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Abstract: To explore the effect of the preparation conditions on the electrochemical properties of transition metal oxide
anode materials, ZnMn,O4 anode material was hydrothermally synthesized using zinc nitrate and manganese nitrate as
raw materials. The effects of reaction temperature, reaction time, compactness, and pH on the synthesis conditions were
systematically studied through an orthogonal test designed with four factors and three levels. X-ray diffraction and
scanning electron microscopy proved the formation of a micron-scale block-like ZnMn,O4 structure with the /4\/amd
space group. The Li/ZnMn,04 cells delivered an initial discharge specific capacity of 933.1 mA-h/g, and the discharge
specific capacity remained at 249.3 mA-h/g after 100 cycles at a current rate of 0.1C for the as-synthesized ZnMn,O4
under the optimized conditions. The optimized sample with orthogonal test exhibits outstanding cycle stability and rate
performance.
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1 Introduction

The overexploitation of fossil fuels has
exacerbated the energy crisis, necessitating the
emergence of a new energy industry [1—4]. Energy
storage devices are significant in this new energy
industry, and lithium-ion batteries play a leading
role in the energy storage device industry [5—7].
One of the key components of a lithium-ion battery
is the anode material, which significantly impacts
the overall performance of the battery. Graphite
anode materials lack sufficient capacity to meet the
increasing power and energy density demands
of modern society because they have a solid

electrolyte interface, low lithium intercalation
voltage, and significant charge loss. Therefore, the
demand for high-capacity lithium-ion batteries has
stimulated the investigation of other types of anode
materials [§—12].

Recently, transition metal oxides have become
a research hotspot due to their highly reversible
reactions and stable structure in the battery’s
electrochemical window [13,14]. These transition
metal oxides, especially Fe, Zn, Mn, Co, Ni, and
Cu, can undergo a reversible reaction with lithium:
M,0,+2ye+2yLi" == xM%yLi,O. This electrode
reaction forms a composite material with metal
particles distributed on an amorphous LiO
substrate. In 2000, POIZOT et al [15] discovered
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that transition metal oxides can undergo a reversible
electrochemical reaction with lithium metal. Among
them, zinc manganate (ZnMn;Os) has attracted
significant attention because it offers environmental
protection, low cost, and a low working potential.
This material has a high melting point, hardness,
and chemical stability due to its strong bond energy.
ZnMn,O4 with a three-dimensional network channel
can undergo Zn° and Mn° conversion reactions at
low potentials. Concurrently, lithium metal can
form an alloy with Zn at low potentials, affording a
high lithium storage capacity. After integration into
a battery, the potential and energy density of lithium
are improved owing to the high lithium storage and
low discharge platforms in lithium batteries [16].
However, as a special binary transition metal oxide,
ZnMn,Oy faces several challenges in its preparation
process. For example, after high-temperature
annealing, the material’s structure and morphology
are difficult to control and agglomeration is
common [17—19]. Therefore, improving the zinc
manganate synthesis method and electrochemical
performance is worthwhile.

Currently, ZnMn,Qs is prepared using the sol—
gel method [20], the coprecipitation method [21],
the template method [22], electrospinning [23], and
various other methods. Although these methods
have their own advantages, they need high-
temperature calcination to synthesize ZnMn;O4
materials. The low-temperature hydrothermal
method is a lower-cost and more advanced method
for synthesizing ZnMn,O4 powder than traditional
methods [24—26]. Herein, we designed orthogonal
experiments to explore the optimal conditions for
the hydrothermal synthesis of ZnMn,O4 using zinc
nitrate and manganese nitrate as raw materials. The
spinel ZnMn,Os material synthesized using the
hydrothermal method has high thermal stability,
small particle size, and uniform distribution.
The electrochemical properties of the samples
synthesized under the optimum conditions were
analyzed using several test methods, and the
electrochemical reaction mechanism was explored.
ZnMn,Oy4 delivered a high initial discharge specific
capacity of 933.1 mA-h/g at a current rate of 0.1C
(1C=1008 mA-h/g). After 100 cycles, the specific
capacity remained at 249.3 mA -h/g. This research is
expected to provide a theoretical and experimental
basis for the research of transition metal oxide
anode materials.

2 Experimental

2.1 Material preparation

Figure 1 shows the synthesis path of ZnMn,0O4
via the hydrothermal method. Zinc nitrate and
manganese nitrate were added at a stoichiometric
ratio into a beaker and dissolved in deionized water.
The compactness and pH were adjusted to a set of
values displayed in the orthogonal table (Table 1)
and the mixture was poured into a Teflon-lined
stainless-steel autoclave. The autoclave was sealed
and placed in a homogeneous reactor. After setting
the reaction temperature and running the reaction
for a certain time, the autoclave was removed and
the precipitates were filtered and washed twice
to obtain ZnMn,O4 materials synthesized under
different conditions.

Zn(NOy),
Hydrothermal
synthesis
V N Y
- B Heat treatment
Washing
- A
w

ZnMn,0,

Fig. 1 Flow chart of ZnMn,O4 material prepared by low-
temperature hydrothermal method

Table 1 Factor—level table Lo(3*) designed for synthesizing
ZnMn,04 material using hydrothermal method

Factor
Level  Reaction Reaction Compactness/
temperature/°C  time/d vol.% pH
1 180 1 73 3
2 200 2 80 7
3 220 3 87 11

2.2 Material characterization

The phase compositions and crystal structures
of the samples were investigated using X-ray
diffraction (XRD, DX-2500, CuK, radiation),
and the 260 range was 10°—80°. The geometric
morphology, particle morphology, and size
information were investigated using a scanning
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electron microscope (SEM, S—4800). The elemental
distribution was investigated using energy dispersive
X-ray spectroscopy. The pore size distribution and
specific surface area of the samples were analyzed
using the N, adsorption—desorption method.

2.3 Electrochemical measurements

The electrode slurry was prepared by mixing
the active material, acetylene black, and PVDF
binder in the mass ratio of 8:1:1 with N-methyl
pyrrolidone (NMP) as the solvent. The mixed slurry
was uniformly adhered to the copper foil, dried
under vacuum at 120 °C, and cut into 10 mm
diameter electrodes. Further, the cut electrode
pieces were weighed, the mass of each electrode piece
was recorded, and the mass of active substances
was calculated. Subsequently, the CR2032 half-cell
in a glove box filled with argon was assembled and
kept at room temperature for one night to be tested.
The battery test system (LAND, CT—2001A) was
used to test the charge— discharge specific capacity,
cycle life, and capacity retention of anode materials
in the potential range of 0—3 V at various charge—
discharge rates and 25 °C. A cyclic voltammetry
test ~was conducted on the CHI660A
electrochemical workstation. The electrochemical
impedance spectroscopy (EIS) was conducted on
the CHI760E electrochemical workstation, and the
test frequency range was 1072-10° Hz.

3 Results and discussion

3.1 Characterization results of ZnMn,O4

Figure 2 shows the XRD patterns of nine
groups of ZnMn,Os samples under different
experimental conditions. Different experimental
conditions significantly impact phase compositions
of the samples. From the relative intensity of
the peak, the samples synthesized using a
low-temperature hydrothermal process have good
crystallinity. In terms of phase composition, the
main peaks of S1, S6, and S8 samples accurately
correspond to the PDF standard card of MnyOs
(JCPDS No. 41-1442, space group Ia-3, and
a=b=c=9.409 A), indicating that the Mn,Oj; phase is
generated in an acidic preparation environment
(pH=3) [27]. The spinel ZnMn,O4 structure
obtained from S2, S3, S4, S5, S7, and S9 samples
correspond to the PDF standard card (JCPDS No.
24-1133, space group /41/amd, a=b=5.72 A, and
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Fig. 2 XRD patterns of nine ZnMn,O4 samples prepared
by hydrothermal method at different temperatures:
(a) 180 °C; (b) 200 °C; (c) 220 °C

c=9.245 A). The purity of the ZnMn,Os phases
synthesized under the six synthesis conditions also
varies. Some ZnMn;O4 samples contain the ZnO
impurity phase, which is consistent with the PDF
standard card (JCPDS No. 99-0111, space group
P6smc, a=b=3.25 A, and ¢=5.207 A). Therefore, the
hydrothermal preparation of ZnMn,O4 places strict
requirements on the synthesis conditions, and the
reaction temperature and time, metal ion
concentration, and pH should be controlled.
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The mesoporous structure, pore diameter, and
specific surface area of the S5 sample were
investigated. The nitrogen (N2) adsorption—
desorption isothermal curve and pore size
distribution of the ZnMn;O4 sample were drawn
based on the test data (Fig. 3(a)). The adsorption
isotherms are divided into six types according to the
different shapes. The isothermal curve of the
ZnMn,O4 sample belongs to type IV adsorption
isotherm [28,29]. Figure 3(a) shows that the
ZnMn,O4 sample has an obvious hysteresis
phenomenon and forms a hysteresis ring. This
indicates that there are micropores with pore
diameters less than 2 nm and mesopores with pore
diameters of 2—50 nm in the sample. The specific
surface area of the ZnMn,O4 sample is 13.824 m?/g
and the pore volume is 0.137 cm*/g obtained using
the BET calculation model. The average pore
diameter of the ZnMn,O4 sample is 38.76 nm
obtained using the BJH calculation model.
According to the pore size distribution curve (the
insert map in Fig. 3(a)), the pore size of the
ZnMn;04 sample is mainly distributed between 4.5
and 68 nm. Only a few pore size distributions are
less than 4.5 nm. The mesoporous structure is the
main structure [30]. Alternatively, the mesoporous
structure of the anode material can ensure the
mechanical strength of the material. Concurrently,
the large pores can buffer the volume expansion and
contraction of the material in the charge and
discharge processes. This structure can prevent
structural collapse deactivation.
Moreover, the mesoporous structure allows the
electrolyte penetration, and complete
between the electrode material and the electrolyte

and material
contact

allows for improved discharge specific capacity. In
addition, the mesoporous structure provides more

paths for the intercalation and deintercalation of Li".

This structure shortens the transmission distance
and improves the reaction rate [31,32]. Figure 3(b)
shows the Fourier transform infrared spectrum of
S5 sample for further characterization. The peaks in
the wavenumber range of 420-640 cm™' are the
vibration peaks of M—O—M and M—O (M=Zn
and Mn) bonds. The absorption peak observed at
3457 cm™! is due to the stretching vibration of the
O—H group of the water molecule in air, and the
absorption peak at 1639 cm™! is the vibration peak
of the C=0 bond of CO in air [33,34].
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Fig. 3 Diagrams of N, adsorption—desorption isotherm

and pore size distribution (a), and Fourier transform

infrared spectrum (b) of S5 sample

Figures 4(a, b) show the SEM images of
ZnMn,0O4 material synthesized by the hydrothermal
method. Its morphology is irregular with highly
agglomerated small particles. The partially enlarged
image shows that these small particles are interwoven
by multiple flocculent crystals, indicating a porous
structure. This porous structure can promote ion
transfer and adapt to the volume expansion and
contraction of materials in the electrochemical
process [35,36]. From the histogram of the
ZnMn,0O4 material’s particle size distribution in
Fig. 4(c), the size is mainly distributed between 0.5
and 1.7 pm, and the average particle size is 0.90 pum.
Employing small-sized ZnMn,O4 particles as the
anode material for lithium-ion batteries increases
the active material usage and significantly reduces
the diffusion distance of lithium ions [37].
Figure 4(d) shows the elemental surface distribution
diagram of the ZnMn,O4 sample, demonstrating the
uniform distribution of Zn, Mn, and O on the
surface of the particles.
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3.2 Orthogonal experiment results

Using the average discharge specific capacity
of 21-40 cycles as the investigation index, the
electrochemical properties of ZnMn,O4 obtained
under different synthesis conditions were obtained
via range analysis (Table 2). Because only S2, S3,
S4, S5, S7, and S9 groups of experiments can be
used to successfully synthesize ZnMn,O4 materials
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and the main phase of other samples was Mn,Os,
only the electrochemical properties of six groups of
materials with phase compositions of ZnMn,O4
were tested. As evidenced in Table 2, the average
discharge specific capacities of Samples S2, S5, S7,
and S9 exceeded 200 mA-h/g. All of these samples
contain the ZnO phase. Integrated heterostructure
electrode materials composed of different metal
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Fig. 4 SEM images (a, b) particle size distribution (c), and EDS mapping (d) of ZnMn,O4 sample

Table 2 Electrochemical properties of ZnMn,0O4 samples synthesized under different conditions

Factor

Average specific

Sample Reaction temperature/°C  Reaction time/d Compactness/vol.% pH capacity/(mA-h-g™")

S1 180 1 73 3 -
S2 180 2 80 7 260.530
S3 180 3 87 11 193.125
S4 200 1 87 7 172.055
S5 200 2 73 11 292.530
S6 200 3 80 3 -
S7 220 1 80 11 206.415
S8 220 2 87 3 -
S9 220 3 73 7 223.125

Ki/(mA-h-g™h 453.655 378.270 515.655 -

K>/(mA-h-g™h 464.585 553.060 466.945 655.71

K3/(mA-h-g™h) 429.540 416.250 365.180 692.07

R/(mA-h-g™h) 35.045 174.790 150.475 36.36
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oxides with different band gap energies can
improve the internal electric field at the
heterogeneous interface, thereby improving the
surface reaction kinetics and charge transfer, and
consequently the electrochemical activity [38—41].
Therefore, the composites of ZnO and mixed
zinc-based oxides are potential electrode materials,
with ZnO contributing positively to the electro-
chemical properties of the ZnMn,O4 materials. At
pH 3, the phase composition of the synthesized
sample is Mn,0Os. Therefore, the data at pH 3 were
excluded from the influence trend of various factors
on the ZnMn;O4 discharge specific capacity in
Fig. 5. The reaction time most significantly
influences the formation of the ZnMn,Os phase,
followed by the compactness and pH, and finally
the reaction temperature. The optimum conditions
for synthesizing ZnMn,04 are as follows: reaction
temperature 200 °C, reaction time 2 d, compactness
73 vol.%, and pH 11. These optimum conditions
were the synthesis conditions of the S5 sample.
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Fig. 5 Diagram showing influence of various factors on

discharge specific capacity

3.3 Electrochemical performance of ZnMn,04
Figure 6 shows the charge—discharge curves of
ZnMn,0O4 synthesized under the six conditions at a
0.1C rate (1C=1008 mA-h/g). The first discharge
specific capacities of the S2, S3, S4, S5, S7, and S9
electrodes are 947.1, 650.2, 781.5, 933.2, 929.3,
and 921 mA-h/g, respectively. After the first cycle,
the discharge specific capacities of the six
electrodes decrease to 570.1, 403.3, 458.7,
509.4, 441.5, and 401.4 mA-h/g, respectively. This
capacity loss is mainly caused by electrolyte
decomposition and the formation of an SEI
membrane [42]. The figure shows that the first

cycle discharge platform of the six electrode
materials appears between 0.25 and 0.5V, and the
charging platform appears between 1.2 and 1.5 V.
The platform gradually decreases and the
polarization intensifies as the number of cycles
increases [43,44]. The S2 electrode exhibits the
highest first discharge performance. However,
comparing the average discharge specific capacities
(359.1, 292.4, 259.3, and 371.9 mA-h/g) of the six
electrodes in the second, fifth, tenth, and twentieth
cycles, the S5 electrode exhibits the best cycle
performance. This conclusion can also be drawn
from Table 2.

The optimization of the synthesis conditions
makes ZnMn,Os show excellent electrochemical
lithium storage performance. We can see the
excellent electrochemical performance of the
S5 electrode by comparing ZnMn,Os materials
synthesized under different conditions. Figure 7(a)
shows the rate performance of the electrode
material at (0.1—1.0)C rate in the potential range of
0-3 V (vs Li/Li"). The average discharge specific
capacities of the S5 electrode at 0.1C, 0.2C, 0.5C,
and 1C are 354.6, 218.1, 147.2, and 105.0 mA-h/g,
respectively, which is better than other electrodes.
Figure 7(b) shows the cyclic performance of the six
groups of electrodes. The coulombic efficiency of
the first cycle of all electrodes is around 50%. The
coulombic efficiency of the second cycle can be
increased to about 80% after the irreversible
capacity loss of the first cycle. The irreversible
capacity is mainly related to the irreversible redox
reaction of Mn**/Mn?" and the formation of SEI
film [45]. In the later cycles, the coulombic
efficiency of the S5 electrode exceeds 95%,
indicating its excellent capacity retention rate. The
discharge specific capacity of each electrode is
gradually stabilized after 20 cycles. After 100
cycles, the discharge specific capacity of the S5
electrode remains at 249.3 mA-h/g, exceeding those
of the other electrode materials and indicating that
the S5 electrode has excellent capacity retention.
Comparing the electrochemical performances of the
electrodes, the S5 electrode exhibits higher cyclic
performance than the other electrodes.

We believe that ZnMn,O4 has excellent rate
performance and cycle stability based on the
aforementioned analysis results. Figure 7(c) shows
the discharge curve of the first cycle. The
S5 electrode has a low discharge platform (0.39 V),
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Fig. 6 Discharge—charge potential profiles of ZnMn,O4 anode under different preparation conditions at 0.1C rate: (a) S2;

(b) S3; (c) S4; (d) SS5; (e) S7; (f) S9

which allows the battery to output a higher voltage
and has a higher energy density [46]. Concurrently,
we conducted a CV test on the S5 electrode, and the
first cycle results are shown in Fig. 7(d). In the first
scanning round, the reduction peak at 0.40V
corresponds to the formation of elemental metals,
Zn and Mn. Further, the alloying reaction of ZnLi,
which is a lithium intercalation process, occurs at

this potential. During the oxidation reaction, the
oxidation peak at 1.25V corresponds to the
oxidation of Zn and Mn to form Zn?>" and Mn*",
dealloying process, and decomposition of Li,O,
which is a lithium deintercalation process [22,47].
Figure 7(e) shows the second cycle charge—
discharge curve of the S5 electrode, and its dQ/dg
curve is shown in Fig. 7(f). In the second cycle, the
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Fig. 7 Rate performance diagram at (0.1-1.0)C (a), cyclic performance diagram at 0.1C (b) of six ZMO materials, the

first cycle discharge curves of six materials (the inset shows the first cycle discharge dQ/dg curve of S5 sample, Q is

specific capacity of electrode and ¢ is potential of electrode) (c), first cycle CV curve of S5 sample at scanning rate of

0.02 mV/s (d), second cycle charge—discharge curve (e) and dQ/dg curve (f) of S5 sample

reduction peak corresponding to Zn and Mn moves
from 0.40 to 0.61 V, and the oxidation peak of Zn
and Mn moves from 1.25 to 1.34 V, which is mainly
caused by the structural rearrangement of electrode
active materials during the charge—discharge
process [48,49]. The material’s reaction mechanism
is summarized as follows. The first discharge
reaction is shown in Reaction (1), which is an
irreversible reaction. The theoretical specific
capacity calculated from this reaction is
1008 mA-h/g. The subsequent charge—discharge

reaction is shown in Reaction (2), and the
theoretical specific capacity is 784 mA-h/g, which
is a reversible reaction.

7ZnMn,04+9Li"+9e===7ZnLi+2Mn+4Li,0
ZnLi+2Mn+3Li,0===ZnO+2MnO+7Li"+7e

(D
()

The impedance test of the S5 electrode was
conducted to further characterize the material’s
lithium storage performance (Fig.8). Ry and Rs
represent the resistance of the cell components and
interfacial film. CPEss is the SEI capacitance. The
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semicircle in the intermediate frequency area is
correlated with the charge transfer impedance
(R) and double-layer capacitance (CPE(), which
is attributed to the charge transfer across the
electrode—electrolyte interface and is also the main
internal resistance in the lithium-ion battery system.
The size of its semicircle can qualitatively represent
the size of the impedance value. The smaller the
value, the easier it is for Li" to intercalate and
deintercalate in the material. The reduction in the
low-frequency region indicates the transmission
capacity of lithium ions in the electrolyte [50,51].
The impedance value of each electrode material
was fitted through the equivalent circuit. The R,
values of S2, S3, S4, S5, S7, and S9 electrodes are
approximately 3 €, indicating consistent conditions
of the battery assembly. The charge transfer
resistance of the S5 electrode was determined to be
65.3 Q. Therefore, after optimizing the preparation
conditions, the electrochemical reaction resistance
of the electrode material was effectively reduced
and the electro- chemical activity was improved.
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Fig. 8 Electrochemical impedance diagram of different
electrodes

4 Conclusions

(1) ZnMn,O4 material was synthesized using
the low-temperature hydrothermal method. Its
lithium storage performance was optimized by
adjusting the reaction temperature and time,
compactness, and pH.

(2) pH significantly affects ZnMnyOs
synthesis. ZnMn,0O, is difficult to form wunder
acidic conditions; however, it can be successfully
synthesized under neutral or alkaline conditions.

(3) The ZnMn,O4 synthesis was optimized at a

reaction temperature of 200 °C, a reaction time of
2d, 73 vol.% compactness of the mixed solution,
and a pH of 11.

(4) The first discharge specific capacity
reached 933.1 mA-h/g at a 0.1C rate. The specific
capacity remained at 249.3 mA-h/g after 100 cycles.
Even at a higher rate (1C), the discharge specific
capacity remained stable and exceeded 100 mA-h/g.

(5) The electrochemical properties and reaction
mechanisms of different electrode materials were
investigated in detail using several electrochemical
test methods. The study of electrochemical charge—
discharge, CV, dQ/dep, and EIS curves shows that
ZnMn,04 synthesized under the optimum synthesis
conditions exhibits better kinetic properties.
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