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ABSTRACT

A series of Ni-Cu co-doped spinel LiMn192xCuo.0sNixO4 cathode materials were successfully
synthesized by a solution combustion method. X-ray diffraction (XRD) spectra showed that all the
as-prepared LiMn1.92.xCuo.08NixOs samples belong to spinel LiMn204 structure without any impurity
phase. Scanning electron microscopy (SEM) showed that the particle size of the samples decreased
with the increase of Ni-doping amount, and the crystallinity increased gradually. The galvanostatic
charge/discharge tests results showed that the LiMn1.ssCuo.08Nio.osO4 sample shows excellent rate
performance and cyclic stability. At room temperature and 1 C, the initial discharge specific capacity
of LiMn1.8sCuo.08Nio.0sO4 was 103.4 mAh g, and the capacity retention rate of 67.80% was obtained
after 1000 cycles, which was higher than 49.60% of LiMn20a4. Even at high current densities of 5 C
and 10 C, the good capacity retention rates of 73.55% and 67.29% for LiMn1.86Cuo.08Nio.06O4 sample
were obtained after 1000 cycles, respectively.
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1. INTRODUCTION

Spinel lithium manganate (LiMn [1] O4 . When spinel LiMn; Os is used as the cathode material of
lithium ion battery, it has the characteristics of low price, high theoretical discharge specific capacity
(148.2 mAh g, high energy density (~125 Wh kg!, high working voltage (~3.6V), good safety
performance, low self discharge rate (6-9%/month) and environmental friendliness Aerospace and
other fields have achieved rapid development [2, 3]. However, in the actual charging and discharging
process, the specific discharge capacity of spinel LiMn, O4is only about 120.0 mAh g!, and the cycle
stability is poor, especially at high temperature (> 55°C) and high magnification, the attenuation is
particularly rapid [4]. The main reasons are: (1) the disproportionation reaction of Mn** dissolved in
the electrolyte generates soluble Mn?>" and strongly oxidizing Mn*" [5, 6]; (2) Spinel structure
distortion caused by Jahn Teller effect [7, 8]; (3) Electrolyte is easy to decompose under high pressure
(>4.5V), or react with trace H> O in the system, and finally generate incompletely electrochemically
active A- MnO; [9]; (4) under high temperature conditions, oxygen defects are prone to occur, forming
anoxic LiMn; O4. The average valence of Mn decreases, which aggravates the Jahn Teller effect [10].

At present, the methods of modifying spinel LiMn; O4 cathode materials mainly include element
doping, surface coating and process optimization, forming a special morphology that is more
conducive to Li* diffusion or reduces the dissolution of Mn**, to improve the cycle stability and
magnification of the entire battery [11]. Among the three modification methods, element doping is
widely used, and the improvement effect is obvious. Nie Wei et al. [12] doped LiNips Mnis O4
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cathode material with alkaline earth metals Mg?*, Ca? " and Ba?". The results show that LiNig s Mn s
Ogsintered at 1 C and 2 75~5. The capacity retention rates of LiMo 1 Nigp4 Mn;5s O4 (M=Mg, Ca and
Ba) after 100 charge discharge cycles were 78.3% and 83.6% respectively, while the capacity
retention rates of modified LiMo.1 Nio4 Mn; 5 Os (M=Mg, Ca and Ba) after primary sintering were
90.1%, 96.0% and 96.2% respectively, and the capacity retention rates of secondary sintering were
90.6%, 96.8% and 89.5% respectively. A. Igbal et al. [13] prepared LiNix Cuy Mna.x.y O4 x=y=0.01-
0.05) lithium ion cathode material by citric acid assisted sol-gel method. When conducting constant
current charge and discharge tests at a current density of 0.3 C and a working voltage of 3.0~4.8V,
LiNio.01 Cuo.01 Mnj .98 O4 samples showed the maximum initial discharge specific capacity of 113 mAh
g'!, The maximum capacity retention rate of 88% was obtained after 100 charge discharge cycles.
Based on the above research, this paper discussed the influence of Ni?* doping on the microstructure
and morphology, electrochemical and kinetic properties of LiMn;.92 Cug.0s Oa.

2. EXPERIMENTAL METHODS
2.1. Preparation of LiMn1.92.x Cug.os Nix O4

LiNOs; AR), Mn (CH3 COO); -4H, O (AR), Cu (NOs3), 3H20 (AR) and Ni (CH; COO), -4H, O (AR)
are used as raw materials, and Li: Mn: Cu: Ni=1:1.92-x: 0.08: x (x=0, 0.02, 0.04, 0.06 ,0.08 and 0.10
are used for short LMCNO-0.08, LMCNO-0.08-0.02, LMCNO-0.08-0.04, LMCNO-0.08-0.06,
LMCNO-0.08-0.08 and LMCNO-0.08-0.10) After accurate weighing, put it into a 300 mL porcelain
crucible, and add 3.5 mL HNO; (AR) as solvent and auxiliary reducing agent. Place the top crucible
with raw materials in a 720W household microwave oven, preheat and dissolve it for 30s to form a
solution, shake it gently by hand to mix it evenly. Continue heating and burning in 720W microwave
for 5 min to obtain black and fluffy products. The product is ground into powder, and calcined in
muffle furnace with preset temperature of 600°C for 4 hours to obtain the target product.

2.2. Assembly of CR2030 battery

The prepared LiMni.92x Cuo.0s Nix O4 active substance, acetylene black and polyvinylidene fluoride
(PVDF) are accurately weighed according to the mass ratio of 80:10:10, and then put into a ball
milling tank, add an appropriate amount of N-methyl-2-pyrrolidone as a dispersant, and ball mill on
a planetary ball mill for 30 minutes to obtain mixed slurry. Evenly coat the mixed slurry on the
aluminum foil, dry it, and cut it into a positive material disc with a diameter of 16 mm. The calculation
formula of the mass load (ML, unit: mg/cm?) of the active substance in the electrode is as follows:

ML= [(Mr- Ma)*0.8]/[n*(16/2)2*107] (1)

Mrand M 4 in the formula respectively represent the total mass of the electrode plate and the mass of
the aluminum foil. In the high-purity Ar glove box (super1220/750), a CR2032 button lithium ion
battery was assembled with a lithium metal sheet as the negative electrode, LiPFs as the electrolyte,
and polypropylene microporous membrane as the diaphragm.

2.3. Structural Characterization and Performance Testing

The phase of the sample powder was analyzed by X-ray diffractometer (XRD, D8 ADVANCE,
Bruker Company), scanning range 2 0 10°~70°. Scanning electron microscope (SEM,
NOVANANOSEM 450, FEI Company of the United States) was used to analyze the microscopic
particle size and morphology of the sample powder; LAND constant current test system (Wuhan
Jinnuo Electronics Co., Ltd.) was used to test the battery power in the voltage range of 3.0~4.5V (1
C=148.0 mAh g"'); The electrochemical workstation (CHI 660E model, Shanghai Chenhua
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Instrument Co., Ltd.) was used to conduct cyclic voltammetry (CV) and electrochemical impedance
(EIS, scanning frequency 0.1 Hz~100 kHz) tests in the voltage range of 3.6~4.5V.

3. RESULTS AND DISCUSSION

3.1. Characterization and analysis of macroscopic morphology

Figure 1. Macroscopic view of LiMnj 92.x Cug.08 Nix O4 : (2) x=0; (b) x=0.02; (c) x=0.04; (d) x=0.06;
(e) x=0.08; (f) x=0.10;

Figure 1 shows the macroscopic morphology of the products synthesized after the mixed solution of
various raw materials was burned for 5Smin under the power of 720W household frequency conversion
microwave. It can be seen that the products obtained show black fluffy porous morphology. The fluffy
structure starts from the bottom of the crucible and grows outward. With the increase of nickel acetate
content, the "degree of consolidation" of the products has increased to a certain extent, resulting in
the phenomenon of "hollow" collapse. This is because when the solution is heated in a closed
microwave oven, the microwave energy mainly starts from the bottom tray in the oven, penetrates
the sample instantly, reaches the self ignition point of the material itself, and heats the material
directly from inside. During the combustion process, a certain amount of CO> is also generated.
Secondly, because the concentrated nitric acid added in the system decomposes in the combustion
process, generating gases such as NO> and O», which expand the volume of the product, it can be
found that yellow thick smoke overflows during the combustion process, and the generation of O,
can play the role of combustion supporting agent for combustion reaction.
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3.2. Scanning electron microscope (SEM) analysis

Figure 2. SEM diagram of LiMn; 92-x Cuo.o8
x=0.08; (f) x=0.10;

Figure 2 shows the SEM diagram of LiMnj 92-x Cuo.08 Nix O4 (0 < x < 0.1) sample. It can be seen from
the figure that the particle size of the sample tends to decrease with the increase of Ni** doping amount,
indicating that the doping of Ni** helps to promote the nucleation rate of particles, and the crystallinity
increases [18]. This result is consistent with the analysis results obtained by XRD, which is due to
the smaller ion radius of Ni than Mn. The small particle size can effectively shorten the length of Li*
diffusion channel, facilitate the migration and diffusion of Li" in the spinel lattice, increase the

reaction rate and diffusion kinetics, and thus significantly improve the electrochemical performance
[19, 20].
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3.3. Cycle performance test
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Figure 3. Cyclic performance diagram (a) and first charge discharge curve (b) of LiMnj 92.x Cuo.0s
Nix O4 at room temperature 1 C; Multiplication performance diagram (c); Cyclic performance
diagram at 5 C and 10 C (d), (e)
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Table 1. Discharge specific capacity and capacity retention rate of LiMnj.92-x Cuo.0g Nix O4 at room
temperature 1 C

Discharge specific capacity (mAh g!) Capacity

sample For the first time 1000 times retention (%)
LiMnj.92Cu0.0804 112.7 55.9 49.60
LiMn1.90CUQ,08Ni0.0204 104.1 62.0 59.16
LiMm ,ggCllo,ogNi(),0404 100.8 64.3 63.79
LiMnl.gGCUQ,ogNio.0604 103.4 70.1 67.80
LiMIll ,84CL10,08Ni0,0804 99.9 64.3 64.36
LiMn;.82Cu0.08N10.1004 97.3 59.4 61.05

Figure 3a shows the cyclic performance curve of LiMni.92x Cuo.0s Nix O4 (0 < x < 0.1) sample at room
temperature of 1 C. The corresponding first charge discharge curve is shown in Figure 3b. It can be
seen from Figure 3b that the first charge discharge curves of all synthetic products show two charge
discharge plaorms at 3.9/4.1 V and 4.1/4.2 V, which is shown as the two-step reversible reaction of
Li(81)in the charge discharge process, namely:

LiMn,O4 = LigsMn,0O4 +0.5 Lit + 0.5 e (2)
LipsMn204 =2 A-MnO; + 0.5 Lit + 0.5 e 3)

It shows that the doping of Ni** does not change the de embedding mechanism [21] of Li* during the
cycle. Table 1 shows that the specific capacity of the first discharge of the product LiMnj.92-x Cuo.08
NixO4(0<x<0.1) at x=0, 0.02, 0.04, 0.06, 0.08 and 0.10 is 112.7, 104.1, 100.8, 103.4, 99.9 and 97.3
mAh g ' respectively. It can be seen that the specific capacity of the first discharge tends to decrease
with the increase of Ni** doping, because Ni*" replaces part of the active ion Mn®* [22]. However,
after 1000 cycles, it first increased and then decreased, reaching the maximum value of 67.80% when
x=0.06, indicating a good Li* de embedding reversibility.

Figure 3¢ shows the magnification performance of LiMnj.92.x Cuo.0s Nix O4 (0 < x < 0.1) samples at
different current densities (0.5, 1, 2, 5, 8, 10 and 0.5 C). It can be seen from the figure that due to the
enhanced battery polarization under high current, the migration of Li" in the material is blocked, and
the utilization rate of active substance decreases [23]. The discharge specific capacity of all products
decreases with the increase of discharge magnification. The sample LMCNO-0.08 emits a high
specific capacity of 116.3 mAh g at 0.5 C. However, with the increase of current, the capacity has a
sharp decline. When the current is 10 C, the discharge specific capacity is only 40.6 mAh g, and its
rate performance is extremely unstable. However, the sample LMCNO-0.08-0.06 has no attenuation
at low magnification, and the maximum specific capacity of 88.2 mAh g and 76.9 mAh g! can be
released even when the high current is 8 C and 10 C, respectively.

Figure 3d and Figure 3e are the cyclic curves of LiMnj 92x Cug.08 Nix O4 (0 <x < 0.1) samples at room
temperature 5 C and 10 C, respectively. It can be seen from Figure 3d and Figure 3e that, compared
with the discharge specific capacity at room temperature of 1 C, the discharge specific capacity at 5
C and 10 C shows an obvious decreasing trend, which is due to the enhanced polarization of the
battery under high current. This result is consistent with the results of the magnification performance
analysis in Figure 3c. The cycle performance of LMCNO-0.08-0.06 sample at 5 C and 10 C is also
significantly better than that of other doped samples, showing excellent high rate performance. The
specific capacities of LMCNQO-0.08-0.06 samples at 5 C and 10 C are 94.9 mAh g!' and 85.6 mAh
g!, respectively. After 1000 charge discharge cycles, their capacity retention rates are 73.55% and
67.29%, respectively, showing a good diffusion rate of Li".
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3.4. Cyclic Volt Ampere (CV) Test
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Figure 4. CV Curve of LiMl’l],gz_x Cuo.og Nix 04

Figure 4 shows the CV curve of LiMn(11)Cu(12)Ni(13)O(14)(0 < x < 0.1) sample. It can be seen
from the figure that all CV curves show two pairs of obvious redox peaks near 3.95/4.05 V and
4.10/4.20 V, which is represented by the two-step de embedding process(137)of Li(81)in the bulk
phase. This phenomenon corresponds to the first charge discharge plaorm in Figure 3b. It can be seen
from Figure 4 that LMCNO-0.08-0.06 sample shows relatively large peak current and peak area,
which means that it has small electrode polarization and excellent electrochemical reversibility.

3.5. AC impedance (EIS) test
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Figure 5. Nyquist Curve of LiMnj 92-x Cug.08 Nix O4

Figure 5 shows the Nyquist diagram obtained by LiMn.92-x Cug.08 Nix O4 sample at room temperature.
It can be seen from the diagram that all Nyquist curves are composed of a flat semicircle formed by
overlapping two semicircles from high frequency region to medium frequency region and a diagonal
line in low frequency region. The illustration is an equivalent analog circuit. The semicircle in the
high and intermediate frequency region represents the charge transfer resistance (Rc ), and its
formation is related to the double-layer capacitance (Ca) [25, 26]; The distance from the horizontal
axis intersection to the origin represents the solution resistance/ohmic resistance (Rs) [27, 28]; The
semicircle in the intermediate frequency region can be attributed to the migration resistance (R of
Li" through the multilayer surface film, and its formation is related to the limiting capacitance (Cs of
the film thickness effect [29]; The diagonal area represents Warburg impedance (W ), reflecting the
diffusion process of Li" [30]. Fitting the Nyquist curve of the sample according to its equivalent
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circuit diagram shows that when the Ni doping amount x=0, 0.02, 0.04, 0.06, 0.08 and 0.10, the
corresponding R values are 163.2, 150.2, 131.8, 97.55, 104.78 and 158.1 Q, respectively. The R
value decreases first and then increases with the increase of the Ni doping amount, and is the smallest
when x=0.06, that is, LMCNO-0.08-0.06 sample has the best reaction kinetics performance.

4. CONCLUSIONS AND OUTLOOK

In this paper, spinel LiMnj.92-x Cuo.08 Nix O4 (0 <x < 0.1) cathode materials were successfully prepared
by solution combustion method. XRD and SEM data analysis results show that Ni** doping does not
change the initial spinel structure, and with the increase of Ni*" doping amount, the particle size
gradually decreases, the polyhedron contour gradually appears, and the crystallinity tends to increase.
The constant current charge discharge test results show that the doping of Ni?* effectively improves
the cycle stability and rate performance of the materials. LiMnj gs Cuo.08 Nio.os O4 samples show an
initial discharge specific capacity of 103.4 mAh g! at room temperature of 1 C. After 1000 charge
discharge cycles, the capacity retention rate is also as high as 67.80%. At high current densities of 5
C and 10 C, 94.9 mAh g'!' and 85.6 mAh g'! of high initial discharge specific capacity were also
released, respectively. After 1000 cycles, the capacity retention rates were 73.55% and 67.29%,
respectively, showing a good diffusion rate of Li*. CV test and EIS test also further proved that
LiMn; g6 Cuo.0s Nig.os O4 electrode has small polarization and excellent electrochemical reversibility,
showing the smallest charge transfer resistance of 97.55 Q.
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