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Abstract: According to the evidence from both theoretical
calculations and experimental findings, conjugated ladder
polymers containing large p-conjugated structure, a high
number of nitrogen heteroatoms, and a multiring aromatic
system, could be an ideal organic anode candidate for lithium-
ion batteries (LIBs). In this report, we demonstrated that the
nanostructured polyazaacene analogue poly(1,6-
dihydropyrazino[2,3g]quinoxaline-2,3,8-triyl-7-(2H)-ylidene-
7,8-dimethylidene) (PQL) shows high performance as anode
materials in LIBs: high capacity (1750 mAhg¢1, 0.05C), good
rate performance (303 mAh g¢1, 5C), and excellent cycle life
(1000 cycles), especially at high temperature of 50 88C. Our
results suggest nanostructured conjugated ladder polymers
could be alternative electrode materials for the practical
application of LIBs.

Although rechargeable lithium-ion batteries (LIBs) have
been widely used as the power source for portable electronics,
they still cannot meet the emerging requirements in high-
energy and high-power applications such as plug-in electrical
vehicles (EVs) and hybrid electrical vehicles (HEVs).[1] Thus,
developing new electrode materials, which can deliver higher
capacities with high cycling stabilities when they are charged/
discharged at high currents, is highly desirable.[2]

To address these issues, many redox-active inorganic
electrode materials including transition metal oxides, metals,

and their alloys have been strongly investigated.[3] Although
these materials have been predicted to show very high
theoretical Li intercalation capacity compared with that of
commercially used electrode materials, the practical lithiation
process in most of these materials is affected by the significant
volume expansion (up to 150 %), which could cause the
pulverization of the materials and lead to the poor charge/
discharge cycling performances. Even though some improve-
ments on the cycle ability and specific capacity have been
approached through materials nanoengineering, the preser-
vation of high capacities after numerous charge/discharge
cycles is very challenging due to the nanoparticlesÏ aggrega-
tion and their structural collapse during the insertion or
extraction of Li ions. Therefore, searching novel alterative
materials to solve current problems in LIBs is urgent.[4]

Organic compounds could be promising candidates for
electrode materials because they have been widely considered
as promising candidates to construct flexible, stretchable, low-
cost, and potentially high-capacity LIBs.[5] Moreover, organic
synthesis could allow scientists to tune materials properties
through structural control and the selection of functional
groups. Current research on organic electrode materials
mainly focus on organodisulfides,[6] nitroxyl radical poly-
mers,[7] semiconducting polymers,[8] organic salts,[9] and con-
jugated carbonyl compounds (e.g., quinones and tetracarbox-
ylic dianhydrides).[10] Although some of them have already
shown promising electrochemical performance, such applica-
tions are limited to cathodes rather than anodes owing to their
relatively high redox potentials (typically 1.5–4.0 V vs. Li+/
Li). Moreover, the LIB applications of nanostructured
organic materials still remain unexplored. Reports in liter-
ature are still rare and our ability to design high-efficient
organic materials that may achieve large specific capacities at
very high current densities is still limited.

Recently, organic polymers with a stable skeleton have
been proven to be an efficient strategy to address these
problems, because they are completely insoluble in organic
electrolytes. Moreover, their performance could be further
enhanced through nanoengineering. On the other hand, each
benzene ring in a conjugated system can reversibly accept 6Li
ions to form a Li6/C6 complex.[11] If heteroatoms are
introduced to conjugated organic systems, redox reactions
are more likely to occur on the center with lone pair electrons
(e.g., O, N).[12] These experimental results coupled with the
theoretical calculations indicate that multiring aromatic
systems with heteroatom “doping” could be a promising
alternative.

Our group has been working on oligoazaacenes for a long
time.[13] Oligoazaacenes are electron-deficient systems and
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the solubility deteriorates with the increasing length. In
addition, we also found that nanostructured poly(benzobisi-
midazo benzophenanthroline) showed excellent electrochem-
ical performance as anode material for LIBs.[14] This knowl-
edge strongly encouraged us to prepare the polyazaacene
analogue poly(1,6-dihydropyrazino[2,3g]quinoxaline-2,3,8-
triyl-7-(2H)-ylidene-7,8-dimethylidene) (PQL), which exhib-
its a large p-conjugated structure, a high number of nitrogen
heteroatoms, and a multiring aromatic system. Such a material
should be an ideal organic anode candidate for LIBs.

The PQL was prepared by the reaction between 2,5-
dihydroxy-1,4-benzoquinone and 1,2,4,5-tetraaminobenzene
tetrahydrobromide (TAB·4HBr) in 116 % polyphosphoric
acid (PPA) at 190 88C for 10 h (Scheme 1).[15] The nanoparticles
of PQL were fabricated by dissolving PQL in methanesul-
fonic acid (MSA), followed by reprecipitation with water. The
centrifuge-separated, washed, and dried particles were used
as anode materials for rechargeable LIBs.

The as-prepared pristine PQL and PQL nanoparticles
were characterized by Fourier transform infrared (FTIR)
spectroscopy (Figure 1a). In agreement with previous reports
for pristine PQL,[16] the absorption peak observed around
3300 cm¢1 was due to N¢H stretching vibrations. The
absorption peaks in the range of 1612–1250 cm¢1 can be
assigned to the stretching vibrations of the C=N and C¢N
bonds whereas the peak at 840 cm¢1 is associated with the

skeletal vibrations of the phenazine ring. In the spectrum of
partly doped PQL nanoparticles, the stronger absorption
peaks at 1460 and 840 cm¢1 are due to the increased vibrations
of C=N and the phenazine ring, indicating the enhanced
conjugated structure of the PQL main chain.[16] The results
are also verified by electrical conductivity measurements. The
conductivity of pristine PQL and PQL nanoparticles was
measured by the four-point method and found to be 1 ×
10¢5 Scm¢1 and 2.1 × 10¢3 S cm¢1, respectively. XRD patterns
of pristine PQL and PQL nanoparticles are shown in Fig-
ure 1b. Two small board peaks around 1088 and 2788 suggest the
weak crystallinity of both materials. The similar FTIR and
XRD results indicated that the structure of PQL has no
change after nanoengineering. As shown in Figure S1, pristine
PQL is largely aggregated, whereas after reprecipitation,
PQL formed nanoparticles (Figure 2). The diameter of PQL

nanoparticles is about 40–60 nm. The thermal stability of
PQL nanoparticles was also investigated. As shown in TGA
curves (Figure S2), the PQL nanoparticles display a very good
thermal stability (� 400 88C) in air, which indicates that PQL
could be used as an electrode material at high temperature.

The electrochemical performance of PQL nanoparticles
was evaluated in comparison with lithium metal in coin-type
cells. To investigate the redox behavior of PQL, the cyclic
voltammetry (CV) measurement was initially performed in
the voltage range of 0.0–3.0 V at a scan rate of 0.1 mVs¢1 at
ambient temperature (ca. 25 88C), as shown in Figure 3a.
Notably, there are some differences in the CV curves
(especially for the lithiation brand) between the first and
subsequent cycles. During the first cathodic scan, the peak at
around 1.4 V can be attributed to the addition of lithium to
nitrogen atoms and the occurrence of some side reactions
(e.g., the removal of H atoms from sp3 N centers). The
discharge (lithiation) completed with a sharp current decli-
nation from 0.8 V is ascribed to Li+ ion intercalation into C6

aromatic rings and the formation of a solid electrolyte
interphase (SEI) film at the electrode–electrolyte interface.
On the reverse charge sweep, a current hump starting at ca.
0.1 V and extending to about 1.6 V is investigated, corre-
sponding to the extraction processes of Li+ ions from lithiated
PQL step by step. From the second cycle onwards, the CV
curves almost overlap, indicating the stable and superior

Scheme 1. Synthesis of the ladder polymer PQL.

Figure 1. a) FTIR spectra and b) XRD patterns of PQL.

Figure 2. FESEM images of PQL nanoparticles. a) Low-resolution
micrograph of the large quantity of PQL nanoparticles. b) High-
resolution image of PQL nanoparticles.
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reversibility of PQL nanoparticles. Figure 3b shows galvano-
static discharge/charge profiles of PQL nanoparticles for the
first three cycles at a current density of 100 mA g¢1 between
0.0 and 3.0 V. In the first discharge process (Li+ intercalation),
the potential sharply drops from open-circuit voltage (OCV)
of 3.05 V to 2.1 V, followed by slowly tapering off to ca. 0.8 V
and then to 0.0 V. Upon subsequent charging, a sloping curve
is presented. Thus the observed electrochemical discharge/
charge characteristics agree well with the CV behavior. The
initial specific discharge and charge capacities reach 1992 and
995 mAhg¢1, respectively, with a Coulombic efficiency of
49.9%. The large capacity loss (997 mAhg¢1) is mainly
attributed to irreversible reactions (e.g., decomposition of
electrolyte) to form a SEI film, which is a common character
for LIB anodes in the first cycle.[17] But, the reversibility of
lithium insertion and extraction is found to be greatly
enhanced in the subsequent second and third cycles, e.g.,
delivering 1231 (discharge) and 1020 mAhg¢1 (charge) in the
second cycle. Additionally, the PQL electrode demonstrates
an outstanding capacity retention performance. The specific
capacity versus cycle number was studied at a rate of
100 mA g¢1 (Figure 3c). It shows a very interesting phenom-
enon, that is, a remarkable increase in the capacity upon
cycling, which has rarely been observed in previous organic
electrodes.[11, 12,18] The capacity increase is probably due to:
1) slow activation of electrode materials with more reaction
sites during cycling,[19] and/or 2) gradual interfacial lithium
storage in nanostructured PQL.[20] After 100 cycles, both the
discharge and charge capacities were sustained at around

a large value of 1550 mAh g¢1, which is several times higher
than any value reported for organics (e.g., 450 mAh g¢1 for
ellagic acid[21] and 400 mAhg¢1 for polyparaphenylene[22]),
and even superior to state-of-the-art metal-oxide anodes (e.g.,
920 mAhg¢1 for Fe2O3

[23] and 950 mAh g¢1 for Co3O4
[24]).

The reversible capacity, 1550 mAhg¢1, is astonishingly
high and corresponds to twelve lithium intercalations per unit
formula of PQL monomer. This result clearly demonstrates
a novel lithium storage mechanism that challenges the
traditional model of only one Li being intercalated into
each C6 ring in graphite material (LiC6, 372 mAh g¢1). As
depicted in Scheme 2, besides possible electrochemical lith-
iation at four nitrogen centers of PQL (step I), we believe that
a maximum of twelve Li ions may be added on the
unsaturated carbons of C6 rings by forming a Li6/C6 complex
(step II), which has also been shown for some multiring
aromatic compounds.[11, 14] The use of usual characterization
techniques (such as NMR spectroscopy, XPS, or PXRD) to
understand the mechanism failed because of the extremely

Figure 3. Electrochemical performance of PQL nanoparticles at ambient temperature. a) CV curves scanned at 0.1 mVs¢1. b) Galvanostatic
discharge/charge profiles for the first three cycles at 100 mA g¢1. c) Cycling performance at 100 mA g¢1. d) Rate capability.

Scheme 2. Diagrams for the proposed electrochemical reactions of
PQL.
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poor solubility of the material, too broad peaks, and a poor
crystallinity. To further understand our results, density func-
tional theory (DFT) calculations with protonated azatetra-
cene as a model were performed (Supporting Information).
Our result (Figure S3) suggests that the stepwise insertion of
Li ions into protonated azatetracene shows significant lower
free energy than those of unsubstituted aromatics.[11] The
result of calculations is also similar to previous results using
multiring aromatic compounds with carbonyl groups.[11]

Based on the above assumption (overall 14 lithium insertion),
the theoretical capacity of PQL is calculated to be
1822 mAh g¢1. Owing to the effect of kinetics (current
density), the practical Li-ion insertion capability
(1550 mAh g¢1, twelve lithium insertion) is slightly inferior
to the theoretical values.

PQL shows a promising electronic conducting property
(2.1 × 10¢3 Scm¢1), an important factor to achieve expected
high-C-rate performance, which not only decreases the
impedance of the electrode, but also facilitates the electron
transfer inside the material. The cycling response of PQL
nanoparticles at different C rates (each sustained for ten
cycles) is illustrated in Figure 3 c. A rate of nC is defined as
a full charge/discharge of the theoretical capacity in 1/n hour.
Here, 1 C equals a current density of 1822 mAg¢1. As seen
from Figure 3c, the electrode can deliver specific discharge
capacities of 890, 765, 666, 525, 405, 298, and 203 mAh g¢1

during the 10th cycle at current rates of 0.1, 0.25, 0.5, 1, 1.5,
2.5, and 5 C, respectively. When the current density returns to
0.1 C, the capacity is able to immediately recover to its initial
capacity. Moreover, the discharge/charge profiles at various
rates during the 10th cycle were also drawn (Figure S4); and
the contour of voltage versus capacity curve obtained at
higher current rates is very similar to that at the low rate of
0.1 C, suggesting an insignificant polarization.

Since PQL shows a reasonable thermal stability up to
400 88C (Figure S2), the electrochemical activities of PQL
nanoparticles at a high operating temperature of 50 88C were
explored. As revealed by electrochemical impedance spectra
(EIS) in Figure S5a, the lithiation kinetics of electrochemical
reactions in the PQL electrode are enhanced remarkably at
50 88C. According to our simulations (Figure S5b and
Table S1), the charge-transfer resistance (Rct) at 50 88C is
found to be about 105 W, whereas that at ambient temper-
ature has a higher value of 175 W. Higher charge-transfer rates
are favorable to reach higher capacity and superior rate
capability at 50 88C (Figures 4 and S6–S8). The galvanostatic
discharge/charge profiles (current density: 100 mAg¢1,
0.05 C) at 50 88C shown in Figure S6 are very similar to those
obtained at ambient temperature (Figure 3b), undergoing
similar redox reactions. As predicted, more lithium ions are
reversibly stored in PQL molecules. At 50 88C, the electrode
offers specific discharge and charge capacities of 2404 and
1140 mAh g¢1 in the first cycle, respectively. In the second
cycle, the lithium uptake and removal are highly reversible,
showing discharge and charge capacities of 1249 and
1146 mAh g¢1, respectively. During 100 cycles (Figure S7),
the capacity is gradually increased and finally sustained at
around 1770 mAh g¢1, corresponding to 13.6 Li per unit
formula, which comes closer to the theoretical values

(1822 mAh g¢1, insertion of 14 lithium) compared to the
ones at ambient temperature. Furthermore, the rate perfor-
mance of PQL at 50 88C was also investigated (Figures 4a and
S8). It can be seen that at current rates of 0.1, 0.25, 0.5, 1, and
1.5 C, Li ion insertion capacities during the 10th cycle are
found to be 1010, 869, 775, 609, and 489 mAh g¢1, respectively.
Surprisingly, even at higher rates of 2.5 and 5 C, reversible
capacities of 385 and 303 mAhg¢1, respectively, can still be
obtained. More surprisingly, as shown in Figure 4b, the PQL
electrode can be successfully cycled for 1000 times under
a high temperature of 50 88C and a high rate of 2.5 C
(4555 mAg¢1). Analogous to the cycling behavior at low
current (Figures 3 c and S7), the specific capacity is increased
upon repeated lithium uptake/removal, and stabilized at
around 500 mAh g¢1 after 1000 cycles, indicating a high and
fast accessibility for lithium insertion/extraction into/from
PQL. To the best of our knowledge, such cycling performance
in terms of long lifecycle (1000 cycles), high capacity
(500 mAhg¢1), high rate (4555 mAg¢1), and high operating
temperature (50 88C) is the best performance among the
organic-molecule-based anode materials reported so far,[5c]

and even superior to some of the state-of-the-art inorganic
metal-oxide active materials (see Table S2). In comparison,
the electrochemical activities of PQL nanoparticles at low
operating temperature were also explored (Figures S9 and
S10) and the capacity of PQL at 0 and ¢20 88C are 352 and
108 mAhg¢1, respectively. The poor electrochemical perfor-
mance might be due to low lithiation insertion into the PQL
electrode and the restricted charge transfer of electrolyte at
low temperature.

In conclusion, the nanoparticles of PQL have been
prepared by using a reprecipitation method. The as-prepared

Figure 4. Electrochemical performance of PQL nanoparticles at 50 88C.
a) Rate capability. b) Long-term cycling performance at a high rate of
4555 mAg¢1 (2.5 C).
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ladder polymer PQL nanoparticles show high performance as
anode materials in LIBs, not only at room temperature but
also at high operating temperature (50 88C). For example, at
50 88C, PQL can achieve a high reversible capacity of
1770 mAh g¢1 at a low rate of 0.05 C, and deliver a capacity
of 303 mAh g¢1 at a high rate of 5 C, and even sustain
a capacity of 500 mAh g¢1 after 1000 charge/discharge cycles
at a rate of 2.5 C. Our results show that conjugated ladder
polymer nanostructures, which containing a high number of
nitrogen heteroatoms, could be promising candidates for
organic anode materials.

Keywords: anode materials · electrochemistry ·
ladder polymers · lithium batteries · polyazaacene analogues
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