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Abstract: Aqueous zinc-ion batteries (ZIBs) are an appealing rechargeable battery technology for next-
generation energy storage devices, known for their low cost and high safety. Among the promising
cathode materials used for aqueous ZIBs, anthraquinone (AQ) stands out due to its high theoretical
specific capacity, low cost, and environmental friendliness. In this study, we investigate the cyclic
stability of AQ in aqueous ZIBs. We demonstrate that AQ exhibits a good capacity retention at a
high current density even after 1000 charge—discharge cycles, while more obvious capacity fading is
observed at a low current density. Density functional theory calculations reveal that the mechanism of
the rapid capacity fading under a low current density is due to the significant structural deformation
of AQ crystal during Zn insertion into the AQ bulk. Furthermore, the energy barrier of Zn ions that
diffuse into the AQ bulk is much higher than the diffuse on the AQ surface, leading to an irreversible
Zn insertion. However, under a high current density, Zn ions prefer to adsorb and diffuse on the AQ
surface without bulk insertion and structural deformation, rending a higher cycling stability. These
insights into the factors influencing the cycling stability of AQ-based electrodes offer a guidance to
improve their performance for practical applications.

Keywords: organic cathode; aqueous zinc-ion batteries; diffusion mechanism; density functional
theory calculations

1. Introduction

Zn-ion batteries (ZIBs) are emerging as promising advanced rechargeable batteries due
to their excellent properties, including a high theoretical capacity, good rate performance,
low cost, environmental friendliness, and high safety [1-4]. Among various multivalent
chemistries, zinc stands out as the optimal choice for a reversible anode in aqueous elec-
trolytes, owing to its inherent stability and relatively high overpotential for hydrogen
evolution [5,6]. The combination of aqueous electrolytes with zinc anodes provides safety
advantages. However, the development of cathode materials is crucial to further enhance
the performance of aqueous ZIBs [7-9]. Present cathode materials for aqueous ZIBs, such
as metal oxides, polyanionic olivine-based phosphates, and so on [10,11], face challenges
including sluggish kinetics, low efficiency, and unstable cycling [12]. Additionally, many of
these cathode materials involve toxic or environmentally harmful elements. Overcoming
these obstacles necessitates the discovery of sustainable cathodes that exhibit a long cy-
cling stability, high energy density, and large power density. Organic materials, especially
anthraquinone (AQ) and its derivatives, have garnered significant interests as promising
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cathode materials owing to their large theoretical specific capacity, low cost, and inherent
eco-efficiency [13-16]. Additionally, the redox potential of AQ is compatible with the elec-
trochemical window of most battery electrolytes [17,18]. The large conjugation between the
carbonyl group and aromatic frame of AQ, as well as its aromatic ring structure, contribute
to its high theoretical capacity of 257 mAh/g, making it an extensively researched material
in various batteries [19-21]. However, the poor cycling stability of AQ limits its further
use in ZIBs [22]. The poor cycling stability of electrodes based on low-molecular-weight
organic active materials is mostly attributed to their dissolution or leaching into the elec-
trolyte [23-25]. To address this issue, researchers replaced the organic solvent electrolyte
with water, which reduces the solubility of AQ active materials due to its low solubility in
water [26]. With the potential high energy density, AQ can serve as a promising cathode
candidate for aqueous ZIBs.

To investigate the cycling performance of AQ for aqueous ZIBs, we conducted elec-
trochemical experiments with AQ cathodes for aqueous ZIBs subjected to over 1000
charge—discharge cycles. Our experiment results revealed that the capacity retention
rate is good at a high current density (after 1000 cycles with a capacity fading rate of about
0.03% per cycle), while a rapid decrease in the capacity at a low current density is observed
(after 1000 cycles with a capacity fading rate of about 0.08% per cycle). This suggests
that AQ has the potential to be an effective electrode material in practical applications
where a high-power output is required. Nonetheless, further investigations are needed to
understand the underlying reasons for the decrease in the AQ electrode capacity at a low
current density, which is crucial for the development of high-performance ZIBs.

This work aims to investigate the rapid capacity decline of AQ cathodes in ZIBs under
a low current density by combining experimental and theoretical calculation methods. The
crystal structure and morphology of the AQ electrode before and after Zn ion insertion/de-
insertion were studied to analyze the reason for the capacity attenuation of AQ electrodes
from a crystallographic perspective. The diffusion behavior of Zn ions in AQ electrodes
was studied using the climbing image nudged elastic band (CI-NEB) method. The diffusion
mechanism of Zn ions in AQ electrodes was further clarified through the analysis of the
diffusion path and energy barrier.

2. Results and Discussion

The XRD patterns of AQ powders and AQ/ketjen black (KB) composite are shown in
Figure 1a. Both the characteristic peaks of the AQ powders and AQ/KB composite are well
indexed to the standard card JCPDS No. 28-2002. This phenomenon could be explained
by the fact that AQ is combined with KB via van der Waals force, and the amorphous
KB has a negligible effect on the crystal structure of AQ. In addition, even though the
AQ/KB composite was manufactured by ball milling, the crystal structure of the AQ/KB
composite is consistent with AQ, implying that ball milling would not destroy the structure
of pristine AQ.

The as-prepared AQ and AQ/KB composite morphologies were observed via TEM,
as shown in Figure 1b,c, respectively. In Figure 1b, the size of a pristine nanorod-like AQ
is about 400 nm in diameter, while the AQ in the AQ/KB composite exhibits a reduced
size of around 200 nm caused by ball milling, which is uniformly covered by abundant KB
nanoparticles (Figure 1c). KB as a conductive agent that enhances the intrinsically inferior
electronic conductivity of AQ, thus improving the electrochemical performance.

To evaluate the electrochemical performance of ball-milled AQ, the cyclic voltammetry
(CV) and galvanostatic charge/discharge tests of cells using zinc foil as an anode and AQ
electrode as a cathode were carried out. Figure 2a presents the CV curves of the cell of
AQ at a scan rate of 0.1 mV /s, which show two set peaks at 0.44-0.50 V and 0.63-0.65 V,
corresponding to the redox reaction of the carbonyl group (C=0) of AQ, along with the
coordination/incoordination of Zn?*, respectively. Figure 2b displays the charge-discharge
curves under a 200 mA /g current density of AQ at the 1st, 2nd, 50th, and 100th cycles,
respectively. Two flat and long voltage plateaus are consistent with the redox peaks of the
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CV curves. The discharge capacities from the 1st to 100th cycle are 219 and 117 mAh/g,
respectively, indicating a low cycling stability under the current density of 200 mA/g.
Figure 2c illustrates the charge-discharge curves of AQ at the current density of 4000 mA /g
for the 1st, 2nd, 50th, 100th, and 200th cycles. The discharge capacities for the 50th, 100th,
and 200th cycles are 140, 131, and 124 mAh/g, respectively, with the 1st being an exception
at 81 mAh/g. These results indicate a high level of cycling stability under the current
density of 4000 mA/g.

(a)

—AQ
— AQ+KB

(001)

Intensity (a.u.)

Figure 1. (a) XRD patterns of AQ (red) and AQ/KB composite (black). High-resolution TEM of
(b) AQ and (c) AQ/KB composite after ball milling.
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Figure 2. CV curves of AQ at a scan rate of 0.1 mV/s from 0.2 to 1.0 V (a), galvanostatic
charge—discharge profiles of AQ at 1st, 2nd, 50th, and 100th cycles under (b) 200 mA /g current
density and (c) 4000 mA /g current density. Cycling performance of AQ at (d) 200 mA/g and
(e) 4000 mA /g. (f) Cycling performance of KB at 200 mA/g.
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To further investigate the influence of the current density on the cycling performance
of AQ, the long-term cycling was tested at the current densities of 200 and 4000 mA/g,
respectively (Figure 2d,e). The discharge capacity of AQ drops from 219 to 40 mAh/g at
200 mA /g after 1000 cycles, with a capacity fading rate of about 0.08% per cycle. However,
under a high current density of 4000 mA /g, the discharge capacity of AQ becomes steady
after an eleven-cycle activation and decreases from the maximum value of 151 to 99 mAh/g
after 1000 cycles, with a capacity fading rate of about 0.03% per cycle, which is lower than
that at a current density of 200 mA /g. It suggests that AQ exhibits good capacity retention
at a high current density, while capacity fading is more pronounced at a low current density.

In order to establish a control for our experiments, we conducted a capacity test on a
pure KB electrode, which we refer to as the “blank” electrode. This electrode consisted solely
of KB without the inclusion of AQ, as outlined in the methodology. Figure 2f presents the
results of this test, showing an initial capacity of only 11 mAh/g for the pure KB electrode.
This value is significantly lower when compared to the capacity demonstrated by the
AQ + KB electrode. These findings provide conclusive evidence that the presence of AQ
plays a primary role in influencing the overall capacity, rather than KB. Therefore, it can be
concluded that the addition of KB to AQ has a negligible impact on the overall capacity, as
observed in our experimental results.

To figure out the mechanism of a better cycling performance at a high current density,
the first-principal calculations based on the density functional theory (DFT) were performed.
The crystal structures of AQ were analyzed, revealing that monoclinic AQ consists of a
conjugated aromatic compound with two carbonyl groups, belonging to a space group of
P2, /c. The shortest intermolecular distance within the AQ crystal lattice was found to be
3.942 A along the b-axis. This compact structure, facilitated by the van der Waals force
between the AQ molecules, creates ample space for Zn?* diffusion. The lattice parameters
(7.81 A,3.92 A, and 15.66 A) of the AQ crystal are in agreement with the reported value
in [27]. To simulate the Zn insertion process into the AQ electrode, we expanded the AQ
unit cell to a2 x 3 x 1 supercell with the lattice parameters of 15.63 A,11.75 A, and 15.66 A,
respectively. We identified four possible insertion sites for Zn atoms in AQ bulk (sites A, B,
C, and D), as illustrated in Figure 3. The binding energy (eV/Zn atom) was determined
as the difference between the total energy of the Zn atom adsorbed on the AQ bulk and
the sum of the total energy of the isolated Zn atom (belonging to Zn metal crystal, with
a hexagonal close-packed structure and a lattice constant of 2.62 A and 4.84 A) and the
isolated 2 x 3 x 1 AQ supercell. The binding energies of the Zn atoms at four different
adsorption sites are listed in Table 1. It is evident that the binding energy of Zn only at the
C site exhibits a negative value of —0.95 eV, whereas at the other three sites, the binding
energies are positive values no smaller than 1.16 eV. A positive binding energy signifies
an endothermic reaction, indicating the low likelihood of Zn existing stably at these sites.
This observation suggests that Zn atoms are more likely to be adsorbed at the C site of the
AQ bulk.

CO 00 HozZnO

Figure 3. Top and side view of insertion sites of Zn in AQ bulk.
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Table 1. The binding energies of Zn in AQ bulk.

A Site B Site C Site D Site
Binding energy (eV) 1.81 1.16 —0.95 1.16

The atomic structures of pristine and Zn (C site)-inserted AQ presented in Figure 4a,b
show that the Zn atom bonded to two O atoms, resulting in the reduction in the carbonyl
group (C=0O double bond) in the AQ molecule and its subsequent conversion into a carbon—
oxygen single bond. Additionally, we employed a non-in situ Fourier transform infrared
spectroscopy (FTIR) to investigate the original structure of the AQ electrode and its first dis-
charge state, as shown in Figure 4c. We detected a strong characteristic band at 1678 cm™!
in the original AQ structure, which is associated with the stretching vibration of the C=O
group. After the first discharge, the carbonyl stretching signal decreased, indicating a
reduction in the number of carbonyl groups in the AQ molecule. Based on the theoretical
calculations and experimental discoveries, it can be concluded that after discharge, the
carbonyl groups (C=0) in AQ transform into carbon—oxygen single bonds, coordinating
with Zn ions to form a reduced state, where the carbonyl groups act as the center of the
redox reactions.
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Figure 4. Optimized geometries of (a) pristine AQ supercell and (b) Zn-inserted AQ supercell;
(c) FTIR spectra of AQ electrode before and after the 1st discharge.

To gain insight into the Zn atom insertion and de-insertion process in the AQ electrodes,
we analyzed the structural change during the Zn insertion into the C site of the AQ bulk, as
shown in Figure 4a,b and listed in Table 2. Table 2 shows a significant change in the lattice
constants of AQ before and after the insertion of Zn, with the b-axis direction showing the
most significant change, decreasing by approximately 3.66%. The c-axis also decreased,
though slightly less than the b-axis, by approximately 1.28%. As a result, the volume
of AQ decreased from its original value of 2808.02 A3 to 2654.74 A3, corresponding to a
decrease of 5.46%. Moreover, the « and y angles of the AQ crystal changed, indicating
that the AQ crystal underwent a distorted deformation following the Zn insertion. Prior
to the Zn atom insertion, the intermolecular distance between the two AQ molecules was
measured to be 3.91 A (Figure 4a). Upon the insertion of a Zn atom into the AQ bulk,
the intermolecular distance between the two AQ molecules bonded with the Zn atom
decreased to 3.05 A, while the intermolecular distance between the two AQ molecules not
bonded with the Zn atom increased to 4.18 A (Figure 4b). The intermolecular distance
between the two AQ molecules bonded with the Zn atom is 21.99% smaller than the
initial distance. The variation of the intermolecular distance of AQ is inseparable from
the reduction in the AQ lattice constant. These results suggest that the insertion of Zn
atoms causes significant structural instability in the AQ electrode, as evidenced by the
alteration in the intermolecular distance between the two AQ molecules and the volume of
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the AQ supercell. This structural instability can lead to reduced capacity retention rates as
the repeated insertion and de-insertion of Zn atoms into and out of the AQ electrode can
further destabilize the crystal structure. Specifically, because the Zn ions have enough time
to insert/de-insert from the surface to the inside of the AQ at a low current density, the
reduplicative insertion/de-insertion processes in the charge—discharge cycles inevitably
lead to the collapse of the AQ structure, resulting in rapid decreases in capacity. These
discoveries explain that the capacity fading of AQ is more pronounced at a low current
density energy from a crystallographic perspective.

Table 2. The relaxed lattice parameters of the AQ crystal before and after Zn insertion.

a(Ad) b (A) c(A) a (°) B () v ©) Volume (A3)
AQ 15.63 11.75 15.66 90 102.29 90 2808.02
Zn inserted AQ 15.54 11.32 15.46 88.76 102.36 91.28 2654.74
Deformation (%) —0.58 —3.66 —1.28 —1.38 0.07 1.42 —5.46

In order to understand the cyclic stability of the AQ electrode at a high and low current
density, we utilized the climbing image nudged elastic band (CI-NEB) method to simulate
the energy barrier of Zn inside the AQ bulk and on the AQ surface, respectively. We
selected high-symmetry lines to identify favorable adsorption sites for the diffusion path.
Figure 5a,c depicts the minimum energy path of the Zn diffusion inside the AQ bulk and
on the AQ surface, respectively, with their corresponding energy barriers, as shown in
Figure 5b,d. We investigated the possible spatial diffusion pathways of Zn between two
adjacent adsorption sites. Consequently, there is only one possible diffusion pathway for
Zn in the AQ bulk, which is illustrated in Figure 5a. This diffusion pathway is a curved path
with a certain degree of curvature, and the energy barrier is as high as 3.185 eV, indicating
that Zn atom migration in the AQ bulk is difficult. This high energy barrier should be
ascribed to the steric hindrance caused by the H groups on the AQ molecule, and larger H
groups may generate relatively more obstruction to the Zn diffusion. Furthermore, we also
calculated the diffusion pathway and energy barrier of Zn on the AQ surface. The energy
barrier was found to be only 0.171 eV, which is significantly lower than the energy barrier
of Zn inside the AQ bulk. These results suggest that Zn atoms tend to diffuse on the AQ
surface, which is another explanation for the observed larger cyclic capacity fading of AQ at
a low current density. Although Zn atoms have sufficient time to insert into the interior of
the AQ bulk from the AQ surface at a low current density, the energy barrier of Zn atoms in
the AQ bulk is high, which limits the insertion and de-insertion of the Zn atoms during the
charging and discharging process, resulting in a poor cyclic stability. Moreover, at a high
current density, the charging and discharging time of Zn atoms is short, and they cannot be
fully inserted in the interior of the AQ bulk. Therefore, the insertion/de-insertion process
of Zn atoms can only take place on the AQ surface. The energy barrier of Zn atoms on the
AQ surface was found to be only 0.171 eV, which facilitates the insertion and de-insertion of
Zn ions during the charging and discharging process, leading to a good cyclic stability at a
high current density. Our conclusions provide an explanation for the capacity fading of AQ
at a low current density and the good capacity retention of AQ at a high current density.
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Figure 5. Schematic representations of Zn diffusion pathway (a) in AQ supercell and (c) on AQ
surface; the corresponding energy barrier profiles of Zn (b) in AQ supercell and (d) on AQ surface.
The red boxes indicate the maximum energy barriers during Zn diffusion process.

3. Materials and Methods
3.1. Electrode Preparation

To improve the conductivity of AQ, 0.7 g 9,10-anthraquinone (AQ) and 0.3 g Ketjen
black (KB) were mixed uniformly via high energy ball milling (HEBM) at a rotation speed
of 600 rpm for 5 h. After ball milling, the AQ/KB composite powder was obtained.

The prepared AQ/KB composite powder, super-P, and polytetrafluoroethylene (PTFE)
were mixed homogeneously in a weight ratio of 70:15:15. AQ, KB, super-P, and PTFE were
used as active material, conductive additives, and binder, respectively. Using isopropanol
as solvent, this mixture was ground to a slurry. Then, the obtained slurry was manually
pressed to a thin film with a thickness of 10-15 um. This thin film was dried in vacuum at
60 °C overnight and then cut to small discs with a diameter of 12 mm. These small discs
were pressed through a titanium mesh to prepare AQ electrode with an active material
mass of 2-3 mg, corresponding to a mass load of 0.44-0.66 mg/ cm?.

3.2. Characterizations

The morphologies of the samples were characterized via transmission electron micro-
scope (TEM, FEI Talos F200s). X-ray powder diffraction (XRD, Miniflex 600) patterns were
carried out using Cu-Ka radiation (A = 1.5406 A) with a scan rate of 5° min~! to demon-
strate the structure of samples. Fourier transform infrared (FTIR) spectra were recorded
using a FTIR spectrometer (Nicolet Is 50) in the wavelength range of 400-3000 cm .

3.3. Electrochemical Measurements

To evaluate the electrochemical performance of the AQ/KB composite, 2032-type coin
cells were assembled using AQ electrode as cathode, zinc foil as anode, 1M zinc sulfate
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(ZnS0O4) aqueous solution as the electrolyte, and Whatman glass fiber as separator in air,
respectively. Galvanostatic charge/discharge (GCD) tests were characterized on a LAND
battery system with potential range of 0.1-1.2 V. Cyclic voltammetry (CV) curves were
measured on an electrochemical workstation (MULTT AUTOLAB M2004) using a scan rate
of 0.1 mV/s from 0.2 to 1.0 V.

3.4. Computational Methods

First-principal calculations were performed using the Vienna ab-initio simulation pack-
age (VASP) code under the framework of DFT [28,29]. The electron exchange—correlation
interactions were described using the generalized gradient approximation of Perdew, Burke,
and Ernzerhof (PBE) [30], and the electron—ion interactions were treated using the projector-
augmented wave (PAW) method. A plane wave kinetic energy cutoff of 500 eV was used.
The van der Waals (vdW) correction is described by the density functional theory (DFT)-D3
method [31,32]. The convergence criteria for energy and force were 107> eV /atom and 0.01
eV/A, respectively. The CI-NEB [33] method implemented in VASP was used to determine
the diffusion energy barrier and the minimum energy pathways of Zn diffusion on the AQ
bulk and surface.

The binding strength of the Zn adsorbate can be evaluated by calculating binding
energy (Eping) as follows:

Epind = Ex+y — Ex — Ey, 1)

where X, Y, and X + Y represent the adsorbate, substrate, and adsorption system, respectively.

4. Conclusions

In this study, we investigated the cyclic stability of the AQ cathode in aqueous ZIBs
through more than 1000 electrochemical cycles. Our discoveries indicate that the AQ
electrode experiences a capacity fading rate of approximately 0.08% per cycle at a current
density of 200 mA /g, while the fading rate decreases to around 0.03% per cycle at a
higher current density of 4000 mA /g. Using the DFT calculations, we revealed that the
process of Zn ions insertion/de-insertion in the AQ cathode results in a significant structure
deformation of the AQ crystal, with the volume and intra-molecule distance change of
5.46% and 21.99%, respectively, indicating that the AQ electrode may undergo structural
collapse after multiple charge—discharge cycles. We also used the CI-NEB method to show
that the energy barrier of Zn on the AQ surface is much lower (0.171 eV) than the energy
barrier of Zn in the AQ bulk (3.185 eV), indicating that the Zn de-insertion from the AQ
bulk is difficult. The insertion-induced structural deformation and irreversible Zn insertion
into the AQ bulk can explain the obvious capacity fading of AQ at a low current density.
In summary, our study provides valuable insights into the cyclic stability and diffusion
behavior of the AQ cathode, which can be helpful in the development of advanced energy
storage devices.
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