here, the
charge storage process is controlled by both chemical and
physical processes. A carbon-based material with a high spe-
cific surface area provides an electrical double layer and greater
contact between electrolyte and pseudocapacitive materials. On
the other hand, the pseudocapacitive material enhances
the capacitance of the composite electrode via a faradaic
reaction.”™?

3.3.2 Asymmetric supercapacitors. Asymmetric hybrid
capacitors involve non-faradaic and faradaic processes. Cou-
pling between EDLC and a pseudocapacitor electrode occurs. In
an asymmetric supercapacitor, a conducting polymer or metal
oxide is utilized as a positive electrode, while a carbon material
is utilized as a negative electrode.”**

3.3.3 Battery-type supercapacitors. Combining a superca-
pacitor electrode with a battery-type material generates a
battery-type supercapacitor. Here, the backdrop of a super-
capacitor and batteries have been used to construct a set-up
in one cell.”"

4 Materials for supercapacitors

Different kinds of materials, including metal oxides, metal
phosphides, graphene derivatives, COFs, MOFs, and porous
carbon materials, have been reported for application in
supercapacitors.”*°"%

4.1 Metal-organic frameworks (MOFs)

MOFs designed by connecting organic ligands with metal
clusters, or metal ions®*”® have made a bright appearance in
the area of hybrid crystalline substances as highly encouraging
materials with diverse structural characteristics and have
found application for different purposes, such as gas storage,
gas separation, magnetism, catalysis, sensing, or drug
delivery, over the last two decades.”*'”” The interconnected
pores within MOFs provide a distinctively confined environ-
ment where new physical and chemical properties can be
developed. MOFs are generally synthesized via solvothermal
techniques.'®®*** But mechanochemical methods,"**™**¢ elec-
trochemical  routes,'’”**®  sonochemical  routes,'?' >
microwave-assisted syntheses,'*>™*® and slow-layer diffusion
techniques'**™*?? are also used for the preparation of MOFs. In
MOFs, the pore size and surface area can be tuned by using
suitable ligands as the linkers. There is a possibility of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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incorporating a particular group within the framework struc-
ture. The shape and size-controlled synthesis of MOFs at macro
and nanoscales is also possible. In comparison with other
porous materials, the pore size of the framework could be
easily controlled by altering the length of the organic linker.
MOFs can be deposited onto various substrates to obtain
composites with other carbon-based supports to improve their
conducting and electrical properties. MOFs can be assembled
with graphene sheets to form composites after dispersing the
nanosheets into the MOF parent solutions."**"**> Many MOFs
could be synthesized with different structures, as diverse
choices of linker and metal are possible. Recently, their appli-
cation has been reported for supercapacitor purposes.”*””

4.2 Graphene

Among all the most propitious allotropes of carbon, graphene
has attracted massive attention in the nanomaterials field due
to two distinctive properties: good electrical behaviour and an
excellent robust structure.”*® On the other hand, graphene
oxide can be synthesized easily from graphite mesh, and is a
graphene congener with countless oxygen-bearing functional-
ities, which allows the construction of a broad spectrum of new
functional groups.®” Also, the nanostructure of graphene oxide
is made off the basal plane, which is enriched with epoxy,
hydroxyl, and carboxylic acid functional groups. Due to the
unique structure of carbon containing one-atom-thick layers
arranged in a honeycomb unit, graphene oxide can be used as a
building block to efficiently synthesize 2D porous hybrid nano-
materials. Recently, graphene has been selected as an encoura-
ging carbon-based material with huge possibilities in the
industrial field to favour different catalytic organic transforma-
tion reactions such as hydration of alkenes,'*® oxidation of
thiols,”*® and aerobic oxidation of alcohols, which can be
converted into the associated aldehydes and ketones."*° How-
ever, it is relevant to state that graphene oxide is hydrophilic
due to the existence of a broad range of oxygen-bearing groups
on the basal planes and edges, which can facilitate the grafting
of the active metal ions onto the surface. Optimization followed
by standardization of the chemical reaction and the develop-
ment of an environmentally-friendly chemical reaction can be
successfully performed via the participation of a porous mate-
rial containing suitable organic groups inside the pore wall,
which can provide fascinating technological and energy-related
improvements.

4.3 MOF-graphene composites

In the case of MOF, the vital role of the metal ion is to form the
backbone of the framework in supercapacitor applications.
Different metal-based MOFs are reported to be used to prepare
MOF-graphene composites, which are superior to pure MOF
and graphene. The benefits are as follows: (i) the aggregation of
two substances could be interrupted owing to the inclusion of
graphene-based materials; (ii) high electrical conductivity
could be maintained over the electrode; (iii) the cycling stability
of the electrode could be increased at the time of the charge-
discharge process; and (iv) the structural feature of the

Mater. Adv,, 2023, 4, 4679-4706 | 4683
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Fig. 3 Schematic presentation of different metal-ion-based MOF-gra-
phene composites for supercapacitor applications.

pseudocapacitive material could remain unaltered and inhibit
detachment from the graphene surface at the time of the
charge-discharge process. Here, we discuss the supercapacitor
application of MOF-graphene composites based on the differ-
ent metal ions involved in building the MOF structure (see the
detailed illustration in Fig. 3).

4.3.1 Co-based MOF-graphene composites. Sundriyal et al.
used a simple stirring method to synthesize a ZIF-67 and
reduced graphene oxide composite.'** The composite showed
all the diffraction patterns of the MOF besides the low-intensity
20 peak at 25.6° (002) of reduced graphene oxide (rGO) in XRD
analysis. This confirmed the successful incorporation of the ZIF
into the composite. The SEM analysis confirmed the apparent
growth of the MOF crystals over the sheet-like surface of rGO
(Fig. 4(a) and (b)). Composite formation between ZIF-67 and
rGO was also evidenced from the TEM analysis, where the ZIF-
67 crystal remains over the rGO sheet (see Fig. 4(c) and (d)).
EDX analysis was performed to confirm the presence of cobalt,
carbon, oxygen, and nitrogen in the composite. The Raman
spectra of the composite showed peaks at 1349 and 1579 cm ™ *
due to the D and G bands of the rGO nanosheet, respectively.
Peaks observed at 262, 424, 521, and 681 cm ™ suggested the
presence of ZIF-67 in the composite. FTIR spectra of the
composite exhibited a strong band at 1662 cm ™', confirming
the presence of epoxide, which arises from the reduction of GO
to rGO. The presence of ZIF-67 is confirmed by the appearance
of bands at 1580, 1428, 1304, 1142, 996, and 759 cm '. The
specific surface area obtained from the N, adsorption-
desorption isotherm of the composite is 571 m> g '. The
supercapacitor performance of the composite was checked in
a mixture of 0.2 M K;[Fe(CN)¢] and 1 M Na,SO,. The composite
material has a high specific surface area, good conductivity,

4684 | Mater. Adv., 2023, 4, 4679-4706
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Crystals

Fig. 4 FESEM images of (a) ZIF-67 and (b) ZIF-67/rGO. (c) and (d) TEM
images of the ZIF-67/rGO composite. Reproduced from ref. 141 with
permission from American Chemical Society, Copyright 2018.

and low resistance, favouring its application in supercapaci-
tors. Three-electrode systems were used for the measurement of
supercapacitor performance. At a current density of 4.5 A g,
the obtained specific capacitance value was 1453 F g~ ' with
90% capacity retention after 1000 continuous cycles. They also
assembled a two-electrode symmetrical electrode using ZIF-67/
rGO electrodes. The operation of the symmetrical supercapa-
citor in redox additive electrolyte (RAE) delivered a specific
capacitance of 326 F g~ at a current density of 3 A g~". After
performing 1000 charge-discharge cycles, the device retained
~ 88.8% specific capacitance, indicating good cyclic stability. A
white LED was illuminated for at least 3 minutes using a series
of two symmetrical devices for practical application.

Wang and co-workers synthesized nanocubes of ZIF-67 by
mixing 2-methyl imidazole and Co(NOj3),-6H,0 in an aqueous
solution containing hexadecyltrimethylammonium bromide
(CTAB)."** A room-temperature one-pot stirring method was
used for the preparation of graphene oxide (GO)-wrapped ZIF-
67 nanocomposites with different concentrations of GO. The
supercapacitance performance with respect to the specific
capacitance and cyclic stability of the composite was better
than those of pure GO or ZIF-67 nanocubes. 6 M KOH solution
was utilized as the electrolyte to check the supercapacitance
behaviour in a three-electrode system. In this ZIF-67 and ZIF-
67/GO-n composite, direct involvement of two redox couples
occurs, and a pseudocapacitor characteristic was observed. The
faradaic reaction between Co**/Co®" and Co**/Co*" was impli-
cated in the action. Upon an increase in scan rate, the specific
capacitance value for all the composites decreases due to the
limitation of ion diffusion rate. The composite containing
2 wt% of GO, ie., ZIF-67/GO-2, showed a specific capacitance of
100.47 F g ! at a scan rate of 5 mV s~ *. The specific capacitance
values of the ZIF-67/GO-n nanocomposites from the GCD data
were higher than those of single GO or single ZIF-67. The specific
capacitance value for the ZIF-67/GO-2 composite was 70.76 F g~

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The schematic production process of the CoMGX nanocomposites. Reproduced from ref. 143 with permission from Elsevier Ltd, Copyright 2021.

at a lower current density of 1 A g~ " and it reduced to 46.36 F g "
at a current density of 20 A g~ . A chronopotentiometry technique
at 10 A g~ " was used to measure the cycle life of ZIF-67/GO-2. After
performing the experiments for 600 cycles, ZIF-67/GO-2 exhibited
an increase in capacitance value to 62.0 F g, and thereafter, a
minute rise in capacitance value was observed for cycles in the
range 600 to 1000. The authors suggested that the activation of the
ZIF-67/GO-2 composite over time is the reason behind the
increase in capacitance value with the cycle charge-discharge
process.

Azadfalah et al. demonstrated an in situ synthesis technique
to prepare Co MOF/graphene composites using Co(NO;),-6H,0,
methyl imidazole, and graphene (Fig. 5).'**

Three-electrode systems were used to perform supercapaci-
tor experiments in a 6 M KOH aqueous solution. Cyclic voltam-
metry experiments for all the samples were performed with a
scan rate of 10 mV s~ ' from —0.1 to 0.6 V (Fig. 6(a)). Here,
capacitive performance is controlled by battery-like behaviour
and redox reactions. The nitrogen adsorption-desorption ana-
lysis suggested that the effective surface area of the active
materials is increased due to the addition of graphene to
CoM. Also, the CV experiments revealed the reversibility and
capacitive characteristics of all three substances at various scan
rates from 10 to 100 mV s~ * (Fig. 6(b)—(d)). With the rise in scan
rate, the lack of change in the CV curve indicated good
capacitance behaviour due to the diffusion of ions in a faster
mode onto the nanocomposites.

The discharge curve for all the electrodes in the GCD
experiments showed nonlinear behaviour due to the redox
reactions at the electrode-electrolyte interface, suggesting
superior capacitance behaviour and a reversible nature in
electrochemical performance. EIS measurements indicated
that CoMG5 has the lowest charge transfer resistance, R.. All

© 2023 The Author(s). Published by the Royal Society of Chemistry

the composites have lower R, values than CoM, which shows
that the addition of graphene to CoM increases its electrical
conductivity, and the reduction in resistance of the substance
occurs through the facilitation of OH™ ion diffusion into the
active substance surface. The CoMG5 electrode showed the
highest capacity of 549.96 F g~ due to the synergic effect of
Co MOF and graphene in the composite.

Srivastava and co-workers employed a cost-effective, simple
mechanochemical synthesis method to synthesize a CoBTC/
GNS composite with a high surface area using cobalt acetate,
benzene-1,3,5-tricarboxylic acid (BTC), graphene oxide, and
glucose.'** The CoBTC/GNS composite showed low crystallinity
owing to the presence of GNS. The generation of a sandwich
structure confirms the presence of CoBTC MOF rods in
between GNS. Due to this arrangement, the composite exhib-
ited a specific capacitance of 608.2 F g~ ' at a current density of
0.25 A g ' in a 1 M KOH solution. At the time of potential

scanning, the following quasi-reversible redox reactions
occurred:

Co*" + 30H™ = CoOOH + H,0 + e~
and

CoOOH + OH = Co0O, + H,O + e~

The combined effect of the pseudocapacitive and the double-
layer behaviour of CoBTC and GNS delivers this high capaci-
tance value, where 94.9% retention of capacitance was observed
after the 2000th cycle. A high level of conductivity of the
composite and consistent CoBTC MOF on GNS facilitate the
quick movement of the electrolyte ions, which improves the
electrochemical use of CoBTC, resulting in an outstanding
capacitive performance of CoBTC/GNS. For practical applica-
tion, a symmetric capacitor was assembled using CoBTC/GNS,
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which showed a specific capacitance of 182.2 F ¢~ ' with a power
density and energy density of 1025.8 W kg™ and 49.8 W h kg™ *,
respectively. After performing 5000 charge-discharge cycles,
there was 92.1% retention of original capacitance.

4.3.2 Ni-based MOF-graphene composite. Sedghi and co-
workers synthesized a nanocomposite G@Ni-MOF using NiCl,-
6H,0, H,BDC, and graphene under solvothermal conditions.'*’
From the CV curves, the obtained specific capacitance values
were 148, 660, and 1017 F g~ * for G, Ni-MOF, and G@Ni-MOF,
respectively, at a scan rate of 10 mV s~ in 6 M KOH. The G@Ni-
MOF electrode showed better storage capacity than Ni-MOF due
to the battery-like character and faradaic redox reactions of the
fabricated composite. The following equation is the reason for
the pseudocapacitance response:

[Ni3(OH)3(CgH404),:(H20)4]-2H,0 + OH™ <
[Ni;O(OH)(CgH,0,),-(H,0),]-2H,0 + H,0 + e~

The galvanostatic charge-discharge (GCD) curves were almost
linear and triangular with a small angle, resulting from battery-
type behaviour, exhibiting superior capacitive properties and
electrochemical reversibility. Owing to the higher capacitance
of these electrodes, the composite electrode displayed longer
discharge times at the same current density. It has good cyclic
stability, and 93.5% capacitance retention was observed after
1000 cycles. The increase in scan rates observed a little drop in
the specific capacitance. This is due to the diffusion limiting
current into the micropores. Asymmetric two-electrode systems
were prepared using G@Ni-MOF and active carbon in 6 M KOH
to utilize G@Ni-MOF in in-field applications. The as-prepared
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two-electrode cell revealed a specific capacitance of 126.2 F g~
and an energy density of 39.43 W h kg~ " at a power density of
34.29 W kg ', while this cell also displayed superb cycle life.

Using a facile hydrothermal method, Liu and co-workers
synthesized Ni MOF nanospheres on reduced graphene oxide
(Ni-MOF/rGO)."*° The material for supercapacitor application
was prepared by annelation at 300 °C (Ni-MOF/rGO-300). Elec-
trochemical performances of Ni-MOF/rGO-300, Ni-MOF/rGO,
and Ni-MOF were studied with a scan rate of 100 mV s~ ' in
6 M KOH. The confined spaces of Ni-MOF and Ni-MOF/rGO are
smaller than that of Ni-MOF/rGO-300. In the presence of OH ™,
all the electrodes exhibit oxidation and reduction peaks,
with reversible redox reactions of Ni**/Ni**. In the GCD curves,
Ni-MOF/rGO-300 displayed the greatest discharging process
among the three modified electrodes. The obtained capaci-
tance values at a current density of 1 A g~ for Ni-MOF, Ni-
MOF/rGO, and Ni-MOF/rGO-300 electrodes were 446, 529, and
954 F g, respectively. The synergistic effects between Ni-
MOF and rGO provide great capacity performance for the
Ni-MOF/rGO-300 composite. The internal resistance Rs is
smallest for the Ni-MOF/rGO-300 electrode, and its value is
0.56 Q, resulting from the extremely aligned structure and
additional reduction of GO by the calcination process. Ni-
MOF/rGO-300 showed a specific capacitance of 954 F g~ ' at
1 A g ' 80% retention of capacitance value was observed for
the Ni-MOF/rGO-300 electrode after the 4000th charge-dis-
charge cycle at 5 A g '. The potential application of Ni-MOF/
rGO-300 was studied by fabricating an asymmetric supercapa-
citor using Ni-MOF/rGO-300.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Xiao et al. reported the development of a 2D LEG (graphene
with low defect density and excellent electrical conductivity)-
based Ni-MOF, GM-LEG@Ni-MOF, under solvothermal reaction
conditions (Scheme 1)."*”

GM-LEG@Ni-MOF displayed a specific capacitance of
987.6 F g~ ' when the current density was fixed at 0.5 A g ' in
3 M KOH solution, where 85.6% retention of capacitance was
observed after 3000 cycles. These results are better than those
of the pure Ni-MOF and LEG@Ni-MOF counterparts. Abundant
oxygen functionalities in LEG were achieved through the glu-
cose modification protocol. Improvement in the solution pro-
cessability of LEG and assistance to the controlled growth of Ni-
MOF nanosheets around LEG are made possible by the
presence of abundant oxygen functionalities. A higher amount
of stable energetic sites was furnished due to the presence of a
lamellar heterostructure. These energetic sites can boost the
adsorption and transmission of ions and electrons in
supercapacitor use.

Kim and co-workers synthesized Ni-MOF/rGO composite by
using a hydrothermal method and used it in a supercapacitor
application.’*® 6 M KOH was used to perform electrochemical
supercapacitance experiments for rGO, Ni-MOF, and Ni-MOF/
rGO. At a current density of 1 A g~', the observed specific
capacitance values were 987.3 Fg ',8 Fg ', and 847.3 Fg ' for
MOF/rGO, rGO, and Ni-MOF, respectively. Ni-MOF/rGO exhib-
ited a specific capacitance of 1154.4 F g~ ' at a current density of
0.66 A g~ with a discharge time of 885 s. After 3000 cycles, it
showed 90% retention of the initial specific capacitance value.
The increase in specific surface area and active sites of the
electrode due to Ni MOF was the probable reason behind the
higher value of the specific capacitance of the composite.

He et al. utilized Ni(NO3),-6H,0, graphene oxide (GO), and
4,4'-biphenyl dicarboxylic acid (BPDC) to synthesize Ni-BPDC/
GO following a hydrothermal technique.'*’ Detailed character-
ization of Ni-BPDC/GO was carried out using PXRD, SEM,
Raman, and TEM analyses. The electrochemical performance
of Ni-BPDC/GO and Ni-BPDC was studied in 6 M KOH solution
in a three-electrode system. From the GCD curve, calculated
specific capacitance values were 460 F ¢~ " and 630 F g~ " for Ni-
BPDC and Ni-BPDC/GO-3, respectively, at 1 A g~ *. Ni(u) and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Ni(v) redox couples are involved here. The EIS measurement
values of charge transfer resistance (R.;) were 5.96 Q and 2.23 Q
for Ni-BPDC and Ni-BPDC/GO-3, respectively. To check the
cyclic stability of the composite Ni-BPDC/GO-3, 10000 cycles
were performed at 5 A g~'. For the first 2400 cycles, the
capacitance value decreased due to Ni ions bonding with
OH™ ions. Then, the specific capacitance value remained con-
stant, resulting in 56.5% retention of capacitance value after
10000 cycles. An asymmetric supercapacitor was constructed
for practical application purposes using rGO as the negative
electrode and Ni-BPDC/GO-3 as the positive electrode in a two-
electrode setup. The asymmetric supercapacitor exhibited the
highest energy density of 16.5 W h kg™" at a power density of
250 W kg™ .

Das and co-workers recently synthesized Ni-MOF@GO com-
posites with different wt% of GO.'*° The characterization of the
composites was performed using PXRD, SEM, TGA, BET, and
XPS analyses. Electrochemical experiments were performed
using a three-electrode system in 6 M KOH. From the GCD
experiment, the obtained specific capacitance value for IITKGP-
20A-GO3 was ~840 F g~ " at 2 A g~ '. IITKGP-20A-GO3 revealed
higher cyclic stability compared to the MOF when the stability
was checked by performing 5000 GCD cycles at a current
density of 15 A g~ '. The authors suggested that the increase
in electrochemical redox active sites that are responsible for the
fruitful transfer of the ions of the electrolytes and the inclusion
of RGO lowered the resistivity of the composite through
the synergistic effect of Ni-MOF and RGO sheets. For a real
application, an asymmetric supercapacitor was fabricated. The
two-electrode system showed a specific capacitance value of
111.4 F g ' at 2 A g ' It supplied an energy density of
30.7 W h kg™ ! at a power density of 388.5 W kg™ ' with 84%
capacitance retention after 7000 cycles. The constructed device
can illuminate an LED light for about 3 minutes.

Chen et al. prepared GO/MOF composites (Ni-BTC@GO)
through an in situ synthesis technique (Fig. 7) by varying the
amount of GO sheets.'>!

They determined the amount of GO in Ni-BTC@GO by TG-
DTG study. Electrochemical experiments were conducted in a
three-electrode system utilizing 6 M KOH solution as an elec-
trolyte (Fig. 8). For Ni-BTC@GO 2, the combined area of the CV
curves is the highest (Fig. 8a). Fig. 8b illustrates GCD profiles at
1Ag ™', with Ni-BTC@GO 2 having the most significant charge-
discharge time. Fig. 8c displays Ni-BTC@GO 2 CV profiles with

Ni-BTC@GO

Fig. 7 The preparation process of Ni-BTC@GO composites. Reproduced
from ref. 151 with permission from American Chemical Society, Copyright
2023.
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scan rates varying between 2 and 100 mV s~ *. The change in the
GCD profile with variation in current density for Ni-BTC@GO 2
is shown in Fig. 8d. The R values were 7.649 Q and 7.065 Q for
Ni-BTC and Ni-BTC@GO 2, respectively. Ni-BTC@GO 2 showed
84.47% retention of specific capacitance values after perform-
ing 5000 GCD cycles at 10 A g ' current density. They also
assembled an asymmetric capacitor, which exhibited an energy
density of 40.89 W h kg™ ' at 800 W kg™ '. They suggested that
the conductivity of Ni-BTC is enhanced by the incorporation of
GO sheets, resulting in a reduction in the ion transport path.
This increases the specific capacitance values.

Khiew and coworkers reported new Ni-MOF/graphene nano-
composites for supercapacitor applications."®> They synthe-
sized MOFs with different morphologies in different solvents
through a solvothermal method (Fig. 9). MOFs synthesized in a
binary solvent mixture of ethylene glycol (EG) and DMF have a
3D flower-like morphology. Then, an Ni-MOF-graphene nano-
composite was prepared via the incorporation of graphene
nanosheets into Ni-MOF. The as-synthesized Ni-MOF-graphene
nanocomposite was characterized by PXRD, FESEM, EDX, TEM,
FTIR, and TGA analyses. Electrochemical experiments were
conducted in a two-electrode system using 2 M NaCl and 2 M
KOH solutions as electrolytes. In 2 M NaCl electrolyte, the
FG_Gr1.0, nanocomposite exhibited a specific capacitance of
111.68 Fg " at 0.3 A g~ ". In 2 M KOH, the specific capacitance
for the FG_Gr1.0 nanocomposite was 126.21 F g " at a current

4688 | Mater. Adv, 2023, 4, 4679-4706

densityof 0.3 Ag '. 14.68 W h kg™ " and 291.82 W kg~ ' were the
energy density and power density for FG_Gr1.0 in 2 M
NacCl, respectively. 97.70% retention of capacitance and Cou-
lombic efficiency of 89.05% were obtained after carrying out
10 000 GCD cycles at a current density of 1.5 A g~ in 2 M NaCl
compared to electrode materials synthesized in other solvent
systems. The 3D flower-like morphology of the MOF assists the
process of ion transfer and produces a large disclosed surface
to store a huge number of charges. At the same time, a
reduction in intrinsic electrochemical resistance is possible
due to the benefit of the unique structure resulting in an
enhancement in supercapacitance performance. Besides that,
the incorporation of highly conductive graphene nanosheets
further increases the supercapacitor behaviour.

4.3.3 Cu-based MOF-graphene composites. A Cu-MOF/G
composite was synthesized by Azadfalah et al. using graphene,
Cu(NO3;),-3H,0, and 1,3,5-benzene tricarboxylic acid under
facile solvothermal conditions."”® The characterization of
the Cu-MOF/G composite was carried out via PXRD, FESEM,
TEM, BET, Raman, and FTIR analyses. Cyclic voltammetry
experiments were performed for G, Cu-MOF, and Cu-MOF/G
to compare the results of using a 6 M KOH solution in water as
an electrolyte. The specific capacitance values were 148, 190,
and 482 F g~ for graphene, Cu-MOF, and Cu-MOF/G at a scan
rate of 10 mV s '. The better performance of Cu-MOF/G
compared to Cu-MOF is due to the faradaic and battery-type

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Schematic illustration of the fabrication of (i) hierarchical Ni-MOFs and (ii) FG_Gry via a solvothermal method. Reproduced from ref. 152 with

permission from Elsevier Ltd, Copyright 2022.

characteristics. The composite showed good cyclic life, with
93.8% capacitance retention after 1000 cycles at a current
density of 0.3 A g . The CV curve showed a hysteresis shape
with redox peaks. The synergistic effects of Cu-MOF and
graphene provide better retention ability and specific
capacitance to Cu-MOF/G. The GCD data suggested a specific
capacitance of 430 F g~ at a current density of 1 A g~ for
Cu-MOF/G. The nonlinear charge-discharge curve confirms
the battery-like behaviour of the sample. Cu-MOF/G and
activated carbon were utilized as the positive and negative
electrodes for assembling an asymmetric supercapacitor in
6 M KOH electrolyte. The asymmetric supercapacitor
furnished a high energy density of 34.5 W h kg ' and a
power density of 1350 W kg™ at a current density of 0.5 A g™ .

Rai and co-workers synthesized a Cu-MOF (HMRL-1) using a
tetracarboxylic-acid-based ligand H,L (3,3',5,5'-tetracarboxy-
diphenylmethane) (5,5-MDIP ligand) as linker with Cu(NO3),-
3H,O under solvothermal conditions."® The fabrication of
the composite (HMRL-1/R) was done using the as-synthesized
MOF and reduced graphene oxide (R) through a simple ultra-
sonication approach (see Scheme 2). The 3D porous MOF with a
suitable channel structure and redox-active Cu>" centres
enhanced the ion transport. The electrochemical performance
of the composite showed hybrid capacitive features due to the
combination of the EDLC behaviour of rGO and pseudocapa-
citive behaviour of Cu-MOF, respectively, where 366.6 F g~"
specific capacitance was observed at a current density of 1 Ag ™"
in 1 M Na,SO,. After performing 4000 cycles, 83.30% retention

© 2023 The Author(s). Published by the Royal Society of Chemistry

HMRL-1 (Hierarchical Porosity)

Scheme 2 Synthesis of HMRL-1/R. Reproduced from ref. 154 with per-
mission from Elsevier Ltd, Copyright 2021.

of capacitance was observed. These results are far better than
those of HMRL-1 or R. In addition, preventing restacking of 2D
rGO sheets increases the production area for ion adsorption
due to the presence of MOFs in the rGO matrix.

The acoustomicrofluidic method was used by Ehrnst et al. to
synthesize homogeneous quasi-2D MOF-graphene oxide (g-2D-
MOF/rGO) planar heterostructures without requiring conduc-
tive binders or scaffolds."> The quasi-2D MOFs have a high
surface area to volume ratio and dense exposure of Cu sites on
their surface, which increases effective Cu/GO coordination
and reduces GO to reduced graphene oxide (rGO) without
disturbing the structural characteristics of the MOF. A detailed
characterization of the composite was performed using PXRD,
FTIR, TGA, XPS, Raman spectroscopy, helium ion microscopy,
and BET analyses. A three-electrode arrangement in 1 M H,SO,

Mater. Adv., 2023, 4, 4679-4706 | 4689
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electrolyte solution was used to perform the supercapacitor
experiments. The composite exhibited a quasi-rectangular
shape in cyclic voltammetry due to the attribution of the rGO
and Cu-BTC MOF components. A deviation in GCD data from
the triangular trace of double-layer capacitance was observed.
The composite exhibited a gravimetric capacitance of 292 F g~ *
at a current density of 1 A g~ .

Mohanadas et al. reported the preparation of a Cu-MOF
and rGO composite, namely MrGO, for supercapacitor
applications.”®® MrGO was characterized by PXRD, FESEM,
FTIR, and Raman spectroscopy. A three-electrode setup was
utilized to perform supercapacitor experiments in 1 M KCIL. The
MrGO electrode exhibited a specific capacitance of 208.9 F g™,
which was quite large in comparison to those of Cu-MOF of
143.7 Fg ' or rGO of 100.2 F g~ . The charge transfer resistance
(Rce) value of 0.95 Q was much lower than those of Cu-MOF or
rGO. An asymmetric device was prepared using vanadium
oxide/reduced graphene oxide (VrGO) as the positive electrode
and MrGO composite as the negative electrode. This device
worked over a wide potential range (0-1.4 V) and exhibited a
specific capacitance of 483.9 F g~' at a scan rate of 5 mV s~ .
It exhibited good specific energy and specific power of
31.2 W h kg~ " and 656.4 W kg™, respectively. The asymmetric
device retained 92% of its initial capacitance after performing
4000 CV cycles.

Krishnan et al. used porous piperazine (N) functionalized
Cu-MOF (C) and reduced graphene oxide (R) for the fabrication
of a hybrid composite Cu-MOF/rGO (CR) using simple
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ultrasonication."® Cu-MOF/rGO was characterized by PXRD,
FTIR, TGA, SEM, TEM, and BET analyses. CV and GCD
experiments were carried out for Cu-MOF, reduced graphene
oxide, and hybrid composite Cu-MOF/rGO (CR) using a three-
electrode arrangement in 1 M Na,SO, solution. A detailed
description of the GCD experiments is given in Fig. 10.
Fig. 10(a) compares the GCD profiles for C-GCE, R-GCE, and
CR-GCE at 1 A g '. From the charge-discharge data, the
obtained values of specific capacitances were 867.09, 284.41,
and 135 F g~ ' for CR-GCE, R-GCE, and C-GCE at a current
density of 1 A g~ (Fig. 10(b)). Fig. 10(c) shows the GCD curves
for CR-GCE at various current densities. The fluctuation in the
specific capacitances for C-GCE, R-GCE, and CR-GCE depend-
ing on the current density is shown in Fig. 10(d).

The high specific capacitance of CR-GCE is due to the fact
that the synergistic effect of R and C allows lower internal
resistance, increases ion diffusion, enhances charge transfer
kinetics, and provides a larger active surface area. CR showed
131.65% retention of the initial specific capacitance after
performing the GCD experiments for 5000 cycles. They showed
that at the time of the cycling process, electrochemical activa-
tion of the CR composite occurs, increasing the surface wett-
ability and active electrochemical sites, resulting in a higher
specific capacitance. As a result, the electrolyte-electrode inter-
action increases and enhances the efficient diffusion of elec-
trolyte ions into the electrodes. For a real application, a
symmetric supercapacitor device was assembled using the CR
composite. This device exhibited a maximum energy density of
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Fig. 10 (a) Comparison of the GCD profiles of C-GCE, R-GCE, and CR-GCE at 1 A g~* current density in 1 M Na,SO,; (b) specific capacitances of C-GCE,
R-GCE, and CR-GCE electrodes at 1 A g™%; (c) GCD profiles of CR-GCE at different current densities (1-15 A g™%); and (d) specific capacitance variations
of C-GCE, R-GCE, and CR-GCE with changing current densities (1-15 A g~%). Reproduced from ref. 157 with permission from Elsevier Ltd, Copyright

2022.
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30.56 W h kg™ " at a power density of 0.6 kW kg™ '. A maximum
power density of 12 kW kg~ was observed at an energy density
of 14.59 W h kg '. The symmetric device showed 90.07%
conservation of capacitance after carrying out 10000 charge-
discharge cycles.

Sawangphruk and co-workers reported the synthesis of a
reduced graphene oxide-MOF composite (10 wt% rGO/HKUST-
1) through the utilization of 10 wt% rGO and HKUST-1."*® The
BET surface area, specific pore volume, and average pore
diameter of 10 wt% rGO/HKUST-1 were 1241 m”> g,
0.78 cm® ¢!, and 8.2 nm. This pore size is suitable for uptaking
and releasing electrolytes. Here, 0.5 M Na,SO, solution was
used as an electrolyte. 10 wt% rGO/HKUST-1 coated on flexible
carbon fiber paper (CFP) was used as an electrode in a three-
electrode configuration. The 10 wt% rGO-HKUST-1 composite
showed a specific capacitance of 385 F g~ ' at a current density
of 1 A g, This mesoporous 10 wt% rGO-HKUST-1 composite
has sufficient well-ordered tunnels suitable for the insertion/
extraction of hydrated Na* and H;O" into/from the electrode. A
symmetrical supercapacitor set-up of 10 wt% rGO/HKUST-1
showed a specific energy of 42 W h kg™ " and a specific power
of 3100 W kg™'. 98.5% retention of capacitance occurred after
4000 cycles.

4.3.4 Fe-based MOF-graphene composites. Hu and co-
workers reported the preparation of a growth-oriented Fe-
based MOF synergized with a GA composite for performing
supercapacitor applications.”” A solvothermal method was
used to grow MIL-88-Fe on the surface of graphene in its
(002) plane. An oriented MOF/GA composite has advantages
like fast charge-discharge rates, high capacitive volumes, and
cycling stability. In one preparation of MIL-88 in the as-
synthesized graphene aerogel (GA), spindle-like MOF was
produced, which was labeled GAMOF. Another sample was
prepared using GAMOF(Fe*") with an oriented rod-like MOF.
In an aqueous graphene oxide (GO) solution, introducing Fe**
ions produces Fe**-doped GAs. The manageable and directional
growth of the MOF is possible due to the coupling of a ©
electron in graphene with the electrophilic Fe*" ion (ionic
radius 0.064 nm) via p-n interaction. As can be seen from the
SEM and TEM analyses of GA, GAMOF, and GAMOF(Fe*")
composites, the MOF morphology and distribution in the
composite were examined (see Fig. 11). The SEM images
show that GA, GAMOF, and GAMOF(Fe*") have dissimilar
morphological patterns (see Fig. 11(a)-(c)). HRTEM images of
GAMOF(Fe**) suggest that it has a highly crystalline structure
(Fig. 11(d)). The growth of the MOF in the [022] direction
is confirmed by analyzing the interplanar distance, which
shows that the (002) face is assembled along the MIL-88-Fe
growth axis.

The as-prepared materials were characterized through XRD,
IR, and XPS. Cyclic voltammetry experiments were performed
for GA, GAMOF, and GAMOF(Fe*"). The increased capacitance
changes of GAMOF and GAMOF(Fe*") are mainly due to the
alteration of electric double-layer properties as affected by
MOF. For GA and GAMOF(Fe"), the charge-discharge profile
is symmetric, while for GAMOF, the charge-discharge profile is

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 SEM and TEM images of GA, GAMOF, and GAMOF(Fe**) compo-
sites. (a) SEM image of GA (scale bar: 20 um). (b) Low- (scale bar: 2 pm) and
high-magnification SEM images (inset; scale bar: 500 nm) of GAMOF. (c)
Low- (scale bar: 2 um) and high-magnification SEM images (inset, scale
bar: 500 nm) of GAMOF(Fe**). (d) HRTEM image of GAMOF(Fe®*) (scale
bar: 2 nm). Reproduced from ref. 159 with permission from WILEY-VCH,
Copyright 2018.

asymmetric. The asymmetric nature comes out due to some
irreversible faradaic processes. The transport of ions and
channels for diffusion was found in the mesopores and micro-
pores of GA, and the storage of ions was obtained from the
micropores of MOF, where the retention ratios for GA, GAMOF,
and GAMOF(Fe®") were 66.2, 44.7 and 74.4%, respectively, after
10000 cycles.

4.3.5 Zn-based MOF-graphene composites. Zn-MOF and
reduced graphene oxide (rGO) hybrid composites (Zn-MOF-
rGOs) with wrinkled nanosheet-like structures were synthesized
by Sohn and coworkers using a hydrothermal process®®
Nanocomposites of rGO and Zn-MOF were synthesized at
weight percentage ratios (rGO:precursor Zn(NOj),-6H,0) of
10:100 and 20:100, and indexed as Zn-MOF-rGO,, and
Zn-MOF-1rGO,,, respectively. The electrochemical behaviour
of the composites was studied in a 3 M KOH solution using a
three-electrode configuration. The Zn-MOF-1GO,, electrode
showed a specific capacity of 205 C g~ " at a current density of
1 A g~ " A symmetric device with a Zn-MOF-rGO,, electrode
showed a specific energy density of 7.1 W h kg™" at a power
density of 0.4 kW kg~'. A charge transfer resistance (R.) value
of 5.95 Q was observed at the electrode-electrolyte interface of
the Zn-MOF-rGO,, symmetric device. Using power law, they
observed that the diffusion-controlled pathway of the electro-
chemical charge storage mechanism contributes more than the
pseudocapacitive-controlled pathway. The authors suggested
that the synergistic effect between ZnMOF and rGO is the
reason behind the supercapacitance performance. Firstly, a
commendable pathway for the transfer of charge and an active
surface area were obtained due to the porous Ceratophyllum-
like surface structure of ZnMOF. Secondly, electron transfer
during the charge-discharge process is promoted by attaching
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electrically conductive components to the rGO sheets, resulting
in good supercapacitor behaviour. In addition, the porous rGO
increases the surface area for electrolyte-electrode contact,
boosting the supercapacitor performance of the composite.

4.3.6 Zn-based and Co-based MOF-graphene composites.
Using an ultrasonic method, Zhang et al prepared other
graphene oxide composites: ZIF-8/GO and ZIF-67/GO."*"
Systematic characterization was performed using PXRD
and SEM. TEM and BET analyses. The electrochemical
behaviour of both samples was studied in a 6 M KOH
solution. Cyclic Voltammetry studies of ZIF-8, ZIF-8/GO,
ZIF-67, ZIF-67/GO and GO were carried out at different scan
rates (see Fig. 12).

The pseudocapacitance properties of ZIF and ZIF/GO com-
posites were confirmed from their CV curves. The shift of
cathode peaks to higher voltage and the shift of anodic peaks
to lower values occurred when the scan rate increased. At a
higher scan rate, an increase in electric polarization and an
irreversible reaction are the reasons behind the cathodic and
anodic peak shifts. The specific capacitance of ZIF-8/GO was
160 F g~ with a scan rate of 5 mV s~'. The authors observed
that the specific capacitance value of the ZIF-8/GO composite
increased with a rise in scan rate, which was more than twice
that of ZIF-8. So, the specific capacitance of the ZIF-67/GO
electrode material was 252 F g~ ', greater than that of ZIF-67 of
189 F g~ '. The GCD curves are nonlinear for all the samples,
indicating that the samples behave like pseudocapacitors. ZIF-
67/GO showed much higher (202 F g~ ') capacitance at a current
density of 1 A g~ than ZIF-8/GO (95 F g~") or GO (73 F g™ ).
However, two reasons are responsible for the excellent super-
capacitor performance: the good conductive feature of GO
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assists ion diffusion and electron transport into the redox area
of the composite.

Additionally, the very good porous structure and large sur-
face area of ZIF-67 furnish high energy storage capacity. In pure
ZIF, the distribution is less than that of ZIF developed on GO,
and the active centres in ZIF are less than those of ZIF/GO,
which enhances the capacitance of the electrode material. The
ZIF-8/GO composite has a lower R value (0.5 Q) than ZIF-8
(0.7 Q). The cyclic stability of the ZIF-8/GO and ZIF-67/GO
electrodes was measured at a scan rate of 10 mV s '. The
excellent cyclability and good rate capability of the ZIF-67/GO
composite for pseudocapacitors were confirmed by the slight
increase in capacitance value during 600 cycles.

4.3.7 Zr-based MOF-graphene composites. Jayaramulu
et al reported the covalent attachment of an amine-
functionalized MOF (UiO-66-NH,) to the basal plane of
carboxylate-functionalized graphene acid (GA) by forming an
amide bond (Fig. 13(a) and (b)).’®*> The composite GA@UiO-66-
NH, possesses a high surface area, an interconnected
conductive network, and hierarchical pores. Octahedral
GA@UiO-66-NH, nanocrystals provide the micropores. The
GA-GA interlayer distance, which is grown via a covalent bond
of GA with the MOF spacers through an amide, provides
mesoporosity in the composite. The composite retains all the
characteristic peaks of pristine UiO-66-NH,, proving that the
crystal structure remained undisturbed after anchoring to GA
(see Fig. 13(c)). The formation of amide between the amino
groups of MOF and carboxylate groups of GA was confirmed by
XPS spectroscopy. A BET experiment revealed that the specific
surface area was 600 m> g ' with a large pore volume of
1.09 cm® g~ ' (see Fig. 13(d)).
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Fig. 12 Cyclic voltammetry curves of (a) ZIF-8, (b) ZIF-8/GO, (c) ZIF-67, (d) ZIF-67/GO, and (e) GO at increasing voltage scan rates of 5, 10, 20, 30, 40,
and 50 mV s~ Reproduced from ref. 161 with permission from Springer Science, Copyright 2016.
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(a) Schematic illustration of the covalent assembly of GA and UiO-66-NH, into GAQUIO-66-NH, under solvothermal conditions via (b) amide

bonds. Carbon, oxygen, and nitrogen are represented in grey, red, and blue, respectively. Hydrogens have been omitted for clarity. Green octahedra
represent UiO-66-NH, nanocrystals. (c) PXRD patterns of UiO-66-NH, (black simulated pattern, red measured pattern) and GA@UIO-66-NH, (blue
pattern). (d) N, adsorption isotherm of GA@UiO-66-NH, measured at 77 K; filled symbols represent adsorption, empty symbols desorption. The inset
shows the pore size distribution determined through the NLDFT method. Reproduced from ref. 162 with permission from WILEY-VCH, Copyright 2021.

However, the HAADF TEM image of composite GA@UiO-66-
NH, exhibited a regular distribution of Zr, N, C, and O all over
the sample. A three-electrode system was utilized to perform
electrochemical experiments in 1 M Na,SO,. The shape of the
CV curve is not fully rectangular, which suggests a charge
contribution from the pseudocapacitive mechanism. This pseu-
docapacitive property may originate due to the stabilization of
nitrogen-based functional amide groups on GA@UiO-66-NH,.
At a current density of 2 A g, the obtained specific capaci-
tance was 651 F g '. Charge-discharge data collection at a very
high current density demonstrated high rate performance. An
asymmetric device was set up using TizC,T, Mxene as a
negative electrode and GA@UiO-66-NH, as a positive electrode.
This device showed high-energy battery-like and high-power
capacitive properties with a power density of up to 16 kW kg "
and an energy density of up to 73 W h kg '. The devices
exhibited 88% retention of their initial capacitance over
10000 cycles.

4.3.8 Al-based MOF-graphene composites. Majumder et al.
prepared an aluminum-based MOF, MIL-53(Al), and
reduced graphene oxide (rGO) composite, abbreviated as MIL-
53(Al)@rGO, for supercapacitor application.'®® A two-step
solvothermal technique was used to synthesize MIL-
53(Al)@rGO. 1 M KOH solution was used as an electrolyte for
the measurement of electrochemical experiments of C-1 (MIL-
53 (Al)), C-100 (rGO), and MIL-53(Al)@rGO) hybrid composites
(C-2 to C-50) in a three-electrode system. CV and GCD
measurements were carried out. The maximum specific
capacitance of 280 F g~ was acquired for the C-10 composite
from GCD measurements at 0.5 A g '. The C-10 composite

© 2023 The Author(s). Published by the Royal Society of Chemistry

showed the highest specific capacitance due to the synergistic
effect, which allows the exposure of more active sites,
enhancing charge transport, and higher contact of electrolyte
with the electrode. To test for practical application of the MIL-
53(Al)@rGO composite, a symmetric two-electrode system was
constructed. The specific capacitance for the C-10 composite
was 75 F g~ '. C-10 exhibited an energy density of 6.66 W h kg™*
at a power density of 200 W kg~" with a current density of
0.5 A g '. 50% cyclic stability was obtained for the C-10
composite after performing 5000 GCD cycles at a current
density of 3 A g™,

4.3.9 N-doped Co-based MOF-graphene composites.
Park and co-workers studied the supercapacitance
performance of N-doped ZIF-67 and reduced graphene oxide
composite (N-ZIF-67-rGO) prepared through an in situ
technique.'® Three-electrode arrangements were utilized to
conduct supercapacitor-based experiments in a 2 M KOH
solution. The electrochemical responses of bare Ni foam (NF),
N-ZIF-67/NF, and N-ZIF-67-rGO/NF are provided in Fig. 14.
Fig. 14(A) shows the CV responses of N-ZIF-67/NF, N-ZIF-67-
rGO/NF, and bare Ni foam (NF). The CV behaviour of N-ZIF-
67-rGO/NF is depicted in Fig. 14(B). It came to light that the
peak electrical current increased considerably when the scan
rate was raised, indicating that there was an appropriate linear
correlation between the anodic and the cathodic peak electrical
currents with scan rate (Fig. 14(C)). The GCD profiles of
N-ZIF-67/NF and N-ZIF-67-rGO/NF at a fixed current density of
20 mA are shown in Fig. 14(D).

Here, the redox peaks and pseudocapacitive features of Co
MOFs were associated with the reversible transition of Co®" and
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and N-ZIF-67-rGO/NF in 2 M KOH at a current density of 20 mA (D). Reproduced from ref. 164 with permission from American Chemical Society,

Copyright 2021.

Co>". The following equations show the probable mechanism
for the pseudocapacitance response:

Co;0, + OH  + H,0O <« 3CoOOH + e~
and
CoOOH + OH™ < Co0O, + H,O +t e~

GCD experiments suggested that the specific capacitance values
were 212 and 962 F g~ for N-ZIF-67/NF and N-ZIF-67-rGO/NF,
respectively, at 20 mA cm ™. Synergistic effects between the rGO
and N-ZIF-67 MOF active sites were responsible for the superior
supercapacitance performance of N-ZIF-67-rGO/NF. 97% reten-
tion of specific capacitance occurred after performing the GCD
experiments for 1000 cycles. A two-electrode set-up was also
prepared for practical application purposes, and battery-type
supercapacitor characteristics were observed.

4.3.10 Ni-doped Zn-based MOF-graphene composites.
Majumder and co-workers performed the synthesis of 50%
Ni-doped MOF-5 based composite with reduced graphene
oxide (rGO) by dispersing rGO in a mixture of dimethyl-
formamide (DMF) and chlorobenzene solution with varying
weight percentages of rGO (5, 10, 30, and 50%) (Scheme 3).'%®
Characterization was performed using PXRD, SEM, TEM, EDX,
and BET analyses. The surface area of MOF decreases upon rGO

4694 | Mater. Adv, 2023, 4, 4679-4706

addition, and the formation of new pores at the MOF/rGO
increases the pore volume of the MOF.

MOF-5yi500% and MOF-5yis000rGos0% Were used for electro-
chemical performance. MOF-5yis00, showed well-separated
redox peaks, but for MOF-5yis09rGos00%, an anodic peak and a
broad cathodic response were observed. The double-
layer charging behaviour from the rGO nanosheets covers the
faradaic region, resulting in a broad cathodic response.
The capacitance value of MOF-5yis00rcgos00% Was found to be
758 F g~ ' due to the synergistic interaction between rGO and
MOF. The redox peak separation is about 122 mV, suggesting
that the mechanism is the two-electron pathway. An efficient
charge transfer occurred due to the combined effort of inter-
connected graphene nanosheets and distributed Ni centres in
MOF-5.

4.3.11 Mg-doped Cr-based MOF-graphene composites.
Farisabadi et al. synthesized Mg-doped Cr-based MOF (MIL-
101(Cr)) and a reduced graphene oxide composite MIL-
101(Cr,Mg)/rGO to study its electrochemical supercapacitor
performance.’®® A three-electrode configuration in 6 M KOH
solution was employed to perform the supercapacitor
experiments. Cyclic voltammetry experiments indicated that
the MIL-101(Cr,Mg)/rGO electrode has an extra cathodic peak
in comparison to MIL-101(Cr)/rGO. The following equations
were responsible for the electrochemical activity of MIL-
101(Cr,Mg)/rGO:

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 The concept for Ni doping and incorporating rGO to form a
composite of rGO and Ni-doped MOF-5 and its use as an electrode
material that harnesses both the electrochemical double layer perfor-
mance of rGO and the reversible redox reactions of Ni metal centres with a
synergy that facilitates effective and efficient charge transfer processes.
Reproduced from ref. 165 with permission from American Chemical
Society, Copyright 2015.

Cr(m) + OH™ = Cr(u)

Mg>* + 20H™ = Mg
and
Cr’" + 20H™ =Cr

From the GCD curve, the calculated values of specific capaci-
tance for MIL-101(Cr,Mg)/rGO and MIL-101(Cr)/rGO elec-
trodes at a current density of 1 A g~' were 261.41 F g~ " and
137.46 F g ', respectively. An asymmetric supercapacitor device
was fabricated for in-field application purposes using activated
carbon as the negative electrode and MIL-101(Cr,Mg)/rGO as
the positive electrode. An energy density of 4.65 W h kg~ " and
power density of 7653 W kg~ were obtained from this device.
After 2000 cycles, 86% retention of capacitance occurred.
4.3.12 Ni-Co MOF-graphene composites. Beka et al
prepared NiCo-MOF-based 2D nanosheet (NiCo-MOF)/reduced
graphene oxide by a one-step room-temperature precipitation
method using Co(NOj3),-6H,0, Ni(NO;),-6H,0, 2-methyl
imidazole, and reduced graphene oxide (rGO).**” Here, NiCo-
MOF with highly disclosed active sites can behave like a
pseudocapacitive material, while rGO can act as the ionic and
conductive pathway. Four different samples were prepared
depending on the concentration of rGO, keeping the
concentration of MOF constant, namely NiCo-MOF/rGO-O,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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NiCo-MOF/rGO-1, NiCo-MOF/rGO-2, and NiCo-MOF/rGO-3.
From the SEM image, it was found that in NiCo-MOF/rGO-3,
the density of rGO is relatively higher as the concentration of
rGO utilized here is high. The SEM image confirmed that a
consistent density of MOF nanosheets retaining honeycomb
structures is uniformly grown on the surface of the rGO sheets.
Also, the TEM images suggest that ultrathin MOF nanosheets
were grown on rGO sheets. The sample bearing no rGO, i.e.,
NiCo-MOF/rGO-O, showed a BET surface area of about
1256 m”> g ', while the NiCo-MOF/rGO-3 sample showed a
BET surface area of 580 m” g '. More mesopores and
macropores were formed, as evident from the decrease in
BET surface area in connection with rGO concentration. For
all the samples, cyclic voltammetry experiments were
performed, and the samples exhibited a pair of redox peaks,
suggesting a pseudocapacitive property. The CV data indicated
that the CV area increases with an increase in rGO precursor in
the sample and later decreases as rGO increases. From the GCD
curves of all the samples, it was found that a two-step discharge
process occurs. Initially, the potential drops suddenly, and later
it discharges slowly. During the initial discharge steps, the
electrode potential comes from the electric double layer or
surface charge storage as in the initial stage. Activation of the
inactive electrode material is observed when the potential
reaches a certain value, and the device starts to show
pseudocapacitance. From the GCD data, the obtained values
of specific capacitance are reported to be 968, 1100, 1553, and
1451 F g~ " at a current density of 1 A g~ ' for NiCo-MOF/rGO-O,
NiCo-MOF/rGO-1, NiCo-MOF/rGO-2, and NiCo-MOF/rGO-3,
respectively. After 5000 charge-discharge cycles, NiCo-MOF/
rGO-1, NiCo-MOF/rGO-2, and NiCo-MOF/rGO-3 exhibited 72,
83.6, and 90% capacitance retention, respectively. The increase
in the rGO ratio enhances the cyclic stability, and NiCo-MOF/
rGO-3 provides better cyclic stability than that of others.

Kim and co-workers prepared Ni-Co-MOF/GO via a one-pot
solvothermal process (Fig. 15)."® Three samples were synthe-
sized depending on the amount of graphene oxide, namely Ni-
Co-MOF/GO1, Ni-Co-MOF/G02, and Ni-Co-MOF/GO3.

Three-electrode configurations were used to study the elec-
trochemical property in 6 M KOH. The values of specific
capacitance obtained from the GCD data were 120 and
230.9 F g~ for Ni-Co-MOF and Ni-Co-MOF/GO1, respectively,
at a current density of 1 A g~". Ni-Co-MOF/GO1, Ni-Co-MOF/
GO2, and Ni-Co-MOF/GO3 demonstrated specific capacitances
of 230.9, 447.2, and 341.8 F g " at a current density of 1 A g~ .
The capacitive performance of the composite electrode can be
associated with the synergistic effect of M-MOF, where Co
partly takes the place of nickel and graphene oxide. Graphene
oxide with a 2D layer structure produces a good amount of area
for intercalation and deintercalation of OH ™. The 3D structure
of the composite gained by the synthesis of Ni-Co-MOF with
the porous microstructure of the graphene oxide sheet able to
assist the progress of high-speed charge transfer and the
exposure of active sites to the electrolyte. This increases the
capacitance value, where 99.6% reservation of capacitance
value occurred for Ni-Co-MOF/GO2 after 3000 cycles.
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Ltd, Copyright 2019.

Andikaey et al synthesized another NiCo MOF via the
solvothermal method using Co(NOj3),-6H,0, Ni(NO;),-6H,0,
and 1,4-benzene dicarboxylic acid.'®® Liquid-phase exfoliated
graphene (LEG) was prepared from a natural graphite shell
using a green, cheap, and facile method. van der Waals and
hydrophobic forces allow the adsorption of glucose derivatives
on the LEG surface, and the connection of Ni and Co precursors
is possible as the -OH and -COOH groups supply the active
sites. This nanocomposite exhibited a 154.9 m* g~ ' surface area
with an average pore diameter of 7.23 nm. The CV curve of the
GM-LEG@NiCo-MOF electrode showed two redox peaks, which
came from the redox reactions of Co(v)/Co(ur) and Ni(u)/Ni(i).
The higher capacitance of GM-LEG@NiCo-MOF than NiCo-
MOF or GM-LEG results from the synergistic effect of NiCo-
MOF and GM-LEG in the nanocomposite. From the GCD curve,
the obtained value of specific capacitance for GM-LEG@NiCo-
MOF was 4077.3 F g~ '. The good electrical conductivity of GM-
LEG and the quasi-capacitive character of NiCo-MOF were the
reasons behind the superb capacitance of GM-LEG@NiCo-
MOF.

Mousavi and co-workers developed an Ni,Co-based MOF and
reduced graphene oxide nanocomposite Ni/Co-MOF-rGO for
use in supercapacitor applications.'”® Electrochemical mea-
surements were conducted in a 6 M KOH solution. Ni/Co-
MOF-rGO exhibited a specific capacitance of 860 F ¢! at a
current density of 1 A g, which is higher than that of Ni/Co-
MOF, Ni-MOF, or Co-MOF. The authors suggested three rea-
sons behind the higher capacitance value: (i) the higher surface
area with a smaller particle size of the Co MOF favours
capacitive charge storage; (ii) efficient synergistic effects among
the Ni and Co metals are possible due to the homogeneous
distribution of the MOF particles in the dual Ni/Co MOF
composite, resulting in better capacitance performance; and
(iif) synergistic effects among the MOF and rGO can act as a
current collector at a nanoscale level and support the compo-
site. The charge transfer resistance value from the EIS measure-
ment for the Ni/Co-MOF-rGO electrode was the lowest (<5 Q)
among all the materials used in this study. A two-electrode
asymmetric device was assembled for real utilization. The
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device delivered a specific energy of 72.8 W h kg™ with a

specific power of 850 W kg™ * at a current density of 1 Ag~*. The
asymmetric device showed 91.6% retention of capacitance
value after carrying out 6000 GCD cycles. For practical applica-
tion purposes, the authors tried to turn on a clock and light up
blue, green, and red LEDs using this prototype device (Fig. 16).

An Ni/Co-MOF/rGO composite with spherical particles deco-
rated with rod-like morphology was synthesized by Kumara-
guru et al. for electrochemical supercapacitor performance.'”*
Three-electrode configurations were utilized to perform electro-
chemical experiments on Ni/Co-MOF and Ni/Co-MOF/rGO in a
1 M KOH solution. Using the CV approach, the electrochemical
activity of Ni/Co-MOF and Ni/Co-MOF/rGO composites was
evaluated at various sweep rates varying from 5 to 100 mV s *
(Fig. 17(A) and (B)). The presence of a redox peak in the CV
curve indicated the pseudocapacitive nature of the Ni/Co-MOF
and Ni/Co-MOF/rGO composites. At a scan rate of 5 mV s/,
Fig. 17(C) shows the CV profiles of composite electrodes made
of Ni/Co-MOF and Ni/Co-MOF/rGO. Ni/Co-MOF and Ni/Co-
MOF/rGO showed specific capacitances of 678 and 1162 F g *
at a scan rate of 5 mV s~ '. Specific capacitance is depicted
against scan rate in Fig. 17(D), where there is an opposite
correlation. The higher capacitance of Ni/Co-MOF/rGO in com-
parison to Ni/Co-MOF was explained by the following facts: (i)
the rod-like morphology bearing high surface area helps by
providing an electrical pathway for electron transport, facilita-
tion of electron conduction, shortening of the diffusion path
length of ions, and giving more pathways for ion diffusion; and
(ii) the synergetic effect of rod-like Ni/Co-MOF and electroni-
cally conducting rGO furnish efficient and quick charge trans-
fer features, boosting the overall electronic conductivity.

From the GCD data, the calculated specific capacitances
of Ni/Co-MOF and Ni/CoMOF/rGO electrodes were 565 and
958 F g ', respectively, at a current density of 1 A g *. 109%
conservation of capacitance occurred after performing 5000
cycles at a scan rate of 100 mV s '. The higher stability
was associated with two reasons: (i) enhancement in fast
electron transfer over the Ni/Co-MOF rods occurs owing to
the conductive network of rGO; and (ii) aggregation of the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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rod-like morphology of Ni/Co-MOF is prevented due to the
presence of the rGO matrix, which provides ample surface area
for electrochemical redox reactions.

Shi et al. fabricated flexible and highly conductive two-
dimensional nickel cobalt MOFs/reduced graphene oxide
hybrid films (2D/2D NiCo-MOFs/rGO) using a simple vacuum
filtration method followed by calcination at different
temperatures.’”? The authors found that the suitable ratio of
MOF and graphene oxide was 2:1 as precursor materials for
supercapacitor applications and denoted it as NCM/GO-2, as a
higher content of NiCo-MOF resulted in the destruction of the
hybrid film. Then NCM/GO-2 was treated at 200 °C, 300 °C, and
400 °C and named NCM/rGO-200, NCM/rGO-300, and NCM/
rGO-400, respectively. The heat treatment process was per-
formed to make ion diffusion feasible, resulting in the creation
of active sites in the MOFs by removing the residual solvent
present in them and reducing the graphene oxide to increase
the conductivity of the composite material. PXRD, SEM, TEM,
FTIR, Raman, BET, and XPS analyses were performed to char-
acterize the composites. The supercapacitor performances of
the synthesized materials were studied in a three-electrode
arrangement using 2 M KOH as an electrolyte. The results
showed that the NCM/rGO-300 hybrid film had a higher areal
capacitance of 4.31 F cm ™ at 1 mA cm™ > The higher areal
capacitance NCM/rGO-300 was due to the higher conductivity
and greater active sites in the MOFs of the composite material.
Furthermore, an asymmetric two-electrode set-up was fabri-
cated using NCM/rGO-300 as cathode material and activated
carbon as anode material for real application. The asymmetric
device achieved a higher value of areal energy density of
199.4 pW h cm™? at a power density of 801.9 uW cm 2. Also,
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the two-electrode assembly exhibited an outstanding cyclic
stability of 92.51% after 5000 cycles.

4.3.13 Co-Fe MOF-graphene composites. Safari et al
synthesized a bimetallic Co-Fe MOF with reduced graphene
oxide of different compositions (3 and 5 wt%) on nickel
foam using an ultrasonic-assisted solvothermal method."”
The structural analysis of the synthesized composites was
examined by XRD, FESEM, TEM, XPS, and BET techniques.
The supercapacitor performance of the synthesized composites
was carried out in a three-electrode configuration on nickel
foam using 3 M KOH as an electrolyte. In the CV curves for all
the electrodes, two strong peaks were detected due to the
reversible redox reactions of Fe(m) <> Fe(u) and Co(u) <
Co(m). Due to the higher surface area and proper
microporosity, the 3% rGO@CoFe-MOF/NF electrode showed
a higher specific capacitance of 2069.1 F g~ " at 0.5 A g~ . Also,
the charge storage mechanism was well studied by the authors,
which revealed the dominance of an ion-diffusion-controlled
process for 3% rGO@CoFe-MOF (Fig. 18). In Fig. 18(a), the
slope of the graphs is directly correlated with the diffusion
coefficient, D. The b-values of 3% rGO@CoFe-MOF are
approximately 0.44 and 0.41, which were associated with the
reduction and oxidation reaction peaks, respectively, as
shown in Fig. 18(b). According to Fig. 18(c), CoFe-MOF, 3%
rGO@CoFe-MOF, and 5% rGO@CoFe-MOF, correspondingly,
comprise 17, 33, and 18% of the entire area. The shaded areas
of Fig. 18(d)-(f) represent surface-controlled impacts with a
scan rate of 10 mV s~ . A two-electrode system was fabricated by
utilizing an rGO@CoFe-MOF/NF electrode as the cathode and
activated carbon pasted on nickel foam as the anode material.
The assembled asymmetric device possessed a higher energy
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(a) The curves of the peak current versus the square root of sweep rate (Randles—Sevcik plot). (b) The plots of logi versus logv. (c) Capacitance

contribution for three electrodes, the capacitive contribution of CV curves at 10 mV s ! for (d) CoFe-MOF, (e) 3% rGO@CoFe-MOF, and (f) 5%
rGO@CoFe-MOF. Reproduced from ref. 173 with permission from Elsevier Ltd, Copyright 2023.
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density of 75.8 W h kg™" with a power density of 700 W kg™".
The cyclic stability of the assembled device was also measured,
demonstrating 83.8% capacitance retention of the electrode
after 10 000 cycles, suggesting the superior performance of the
electrode towards energy storage devices.

4.3.14 Zn-Co MOF-graphene composites. Kiransan and
co-workers fabricated a free-standing, flexible, all-solid-state
supercapacitor (FASC) using a bi-metallic ZnCo-MOF synth-
esized by a solvothermal method doped with a 3D-graphene
sponge (GS).'”* Characterization was performed using PXRD,
FTIR, Raman, SEM, EDX, and XPS analyses. The authors
studied the capacitive behaviour of ZnCo-MOF/GS in 3 M
KOH electrolytic solution using different electrochemical
techniques. For ZnCo-MOF/GS, the specific capacitance value
was calculated to be 695 F g ' at 1 A g ', which is much higher
than that of GS (392 F g~ '), which is attributed to the synergistic
effect of Zn and Co, higher conductivity, and the specific
rhombic dodecahedron structure of the composite. The effect
of electrolytes on capacitive behaviour was studied by the
authors. CV curves were carried out using three different
types of electrolyte (1 M H,SO,, 3 M KOH, 1 M Na,SO,). The
authors observed higher capacitance in KOH
electrolytes. This is because MOF structures oxidize in acidic
electrolytes, resulting in disruption of the structures from GS,
and in neutral electrolytes, the diameter of the sulfate ions is
not matched with the pore structure of ZnCo-MOF/GS. For
further applications in real life, a two-electrode symmetric
device was fabricated, which showed a high capacitance value
of 302 F g at 1 A g . Also, the device had an excellent
high energy density of 108 W h kg™* and a power density of
5037 W kg~ ! over a large range of operating voltage (2.8 V).
Additionally, the flexibility of the device was tested by bending
it at different angles (90° and 180°), and it exhibited nearly the
same capacitance value, indicating the high rate of flexibility
and durability of the fabricated device.

4.3.15 Cu-Fe MOF-graphene composites. A CuFeBTC/S-
GNS composite was prepared by Rajpurohit et al. using
sulfur-doped graphene (S-GNS), benzene-1,3,5-tricarboxylic
acid, and equimolar concentrations of Cu(NO;),-3H,0 and
Fe(NO;);.9H,0 (see Scheme 4).'7°

The TEM study revealed that the surface of graphene was
changed with the sulfur atoms. In CuFeBTC/S-GNS, the dis-
tinctive characteristics of CuBTC and S-GNS were finely dis-
played where the heavy CuFeBTC particles were routinely
arranged on the surface of S-GNS. The BET-surface areas for
the CuFeBTC/S-GNS composite and CuFeBTC were found to be
568.75 m”> g ! and 313.54 m?® g, respectively, with large pore
volumes of 0.52 ecm® g ! and 0.24 cm?® g~ . The surface area of
CuFeBTC increased upon the addition of S-GNS, which pro-
vides better electrochemical charge storage properties. The
CuFeBTC/S-GNS composite in 1 M Na,SO, exhibited a rectan-
gular shape under the CV curve, indicating high charge storage
ability. The synergy of S-GNS and CuFeBTC MOF proceeds with
the EDLC charge storage mechanism from S-GNS and pseudo-
capacitance from the redox process in the MOF (Scheme 5).
Cyclic voltammetry experiments were performed at different

values
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Scheme 5 Pictorial representation of charge storage in the CuFeBTC/S-
GNS nanocomposite. Reproduced from ref. 175 with permission from
Elsevier Ltd, Copyright 2019.

scan rates for CuFeBTC nanopowder and CuFeBTC/S-GNS
nanocomposite electrodes. CuFeBTC showed two redox peaks
even at a high scan rate, suggesting good reversibility in
electrochemical performance and rate performance. However,
in the case of CuFeBTC/S-GNS, the supercapacitor behaviour of
the composite increased with increasing scan rate owing to the
steep rise in specific current.

The addition of S-GNS to CuFeBTC provides maximum
EDLC effect to pristine CuFeBTC, which improves its super-
capacitor behaviour. From the GCD plot, the specific capaci-
tance value was 1164.3 F g~ at a current density of 0.5 A g~ for
CuFeBTC/S-GNS. The authors suggested some reasons behind
the high specific capacitance of the hybrid composite: (i)
instant contact between the CuFeBTC network and high-
surface-area S-GNS sheets is possible due to the typical struc-
ture of CuFeBTC/S-GNS; (ii) the heterobimetallic structure of
CuFeBTC with sufficient porosity provides high charge storage,
and destruction of the heterobimetallic MOF is prevented due
to the presence of S-GNS; (iii) the penetrated S-GNS sheets
reveal discrete CuFeBTC particles and this connection
increases the conductivity, ultimately providing efficient
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transportation of charge across the structure; and (iv) electrical
double layer charge storage is possible with S-GNS through the
adsorption of electrolyte ions on its surface. The heterobime-
tallic MOF gathered on the surface of S-GNS with a tunable
porous structure provides high surface area and electronic
conductivity. These are the reasons behind the good super-
capacitance performance. An improvement in electrochemical
kinetics is possible as the interconnected structure allows swift
electron and electrolyte transport at the time of the charge-
discharge process. This interconnected structure permits elec-
trolyte transport and swift electrons during the charge-dis-
charge process, enhancing the electrochemical kinetics. The
cycle life of CuFeBTC and CuFeBTC/S-GNS electrodes was
measured by collecting consecutive GCD cycles at 0.5 A g,
where 90.2% and 79.4% retention of initial capacitance
occurred after 4500 cycles for CuFeBTC/S-GNS and CuFeBTC,
respectively. To apply CuFeBTC/S-GNS in a real application, a
two-electrode symmetric supercapacitor device was assembled
using CuFeBTC/S-GNS as cathode and anode.

A summary of supercapacitor performance using MOF-
graphene composite is provided in Table 1.
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4.4 Various Other MOF-based composites and their
derivatives

For an improvement in the conductivity issue, several other
MOF-based composites and their derivatives were prepared and
utilized for supercapacitor purposes. In composites, synergistic
effects between two interconnected materials can be employed
to maximize the benefits of single materials or to get around
their drawbacks.'”® Thus, one may create hybrid electrodes for
applications involving supercapacitors using the composite
construction technique. The EDLC and pseudocapacitive char-
acteristics of the relevant individual substances can be retained
via hybrid electrodes. This hybrid approach contributes to the
delivery of exceptional specific capacitance, a prolonged life-
span, good energy, and high power densities. Compared to
pure MOFs, MOF derivatives not only substantially maintain
their primary porous framework architecture but also display
enhanced stability, a void distribution that is tunable, and
sufficient electroactive locations where energy-related technol-
ogy may be developed.'””” A detailed review of MOF-MXene
composites and their derivatives with respect to electrochemi-
cal applications has been provided by Pang and coworkers."””

Table 1 A summary of supercapacitor performance using a MOF-graphene composite

Specific Power
capacitance Scan rate/current Energy density density

Composite Electrolyte (Fg™ density W hkg™) Wke Ref.
ZIF-67/rGO 0.2 M K;[Fe(CN),] in 1 M Na,SO, 1453 45Ag" 25.5 2700 141
ZIF-67/GO-2 6 M KOH 100.47 5mvs " — — 142
CoMG5 6 M KOH 549.96 10mvs 8.10 850 143
CoBTC/GNS 1 M KOH 608.2 025Ag"" 49.8 1025.8 144
G@Ni-MOF 6 M KOH 1017 10mv s’ 39.43 34.29 145
Ni-MOF/rGO-300 6 M KOH 954 1Ag" 17.13 750 146
GM-LEG@Ni-MOF 3 M KOH 987.6 05Ag" 32.7 750 147
Ni-MOF/rGO 6 M KOH 1154.4 0.66 Ag! 0.82 20 148
Ni-BPDC/GO-3 6 M KOH 630 1Ag! 16.5 250 149
IITKGP-20A-GO3 6 M KOH ~ 840 2Ag " 30.7 388.5 150
Ni-BTC@GO 2 3 M KOH 1199 1Ag] 40.89 800 151
Ni-MOF-graphene 2 M NaCl 111.68 03Ag" 14.68 291.82 152
nanocomposite

Cu-MOF/G 6 M KOH 482 10mv s’ 34.5 1350 153
HMRL-1/R 1 M Na,S0, 366.6 1Ag" 14.66 21100 154
q-2D-MOF/rGO 1 M H,S0, 292 1Ag" — — 155
MrGO 1 M KCl 208.9 — 31.2 656.4 156
Cu-MOF/rGO (CR) 1 M Na,S0, 867.09 1Ag" 30.56 12000 157
10 wt% rGO and HKUST-1 0.5 M Na,SO, 385 1Ag 42 3100 158
GAMOF(Fe*") 1 M H,S0, 353 20Ag" 36 588 159
Zn-MOF-rGO 3 M KOH 20Cg " 1Ag" 7.1 400 160
ZIF-8/GO 6 M KOH 160 5mvs ! — — 161
GA@UiO-66-NH, 1 M Na,S0, 651 2Ag7" 73 16000 162
MIL-53(Al)@rGO 1 M KOH 280 05Ag " 6.66 200 163
N-ZIF-67-TGO/NF 2 M KOH 962 20 mA cm 2 — — 164
MOF-5 Ni50%rGO50% 1 M KOH 758 — 37.8 226.7 165
MIL-101(Cr,Mg)/rGO 6 M KOH 261.41 1Ag" 4.65 7653 166
NiCo-MOF/rGO-2 — 1553 1Ag! 44 3168 167
Ni-Co-MOF/GO2 6 M KOH 447.2 1Ag" — — 168
GM-LEG@NiCo-MOF Mixture of 3 M aqueous KOH and 0.1 M 4077.3 25Ag" 76.3 2250 169

K,Fe(CN)s
Ni/Co-MOF-1GO 6 M KOH 860 1Ag" 72.8 850 170
Ni/Co-MOF/rGO 1 M KOH 1162 5mvs’ — — 171
2D/2D NiCo-MOFs/rGO 2 M KOH 431Fcm 21 mA cm ™2 199.4 yW h 801.9 yW 172
cm 2 cm ™2

rGO@CoFe-MOF 3 M KOH 2069.1 05Ag"" 75.8 700 173
ZnCo-MOF/GS 3 M KOH 695 1Ag! 108 5037 174
CuFeBTC/S-GNS 1 M Na,S0, 1164.3 05Ag " 96.57 1595.12 175
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The quick transfer of electrons and ions could be efficiently
accelerated by the proposed hierarchical arrangement, conduc-
tive support, high active area, and enhanced interlayer spacing
of MXene/MOF hybrids and their derivatives. Additionally, the
interfacial contacts generated in the composites increased their
chemical durability and reduced volume growth during
the quick charge-discharge mechanism. Hybridization with
MZXene in the 3D porous structure has been studied for a
high-performance asymmetric supercapacitor device using Ni-
based MOF [Ni(Tdc)(Bpy)], with a porous framework and good
structural durability.'”® Rapid ion transport was made possible
by the incorporation of Ni-MOF since it considerably enhanced
the interlamellar gap of MXene. A highly stable Ni-Bpy linear
chain may be responsible for the improved cycling stability of
MXene@Ni-MOF. Compared to the electrochemical perfor-
mance of MXene, MXene + Ni-MOF, and pure MOF, MXe-
ne@Ni-MOF displayed noticeably increased electrochemical
performance. The presence of a highly stable Ni-Bpy linear
chain was responsible for the remarkable cyclic performance of
the built ASC device, with 98% retention of specific capacitance
after 5000 cycles. Hierarchical nickel phosphates-MXene
(MXene/NPO) were made by phosphorylating an Ni-BDC/
MXene composite in a KH,PO, aqueous solution for electrode
materials in supercapacitor applications.””® The electrode
materials exhibited exceptional cycling stability, with 85%
retention of capacity after 10000 cycles and a high specific
capacity of 639 C ¢~ ' at 0.5 A g~ '. The nickel phosphate-derived
in situ MOFs were decorated, strengthening the bonds between
MXene and nickel phosphate and encouraging electron trans-
port. Luo et al. prepared a Co3S,/Ti;C,T, composite through
the sulfidation of a cobalt-based ZIF-67/Ti;C,T, composite in
the presence of thioacetamide (TAA) under hydrothermal
conditions.’®® In a 3 M KOH solution, an electrode with
Co3S,/Ti;C, T, as its active substance had a very high specific
capacitance of 602 F g~ ' at a current density of 1 A g, which
was 2.6 times greater than that of an electrode with ZIF-67/
Ti;C,T, and 4.5 times higher than that of electrodes with ZIF-
67. At 10 A g ', C03S,4/TizC,T, exhibited 81.6% retention of
capacitance, which was larger than those of ZIF-67 of 67.7% or
ZIF-67/Ti;C, T, of 75.8%. The authors suggested that the greater
effectiveness of the Co;S,/Ti;C,Tx-based electrode can be attrib-
uted to (1) its greater reactivity and pseudocapacitance, which,
when combined with (2) its substantial porosity, are very help-
ful for the quick insertion-extraction of OH™ from the electro-
lyte. (3) The third component is a three-dimensional (3D)
structure that offers simple conductive routes for effective
transport of charges and electrolyte infiltration. (4) The final,
but certainly not least reason is the existence of Ti;C,T,, which
offered stability and support to the composite and protected
the entire structure from harm caused by the ongoing electro-
chemical processes between oxidation and reduction. The
Co03S,/Ti;C,Ty-based electrode performed excellently in terms
of rate thanks to every one of these features. MOF-carbon
nanotube (CNT) composites have also been explored by many
researchers.'® Ni-MOF was directly grown on the surface
of CNTs by Wang and coworkers to create Ni-MOF@CNT."®>

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Ni-MOF@CNTs provided a specific capacitance of 1765 F g~
at 0.5 A g~ ' in 6 M KOH, which was 1.6 times the capacitance
of 1080 F g ! for pure Ni-MOF. Furthermore, 95% of the
capacitance was present in Ni-MOF®@CNT after 5000 charge-
discharge cycles. This dominance is due to the synergistic
interaction between Ni-MOF and CNTs. The porous structure
of Ni MOF can facilitate the entrance of electrolytes, while
CNT may substantially boost the conductivity of the entire
composite capacitor. MOF-conductive polymer composites
have also been applied for supercapacitor applications. Neisi
et al. prepared PANI/Cu-MOF at room temperature to study
its supercapacitor behaviour."®® In 6 M KOH electrolyte, with
a scan rate of 5 mV s~ ', the composite displayed pseudoca-
pacitance behaviour, and its specific capacitance (734 F g™ ")
was larger than that of pure Cu-MOF of 558 F g ..
By supplying ion channels and electron transport
pathways, polyaniline is thought to enhance the number of
sites for activity in the redox procedure, enhancing the
specific capacitance. So, creating Cu-MOF hybrids with poly-
aniline as the polymer that conducts electricity is a success-
ful way to raise the specific capacitance and cycle life of Cu-
MOF. An Ni3(NO3),(OH),@ZrMOF composite with a flower-
like morphology was prepared by Tang and coworkers to
study its supercapacitor performance.’® In 6 M KOH,
Ni3(NO;),(OH),@ZrMOF displayed a higher specific capaci-
tance of 992 F g™ ' at a scan rate of 5 mV s~ ' compared to
134 F g~ " for Zr-MOF and 753 F g™ " for Niz(NO;),(OH),. After
3000 cycles, the Niz(NO;),(OH),@ZrMOF electrode showed
outstanding capacitance retention, suggesting good cycling
stability. The large specific surface area of Zr-MOF, which
maximizes Niz3(NO3),(OH), dispersion on Zr-MOF, is cred-
ited for the high specific capacitance. Additionally, the
porous structure of Zr-MOF offers ions easy paths to travel.
Yao et al. prepared a Ky sMn,0,@Mn-MOF-8 nanosheet
array composite to perform a supercapacitor study.'®®
Ko sMn,0,@Mn-MOF-8 exhibited a remarkable capacitance
of 886.9 F ¢~' at 1 A g ~' current density. The asymmetric
device (ASC) comprised K, s;Mn,0,@Mn-MOF-8 and WO;,
which had a potential window of 2 V and remarkable cycling
stability. The authors suggested three reasons for the better
performance of K, sMn,0,@Mn-MOF-8. First, by adding or
removing the hydrated cations (K') of Ko sMn,0y,, the conduc-
tivity of the electrode materials is improved, and the capaci-
tance is increased. Also, the synergistic as well as annealing
effect of various metals are the driving forces to enhance
the electrochemical performance towards supercapacitor
applications.'®®"*%% In the electrochemical examination, the
added crystal water supports a stable structure and inhibits
the dissolution of manganese oxide. Second, K,sMn,O,
nanosheets with a vertical orientation and an interlayer
spacing of 7.2 A offer a large number of places for the storage
of electrolyte ions and improve the efficiency of electrolyte
uptake on the electrochemical interface. Third, the contact
surface of the vertically co-oriented K, sMn,0,@Mn-MOF-8
nanosheets enhances the utilization rate of the electrode
material and contains a large number of active sites.
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5 Conclusions and future perspectives

In this review article, we have discussed the synthesis of
different kinds of MOF-graphene composites and explored
them in supercapacitor applications. Different types of
transition-metal-based MOFs have been discussed with MOF-
graphene composites in the field of supercapacitor application
with their working principles. Recently, MOFs have been suffer-
ing from conductivity issues in their pristine form, so this
limitation will be improved through the development of MOF-
graphene composites. The mechanisms of supercapacitor
behaviour using different metal-based MOF-graphene compo-
sites have also been addressed. The benefit of using a MOF-
graphene composite compared to a pure MOF has been well
explained. The exploration, emerging applications, key chal-
lenges, and future perspectives of MOF-graphene composites
have been demonstrated in Fig. 19.

Despite significant advances in the research and develop-
ment of MOF-graphene composite-based supercapacitor elec-
trode materials, there are still a number of obstacles to be
overcome before supercapacitors based on this technology may
be commercialized with these resources. The following are the
difficulties:
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Fig. 19 The exploration, emerging applications, key challenges, and
future perspective of MOF—-graphene composites.

4702 | Mater. Adv., 2023, 4, 4679-4706

View Article Online

Materials Advances

(a) For exceptionally well-suited applications, it is crucial to
reduce the size of MOFs on graphene in order to provide
additional active regions for effective electrochemical reactions
while avoiding agglomeration.

(b) Currently, there are just a few reported varieties of MOFs,
mostly from the ZIF, MIL, UiO, and HKUST-1 series. More
optimized MOFs and their graphene composites can be pro-
duced by carefully controlling their makeup and composition.

(c) In addition to significantly impacting charge transfer, the
strength of the surface among MOFs and graphene also influ-
ences ion adsorption energy and diffusion kinetics, which in
turn affects supercapacitor efficiency.

(d) MOF-graphene composites need to work in severe environ-
ments and function at their peak under particular circumstances
(pH, temperature, humidity, etc.) for supercapacitor applications;
their potential for advancement is somewhat constrained.

(e) Despite the fact that the materials used in electrodes
made of MOF-graphene composites exhibit favourable proper-
ties, it is unclear exactly how these structural modifications and
their effects on the electrochemical process work. It is essential
to understand the electrochemical activities for designing high-
performance electrode materials.

(f) The biggest issue with the broad acceptance of MOF-
graphene composite electrodes is expense. Using expensive
ligands, solvents, and laborious preparation methods has made
massive production difficult in several ways.

Even though MOF-graphene composites face the aforemen-
tioned difficulties, the following modifications could be made
to address these problems and enhance the supercapacitor
performance of MOF-graphene composites.

(a) To create these incredibly small-sized MOFs, a novel and
efficient method of synthesis must be developed.

(b) Additional MOF-based functional materials, like conduc-
tive MOFs, may be advantageous for electrochemical applica-
tions. Besides that, certain MOFs with excellent conductivity,
chemical, thermal, and mechanical stability may be used in
combination with graphene to create composites.

(c) Developing materials that use MOF-graphene compo-
sites with strong interfacial interactions thus becomes crucial
for improving supercapacitor efficiency.

(d) In this respect, MOF-graphene composites still have
opportunities for advancement. By using highly charged metal
ions with oxygen donor sites of carboxylate ligands, a viable
dual-ligand method can be constructed to improve building
unit connections, enhance the framework hydrophobicity, and
increase the rigidity of ligand-stable MOFs. Besides that, post-
synthetic modifications (PSMs) could be undertaken to sub-
stitute the labile components with stable ones, increasing the
stability of the framework.

(e) Extensive studies are required using experimental mea-
surements, theoretical calculations, and simulation studies
with the objective of learning more about the electrochemical
mechanism of a supercapacitor. Furthermore, sophisticated
characterization tools are also necessary.

(f) It is vitally necessary to develop innovative kinds of
synthetic techniques in order to streamline the process and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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improve the uniformity of the composites that are produced.
Large-scale manufacturing of MOFs and MOF-graphene com-
posites could be made feasible at a relatively low cost due to the
discovery of a range of straightforward and efficient methods of
synthesis, like the one-pot solvent approach.

In conclusion, MOF-graphene composite materials have the
potential for the extension of the usage of MOF-based materials
despite the fact that there remain some obstacles to be over-
come. We think that the information presented in this review
will be useful for gaining an insight into how MOF-graphene
composites are being used as potential materials in the area of
supercapacitors and will serve as a useful resource for further
investigation.
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