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Abstract: Spinel LiMn,;O4 and LiMn; 90Nig 05 Cug0sO4 cathode materials were synthesized by a simple solution combustion
method. The structure, morphology and properties of the two samples were characterized by X-ray diffraction (XRD), scanning
electron microscopy (SEM), battery test system and electrochemical workstation. The results show that the two samples are
spinel lithium manganate structure, which can be indexed as Fd3m space group. Ni Cu co doping effectively reduces the particle
size and agglomeration, improves the crystallinity of the materials, and makes LiMn; 99Ni 9,05 Cug.0sO4 samples show good crystal
structure stability and magnification properties. The capacity retention rates of 64.53%,79.52%and 69.47%were obtained after
1000 cycles at current densities of 1 C,5 C and 10 C,respectively, which were higher than 43.75%,55.74%and 44.38%o0f the

corresponding undoped LiMn,O4 samples.
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1. Introduction

Lithium ion batteries have been widely used in small digital
electronic products, electric vehicles, aerospace and other
fields due to their large energy density and high output
voltage 2. The electrochemical performance and energy
density of lithium-ion batteries are mainly determined by the
properties of cathode materials. At present, the more mature
commercial cathode material for lithium-ion batteries is
LiCoO ;. Due to the low reserves and toxicity of Co resources,
it cannot meet the market competition and large-scale
commercial production 3. Compared with LiCoO », spinel
LiMn , O 4 has the advantages of rich resources and
environmental friendliness. It is considered that it can replace
LiCoO ; as the ideal cathode material 4 for lithium-ion power
batteries. However, the loss of manganese [*7! caused by
lattice distortion and disproportionation reaction caused by
Jahn Teller effect, as well as the decomposition of electrolyte
at high temperature and the existence of oxygen defects
destroy the stability of crystal structure ®°, resulting in the
capacity attenuation of spinel LiMn » O 4 at high temperature
and high magnification.

At present, the main methods to improve the
electrochemical characteristics of spinel LiMn , O 4 are
element doping and surface coating. The commonly used
coating agents are A1 ,03,V,05,Mn,03,La>0 jzand
ZnO '°. Low valence cations suchas Li *, Na*, Cu 2", Ni 2*,
Mg 2", Zn *" Co 3", Cr 3", Al 3*, etc. are usually used to
improve the average valence state and lattice stability of Mn
-2 7Zhu Jinyu '3 et al. synthesized spinel LiNi g3 Cu 0.0s Mn
1870 4 cathode material by flameless combustion method. The
results show that Ni Cu co doping reduces the lattice constant
of the sample, shrinks the cell, and shows smaller particle size,
between 60-100 nm, which effectively improves the
crystallinity and lattice stability of the material. The first
specific capacity of LiNi .08 Cu 0.0s Mn 1 370 s4sample is 104.7
mAhg ! when charged and discharged at room temperature of
1 C and 3.6-4.5 V, and the capacity retention rate after 200
cycles is 81.38%, which is higher than 65.16% of the undoped
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LiMn , O 4sample. Its high temperature performance and high
magnification performance have also been significantly
improved. After 1000 cycles at 5 C and 200 cycles at 55 °C
(1 C), the capacity retention rates are 68.23% and 56.23%,
respectively, which are superior to the undoped LiMn , O 4
samples. Zhang Chunling '“et al. synthesized 5V spinel LiMn
1.5 Ni 95.x Cu x O 4 cathode material by liquid coprecipitation
method. When charging and discharging at a current density
0f 2.0 mA c¢cm 2 and a voltage of 3.0-5.0 V, its first discharge
capacity can be as high as 129.4 mAhg !, and its capacity
retention rate after 200 cycles is 67%.

In this paper, a simple solution combustion method is used
to make Cu and Ni uniformly doped into the spinel phase of
LiMn , O 4to replace the active Mn on the 16d position of
octahedron, and generate Ni-O bond (1.915 A) and Cu-O
bond (1.95 A) shorter than Mn-O bond (2.16 A), The
influence of Ni Cu co doping on spinel LiMn ; O 4 was
systematically discussed through structural analysis and
performance test.

2. Experimental Methods

2.1. Preparation of materials

Taking Mn (CH 3 COO) > - 4H , O (AR), LiNO 3 (AR), Ni
(CH3COO) ;- 4H,0 (AR) and Cu (NO 4 After weighing, put
it into the crucible, add 3.5 mL of HNO 3 (AR) as the solvent,
Dissolve at 80 °C to form solution. The solution is placed in
a muffle furnace with a preset temperature of 300 °C and
calcined for 3 hours to obtain the product as shown in Figure
1. After it is ground into powder, it is further placed in a
muffle furnace with a preset temperature of 600 °C and
calcined for 6 hours to obtain the target product.

2.2. Assembly of CR2030 battery

The prepared LiMn , O 4 and LiMn ;99 Ni 05 Cu .05 O 4
powders are weighed accurately with carbon black and
polyvinylidene fluoride (PVDF. Evenly apply the slurry on
the collector aluminum foil, vacuum dry it for more than 12
hours, and cut it into 16 mm diameter discs. This disc is the



cathode material, which is assembled with the cathode
material lithium metal sheet, polypropylene diaphragm, LiPF
¢ electrolyte in the high-purity Ar glove box (super1220/750)
to form the CR2032 button lithium ion battery.

2.3. Structural characterization and
performance testing

X-ray diffractometer (XRD, D8 ADVANCE, Bruker
Company) to detect the phase structure of the powder;
Scanning electron microscope (SEM, NOVANANOSEM
450, FEI Company of the United States) was used to observe
the micro morphology and size of the samples; The LAND
constant current test system (Wuhan Jinnuo Electronics Co.,
Ltd.) tests the cycle performance and magnification
performance of the assembled battery, with a voltage range of
3.0~4.5 V; The electrochemical workstation (CHI 660E
model, Shanghai Chenhua Instrument Co., Ltd.) carries out
cyclic voltammetry (CV, voltage 3.6~4.5 V) and
electrochemical impedance (EIS, frequency 0.1 Hz~100 kHz)
tests.

3. Results and Discussion

3.1. Characterization and analysis of
macroscopic morphology, the

Fig. 1 Macro view of (a) LiMn , O 4and (b) LiMn .99 Ni .05
Cu 0050 4
Fig. 1 Apparent morphology of (a) LiMn,O4 and (b)
LiMnj.90Nio.05Cu0.0504

Figure 1 (a) and (b) are the macroscopic views of LiMn , O
4and LiMn 1 99 Ni 9,05 Cu 9.0s O 4 0obtained after the solution was

calcined in a muffle furnace with a preset temperature of 300 °C

for 3 h. As shown in the figure, the macroscopic appearance
of the two samples is very similar, black, slightly fluffy, and
the volume accounts for about one-third of the entire 300 mL
porcelain crucible. This is because CO , generated during
combustion and NO ; and O ; generated from decomposition
of solvent HNO ;3 promote the expansion of product volume.
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3.2. X-ray diffraction (XRD) analysis
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Figure 2. XRD Spectra of LiMn 2 O 4and LiMn 1.90 Ni 0.05 Cu 0.0s O
4
Figure 2. XRD spectra of LiMn204 and (b) LiMni1.90Nio.05Cu0.0s04

As shown in Figure 2, the XRD spectra of the synthetic
samples LiMn 2 O 4 and LiMn 1.90 Ni 0.05 Cu 0.05 (6] 4, the
diffraction peaks of both samples are consistent with the
standard spinel LiMn , O 4 (JCPDS, NO.35-0.82), which is the
structure of the Fd3m space group. Li occupies the position
8a of the tetrahedron, and Mn occupies the position 16d of the
octahedron. At 2 6 = No redundant diffraction peak was
detected at 30.7 °, indicating that Mn !5 on octahedron (16d)
was substituted by Ni Cu co doping. The lattice parameters of
LiMn , O 4)and LiMn 16N 905 Cu 0050 4.

3.3. Scanning electron microscope (SEM)
analysis

N
Figure 3. SEM Diagram of (a) LiMn 2 O 4and (b) LiMn 1.9 Ni 0.0
Cuo0050 4
Figure 3. SEM spectra of LiMn204 and (b) LiMni.90Nio.0sCuo.0s04

Fig. 3 (a) and (b) are SEM images of LiMn , O 4and LiMn
190 Ni .05 Cu 0,05 O 4, respectively. As shown in the figure, fine
particles agglomerate in both sample particles, and the



particle size difference is large. Small particles can be
detected at about 200 nm, while large particles develop to 500
nm~1 p M. But in general, the overall particle size and
agglomeration of LiMn 199 Ni g5 Cu 05 O 4 are slightly
smaller than that of LiMn , O 4, and the edges are more clear

and distinct, which means that Ni Cu co doping helps to
improve the crystallinity of materials.

3.4. Cyclic performance testing
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Figure 4. Cyclic performance diagram of LiMn 2 O 4and LiMn 1.90 Ni 0.0s Cu 0.05 O 4 at (a) room temperature 1 C and (b) first charge
discharge curve; (c) Multiplication performance diagram; (d) Cycle performance diagram at 5 C and (¢) 10 C;
Figure4 (a). Cycle performance curves at 1 C and room temperature, (b) first charge-discharge curves, (c¢) rate performance curves, (d) long-

cycle curves at 5 C and (e) 10 C for LiMn204 and (b) LiMni.90Nio.05Cu0.0s04
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Figure 4 (a) shows the cycle curve of LiMn , O sand LiMn
1.90 Ni 0,05 Cu 9,05 O 4after 1000 charges and discharges at room
temperature 1 C. Figure 4 (b) is the corresponding first charge
and discharge curve. It can be seen from Figure 4 (b) that the
first charge discharge curves of the two samples at 3.9/4.1 V
and 4.1/4.2 V both show two charge discharge plaorms for the
two-step de intercalation reversible reaction with Li(32),
indicating that Ni Cu co doping does not change the charge
discharge mechanism of the initial spinel lithium
manganate(79). The first discharge specific capacities of
LiMn O sand LiMn ;.99 Ni g5 Cu 05 O 4at room temperature
1 C are 112.0 and 101.2 mAh g !, respectively. The first
discharge specific capacities of LiMn ;.99 Ni g5 Cu 05 O 4 are
slightly smaller than that of LiMn , O 4 because Ni Cu co
doping replaces part of the active Mn 3" ions '*2° for 1000
cycles. LiMn 199 Ni 905 Cu 905 O 4 releases 51.0 and 65.3
mAh g ! respectively, and the corresponding retention rates
are 45.54% and 64.53% respectively.

Figure 4 (c) shows the magnification performance diagram
of LiMn , O 4 and LiMn ;.90 Ni 905 Cu 005 O 4 at current
densities of 0.5, 1, 2, 5, 8, and 10 C respectively. It can be
seen that the discharge specific capacities of the two samples
at 0.5 C are 97.5 and 102.1 mAh g ! respectively. With the
increase of current density, the specific capacities tend to

decrease, This is because the polarization of the battery
increases with the increase of current density 2! . At high
current density of 5, 8 and 10 C, the discharge specific
capacity gap between LiMn , O 4and LiMn ;.99 Ni o5 Cu 005
O 4 gradually increases. At 10 C, LiMn , O sand LiMn ;99 Ni
005 Cu g0s O 4 transport 47.2 mAh g *' and 76.9 mAh g -!
respectively.

Figure 4 (d) and (e) show the cyclic curves of LiMn » O 4
and LiMn ;.99 Ni 9.0s Cu 0.0s O 4 at room temperature of 5 C and
10 C for up to 1000 times respectively. At 5 C, the initial
discharge specific capacities of LiMn , O 4 and LiMn ;.99 Ni
0.0s Cu 905 O s are 89.7 and 86.9 mAh g ! respectively. After
1000 cycles, the corresponding capacity retention rates are
55.74% and 79.52%, respectively. At 10 C, the initial
discharge specific capacity of LiMn » O 4is 82.7 mAh g !,
slightly higher than 75.0 mAh g -' of LiMn ;.99 Ni 0,05 Cu 9,05 O
4. However, after 1000 cycles, the specific discharge capacity
of LiMn O 4is only 36.7 mAh g -', and the retention rate is
44.38%. However, LiMn 199 Ni .05 Cu 005 O 4released 52.1
mAh g "after 1000 cycles, and the retention rate was as high
as 69.47%.

3.5. AC impedance (EIS) test
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Figure 5. EIS diagram of (a) LiMn 2 O s4and (b) LiMn 1.90 Ni 0.0s Cu 0.0s O 4 before and after 1000 cycles at 1 C at room temperature; (c)
Activation energy curve of LiMn 2 O sand (b) LiMn 1.90 Ni 0.0s Cu 0.05 O 4;
Figure 5. EIS curves of (a) LiMn204 and (b) LiMn1.90Ni0.0sCu0.0s04 at before and after 1000 cycles under room temperature; activation
energy curves of (¢) LiMn204 and (b) LiMni1.90Nio.0sCuo0.0504;

Figure 5 (a) and (b) show the EIS curves obtained before
and after 1000 cycles at room temperature of 1 C for LiMn »
O 4and LiMn 1,99 Ni g5 Cu 0,05 O srespectively. It can be seen
that the EIS curves of the two samples are composed of a flat
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semicircle formed by overlapping two semicircles from high
frequency region to medium frequency region and a diagonal
line in low frequency region *22* . Its corresponding
equivalent analog circuit is shown in Figure 5 (d), where Rs



represents  solution resistance/ohmic resistance, Rct
represents charge transfer resistance, CPE represents electric
double layer capacitance, WO represents Warburg impedance,
reflecting the diffusion process of Li * 24. By fitting LiMn »
O sand LiMn 199 Ni 9,05 Cu .05 O 4, the Rct values of LiMn »
O 4 before and after 1000 cycles at room temperature 1 C are
191.80 and 257.00 Q, respectively, which are greater than
108.83 and 216.90 Q corresponding to LiMn .99 Ni ¢.05 Cu ¢.05
O 4. In addition, the activation energy (Ea) test results of
LiMn , O 4 and LiMn 199 Ni 05 Cu 905 O 4 at different
temperatures (298.15 K, 308.15 K, 318.15 K and 328.15 K)
are shown in Figure 5 (b) and (c). Respectively fitting, the Rct
values of LiMn , O jare 162.00, 124.20, 96.92 and 70.69 Q,
respectively, while the Rct values of LiMn | 99 Ni .05 Cu 9,05 O
sare 139.60, 99.63, 72.22 and 58.12 Q, respectively. It can be
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seen that the Ret value of LiMn .99 Ni g5 Cu 905 O 4 at each
temperature is slightly less than that of LiMn O 4. According
to the equation:

InRet = (E«/R)T + In(RT/nFA)

In the formula, R is the gas constant (=8.314 J mol-1K !,
F is the Faraday constant (=96485 C mol ', T is the
thermodynamic temperature, A is the temperature coefficient,
and n is the electron transfer number. After calculation, the
Ea values of LiMn 2 (@] 4 and LiMn 1.90 Ni 0.05 Cu 0.05 (@] 4 are
35.0782 kJ mol ' and 32.8141 kJ mol !, respectively. LiMn
190 Ni 905 Cu 05 O 4 shows good Li * diffusion rate
performance.

3.6. Cyclic Volt Ampere (CV) Test
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Figure 6. CV curves of LiMn 2O 4 and LiMn 1.90 Ni 0.05 Cu 0.05 O 4 before (a) cycle and after (b) 1000 cycles at 1 C respectively;
Figure 6. CV curves of LiMn204 and LiMni.90Nio.0sCuo.0504 at (a) before and (b) after 1000 cycles under 1 C;

Figure 6 (a) and (b) show the CV curves of LiMn , O 4and
LiMn ;.90 Ni .05 Cu .05 O 4before and after 1000 cycles at room
temperature of 1 C. It can be seen from the figure that the
cycle curves of the two samples show two pairs of redox
peaks around 4.05/3.95 V and 4.20/4.10 V before and after
the cycle, which corresponds to the two plaorms on the first
charge discharge curve in Figure 4 (b), indicating that Ni Cu
co doping does not change the two-step stripping and
embedding mechanism of Li(32)in the cycle(96). In Figure 6
(a), compared with LiMn , O 4, the two pairs of oxidation
peaks of LiMn .99 Ni 9.0s Cu 0,05 O 4 shifted to the direction of
low potential, which helps reduce electrode polarization,
meaning that LiMn 199 Ni 905 Cu 905 O 4 will have better
electrochemical reversibility. After 1000 cycles, LiMn ;.99 Ni
005 Cu 0,05 O 4retains larger peak area and smaller potential
difference, which also indicates the excellent reversibility
during the cycle.

4. Conclusion

In this paper, spinel LiMn , O 4and LiMn ;.99 Ni .05 Cu .05
O 4 cathode materials were successfully prepared by solution
combustion method. Ni Cu co doping effectively reduces the
particle size and improves the crystallinity of the material. At
room temperature of 1 C, LiMn ;.99 Ni 9,05 Cu .05 O 4 0obtained
an initial discharge specific capacity of 101.2 mAh g ' and
retained 64.53% after 1000 long cycles, while only 45.54% of
LiMn , O 4 was obtained under this condition. At high current
of 5 Cand 10 C, LiMn .99 Ni 9,05 Cu .05 O 4 also obtained high
discharge specific capacity and capacity retention rate,
showing excellent rate performance. CV and EIS tests also
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further proved that LiMn ;.99 Ni 05 Cu 905 O 4 has a small
electrode polarization and electrochemical reversibility, and
shows a low charge transfer resistance and redox potential
difference before and after 1000 cycles. The activation energy
test results show that the Ea value of LiMn ;.99 Ni .05 Cu 9,05 O
41s 32.8141 kJ mol !, slightly lower than the 35.0782 kJ mol
of LiMn , O 4, indicating that it has an excellent diffusion
rate of Li *.
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