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Abstract: In spite of recent progress, there is still a lack of
reliable organic electrodes for Li storage with high compre-
hensive performance, especially in terms of long-term cycling
stability. Herein, we report an ideal polymer electrode based on
anthraquinone, namely, polyanthraquinone (PAQ), or specif-
ically, poly(1,4-anthraquinone) (P14AQ) and poly(1,5-anthra-
quinone) (P15AQ). As a lithium-storage cathode, P14AQ
showed exceptional performance, including reversible capacity
almost equal to the theoretical value (260 mAhg¢1;
> 257 mAh g¢1 for AQ), a very small voltage gap between
the charge and discharge curves (2.18–2.14 = 0.04 V), stable
cycling performance (99.4% capacity retention after 1000
cycles), and fast-discharge/charge ability (release of 69 % of the
low-rate capacity or 64% of the energy in just 2 min).
Exploration of the structure–performance relationship
between P14AQ and related materials also provided us with
deeper understanding for the design of organic electrodes.

Although state-of-the-art lithium-ion batteries have pene-
trated into all aspects of our society, their development still
lags behind our demands for energy-storage devices, not just
in terms of their charge/discharge performance, but also their
safety, cost, sustainability, and environmental friendliness.[1]

Therefore, many scientists have shifted their attention to new
battery types, such as sodium-ion, lithium–sulfur, and lithium-

air batteries. Organic electrode materials have also attracted
increasing attention in recent years owing to their promising
electrochemical performance and distinct advantages in
sustainability and environmental friendliness.[2, 3] Addition-
ally, the unique features of organic materials, such as structure
diversity, solubility, flexibility, and processability, make them
promising candidates for cathodes or anodes of various
energy-storage devices,[3] including rechargeable Li,[4–10]

Na,[8,11–13] and Mg batteries,[14] supercapacitors,[15] thin-film
batteries,[16] aqueous rechargeable batteries,[17, 18] redox flow
batteries,[19] and even all-organic batteries.[13, 19, 20]

Organic materials based on conjugated carbonyl com-
pounds,[21] especially quinones, are believed to be among the
most promising types of organic lithium-storage electrodes
owing to their high theoretical capacity (up to
600 mAhg¢1),[4] high redox reversibility, and high resource
availability. For quinone-based materials, the commercial
small organic molecules, such as benzoquinone (BQ),[22–24]

naphthoquinone (NQ), anthraquinone (AQ)[6, 25, 26] (Fig-
ure 1a), and their derivatives, can not be used directly in
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Figure 1. a) Electrochemical redox mechanism of the AQ unit. b) Syn-
thetic route to P14AQ. c) Photograph of a solution of P14AQ in
chloroform (10 g l¢1). d) Photograph of a free-standing and flexible
P14AQ thin film (3 Ö 2 cm2) cast from the solution. BPY =2,2’-bipyr-
idine, cod = 1,5-cyclooctadiene, DMF= N,N-dimethylformamide.

Angewandte
Chemie

14153Angew. Chem. 2015, 127, 14153 –14157 Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://dx.doi.org/10.1002/anie.201506673
http://dx.doi.org/10.1002/ange.201506673
http://dx.doi.org/10.1002/anie.201506673


common rechargeable Li batteries with non-aqueous electro-
lytes. Under these conditions, the active materials (including
their discharged forms) dissolve to a significant extent, which
decreases their discharge/charge stability and results in poor
cycle life. This problem can be alleviated—though not
solved—by enhancing the immobilization of active materials
(e.g., by the formation of composites with carbon nano-
tubes[25] or mesoporous carbon[26]), or by using lithium-ion-
selective separators (e.g., LISICON[23] or PEO[24]) to prevent
the dissolved molecules and/or anions from migrating to the
anode side. However, these methods still result in unsatis-
factory long-term cycling performance. Thus, the most
reliable approach is to develop inherently insoluble com-
pounds containing dense quinone groups to simultaneously
satisfy the requirements for energy density and cycle life. In
the past few years, some successful examples were reported,
including organic polymers (e.g., PBQS[8] and PPYT[9]),
organic salts (e.g., Li4C8H2O6

[20]), and oligomeric salts (e.g.,
Li2PDHBQS[7]). These materials show cycling stability com-
parable to that of inorganic layered oxides (for example,
Li2PDHBQS retains 90 % of its reversible capacity after 1500
cycles[7]), but still lag far behind zero-strain inorganic
materials (e.g., LiFePO4 and Li4Ti5O12) with negligible
capacity fading during hundreds of cycles.

Our strategy is to develop quinone-based polymers with
simple structures and an uncomplicated synthesis. To con-
struct a polymer, the monomeric units can be linked by
various organic groups, such as methylene (¢CH2¢),[10] imine
(¢NH¢),[27] ether (¢O¢), and thioether groups (¢S¢),[6–8] or
just grafted on a skeleton chain.[9, 17] These approaches will
lead to a decrease in theoretical capacity to varying degrees
because of the addition of inactive moieties. Ideally, the
electroactive rings should be coupled directly without any
linker. This approach would slightly increase the theoretical
capacity and may facilitate electron transport along the chain
because of enhanced structural conjugation. We found that
anthraquinone (AQ) rings can be coupled to form polyan-
thraquinone (PAQ)[28] through a one-step condensation
polymerization reaction (Figure 1b).[29] By using 1,4-dichloro-
anthraquinone (1,4-DCAQ) or 1,5-dichloroanthraquinone
(1,5-DCAQ) as the monomer, we successfully synthesized
poly(1,4-anthraquinone) (P14AQ) and poly(1,5-anthraqui-
none) (P15AQ), respectively, which we then applied as
cathodes for rechargeable Li batteries. Both PAQs showed
high electroactivity, and, to our surprise, P14AQ showed
exceptional comprehensive performance, superior to that of
all previously reported organic electrodes, including the
absence of capacity decay during 1000 discharge/charge
cycles.

Both PAQs were synthesized mainly according to a pre-
viously reported procedure[29] and characterized by various
methods, including elemental analysis, FTIR and NMR
spectroscopy, XRD, SEM, and thermogravimetric analysis
(see the Supporting Information for detailed procedures and
analysis, including Figures S1–S3). Unlike P15AQ and pre-
vious polymer electrode materials, which are insoluble in
common organic solvents, P14AQ is very soluble in chloro-
form. Moreover, the resulting transparent yellow solution
(Figure 1c) can be readily cast to form a free-standing and

flexible thin film (Figure 1d). These unique properties open
up tremendous potential for the application of P14AQ in
many novel battery designs, such as flexible thin-film
batteries, printed batteries, and even transparent batteries.

The structure–performance relationship between a mono-
mer and polymers derived from the monomer by different
linking methods is important for the design of high-perfor-
mance polymer electrode materials, but is rarely investigated.
We semiquantitatively studied this relationship by theoretical
calculations and electrochemical tests for the AQ monomer,
poly(anthraquinonyl sulfide) (PAQS),[6] P14AQ, and P15AQ.
It is well-known that the energy level of the lowest unoccu-
pied molecular orbital (LUMO) of an n-type electroactive
material is a useful parameter for estimating its relative redox
potential (a lower LUMO energy level corresponds to
a higher reduction potential).[7–9, 30] We used the optimized
geometries of AQ, PAQS, P14AQ, and P15AQ (see Figure S4
in the Supporting Information) to calculate their electron
configurations (Figure 2a) by a method based on density
functional theory (DFT). The polymers were modeled as
short chains containing five structural units to keep the
calculations manageable; this approach has already been
shown to be simple but effective.[8] For the AQ monomer, the
LUMO energy level is located at ¢2.80 eV (consistent with
the previously reported value[30]), and the experimental
discharge plateau is rather flat at 2.26 V versus Li+/Li
(Figure 2b), thus indicating a two-phase redox reaction
between AQ and Li2AQ. In contrast, each polymer has five
nearly degenerate orbitals located nearby (the lower/upper
values are ¢3.01/¢2.54, ¢2.72/¢2.59, and ¢2.72/¢2.55 eV for
PAQS, P14AQ, and P15AQ, respectively), and the electron
configurations of P14AQ and P15AQ are very similar.
Assuming that the electron configurations are rigid, electrons
will successively fill the unoccupied orbitals from the lowest-
to the highest-energy orbital during the reduction process,
thus leading to the experimentally observed sloping discharge
curves of the polymers (Figure 2b). The slopes for P14AQ
and P15AQ are much smaller than that for PAQS since their
characteristic energy levels are more intensive (the band
widths are 0.47, 0.13, and 0.17 eV for PAQS, P14AQ, and
P15AQ, respectively). The average discharge voltages of AQ,
PAQS, P14AQ, and P15AQ are 2.24, 2.14, 2.14, and 2.09 V
versus Li+/Li, respectively, thus mimicking the trend in the
relative position of the center of the energy-level band (¢2.80,
¢2.78, ¢2.65, and ¢2.63 eV for AQ, PAQS, P14AQ, and
P15AQ, respectively). This trend is also reflected in the cyclic
voltammetry (CV) curves (see Figure S5), in which the peak
widths of P14AQ and P15AQ are much narrower than that of
PAQS; the cathodic peak voltages also approximately follow
this trend. Thus, the difference in the electrochemical
behavior of AQ and its polymers, despite their identical
redox mechanism (Figure 1a), is well explained by the DFT
calculations.

The theoretical capacities calculated from the two-elec-
tron redox reaction of the AQ unit (Figure 1a) are 257, 225,
260, and 260 mAh g¢1 for AQ, PAQS, P14AQ, and P15AQ,
respectively (Figure 2a). These values were used to define the
current rate (mAg¢1) of 1 C for each material. At 0.2 C, the
number of electrons delivered per unit is close to 2 for each
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material (2.04, 1.90, 2.02, and 1.85 for AQ, PAQS, P14AQ, and
P15AQ, respectively; Figure 2b), thus indicating the full
utilization of AQ units for all materials. However, the cycling
performance of AQ and P15AQ leaves much to be desired.
The discharge capacity retention at the 100th cycle was 17.8,
98.4, 98.3, and 67.6%, for AQ, PAQS, P14AQ, and P15AQ,
respectively (Figure 2c). It is easy to understand why the AQ
monomer showed the worst cycling stability from the serious
dissolution of its discharged form (Li2AQ) in the electrolyte
(Figure 2d). Of the polymers, only discharged P15AQ showed
similar dissolution behavior, mainly caused by the relatively
low molecular weight of the polymer (ca. 230000 for P14AQ
and ca. 2300 for P15AQ, as estimated from the C/Cl molar
ratio; see the Supporting Information). The higher solubility
of the discharged phases of these materials stands in contrast
to the behavior of our previously studied 2,5-dihydroxy-p-
benzoquinone-based materials, the discharged phases of
which were less soluble because of enhanced O···Li···O
coordination bonds.[7] As the AQ-based materials probably
have less C=O and C¢O bonds but larger steric hindrance, the
O···Li···O coordination bonds formed in the discharged
product are not strong enough to offset the enhanced
negative-charge repulsion between monomeric AQ rings or
short polymer chains. The different dissolution behavior of
the four materials agrees well with their different cycling
performance, thus leading us to believe that the unfavorable
dissolution is the dominating factor in capacity fading.

From the above comparisons, we can see that P14AQ
shows the best electrochemical performance of the four
materials, in terms of both discharge capacity and cycling
stability. The energy density was calculated to be 560 Wh kg¢1

(2.14 V × 263 mAh g¢1), which is actually slightly higher than
that of LiCoO2 (3.8 V × 140 mAh g¢1 = 530 Wh kg¢1). The
high-rate and long-term cycling performance of P14AQ was
further studied under various test conditions (Figure 3).
Relative to the maximum capacity of 263 mAhg¢1 at 0.2 C,
the capacity retention was 98, 96, 91, 84, 78, and 69% at
increased current rates of 0.5, 1, 2, 5, 10, and 20 C, respectively
(Figure 3a). P15AQ also revealed similar rate capability if the
capacity decay caused by dissolution is taken into account,
thus indicating that its electrolchemical performance could be
improved to a level similar to that of P14AQ by increasing the
molecular weight of the polymer. Little electrochemical
polarization was observed in the corresponding voltage
profiles of P14AQ (Figure 3b); the average discharge voltage
was 1.97 V even at 20 C (the value is 2.14 V at 0.2 C). A large
capacity of 182 mAhg¢1, corresponding to a large energy
density of approximately 360 Whkg¢1, was thus attained in
nearly 2 min. This high-rate performance is superior to most
other reported results for pristine organic or inorganic
electrodes. Figure 3c shows the long-term cycling perfor-
mance of P14AQ at moderate current rates of 1 and 2 C. The
reversible capacity reached 248 and 235 mAhg¢1, respec-
tively, after the initial several cycles of activation, and then
remained very stable for 1000 cycles: The capacity retention
was 98.1 and 99.4% after 1000 cycles at 1 and 2 C,
respectively. Moreover, the Coulombic efficiency stabilized
above 99.8 % at 1 C or 99.9 % at 2 C after the first few cycles.
To the best of our knowledge, on the basis of the above data,

Figure 2. Comparison of the four materials AQ, PAQS, P14AQ, and
P15AQ. a) Structure and theoretical capacity of the materials, and the
electron configuration obtained by DFT calculations. b) Typical voltage
profiles at a current rate of 0.2 C. c) Cycling profiles at a current rate of
0.2 C, with a cutoff voltage of 1.5–3.0 V. d) Photographs showing the
dissolution behavior of the materials. In each vial, the electrode film in
the charged state (as-fabricated) or discharged state (discharged to
1.5 V) was immersed in 1 mL of the electrolyte (1m LiTFSI/
DOL+DME, 2:1, v/v) for 24 h. LiTFSI = lithium bis(trifluoromethane-
sulfonyl)imide, DOL= 1,3-dioxolane, DME= 1,2-dimethoxyethane.
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P14AQ shows the highest cycling stability among reported
organic electrodes, and is even comparable to zero-strain
inorganic electrodes, such as LiFePO4 and Li4Ti5O12.

To find out why P14AQ shows such superior electro-
chemical performance, we measured its CV curves at differ-
ent scan rates and carried out electrochemical impedance
spectroscopy (EIS) of P14AQ in different states (see Fig-
ure S7 and detailed analysis in the Supporting Information).
We ascribe the fast-discharge/charge ability to the high redox
reversibility of P14AQ (the charge/discharge voltage gap is
only 0.04 V in Figure 2b) as a result of the surface reaction
(verified by the linear relationship between peak current and
scan rate; see Figure S7a) of the amorphous quinone polymer.
For the long-term cycling stability, the absolute insolubility
(Figure 2d) is an important prerequisite, and the small change
in charge-transfer resistance (RCT) during 200 cycles (see
Figure S7 b and Table S1) also indicates the stable micro-
structure of the P14AQ electrode, probably as a result of the
amorphous morphology (see Figure S2), high molecular
weight, and high purity of the polymer.

In summary, we have developed a novel type of polymer
electrode material: polyanthraquinone. P14AQ and P15AQ
both showed high redox reversibility as cathodes for recharge-
able Li batteries, with high energy density comparable to that
of LiCoO2 (2.14 V × 263 mAhg¢1 = 563 Whkg¢1 for P14AQ
and 2.09 V × 240 mA hg¢1 = 502 Wh kg¢1 for P15AQ). The
differences in the discharge curves and cycling performance
of AQ, PAQS, P14AQ, and P15AQ are explained well by DFT

calculations and dissolution-
behavior tests, respectively.
Further electrochemical
measurements showed the
excellent fast-discharge/
charge ability (20 C, 69%)
and long-term cycling stability
(1000 cycles, 99.4 %) of
P14AQ, which takes the bat-
tery performance of organic
electrode materials to a new
level. The exceptional battery
performance of P14AQ, in
addition to its convenient sol-
ubility in chloroform and
good film-forming ability,
offer tremendous potential
for applications in the next
generation of high-perfor-
mance, sustainable, green,
and flexible energy-storage
devices.
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