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The ever-growing demand for energy and the excessive consumption of fossil fuels, accompanied with
the rising environmental issues, has brought about an urgent requirement to seek high efficiency and
green energy techniques. Lithium-ion batteries (LIBs) employing inorganic electrode materials have
dominated suchmarkets over the past decades. However, inorganic materials are being faced with their
inherent limitations in specific capacities, mineral resources, and mechanical fragileness as well as eco-
sustainability and cost-efficiency. In the last years, carbonyl polymers as electrode alternatives for LIBs
have attracted considerable attention due to their high capacities, fast redox kinetics, chain
designability, abundant resources, processing compatibility, and mechanical flexibility. Herein, a
timely and comprehensive overview of the state-of-the-art knowledge is thoroughly summarized.
Particular attention lies on the work principles, chain engineering strategies, carbonyl utilization, and
electrochemical activities of carbonyl polymers. The structure-to-performance relationships concern-
ing microstructures, topologies, and composites with nanocarbons are also scrutinized. Current
challenges and future perspectives are finally proposed. This Review aims to provide an in-depth
insight into the emerging topic of developing redox polymers for the next generation of high-
performance batteries, in response to the imperative for the sustainable development of economy and
society.
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Introduction
Electric energy storage technologies, particularly lithium-ion bat-
teries (LIBs), have long been commercialized for both mobile and
stationary applications in an environmentally-friendly and sus-
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tainable fashion. Due to their high energy density, light weight,
and acceptable lifetimes, LIBs have demonstrated huge power
source potentials toward consumer electronics and electric vehi-
cles, and are intensively being pursued for grid-scale energy stor-
age [1–3]. Commercial LIBs are typically employed transition-
metal compounds (e.g., LiFePO4) as cathodes and graphite or
1
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Si/C as anodes [4,5]. However, such electrode materials still suffer
from some criticisms regarding their safety, eco-sustainability,
and cost-efficiency [6–9]. First, these inorganic materials are gen-
erally produced by the depletable mineral resources, high-energy
synthetic routes, recycling difficulties, carbon emissions, and
heavy metal wastes. Second, LIBs are approaching the intrinsic
limit (theoretical capacity, Cth: 170 mAh g�1 for LiFePO4 and
372 mAh g�1 for graphite) of conventional electrode materials.
Considerable efforts have been devoted to reviving the lithium
metal electrode (Cth: 3860 mAh g�1) for ultrahigh-energy batter-
ies [10]. Of note, high extraction cost and scarce availability of
mineral resources might make the lithium highly competitive
to become a “new gold” [11]. Third, the alternate discharging-
charging process of inorganic electrode materials often leads to
the significant volume variation and mechanical pulverization
and hence, fracture and electrical disconnection [12]. This brings
about low cyclability, poor reversibility and, thus a short lifes-
pan. Furthermore, the inherent fragileness of inorganic materials
is hard to meet the rapidly-expanding market for flexible elec-
tronics [13].

These inherent limitations of inorganic electrode materials
mentioned above might be circumvented by using organic redox
compounds [14,15]. First, many of organic compounds can be
obtained from natural products and recycled readily, showing
few carbon footprint and environmental friendliness. Second,
organic redox materials are naturally composed of abundant ele-
ments (H, C, N, O, S) with low atomic weights, and thus give rise
to high Cth values [16,17]. Third, organic compounds allow facile
tuning of their redox potentials through molecular engineering,
and can be served as either the cathode or anode. This enables
rational tailoring of the voltage and electrochemical performance
of LIBs [18]. More importantly, in contrast to complex and slug-
gish intercalation mechanisms of inorganic materials, electro-
chemical processes of organic electrodes are generally based on
simple and fast redox reactions, thereby affording high-rate capa-
bility and long lifetimes. Over the past years, numerous organic
electrodes have been developed by combining the advantages
of conventional LIBs and organic batteries.

Furthermore, polymer electrodes possess additional benefits
compared to organic molecules. Organic polymers are well
known to readily form films capable of being processed that are
industrially compatible [19]. Such polymer films are highly desir-
able for flexible devices [20]. What’s more, the formation of poly-
mers is to overcome the dissolution issue of organic compounds
in electrolytes [6,21], enabling better battery performances. Flex-
ible long chains can also accommodate electrolyte ions across the
electrode with fast transport and high structural integrality. Fur-
thermore, polymer materials are usually viscous in solvents and
can be served as binders which are generally required for fabricat-
ing batteries. These synergetic superiorities would ensure high
energy and power densities, and excellent rate and cycling capa-
bilities for LIBs [6,22]. In particular, carbonyl polymers have
attracted the most attention due to their high capacities, fast
redox kinetics, chain designability, structural diversity, and
abundant resources of carbonyl-containing monomers [23,24].
Till now, a few excellent reviews have reported major accom-
plishments concerning organic compounds as electrode materi-
als [25–33]. Surprisingly, few specific reviews have highlighted
2
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current achievements on carbonyl polymers for LIBs [23,34,35].
In this review, redox mechanisms and storage principles of car-
bonyl polymers are briefly described. Relationships between
molecular structures and electrochemical performance are then
evaluated critically. Particular attention is paid to fundamental
understanding and tunable strategies in terms of chain engineer-
ing by tailoring carbonyl units, spacing linkers, aromatic conju-
gation, conformations, topologies, and their combinations.
Incorporation with conductive carbons to produce polymer com-
posites is also included. Carbonyl utilization of polymers is com-
paratively scrutinized, emphasizing on the improvement of
electrochemical activity by chain engineering. Current issues
and challenges, future opportunities and perspectives are finally
outlined in developing carbonyl polymers for high-performance
batteries.
General redox mechanisms of carbonyl groups
Electrochemical energy storage of carbonyl polymers inherently
arises from redox reactions of carbonyl units. Depending on
the redox-active segments contained, the state-of-the-art car-
bonyl polymers can be categorized into three types [26], based
on their anion-stabilization mechanisms and hence working
principles as shown in Fig. 1 [23,24]. Type K carbonyl polymers
consisting of ketone functional units, so-called polyketones,
employ the neighboring carbonyl groups to form stable enolates
(e.g., 1,2-diones) upon a two-electron reduction process [36,37].
The incomplete electrochemical reaction is related to the highest
occupied molecular orbital (HOMO) and thermodynamic energy
change [26].

Type I carbonyl polymers correspond to polyimides contain-
ing carbonyl groups bound with nitrogen to form imide seg-
ments which are directly connected with an aromatic core.
Each heterocyclic imide segment should theoretically transfer
four electrons upon the full reduction. However, an aromatic sys-
tem containing four anions generates probably a high-energy
configuration, bringing about undesirable side-reactions and
structural damage or even decomposition [38]. Imide segments
in polyimides accordingly undergo a two-stage redox reaction.
The first step is reversible and generates a radical anion capable
of stabilizing on the electron deficient rings [39]. Although the
aromatic core can disperse the negative charge through a more
extended p-conjugated delocalization, the second reduction is
usually irreversible, resulting in the destruction of the redox sys-
tem [40]. It has therefore been suggested that only the first redox
reaction is efficient in applying for rechargeable batteries.

Type Q carbonyl polymers are usually composed of quinone
units sharing structural similarities with type K (para-
carbonyls) and type I (an ortho-aromatic ring to a carbonyl). In
principle, each quinone segment undergoes two-stage reversible
redox reactions, and the respective one-electron reduction pro-
cess generates an anion radical and a dianion [41]. The charge-
stabilization mechanism is based on an extra aromatic system
generated upon the reduction of carbonyl units [42].

As described above, redox mechanisms for carbonyl polymers
are based on the charge state of carbon and oxygen atoms within
carbonyl segments. Of note, almost all carbonyl-containing units
derive from n-type organic precursors and undergo one or more
0.1016/j.mattod.2021.08.006
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FIGURE 1

Three representative redox mechanisms of redox-active carbonyl sites in polymers for LIBs based on the charge-stabilization processes as illustrated in the
dashed frames.
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electron reduction to form an anion during the redox process.
The charged anion is synchronously balanced by a metal-
counter ion and stabilized by vicinal groups (usually aromatic
rings). Meanwhile, in contrast to sluggish kinetics and valence
charge of metal ions in inorganic materials, fast redox reactions
based on electrons transfer of carbonyl moieties can endow poly-
mer electrodes with superior power capability. Furthermore, car-
bonyl polymers are structurally composed of electroactive
carbonyl moieties and various linkers or spacers. It means that
electrochemical performance of carbonyl polymers can be ration-
ally optimized by chain engineering.
Polyketone electrode materials
Keto groups widely exist in various renewable resources [37], and
are the potential host for Li ions [43–45]. Table 1 gives an over-
view of polyketones used currently for LIBs. Typically, the
polyketone consisting of N,N0-diallyl-2,3,5,6-tetraketopiperazine
units (K2) with four carbonyl groups in a N-cyclic structure gives
a large Cth of 480 mAh g�1 based on an ideal four-electron redox
[36]. However, as an anode for LIBs,K2 delivers a practical capac-
ity of 165 mAh g�1 between 2.0 and 3.0 V, corresponding to a
reversible two-electron transfer process. Another two carbonyl
groups need a deep redox potential beyond 1.5 V, which howbeit
would trigger an irreversible structural change. The defined dis-
charge platform at 2.45 V indicates a high electrochemical activ-
ity, and hence a high Li storage capability. However, this
polyketone exhibits a poor cycling performance with ca. 39%
capacity retention after 10 cycles, mainly due to its solubility
in organic electrolytes. It is suggested that the dissolubility issue
and hence capacity decay can be rationally suppressed by
increasing the degree of polymerization.

Yoshida and co-workers [46] systematically investigated the
redox behavior and ring-size effect of cyclic 1,2-diketones via
density functional theory (DFT) calculations. They found that
six-membered ring 1,2-diketones at the reduced state show high
aromaticity and hence excellent stability. In order to promote
the stability of keto groups in organic electrolytes, cyclic 1,2-
Please cite this article in press as: Q. Zhang et al., Materials Today (2021), https://doi.org/1
diketone units were grafted to the polymethacrylate backbone
to form a copolymer-bound pyrene-4,5,9,10-tetraone (PPYT)
(K6, Fig. 2a) with a Cth of 263 mAh g�1. The pendent keto units
on the alkyl chains increase the molecular weight and ensure the
inhibition of dissolution. Meanwhile, the inactive alkyl chains
do not affect the redox behavior of cyclic 1,2-diketone units, as
shown in the cyclic voltammograms (CV) of (pyrene-4,5,9,10-
tetraone, PYT) and PPYT (Fig. 2b–d). K6 delivers a practical
capacity of 231 mAh g�1 at 0.2 C (closely to its Cth) and a fast
charge/discharge capability, and retains 90% of initial capacity
at 1 C with a 30-fold rate. Superior stability with a capacity reten-
tion of 83% is also achieved after 500 cycles at 1 C. In contrast,
the PYT compound demonstrates an obviously fast capacity
decay in a few cycles (Fig. 2e). In addition to the formation of
copolymers, the incorporation of active keto groups into aro-
matic rings can also improve the structural stability and hence
electrochemical performance (e.g., K7 ~ K10 in Table 1). The
above investigations indicate that polyketones have great poten-
tial as electrode materials for LIBs through the rational design of
chain structures.
Polyquinone electrode materials
Quinone-based compounds have been considered as the most
promising organic electrode materials because of their large the-
oretical capacities, high redox potentials, and abundant resource
availability [41,55]. However, quinone molecules are usually dis-
soluble in organic electrolytes, leading to the fast capacity decay
and poor cycling stability [56,57]. An effective way is to convert
quinone monomers into a long-chain polymer [8,58]. The earli-
est use of polyquinone Q1 (Table 2) as an insoluble cathode
material was reported in 1986 [59]. Polyquinones are generally
main-chain-type polymers which are synthesized by coupling
with various linkers such as methylene (–CH2–) [60], thioether
(–S–) [61], and amine (–NH–) groups [62]. A few side-chain type
polyquinones are achieved by grafting quinone pendant groups
to the skeleton of vinyl polymers [63]. These polyquinones are
3
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TABLE 1

Comprehensive overview of polyketones-based electrodes for LIBs.

Materials Code/Ref. Theoretical
capacity
(mAh g�1)

Practical (Initial)
capacity
(mAh g�1),
rate

Rate capability
(mAh g�1),
rate

Capacity
(mAh g�1),
cycle numbers,
rate

Electrochemical
window;
discharge
potential
(V vs. Li/Li+)

K1 [47] 352.7
(2e)

343
C/25

283.3
1 C

196.8
150
0.2 C

0.01–2.0
0.58

K2 [36] 480
(4e)

165
0.25 C

— 39%
10
0.25 C

2.0–3.0
2.45

K3 [48] 2006
(11e)

1818
50 mA g�1

854.5
3.2 A g�1

1414
580
500 mAg�1

0–3.0
1.0

K3 [49] 369
(4e)

235
50 mA g�1

139
10 A g�1

110
10,000
0.1 A g�1

1.5–4.5
2.5

K4 [50] 412
(4e)

234
20 mA g�1

22
300 mA g�1

97
1000
100 mA g�1

1.5–3.5
2.44

K5 [50] 377
(4e)

244
20 mA g�1

98
1.5 A g�1

110
1000
800 mA g�1

1.5–3.5
2.47

K6 [46] 263
(4e)

231
0.2 C

225
30 C

193
500
1 C

1.5–4.0
2.5

K7 [51] 73.9
(1e)

52
1 C

47
4 C

– 3.0–4.1
3.95–4.05

K8 [52] 258.5
–

137
1 C

94
5 C

118
100
1 C

1.75–3.0
2.28

K9 [53] 1888
(36e)

1603
0.05 C

183
6 C

320
1000
3 C

0.0–3.0
0.0–0.8

K10 [53] 1926
(44.7e)

1285
100 mA g�1

317
6 C

496
1000
3 C

0.0–3.0
0.0–0.5

K11 [54] 253
(4e)

135
100 mA g�1

— 140
250
100 mA g�1

1.5–4.6
2.3
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summarized in Table 2 from the viewpoint of chain engineering
[64].
Linker-free polyquinones
Poly(1,4-benzoquinone) (Q1) is the most promising electrode
material because of the simplest conjugated structure with low
molar mass and hence high Cth (505 mAh g�1) [59]. Although
Q1 shows its insolubility, high discharge voltage (2.5–3.0 V),
and large theoretical capacity; however, it gives a low practical
capacity (about 27% of Cth) and poor cycling capability. There
are scarcely any reports on quinone ring-coupled polymers as
organic electrodes for rechargeable LIBs. Recently, Zhou et al.
[75] have reported that the C–C coupled poly(1,4-
4
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anthraquinone) (P14AQ, Q11) and poly(1,5-anthraquinone)
(P15AQ, Q12) cathodes possess the Cth of 260 mAh g�1 and aver-
age discharge potentials (2.14, and 2.09 V in turn) due to their
isomeric features and similar electron configurations. At 0.2 C,
the number of electrons delivered per unit is very close to 2,
implying the full utilization of anthraquinone units. Both Q11
and Q12 as cathodes show little electrochemical polarization
and high redox reversibility, in particular, high energy densities
(563, and 502 Wh kg�1 for Q11 and Q12, respectively) compara-
ble to that of commercial LiCoO2 (530 Wh kg�1). By comparison
with Q12, Q11 delivers better performance with a discharge
capacity (Csp) of 263 mAh g�1 at 0.2 C, and a retention of 69%
at 20 C, and also retains 99.4% of initial Csp after 1000 cycles
0.1016/j.mattod.2021.08.006
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FIGURE 2

(a) Chemical structures and (b) cyclic voltammograms at 0.05 mV s�1 of PYT and PPYT (K6); (c) typical charge–discharge curves (0.2 C rate) and (d) discharge
rate capability of K6; (e) cycling performance of K6 (1 C) and PYT (0.2 C). Reproduced from Ref. [46] with permission. Copyright 2012, American Chemical
Society.
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at 2 C. These are mainly attributable to the serious dissolution
caused by lower molecular weight of Q12 (ca. 2.3 k) compared
to Q11 (ca. 230 k). Such polyquinones also offer potential appli-
cations in other metal-ion batteries [92,93].

Many quinone-based compounds such as 1,4-
naphthoquinone, 9,10-phenanthrenequinone, and 5,12-
naphthacenequinone have been used for LIBs with reasonable
electrochemical performance [41]. Ideally, these electroactive
quinone rings would increase the Cth values of the resulted poly-
mers due to the relatively large amount of carbonyl groups and
the relatively low molecular weight. Meanwhile, such linker-
free polyquinones with a highly-delocalized p system can facili-
tate the electron transport along the conjugated chain, and also
possess high structural stability in response to solvents and exter-
nal forces. Unfortunately, only several studies on linker-free
polyquinones have been reported by far, due to the undesirable
performance and the difficult synthesis caused by the radical
scavenging ability and steric hindrance of quinones as well as
their electrophilic and nucleophilic moieties.

Linker-tailored polyquinones
Inactive linkers
As mentioned above, benzoquinone is regarded as one of the best
monomer units to construct polyquinones due to its low molec-
ular weight. However, polyquinones with benzoquinone-
enriched units are difficult to be obtained directly by the C–C
coupling reaction of aromatic rings due to the limited steric hin-
drance and reactivity. Recently, Zhou and co-workers [65] have
reported the synthesis of poly(benzoquinonyl sulfide) (Q2) using
a one-step coupling condensation of dichloro-benzoquinone and
lithium sulfide. The Q2 cathode demonstrates a large reversible
capacity of 275 mAh g�1 at 50 mA g�1. This resulted high energy
density of 734Wh kg�1 is even far beyond those ofQ11 andQ12
as well as commercial inorganic cathode materials. Even at
Please cite this article in press as: Q. Zhang et al., Materials Today (2021), https://doi.org/1
5000 mA g�1, the reversible capacity can reach up to 198 mAh
g�1, corresponding to a capacity retention of 72% relative to that
at 50 mA g�1. Additionally, Q2 also possesses a capacity reten-
tion of 86% after 1000 cycles at 500 mA g�1. It has been shown
that thioether bonds (C-S-C) are stable in the polymer chains,
capable of providing strong intermolecular reactions and would
not undergo the bond cleavage upon redox reactions [61]. The
presence of thioether bonds can also promote the p-electron
delocalization between aromatic rings, leading to a faster
charge/discharge process. Therefore, Q2 demonstrates much bet-
ter electrochemical performance compared to Q1 without
thioether linkers.

The ladder-structured poly(2,3-dithiino-1,4-benzoquinone)
(Q4) containing dithioethers has also been used as the electrode
material [68]. Similar to Q2, Q4 exhibits a high reversible capac-
ity of 255 mAh g�1 between 1.5 and 3.4 V.Q4 also shows a stable
lithiation/delithiation process on the unsaturated carbons at
0.01–3.0 V, showing a potential as an anode material. Of note,
an all-plastic full battery consisting of quinone cathode and
anode delivers a large practical capacity of 249 mAh g�1 with
the energy density of 276 Wh kg�1. This suggests the possibility
of using carbonyl polymers as full-cell materials and hence a big
step towards practical applications.

Thioether-linked anthraquinone polymers have also been
investigated as LIB electrodes. Zhan et al. [80] reported that
thioether-linked poly(anthraquinonyl sulfide) (Q14) delivers a
reversible capacity of 198 mAh g�1 at 50 mA g�1, closely to its
Cth (225 mAh g�1), indicating a high electrochemical utilization
of carbonyl groups. There is only 18% of capacity decay from 50
to 500 mA g�1 during 200 cycles. Such a Q14 bridged by
thioether bonds is completely insoluble, and can thus improve
the cycling stability. Meanwhile, the presence of thioether bonds
does not show significantly negative effects on the capacity and
reversibility of active anthraquinones. The facile synthesis and
5
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excellent electrochemical performance of Q14 clearly confirm
the superiorities of thioether bonds in tailoring chain structures
of polyquinones.

Besides, methylene (–CH2–) linked poly(benzoquinones) (Q3,
Q7) have also been reported [66,71]. These benzoquinone-based
polyquinones possess Cth values over 300 mAh g�1 and high dis-
charge potentials. Nevertheless, methylene groups are electro-
chemically inert. Such inactive linkers result in relatively low
Cth values caused by increasing molecular weight, and poor elec-
trochemical activities to a certain degree due to the blocked paths
of electron transport. This leads to the unsatisfied practical capac-
ity and rate capability.

Active linkers
Polyquinones have been achieved by coupling with thioether
and methylene groups, and their synthesis and dissolution prob-
lems can be solved therefore. The disadvantages are to reduce Cth

values and reactivities of polyquinones to a certain degree. More-
over, the low electronic conductivity is to restrict the develop-
ment of polymer electrode materials. Therefore, an improved
strategy is to incorporate active linkers into the main chain of
polyquinones. Encouraged by unique electronic structures of
conducting polyaniline (PANI) [94], polypyrrole (PPY) [95], and
poly(3,4-ethylenedioxythiophene) (PEDOT) [96], some research-
ers have used active units of conductive polymers to couple with
the quinone backbone. The resulted polyquinones possess
higher electronic conductivity and better electrochemical activi-
ties compared to polyquinones linked by inactive groups.

In 1999, conductive poly(5-amino-1,4-naphthoquinone)
(Q9) bridged by an amine (–NH–) moiety of PANI was prepared
by chemical polymerization of 5-amino-1,4-naphthoquinone
[73]. The –NH– units only show a redox activity at a high poten-
tial, and do not affect the redox process of quinone centers. Q9
delivers a practical capacity of 220–290 mAh g�1 close to its Cth

(313 mAh g�1) based on a two-electron redox. It also outputs a
higher potential above 2.6 V than that of carbonyl polymers
reported. Furthermore, a full cell using the Q9 cathode and
LiC6 anode can deliver a specific energy as high as 100 Wh
kg�1 at a discharge rate of 1 h (3 mA cm�2). The –NH– linked
anthraquinone-based polymers of poly(1-aminoanthraquinone)
(Q17) [83], poly(5-amino-1,4-dyhydroxy anthraquinone) (Q18)
[84], and poly(1,5-diamino anthraquinone) (Q19) [85] consist
of active –NH– and anthraquinone groups, showing an extended
conjugate structure compared to the naphthoquinone such as
Q9. The conductivity of such anthraquinone-based polymers
can be further improved to some extent, thereby promoting
the discharge rate and cycle capability (see Table 2). Moreover,
the PANI skeleton can also undergo reversible electrochemical
p-doping/de-doping processes at high potentials (>2.6 V), thus
contributing an extra capacity and energy density to polyqui-
none electrodes (Fig. 3a, b).

Thioether bonds of single sulfur atom can stabilize the struc-
ture of polyquinones; however, such thioether bonds cannot
provide an extra capacity, resulting in a limited Cth (e.g., 225
mAh g�1 for Q14). Of note, sulfur possesses a huge theoretical
capacity (1672 mAh g�1) for Li storage as initiated in Li-S batter-
ies [97]. Quinones have also been regarded as effective
polysulfides-confining agents through redox reactions with sol-
6
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uble polysulfides [98]. It is computed that the combination of
polysulfides and quinones in the polymer chain may deliver
high electrochemical capacity of the resulted polyquinones
through sulfur redox. Mecerreyes and co-workers [82] found that
polysulfide-linked poly(anthraquinonyl sulfides) (PAQSx, x = 2–
9) cathodes show much higher specific capacities compared to
the single S-coupled Q14 [80]. Especially PAQS9 (Q15) possesses
a high Cth of 976 mAh g�1 and a large practical capacity of above
600 mAh g�1, which is more than twice of Q14. The repeated S-S
units in Q15 can realize an eighteen-electron redox through the
oxidation/reduction of polysulfides. As shown in Fig. 3c, the
sulfur-enrichedQ15 demonstrates a multistep redox process con-
taining three reduction peaks (1.75, 2.0, and 2.3 V) and two oxi-
dation peaks (2.1 and 2.6 V). The peaks located at low voltages
represent the redox processes of polysulfide moieties. By con-
trast, Q14 only shows a redox peak between 2 and 2.5 V [80],
belonging to the redox of anthraquinone moieties. In addition
to the capacity decay of initial cycles commonly occurring in
Li–S batteries, Q15 shows a negligible capacity attenuation
within 100 cycles, indicating an ignorable effect on its cycling
stability after incorporating S–S bonds into the chain. This work
enlightens that coupling polysulfide moieties with the polymer
chain can promote multi-electron redox reactions and hence
the capacity contribution to polyquinones.

As demonstrated above, the main-chain engineering by
linked groups between active quinones is highly critical to design
polyquinones with the improved performance. A variety of poly-
quinones can be more easily synthesized by using flexible and
linear groups compared to linker-free polyquinones. Such small
spacing linkers reduce the Cth of polyquinones to some extent
and hinder electron transport upon redox process as well. How-
ever, either inactive or active linkers help solve their dissolution
problem in electrolytes. More importantly, the presence of active
linkers in the main chain of polyquinones is capable of signifi-
cantly improving the stability and electrochemical reactivity,
and also contributing extra specific capacity. In this regard,
future work should be focused on the explore exploration of
facile synthesis strategies for the simultaneous optimization of
Cth, rate performance, and cycling stability of polyquinones.

Substituted-quinone polymers
Regarding the main-chain engineering, another approach is to
modify quinone rings by substituting hydrogen with functional
groups [70]. Substituent groups are commonly hydrophilic such
as –OLi (Q5, Q20), and –OH (Q6, Q7) groups, which can signif-
icantly improve the stability of quinones in organic electrolytes.
Moreover, substituent groups can tailor redox potentials of poly-
quinones. Zhou et al. [69] found that a lithium salt of poly(2,5-
dihydroxy-p-benzoquinonyl sulfide) (Q5) is completely insoluble
in organic electrolytes due to the increased molecular weight and
enhanced O� � �Li� � �O coordination interactions. Q5 exhibits a
lower Cth (295 mAh g�1) compared to the unsubstituted Q2
(388 mAh g�1) [65]. However, Q5 delivers a reversible capacity
of 268 mAh g�1, which is very close to Q2 (275 mAh g�1) and
higher than the hydroxyl-substituted polybenzoquinones Q6
and Q7 (<250 mAh g�1) at 50 mA g�1. The capacity retention
is up to 90% in 1500 cycles at 500 mA g�1, corresponding to a
capacity decay rate of 0.015 mAh g�1 per cycle, which is much
0.1016/j.mattod.2021.08.006
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TABLE 2

Comprehensive overview of polyquinones-based electrodes for LIBs.

Materials Code/Ref. Theoretical
capacity
(mAh g�1)

Practical (Initial)
capacity (mAh g�1),
rate

Rate capability
(mAh g�1),
rate

Capacity (mAh g�1),
cycle numbers,
rate

Electrochemical window,
discharge potential
(V vs. Li/Li+)

Q1 [59] 505
(2e)

134
—

— — 2.5–3.0
2.8

Q2 [65] 388
(2e)

275
50 mA g�1

198
5 A g�1

211.6
1000
500 mA g�1

1.5–4.0
2.67

Q3 [66] 406
(2e)

170
20 mA g�1

68
1620 mA g�1

— 1.5–3.7
2.12, 2.3

Q4 [67] 319
(2e)

1050
100 mA g�1

357
1 A g�1

681
100
100 mA g�1

0.01–3.0
—

Q4 [68] 319
(2e)

255
20 mA g�1

161
1.5 A g�1

134
1000
1.5 A g�1

1.5–3.4
2.7

Q5 [69] 295
(2e)

268
50 mA g�1

205
5 A g�1

216.5
1500
500 mA g�1

1.5–3.0
2.03

Q6 [61] 315
(2e)

250
15 mA g�1

157
200 mA g�1

137
100
200 mA g�1

1.5–3.6
2.1

Q7 [70] 352
(2e)

150
100 mA cm�2

— — 1.8–3.8
2.3, 3.0

Q7 [71] 352
(2e)

140
0.05 mA cm�2

— 80%
100
0.05 mA cm�2

2.0–4.0
2.3,3.0

Q8 [72] 353
(2e)

176
100
mA g�1

— 137
10
100 mA g�1

1.5–3.5
1.9

Q9 [73] 313
(2e)

220–290
20 mA g�1

— — 1.5–3.7
2.6

Q10 [74] 250
(2e)

60
20 mA

— — 2.0–4.2
2.7

Q11 [75] 260
(2e)

263
0.2 C

181.4
20 C

248
1000,
1 C

1.5–3.0
2.14

Q11 [76] 260
(2e)

233
0.2 C

165
5 C

226
100
0.2 C

1.5–3.0
2.1

Q12 [75] 260
(2e)

240
0.2 C

90
20 C

160
100
0.2 C

1.5–3.0
2.09

Q13 [77] 260
(2e)

270
5 mV s�1

200
100 mV s�1

85%
1000
—

�1.7 ~ �0.2
�0.75, �1.05
(vs. Ag/Ag+)

Q14 [78] 225
(2e)

250
0.1 C

120
5 C

— 1.4–3.4
2.2

Q14 [79] 225
(2e)

165
0.1 C

100
100 C

— 1.5–3.5
2.2

Q14 [80] 225 198 151 — 1.4–3.5

(continued on next page)
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TABLE 2 (CONTINUED)

Materials Code/Ref. Theoretical
capacity
(mAh g�1)

Practical (Initial)
capacity (mAh g�1),
rate

Rate capability
(mAh g�1),
rate

Capacity (mAh g�1),
cycle numbers,
rate

Electrochemical window,
discharge potential
(V vs. Li/Li+)

(2e) 50 mA g�1 500 mA g�1 2.1

Q14 [81] 225
(2e)

156
0.1 C

102
20 C

132
1000
0.5 C

1.5–3.5
2.15

Q14 [82] 225
(2e)

260
0.1 mA

145
2 mA

150
125
0.25 mA

1.7–2.6
2.25

Q15 [82] 976
(18e)

600
0.1 mA

180
2 mA

230
125
0.25 mA

1.7–2.6
1.75, 2.0, 2.3

Q16 [78] 225
(2e)

90
0.1 C

88
5 C

— 1.4–3.4
2.4

Q17 [83] 243
(2e)

218.3
7 mA g�1

— 85%
25
7 mA g�1

1.5–3.5
1.82, 2.04

Q18 [84] 212
(2e)

168
350 mA g�1

95
1.4 A g�1

129
50
400 mA g�1

1.5–3.7
2.5

Q19 [85] 257
(2e)

221
0.06 mA�cm�2

— 177
40
0.06 mA cm�2

1.5–3.5
2.01, 2.28

Q19 [86] 257
(2e)

238
100 mA g�1

165
600 mA g�1

45%
2000
100 mA g�1

1.5–3.5
2.15

Q19 [87] 257
(2e)

289
30 mA g�1

122
10 A g�1

82.5%
2000
1 A g�1

1.5–3.5
2.1

Q20 [88] 380
(4e)

350
0.25 C

236
10 C

220
500
1 C

1.6–3.8
2.5

Q21 [89] 246
(2e)

214
0.1 C

165
10 C

175
250
5 C

1.9–3.2
2.52

Q22 [89] 214
(2e)

200
0.1 C

131
10 C

138
250
5 C

1.9–3.2
2.56

Q23 [90] 218
(2e)

219
1 C

190
10 C

116
100
1 C

1.5–3.25
2.23

Q24 [91] 446
(2e)

91
50 mA g�1

26.4
400 mA g�1

42
100
100 mA g�1

1.75–3.25
2.6

RESEARCH Materials Today d Volume xxx, Number xx d xxxx 2021
lower than that of Q2 (0.04 mAh g�1 per cycle). Due to the
electron-donating ability of –OLi groups, Q5 also demonstrates
a lower discharge potential (2.0 V) compared to Q2 (2.7 V). It
is suggested that functionalizing quinone rings by simple sub-
stituent can tailor the electrochemical performance of polyqui-
nones for developing new organic electrode materials.

Nuzzo and co-workers [88] synthesized a lithium salt of substi-
tuted anthraquinone polymers, poly(dihydroxyanthraquinonyl
sulfide) (LiDHAQS, Q20, Fig. 4), and found that Q20 demon-
strates a practical capacity of 350 mAh g�1 at 0.25 C (about 3.7
8

Please cite this article in press as: Q. Zhang et al., Materials Today (2021), https://doi.org/1
Li+ storage). The CV profile of Q20 shows additional redox peaks
between 3.0–3.6 V compared to that of poly(1,4-anthraquinonyl
sulfide) with a two-electron redox (1.5–2.5 V). The redox couple
at high voltage is ascribed to the lithium insertion into addi-
tional carbonyl groups in the adjacent benzene ring, suggesting
a four-electron storage mechanism. Benefiting from the four-
electron redox, Q20 yields an ultra-high energy density of 825
Wh kg�1 over commercial LiFePO4 and LiCoO2. There are only
0.05% and 0.06% capacity decay per cycle at 1 C and 2 C, respec-
tively. The reversible capacity retains 236 mAh g�1 at 10 C. The
0.1016/j.mattod.2021.08.006
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FIGURE 3

(a) Doping–dedoping reactions of polyaniline skeleton in Q19 and (b) electrochemical redox reaction of quinone group in Q19. Reproduced from Ref. [85]
with permission. Copyright 2006, Science Press; (c) Chemical structure, electrochemical performance and proposed reduction mechanism of Q15 (green).
Reproduced from Ref. [82] with permission. Copyright 2018, American Chemical Society.
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functional substitution of core quinone moieties in the main
chain is efficient in improving the dissolubility and structural
stability of polyquinones. However, both specific capacity and
rate capability of polyquinones are dependent on the electronic
structures of substituted groups (e.g., OH vs OLi) and quinone
(e.g., benzoquinone vs anthraquinone) units. Therefore, it is crit-
ical to develop high-performance polyquinone electrodes by the
reasonable choice of functional groups towards the targeted
quinones.
Isomerization and conformation effects
The linker-initiated flexibility of main chains, and bonded posi-
tion of quinone rings bring about the intrinsic difference in
the internal rotation of chemical bonds, and stacking models
of polymer chains. The resulted isomerization and macromolec-
ular conformations inevitably affect the ion diffusion and elec-
tron transfer, accordingly redox process end electrode kinetics.
In this context, Zhang and co-workers [78] synthesized poly
(1,5-anthraquinonyl sulfide) (Q14) and poly(1,8-
anthraquinonyl sulfide) (Q16) with the exactly same chemical
composition and yet different substitution positions, as shown
in Fig. 5a. As cathode materials for LIBs, Q14 and Q16 theoreti-
cally deliver the same specific capacity of 225 mAh g�1. However,
Q14 shows much higher specific capacities than those of Q16 at
the rate of 0.1 C to 5 C. During the first discharge process, Q14
shows a lower polarization voltage and suggests a higher conduc-
Please cite this article in press as: Q. Zhang et al., Materials Today (2021), https://doi.org/1
tivity compared to Q16. Moreover, Q14 exhibits the high
reversibility and cyclability, whereas Q16 shows the instability
during the oxidation or Li de-insertion process. For Q14, two
Cl atoms of 1,5-dichloroanthraquinone are separated on two
phenyl rings oriented in the diametrically opposite directions.
This leads to small steric effect between neighboring quinonyl
groups for the linear growth of Q14 chains to achieve high
molecular weight. However, two Cl atoms of 1, 8-
dichloroanthraquinone for Q16 are oriented in the same direc-
tion and close to each other, leading to the large steric effect
between the neighboring quinonyl groups and relatively low
molecular weight. These results imply that the substitution posi-
tions and isomerization effects of quinones significantly affect
the specific capacity and cycling capability of polymer electrodes.

Yao et al. [89] synthesized two heteroaromatic-fused polyqui-
nones, poly(benzo-dithiophene-4,8-dione-2,6-diyl) (Q21) and
poly(benzo-dithiophene-4,8-dione-2,6-diylsulfide) (Q22) con-
sisting of benzo-dithiophene-4,8-dione (BDTD) units (Fig. 5b).
For Q21, the rotation of C–C bonds between BDTD units is
restricted by the adjacent C=C bonds in thiophene rings, form-
ing a planar conformation. By contrast, the presence of C–S–C
bonds in Q22 allows BDTD units to rotate freely, achieving a
stable helical configuration with a minimum energy. Although
Q21 and Q22 deliver similar capacities, and yet show the clear
difference in the rate performance. Q21 and Q22 retain 87.5%
and 79.4% of specific capacity at 10 C compared to that at 1 C,
9
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FIGURE 4

(a) Four-electron redox pathway of LiDHAQS (Q20), cyclic voltammograms of (b) Q20 and (c) 1,4-PAQS, (d) long-term cycle life of Q20 at 1 C and 2 C, and (e)
rate performance of Q20. Reproduced from Ref. [88] with permission. Copyright 2018, Wiley-VCH.
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respectively. The superior rate performance of Q21 to Q22 is clo-
sely related to their molecular conformations. The planar Q21
favors the p-p stacking of BDTD units for facilitating inter-
molecular electron hopping, whereas the helical Q22 results in
less efficient p–p stacking and unfavorable electron hopping.
Moreover, the planar aromatic conformation is more favorable
for the extended electron delocalization than the helical one
[99], thus the higher electron-transfer ability of Q21 relative to
Q22. Till now, few reports have focused on the influence of
molecular configuration on the electrochemical performance.
This work provides new insights into the relationship between
chain structures and battery performance of carbonyl polymers.
Conjugation effects
Organic polymers generally exhibit the insufficient rate capabil-
ity due to their intrinsically-insulating characteristics. Inspired
from the achieved success of conducting polymers of PEDOT,
10

Please cite this article in press as: Q. Zhang et al., Materials Today (2021), https://doi.org/1
PPY, PANI, and organic semiconductor materials [100], the incor-
poration and extension of conjugated units into the polymer
backbone by chain engineering are efficient in regulating elec-
tronic structure and enhancing the electronic conductivity. Con-
jugated polymers are capable of promoting the electron
delocalization and facilitate charge transport [101,102]. How-
ever, the conjugated nature has not been well recognized for car-
bonyl polymers.

In general, conjugation systems can be classified into two
types as illustrated in Fig. 6a. A through-conjugation structure
is composed of alternating single and unsaturated double bonds
for the p (or p) electron delocalization [103]. As summarized in
Table 2, Q1, Q11, Q12, and Q13 belong to this type of conju-
gated system, in which the extending aromatic rings in the main
chains can facilitate electronic conduction. For instance, Q11
and Q12 exhibit excellent rate performance and high carbonyl
utilization of above 90%, and thus deliver high capacities of
0.1016/j.mattod.2021.08.006
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FIGURE 5

(a) Simulated molecular structures of P15AQS (Q14) and P18AQS (Q16) with six repeated anthraquinonyl rings. Reproduced from Ref. [78] with permission.
Copyright 2012, Royal Society of Chemistry; (b) Molecular structures and the corresponding optimized molecular conformations of PBDTD (Q21) and PBDTDS
(Q22). Reproduced from Ref. [89] with permission. Copyright 2017, Elsevier.
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181 and 90 mAh g�1 at 5.2 A g�1, respectively [75]. In contrast,
the non-conjugated Q3 can only offer 68 mAh g�1 at 1.62 A
g�1 [66]. Anthraquinone-based polymers commonly show
higher carbonyl utilization and better rate capability than
benzoquinone-based polymers due to the limited conjugated
effect as a result of less phenyl rings contained in the main chain.

Another is the cross-conjugation system consisting of three
unsaturated groups of which two are conjugated to the third
one. The third unsaturated bond is not limited to double bonds,
and it can also be single atoms (e.g., N, O, S) with lone-pair elec-
trons [104]. Andrews et al. [105] found that the cross-conjugated
molecules have the ability of facilitating electron transmission
and thus potential advantages in regulating electronic structures.
The cross-conjugated structure at the reduced state is more effec-
tive in enhancing the charge delocalization compared to the
neutral state [105]. As for Q21 and Q22, the presence of sulfur
atoms between quinone-based units modifies their molecular
conformations and conjugation effects as well [89]. As shown
in Fig. 6b, Q21 transfers to a through-conjugation form after
the full reduction, while Q22 is always cross-conjugated upon
the lithiation process. Therefore, Q21 is more favorable for elec-
tron transport and shows better rate capability compared toQ22.
The above studies stimulate molecular engineering and chain
design of quinone-based polymers for high-performance LIBs.
Please cite this article in press as: Q. Zhang et al., Materials Today (2021), https://doi.org/1
Side-chain polyquinones
Quinone-containing active units are generally located in the
main chain of the resulted polymers which are usually synthe-
sized by step-growth polycondensation. Generally, polyqui-
nones with pendant quinone groups are hardly produced by
radical and ionic polymerization reactions due to both radical
scavenger and ion trapping characteristics of quinones
[106,107]. Nishide and co-workers [108] used an efficient con-
densation of anthraquinone-2-carboxylic acid with poly(4-
chloromethylstyrene) to obtain a anthraquinone-functionalized
side-chain polystyrene. When used as an anode-active material,
there is no degradation after 50 cycles, suggesting the high
repeatability and robustness of pendant quinones. Schubert
and co-workers [90] found that side-chain polyquinones can also
be obtained through free radical polymerization of quinone-
containing vinyl monomers by using appropriate initiators and
solvents. The resultant poly(2-vinyl-4, 8-hydrobenzo-
dithiophene-4, 8-dione) (Q23) was used as a cathode material
with a large capacity (219 mAh g�1 at 1 C) and high carbonyl uti-
lization (100%), which are comparable/superior to many main-
chain polymers. Q23 also exhibits a capacity retention of 87%
at 10 C compared to 1 C. Unfortunately, Q23 shows a relatively
large polarization of about 0.66 V, and an unsatisfactory capacity
retention of only 54% after 100 cycles at 1 C. The fast capacity
11
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decay is mainly ascribed to its low activity and poor electron
transportation because of inactive alkyl chains.

The past few years have witnessed considerable progress on
polyquinone-based electrodes. A variety of chain engineering
strategies have been proposed as mentioned above. However, a
single strategy is to partially promote the electrochemical perfor-
mance. It is still difficult for polyquinones to simultaneously
achieve large theoretical capacity, long cycle life, wide work
potential, and high rate capability. An efficient combination of
multiple strategies should be adopted to synergistically improve
the electrochemical performance of polyquinones for LIBs.
Quinone-containing COFs
Unlike traditional polymers, covalent organic frameworks (COFs)
are burgeoning crystalline nanoporous polymers with pro-
grammable topological architectures, high accessible surface
area, and abundant active sites [109–112]. Recently, a quinone-
containing COF (DAAQ-TFP-COF) (Fig. 7a) was delaminated into
2D few layer nanosheets via ball milling [113]. The as-exfoliated
DAAQ-ECOF has an approximately 5 nm thickness (Fig. 7b).
Remarkably, the DAAQ-ECOF cathode delivers a capacity of
145 mAh g�1 after 70 cycles, higher than DAAQ-TFP-COF (110
mAh g�1) due to the fully accessible and reversible redox-active
sites after mechanical exfoliation. The DAAQ-based cathode
exhibits an initial capacity of 197 mAh g�1 and rapidly fades to
75 mAh g�1 within 20 cycles (Fig. 7e) owing to its dissolution
in the electrolyte, while DAAQ-ECOF almost delivers a constant
capacity at 500 mA g�1 after 1800 cycles. As shown in Fig. 7c and
d, DAAQ-ECOF also exhibits better rate performance compared
to its pristine counterparts of DAAQ-TFP-COF due to the short-
FIGURE 6

(a) Graphical illustration of two conjugation structures, and (b) conjugation str
processes. Asterisk * indicates the bifurcation point in BDT unit and at S atoms
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Please cite this article in press as: Q. Zhang et al., Materials Today (2021), https://doi.org/1
ened ion transportation path. Accordingly, the ion-diffusion
controlled redox process in DAAQ-TFP-COF is transferred to a
charge-transfer dominated process in DAAQ-ECOF. There are
very few reports on quinone-containing COFs for LIBs so far.
However, the atomically-controllable and highly-crystalline fea-
tures of COFs may provide a platform to achieve large capacities,
optimal potentials, and high stability for the next generation of
organic LIBs.

Polyimide electrode materials
Polyimides were found to undergo reversible electrochemical
redox reactions of imide functional groups in the late 1980s
[114,115]. However, such polymers have been ignored largely
until 2007 when one of our coauthors reported the first aromatic
carbonyl polymer as the cathode for LIBs [54]. In the last few
years, polyimides have emerged as the promising candidate for
LIBs. Table 3 shows the molecular structures and electrochemical
performances of polyimides reported so far.

Anhydride-tailored linear polyimides
Carbonyl groups in polyimides are primarily derived from dian-
hydrides, and tailoring molecular structures of anhydride mono-
mers thus a general strategy to regulate electrochemical
performances [115,121]. Anhydride monomers such as pyromel-
litic dianhydride (PMDA) and 1,4,5,8-naphthalenetetracar
boxylic dianhydride (NTCDA) have been proved to be excellent
redox centers for LIBs [132,133]. In 2010, Zhan et al. [116] inves-
tigated electrochemical performances of PMDA- and NTCDA-
based polyimides prepared by condensation with different dia-
mines. When polymerized with ethylene diamine (EDA), the
ucture evolution of Q21 (left) and Q22 (right) during the discharge/charge
. Reproduced from Ref. [89] with permission. Copyright 2017, Elsevier.

0.1016/j.mattod.2021.08.006

https://doi.org/10.1016/j.mattod.2021.08.006


R
ES

EA
R
C
H
:
O
ri
g
in
al

R
es
ea

rc
h

FIGURE 7

(a) Chemical structures of DAAQ-TFP-COF, (b) AFM topographical image and height profile of DAAQ-ECOF, (c) rate cyclability, and (d) capacity retention of
DAAQ-ECOF and DAAQ-TFP-COF compared with their capacities measured at 20 mA g�1, and (e) long-term cyclability and Coulombic efficiencies measured
at 500 mA g�1. Reproduced from Ref. [113] with permission. Copyright 2017, American Chemical Society.
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NTCDA-based polyimide (I5) exhibits a higher discharge voltage
(2.33 V) than that of PMDA-based polyimide (I2) (2.08 V). More-
over, the NTCDA-based polyimides exhibit a lower voltage gap
(0.14 V) than that of PMDA-based ones (0.24 V). The molecular
orbital theory has shown that the lower LUMO and higher
HOMO energy levels enable a stronger electron-accepting ability
[134], leading to a higher reduction potential. A decreased energy
gap (Eg) between LUMO and HOMO from PMDA to NTCDA is
attributable to the better conjugation, lower LUMO energy level,
and higher electronic conduction in NTCDA. These approve that
Please cite this article in press as: Q. Zhang et al., Materials Today (2021), https://doi.org/1
polyimides derived from NTCDA exhibit much better redox per-
formance over polyimides derived from PMDA [121].

Analogously, 3,4,9,10-perylenetetracarboxylic dianhydride
(PTCDA) with an increased conjugation was used to synthesize
polyimides [54]. However, experimental results show that the
PTCDA-EDA polyimide (I19) exhibits a sloppy charge–discharge
curve with an average discharge of 2.30 V. This is significantly
different from the distinct voltage plateaus of I2 and I5 [129],
and fails to follow the molecular orbital theory. This unusual
finding arises from the presence of more inactive aromatic rings
13
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TABLE 3

Comprehensive overview of polyimides for LIBs.

Materials Code/Ref. Theoretical
capacity
(mAh g�1)

Practical (Initial)
capacity (mAh g�1),
rate

Rate capability
(mAh g�1),
rate

Capacity (mAh g�1),
cycle numbers,
rate

Electrochemical window,
discharge potential
(V vs. Li/Li+)

N N

O

O

O

O
n

N N

O

O

O

O
n

I1 [116] 369
(4e)

181
0.05 C

155
0.2 C

129
100
0.2 C

1.5–3.0
2.05

N N

O

O

O

O
n

I1 [117] 369
(4e)

182
100 mA g�1

116
10 A g�1

134
200
300 mA g�1

1.5–3.5
2.22,1.91

N N

O

O

O

O
n

I2 [116] 443
(4e)

237
0.05 C

206
0.2 C

171
100
0.2 C

1.5–3.0
2.08

N N

O

O

O

O
n

I2 [118] 443
(4e)

226
0.1 C

120
20 C

175
200
0.5 C

1.5–3.5
2.07

N N

O

O

O

O
n

I2 [119] 443
(4e)

177
0.1 C

116
2 C

108
200
0.5 C

1.5–3.5
2.08

N N

O

O

O

O
n

I2 [120] 443
(4e)

175
0.1 C

101
2 C

101
150
0.5 C

1.5–3.5
1.75, 2.2

N N

O

O O

O

nPEOn
I3 [121] — 228

20.3 mA g�1
— 47

100
20.3 mA g�1

1.0–3.0
1.8, 2.2

N N

O

O O

O

N

n

I4 [122] 343
(4e)

160
38.3 mA g�1

74
3.83 A g�1

147
200
191.5 mA g�1

1.5–3.5
2.2, 1.8

N N n

O

O

O

O

I5 [116] 406
(4e)

222
0.05 C

202
0.2 C

183
100
0.2 C

1.5–3.0
2.47

N N n

O

O

O

O

I5 [123] 406
(4e)

232.6
0.1 C

108.9
50 C

140.9
1000
5 C

1.5–3.5
2.65, 2.40

N N n

O

O

O

O

I5 [124] 406
(4e)

160
100 mA g�1

– – �0.7–0
�0.5
(vs. SCE)

N N
n

O

O

O

O

I6 [116] 367
(4e)

188
0.05 C

181
0.2 C

173
100
0.2 C

1.5–3.0
2.33

N N
n

O

O

O

O

I6 [125] 367
(4e)

127.3
20 mA g�1

108
500 mA g�1

121
60
50 mA g�1

1.5–3.5
2.25

N N
n

O

O

O

O

I6 [79] 367
(4e)

205
0.1 C

135
10 C

— 1.5–3.5
2.3

N N
n

O

O

O

O

I6 [126] 367
(4e)

240
40 mA g�1

102.5
4 A g�1

171.5
600
100 mA g�1

1.5–3.5
2.30

N N
n

O

O

O

O

I6 [127] 367
(4e)

88
100 mA g�1

73
2 A g�1

— �0.75–0
�0.22, –0.62
(vs. Ag/AgCl)

N N n

O

O

O

O

I7 [116] 315
(4e)

170
0.05 C

163
0.2 C

156
100
0.2 C

1.5–3.0
2.35

N n

O

O

O

O

N

O I8 [125] 459
(5e)

175.4
20 mA g�1

133.5
500 mA g�1

153
60
50 mA g�1

1.5–3.5
2.52, 2.48

N N PEO600 n

O

O

O

O

I9 [121] — 165
20.3 mA g�1

— 90
100
20.3 mA g�1

1.0–3.0
2.47, 2.3

N N PEO2000 n

O

O

O

O

I10 [121] — 300
20.3 mA g�1

138
101.5

170
40

1.0–3.0
2.1, 2.3
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TABLE 3 (CONTINUED)

Materials Code/Ref. Theoretical
capacity
(mAh g�1)

Practical (Initial)
capacity (mAh g�1),
rate

Rate capability
(mAh g�1),
rate

Capacity (mAh g�1),
cycle numbers,
rate

Electrochemical window,
discharge potential
(V vs. Li/Li+)

mA g�1 20.3 mA g�1

N N

O

O

O

O

O O O
n

I11 [128] 245
(4e)

125
25 mA g�1

86
250 mA g�1

77.6
100
250 mA g�1

1.5–3.5
2.3

N N

O

O

O

O

O O
n

I12 [128] 246
(4e)

127
25 mA g�1

69
250 mA g�1

— 1.5–3.5
—

N N

O

O

O

O
n

I13 [128] 248
(4e)

113
25 mA g�1

81
250 mA g�1

— 1.5–3.5
—

N N

O

O

O

O O

O

n

I14 [128] 245
(5e)

188
25 mA g�1

130
250 mA g�1

126
100
250 mA g�1

1.5–3.5
2.4

N N

O

O

O

O NH

O

n

I15 [128] 245
(5e)

107
25 mA g�1

83.5
250 mA g�1

— 1.5–3.5
—

N N

O

O

O

O
n

O

I16 [128] 220
(5e)

96
25 mA g�1

69
250 mA g�1

— 1.5–3.5
—

N N

O

O

O

O
n

N
(CF3SO2)2N

I17 [128] 194
(4e)

90
25 mA g�1

59.4
250 mA g�1

— 1.5–3.5
—

N

O

O

N
n

O

O

I18 [129] 276
(4e)

130
50 mA g�1

98
200 mA g�1

110
50
50 mA g�1

1.5–3.5
2.7, 2.3

N

O

O

N
n

O

O

I19 [130] 257
(4e)

115
27.3 mA g�1

— 103
300
100 mA g�1

1.5–4.3
2.2

N

O

O

N
n

O

O

I19 [129] 257
(4e)

85
50 mA g�1

0
200 mA g�1

75
50
50 mA g�1

1.5–3.5
2.24

N

O

O
n

O

O

N

O I20 [129] 322
(5e)

80
50 mA g�1

95
200 mA g�1

130
50
50 mA g�1

1.5-3.5
2.43

N N

O

O O

O

O

O

n

I21 [128] — 144
50 mA g�1

— 38
100
50 mA g�1

1.0–3.5
2.1, 1.8

N

O

O

O

O

n

CF3F3C

N

O

O

I22 [128] — — — — 1.0–3.5
—

N

N

N

N

N
O

O
O

O

O O

O O

O

O

N
O

O
n I23 [131] 340

(12e)
61.7
25 mA g�1

— 5
40
25 mA g�1

1.5–4.2
—

N

N

N

N

N
N

O

O

O

O

O O

O O

O

O

O

O
n I24 [131] 294

(12e)
103.4
25 mA g�1

— 68.5
30
25 mA g�1

1.5–4.2
2.35

N

N

N

n

N

N N
O

O

O

O

O O

O O

O

O

O

O I25 [131] 218
(12e)

78.1
25 mA g�1

— 57.9
65
25 mA g�1

1.5–4.2
—
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in PTCDA compared to PMDA and NTCDA, leading to the forma-
tion of more rigid chains and less redox activity of carbonyl
groups in the PTCDA-derived polyimides. In serving as the cath-
ode for LIBs (Table 3), the alteration of aromatic conjugation sys-
tem from PMDA to NTCDA to PTCDA within polyimides
primarily leads to the lower LUMO energy and hence higher
average discharge voltage as well as the reduced dissolution in
electrolytes. This results in lower capacities, higher rate capabil-
ity, and better cycling stability of polyimides derived from PMDA
Please cite this article in press as: Q. Zhang et al., Materials Today (2021), https://doi.org/1
to NTCDA to PTCDA when the same diamines are used as the
linkers [116,129].

Other dianhydrides such as 4,40-(hexafluoroisopropylidene)d
iphthalic anhydride (HFDA) [128] have been recently reported
to fabricate polyimides as electrodes for LIBs. In a comparison
study, a diamine of 3,30-bis(4-aminophenyl)phthalide (APA)
was polymerized with PMDA, NTCDA, and HFDA to produce
PMDA-APA (I21), NTCDA-APA (I14), and HFDA-APA (I22) poly-
imides, respectively. The I21 cathode features two pairs of redox
15
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peaks at 2.1/2.6 V and 1.8/2.3 V (vs. Li/Li+) due to a two-step reac-
tion. The I14 cathode exhibits a pair of redox peaks at 2.3/2.9 V
(vs. Li/Li+) in one step reaction at higher voltages. The difference
in redox behaviors between I21 and I14 is also attributed to the
better conjugation of NTCDA. In contrast, the disrupted conju-
gation across two imides in I22 inhibits the reduction reaction,
thus shifting the voltage toward lower values. Due to the reduced
dissolution in the electrolyte, I14 also shows higher capacity and
better stability than I21. In most cases, NTCDA-based poly-
imides provide better electrochemical performance with higher
redox potential (P) and larger reversible capacity (C) (e.g., I2 vs
I6 vs I19 [116,129]; I5 vs I18 [116,129]; I3 vs I9 vs I10 [121];
I21 vs I14vs I22 [128]) (Fig. 8). After comprehensive considera-
tions, NTCDA is preferable to an anhydride monomer for craft-
ing high-performance polyimide electrodes for LIBs.
Diamine-tailored linear polyimides
Inactive diamines
In addition to anhydrides, amine monomers as spacing linkers
between active imide centers also have an important influence
on the properties of polyimides [135,136]. Generally, amine
monomers adopted are inactive such as hydrazine, EDA, and p-
phenylenediamine (PDA), which preserve the structural stability
of polymer backbone. Chemical linkage of such diamines into
polyimides brings about the decrease of electrochemical activity
and theoretical capacity [128]. Apparently, polyimides possess
lower theoretical capacities with increasing the molecular
weight/length of amine precursors (I1 vs I2; I6 vs I7; I18 vs
I19). As mentioned in Section “Anhydride-tailored linear poly-
imides”, the p-conjugation length of anhydrides has an impor-
tant impact on the electrochemical performances of polyimides
when using linear aliphatic diamines. In order to further extend
the conjugation of polyimide chains, an aromatic diamine of
PDA was used to replace EDA [116]. Interestingly, the PMDA-
PDA (I1) polyimide and I2 show identical electrochemical per-
formances in the discharge voltage, rate capability, and cycling
FIGURE 8

A comparison of reversible capacity vs discharge potential for polyimides
with different anhydride units (I2 vs I6 vs I19 [116,129]; I5 vs I18 [116,129];
I3 vs I9 [121]; I21 vs I14 [128]).
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stability. Similar behaviors can be also observed in the NTCDA-
PDA (I7) polyimide and its counterpart of I6. It seems that there
is a scarce effect of the conjugation of diamines on the redox
potential of polyimides.

However, significantly different electrochemical behaviors are
identified by the PTCDA-hydrazine (I18), and PTCDA-EDA (I19)
polyimides [129]. I19 exhibits a wide potential window without
an unobvious voltage plateau, and an initial capacity of 85 mAh
g�1 at 50 mA g�1. In contrast, I18 shows multiple sharp redox
peaks with distinguishable discharge plateaus, and delivers the
first discharge capacity of 130 mAh g�1 at 50 mA g�1. The lower
discharge potential and capacity for I19 are ascribed to the inac-
tive ethylene spacers, which contribute to the electrochemically
silent domain and further impede the electron transport across
the chain backbone. By comparison, imide units within I18
are directly interconnected to each other and form the continu-
ous carbonyl centers, leading to the high conjugation, high elec-
trochemical activity, and favorable electron transport [137]. As
reported, the operation voltage of electrode materials can be
speculated by the thermodynamic formula [138]. The general
reaction formula of carbonyl polymers for Li-ion storage can be
described as the expression:

aAbþ þ abe� þ e Orgð Þ ! A aÞðOrgð Þe

where A refers to Li-ions, e represents the electron, Org refers the
coordinated nonmetal anions with single- or poly-species. The
values of a, b and e coefficients are above zero and the product
of a and b should be above one. Thus, the operating voltage as
a critical thermodynamic parameter can be calculated based on
the internal energies (E) of the reactants and products in the fol-
lowing formula.

V ¼ �EðAðaÞðOrgÞeÞ � eEðOrgÞ � aEðAÞ
abe

Of note, active anhydride units in I18 are directly connected
without the insulated ethylene bridge, and exhibit better charge
delocalization after the fully discharged process (electron injec-
tion) because of the extended p–p conjugation. The internal
energies (E) of original reactants and intermediate products are
very small for the stabilized conjugate system, thereby showing
the flat and well-defined discharge plateaus. In contrast, anhy-
dride units in I19 are separated by the inactive linker of EDA,
thus blocking the electron transport across the polymer back-
bone. Accordingly, the reduced I19 exhibits an inferior stability
with a larger internal energy (E) after the full electron injection,
resulting a sloppy discharge profile with gradually changed dis-
charge potentials. On the other hand, the electron affinity (EA)
is commonly to represent the electron-accepting ability for the
polymer electrodes [116,125]. A higher EA means a lower LUMO
energy with a higher reduction potential. Accordingly, I18 with
a higher conjugation exhibits a stronger electron-accepting abil-
ity with a better electron affinity, delivering higher potential pla-
teaus (2.7 and 2.3 V) than that of I19 (2.2 V). Apparently, the
modification of chain structures results in significant differences
in thermodynamic and kinetical features, and further regulates
their electrochemical behaviors. These studies provide insights
into improving the electrochemical performance by tailoring
amine spacers between imide active centers in polyimides.
0.1016/j.mattod.2021.08.006
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Active diamines
As mentioned above, inactive diamines as spacing groups
increase the molecular weight of polyimides and also block the
electron diffusion and ion transport, thus leading to the decrease
in electrochemical activity and capacity. Therefore, active diami-
nes have been adopted to synthesize polyimides for LIBs. Mecer-
reyes and co-workers have reported the Li-storage performance of
NTCDA-derived polyimides from oxyethylene-containing ali-
phatic diamines of 4,9-dioxa-1,12-dodecanediamine (DODDA)
and 4,7,10-trioxa1,13-tridecanediamine (TOTDA) [128], corre-
sponding to the NTCDA–TOTDA (I11) and NTCDA–DODDA
(I12) polyimides, respectively. In a control experiment, a full
alkyl chain aliphatic diamine of 1,12-dodecanediamine (DDA)
was used for yielding a NTDA–DDA polyimide (I13). Three poly-
imides have comparable theoretical capacities (122 mAh g�1 for
I11, 123 mAh g�1 for I12, and 124 mAh g�1 for I13) and deliver
above 90% of their theoretical capacities at 25 mA g�1 (Table 3).
At 250 mA g�1, LIBs assembled from I11- and I12-cathodes
retain over 70% of initial capacity. However, the I13-based cell
features only 56% of capacity retention. The better rate capability
of I11- and I12-based cells compared to I13 originates from the
presence of oxyethylene fragments in the polymer backbone,
capable of improving the ionic conductivity and thus enabling
faster redox kinetics [139].

Inspired by superior ionic conductivity of oxyethylene moi-
eties, poly(ethylene oxide) (PEO) segments are therefore intro-
duced into the polyimide backbone to form polyimide-
polyether copolymers (e.g., I3, I9, I10) [121]. Such copolymers
show a microphase morphology composed of rigid imide groups
separated from soft PEO segments, and also function as polymer
binders during the electrode preparation process. As shown in
Section “Anhydride-tailored linear polyimides”, the voltages of
polyimides are more associated with active anhydride compo-
nents rather than diamine precursors. Polyimides (e.g., I3)
derived from PMDA and PEO present lower voltage potentials
compared to the NTCDA-PEO polyimides (e.g., I3 vs I9, I10),
and are not dependent on the PEO segments or their chain
length [121]. Polyimides with different PEO segments demon-
strate the same redox voltage and voltage polarization. In princi-
ple, polyimides with longer PEO blocks show lower theoretical
capacities. Interestingly, the cathode capacity of NTCDA-b-
PEO600 polyimide in the 6th cycle is 127 mAh g�1, lower than
149 mAh g�1 for NTCDA-b-PEO900 and 196 mAh g�1 for
NTCDA-b-PEO2000 polyimides, respectively. Moreover, the
NTCDA-based polyimides with longer PEO segments also exhibit
better cycling stability. The above results confirm that the incor-
poration of ion-conducting blocks effectively enables polyimides
with the ability of solvating agent for Li ions and providing fast
mobility [140], thus excellent electrochemical performance.

Considering the structural origin of active imide groups, some
carbonyl-containing diamines were reported to produce poly-
imides. Zhang [125] and Hariharan [129] et al. made a compar-
ison of NTCDA- and PTCDA-derived polyimides with EDA and
urea, respectively. The NTCDA-urea polyimide (I8) cathode
shows two discharge potential plateaus at 2.52 and 2.48 V due
to two different redox processes compared to the NTCDA-EDA
polyimide (I6) with one potential plateau (Fig. 9) [125]. The
I8-based cell delivers higher specific capacities than I6 [125].
Please cite this article in press as: Q. Zhang et al., Materials Today (2021), https://doi.org/1
The PTCDA-urea derived polyimide (I20) also demonstrates dis-
tinguishable CV profiles, superior reversible capacity, higher rate
capability, and better cycling performance compared to the
PTCDA-EDA polyimide (I19) [129]. Similarly, the I14 polyimide
with active C=O group from the diamine precursor also presents
better performance over I15, I16 and I17 [128].

The above electrochemical behaviors, typically I8 vs I6 and
I20 vs I19, can be rationally explained as follows. First, one addi-
tional carbonyl group from urea enables I8 and I20 to undergo a
three-electron transfer reaction process. In the reduction process,
both I8 and I20 change to be one radical anion from C=O in
urea and then two radical anions from dianhydride units with
Li-ion association (Fig. 9d) [125]. In the re-oxidation process, car-
bonyl groups are rebuilt and Li ions are re-ejected into the elec-
trolyte. Such redox processes result in a gradual increase in the
capacity of I8 and I20 with increasing cycles due to the stepwise
insertion of Li ions in the imide carbonyl and urea carbonyl
groups [125,129]. Second, the presence of an electron-
withdrawing C=O group in urea can reduce the LUMO energy,
enabling a stronger electron affinity and accepting ability, higher
reduction potential, and better oxidizability of organic cathode
materials [141]. This is well consistent with the increased dis-
charge voltage of I8 and I20 as compared to I6 and I19, respec-
tively [125,129]. Moreover, a lower Eg for I8 compared to I6 is
accompanied by an increased electronic conduction and a
reduced polarization, thus favorable to the higher redox
reversibility, lower charge transfer resistance and better rate per-
formance of I8. In contrast, electrochemically-silent ethylene
spacers between NTCDA and PTCDA units for I6 and I19 hinder
the electron transport across the polymer backbone, and con-
tribute low capacities of the resultant cathodes as well. These pio-
neered studies suggest that electrochemical properties of
polyimides can be also tuned by introducing amine precursors.
Nonlinear polyimides
Amorphous porous polyimides
Till now, polyimides reported as electrodes for LIBs are mostly
linear chains derived from diamines and dianhydrides. Recently,
nonlinear polyimides have also been fabricated by multi-
anhydrides (usually dianhydrides) and multi-amines (mostly
tri-/tetra-amines) to form porous structures as electrode materials
[109]. In an early study [131], PMDA, NTCDA, and PTCDA were
polymerized with a triamine of 1,3,5-tris(4-aminophenyl) ben-
zene (TAPB) to produce three polyimides of I23, I24, and I25
(Fig. 10a), respectively. All I23, I24, and I25 are amorphous
and particle-like morphologies (Fig. 10b). Both I23 and I24
show porous characteristics with specific surface areas of 508
and 200 m2 g�1, and pore width distributions of ~5.4 and
4.1 Å, respectively. I25 has almost no adsorption. I23, I24,
and I25 exhibit the discharge capacities of 61.7, 103.4, and
78.1 mAh g�1 at 25 mA g�1, respectively. A flat discharge plateau
is reported for I24, and I25 whereas a sloppy discharge plateau
for I23. In addition, I25 shows the best cycling stability while
I23 and I24 exhibit a fast capacity decay due to the highly
cross-linked conjugated structure of I25. It seems that the elec-
trochemical performances of I23, I24, and I25 are independent
on their pore structures. This is clearly contradictory to the pre-
17
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FIGURE 9

(a) Synthetic route of NOP (I8) and NEP (I6), (b) charge–discharge curves at 20 mA g�1 and (c) rate performance of (1,4,5,8-naphthalenetetracarboxylic
dianhydride) NT, NOP (I8) and NEP (I6), and (d) three-electron transfer mechanism of I8. Reproduced from Ref. [125] with permission. Copyright 2017,
Elsevier.
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vious reports that porous polymers with a larger specific surface
area usually enables a higher capacity [142].

Recently, we have reported a self-templated synthesis of poly-
imide submicrotube (PIT) through polycondensation of NTCDA
and TAPB (Fig. 10c, d) [143]. The PIT cathode delivers a specific
capacity of 80.5 mAh g�1 at 25 mA g�1, and retains 70.2% of ini-
tial capacity after a 40-fold rate increase (Fig. 10e), showing high
rate capability. Remarkably, the capacity retentions are as high as
80.7 and 70.3% after prolonged 5000, and 15,000 cycles with a
Coulomb efficiency close to 100% at 1.5 A g�1 (Fig. 10f). Note
that both PIT and I25 have the same chemical structure, PIT
exhibits better performance compared to I25 due to its tubular
microstructure and surface-controlled capacitive process. Fur-
thermore, PIT can be served as an anode material which delivers
an initial discharge capacity as high as 1662.5 mAh g�1, much
higher than commercial graphite (372 mAh g�1). These studies
reveal that the electrochemical performances of polymer elec-
trodes are simultaneously related to their chain structures,
microstructures, and morphologies.
18
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Crystalline polyimide COFs
Some pioneering works have been reported on polyimide-
derived COFs as active materials for LIBs [144]. A condensation
reaction of NTCDA with tris(4-aminophenyl)amine (TAPA) was
used to produce a 2D polyimide of COF-1 (Fig. 11a) with a hexag-
onal aperture of about 2.4 nm [145]. The porosity of COF-1 is
corroborated by a large specific surface area of 1276 m2 g�1

together with pore size of 1.2–3.0 nm and pore volume of
1.23 cm3 g�1. The COF-1 cathode demonstrates a highly electro-
chemical reversibility in the range of 1.5–3.5 V. Zhou et al. [146]
used a naphthalimide of 2,7-diaminobenzo[lmn][3,8]phenanthro
line-1,3,6,8(2H,7H)-tetraone (DANT) to react with 1,3,5-
triformylphloroglucinol (Tp) and 1,3,5-triformylbenzene (Tb) to
produce 2D COF-2 and COF-3 (Fig. 11b) polyimides, respec-
tively. Both COF-2 and COF-3 have a narrow pore distribution
of 12–20 Å, and specific surface areas of 511 and 376 m2 g�1,
respectively. COF-2 and COF-3 cathodes show excellent rate
performance and long cycling stability, mainly owing to their
open ordered nanoporous frameworks and robust structures.
0.1016/j.mattod.2021.08.006
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FIGURE 10

(a) Synthesis routes and chemical structures and (b) SEM images of nonlinear polyimides I23, I24 and I25. Reproduced from Ref. [131] with permission.
Copyright 2014, Royal Society of Chemistry; (c) Synthetic routes and (d) TEM images of PIT, (e) rate performance, and (f) cycling stability of PIT cathode.
Reproduced from Ref. [143] with permission. Copyright 2020, Royal Society of Chemistry.
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Interestingly, COF-3 possess a lower specific surface area but a
higher initial discharge capacity (123.7 mAh g�1) than that of
COF-2 (93 mAh g�1) at 1.4 C, due to the much easier charge
transfer and ion diffusion without an electrochemical activation
process in highly-conjugated COF-3.

For 2D COFs, their 2D extended polygons tend to pack closely
in an eclipsed manner due to strong p–p interactions [113].
Accordingly, the interior active sites are deeply buried inside
the ordered 1D channels and hence are difficult to reach because
of long ion transport paths especially at high rate [147]. The effi-
cient exfoliation of 2D COFs into few layers has recently
achieved by ultrasonic exfoliation [148], mechanical grinding
[149], and ball-milling processes [113,147]. In a recent study,
two polyimide COFs (Fig. 11c) derived from PMDA-TAPA
(COF-4) and PMDA-1,3,5-tris(4-aminophenyl)benzene (TAPB)
(COF-5) were exfoliated into few layers through mechanical
milling [150]. The delaminated COF-4 and COF-5 cathodes
exhibit similar CV profiles and hence analogous de-/lithiation
reaction mechanisms. However, due to the smaller size and thin-
ner thickness below 2 nm, both COF-4 and COF-5 after mechan-
ical exfoliation deliver much higher discharge capacities, more
efficient ion transport, and higher utilization of active carbonyls
compared to their pristine counterparts. Remarkably, the exfoli-
ated anthraquinone-based COFs show almost 3-fold larger capac-
ity, higher rate capability, and better cyclin stability compared
with the unexfoliated bulk counterparts [113]. Such significant
performance improvements arise from the few-layered COFs
with shorter ion diffusion pathways and higher ion diffusion
Please cite this article in press as: Q. Zhang et al., Materials Today (2021), https://doi.org/1
coefficients which allow higher utilization efficiency of redox
sites and faster kinetics for lithium storage dominated by a
charge transfer process.

An alternate strategy is to construct 3D COFs capable of full
accessibility from within pores to all edges and faces of molecular
building units throughout the organic frameworks [152]. Seferos
and co-workers [151] synthesized a 3D COF-6 polyimide by
reacting a trans-functionalized triptycene with PTCDA
(Fig. 11d). The COF-6 has a specific surface area of 236.9 m2

g�1 in the pore size range of 3.5–8.2 Å. The COF-6 cathode deliv-
ers a capacity of 75.9 mAh g�1 (78.7% of its theoretical value) at
0.05 C, and retains a nearly 100% Coulombic efficiency and over
80% of its original capacity after 500 cycles at 2 C. The electro-
chemical performance of COF-6 exceeds that of PDCTA-based
polymers reported previously, due to the full exposure of
redox-active sites favorable for charge storage, ion diffusion,
and high-power capability. There are still few reports on 3D COFs
for LIBs so far.

Quinone-containing polyimides
The above studies have revealed the respective advantages of qui-
none and imide moieties as redox-active centers for LIBs. How-
ever, individual polyquinones and polyimides exhibit limited
active groups and insufficient practical capacities. Moreover,
the incorporation of redox inert linkers into polyquinones or
polyimides leads to low electrochemical activity and low theoret-
ical capacity. It is reasonably believed that quinone-containing
polyimides (PQIs) by chemical coupling of quinone and imide
19
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FIGURE 11

(a) Schematic condensation reaction and extended structure of COF-1. Reproduced from Ref. [145] with permission. Copyright 2018, Wiley-VCH; (b) Synthesis
routes and chemical structures of COF-2 and COF-3. Reproduced from Ref. [146] with permission. Copyright 2016 Royal Society of Chemistry; (c) Chemical
structures of COF-4 and COF-5. Reproduced from Ref. [150] with permission. Copyright 2019, Royal Society of Chemistry; (d) simulated structure of COF-6
repeated units. For the simulated structures, grey, red, blue and white spheres represent carbon, oxygen, nitrogen, and hydrogen atoms, respectively.
Reproduced from Ref. [151] with permission. Copyright 2017, American Chemical Society.
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moieties into macromolecular chains would have better electro-
chemical performances compared to their individual counter-
parts. To date, PQIs have mainly been produced by
condensation reaction of dianhydrides and diaminoan-
thraquinone with amino groups at different substituted position.
Table 4 summarizes the electrochemical performance of PQIs as
cathode materials for LIBs.
20
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Su and co-workers [154] synthesized three PQIs by condensa-
tion of 2,6-diaminoanthraquinone (2,6-DAAQ) with PMDA,
NTCDA, and PTCDA (Fig. 12a), respectively, denoted as QI3,
QI6, and QI7 in turn (see Table 4). In the first CV cycles
(Fig. 12b), QI6 combines two sets of redox peaks (centered at
~2.0 and ~2.5 V, respectively), attributable to the Li insertion into
carbonyl groups from 2,6-DAAQ and NTCDA, respectively. How-
0.1016/j.mattod.2021.08.006
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TABLE 4

Comprehensive overview of quinone-containing polyimides as cathode materials for LIBs.

Materials Code/Ref. Theoretical
capacity
(mAh g�1)

Practical (Initial)
capacity (mAh g�1),
rate

Rate capability
(mAh g�1),
rate

Capacity (mAh g�1),
cycle numbers,
rate

Electrochemical window;
discharge potential
(V vs. Li/Li+)
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OO

O

OO
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QI1 [153] 383
(6e)

210
50 mA g�1

51
4 C

140
200
50 mA g�1

1.5–3.5
2.08

N N

OO

O

OO

O n

QI2 [153] 383
(6e)
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50 mA g�1

49
4 C

122
200
50 mA g�1
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2.14

O

O
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O

O O

O
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QI3 [154] 383
(6e)

136
100 mA g�1

— 39.8
20
100 mA g�1

1.5–3.5
2.0

O

O
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O

O O

O
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QI3 [155] 383
(6e)

190
0.1 C
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20 C

150
300
0.5C

1.5–3.5
1.8, 2.25
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O

O

O

O

O O

n

QI4 [153] 342
(6e)
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50 mA g�1

134
4.35 C
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1.5–3.5
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O

O

O

O

O O

n

QI5 [153] 342
(6e)
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50 mA g�1
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4.35 C

145
200
50 mA g�1

1.5–3.5
2.20
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O

O

O

O

O

O
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QI6 [154] 342
(6e)

210
100 mA g�1
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1 A g�1

1.5–3.5
2.0, 2.5

N

O

O

N

O

O

O

O
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QI7 [154] 270
(6e)

103
100 mA g�1

— 110
200
100 mA g�1

1.5–3.5
2.3

N

O

O

N

O

O

O
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QI7 [156] 270
(6e)

200
20 mA g�1

180
200 mA g�1

100
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50 mA g�1

1.5–3.5
2.3
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ever, the redox peak position of carbonyl group in NTCDA
(2.6 V) is slightly higher than that observed in QI6 (2.5 V) due
to the conjugation varied by coupling of quinone into macro-
molecular chains. A slight potential offset between PQIs and
monomer precursors is also occurred in QI3, and QI7. Mean-
while, the relative intensities of CV redox peaks suggest that
QI6 has a higher electrochemical activity compared to NTCDA,
but a lower activity relative to DAAP. Such PIQs exhibit the
higher electron affinity and lower ionization potentials com-
pared to dianhydrides [156], showing the better redox reversibil-
ity. Furthermore, QI7 shows ~0.2 V higher discharge potential
than that of QI6 which is further ~0.2 V higher that of QI3
due to the increased conjugation length of dianhydrides. A much
larger polarization for QI7 than that for QI6 and then QI3 is
also observed because of the inferior electrochemical activity
associated with larger molecular structures [154]. More impor-
tantly, the QI6 cathode has a moderate Cth (228 mAh g�1) but
exhibits the highest specific capacity (210 mAh g�1) as well as
better rate and cycling performance compared to QI3 and QI7.
This can be partially explained by the less conjugation of PMDA
in QI3 and high molecular weight of QI7. Such PQIs proceed a
reversible four-electron reaction (Fig. 12c), and hence deliver
higher stable capacities than those of their counterparts of indi-
vidual polyquinones and polyimides (see Tables 2–4)
[116,117,119,122]. These clearly reveal that the redox activity
of polyimides can be reasonably improved by the introduction
of quinone segments in place of inactive amines [157].
Please cite this article in press as: Q. Zhang et al., Materials Today (2021), https://doi.org/1
It’s well known that the isomerism has an important influ-
ence on the properties of organic compounds and accordingly
their polymers. For comparison, two isomers of 1,4-
diaminoanthraquinone (1,4-DAAQ) and 1,5-
diaminoanthraquinone (1,5-DAAQ) were polymerized with
PMDA and NTCDA to produce two isomeric pairs of PQIs,
namely PMDA-based QI1, QI2 and NTCDA-based QI4, QI5
(Fig. 12d) [153], respectively. Two reversibly stepwise two-
electron transfer processes from active imide and quinone moi-
eties can be clearly distinguished from the CV curves of the resul-
tant PQIs. QI1 shows a larger separation between the oxidation
and reduction peaks, i.e, larger polarization than QI2 (Fig. 12e),
and similar comparison is also seen for QI4 than QI5
(Fig. 12f). Both QI1 and QI2 exhibit relatively lower redox
reversibility than QI4 and QI5. Both QI4 and QI5 show better
cyclability thanQI1 andQI2, respectively, possibly owing to the
longer conjugation length of NTCDA precursor and thus higher
stability during redox reactions. However, QI1 and QI4 display
better rate conjugation degree in case of 1,4-DAAQ. Furthermore,
the initial discharge capacities of QI1, QI2, QI4, and QI5 are
210, 189, 202, and 190 mAh g�1, corresponding to 3.2, 3.0,
3.5, and 3.3 electrons transfer per imide-quinone active unit.
For PAQIs, 1,4-DAAQ based isomers show lower overpotentials,
higher discharge capacities, higher cyclabilities, and better rate
performance than 1,5-DAAQ based isomers.

As mentioned above, both quinones and anhydrides are elec-
trochemically active, and the direct coupling of two monomers
21
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FIGURE 12

(a) Synthesis of polyquinoneimines (PQIs) by condensation polymerization; (b) The first CV curves at 0.1 mV s�1 of QI6, NTCDA and DAAP. Reproduced from
Ref. [154] with permission. Copyright 2016, Royal Society of Chemistry; (c) The proposed redox mechanism of PQIs; (d) molecular structures of PAQI-B14 (QI1),
PAQI-B15 (QI2), PAQI-N14 (QI4) and PAQI-N15 (QI5); discharge–charge curves (5th cycle) of (e) QI1 and QI2, (f) QI4 and QI5. Reproduced from Ref. [153] with
permission. Copyright 2018, Elsevier.
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into PQIs is not to introduce additional inactive segments, thus
minimizing the loss of theoretical capacity [154]. The increased
conjugation of aromatic quinones and aromatic anhydrides
throughout macromolecular chains leads to the enhanced elec-
trolyte stability and improved redox activity [157]. Meanwhile,
the isomerism of monomer precursors also provides an alterna-
tive strategy to optimize the electrochemical performance
[153]. Besides, tailoring structural configurations of monomers
to craft COF-type PQIs with dual active centers is also another
insight into the development of electrode materials for LIBs
[158].
Carbonyl polymer composites
As summarized above, carbonyl polymers have demonstrated
great potential as electrode materials for LIBs. However, most
22

Please cite this article in press as: Q. Zhang et al., Materials Today (2021), https://doi.org/1
of such organic polymers are electronic insulators. Both efficient
electronic and ionic transport are essential to boost fast and
reversible redox reactions. In one respect, the low electrically-
conductive polymers generally inhibit the full utilization of
active materials, thus delivering low practical capacity. The poor
intrinsic conductivity also results in the electrode polarization,
sluggish reaction kinetics, and slow ion diffusion, therefore
enabling inferior rate performance, low cycling stability, and
poor power capability [159]. Three strategies have been suggested
to resolve the low conductivity issue including: (i) the incorpora-
tion of rich p-conjugation core units into macromolecular chains
[101], (ii) the recombination of extra conductive additives during
the electrode fabrication process, and (iii) the hybridization of
polymers with conductive carbons during the synthesis process
[160]. The first strategy is usually restricted by the finite p-
0.1016/j.mattod.2021.08.006
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conjugation extension and complex synthesis [161]. The second
one, the simplest way, however, the fabrication of organic poly-
mer electrodes commonly requires the incorporation of large
amount of conductive additives (usually over 30% and even up
to 85% in weight) [23]. Unfortunately, these conductive addi-
tives have no capacity contribution to the cathodes, and simulta-
neously reduce the gravimetric and volumetric energy density of
the whole batteries. In contrast, the third strategy is currently
dominated by the hybridization of carbonyl polymers with
highly-conductive carbon nanofillers such as carbon nanotubes
(CNTs) and graphene, which are favorable for constructing
highly-efficient conductive networks throughout the whole elec-
trode using the least possible loading amount [162].

CNT/carbonyl polymer composites
1D CNTs have demonstrated their unique advantages in con-
structing 3D conductive networks [76]. Wu et al. [118] fabricated
a binder-free CNT/polyimide (I2) cathode via in-situ polymeriza-
tion of PMDA and EDA monomers in the presence of the CNT
film. The vertically-grown I2 nanoflakes form the aligned
nanochannels for the electrolyte transport, while the CNT film
provides a continuous conductive path between I2 nanoflakes.
The as-fabricated CNT/I2 cathode delivers a specific capacity of
226 mAh g�1 at 0.1 C, much higher than that of pure I2 (170
mAh g�1). Meanwhile, the CNT/I2 cathode exhibits a signifi-
cantly improved rate capability with a discharge capacity of
120 mAh g�1 at 20 C. In contrast, pure I2 shows no electrochem-
ical activity at 20 C. Besides, the capacity of CNT/I2 retains 85%
after 200 cycles at 0.5 C with coulombic efficiency over 99%,
showing high cycling stability. Kamran et al. [163] used a facile
ex-situ vacuum filtration method to fabricate a free-standing,
flexible, and binder-free polyquinone (Q6) composite with
CNTs. The Q6-coated CNTs are form interconnected networks.
The Q6 composite with 30 wt.% CNTs exhibits an electronic
conductivity of 125 S cm�1, much higher than 25 S cm�1 for
the composite with 10% CNTs. The 30 wt.% CNT/Q6 composite
cathode delivers discharge capacities of 182mAh g�1 at 50mA g�1

and 75 mAh g�1 at 5000 mA g�1. In contrast, the reversible
capacity of 10 wt.% CNT/Q6 sharply decays from 165 to 25
mAh g�1 from 50 to 5000 mA g�1. Apparently, the superior rate
performance of 30 wt.% CNT/Q6 benefits from the higher con-
ductivity brought by the higher loading of CNTs. Moreover,
CNTs act as current collectors, which avoid the usage of tradi-
tional metal current collectors.

Wu et al. [155] fabricated a binder-free flexible composite elec-
trode through the ex-situ vacuum filtration of CNTs and pre-
synthesized quinone-containing polyimides (QI3). The highly-
interpenetrated CNT networks within the CNT/QI3 composites
supply abundant electron transport pathways, ion accessibility,
and good flexibility. The 30 wt.% CNT/QI3 cathode shows a
large capacity of 190 mAh g�1 comparable to its Cth of 191
mAh g�1 (3 e�), and still maintains 120 mAh g�1 at 20 C, show-
ing superior rate capability. Furthermore, Wei and co-workers
[122] reported a simple rolling method to fabricate a self-
standing CNT/pyromellitic dianhydride-tris(2-aminoethyl)amin
e (PMTA, I4) composite film. Nonlinear cross-linked PMTA par-
ticles (ca.200 nm) are adhered onto the CNT bundles to form a
uniform nanocable structure. The CNT/PMTA composite cath-
Please cite this article in press as: Q. Zhang et al., Materials Today (2021), https://doi.org/1
ode exhibits a reversible capacity of 160 mAh g�1 at 0.1 C, much
higher than 67 mAh g�1 for bare PMTA. Upon increasing to 10 C,
the capacity retains 74 mAh g�1 and hence 46% of capacity
retention. The film electrode still gives a capacity retention of
80% relative to its initial capacity after being bent over 1000
times. Such superior rate performance and mechanical flexibility
are contributed by the enhanced ion/electron transfer from the
interpenetrated network and dense contact between CNTs and
PMTA particles.

Xu et al. [164] used the in-situ solvothermal polycondensation
of naphthalene diimide (NDINA) and 2,3,6,7,10,11-hexahydoxy
triphenylene (TP) to produce a CNT/COF composite (DTP-ANDI-
COF@CNT). DTP-ANDI-COF@CNT shows a BET surface area of
676 m2 g�1 with a pore volume of 0.78 cm3 g�1, thus providing
open meso-channels and abundant accessible sites for electrolyte
ions. Besides, the electron transfer is greatly boosted by CNTs,
and open porous structures of CNTs also facilitate the ion diffu-
sion to the reactive sites. The DTP-ANDI-COF@CNT cathode deliv-
ers a stable capacity of 67 mAh g�1 at 2.4 C, corresponding to a
high utilization of 82% for redox-active sites. Even in a fast dis-
charge time (12 C, 5 min), a large capacity of 58 mAh g�1 can
be maintained, representing an 85% retention of the capacity
at 2.4C. By contrast, the utilization efficiency of redox-active
units for bare DTP-ANDI-COF is only 5% at 12 C. Zhang and co-
workers [165] also developed a binder-free CNT/COF composite
by ex-situ blending of boroxine-linked chemically-active
pyrene-4,5,9,10-tetraone COFs and CNTs (30 wt.%). The as-
fabricated composite cathode delivers a high capacity of 198
mAh g�1 at 100 mA g�1, and a superb rate ability with a 76%
capacity retention at 1000 mA g�1. Such remarkable improve-
ments are ascribed to the fast kinetics of electrons/ions, high
electrochemical activity, strong p-p interaction between COFs
and CNTs, and robust conductive networks.

Graphene/carbonyl polymer composites
Due to its unique properties, graphene carries a great potential as
a platform for enhanced energy storage and faster transportation
of ionic species and electric charges in rechargeable batteries
[166,167]. Both in-situ and ex-situ methods have been employed
to prepare graphene/carbonyl polymer composites
[79,81,119,126]. For instance, Xu and co-workers [81] employed
an ex-situ dispersion-assembly method to fabricate 3D graphene/
PAQS (Q14) composites. The p–p stacking interaction effectively
promotes the uniform encapsulation of Q14 particles in the gra-
phene framework. The composite electrode exhibits a high
capacity of 156 mAh g�1 at 0.1 C and an excellent rate capability
(102 mAh g�1 at 20 C). By comparison, the Q14 electrode only
delivers a capacity of 108 mAh g�1 at 0.1 C, which is nearly
decreased to 0 mAh g�1 at 20 C. Such significantly enhanced rate
performance is brought by fast electron and ion transportation
between graphene and Q14. What’s more, the superior cycling
performance with a capacity retention of 84.1% after 1000 cycles
at 0.5 C indicates the robust structural stability of the composite
enabled by the 3D graphene framework.

Functionalized graphene sheets (FGS) have also been used to
hybridize with poly(anthraquinonyl sulfide) (Q14-FGS) and
polyimide (I6-FGS) via a facile in-situ polymerization process
[79]. Q14 and I6 particles are uniformly coated on the surface
23
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of FGS through the noncovalent p–p interaction between the
two. Both Q14-FGS and I6-FGS present large specific areas of
153, and 156 cm2 g�1, and show greatly increased electronic con-
ductivities of 6.4 � 10�3, and 3.5 � 10�4 S cm�1, respectively. In
contrast, bare Q14 and I6 show extremely low electronic con-
ductivities below 1 � 10�11 S cm�1. TheQ14-FGS (26 wt.%) cath-
ode retains a discharge capacity of 100 mAh g�1 at 100 C,
exhibiting an outstanding rate capability. However, bare Q14
only delivers a capacity of ca. 50 mAh g�1 at 10 C. The I6-FGS
(11 wt.%) electrode also demonstrates a high capacity of 205
mAh g�1 at 0.1 C with an excellent rate capability of 135 mAh
g�1 at 10 C. By comparison, pure I6 shows no capacity at such
a large rate.

Recently, we have also fabricated graphene/polyimide com-
posites through in-situ hydrothermal polymerization of dianhy-
dride and diamine co-monomer salts in the presence of
graphene oxide [168]. The in situ heterogeneous nucleation pro-
cess allows for the uniform growth of polyimide nanoflakes onto
graphene, forming robust 3D hierarchical nanoarchitectures
with abundant porous channels and highly exposed redox-
active sites of carbonyl groups. The as-fabricated composite cath-
ode demonstrates high carbonyl utilization (90%), large specific
capacity (165 mAh g�1 at 0.1 C), superior rate capability (125
mAh g�1 at 20 C), and long cycling stability (88% retention at
5 C after 5000 cycles), significantly outperforming its polyimide
counterpart and polymer cathodes reported mostly.

Analogously, some COFs have been hybridized with gra-
phene. In particular, COFs usually have an extended p-
conjugation framework that exhibits a superiority to fabricate
graphene composites through the p–p noncovalent interaction
between the two compared to linear polymers. Luo et al. synthe-
sized a COF/graphene (PIBN-G) composite by in-situ solvother-
mal polymerization of tetramino benzoquinone (TABQ) and
PMDA (Fig. 13a) [158]. Due to the strong p-p stacking and elec-
tron transfer between PIBN and graphene (Fig. 13b), PIBN-G
appears as a thin crystalline nanosheet (Fig. 13c and d). The
PIBN-G cathode outputs a high capacity of 271 mAh g�1 at
0.1 C, approach to its Cth of 280 mAh g�1 with an electrochem-
ical utilization of 96.8%. At 10 C, a discharge capacity of ca. 190
mAh g�1 is still retained for PIBN-G, implying high-rate capabil-
ity. In contrast, bare PIBN only shows a low capacity and a sharp
decay at 10 C (Fig. 13e). In addition, PIBN-G also enables a supe-
rior cycling stability compared to PIBN (Fig. 13f). The high capac-
ity utilization, excellent rate capability, and long cycling stability
of the composite cathode are attributed to the abundant accessi-
ble carbonyl groups, enhanced electronic conductivity, and
strong interaction between graphene and polymers.

Carbonyl polymers including polyketones, polyimides, and
polyquinones commonly show redox potentials over 2.0 V (vs.
Li/Li+), and their reversible lithiation/delithiation processes usu-
ally emerge between 1.5 and 3.5 V (vs. Li/Li+). As such, the
currently-reported carbonyl polymers have preferably been used
as cathode materials. There are very few reports on using car-
bonyl polymers as anodes so far. Recently, we have developed
a one-pot in-situ solvothermal polymerization method to pro-
duce graphene/chemically-crosslinked poly(methyl methacry-
late) (Gr/PMMA) composites as robust anodes for LIBs [169].
Over the potential range of 0.01–2.5 V, a cathodic peak at
24
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2.11 V is clearly observed for Gr/PMMA anodes in the first catho-
dic scan, due to the electrochemical transformation of two adja-
cent ester carbonyl pendant groups in PMMA chains into keto
carbonyl-containing cyclopentanedione units by an irreversible
Li+ reaction [47]. In the following scans, a pair of stable redox
peaks appear at 0.79 and 1.02 V, corresponding to the reversible
lithiation/delithiation reactions of the in-situ newly-generated
cyclopentanedione moieties. The Gr/PMMA anode delivers
reversible capacities of 206 mAh g�1 at 20 mA g�1, and retains
82% of initial capacity at 400 mA g�1. Moreover, Gr/PMMA
remains 159 mAh g�1 at 400 mA g�1 after 1000 cycles. This work
provides new insights into the exploration of new polymers for
organic batteries and the possibility of high added-value energy
applications by capitalizing on recyclable plastics.

Other conductive carbon/carbonyl polymer composites
In addition to CNT and graphene, other low-cost carbon fillers
have also been explored for the hybridization with carbonyl
polymers [170]. Wu and co-workers [117] fabricated a polyimide
and carbon black composite through an in-situ polymerization
strategy. Polyimide can directly grow on the surface of carbon
black. When used as a LIB cathode, the resulted composite exhi-
bits a high practical capacity of 182 mAh g�1 at 0.1 A g�1. Due to
the enhancement of electronic conductivity, the composite cath-
ode also demonstrates a superior rate capability with a high
capacity of 116 mAh g�1 at 10 A g�1.

Computational engineering of carbonyl polymer
electrodes
In-situ experimental methods
Operando analytical techniques are very important to rationally
reveal the electrochemical redox mechanisms of carbonyl poly-
mer electrodes. As well-known, the infrared spectroscopy is an
effective method for determining the molecular composition
and chemical structure of organic materials [171]. Recently, the
in-situ infrared spectroscopy has been applied to probe the mech-
anism of poly(anthraquinonyl sulfide) (PAQS) by employing the
operando attenuated total reflectance infrared technology [172],
which allows the visualization of infrared changes of functional
groups during the charge–discharge process. Nevertheless, other
in-situmeasurement methods are urgently needed to fully under-
stand and timely monitoring electrochemical behaviors of
organic electrode materials for controlling over the battery state
of health.

Theoretical studies
The density functional theory (DFT) calculation method is
another useful tool to understand the electrochemical reaction
mechanism of electrode materials. Usually, the electron affinity
(EA) obtained using DFT is used to represent the electron-
accepting ability for organic materials. Based on the molecular
orbital theory, a lower LUMO energy suggests a larger EA and bet-
ter oxidizability, thus indicating a higher reduction potential. On
the contrary, the higher HOMO energy suggests a better
reducibility. Therefore, the LUMO-HOMO gap (Eg) was often
employed to evaluate the electron transfer ability and electronic
conduction of organic electrode materials [116,173]. Chen and
co-workers [174] found that the HOMO plotting is efficient in
0.1016/j.mattod.2021.08.006
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FIGURE 13

(a) Synthesis route of PIBN-G, (b) vertical view of differential charge density between PIBN and graphene, (c) SEM and (d) TEM images of PIBN-G, (e) rate
performance of PIBN-G and PIBN, and (f) cycling stability of PIBN-G. Reproduced from Ref. [158] with permission. Copyright 2018, Wiley-VCH.
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predicting the carbonyl utilization, which determines the practi-
cal capacity of carbonyl polymer electrodes. The LUMO energy
level can be applied to regulate the redox potentials. Besides,
the DFT computation was also used to characterize the aromatic-
ity (DC2Li) of carbonyl polymer by the Clar's aromatic sextet the-
ory, favorable for designing high-voltage organic materials
[25,175]. Nevertheless, the DFT calculation is time-consuming,
and some possible lithiated structures may be neglected
[176,177].

Furthermore, Chen and co-workers [178] used the molecular
electrostatic potential (MESP) to predicate the lithiation sites
for carbonyl compounds. MESP on the van der Waals surface
for organic molecules is related to the electrostatic interaction
between molecules and Li binding sequence. The sites with the
more negative MESP indicate the highly possible active sites for
lithium accommodation. Based on the criterion, Hou and co-
workers [31] successfully confirmed the reaction action of poly(-
naphthalene diimide). These results show that the carbonyl
groups in NTCDA possess the lowest MESP than that of carbonyl
groups in bridge sites. Thus, MESP may provide a precise predic-
tion of the lithiated state and a more effective tool to theoreti-
cally investigate the reaction mechanism of polymer electrodes.
Please cite this article in press as: Q. Zhang et al., Materials Today (2021), https://doi.org/1
Carbonyl utilization of carbonyl polymer electrodes
The electrochemical utilization of carbonyl polymers is closely
related to the chemical microenvironments of carbonyl active
sites in repeating units from different macromolecular chains.
Generally, the carbonyl-based materials require certain func-
tional structures to stabilize the negatively-charged carbonyl
groups at the reduction state during discharging the electrode
[174]. According to the redox mechanisms (Fig. 1), polyketone-
based electrodes employ a neighboring carbonyl group to form
stable enolates upon a two-electron reduction process. Mean-
while, polyketones commonly possess a low carbonyl density
distributed along each chain and hence a low practical capacity.
Besides, the chain backbone of polyketones presents poor conju-
gation uncapable of accommodating much negative charges
upon a deep reduction. Therefore, polyketones have been rarely
reported as organic polymer electrodes for LIBs so far. For
polyimide-based electrodes, carbonyl groups are directly con-
nected to an aromatic core capable of dispersing the charge
through the delocalization [26]. Such heterocyclic imide units
usually involve a reversible two-electron transfer and only deliver
a half of theoretical capacity in the voltage range of 1.5–3.5 V,
affording low practical capacity and insufficient carbonyl utiliza-
25
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tion. However, the charge stabilization in polyquinone-based
electrodes is mainly derived from the formation of extra aromatic
conjugation upon the electron injection [42]. The two-Li uptake
sites in such two carbonyl groups for each quinone units theoret-
ically give a full utilization while carbonyl sites in polyketones
and polyimides exhibit below 50% utilization. Furthermore, also
show higher redox potentials than polyketones and polyimides.
Therefore, aromatic polyquinones are rationally favorable for the
development of high-capacity electrodes.

The chain engineering mentioned above can effectively
improve the capacity, rate capability, and cycling stability for car-
bonyl polymers. The low carbonyl utilization is still among the
most critical issues to be solved. The much less practical capacity
leads to the unsatisfied energy density of carbonyl polymers. The
carbonyl utilization for different carbonyl polymers is shown in
Fig. 14. Generally, the presence of inactive spacing segments
leads to the increase of molecular weight and unfavorable elec-
tron transfer, and further reduces the carbonyl utilization. The
existence of conjugated structures can increase the electronic
conductivity and hence electrochemical activity. Especially, the
carbonyl utilization of polymeric quinones with extended conju-
gation can reach up to 90%, very close to the full utilization of
carbonyl groups. Of note, the extension of p-conjugation also
increases the molecular weight. Among PMDA, NTCDA and
PTCDA-derived polyimides with the same spacing groups,
PTCDA-derived polyimides possess the largest p-conjugation
moieties, leading to the lowest value of Eg (LUMO–HOMO
FIGURE 14

Carbonyl utilization for different carbonyl polymers with (a) different spacing s
(CC: Conductive carbon Printex XE2; KB: Ketjen black), and (d) carbonyl active c
carbonyl groups for original polymers.
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gap). The structural change from PMDA to PTCDA is accompa-
nied by an increased electronic conductivity. However, PTCDA-
derived polyimides usually show the lowest carbonyl utilization
due to the presence of large amounts of inactive p-conjugated
benzene rings with bigger molecular structures and much larger
polarization. Apparently, a compromise of conjugated effect
and electrochemical activity must be rationally considered in
designing the chain structures of carbonyl polymers. In addition,
compared to the traditional conductive carbons, the hybridiza-
tion with graphene and CNTs can dramatically enhance the con-
ductivity of the resultant composites while reducing the loading
amount. Moreover, the optimized hybridization processes of car-
bonyl polymers with carbon fillers are also critically important in
constructing the highly-efficient conductive networks, capable
of increasing the exposure of active sites and further improving
the electrochemical utilization of carbonyl groups.
Conclusion and perspectives
The past decade has witnessed considerable progress in exploring
carbonyl polymers of polyketones, polyquinones, and poly-
imides as electrode materials for LIBs. Herein carbonyl polymer
electrode materials have been comprehensively summarized
with an emphasis on chain engineering strategies. Composition
engineering of conductive carbon additives in carbonyl polymer
composites has been included as well. However, it is extremely
challenging for carbonyl polymers to simultaneously achieve
egments, (b) conjugated structures, (c) hybridization of conductive carbons
enters. All the carbonyl utilizations are calculated based on the number of
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FIGURE 15

Summary and perspectives of chain engineering for promoting the electrochemical performance of carbonyl polymer electrodes.
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high energy/power density and cycling stability especially at
high rate. Successful commercialization of carbonyl polymer
electrode materials has a long way to go toward practical batter-
ies. Therefore, many challenges still exist that could be poten-
tially addressed by future research on the following strategies as
shown in Fig. 15.

Molecular Engineering of carbonyl-containing mono-
mers through the structural modification (e.g., electron with-
drawing/donating groups) and positioned substitution (e.g.,
heteroatoms). This is essential to carbonyl polymers since their
inherent properties can be rationally tailored by molecular engi-
neering. The optimized monomers should possess high redox
activity, abundant carbonyl active sites, matched energy levels,
stable electrochemical plateaus, and wide electrochemical
windows.

Macromolecular Engineering of carbonyl polymers
through the rational design of chain structures and controllable
synthesis. The well-defined carbonyl polymers through tailor-
made redox/linking monomers should exhibit specific properties
including large theoretical/practical specific capacities, accept-
able ion/electron transport capabilities, solvent resistance to elec-
trolyte, and high reversibility and cyclability. Much efforts
should be devoted to searching for carbonyl polymers syn-
chronously serving as both anode and cathode bi-functional
materials to develop metal-free all-organic green batteries.

Composition Engineering of carbonyl polymer compos-
ites through the incorporation with conductive carbons by in-
situ polymerization and ex-situ recombination methodologies.
The incorporation of CNTs and graphene into carbonyl polymers
is preferred during the synthesis process while creating conduc-
Please cite this article in press as: Q. Zhang et al., Materials Today (2021), https://doi.org/1
tive paths throughout the polymer matrix. This would signifi-
cantly push the boundary of electrochemical performance of
carbonyl polymers, affording high cyclability and rate capability
of LIBs. The future research should focus on optimizing the load-
ing amount of carbon fillers and regulating the microstructures
of the composites.

Computational Engineering of reversible redox-active
units and topological structures of polymer chains. Both specific
capacity and redox kinetics of carbonyl polymers still have a
plenty of room to improve fully. Further research needs to focus
on the discovery of more efficient electroactive structures, and
deeper understanding of intrinsic properties and charge/ion
transport mechanisms through the computational simulation
and modelling. Both ex-situ and in-situ experimental and theoret-
ical studies would synergistically provide valuable strategies and
new insights into exploring highly-active carbonyl moieties with
multielectron redox capability while acquiring the high utiliza-
tion of active sites through tailoring topological structures.

Last but not least, an optimized electrolyte system with the
favorable ionic mobility and highly compatible with the elec-
trode materials is also important to achieve high-performance
batteries. Besides, like other organic electrode materials, carbonyl
polymers also remain on the laboratory scale and large-scale
engineering batteries are required urgently. It is also recognized
clearly that polymer electrode materials play a crucially impor-
tant role in developing flexible, foldable, and wearable power
sources. With the efficient synergy of the above considerations,
it is reasonable to believe that carbonyl polymers would be
potential substitutes with low cost and high lithium storage per-
formance for commercialization in the foreseeable future.
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