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Flexible aqueous zinc-ion batteries (AZIBs) with air-recharging capability are a promising self-powered
system applied in future wearable electronics. It is desired to develop high-capacity air-rechargeable AZ-
IBs. Herein, we developed a flexible AZIB with air-recharging capability based on trinitrohexaazatrinaph-
thylene (TNHATN) cathode and a ZnSO, electrolyte. The flexible Zn//[TNHATN battery exhibits high volu-
metric energy density (21.36 mWh/cm?) and excellent mechanical flexibility. Impressing, the discharged
flexible Zn//TNHATN battery can be chemical self-charged via the redox reaction between TNHATN cath-
ode and O, from the air. After oxidation in air for 15 h, such flexible Zn//TNHATN battery can deliver a
high specific capacity of 320 mAh/g at 0.5 A/g, displaying excellent air-recharging capability. Notably, this
flexible Zn//[TNHATN battery also works well in chemical or/and galvanostatic charging mixed modes,
showing reusability. This work provides a new insight for designing flexible aqueous self-powered sys-
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Aqueous zinc-ion batteries (AZIBs) with low cost and high
safety have received considerable attention for their potential ap-
plication in large-scale energy storage and wearable electronics [1-
12]. In general, the recharge of AZIBs needs using external electric-
ity power. But, the recharge of AZIBs will be restricted in some
outdoors circumstances where the electrical energy cannot be pro-
vided. To overcome this limitation, numerous self-charging power
systems were invented and created to extract energy from renew-
able resources, such as sunlight, wind energy and air [13,14]. It is
a pity that sunlight and wind energy are not available anytime
and anywhere. In contrast, air can provide cost-free energy re-
sources anytime and anywhere through oxygen, because the chem-
ical energy of oxygen molecules can be converted into electrical
energy via redox reactions [15]. Recently, AZIBs with air-recharging
capability have begun to be reported [16-21], but, they are still
in their infancy and some of them also faced with problems of
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low air-recharging capability and capacity improvement. So, de-
veloping new AZIBs with excellent air-recharging capability, high
capacity and high stability is still an important task. To achieve
this goal, selection of cathode materials is very critical, due to the
potential difference between discharged cathodes and O, is rela-
tive to the air-recharging capability for AZIBs. Compared with inor-
ganic compounds, organic compounds as electrode materials have
advantages of structural designability, sustainability and control-
lable synthesis [22,23]. Various organic aromatic compounds con-
taining carbonyl/imine groups (C=0/C=N) as the cathode materi-
als of AZIBs have been developed in recent years, owing to car-
bonyl/imine groups can coordinate reversibly and efficiently with
Zn2*[H+ ions [24-37]. Very recently, Niu et al. reported an air-
rechargeable Zn/organic battery with H*-based chemistry, display-
ing an application promising of organic cathode in self-powered
systems [21]. On the other hand, we have found that it is an
effective route to introduce electron-withdrawing groups into -
conjugated aromatic molecule for obtaining high-performance or-
ganic cathode materials of AZIBs [35]; besides, we also noted that
nitro group (-NO,) is not only an electron-withdrawing group, but
also can coordinate with Li™ ions [38]. Inspired by these facts,
we synthesized a new m-conjugated aromatic compound trinitro-
hexaazatrinaphthylene (TNHATN) with both multiple redox active
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Fig. 1. (a) Molecular structures of TNHATN and HATN. (b) LUMO/HOMO energy levels of TNHATN, as well as optimized structures of the molecule used in the study obtained

using the DFT method. (c) Energy level transition diagram for TNHATN-Zn-H and O,.

sites (C=N and -NO, groups) via introducing electron-withdrawing
groups (-NO,) into hexaazatrinaphthylene (HATN) (Fig. 1a), and de-
veloped an air-rechargeable AZIB based on TNHATN cathode. Im-
pressively, the discharged TNHATN cathode (TNHATN-Zn-H) can be
converted to the charged state via the spontaneous redox reaction
with O, in air, due to the potential difference between TNHATN-
Zn-H and O, (Fig. 1c), thus, when worked open to the air, the
discharged flexible aqueous Zn//TNHATN battery can be chemically
self-recharged via O, from air.

TNHATN can be synthesized by the condensation reaction of 4-
nitro-o-phenylenediamine and hexaketocyclohexane, as displayed
in Scheme S1. The solid-state '"H NMR ('H SSNMR), solid-state 13C
NMR (13C SSNMR), FT-IR, XRD spectra and FESEM images of as-
synthesized TNHATN shown in Figs. S1-S4 (Supporting informa-
tion) demonstrate its chemical structure, high purity, crystalline,
and morphology of micron-scaled particles.

The lowest unoccupied molecular orbital (LUMO) energy level
(-3.83 eV) of TNHATN molecule is lower than that (-2.62 eV) of
HATN (Fig. 1b) [32]. The lower the LUMO energy level means
that TNHATN molecule possesses the stronger electron affinity and
the higher discharge potential [30]. The smaller energy band gap
(Eg) for the TNHATN molecule (3.61 eV) is associated with its N-
containing m-conjugated aromatic structure [39], which is favor-
able to the enhancement of its electrochemical performance.

Considering one -NO, group can obtain two electrons to the
maximum extent [38], then, one TNHATN should obtain 12 elec-
trons in theory, its theoretical specific capacity can reach at
620 mAh/g, higher than that of HATN (418 mAh/g). So, it is promis-
ing that TNHATN compound is used as a cathode material for AZ-
IBs.

Aqueous Zn//TNHATN coin-type batteries were used to inves-
tigate the electrochemical performances of TNHATN as the cath-
ode. Each cyclic voltammetry (CV) curve of the Zn//TNHATN bat-
tery (Fig. 2a) has two obvious reduction peaks at around 1.18 and
0.23 V, two weaker reduction peaks at around 0.62 and 0.42 V, and
two oxidation peaks at around 0.56 and 1.22 V. The production of
these redox peaks might be ascribed to the uptake/removal of Zn2+
and H* ions [32,40]. With the scan rate increases from 0.1 mV/s
to 0.5 mV/s, because of the polarization increasing, the potential
of reduction/oxidation peak moves toward the negative/positive di-
rection. The linear curves produced from the expression (i = av?)
are displayed in Fig. 2b, in which v, i, a and b stand for scan rate
(mV/s) and peak current (mA), constant, respectively [41]. The b
values of four peaks are 0.63, 0.64, 0.87 and 0.73, respectively,
indicating the combined effect of capacitive behavior and ionic
diffusion [18]. As the scanning rate increased from 0.1 mV/s to
0.5 mV/s, the contribution for capacitive controlled process grad-
ually changed from 46.1% to 64.9% (Fig. S5 in Supporting informa-
tion), indicating that the capacitive controlled process is dominant

at 0.5 mV/s for the energy storage behaviors of the Zn//TNHATN
battery.

The galvanostatic discharge/charge curves for the Zn//TNHATN
battery at a low current density of 0.04 A/g is shown in Fig. 2c. It
can be seen from Fig. 2¢ that the first discharge specific capacity is
high up to 3246 mAh/g, while the first charge specific capacity has
only 978 mAh/g, showing an obviously irreversible capacity loss
(according to the mass of TNHATN in cathode, the capacities were
calculated). Similar phenomenon also exists in the second, third,
fourth and fifth cycles, which might be attributed to the forma-
tion of by-products, such as Zng(OH)gSO4-5H,0, and the reduction
of dissolved O, [31,32,42]. Notably, the fourth and fifth discharge
specific capacities still maintain at 1115 and 414 mAh/g, respec-
tively (Fig. 2c and Fig. S6 in Supporting information), outperform-
ing the values of many organic cathodes in AZIBs reported (Table
S1 in Supporting information). But, the capacity of 414 mAh/g is
lower than its theoretical specific capacity. As shown in Fig. 2d,
at a current density of 0.1 A/g, there are two inconspicuous plat-
forms in the discharge/charge curve, corresponding to the TNHATN
electrode happens multiple redox reactions, as revealed in the CV
curve with multiple redox peaks (Fig. 2a). When the current den-
sity increases to 0.1, 0.5, 1, 2, 5, 10 and 20 A/g, the Zn//[TNHATN
battery keeps the average discharge specific capacity of 363, 299,
279, 264, 252, 241 and 239 mAh/g, respectively, exhibiting a good
rate capability (Fig. 2d and Fig. S6). As the current density returns
to 0.04, 0.1 and 0.5 A/g, the average discharge specific capacity of
435, 309, 269 mAh/g can be restored, respectively, revealing the
TNHATN electrode has the better electrochemical reversibility (Fig.
S6). This good electrochemical reversibility is further verified by
the successive five almost overlap CV curves of the Zn//TNHATN
battery at 0.5 mV/s shown in Fig. S7 (Supporting information). It
is worth mention that at the high current density of 20 A/g, the
Zn//TNHATN battery displays a high rate performance similar to
a supercapacitor, because it can finish a discharge process of 239
mAh/g capacity within 42 s.

The cycling characteristics of the TNHATN electrode was also in-
vestigated (Fig. 2e). At a current density of 5 A/g, the Zn//TNHATN
battery delivers a specific capacity of 251 mAh/g in the first dis-
charge process, and still remains the capacity of 169 mAh/g after
1000 cycles. The capacity retention of 67.3% and the Coulombic ef-
ficiency of almost 100% demonstrate the TNHATN electrode has the
better long cycling stability. For the TNHATN electrode, the average
irreversible capacity loss (ICL) was calculated to be 0.033% during
1000 cycles. Such high discharge capacity (251 mAh/g) at 5 A/g is
higher or comparable to that of the reported organic compounds
used in AZIBs as the cathode materials [29-31]. The stability of
the TNHATN electrode was also demonstrated by the self-discharge
tests results of Zn//TNHATN batteries (Fig. S8 in Supporting infor-
mation).
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Fig. 2. Electrochemical performances of aqueous Zn//[TNHATN batteries (a) CV curves at various scanning rates of 0.1 mV/s to 0.5 mV/s. (b) log(i)~log(v) plots of the redox
peaks originate from the CV curves. Discharge-charge curves (c) at a low current density of 0.04 A/g and (d) at different current density within 0.1-1.5 V. (e) Cycle stability
at a current density of 5 A/g and (f) the energy density and power density of aqueous Zn//TNHATN battery.
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Fig. 3. (a) Galvanostatic charge-discharge curves of flexible aqueous Zn//[TNHATN battery at different current densities within 0.1-1.5 V. (b) Cycle performance. (c) Cycle
stability of the flexible aqueous Zn//TNHATN battery at 5 A/g at various folding angles. (d) Photograph of lightening 74 LED lights using two such batteries.

According to the charge-discharge data presented in Fig. 2d and
the total mass of the active organic material and the consumed Zn,
the energy density and power density of the Zn//[TNHATN battery
can be calculated (see Supporting information for detail calcula-
tion). The energy density of the Zn//TNHATN battery is 126 Wh/kg
when the power density is 12.2 W/[kg (Fig. 2f), which is compara-
ble to that of many reported AZIBs [29-31]. Along with the power
density increases to 7.8 kW/kg, the energy densities can keep at
93.5 Wh/kg. Besides, with the TNHATN loading increase, the spe-
cific capacity decreases (Fig. S9 in Supporting information), owing
to the resistances of organic materials increase. Despite all this,
using this organic material in grid-scale energy storage systems
is also attractive, considering the rich source of organic materials.
The electrochemical reaction mechanism of TNHATN involving co-
insertion/co-removal of Zn?* and H* ions have been verified by 'H
SSNMR, 13C SSNMR, FT-IR, XRD spectra, SEM-EDS, CV curves anal-
ysis and DFT calcualtion (Figs. S10-S16 in Supporting information),
which can be simply expressed as follows:

+12¢7, +nZn?*, +(12-2n)H*

TNHATN TNHATN - nZn - (12-2n)H

(1)

-12¢, -nZn**, -(12-2n)H*

The flexible aqueous Zn//[TNHATN batteries assembled were
used to evaluate the potential application of TNHATN in the wear-
able electronics (see Fig. S17 and the experimental details in Sup-
porting information). As depicted in Fig. 3a and Fig. S18a (Sup-
porting information), the flexible aqueous Zn//TNHATN battery can
provide a high discharge specific capacity of 755 mAh/g when it
first discharges at 0.04 A/g, and the average discharge capacity is
503 mAh/g for five cycles (Fig. S18b in Supporting information). As
the current density raises to 0.1, 0.5, 1, 2, 5, 10 and 20 A/g, the
corresponding average discharge specific capacities are 352, 312,

295, 280, 256, 231 and 184 mAh/g, respectively, presenting simi-
lar high-rate performance with the Zn//[TNHATN coin-type batter-
ies. Along with the current density is back to 0.04 and 0.1 A/g, the
discharge specific capacities can return to 302 and 280 mAh/g, re-
spectively, showing the flexible aqueous Zn//TNHATN battery has
good reversibility.

We also investigated the long cycle stability of flexible aqueous
Zn/[TNHATN batteries. As shown in Fig. 3b, the initial discharge
capacity at 5 A/g is 277 mAh/g, and after 1000 cycles, the flex-
ible aqueous Zn//TNHATN battery can still provide a specific ca-
pacity of 182 mAh/g, maintaining 100% Coulombic efficiency and
about 71% capacity retention, showing good cycle stability. The
Ragone plot based on above data is displayed in Fig. S19 (Sup-
porting information), which reflects the relation between the vol-
umetric energy density and power density for the flexible bat-
tery (see calculation details in Supporting information). The max-
imum volumetric energy density of flexible aqueous Zn//[TNHATN
batteries is 21.36 mWh/cm?3, which is superior to many previously
reported flexible batteries and supercapacitors. (Table S3 in Sup-
porting information). The excellent electrochemical performances
of the Zn//TNHATN battery is related with following factors: (1)
TNHATN compound has a m-conjugated aromatic structure con-
taining multiple redox active sites (C=N and -NO, groups) and
electron-withdrawing groups (-NO,). (2) TNHATN compound is dif-
ficult to dissolve in the electrolyte.

To research the flexibility of the flexible aqueous Zn//TNHATN
battery, we tested the cycling stability of it at flat, 45°, 90°, 135°,
180° and reflat (Fig. 3c and Fig. S20 in Supporting information).
At a current density of 5 A/g, the battery cycled for 6 times at
each folding angle, and after a series of angle folding, the TNHATN
electrode can still keep a capacity of 256 mAh/g (97% of the ini-
tial capacity) when it returns to the flat state. Compared the dis-
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Fig. 4. (a) Charge curves of discharged flexible aqueous Zn//[TNHATN batteries in
air and Ar atmospheres. Ex situ FTIR spectra of the TNHATN-Zn-H electrode at the
marked points in the air-recharge process. (b) Electrochemical properties of the
air-rechargeable flexible aqueous Zn//TNHATN battery: (c) Galvanostatic discharge
curves at different air-charging times at 0.5 A/g. (d) Dependence of discharge ca-
pacity and charge voltage on air-charging times. (e) Capacities and discharged volt-
ages at various current densities. (f) Charging/discharging behavior in hybrid modes.
(g-i) LED lights powered by two air-rechargeable flexible aqueous Zn//TNHATN bat-
teries at different states.

charge capacities under different folding angles, it can be found
that they remain basically unchanged (Fig. 3c and Fig. S20). The
results show that the flexible battery has strong mechanical prop-
erty along with excellent flexibility. Furthermore, a single flexible
battery under flat/folding angle of 90° situation (Fig. S21 in Sup-
porting information) could power a LED light lightening. Only two
such flexible batteries in series can light up the pattern of 74 LEDs
(zinc), as presented in Fig. 3d, displaying its application potential
in wearable electronics.

It is well known that the occurrence of redox reaction is related
to the redox potential difference (AE) between reactants. Based on
the Nernst equation and the CV curves in Fig. 2a and Fig. S22 (Sup-
porting information), the obtained H*/Zn2* extraction potential of
the discharged TNHATN electrode (vs. standard hydrogen electrode
(SHE)) is -0.2 V. Furthermore, the standard electrode potential of
0, versus SHE in the alkaline medium is 0.40 V [16], therefore,
the AE between the discharged TNHATN electrode (TNHATN-nZn-
(12-2n)H, abbreviated as TNHATN-Zn-H) and O, is larger than zero
(Fig. 1c), indicating the redox reaction between them can take
place easily. To demonstrate the feasibility of this reaction used to
construct an air-rechargeable organic AZIB, we investigated the re-
dox behavior of the TNHATN-Zn-H electrode in an air atmosphere
using the flexible aqueous Zn//TNHATN battery.

The charge voltages of the discharged flexible aqueous
Zn/[TNHATN battery under different time in air/Ar is displayed
Fig. 4a. As shown in Fig. 4a, when the TNHATN-Zn-H electrode is
exposed to air, the voltage of the flexible aqueous Zn//TNHATN bat-
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tery rapidly increases within 2 h, then gradually increases and fi-
nally stabilizes at 1.17 V after 24 h. This reveals that the TNHATN-
Zn-H electrode is oxidized by O, in air. Conversely, in an Ar at-
mosphere, the voltage of the flexible aqueous Zn//TNHATN bat-
tery increases only to 0.4 V from 0.17 V after 24 h. This change
originates from the relaxation behavior of the electrode [21]. Var-
ious ex-situ tests, such as FT-IR, XRD and XPS, were used to fur-
ther investigate the redox process of the TNHATN-Zn-H electrode
in the air-recharging process. FT-IR spectra of the TNHATN-Zn-
H electrode at different charge time points presented in Fig. 4b
show that the intensity of the peak belonged to the C=N bond at
around 1629 cm~! increases with the increase of the air-charging
time from O to 15 h, which indicates the removal of H* ions dur-
ing oxidation. The ex-situ XRD patterns show that the peak at
around 20 = 9.7° belonged to the (021) crystal plane of TNHATN
moves to the larger angle with the extension of air oxidation time
(Fig. S23 in Supporting information), meaning the inter-plane dis-
tance (d-spacing) decreases and the extraction of H* ions from the
TNHATN-Zn-H electrode. In the same time, the peak belonged to
the (211) crystal plane of TNHATN appears again with air oxida-
tion time increases to 9 h, further demonstrating the extraction
of HT ions. In the ex-situ XPS spectra (Figs. S24a and b in Sup-
porting information), the peak intensity of C=N (399.7 eV) grad-
ually increases as the oxidation time increases, the peaks inten-
sities of —NH-(400.3 eV) and O-H (533.1 eV) gradually become
smaller, while the peak intensity of N-Zn (399.0 eV) and O-Zn
(531.6 eV) has almost no change, indicating that H* ions remove
and Zn2* ions do not remove during air-recharging. The XPS spec-
tra of Zn2* ions (Fig. S25a in Supporting information) and the ex-
situ SEM-EDS mapping images (Fig. S25b in Supporting informa-
tion) also further demonstrate the judgment mentioned above. As
observed in Figs. S25 and S26 (Supporting information), the peaks
intensities of Zn 2p;p, and Zn 2pq; and the Zn element content
at the fully discharged state almost increase slightly than that of
the air-recharged for 15 h, which is attributed to that the extrac-
tion potential of Zn?tions (0.46 V vs. SHE, Fig. $22) is higher than
the standard electrode potential (0.40 V vs. SHE) of O, in the alka-
line medium. In other words, the oxidation reaction process of the
discharged electrode with O, is almost only involved in H* ions
removal. During this course, O, can be turned to OH~ ions by ac-
cepting electrons and reacting with H,0. Based on the facts above
mentioned, we speculate the possible cathode reaction mechanism
in the air-recharging process is as follows:

TNHATN-nZn-(12-2n)H — (12-2m)H* — (12-2n)e"
— TNHATN-nZn )

(12-2n)/4 0, + (12-2n)/2 H,0 + (12-2n)e” — (12-2n)OH" (3)

(12-2n)H* +(12-2n)OH™ — (12-2n)H,0 (4)

The electrochemical performance of air-rechargeable flexible
aqueous Zn//[TNHATN batteries were investigated by a series of
tests. The discharge capacity and voltage change of the air-
rechargeable flexible aqueous Zn//TNHATN battery under differ-
ent air-charging times was tested at 0.5 A/g (Figs. 4c and d). The
Zn/[TNHATN battery can deliver a discharge capacity of 131 mAh/g
after oxidation of 5 h. When the air-charging time reaches
15 h, the discharge capacity of the Zn//TNHATN battery reaches
320 mAh/g, which is higher than that of many air-rechargeable AZ-
IBs previously reported (Table S4 in Supporting information) [16-
21].

As the air-charging time increases, the voltage of the
Zn/[TNHATN battery gradually rises. After 5 h oxidation, the
Zn/[TNHATN battery can be restored to 0.58 V. When the oxidation
time is increased to 15 h, the voltage of the Zn//TNHATN battery
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stabilizes at an open-circuit voltage of 1.17 V. After air-recharge for
15 h, such Zn//TNHATN batteries exhibit excellent rate performance
(Fig. 4e and Fig. S27a in Supporting information), due to the fast
insertion and removal of H* ions. The high discharge specific ca-
pacity of 273 mAh/g is maintained at a current density of 20 A/g,
keeping 85.3% of that at 0.5 A/g. Furthermore, in the air environ-
ment, such flexible Zn//[TNHATN batteries also have repeated self-
rechargeability, as can be seen from the air-recharge/galvanostatic
discharge cycle curves (Fig. S27b in Supporting information). On
top of that, such flexible Zn//TNHATN batteries can switch freely
between charge and discharge modes and operate well (Fig. 4f).
After 7 h of air-charging (also known as chemical self-charge), the
discharge voltage of Zn//TNHATN battery can maintain at about
1.14 V. When the energy in the Zn//[TNHATN battery is depleted,
it can be recharged again through air oxidation. Impressively, the
Zn/[TNHATN battery can be recharged by using an external power
source, completing the transition from an air-recharged (1.14 V)
state or a fully discharged (0.1 V) state to a fully charged state
(1.5 V).

To verify practical application effects of the air-rechargeable
flexible Zn//[TNHATN batteries, two such pristine Zn//TNHATN bat-
teries were assembled in series to power the LED lights, and they
can light up 74 LED lights (Fig. 4g). After the Zn//TNHATN batteries
were depleted (Fig. 4h), the sealing Kapton film was uncovered and
air was introduced into the Zn//TNHATN batteries to achieve air-
charging (Fig. 4i and Fig. S28 in Supporting information). Impres-
sively, depleted Zn//TNHATN batteries can light up the LED lights
again after air-charge, proving their viability as air self-charging
energy storage devices.

In conclusion, we have successful developed a flexible AZIB
with air-recharging capability based on the TNHATN cathode.
The flexible aqueous Zn//TNHATN battery not only delivers high
discharge capacity, but also exhibits high volumetric energy
density (21.36 mWh/cm3), good mechanical flexibility and bet-
ter long cycle stability, owing to TNHATN having m-conjugated
aromatic structure containing multiple redox active sites and
electron-withdrawing groups. Impresively, such flexible aqueous
Zn//TNHATN battery also shows excellent air-recharging capabil-
ity. The discharged flexible aqueous Zn//TNHATN battery can be
recharged to the open-circuit voltage of 1.17 V after oxidation in
air for 15 h, then delivers a specific capacity of up to 320 mAh/g
at 0.5 A/g. Due to the potential difference between the discharged
TNHATN cathode and O,, during the air-charging process, along
with the removal of H* ions, the redox reaction between them can
happen spontaneously. Notably, this flexible aqueous Zn//TNHATN
battery also displays excelent rate performance and works well
in chemical or/and galvanostatic charging mixed modes, showing
reusability. To our best knowledge, this is the first report about the
flexible air-rechargeable AZIBs based on organic cathodes with H*
removal. This study provides a new insight for constructing high-
capacity and flexible air-rechargeable AZIBs.
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