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Organic Zinc-Ion Battery: Planar, n-Conjugated Quinone-Based
Polymer Endows Ultrafast Ion Diffusion Kinetics

Fei Ye, Qiang Liu, Hongliang Dong, Kailin Guan, Zhaoyang Chen, Na Ju, and Linfeng Hu*

Abstract: A novel poly(phenazine-alt-pyromellitic anhy-
dride) (PPPA) has been successfully designed and
synthesized via a condensation polymerization strategy
as promising cathode material in organic zinc-ion
batteries. Electrochemical quartz crystal microbalance
(EQCM), FTIR and XPS characterizations verify a
reversible Zn”>"-coordination mechanism in our PPPA
cathode. Intriguingly, an ultrahigh Zn®* diffusion coef-
ficient of 1.2x107" cm*s™! was found in this large n-
conjugated system, which is the highest one among all
organic cathode materials for zinc-ion batteries. Theo-
retical calculations reveal the extended n-conjugated
plane in our PPPA sample results in a significant
reduction on energy gap, effectively accelerating intra-
molecular electron transfer during charge/discharge
process. Our finding provides insights to achieve high
zinc-ion transport kinetics by a design strategy on planar
olymer system.

poly y )

Introduction

Aqueous batteries have attracting considerable interests
with the increasingly serious safety issues of commercial
lithium-ion batteries based on flammable organic
electrolytes.! Among them, aqueous zinc-ion batteries
(AZIBs) have been regarded as the most appealing next-
generation energy storage devices owing to its prominent
merits on the low redox potential, high theoretical capacity,
excellent water compatibility and relatively low cost.”! Since
most of AZIBs use metallic Zn foil as the anode, the
cathode materials play a critical role in the overall battery
performance. During the past few years, great progress has
been made to demonstrate number of novel cathode
materials including inorganic Mn, V, Mo-based oxides/
sulfides, and metal-organic compounds of Prussian blue
analogous (PBAs).P! Nevertheless, these inorganic lattices
or metal-organic frameworks generally suffer from structural
collapse due to the remarkable change on crystal structure
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and volume during charging and discharging process, giving
rise to severe capacity fading and poor long-term lifespan.¥

The most recent progress on the discovery of Zn*"
storage in some organic quinone compounds sheds light on
well addressing of this problem.”! Compared to inorganic or
PBAs cathodes, organic electrode materials are more
flexible at accommodating guest ions. Typically, small-
molecule quinones including calix [4] quinone (C4Q),
tetraamino-p-benzoquinone (TABQ), 9,10-phenanthraqui-
none (PQ), etc., exhibit a reversible capability of capturing
Zn** by coordination mechanism from highly reversible
ionization of C=0O bonds, in which the flexible structure
could provide elastic matrixes for Zn*" storage to avoid the
occurrence of lattice expansion/shrinkage and structural
strain compared to the inorganic cathodes. Unfortunately,
most of these quinone compounds are prone to dissolve in
the electrolyte during the charging/discharging process, also
resulting in the severe capacity fading and deterioration of
the cycling lifespan.”

Polymerization from quinone monomers has been
developed as an effective strategy to eliminate the dissolu-
tion phenomenon in electrolyte. For example, Chen and co-
workers synthesized quinone-based polymer with superior
chemical stability by linking quinone-derived monomers via
thioether linkage."! Tang etal. proposed the grafting
quinone molecules onto polymer backbones could be
another feasible approach to achieve stable Zn?*-hosting
material.'!! Although these polymers are highly attractive
for the potential application on aqueous zinc-ion storage,
their electrochemical performance on capacity, rate capa-
bility, and cyclability is still far from satisfaction. One of the
main reasons should be due to the sluggish Zn*" diffusion in
this polymer consisted of twisted molecule chains with
rather poor molecular planarity.“>'] Making a breakthrough
on Zn®>" diffusion kinetics in quinone-based polymer to
overcome its performance bottleneck is of great importance,
but it is still highly challenging.

Noted that expansive molecular plane achieved by
extended the n-conjugated structure can provide abundant
open two-dimensional channels for fast zinc-ion transport.
More importantly, the dense n-conjugated stacking results in
abundant delocalized n-electrons, which are favorable for
facilitating ions diffusion during the electrochemical redox
reactions.'”” This inspires us to consider whether one can
directly synthesize linear quinone polymers with planar
structure. Inspired by this consideration, herein, we designed
a linear n-conjugated quinone-based polymers, namely poly-
(phenazine-alt-pyromellitic anhydride) (PPPA), via a one-
step polycondensation reaction with the electroactive mono-
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mers of phenazine and pyromellitic anhydride (PMDA).
Utilizing the cathode material for AZIBs, it delivers a
discharge capacity of 2102 mAhg™ at 50mAg' and an
excellent cycling stability over 20000 cycles at 5000 mA g '.
More impressively, an ultrahigh Zn”>* diffusion coefficient of
1.2x1077 cm®s™! has been achieved, which is several orders
of magnitude higher than those of conventional cathode
materials, and also the highest one in all of the organic
compounds up to date. Our work provides the insights on
the achievement of ultrahigh Zn>" transport kinetics
through the rational design of planar n-conjugated structure
in novel quinone-based polymer.

Results and Discussion

The synthetic route of PPPA material is schematically
illustrated in Scheme la. Firstly, the mixture of AICl; and
NaCl (a molar ratio of 2:1) was heated at 160°C to produce
a liquid fused salt. Secondly, phenazine and PMDA powder
was introduced into the fused salt and then heated at 250°C
with continuously stirring for 24 h, and then the black PPPA
powder sample (inset in Figure 1a) with a yield of approx-
imate 72 % was successfully obtained. The PPPA was
formed by the Friedel-Crafts reaction mechanism of
phenazine with pyromellitic anhydride as shown in Sche-
me 1b. Briefly, the anhydride was firstly catalyzed by AICI,
to form the acyl with positive charges. Then, the electro-
philic substitution occurred between the acyls and electron-
rich aromatic rings in phenazine, resulting in the aromatic
ketone structures. Finally, PPPA polymer was produced by
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Scheme 1. a) The synthetic procedure and b) Friedel-Crafts reaction
mechanism.

Angew. Chem. Int. Ed. 2022, 61, €202214244 (2 of 8)

Research Articles

—_
()
E=3

An dte

Chemie

PPPA units

—
(=2
-~

b | spinning (e)
Side band

E + a 4

Transmittance (%)
Intensity (a.u.)

C-CIC-N h

1500 1000 500
Wavenumber (cm”)

g
50 100 150 200 250 300"
Chemical Shift (ppm)

8

—_
(2)

)| (002) (d) c=N

(101) Dband Glband

Intensity (a.u.)
Intensity (a.u.)

20 30 40 1200 1600
20 (degree) Raman shift (cm™

=

7 (ouzltll
(101)=

Figure 1. a) FTIR spectra. b) "*C solid-state NMR spectra. c¢) XRD
pattern. d) Raman spectroscopy. e) Schematic illustration on the
dynamic -7t stacking process to form planar PPPA. f~h) TEM and
HRTEM images. Inset in (e) is the corresponding SAED pattern. i) EDS
mapping of C, N and O.

repeating the above steps. Moreover, there is no rearrange-
ment of carbon atoms during the reaction process due to the
high stability through resonance effect. Meanwhile, the
passivation of aromatic rings via the introduction of acyl can
inhibit the generation of multi-substituted by-products.

The detailed structure of our PPPA sample was then
characterized by Fourier transform infrared (FTIR), nuclear
magnetic resonance (NMR), X-ray diffraction (XRD),
Raman and transmission electron microscopy (TEM) meas-
urements. The characteristic peak at 1710 cm™' in the FTIR
spectroscopy is attributed to the stretching vibrations of
C=0 bond."" The skeletal vibration of aromatic rings (the
C=C or C=N bond) could be affirmed by the characteristic
peaks within 1540-1640 cm ™', while the peaks around 1200—
1300 cm ™ were ascribed to the stretching vibration of the
C—C or C-N bonds."™ *C solid-state NMR characterization
was carried out to further confirm the structural informa-
tion. As shown in Figure 1b, the fingerprint peaks at 17, 110,
130 and 170 ppm identify the existence of four distinct types
of C atoms (e.g., C—H, C=N, C=0, and C=C) as marked in
the molecule structure inserted in Figure 1b." In particular,
the overlapped peaks in the range from 100 to 150 ppm
could be due to the rigid n-conjugated molecular structure,
resulting in the widening of the NMR characteristic peaks.
Furthermore, the chemical composition respectively ob-
tained from elemental analysis and theoretical molecular
formula are listed in Table S1. The slight deviation between
theoretical and the experimental value suggests the success-
ful synthesis to achieve the fused-ring compound integrating
quinone and phenazine.
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Powder XRD pattern in Figure 1c exhibits noticeable
peak broadening, implying its low crystallinity. Note that the
peak at around 25° corresponding to a d-spacing of 0.35 nm
well matches the (002) Ilattice planes of graphite
structures.' Raman spectra in Figure 1d further confirm
this graphitized structure. The characteristic peak at
1520 cm ™' representing the C—N bond. The peaks located at
about 1358 and 1598 cm™' could be respectively assigned to
the D and G band. Considering the relatively higher
intensity of G band than D band, the in-plane structure of
PPPA can be understood by an analogous graphene
configuration.”! The delocalized aromatic structural units
were converted into planar aromatic sheets in the polymer-
ization process, and then these layers stack together by n-n
stacking interactions to become graphite-like morphologies
(Figure 1e).'" The dynamic morphology evolution during
the polymerization process was identified by SEM observa-
tion in Figure S1. The as-grown sample at different polymer-
ization time of 2, 12, 24 h displays analogous particle
morphology with irregular shape. The particle size increases
gradually with prolonging the polymerization time until
24 h. The sample synthesized at this time shows rather
smooth surface with a specific surface area of 100 m*g™
evaluated by the Brunauer-Emmett-Teller method (Fig-
ure S2). TEM image in Figure 1f reveals a two-dimensional
morphology consisted of ultrathin, semitransparent nano-
sheets. The corresponding selected area electron diffraction
(SAED) pattern exhibits polycrystalline diffraction rings,
further confirming the crystallinity of our PPPA sample. In
addition, lattice fringes with an interlayer spacing of 0.34 nm
was clearly observed at the edge of the sheets in the high-
resolution transmission electron microscopy (HRTEM)
images (Figure 1h), which is well in agreement with the d-
spacing of 0.35 nm in the XRD pattern. The corresponding
EDS mapping results (Figure 1i) confirm homogeneous
distribution of C, N and O species in the polymer.

The zinc-ion storage performance was then evaluated by
assembling 2032 coin-type cell with monomer or PPPA
cathode, Zn plate anode and 2.0 M Zn(OTf), aqueous
electrolyte, respectively. The CV curve of monomers
phenazine and PMDA monomers, and PPPA polymer
cathode is shown in Figure S3a, S4a and Figure 2a, respec-
tively. CV profile of the phenazine monomer was featured
with one pair of redox peaks centered at about 0.42 and
0.94 V, which is ascribed to one-step two-electron redox
reaction for Zn’>* storage.'"”’! By increasing the number of
cycles, the CV curves exhibits a continuously shrunk in
shape, indicating a decline in capacity, which could be
attributed to the serious dissolution problem of phenazine in
aqueous electrolyte (Figure S5). On the other hand, the
PMDA monomer shows two redox peak couples at 0.66/
0.73 V and 0.92/1.03 V, which is respectively originated from
the Zn®>" and H" insertion/extraction process according to
the previous reports.'" After polycondensation reaction to
these two monomers, the PPPA polymer only delivers a pair
of oxidation/reduction peaks located at around 0.56 and
0.73V, corresponding to the reversible redox process
between carbonyl and enol groups with free radicals. It is
noteworthy that the redox peak couples at 0.92/1.03 V for
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Figure 2. a) CV curves at 0.2 mVs™'. b) GCD curves at 50 mAg™, and
c) rate-performance of PPPA cathode prepared at 24 h. d) Comparison
of specific capacities and average discharge voltage between our work
and previously reported PBA and organic-based Z|Bs 89111819

e) Rate-performance comparison to the state-of-the-art redox polymer
cathodes for AZIBs."""""% f) | ong-term cycle performance at

5000 mAg". g) Structure illustration of the PPPA-based AZIBs. h) LED
indicator lit by a PPPA//Zn pouch cell and i) corresponding GCD
curves under various bending state (normal, 45°, 90°, 135°, 180°, and
recovery), respectively.

H™ insertion/extraction process become rather weak after
polymerization, suggesting the charge carrier during the
electrochemical process is dominated by Zn*" cations rather
than protons. In contrast, the as-prepared PPPA at different
polymerization time of 2 and 12h displays similar CV
profiles with PPPA polymer prepared at 24 h (Figure S6),
which exhibits redox peak couples of 0.57/0.78 V and 0.56/
0.76 V, respectively. Such wider voltage gaps suggested their
inferior redox reversibility.

The GCD profiles of PPPA cathode is characteristic
with slope charge-discharge plateaus and stable capacities
around 210 mAhg™' from 2nd to 10th cycle at 50 mA g™
(Figure 2b). Note that the electrochemical stability of PPPA
cathode is significantly enhanced compared with that of
phenazine and PMDA monomers (Figure S5 and S7). This
phenomenon should be originated from that large n-
conjugated structure is beneficial to enhance the electro-
chemical activity and promote the redox reversibility. Fig-
ure 2c and Figure S8 depict the rate-performance of a series
of PPPA cathodes at various current densities, in which the
PPPA cathode prepared at 24 h delivered the best electro-
chemical performance: a specific capacity of 210.2, 191,
182.1, 170.9, 162.3, 154.4 and 139.7 mAhg™' at a current
density of 50, 100, 200, 500, 1000, 2000, and 5000 mA g™
respectively, and also a recovered capacity of 190.6 mAhg™
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when the current density is switched back to 50 mA g . As a
comparison, phenazine monomer exhibited a poor rate
capability with rather small capacity of 72.7, 50.1, 39.4, 35.7,
32.8, and 30 mAhg ' at the current density from 100 to
5000 mAg~', respectively, and the capacity cannot be
returned to its initial value when the current density
recovered to 50 mA g~'. This result identifies that zinc-ion
storage capacity of quinone compounds can be significantly
enhanced via constructing n-conjugated polymer. As de-
picted in Figure 2d, its energy density surpasses most of
conventional cathode counterparts including organics and
metal-organic PBAs (based on the mass of active materials
in the cathode).l**#%11.18%.19 Additionally, our PPPA sample
displays superior rate-performance comparable to those of
the state-of-the-art redox polymers such as PBQS,!
PDpBQ,M"! Cu,(HHTP),,* PQTU,™! poly(1,5-NAPD),™!
PTD-1,*" and CLPy"™ (Figure 2e). Long-term cycling
stability was evaluated at a current density of 5000 mA g~'.
The initial capacity was 140.6 mAhg' and it kept at
92 mAhg™" after 20000 cycles, delivering a capacity reten-
tion ratio of 70.6 % with coulombic efficiency closing to
100 % (Figure 2f). TEM observation of the PPPA cathode
before and after 5000 cycles in Figure S9 indicates the PPPA
cathode well maintains the initial morphology without
drastic structural change after the long-term cycling stability
test. We further fabricated a pouch cell constructed by
PPPA@carbon fiber cloth flexible cathode, 2.0 M Zn(OTf),/
gelatin-based gel electrolyte and Zn foil anode (Figure 2g).
The red LED indicator could be easily lit by the fully
charged pouch cell. The brightness remained steady under
the varied bending states of 0°, 45°, 90°, 135°, 180°, and
recovery (Figure 2h). Furthermore, the corresponding GCD
test of the assembled pouch cell under different bending
states was shown in Figure 2i with very stable charge-
discharge curves. Such an excellent flexibility and folding
ability suggests its potential application on flexible, wearable
devices.

Known that most of the organic compounds hold Zn**
storage  behavior through an ion coordination
mechanism.%112% Tq clearly unravel the underlying mech-
anism in our PPPA, electrochemical quartz crystal micro-
balance (EQCM) measurement was first conducted to in-
operando monitor the mass evolution of PPPA cathode
during the electrochemical process. Figure 3a depicts the
GCD profile of PPPA in one charge/discharge cycle, and
there are two slopes respectively at 1.5-0.9 V and 0.7-0.2 V
during the discharge process. Analogously, the mass change
of PPPA electrode depicts two stages as well, and each stage
delivers a similar weight increase of approximately 68 g per
mol charge which is well consistent with the hydrated zinc
ion (Zn’"-4H,0 in average). This result provides evidence
that Zn’" cation is the charge carrier when coordinated with
the PPPA host, and excludes the possibility of H™ coordina-
tion, the average mass increase of which is usually 18-19
(H;0™). This conclusion is further supported by ex situ
XRD characterization. Previous study by other groups has
revealed that H'-coordination in quinone during the
discharge process is accompanied by the generation of
Zn,,(OTf),(OH),,,_,xH,0O byproduct.”™ However, in our
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case, such a byproduct cannot be detected at two typical
discharged states of 1.0 and 0.2 V in the ex situ XRD pattern
(Figure S10), respectively. SEM-EDS mapping result (Fig-
ure S11) further demonstrates that the signal of S element
was hardly detected on the surface of the fully discharged
cathode at 0.2 V. Moreover, in situ pH measurement was
conducted by an operando pH monitor (Figure $12).2%! Tt is
clearly that the in situ pH profile of the battery cycled with
Zn(OTY), electrolyte maintains a straight line during the
discharging and charging process (Figure S13), further
identifying that only Zn?" is the charge carrier in our case
and excluding the H* involvement.[**1%21]

The charge storage mechanism was further investigated
by ex situ FTIR and XPS characterizations. FTIR result in
Figure 3c demonstrates that PPPA electrode maintains its
initial molecular structure at both fully charged and dis-
charged states. Furthermore, the characteristic peak at
1710 cm™' belonged to carbonyl groups diminished at fully
discharged state (0.2 V) and then appeared at the fully
charged state (1.8 V), indicating the reversible enolization
process of carbonyl groups. XPS characterization further
reveals the corresponding bonding changes at pristine, fully
discharged, and charged states. In high-resolution O 1s XPS
spectrum (Figure 3d), the characteristic peak of C=0 group
(531 eV) disappeared at the fully discharged state and rose
again to a high level at the fully charged state, indicating the
reversible conversion between C=0O and C—-O group in the
polymer. Meanwhile, a new C—O-Zn peak (530.5 eV) was
detected in the fully discharged state (Figure 3d), which
further verifies the Zn*"-coordination with carbonyl groups
in the polymer framework during the discharged process.*!
Similar phenomenon was observed in N 1s high-resolution
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spectrum (Figure S14), in which the characteristic peak of
C=N group (398.9 eV) disappeared at the discharged state
and recovered at the charged state. Upon discharging to
0.2V, the single peak of C-N shifted from 400.2 eV to
399.4 eV, which can be attributed to the increased electron
density around the N atoms during the transformation from
C=N to C-N.I'l Additionally, Zn 2p XPS spectra in Fig-
ure 3e indicates a content rise of Zn species in the sample at
the discharged state. Subsequently, it remarkably decreased
at the charged state, suggesting the reversible redox reaction
between Zn** and PPPA polymer. The existence of Zn 2p
characteristic peaks after fully charge suggests the partial
residue of zinc ion in the sample. EDS mapping under TEM
observation indicates no apparent changes on C, N, O
distribution in the of the pristine, fully discharged, and
charged sample (Figure S15). The detection on weak signal
of Zn element in the fully charged sample is well consistent
with the above-mentioned Zn 2p XPS spectra.

Density functional theory (DFT) calculations were
performed to further identify the possible Zn**-coordination
sites in PPPA matrix from the thermodynamics viewpoint
(Figure 3f). Electronic static potential (ESP) approach,
which is usually employed to deduce the electrophilic or
nucleophilic reaction in organic chemistry, has been used to
identify the active sites of our PPPA polymer. The ESP
distributions of the pristine PPPA polymer in Figure 3f show
six regions near the N and O atoms with more negative
value, which are regarded as potential active sites with
strong chemical affinity to uptake Zn®'. Considering Zn*"
cations tend to be coordinated with adjacent electroactive
groups due to their divalent state feature, we selected a
simplified configuration based on two adjacent PPPA units
to simulate the ESP evolution after introducing Zn** one by
one. When one Zn?' cation is introduced, the optimized
geometrical configuration (PPPA-Zn) suggests a high elec-
tronegativity concentration near the carbonyl groups, which
could readily attract more Zn>* cations in the electrolyte to
further coordinated with PPPA matrix. This electronegativ-
ity enhancement can be maintained when coordination with
2Zn** (PPPA-2Zn). However, the electronegativity around
carbonyl groups exhibits a significant decrease and becomes
rather weak in the case of PPPA-3Zn, and it should be more
difficult to further increase the uptake number of Zn>" at
this state. Such a suppose was further supported by the
corresponding calculated binding free energies (AG) of a
suite of different PPPA-nZn configurations (Figure S16).
Among them, PPPA-3Zn exhibited lower AG of —6.25eV
than that of PPPA-Zn (—2.21 eV), PPPA-2Zn (—4.07 eV),
and PPPA-4Zn (—4.93 eV), which indicates an ideal three-
step Zn*"-coordination process from PPPA-Zn to PPPA-
3Zn. In addition, PPPA-3Zn exhibits the smallest energy
gap of 1.38 eV than other configurations (2.38 eV for PPPA-
Zn, 144 ¢V for PPPA-2Zn and 1.5eV for PPPA-4Zn in
Figure S17), further confirming this Zn’>' coordination
configuration processes is the most possible case during the
electrochemical process. Although there are six active sites
of the pristine PPPA, the theoretical calculation suggests
that only three of them can uptake Zn>* ions, resulting in a
half of theoretical capacity in the discharge process
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(~221 mAhg™"). This result is well consistent with the
experimental value of 210 mAhg™' in Figure 2b. Promis-
ingly, this capacity can be further improved by optimizing
the molecular structure (Figure S18a). Considering benzene
rings in the molecular chain does not contribute any capacity
for zinc-ion storage, we prepared an analogue with the
removal of benzene rings. This PPPA analogue delivered a
capacity of 341.2 mAhg™" at 50 mA g™, which is 1.5 times
higher than that of PPPA precursor (Figure S18b).

The aforementioned DFT simulation on a low energy
gap value of 1.38 eV after Zn*" ion coordination suggests
fast intramolecular cationic transfer in our PPPA sample.
This inspires us to further conduct the galvanostatic
intermittent titration technique (GITT) measurement to
carefully identify the zinc ion diffusion kinetics (Figure 4a).
The Zn’" ion diffusion coefficient could be calculated by the
following equation:

D:%(%)z(i—g)z 1)

Where D is diffusion coefficient, 7 is relaxation time
(20 min in this case), V is the volume of the active material,
S is the area of the electrode, AE, and AE, are the voltage
change caused by pulse and charge-discharge process,
respectively. Surprisingly, we found a very high average
Zn*" ion transport coefficient (Dyy,,) of 1.2x1077 cm*s™
(Figure 4b). Such a value is several orders of magnitude

higher than that of conventional cathode materials including
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Figure 4. a) GITT curves of PPPA polymer and phenazine monomer
during one discharge/charge cycle. b) The corresponding Zn?* ion
diffusion coefficient (D) at different depth of discharge (DOD) and
state of charge (SOC). c) Comparison of Zn*" diffusion coefficient
between PPPA and various inorganic, organic cathodes previously
developed. d) HOMO and LUMO energy levels of different PPPA unit
configuration by DFT simulation.
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metal-organic PBAs,"! traditional inorganic cathodes?*
and even the highest one among all the organic cathode
materials up to date summarized in Table S2 (Figure 4c and
S19).17:8.94.17.18a.19a.¢.241 \We consider such a high D, should
be originated from the intrinsic n-conjugated structure in
our PPPA sample, which facilitates the uniform electron
delocalization to efficiently enhance the electron transfer on
the polymer chains.'! Moreover, such uniform electron
delocalization is beneficial for exposing electronegative sites
to the surface of the material for fast capture and
coordination of Zn?>*.”! In addition, the electrochemical
kinetics were evaluated by CV curves collected at various
scan rates from 0.2 to 1.0 mVs™' (Figure S20). As shown in
Figure S21a, two pairs of reduction/oxidation peaks for our
PPPA cathode are marked as R;, R,, O;, and O,,
respectively. Similarly, the reduction and oxidation peaks of
phenazine monomer are marked as R’ and O’, respectively.
Generally, the relationship between redox peak current (i)
of CV profile and the scan rate (v) can be investigated by
the following formula derivation:

log(i) = blog(v) + log(a) )

where a is adjustable parameter and b is the slope. In our
case, the b value of R’ and O’ peaks for phenazine monomer
are 0.52 and 0.61, respectively, suggesting the charge storage
behavior of phenazine is controlled by the ion-diffusion
process. Simultaneously, the b value of R, R,, O;, and O,
peaks for PPPA cathode are 0.92, 0.98, 0.89, and 0.99
(Figure S21b), respectively, indicating the kinetic behavior
of PPPA polymer is mainly controlled by pseudocapacitance
effect. Meanwhile, the very analogous b-value between R,/
0O, (0.92/0.89) and R,/O, (0.98/0.99) redox peaks of our
PPPA sample suggests the high redox reversibility, which
should be responsible for the high coulomb efficiency closed
to 100% in Figure 2f.*! Figure S22 depicts the electro-
chemical impedance spectroscopy (EIS) measurement of
phenazine and our PPPA cathodes. All of the Nyquist plots
were consisted of a semicircle in high-frequency region and
a sloping line in low frequency region, which was associated
with charge-transfer resistance (R,) and Warburg impe-
dance, respectively. The fitted EIS data identified the R, of
PPPA cathodes is 58.9 (), which is much smaller than that of
phenazine monomer (185.6 Q). Consequently, the reaction
kinetic is remarkably improved in our PPPA sample after
the polymerization.

Finally, we performed DFT calculations to dynamically
simulate the growth process of our planar PPPA polymer,
which provide more insights on the origin of the ultrafast
Zn** diffusion kinetic. In our case, m-n stacked PPPA
polymer was simplified as a linear rigid structure formed by
the unidirectional growth of PPPA units, and three typical
configurations consisted with one to three units respectively
was used to simulate this continuous growth. After geo-
metric optimization, the structural scheme in Figure S23
suggests PPPA polymer molecule well maintains the high
molecular planarity with PPPA units increasing one by one
during the polymerization process. Such orderly extended
structure on the same plane can effectively reduce steric
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hindrance which generally results in intermolecular sluggish
Zn** diffusion, contributing to the rapid redox reaction
dynamics.**"! In addition, the calculation on energy gap
between the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) was
conducted to evaluate the charge transfer ability of our n-
conjugated PPPA polymer. As shown in Figure 4d, the
energy gap shows a remarkable decrease with the gradual
increase of PPPA unit number (3.33, 2.83, 2.72 eV for one,
two and three units respectively). Note that the as-calculated
energy gap of 2.72eV is much smaller than that of the
phenazine (3.66 eV)®! and PMDA (4.7 eV)?" monomers,
and this value would tend to be much smaller with further
increasing of PPPA units. Such a great reduce on energy gap
could effectively accelerate intramolecular electron transfer
during charge/discharge process,”™!"! giving rise to an ultra-
high Zn?* diffusion coefficient of 1.2x1077cm?s™' as
detected by GITT.

Conclusion

In summary, we developed a novel quinone polymer
cathode material (PPPA) with typical planar structure by
the n-m interaction of polymer chains. When severed as the
cathode material for AZIBs, it delivered a high specific
capacity of 210.2 mAhg™' at 50 mAg™', and a lifespan over
20000 cycles with 70.6 % capacity retention. EQCM, FTIR
and XPS studies verify a reversible Zn*" ion coordination
mechanism in our PPPA cathode. Intriguingly, ultrahigh
Zn** ion diffusion coefficient of 1.2x1077 cm?*s™* was found
in this large m-conjugated system. This value is the highest
one among all of the organic cathode materials for zinc-ion
batteries up to date. DFT calculations reveal the extended
n-conjugated plane in our PPPA sample result in a great
reduce on energy gap, effectively accelerating intramolecu-
lar electron transfer during charge/discharge process. Our
study realizes the breakthrough on sluggish Zn?* diffusion
kinetics in quinone-based polymer. It also provides insights
to achieve high zinc-ion transport kinetics by a design
strategy on planar quinone-based polymer system.
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