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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.
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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
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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
this current time.*®*” So, researchers are motivated on a
determined pathway to enhance the absolute energy of super-
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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Pseudocapacitors

)

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
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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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Fig. 6 The CV curves of (a) G, CoM, CoMG2.5, and CoMGS at a scan rate of 10 mV s™%, (b) CoM, (c) CoMG2.5 and (d) CoMGS5 electrodes at different scan
rates (10-100 mV s~ in 6 M KOH. Reproduced from ref. 143 with permission from Elsevier Ltd, Copyright 2021.

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
cu