
Introduction

While scientists, researchers, technocrats, and entrepre-
neurs are pondering over climate change, pollution, re-
source depletion and energy security, green energy storage
technologies (ESTs) are providing a window of opportunity
to take the bull by the horns.1 Having a squint at the present
ESTs, Li-ion batteries (LIBs) are leading from the forefront
due to their wide range of applications, ranging from pocket
devices to grid-scale installations.2 Beginning with power-
ing electronic gadgetry such as phones and computers a dec-
ade ago, at present LIBs are running our cars and homes with

plans to fuel air and space travel in future.3 Consequently,
aggressive research activities on electrode materials and
the surge in the LIB production have led to 85% reduction
in prices over the last decade. As the demand for energy
and its storage is increasing exponentially, the world energy
storage market is estimated to grow as much as $426 billion
in the next decade where the LIB market has already
touched the $50 billion mark worldwide.4 Right from the be-
ginning of the LIB age, it relies mostly on uninterrupted sup-
ply of expensive metals such as Co, Ni, Mn, Al, Fe, Cu and Li.
On the flipside, the cathode materials based on these metals
are now posing serious concerns related to availability of
raw material, mining and synthesis cost, supply chain bot-
tlenecks, geopolitical situations, and issues surrounding
end of life such as toxicity and recycling.5 Therefore, the im-
mediate challenge is not only to address these concerns but
also to upgrade the storage capacity, the cell voltage and du-
rability of the present LIBs to meet the future demands. This
brings the concept of greener and sustainable batteries con-
taining environmentally benign, economic, abundant, and
safer organic electroactive materials. This review focuses on
presenting an overview of state-of-the-art of organic cath-
ode materials applied in various forms such as small mole-
cules, metal complexes, and organic/metal–organic frame-
works (MOFs) in LIBs over the period of last five years.

Organic materials are composed of earth-abundant ele-
ments such as H, C, N, O, S and P. Apart from lower environ-
mental footprints, energy-economic synthesis, cost and re-
cycling, one of the most attractive features of organic redox
materials is high structure and property tunability (Fig-
ure 1).6 Recent efforts in developing organic materials were
mainly aimed at structural modification of organic mole-
cules containing the most common redox unit, i.e. carbon-
yls.7 This is because the charge/discharge potential, specific
capacity, cycling stability and cycling rate of the Li-ion cells
are dictated by the molecular structure of the material. For
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Abstract As the demand for electrification of means of transportation
and storage of electrical energy for later use is skyrocketing, recharge-
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and new frontiers have been explored in the last five years.
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example, the specific capacity is directly calculated from the
molecular weight and number of electrons per redox unit
per molecule. Interestingly, the same redox unit can be im-
plemented in a variety of structural configurations such as
polymers and frameworks to upgrade the cycling stability
and rate capability by adopting facile synthesis pathways.8

In addition to these favorable features, the redox activity of
organic materials is not limited to Li-ions but can be
straightforwardly implemented to more sustainable chem-
istries such as Na, K, Mg, Ca, Al, etc.9 Adding to their versatil-
ity, the organic redox materials can be utilized both in the
solid state (conventional battery cell configuration), or as
hybrid organic–inorganic materials, and in solution (e.g. re-
dox flow batteries) with aqueous and non-aqueous electro-
lytes. Along with their implementation in half-cell configu-
rations with Li (or other metal ions) negative electrodes,
studies on all-organic batteries are increasing lately. All of
these advantages over commercial inorganic materials offer
plentiful opportunities towards sustainable, affordable, du-
rable and renewable electrochemical energy storage.

The Road Ahead …

The organic materials have attracted great attention on the
sustainability benchmark; however, the journey towards
commercialization of an all-organic battery has just begun.
Despite featuring a number of favorable properties, there

are still landmarks to be reached in terms of material prop-
erties, gravimetric and volumetric energy metrices and
long-term cycling (> 10,000 charge cycles). At the material
level, the major impediments towards these goals are active
material degradation during cycling, undesirable dissolution
in electrolytes, poor intrinsic conductivity (electrical and
ionic), and additional cost of additives. Significant efforts
have been made to overcome these shortcomings.

For example, in order to tackle the solubility of active ma-
terials in battery electrolytes and to increase the cell poten-
tial, molecular engineering methods have been utilized to
install ionic functional groups which may or may not take
part in the redox mechanisms but cause charge-density al-
terations within the molecule.6b Thanks to the facile synthe-
sis pathways, the redox-active molecules can be installed ei-
ther on a polymeric backbone or can act as a part of the
building units in the long-range frameworks to curb the sol-
ubility issues; however, this significantly affects the specific
capacity (Figure 2). Novel solid-state electrolytes are still in
early stages of infancy with only countable reports on all
solid-state organic batteries. The ability to tune the structur-
al features is highly advantageous; however, there are still
goals of achieving the right material with high energy den-
sity and cycling stability that can provide lighter, fast charg-
ing and long-lasting batteries.Figure 1 Characteristics of organic electrode materials.

Figure 2 Various modes of application of organic electrode materials as
LIB cathodes.
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This is because little effort has been paid to discover new
redox chemistries which are beyond the conventional car-
bonyl-andcarboxylate-basedredoxmechanisms(Figure3).10

Therefore, future research endeavors in the field of organic
batteries would be directed towards designing newer redox
mechanisms to achieve higher redox potential and number
of electrons taking part in the redox reaction. However, the
recent efforts have provided meaningful conclusions, and
there are still various directions that remain unexplored.

Organic Molecules for Li-ion Cathodes

Classically, molecular organic compounds laid the founda-
tion of organic cathodes for rechargeable batteries where
the carbonyl–enolate is the most studied redox couple in
cathodes. The widely studied p-benzoquinone (BQ) and its
derivatives display an average discharge potential of ~2.7 V
vs. Li+/Li and provides sufficient opportunities to upgrade
the battery properties such as redox potential, specific ca-
pacity and number of cycles. It can be used in the lithiated
(reduced) form as an active cathode material. Upon charg-
ing/oxidation, the enolate redox units lose one electron and
one Li+ ion to generate carbonyl groups. Poizot et al. and Vlad
et al. demonstrated that functionalization of the dilithium
salt of p-dihydroxybenzene with electron-donating groups

such as carboxylates11 (Li4-p-DHT) and amines12 (Li2-p-
DABQ) has profound effect on redox potential and cycling
stability of the Li-ion cell (Figure 4). The +I effect of these
groups causes an increase in charge density on the aromatic
ring and leads to a decrease in oxidation potential of the
compounds; however, there is a positive effect on cycling
stability facilitated by inter-molecular non-covalent weaker
interactions reducing the solubility of the active material in
battery electrolytes.

Logically, decorating the p-dihydroxybenzene core with
electron-withdrawing groups must have the opposite effect
on oxidation potential. This is indeed the case where Lakray-
chi et al. were the first one to demonstrate that function-
alizing the aromatic core of p-dihydroxybenzene with lithi-
ated electron-withdrawing sulfonate groups led to an in-
crease in the oxidation potential by 300mV.13 The develop-
ment of lithiated organic cathode materials possessing high
discharge potential (> 3 V vs. Li+/Li) is desirable as well as
challenging. Interestingly, in Li4-p-DHT, when two of the
lithium ions are replaced by divalent metal ions such as
Mg2+, Ca2+ and Ba2+, there is a significant voltage gain of
nearly +800mV in the half-cell configuration with Li metal
as the negative electrode.14 This gain in voltage strongly de-
pends on the ionic potential (electronegativity) of the spec-
tator metal ion which causes stabilization of the aromatic π-
electron distribution. Thus, facile structural modification in

Figure 3 The family of organic electrode materials along with their theoretical capacity and charging potential in the last 10 years.
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the form of either functional group installation or by insert-
ing secondary metal-ions has a profound effect on cell per-
formance parameters.

Very recently, Sieuw et al. presented another example of
how minute structural modifications could have a dramatic
effect on battery performance.15 By a smart structural move,
carboxylates in p-DHTwere replaced by acetate groups. The
additional methylene (-CH2-) bridges allow the carboxylate
groups to attain two different stereochemical configura-
tions. In the solid state, the most preferred configuration is
the one where carboxylates are closer to the enolate groups,
which is highly suitable for through-space intramolecular
electronic charge modulation. As a result of this, Li4-p-DOB-
DA displayed unexpected amplification of the redox poten-
tial, which is 650mV (vs. Li+/Li) higher than Li4-p-DHT. Once
again, implementation of effortless organic synthesis meth-
odologies leads to highly efficient organic redox materials
with superior energy yardsticks to the typical inorganic
ones; however, there is enough room to improve cycling sta-
bility and energy efficiency.

Quinones have laid the groundwork for practical organic
positive electrodes; however, there is serious dearth of Li-
ion-containing air-stable materials which strictly hamper
their technological proliferation. Since the organic cathode
chemistries proposed so far rely solely on the low redox po-
tential quinone–enolate couple, the possibilities of tuning
the properties remain limited. This set the tone for discovery

Figure 4 Collection of dilithium-dihydroxybenzoquinone derivatives
used as active materials in Li-ion battery cathodes.

Figure 5 Electrochemical (liquid state) and Li-cell performance of various sulfonamide derivatives. Reprinted with permission from Ref. 16. Copyright
2020 Springer Nature.
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of novel redox chemistries to address the existing bottle-
necks. In the quest for next-generation redox centers for
high-energy organic batteries, Wang et al. presented a series
of conjugated sulfonamides as the first example of n-type,
Li-containing, air-stable redox centers outside the galaxy of
enolates.16 The unique structural design of sulfonamides
consists of sulfonyl groups connected to an aromatic amine
core (Figure 5).

While the electrochemical reaction takes place at the an-
ilino centers, the sulfonyl groups offer charge delocalization
over the redox centers, which is extremely important in tun-
ing the redox potential of the material. The rich structure–
property–charge storage performance of this novel class of
high-performance air-stable organic cathode materials is es-
tablished by a reversible 2-electron redox, high redox poten-
tial between 2.85 and 3.45 V and exceptional ambient stabil-
ity. Banking on design versatility by appending a variety of
functional groups, an improved electrochemical perform-
ance could be obtained in terms of high specific capacity

and improved cycling stability where the best performing
derivatives could deliver specific energies of > 500Wh·kg−1.
Moreover, the sulfonamide redox is invariably compatible
with cheaper organic anodes, thereby making all organic
high-performance batteries possible. This vividly insightful
report not only pushed the limits of the present organic
electrodes in terms of energy metrics but also paved the
way for newer redox chemistries beyond conventional eno-
late-based materials. Interestingly, the sulfonamide redox
could be conveniently extended to sodium- and potassium-
ion batteries and unequivocally established the versatility of
organic electrode materials for alkali cation storage.17 In the
quest for novel redox materials towards high-performance
organic electrodes, dinitrobenzene and its derivatives were
implemented as redox-reversible cathodes which can accept
two electrons.18 Along with a discharge voltage plateau at
~2.5 V, this material class displays high theoretical specific
capacity of > 600mAh ·g−1. However, the poor cycling per-
formance due to very high solubility of the oxidized phases
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remained a challenge; the best performing isomer could re-
tain nearly 50% of the theoretical capacity after 50 cycles.
Thus, dinitrobenzenes represent an exciting class of highly
sustainable and economic electrode materials, and their
performance is still far from competing with other state-of-
the-art systems.

The implementation of enolate-based materials as organ-
ic electrodes has successfully oiled thewheels for the discov-
ery of novel redox chemistries where recent research en-
deavors have established that organic materials are taking
giant strides towards a sustainable energy future. In an up-
coming report, Vlad et al. have revealed another novel redox
chemistry which has never been studied in the organic elec-
trode materials so far.19 These materials are based on the ox-
imate–nitroso redox couple with exceptional structural
modifications during the electrochemical processes
(Figure 6). The skeleton of the oximate redox functionality
proposed here exemplifies a fusion of two important fami-
lies of organic electrochemical storage mechanisms, namely
the conjugated carbonyls and nitroxides. As the conjugated
non-aromatic redox systems have scarcely been studied in
organic electrode materials, the acyclic oximate derivatives
have attracted immediate attention due to their rich chem-
istry as well as lowmolecular weight, translating to high de-
sign diversity and theoretical capacity. The conjugated oxi-
mate family is not limited to two-electron redox chemistry,

higher capacity (> 300mAh ·g−1) can be achieved with prop-
er molecular engineering via incorporating multiple num-
ber of oximate units, which can lead to energy density of
> 1 kWh·g−1, which is the highest among all the commercial
as well as organic electrodes reported so far (LiFePO4:
550Wh·kg−1, LiCoO2: 550Wh·kg−1, LiMn2O4: 490Wh·kg−1,
NMC622: 690Wh·kg−1, LNMO: 570Wh·kg−1). Although cy-
cling stability is a concern for majority of organic materials,
the higher oxidation potential (~3 V vs. Li/Li+) and outstand-
ing capacity (~350mAh·g−1) achieved with oximate-based
cathodes are promising considering the pristine, non-func-
tionalized structure of the redox unit.

Metal–Organic Complexes for Li-ion Cathodes

After successful implementation of molecular organic mate-
rials as electrodes for secondary batteries, researchers
shifted focus towards metallo-organic materials. The idea
behind introducing the metal component to the organic re-
dox materials was conceived to address the inherent bottle-
necks of solubility, electrical conductivity and property tun-
ing. Classically, metal complexes are long known for a high
degree of structure tunability and reversible and multi-elec-
tron electrochemical properties in natural as well as syn-
thetic systems.20 Moreover, metal complexes possess inter-

Figure 6 Electrochemical (liquid state) and Li-cell performance of various oximate derivatives.
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component (metal to ligand, ligand to metal) charge transfer
ability which might promote higher electronic conductivity
when employed as an active electrode material. Metal com-
plexes possess donor–acceptor orbitals and display metal-
to-ligand charge transfer via these orbitals. Because of the
phenomenon of orbital mixing in metal complexes, newmo-
lecular orbitals and electronic states are generated which al-
low asymmetric electron density distribution. This has indi-
rect influence on electronic delocalization within the metal
complex structure. The 4 d and 5 d transition metals have
low-lying atomic orbitals that mix with ligand orbitals effi-
ciently and show significantly higher metal-to-ligand charge
transfer. These phenomena provide additional pathways for
electronic transitions. In addition, not only the structural
tunability, but also the redox properties of metal complexes
are highly dependent on the type of metal ion, type of coor-
dinated organic ligand and redox media.21

Metal complexes possess bifunctional properties of met-
al-ions and organic linkers where both can take part in the
redox process. Therefore, metal complexes have the advan-
tages of high capacity, structural modification, tunable solu-
bility in battery electrolytes and redox potential tuning. In-
trigued by favorable properties of metal complexes, few at-
tempts were made to utilize these as an active material in
Li-ion electrodes lately. Porphyrins are naturally occurring
metal complexes with attractive electronic, photophysical
and photochemical properties (Figure 7).22 These are known

to accept multiple electrons via a π-conjugated aromatic
system where the metal-ion is redox silent. In a Li-ion cell
configuration as the active cathode material, Cu-porphyrin
displayed promising properties, such as up to four electron
redox, rapid redox conversion, and stable cycling at high
currents due to higher electronic conductivity and redox
stability of the porphyrin rings.

In the metal–porphyrin complex discussed above, the re-
dox reaction takes place at the porphyrin core, whereas the
metal plays only the structural role. As mentioned above,
that metal-ion in the complex can also take part in the redox
reaction, this can be away to increase the specific capacity of
the metallo-organic electrode materials. This concept was
established by using a simpler Fe(bipyridyl)3.2BF3 coordina-
tion complex as the active cathode material in both Li-half-
cell and full cell configurations.23 The redox reaction takes
place at the metal-ion with a well-known redox couple, Fe
(II)/Fe(III). When coupled with Li anodes, the iron-basedma-
terial displayed high discharge voltage approaching 4 V,
whereas with LTO (Li4Ti5O12) anode, the full cells exhibit a
voltage of nearly 2.2 V. Thus, a stable voltage plateau and a
coulombic efficiency (CE) of 99%, where the power density
was comparable to the current state-of-the-art aqueous sys-
tems, established that commonly known, cheaper organic/
metallo-organic redox materials are a suitable bet for sus-
tainable high performance ESTs; however, there is still room
for improvement. The above-mentioned examples con-
firmed that how different components of the transitionmet-
al complexes (organic ligand and metal ions) can be inde-
pendently employed to perform the redox functions in an
electrode.

Recently, Lakraychi and coworkers unveiled the concept
of bipolar redox activity in metal complexes where both the
ligand and transition metal ions take part in redox reactions
independently (Figure 8).24 The 1,10-phenanthroline-5,6-
dione was employed as a unique ligand which possess a re-
dox-active group (dione-diol) as well as a chelating group to
coordinate with a variety of transition metal-ions. The three
dione groups on the ligands undergo reversible 6-electron
reduction, whereas the metal-ion can undergo additional
redox events. Moreover, all the complexes allow exchange
of counter-anions which provides a convenient handle to
control the solubility of the complexes in organic solvents.
Thus, the unique structural design and redox properties
prompted the investigation of these complexes as cathode
materials for electrochemical charge storage. The preserva-
tion of the bipolar redox activity in the solid phase is evi-
denced by the additional capacity attained at high potential,
for example, an additional plateau at approximately 3.6 V
(vs. Li+/Li) corresponds to the Co2+/Co3+ redox couple. A sim-
ilar plateau at 4.1 V corresponds to the Fe2+/Fe3+ redox cou-
ple in the solid-state redox profile of the iron-based com-
plex.

Figure 7 Different types of redox mechanisms in metal complexes used
as cathode materials in Li-ion batteries. Reprinted with permission from
Ref. 22. Copyright 2017 John Wiley and Sons.

▲

27

▼

© 2023. The Author(s). Organic Materials 2023, 5, 21–34

D. Gupta et al.Organic Materials Review



As mentioned above, the anion exchange not only has
profound effect on the solubility of metal complexes but also
influences the overall molecular weight of the complex,
leading also to higher theoretical capacities. Therefore, the
type of anion can directly influence the cyclability and fi-
nally the cell performance. It is not excessive to claim that
transition metal complexes possess all the characteristics of
sustainable energy storage materials where a combined re-
dox activity of the metal-ion as well as organic ligands could
be accessed to achieve superior battery performance (Fig-
ure 9). Interestingly it has recently been deciphered that
the redox activity of the Ru(II)(1,10-phenanthroline-5,6-di-
one)3 derivative of the above-mentioned transition metal

complexes can be modulated by visible light. Upon reduc-
tion of the dione groups (6 electrons) electrochemically, the
reduced product can undergo spontaneous oxidation under
visible light with the release of the 6 electrons. This ability of
the material to undergo photo-redox activity can be trans-
lated into a visible light charging effect (Figure 10).25 When
implemented as a cathode in the Li-cell configuration, the
galvanostatic charge–discharge storage capacity was found
to be increased by 100% in the presence of visible light
(470 nm).

Metal–Organic Frameworks for
Li-ion Cathodes

MOFs are highly efficient porous materials consisting of a
large array of metal-ions and organic donors (linkers) joined
together by weaker coordination bonds in 3 dimensions.26

As a result of intriguing structural features, MOFs have
found significant applications in gas storage, molecular siev-
ing, catalysis, membranes for ion transport and water har-
vesting.27 Recently, MOF materials have made a sharp turn
in the direction of energy storage and conversion, which
have been addressed in few recent review articles. However,
the chemical stability of the MOFs comes with a fair share of
apprehensions owing to the labile nature of the coordina-
tion bonds; the exceptional stability of a variety of MOFs
under electrochemical conditions such as electrolytes, elec-
troactive species and redox potential is especially appealing
for successful and efficient battery operations. This develop-
ment is not unreasonable but rather built upon favorable
structural features of the MOFs, such as long-range elec-
tronic communication between the components, presence
of open channels for mass transport, possibility of cavity
functionalization and redox properties of the components.
Most interestingly, the physico-chemical properties of the
MOFs can also be efficiently tuned by varying the coordinat-
ing metal ions and organic donor atoms based on their coor-
dination ability, which serves as a guiding principle to estab-
lish a structure–property–performance relationship.

Figure 8 Multi-electron bipolar redox activity of 1,10-phenanthroline-
5,6-dione-based transition metal complexes.

Figure 9 a, b) The galvanostatic charge–discharge curves for iron(II)–
1,10-phenanthroline-5,6-dione and cobalt(II)–1,10-phenanthroline-5,6-
dione complexes. c, d) The galvanostatic charge–discharge curves for
iron(II)–1,10-phenanthroline-5,6-dione containing different counter an-
ions (F− and BF4−). Reprinted with permission from Ref. 24. Copyright
2020 John Wiley and Sons.

Figure 10 Photo-redox activity in Ru(II)(1,10-phenanthroline-5,6-di-
one)3 complex.
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In terms of energy storage applications, MOFs have been
found to be highly suitable possessing the inherent proper-
ties of classical inorganic porous electrode materials.28 For
example, the open sites on the metal ions and on the func-
tionalized linkers can interact with redox-active and mobile
guests such as oxygen and Li-ions. Therefore, MOFs can in-
herit the properties of both metal ion/clusters and organic
linkers to extract the redox properties in such hybrid scaf-
folds to achieve energy storage materials (Figure 11). Addi-
tionally, the tunable microporous channels ensure facile
and exclusive movement of the species across the MOF
layers to prevent undesirable migration towards the anode
(Li metal in the case of LIBs). Lastly, researchers have found
that certain MOFs possess good ionic as well as electronic
conductivity, which are essential for faster mobilization of
ions and electrons during the electrochemical process.
Moreover, most of the MOFs exhibit high surface areas,
which is highly advantageous for superior sorption of guest
species.

Fundamentally, MOFs are interesting materials possess-
ing most of the essential prerequisites to serve as a desirable
platform for future sustainable alternatives for energy stor-
age applications; however, there are plenty of practical bot-
tlenecks towards their commercialization.29 The major issue
is related to the capacity of the MOF-based cathode compos-
ites where only limited capacity of the materials can be ac-
cessed due to poor compatibility of the various components
in terms of the electronic conductivity. Moreover, the ca-
pacity of the cathodes is significantly lower as compared to
those of anode materials and depends on the cycling rates
(lower capacities are obtained at higher cycling rates). This
capacity mismatch is a major limitation towards superior
practical performance. The poor stability window of the
MOFs in various organic as well as aqueous solvent formula-
tions leads to difficulties in achieving the cathode compos-
ites. In most of the cases, the chemical states of the redox
centers (metal-ion/organic linkers) in the pristine and
charge/discharge states remain unresolved making it diffi-
cult to predict the presence of radicals, redox states of the
metal and type of bonding in the organic linkers. Despite fa-

vorable properties, materialistic competence of MOFs and
the rapid development experienced in the past few years,
replacement of the modern-day materials by MOFs in ESTs
still requires rigorous efforts.

Owing to the inherent drawbacks of MOFs, a large num-
ber of reports describe the utilization of MOFs in the form
of nanocomposites containing an electrically conducting
component such as graphene prepared by physical or in-situ
methods. Since this spotlight review specifically aims at
highlighting the potential of organic materials for energy
storage in various forms, the MOF-based nanocomposite
materials will not be discussed. Thanks to the molecular en-
gineering approach, the conductivity, redox activity and sta-
bility of the MOFs have been significantly improved keeping
the energy storage application at the center stage. The pio-
neering work of Tarascon et al. was the first report on the
application of a pristine MOF (MIL-53(Fe)) as an active cath-
ode material.30 Taking advantage of the mixed-valence
states of the metal-ion (Fe2+/Fe3+) and redox stability during
charge–discharge processes, MIL-53 displayed a reversible
redox chemistry (upon Li insertion–deinsertion) with a sta-
ble voltage–current profile where the MOF undergoes a bi-
phasic phase transition. However, MIL-53 exhibited a lim-
ited number of inserted Li ions per formula unit resulting in
a moderate gravimetric electrochemical capacity of
75mAh ·g−1; this report marked the beginning of MOFs for
rechargeable intercalation materials in positive electrodes
of Li-based batteries.

As mentioned above that MOFs exhibit inherently lower
conductivities (electronic/ionic) and poor redox perform-
ances, significant efforts have been paid to upgrade these
properties in order to achieve practical MOF-based positive
electrodes. Recently, new design approaches for MOFs have
opened the doors for superior electrochemical perform-
ances as positive electrodes in LIBs. For example, by design-
ing planar conjugated ligands, a library of two-dimensional
(2D) MOFs with a layered structure have been synthesized.31

As a result of the sheet-like structure, high degree of aniso-
tropy and larger surface area have been achieved, which
leads to significant upgradation in the electronic conduction
as well as density of the material. The 2D structure offers a
large in-plane electronic delocalization allowing accessibil-
ity to all the redox sites with faster electronic mobility with-
in the layer and ionic mobility in the open channels. More-
over, the layers have the ability to stack in an ordered man-
ner to further enhance the existing properties as well as to
generate the new ones. On the device performance side, the
low capacity of the MOF materials can be significantly im-
proved by introducing redox activity in the organic ligand
core, thereby combining the electrochemical properties of
both the components of the conjugated skeleton. Intrigued
by this, the researchers have shifted the focus to develop
novel 2DMOFs for practical energy storage applications.32

Figure 11 The charge–discharge mechanism of Li-ion cathodes
containing a MOF as an active material.

▲

29

▼

© 2023. The Author(s). Organic Materials 2023, 5, 21–34

D. Gupta et al.Organic Materials Review



Nishihara and coworkers presented the first utilization of
a hexaiminobenzene-based (HIB) 2DMOF as an active cath-
ode material in LIB half-cell configuration (Figure 12).33

Apart from the facile synthesis methodology and attractive
structural features (2D sheet structure with regular pores),
this MOF exhibits very high electronic conductivity compa-
rable to those displayed by metals (800 S/m). This MOF ma-
terial displayed a ligand-centered multi-electron redox
which is accompanied by both cation and anion insertions,
thanks to the porous nature of the MOF. As a result of such
distinguished properties, this MOF displayed a high specific
capacity of 155mAh·g−1 with stable cycling performance in
battery configurations. This value was claimed to be the
highest among the MOF-based cathode materials and com-
parable to the commercial inorganic cathodes.

This work paved the way for 2DMOFs as promising elec-
trochemical energy storage materials for LIB cathodes. On
similar lines, Chen and coworkers used the tetrahydroxy-
benzoquinone as the tridentate ligand to form the isostruc-
tural 2DMOFs which displayed comparable electrochemical
performance by undergoing similar redox mechanism dur-
ing the charge–discharge processes.34 While 2D layered
MOFs showed great promise as electroactive materials in
LIB cathodes, there are meaningful limitations related to
low capacity, which is due to inaccessibility of the metal-
ion redox. Therefore, the specific capacity of MOF materials
can be significantly improved provided the metal-based re-
dox processes can also be performed during the charge–dis-
charge along with the organic linker.

Long and coworkers demonstrated that combined metal
and ligand-centered redox chemistries can be achieved in
MOFs to obtain a high specific capacity unlike commercial
cathode materials which solely rely of metal-based redox
(Figure 13).35 The key to this is to have close-lying reduction
potentials of the metal-ion and the coordinated ligand. As a
result of conductivity and metal–ligand covalency, this Fe-

chloranilate MOF could deliver a high energy density up to
533Wh/kg. However, the energy density (especially the spe-
cific capacity) and long-term cycling stability are not as good
as those of commercial inorganic materials; these outcomes
ascertained the impact of combined redox chemistries of
both the components of MOF on superior battery perform-
ance, thereby pushing the limits of organic-based materials
closer to practical applications. Thus, synergistic effects of
metal–ligand coordination chemistry allow exploration of
newer electrochemical mechanisms in MOFs which holds
the key for their implementation as next-generation ESTs.
This requires continued development of the synthesis and
structure aspect to promote electronic conduction, ionic dif-
fusion, and electrochemical pathways.

Very recently, Vlad and coworkers came up with a break-
through in MOF-based materials for LIB cathodes by design-
ing an anionic MOF with lithium cation reservoir property
and reversible redox (Figure 14).36 These structural aspects
are very similar to those of commercial inorganic cathodes.
Interestingly, the accurate chemical and structural changes
not only enable reversible redox, but also induce a million-
fold electrical conductivity increase by virtue of efficient
electronic self-exchange facilitated by mix-in redox. There-
fore, these is one of the first alkali-earth ion doped MOFs
possessing electrical conductivity along with reversible re-
dox activity. These MOF cathodes has the generic formula
Li2-M-DOBDC (whereinM = Mg2+ or Mn2+; DOBDC4- = 2,5-di-
hydroxybenzene-1,4-dicarboxylate) by rational control of
the ligand to transition metal stoichiometry and SBU topol-
ogy in the archetypal CPO-27.

When applied as active cathode materials in half-cell LIB
configurations, these MOF materials displayed satisfactory
performance in terms of specific capacity, redox potential
and cycling stability. One of the structural highlights of
these MOFs is the uncoordinated nature of the phenolic-OH
group of the DOBDC ligand, which are coordinated to metal-
ions (Mg/Mn) via carboxylate bridges only. This allows the
exchange of the acidic hydroxyl protons with alkali-earth
metal ions using a base reversibly. As a result of an efficient
charge transport mechanism within the framework, these
MOFs displayed semi-conducting behaviour where the Mn
derivative possesses the lowest activation energy
(Ea = 0.37 eV) in the lithiated state suggesting a smaller band
gap and hence a higher charge carrier density. In the solid-
state electrochemistry investigations as in LIBs, these MOFs
displayed superior performances as compared to the classi-
cal Mn-CPO‑27 MOF with reversible exchange of 0.3 and
1.1 e−/Li+ equivalents. Moreover, due to the presence of Mn2

+ in Li2-Mn-DOBDC, a significant increase in redox potential
by nearly 800mV with respect to Li4-DOBDC was observed
which can be attributed to the high ionic potential and po-
larizing power of Mn2+ as compared to Li+ ions. Overall, a ca-
pacity retention of 91% and an average CE of 99.7% after 100
cycles at a high average discharge potential of 3.2 V vs. Li+/Li°

Figure 12 HIB-based 2Dmetal organic coordination polymers and their
redox mechanisms. Adapted with permission from Ref. 33. Copyright
2018 John Wiley and Sons.
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Figure 13 Chloranilic acid-based metal organic coordination polymers possessing both metal- and ligand-centered redox processes. Adapted with
permission from Ref. 35. Copyright 2020 American Chemical Society.

Figure 14 DOBDC-based metal organic coordination polymers as LIB cathode materials. Reprinted with permission from Ref. 36. Copyright 2021
American Chemical Society.
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could be achieved with Li2-Mn-DOBDC, thanks to the rigid
interconnected framework. Whereas the specific capacities
obtained with these MOF cathodes remain lower than ex-
pected, it is supposedly penalized by the intrinsic limita-
tions of the DOBDC linker and therefore, opens the door to
investigate other combinations of redox-active linkers and
transition metal chemistries. Additionally, the concept of
lithium-doped MOFs can be straightforwardly extended to
other alkali-/alkaline-earth metals such as Mg2+ and Ca2+ to
design more sustainable energy storage possibilities.

Conclusions and Outlook

It is not outrageous to say that organic materials possess all
the necessary features andmight hold the key for future sus-
tainable ESTs. However, organic materials showed great
promise in the direction of cost, availability, handling, and
sustainability, and one should also accept the fact that or-
ganic cathodes are at an infancy stage and there is plenty of
room for improvement in terms of gravimetric capacity, re-
dox potential, and cycling stability. In terms of electrochem-
ical energy storage properties in LIB configurations, organic
materials possess high energy density, high power density
and air stability. For example, benzoquinone being the sim-
plest and cheapest organic redox molecule displays a redox
potential of 2.8 V with a theoretical capacity of 496mAh ·g−1,
which amounts to a theoretical energy density of
1400Wh·kg−1 (as compared to 550Wh·kg−1 obtained from
commercial LiCoO2). This validates the fact that organic ma-
terials are a perfect replacement for the commercial inor-
ganics in terms of energy metrics, abundance, cost of the
battery and environmental footprint; however, the lowmass
density and material dissolution remain inherent bottle-
necks. In order to realize the long-cherished dream of com-
mercial organic batteries, there are challenges at the materi-
al level related to electronic/ionic conductivity, achieving
full capacity of the material, stability of the material at high
potential (> 3 V vs. Li+/Li°), stability in redox media (solubil-
ity or degradation) and achieving practically high specific
energy density in full cell configurations. Small organic mol-
ecules are long known as redox-active compounds that can
undergo electron transfer reactions in the liquid state. The
successful implementation of the redox chemistry of these
compounds in the solid state led to the advent of organic
batteries (Table 1). The major drawback leading to the infe-
rior performance of these materials is the solubility in redox
media causing material loss and shuttling of cathode materi-
al to the anode. Nevertheless, the possibilities to modify the
molecular structure to upgrade the redox potential, specific
capacity and intermolecular interactions are some of the ex-
ceptional features that provide a solid ground for further de-
velopment. Conversely, the high solubility of the active ma-
terial in the redox media is a boon to redox flow batteries

which are emerging as future grid-scale energy storage plat-
forms. Therefore, organic redoxmaterials are slowly heading
forward and finding applications in redox flow batteries ei-
ther in the form of small molecules or as metal–organic
complexes.

Targeting property tuning and solubility, the small or-
ganic molecules are being tested in a variety of structural
domains such as polymers, covalent organic frameworks,
and MOFs. These chemical modifications have upgraded
the material properties and therefore the battery perform-
ance significantly. With the introduction of redox activity
and charge transport mechanisms, the MOF territory has
been extended beyond the conventional area of gas storage
to energy storage. While containing all the properties of
small organic molecules, MOFs possess the advantages of
low (or no) solubility, high stability in redox media, higher
density, better conductivity, and porosity. With the advent
of alkali-earth metal-doped structures, MOFs are not far
enough to the commercial inorganic cathodes in terms of
structural features, chemical formulation, and electrochem-
ical properties. Thanks to rigorous efforts, researchers are
now able to prepare full organic cells; however, the perform-
ance is not comparable to the commercial inorganic materi-
al-based devices. Thus, the landscape of organic materials is
rapidly expanding by addressing the inherent bottlenecks

Table 1 The known organic redox mechanisms that have been im-
plemented as cathodes in lithium-ion batteries
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closing towards “green energy storage” solutions. Most im-
portantly, the direct implementation of the same organic
materials for a variety of ESTs such as Li, Na, K, Mg, Zn, and
Al is the most attractive feature of organic electrodes.
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