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ABSTRACT

Organic polymer materials gain much attentions due to its high nature abundance,
tuneable property with respect to functional groups, easy processing, low-cost
alternate to their inorganic counter-part. The conversion of one functional group to
others, building cyclic skeleton, synthesis of various heterocycles, protection of one
sensitive functional group during the conversion of another one in a substituted
molecule, low temperature and high pressure reactions, etc. are the part of synthetic
chemistry. Especially, care is needed to synthesis electrochemically active com-
pounds for energy storage applications. Almost, all secondary batteries decorated
with the organic polymer materials as part/full of the electrodes design. This
review summarizes the synthesis of electrochemically active organic redox poly-
mers such as carbonyl, organosulfur, conducting polymers and its application in
various alkali metal-ion rechargeable batteries as electrode components.
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P3HT-b-PTMA

PANS

PAQI

PAQS
PBPDA

PBQS
PBQS
PDA
PDAAQ
PDAAQ-CN
PDB
PDPAS
p-DPPZ
PEO
PHATN
PHTPA

PIB

PINTCDABTCA

PINTCDABTCA

PIPTCDA

PIPTCDADAAQ

PITN
PMDA
PNFE

Diblock copolymer of poly(3-
hexylthiophene) and poly(2,2,6,6-
tetramethylpiperidinyloxy-4-yl
methacrylate)

Poly(aniline-co-
aminobenzenesulfonic sodium)
Poly(anthraquinonyl imide)
derived from 1,4,5,8-
naphthalenetetracarboxylic
dianhydride and 1,4-
diaminoanthraquinone
Poly(anthraquinonyl sulphide)
Poly[N,N'-
p(benzylidene)phenylenediamine]
Poly(benzoquinone sulfide)
Poly(benzoquinonyl sulphide)
Poly(dopamine)
Polydiaminoanthraquinone
Polydiaminoanthraquinone with
cyano groups
Poly(2,3-dithiino-1,4-
benzoquinone)
Poly(diphenylaminesulfonic acid
sodium)

Poly(N-phenyl-5,10-
dihydrophenazine)
Polyethyleneoxide
Poly(hexaazatrinaphthalene)
Hyperbranched
polytriphenylamine
Potassium-ion battery

Polyimide from 1,4,5,8-
naphthalenetetracarboxylic
dianhydride and benzene-1,3,5-
tricarboxaldehyde

Polyimide from 1,4,5,8-
naphthalenetetracarboxylic
dianhydride and benzene-1,3,5-
tricarboxaldehyde

Polyimide from perylene 3,4,9,10-
tetracarboxylic dianhydride
Polyimide from perylene 3,4,9,10-
tetracarboxylic dianhydride and
2,6-diaminoanthraquinone
Poly(isothianaphthene)
Pyromellitic dianhydride
Poly-(naphthalene four formyl
ethylenediamine)
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PNTCDA Polyimide from 1,4,5,8-
naphthalenetetracarboxylic
dianhydride and ethylenediamine

PNTCDAMA Polyimide derived from 1,4,5,8-
naphthalenetetracarboxylic
dianhydride and melamine

PoPD Poly(o-phenylenediamine)

PPP Poly(para-phenylene)

PPT Poly(pyrene-4,5,9,10-tetraone)

PPTS Poly(pentacenetetrone sulfide)

PPy Polypyrrole

PPy-COOH Carboxylic acid functionalized
polypyrrole

PQL Poly(1,6-
dihydropyrazino[2,3g]lquinoxaline-
2,3,8-triyl-7-(2H)-ylidene-7,8-
dimethylidene)

PSb Polymeric Schiff base

PT Polythiophene

PT-BZ Poly(N-methylphenothiazine
benzidine)

PT-COOH Carboxylic acid functionalized
polythiophene

PT-DMPD Poly(N-methylphenothiazine
dimethylphenylenediamine)

PTPAn Polytriphenylamine

PVK Poly(N-vinyl carbazole)

PyBT Polymer from pyrene and
benzothiadiazole

SIB Sodium-ion battery

1 Introduction

The award of 2000 Noble prize to Heeger, MacDiar-
mid and Shirakawa for the discovery of conducting
polymer in 1977 provoked researchers to think about
usage of organic polymers in electronic applications
[1]. There are many research fields such as photo-
voltaic devices, field-effect transistors, light-emitting
diodes, batteries and sensors employing organic
conducting polymers as one of the device compo-
nents [2-5]. Organic polymers are easily processable,
flexible and the most important argument is their
redox property which can be tuned by synthesizing
them with proper functional groups [6]. Also, the
polymers made up of naturally abundant C, H, N, O
and S while the inorganic materials need of transition
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metals and high precious metals. Hence, the disposal
of polymer electrode is easy rather than that of the
inorganic one. Even though, the organic polymers
can be used to develop a clean and efficient energy
storage system for electronic devices with many
advantages over the inorganic materials, but still not
reached the society as commercial products now.
Commercial secondary batteries have primary role
on the developments of those devices.

Electronically conducting polymers such as poly-
acetylene, polypyrrole, polyaniline and poly(p-phe-
nylene) were proposed and tested as the electrode
materials in 1987 [7]. The conducting polymer can be
used either positive or negative electrode in
rechargeable batteries [8]. Because, the polymer
electrodes must up take or give off the ions during
oxidation and reduction reactions to become neutral
which increases the electronic conductivity of the
polymer. At the same time, the charge could also be
balanced by moving the ions in the polymer skeleton
and become ionic conductor. Thus, the conducting
polymers have both electronic and ionic conductivity
[9]. Both are essential for making highly efficient
batteries. The inorganic materials and carbon-based
materials follow intercalation/de-intercalation or
alloying/de-alloying mechanism during charge/dis-
charge of batteries whereas polymers follow a dop-
ing/dedoping and binding/de-binding mechanism
[10, 11].

2 Li-ion battery

Until the commercial launch by Sony in 1990, there
were no awareness about lithium-ion battery (LIB)
[12]. The commercial LIB are using graphite anode
and transition metal oxide-based cathodes. The sim-
ple operation enables to do extensive research on
alternative high capacity anodes and cathodes. One
of the promising candidates is the polymers. The
polymers may be different in kind, viz., conducting
polymers, electrochemically active organic redox
polymers such as carbonyl, nitroxide radical and
organosulfur. Those polymers have been employed
both as anodes and cathodes [13, 14]. The electro-
chemistry of organic polymer battery slightly differs
from the usual LIB, the former stores the energy by
binding/de-binding with shuttle ions while the latter
act as intercalation/de-intercalation host. Precisely,
redox-active, n-type polymers serve as the electron

@ Springer

J Mater Sci: Mater Electron (2020) 31:21832-21855

acceptor whereas p-type redox-active polymers serve
as the electron donor [15]. During the charge process
the cations from electrolyte will move to the n-type
polymeric electrode while that of anions move to the
p-type polymeric electrode (Fig. 1a). The discharge
process releases the ions from the respective elec-
trode to the electrolyte (Fig. 1b). The advantage of the
symmetric polymer battery is that utilizes only one
polymer material both as anode and cathode. The
simple fabrication will lead to easy processing, low-
cost and hence commercialization. Also, it doesn’t
need metal foils, instead it needs only salts in the
electrolyte. Since, the polymer battery utilizes the
ions from the electrolyte, no need to pre-insertion and
hence it will be ready to charge [16].

The following section will discuss about the poly-
mers which are used as anode and as cathode in LIBs.

2.1 Polymers as an anode material for LIBs

Many reviews have already given the primary
information about the use of polymers as anode in
LIBS [6, 17]. The current review updates the latest
information which are essentially show their signifi-
cant electrochemical performance. Poly(1,6-dihy-
dropyrazino[2,3g]quinoxaline-2,3,8-triyl-7-(2H)-yli-
dene-7,8-dimethylidene) (PQL), a ladder type of
nanostructured polymer (Fig. 2) synthesized by the
reaction between 2,5-dihydroxy-1,4-benzoquinone
and 1,2,4,5-tetraaminobenzene tetrahydrobromide
in polyphosphoric acid. As anode in LIB, a maxi-
mum specific capacity of 1750 mAh/g at 0.05 C
rate. The cycle stability results are surprising that
capable of delivering 500 mAh/g after 1000 cycles
and the current rate was 2.5 C. An added informa-
tion that the cycle stability test was conducted at
50 °C. The obtained specific capacity is slightly
inferior to the high theoretical capacity of
1822 mAh/g has been calculated based on 14 Li*"
ion insertion in the PQL structure [18]. Another
ladder type of nanostructured polymer, polybenz-
imidazo-benzoisoquinoline (BBL) was synthesized
by similar one-pot polycondensation method.
However, 1,4,5,8-naphthalenetetracarboxylic dian-
hydride (NTCDA) is used instead of bezoquinone
derivative. The delivered discharge capacity is
almost equal on 1780 mAh/g at 0.05 C rate. The
cycle stability also as high as to the PQL. The BBL
has delivered a discharge capacity of 496 mAh/g at
3 C after 1000 cycles [19].
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Fig. 1 Electrochemical reactions of full polymer battery (Reproduced with permission from Ref. [15]. Copyright 2019 American

Chemical Society)

Fig. 2 FESEM images of
PQL nanoparticles. a Low-
resolution micrograph of the
large quantity of PQL
nanoparticles.

b Highresolution image of
PQL nanoparticles
(Reproduced with permission
from Ref. [18]. Copyright
2015 John Wiley and Sons)

Liang claimed that they had reported the first n-
conjugated redox polymers for the energy storage
application in LIB. The specific capacity is very low
that 54.2 mAh/g at 50 mA/g. However, the rever-
sible doping level of the polymer has attained to 2.0.
The capacity retention of every single cycle was 99%
at 10 C. Even at 500 C the capacity retention is
nominal on 79%. The cycle stability of the conjugated
redox polymer is relatively, i.e. after 3000 cycles the
retention of capacity was 96% at 10 C [20]. Chemical
oxidative polymerization of dopamine by ammo-
nium persulfate yield polydopamine (PDA) with
interesting structure, viz. it contains both catechol
and o-benzoquinone functionalities. The binder-free
PDA electrode displayed an initial discharge capacity
of 1818 mAh/g at 50 mA/g. A reversible capacity of
1510 mAh/g at 500 mA /g maintained to 1414 mAh/

g after 580 cycles and the capacity retention was
calculated as 93% [21]

Nauroozi et al., synthesized a vinyl-based polymer
with pendent terephthalate as redox-active function-
ality. The synthesis involves multiple step starting
from 2-methylterephthalonitrile and finally tereph-
thalate functional groups were lithiated. As anode,
the delivered discharge capacity by the polymer was
very low (58 mAh/g at 0.33 C) and it was claimed
that the polymer electrode exhibited a retention
capacity of 85% after 100 cycles at 0.33 C rate [22].
Polypyrrole (PPy), a simple heterocyclic conducting
polymer, synthesized by vapour phase polymeriza-
tion process by employing ferric tosylate as oxidizing
agent. The free-standing PPy films with layered
structure of pyrrolic chains not only delivering a high
specific capacity of 309 mAh/g but also capable of
showing high cycle stability at 10 C over 1000 cycles
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[23]. Numazawa et al, prepared carboxylic acid
functionalised polypyrrole (PPy-COOH) and poly-
thiophene (PT-COOH) from its respective carboxylic
acid monomers in chloroform solvent and as usual
oxidizing agent viz. FeCl;. The PPy-COOH and PT-
COOH show excellent electrochemical behavior as
anode in LIBs compared to their parent PPy and PT.
For example, the PPy-COOH delivered a discharge
capacity of 730 mAh/g at 20 mA/g whereas that of
the parent PPy displayed only 157 mAh/g. The effect
of carboxylic acid functional group played a vital role
in PT which can be evidenced from its higher
capacity (963 mAh/g) than that of the parent PT
(44.4 mAh/g). The multistage redox reactions of the
carboxylic acid functionalised polythiophene with Li
in the potential range of 3 to 0 V could be seen in
Fig. 3 [24]. As a consequence of the effect of substi-
tution, benzene ring fused at 3,4-position of PT have
exhibited a good impact on the electrochemical per-
formance as anode in LIB. A low bandgap and high
conducting polymer, polyisothianaphthene (PITN),
have been employed as bipolar material in LIB. It was
synthesized by refluxing phthalide as precursor and
phosphorus pentasulfide as the source of sulfur in
xylene as solvent. The PITN electrode exhibited a
specific capacity of 730 mAh/g at 0.1 C rate as anode
which implies that it could be promising anode. A
specific capacity of 486 mAh/g still observed after
200 cycles while the coulombic efficiency was above
99.1%. A discharge capacity of 702 mAh/g was
recovered at 0.1 C after finishing the rate test at 10 C.
As cathode it could deliver a discharge capacity of
106 mAh/g and the all organic battery using PITN
capable of providing a capacity of ~ 92 mAh/g due
its acceptance of both Li" and PFs~ during n-doping
and p-doping processes [25]. It should be remem-
bered that the presence of lone pair containing het-
eroatom such as N, O and S in a n-conjugated
polymer backbone increases the intrinsic conductiv-
ity by increase in multiple redox centers.

Very recently, the increase in capacity was
obtained with ladder-type microporous polymers.
Three types of fused arylene diimides were synthe-
sized from dianhydrides such as pyromellitic, 1,4,5,8-
naphthalenetetracarboxylic and perylene 3,4,9,10-te-
tracarboxylic dianhydride reacted with fused ary-
lamine. The electrochemical performance was
unusual that the capacity of perylene-based polymer
(LPPTCDABAHA) gets increased from 95 to
783 mAh/g after 1000 cycles, respectively, whereas
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Fig. 3 Electrochemical redox reactions of PTp-COOH. a Redox
reaction with doping and dedoping of anions (X") (p doping).
b Redox reaction with doping and dedoping of cations, such as
Lit (n doping). The neutral state is stable in the white region
between panels a and b at approximately 3 V. ¢ Redox reactions
with the charge and discharge of cations in the heteroaromatic ring
and carbonyl substituent. The red balls represent the Li™
electrochemically reacted with the monomer unit during the
charge—discharge reactions (Reproduced with permission from
Ref. [24]. Copyright 2018 Springer Nature)

that of pyromellitic-based polymer (LPPMABAHA)
increased from 44 to 737 mAh/g after 1000 cycles
[26]. Some of the discussed polymers as anode in LIB
are shown in Fig. 4. Nanostructured polymers would
be the solution for achieving high capacity and cycle
stability. It is well known that nanostructures have
high surface area, short path lengths for electronic
and ionic conduction and most importantly their
strain tolerance during the electrochemical reactions.
It can be synthesized by controlling the polymeriza-
tion conditions.

2.2 Polymer cathode materials for LIB

The redox-active polymers have been tested as cath-
ode in LIBs which are having good to excellent
electrochemical behaviors. In 2008, Feng et al., syn-
thesized polytriphenylamine (PTPAn) from its
monomer, triphenylamine in chloroform solvent
using FeCl; as oxidizing agent. The PTPAn delivered
nearly 94% theoretical capacity at 0.5 C. The capacity
retention of the PTPAn cathode after 1000 cycles at
20 C was 95%. and the coulombic efficiency was
almost as close as 100% at the extended cycles. This
might be arising from the radical redox behavior and
facile charge transport processes of triphenylamine
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Fig. 4 Structures of the selected polymers exhibited reasonably high specific capacity as anodes in LIB

unit in the polymer backbone. This showed the
potential of PTPAn towards high rate capability and
long life stability on LIBs [27]. Davoglio produced an
interesting architecture to overcome the issue of loss
of active mass from disulfides during charge/dis-
charge processes. 2,5-dimercaptol,3,4-thiadiazole
(DMcT) is known for its high theoretical capacity of
362 mAh/g as the cathode material. The researchers
fabricated the poly(DMcT) on a carbon fiber (CF) and
finally a nanometer thick polypyrrole (PPy) was
grown on the poly(DMcT) film. On the event of this
bilayer structure, the specific capacity has been
reached to 320 mAh/g after 40th cycle and main-
tained its coulombic efficiency ~ 100%. Even after
100 cycles there was no significant loss in capacity
observed [28]. As like other polymers, polyindole has
also been evaluated as cathode in LIB and the
polyindole was prepared by chemical oxidation of its
monomer in a chloroform solution as usual with
FeCl; as the oxidizing agent. The experimental

specific capacity (80 mAh/g at 10 A/m?) of polyin-
dole closes to its theoretical capacity (84 mAh/g).
Further, a careful investigation implies that after 5000
cycles it retains 98% of its specific capacity and 80%
capacity retention was identified even after 30,000
cycles [29]. The life cycle stability is ultimately good
and functionalization with electroactive carbonyl
groups in the skeleton may provide higher specific
capacity.

Vinyl polymers with redox-active phenothiazine
units were suggested as cathode material for LIBs
because it can be operated to 3.7 V [30]. Later, Peterson
designed some linear and cross-linked polymers such
as poly(N-methylphenothiazine dimethylphenylene-
diamine) (PT-DMPD) and poly(N-methylphenoth-
iazine benzidine) (PT-BZ). The synthesis of those
polymers were accomplished by Buchwald-Hartwig
cross-coupling of 3,7-dibromo-N-methylphenoth-
iazine with dimethylphenylenediamine or dimethyl-
benzidine. The polymers were insoluble in their
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neutral state and they claimed that the starting mate-
rials used for the synthesis of polymers are inexpen-
sive. Also they observed that the cross-linked polymer
could deliver a high capacity and high rate capability
than that of the linear ones. As a cathode in LIB, the
10% cross-linked copolymer delivered a specific
capacity of 150 mAh/g at the voltage between 2.8 to
4.3 VvsLi*/Liand providing high energy density. An
excellent capacity retention of 82% was perceived at
ultra-fast 120 C. Some of the important assumptions
for their high capacity and other achievement are as
follows: (a) electron-rich and redox-active aryl diami-
nes has stable charged states, (b) stabilized quinoidal
character of aryl diamines at potentials above 3.3 V
against Li*/Li and (c) copolymerization at 3 and 7
positions of phenothiazine would provide conjugation
which allow a fast electron transfer [31]. A hyper-
branched structure of polytriphenylamine (PHTPA)
was found to be appropriate for high rate performance
and ultra-high cycle stability. It has been synthesized
by refluxing bis(4-bromophenyl)amine and dipheny-
lamine precursors, sodium fert-butoxide as base and
toluene as solvent in the presence of bis(tri-t-
butylphosphine)palladium(0) as catalyst at 100 °C for
6 h. As a cathode, the PHTPA delivered a discharge
capacity of 64 mAh/g at 0.5 C but exhibited an unex-
pected cycle stability, i.e. more than 5000 cycles with-
out any significant degradation. It is noteworthy to
mention here that the cycle stability tests were con-
ducted at 20 C and 100 C. They claimed that the
microsphere morphology of PHTPA had contributed
to the high rate performance and high cycle stability.
Also confirmed that there is no elution of PHTPA in to
the electrolyte [32].

Polythiophene (PT) also exhibited its anion
accepting behavior in LIBs. The PT prepared by usual
chemical oxidation method with ferric chloride as
oxidant and thiophene as monomer. However, they
have got porous morphology and the porous PT that
delivered as discharge capacity of 58.4 mAh/g at 100
cycle at a current density of 100 mA/g. The PT
cathode displayed a stability over 500 cycles and still
could deliver 50 mAh/g at a current density of
900 mA /g [33]. Herndndez designed and synthesized
redox-active polyimide-polyether copolymers. Out of
many substituted polymers, the naphthalene poly-
imides with longest poly(ethylene oxide) (PEO2000)
blocks, demonstrating a superior electrochemical
performance, i.e. the presented discharge capacity
was 170 mAh/g. The main advantage of the present
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polymer is that it doesn’t need a binder [34]. The
other interesting redox-active polymer designed by
Héupler, who uses the vinyl-based polymer that was
synthesized with pendent dithiophenedione as the
redox-active functional group. The electrode fabri-
cated with this polymer exhibited a capacity of
217 mAh/g as its maximum value and the cycle
stability was not so impressed [35]. An organosulfur
polymer, poly(benzoquinonyl sulphide) (PBQS),
synthesized from dichlorobenzoquinone with three
consecutive steps, employed as cathode for both LIB
and SIBs. A relatively stable discharge capacity of
272 mAh/g at 50 mA /g was obtained. After reach-
ing the stable value of 246 mAh/g at 500 mA/g at
140 cycle, the capacity decay was very slow that
0.04 mAh/g per cycle [36].

A new type of polymer designed for cathode in
LIB, in which benzene act as the main conducting
backbone while the redox-active imide with carbonyl
groups form the side chain. However, the electro-
chemical performance was not significant to highlight
as a high capacity cathode [37]. A notable perfor-
mance was demonstrated by polyimide synthesized
from NTCDA and sulfamide. A stable discharge
capacity of 120 mAh/g after 450 cycles [38]. A dif-
ferent structured block copolymers were synthesized
by copper azide-alkyne coupling cycloaddition of
poly(3-hexylthiophene) and  poly(2,2,6,6-tetram-
ethylpiperidinyloxy-4-ylmethacrylate). The electro-
chemical performances of the diblock copolymers
(PBHT-b-PTMA) are greater than the individual
homopolymers and their simple blends. A discharge
capacity of P3BHT-b-PTMA is 116 mAh/g at 0.1 C
rate and observed a stable cycle performance over
200 cycles [39]. Another block copolymer poly(fluo-
rene-alt-naphthalene diimide) was proposed as
cathode material for LIB by Sarang et al. [40].

Very recently, polymers were synthesized to
employ as cathode from conjugated carbonyl com-
pounds. The present material form binder-free elec-
trode and the electrochemical performances are
notable. Poly(pyrene-4,5,9,10-tetraone) (PPT) delivers
a reversible capacity of 142 mAh/g at a current
density of 50 mA /g while the capacity retention of
74.6% at 500 mA /g after 300 cycles. In addition to
that, it displayed an excellent rate capability of 120
mAh/g at a current density of 1000 mA /g. Figure 5
displays the schematic and real arrangements of
flexible half-cell and full cell with PPT cathode. It also
shows the illumination of light-emitting diodes by
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the full cell [41]. In addition to single polymer cath-
odes, polythiophene and polyimides composite elec-
trodes were prepared by Lyu in 2017. The polymer
composite was synthesized by in situ chemical
oxidative polymerization. The composite polyimide
cathode with 30% polythiophene coating was found
to be best in electrochemical performance. It deliv-
ered a specific capacity of 216 mAh/g at 0.1 C and
capable of delivering 89 mAh/g at a current rate of
20 C after 1000 cycles with a notable capacity reten-
tion of 94%. The synergetic effect of conductive
polythiophene and redox-active polyimide made it
possible [42]. Figure 6 displays the chemical struc-
tures of polymer cathodes. However, further research
on this type of polymers is essential to address any
unfavorable interactions with electrolyte and to
achieve a reasonably good electrochemical
performance.

3 Sodium ion battery (SIB)

The limited abundance of Li urges the researchers to
think alternate alkali- and alkaline-earth-metals such
as sodium, potassium, calcium and magnesium etc.
to use as in batteries. As everyone know that sodium
is more abundant in the earth and also similar redox
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behavior as lithium ion, indicating it can be used in
rechargeable batteries [43, 44]. It is more important
that the price of Na is cheaper than that of Li and
hence the production cost will also be very less.

3.1 Evolution of polymers as anode
materials for SIB

The electrochemical binding reactions of the poly-
mers with Na™ ions have been studied. Polypyrrole
(PPy) have given promising electrochemical results
when it was employed as anode in SIB. The PPy with
submicrostructure synthesized displays an initial
discharge capacity of 471 mAh/g and a steady dis-
charge capacity of 183 mAh/g at 400 mA /g after 100
cycles. The superior cycle stability was measured
from its delivered discharge capacity of 84 mAh/g
after 500 cycles at 14,400 mA /g [45]. Polyimides were
extensively investigated as anode and cathode
materials in LIBs because of its redox-active carbonyl
group and can be synthesized by easiest synthetic
methodologies. The identical strategy was applied to
SIBs also. A polyimide material (PNTCDA) synthe-
sized by dehydration condensation reaction between
NTCDA and ethylenediamine in N-methylpyrroli-
done (NMP) as solvent. As an anode, it delivered a
specific capacity of 140 mAh/g and a reasonably
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Fig. 6 Polymers with either high capacity or high cycle stability as cathode in LIB

good initial coulombic efficiency of 97.6%. The
excellent cyclic stability can be inferred from its 90%
capacity retention over 500 cycles at 1 C rate while
maintains the coulombic efficiency nearly 100% [46].
The same polyimide was published by other research
group with different abbreviated name, i.e. poly-(-
naphthalene four formyl ethylenediamine) (PNFE)
and the synthetic method also the same. The twist is
that the polyimide tested in a non-aqueous electrolyte
containing 1 M NaClO, whereas PNFE anode was
tested in an aqueous electrolyte containing 1 M Na,.
SOy. The electrochemical redox behavior arises from
the carbonyl groups and displayed a specific capacity
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of 134 mAh/g for 1000 cycles without any distinct
capacity loss at 10 C. The high cycle stability usually
comes from the conjugated structure and the fast rate
capability originated from the redox-active carbonyl
groups [47]. Three dimensional polyimides with
extended conjugation were synthesized by Li et al.,
The polymers were synthesized from NTCDA,
pyromellitic dianhydride (PMDA), and melamine
employed as an anode in SIB. The polymer
(PNTCDAMA) synthesized with NTCDA demon-
strated a superior performance than that of the
PMDA due to extended conjugation. An excellent
cycling stability of PNTCDAMA delivers 88.8 mAh/
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g after 1000 cycle at 5 A/g and the capacity retention
was 83.1% [48]. Pyromellitic dianhydride-based
polyimide anodes with flower-like morphology was
synthesized by hydrothermal method from para-
phenylenediamine and PMDA. The polymide anode
exhibited 125 mAh/g after 100 cycles [49]. The elec-
trochemical properties of PIs vary with different
alkyl-substitutions. An effective design is necessary
to solve the low-capacity and capacity fading
problems.

Remarkably, Fernandez designed and synthesized
a redox-active polymer with Schiff bases (PSb) and
polyethyleneoxide (PEO) structures. The polycon-
densation reaction occurs by combining p-
phenylenediamine with terephthalaldehyde while
polyether having amine functional groups that
introduced to the increases of the flexibility and ionic
conductivity. After 25 cycles, the PSb-PEO delivered
a specific capacity of 178 mAh/g whereas in lami-
nated binder-free electrode delivered that of
185 mAh/g, respectively [50]. Schiff base compounds
(R'CH=NR?) found to be active as electrodes in SIB.
Especially, the polymer was synthesized from a
monomer that contains two Schiff base functional
groups on the central benzene ring. This simple
condensation reaction between aliphatic/aromatic
diamines and terephthalaldehyde as the benzene ring
source with aldehyde functional groups produce the
polymeric Schiff base. The polymeric Schiff bases
with aromatic amine linkers found to be more
stable electrochemical activity due to their conduc-
tivity. A reversible capacity of 350 mAh/g at 0.1 C
rate was exhibited by poly[N,N-p(benzyli-
dene)phenylenediamine] (PBPDA) and the capacity
was accounted from more than one sodium atom per
azomethine C=N-unit [51]. PDA has also been tested
as anode in SIB and the results were impressive. An
attained  discharge capacity PDA  delivered
508 mAh/g after five cycles at a current density of
50 mA /g and become stable until 1024 cycles on a
nearly 100% coulombic efficiency [21]. Figure 7 rep-
resents chemical structures of some of discussed
polymer anode materials. It might be challenging to
design excellent electrode materials with all benefi-
cial aspects such as capacity, stability and suit-
able electrolytes. The knowledge can be borrowed
from LIB to bring forward the SIB in people hands.
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3.2 SIB cathode materials design
from polymers

The function of cathode is considered as very sig-
nificant since it is related to the potential of the bat-
tery. The potential could also be tuned by doping of
the polymer. PPy has also been employed a cathode
in SIB. A redox-active ferricycanide ions—doped PPy
exhibited a reversible capacity of 135 mAh/g at
50 mA/g. For the high rate performance, it demon-
strated a specific capacity to 75 mAh/g at a current
density of 1600 mA/g. In addition, the 85% capacity
retention over 100 cycles at 50 A/g enlightened its
cycle stability [52]. As a continuation of the external
doping, self-doped PPy was synthesized from pyr-
role and sodium sulfonate-containing pyrrole mono-
mers. The claim of the work was that self-doping
strategy would be helpful to host sodium insertion
and extraction reaction. A steady capacity of
85 mAh/g was obtained after a few cycles and found
to be stable over 100 cycles [53]. Yet another article
published with PPy as cathode in SIB. Dipheny-
lamine-4-sulfonate was used as the dopant and an
initial discharge capacity of 115 mAh/g is shown
[54]. The same research group synthesized the poly-
mer of diphenylaminesulfonic acid sodium (previ-
ously used as dopant) and employed as cathode. The
poly(diphenylaminesulfonic acid sodium) delivered
a reversible capacity of 100 mAh/g owing to one
sodium ion insertion/extraction reaction [55]. The
concept of self-doping with electron withdrawing
sulfonate groups adapted by the same researchers,
i.e. an aniline containing sulfonate group in ortho
position was polymerized to get polyaniline with
self-doping sulfonate groups. The capacity has also
been increased from 100 to 133 mAh/g. A capacity
retention of 96.7% over 200 cycles at a constant cur-
rent density of 100 mA/g showed its excellent
cycling stability [56]. Remarkably, a copolymer syn-
thesized from mixture of aniline and nitroaniline
proficient of delivering a reversible capacity of
180 mAh/g at 50 mA /g and get a stable capacity of
173 mAh/g after 50 cycles [57].

Poly(benzoquinonyl sulfide) (PBQS) has also been
introduced as cathode material for SIBs. The PBQS
electrode delivered a maximum discharge capacity of
268 mAh/g. The cycle stability of the PBQS cathode
in SIB was not impressive to that of LIB [36]. Fol-
lowed by the above research entry, Tang proposed
that the electrochemical performance can be
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improved by tailoring n-conjugated system in
monomers which will led to the solve solubility
problem, enhancing the n—r interaction and the layer-
by-layer n—m stacking on the charge transport and
ionic diffusion of the electrode. They prepared a
series of polymers such as poly(benzoquinone sul-
fide) (PBQS), poly(anthraquinone sulfide) (PAQS)
and poly(pentacenetetrone sulfide) (PPTS) with the
idea of extension of n-conjugation. The synthesis was
started from chlorobenzene and pyromellitic dian-
hydride in the presence of an Lewis acid catalyst
which form an intermediate viz. 2,5-bis(4-chloroben-
zoyDterephthalic acid. The intermediate was con-
verted to 2,9-dichloropentacene-5,7,12,14-tetrone by
trifluoromethanesulfonic acid. Finally, the PPTS was
obtained by reaction of the above chloro-derivative of
pentacenetetrone with sodium sulfide in N-methyl
pyrrolidone as medium. The highly conjugated
polymer, PPTS showed a reversible capacity of 290
mAh/g with nearly 100% coulombic efficiency at
100 mA /g. PPTS has also proved their ability for the
long cycle-life, delivering a reversible capacity of
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160 mAh/g even after 5000 cycles at 10 A/g. All such
high capacity and cycle stability under fast charge/
discharge processes could be endorsed by the
extended conjugation with rigid structure and layer-
by-layer arrangement like graphene [58]. Very
recently, poly(hexaazatrinaphthalene) (PHATN) tes-
ted as cathode material in a SIB and a superior elec-
trochemical performance was demonstrated by Mao
et al. The polymerization occurs through carbon-
carbon bond between two phenyl rings and it was
synthesized by simple condensation reaction
between cyclohexanehexone and amines. As a cath-
ode, it showed a discharge capacity of 236 mAh/g at
50 mA/g. In addition, the excellent cycle stability at
25 C delivers 100 mAh/g after 50,000 cycles can be
shown in Fig. 8. The energy density exhibited by
PHATN was 210 Wh/kg at a high power density
20,000 W/g [591.

Polyimides with effect of conjugation was analyzed
by Wang et al. In which a series of polyimides were
synthesized by reacting dianhydrides such as
pyromellitic dianhydride (PMDA), 1,4,5,8-
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naphthalenetetracarboxylic dianhydride (NTCDA)
and perylene 3,4,9,10-tetracarboxylic dianhydride
(PTCDA) with alkyl diamines. PTCDA-based poly-
imide showed a superior electrochemical perfor-
mance that retained reversible capacity of 137 mAh/
g after 400 cycles with nearly 100% coulombic effi-
ciency. Unbelievable cycle stability, a capacity reten-
tion of 87.5% at 0.8 C rate was demonstrated 5000
cycles [60]. Polyimides prepared with redox-active
anthraquinone as linking unit were synthesized by
the reaction of PMDA /NTCDA with 2,6-diaminoan-
thraquinone. A highly reversible capacity of
192 mAh/g was obtained from the above product
and a 95% capacity retention after 150 cycles accounts
its cycle stability [61]. Poly(anthraquinonyl imides)
(PAQI), a series of polymers were synthesized from
various combinations of PMDA/NTCDA with 1,4-
diaminoanthraquinone/ 1,5-diaminoanthraquinone.
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They concluded that the PAQI displayed a high
reversible capacity of 190 mAh/g. The cycle stability
was also good to light, i.e. a 93% capacity retention
was demonstrated over 150 cycles at the current
density of 50 mA /g [62]. The last two articles repor-
ted the electrochemical performances of polyimides
with different positional isomers. However, the
obtained results almost the same with capacity and
cycle stability. The researchers (Zhijiang et al.) who
tested the polyindole as a cathode in SIB. The sub-
stituted polyindole, poly(5-cyanoindole) was used
with electrospun nanofiber structure. The obtained
highest discharge capacity of 106 mAh/g at 0.2 C rate
was retained with only a small decay speed of 0.0159
mAh/g to attain a capacity retention of 85% after
1000 cycles [63]. A recent literature that claims the
first report on the use of highly porous azo-linked
polymer to employ as cathode for SIB. The 1,1,2,2-
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tetrakis(4-aminophenyl)ethane uses as a precursor
while copper (I) salts are employed as a catalyst. The
first discharge capacity of 315 mAh/g at 0.3 C led to
a reversible capacity of 194 mAh/g at the second
cycle. It was found to be stable over 150 cycles with a
capacity retention of 95% at 0.3 C [64]. Poly(N-vinyl
carbazole) is a redox-active polymer contains elec-
tron-rich carbazole moiety. As a cathode in SIB, it
exhibits a highly stable discharge capacity, which is
around 62 mAh/g for 900 cycles at a current density
of 500 mA/g. An average discharge capacity of
approximately 110 mAh/g could be realized for 100
charge/discharge cycles at 50 mA /g [65]. Polymers,
known as cathodes for SIB are shown in Fig. 9. Ter-
tiary nitrogen containing polymer have shown their
high potential while organosulfur polymers have
shown their excellent cyclic stability. In order to get a
high capacity, the content of tertiary nitrogen in a
monomer should be increased. But, the sulfur should
also be presented in the conducting chain not in the
side chain.

4 Potassium ion battery (PIB)

The successful commercialization and advancements
in LIB motivate the researchers to think about high
abundance element with similar redox potential of
lithium. In this case, potassium is considered due to
its very close redox potential (— 2.93 V vs E°) com-
pares with lithium (— 3.04 V vs E°). Publications are
getting increased in PIB to understand the electro-
chemistry, develop the electrochemical performance
by designing materials, electrode/electrolyte inter-
face, and battery configuration [66, 67]. However, the
PIB is in infancy state. In the way of achieving high
energy density and high cycle stability, the polymer
materials are discussed here.

4.1 Active polymer anodes for PIB

The storage of potassium ion is exemplified in an
imine-rich poly(o-phenylenediamine) (PoPD). As
usual, the PoPD was synthesized by chemical oxi-
dation method using ammonium persulfate as oxi-
dizing agent. However, an optimum content of
quinoid imine dominates the oxidation of monomer
which was in good relation with the electrochemical
performance, viz. as the oxidant amount increases the
content of imine also increases. It was concluded that
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the monomer to oxidant ratio of 1:1 resulted in opti-
mized electrochemical performance with optimized
content of imine. The content of imine played an
important role in conductivity of the polymer and
also presents an unstable state at highly oxidation.
After activation process, it could deliver a discharge
capacity of 450 mAh/g at 50 mA /g until 205 cycles
[68]. Some combined theoretical and experimental
studies provided the basic understanding of struc-
ture—property relationship between the conjugated
microporous polymers and their electrochemical
performance in PIBs. They have selected benzene and
benzothiadiazole containing microporous polymers
for this study. These polymers have high delocaliza-
tion of LUMO energy which is favorable for high
degree of n-doping activity. Not only the low LUMO
energy level but also the low bandgap provided the
high electron affinity and conductivity. Further, the
porous structure and high surface area cause facili-
tated electrochemical storage of potassium ions. All
polymers were synthesized by Suzuki coupling
reaction. Out of all polymers, the polymer (PyBT)
synthesized by pyrene and benzothiadiazole units
showed excellent performance, ie. a reversible
capacity of 428 mAh/g at 30 mA/g. The cycle sta-
bility of the porous polymer could be understood
from its capacity retention of 272 mAh/g after 500
cycles at 50 mA /g [69]. The chemical structures of
two polymers are shown in Fig. 10. The PIB needs
more research to attain the commercial status.

4.2 Designed PIB cathode materials

Since the redox properties of cathodes almost the
same, the polymers which are tested as cathodes in
LIB and SIB are tried once again in PIB. Poly(an-
thraquinonyl sulfide) (PAQS) has already shown its
promising electrochemical property in SIB. However,
it is necessary to test the capability of potassium ion
storage property. It was synthesized from the mix-
ture of 1,5-dichloroanthraquinone and sodium sul-
fide nonahydrate in methylpyrrolidone under argon
atmosphere. The cathode delivered a specific capacity
of 200 mAh/g in a 0.5M potassium bis(trifluo-
romethane sulfonyl) imide (KTFSI) in mixed dime-
thoxyethane and dioxolane solution (1:1 by volume)
as an electrolyte. However, the cycle stability is not
good enough to show as promising cathode material.
This is attributed from the reason that the PAQS
partially soluble in the electrolyte [70]. The
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Fig. 10 Polymers with superior electrochemical performances as anode in SIB

electrochemical behavior of PAQS cathode and the
mechanism behind the capacity contribution could be
understood from Fig. 11. As a continuation of the
excellent electrochemical performance of PPTS cath-
ode in SIB, it was employed as cathode here by Wang
et al. A testing in PIB was adopted that a high
reversible capacity of 260 mAh/g at 0.1 A/g is
obtained. A delivered capacity greater of 190 mAh/g
over 3000 cycles at 5 A/g is also studied [71]. It seems
that the anthraquinone molecule is a good skeleton
for energy storage applications. Polydiaminoan-
thraquinones having cyano functional groups
(PDAAQ-CN) are linked by aniline show a reversible
capacity of 184 mAh/g while the polymer without
cyano functional groups (PDAAQ) displays a cycle
stability for 200 cycles with a capacity retention of
91% at 250 mA /g [72].

Tian designed and synthesized three polymers in
terms of the carbonyl-based polyimide, poly-
quinoneimide, and 2D conjugated microporous
polymer (PI-CMP). The polymer with high content of
carbonyl groups (polyquinoneimide) displayed a
high capacity (221 mAh/g) than that of the other
polymers. While the polymer with conjugation
(PINTCDABTCA) exhibited a high cycle stability
(1000 cycles) at a current density of 1 A/g. They
concluded that the high number of carbonyl groups is
the reason for high specific capacity while the
extended conjugation helps for best cycling stability
and high rate performance [73]. A usual polyimide
structure has been reported for their electrochemical
performance as cathode in SIB. Off course, this
polyimide (PNTCDA) was synthesized with usual
precursors such as NTCDA and ethylenediamine.
The researchers made the cathodes with different
carbon additives and found the graphite nanosheets
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as the suitable one (Fig. 12a). With the optimized
experimental conditions, a high reversible capacity of
142 mAh/g was delivered and a capacity retention of
83% was demonstrated after 500 cycles (Fig. 12¢) [74].

Very recently, poly(N-phenyl-5,10-dihydrophenazine)
(p-DPPZ) proposed as efficient cathode for PIB by
Obrezkov. The p-DPPZ was synthesized by Buchwald-
Hartwig condensation of 5,10-dihydrophenazine with
1,4-dibromobenzene. The electrochemical performance
of p-DPPZ cathode was tested in an electrolyte con-
taining 2.2 M KPF, dissolved in diglyme. They debate
that the obtained capacity of 162 mAh/g at the current
density of 200 mA /g is superior than that of LiFePO, in
LIBs. The capacity retention of 79% after 1000 cycles at a
current density of 2 A/g explicates its suitability to use
as a cathode [75]. The same p-DPPZ was published by
another researcher group at the same time. However,
they have synthesized one more polymer for the
investigation and also used Na/K alloy as anode
instead of single metal anodes. Both poly(N-phenyl-
5,10-dihydrophenazine) and  poly(hexaazatrinaph-
thylene) exhibited a superior performance in the new
design than that of the reported literatures for PIBs.
Poly(N-phenyl-5,10-dihydrophenazine) delivered a high
specific energy up to 631 Wh/kg at 0.2 A/g and an
energy density of 169 Wh/kg was grasped at a specific
power of 141 kW/kg. Poly(hexaazatrinaphthylene)
cathodes showed a comparable performance with a
specific energy of 169 Wh/kg that achieved at a power
of 85 kW/kg. The capacity retention of 69% was noted
for poly(N-phenyl-5,10-dihydrophenazine) after 1500
cycles whereas that of 89% was observed for cells made
with poly(hexaazatrinaphthylene) cathode over 10,000
cycles [76].

As an extension of the PVK cathode in SIB, PVK
was employed as cathode in PIB as well
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Interestingly, a higher discharge capacity of
117 mAh/g was obtained at 20 mA/g. An excellent
cycling stability could be realized at the highest cur-
rent density of 2000 mA/g i.e. an average specific
capacity of 61 mAh/g still could be obtained even
after 500 cycles [77]. Figure 13 screens few good
polymer cathodes for their reasonable electrochemi-
cal performances. Composites of polymers could be
an alternative choice to overcome some issues caused
by single polymers. The complementary properties of
the composites would be beneficial to obtain both
high capacity and cycle stability.

In order to get an overview of the active polymers
in the alkali metal-ion rechargeable batteries, the
polymers are given in the table form. Table 1 gives an
overview of the polymer anodes in LIB, SIB and PIBs.
Only very few polymers exhibited the specific
capacity more than 1000 mAh/g, which are PQL,
BBL, PDA and PNTCDAMA. A high capacity and
stability polymer electrodes should be designed by
combining the merits of those polymers. The polymer
cathodes couldn’t be classified as similar to anodes.
Instead it can be divided into low and relatively high-
voltage polymers based on their electrochemical
performances in the respective potential window. As
may be noted from Table 2, most of the polymers
really come under the low voltage classification (be-
low 4 V) and only some polymers such as PTPAn,
PHTPA, PT, P3HT-b-PTMA, PBQS and PVK are
working around 4 V. Based on the applications, the
polymer with appropriate functional groups should
be selected, because there is no limitation to design
such molecules.

5 All organic polymer rechargeable
battery

The current-state-of art in rechargeable batteries
adopt several high-cost metals to the electrode
material fabrications. It suffers a high cost and also
the resource restrictions. In order to commercialize
the batteries, the new electrode materials should meet
the following requirements apart from the conduc-
tivity, redox centers, chemical and electrochemical
stability. (1) it should be obtained from simple raw
materials, (2) simple synthetic methodologies for
large scale production, (3) the electrochemical per-
formance should be not less than the currently
obtaining parameters, and (4) it is preferable to have
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light-weight. All polymer battery may use to satisfy
those criterions. The first type is that a single polymer
capable of acting as both anode and cathode (sym-
metric) viz. bipolar mode. The other is that one
polymer works as an anode while other polymer will
serve as a cathode (un-symmetric) [78]. There are two
type of categories in polymers regarding the bipolar
mode. One of them is electroactive redox polymers
having wide potentials which also have redox centers
for both n and p-type redox reactions [79] and the
other one is conducting polymers that can be
p-doped at higher voltage and n-doped at lower
potential to act as cathode and anode, respectively
[80].

Even though many researchers claiming their
findings in alkali metal-ion batteries, only some of
polymers entered in to the full polymer or plastic
battery which are discussed in the section. Polypara-
phenylene (PPP), a conducting polymer was synthe-
sized by polymerization of benzene which was used
as the bipolar electrode in a full organic battery. The
bipolar reactions of PPP were taken as an example for
all the polymer based bipolar electrodes. During
charge reaction, PPP anode is n-doped while the PPP
cathode is p-doped. In total, Li* ion is inserted in the
anode while PFg™ ion is inserted in the cathode as
counter ions. The external electron comes from the
PPP cathode, because it underwent p-doping by
donating its electron. At discharge process, the
external electron comes from anode to cathode while
Li" ion and PF4s~ ions are de-doped to electrolyte.
Zhu et al., also claimed that the reported discharge
capacity of approximately 153 mAh/g at a current
rate of 40 mA /g is the highest value. The symmetric
organic battery could be operated in a high voltage of
3 V [80]. A polymer battery capable of producing 1 V
with a capacity of 16 mAh/g and energy density of
15 Wh/kg was produced by Sen et al. Self-doped PPy
by covalently attached viologen (derivatives of 4,4'-
bipyridine)- was employed as cathode (derivatives of
4,4'-bipyridine) while 2,2'-azino-bis(3-ethylbenzoth-
iazoline-6-sulfonic acid) doped PPy used as cathode
to construct full polymer battery. Acetonitrile con-
taining 0.2 M LiClO, was engaged as electrolyte. The
full polymer battery adept of retaining 70% of its
original capacity after 100 cycles [81]. Advancements
made in coating technology to fabricate SIB. Screen
printing on poly (3,4-ethylenedioxythiophene): poly
(styrene sulfonate sodium) (PEDOT:PSS, a commer-
cial and highly conducting polymer ink) was taken.



J Mater Sci: Mater Electron (2020) 31:21832-21855 21849

p-DPPZ PAQS
NH NH—
(o] (o] (o] (o]
Hoy Ry
N\ / N\ / J
n
PDAAQ
R 1
N= N

0 Igig!
/ 009 e
AN= O A 0

(o)

PINTCDABTCA PNTCDA

75
o ol
X/}N N{\%

PHATN

Fig. 13 Structure of polymers showed its potential as cathode in PIB

The PEDOT:PSS electrode would act as anode and containing polymer, PITN has been reported to act as
cathode, This all polymer SIB delivers a specific  bipolar electrode in LIB. PITN in the full cell config-
capacity of 5.5 mAh/g [82]. Recently, the sulphur  uration displayed a reversible capacity of 92 mAh/g
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Table 1 Polymers which have been used as anode in Alkali metal-ion rechargeable batteries

S. no. Active Battery Potential Specific Current Cycle Capacity Current Reference
polymer type window capacity density stability retention (%) density
material W) (mAh/g) (mA/g) (nos.) (mA/g)

1 PPy LIB 0-3 309 60 1000 87 3090 23

2 PT-COOH LIB 0.01-3 963 20 1000 80 500 24

3 PQL LIB 0-3 1750 90 1000 - 4555 18

4 BBL LIB 0-3 1787 95 1000 - 5780 19

5 P(NDI20OD-T2) LIB 1.8-3 54.2 50 3000 96 540 20

6 PDA LIB 0-3 1818 50 580 93 500 21

7 PITN LIB 0-3 730 70 100 73 7300 25

8 PDA SIB 0-3 508 50 1024 100 50 21

9 PPy SIB 0.01-2.5 471 200 500 63 14,400 45

10 PNTCDA SIB 1.2-3.2 140 140 500 90 140 46

11 PNFE SIB —1to 0.0° 134 130 1000 91 1340 47

12 PNTCDAMA SIB 0-2.5 1161 100 1000 83 5000 48

13 PoPD PIB 0-3 450 50 200 100 50 68

14 PyBT PIB 0-3 428 30 500 - 50 69

*Potential with reference to Ag/AgCl

— Capacity retention not able to calculate with given information

at 0.1 C rate in the potential window between 0 to 4 V
[25]. A ladder-type heterocyclic dithioether contain-
ing polyquinone, poly(2,3-dithiino-1,4-benzo-
quinone) (PDB) was employed as both anode and
cathode in a symmetric full organic battery. The ini-
tial capacity of the symmetrical battery was
249 mAh/g at 20 mA/g and it was found to be
stable for 250 cycles at 500 mA /g in between 3.2 and
0.005 V with 70% capacity retention. The charge/
discharge profile, rate performance and cycle stability
studies of full cell with PDB could be seen in Fig. 14
[83]. Conducting polymers exhibited their bipolar
activities towards the rechargeable batteries are
shown in Fig. 15.

The second type of all polymer battery (un-sym-
metric) fabricated with PTPAn as cathode and PAQS
as anode. The reported discharge potential of the un-
symmetric organic battery was 1.8 V. The full cell
delivered a discharge capacity of 220 mAh/g and the
85% capacity retention with 99% coulombic efficiency
at 8 C rate over 500 cycles invariably enlightening the
superior cycle stability [84]. In addition to the all
polymer battery, all solid-state SIB was reported with
PAQS anode and poly(aniline/o-nitroaniline) cath-
ode while NaClO, dissolved in succinonitrile served
as the solid-state electrolyte. The open-circuit voltage

@ Springer

of the un-symmetric all solid-state SIB was 2.4 V and
the reversible capacity at 50 mA /g was 200 mAh/g.
After 50 charge/discharge cycles the battery capable
of delivering a specific capacity corresponds to 80%
capacity retention [85]. An unsymmetrical battery
was reported by assembling poly(2-methacrylamide-
tetracyanoanthraquinone) anode and  poly(2-
vinylthianthrene) cathode with a discharge potential
of 1.35 V. The initial capacity of 105 mAh/g was
found to be slightly decreased to 99 mAh/g after 250
cycles at 1 C rate [79]. A copolymer, perylene poly-
imide-polyether anode material was synthesized by
polycondensation reaction between PTCDA and Jef-
famine (PEO2000). The biopolymer cathode material,
PEDOT:lignin was synthesized by chemical oxidative
polymerization of EDOT with alkali lignin. The con-
ducting silver coated poly(ethylene naphthalate) was
used as substrate and current collector while plain
carbon cloth utilized as current collector for cathode
and anode, respectively. Nitrogen purged aqueous
solution containing 1 M Nay,SO, and 0.1 M HCIO,
was employed as the electrolyte. Even though, the
full-cell operated between 0 and 1.1 V, it delivered
1V. The discharge capacity also notable that
53 mAh/g was delivered at 10 C. When the cycle
stability test was conducted at 100 C, the discharge
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Table 2 List of polymers employed as cathode in alkali metal-ion rechargeable batteries
S.  Active Battery  Potential Specific Current Cycle Capacity Current References
no. polymer type window capacity density stability retention density
material 2 (mAh/g) (mA/g) (nos.) (%) (mA/g)

1 PTPAn LIB 2.8-4.2 103 50 1000 87 2060 [27]
2 PHTPA LIB 2-42 64 80 5000 - 3200 [32]
3 PT LIB 343 62 100 500 100 900 [33]
4 Naphthalene LIB 1.5-3.5 151 50 450 - 200 [38]

polyimide-b-

sulfone
5 P3HT-b-PTMA LIB 342 116 55 180 87 55 [39]
6 PPT LIB 1.5-3.5 142 50 300 75 500 [41]
7  PBQS LIB 1.5-4 272 50 1000 86 500 [36]
8 PBQS SIB 1-3.8 268 50 100 68 50 [36]
9 PPTS SIB 0.8-3.2 290 100 2000 85 1000 [58]
10 PHATN SIB 1-3.5 236 50 50,000 84 10,000 [59]
11  PIPTCDA SIB 1.5-3.5 137 10 5000 87 100 [60]
12 PIPTCDADAAQ SIB 1.5-3.5 192 50 150 95 50 [61]
13 PAQI SIB 1.5-3 190 50 150 93 50 [62]
14 Poly(5- SIB 2-3.9 106 20 1000 85 20 [63]

cyanoindole)
15 ALP SIB 0-3 194 90 150 90 90 [64]
16 PVK SIB 1.8-4.7 110 50 900 - 500 [65]
17  PPTS PIB 0.8-3.2 260 100 3000 74 5000 [71]
18 PDAAQ PIB 1.2-3.2 162 50 200 91 250 [72]
19 PINTCDABTCA PIB 1.5-3.5 152 50 1000 74 1000 [73]
20 PNTCDA PIB 1.4-3.5 142 100 500 83 100 [74]
21 p-DPPZ PIB 2.5-4.5 162 200 1000 79 2000 [75]
22  PVK PIB 2-4.7 117 20 500 55 2000 [77]

(-) Capacity retention not able to calculate with given information

capacity decreased from 41 to 35 mAh/g only after
800 cycles [86].

If the new battery is developed with naturally
abundant resources with low-cost production it
would be the encouraging choice. It is somewhat
difficult to make full-cell batteries since it need
careful calculation in pairing the anode and cathode.
The challenging fact for the commercialization of
polymer batteries is achieving both high energy
density and cycle stability in a simultaneous
approach. In order to get those electrochemical
parameters, the molecules, and electrolyte system of
a battery should be designed or extended to other
dual ions. The deeper understanding of the ion
binding and transport mechanism will be helpful to
achieve the best performance in the near future.

6 Conclusion and scope for the future

The review charts the polymers used in rechargeable
batteries such as Li, Na and K ion batteries. A large
number of polymers have been utilized as electrode
materials with relatively reasonable electrochemical
performances. However, it still needs more efforts to
overcome across the requirements of commercializa-
tion. This could be attained by advanced design in
the monomer structure to get a desired polymer with
expected redox properties. The chemical structures
presented in this review will motivate the researches
to design the monomers with required electrochem-
ical properties. Based on the literatures, it is sug-
gested that the anode material should contain (i) N or
S containing heterocyclics (ii) multiple C=O groups
with conjugation (iii) C=N functional group with
conjugation (iv) both C=0O and C=N functional
groups. Functional groups rule the specific capacity
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Fig. 14 Prototype and electrochemical performance of the all-
plastic-electrode symmetric full-battery. a Prototype of the all-
PDB-clectrode battery. b Representative charge and discharge
profiles between 2.9 and 0.005 V at 20 mA/g. ¢ Energy density
versus power density plot for the all-PDB battery (inset
table shows the detailed values). The values are obtained based
on the weight of the cathode-active PDB loading. Energy density

Fig. 15 Conducting polymers
with bipolar characteristics in
metal rechargeable batteries

PPP P

while the n-conjugation is essential for high rate and
high cycle stability. The necessary points need to take
care when the researchers design polymers for cath-
ode are (i) polymers should have tertiary N or sec-
ondary imine (ii) high number of N=N functional
groups with conjugation (iii) sulphides with conju-
gated C=0 or C=C functional groups. An addition to
the above criteria, a common suggestion for both
anode and cathode material is alkyl chains in the
redox-active units should be minimized or avoided to
get high theoretical capacity. The further under-
standing and optimizing the electrochemical reac-
tions of polymers with many electrolytes system will
provide a large opening to get high capacity and
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100 150
Cycle Number

values are calculated by the integration area under the charge—
discharge profile. Correspondingly, power density values are
calculated by energy density/discharge time (in h). d Cycling
and rate stability at different current densities. e Long-term cycling
and corresponding CE for 250 cycles at 500 mA/g between 3.2
and 0.005 V (Reproduced with permission from Ref. [83].
Copyright 2018 John Wiley and Sons)

O / \
S o o) n
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TN PDB PEDOT:PSS

stable battery. The other parameters such as choice of
solvents, concentration of electrolyte salt and poten-
tial window should be carefully selected based on
reproducible experiments. So, the polymers with
appropriate functional groups having high voltage
should be tested with many electrolytes system
rather than the usual electrolytes like frog in the well.
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