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Highly active and stable cathodes play a crucial role in agueous Zn-organic batteries, enabling them to achieve
high capacity, rapid redox kinetics, and an extended lifespan. However, currently reported electrode materials for
Zn-organic batteries face challenges such as low capacity and inadequate cycling stability. In this contribution,
aiming to overcome the challenges above, we develop a new Zn-organic battery. In this battery, saturated
ZnSQO, served as an electrolyte and its cathode is based on dipyrido [3,2-a:2’,3’-c] phenazine (DPPZ). Theoretical
calculations and ex situ analyses demonstrate that the Zn//DPPZ batteries mainly undergo an H* uptake/removal
process with a highly reversible structural evolution of DPPZ. As a result, the aqueous Zn//DPPZ full cell

Received 15th November 2024, exhibits a remarkable capacity of 94 mA h g~* at a mass-loading of 2 mg cm~2 (achieved at 0.5 A g4,

Accepted 7th January 2025 and rapid kinetics. Moreover, the cell possesses remarkable cycling durability such that at a mass-

DOI: 10.1039/d4ma011289g loading of 2 mg cm™2, the cell owns a long lifespan of 8000 cycles with a current density of 5 A g2,
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and even at a high mass-loading of 8 mg cm
0.5 A g1 These findings pave the way for the development of advanced organic electrodes.

rsc.li/materials-advances

Introduction

Aqueous zinc-ion batteries (ZIBs) offer great potential as future
energy storage solutions, primarily due to the advantages
associated with using a Zn anode. These advantages include a
high specific capacity of 820 mA h g™, a low redox potential
(—0.76 V vs. standard hydrogen electrode), cost efficiency,
environmental sustainability, and enhanced safety.'™® Inor-
ganic materials such as Prussian blue, manganese substances,
and vanadium oxides have been extensively studied as cathodes
for Zn batteries.”"> However, their practical application is often
hindered by sustainability, dynamics, and stability issues. In
particular, repeated intercalation of Zn** can lead to significant
structural degradation of these materials.'®>°

Organic electrode materials are considered as an environ-
mentally friendly and sustainable alternative for rechargeable
Zn batteries. One of the key advantages of organic electrodes is
their ability to possess suitable redox potentials for aqueous
electrolytes, which can be easily adjusted through molecular
design.?®° Additionally, the spacious internal structure of
organic materials allows for excellent cycling stability by effec-
tively accommodating the volume changes caused by the
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~2, it can still endure 600 cycles with a current density of

insertion of hydrated Zn**/H" ions. Recently, carbonyl (C=0)
and azine (C—=N) compounds have shown promise due to their
n-type redox characteristics. These compounds store charge
through coordination reactions between Zn>*/H* ions and
C=0/C=N groups.*’® However, organic electrodes for Zn
batteries are still in the early stages of development and face
limitations such as low capacity and poor cyclability. In parti-
cular, small molecular electrode materials, while advantageous
for mass production and practical applications due to their
simplicity and relatively low cost, often exhibit high solubility
in electrolyte.””** This leads to the undesired “shuttling” of
active materials and rapid capacity decay in batteries. There-
fore, the development of highly redox-active organic materials
remains a significant challenge but is vital for the advancement
of Zn batteries.

In this study, a novel Zn-organic battery is presented which
operates with a mild aqueous electrolyte, saturated ZnSO,. The
cathode consists of dipyrido [3,2-a:2",3’-c] phenazine (DPPZ),
while Zn foil serves as the anode. The battery’s function is
intimately linked to the coordination reaction occurring in the
cathode and the zinc oxidation/reduction process happening
on the anode. DPPZ is classified as a m-conjugated aromatic
compound that contains C=N groups. These C=N groups can
mainly form coordination bonds with H' ions. As a result, the
Zn//DPPZ cells demonstrate a high capacity of 94 mA h g™*
at 0.5 A g7, along with exceptional cycling performance for
8000 repetitive discharge-charge cycles at 5 A g~ *. This signifies that
even with a high mass-loading of DPPZ (8 mg cm ™ ?) in the cathode,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic illustration of the aqueous Zn//DPPZ cell.

a respectable cycle life of 600 cycles can be achieved at 0.5 A g~ .
Additionally, through a combination of theoretical calculation and
ex situ characterizations, the charge storage mechanism of the DPPZ
organic electrode has been comprehensively elucidated.

Results and discussion

In this work, we assemble an aqueous Zn-organic battery,
which involves a dipyrido [3,2-a:2/,3’-c] phenazine (DPPZ)
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cathode, a Zn anode and a mild aqueous electrolyte (ie.,
saturated ZnSO,). The component of the organic cathode is non-
toxic, showing an environment-friendly nature. The pH value of the
saturated ZnSO, solution is 3.1, which implies the presence of
many H' ions. Therefore, the H' insertion is taking place in the
DPPZ electrode by the coordination reaction in the discharge
process (Scheme 1). The charge process reverses discharge.

The morphology of the DPPZ sample was examined using
scanning electron microscopy (SEM). Additionally, we per-
formed various characterization techniques to confirm the
chemical composition of DPPZ, including Fourier transform
infrared (FTIR) spectroscopy, nuclear magnetic resonance
(NMR) spectroscopy, and X-ray diffraction (XRD) analysis.
Fig. S1 and S2 (ESIt) show the SEM images of DPPZ, displaying
a nanowire morphology with an average diameter of 200 nm.
Fig. 1a exhibits the FTIR spectroscopy of DPPZ. The peaks
located at 1134 cm ™', 1485 cm™ ' and 1574 cm™ ', are assigned
to the stretching vibration of C-N, C—C and C—N bonds,
respectively. Furthermore, the C-H in- plane and out-of-plane
bending vibration in the aromatic ring corresponds to the
peaks appearing at 1071 and 744 cm ', respectively. The
"H NMR spectrum (Fig. 1b) shows five distinct peaks, corres-
ponding to the five types of hydrogen atoms present in DPPZ.
In addition, the *C NMR spectrum (Fig. 1c) shows nine peaks,
which is consistent with the nine types of C atoms in the DPPZ
structure. The purity of the DPPZ sample was also confirmed by
the X-ray diffraction (XRD) pattern, as shown in Fig. 1d.
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Fig. 1 (a) FT-IR spectrum of DPPZ. (b) *H NMR spectrum of DPPZ. (c) 1*C NMR spectrum of DPPZ. (d) The XRD pattern of DPPZ.
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Fig. 2

(a) CV curves of DPPZ at different scan rates. (b) The linear fit of the peak current density with scan rate. (c) The capacitive contributions at various

scan rates. (d) Rate performance measured in the current range of 0.5-10 A g~2. (e) Cycling performance at the current density of 5 A g%,

The electrochemical performance of the DPPZ electrode was
assessed using a Zn-organic coin cell (i.e., Zn//DPPZ) with a
saturated ZnSO, aqueous electrolyte. Fig. 2a illustrates the
cyclic voltammetry (CV) profiles of the Zn//DPPZ cells at scan
rates ranging from 0.2 mV s~ ' to 0.6 mV s~ within a voltage
window of 0.2 V to 1.6 V. The CV curves display one pair of
redox peaks at 0.53/0.69 V, indicating a one-step redox reaction.
As the scan rate increases, the cathodic peaks shift to higher
potentials, while the anodic peaks shift to lower potentials. By
analyzing the relationship between scan rate (v) and peak
current (i), it is found that the calculated values of b for peaks
1 and 2 are 0.74 and 0.85, respectively (Fig. 2b). These values
suggest a surface capacitive-dominant charge storage nature,
indicating fast kinetics. Additionally, the capacitive contribu-
tion increases with increasing scan rate, ultimately reaching

1302 | Mater. Adv., 2025, 6, 1300-1306

80% at a scan rate of 0.6 mV s ' (Fig. 2c). Due to its fast
reaction kinetics, the Zn//DPPZ cell delivers a high capacity of
94 mA h g~ " with a current density of 0.5 A ¢ and maintains
specific capacities of 89, 83, and 77 mA h g’l, respectively, as the
current density increases (1.0, 2.0, and 5 A g~ ) (Fig. 2d). Even when
the current density increases to 10 A g ', a respectable specific
capacity of 70 mA h ¢~ can still be obtained, verifying its excellent
rate performance. Fig. 2d shows the data at different current
densities, which is used to calculate the energy density and power
density of the battery. As a result, the cells possess a high energy
density of 58 W h kg™ ' at a power density of 700 W kg~ (Fig. S3,
ESIt). The cycling stability measurement (Fig. 2e) reveals a specific
capacity of 60 mA h ¢~" and an ultra-stable durability with only
23% decay after 8000 cycles at 5 A g~ ', demonstrating preeminent
cycling performance.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Optimized structures and calculated frontier molecular orbital energies of DPPZ-H, and DPPZ-ZnH, molecules. (b) Calculated MESP
distributions on the van der Waals surface of DPPZ-H,4 and DPPZ-ZnH, molecules.
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Fig. 4 (a) The exsitu FTIR spectra of DPPZ electrode at the marked points in the discharge/charge curve. (b)-(d) The ex situ N 1s XPS spectra of the DPPZ
electrode at different states.
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Density functional theory (DFT) calculations were performed
to explore the interactions of Zn** and H" with the active sites
in the DPPZ molecule. Firstly, we calculated the frontier mole-
cular orbitals for DPPZ binding Zn** and/or H', including the
lowest unoccupied molecular orbital (LUMO) and the highest
occupied molecular orbital (HOMO). As shown in Fig. 3a, the
energies of the LUMO and HOMO for DPPZ binding only H"
(i.e., DPPZ-H,) were calculated to be —0.0066 and —0.1639 eV,
respectively. For DPPZ binding two H" and one Zn*' (ie.,
DPPZ-ZnH,), the energies of the LUMO and HOMO were
calculated to be —0.0001 and —0.1725 eV, respectively. Thus,
it is indicated that the storage of H" in DPPZ is more favorable,
because its energy gap (AE) of DPPZ-H, between the HOMO
and LUMO is 0.1573 eV, which is lower than that of DPPZ-ZnH,
(0.1724 eV). This can be also reflected by the calculated binding
free energy (AGp). As shown in Fig. 3b, AG, of DPPZ-H,
is —50.46 €V, which is lower than the AG, for DPPZ-ZnH,
(—44.87 eV). This result suggests that DPPZ mainly tending to
store H" during the discharge process.

The charge storage mechanism of the Zn//DPPZ cell was
further investigated using ex situ characterizations at different
discharge-charge states. Demonstrated in Fig. 4a is the ex situ
FT-IR spectra collected to explore the intrinsic electrochemical
activity of DPPZ, such as the active sites and reaction process of

the cathode material. During the process of discharging, the
1
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declines, revealing that the C=N bond is the redox-active site
in DPPZ. Simultaneously, the peak intensities of the C-N
(1109 cm™ ') and N-H (3072 cm™ ') bonds increase, suggesting
that the C=N bond in DPPZ is reduced to a C-N bond and H"
ions in the electrolyte are stored to form N-H by the coordina-
tion reaction. In the process of charging, the peak intensities of
these functional groups (i.e., C=N, C-N and N-H) gradually
return to their initial states, manifesting that these structural
changes of DPPZ resulting in electrochemical activity are rever-
sible. The electrochemical reaction mechanism of the DPPZ
electrode was further confirmed by ex situ XPS spectra.
Fig. 4b-d shows the recorded XPS spectra of N 1s at different
discharged/charged states. After discharge from the initial state
to 0.2 V, it is observed that the characteristic peak of the C-N
bond appears at 399.3 eV, while the characteristic peak of the
C=N bond at 398 eV disappears. This phenomenon is attrib-
uted to the coordination reaction between the C=N bonds and
H" ions. Upon recharging to 1.6 V (i.e., returning from 0.2 V to
1.6 V), the C—=N peak reappears and the C-N peak disappears,
indicating the release of H' ions. This result indicates that the
DPPZ electrode is mainly responsible for the storage of H' ions,
which is consistent with the findings of the DFT results. In
addition, to explore whether Zn”>" ions are involved in storage,
we compared the galvanostatic charge/discharge behaviors of
DPPZ electrodes in a non-aqueous electrolyte containing Zn**

peak intensity of the C—=N bond at 1560 cm™ = gradually (ie., 0.5 M Zn(OTF), in N,N-dimethylformamide (DMF) and a
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Fig. 5

active mass-loadings. (c) Cycling performance at 0.5 A g~* with mass-loading of 8 mg cm™2.
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(a) The discharge—charge curves of the Zn//DPPZ cell with different active mass-loading. (b) Rate capability of the Zn//DPPZ cell with various
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saturated ZnSO, electrolyte. As shown in Fig. S4 (ESI{), DPPZ
electrodes exhibit significantly reduced capacity (59 mA h g™*)
in 0.5 M Zn(OTF),/DMF electrolyte compared to that
(188.9 mA h g ') in saturated ZnSO, electrolyte, indicating that
the capacity contribution of Zn>* storage in the DPPZ electrodes
is around 31%. This result reveals that the H' storage dom-
inates the overall reaction.

Indeed, it is essential to the practical application of batteries
to achieve a high gravimetric capacity in a high mass-loading
electrode. To address this, we fabricated DPPZ electrodes with
mass-loading ranging from 2 to 8 mg cm >, The charge/
discharge profiles of the DPPZ cathode with different kinds of
mass-loading at an applied current density of 0.5 A g~ are
displayed in Fig. 5a. As Fig. 5a depicts, the Zn//DPPZ cell with a
mass-loading of 2 mg cm ™2 delivers a capacity of 94 mAh g .
Even when its mass-loading reaches 8 mg cm 2, the cell still
exhibits a capacity of 85.5 mA h g~'. The rate performance of
the Zn//DPPZ cell was also investigated with different mass-
loading, and the results are depicted in Fig. 5b and Fig. S5 and
S6 (ESIt). Fig. 5b demonstrates excellent rate ability of the
Zn//DPPZ cell at mass-loading of 2, 5 and 8 mg cm™? in the
cathode. As described in Fig. 5b, when the mass-loading is at
5 mg cm > and under a current density of 10 A g™, the cell
retains a reversible capacity of 50 mA h g~ ', which corresponds
to 59% of the capacity achieved at a current density of 0.5 Ag™".
Even at a higher mass-loading of 8 mg cm ™2, with a current
density of 5 A g7, the reversible capacity of the cell reaches
40.2 mA h g~', which corresponds to 47% of the capacity
achieved at a current density of 0.5 A g~ . Based on the rate
capability data presented in Fig. 5b, the energy and power
densities of the Zn//DPPZ cell are computed and are illustrated
in a Ragone plot (Fig. S7, ESIT). The plot shows that at a mass-
loading of 5 mg cm™?, the Zn//DPPZ cell features a prominent
energy density of 54 W h kg™', and even at a higher mass-
loading of 8 mg cm ™2, it still maintains a decent energy density
of 52 W h kg~ . Furthermore, we evaluated the cycling stability
of the Zn//DPPZ cell at a high mass-loading. Fig. 5¢ demon-
strates that the cell exhibits good cycling stability at a mass-
loading of 8 mg cm™>. As shown in Fig. 5¢, it can cycle for more
than 600 cycles at a current density of 0.5 A g~ ' and there is
only 24% attenuation of its initial capacity.

Conclusion

In summary, we have investigated the potential of a novel
organic material, dipyrido [3,2-a:2/,3’-c] phenazine (DPPZ), as
a cathode material for aqueous Zn batteries. Through theore-
tical calculations and various ex situ characterization techni-
ques, we have comprehensively analyzed the charge storage
behavior in DPPZ. Our findings indicate that the C=N groups
within DPPZ are mainly the active site for H' storage. The high
reaction kinetics of the DPPZ cathode contribute to the excep-
tional performance of Zn//DPPZ full cells, which exhibit a
notable discharge capacity of 94 mA h g~ ' at a current density
of 0.5 A g~ * with a mass-loading of 2 mg cm 2. Furthermore,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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these cells display excellent rate capability and extended cycling
stability, maintaining a high-capacity retention ratio of 78%
after 8000 cycles at a current density of 5 A g~ '. Additionally,
the mass-loading coming to 8 mg cm ? in the DPPZ
cathode, the Zn//DPPZ cell achieves a remarkable capacity of
85.5 mA h g~ ' at a current density of 0.5 A ¢ and exhibits
excellent cycling performance with over 600 cycles. Overall, our
study introduces DPPZ as an up-and-coming organic cathode
material for zinc batteries and extends the way for the exploita-
tion of high-performance organic cathodes in the future.
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