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ABSTRACT Low-cost and high-energy-density manganese-based compounds are
promising cathode materials for rechargeable aqueous zinc-ion batteries (AZIBs),
however, they often experience cycling instability issues and inferior rate capability.
Herein, we report a new layered manganese-based cathode material, ZnMn3;O;
(ZMO0), which possesses a large interlayer spacing of 4.8 A and allows the interca-
lation of ~1.23 Zn-ions per formula unit (corresponding to a capacity of ~170 mAh/g).
Importantly, ZMO exhibits good cycling stability (72.9% capacity retention over 400
cycles), ultrafast-charging capability (73% state of charge in 1.5 min), and an ultra-

high power density (3510 W/kg at 88 Wh/kg). Through kinetic characterization, the —

favorable diffusion of ions and the dominant capacitor contribution are found to be

conducive to the achievement of superior fast charging capability. Furthermore, the charge storage mechanism is revealed by ex-situ XRD and
ex-situ XPS. This work may shed light on the design of high-performance electrode materials for AZIBs.
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n INTRODUCTION

The continuous consumption of fossil fuels leads to increasingly
serious global environmental problems, so the exploration and
utilization of renewable energy are of vital importance.*"2 How-
ever, clean energy resources such as wind energy, solar energy,
and tidal energy are greatly affected by the natural climate, and
have to be harvested by large-scale energy storage systems so
as to meet the large power demand of human society.® With
the development of lithium-ion battery technology, this problem
has been resolved, although incompletely. Shortcomings of
widely used lithium-ion batteries emerge, such as the surging
price and limited lithium reserves,®" and thus the development
of new battery technologies to replace lithium-ion batteries is an
urgent need.®! AZIBs have received a lot of attention due to the
inherent advantages of metallic zinc anode:*'2 [ow cost owing to
the abundant natural resource, facile large-scale production,
non-toxicity, high theoretical capacity (820 mAh/g) provided by
two-electron redox, and the good compatibility with mild acid
agueous electrolytes.

At present, a great number of efforts have been made on
cathode materials for AZIBs. As favorable Zn?* (de)embedding
hosts, vanadium-based materials*>2?3 deliver high specific ca-
pacity (>300 mAh/g) and excellent cycling stability, but they could
only provide low voltages (less than 0.9 V). Prussian blue ana-
logues?+%2 possess high operating voltages (~1.7 V), however,
the low specific capacity (60 mAh/g) limits their development in
AZIBs. Manganese oxides have been widely used as cathode
materials in primary and secondary batteries®>34 for energy
storage and conversion applications due to their high natural
abundance, low toxicity, low cost, relatively high discharge volt-
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age, and high energy density.1%3539 For example, the Zn/MnO,
system offers a high specific capacity (a theoretical specific ca-
pacity of 308 mAh/g with one electron transferring), a high volt-
age (~1.3 V), and thus a high energy density. MnO, exists in a
variety of crystalline forms ranging from a-, -, 6-, R-, y-, A-, to
e-type, bearing significant structural flexibility.*®) Recent studies
have shown that MnzO4, Mn,O3, MnO, and ZnMn,0, also exhibit
decent Zn?* ions storage capability.**-431 However, as a result of
the complex structure transformation, disproportionation reac-
tions, and the low electronic conductivity, Mn-based materials
suffer from severe capacity decay as well as poor rate perfor-
mance during cycling in mild electrolytes containing pure Zn?*
salt.38 Lju et al. proposed a mixed aqueous ZnSO,4 + MnSO,
electrolyte.[*l Chen et al. adopted an aqueous Zn(CF3SOs),
electrolyte with Mn(CF3SO3), additive.*s! The pre-added Mn?*
salt inhibits the dissolution of Mn?* from Mn%* so as to improve
structural stability and thus increases the capacity retention.
Their results show that the cycling performance of the aqueous
Zn/MnO, battery was considerably enhanced. Currently, the
development of AZIBs is still in the early stage, and the explora-
tion of new manganese-based materials seems imperative for
achieving low-cost and high-performance AZIBs.

In this study, we report a new layered zinc-manganese oxide
ZnMn3O; (ZMO) as a new cathode material for AZIBs, which
could be produced at a notably reduced cost due to the use of
abundant elements. Moreover, the manufacturing of ZMO is
simple and scalable. The obtained ZMO delivers a high specific
capacity of 170.2 mAh/g and an average discharge voltage of
1.35V at a current density of 200 mA/g. Meanwhile, ZMO exhibits
good cycling stability (72.9% capacity retention over 400 cycles
at 500 mA/g), and achieves ultrafast-charging capability (73%
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state of charge in 1.5 min) and an ultrahigh power density (3510
Wi/kg at 88 Wh/kg). In addition, the reaction kinetics were inves-
tigated via a couple of electrochemical characterizations, and the
underlying reaction mechanism was elucidated by ex-situ X-ray
powder diffraction (XRD) and ex-situ X-ray photoelectron spec-
troscopy (XPS) studies.

n RESULTS AND DISCUSSION

The XRD pattern along with the Rietveld refinement of the syn-
thesized ZMO sample is illustrated in Figure 1a. All XRD peaks
are consistent with the standard pattern of a trigonal crystal sys-
tem ZnMn3Oy7 (PDF code 30-1483), corresponding to space group
R-3H. The crystal structure, as shown in Figure 1b, consists of a
sheet of edge-sharing MnOs octahedra and a layer of Zn cations
in a stacking sequence of ---Mn-O-Zn-Zn-O-Mn---, with the dis-
tance between neighboring Mn-O planes to be 4.8 A. Additionally,
there is one vacancy in every seven octahedra in the Mn-O sheet.
The Zn?* ions occupy sites above and below the vacant Mn oc-
tahedra and are tetrahedrally coordinated to the O atoms of the
Mn-O plane. The Zn?* ions can move toward the vacancy along
the octahedral triple axis and between the interlayer spacelSl.
The detailed cell parameters derived from the Rietveld analysis
are listed in Table S1. The scanning electron microscope (SEM)
image shows a nanostructure morphology with a particle size
ranging from 100 to 200 nm (Figure 1c), and energy dispersive
X-ray spectroscopy (EDS) mappings demonstrate homogeneous
distributions of Zn, Mn, and O elements (Figure 1d). The exact
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composition (Zn10:Mnz0;) is derived from the XPS analysis
(Figure 1le, Figure S1).

The electronic structure of ZMO shows an energy gap of 1.56
eV (Figure 1f, 1g). Such a relatively small value may benefit the
electron conductivity of the compound. The conduction band
maximum (CBM) and the valence band minimum (VBM) are
dominated by the Mn-3d and O-2p electron states, whereas the
Zn-3d electrons are inactive near the valence band top and the
conduction band bottom. The empty electron states of Mn-3d in
the VBM indicate the redox activity upon discharging the cathode
material.

Figure 2a depicts the initial three-cycle CV curves of ZMO at a
scan rate of 0.1 mV/s. A reduction peak located at 0.97 V and an
oxidation one at 1.53 V versus Zn/Zn?* are observed during the
initial scan. Since the first negative scan starts at the open circuit
voltage of ~1.36 V and the electrode experiences a gradual ac-
tivation process, CV profile of the first circle is different from
those of subsequent cycles. Similar phenomena occur to the
other manganese oxide cathodes reported for AZIBs.#347-481 On
cathodic sweeping, two reduction peaks present at around 1.09
and 1.37 V, respectively, which may correspond to the electro-
chemical intercalation of Zn?* into the cathode host accompany-
ing the reduction of Mn (1V) to lower oxidation states. And on the
anodic sweeping, two oxidation peaks at around 1.53 and 1.59 V,
respectively may be associated with the extraction of Zn?* from
the structure and the reinstatement of Mn (IV) state. For pristine
ZMO, the existing Zn?* ions sit in the 6¢ position (in Wyckoff
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Figure 1. Schematic diagram and morphological structure of ZMO. (a) XRD Rietveld refinement. (b) Crystal structure. (c) SEM and (d) SEM-EDS map-
ping. (e) XPS of Mn 3s. (f) Calculated band structure. (g) The DFT-calculated density of states.
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Figure 2. Electrochemical performance. (a) CV profiles. (b-d) Galvanostatic charge/discharge voltage profiles and cycling performance at 200 mA/g. (e)
Cycling stability comparisons. (f) Cycling performance at 500 mA/g and (g) corresponding voltage profiles.

notation), however, the intercalated Zn?* ions may occupy either
the 3b or 18f sites upon the first negative scan. In the subsequent
scans, Zn?* ions would exit or enter from/into three inequivalent
positions successively, which may lead to significant changes to
coordination environments of Mn atoms as all the O atoms sur-
rounding Zn?* ions are from Mn3O- sheets, thus giving rise to two
redox peaks in the second and third CV curves. Except for the
initial profile, CV curves of the followed ones almost overlap with
each other, which suggests a highly reversible Zn?* ions extraction/
intercalation process.

Figure 2b displays the first two voltage-specific capacity curves
at a current density of 200 mA/g. ZMO delivers an initial dis-
charge capacity of 163.7 mAh/g within a voltage window of 0.8
-1.85 V. After two cycles, the specific discharge capacity in-

creases to 170.2 mAh/g and remains stable in the following loops.

In addition, the average discharge voltage of ZMO is 1.35 V (vs,
Zn/Zn?*), giving an energy density of 229.8 Wh/kg based on the
mass of active material in the cathode. Figure 2c-g shows the
galvanostatic cycling stability and corresponding voltage profiles
(200 and 500 mA/g). ZMO is capable of providing an impressive
average voltage plateau of 1.35 V, and the capacity retention is
85.3% at the 100" cycle with an average coulombic efficiency
(CE) of 99.4% at 200 mA/g. The performance at small current
densities exceeds those of most manganese-based materials

(Figure 2e, Table S2), demonstrating the robust structure of ZMO.
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At a higher current density of 500 mA/g, capacity retention of
72.9% is obtained over 400 cycles. These excellent properties
validate the highly reversible Zn?* ion intercalation chemistry of
the ZMO cathode.

Furthermore, ZMO also presents excellent rate capability
(Figure 3a, Figure S2). Increasing the current density from 0.1
Alg to 3 A/g, the specific capacities of ZMO are 165.1, 159.4,
136.8, 118.1, 95.3, and 74.8 mAh/g, respectively. The rate per-
formance is superior to a majority of reported Mn-based com-
pounds (Figure 3b, Table S3), and allows for ultrafast charging
(73% state of charge in 1.5 min) (Figure S3) and outputting an
extremely high power density up to 3510 W/kg at 88 Wh/kg,
demonstrating the fast electrochemical reaction kinetics. An in-
depth kinetic study of Zn?*-(de)intercalation chemistry was car-
ried out by a series of electrochemical characterization methods
including the galvanostatic intermittent titration technique (GITT),
the electrochemical impedance spectroscopy (EIS), and the
rate-scan CV. According to Fick's second law, the following
equation is used to calculate the diffusion coefficient of Zn?* ions
(DZn):

Dazn = (4/7) X [NuWISP X [AEJAE, 1)

Where t is the duration of a constant current pulse; ny is the mole
number of the electrode; Vy is the mole volume of the electrode;
S is the effective contact area between the active material
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Figure 3. Kinetic analysis of Zn?* (de)intercalation within ZMO. (a) Rate capability. (b) Rate performance comparisons. (c) GITT profiles. (d) EIS. (e)

Rate-scan CV and (f) Log(peak current) versus log(scan rate) and corresponding b-values. (g) Pseudocapacitive contribution at a scan rate of 0.15 mV/s.

(h) The contribution ratio of capacitive and diffusion-controlled processes at different scan rates.

and the electrolyte; and AEs and AE; are the change in the
steady-state voltage and the overall cell voltage upon applying a
current pulse in a single-step GITT experiment, respectively.[*9-50
Figure 3c shows the value of Dz, computed from GITT. With the
embedding of Zn?* ions, the diffusivity value decreases, and a
similar trend also appears in the Zn?* ions exiting process. This
phenomenon suggests that Zn?* ion migration becomes more
difficult in the second half (de)zincation process. In addition, the
large ion diffusion coefficient, i.e., 10°-10'2 cm?/s, is one to two
orders of magnitude higher than the Li* diffusion coefficients in
LiFePO, and LiCoO, (10-10"** cm?s), allowing for fast ion
shuttling. Figure 3d demonstrates the EIS curves for the initial
and the third cycles, and the equivalent circuit model (Figure S4)
for fitting the EIS data is listed in Table S4. The derived charge
transfer resistance (Rc) is only 45.08 Q, which is 5 times lower
than that of 8-MnO; (223 Q). The ease of Zn?* ion migration in
the lattice structure and the facile charge transport at the solid-
liquid interface are responsible for its fast-charging capability.
Rate scan CV can also provide valuable information on the elec-
trochemical kinetics (Figure 3e). As shown in Figure 3f, based on
equation i = avb, the coefficients b corresponding to reduction
peaks C1 and C2 can be determined to be 0.868 and 0.738,
respectively. The results confirm that the kinetic response of the
electrode depends mainly on the capacitive behavior. By inte-
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grating the current at each potential at various scanning speeds,
the contribution from the capacitor to the total capacity can be
determined. The capacitive part at 0.15 mV/s accounts for 89.48%
of the total charge storage at the ZMO cathode, as shown in the
shaded area of the CV curve in Figure 3g, exceeding those of
several recently reported cathode materials for ZIBs (Figure S5).
Figure 3h demonstrates the ratio of capacitive contribution at
different sweeping rates, which are 81.34%, 81.81%, 82.96%,
84.45%, 85.21%, 86.23%, and 89.48% at 0.02, 0.04, 0.06, 0.08,
0.10, 0.12, and 0.15 mV/s, respectively. According to the above
analysis, the fast Zn?* diffusion, and the small charge transfer
resistance, together with the dominant capacitive contribution to
the specific capacity, are conducive to the achievement of supe-
rior fast-charging capability.

To investigate the electrochemical reaction mechanism, ex-situ
XRD was used to analyze the crystal structural evolution of the
cathode material at different voltage states. Figure 4a displays
the voltage profiles of the first two discharge/charge cycles and
the diffraction patterns are shown in Figure 4b. At the open-circuit
state, the initial structure belongs exactly to ZnMn3;O;. The dif-
fraction peak present at 18.49° can be assigned to the (003)
reflection, which is related to the interlayer spacing. When dis-
charged to 0.8 V, the (003) Bragg peak gradually shifts to a
higher angle upon the Zn?* embedding, suggesting the decrease
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XRD. (d) Ex-situ XPS of Zn 2p and Mn 3s. (e) Schematic illustrations of the underlying Zn?* storage mechanism.

of interlayer spacing. And no Zn,(OTf)y(OH)2x-y-nHO was pro-
duced as no apparent diffraction peaks present in the interval of
5-15°.51 Accompanying the disappearance of (211), (214), and
(410) reflections, new diffraction peaks located at 33.02° and
58.98° appear as a consequence of minor changes in lattice
structure upon the insertion of Zn?* ions. The structural evolution
is partly associated with the strong Coulombic interactions be-
tween the inserted Zn?* and the lattice 0?2 and the change in
the coordination structure of the Mn atom due to the reduction/
oxidation reaction. When charged to 1.85 V, the (003) peak
gradually shifts back to the low-angle position, indicating the
expanding of the associated crystallographic spacing. Moreover,
(211), (214), and (410) reflections reappear and the diffraction
peaks at 33.02° and 58.98° are absent. Meanwhile, the rightward
shifts of the diffraction peaks observed indicate that the lattice
shrinks gradually because of the Zn?* embedding, and the lattice
expands gradually during the subsequent dezincification process,
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demonstrating that Zn?* intercalation electrochemistry is highly
reversible. It is worth noting that the peak reflected by the (003)
crystal plane does not completely return to the initial position,
and shifts to a high angle by 0.38°, indicating that irreversible
volume contraction occurred, as shown in Figure 4c. This unre-
versible structure change may be responsible for the decline in
specific capacity. Proton intercalation happens to a few Mn-
based cathodes, involving the generation of new phases like
MnOOH and displaying distinct electrochemical behavior.®3! No
H-containing phases are identified from the XRD patterns of the
reduced products at various depths of discharge. Moreover,
there is no noticeable difference between the first half GITT curve
and the second half during discharge. Both results suggest a
successive Zn?* ions intercalation process.

Ex-situ XPS further elucidates the Zn?* insertion/extraction
process. Figure 4d shows the spectra of Zn 2p and Mn 3s for
ZMO. It can be observed from the former that characteristic
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peaks of Zn?* are located at 1021.44 eV (Zn 2psp,) and 1044.52
eV (Zn 2p12) in the initial voltage state. When discharged to 0.8 V,
the new Zn 2ps;, and Zn 2p,, couple appearing at 1022.76 eV
and 1045.82 eV, respectively are caused by the additionally
embedded Zn?*. Apart from the already existing Zn?* in the
structure, the embedded Zn?* has a different coordination envi-
ronment in the host structure.”® When charged to 1.85 V, the
peaks at 1022.76 and 1045.82 eV disappear due to the deinter-
calation of Zn?* ions. In addition to a Zn 3p peak at 91.48 eV, it
can be observed from the Mn 3s spectrum that the initial char-
acteristic peaks of Mn 3s are present at 88.61 and 84.54 eV,
respectively. When fully discharged, additional peaks of 92.95 eV
(Zn 3p) and 90.01 eV (Mn 3s) appear owing to the newly em-
bedded Zn?* ions and the resulting change in the chemical envi-
ronment of Mn, respectively. When fully charged, the 92.95 eV
(Zn 3p) and 90.01 eV (Mn 3s) peaks disappear because of the
removal of Zn?*ions. Prior to cycling, Zn?* ions located at the 6¢
position in ZMO are tetrahedrally bonded to O atoms. During the
first discharge, the intercalated Zn?* ions may occupy either the
3b octahedral or 18f tetrahedral sites. The different coordination
environment of Zn?* ions may account for the shifts of the Zn 2p
peaks. The consecutive Zn?* ion (de)intercalation also alters
coordination environments of Mn atoms considerably, leading to
the changes of corresponding Mn 3s peaks. By integrating the
peak area of the XPS spectra, the atomic ratios of the cathode at
different voltage states are obtained. The schematic demonstra-
tion of the underlying reaction mechanism is shown in Figure 4e.
The electrochemical reaction in the first discharge is given by

ZN10oMn307 + 1.23 Zn** +246e — Zn5 25Mnz07 (2)
In the first charge, the removal of Zn?* ion can be described by
ZN5.25Mn307 — ZNg.9sMn307 + 1.32 Zn**+2.64 e (3)

And the following reversible reaction happened in subsequent
discharge/charge processes:

ZNg.93Mn3z07 + 1.33 Zn**+2.66 e — ZNn3.26Mn307 (4)
n CONCLUSION

In general, we demonstrate the Zn?* intercalation chemistry in
ZMO as a new stable cathode material. The ZMO electrode ex-
hibits a high specific capacity (170.2 mAh/g) and good cycling
stability (72.9% capacity retention over 400 cycles). And excep-
tional rate capability enables ultrafast-charging capability (73%
state of charge in 1.5 min) and an ultrahigh power density (3510
Wi/kg at 88 Wh/kg). The remarkable performance can be at-
tributed to capacitance-dominant behavior, and favorable diffu-
sion of ions, together with the nanostructure morphology, which
improves the kinetics of the Zn?* embedding/detachment reaction.
Combined with the low cost of ZMO, our results reveal the po-
tential of this novel intercalation chemistry for application in the
next generation of ZIBs.

n EXPERIMENTAL

Preparation of ZMO. ZMO was synthesized by a simple sol-gel
method combined with ion-exchange modulation. Firstly, we syn-
thesize sodium-containing precursors prior to cation exchange by
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the aqueous solution method. In a typical synthesis procedure,
63.6 mmol Mn(CH3;COO), and 63.6 mmol NaNO; were dissolved
in an appropriate amount of deionized water. The solution was
vigorously stirred and dried at 100 °C. Then, the brown powder
was obtained. Secondly, the resultant powder was calcined at
400 °C in the air for 7 h to obtain the sodium-containing precursor.
Subsequently, the precursor was added to a 300 mL 1.0 mol L*
ZnSO, solution with continuous stirring for 24 h. Besides, Zn-
birnessite was obtained by pouring the slurry into a 100 mL hy-
drothermal reactor and heat-treatment at 160 °C for 24 h. After
cooling down, the product was washed thoroughly with plenty of
distilled water and dried in a vacuum oven overnight at 80 °C.
Finally, the sample was heated at 280 °C for 1 h.

Materials Characterization. Powder X-ray diffraction (XRD)
characterizations were performed on the Rigaku Ultima IV power
X-ray diffractometer with the Cu-Ka radiation at a voltage of 40
kV and a current of 40 mA. The microscopic morphology of the
sample was observed on a scanning electron microscope (SEM,
Hitachi SU-8010). Inductively coupled plasma atomic emission
spectroscopy measurement was performed on an ICP-OES
spectrometer (HORIBA Jobin Yvon, Ultima2). Thermogravimetric
analysis (TGA) was conducted on Netzsch STA449F3 with a
heating rate of 5 °C/min under airflow. X-ray photoelectron spec-
troscopy (XPS) was recorded on ESCALAB 250Xi. For ex-situ
XRD and XPS analyses, the batteries were disassembled at
certain discharge/charge states and the cathodes were washed
three times with deionized water before tests.

Electrochemical Measurements. Cathodes were performed
with CR2032 coin-type cells. To obtain a homogeneous black
slurry, active material (ZMO), conductive carbon black (Super P
Carbon), and polyvinylidene fluoride (PVDF) were mixed with a
weight ratio of 7:2:1 using N-methyl-2-pyrrolidine (NMP) as a
solvent. After stirring at 800 rpm for 10 h, the electrode slurry was
evenly coated on titanium foil with a loading mass of 1.5 mg cm
and placed in a vacuum oven at 80 °C for 12 h. A3 M
Zn(CF3S03), with 0.3 M Mn(CF3;SOs), aqueous solution was
used as the electrolyte. CR2032 coin-type cells were assembled
by using zinc foils and Whatman glass fiber as the anode and
separator, respectively.

Cyclic voltammetry (CV) test was conducted on a CHI660E
electrochemical workstation (Shanghai Chenhua, China) with a
voltage range of 0.8-1.85 V (vs, Zn/Zn?*) at a scan rate of 0.1 mV
s1. Galvanostatic discharge/charge profiles in the voltage range
of 0.8-1.85 V (vs, Zn/Zn?*) were recorded on a LAND-CT2011A
battery-testing instrument at room temperature. The calculation
of specific capacity was based on the mass of the initial ZMO.
Galvanostatic intermittent titration technique (GITT) was performed
on LAND-CT2011A battery-testing instrument. Electrochemical
impedance spectroscopy (EIS) was measured on the Bio-Logic
SP-300 electrochemical workstation at a frequency ranging from
10 mHz to 100 kHz with an AC voltage of 10 mV.
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