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ABSTRACT: Low cost, safety, and environmental benignity
make rechargeable aqueous Zn/MnO2 batteries promising
candidates for large-scale energy storage. However, the
synthesis of MnO2 with excellent electrochemical perform-
ance is limited to the traditional hydrothermal method, which
is difficult to scale up for mass production. Herein, a ball-
milling approach is developed to rapidly obtain Mn3O4
nanoparticles in large quantity. As the cathode material of
aqueous zinc ion battery, Mn3O4 gradually transforms to ε-
MnO2 in 1 M ZnSO4 + 1 M MnSO4 aqueous electrolyte with
increasing cycles. Benefiting from the unexpected phase transition from Mn3O4 to ε-MnO2, the cathode delivers a specific
capacity of 221 mAh g−1 at a current density of 100 mA g−1 and a good long-term cyclic stability over 500 cycles with 92%
capacity retention at a high rate of 500 mA g−1. The excellent battery performance combined with the cost-effective preparation
procedure, the good safety of aqueous mild electrolyte, and the easy cell assembly are believed to promote the practical use of
the Zn/MnO2 battery in large-scale energy storage.

KEYWORDS: Aqueous zinc ion battery, Ball-milled Mn3O4, Electrochemical phase transition, MnO2 nanosheet,
H+ intercalation and deintercalation

■ INTRODUCTION

There is an ever increasing demand for large-scale electro-
chemical energy storage systems with low cost and environ-
mental benignity due to the rapid increase in climate change
and environmental pollution. Many types of rechargeable
batteries have been under development, e.g., lithium ion
batteries (LIBs) and traditional lead−acid batteries. LIBs with
relatively high energy density compared to other secondary
batteries can meet the demands of a wide range of applications,
including portable electronics, electric vehicles, and large-scale
grid applications.1−3 However, their large-scale applications are
plagued by high cost, poor safety, potential resource shortage,
and environmental concerns.4−8 On the other hand, lead−acid
batteries are relatively low-cost aqueous systems and much
easier to scale up for various applications. Nevertheless, in
addition to the low energy density and limited life span, the
utilization of lead brings about severe environmental issues.
Extensive efforts have been dedicated to looking for promising
candidates to address these challenges. Rechargeable aqueous
batteries employing water-based electrolytes with higher ionic
conductivity,9−11 better safety, and simpler fabrication process
are gaining increasing attention. In particular, rechargeable
aqueous Zn ion batteries (ZIBs) based on Zn ion
intercalation/extraction are considered as attractive alternatives
due to the high abundance of Zn,12,13 environmental
friendliness,14 multivalent charge transport carriers, relatively
low redox potential (−0.76 V vs standard hydrogen

electrode),10 and high theoretic gravimetric capacity (825
mAh g−1).15 To date, two main types of cathode materials have
been explored for reversible Zn ion intercalation/deintercala-
tion, the Prussian Blue family, such as zinc hexacyanofer-
rate16,17 and copper hexacyanoferrate,18−22 and polymorphic
(α, β, γ, δ, λ, and amorphous) MnO2.

23−30 The former
materials exhibit limited capacities, and the latter suffer severe
capacity fading in mild aqueous electrolytes. Recently, the
cyclic stability of an aqueous Zn/MnO2 battery was
significantly improved by adding Mn2+ to the electrolyte,
rendering an electrochemical equilibrium between Mn2+

dissolution from the electrode to the electrolyte and the
reoxidation of Mn2+ in the electrolyte.31,32 With no doubt, the
extended life span sheds light on the realization and
development of practical rechargeable aqueous ZIBs. However,
the cathode materials, different forms of MnO2 with excellent
electrochemical performance, are almost exclusively synthe-
sized via the traditional hydrothermal method,31,32 which
would be extremely costly to continuously produce or scale up.
Hence, rechargeable aqueous ZIBs are far from meeting the
demands essential for large-scale applications. In this regard, it
is still very challenging to explore new reversible cathode
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materials with high capacity and long-term cycling stability that
are readily available in large quantities.
In this study, we develop a ball-milling approach to rapidly

prepare Mn3O4 nanoparticles of around 150 nm in large
quantity. The Mn3O4 raw material can be obtained in bulk at
the price of 13 000 RMB (about 2000 USD) per ton, and a
nano-Mn3O4 cathode can be obtained by a facile ball-milling
method in large scale. We can prepare 150 g of uniformly ball-
milled Mn3O4 nanoparticles in 2 h, as shown in Figure S1
(Supporting Information, SI). To prepare an equal-quality
cathode, the cost of the hydrothermal method in previous
reports31,32 is about 25 times more than ball-milling method.
Moreover, the hydrothermal method takes more than 12 h,
nearly 6 times as long as the ball-milling method. In addition,
without cooling, centrifugation, and washing, the ball-milling
method is much simpler than the hydrothermal method. Last
but not least, the traditional hydrothermal method is plagued
with discontinuous production and poor repeatability stem-
ming from strict control of the reaction temperature and time.
Thus, compared to the traditional hydrothermal method, the
ball-milling method has overwhelming superiority in prepara-
tion cost and time.
An aqueous battery is assembled with the milled Mn3O4

nanoparticles as cathode and Zn as anode in a 1 M ZnSO4 + 1
M MnSO4 aqueous electrolyte. Because of an unexpected
phase transition from spinel Mn3O4 to ε-MnO2 during cycling,
the cathode delivers a high specific capacity of 221 mAh g−1 at
a current density of 100 mA g−1 and exhibits excellent long-
term cyclic stability with 92% capacity retention after 500
cycles at 500 mA g−1. Furthermore, the electrochemical
reaction mechanism of ε-MnO2 electrode is investigated by
means of electrochemical measurements combined with ex situ
X-ray diffraction (XRD), ex situ X-ray photoelectron spectros-
copy (XPS), scanning TEM/energy dispersive spectroscopy
(STEM−EDS) mapping, and transmission electron micros-
copy (TEM).

■ EXPERIMENTAL SECTION
Material Preparation. Spinel Mn3O4 of 150 nm was prepared

through the ball-milling process. The Mn3O4 (Macklin, 97%) was
added into ethanol to form a paste. This paste was ball-milled using
zirconia milling media in a planetary ball mill at a rotation speed of
2000 rpm for 2 h. After ball milling, the mixture was dried at 80 °C to
evaporate ethanol. The Mn3O4 powder obtained after thorough
grinding was used for further characterization. The facile preparation
is feasible for mass production (Figure S1, SI).
Characterizations. The crystalline structure of the electrode was

characterized by XRD (Rigaku Dmax/2400 diffractometer with Cu

Kα radiation, 40 kV, 100 mA). The morphology analysis before and
after electrochemical cycling was carried out using field emission
scanning electron microscopy (FE-SEM) (S4800, Hitachi) and TEM
(JEM-2100F, JEOL) equipped with energy dispersive spectroscopy
(EDS) for elemental analysis. The oxidation states of Mn in cathodes
were analyzed by XPS (Axis Ultra, Kratos Analytical Ltd.). All binding
energy values were referenced to the C 1s peak of carbon at 284.8 eV.

Electrochemical Measurements. Electrochemical measure-
ments of the cathode were performed using CR2032 coin-type cells.
The composite cathode was first fabricated by making a slurry
containing 70 wt % spinel Mn3O4, 20 wt % conductive graphite
(TIMCAL KS6), and 10 wt % poly(vinylidene difluoride) (PVDF) in
1-methyl-2-pyrrolidinone (NMP). The slurry was then cast onto
stainless steel (SUS 304) mesh, followed by drying at 70 °C in a
vacuum oven. The mass load of the active material in each electrode
was 2 mg cm−2. Full coin cells were assembled with the Mn3O4 as
cathode, Zn sheet as anode, and glass fiber sheet as separator,
respectively. A 1 M ZnSO4 + 1 M MnSO4 aqueous solution was
employed as the electrolyte solution. For comparison, the perform-
ance of the cathode was also tested in 1 M ZnSO4, 1 M ZnSO4 + 0.2
M MnSO4, 1 M ZnSO4 + 0.4 M MnSO4, and 1 M ZnSO4 + 0.7 M
MnSO4 aqueous electrolytes.

Galvanostatic discharge−charge tests were conducted on a LAND-
CT2001A battery test system. Calculation of current density and
specific capacity was based on the mass of Mn3O4 in each electrode.
The coin cells were galvanostatically cycled at 100 mA g−1 in the
potential range of 0.6 and 1.9 V for 10 cycles. As electrochemical
cycling proceeded in the aqueous electrolyte, spinel Mn3O4 was
gradually transformed to MnO2. The cyclic voltammetry (CV) testing
of the transformed MnO2 cathode was conducted on a CHI660E
electrochemical workstation between 0.6 and 1.9 V at a scan rate of
0.1 mV s−1. Electrochemical impedance spectroscopy (EIS) was
carried out on a CHI660E electrochemical workstation with an ac
voltage of 5 mV amplitude over a frequency range from 0.1 Hz to 1
MHz. Symmetrical Zn/Zn cells with two Zn foils as working and
counter electrodes were assembled to test the electrochemical
reversibility and stability of 45 wt % KOH, 1 M ZnSO4, and 1 M
ZnSO4 + 1 M MnSO4 aqueous electrolytes, respectively. All the
electrochemical measurements were carried out at room temperature.

■ RESULTS AND DISCUSSION

Electrochemical Phase Transformation of Cathode.
The structure, crystalline size, and morphology of the cathode
material Mn3O4 are characterized by means of XRD and SEM
Figure 1a displays XRD patterns of pristine (as received) and
ball-milled Mn3O4. X-ray peaks of ball-milled product are
readily indexed to Mn3O4 (JCPDS 24-0734), indicating that
the crystal structure of pristine Mn3O4 is well-preserved. Peaks
of the milled sample are broader in comparison to those of
pristine Mn3O4, resulting from the smaller size and larger

Figure 1. Materials characterization of Mn3O4. (a) XRD patterns and (b and c) SEM images of pristine Mn3O4 and ball-milled Mn3O4,
respectively.
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surface area. The SEM image (Figure 1c) of ball-milled Mn3O4
reveal that spinel particles are uniform and are around 150 nm.
A coin cell was assembled and tested with the milled Mn3O4

as cathode, Zn sheet as anode, and 1 M ZnSO4 + 1 M MnSO4
aqueous solution as electrolyte. Intriguingly, galvanostatically
cycled at the current density of 100 mA g−1, the specific
capacity of the cell (calculated on the basis of the cathode
mass) increases continuously for more than 100% and reaches
221 mAh g−1 after 10 cycles, as displayed in Figure 2a. The
surprising capacity change was further investigated by
comprehensively characterizing the cathode after activation
for 10 cycles. Figure 2b displays the XRD pattern of the
activated cathode. The X-ray diffraction peaks are well-indexed
to akhtenskite MnO2 (JCPDS 30-0820) and peaks belonging
to the spinel Mn3O4 disappear, demonstrating that the spinel
Mn3O4 has transformed into ε-MnO2 after activation.
Accompanying the phase transition, the morphology of the

cathode material changes from the irregular nanoparticle shape
(Figure 1b) to a porous structure consisting of interconnected
nanosheets with a thickness of ∼10 nm (Figure 2c). The
porous MnO2 nanosheets with large specific area provide
abundant interfaces for electrode/electrolyte contact, resulting
in fast electrochemical redox kinetics to achieve better
reversibility during the charge and discharge processes. The
measured lattice fringes of 0.24 and 0.21 nm in high-resolution
transmission electron microscopy (HRTEM) images (Figure
2d) correspond to the (100) and (101) crystal planes of ε-
MnO2, which match the XRD results very well. Moreover, the
nanosheet structure is relatively homogeneous, and Mn and O
are uniformly distributed in the nanosheets, as suggested by
the representative TEM image and STEM-EDS mapping
images (Figure 2e).
In addition, XPS analysis was performed to confirm the

oxidation state of Mn and the electronic structure of the

Figure 2. Aqueous phase transition from spinel Mn3O4 to ε-MnO2 and material characterizations of the transformed ε-MnO2 cathode. (a)
Discharge capacities of ball-milled Mn3O4 with 150 nm dimension at 100 mA g−1 in 1 M ZnSO4 + 1 M MnSO4 aqueous electrolyte. (b) The XRD
pattern. (c) SEM images. (d) HRTEM images. (e) STEM micrograph with elemental mapping images. (f) Mn 2p XPS spectrum and (g) O 1s XPS
spectrum of the cathode after 10 cycles. (In XPS spectra: red circle, experimental data; black line, overall fitted data; other colored lines, fitted
individual components.)

Figure 3. (a) Electrochemical performances of Zn/Mn3O4 cells using different electrolytes. (b) EIS spectra of the Zn/ε-MnO2 cell after the 1st,
10th, and 50th charge at 500 mA g−1 in 1 M ZnSO4 + 1 M MnSO4 aqueous electrolyte in the frequency range of 0.1−100 000 Hz and the
corresponding fitting equivalent circuit (inset).
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activitated cathode. The high-resolution Mn 2p spectrum
(Figure 2f) shows two major peaks centered at 642.5 eV for
Mn 2p3/2 and 654.3 eV for Mn 2p1/2, with a spin-energy
separation of 11.8 eV, which are in good agreement with the
previous reports for MnO2,

33−35 indicating that the predom-
inant oxidation state is +4 for the MnO2 nanosheets. As shown
in Figure 2g, the O 1s spectrum of activated cathode can be
fitted with two components. According to the literature,36 the
fractional peaks at 529.5 and 531.5 eV can be attributed to the
Mn−O−Mn bond for the tetravalent oxide and the Mn−O−H
bond for hydrated trivalent oxide, respectively. The compre-
hensive results reveal that Mn3O4 transforms to MnO2 after 10
aqueous electrochemical cycles.
Electrolyte Formulation. The electrochemical perform-

ance of Zn/Mn3O4 cell in different electrolytes are compared
in Figure 3a. The cells employing different electrolytes were
cycled at a low current density of 100 mA g−1 for 10 cycles to
reach a stable state and then cycled at 500 mA g−1. The specific
capacity of the Zn/Mn3O4 cell utilizing 1 M ZnSO4 electrolyte
reaches 89 mAh g−1 at 100 mA g−1 after 10 cycles and delivers
a capacity of no more than 30 mAh g−1 at 500 mA g−1. The
SEM image (Figure S2a, SI) shows that there are a few
nanosheets on the surface of the Mn3O4 particles, which are
responsible for the capacity. The predominant XRD peaks of
the 10th fully charged cathode still belong to Mn3O4 (Figure
S3, SI). However, with the MnSO4 additive into the
electrolyte, the discharge capacity of the cathode is significantly
improved and the initial activation is clearly visible. In the case
of 1 M ZnSO4 + 0.2 M MnSO4 electrolyte, the discharge
capacity increases to 178 mAh g−1 at 100 mA g−1 after 10
cycles and delivers a capacity of 103 mAh g−1 at 500 mA g−1.
The SEM image of its activated cathode (Figure S4a, SI)
presents a morphology of nanosheets similar to that in 1 M

ZnSO4 + 1 M MnSO4 electrolyte (Figure 2c). The XRD data
shows that both ε-MnO2 and Mn3O4 are present in the
activated cathode (Figure S5a, SI), demonstrating that the
phase transition is not complete. With the increasing
concentration of MnSO4 additive, the discharge capacity
increases to 221 mAh g−1 after activation. The cell employing
1 M ZnSO4 + 1 M MnSO4 electrolyte exhibits the highest
specific capacity of 143 mAh g−1 at the current density of 500
mA g−1 and the best cycling stability. Therefore, the optimized
electrolyte formulation is determined to be 1 M ZnSO4 + 1 M
MnSO4, which is in favor of a thorough phase transition from
Mn3O4 to ε-MnO2 and cycling stability.
Figure 3b displays the electrochemical impedance spectros-

copy (EIS) of Zn/ε-MnO2 coin cell employing 1 M ZnSO4 + 1
M MnSO4 aqueous electrolyte at 500 mA g−1. The Nyquist
plot of the first cycle consists of one depressed semicircle in the
high-frequency region and one line in the low-frequency area.
From the corresponding fitting equivalent circuit (inset of
Figure 3b), Rs, Ri, Rct, CPE, and Zw represent solution
resistance, interface resistance between electrolyte and
deposited layer, charge-transfer resistance, constant-phase
element, and Warburg impedance, respectively. In addition,
the EIS plots of the 10th and 50th cycle nearly coincide with
that of the first cycle, indicating that the impedance of the Zn/
ε-MnO2 cell remains stable during cycling.
The series of experiments demonstrate the importance of

Mn2+ for the phase transition from Mn3O4 to ε-MnO2.
Recently, the transformation of spinel Mn3O4 to crystal-water-
containing layered birnessite MnO2 during electrochemical
cycling was reported in aqueous 1 M Li2SO4, 1 M Na2SO4, and
1 M MgSO4 electrolyte solutions.37−41 The mechanism was
discussed elaborately. The anomalous spinel-to-layered phase
transition is initiated by Mn2+ dissolution, accompanied by the

Figure 4. Zn stripping/plating from the Zn/Zn symmetrical cells at 0.1 mA cm−2 in (a) 45 wt % KOH aqueous electrolyte and (b) 1 M ZnSO4 and
1 M ZnSO4 + 1 M MnSO4 aqueous electrolytes. Insets: characteristic charge and discharge voltage profiles of the 1st, 50th, and 100th cycle. SEM
images of Zn anodes after Zn plating/stripping tests in (c) 45 wt % KOH, (d) 1 M ZnSO4, and (e) 1 M ZnSO4 + 1 M MnSO4 aqueous electrolytes.
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oxidation and rearrangement of Mn3+ and the chemical
insertion of H3O

+ into the interlayer space during charge.40,41

The bare and hydrated radii (0.81−0.97 Å, 4.38 Å) and ionic
hydration energy (−1860.1 kJ/mol) of Mn2+ are close to those
(0.86 Å, 4.28 Å, −1923.4 kJ/mol) of Mg2+.42,43 The similarity
may render similar ability for both cations to transport into and
out of the crystal, therefore resulting in similar discharge
capacities. However, different from Mg2+, the final product of
the phase transformation in Mn2+ solutions is ε-MnO2
nanosheet rather than layered birnessite. The difference is
probably because the presence of Mn2+ in the solution affects
the dissolution equilibrium and kinetics of Mn2+ from the
cathode during charging. The underlying mechanism of the
phase transition is unclear and subject to future research.
To investigate the intrinsic properties of electrolytes, Zn

plating/stripping tests of aqueous electrolytes were performed
in Zn/Zn symmetric cells. Figure 4 illustrates the stability and
reversibility of the Zn/Zn symmetric cell in alkaline electrolyte
and mild aqueous electrolytes. In 45 wt % KOH electrolyte,
severe polarization of Zn stripping/plating is observed after
only 6 h. The XRD pattern (Figure S6, SI) and SEM image
(Figure 4c) confirm the formation of ZnO nanorods, which
hinders the reversibility of the Zn/Zn symmetric cell. The
stability and reversibility of the Zn/Zn symmetric cell
employing 1 M ZnSO4 + 1 M MnSO4 aqueous electrolyte
are compared in Figure 4b. Charge/discharge curves are both
smooth and cell voltages fluctuate within a narrow voltage
range (±0.04 V) during cycling. The enlarged curves (Figure
4b, inset) overlap very well with the increasing cycles,
demonstrating that the MnSO4 additive in the ZnSO4 aqueous

electrolyte makes no difference in reversibility. Moreover, the
cycled Zn anode in 1 M ZnSO4 + 1 M MnSO4 electrolyte
exhibits a dense and smooth surface (Figure 4e). The XRD
result of the Zn anode shows only the diffraction peaks of Zn,
even after 120 cycles (Figure S6, SI).

Electrochemical Performance. To evaluate the electro-
chemical performance, coin cells were fabricated with ball-
milled Mn3O4 cathode, Zn foil anode, glass fiber separator, and
1 M ZnSO4 + 1 M MnSO4 aqueous electrolyte.
The assembled coin cells were galvanostatically cycled at a

low current density of 100 mA g−1 for 10 cycles to make
Mn3O4 transform to ε-MnO2. For 1 M ZnSO4 + 1 M MnSO4
electrolyte (pH ∼3.2), the O2 evolution potential was
suppressed up to 2.5 V and the H2 evolution potential shifted
below −0.05 V (vs Zn2+/Zn) (Figure S7, SI). The working
voltage window for our Zn/ε-MnO2 cells is 0.6−1.9 V (vs
Zn2+/Zn). It is interesting to note that the potential range 1.3
V is higher than the decomposition voltage of water (1.23 V),
but there are no detectable side reactions. The reason is
relatively straightforward. The LUMO and HUMO potential
of the electrolyte is −0.05 and 2.5 V, respectively. The
electrochemical window of the electrolyte achieves 2.55 V (vs
Zn2+/Zn) (Figure S7, SI), which is higher than the
decomposition voltage of water (1.23 V). Obviously, the
potential range of 1.3 V (0.6−1.9 V vs Zn2+/Zn) is located in
the electrochemical window of the electrolyte (−0.05 to 2.5
V), so no detectable side reaction is expected. Figure 5
presents the electrochemical performances of the Zn/ε-MnO2
cell after activation. Cyclic voltammetry (CV) curves between
0.6 and 1.9 V (vs Zn2+/Zn) at a scan rate of 0.1 mV s−1 are

Figure 5. Electrochemical performance of the Zn /ε-MnO2 coin cells. (a) Cyclic voltammetric (CV) curves of the Zn /ε-MnO2 cell at a scan rate of
0.1 mV s−1. (b) The discharge−charge voltage profiles at various current densities between 0.6 and 1.9 V. (c) Rate capability. (d) Long-term cyclic
performance and the corresponding Coulombic efficiency at 500 mA g−1.
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displayed in Figure 5a. A pair of redox peaks appears at 1.7 and
1.32 V, which are consistent with the plateaus in the charge/
discharge curves shown in Figure 5b. The broad oxidation peak
centered at around 1.7 V in cathodic sweeping can be
attributed to H+ extraction during the charge process.
Accordingly, the reduction peak at 1.32 V in anodic scanning
corresponds to intercalation of H+ into the cathode during
discharge. Besides, the CVs of the Zn/ε-MnO2 cell remain
invariable after the initial cycle, demonstrating the good
reversibility of the ε-MnO2 electrode. Figure 5b displays the
discharge−charge voltage profiles of the Zn/ε-MnO2 cell at
various current densities in the voltage range of 0.6−1.9 V. The
average discharge voltage plateaus of the discharge−charge
voltage profile at 100 mA g−1 can be observed at 1.32 V, and
the corresponding energy density is about 288 Wh kg−1 based
on the active mass only. The polarization during charge/
discharge is taken roughly as the voltage difference between
the middle point of voltage profiles. The significant voltage
difference of 320 mV can be seen even at a low current density
of 100 mA g−1 (Figure 5b), which has also been observed and
discussed for MnO2 cathode in an aqueous Zn ion battery31

and other conversion reactions from metal oxides electrode
materials in lithium ion batteries.44,45 The voltage difference at
a low current could be attributed to a thermodynamic factor.
First, the structure and morphology of cathode surface evolves
from original porous interconnected MnO2 nanosheets (Figure
3c) to MOOH nanosheets covered with disordered
ZnSO4[Zn(OH)2]3·3H2O micrometer-sized flakes (Figure
6a) after discharge, which adds extra surface energy to the
Gibbs free energy of the cathode. Second, other thermody-
namic factors, such as the volume and surface energy variations
during charge/discharge processes in the cathode, also account
for the significant polarization at a low current density. The
rate capability of transformed ε-MnO2 cathode is shown in
Figure 5c, where the current density is gradually increased

from 100 to 2000 mA g−1 and abruptly returns to 100 mA g−1.
The cathode delivers average discharge capacities of 221, 182,
132, 91, and 51 mAh g−1 at current densities of 100, 200, 500,
1000, and 2000 mA g−1, respectively. Remarkably, when the
current density is reduced to 100 mA g−1, the discharge
capacity recovers to 203 mAh g−1, revealing the considerable
tolerance and good rate capability of the ε-MnO2 cathode. At a
low rate of 100 mA g−1 (Figure S8, SI), the ε-MnO2 cathode
delivers a capacity of 220−230 mAh g−1 for 50 cycles with a
Coulombic efficiency around 95%, demonstrating that the
transformed ε-MnO2 is considerably stable. To evaluate the
long-term cycling stability, the Zn/ε-MnO2 cell is galvanostati-
cally charged and discharged at the high rate of 500 mA g−1.
The cathode exhibits a discharge capacity of 132 mAh g−1 and
sustains 92% of the initial discharge capacity over 500 cycles
with a Coulombic efficiency approaching 99%. The electro-
chemical performance of our Zn/ε-MnO2 cell is further
compared to other aqueous Zn ion batteries, both energy
density and cycling performance are remarkable among these
aqueous Zn ion batteries reported before (Table S1, SI). In
addition, as presented in Figure S9 (SI), the morphology of the
cathode after 500 cycles remains porous nanosheets,
demonstrating the excellent stability of the ε-MnO2 cathode.

Electrode Reaction Mechanism. SEM, TEM, XRD, and
XPS were applied to explore the morphological and structural
evolution of the MnO2 cathode during the charge and
discharge processes of Zn/ε-MnO2 aqueous batteries. The
SEM image in Figure 6a shows that most of the cathode
surface is covered by flakes with a dimension around several
micrometers. The XRD peaks of the discharged product
(Figure 6b) attributed to MnOOH (JCPDS 74-1049) are
almost overwhelmed by the intense peaks from conductive
graphite and consequent discharged products. The neighboring
interlayer distances of 0.34 and 0.26 nm in the HREM image
(Figure 6c) are well-assigned to the (210) and (020) planes of

Figure 6. Characterizations of the fully discharged cathode. (a) SEM image. (b) XRD pattern. (c) HRTEM image. (d) Elemental mapping in
STEM. (e) Mn 2p region of the XPS spectrum.
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monoclinic MnOOH, validating the formation of MnOOH
during discharge. Meanwhile, STEM-EDS mappings (Figure
6d) of the discharged product display a uniform distribution of
O and Mn without detection of Zn. Furthermore, the
formation of MnOOH is also supported by the XPS result
(Figure 6e). The two obvious peaks located at 641.9 eV for Mn
2p3/2 and 653.4 eV for Mn 2p1/2 are indicative of manganese
atoms in the 3+ oxidation state.46,47 The results manifest that
ε-MnO2 reacts with H+ and converts to MnOOH during
discharge. Nevertheless, the predominant XRD peaks of the
discharged product correspond to ZnSO4[Zn(OH)2]3·3H2O
(JCPDS 39-0689), combined with the SEM image, confirming
that ZnSO4[Zn(OH)2]3·3H2O flakes are formed during the
discharge process. Thus, it is speculated that the remaining
OH− react with ZnSO4 and H2O to keep electrolyte neutral
upon H+ intercalating into MnO2 during discharge.
The Zn anode was also investigated to understand the

excellent reversibility of the Zn/MnO2 cell chemistry. Figure 7
presents XRD patterns and SEM images of virginal Zn sheet
and cycled Zn anodes. All the XRD peaks of the virginal zinc
plate as the anode before cycling (Figure 7a) are well-indexed
to metal zinc. There are almost no obvious XRD signals of
byproducts such as ZnO or Zn(OH)2 in the XRD results of
cycled Zn anodes, suggesting that redox of Zn/Zn2+ is the
dominant reaction of the anode during cycling. Moreover,
major peaks of Zn anode become weak after 500 cycles,
consistent with the results in previous reports.13,23 For
comparison, Figure 7b,c illustrates the morphology of Zn
anodes before and after cycling. It can be observed that the Zn
anode still shows a dense, dendrite-free surface morphology
after 500 cycles, indicating highly reversible plating/stripping
of Zn metal, which is favorable for the long-term cycling
stability of Zn/MnO2 cells. In addition, neither dendritic
morphology (Figure S10, SI) nor formation of byproducts
such as ZnO or Zn(OH)2 (Figure S11, SI) is observed after 50
cycles at a low current density of 100 mA g−1.

■ CONCLUSION

In conclusion, we report Mn3O4 nanoparticles prepared via a
low-cost, scalable, ball-milling method as cathode for aqueous
ZIBs. The transformed akhtenskite MnO2 from Mn3O4
achieves a high reversible capacity of 221 mAh g−1 at a
current density of 100 mA g−1 and delivers a superior capacity
retention of more than 92% after 500 cycles at a high rate of

500 mA g−1. Meanwhile, the cell shows a specific energy of
∼288 Wh kg−1 (cathode only), which is much higher than that
of commercial lead−acid batteries. The structural and
morphological evolution of cathodes has been elucidated in
detail. The mechanism involves two processes: the phase
transition from Mn3O4 to ε-MnO2 in the first 10 cycles at a low
current density in 1 M MnSO4 + 1 M ZnSO4 aqueous
electrolyte and the reversible conversion reaction between
MnO2 and MnOOH in the subsequent cycles. The
combination of a low cost, scalable preparation and superior
performance of the cathode material makes this approach a
very promising candidate for the practical use of Zn/MnO2
batteries. We also find a small drawback of the battery. It can
self-discharge. At this stage, the exact reason leading to this
issue is not clear. However, even with the self-discharging
problem, the battery can still be applied to many situations
where the long-time electricity storage is not a concern, e.g.,
electric buses, owing to its excellent electrochemical properties
and safety features.
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