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Abstract

Manganese-based cathode material has a wide range of applications in aqueous zinc-ion batteries, but its structural stabil-
ity is poor. We can improve the microstructure of manganese-based cathode materials by simple mechanical ball milling
methods, thus increasing the discharge capacity of batteries. However, the capacity of manganese-based cathode material
batteries decreases rapidly during cycling, which is caused by the dissolution of manganese-based materials in the electro-
lyte. To ameliorate this problem, in this work, MnSO, is pre-added to the ZnSO, electrolyte, which can effectively inhibit
the dissolution of the manganese-based material and maintain the conversion reaction inside the battery, providing better
cycle life and higher discharge capacity. In addition, with the increase of MnSO, additive concentration in a certain range,
the discharge capacity and cycle life of the batteries were improved (the battery pre-added with 0.5 M MnSO, solution had
the highest reversible specific capacity of up to 521.91 mAh-g~! at a current density of 100 mA-g~! and 109.12 mAh-g~!
even at 1 A-g~!, the capacity retention rate remained at 83.8% after cycling for more than 8000 cycles), which provides an
idea for the electrolyte regulation of aqueous zinc-ion batteries.

Keywords Aqueous zinc-ion battery - Cathode materials - Electrolyte regulation - Electrochemical

Introduction

Due to the energy scarcity and environmental pollution
caused by non-renewable energy sources such as coal and
oil, new energy sources are urgently needed to alleviate
this pressure [1]. It is well known that lithium-ion batteries
have dominated the new energy storage market for many
years, but the increasing scarcity of lithium resources,
uneven geographic distribution, and the flammability and
toxicity of the electrolyte are unfavorable factors that affect
the sustainable development of lithium-ion batteries [2, 3].
In contrast, the emergence of mild aqueous ion batteries
(potassium, calcium, magnesium, zinc, etc.) has received
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much attention [4-7], among which aqueous zinc-ion bat-
teries (AZBs) have been favored by researchers due to their
environmentally friendly, low-cost, resource-abundant, and
high theoretical specific capacity (820 mAh-g~!) advantages
[8-10]. The cathode materials play a key role in the overall
performance of aqueous zinc-ion batteries. Currently, there
are three main types of cathode materials: manganese-based
oxides [11-13], vanadium-based oxides [14, 15], and Prus-
sian blue analogs [16, 17]. Manganese-based oxide materials
are polycrystalline and have the advantages of low prepara-
tion cost, abundant reserves, and simple fabrication, among
which manganese dioxide has been recognized as an ideal
cathode material for aqueous zinc-ion batteries. However,
during the cycling process, manganese-based materials will
inevitably lead to the collapse of the electrode structure due
to inherent structural defects [18], which in turn affects the
capacity and cycling performance of the battery. In a previ-
ous study [19], we constructed a hybrid cathode material
of f-MnO,/3D graphene-carbon nanotube cross-links by a
simple mechanical ball milling method, which improved the
inherent stability of the cathode material, but it still suffers
from the problem of faster capacity decay, which depends on
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the electrolyte modulation to maintain the structural stability
during the reaction process.

Cao et al. [20] found excellent electrode performance of
MnO,/nano-graphite flake complexes in ZnSO, +MnSO,
electrolyte: the discharge capacity reached 230 mAh-g~!
at 100 mA-g~!, and the capacity retention rate was 80.8%
after 1000 cycles at 1 A-g~'. Pan et al. [21] added MnSO,
additive to the ZnSO, electrolyte to regulate the balance of
Mn?*, which well suppressed the dissolution of the a-MnO,
nanofiber cathode, enabling the battery to exhibit excel-
lent multiplicity performance and capacity retention of up
to 92% even after 5000 cycles. Soundharrajan et al. [22]
established an electrochemical equilibrium between Zn*
and Mn** in a battery with ZnMn20, as the cathode by
using 1 M ZnSO,+0.1 M MnSO, electrolyte, which pro-
moted excellent performance. Zhang et al. [23] formulated
a Zn(CF;S03), + Mn(CF;5053), electrolyte, which was able
to form a protective porous manganese oxide layer on the
surface of the f-MnO, cathode, and the battery had 225
mAh-g~! high reversible capacity and long-term recyclabil-
ity, maintained 94% capacity after 2000 cycles.

Based on this, we can know that the cathode materials
formed by Mn-based oxides or mixtures with C mass have
excellent electrochemical performance under appropriate
electrolyte solution. In this paper, we take the mixture of
B-MnO,/3D graphene-carbon nanotube cross-links (abbre-
viation: f-MnO,/3D GPE-CNT) as a target to investigate
the effect of the pre-addition of different concentrations of
MnSO, solution (0.1 M, 0.3 M, 0.5M, 0.6 M) in 2 M ZnSO,
on the electrochemical performance of this cathode material.

Experimental materials and methods

The detailed preparation process of f-MnO,/3D GPE-CNT
is shown in Fig. 1. Before use, the ball milling jar was first
cleaned. A mixture of f-MnO, powder and 3D graphene-
carbon nanotube with a mass ratio of 9:1 was put into the
ball milling jar of the high-energy ball mill, as shown in

(b)

Fig. 1 a, and the mass ratio of stainless steel balls to the mix-
ture was 50:1. The use of several different sizes of stainless
steel balls had better ball milling effects. Set the automatic
power on and off intervals of 1 min, the total time of 5 h (the
actual ball milling process 2.5 h). The obtained $-MnO,/3D
GPE-CNT powders were collected by natural cooling for
1 h after ball milling. The microscopic particle morphology
and arrangement of the materials were investigated by field
emission scanning electron microscopy (FSEM, S-4800) and
transmission electron microscopy (TEM, JEM-F200); the
phase structure of the materials was characterized by X-ray
diffraction (XRD, SmartLab); and the particle size distri-
bution of the specimens was tested by a laser particle size
analyzer (Malvern 3000); The specific surface area of the
specimens was tested by a specific surface pore size analyzer
(JW-BK200B).

The B-MnO,/3D GPE-CNT cathode material collected
from the above ball milling was mixed with conductive car-
bon (Super P) and PVDF at the mass ratio of 7:2:1 and put
into an onyx mortar to be fully milled, and then dripped
into the appropriate amount of N-methyl-2-pyrrolidone
(NMP) solution to develop into a slurry. Then the slurry
was uniformly coated on the stainless steel foil with a coat-
ing machine, and then placed in a vacuum drying oven at
110 °C for 12 h. After drying, the slurry was cut into round
positive electrode sheets with a diameter of about 14 mm,
and the average mass density of the active substance on the
positive electrode sheets was about 0.46 mg-cm™~2. Then the
CR2032 coin batteries were assembled using 2 M ZnSO,
with the addition of 0.1 M, 0.3 M, 0.5 M, and 0.6 M MnSO,
as electrolyte in the order of negative electrode shell, zinc
flake, fiberglass diaphragm, positive electrode flake, gasket,
and positive electrode shell, respectively. The assembled bat-
teries were allowed to stand for more than 6 h; galvanostatic
charge—discharge (GCD) tests were performed in a Neware
battery test system. The multiplicity performance and cycle
life of the batteries under different electrolytes were tested
at different current densities in the range of 100 mA-g~! to
1 A-g! under a voltage window of 1.0~ 1.8 V, respectively
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Fig. 1 Schematic diagram of the preparation of f-MnO,/3D GPE-CNT by high-energy ball milling
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Fig.2 XRD patterns of hybrid-
ized materials and p-MnO,
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(BTS, CT-4008, Neware). Cyclic voltammetry (CV) curves
were tested in the voltage range of 0.8~1.8 V at a scan
rate of 0.1~0.5 mv-s~' on a CHI660E electrochemical
workstation, and electrochemical impedance spectroscopy
(EIS) analysis was performed in the frequency range of
0.01 Hz~ 10 kHz.

Results and discussion

Micro-morphology and analysis

The XRD patterns of the original sample of p-MnO, as
well as the p-MnO,/3D GPE-CNT hybrids are shown in

Fig. 2. It can be seen that the XRD patterns related to MnO,
match the standard card (JCPDS: 39-0375) of the original
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sample of 3-MnO,, and there are obvious diffraction peaks
at 20=29.31°,35.02°, 56.21°, and 61.54°, corresponding to
the (201), (103), (402), and (103) facets, respectively, which
indicates that ball milling before and after does not signifi-
cantly change the phase structure of the samples [19].

The microstructures of pure f-MnO, and $-MnO,/3D
GPE-CNT hybrids were measured by SEM and TEM, and
the results are shown in Fig. 3. As can be seen in Fig. 3 a
and b, the pure p-MnO, samples exhibit a tightly packed
appearance with an angular blocky particle structure. The
ball-milled hybrids, on the other hand, showed a distribution
of spherical particles, and the agglomeration phenomenon
was obviously reduced. In addition, under the same mag-
nification, the SEM images of the ball-milled $-MnO,/3D
GPE-CNT hybrids observed significantly more particles,
which indicated that ball milling greatly reduced the particle

Fig.3 Micro-morphological analysis diagrams. a SEM images of -MnO,; b SEM images of p-MnO,/3D GPE-CNT hybrids; ¢, d TEM images
of hybrids after ball milling; e—g the distribution of C, O, and Mn elements in the hybrids, respectively
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size of the cathode material. This would lead to an increase
in the specific surface area of the material a better contact
reaction with the electrolyte [25], which can be verified in
the next experiment. Figure 3 ¢ shows the TEM image of
the f-MnO,/3D GPE-CNT hybrids, which shows that the
3D GPE-CNT and p-MnO, form a whole, and the f-MnO,
particles are more dispersed to cover the surface of the 3D
network [20]. The atomic arrangement in Fig. 3 d shows that
a few lattice distortions appeared after ball milling, which
are defects caused by collision and extrusion during the ball
milling process. Figure 3 e—g can further show that the ele-
ments C, O, and Mn are more uniformly distributed in the
hybrids, which further proves the uniformly dispersed dis-
tribution of B-MnO, after ball milling.

Further specific surface area analysis of pure -MnO,
and f-MnO,/3D GPE-CNT hybrids yielded results of 14.24
m?-g~! and 22.38 m%g~!, respectively, and the particle size
distribution of the specimens was tested using a laser parti-
cle size analyzer, with an average particle size of 20.33 pm,
which is in line with the phenomenon observed above in the
experimental results.

Electrochemical performance and analysis

Figure 4 a shows the capacity decay curves of the cells with
different concentrations of MnSO, solution pre-added to the
electrolyte at 100 mA-g~!. The discharge specific capacity
of the p-MnO,/3D GPE-CNT cathode material with 2 M
ZnS0O,+0.1 M MnSO, solution as the electrolyte reaches
221.91 mAh-g~! after full activation is higher than the spe-
cific capacity when ZnSO, solution is used as electrolyte
alone, and the capacity of the batteries with MnSO, solution
added decreases very slowly after the batteries are stabilized.
This indicates that the capacity decay of the battery can be
well suppressed after adding MnSQO, in the electrolyte. This
is because the dissolution of the cathode material can be
effectively inhibited by pre-adding appropriate metal cati-
ons to the solution according to the chemical dissolution-
equilibrium principle of the cathode material and the active
substance in the electrolyte, so pre-adding MnSO, to the
ZnSO, electrolyte can inhibit the dissolution of MnO, by
establishing the dissolution equilibrium of Mn** in the elec-
trolyte and cathode materials. This principle was confirmed
by Pan [21] et al. They examined the concentration of Mn?*
in the electrolyte by technical device and found that the con-
centration of Mn?" in the ZnSO, electrolyte was directly
proportional to the rate of capacity decay of the batteries,
which indicated that the capacity decay was due to the dis-
solution of the anode MnQO, in the electrolyte, and when the
capacity was stabilized, the concentration of Mn?* was rela-
tively stable, which was due to the fact that the concentration
of Mn?* in the electrolyte has reached equilibrium with the
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dissolution of anode MnO,, which inhibits the dissolution
of the anode material.

Continuing to increase the concentration of MnSO,
solution in the electrolyte to 0.3 M, it can be seen from
the constant-current GCD curve shown in Fig. 4 a that the
maximum discharge specific capacity of the battery after
activation reached 365.76 mAh-g~!, and the capacity reten-
tion rate was also improved very well, which indicates that
increasing the concentration of Mn?* can not only deepen
the internal chemical reaction of the battery, but also better
inhibit the dissolution of cathode material in the electro-
lyte, effectively slowing down the capacity degradation of
the battery [23]. This is shown until the concentration of
MnSO, solution is increased to 0.5 M. Under this condition,
the specific capacity of the battery rises rapidly after more
than ten turns of full activation, and reaches an astonish-
ing 521.91 mAh-g~! after 27 turns of cyclic charging and
discharging, which is much higher than what is reported
in related literatures [20, 24, 25]. The capacity can be well
maintained after the battery is stabilized. After 100 turns
of constant current charging and discharging, the discharge
specific capacity is maintained at 416.48 mAh-g~!. However,
when the concentration of MnSO, solution is increased to
0.6 M, the capacity of the battery does not have a rapid and
substantial increase in the process of activation as that of
0.5 M, but instead, it exhibits a similar nature of capacity
decay as that of 0.3 M. This can be verified from the relevant
studies [21, 23, 27]: appropriate concentration of MnSO,
added to the electrolyte can effectively inhibit the collapse
of the anode MnO, structure due to the dissolution of anode
materials in the electrolyte to participate in the reaction, thus
improving the specific capacity of discharge as well as the
capacity retention rate, but the concentration of MnSO, in
the electrolyte is too high which will not be conducive to the
participation of the anode materials in the reaction. Figure 4
b shows the charge—discharge curves of batteries with differ-
ent MnSO, concentrations as electrolyte when the specific
capacity reaches the highest value at 100 mA-g~!, and it
can be seen that the discharge curves have inflection points
at about 1.4 V and 1.3 V. With the increase of the MnSO,
concentration in the electrolyte, the discharge platforms at
1.4 V and 1.3 V become more obvious, and the consistency
of the shapes of the discharge curves is better, which show
the good stability of the battery. The Coulomb efficiency is
above 96%, showing high reversibility.

The charging and discharging curves of the battery
at different current densities when the electrolyte is 2 M
ZnSO,+0.5 M MnSQO, solution are shown in Fig. 4 c. The
contribution of the voltage range below 1.3 V to the capacity
decreases as the current density increases, and this section
reacts more slowly and is the main capacity contributing
stage. The discharge specific capacity of the battery reaches
432.33 mAh-g~! at 200 mA-g~! and 316.75 mAh-g~! at



lonics (2024) 30:3329-3338

3333

~~

a)

(b)

600
- 1.8
20500- bt |
= 3
3 —~
\5400- g S
X P bt
2 3001 g &
=¥ s = 14
3 s
o 200 - = >
b= 12
g 100
=9
wn
0+ T T T 1.0+ T T T T T
0 20 40 60 80 100 0 100 200 300 400 500 600
Cycle number Specific Capacity(mAhg-1)
(© (d)
~
o
1.8 by 160 100
=
I S
9 1.6 é 120 3\/
T iy 1502
& 2 g
= 14 S, 80 =2
= s <
> o e
2 1° =
1.2 S a0
(5]
[P}
=9
)
1.0+ T T T T T 0-t T T T -50
0 100 200 300 400 500 600 2000 4000 6000 8000

© Specific Capacity(mAhg™)
e

1.0
——0.1mVs™! Peak3
——0.2mVs!
——0.3mVs’!
z 051 ——0.4mvs?!
g ——0.5mVs’!
N’
= 0.0
5]
j=
—
=
o -0.5
Peak2
-1.0 T T T T T T
0.8 1.0 1.2 14 1.6 1.8
Potential (V)

Fig.4 a Capacity decay curves at 100 mA-g~!' with the addition of
different concentrations of MnSO,; b charge—discharge curves when
the specific capacity reaches the maximum; c¢ charge—discharge
curves when the electrolyte is 2 M ZnSO4+0.5 M MnSO,; d cycling

300 mA-g~!, and 209.55 mAh-g~! even at 500 mA-g~' cur-
rent density. The results show that the batteries with 0.5 M
MnSO, solution as electrolyte additive have excellent mul-
tiplication performance. To further investigate the cycling
stability of the batteries, the batteries were charged and
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performance at 1A-g~! when the electrolyte is 2 M ZnSO,+0.5 M
MnSO, at 1A-g~! cycling performance; e CV curves with the addi-

tion of 0.5 M MnSO,; f Tafel curves fitting the peaks in e

discharged cyclically at a high current density of 1 A-g™!;
as shown in Fig. 4 d, the discharge specific capacity of the
batteries reached about 80 mAh-g~! after full activation.
The overall trend of the battery capacity in the subsequent
cycles showed a slow oscillation, and there was no obvious
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attenuation until 7377 cycles. On the contrary, the discharge
specific capacity of the battery increased before 7377,
reached a maximum of 109.12 mAh-g~! at 7377 cycles, the
discharge specific capacity decayed only after 7377 cycles.
Overall, the batteries with f-MnO,/3D GPE-CNT as cathode
have excellent cycling stability and capacity retention when
0.5 M MnSO, solution is added to the electrolyte, with a
high discharge specific capacity of up to 109.12 mAh-g~!
even at a high current density of 1 A-g~'. After 8000 cycles
of charging and discharging, the specific capacity is still
91.49 mAh-g~!, which is 83.8% of the highest discharge
specific capacity.

The electrochemical performance of $-MnO,/3D GPE-
CNT batteries at 0.5 M MnSO, as an electrolyte additive
was further investigated using CV curves, as shown in Fig. 4
e, which were obtained at different scanning rates (0.1-0.5
mv-s~!) in the potential range of 0.8—1.8 V. The CV curves
showed two distinct reduction peaks at 1.25 V and 1.39 V
(peak 1, peak 2), which are related to the conversion reac-
tion (Mn**/Mn>* two-electron reaction) and the insertion
of Zn*, respectively [28]. The oxidation peak (peak 3) is
related to the extraction of Zn>* [26]. With the increase of
scanning rate, the CV curves can keep similar shapes, indi-
cating that the anode materials have good reversibility. And
with the increase of scanning frequency, the peak currents
of the peaks gradually increase, and the potentials of peak
1 and peak 2 move to the low-voltage direction, while the
potential of peak 3 moves to the high-voltage direction. The
electrochemical kinetics of these cathodes at different scan
rates can be determined by Egs. (1) and (2) [29]:

i=a Q)

lg(i) = blg(v) + Ig(a) (@)

where @ and b are variable parameters obtained from the
slope of 1g(v)-1g(i), which indicates the dominance of dif-
fusive processes when b is approximately equal to 0.5
and capacitive behavior when b is approximately 1 [25]. i
denotes the peak current and v is the scanning rate. As can
be seen from Fig. 4 f, the parameters b for peaks 1-3 are
0.63,0.70, and 0.51, respectively, which are all closer to 0.5,
confirming that both the insertion/extraction and transforma-
tion reactions of Zn>" are controlled by diffusion.

As shown in Fig. 5 a, b, and c, the CV curves are given
when 0.1 M MnSO,, 0.3 M MnSO,, and 0.6 M MnSO, are
used as electrolyte additives, respectively. After analyz-
ing and calculating, the Tafel slopes of each peak of the
CV curves are still close to 0.5 at this time, which again
proves that the electrochemical behavior of the batteries is
also dominated by diffusion. Next, the CV curves of elec-
trolyte additives with different concentrations of MnSO,
were compared at the same scanning frequency, and Fig. 5
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d gives the CV curves of electrolyte additives of 0.1 M
MnSO,, 0.3 M MnSO,, and 0.5 M MnSO, at a scanning
frequency of 0.1 mv/s. The absolute areas of the closed
CV curves were analyzed using Origin software, and we
normalized the obtained data to show that the areas of
the CV curves for electrolytes with 0.1 M MnSO,, 0.3 M
MnSO,, and 0.5 M MnSO, were 9.03, 10.45, and 13.78,
respectively. It can be clearly seen that as the concentra-
tion of MnSO, in the electrolyte increases from 0.1 to
0.5 M, the area wrapped by the CV curve and the ratio
of peak current gradually increases, which is consistent
with the previous performance of the discharge specific
capacity of the batteries with different concentrations of
MnSO, additives. The batteries have the highest discharge
specific capacity with the addition of 0.5 M MnSO,, and
therefore the area wrapped by the CV curve and the peak
current are also the maximum. Also in Fig. 5 d, it can
be seen that as the concentration of MnSO, in the elec-
trolyte increases from 0.1 to 0.5 M, peak 1 of the CV
curve is shifted to the left and peak 2 is shifted to the
right, and the potentials of the reduction peaks of the CV
curves (peak 1 and peak 2) corresponding to the addi-
tion of 0.1 M MnSO, as an additive to the electrolyte are
1.26 V and 1.38 V, respectively. Compared to 1.25 V and
1.39 V for 0.5 M MnSO,, it indicates that the electrolyte
at low concentration of MnSO, addition is unfavorable for
7Zn* insertion reaction, but instead, it is favorable for the
conversion reaction. Since the conversion reaction con-
sumes MnOOH to produce by-products, this will in turn
be detrimental to the H* insertion reaction and limit the
discharge performance of the batteries. One explanation
is that low concentrations of MnSO, are unfavorable for
H" insertion, which is mainly affected by the pH value
[26], the pH of 2 M ZnSO,+ 0.1 M MnSO, solution is
about 4, while that of 2 M ZnSO,+ 0.5 M MnSO, solu-
tion is about 3; acidic conditions are more favorable for
the formation of a two-electron (Zn>* and H*) insertion
mechanism, which provides a higher reversible specific
capacity. Further analyzing this figure, we can see that the
peak current of the reduction peak 1 increases dramatically
during the increase of the MnSO, concentration in the
electrolyte from 0.1 to 0.5 M, which well illustrates that
the contribution of the conversion reaction to the discharge
capacity of the batteries is significantly higher, and that the
degree of conversion of MnO, to Mn2* is deeper. This can
be verified from Fig. 4 b, where we calculated the propor-
tion of the discharge capacity of the discharge stage corre-
sponding to the conversion reaction (peak 1) (about 1.3V
or less) to the total capacity, and it can be obtained that
the capacity contribution of the conversion reaction rises
from 36 to 45% in the process of increasing the MnSO,
concentration in the electrolyte from 0.1 to 0.5 M, which
is in agreement with the test of the CV curve results.
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Then the CV curves of Fig. 5 d were further refined, and
it was found that a small oxidation peak appears to the
left of the peak 3 oxidation peak at low concentrations of
MnSO, added to the electrolyte, which corresponds to the
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inverse process of the conversion reaction [26], suggest-
ing that the Mn?* in the electrolyte produces by-products
to attach to the surface of the cathode material. When
the MnSO, concentration was increased from 0.5 M, this
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small oxidation peak was no longer obvious, which further
proved that the conversion reaction basically proceeded
in the positive direction and the two-electron conversion
mechanism (Mn**/Mn”") deepened at the concentration of
0.5 M MnSO,, which provided the batteries with higher
reversible specific capacity and cycle life.

The EIS-fitted Nyquist curves of the batteries in the
frequency range of 0.01 Hz ~ 10 kHz for different con-
centrations of MnSO, solution as electrolyte additive are
given in Fig. 5 d. Among them, the bulk-phase ion diffu-
sion coefficient (D;,,) is an important parameter affecting
the dynamic performance of zinc-ion batteries with the
following equation:

R2T?
T mtArc, 262

on

ion (3)
where R is the gas constant, T is the operating temperature of
the batteries (298.15 K), n is the number of electrons trans-
ferred in each molecule, F is Faraday’s constant, A is the
area of the electrode (1.54 cm?), and C,, is the concentration
of ions in the active substance [30]. The bulk-phase ionic
diffusion coefficient of Zn** in different electrolytes (DZn>")
can be Warburg factor (¢) determined, ¢ being the slope of
the Z'-w~ "2 curve, which can be obtained from the results
of the fit in Fig. 5 f. After calculation, the DZn?* in the elec-
trolyte at the content of 0.1 M MnSO, and 0.5 M MnSO, are
1.45%1072 cm?s7! and 2.74 x 10712 cm?-s~!, respectively,
which again illustrates that 2 M ZnSO, + 0.5 M MnSO, has
a higher ion diffusion rate when used as an electrolyte, which
is a great advantage for the improvement of discharge capac-
ity. In addition, the excellent rate performance and cycling
stability are inextricably linked to the chemical structure of
the selected cathode materials [19]: (1) The layered struc-
ture of f-MnO, is more favorable for the insertion of M*
and Zn** and the transfer of Mn?* [31]; (2) the active sites
of B-MnO, particles attached to the f-MnO,/3D GPE-CNT
hybrid after ball milling are more easily contacted with the
electrolyte; (3) ball milling significantly reduces the particle
size of f-MnO, particles, which results in an increase in the
specific surface area and an acceleration of the ion diffusion
rate; (4) the generation of new chemical bonds enhanced the
internal stability and interfacial adhesion of the hybrids; (5)
the excellent electrical conductivity of graphene enhanced
the conductivity of the cathode material, which in turn
increased the charge transfer rate.

Combined with the electrochemical performance and
capacity decay analysis, the -MnO,/3D GPE-CNT aque-
ous zinc-ion batteries with MnSO, additives in the elec-
trolyte are consistent with the reaction mechanism for
the coexistence of the H*, Zn** co-insertion/extraction,
and the conversion reactions. The reaction principle are
described as follows:

@ Springer

Cathode
MnO, + H* + ¢~ & MnOOH )
2e” + 2MnO, + Zn** < ZnMn,0, 6)
MnO, + 2e~ + 4H" & Mn?* 4+ 2H,0 (6)
Anode
Zn—2e” o Zn*t (7)

where Egs. (4) and (5) correspond to the insertion reactions
of H* and Zn?*, respectively. The products produced by the
reactions of Egs. (4) and (5) do not exist stably, which will
react with SO,*~ and H,O in solution to produce by-products
[24, 26]. Equation (6) can be understood as a conversion
reaction equation that ignores the intermediate by-product
production process, with the end result that anodic MnO, is
reduced to divalent Mn?*, providing higher discharge spe-
cific capacity. In fact, in order to obtain the direct conversion
of MnOlen2+, efforts have been made by many scholars,
and most of them have proved that most of this direct con-
version reacts only under high high-voltage state in acidic
electrolyte [32—34], whereas this conversion is accompanied
by the generation of by-products in the low-voltage state [26,
35, 36]. Therefore, if the direct conversion of MnOz/Mn2+
can be fully realized, the reversible specific capacity of the
aqueous zinc-ion batteries will be increased to a much more
appreciable magnitude. In addition, the MnSO, additive in
the electrolyte will help to maintain the reversibility of the
conversion reaction, and effectively inhibit the structural col-
lapse brought about by the dissolution of the anode MnO,
while ensuring the high discharge capacity brought about by
the conversion reaction, so as to improve the stability of the
cycle, which also explains why the f-MnO,/3D GPE-CNT
batteries with 2 M ZnSO,+ 0.5 M MnSO, as electrolyte
have a 521.91 mAh-g~! high discharge specific capacity and
ultra 8000 turns long cycle life.

Conclusion

In summary, in this paper, f-MnO,/3D GPE-CNT were pre-
pared by a simple and environmentally friendly ball milling
method, and the nature of low crystallinity and particle size
reduction greatly reduced the agglomeration phenomenon
of the original B-MnO, samples. This enhances the specific
surface area of the cathode material, and the contact between
the electrolyte and the cathode material is more adequate,
which is correspondingly more favorable to the improve-
ment of the Zn* diffusion rate. The excellent performance
of this f-MnO,/3D GPE-CNT cathode material is one of the
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important reasons for the formation of the two-electron con-
version mechanism. This two-electron conversion mecha-
nism has a high theoretical specific capacity of 616 mAh-g~!
when the theoretical specific capacity is only 308 mAh-g~!
for the one-electron reaction pair (Mn**/Mn>*). In addition,
the relationship between the pre-addition of different con-
centrations of MnSO, to the electrolyte and the discharge
capacity as well as the cycling performance of the batteries
was investigated, and the reaction mechanism of the cathode
of the batteries was investigated by combining the analyti-
cal means of XRD, SEM, TEM, CV, EIS, etc. The results
showed that Mn?* in the electrolyte could not only effec-
tively inhibit the dissolution of the anode manganese-based
material, but also its concentration had a great influence on
the maintenance of the Mn**/Mn?* conversion pathway. The
batteries with the pre-addition of 0.5 M MnSO, solution had
a specific capacity of 521.91 mAh-g~! at 100 mA-g~! and
109.12 mAh-g~! at 1A-g™!, and the capacity retention rate
remained 83.8% after more than 8000 cycles. This provided
an idea for the regulation of the electrolyte in Zn—Mn aque-
ous zinc-ion battery.
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