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Organic cathode materials have recently attracted extensive attention in aqueous zinc-organic batteries
(ZOBs) due to their safety, abundant resources, and designability. However, the most as-reported or-
ganic materials with a single redox site exhibit limited specific capacities. Herein, benzo [i] benzo [6,7]
quinoxalino [2, 3-a] benzo [6,7] quinoxalino [2, 3-c] phenazine-5, 8, 13, 16, 21, 24-hexaone (TBQPH) with
both carbonyls and pyrazines as redox groups is designed and synthesized as ZOBs cathode material.
The dual redox sites in TBQPH enable a high specific capacity of 455.8 mAh g—! at 0.3 A g~! owing to
the 12-electron reaction mechanism. Ex-situ spectroscopic techniques (especially liquid NMR spectrum)
and density functional theory calculations provide strong evidence for the insertion/extraction of hydro-
gen ions. More importantly, the TBQPH electrode exhibits an ultra-long cycle life of 10,000 cycles at 10
A g~! with an average decay of only 0.0022% per cycle, which is attributed to the fast reaction kinet-
ics and low charge transfer resistance. This work inspires new inspiration for designing next-generation

high-performance organic electrode materials.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Lithium-ion batteries (LIBs) possess the advantages of stable cy-
cle life and high energy density. [1-4] However, limited resources
and high cost restrict their further applications [5-7]. Aqueous
zinc ion batteries (ZIBs) feature high theoretical capacity (820 mAh
g~1), abundant resources, suitable redox potential (—0.762 V vs.
the standard hydrogen electrode (SHE)), and environmental friend-
liness, have been aroused widespread attention as a promising en-
ergy storage system [8-11]. Generally, the cathode materials play a
decisive role in the electrochemical performance of ZIBs. Inspired
by the conventional LIBs, a large number of inorganic cathode ma-
terials have been developed, such as Prussian blue analogs [12,13],
vanadium-based materials [14,15], and manganese-based materials
[16,17]. However, owing to the intercalation of hydrated Zn*+ and
HT leading to volume expansion and the destruction of crystal lat-
tices [17-19], these inorganic substances usually exhibit poor cy-
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cling stability. Therefore, it is urgent to develop novel cathode ma-
terials to make up for this situation.

Organic electrode materials have been widely applied in alkali
metal ion (e.g. Li* and Na™) batteries because they can participate
in energy storage through reversible coordination reactions [20-
24]. Organic materials as electrodes have been displayed numer-
ous attractive properties, such as abundant resources, designability,
inexpensiveness, and long cycle life [25-28]. Moreover, such coor-
dination reactions had also been proven to store multivalent ions
[29-33]. For example, Wang et al. reported a sulfur heterocyclic
quinone dibenzo[b,i]thianthrene-5,7,12,14-tetraone (DTT) molecule
with carbonyl groups as cathode materials for Zn-organic batteries
(ZOBs), and a reversible capacity (210.9 mAh g~! at 50 mA g 1)
was realized [34]. Niu et al. reported a diquinoxalino[2,3-a: 2/,3'-
c] phenazine (HATN) molecule with pyrazine groups for aqueous
ZO0Bs [35]. The ultra-long cycle performance of the batteries was
achieved through the uptake/removal behavior of hydrogen ions
on the highly reversible C=N bond. Organic materials with C=0
or C=N groups as a single redox group have been widely reported
but exhibited a limited specific capacity for ZOBs [36-39]. The co-
existence of two or more redox groups provides greater flexibil-
ity in the design of electrode materials and may achieve a higher
theoretical capacity. However, the design of high-capability organic
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Fig. 1. (a) Synthesis route of TBQPH. (b) FT-IR spectrum of TBQPH. (c) High resolution C 1 s, N 1 s and O 1 s XPS spectra of TBQPH. SEM image (d) and TEM-EDS mappings
(e) of TBQPH. (f) HOMO/LUMO energy levels of TBQPH (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.).

molecules with dual redox groups still faces many difficulties, such
as complicated synthesis processes, reduction in the proportion of
redox groups, and solubility. Furthermore, the corresponding stor-
age mechanisms also need to be explored in deep.

In this work, benzo [i] benzo [6, 7] quinoxalino [2, 3-a] benzo
[6, 7] quinoxalino [2, 3-c] phenazine-5, 8, 13, 16, 21, 24-hexaone
(TBQPH) molecule was synthesized by a simple Schiff base reac-
tion, which contains six carbonyl groups and six imine groups.
The reaction mechanism of TBQPH was systematically analyzed by
the various ex-situ characterization techniques and density func-
tional theory (DFT) calculation, unveiling the reaction sequence
of C=0 bonds and C=N bonds in companion with the combina-
tion/release of hydrogen ions during charging/discharging. As a re-
sult, the TBQPH electrode exhibits a specific capacity of 455.8 mAh
g1 at 0.3 A g1 (energy efficiency up to 88.5% based on the theo-
retical capacity of 515 mAh g-!) and ultra-long cycle stability (ca-
pacity retention of 78% after 10,000 cycles at 10 A g~1). Finally,
the sources for the excellent electrochemical performances of the
TBQPH electrodes were detailedly analyzed.

2. Results and discussion

The synthetic route of TBQPH is presented in Fig. 1a, which em-
ploys a dehydration condensation reaction of ketones and amines
[23]. The detailed synthesis processes are described in the Sup-
porting Information. In brief, a mixture of hexaketocyclohexane
octahydrate (HKH) and 2,3-diaminonaphthalene-1,4-dione (DND)
(1:3, mol%) in methanol/acetic acid (1:1, v%) solution was stirred
at 65 °C for 12h. Then, the mixture was filtered and washed
with acetone, ethanol, and water to obtain a dark yellow prod-
uct. The product is insoluble in solvents such as ethanol, H,O,
DMSO, dichloromethane (CH;Cl,), chloroform (CHCl3), tetrahydro-
furan (THF), and acetone. The structural component of TBQPH was
confirmed by TH NMR (Fig. S1, Supporting Information), 3C NMR
(Fig. S2), Fourier transform infrared (FT-IR) spectroscopy, X-ray

photoelectron spectroscopy (XPS), Raman spectrum, and thermal
gravimetric analysis (TGA).

In FT-IR spectrum(Figs. 1b and S3a), Two strong vibration peaks
appear at 1695 cm~! and 1586 cm~!, which corresponds to the
C=0 and C=N groups of TBQPH, respectively [40]. The carbonyl
groups (1640 cm~1) of DND shifted to a higher wavenumber (1695
cm~!) after the condensation reaction due to the diminution of the
electron-withdrawing effect of -NH,. The carbonyl peak of HKH
disappeared after the reaction. Moreover, no stretching vibration
peak and in-plane bending vibration peak of N-H bonds are ob-
served, which indirectly indicates the formation of the C=N bond.
In addition, XPS was used to detect the chemical states of C, N,
and O elements in the TBQPH. The full survey XPS spectrum in Fig.
S4 indicates that there are three distinct peaks near 282, 397, and
529 eV, corresponding to C 1s, N 1s, and O 1s, respectively. The
high-resolution C 1s XPS spectra (Fig. 1c) were further analyzed by
the peak fitting calculation, and the four peaks at approximately
284.6, 285.7, 286.0, and 287.4 eV could be ascribed to C-C, C-N,
C=N, and C=0 bonds, respectively. The high-resolution N 1s peak
at 3994 eV is divided into two peaks, which are attributed to the
bonds of C=N (399.2 eV) and C-N (399.6 eV), respectively [41]. For
the high-resolution O 1s XPS spectrum, the peak at 531.4 eV can
be assigned to the C=0 bond [42]. These results further illustrate
the formation of C=N bonds. Besides, the Raman spectrum (Fig.
S5) also confirmed that a distinct peak of the C=0 bond was ob-
served at 1683 cm~!. The crystal structure of TBQPH was clarified
by X-ray diffraction (XRD) as shown in Fig. S6. In addition to a few
obvious weak peaks, two sharp peaks can be observed at 5.9° and
27.7°. The peak at 27.7° may be due to the m-m stacking structure
between molecular layers, which corresponds to a layer distance of
3.2 A The XRD results reveal that the TBQPH exhibits a clear stack-
ing arrangement of crystals. TGA (Fig. S7) shows that the TBQPH
possesses high thermal stability under argon atmosphere.

The scanning electron microscope (SEM) was carried out to
characterize the micromorphology of the pristine TBQPH sample
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(Fig. 1d). TBQPH is composed of irregular nanorods with a diam-
eter of about 150 nm, which is conducive to large-area contact
with conductive additives and full infiltration with electrolytes.
The hydrophilicity of the electrode sheet was explored through
the contact angle test (Fig. S8). Two included angles less than 86°
are formed between the electrode sheet and the aqueous solu-
tion, indicating that the TBQPH electrode has a good solvent affin-
ity. Transmission electron microscopy (TEM) and energy disper-
sive spectroscopy (EDS) element mapping of the pristine sample
(Fig. 1e) reveals that the elements C, N, and O are evenly dis-
tributed on the TBQPH. DFT calculation was performed to inves-
tigate the energy levels and energy gap (AEggp) of TBQPH under
simulated vacuum conditions (Fig. 1f). The calculation results show
that the highest occupied molecular orbital (HOMO) and the low-
est unoccupied molecular orbital (LUMO) energy levels of TBQPH
are —7.13 and —3.49 eV, respectively. Therefore, the corresponding
AEggp is 3.64 eV The lower HOMO/LUMO energy levels and nar-
row bandgap provide a good foundation for the inherent electronic
conductivity of TBQPH, which is beneficial to improving the elec-
trochemical performances of TBQPH as the electrode [43,44].

To examine the electrochemical performances of TBQPH, the
cathodes based on TBQPH were prepared by mixed with conduc-
tive additive (Ketjen black) and the binder (PTFE). The electro-
chemical performances of TBQPH are evaluated by cyclic voltam-
metry (CV) and galvanostatic charge-discharge (GCD). As shown in
Fig. S9, CV curves of TBQPH electrode at the first three cycles were
investigated at a scan rate of 0.2 mV s~! in the voltage range of
0.2-1.7 V. The CV curves of TBQPH display six reduction peaks, im-
plying that the TBQPH electrode integrated by carbonyl and amine
groups may adopt a multi-step reaction mechanism. The initial dis-
charged capacity of the TBQPH electrode can reach 455.8 mAh g—!
at 0.3 A g1 (Fig. 2a), which is the highest level as we know in the
aqueous ZOBs (Table S1)[30,34,35,37,45-47]. Furthermore, multiple
discharged/charged platforms are also observed on the GCD curves,
which is consistent with the above CV curves.

To further realize the storage mechanism of TBQPH electrodes,
ex-situ FT-IR, XPS, XRD, SEM, and NMR characterizations were car-
ried out during charging/discharging. Firstly, the ex-situ FT-IR spec-
tra (Fig. 2b) of TBQPH electrodes at different marked points were
detected. The peaks at 1688 cm~! and 1579 cm~! disappear and
appear regularly at cycling, demonstrating that the C=0 bond and
C=N bond are the active centers of electrochemical reactions. Dur-
ing the discharging process, the peak of the C=0 disappeared ear-
lier than that of the C=N, indicating that the C=0 was the prefer-
ential reduced. Meanwhile, the peak of the C=N appeared earlier
than the peak of the C=0 during the charging process, indicating
that the C=N is the preferential oxidized. More importantly, a large
broad peak appears at 3300 cm~! after discharging to 0.2 V, which
is attributed to the formation of the -OH bond. This result indi-
cates that the C=0 bonds of TBQPH are combined with H* during
the discharge process. Ex-situ XPS (Fig. 2c) was performed to fur-
ther investigate the variations in the chemical bond of TBQPH elec-
trodes during charging/discharging. Here, the XPS spectra of the
TBQPH powder (Fig. 1c) are taken as the XPS spectra of the TBQPH
electrode in the initial state. The C 1s XPS spectrum of the TBQPH
electrode after being discharged to 0.2 V show that the intensities
of the C=N bands at 286.0 eV and the C=0 bands at 287.4 eV de-
creased significantly, while the intensities of the C-N at 285.9 eV
and the C-O bands at 286.5 eV increased, indicating that the C=N
bonds and C=0 bonds were transformed to the C-N bonds and
C-O bonds, respectively. When charging to 1.7 V, the peak of the
C-O band disappears, while the peak of the C=0 band reappears
at 287.6 eV. In addition, The C=N peak in the N 1s XPS spectra
also disappears and appears during discharging/charging, accom-
panied by the appearance/disappearance of the N-H peak as well
as the increase/decrease of the C-N peak. Similarly, the O 1s XPS
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spectrum of the TBQPH is divided into two peaks after being dis-
charged to 0.2 V, which are assigned to the C-O bond (531.3 eV)
and the O-H bond (532.0 eV), indicating the formation of the C-O
bond and the O-H bond. In the charging state, the peaks of the
C-0 bond and O-H bond disappeared and the peak of the C=0
bond reappears, indicating the reversible transformation from the
C-0 bond to carbonyl groups (C=0). The ex-situ XPS spectra fur-
ther show that both C=0 bonds and C=N bonds can be utilized as
reversible redox sites.

In addition, the ex-situ XRD pattern of the TBQPH electrode (Fig.
S10) shows that the peak of 5.9° shifts to 5.4° when discharged
to 0.2 V, which may be attributed to that the combination of the
TBQPH and H* enlarges the distance between molecules. The peak
at 27.7° was shifted to 27°, indicating that the interlayer spacing
between molecules was slightly enlarged. The peaks returned to
the pristine state after being charged to 1.7 V, demonstrating the
good reversibility of TBQPH during the charging/discharging. Be-
sides, a strong peak was detected at about 10° during discharging,
which may be attributed to the formation of ZnySO4(OH)gexH,0
crystals [35]. Furthermore, the ex-situ SEM was employed to sur-
vey the morphological changes on the surface of the TBQPH elec-
trode (Fig. S11). The pristine electrode showed a flat surface. Af-
ter discharge to 0.2 V, a large amount of lamellar-like structures
appeared on the surface of the TBQPH electrode, which may be
the ZnyS04(0OH)gexH,0 crystals. During the discharge process, the
redox groups of TBQPH combine with the H* generated by the
decomposition of water to complete the charge transfer. At the
same time, the decomposition of water will also produce a large
amount of OH~. These OH~ will combine with ZnSO4 to form
water-insoluble ZnsSO4(OH)gexH,0 and deposit on the surface of
the TBQPH electrode to form lamellar crystals. Besides, the zinc
anode loses electrons and transforms into zinc ions to achieve the
purpose of balancing the charge. After the charging process, the
surface of the TBQPH electrode returned to a flat state. The disap-
pearance of the peak at 10° at charging state is due to the com-
bination of OH~ in the crystal and H* released from the TBQPH
electrode, resulting in soluble zinc sulfate and H,0. To further ver-
ify that hydrogen ions participate in the electrochemical reaction,
the discharged TBQPH electrode was characterized by using liquid
TH NMR (Fig. S12). The TBQPH electrode discharged to 0.2 V was
taken out, and the electrode piece was dissolved in mild DMSO-
dg by ultrasonic treatment. Compared with the '"H NMR spectrum
of TBQPH powder, the spectrum of discharged TBQPH electrode
obviously has two extra peaks, which may be the peaks of -OH
and -NH, respectively. The discharged TBQPH electrode still has
poor solubility in DMSO-dg, so the intensity of the peaks is not
strong. But it is enough to illustrate the formation of -OH and -
NH bonds. The liquid TH NMR spectrum provides direct evidence
for hydrogen ion insertion/extraction. Various ex-situ results show
that C=0 bonds and C=N bonds are acted as electrochemical ac-
tive centers to reversibly react with H* accompanied by the for-
mation/decomposition of ZnySO4(OH)gexH,0 on the surface of the
TBQPH electrode.

To further investigate the discharged mechanism of the TBQPH
electrode, DFT calculations were performed to investigate the
structural evolution of a TBQPH molecule during the reaction with
H™ [35,48]. First, the electrochemically active sites of TBQPH were
speculated by molecular electrostatic potential (MESP). As shown
in Fig. 2d, the positive MESP values appear on the surfaces of
C and H, which indicates that they are electrophilic centers and
are more inclined to react with nucleophiles. The negative MESP
values only appeared in the vicinity of O and N, indicating that
they have strong electronegativity and more inclined to react with
electrophiles. Generally, the regions with negative MESP values are
more attractive to cations [41,46]. Therefore, carbonyl groups and
pyrazines with higher negative MESP values are considered to be
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Fig. 2. (a) The GCD profile at 0.3 A g~'. (b) The GCD curves of the first cycle at 300 mAh g~ and ex-situ FT-IR spectra of TBQPH electrode at different marked points. (c)
Ex-situ XPS spectra of C 1's, N 1s,and O 1 s at the 1st discharged and charged. (d) MESP distribution of TBQPH molecule. (e) The redox potential (orange) and calculated
binding free energies (blue) of TBQPH electrode. (f) The proposed 12-electron storage mechanism and optimized structures of TBQPH electrodes by DFT calculation (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

redox centers that bind to H* in the discharge process. This re-
sult is consistent with the conclusions of ex-situ FT-IR and ex-situ
XPS. Furthermore, the protonation path of TBQPH during discharg-
ing is calculated according to the minimum energy principle. The
protonation processes of TBQPH are assumed to be six steps, each
of which combines two electrons and two H*. The optimal struc-
tures and Gibbs free energies of the protonated TBQPH molecules
in each step are shown in Fig. 2f and Fig. S13, respectively. Ac-
cording to the results of ex-situ FT-IR, the carbonyl group reacts
preferentially with H* because the reactivity of the C=0 bond is
higher than that of the C=N bond. Therefore, hydrogen ions mainly

react with three pairs of carbonyl groups in the first three steps
and bond with pyrazines in the last three steps. The initial TBQPH
molecule produced a TBQPH-12H molecule combining 12 electrons
and 12 hydrogen ions after the six-step reaction. The binding free
energies of TBQPHs were calculated through the Gibbs free ener-
gies of structural optimization to study the relationship with the
oxidation-reduction potential (Fig. 2e). As the binding number of
the TBQPH with hydrogen ions increases, the binding free energy
gradually decreases. This trend is basically the same as the dis-
charge potential. The above result also further proves that the hy-
pothesized protonation process is the most likely reaction route.
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Fig. 3. (a) Cycle performance of TBQPH electrode at 0.3 A g~'. (b) Rate capability of TBQPH electrode. (c) The GCD profile of TBQPH electrodes at various current rates. (d)
Long-term cycle performances at 10 A g~'. (e) Long cycling performance comparison of TBQPH versus previously reported ZOBs.

In addition, when pyrazines are combined with hydrogen ions, the
structure of TBQPH generates a slight twist of approximately 12°
(Fig. S14). The change from the double bonds of the N atoms to
the single bonds is the main reason for the transformation from
the plane to the triangular pyramid configuration. Compared with
the original TBQPH, the twisted TBQPH-12H molecules are loosely
stacked, which may be the root reason for the increase of inter-
layer spacing in the discharged state.

The cycling performances and rate capability of the TBQPH elec-
trodes in a voltage range of 0.2 - 1.7 V were also studied. Under a
current density of 0.3 A g1, the specific capacity decays slowly
and continuously from 455 to 300 mAh g~! within 100 cycles (Fig.
S15). The rate capability of TBQPH electrodes is shown in Fig. S16.
TBQPH delivers capacities of 455, 360, 328, 297, 281, 266, 247, 225,
and 193 mAh g-! under increased current rates of 0.05, 0.1, 0.2,
0.5,1,2,3,5, and 8 A g~!, respectively. Moreover, even at a current
density of 10 A g~1, TBQPH electrodes still display a high capacity
of about 177 mAh g-1, which is about 49% of that at 0.1 A g~
The rate capability exceeds most of the previously reported cath-
ode materials in ZOBs (Fig. S17). The above cycling performance
and rate performance both show a slight capacity decay. To find
out the cause of performance instability, we conducted solubility
tests of the electrode sheet. First, the initial electrode sheet was
soaked in a 2 M ZnSO, electrolyte for 15 days (Fig. S18a). There is
no obvious color change in the solution, indicating that the TBQPH
electrode is insoluble in the electrolyte in the charged state. Sub-
sequently, we disassembled the button battery discharged to 0.2 V,
and there was no phenomenon of electrode dissolution (Fig. S18b).
Therefore, the capacity decay is not caused by the dissolution of
the electrode. According to previous reports[49-51], the original
stable structure of the carbonyl-containing organic material may
become relatively unstable during the over-discharge/charge pro-
cesses. The decay of TBQPH electrode cycle performance may be
due to excessive charge/discharge, which reduces the reversibility
of active groups.

In order to obtain better stability, the voltage range was ad-
justed from 0.2 - 1.7 V to 0.3 - 1.2 V (Fig. 3). As a result, the capac-
ity remains almost constant after 30 cycles at 0.3 A g~! (Fig. 3a).
Rate performance of TBQPH in the voltage range of 0.3 - 1.2 V was
also measured (Fig. 3b and c). The discharge capacities of TBQPH
electrodes at current densities of 0.05, 0.1, 0.2, 0.5, 1, 2, 3, 5, and 8
A g1 are 346, 305, 277, 260, 245, 226, 218, 201, and 180 mAh g1,
respectively. It is worth mentioning that the capacity difference be-
fore and after the adjustment is only about 7 mAh g~! under a cur-
rent rate of 10 A g~1. To verify the stability of TBQ electrodes, the
long-term cycling performances were further evaluated at 5 A g~!
and 10 A g~'. At 5 A g1, a high reversible capacity of 152.8 mAh
g1 is obtained after 10,000 cycles, and the coulombic efficiency
remains nearly 100% (Fig. S19). More importantly, the TBQPH elec-
trode maintains a high reversible capacity of 141.7 mAh g~! after
10,000 cycles at 10 A g~! (Fig. 3d), and the average capacity decay
rate is only 0.0022% per cycle. This excellent cycling stability ex-
ceeds most of the previously reported organic cathode materials in
Zn-organic batteries (Fig. 3e).

To analyze the kinetics of the TBQPH electrode, the CV curves
at different scan rates were measured from 0.1 to 1.0 mV s~1. As
shown in Fig. 4a, with the acceleration of scanning rate, the three
pairs of redox peaks of the CV curves become more and more dis-
tinct. Meanwhile, with the increase of scan rates, the oxidation
peaks shift to high voltages, while the reduction peaks shift to
low voltages. The capacitive contribution of TBQPH electrodes was
qualitatively analyzed, according to the Eq. (1) [52-54]:

i=a’ (1)

where i is the peak current, v is the scan rate. The b value can
be calculated by plotting the logarithmic relationship of i and v.
Generally, when the b value is close to 0.5, the electrochemical re-
action is the diffusion-controlled Faraday process. On the contrary,
when the b value is close to 1, the charge storage process is capac-
itive. All the b values of the anodic and cathodic peaks are both
close to 1 (Fig. 4b), indicating that the electrochemical reaction of
the TBQPH electrode is dominated by the capacitive process and
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possesses fast kinetics. The capacitive charge contribution can be
distinguished according to the following Eq. (2):[52-54]

i=kiv+ kov'/? (2)

The current response i is proportional to v and v1/2, which can
be considered as a collection of diffusion-controlled and capacitive
processes, respectively. Thought calculating k; and k, at fixed po-
tentials, the capacity contributions of two processes can be quanti-
fied. The response curve of the capacitive contribution (red shadow
area) and the total current are shown in Fig. 4c. The capacitive con-
tribution rate of the TBQPH electrode reached 84.3% at a scan rate
of 0.2 mV s~1. As the scan rate increases, the rate of the capaci-
tive control process gradually increases (Fig. 4d). At a scan rate of
1 mV s~1, the capacitive contribution proportion reaches the high-
est value of 92.4%. The small size and irregular rod morphology of
TBQPH material may play a vital role in the highly capacitive con-
tribution [55-57]. A higher proportion of capacitive contribution is
beneficial to the excellent kinetics exhibited during charge and dis-
charge cycles.

To further reveal the diffusion kinetics of hydrogen ions, the ion
diffusion coefficients are calculated by the galvanostatic intermit-
tent titration technique (GITT). In the initial stage of discharge, the
diffusion coefficient of hydrogen ions basically maintained at about
8 x 10710 ¢m? s—! (Fig. 4e). At the end of the discharge, the diffu-
sion coefficient quickly drops to 1.7 x 10~12 cm? s~1. Similarly, the
same tendency also appeared during charging. The stable ion dif-
fusion coefficient may be one of the reasons for the excellent rate
performance.

The resistance characteristics of the TBQPH electrode during
long cycles were also investigated by electrochemical impedance
spectroscopy (EIS). Fig. 5a shows the EIS data of TBQPH electrode
at 1 A glafter different cycles. The battery based on the TBQPH
cathode and Zn anode has a large initial impedance. In the first 10

cycles, the charge-transfer resistance (R.) of the TBQPH electrode
gradually decreased, indicating that the ion diffusion channel was
greatly improved with the activation of the first few cycles [58,59].
From the 10th to 1000th circles, the R, basically maintains a lower
level, which may be an important factor for obtaining excellent
long-term cycling stability [60]. To analyze the self-discharge be-
havior, the TBQPH electrode was charged to 1.2 V with a current
density of 0.1 A g~! and stood for 24 h (Fig. 5b). After that, a dis-
charge capacity of 258.1 mAh g-! is still obtained, which is ba-
sically the same as the charge capacity, indicating that the self-
discharge behavior can be ignored. The excellent self-discharge be-
havior is due to the stability of the TBQPH electrode in the charged
state, so it will not be decomposed by the influence of water and
air in the battery [41]. Based on the above results, it is confirmed
that the excellent electrochemical performances of the TBQPH elec-
trode are attributed to the high proportion of capacitance effect,
high ion diffusion coefficient, and low charge transfer resistance.

3. Conclusion

In summary, we designed a high-capacity organic molecule
namely TBQPH with dual redox sites of carbonyl as well as
pyrazine and applied it as a cathode material for aqueous ZOBs. A
high capacity of 455.8 mAh g~! was delivered by the TBQPH elec-
trode under a current density of 0.3 A g~!. Various ex-situ charac-
terization and DFT calculation results indicate that the TBQPH elec-
trode is combined with H* during charge storage. Also, it has been
demonstrated that both the C=0 bond and the C=N bond are the
redox centers of electrochemical reactions. The carbonyl group ac-
tivity is higher than that of pyrazine during discharge. At a current
density of 10 A g1, the TBQPH electrode still exhibits a capacity
of 141.7 mAh g~ after 10,000 cycles with an average capacity de-
cay rate of only 0.0022% per cycle. These excellent electrochemical
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performances are attributed to the faster ion transport kinetics and
lower charge transfer resistance of the TBQPH electrode. This work
provides effective guidance for the research of organic electrode
materials with multiple redox sites and long cycle life in the next
generation of zinc-ion batteries.
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