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The constant growth in the global energy demand together
with the increasing awareness of clean and sustainable
development has strongly pushed scientists to search for metal-
free, low-cost, environmentally friendly functional energy-stor-
age systems (ESSs). Among the reported organic electrode
materials, carbonyl-based π-conjugated compounds show ex-
cellent rate capabilities and cycling stabilities and are powerful
candidates for the next generation of rechargeable lithium-ion
batteries (LIBs). Benefiting from the molecular structure versa-

tility and design feasibility, the electrochemical properties of
organic and polymeric materials can be easily tuned. This
Review summarizes recent efforts in the search for carbonyl-
based π-conjugated electrode materials in LIBs with a focus on
the synthetic strategies developed to improve their electro-
chemical performance. The use of these materials in flexible, all-
organic LIBs is highlighted as a unique direction towards
widespread applications of LIBs.

Introduction

Energy is literally the lifeblood of our modern societies and
continues to be a key element to the worldwide development.
However, due to the oil price volatility, depletion of fossil fuel
resources, global warming and geopolitical tensions, a transi-
tion from fossil fuels to alternative and renewable energies is an
urgent global necessity and challenge.[1] For this, the 2015 U.N.
Climate Change Conference held in Paris, Conference of the
Parties (COP21), raised the Paris agreement which sets out the
worldwide action plan to undertake aspiring efforts to deal with
climate change and its impacts. In addition, a real pledge to
strengthen the ability of developing countries to follow this
direction has been taken.[2] The development of renewable
energy sources seems a promising option. Although the
availability of renewable energy is plentiful in the form of solar
radiation, waves and winds, all are inherently intermittent,
generally variable in time and diffuse in space and largely
depending on the weather.[3] Hence, in order to make the best
use of these energy sources and deliver reliable power to an
ever-increasing energy-hungry world caused by the rapid
development of electronic devices and electric vehicles, the
progress of ESSs represents a major technological challenge for
this new century.[1b,4] Among many ESSs, rechargeable batteries
are the most promising to meet these requirements of
emerging applications.[5]

Rechargeable batteries are devices that store chemical
energy with the ability to deliver efficiently this energy as
electrical energy with high conversion without gaseous
exhaust.[5g,6] In particular, LIBs have been most rapidly devel-
oped since Sony released the world’s first commercial lithium-
ion battery in 1991,[5d,6a,7] and their universal impact has been
undeniable.

The present day market for LIBs is dominated by hard
inorganic electrode materials like oxide nanoparticles or nano-
coatings like LiCoO2, LiNiO2, LiMn2O4, LiFePO4, LiNixCoyMn1-x-y, for
the cathodes[4a,6a] and carbon, Li foils or silicon materials for the
anodes.[5f,8] Nonetheless, all these materials have intrinsic
limitations in terms of energy-density, which are derived from
their redox mechanism of operation and structural aspects.[4f,g,5f]

In addition, for some large scale applications as transportation
or grid, LIBs based on mineral materials resources are costly at
present. Furthermore, they are obtained through high energy
consumption processes.[5f,9] The extensive development
achieved on various inorganic electrode materials, leads to the
theoretical limit of their specific energy.[5f,6a,10] Therefore, safe
and environmentally friendly rechargeable batteries with higher
energy/power densities are of particular interest at substantially
lower cost.[4a,10c,11] As an alternative, research interests begin to
change from transition-metal based inorganic materials to
organic electrode materials. Owing to the multi-electron
reactions, redox stability, structure diversity, processability and
flexibility, organic materials consist of low atomic weight and
naturally abundant chemical elements (mostly H, C, N, O and S).
Moreover, the electronic structure and properties of these
materials can be tuned by controlling the synthesis conditions
(i. e. through the introduction of functional groups), the doping
species and doping level.[12] Consequently, organic electrode
materials offer new potential for high energy/power density,
cycle life, cost-effective, environmentally friendly, functional and
safe rechargeable LIBs.[5c,d,12e,13]

While traditional redox reactions in inorganic materials are
based on complex intercalation, conversion or alloying mecha-
nisms, organic electrode materials present electro-active fea-
tures based on reversible electrochemical redox reactions
possibly leading to high rate performances and perchance
prolonged life.[9d,14] Despite that organic batteries history can be
traced back to 1969,[15] much less attention has been paid on
organic electrode materials due to the success story of
inorganic electrode materials. Fortunately, the research on
organic-based batteries evolved in the shadow of the inorganic
materials with the discovery of the electronic conductivity of
doped conjugated polymers.[12b] Since, many organic electrode
materials with various structures have been studied. Based on
their electrochemically active functional groups involved in the
redox reactions, different types of organic materials have been
reported, including conducting polymers (polyacetylene, poly-
aniline, polypyrrole, polythiophene),[5c,12c,d,16] organo-sulfurs,[17]

free radicals (nitroxyl radicals),[8c,18] and carbonyl-based π-

[a] Dr. H. Oubaha, Prof. S. Melinte
Institute of Information and Communication Technologies
Electronics and Applied Mathematics, Electrical Engineering,
Université catholique de Louvain
Place du Levant 3, B-1348, Louvain-la-Neuve (Belgium)
E-mail: sorin.melinte@uclouvain.be

[b] Prof. J.-F. Gohy
Institute of Condensed Matter and Nanosciences (IMCN)
Bio- and Soft Matter (BSMA)
Université catholique de Louvain
Place L. Pasteur 1, B-1348, Louvain-la-Neuve (Belgium)
This article is part of a Special Issue on “π-Conjugated (Macro)molecules
and their Applications”.

Reviews

1180ChemPlusChem 2019, 84, 1179–1214 www.chempluschem.org © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://orcid.org/0000-0003-2176-554X


1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

conjugated compounds.[19] The new requirements in energy
storage systems such as flexibility and low production costs,
specifically for portable, flexible and wearable devices acceler-
ated their development.[5c,14a,20] Particularly, the family of
carbonyl compounds is of particular concern to the scientific
community thanks to their high reactivity, fast kinetics, high
capacity and wide structural design diversity.[4a,5c,21]

The carbonyl group is common to several classes of organic
compounds as part of many larger functional groups and
displays redox feature. The redox mechanism of carbonyl
functionalities implies reversible one-electron reduction to form
a radical mono-anion (enolization) and reverse reaction of the
carbonyl group (Scheme 1). This can be broadened to more

electrons by an extended conjugated structure.[11a,13a,17] It has
been demonstrated that during the electrochemical reaction,
lithium ions can be inserted or de-inserted reversibly at oxygen
centers when the carbonyl groups are reduced or
oxidized.[12e,14b,20c,22]

The research on conjugated carbonyl compounds was
initiated by the early work of Williams et al. who proposed di-
chloro-iso-cyanuric acid, a positive cathode material with

carbonyl functionalities, as a high energy density material for a
lithium/di-chloro-iso-cyanuric acid battery system.[15] Three years
later, Alt et al. investigated cathode materials based on
quinones as reversible redox couples for a rechargeable
battery.[21b] These seminal works inspired further synthetic
developments and exploitation on carbonyl-based π-conju-
gated compounds for energy storage technologies. A plethora
of studies directed towards the development of carbonyl-based
scaffolds is available today.[20c] Typically, carbonyl-based elec-
trode compounds can be classified into four types. Namely,
quinones (including polyquinones),[23] imides (including
polyimides),[11b,24] anhydrides,[22] and carboxylates
(Scheme 2).[12e,19a,20a,c,25]

Many excellent reviews with respect to the organic materi-
als containing electroactive carbonyl compounds that contrib-
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Scheme 1. Typical redox reaction mechanism for an organic cathode
material with a carbonyl redox centre.

Scheme 2. Schematic representation of the redox reactions of carbonyl-
based π-conjugated electrode compounds.
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ute to LIBs have been reported so far, with a primary focus on
the electrode materials.[5c,20b,c,23a] For example, Schubert and co-
workers have summarized the working principle and the
structural designs of different carbonyl-based electrode materi-
als for LIBs.[19a] Xie et al. classified organic electrodes into three
types (anodes, cathodes and bi-functional electrodes) according
to their functions along with carbonyl containing π-conjugated
electrode materials.[20c] Tang et al. discussed recent advance-
ment in carbonyl polymeric electrode materials for lithium-ion,
sodium-ion and magnesium-ion batteries.[19c] Lee et al. reviewed
various strategies for tuning and improving the properties of
organic compounds by molecular modification and optimiza-
tion of their features at the electrode level.[5c]

In the following sections, we aim to give a general, yet
concise, overview emphasizing on the organic synthesis and
applications of the carbonyl-based π-conjugated electrode
materials in the field of LIBs. In particular, through a detailed
description of the recent significant examples focusing on the
perspectives of molecular synthesis and electrode design, we
intend to show that stable carbonyl-based π-conjugated
derivatives can be rationally prepared including small molecules
and polymers as active electrode materials for high perform-
ance organic batteries.

Redox-active Carbonyl-based π-Conjugated
Small Molecules for Li–Ion Batteries

Imides Based on π-Conjugated Electrode Active Materials

Low molecular weight aromatic π-conjugated imides, including
pyromellitic di-imides (PMDI),[26] naphthalene di-imides[27] (e.g.
naphthalene-tetra-carboxylic di-imides (NTCDI)), and perylene
di-imides[28] (e.g. perylene-tetra-carboxylic di-imides (PTCDI)) are
common n-type semiconductors, and by modulating the π-
conjugated backbone linked to the electron-withdrawing
carbonyl moieties of the imide, the electron affinity (EA) of the
molecule could be tuned, altering thus the LUMO energy levels
which guarantee the high redox potential (close to 3 V vs Li/
Li+).[11b,19c,28a,29] Interestingly, the carbonyl groups are directly
connected to the aromatic core delocalizing the negative
charge.[11b,12e] In addition, the redox behaviour of carbonyl
compounds can be tuned by the inductive and resonance
effects owing to their large structural variety. Despite of being
highly soluble in organic electrolytes, small aromatic imide
molecules have been successfully applied as active material in
organic LIBs.

The first example of the application of small aromatic imide
molecules in LIBs reported in the literature is di-lithium
pyromellitic di-imide salt 3. Described by Renault et al., the
active material 3 was prepared by direct lithiation of the
commercially available pyromellitic di-imide 1 with lithium
hydride (LiH) in N,N-di-methylformamide (DMF) at room tem-
perature (r.t.) under an inert atmosphere. The high thermal
stability of this salt (~570 °C) allowed the elimination of residual
DMF molecules by annealing at 320 °C for 2 h affording the final
molecule 3 with an overall yield of 91% (Scheme 3).[26] The
charge/discharge properties of the battery composed by
compound 3 in the presence of 33 wt.% of carbon and 1.0 M
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) in di-methyl
carbonate (DMC) electrolyte revealed a two-stage redox behav-
iour with plateaus at 1.81 and 1.62 V corresponding to the two
one-electron redox reactions. Moreover, 93% of material activity
with the uptake of 1.86 Li per formula unit (220 mAh ·g@1) and
the removal of 1.66 Li on the subsequent charge were
observed, leading to practical reversible capacities above
200 mAh ·g@1 on dozens of cycles.

The presence of different substituents in the carbonyl based
conjugated molecules can affect not only the chemical structure
of the active material but also the electrochemical properties.
For instance, Coskun and co-workers investigated the effect of
the substitution on the N-positions on the electrochemical
performance of LIBs based on naphthalene tetra-carboxylic di-
imides (NDIs).[27c] Thus, three different NDI derivatives, in which
the imide nitrogens are functionalized with -H (1,4,5,8-
naphthalene tetra-carboxylic di-imide, NDIH) 5, -Li (di-lithium
naphthalene di-imide salt, NDILi) 6 and -CH3 (N,N’-di-methyl-
1,4,5,8-naphthalene tetra-carboxylic di-imide, NDIMe) 7 groups
were synthesized according to the reported methods in the
literature. Therefore, 1,4,5,8-naphthalene tetra-carboxylic di-
anhydride (NTCDA) 4 reacts in a concentrated aqueous solution
of ammonium hydroxide (NH4OH) at r.t. affording NDIH 5 in
96% yield.[30] When NDIH 5 was reacted with LiH in DMF at r.t.
followed by annealing at 200 °C, the di-lithium salt NDILi 6 was
obtained in 96% yield. The presence of aqueous MeNH2 and
PhNO2 gave NDIMe 7[31] (Scheme 4). As indicated by the
electrochemical analyses, NDIH 5 exhibits a broad charge/
discharge plateau between 2.41 and 2.64 V, accompanied by
only 40% capacity retention after 100 cycles at 0.5 C (compared
to its initial capacity of 170 mAh ·g@1). While, the introduction of
methyl groups (NDIMe, 7) at both nitrogen centers prohibits
tautomerism, it increases the dissolution of the molecule in the
electrolyte, leading to severe capacity decay and leads to a
rapid decrease of the materials’ activity upon cycling. In
contrast, superior electrochemical performance was obtained
by lithiation of both nitrogen atoms (NDILi, 6). Due to a lower

Scheme 3. Synthesis of di-lithium pyromellitic di-imide salt 3.
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solubility in the electrolyte and the aromatization in its lithiated
state, NDILi displayed 89% capacity retention (117 mAh ·g@1

after 100 cycles at 0.5 C) and a broader charge/discharge
plateau (2.65 to 2.0 V).[27c]

Similarly to the previously discussed study, and to circum-
vent the unwanted solubility in usual organic electrolytes of the
small molecular weight active materials, Lakraychi et al. re-
ported the N-substitution on naphthalene tetra-carboxylic di-
imide (NDIs) ionic compounds having a carbon chain spacer
between the nitrogen atom and the anionic groups, namely,
methyl-sodium carboxylate (NTCDI(MeCarb-Na)2) 10 and ethyl-
sodium sulfonate (NTCDI(EtSulf-Na)2) 11 salts.[32] The two
molecules were synthesized by reaction of naphthalene tetra-
carboxylic di-anhydride 4 with neutralized glycine and taurine,
in 90% and 94% yields, respectively (Scheme 4). The electro-
chemical behaviors of the two active materials mixed with
carbon black (30 wt.%) have been investigated in a carbonate-
based liquid electrolyte. Both compounds showed an important
decrease of solubility in the carbonate-based liquid electrolyte,
in conjunction with a very stable cycle performances with a
very good capacity retention of 147 mAh ·g@1 for 10 and
113 mAh ·g@1 for 11 as well as high coulombic efficiency (CE)
~99% over 50 cycles.

In the report by Chou and co-workers in 2016, N,N’-di-
phenyl-1,4,5,8-naphthalene tetra-carboxylic di-imide (DP-NTCDI-

250) 12 was synthesized as new cathode active material for
LIBs.[33] The synthesis was performed through a one-pot N-
acylation reaction of 1,4,5,8-naphthalene tetra-carboxylic di-
anhydride 4 using aniline in the presence of tri-ethylamine
(Et3N) in DMF under refluxing, the desired compound DP-
NTCDI-250 12 was prepared in 91% yield (Scheme 4). DP-
NTCDI-250 12 showed an initial discharge capacity of
170 mAh ·g@1 at the current density of 25 mAh ·g@1 with a
retaining capacity of 119 mAh ·g@1 after 100 cycles. The capacity
remained at 105 mAh ·g@1 even at the high current density of
500 mAh ·g@1, indicating its high rate capability.

Aiming to increase the voltage of NDIs in lithium-ion
batteries, Dunn and co-workers introduced substituents with
different electronic effects onto the NDI core. Compounds with
electron donating groups @NMe2 (16 and 23) and electron
withdrawing @F (17) and @CN (18 and 22) were considered.[27b]

The synthetic routes to prepare different NDI derivatives are
described in Scheme 4. When molecule 4 is reacted with
hexylamine in pyridine at 120 °C, compound 13 could be
obtained in 83% yield. While the reaction of the molecule 4
with di-bromo-iso-cyanuric acid in the presence of H2SO4 at
130 °C gave access to the highly functionalized 4,9-di-bromo-
iso-chromeno[6,5,4-def]isochromene-1,3,6,8-tetra-one 14 as mo-
lecular precursor for preparing a suitable naphthalene di-imides
bearing different substituents. In particular, the reaction

Scheme 4. Synthetic pathways of substituted NDI derivatives. Reagents and conditions: a) Di-methyl-amine, THF, 80 °C, 12 h, 93%. b) KF, 18-crown-6, 3 Å
molecular sieves, sulfolane, 165 °C, 45 min, 53%. c) CuCN, NMP, 100 °C, 2 h, 87%. d) Di-alkoxybenzyl amine, acetic acid 120 °C. e) CuCN, NMP 100 °C, 3 h, 70%.
f) Di-methylamine, THF, 95 °C, 20 h, 13%. g) (i) MeSO3H, PhMe, 110 °C, 4 h; (ii) SOCl2, DMF, r.t., 90 min, 81%. h) MeSO3H, PhMe, 110 °C, 4 h, 79%.
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between the derivative 14 with hexylamine in acetic acid at
120 °C afforded the intermediate NDI 15 in 40%. While the
treatment of the molecule 15 with di-methyl-amine in tetra-
hydro-furan (THF) at 80 °C led to the product 16 in 93% yield,
the use of KF and 18-crown-6 in tetra-methylene sulfolane at
165 °C gave the desired fluorinated derivative 17 in 53% yield
and copper(I) cyanide (CuCN) in N-methyl pyrrolidone (NMP) at
100 °C afforded the cyano-derivative 18 in 87% yield. In other
hand, removable protecting groups (alkoxybenzyl) were used to
confer solubility during the synthesis and purification of all
intermediates. Thus, the reaction of the compound 14 with di-
alkoxybenzyl amine in acetic acid at 120 °C gave access to
alkoxybenzyl-NDI derivatives 19a and 19b. The reaction of
compound 19a with CuCN in NMP led to the molecule 20
which was converted to the cyano-NDI derivative 22 by
methanesulfonic acid and thionyl chloride in toluene. In parallel,
NMe2-NDI 23 was obtained in 79% yield by the deprotection in
toluene of di-methoxybenzyl groups of compound 19b using
methanesulfonic acid. The attachment of cyano groups to the
NDI core in compound 22 increases the voltage from 2.55 V in
the parent compound 5 to 2.90 V vs Li/Li+ for the first
reduction. When the di-imide nitrogens were functionalized
with hexyl groups (compounds 16, 17 and 18), the capacity
faded rapidly due to dissolution in the organic electrolyte.[27b]

However, when the N-unsubstituted compounds are used
(compounds 22 and 23), a higher cycling stability is observed
but with a low capacity due to an unfavourable crystal packing.
The electronic effects brought by the substituents influence the
electrochemical properties of the NDI-based compounds result-
ing in electrodes with discharge potentials that vary from 2.3 to
2.9 V vs Li/Li+, with discharge capacities as high as
121 mAh ·g@1.

Besides the naphthalene tetra-carboxylic di-imide deriva-
tives, 3,4,9,10-perylene tetra-carboxylic di-imide derivatives
(PDIs) have been probed as electrode active materials for LIBs.
Recently, Bhosale et al. found chemically reduced redox active
carboxylic acid and phenyl containing 3,4,9,10-perylene tetra-
carboxylic di-imide molecules (benzoic-PDI) 25 and (phenyl-
PDI) 26 with hydrazine that can increase the rate of redox
reaction as well as the conductivity and consequently improve
the electrochemical performance in LIB applications.[28a] The 25
and 26 compounds were synthesized by reacting 3,4,9,10-
perylene tetra-carboxylic di-anhydride (PTCDA) 24 with 4-
aminobenzoic acid and aniline, respectively, in the presence of
zinc acetate and imidazole at 100 °C for 2 h (Scheme 5). The
reduction of benzoic-PDI 25 or phenyl-PDI 26 with hydrazine
leads to an improvement in the electrochemical performances

of the electrodes fabricated in presence of carbon black
(30 wt.%) as conductive material and Kynar (10 wt.%) as a
binder. The specific capacity for reduced benzoic-PDI 25 was
reported to be 85 and 107 mAh ·g@1 at 1 C and 10 C,
respectively, compared to the 60 and 30 mAh ·g@1 at 1 C and
10 C for the untreated benzoic-PDI 25. Moreover, benzoic-PDI
26 cathode exhibits 100% CE, increased specific capacity when
discharging at 20 C and very good stability.

In a parallel study, a series of commercially available,
perylene di-imide derivatives bearing different substituents at
N-centers (H-, methyl, 4-methoxy-phenyl, 4-ethoxy-phenyl, 3,5-
di-methyl-phenyl, Scheme 6) were examined by Zhu et al. as

cathode active materials for Li-storage system.[28b] The Li-ion
batteries consisted of perylene di-imide powders, conductive
carbon, poly(tetra-fluoro-ethylene) (PTFE) binder (60/30/
10 wt.%) and Li metal as counter electrode. For the electrolyte,
1.0 M LiPF6 solution in ethylene carbonate (EC)/di-ethyl
carbonate (DEC)/propylene carbonate (PC) (4/5/1 v/v/v) was
used. Despite the introduction of different substituent at N-
position, similar charge/discharge behaviours as PTCDI 27 were
obtained for the different substituted perylene di-imides with a
redox capacities up to 130 mAh ·g@1, good rate capability and
cycling stability at flat discharge potential plateau around 2.4 V.

In the 2016 report by Wasielewski and co-workers, the
synthesis of G-quadruplex organic framework G2PDI 38 com-
posed of n-hexyl-substituted perylene di-imide N-functionalized
with two guanine derivatives as an organic cathode material for
Li-ion battery has been described (Scheme 7).[34] The synthesis
of G2PDI 38 was started by fully Boc-protection of N9-octyl-8-
bromo-guanine 32 in the presence of 4-di-methylaminopyridine
(DMAP), di-tert-butyl di-carbonate (Boc2O) and di-iso-propyle-
thylamine (i-Pr)2EtN) in DMF at 30 °C for 48 h leading to N9-

Scheme 5. Synthesis of benzoic-PDI 25 and phenyl-PDI 26.

Scheme 6. Molecular structures of commercially available N-substituted
perylene di-imide derivatives structures tested as electrode materials.[28b]
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octyl-8-bromo-guanine (Boc3GBr) 33 in 74% yield (Scheme 7,
reaction a). In parallel, 4-[(tri-iso-propylsilyl)ethynyl]aniline was
used to functionalize the perylene-3,4,9,10-tetra-carboxylic di-
anhydride 24 using Zn(OAc)2·2H2O in quinolone at 150 °C
leading to N,N-bis{4-[(tri-iso-propylsilyl)ethynyl] phenyl} pery-
lene-3,4 : 9,10-bis(di-carboximide) 34 in 79% yield (Scheme 7,
reaction b). Then the solubility of the PDI intermediates was
improved by selective introduction of n-hexyl chains at the 2, 5,
8 and 11 positions using [Ru(PPh3)3(CO)H2], 1-hexene, mesity-
lene under N2-atmosphere at 195 °C (Scheme 7, reaction c). Silyl
groups were then removed by n-Bu4NF in THF containing 2%
H2O at r.t. providing the bis-ethynylated PDI 36 in 91% yield

(Scheme 7, reaction d). Finally, the compound G2PDI 38 was
prepared via Sonogashira cross coupling reaction between bis-
acetylene PDI derivative 37 and the Boc-protected guanine
Boc3GBr 33 using [Pd(PPh3)3], CuI and Et3N in THF under N2-
atmosphere at 50 °C followed by fully removing of the Boc-
groups with tri-fluoroacetic acid (TFA) in CH2Cl2 (Scheme 7,
reaction e and f). The G-quadruplex organic framework was
obtained by vapour exchange between CH2Cl2/TFA and CH3OH
and soaking in DMF at 50 °C for 5 days. The porous structure
and the electrons transport capability of G2PDI 38, while
maintaining its structural stability, has pushed the authors to
test this compound as cathode materials in a Li-ion battery. The

Scheme 7. Preparation of G2PDI 38. Reagents and conditions: a) DMAP, Boc2O, i-Pr2EtN, DMF, 30 °C, 48 h, 74%. b) 4-((tri-iso-propylsilyl)ethynyl)aniline, Zn
(OAc)2 · 2H2O, quinoline, 150 °C, 16 h, 79%. c) [Ru(PPh3)3(CO)H2], 1-hexene, mesitylene, N2 atmosphere, 195 °C, 5 d, 72%. d) n-Bu4NF, THF, 2% H2O, r.t., 15 h,
91%. e) Boc3GBr 33, [Pd(PPh3)3], CuI, Et3N, THF, N2-atmosphere, 50 °C, 40 h, 43%. f) i) CF3CO2H, CH2Cl2, 40 h, ii) CH3OH, 24 h, iii) DMF, 50 °C, 5 d, quant. [Ru
(PPh3)3(CO)H2]: carbonyl di-hydrido-tris(tri-phenylphosphine)ruthenium(II), [Pd(PPh3)3]: tetrakis(tri-phenylphosphine)palladium(0).
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composite electrode was fabricated by mixing compound
G2PDI 38, conductive carbon black and poly(vinylidene fluoride)
(PVdF) binder (80/10/10 wt.%). For tests, Li metal was used as
counter electrode and 1.0 M solution of LiPF6 in EC/DMC (1/1 v/
v) as electrolyte. Galvanostatic charge/discharge cycling analysis
at 10 mA·g@1 of the G2PDI 38 based LIB showed two plateaus
around 1.8 and 2.3 V in agreement with the cyclic voltammo-
gram which exhibited two reversible peaks around 1.9 and
2.3 V corresponding to the two redox stages of G2PDI 38. An
initial capacity of 27 mAh ·g@1, with a good capacity retention
and coulombic efficiency after 300 cycles, was attributed to the
framework structure stability.

Anhydride Based π-Conjugated Active Materials

Able to undergo up to two-electron reductions favoring
reversible insertion of lithium ions at the oxygen atoms of the
anhydride functional group, aromatic anhydrides can be used
as active compounds in ESSs (Scheme 2).[22] Described by
Ohzuku et al. in 1979, the commercially available pyromellitic di-
anhydride (PMDA) 39 (Scheme 8) was the first anhydride-

containing material applied in LIBs.[35] It had a theoretical
capacity of 246 mAh ·g@1 based on two-electron transfer with
an open circuit voltage of 3.1–3.2 V. The specific capacity of
PMDA 39 cathode was doubled (~500 mAh ·g@1) by the
addition of 18 wt.% of pyromellitic acid (PA) 40 as proton donor
in the presence of 40 wt.%, of acetylene black and 1.0 M LiClO4

in PC as electrolyte.
Further, Sun et al. reported 3,4,9,10-perylene tetra-carboxylic

acid di-anhydride 24 (Scheme 8), which had an initial capacity
of 135 mAh ·g@1 showing however, a poor cycling stability (60%
loss over 80 cycles) due to the dissolution in the electrolyte.[22]

In a different work, the authors studied the reversible
intercalation of lithium ions into an aromatic anhydride system
containing 1,4,5,8-naphthalene tetra-carboxylic di-anhydride 4
(Scheme 4).[36] The electrochemical study unfolded five distinct
discharge plateaus corresponding to the insertion of 1, 2, 4, 8,
and 18 Li ions at discharge potentials of 2.340, 1.690, 1.040,
0.470, and 0.001 V. Despite the 18 Li-ions per 1,4,5,8-
naphthalene-tetra-carboxylic di-anhydride molecule could be
inserted by reduction of the carbon-carbon double bonds at
low potential (superlithiation mechanism),[36b] only four lithium
ions can be reversibly inserted through a lithium enolization
reaction at the four carbonyl oxygen atoms.

In 2017, large aromatic di-anhydride structures based on
naphthalene and perylene scaffolds, naphthalene tetra-carbox-
ylic di-anhydride (NDA-4N, 44) and perylene tetra-carboxylic
acid di-anhydride (PDA-4N, 48), containing four nitrogen atoms
were investigated by Xie et al. as organic cathode materials for
LIBs (Scheme 9).[37] The synthesis of NDA-4N 44 and PDA-4N 48
was achieved following the same conditions for both building
blocks. First, di-anhydride molecule (4 or 34) was refluxed
overnight with DBU, 2-ethyl-1-hexanol and 2-ethylhexyl
bromide in CH3CN affording compounds 41 (93% yield) or 45
(73% yield) (Scheme 9, reaction a). The treatment of molecule

Scheme 8. Chemical structure of aromatic anhydrides (3,4,9,10-perylene
tetra-carboxylic di-anhydride (PTCDA) 24, pyromellitic di-anhydride (PMDA)
39 and pyromellitic acid (PA) 40 applied as cathode active materials in LIBs.

Scheme 9. Synthetic pathways of A) NDA-4N 44 and B) PDA-4N 48. Reagents
and conditions: a) DBU, 2-ethyl-1-hexanol, 2-ethylhexyl bromide, CH3CN,
reflux, overnight 41 (93%), 45 (73%). b) p-Toluene sulfonic acid monohy-
drate (TsOH ·H2O), toluene, heptane, 110 °C, 24 h, 42 (37%), 46 (95%). c)
Pyridine, 1,2,4,5-tetra-aminobenzene tetra-hydrochloride, Ar-atmosphere, re-
flux, overnight, 43 (58%), 47 (41%). d) TsOH·H2O, toluene, 110 °C, 24 h, NDA-
4N 44 (96%), PDA-4N 48 (95%). DBU: 1,8-di-aza-bi-cyclo[5.4.0]undec-7-ene,
TsOH·H2O: p-toluene sulfonic acid monohydrate.
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41 or 45 with p-toluene sulfonic acid monohydrate (TsOH·H2O)
in toluene/heptane mixture at 110 °C for 24 h led to the mono-
anhydride derivative 42 (37% yield) or 46 (95% yield)
(Scheme 9, reaction b). The mono-anhydride molecules 42 and
46 were reacted with 1,2,4,5-tetra-aminobenzene tetra-
hydrochloride in pyridine under Ar-atmosphere overnight
affording compounds 44 and 47 in 58% and 41% yields,
respectively. Finally, di-anhydrides NDA-4N 44 and PDA-4N 48
were obtained in 96% and 95% yields, respectively, by the
treatment of compounds 44 and 47 with TsOH ·H2O in toluene
at 110 °C for 24 h. The tested electrodes were consisting of the
active materials (NDA-4N 44 or PDA-4N 48), carbon nanotubes
(CNTs) and PVdF (30/50/20 wt.%). For tests, Li metal was used
as the counter electrode and 1.0 M solution of LiTFSI in di-
methoxyethane (DME)/1,3-di-oxolane (DOL) (1/1 v/v) containing
1% LiNO3 as the electrolyte. Initial reversible capacities of
141.8 mAh ·g@1 and 116.4 mAh ·g@1 were observed for NDA-4N
44 and PDA-4N 48, respectively. The specific capacity of NDA-
4N 44 faded during cycling to 48.8 mAh ·g@1 after 99 cycles at a
current density of 66 mA·g@1, while PDA-4N 48 retained 70.9%
of the initial capacity after 99 cycles at the same current density.
The authors demonstrated a 36.5% of improvement of the
capacity by enlarging the structure from the naphthalene to the
perylene building block.

Quinones Based π-Conjugated Active Materials

Low molecular weight quinones represent the most widely
studied molecules for Li-ions battery cathodes due to their two-
electron reduction reactions that provide a high theoretical
capacity with fast and reversible electrochemical reactions.[12i,23a]

The first quinoide structure used as active material in a Li-
organic battery was di-chloro-iso-cyanuric acid 49
(Scheme 10)[15] and the redox mechanism of the quinoide

system was first reported in 1972.[21b] Benzoquinone (BQ) 50
(Scheme 10) as the most simple quinone compound, presents a
high specific capacity (496 mAh ·g@1).[12i,38] Unfortunately, serious
volatility and solubility issues prevent direct use of BQ in
conventional LIBs.[39] Nevertheless, the introduction of electron
withdrawing groups like chlorine, nitrile and fluorine or rigid
groups such as 2,3,5,6-tetra-phthalimide into the benzoquinone
framework should yield an organic active material electrode
with high specific capacity and stable cycling performance.
Thus, Alt et al. studied the application tetra-chlorine-substituted

benzoquinone namely 2,3,5,6-tetra-chlorocyclohexa-2,5-diene-
1,4-di-one (chloranil) TCB 51 (Scheme 10) as an electrode active
material for batteries using aqueous acid or organic
electrolyte.[21b] Due to the stabilizing capability of chlorine
substituents, the battery could be charged/discharged over 50
cycles (~95% material activity at 0.5 C) with a negligible
capacity loss, in the presence of 5 M sulfuric acid as electrolyte
and a graphite rod as the counter electrode.

Recently, another effort to improve the cycling stability and
working potential of LIBs cathodes was achieved by Zhao and
co-workers. Two benzoquinones namely 2,3-di-chloro-5,6-di-
cyano-1,4-benzoquinone (DDQ) 52 and 2,3-di-chloro-5-hydroxy-
6-cyano-1,4-benzoquinone (DHCQ) 53 were investigated and
compared as organic electrode materials.[40] DHCQ 53 was
synthesized in 80% yield through a simple chemical hydrolysis
of DDQ 52 at r.t. (Scheme 11). Lithium-ion batteries manufac-

tured from composite electrodes containing DDQ 52 or DHCQ
53, carbon black, PTFE binder and 1.0 M LiPF6 in ethyl carbonate
(EC) and DMC electrolyte displayed an initial discharge capacity
up to 2000 mAh ·g@1 at a specific current of 50 mA ·g@1. A
reversible charge capacity of 1009 mAh ·g@1 was retained after
50 cycles with a high coulombic efficiency (CE) above 98%,
higher than that of DDQ 52 under the same rate (579 mAh ·g@1

after 50 cycles) with a long term cycling stability (capacity
retention of about 78% after 400 cycles at 500 mA ·g@1). The
authors attributed the high reversible capacities to the surface
adsorption of lithium ions.[40–41] However, the reversible lithium
insertion on the unsaturated bonds could lead to the ‘super-
lithiation’ process.

Another approach to increase the voltage of quinone-based
cathodes is the introduction of electron withdrawing groups
onto the quinone-based chemical structures. Interestingly,
Yokoji and co-workers evaluated benzoquinones bearing per-
fluoroalkyl groups as positive electrode materials in recharge-
able LIBs.[42] Fluorinated benzoquinones 58a (CF3-BQ), 58b
(RF9-BQ) and 58c (RF13-BQ) were synthesized following the
procedures outlined in Scheme 12. The treatment of 1,4-di-
methoxybenzene 54 with I2 and HIO3 afforded 2,5-di-iodo-1,4-di-
methoxybenzene 55 in 76% yield. The di-iodide compound 55
was then converted to perfluoroalkyl compounds 56a–c using
copper-catalyzed perfluoroalkylation. The reaction of molecule
55 with CF3CO2Na and Cu(I)I afforded 1,4-di-methoxy-2,5-bis(tri-
fluoromethyl)benzene 56a in 52% yield, while reacting 55 with
perfluorobutyl iodide C4F9I or C6F13I in the presence of CuI and
2,2’-bipyridine gave access to 1,4-di-methoxy-2,5-bis(perfluoro-
butyl)benzene 56b and 1,4-dimethoxy-2,5- bis(perfluorohexyl)

Scheme 10. Chemical structure of di-chloro-iso-cynauric acid 49, benzoqui-
none (BQ) 50 and 2,3,5,6-tetra-chlorocyclohexa-2,5-diene-1,4-di-one (chlor-
anil) (TCB) 51.

Scheme 11. 2,3-di-chloro-5-hydroxy-6-cyano-1,4-benzoquinone (DHCQ) 53.

Reviews

1187ChemPlusChem 2019, 84, 1179–1214 www.chempluschem.org © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://orcid.org/0000-0003-2176-554X


1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

benzene 56c in 82% and 95% yield, respectively. Di-methoxy
groups removal was achieved using sodium ethanethiolate
(EtSNa) and BBr3 affording hydroquinone derivatives 57a and
57b which were oxidized to benzoquinones 58b (RF9-BQ) using
Ag2O/Et2O and 58c (RF13-BQ) using S2Cl2/SOCl2 in the presence
of AlCl3 in 73% and 86% yields, respectively. The use of CrO3

and H2SO4 allowed demethylation and oxidation of the
compound 56a affording the CF3-substituted benzoquinone
58a (CF3-BQ) in 77% yield.[43] Lithium organic batteries
manufactured with these BQs were examined using 1.0 M LiPF6
in EC/DEC (3/7 v/v) as electrolyte, vapor-grown carbon fiber
(VGCF) as the conductive material and PTFE as the binder.
When compared to 2,5-bis-(methyl)cyclohexa-2,5-diene-1,4-di-
one (CH3-BQ), fluorinated electron-withdrawing groups improve
the voltage by up to 600 mV from 2.5 V for CH3-BQ to 3.1 V vs
Li/Li+ for 58b and 58c, with improved charge-discharge cycle
performance in the cells due to a stabilization of the radical and
di-lithiated intermediate by lithium-fluorine interactions and the
stability of the benzoquinones toward decomposition during
cycling. However, a strong decrease in capacities over cycling
was observed.

In a similar approach, Luo et al. reported 2,3,5,6-tetra-
phthalimido-1,4-benzoquinone (TPB) 59 as an organic electrode
in which the benzoquinone skeleton is rigidly coordinated by
four phthalimide moieties.[44] The synthesis of TPB 59 was
performed by the treatment of chloranil (TCB) 51 with
potassium phthalimide in refluxed CH3CN under N2 atmosphere
for 12 h affording the desired compound TPB 59 (Scheme 13).
Through the introduction of rigid groups, TPB 59 addresses the

challenge of high solubility of organic electrodes in aprotic
electrolytes. Compared to TCB 51 a high capacity retention of
91.4% (204 mAh ·g@1) over 100 cycles at 0.2 C was achieved
(Figure 1). Besides, density functional theory investigations
demonstrated an enhancement of the initial lithium ion
intercalation potential due to concerted reactions between
multiple oxygen centers and lithium ions.[45] Although increas-
ing the size of the aromatic structure decreases the solubility in
usual organic electrolytes and can yield large theoretical
capacities, upon reduction, electrostatic repulsions could be
imposed by the sterically hindered and close redox groups
limiting the specific capacity. In addition, this may mix up the
crystal packing resulting in dissolution in the liquid electrolyte
and capacity fading.

Increasing the molecular size of the quinone-based active
material could also settle the solubility issues and increase the
stability during the lithiation. For that purpose, Boschi et al.
have proposed a larger polycyclic derivative, nonylbenzohex-
aquinone NBHQ 62.[46] Presenting a poor solubility in organic

Scheme 12. Synthetic pathways of fluorinated benzoquinones CF3-BQ 58a, RF9-BQ 58b and RF9-BQ 58c.

Scheme 13. Synthesis of 2,3,5,6-tetra-phthalimido-1,4-benzoquinone TPB 59.
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solvents and a high theoretical capacity (489 mAh ·g@1) (if all 12
electrons are involved in the charge storage process), NBHQ 62
has been used as positive electrode active material for LIBs.[46]

Reinvestigated further by Pasquali et al.,[47] NBHQ 62 was
basically prepared by a double condensation of leucoquinizarin
(anthracene-1,4,9,10-tetra-ol) 60 and pyromellitic di-anhydride
39 in the presence of AlCl3 at 320 °C for 1 h. The resulting octa-
hydroxy-di-quinone 61 was then oxidized to NBHQ 62 using
fuming HNO3 in refluxing glacial CH3CO2H (Scheme 14). A
lithium organic battery using 1.0 M LiClO4 in PC/DME (1/1 v/v)
mixture as electrolyte and Li metal as counter electrode was
tested. A cell voltage of 3.0 V and a capacity of 125 mAh ·g@1

(26% of material activity) could be achieved at a charging
speed of C/2, which faded to 115 mAh ·g@1 after 500 charge/
discharge cycles. The average energy density during this cycling
was 160 Wh·kg@1.

Aiming to both decrease the solubility and increase the
capacity of quinones, Zou et al. synthesized the tetra-hydro-
hexa-quinone 64 from the commercially available 1,4,5,8-tetra-
hydroxy-9,10-anthracene-di-one 63 using (NH4)2S2O8 in CH3CN
at r.t. (Scheme 15).[48] At the current density of 200 mA ·g@1, the
initial specific capacity was 340 mAh ·g@1 which is about 54.1%
of the theoretical capacity (~628 mAh ·g@1). A specific capacity
of 203 mAh ·g@1 was retained after 40 cycles. However, when
the current density was increased to 800 mA·g@1, the capacity
dropped to 26.5%.

To tune the voltage and to decrease the solubility in organic
electrolytes of carbonyl containing molecules without adding
EWGs or rigid groups, the usance of organic metal salts
represents a promising solution, especially organic Li salts. In
this respect, Poizot and co-workers studied the tetra-lithium salt
of tetra-hydroxy-benzoquinone (tetra-lithioxy-benzoquinone) 67
as the active material in Li-organic batteries.[49] The synthesis of
the tetra-lithioxy-benzoquinone 67 could be achieved through
two synthetic pathways; i) the solid-state disproportionation
reaction at 400 °C under argon atmosphere of di-lithium
rhodizonate 65 and ii) the deprotonation at r.t. of tetra-hydroxy-
benzoquinone 66 using a CH3OLi solution in anhydrous CH3OH
(Scheme 16). Lithium-organic batteries of the designed mole-
cule 67 exhibited an initial capacity of ~200 mAh ·g@1 (77%
active material) with only a capacity decay of 10% after 50

Figure 1. a) Rate performance and b) long-term cycling performance of TPB 59 and TCB 51 at 0.2 C. Reproduced with permission.[44] Copyright 2017, Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim.

Scheme 14. Synthesis of nonylbenzohexaquinone NBHQ 62.

Scheme 15. Synthesis of tetra-hydro-hexa-quinone 64.

Scheme 16. Synthesis of tetra-lithiooxybenzoquinone 67 by i) solid-state disproportionation reaction of di-lithium rhodizonate 65 under argon flow and ii) the
deprotonation of tetra-hydroxybenzoquinone 66.
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cycles at a rate of 1 C for an average cell voltage of 1.8 V.
Interestingly, improved electrochemical performances were
observed with the compound obtained by the solid-state
disproportionation reaction, due probably to the production of
extra carbon during the process.

In a follow-up study, the same group examined the electro-
chemical performance of the lithiated 3,6-dihydroxy-2,5-dime-
thoxy-p-benzoquinone (Li2DHDMQ) 70.[50] The three-step syn-
thetic route to synthesize the compound Li2DHDMQ 70 was
started with the preparation of tetra-methoxy-p-benzoquinone
(TMQ) 68. This consists of the reaction of chloranil 51 with a
solution of sodium methanolate CH3ONa. The lithium salt was
obtained by a simple saponification procedure in which TMQ
68 was treated with LiOH in water. Lyophilization of the
trihydrate form Li2DHDMQ·3H2O 69 followed by annealing at
180 °C under vacuum for 2 h afforded the crystallized 70
(Scheme 17). A lithium-organic battery equipped with the active

material Li2DHDMQ 70 and 33 wt.% carbon SP using Li metal as
negative electrode and 1.0 M LiPF6 solution in EC/DMC (1/1 v/v)
as electrolyte showed two-stage charge/discharge behaviour at
3.1 V involving one-electron in the oxidation and at 2.2 V
corresponding to the two-electron reduction. The battery
exhibited an initial capacity of 136 mAh ·g@1 (54% material
activity) which dropped to 12% material activity (30 mAh ·g@1)
after 50 cycles at 0.16 C. The addition of 10 wt.% γ-Al2O3

nanoparticles to the composite electrode allowed the maintain
of the capacity at 32% material activity (80 mAh ·g@1) after 50
cycles.

When a polymer electrolyte like LiTFSI/poly(ethylene oxide)
(PEO)[51] or solid electrolyte (e.g. LISICON, Li2+2xZn1-xGeO4)

[52] is

applied in the battery, there is a great opportunity for small
organic molecules to be used because of the elimination of the
dissolution problem. In this view, the group of Poizot inves-
tigated the use of TMQ 68 (Scheme 17) as redox-active
molecule for its expected two-electron reaction which leads to
an expected specific capacity of 235 mAh ·g@1, using the
commercially available LiTFSI/PEO-based solid polymer electro-
lyte (O/Li molar ratio=25) at 100 °C.[53] A reversible capacity of
about 80% of the theoretical value (190 mAh ·g@1) could be
delivered after 20 cycles at a rate of 1 Li/30 min with remarkable
power performance. Besides, the diffusion of TMQ 68 through
the electrolyte film could not be fully prevented as attested by
the colour of the electrolyte, which, had turned to the typical
orange colour of TMQ 68 without apparent degradation.

Zeng et al. used the lithium salt of 1,5-di-hydroxyanthraqui-
none, Li2(C14H6O4) 73, as a lithium-inserted material for LIBs.[54]

The synthesis of the targeted molecule 73 was achieved by
dehydration reaction at 300 °C under N2 atmosphere of
[Li2(C14H6O4)·H2O] complex 72 obtained through the reaction of
deprotonation of the 1,5-di-hydroxyanthraquinone 71 with
LiOH in ethanol under N2 atmosphere at 80 °C for 48 h
(Scheme 18). The lithium-organic battery equipped with com-
posite materials of compound 73, 15 wt.% acetylene black,
5 wt.% PTFE binder and 1.0 M LiPF6 in ethyl methyl carbonate
(EMC)/EC/DMC (1/1/1 v/v/v) electrolyte exhibited an initial
capacity of 115 mAh ·g@1 at an average potential of 1.8 V and
current density of 111 mA·g@1. The discharge capacity remains
at 100 mAh ·g@1 (47% material activity) after 50 charge/
discharge cycles at a speed of 0.5 C. Acting as electron donating
groups, lithio-oxy groups lead to a shift of the redox potential
to lower values, thus, becoming a severe drawback for the use
of this salt as cathode active material.

To circumvent this issue, an alternative approach consisting
in the introduction of two lithium carboxylate groups into the
p- and o-quinone structures was developed. For instance, Wang
et al. investigated the tetra-lithium salt of 2,5-di-hydroxytereph-
thalic acid Li4C8H2O6 (Li4DHTPA) 76 as the active material of
either positive or negative electrode of rechargeable LIBs.[14b]

The tetra-lithium salt 76 was synthesized by the reaction of 2,5-
di-hydroxyterephthalic acid (DHTPA) 74 with lithium methoxide
(CH3OLi) followed by annealing the complex 75 at 220 °C
(Scheme 19, reaction a). Electrodes composed of compound 76,
carbon black and PVdF binder with 1.0 M LiPF6 in EC/DMC (1/1
v/v) electrolyte, demonstrated reversible two-electron electro-
chemical reactions occurring with redox couples of Li4C8H2O6/
Li2C8H2O6 in the positive electrode. The nanosheet morphology
showed the best electrochemical performance with an initial
discharge capacity of 223 mAh ·g@1 and a capacity retention

Scheme 17. Synthesis of 3,6-di-hydroxy-2,5-di-methoxy-p-benzoquinone
(Li2DHDMQ) 70. PLEASE CHECK POSITION ON PAPER BEFORE SCHEME 18!

Scheme 18. Synthesis of Li2(C14H6O4) 73.
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exceeding 95% after 50 cycles at 0.1 C rate with a CE close to
99.9%.

Yoshida and co-workers studied the effect of lithiocarboxy
groups on the cycling stability of the 2,6-bis-(lithiooxycarbonyl)-
9,10-anthraquinone (LCAQ) 79 and 2,7-bis-(lithiooxycarbonyl)-
9,10-phenanthrenequinone (LCPQ) 85.[55] The LCAQ 79 was
synthesized from 2,6-di-bromo-9,10-anthraquinone 77. Cyana-
tion of compound 77 and subsequent acidic hydrolysis of the
cyano groups gave the di-carboxylic acid 78 which was
neutralized by LiOH to give the LCAQ 79 in 75% yield
(Scheme 19, reaction b). On the other hand, LCPQ 85 was
synthesized from 2,7-di-iodo-9,10-phenanthrenequinone 80.
Protection of the o-quinone structure of 80 with 1,2-ethanediol
gave the protected di-iodo-compound 81 in a quantitative
yield. Cyanation of 81 with CuCN and subsequent hydrolysis of
the cyano groups gave the protected di-carboxylic acid 83.
Deprotection of 83 gave the compound 84 in 65% yield, which
was neutralized with LiOH leading to the targeted molecule
LCPQ 85 in 81% yield (Scheme 19, reaction c). When compared
to the compounds without lithiocarboxy groups, both mole-
cules showed an improvement in the cycling stability attributed
to strong intermolecular interactions between the lithiooxycar-
bonyl groups preventing dissolution. Moreover, the tested
batteries were composed of active material 79 or 85, acetylene
black, PTFE (1.5, 4.0, 1.0 wt.%) and electrolyte 1.0 M LiPF6 in PC.
The two electrodes exhibited a stable capacity, but poor energy
storage properties. Only capacities of 85 mAh ·g@1 (49% active
material) and 90 mAh ·g@1 (50% material activity) were obtained
over 20 cycles at a charge/discharge speed of 0.2 C for 79 and
85, respectively. In addition, no significantly change was
noticed in the voltage.

Park and co-workers synthesized naphthoquinone deriva-
tives 2,3-di-amino-1,4-naphthoquinone (DANQ) 88 and 1H-
naphtho[2,3-d]imidazole-4,9-dione (IMNQ) 89 as cathode mate-
rials for LIBs.[56] The compound DANQ 88 was prepared in 90%
yield following Gabriel reaction using potassium phthalimide
and hydrazine hydrate. Refluxing formic acid with DANQ 88 for
5 h afforded the desired molecule IMNQ 89 in 83% yield
(Scheme 20). Cathodes were consisting in DANQ 88 (or IMNQ
89), carbon Super P (SP), and PVdF binder (60/30/10 wt.%). Li
metal was used as the counter electrode and 1.0 M LiTFSI in
DME/DOL (1/2 v/v) as electrolyte. On the one hand, DANQ 88
displayed an initial discharge capacity of 250 mAh ·g@1 with a
99% capacity retention after 500 cycles (248 mAh ·g@1) and high
coulombic efficiency of up to 99% at 0.2 C rate. On the other

Scheme 19. Synthesis of a) Li4DHTPA 76, b) LCAQ 79 and c) LCPQ 85.

Scheme 20. Synthetic approaches toward the preparation of DANQ 88 and
IMNQ 89.
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hand, the IMNQ 89 showed 240 mAh ·g@1 initial capacity which
declines to 152 mAh ·g@1 after 100 cycles at 0.2 C rate.

Another strategy to improve the cycling stability and also
raise the reduction potential of the quinone derivatives is the
functionalization of quinone moieties with ionic groups to
prevent dissolution in organic electrolytes. In this respect, Wan
et al. investigated the anthraquinone (AQ) 90 which was
functionalized to form mono- and di-sodiumsulfate anthraqui-
nones (AQS) 91 and (AQDS) 92.[57] When studied in LIBs, both
compounds exhibit high specific capacities, 130 and
150 mAh ·g@1 at 0.2 C for AQ 90 and AQS 91, respectively. The
additional ionic group improves not only the solubility issue
and the thermal stability (525 °C for AQDS 92 vs 257 °C for AQ
90 under N2), but the cycling performance was enhanced from
50% to 92% after 100 cycles at 0.1 C with a raise of the average
reduction potential by 150 mV due to the extra electron-
withdrawing effect. Interestingly, no obvious capacity fading
can be observed during cycling and reversible specific capacity
of 120 mAh ·g@1 can be retained after 100 cycles for AQDS 92
(Figure 2).

π-Conjugated Carboxylic Acids as the Active Materials for
Lithium-Ion Batteries

The low redox potential of n-type organic π-conjugated
compounds (e.g., 0–1.5 V vs Li/Li+) allowed applying them as
anode active material in LIBs.[12h,17] For their part, π-conjugated
carboxylates are able to undergo a reversible two-electron
redox reaction. In addition, coupled with low polarization, less
strain and low solubility in the electrolyte they have gained
great attention as alternative anode materials for LIBs. The
redox center of π-conjugated carboxylates is located in the
weakly electron-withdrawing carboxyl groups, and the redox
process involves the resonance of π-conjugated bonds in the
carbon chain or aromatic core whereby the resulting di-anion is
stabilized by a conjugated system.[12e]

Similar to cathodes, the strategies applied on organic
anodes also aims to increase the capacity and the cycling
stability. For instance, in 2009, Tarascon and co-workers reported
for the first time that π-conjugated carboxylates can be utilized
as the active electrode material for LIBs.[12e] The di-lithium
terephthalate (Li2C8H4O4) 94 and di-lithium muconate
(Li2C6H4O4) 96 were prepared by reacting the corresponding
terephthalic and muconic acids C8H6O4 93 and C6H6O4 95 with
LiOH ·H2O powder in 5% excess in ethanol for 24 h (Scheme 21,

reactions a–b). Electrochemical tests versus Li of the com-
pounds 94 and 96 were achieved using a 1.0 M LiPF6 in EC/
DMC (1/1 v/v) as the electrolyte and 30 wt.% carbon black. Di-
lithium terephthalate (Li2C8H4O4) 94 and di-lithium muconate
(Li2C6H4O4) 96 exhibited initial specific capacities of about 300
and 170 mAh ·g@1, respectively, which slowly decay to values of
about 234 (78% material activity) and 125 mAh ·g@1 (36%
material activity) after 50 at a rate of 1 C, at an average cell
potential of 0.8 V and 1.4 V vs Li/Li+, respectively. In addition,
the activity of both materials was maintained at 80 °C with PEO-
based electrolytes.

Figure 2. a) Charge and discharge curves and b) cycle performance and CE of AQ 90, AQS 91, and AQDS 92 electrodes cycled at 0.1 C rate. The SEM images of
the three compounds are shown in the inset pictures. Reproduced with permission.[57] Copyright 2014, Royal Society of Chemistry.

Scheme 21. Synthesis of a) di-lithium terephthalate (Li2C8H4O4) 94, b) di-
lithium muconate (Li2C6H4O4) 96 and c) di-lithium thiophene-2,5- di-
carboxylate (Li2TDC) 98.
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Investigating excess capacity in π-conjugated carboxylates,
Lee et al. studied also compounds 94 and 96.[58] In addition, to
support the effect of the cyclic structure on the excess capacity
the di-lithium thiophene-2,5-di-carboxylate (Li2TDC) 98, was
considered as heterocyclic di-carboxylate. The synthesis of the
two compounds 94 and 96 were achieved following the
procedure reported by Armand et al.[12e] For its part, Li2TDC 98
was prepared from thiophene-2,5-di-carboxylic acid 97 by
deprotonation reaction with LiOH·H2O in water at 90 °C for 5 h
in 74% yield (Scheme 21, reaction c). Based on the insertion of
one lithium ion per carboxylate group, the theoretical capacity
of the di-lithium terephthalate 94 is 302 mAh ·g@1. When the
Li2C8H4O4-based electrode was discharged to 0 V, a reduction
plateau at 0.81 V and another sloping voltage plateau from
0.8 V to 0.0 V that gives a higher capacity (522 mAh ·g@1)
equivalent to 3.5 lithium insertions, were observed after 15
cycles at 30 mA·g@1. In contrast, compound 96, with a linear
open-chain-type π-conjugated geometry, exhibited a reversible
discharge capacity of 241 mAh ·g@1 after 50 cycles (corresponds
to 1.4 lithium insertions) without any excessive lithiation and
thus revealing the key role played by the aromatic core on the
excess capacity of conjugated systems. In the case of the
thiophene derivative Li2TDC 98 an exceptionally high discharge
capacity of 850 mAh ·g@1 equivalent to 5.8 lithium insertions
was observed. Combining X-ray, isotope labelling, and solid
state 13C-NMR, the authors demonstrated that the abnormal
excess capacity at low potential range below 0.7 V vs Li/Li+ is
due to the insertion of lithium ions into the internal structure of
the cyclic compounds missing in the case of the linear
compound, probably due to the structure conjugation break.

More recently, Lakraychi et al. investigated the substituent-
effect on the electrochemical features of di-lithium di-substi-
tuted terephthalate derivatives evaluated in LIBs.[59] Different
substituents showing distinct electronic effects were introduced
to the di-lithium terephthalate (Li2C8H4O4) 94. In this respect,
bromo, methoxy and amino groups were considered. The
synthesis of the three compounds di-lithium 2,5-di-bromo-
terephthalate Li2-DBT 101, di-lithium 2,5-di-methoxy-terephtha-
late Li2-DMoT 106 and di-lithium 2,5-di-amino-terephthalate Li2-
DAT 111 is detailed in Scheme 22. Li2-DBT 101 was obtained by
KMnO4-mediated oxidation reaction of compound 99 followed
by lithiation reaction using hydrated LiOH in methanol
(Scheme 22, reaction a). The synthesis of Li2-DMoT 106 was
started by esterification reaction of compound 102 using
BF3 · Et2O and CH3OH. Methyl iodide was used to protect the
two hydroxyl groups of the di-ester 103. Ester 104 was
hydrolysed with NaOH leading to the di-carboxylic acid 105
which was neutralized by hydrated LiOH to the desired
molecule Li2-DMoT 106 (Scheme 22, reaction b). Amidification
of 2,5-di-methyl-p-phenyl-di-amine 107 using acetic anhydride
and K2CO3 led to the protected compound 108. KMnO4-
mediated oxidation reaction of the intermediate 108 afforded
the di-carboxylic derivative 109. Amide groups were hydrolysed
using 10 wt.% solution of NaOH to afford the di-carboxylic acid
110 which was finally neutralized to the desired di-lithium 2,5-
di-amino-terephthalate Li2-DAT 111 (Scheme 22, reaction c).
The electrochemical performances of the three di-lithium di-

substituted terephthalate derivatives as cathodes active materi-
als for rechargeable LIBs were studied using Li metal as the
counter electrode. Composite electrodes were prepared by
mixing the active material (101, 106 or 111) with carbon Super
P and PVdF binder in 60/30/10 wt.% and 1.0 M LiPF6 solution in
EC/DMC (1/1 v/v) was used as the electrolyte. The bromo
derivative Li2-DBT 101 exhibited an initial capacity of
155 mAh ·g@1 before fading to 122 mAh ·g@1 after 50 cycles.
However, Li2-DMoT 106 and Li2-DAT 111 delivered initial
capacities of about 116 and 100 mAh ·g@1, respectively. Both
showed only about 95 and 98 after 50 cycles, respectively. The
authors attribute the capacity fading to the dissolution of the
active materials or the steric hindrance of @OMe and @NH2

groups. Interestingly, the studied terephthalate derivatives with
strong inductive electron withdrawing effect (@I) and meso-
meric electron donating effect (++M), show higher reduction
potential values of 1.08 V for Li2-DBT 101, 0.81 V for Li2-DMoT
106 and 0.75 V for Li2-DAT 111 vs Li/Li+ compared to the
previously studied di-lithium 2,5-di-methyl terephthalate Li2-
DMT[60] with only electron-donating group (@CH3) with a value
of 0.65 V vs Li/Li+. The authors thus demonstrated that the
donor inductive effect groups could be desirable to design new
Li carboxylate-based materials for low potential utilizations.

These materials paved the way to a new strategy to design
organic active materials for LIBs where the carboxylate groups
are not the only functional group contributing to the redox-

Scheme 22. Synthetic pathways towards a) di-lithium 2,5-di-bromo-tereph-
thalate Li2-DBT 101, b) di-lithium 2,5-di-methoxy-terephthalate Li2-DMoT 106
and c) di-lithium 2,5-di-amino-terephthalate Li2-DAT 111.
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activity. Recently, the ‘superlithiation’ mechanism has also been
demonstrated by Renault et al. in di-lithium benzene-di-propio-
late (Li2BDP) 115 as a new material for LiBs.[61] The presence of
the two carbon-carbon triple bonds segregates the carboxylate
function from the aromatic centre without disruption of the
conjugation during the lithiation. The Li2BDP 115 was prepared
through the copper-free Sonogashira reaction using conditions
adapted from Park et al.,[62] allowing a direct coupling of the
electron-poor propiolic acid 113, to 1,4-di-iodobenzene 112
giving the benzene-di-propiolic acid (H2BDP) 114 in 87% yield.
The lithiation reaction with Li2CO3 afforded the desired
compound 115 in 97% yield (Scheme 23). The Li2BDP 115 with

50 wt.% carbon-based organic electrodes tested versus lithium
metal using 1.0 M LiPF6 in EC/DEC (1/1 v/v) as electrolyte
exhibited the highest specific capacity for a lithium carboxylate
(1363 mAh ·g@1), with 11.5 lithium ions inserted per molecule.
Density functional theory results emphasize that the reduction
reaction starts by lithiation of the carbonyl groups, followed by
the carbon-carbon triple bonds on the arms, while the high Li-
loading led to the aromatic ring reduction.[61]

However, the ‘superlithiation’ mechanism of charge storage
is a kinetically limited process and occurs at low operation
voltage imposing restrictions for practical use. Accordingly,
huge capacity differences are observed between some structur-
ally-close compounds.[36a,63]

Another approach to increase the performance of organic
electrode materials is the extension of the conjugated systems
to enable π-stacking. For instance, di-lithium 4,4’-tolane-di-
carboxylate 119 was prepared by Tarascon and co-workers as
active cathode material.[64] The one pot double Sonogashira Pd-
catalyzed cross-coupling reaction between methyl-4-iodo-ben-
zoate 116 and tri-methylsilyacetylene 117 gave the di-ester 118.
The di-ester 118 was then hydrolysed with KOH in water and
ethanol. The acidification with HCl resulted in the correspond-
ing di-carboxylic acid. Finally, the di-carboxylic acid was
neutralized to the lithium salt using LiOH in ethanol resulting in
the desired product Li2TDC 119 in 95.6% yield (Scheme 24). A
LIB manufactured with Li2TDC 119 and 50 wt.% carbon black in
1.0 M LiPF6 in EC/DMC (1/1 v/v) exhibited an initial capacity of
~200 mAh ·g@1 at a cell potential of ~0.65 V vs Li/Li+ corre-
sponding to a lithium uptake of ~1.7 Li upon discharge. The
capacity remained almost stable over 50 cycles at a rate of one

Li per 20 h (0.025 C). The cell can be recharged to 76% of its full
capacity at a charging rate of 2.5 C implying good rate
capability.

Bécuwe and co-workers reported di-lithium 2,6-naphthalene
di-carboxylate (Li2-NDC) 121, as an anode material for LIBs.[65]

The compound 121 has been synthesized starting from the
corresponding acid (2,6-naphthalene di-carboxylic acid) 120
and LiOH using a freeze drying process which allowed superior
electrochemical performances (Scheme 25). The electrode com-

posed by active material Li2-NDC 121 (60 wt.%) mixed with
40 wt.% of carbon in 1.0 M LiPF6 in EC/DMC (1/1 v/v) electrolyte,
has a specific capacity of 176 mAh ·g@1 at 1 C. The capacity
retention of Li2-NDC 121 at 1 C rate decays before to stabilize
at 115 mAh ·g@1 after 50 cycles. At lower charging/discharging
speed of 1 Li/20 h (0.025 C) the capacity dropped significantly
to 20 mAh ·g@1 (9% material activity) over 50 cycles indicating
slow degradation of the active material into the electrolyte.
Compared to the di-lithium terephthalate 94 (Scheme 21), Li2-
NDC 121 showed a redox potential of 0.88 V vs Li/Li+ 70 mV
smaller that in di-lithium terephthalate 94. Moreover, the
extended conjugation of the naphthalene core provides higher
rate capabilities.

In an effort to enhance the cycling performances of organic
carboxylate electrodes, the hyper-conjugated perylene core
unit was introduced between the lithium carboxylate groups to
extend the intramolecular π-aromatic conjugation leading to a
high stability of the radical anion. In this respect, tetra-lithium
perylen-3,4,9,10-tetra-carboxylate (Li4-PTC) 123 was studied as
an anode active material by Zhao et al.,[66] and in another report
by Fédèle et al.[67] The hydrolysis reaction of perylene-3,4,9,10-
tetra-carboxylic acid di-anhydride 24 using KOH followed by an
acidification reaction with H2SO4 led to perylene-3,4,9,10-tetra-
carboxylic acid 122. This latter was neutralized with LiOH in
methanol to give the targeted Li4-PTC 123 (Scheme 26). The
tested anodes were consisting of 70 wt.% Li4-PTC 123, 10 wt.%

Scheme 23. Synthesis of di-lithium benzene-di-propiolate (Li2BDP) 115.
DMSO: di-methylsulfoxide.

Scheme 24. Synthesis of di-lithium 4,4’-tolane-di-carboxylate (Li2TDC) 119.

Scheme 25. Synthesis of di-lithium 2,6-naphthalene di-carboxylate (Li2-NDC)
121.
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acetylene black,10 wt.% carbon black and 10 wt.% PTFE binder
in 1.0 M LiPF6 in EC/DMC/EMC (1/1/1 v/v/v) electrolyte. The Li4-
PTC-based electrode active material exhibited an initial capacity
of ~200 mAh ·g@1 (84% material activity) at 0.1 C at low charge/
discharge plateaus of 1.20/1.10 V and remained stable over 100
cycles. In addition, stable capacities of 170 mAh ·g@1 at
50 mA·g@1 and 110 mAh ·g@1 at 400 mA·g@1, were obtained,
respectively.

Recently, Wang and co-workers studied another type of
organic salt containing azo group (@N=N@) for reversible
lithiation/delithiation as a new family of organic electrode
materials for LIBs.[68] Azobenzene 124 and methyl red sodium
salt 125 were used as received. 4-(phenyl-azo)-benzoic acid
lithium salt (PBALS) 127 and azobenzene-4,4’-di-carboxylic acid
lithium salt (ADALS) 130 were prepared by neutralizing the
corresponding acids with LiOH (Scheme 27). Electrodes were
consisting in azobenzene derivatives, carbon black and sodium
alginate binder (or PVdF in the case of azobenzene) (60/30/
10 wt.%). 6.0 M or 7.0 M LiTFSI in DOL/DME (1/1 v/v) was used
as electrolyte and Li metal as the counter electrode. When
cycled at 0.5 C, azobenzene 124 showed two charge/discharge
plateaus at 2.5/1.9 V and 1.8/1.55 V, respectively, an initial
capacity about 100 mAh ·g@1 provided by the azo group as the

active site. The specific capacity faded to about 60 mAh ·g@1

with poor cycling stability due to its high solubility in the
organic electrolyte. Despite the addition of sodium carboxylate
group (@CO2Na) at the ortho position to the azobenzene
structure in compound 125, no significant improvement of the
electrochemical performance was observed. In contrast, better
electrochemical performances were obtained when a Li carbox-
ylate group was introduced at the para position of the 4-
(phenyl-azo) benzoic acid lithium salt (PABLS) 127. Thus, two
discharge plateaus at 1.47 and 1.25 V, and three charge
plateaus at 1.30, 1.55, and 2.0 V were observed in agreement
with the two cathodic peaks at 1.39 and 1.21 V, and the three
anodic peaks at 1.33, 1.60, and 1.93 V monitored in the cyclic
voltammograms. At 0.5 C rate, PABLS 127 exhibited an initial
capacity of 220 mAh ·g@1 and a reversible capacity of
178 mAh ·g@1 was retained after 100 cycles. To further improve
the azobenzene derivative electrochemical properties and to
supress the solubility issue, another Li carboxylate group was
introduced in the aromatic structure of the azobenzene-4,4’-di-
carboxylic acid lithium salt (ADALS) 130. Two pairs of flat and
long charge/discharge plateaus were observed at 1.5 and
1.55 V, respectively. ADALS 130 delivered an initial capacity of
190 mAh ·g@1 at 0.5 C, close to its theoretical capacity
(190.1 mAh ·g@1) and a reversible capacity of 175 mAh ·g@1 was
retained after 100 cycles with a coulombic efficiency close to
100% demonstrating superior electrochemical performance of
ADALS 130 in LIBs.

The good solubility of the π-conjugated aromatic molecules
in organic electrolytes constitutes the biggest challenge for
their application as the active materials in LIBs. Large efforts
have been allocated to circumvent this problem by the
introduction of large size molecular structures into the
carbonyl-based aromatic skeletons or by formation of metal
salts. An alternative approach to solve this problem is the
incorporation of the carbonyl-based π-conjugated aromatic
moieties into polymeric architectures, which is discussed in the
next section.

Redox-Active Carbonyl-Based π-Conjugated Polymeric
Structures for Li–Ion Batteries

Polymerization of organic electrode active materials is a widely
used method to improve the cycling stability of organic
batteries.[12h,16b,20a,27a,69] Energy and power sources consisting
entirely (or mostly) of polymeric materials, the so-called ‘‘Plastic
Power’’, offer several exciting opportunities for portable power
devices such as lightweight, flexibility, higher viscosity (allowing

Scheme 26. Synthetic route of tetra-lithium perylen-3,4,9,10-tetra-carboxylate Li4C24H8O8 (Li4-PTC) 123.

Scheme 27. a) Chemical structures of azobenzene 124 and methyl red
sodium salt 125. Synthetic routes of b) 4-(phenyl-azo) benzoic acid lithium
salt (PABLS) 127 and c) azobenzene-4,4’-di-carboxylic acid lithium salt
(ADALS) 130.
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the reduction or even elimination of traditional binders),
moldablility, processability redox stability or multi-electron
reactions, just to name a few. Thanks to their mechanical
properties, electro-active conjugated polymers could be bent,
flexed, or even stretched.[17,70]

The first prototypes of commercial batteries with organic
conductive polymers were launched in the late 1980s. BASF
together with VARTA commercialized Li/polypyrrole battery and
Bridgestone with Seiko tried the Li/polyaniline battery.[12f,g,71]

Suffering from their inferior charge/discharge cycling behavior
and sloping voltage, both were ceased after a short period.
However, the discovery of carbonyl-based π-conjugated poly-
mers with stable structures and poor solubility in organic
electrolytes brought organic electrodes to the attention of the
energy storage community. Thus, a great variety of redox-active
polymers have been designed and investigated as electrode
active materials for LIBs. In this context, polyimides[69a,72] and
polyquinones[23b,73] constitute the main electro-active carbonyl-
based π-conjugated polymers involved in energy storage
applications.

Polyimides

Polyimides are known as important high performance engineer-
ing plastics with high thermal stability and good mechanical
strength.[74] For example, NDI-based molecules continue to be
one of the most widely studied materials in the organic
electronics field, due to their electron affinity, redox behavior,
good electron mobility, and light absorption.[75] Interestingly,
the imide functional groups can undergo two one-electron
reduction steps. The first fully reversible redox stage involves
the reduction of phthalimides to the corresponding anion
radicals and the second reduction step, irreversible, leads to the
decomposition of the redox active structure.[20a] Despite that the
aromatic imides can undergo redox-reactions, the research on
the development of redox-active polyimides for electrochemical
energy storage has been started only in 2010 simultaneously by
Nishide[76] and Zhou[11b] groups. Since then, several different
imide polymers have been studied as active materials in organic
batteries.

Nishide and co-workers studied carbon nanocomposites of
poly(pyromellitimido-1,4-phenylene) 131 as anode-active mate-
rials (Scheme 28).[76] Polymer 131 was prepared by a multistep
annealing of the obtained polyamic acid through the poly-
condensation reaction of p-phenylenediamine and the corre-
sponding pyromellitic di-anhydride 39 at r.t. in N,N’-di-methyl

Scheme 28. Synthetic pathways towards PMDI-based polyimides 131, 136, 137, 138 and 140.
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acetamide under argon atmosphere in 85% yield. The studied
electrodes were consisting of the active material 131, con-
ductive VGCF and PVdF binder (5/85/10 wt.%) with 1.0 M
solution of tetra-n-butylammonium perchlorate (TBAClO4) in
CH3CN as electrolyte. An initial specific capacity of 95 mAh ·g@1

at 0.03 C was obtained. Albeit the capacity was decreased to
70% after 10 cycles, the converged capacity exhibited excellent
cyclability for more than 100 cycles without any further
degradation.

A series of N-alkyl pyromellitic di-imide-based π-conjugated
polyimides (136, 137 and 138) were recently published by Zindy
et al. as cathode active materials for LIBs applications.[77] N-alkyl-
PMDIs were synthesized via direct hetero-arylation polymer-
ization (DHAP) between their respective monomer with 1,4-di-
bromobenzene as co-monomer in the presence of palladium(II)
acetate/tri-(tert-butylphosphonium) tetra-fluoroborate ([Pd
(OAc)2]/P(t-Bu2)Me-HBF4) as catalytic system, K2CO3 and pivalic
acid (PivOH) in toluene at 125 °C for 24 h in 50%, 80% and 83%
yields, respectively (Scheme 28). The composite electrodes were
consisting in polymer, acetylene black and PVdF binder (30/60/
10 wt.%) with 1.0 M solution of LiPF6 in EC/DEC/DMC (1/1/1 v/v/
v) as electrolyte. The three polymers 136, 137 and 138
exhibited an initial discharge capacity of 33 mAh ·g@1,
56 mAh ·g@1 and 19 mAh ·g@1 at low rate (0.05 C), respectively,
at practical potential limits from 1.65 to 2.50 V vs Li/Li+.
Polyimide 137 with higher molar mass and longer side-chains
(Mn=31 kDa, hexyldecyl) showed a normalized capacity of 0.78
compared to the polymers 136 (Mn=13 kDa, ethylhexyl) and
138 (Mn=6 kDa, ethylhexyl), presenting normalized capacities

of 0.32 and 0.25, respectively, and demonstrating the favour-
able effect of introducing longer alkyl side-chains onto the
structures for battery stability and performance.

Simultaneously to the work of Nishide,[76] Song et al.
prepared a series of carbonyl-based π-conjugated polyimides
by polycondensation reaction using commercially available
1,4,5,8-naphthalene tetra-carboxylic di-anhydride 4 with di-
amine derivatives (p-phenylenediamine and hydrazine). The
obtained polyimides 141 and 142 (Scheme 29) were used as
cathode-active materials in rechargeable LIBs.[11b] The synthesis
of both polymers 141 and 142 were achieved in refluxed p-
chlorophenol as the solvent at 220 °C for 6 h followed by an
annealing at 350 °C under N2 atmosphere. Yields of 81% and
54% were obtained for polymers 141 and 142, respectively. The
cathodes, consisting of polyimide, conductive carbon and PTFE
binder (60/30/10 wt.%), were tested using 1.0 M LiTFSI in DME/
DOL (1/2 v/v) electrolyte and Li metal as counter electrode. The
141 and 142 polyimide-based cathode prototypes displayed
initial capacities of about 163 and 202 mAh ·g@1, respectively.
After 100 cycles at a charging rate of 0.2 C capacities of
156 mAh ·g@1 and 183 mAh ·g@1 were still retained at a cell
potential in the range of 2.0 to 2.5 V.

Using urea (carbonyl di-amine) and NTCDA 4, Zhang and co-
workers investigated the electrochemical properties of
naphthalene-based polyimide derivative 143 (Scheme 29) as
cathode active-material for LIBs.[24a] Polymer 143 was synthe-
sized through polycondensation of NTCDA 4 with urea in NMP
at 180 °C. The imidization was achieved by the ring closing
dehydration at 300 °C under N2 atmosphere (Scheme 29). The

Scheme 29. Synthetic pathways towards NTCDI-based polyimides 141, 142, 143 and 144.
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polyimide 143 based electrode consisted of polymer 104,
carbon black and PVdF binder (60/10/30 wt.%). A 1.0 M LiPF6
solution in EC/DMC (1/1 v/v) was used as electrolyte and Li
metal was considered as counter electrode. The average
reversible capacities of 143 were 175.4, 149.6 and
133.5 mAh ·g@1 at 20, 50 and 500 mA ·g@1, respectively. A good
cycling stability and a capacity retention of 92% (153 mAh ·g@1)
could be obtained after 60 cycles at 50 mA·g@1. However, in a
long-term cycling (150 cycles), the capacity of polymer 143
decreased gradually to 116 mAh ·g@1.

Extending the aromatic system leads to a further stabiliza-
tion of the radical anion, to a lower solubility of and higher
conductivity within the active material due to π-π stacking, and
to a lower theoretical capacity.[12i,20a] Therefore, perylene-poly-
imide-based polymers have been investigated as active elec-
trode materials in LIBs. Sharma et al. reported the performance
of polyimide derivatives of PTCDA 145 and 146 (Scheme 30) as
positive active materials for LIBs.[69a] The polymers 145 and 146
were synthesized through imidization of PTCDA 24 using
hydrazine and urea in the presence of zinc acetate (Zn(OAc)2)
and imidazole at 140 °C for 5 h generating products 145 and
146 in 89% and 74% yields, respectively. The two polymers
showed plateaus near 2.5 V vs Li/Li+ for both lithiation and
delithiation with high CE (~100%). Stable capacity retention of
130 mAh ·g@1 and 120 mAh ·g@1 were obtained upon cycling up
to 50 cycles at 50 mA·g@1 for the polymers 145 and 146,
respectively. It was found that the presence of additional
carbonyl groups enhanced the conductivity upon cycling
leading to good electrochemical performance in the case of
polymer 145.

In the same avenue, arylene di-imide-based polyimides
frameworks were studied by Tian et al. as cathode active
materials for LIBs.[78] Through condensation reactions of aro-
matic cross-linker tri-amine (1,3,5-tris(4-aminophenyl)-benzene,

TAPB) 139 with a series of aromatic di-anhydrides; PMDA 39
(Scheme 28), NTCDA 4 (Scheme 29) and PTCDA 24 (Scheme 30)
were prepared. The synthesis of the three polymers 140, 144
and 147 was conducted in DMF at high temperature (170–
180 °C) in 60% ~70% yields. The working electrodes were
composed of active material, acetylene black and PTFE binder
(80/15/5 wt.%) using 1.0 M solution of LiPF6 in EMC/EC/DMC (1/
1/1 v/v/v) as electrolyte and Li metal as the counter electrode.
The three polymers displayed initial discharge capacities of
61.7, 103.4 and 78.1 mAh ·g@1 at a current density of 25 mA ·g@1,
respectively. The voltage remains constant at 2.35 V vs Li/Li+.
After 30 cycles, it dropped to 10, 68.5 and 70 mAh ·g@1. A
noticeable trend in capacity retention was observed, when
increasing the size of the aromatic core, the capacity retention
increases with 147 having better cyclability and capacity
retention of 74.1% after 65 cycles.

Polyquinones

As for low molar mass di-imide-based molecules, small
quinones suffer from serious solubility issues in organic electro-
lytes. To overcome the dissolution problem, quinones could be
incorporated into a π-conjugated polymeric moiety. Despite
that the electrochemical properties of quinoide-based polymers
(quinone and anthraquinone) were first reported by Manecke
and Storck several decades ago,[79] the development of alter-
native active electrode materials has revived the interest in
quinone- and anthraquinone-containing polymers for LIBs
during the past decade.

Simple polyquinone structures are of particular interest
because they maintain the high specific capacity with high
redox potential and can limit to a certain extent the solubility in
the organic electrolytes. Poly(benzoquinonyl-sulfide) (PBQS)

Scheme 30. Synthetic pathways towards PTCDI-based polyimides 145, 146 and 147.
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151, containing benzoquinone units linked by thioether bonds
was examined by Zhou and co-workers as cathode for LIBs.[38]

PBQS 151 was synthesized by a polymerization-oxidation
approach between di-chloro-benzoquinone DCBQ 148 and an
excess of lithium sulfide (Li2S) at 160 °C in NMP affording the
polymer 149 in a semi-reduced state. The acidification of 149
by HCl gave rise to the hydroquinone polymer 150 in 90%
yield. The final PBQS 151 was obtained by the quantitative
oxidation reaction of the polymer 150 using DDQ (Scheme 31).
The tested cathode was consisting of PBQS 151, carbon and
PTFE binder (60/30/10 wt.%) with 1.0 M solution of LiTFSI in
DME/DOL (1/1 v/v) was utilized as electrolyte and Li metal as
the counter electrode. PBQS 151 exhibited an initial capacity of
232 mAh ·g@1 at 50 mA ·g@1 with 74% retention after 100 cycles
and an average discharge voltage of 2.67 V vs Li/Li+. A specific
capacity of 198 mAh ·g@1 at 5000 mA·g@1 with stable long-term
cycling performance (86% capacity retention after 1000 cycles
at 500 mA·g@1) and a high CE of 99.5% were observed.

In a similar spirit, the same group investigated the poly(2,5-
di-hydroxy-p-benzoquinonyl-sulfide) (PDHBQS) 153 and its
corresponding lithium salt (Li2PDHBQS) 154 as active materials
for LIBs.[80] The Li2PDHBQS 154 was prepared from chloranilic
acid 152 in 85% yield following the procedure used for the
polymer 149. The acidification of polymer 154 led to poly(2,5-
di-hydroxy-p-benzoquinonyl-sulfide) (PDHBQS) 153 in 54%
yield (Scheme 32). The investigated cathodes were consisting of

PDHBQS 153 or Li2PDHBQS 154, carbon and PTFE binder (60/
30/10 wt.%) using 1.0 M solution of LiTFSI in DME/DOL (1/1 v/v)
as electrolyte and Li metal as the counter electrode. PDHBQS
153 exhibits an initial capacity of 228 mAh ·g@1 (78% active
material) at 50 mA ·g@1 with sloping charge/discharge curves at
a cell potential between 2.35 and 1.75 V. However, the capacity
faded to 100 mAh ·g@1 after 20 cycles. The lithiated derivative
Li2PDHBQS 154 showed an initial capacity of 268 mAh ·g@1

(93% material activity) at 50 mA·g@1 with a high rate capability
and cycling stability attested by a capacity retention of about
90% after 1500 cycles at 500 mA ·g@1.

Vlad and co-workers reported the use of poly(2,5-di-hydrox-
yaniline) 157 as cathode active material for LIBs.[81] The active
redox material 157 was obtained by oxidative polymerization of
2,5-di-methoxyaniline monomer 155 using ammonium persul-
fate ((NH4)2S2O8) followed by BBr3-assisted de-methylation of
poly(2,5-di-methoxyaniline) 156 affording the desired hydro-
quinone polymer 157 in 44% yield (Scheme 33). Polymer 157
displays an intrinsic electrical conduction along the polyaniline-
type backbone and quinone-like redox activity with a theoret-
ical energy storage capacity of 443 mAh ·g@1. The investigated
electrode formulation was consisting in polymer 157, carbon
and PVdF binder (60/30/10 wt.%) and 1.0 M LiPF6 in EC/DEC (1/
1 v/v) used as electrolyte, while Li metal was employed as
counter electrode. Polymer 157 with a maximum de-meth-
ylation extent evidenced by a decreased C/N atomic ratio (6)
displayed an open circuit potential in the range of 2.8–3.2 V vs
Li/Li+ and an initial capacity of 270 mAh ·g@1 at 0.1 C. However,
a poor cycling stability with only 7% capacity retention was
observed after 5 cycles, assigned to an irreversible keto-enol
tautomerism of the hydroxyl groups linked to the quinoids
groups.

Besides benzoquinone polymers, anthraquinone-based pol-
ymers have also been investigated as cathodes for LIBs. Poly(5-
amino-1,4-di-hydroxy-anthraquinone) 159 was investigated by
Zhao et al. as cathode material in a lithium-organic battery.[23b]

The polymer 159 was synthesized by oxidative polymerization
of 5-amino-1,4-di-hydroxy-anthraquinone 158 in the presence
of (NH4)2S2O8 in glacial acetic acid at @5 °C for 4 h (Scheme 34).
Composite electrodes were prepared with 159, acetylene black
and PVdF binder (50/40/10 wt.%). A 1.0 M solution of LiPF6 in
EC/DEC (1/1 v/v) was used as electrolyte and Li metal as the
counter electrode. At the cutoff voltage of 1.5–3.7 V, polymer
159 showed the initial discharge capacity of 101 mAh ·g@1 at
the current density of 400 mA·g@1. The capacity increases to
143 mAh ·g@1 during the first 14 cycles ascribed to the gradual

Scheme 31. Synthetic route of PBQS 151.

Scheme 32. Synthesis of Li2PDHBQS 154 and PDHBQS 153.

Scheme 33. Synthesis of poly(2,5-di-hydroxyaniline) 157.

Scheme 34. Synthetic route to poly(5-amino-1,4-di-hydroxy anthraquinone)
159.
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increase amount of doping ions in the polymer chains. After 50
cycles, the specific capacity was maintained at 129 mAh ·g@1

illustrating good cycling performance.
Song et al. polymerized different isomers of anthraquinone

namely, 1,4-di-chloroanthraquinone 160 or 1,5-di-chloroanthra-
quinone 162 as monomers with either a Ni-catalysed poly-
condensation reaction or using sulphur forming poly(1,4-
anthraquinone) 161, poly(1,5-anthraquinone) 163 or poly(1,5-
anthraquinonyl sulfide) 164. The obtained polymers were
investigated as organic cathode active materials for recharge-
able LIBs.[19b,38] The Ni-catalysed polymerization reaction was
conducted in DMF at 60 °C using bis(1,5-cyclooctadiene)nickel
(0) (Ni(cod)2) and 2,2’-bipyridine (BPy) as ligand affording
polymers 161 and 163 in 80% yield. In the other hand, Phillips
method using sodium sulfide (Na2S) allowed the preparation of
the anthraquinone sulfide polymer 164 in 93% yield
(Scheme 35). The cathode films were composed of active
material (161 or 163), carbon and PTFE binder (60/30/10 wt.%)
for electrochemical characterization. A 1.0 M LiTFSI in DOL/DME
(2/1 v/v) was used as electrolyte and Li metal as counter
electrode. A battery equipped with polymer 161 composite
electrode exhibited an initial capacity of 263 mAh ·g@1 at a
current rate of 0.2 C. After 1000 cycles, the capacity retention
was 98% (248 mAh ·g@1) and 99% (235 mAh ·g@1) at current
rates of 1 C and 2 C, respectively. Furthermore, 69% of the
capacity was retained (180 mAh ·g@1) at a current rate of 20 C
over 140 cycles, demonstrating a stable cycling performance.
The polymer 163 electrode with low molecular weight (ca.
2300 Da for 163 vs ca. 230000 Da for 161) delivered an initial
capacity of about 230 mAh ·g@1 at a current rate of 0.2 C. A
capacity retention of only 68% (~163 mAh ·g@1) was obtained
after 100 cycles due to its solubility in the electrolyte. In the
other hand, the studied electrode was composed of polymer
164, acetylene black and PTFE binder (40/40/20 wt.%) with
1.0 M solution of LiTFSI in DOL/DME (1/1 v/v) as electrolyte and
Li metal as counter electrode. The battery showed an initial
discharge capacity of 198 mAh ·g@1 at 50 mA·g@1 corresponding
to 88% of its theoretical value (225 mAh ·g@1). The capacity
faded to 178 mAh ·g@1 (79% material activity) over 200 cycles at
the same current rate. When a current density of 500 mA·g@1

was applied, a capacity of 151 mAh ·g@1 (79% material activity)
was maintained.

Recently, Petronico et al. developed a lithium salt polymer of
di-hydroxyanthraquinone (poly(di-hydroxyanthraquinonyl
sulfide) (P(LiDHAQS)) 166 capable of storing four Li+ per
monomer.[82] The synthesis of polymer 166 was carried out
using a modified Philips method: 5,8-di-chloro-1,4-di-hydroxyan-
thraquinone 165 reacted with Li2S in NMP under N2 atmosphere
at 160 °C for 18 h giving the P(LiDHAQS) 166 polymer in 90%
yield (Scheme 36). The studied composite cathodes were
consisting in P(LiDHAQS) 166 polymer and conductive carbon

Scheme 35. Synthetic route to anthraquinone-based polymers 161, 163 and 164.

Scheme 36. Synthesis of P(LiDHAQS) 166.

Scheme 37. Synthetic routes for PBDTD 169 and PBDTDS 170.
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(50/50 wt.%) mixed with PTFE (10 wt.%) binder. For electro-
chemical performance assessment, 1.0 M LiTFSI in DOL/DME (2/
1 v/v) was used as electrolyte and Li metal as counter electrode.
Half-cells of P(LiDHAQS) 166 showed an initial discharge
capacity of 300 mAh ·g@1 at a rate of 2 C. Then, the capacity
decayed to stabilize at 210 mAh ·g@1 after 1200 cycles with an
average discharge voltage of 2.5 V vs Li/Li+. Finally, the polymer
was able to store only 3.5 Li+ per monomer less than the ideal
4 Li+ capacity likely because of the intrinsically poor electrical
conductivity of the material.

In a later work by Yao and co-workers, π-conjugated
oligomeric hetero-aromatic-fused quinones, poly(benzo[1,2-
b : 4,5-b’]di-thiophene-4,8-di-one-2,6-diyl) (PBDTD) 169 and poly
(benzo[1,2-b : 4,5-b’]di-thiophene-4,8-di-one-2,6-diyl sulfide)
(PBDTDS) 170, with two different molecular conformations
(planar in PBDTD and helical in PBDTDS) were designed and
investigated in Li-ion storage systems (Scheme 37).[83] The
synthesis of BDTD-based polymers 130 and 131 was started by

the preparation of the 2,6-di-bromobenzo[1,2-b :4,5-b’]di-
thiophene-4,8-di-one (Br2BDTD) 168 monomer starting from
benzo[1,2-b :4,5-b’]di-thiophene-4,8-di-one (BDTD) 128 using N-
bromo-succinimide (NBS) in refluxed TFA for 24 h. PBDTD 169
was obtained by Ni-catalyzed poly-condensation reaction of
Br2BDTD 168 using bis(1,5-cyclooctadiene) nickel(0) (Ni(cod)2)
and 2,2’-bipyridyl as ligand in dry DMF at 60 °C. The synthesis of
PBDTDS 170 was achieved in NMP by reacting Br2BDTD 168
with Na2S under Ar-atmosphere at 100 °C for 16 h. Composite
electrodes containing active material (169 or 170) and
19.1 wt.% CNTs were studied as cathodes using Li metal as
counter electrode and 1.0 M LiClO4 in DOL/DME (1/1 v/v) as
electrolyte. PBDTD 169 and PBDTDS 170 exhibited initial
specific capacities of about 214 and 200 mAh ·g@1 at 5 C rate, at
an average cell potential of 2.52 V and 2.56 V vs Li/Li+,
respectively. PBDTD 169 exhibited 96% of capacity retention
after 250 cycles, while PBDTDS 170 showed an increase of
capacity from 121 to 145 mAh ·g@1 during the 50 first cycles and
stabilized at 137 mAh ·g@1 after 250 cycles. These results have to
be compared to the poly(2-vinylbenzo[1,2-b : 4,5-b’]-di-
thiophene-4,8-di-one) (PVBDT) containing pendant BDTD units
reported by Schubert and co-workers,[84] which showed 15–54%
capacity retention after 100 cycles albeit containing 50–80 wt.%
of CNTs conductive additive.

Conclusion

Owing to their lightweight, easy chemical modification, and
ability to undergo multiple redox reaction, carbonyl-based
redox-active materials are perceived as auspicious electrode
materials for energy storage systems. Therefore, they have
gained significant attention during the last decades. In this
review, we have integrated the state of the art of synthetic
strategies followed to prepare various functional carbonyl-
based π-conjugated compounds applied as electrodes for LIBs.
From the recent studies on the carbonyl-based π-conjugated
active materials family, including low molecular weight mole-
cules and polymers, it has been demonstrated that these

Figure 3. For the two most used binders, PTFE (open circles) and PVdF (open
squares), Ci/Cth (arb. units), at 0.2 C discharge rate, is plotted at the indicated
active material load (wt.%).

Figure 4. Schematic representation of a flexible battery with some examples of carbonyl-based π-conjugated compounds, which could be exploited as redox-
active materials for all-organic rechargeable lithium batteries.
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materials with a structural variety are readily accessible via
straightforward synthetic routes. Moreover, thanks to their
chemical stability, processability and low cost, they could be
promising candidates for high performance electrodes in LIBs
technology. The discussed carbonyl-based π-conjugated com-
pounds were classified depending on their chemical structure
family from small organic molecules to polymeric framework
with a detailed analysis of their synthesis and electrochemical
performance as redox-active materials for LIBs. The structural
versatility and the tunability of these organic compounds can
take advantage of rich organic and polymer chemistries to
develop more stable organic electrode materials with greater
capacity, optimized output potential, improved stability, and
ultimate non-solubility in solid-state batteries and thus the
range of possible applications can be enlarged. The poor
electrical conductivity of materials remains a primary impedi-
ment that continuously stimulates chemical modifications of
the active materials. Theoretical effort could assist novel design
strategies, for instance, for the introduction of specific units
able to increase the electrical conductivity along the main chain
backbone of the employed polymers.

Carbonyl-based molecules are widespread in nature; ap-
proaches to derive the active material from renewable
resources through greener processes have appeared recently
aiming to develop sustainable ESSs to meet the demands of a
greener future.[4a,85] Depending on the type of the redox active
materials, which can undergo chemically reversible oxidation or
reduction, all-organic batteries can be built; thus, an organic n-
type material would be applied as anode and a p-type material
as cathode. Addressing the question of the electrode composi-
tion versus its cycling and reliability is key for progressing in
this field. In Figure 3 we display, for available reported 0.2 C
rate data for low molecular weight compounds (Table 1), for
two different binders, the ratio of the initial discharge capacity
to the theoretical capacity as a function of the active material
loading. The architecture of the electrode greatly impacts the
stability and the electron transfer rates. The electrode engineer-
ing has to proceed towards an increased loading of active
compounds.

Efficient polymer electrolytes are largely missing, although
some steps have been taken in this direction. The use of gel[86]

or solid electrolyte (for example, polystyrene-block-poly(oligo
(ethylene glycol) methacrylate) PS-b-POEGMA)[87] could suppress
the major drawback of the solubility issue faced by organic
redox-active compounds leading to safer all-organic batteries.
The solubility concern can also be challenged via innovative
composites of organic redox materials (with extended π-
conjugated scaffolds or via heterogeneous co-doping with Si or
P atoms) and hierarchically structured carbon materials able to
accord electrochemical and solvation kinetics.[88] By using smart
thermal treatments of these unique composites, with optimized
thickness and composition, their stability could be reinforced.

Although the available organic electrode materials do not
satisfy the market’s requirements for grid-scale stationary
energy storage systems or for the transportation sector in terms
of high energy/power densities and cycling performance, a
resurgence of interest has been induced by the ever-growing

market for small, ultra-thin and mechanically flexible devices
related to the Internet-of-Things deployment such as roll-up
displays, medical devices, or active radio-frequency identifica-
tion tags. For the best of our knowledge, all examples of π-
conjugated carbonyl-based redox-active materials reported
until now were tested in coin or Swagelok cells configurations
with essentially no application of these materials on mechan-
ically flexible substrates or smart integration in flexible
electronics. Obviously, shaping, handling and tailoring of
carbonyl-based electrodes is not straightforward. New techni-
ques are required to facilitate their coherent integration into
operational systems and miniaturized autonomous platforms
could represent niche ESSs. Carbonyl-based π-conjugated
redox-active materials are valuable candidates for the next
generation of lightweight rechargeable batteries to fulfil the
required features of softness, bendability and stretchability in
printed electronic devices (Figure 4), yet more consistent
reporting of both their rate performance and mechanical
properties when integrated in electrodes is needed. The well-
established printing techniques for electronic devices can be
adapted to allow low-cost mass production.[89] Finally, we note
that the good solubility of organic compounds in electrolytes, a
drawback in organic batteries, could be a useful feature to be
exploited for more environmentally friendly redox-flow battery
systems compared to the current technology based on
vanadium-based compounds in sulphuric acid.[89]
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