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Organic batteries materials exhibit merits of diverse structures, high capacities, less pollution and abundant
sources, therefore, developing high-performance organic electrode materials is promising for the next generation
of rechargeable batteries. Various advanced organic cathode materials have been reported but most of them
possess only two charge states and can be used for one kind of battery. Thus, it is challenging to design organic
material with three charge states for two types of high-performance organic batteries with different characteristics
as needed. Herein, we designed and synthesized a polymer named P-BQPZ, which integrates maximum n-type and
p-type redox-active moieties into one stable polymer with minimum redox-inactive moieties, and thus it can be
used for two types of long-life lithium-ion batteries with different features (e.g. high capacity or output potential)
by using different redox-active sites. The cathode half-cell based on n-type redox-active reaction exhibits a high
capacity of 431.3mA hg! (2.4 Vs Li/Li*) at 50 mA g~! and a high retention of 99.95% per cycle up to 500 cycles
at 1,000 mA g~!. Furthermore, the cathode half-cell based on p-type redox-active reaction displays relatively high
output voltage of 3.1 V (vs Li/Li*, 176.6 mA h g~! at 50 mA g!) and superior retention of 99.97% per cycle at
500 mA g~! for 1,000 cycles. More importantly, two kinds of all-organic batteries by using P-BQPZ cathode also

operate well.

1. Introduction

Lithium-ion batteries (LIBs) have attracted much interests as the
dominant energy storage systems [1-4]. Most traditional and commer-
cial LIBs have been using inorganic electrode materials, which face chal-
lenges of scarce sources, toxicity, environmental pollutions and low spe-
cific capacities [5-9]. Therefore, it is essential to find alternative elec-
trode materials for the increasing energy demands of the society and
human beings. Compared to inorganic electrode materials, organic elec-
trode materials are naturally abundant, nontoxic and environmentally
friendly, which makes them promising for the large-scale utilization of
LIBs in the future. More importantly, organic materials exhibit highly
designable structures and light atomic weights, likely leading to tunable
functions and high specific capacities [10-13].

Normally, organic electrode materials can be categorized into three
types based on the redox reactions: n-, p- and bipolar-type [14,15]. N-
type materials intend to be reduced from their neutral state and result in
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negatively charged states, such as those containing C =0, C=Cand S-S
groups [14,15]. P-type materials typically intend to be oxidized from
their neutral states and lead to positively charged states, such as triph-
enylamine derivatives and conductive polymers containing -NH groups
[16,17]. These two types of materials generally containing only one type
of redox pair and thus could be used for one type of battery. But bipolar-
type materials could possess both n-type and p-type redox reactions,
which then could generate two redox pairs, such as those containing or-
ganic radicals [14,18]. Therefore, two types of organic batteries by using
the same bipolar starting material could be designed and fabricated.

So far most reported advanced organic cathode materials could ex-
hibit only n-type or p-type redox reactions with two charge states includ-
ing neutral state and one charged state (positively or negatively charged
states) [19]. However, it’s a great challenge and has not been reported
to design and obtain an organic cathode material which possesses three
charge states and be used for two kinds of LIBs with different charac-
teristics. With this material, different batteries having different perfor-
mances might be chosen and applied as required.
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Scheme 1. Our strategy to obtain two types of batteries by using one stable polymer with three charge states. P-BQPZ is synthesized at its neutral state. When n-type

redox reaction happens, P-BQPZ can be reduced to its negatively charged state with combining Li* from the electrolyte. While p-type groups are redox sites, P-BQPZ
can be oxidized to its positively charged state with combining ClO,~ from the electrolyte.
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Fig. 1. Synthesis route and material characterizations of P-BQPZ. (a) The synthesis route of P-BQPZ. (b) The TGA test of P-BQPZ. (¢) The !3C solid state NMR
spectrum of P-BQPZ. (d) The XPS survey spectrum of P-BQPZ. (e) The FT-IR spectra of P-BQPZ, TABQ and TCPZ.
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Fig. 2. Electrochemical performance of the cathode half-cell based on n-type redox reaction of P-BQPZ between 1.2 and 3.6 V (vs Li/Li*). (a) Lithiation/delithiation
processes of P-BQPZ. (b) Cyclic voltammetry (CV) curves for consecutive three cycles at 0.3 mV s~!. (¢) Cycling performance at a current of 1000 mA g~! for 500

cycles. (d) Cycling performance at a current of 100 mA g~! for 100 cycles. (e) Rate performance at current densities of 100, 200, 500 and 1000 mA g~!

under 50 mA g1.

Herein, we proposed a strategy that integrates multiple n-type and p-
type redox-active groups into one stable polymer with minimum redox-
inactive groups (to maximize capacity) to obtain a bipolar organic cath-
ode material with three charge states, which could be used for two
types of LIBs with high performances and different features (Scheme 1)
[20,21]. In previous reports, many n-type electrode materials containing
C =0 or C = N groups can afford fast reaction kinetics and high spe-
cific capacities [15]. P-type organic electrode materials, such as polyani-
line and its derivations possessing -NH redox-active groups, can exhibit
good cycling stability and high redox potentials over 3.0 V (vs Li/Li*)
[22-26]. Ladder polymers show good thermal and electrochemical sta-
bility, which have been used for many organic batteries with long cycle
life [27,28]. So, it is believed that by integrating plenty of redox-active
C =0, C=N groups (n-type moieties) and -NH linkages (p-type moieties)
into one ladder polymer, a stable polymer possessing three charge states
could be obtained and used for two different high-performance LIBs.

Thus, a novel polymer named P-BQPZ that contains maximum redox-
active moieties of both n-type and p-type and minimum redox-inactive
groups is designed and synthesized through a simple one-step con-
densation reaction between two commercial monomers named 2,3,5,6-
tetramino-1,4-benzoquinone (TABQ) and 2,3,5,6-tetrachloro-pyrazine
(TCPZ). Two types of high-performance organic LIBs with different char-
acteristics can be assembled by utilizing its n-type or p-type redox-active
moieties in different potential ranges, respectively. Specifically, when n-
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after activation

type moieties (C = O and C = N groups) are used as redox-active sites,
the cathode half-cell exhibits theoretical and experimental capacities as
high as 446.7 and 431.3 mA h g1 (at 50 mA g, 2.4 V vs Li/Li*),
respectively, which are higher than many preciously reported organic
cathode materials (Fig. S8, Table S2). In addition, it displays good cy-
cling stability with a high retention of 99.95% per cycle up to 500 cycles
at 1000 mA g~1. On the other hand, when p-type moieties (-NH groups)
are used as the redox-active centers, the cathode half-cell not only ex-
hibits a higher working potential of ~3.1 V (vs Li/Li*) with a capacity of
176.6 mAhg~! (at 50 mA g~1) but also an excellent cycling stability with
retention of 99.97% per cycle up to 1000 cycles (at 500 mA g~1). In gen-
eral, P-BQPZ with three charge states and two pairs of redox reactions
can be used to build two long-life organic LIBs with either high capacity
or high working potential, which could be taken as needed for practical
requirements (Table 1). Furthermore, two types of all-organic batteries
based on P-BQPZ cathode are also assembled, and both of them operate
well in their voltage windows. Such one starting material, which can
be used as cathode material to fabricate two different high-performance
organic batteries, has not been reported so far. These results and our
strategy thus could offer a promising approach to design better organic
batteries materials with even higher performance to fully capitalize the
potential of next generation of rechargeable batteries based on organic
materials.
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Fig. 3. Electrochemical performance of the cathode half-cell based on p-type redox reaction of P-BQPZ between 2.6 and 4.4 V (vs Li/Li*). (a) P-type redox behavior
of P-BQPZ. (b) CV curves for consecutive three cycles at 0.3 mV s~!. (c) Cycling performance at a current of 500 mA g~! for 1000 cycles. (d) Cycling performance at
a current of 200 mA g~! for 200 cycles. (e) Rate performance at current densities of 100, 200, 500 and 1000 mA g~! after activation under 50 mA g~1.

Table 1

Comparation of the two types of batteries based on n-type or p-type redox reactions of P-BQPZ.

Reaction type ~ Redox States

Counter Ion

Capacity (50 mA g')  Working Potential

N-type
P-type

Neutral and negatively charged states
Neutral and positively charged states

Lit

clo,-

431.3mAhg!
176.6 mA h g

2.4V (vs Li/Li*)
3.1 V (vs Li/Li*)

2. Results and discussion

P-BQPZ was obtained by the polymerization reaction between TCPZ
and TABQ, of which three different carbon atoms exist (Fig. 1a). TGA
result shows that only very minor mass loss up to 300 °C under nitrogen
condition, indicating good thermal stability of P-BQPZ (Fig. 1b). Fig. 1c
gives the 13C solid state NMR spectrum of P-BQPZ, of which the peaks
at 174.6, 146.0 and 130.2 ppm match well with the desired structure
where three different carbon atoms exist (labels in blue of Fig. 1a and
1c) [29,30]. This is also supported with the observed peaks of C 1 s, N
1s,01sand Cl 2p in the XPS survey spectrum (Fig. 1d) [20,31,32]. The
FT-IR analysis reveals the existence of C = O (1623 cm~!), C = N (1538
cm~1) and -NH (3460 cm™!) redox-active groups in the structure of P-
BQPZ (Fig. 1e) [20,30,33]. Peak of -NH, bonds (3156 cm~!) and peak of
—C-Cl bonds (653 cm™1) from the starting monomers TABQ and TCPZ,
respectively, almost disappear completely after polymerization, indicat-
ing complete consumption of the monomers during the polymerization
process [34]. In its Raman spectrum, P-BQPZ displays a typical D band
(1387 cm™) and G (1517 cm™!) band, which is similar with graphene
and its derivatives (Fig. S3) [35]. P-BQPZ shows a BET surface area of
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43.1486 m? g~ with an average pore width of 5.58 nm (Fig. S4). From
its FE-SEM and EDS images (Fig. S5), P-BQPZ possesses uniform mor-
phology and elemental distribution. These results indicate that we suc-
cessfully synthesized P-BQPZ with the expected multiple redox-active
groups and stable polymer backbone.

With this bipolar material in hand, its electrochemical performances
as cathode material were carried out systematically. In the potential
range of 1.2-3.6 V (vs Li/Li"), its n-type redox-active moieties (C = O
and C = N groups) can reversibly be reduced and combine with Li*,
and P-BQPZ reversibly transform from its neutral state to negatively
charged state (Fig. 2a). Its high theoretical capacity (446.7 mA h g~1) is
confirmed with the experimental result (431.3 mA h g'! at 50 mA g™1),
which is among the best previous reports (Fig. S7, S8 and Table S2).
Its reversible redox reaction is confirmed by CV curves (Fig. 2b), which
show clear and reversible redox peaks of n-type redox reactions of P-
BQPZ. Redox peaks at 2.6, 2.7 and 3.0 V (vs Li/Li*) can be assigned to
the redox reaction of the C = O bonds, redox peaks at 2.3 and 2.2 V (vs
Li/Li*) can be attributed to the C = N bonds [30]. The cathode half-cell
based on n-type reaction displays working potential of 2.4 V (vs Li/Li%),
of which most capacity contribution is obtained in the potential range
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Fig. 4. Redox mechanisms of two types of cathode half-cells made of P-BQPZ. (a) The schematic diagram of the lithiation/delithiation processes based on n-type
redox reaction after geometry optimization by the DFT calculations. (b) Ex situ IR spectra at different lithiation/delithiation stages collected during the first cycle
between 1.2 and 3.6 V (vs Li/Li*). (c) The schematic diagram of structural changes during charge/discharge processes based on p-type redox reaction by the DFT
optimization. (d) Ex situ high-resolution N 1 s spectra at different charge/discharge stages collected during the first cycle between 2.6 and 4.4 V (vs Li/Li*).

of 1.2-2.6 V (vs Li/Li*). A high reversible capacity of 213.3 mA h g~!
can be retained after 500 cycles under current of 1000 mA g~! with a
high retention of 99.95% per cycle (Fig. 2c). A high reversible discharge
capacity can be observed under a current of 100 mA g~! (Fig. 2d). Su-
perior reversible capacities of 348.4, 333.0, 314.0 and 305.2 mA h g~!
can be obtained under current densities of 100, 200, 500 and 1000 mA
g1, respectively, which presents excellent rate performance (Fig. 2e).
The electrochemical performance of the cathode half-cell based on
p-type redox reaction of P-BQPZ in the potential window of 2.6-4.4 V (vs
Li/Lit) was also studied. -NH groups of P-BQPZ can be oxidized when
charged, along with the formation of -NH* bonds and the combination
with ClO4~ from the electrolyte, during which P-BQPZ can transform
from its neutral state to positively charged state (Fig. 3a) [36,37]. It
gives higher working potential of 3.1 V (vs Li/Li*) with a capacity of
176.6 mA h g~ at 50 mA g~! (Fig. S11). A high retention of 99.97%
per cycle after 1000 cycles under 500 mA g~! can be achieved, which
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reveals good cycling stability (Fig. 3c). The cathode half-cell based on
p-type redox reaction also displays good rate performance, and only
subtle capacity decay can be observed when increasing current densi-
ties (Fig. 3e). The first cycle of the CV curves of the cathode half-cell
based on p-type redox reaction displays irreversible redox peaks, cor-
responding to the irreversible side reactions of the electrolyte, which is
common in polyaniline-based electrode materials (Fig. 3b) [38,39]. It
shows comprehensively high potential and capacity among the p-type
organic cathode materials for LIBs (Fig. S11, Table S3).

The proposed two-step redox processes of its n-type redox reaction in
the potential range of 1.2-3.6 V (vs Li/Li*) and DFT calculation results
were shown in Fig. 4a [20,40,41]. The calculations were conducted on
the two repeating units of P-BQPZ, and two-step two-electron transfer
processes can be confirmed. The first four Li* are combined by four O
atoms of C = O groups and the adjacent four N atoms of N-H groups,
forming four five-member rings (C-O-Li-N-C) [20,30]. Then the reduc-
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tion reaction take place on C = N bonds with Li* combined by four N
atoms of C = N groups and another four N atoms from N-H bonds nearby
[42]. Two repeating units of P-BQPZ could keep its planer structure after
insertion of 8 Li* (Figure S14a). The sum of the electronic and thermal
free energies of these three states are —1803.181641, —1833.544773
and —1863.621835 Hartree, respectively, and the energy changes of
these two lithiation processes are negative, which suggests the sponta-
neous features of the two-step lithiation processes. To confirm the mech-
anism of the n-type redox reaction of P-BQPZ, ex situ IR tests were con-
ducted to study the changes of chemical bonds during discharge/charge
processes (Fig. 4b). Peaks of C= 0 (1618 cm~!) and C = N (1539 cm™1)
bonds become weaker when discharged to 1.2 V (vs Li/Li*), and the
peak of C-OLi bonds at 1313 cm~! emerges at the same time, which
reveals that the reduction of C = O and C = N bonds [31,43]. When
charged to 3.6 V (vs Li/Li*), the peak of C-OLi bonds disappears, and the
peaks of C = O and C = N groups recover, which shows good reversibil-
ity of the cathode half-cell based on n-type redox reaction. We further
conducted ex situ XPS experiments to verify these redox processes (Fig.
$13). It can be seen that peaks of O-Li and N-Li bonds appear after dis-
charging and disappear after charging [44], along with the strengthen-
ing and weakening of the peak of Li 1 s, respectively. This means that
the intercalation/de-intercalation of Li* into/from the C = O and C = N
bonds happen during the n-type discharge/charge processes.

For p-type redox reaction mechanism, we also optimized the struc-
ture of the two repeating units of P-BQPZ during the redox process
in the potential window of 2.6-4.4 V (vs Li/Li*) by DFT calculations
(Fig. 4c). The results show that ClO,~ anions from the electrolyte exist
near the -NH* bonds when the P-BQPZ is oxidized. The molecular back-
bone keeps its planer structure, which shows little structural changes
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1 between 0.1 and 2.7 V. (c) Cycling performance of the full cell based on p-type redox reaction of P-BQPZ at current of 50 mA g~! between 0.1 and 3.4 V.

and thus improved stability during the charge/discharge processes (Fig.
S14b) [45]. We also conducted ex situ XPS tests to confirm the reac-
tion process of the cathode half-cell based on p-type redox reaction. The
high-resolution N 1 s XPS spectrum of the as-prepared electrode exhibits
a peak of N = C and N-C bonds at 400.2 eV after being immersed into
the electrolyte (Fig. 4d) [46]. When charged to 4.4 V (vs Li/Li"), a peak
of -NH* bonds at 402.0 eV arises, which is caused by the oxidation of -
NH bonds [47,48]. The peak of -NH* bonds disappears after discharging
to 2.6 V (vs Li/Lit), which shows good reversibility of the p-type redox
reaction. The peak of Cl 2p increases after charging and decreases af-
ter discharging, which is attributed to the insertion/deinsertion of Cl1O,~
into/from the P-BQPZ, while the peak of Li 1 s shows the opposite trends
(Fig. S15) [31]. Reversible appearance/disappearance of peaks at 1061
and 617 cm™! from ClO,~ can also be observed by ex situ IR tests for
cathode half-cell based on p-type reaction (Fig. S16) [49]. Therefore,
the studies of ex situ XPS, IR and DFT calculations verify the proposed
p-type reaction mechanism and also good reversibility.

Furthermore, we evaluated the actual electrochemical performance
of the two types of all-organic batteries built by using two redox pairs
of P-BQPZ. The anode material is lithium terephthalate (Li,TP), which
is a common organic anode material for LIBs and synthesized accord-
ing to the previous route from literatures [50-52]. Two types of all-
organic cells based on P-BQPZ cathode and Li, TP anode were fabricated
and both could operate well in the propriate voltage ranges (Fig. 5,
S18 and S19). The redox processes of the all-organic batteries based
on n-type and p-type redox reactions of P-BQPZ are given in Fig. 5a.
The all-organic battery based on n-type redox reaction of P-BQPZ gives
high practical capacity over 200 mA h g~! at current of 500 mA g~}
in the voltage of 0.1-2.7 V, which is stable during the following cycles
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(Fig. 5b). The full cell based on p-type redox reaction of P-BQPZ dis-
plays a capacity of ~100 mA h g~! at 50 mA g~! between 0.1 and 3.4 V
(Fig. 5¢).

3. Conclusions

In this study, we demonstrated the design and synthesis of P-BQPZ
with three charged states for two types of high-performance organic LIBs
with different characteristics as needed. P-BQPZ is designed to combines
maximum multiple redox-active groups (n-type and p-type moieties),
minimum redox-inactive groups and stable polymer backbone. The cath-
ode half-cell based on n-type redox reaction shows high retention and
high capacity of 431.3 mA h g~! (at 50 mA g~!) with a working potential
of 2.4 V (vs Li/Lit), while the cathode half-cell based on p-type redox
reaction displays high cycling stability and higher output potential over
3.0 V (vs Li/Li*) with a capacity of 176.6 mA h g! (at 50 mA g~1). Two
types of all-organic batteries based on n-type and p-type reactions of P-
BQPZ have been successfully fabricated and workable with one starting
battery cathode material. These results demonstrated that P-BQPZ is an
excellent organic cathode material with three charge states (two redox
pairs) and different characteristics, and our proposed design strategy is
promising to obtain better organic batteries materials with even higher
performance to fully capitalize the potential of future organic batteries.
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