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An extended conjugated bipolar cathode material is developed for
rechargeable Mg batteries, which undergoes p- and n-doping with
charge delocalized to the large conjugated structures. The extended
conjugated structure guarantees large charge density change and
structure stability, leading to high capacity and good cycling stability.

With the rapid development of portable electronic devices and
electric vehicles, it is urgent to develop high-performance, low-
cost and environmentally friendly electrochemical energy-storage
systems. Due to the abundant mineral resources, exploration of
non-Li-ion batteries such as Na-, K-, Al- and Mg-ion batteries has
gradually attracted the attention of researchers. Among them,
rechargeable Mg batteries (RMBs) draw special interest because
of the prominent advantages of the Mg metal anode, including
high theoretical volume capacity (3833 mA h cm™®), low
reduction potential (—2.37 V vs. SHE), and low tendency to form
dendrites during deposition.'® These properties make RMBs a
potential post-Li-ion battery energy-storage technology with great
application potential.

Currently, the development of cathode materials is the main
difficulty of RMBs. The high polarity of Mg>" makes it hardly able
to intercalate into the inorganic crystal lattice, and most reported
inorganic cathodes show low capacities and inferior kinetic
performances.”® In contrast, organic conjugated polymers are
promising cathode materials for RMBs because of the amor-
phous structures, delocalized negative charge and diverse
designabilities."®"> The negative charge delocalization weakens
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the interaction with the Mg®" cations, the amorphous structures
favor the solid-phase Mg”* diffusion, and the wide designability
provides abundant structure selections. In particular, organic
polymers with large conjugated structures are more favorable
since they can more effectively alleviate the charge density change
caused by Mg-association."*™** Considering the structure feature
of large conjugated polymers, they could be designed as bipolar
cathodes for RMBs with high specific capacities via full utiliza-
tion of the charge density change during p- and n-doping.
Therefore, in the present study, a large conjugated polymer is
constructed by a combination of perylenetetracarboxylic diimide
(PTCDI) and triphenylamine (tBA) units, which act as n- and p-
doping groups, respectively (PI-P-tBA, Fig. 1a). Moreover, the
covalent bonds between PTCDI and tBA groups guarantee con-
jugation of the perylene and benzene units, hence improving
structure stability and specific capacity. Also, the inner space
built by the polymer provides space for solid-state Mg?* diffusion
to improve the reaction kinetics.

PI-P-tBA was synthesized by a one-step imidization reaction
(Fig. S1, ESIY) of perylenetetracarboxylic dianhydride (PTCDA) and
tris(4-aminophenyl)Jamine (TAPA) according to a molar ratio of 3: 2
(dianhydride and amino groups of 1:1).'® The structures of tBA (p-
type), PTCDI (n-type) and PI-P4BA are shown in Fig. 1a. XRD
(Fig. 1c), FT-IR (Fig. 1d) and Raman (Fig. 1e) were carried out to
confirm the success of synthesis. As shown in the XRD patterns
(Fig. 1c), the reactants of PTCDA and TAPA show obvious crystal
characteristics, while PI-PtBA is amorphous, demonstrating the
occurrence of the reaction. FT-IR spectra (Fig. 1d) reveal the active
groups of PI-PtBA and the reactants, including the amino and
carbonyl groups. The peaks of amino groups (-NH,) of TAPA at
3400 and 3336 cm~ ' completely disappear in PI-P-tBA, demon-
strating the imidization. Meanwhile, two peaks ascribed to C-N
bonds appear in PI-PtBA at 1360 and 1330 cm ™', which are
attributed to the bonding with the PTCDI and tBA units,
respectively. The original C-N bond in TAPA is located at
1329 cm™'. Moreover, the peaks of carbonyl (C=0) also show

an obvious shift to low frequencies from 1680-1800 cm™ ' in
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(a) Structures of tBA, PTCDI and PI-P-tBA, (b) theoretical capacities of tBA and PTCDI in PI-P-tBA (calculation details in Fig. S2, ESIT), (c) XRD

patterns, (d) FT-IR and (e) Raman spectra of TAPA, PTCDA and PI-P-tBA, and (f) HOMO and (g) LUMO of PTCDI with two tBA units.

PTCDA to 1600-1700 cm ™' in PI-P-tBA,"”"*® which is a character-
istic feature of synthetic polyimides. The changes of amino and
carbonyl groups are also reflected in the Raman spectra (Fig. 1e).
The peaks of conjugated structure, amino and carbonyl groups
are at 1260-1380, 1380-1460 and 1540-1600 cm ™, respectively.
The above results fully demonstrate the successful synthesis of
PI-P-tBA. A repeating unit of PI-P-tBA (PTCDI with two tBA units)
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was selected to calculate the HOMO and LUMO (Fig. 1f and g). It
is observed that the HOMO is mainly distributed at the two tBA
units, indicating that they are introduced as p-doping groups.
The LUMO is mainly distributed at the PTCDI units.

The electrochemical performances of PI-P-tBA were com-
paratively investigated within voltage ranges of 0.2-2.8 V and
0.2-3.2 V at 50 mA g ' to illustrate the n- and p-doping
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Fig. 2 (a) Charge/discharge profiles (50 mA g™?), (b) cycling performance (50 mA g~%) and (c) rate performance of PI-P-tBA with 0.2-2.8 V. (d) Charge/
discharge profiles (50 mA g%, (e) cycling performance (50 mA g~ and (f) rate performance of PI-P-tBA with 0.2-3.2 V. (g) CV profiles of PI-P-tBA at 0.1
mV s~ with the potential ranges of 0.2-2.8 and 0.2-3.2 V. (h) Long-term cycling of PI-P-tBA (first at 50 mA g~* and then at 500 mA g™?%).
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properties. As shown in Fig. 2a and b, PI-P-tBA shows a
reversible capacity of 105 mA h g~' within 0.2-2.8 V, which is
in accordance with the two-electron enolization capacity of the
PTCDI units (104 mA h g%, Fig. 1b). Although large conjugated
PTCDI-based polyimides were proved in previous work indicating
that enolization beyond two-electron can be achieved,'® the
introduction of an electron donor group (tBA) reduces the
electron-accepting ability of PI-P-tBA, and thus resulting in a
decrease in n-doping capacity. After 10 cycles of activation, the
maximum capacity is reached and maintained, and the polariza-
tion decreases with cycling. The reversible capacities of PI-P-tBA
increase significantly from 105 to 250 mA h ¢~ ' upon the increase
of the upper voltage from 2.8 to 3.2 V (Fig. 2d and e), corres-
ponding to about a five-electron redox of PI-P-tBA (Fig. 1b,
theoretical five-electron capacity of 260 mA h g~ ). Besides the
one-electron p-doping capacity of the tBA unit (50 mA h g~ %), and
the n-doping (enolization) of PTCDI is also improved (from 105 to
200 mA h g™ ") by increase of the upper voltage from 2.8 to 3.2 V,
which also demonstrates the advantages of a large conjugated
structure in high capacity via charge delocalization. The coulom-
bic efficiency is higher than 100% for 0.2-3.2 V, suggesting that
there might be slight dissolution of the discharged electrode
materials. It is seen in Fig. 2e that PI-P-tBA maintains excellent
cycling stability after the voltage range was widened to 0.2-3.2 V,
which demonstrates the advantages of large conjugated polymers
in the enhanced charge density change and improved structure
stability during redox reactions. As shown in Fig. 2f, PI-P-tBA
exhibits excellent rate performance within 0.2-3.2 V, delivering
243, 230, 205, 169 and 152 mA h g’l, respectively, at 50, 100, 200,
500, 1000 and 2000 mA g~ ' (charge and discharge curves shown
in Fig. S6, ESIt).

To better compare the electrochemical performance differ-
ences with different potential ranges, cyclic voltammetry (CV)
tests of 0.2-2.8 V and 0.2-3.2 V were performed for PI-P-tBA.
Fig. 2g compares the CV curves after the activation. It is
observed that the peak intensities are much higher with 0.2-
3.2V, indicating the enhanced redox activity of PI-P-tBA upon
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widening of the potential range. Significantly, such an enhance-
ment is not only because of the p-doing within 2.8-3.2 V. But
also, the n-doping within 0.2-2.8 V is also improved, reflected as
increased current densities from 0.2-2.8 V. Moreover, the
potential differences between the redox peaks decrease when
the voltage range changes from 0.2-2.8 V to 0.2-3.2 V, indicating
lower polarization and better reaction reversibility. Fig. S7c
(ESIT) shows the CV comparison of the first few cycles and after
activation with 0.2-3.2 V. It is clearly observed that the current
densities are similar to those within 0.2-2.8 V during the initial
cycles, while largely enhanced after the activation. Fig. 2h shows
that high cycling stabilities are achieved for PI-P-tBA in both
voltage ranges, providing 600-cycle capacity retention rates of
96% and 91%, respectively, for 0.2-2.8 V and 0.2-3.2 V.

To unveil the reaction mechanism of PI-P-tBA, the cathodes
at charged and discharged states with different voltage ranges
were characterized by FT-IR (Fig. 3a). It is observed that the C—=0
peaks (1740-1600 cm™ ') at the discharged state shift slightly
towards the low frequency region compared with those in the
charged state, which is a typical feature of C—=O0 enolization and
association with Mg”* cations. More importantly, the stretching
vibration of C-N bonds of two chemical states is observed at
1300-1400 cm™ . The peak at 1360 cm™ " corresponds to the C-N
bond of the PTCDI unit, whose peak intensity is weakened in the
discharged state. This is attributed to the electron cloud density
changes at discharge, during which the electron is delocalized to
the conjugated structure, resulting in a more uniform distribu-
tion of electrons and hence a decrease of dipole moment of the
C-N bond. Moreover, it is apparent that the peak intensity change
is more obvious when cycled with 0.2-3.2 V than with 0.2-2.8 V,
indicating that the overall conjugation degree is significantly
improved and the charge delocalization is enhanced upon
increasing the upper voltage. In contrast, for the C-N bond
corresponding to the tBA unit at 1330 cm ™', the peak intensity
decreases in the charge state. This is because the tBA unit is an
electron donor and loses electrons during the charge process,
resulting in a decreasing dipole moment of the C-N bond and a
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Fig. 3 (a) FT-IR spectra of PI-P-tBA in the pristine and charge/discharge states with the voltage ranges of 0.2-2.8 V.and 0.2-3.2 V. (b) C 1s, (c) O 1s and
(d) N 1s XPS spectra of PI-P-tBA in the pristine and charge/discharge states in the voltage range of 0.2-3.2 V. (e) Proposed redox mechanism of PI-P-tBA.
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significant decrease in peak intensity. In addition, the change of
the C-N bond peak intensity with 0.2-3.2 V is much larger than
that with 0.2-2.8 V. This further demonstrates the advantages of
PI-P-tBA as a bipolar cathode for RMBs, namely enhanced charge
density changes (n- and p-doping) and electron delocalization
with a large conjugated structure and wide voltage window.

The XPS results also confirm the reaction mechanism. As
shown in the C 1s spectra (Fig. 3b), an obvious n-r* satellite peak
appears at about 292 eV of the discharged state after a full
activation, which firmly indicates the enhanced charge delocali-
zation ability of the large conjugated PI-P-tBA. Different from
typical enolizations, the n-n* satellite peak herein moves towards
higher/lower binding energies during charge/discharge, possibly
due to the positive/negative charge delocalization, respectively.
Meanwhile, the C=O0 peak is weakened during discharge along
with enhancement of the C-O peak, which is more evident in the
O 1s XPS spectra (Fig. 3c). This demonstrates the reversible
carbonyl enolization. In the N 1s spectra (Fig. 3d), both C-N
(400.4 eV) and C—=N (399 eV) peaks could be observed, which is
ascribed to the conjugation of the PTCDI and tBA units. The
C=N peak becomes almost negligible at discharge since elec-
trons are delocalized to the conjugated structures. Fig. 3e shows
the reaction mechanism of PI-P-tBA based on the above char-
acterization. As a bipolar cathode, PI-P-tBA undergoes either
n-doping (carbonyl enolization) upon discharge or p-doping upon
charge from the pristine state. The large conjugated structure
guarantees the charge delocalization and structure stability, and
thus PI-P-tBA provides a high capacity with stable cycling.

In this study, a bipolar conjugated polymer of PI-P-tBA is
synthesized and investigated as the cathode material of RMBs,
using PTCDI and tBA units as the n- and p-type groups, respec-
tively. The introduction of p-type unit tBA extends the conjugated
structure and improves the capacity. PI-P-tBA exhibits a high
reversible capacity of 250 mA h g~ " at 50 mA g~ with 0.2-3.2 V,
as well as good rate capability and cycling stability. The mecha-
nism study reveals that the tBA group participated in the
p-doping reactions and enhanced the n-doping activity via exten-
sion of the conjugated structure. The results herein provide an
effective method to improve the reversible capacity and cycling
stability of organic cathode materials for RMBs.
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