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High-performance aqueous zinc-ion batteries as one of the most promising battery systems have
attracted much attention in the development of next-generation advanced energy storage systems.
However, the development of AZIBs has been plagued by inherent issues, such as growth of zinc
dendrites, irreversible dissolution of manganese-based cathode materials, hydrogen precipitation
reaction, and other side reactions. In this work, we developed a facile and eco-efficient strategy that
adopted an optimized electrolyte additive of Al(SO4)z in the ZnSO4-based electrolytes for AZIBs. The
electrochemical, spectroscopic, and microscopic characterization results demonstrated that the
optimized aluminum sulfate additives can inhibit the Zn dendrite formation, reduce the generation of
dead manganese and stabilize the crystalline structure of the manganese-based cathode. The Zn||[MnO,
full cell exhibits a high discharge plateau of ~1.65 V and excellent cycling stability with a high-capacity
retention of 78% even after 1200 cycles at 1C with a high active material loading (~8.0 mg cm™2). This
facile and eco-efficient strategy provides a promising and high-efficient strategy to design high-
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1. Introduction

High-performance lithium-ion batteries (LIBs) have been
widely used in energy storage systems due to their high energy
density and long cycle lifetime." However, the global lithium
source shortage and security issues have limited the further
large-scale application of LIBs.>”® Therefore, innovating and
developing advanced electrical energy storage (EES) systems
has become one of the top priorities.” Recently, aqueous ion
battery systems with high safety and high capacity have been
largely developed. Especially, the high-performance aqueous
zinc-ion batteries (AZIBs) have unique practical application
potential using the Zn metal as the anode and MnO, as the
cathode. The Zn anode has high theoretical specific capacity
(820 mA h g~ ") and volumetric specific capacity (5855 mA h cm %),
high safety, and low redox potential (—0.76 V vs. SHE.), which
enables the design of high-capacity and high-volumetric energy-
density AZIBs.*° However, the electrochemical performance of
AZIBs is still hindered by the issues with the Zn anodes, such as
uncontrolled dendrite growth, interface instability and hydrogen
evolution."" ™"
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performance AZIBs for energy storage systems.

In recent years, many effective and practical strategies,
including electrode surface coating, alloy layer modification
and electrolyte additive design have been proposed to improve
the electrochemical performance of AZIBs."*° Among these
methods, the electrolyte additive strategy is a simple and effective
method to enable high-performance AZIB chemistry.”*>* In recent
years, different electrolytes, particularly Zn(CF;SO3), and ZnSO,,
have been generally adopted for AZIBs rather than alkaline elec-
trolytes due to their superior electrochemical performance.>*>®
However, the Zn(CF;S03), electrolyte is expensive and environmen-
tally unfriendly due to the toxic fluorine.”® While the low-cost and
environment-friendly ZnSO, electrolyte is more widely used in
AZIBs, the ZnSO,-based electrolyte also faces the challenges of
the side reactions and the formation of the Zn,SO,(OH)s-nH,O by-
products, which cause lowered coulombic efficiency and the
operation failure of the cells.*®*?° To tackle these issues, research-
ers have made great effects on developing various electrolytes via a
additive strategy, such as Na',>**' Mg>" 3> Mn?>* 833737 A% 3840
Ni**,*" and La”" (ref. 42) ions and organic polymers as an electro-
lyte additive.***° In addition, the selection of cathode material
is also a key factor affecting the electrochemical performance of
AZIBs.””*® Vanadium-based oxide and manganese-based oxide are
typical cathode materials that have been utilized in recent
research.’®>?> Compared with vanadium-based oxide cathode
materials, manganese-based oxide cathode materials exhibit
promising potential for practical application owing to their low
cost, environment-friendliness and higher discharge potential.>* >
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It is well-known that the electrochemical performance of AZIBs
with high-loading cathode materials has gradually become a
significant concern for researchers who aim to meet the require-
ments of a practical battery and achieve its commercialization.>”"®
However, there have been few reports on AZIBs with a high-loading
manganese-based cathode, which may be related to their lower
capacity, susceptibility to irreversible dissolution and lattice dis-
tortion during cycling.**>* The effective additive strategies have
also been reported to improve the electrochemical performance of
AZIBs. For instance, 1 M Al(CF;S0;); with an additive of aluminum
sulfate (0.1 M Al,(SO,)s, or 0.2 M Al,(SO,);-18H,0) has been used
as electrolyte in Zn(CF;SO;),-based electrolyte.>**° However, this
electrolyte strategy has to face big challenges such as high cost and
low ionic conductivity, which hinder the practical application
in AZIBs.

In this work, we designed a novel method by using an
optimized electrolyte additive of Al,(SO,); into the conventional
2 M ZnSO,-based electrolyte to prepare a high-performance bi-
cation electrolyte (2 M ZnSO, + 0.5 M Al,(SO,);). This alternate
electrolyte solution is economically viable, eco-friendly, and
effectively suppresses dendrite formation, minimizes hydrogen
precipitation, and promotes uniform zinc ion deposition on the
anode. Using the bi-cation electrolyte (2 M ZnSO, + 0.5 M
Al,(SO,);), the Zn|[MnO, full cell with high-loading (8.0 mg cm™?)
cathode exhibits a high discharge plateau at 1.65 V and maintains
good cycling stability with a high capacity retention of 78% even
after 1200 cycles at 1C. The electrochemical performance, and
spectroscopic and microscopic characterization results con-
firmed that the 0.5 M Al,(SO,); used as an additive can effectively
inhibit the occurrence of side reactions, reduce by-product
generation, and avoid the irreversible dissolution of positive
electrode materials. Furthermore, combined with qualitative
and quantitative analysis, the calculated results confirm that
the addition of AP’ ions affects the discharge plateau and
enhances the electrochemical performance. This work provides
a highly efficient and practical method for designing high-
voltage, ultra-stable and high-capacity AZIBs.

2. Results and discussion

In conventional ZnSO, electrolytes, the dendrites will inevitably
occur on the surface of zinc anodes because of a “tip effect”.>
Considering the lower standard equilibrium potential for
APP*/Al (—1.66 V versus SHE) than Zn>'/Zn (—0.76 V versus
SHE), the rational choice of the Al,(SO,); additive was made,
which would induce an electrostatic shield effect on Zn
deposition.®® Therefore, we optimized the amount of Al,(SO,);
additive to tune the electrostatic shield. The mechanism of the
effect of the Al,(SO,); additive in the electrolyte on the Zn anode
is demonstrated in Fig. 1a. At room temperature, the 2 M ZnSO,
electrolyte (denoted as ZS) was chosen as the basic electrolyte.
The bi-cation electrolyte (2 M ZnSO, + 0.5 M Al,(SO,);, denoted
as AS) was prepared and optimized by dissolving anhydrous
aluminum sulfate in the basic electrolyte (Fig. 1b). Another
advantage of the modified electrolyte is attributed to the low
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cost compared with other common zinc salts and electrolyte
additives (Table S1, ESI+).

The cycling performances of the assembled Zn||Zn sym-
metric cells using ZS and AS electrolyte were tested under a
current density of 0.5 mA cm > (areal capacity: 0.05 mA h cm™?).
As shown in Fig. 1c, the polarization voltage of the Zn||Zn cell
using ZS electrolyte increased after several cycles and eventually
failed after 1400 h. In contrast, the Zn||Zn cell using AS electro-
Iyte maintained a stable polarization voltage curve after 100 h
with smaller voltage fluctuations and exhibited a small polariza-
tion voltage of 54.6 mV after cycling for 400 h, much lower than
73.2 mV of the Zn||Zn cell using ZS electrolyte (Fig. 1d). Mean-
while, the Zn||Zn cell using AS electrolyte remained stable after
cycling for 2000 h, and is superior to that of the Zn||Zn symmetric
cell using ZS electrolyte (1400 h). Besides, the effect of different
concentrations of the anhydrous aluminum sulfate additive in ZS
electrolytes of Zn||Zn cells on the electrochemical properties was
also investigated to find out the optimal concentration of the
anhydrous aluminum sulfate additive (Fig. S1, ESIf). Results
showed that among the Zn||Zn cells with different anhydrous
aluminum sulfate additive concentrations, the Zn||Zn cells using
0.5 M anhydrous aluminum sulfate additive showed superior
cycling stability. Therefore, the AS electrolyte (2 M ZnSO, + 0.5 M
ALy(S0,);) was chosen as the electrolyte for AZIBs.

To further investigate the deposition and stripping behavior
on the Zn anode, we assembled asymmetric Zn||Cu cells by
plating 1.0 mA h em ™2 Zn on the Cu foil at a current density of
5.0 mA cm > Fig. 1e shows the coulombic efficiency (CE) of
both Zn||Cu asymmetric cells. When AS electrolyte is used, the
cell can obtain a higher average CE of 98.64% compared with
ZS electrolyte (96.44%) during 120 plating/stripping cycles.
Fig. 1f shows the capacity-voltage curves of Zn||Cu cells using
ZS electrolyte and AS electrolyte at the 50th cycle. There is a
10 mV decrease in polarization voltage of the cells using AS
electrolyte than that of ZS electrolyte after 50 cycles. X-ray
diffraction (XRD) tests were performed to characterize the
deposition behavior of the Zn electrode in ZS and AS electrolyte
after cycling. As shown in Fig. 1g, the relative intensity ratio of
peak (002) to that of peak (101) decreases from 0.96 to 0.57,
suggesting the reduced (002) planes for Zn deposition in AS
electrolyte. All the above cell testing performances indicate that
AS electrolytes could be in favor of improving the stability and
reversibility of Zn electrodes.

To gain a better understanding of the effects of AS electrolyte
on the deposition morphology of the Zn electrode, we dis-
assembled cycled Zn||Cu cells and analyzed the deposition
morphology of the Zn anode surface using SEM. The SEM
pictures of the bare Zn anode in the initial state are presented
in Fig. 2a as a blank control sample. There are irregular and
disordered dendrites on the surface of the cycled Zn electrode
in the ZS electrolyte, showing an uneven Zn deposition
(Fig. 2b). The dendrite formation could disrupt the surface
electric field, affecting zinc deposition and battery perfor-
mance. In comparison, the Zn electrode in AS electrolyte shows
a dense and smooth surface without visible dendrites (Fig. 2c),
indicating uniform Zn plating/striping during cycling.

This journal is © the Owner Societies 2025


https://doi.org/10.1039/d5cp01172h

Published on 27 May 2025. Downloaded on 1/22/2026 3:52:21 PM.

View Article Online

PCCP Paper
Adiive
it
S Zn?* © Additive % :
5 y . e . . -
2 AU RLSRLIE, |
. 0 2t B e R e o e 1
(50
% aagy, 0MM 02M 03M 04M 0.5M.0.6M 0.7 M
ity : B ok - «B: : —sLQ' L. 4L0.81V|60.9 M 1.0_M'
Zn deposition process .
C o d.
0.5 mA cm-2 0.5 mA cm™2
031 0.05 mAh cm-2 0.05 mAh om2
0.2
S o1 S
S 0.0 So.0-
c C
L -0.14 2
o [e]
T o, o
-0.34
-0.4 T T T T T y T T T -0.1 T
200 400 600 800 1000 1200 1400 1600 1800 2000  399.8 400.0 400.2
Time (h) Time (h)
100 f 0.54 50' cycle g
0.4
80- .
S o3 3
> 60+ ® -
2 02 z
0 [} c
« 401 ° 0.1 2
= oY c
[im| = (101) Zn PDF#04-0831
20 5mA cm? 0.04 (002)
(100)
1 mAh cm2 | (102)
0 . \ . , . -0.1 . . . . . —th L
0 20 40 60 80 100 120 0.0 0.2 0.4 0.6 0.8 1.0 10 20 30 40 50 60 70 80 90
Cycle number Capacity (mAh) 2Theta (degree)
Fig. 1 (a) Illustration of the Zn deposition process according to the electrostatic protection mechanism. (b) Optical photograph of 2 M ZnSQO, electrolyte

with different concentrations of anhydrous aluminum sulfate additive. (c) Cycling performance of the Zn||Zn cells with a current density of 0.5 mA cm
. (d) Enlarged comparison of the polarization curves of Zn||Zn symmetric cells in ZS and AS electrolyte at a
constant current density of 0.5 mA cm™2 and an areal capacity of 0.05 mA h cm

and an areal capacity of 0.05 mA h cm™2

-2

~2: (e) coulombic efficiency of the Zn||Cu cells with a current density of

5mA cm~2 and a cut-off charging voltage of 0.5 V. (f) 50th cycling performance of Zn||Cu cells in ZS/AS electrolyte. (g) XRD patterns of electrodeposited

Zn electrodes in ZS/AS electrolyte after cycling at 5 mA cm™2 1 mA h cm™2

The same section could also be observed in SEM images of the
Zn electrode under a current density of 1 mA cm™> for 0.5, 1,
and 2 hours, respectively (Fig. S2, ESIt).

In situ optical microscopy setup as shown in Fig. S3 (ESIY)
was used to visually understand the deposition behavior of Zn**
ions at the electrolyte/anode interface (Fig. 2d). In conventional
ZS electrolytes, zinc protrusions appeared after 10 min of
plating on the Zn anode and section, then the thickness of
the zinc deposition layer increased significantly with time
increasing to 60 minutes, and eventually, these protrusions
developed into large dendrites resulting in degraded cell per-
formance. In contrast, during the initial 10 minutes on the Zn
anode surface in the AS electrolyte, no significant changes were
observed. Only a few uniform deposition patterns and bubbles
due to acidic electrolyte conditions were observed at the cross-
section during the subsequent 50 minutes of deposition. Based
on the observed results above, the Zn deposition could be
depicted in Fig. 2e: there is a Zn electrode with a dense and
smooth surface in the AS electrolyte compared with a surface
with dendrites in the ZS electrolyte. In conclusion, the designed

This journal is © the Owner Societies 2025

for 10 cycles.

AS electrolytes could induce an even and smooth Zn deposition
behavior.

The effect of the metal-electrolyte interface on Zn metal
corrosion can be quantified by the linear polarization experi-
ments. As shown in Fig. 3a and Table S2 (ESI{), the corrosion
current density of 2.573 mA cm ™ > for Zn anode in AS electrolyte
is lower than that in ZS electrolyte (3.101 mA cm™?). Additionally,
the corrosion potential of the Zn anode becomes more positive,
suggesting that the Zn anode in the AS electrolyte has better
corrosion resistance than that in the ZS electrolyte.”> Also,
chronoamperometry (CA) measurements demonstrate that AS
electrolytes increase nucleation sites (Fig. 3b). Under an applied
200 mV overpotential, AS electrolyte shows a smaller response
current for all 300 s during testing. More experiments have been
conducted to investigate the effect of AI** ions on the polarization
of Zn nucleation. As displayed in Fig. 3c, the overpotential of
29.4 mV for Zn** ion nucleation on the Zn anode in AS electrolyte
is notably lower than that in ZS electrolyte (74.2 mV) under
a current density of 1.0 mA cm >, Besides, the same results
can also be found under a current density of 2 mA ¢cm~> and

Phys. Chem. Chem. Phys., 2025, 27,13315-13325 | 13317
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Fig. 2 SEM images of (a) bare Zn. SEM images of the Zn electrodes of Zn||Cu cells in (b) ZS and (c) AS electrolyte after 10 cycles under a current density
of 5.0 mA cm™2 for 0.2 h. (d) In situ optical microscope observation of the Zn deposition process in ZS and AS electrolyte at the current density of
5 mA cm~2. The right side and cross-section were observation surfaces. (e) A graph of Zn deposition in ZS/AS electrolyte.
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Fig. 3 (a) Linear polarization curves of the fresh Zn electrodes (the commercial Zn foils delivering the same surface conditions and the effective surface
area) collected with a scanning rate of 1 mV st in ZS and AS electrolytes using a three-electrode system. (b) Chronoamperometry (CA) curves of ZS and
AS electrolytes using a three-electrode cell. (c) Voltage profiles of galvanostatic Zn deposition on the Zn anode at 1 mA cm™2. (d) Cyclic voltammograms
(CV) of Zn||Cu cells in ZS and AS electrolytes. () Hydrogen evolution reaction (HER) performance of the Zn anode in ZS and AS electrolyte at a scan rate
of 1 mV s7L. (f) Electrochemical impedance spectroscopy (EIS) plots of Zn||Zn coin cells with ZS and AS electrolyte.
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5.0 mA cm > (Fig. S4, ESIt). Generally, a lower Zn>" ions nuclea-
tion overpotential on the Zn anode implies a faster and easier Zn
deposition. Besides, the results were also observed in the cyclic
voltammetric curves of Zn||Cu cells in different electrolytes
(Fig. 3d). The cell in AS electrolyte revealed a significant decrease
in the polarization of Zn nucleation (34 mV). In addition, the CV
tests of Zn||Cu cells with varying concentrations of aluminum
sulfate additives (0.1 M, 0.2 M, 0.5 M Al,(SO,);) also showed a
rightward shift of the Zn®>" ion deposition point, which also
suggests that AI>* jons can reduce the deposition potential of
Zn”* ions during cycling (Fig. S5, ESIf).

Furthermore, linear scan voltammetry (LSV) of the Zn anode
in different electrolytes was used to investigate the hydrogen
evolution reaction (HER) in different electrolytes. Fig. 3e shows
that the Zn anode in AS electrolyte exhibits a lower overpoten-
tial. Overall electrochemical windows of ZS and AS electrolytes
by the three-electrode system further reveal that AS electrolyte
has a wider electrochemical window compared with ZS electro-
lyte (Fig. S6, ESIt). The metal-electrolyte interface activity can
be demonstrated by the results of cyclic voltammetry (CV) tests
on Zn||Zn coin cells.** As shown in Fig. S7 (ESI{), compared to
the ZS and AS electrolyte, the Zn||Zn symmetric cell in the AS
electrolyte exhibits larger integrated peak areas. This suggests
improved interfacial activity facilitated by the metal-electrolyte
interface. Additionally, the charge transfer resistance of the
Zn||Zn symmetric cell in AS electrolyte was significantly
reduced (Fig. 3f and Table S3, ESIT), implying lower electrolyte
resistance and ion diffusion resistance. Besides, EIS tests on
Zn||Zn cells in different concentrations of aluminum sulfate
additives were also carried out (Fig. S8, ESIt). The results show
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that Zn||Zn cell in AS electrolyte (2 M ZnSO, electrolyte with
0.5 M Al,(SO,); additive) has the lowest impedance, which is
consistent with the electrolyte concentration optimization
results. These results show that AS electrolyte not only reduces
the deposition potential of Zn>" ions but also diminishes the
corrosion behavior on the Zn anode.

To investigate the electrochemical performance of AS elec-
trolyte, a MnO, cathode was chosen as the cathode material
(Fig. S9, ESIf).°" Fig. 4a presents a comparison of cyclic
voltammetry (CV) curves of Zn||MnO, full cell in ZS and AS
electrolyte at a scan rate of 0.1 mV s~ ', There is a cathodic peak
at around 1.65 V for the AS electrolyte group, while the peak
voltage for the ZS group is 1.32 V. The Zn||MnO, full cells in
electrolytes with different concentrations of anhydrous alumi-
num sulfate additive all exhibited cathodic peaks (Fig. S10 and
S11, ESIt). These electrochemical results suggest that AS elec-
trolytes may introduce a series of new chemical reactions,
which in turn increases the discharge plateau of the Zn||MnO,
full cell. The increased discharge plateau was also observed in
charge/discharge curves (Fig. 4b). At 0.1C, the AS electrolyte
group exhibited a more pronounced discharge plateau at
around 1.65 V. Moreover, the cell in AS electrolyte shows a
favorable rate capability, and discharge capacities of 155, 135,
107, and 80 mA h g~ " were recorded at rates of 0.1, 0.2, 0.5, and
1C, respectively (Fig. 4c). As shown in Fig. 4d, discharge
capacities change with the increase of the current density from
0.1C to 1C. When the current density is switched back to 0.1C,
a dramatic capacity loss is noticed in the Zn||MnO, cell in
conventional ZS electrolyte compared with the cell in AS
electrolyte (Fig. 4d). Surprisingly, the full cell in AS electrolyte
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Fig. 4 (a) CV curves of Zn||[MnO, coin cells in ZS and AS electrolyte. (b) GCD profiles of Zn||[MnO, coin cells in ZS and AS electrolyte at 0.1C (1C =
308 mA g1). (c) GCD profiles of Zn||[MnO; coin cellin AS electrolyte from 0.1C to 1C rates. (d) Rate capability profiles from 0.1C to 1C rates. (e) Long-term

cycling stability with the corresponding coulombic efficiency of Zn||[MnO, coin cells with a Zn anode and a high-loading MnO, cathode (8.0 mg cm™

by using ZS and AS electrolyte at 1C, respectively.
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was able to maintain good cycling stability even at a high
cathode loading level (8.0 mg cm™? and 16.0 mg cm™ ). The
cycling test of full cells was carried out at 0.1C (Fig. S12, ESIT).
The full cell in AS electrolyte with cathode loading of 8.0 mg cm ™2
maintained better cycling stability at a rate of 0.1C (initial
discharge specific capacity of 92.0 mA h g~ ' and still maintained
79% capacity retention after 150 cycles) compared with full cell in
ZS electrolytes. Also, with a higher cathode loading mass of
16.0 mg cm™>, the full cell in AS electrolyte can get an initial
discharge specific capacity of 71.0 mA h g™ 'at 0.1C and remain
stable for 70 cycles (Fig. S13, ESIt). Besides, in a long cycle test at
1C, full cells in AS electrolyte also demonstrated improved cycling
stability following the activation stage of 0.1C for 5 cycles
and 0.5C for 10 cycles. The full cell with a high-loading MnO,
(8.0 mg cm™?) cathode by using AS electrolyte exhibits a high
discharge specific capacity of 84.0 mA h g~ ' at the 1st cycle. It can
maintain a high capacity retention rate of 78% and have a high
coulombic efficiency of ~100% even after 1200 cycles, as shown in
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Fig. 4e. And the full cell with a higher-loading MnO, (11.0 mg cm ™)
cathode still displays a high cycling stability for 3000 cycles
(Fig. S14, ESI¥).

Moreover, the reaction kinetics were further investigated to
understand how the ions/protons intercalate into the structure
of the MnO, cathode via cyclic voltammetry (CV) testing under
different scan rates (Fig. S15, ESIT). The b value of the MnO,
cathode was found to be 0.61 for the oxidation peak and 0.22 for
the reduction peak, all close to 0.5. These results suggest that
electrochemical charge storage in electrode material is mainly
controlled by solid-state diffusion of active ions.** In summary,
the Zn||MnO, battery in AS electrolyte displays long cycling
stability under the conditions of high-loading cathode materials,
with a high discharge plateau at 1.65 V. Consequently, the
Zn||MnO, full cell displays a superior cycling performance with
a high-loading MnO, cathode (Table $4, ESIt).

Ex situ XRD tests were conducted to characterize the cathode
sheets in different states (Fig. 5a and b). A strong diffraction
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Fig. 5 (a) The vertical galvanostatic charge and discharge profiles correspond to the XRD pattern of different stages. (b) XRD patterns of the MnO,
cathode in AS electrolyte during charge/discharge process at 0.1C (c) XRD patterns of the MnO, cathode in AS electrolyte discharge to 1.7 V and 1.6 V
during 2nd cycling. (d) XRD patterns of the MnO, cathode at a fully charged state to 1.9 V in AS electrolyte after 30 cycles. XPS spectra of (e) Mn 2p and (f)
Al 2p after 30 cycles and charge to 1.9 V for the cycled MnO, cathode. SEM images of MnO, cathode before (g) and after 30 cycles (h). (i) EDS mapping of

MnO, cathode after 30 cycles.
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peak of the MnOOH phase at 26.3° can be clearly observed in
curve A of Fig. 5b due to the MnOOH phase (MnO, + H" +e~ —
MnOOH, JCPDF:74-1049).%® During the next discharge process
(A-B), the diffraction peak of MnOOH at 26.3° is elevated and
no other diffraction peaks are generated. In the following
charge processes (B-C-D), no obvious phase change occurred
on the anode side. The composition was still dominated by the
MnO, and MnOOH with the metal cations. At 1.9 V, the anode
became a mixture mainly of MnO, and MnOOH. When dis-
charged to 1.7 V in the second cycle (D-E), a new phase of
AlOOH (JCPDF:72-1475) appeared (Fig. 5¢). It may be related to
the cathodic peak of Zn||MnO, full cell at ~1.65 V. Fig. 5c
shows that the diffraction peak of the AIOOH phase disappears
during the discharge of full cell from 1.7 V to 1.6 V, and the
diffraction peak intensity of the MnOOH phase at 26.3°
increases, suggesting that the reduction peak of ~1.65 V may
be accompanied by the transformation of the AIOOH phase into
the MnOOH phase. In the discharge process (F-G), the diffrac-
tion peak of the by-product disappears and the diffraction peak
of the MnOOH phase at 26.3° diminishes. The phase change in
the subsequent second charging process (G-H-I) was the same
as that in curve A.

To confirm the reversibility of the electrode reaction during
the cycling process, we performed ex situ XRD (Fig. 5d) and XPS
(Fig. 5e, f and Fig. S16, ESI) characterization on the positive
electrode after 30 cycles. The XRD results of the cathode after
30 cycles and charging to 1.9 V displayed a diffraction pattern
which is consistent with curve E in Fig. 5c, suggesting the
presence of MnO, and MnOOH. In addition, two peaks of Mn at
654.6 €V and 642.8 eV can be clearly observed in the ex situ XPS
test results after 30 cycles, suggesting the presence of Mn** and
Mn*" and corroborating the XRD results. Also, the peak of Al
element at 74.4 eV in the XPS spectra further confirmed the
presence of AI’* jons in the cathode material even after all
active ions were removed from the cathode. The peak of Al 2p at
74.4 eV is smaller in the XPS spectrum, indicating the Al
element in the cathode, and there are no obvious diffraction
peaks attributed to the Al element in the XRD test results. These
results indicate that a small amount of AI** ions could be
inserted into the cathode lattice during cycling, which can
stabilize the cathode crystal structure and reduce the solubility
of the MnO, cathode material.

The Al,(SO,); additive effect on the side reactions in Zn||MnO,
batteries was further verified by monitoring the self-discharge
behavior (Fig. S17, ESIT).*> After charging to 1.9 V and resting
for 12 hours, the full battery in AS electrolyte could still
maintain a high voltage of 1.70 V (vs. 1.50 V in ZS electrolyte)
and complete the cycling process with a higher capacity reten-
tion ratio (83% in AS electrolyte compared with 65% in ZS
electrolyte). Ex situ SEM and EDS mapping were also character-
ized. Compared with the loose nanowire-like MnO, cathode
structure before cycling (Fig. 5g), the surface of the circulated
MnO, cathode showed a dense monolithic structure and main-
tained the characteristics of the original nanowire structure
(Fig. 5h). EDS mapping indicated the presence of Zn>" and AI**
ions in the MnO, cathode (Fig. 5i).

This journal is © the Owner Societies 2025

View Article Online

Paper

Ex situ XPS survey for the MnO, electrode after the second
cycle was investigated (Fig. S18, ESIT). The signal peaks for Zn
2p were different from the others, with two characteristic peaks
appearing at the discharge state (2pss: 1045.4 eV and 2pq,:
1022.3 eV), suggesting the intercalation behavior of Zn>* ions.
A small amount of the intercalated Zn>" ions remained in the
cathode side after being fully charged to 1.9 V, indicating less
structural stress and bonding rearrangement. The intensity of
two characteristic peaks of Zn 2p weakened significantly when
discharged to 1.0 V, corresponding to the deuteration of Zn>*
ions. The Al 2p spectra showed one characteristic peak of Al 2p
at 74.8 eV with almost the same intensity of the two peaks,
indicating few AI*" ions embedded and detached from the
cathode during the charging and discharging process. It can
be demonstrated that a small amount of Al** ions enter the
cathode side during cycling and stabilize the crystal structure of
the cathode. The surface of the cathode before and after cycling
exhibits a completely different morphology, suggesting that
AP’" jons mainly insert into the cathode surface to stabilize
the crystal structure and thus avoid the dissolution of the
cathode.

It is well known that the cations in electrolytes can easily
form a solvation sheath.®>®* The solvation sheath structure can
influence the active ions (de)intercalation and activation pro-
cess significantly.®® Thus, DFT calculations were carried out to
identify the possibly existent form of Zn>*" and AI** ions and the
binding energy of solvation sheath in the electrolyte (Fig. 6 and
Table S5, ESIT). Thermodynamically, Zn** and AI** ions are
octahedrally solvated with six water molecules in the primary
hybrid aqueous electrolyte. Besides, the Zn>* solvation structure
[Zn(H,0)s]** delivers a lower binding energy (—297.7 keal mol )
compared with [Al(H,0)]*" (—628.6 kcal mol ™). It demonstrated
that AI*" ions can combine with water molecules to form solvated
molecules more easily, and then reduce the number of active water
molecules in electrolyte and the irreversible dissolution of cathode
material.®*®® Besides, [Zn(H,0)s]*" could be desolated with two
water molecules to form a planar [Zn(H,0),]** complex which is
intercalated into the Mn-based electrode according to previous
research.®® Based on the above testing results and discussion, it is
conjectured that during the cycling process of the Zn||MnO, full
cell in AS electrolyte, the electrode reaction is related to proton and
AI** ion insertion. A small amount of AI** ions can enter the MnO,
lattice to stabilize the cathode crystal structure, forestall structure
collapse, and reduce the dissolution of the MnO, cathode.

3. Conclusions

In conclusion, the optimized addition of 0.5 M Al,(SO,); into
aqueous Zn electrolyte has been proven to homogenize the
nucleation and deposition of Zn. The symmetrical Zn cells in AS
electrolyte demonstrate an ultra-stable cycling performance
even after 2000 h. The Zn||MnO, full cells show a high
discharge voltage plateau of 1.65 V and maintain superior
cycling stability. The Zn||MnO, full cells using the AS electrolyte
have a good capacity retention of 78% even after 1200 cycles.
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Fig. 6 DFT calculation studies of ion solvation binding energy in the
electrolyte. (a) The binding energy as a function of representative Zn>*
ion cluster models. (b) The binding energy as a function of representative
AB* jon cluster models.

Furthermore, through the electrochemical tests, XRD and XPS
analysis, the ion embedding and de-embedding mechanism
and structural evolution of the cathode during the cycling
process were elucidated. The electrochemical results confirm
that AS electrolyte introduced a high discharge plateau (1.65 V).
The AS-based electrolyte can also change the crystal structure of
the cathode during cycling, inhibit the formation of zinc-
manganese-based by-products on the positive side, and reduce
the occurrence of side reactions and irreversible dissolution of
the cathode. This work provides a strategy to design low-cost,
high-energy density, high-safety AZIBs.

4. Experimental section
4.1. The preparation of ZS and AS electrolyte

The ZS electrolyte (2 M ZnSO,) was prepared by completely
dissolving 23 g of ZnSO, (99.97%, Aladdin) into DI water to
make a 40 mL solution. The 40 mL AS electrolyte (2 M ZnSO,
and 0.5 M Al,(SO,)3) was prepared by dissolving 23 g of ZnSO,
(99.97%, Aladdin) and 6.84 g Al,(SO4); (99%, AR, Jiuding
Chemistry) into DI water then fixing the volume to 40 mL after
complete dissolution. For comparison, electrolytes with 2 M
ZnSO, and 0.05 M, 0.1 M, or 0.2 M Al,(SO,); were also prepared
by using the same method.

4.2. Cathode preparation of aqueous Zn-ion batteries

MnO, nanosheets were prepared via a hydrothermal reaction.
During the chemical reaction, 0.03 M MnSO,-H,0 and 2 mL
0.5 M H,SO, were added into 100 mL DI water and stirred until
a clear solution A was obtained. Afterward, 0.316 g KMnO, was
completely dissolved into 20 mL DI water to make solution B,
which was slowly added into the clear solution A while stirring
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for 6 h. The as-prepared solution was transferred to a Teflon-
lined PTFE autoclave vessel and heated at 120 °C for 12 h. Then,
MnO, nanosheets were collected, washed with DI water several
times, and dried at 60 °C in a vacuum oven overnight. Cathodes
were prepared using the traditional method. First, MnO,
nanosheets, super P carbon and polyvinylidene fluoride (PVDF)
were mixed in N-methyl pyrrolidone (NMP) solvent in a weight
ratio of 7:2:1 and formed into a slurry. Then the mixed slurry
was coated onto carbon paper (CC) and dried at 80 °C in a
vacuum oven overnight to get the MnO,@CC electrode. The

loading mass of the MnO, can be controlled at 2-16 mg cm 2.

4.3. Electrochemical properties testing

Electrochemical properties were tested using CR2032 coin
batteries with the MnO,@CC electrode as a cathode and a
99.995% Zn foil as an anode. Both 2 M ZnSO, and 2 M ZnSO,
with 0.5 M Al,(SO,4); aqueous solution were used as electrolytes
and absorbed using a GF/D-type glass fiber separator. The
amount of electrolytes (100 pL) is the same in each cell. The
galvanostatic charge/discharge performance (GCD) was tested
using LANHE CT3002A equipment (Voltage: 1.0-1.9 V) based on
the active material. Electrochemical impedance spectroscopy
(EIS) measurements were conducted over a frequency range of
0.01-100 kHz. CV and EIS curves were tested by a CHI 660E
electrochemical work station and the scan rate was set at 0.1,
0.2, 0.4, 0.6, 0.8 and 1.0 mV s~ ..

4.4. Materials characterization

The XRD profiles were tested with X-ray X'Pert3 Powder
equipped with Cu Ko radiation with a 20 step of 2° min™"
in the range of 10°-90° at 40 kV and 40 mA and analyzed using
software Jade 6.5. The XPS spectra were tested by VGESCA-
LAB250 X-ray photoelectron spectroscopy diffractometer
equipped with Al radiation 1486.6 eV and analyzed using soft-
ware Avantage. The microstructure and morphology were
observed through SEM (Hitachi S-4800). Contact angle tests
were carried out using a DSA25S Droplet shape analyzer,
KRUSS, Germany.

4.5. Theoretical methods of DFT calculations

The Gaussian 09 suite of ab initio programs was employed to
perform DFT calculations using the hybrid meta-GGA level M06
functional in conjugation with 6-31G(d) basis set for small
atoms, and the Stuttgart relativistic effective core potential
basis set for Os (ECP60MDF). The accuracy of numerical
integrations is at the ultrafine grid (99590) level. Geometric
optimizations were performed without restriction in zinc sul-
fate. The integral equation formalism polarizable continuum
(IEFPCM) solvation model with the SMD radii was used for
solvent effect corrections. Thermal corrections were obtained
by frequency calculations on optimized structures within the
harmonic potential approximation under 298.15 K and 1 atm
pressure. The optimized structures were confirmed to have no
imaginary vibrational mode for all equilibrium structures.
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