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ABSTRACT  A series of spinel LiAlxMn2-xO4 (x ≤ 0.1) cathode materials was synthesized by controlled 

crystallization and solid state route with micro-spherical Mn3O4 as the precursor. X-ray diffraction (XRD) and 

scanning electron microscopy (SEM) were used to analyze the crystal structure of the synthetic material and the 

microscopic morphology of the particles. It was found that Al3+ doping did not change the spinel structure of the 

synthesized materials, and the particles had better crystallinity. In the charge and discharge test of the synthesized 

materials, we found that Al3+ doping would slightly reduce the discharge capacity, but it could effectively improve 

the cyclic stability of the material. The initial capacity of LiAl0.04Mn1.96O4 is 121.6 mAh/g. After 100 cycles at a 

rate of 1 C (1 C = 148 mA/g), the capacity can still reach 112.9 mAh/g, and the capacity retention rate is 96.4%. 

Electrochemical impedance spectroscopy (EIS) suggests that Al3+ doping can effectively enhance the diffusion 

capacity of lithium ions in the material. 
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1  INTRODUCTION 

Lithium-ion batteries (LIBS) have attracted particular 

attention because of their high energy density, low 

self-discharge, excellent cycle performance, and long life[1]. 

The spinel LiMn2O4 (LMO) with a three-dimensional 

framework structure is an important cathode material for 

LIBS due to its good safety[2, 3]. However, due to the 

dissolution of manganese and Jahn-Teller distortion in the 

electrode reaction process, the migration of Li+ and the 

change of the valence state of manganese cation will be 

impeded[4-7], so that the cyclic performance of LMO in the 

charging-discharge cycle is rapidly reduced, especially the 

stability under high temperature cycle, which limits its 

application range[8-10]. 

The physicochemical properties of LMO are largely 

determined by the properties of precursor. Electrolytic 

manganese dioxide (EMD) has been widely used as a 

precursor for the synthesis of LMO, but EMD contains a 

large amount of impurities such as Na+ and SO4
2−, which will 

be remained in LMO and cause a sharp increase in 

electrochemical resistance and irreversible capacity loss 

during storage[11]. Spherical Mn3O4 [Mn2+(Mn3+ 
2 )O4] (I41/amd) 

has a similar spinel structure like EMD, so it is suitable as a 

precursor for LMO[12-14]. The oxygen atoms are tightly 

packed with Mn2+ ions in tetrahedral sites and Mn3+ ions in 

the octahedral sites. In order to improve the physicochemical 

properties of LMO, researchers conducted a lot of studies and 

found that the doping of metal cation with valence state and 

radius close to Mn3+ can effectively improve the crystal 

structure and electrochemical stability of LiMxMn2-xO4 (M = 

Al, Mg, Co, Zn, Cr, Ni, Fe, Ti)[15-22]. Wang et al. synthesized 

Al-doped LMO samples by the sol-gel method. Galvanostatic 

charge-discharge tests showed that the Al-doped LMO 

samples exhibited an enhanced cycle performance. When the 

Al doping amount is 5%, the discharge capacity retention rate 

of the material at a rate of 1C is about 98.2%[23]. According to 

Cai et al., using absorbent cotton fiber as a carrier, a simple 

combustion method was used to synthesize an Al-doped 

LMO cathode material. It is found that the particle size and 
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lattice parameters decrease with the increase of Al doping 

ratio. This phenomenon is conducive to the full contact 

between the electrolyte and the cathode materials and 

shortens the diffusion distance between Li+ ions in the solid 

phase[24]. 

In our previous paper, we successfully synthesized a 

uniform micro-spherical Mn3O4 with high purity, good 

uniformity and low surface area by controlled crystalliza- 

tion[3]. The LMO synthesized with this material as a 

precursor has a lower ratio Surface area, thereby reducing the 

electrode-electrolyte contact area. To some extent, it inhibits 

the dissolution of manganese during high temperature storage 

and circulation[25]. On this basis, we report the influence of Al 

doping modification on the morphology and electrochemical 

performance of LMO. 

2  EXPERIMENTAL 

2. 1  Reagents 

Micro-spherical Mn3O4 was synthesized by controlled

crystallization method[3]. Other reagents were of analytical 

grade. The reagents used in the experiment are analytical 

grade Li2CO3 and analytical grade NaOH produced by Meiji 

Chemical. 

2. 2  Apparatus

To investigate the effect of aluminum mixing on

LiAlxMn2-xO4 (x ≤  0.1), the LiAlxMn2-xO4 (x ≤  0.1) 

powder was characterized by X-ray diffraction (XRD, 

D/Max-TtriII, Japan), and its microscopic morphology was 

obtained by scanning electron microscope (SEM, JEOL 

JSM-6360LV). 

The LiAlxMn2-xO4 (x ≤ 0.1) active material, acetylene 

black and binder polyvinyl fluoride (PVDF) (8:1:1, in wt%) 

were ground to a uniform mixture and then dissolved in 

N-methyl pyrrolidone (NMP) solvent and coated on the

aluminum foil. After drying for 12 hours in a vacuum furnace

at 120 ℃, the positive plate with a diameter of 10 mm was

made after roller pressing. Lithium foil was used as the

reference electrode. In an argon-filled glove box (water and

oxygen concentration below 1 ppm), coin cells (CR2032) in

order from the positive pole were assembled into the

diaphragm (Celgard 2340 microporous membrane) to the

reference electrode, and 1 mol·L−1 LiPF6 is dissolved in the

solution of EC-DMC-EMC (1:1:1 volume ratio) as

electrolyte.

The electrochemical performance of the battery under 

different current densities within the voltage range of 3.0～

4.3 V was tested by the battery test system (LAND CT2001A, 

Land Co. China) at ambient temperature and high tempera- 

ture. Electrochemical impedance spectroscopy (EIS) 

measurements were performed on the cell with Model 2273A 

Electrochemical Instruments. The amplitude of the frequency 

AC signal is 10 mV, and the rate ranges from 0.1 Hz to 100 

KHz. 

2. 3  Procedure

LiAlxMn2-xO4 (x ≤ 0.1) was prepared by solid state route.

Micro-spherical Mn3O4 was prepared with MnSO4 using the 

technology in our previous paper[3]. The synthesized 

micro-spherical Mn3O4, nano Al(OH)3 and Li2CO3 were 

mixed evenly and ground thoroughly in a high-efficiency 

mixing device. The resulting mixture was calcined in air at 

750 ℃ for 12 hours at a heating rate of 10 ℃/min. After 

being naturally cooled to ambient temperature, the 

LiAlxMn2-xO4 (x ≤ 0.1) powder is finally obtained. 

3  RESULTS AND DISCUSSION 

3. 1  Structure and morphology of LiAlxMn2-xO4 

Fig. 1 shows the XRD pattern of LiMn2O4 and synthetic

LiAlxMn2-xO4 (x ≤  0.1), respectively. All samples have 

eight distinct diffraction peaks in the order of (111), (311), 

(222), (400), (331), (511), (400) and (531), consistent with 

spinel LiMn2O4 (JCPDS file No. 35-0782), and no other 

impurity peaks appear. This indicates that aluminum in the 

synthetic material replaces part of manganese and occupies 

the 16d position of octahedron. The obtained samples have 

good crystallinity and are all pure phases. The structure of the 

synthesized material is the same as that of LiMn2O4 with 

cubic spinel structure, and the space group is Fd-3m. 

According to the diffraction pattern, the least-squares method 

is used to calculate the lattice parameters of the materials, and 

the results are shown in Fig. 2. With the increase of Al doping, 

the lattice parameter drops from 0.8241 to 0.8230 nm, which 

may be caused by two reasons: the radius of Al3+ is 0.053 nm, 

which is smaller than that of Mn3+ (0.066 nm); The Mn3+ in 

the synthetic material is partially replaced by Al3+, which will 

increase the content of Mn4+ to maintain charge balance, and 

the ionic radius of Mn4+ is smaller than that of Mn3+. The 

lattice shrinkage of LiAlxMn2-xO4 (x ≤ 0.1) means that the 

binding force between the atoms inside the spinel increases, 

which reduces the expansion and contraction of the lattice 

volume during the intercalation/de-intercalation of lithium ions. 
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Fig. 1.  XRD pattern of LiAlxMn2-xO4 (x ≤ 0.1) Fig. 2.  XRD pattern of LiAlxMn2-xO4 (x ≤ 0.1) 

Fig. 3 shows the SEM image of the samples. The popcorn- 

shaped primary particles are aggregated together to form 

spherical secondary particles with excellent crystal. Com- 

paring the images with different doping contents, it can be 

seen that with the increase of Al doping content, the volume 

and particle state of the secondary particles do not change 

significantly, which indicates the influence of morphology 

and particle size on electrochemical performance can be 

roughly ruled out. 

(a) (b)

(c) (d)

(e)                                               (f)

Fig. 3.  SEM images of LiAlxMn2-xO4: (a) x = 0, (b) x = 0.02, (c) x = 0.04, (d) x = 0.06, (e) x = 0.08, (f) x = 0.1 



3. 2  Electrochemical properties of LiAlxMn2-xO4 

Fig. 4 compares the initial galvanostatic charge-discharge

profile curves of five groups of LiAlxMn2-xO4 (x ≤ 0.1) and 

LiMn2O4 at room temperature. The voltage range is 3.0～4.3 

V, and the discharge current is 0.1 C (14.8 mA/g). Obviously, 

all of them have two voltage platforms at 3.9 and 4.1 V, 

corresponding to the lithium ion intercalation/de-intercalation 

process. This feature is the same as spinel LiMn2O4. Table 1 

shows initial galvanostatic charge-discharge capacity data of 

LiAlxMn2-xO4 (x ≤ 0.1). It can be seen from Table 1 that as 

Al doping increases, the charge and discharge capacity of the 

materials decrease. This phenomenon is caused by the 

decrease of active Mn3+ ion content[26], so considering the 

high specific capacity of the material, the Al doping amount 

will not continue to increase. 
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Fig. 4.  Initial charge-discharge curves of LiAlxMn2-xO4 (x ≤ 0.1) 

Table 1.  Initial Charge-discharge Capacity for LiAlxMn2-xO4 (x ≤ 0.1) 

Samples Charge (mAh/g) Discharge (mAh/g) 

LiMn2O4 137.7 125.7 
LiAl0.02Mn1.98O4 133.4 122.7 
LiAl0.04Mn1.96O4 134.8 121.6 
LiAl0.06Mn1.94O4 130.1 118.7 
LiAl0.08Mn1.92O4 126.9 117.2 
LiAl0.1Mn1.9O4 122.3 113.1 

Table 2.  Discharge Capacity for LiAlxMn2-xO4 (x ≤ 0.1) and LiMn2O4

after 100 Cycles at Rate of 1 C at Room Temperature 

Samples 
Initial discharge specific 
capacity (mAh/g) 

Discharge specific capacity 
after 100 cycles (mAh/g) Capacity retention (%) 

LiMn2O4 120.9 109.1 90.2 
LiAl0.02Mn1.98O4 119.1 113.5 95.3 
LiAl0.04Mn1.96O4 117.1 112.9 96.4 
LiAl0.06Mn1.94O4 116.3 110.5 95 
LiAl0.08Mn1.92O4 114.4 105.4 92.1 
LiAl0.1Mn1.9O4 111.2 100.8 90.6 
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Cycle stability is an important indicator that affects the 

application of lithium-ion batteries. Fig. 5 shows the 

LiAlxMn2-xO4 (x ≤ 0.1) and LiMn2O4 cycle performance 

curves between 3.0 and 4.3 V with current density of 148 

mA/g (1 C~ rate) at room temperature. As can be seen from 

Fig. 5, the initial discharge capacity of the sample decreased 

slightly with the increase of the doping amount of Al because 

Al had no electrochemical activity[27]. As the valence of the 

doping element Al and the substituted element Mn was close, 

the capacity loss was less. LiMn2O4 has the highest initial 

capacity (120.9 mAh/g). After 100 cycles, the capacity 

decreases to 109.1 mAh/g and the capacity retention rate is 

90.8%. However, with the increase of Al doping amount, the 

variation trend of the sample capacity retention rate was first 

increased and then decreased. When the doping amount x = 

0.04, the material capacity retention rate reached the highest 

of 96.4% (from 117.1 to 112.9 mAh/g). This indicates that Al 

doping of LiMn2O4 can indeed improve the cyclic stability of 

the materials. Possible reasons for this phenomenon are: (1) 

Since the radius of Al3+ (0.053 nm) is smaller than that of 

Mn3+ (0.066 nm), the lattice parameters of Al doped materials 

are reduced, thus reducing the expansion and contraction of 

lattice volume caused by repeated insertion/detachment of 

lithium ions. Thus, the structural stability of spinel material is 

improved; (2) Al3+ replaces part of Mn3+ and the Jahn-Teller 

distortion is reduced accordingly.

Fig. 6 is a cycle curve diagram of pure phase LiMn2O4 and 

LiAl0.04Mn1.96O4 at a charge-discharge rate of 1 C at 55 ℃. 

After 100 cycles, the pure phase LiMn2O4 can obtain a 

discharge specific capacity of 99.2 mAh/g and a capacity 

retention rate of 82.9%, while LiAl0.04Mn1.96O4 can still 

obtain a discharge specific capacity of 104.8 mAh/g and a 

capacity retention rate of 89.9%. Obviously, at a higher 

temperature (55 ℃), LiAl0.04Mn1.96O4 still exhibits higher 

cycle stability. The excellent cycle performance is due to the 

relatively stable crystal structure which reduces the dissolu- 

tion of manganese. 
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Fig. 5.  Discharge cycle curves for LiAlxMn2-xO4 Fig. 6.  Discharge cycle curves for LiAl0.04Mn1.96O4 

(x ≤ 0.1)  and LiMn2O4 at rate of 1 C at room temperature and LiMn2O4 at rate of 1 C at 55 ℃ 

Rate performance is considered to be an important index 

for evaluating high-power and high-energy-density lithium- 

ion battery cathode materials. We compared the rate perfor- 

mance of the pure phase LiMn2O4 and LiAl0.04Mn1.96O4 at 

varying rates at room temperature. The rate performance tests 

of the two materials were performed in the voltage range of 

3～4.3 V. Fig. 7 presents charge/discharge profiles of the 

pure phase LiMn2O4 and LiAl0.04Mn1.96O4 at different current 

densities. Since the diffusion rate of lithium ions in the spinel 

structure is slow when the discharge rate is increased, the 

specific discharge capacity of these two materials decreases 

with increasing the discharge rate[28]. Fig. 8 shows the rate 

capability tests for the samples at different current densities. 

Obviously, LiAl0.04Mn1.96O4 shows more excellent rate 

performance. When the discharge rate is increased to 5 C, the 

discharge specific capacity of LiAl0.04Mn1.96O4 decreases to 

113.3 mAh/g, which is 92.3% of the capacity at 0.1 C (122.7 

mAh/g). The specific discharge capacity of LiMn2O4 is 

reduced to 109.2 mAh/g, which is 86.9% of the capacity 

(125.7 mAh/g) at 0.1 C as the smaller particle size of 

LiAl0.04Mn1.96O4 has more lithium reactive sites and shorter 

lithium ion diffusion paths. When the rate continues to 

decrease from 5 to 0.1 C, the discharge specific capacity of 

pure phase LiMn2O4 and LiAl0.04Mn1.96O4 can reach the 

initial 99.3% and 99.6%, respectively, indicating that both 

materials have good electrochemical reversibility. 
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Fig. 7.  Charge/discharge curve of materials at different rates: (a) LiAl0.04Mn1.96O4, (b) LiMn2O4 
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Fig. 8.  Rate performance of the pure phase LiMn2O4 and LiAl0.04Mn1.96O4 in the voltage range of 3.0~4.3 V at room temperature 

The electrochemical performance of LiMn2O4 and 

LiAl0.04Mn1.96O4 was compared using AC impedance 

spectroscopy. Fig. 9 shows the Nyquist diagram of the two 

materials. The equivalent simulation circuit is shown in the 

illustration. A semicircle in the high frequency region and a 

straight line in the low frequency region constitute the 

impedance spectrum. The high frequency area reflects the 

charge transfer impedance and the double layer capacitance, 

while the low frequency area mainly reflects the lithium ion 

migration impedance, which is called Warburg impedance. In 

the equivalent circuit, RΩ is the Ohmic resistance of the 

battery, including the total resistance of electrolyte, separator, 

conductive material, etc.; Rct represents the charge transfer 

resistance; CPE (Constant phase element) is used to replace 

the capacitor in order to fit the experimental data appro- 

priately; CPE1 corresponds to the surface film capacitance in 

high-frequency semicircle; and CPE2 corresponds to double 

layer capacitance in the low-frequency line. The Rct of 

LiAl0.04Mn1.96O4 and LiMn2O4 are 41 and 869 Ω, respectively. 

This result shows that LiAl0.04Mn1.96O4 is a high-quality 

material with lower electrochemical impedance and better 

electrochemical performance. This is mainly attributed to the 

reduction of the crystal cell volume and the shorter diffusion 

path of lithium ions in Al doped samples, which reduces the 

polarization of the material. 
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Fig. 9.  Impedance spectra of pure phase LiMn2O4 and LiAl0.04Mn1.96O4 

4  CONCLUSION

We successfully synthesized LiAlxMn2-xO4 (x ≤ 0.1) by 

controlled crystallization with micro-spherical Mn3O4 as the 

precursor. XRD and SEM results show that aluminum doping 

enters into the spinel crystal structure, partially replaces the 

16d manganese site, and the structure of the synthetic 

material is not changed. As the amount of Al doped increases, 

the lattice parameter of the synthesized sample decreases, and 

the content of active Mn3+ decreases, so that the initial 

discharge capacity of the samples decreases. But Al doping 

can effectively improve the cycle stability of the material.

After 100 cycles at the rate of 1 C at room temperature, the 

initial capacity and capacity retention rate of LiAl0.04Mn1.96O4 

are 117.1 mAh/g and 96.4%, respectively, and the capacity is 

113.1 mAh/g at the rate of 5 C. When the temperature rises to 

55 ℃, LiAl0.04Mn1.96O4 can still obtain a discharge specific 

capacity of 104.8 mAh/g and a capacity retention rate of 

89.9% at the rate of 1 C, showing excellent electrochemical 

performance. 
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