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LiMn2O4@Al2O3 cathode materials for lithium ion batteries are prepared through an sol-gel method with 

the assistance of tert-butanol. A uniform amorphous Al2O3 layer is formed on the surface of LiMn2O4 

under the control of the hydrolysis mechanism of aluminum ion (Al3+) and hydroxyl group (OH). The 

products are investigated by scanning electron microscopy (SEM), transmission electron microscopy 

(TEM), power X-ray diffraction (XRD), galvanostatic charge-discharge test system, electrochemical 

impedance spectroscopy(EIS) and inductively-coupled plasma emission spectrograph (ICP-AES). 

Structural and surface analysis reveal that the crystal structure and overall morphology of the LiMn2O4 

electrode are found to be not significant unaffected by Al2O3 coating. Notably, the Al2O3-coating 

assistant by tert-butanol can produce a compact amorphous layer on the LiMn2O4 particles, and displays 

capacity losses of only 92.2% after 100 cycles at 55oC, which is much better than bare sample and the 

sample synthesized without the assistant of tert-butanol. Furthermore, EIS and ICP analyses show that 

the Al2O3 coating assisted by tert-butanol significantly improves the electro-conductivity and relieves 

the dissolution of Mn in electrolyte. 
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1. INTRODUCTION 

Spinel LiMn2O4 is currently considered to be one of the most attractive cathode materials for 

rechargeable lithium-ion batteries due to its low cost, thermal safety, and excellent rate capability, 

compared with commercial LiCoO2[1,2]. However, LiMn2O4 cathodes suffer from Jahn-Teller distortion 
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and manganese dissolution in the organic electrolyte, which corrupt the process ability and cyclic 

stability of LIBs at elevated temperatures. This is a tough issue to need be overcome [3,4]. Tremendous 

efforts have been made to enhance the electrochemistry performance of LiMn2O4. Surface coatings have 

been widely employed to reduce capacity fade in LiMn2O4, especially at elevated temperature condition 

[5]. Hence, formation of a stable interface is critical for improving cyclability and rate capacity of 

LiMn2O4 cathodes. It has been reported that amphoteric metal oxide coating, such as ZnO [6], 

LiCoO2[7], Al2O3[8], MnO2 [9], La2O3[10], and ZrO2[11], is an effective route to prevent the direct 

contact of spinel LiMn2O4 with the electrolyte and inhibit Mn dissolution, thus resulting in improved 

cycles performance.  

To our best knowledge, the uniformity and compactness of the coating substances have a critical 

impact on the performance of cathode materials especially for nanostructured battery electrodes [12,13]. 

It is regrettable that the limited promoting capability caused by limited self-structural stability for most 

traditional coating methods, which will limit the modification effect to some extent [14]. Therefore, it is 

highly necessary to explore novel modification techniques for realizing effective control of coating 

properties [15,16].  

In this work, a low-cost additive (tert-butanol) was firstly introduced in the surface modification 

of LiMn2O4 with Al2O3. The hydroxyl group of tert-butanol molecular structure and the hydrogen bond 

among the aluminum salt easily formed a set of polymeric Al anchoring functional group on the LiMn2O4 

core, which can effectively avoid cracking in the process of coating [17-19]. Thus, the interface 

controllable of LiMn2O4@Al2O3 cathode material can be realized. Furthermore, the influence of the 

Al2O3 coating synthesized with the assistant of tert-butanol on the crystal structure, particle morphology, 

electrochemical performances and the Mn2+ dissolution have also been investigated in detail. 

 

 

2. EXPERIMENTAL  

2.1 LiMn2O4@Al2O3 materials preparation 

The pristine LiMn2O4 powder was prepared by MnO2 (99.5% Aladdin) and LiOH·H2O (99.9%, 

Aladdin) at a molar ratio of 1:1.05, and dispersed into 5 mL pure ethanol to form a thick slurry, ground 

to form a fine mixture at agate mortar for 3 hours, and dried at room temperature, and calcining at 850°C 

for 12 h. The LiMn2O4@Al2O3 assistant by tert-butanol is synthesized by a sol-gel process. 

Stoichiometric aluminum sulfate octadecahydrate (99.9%, Aladdin) and sodium hydroxide (99.9%, 

Aladdin) were completely dissolved in 200 mL absolute ethanol, then, the LiMn2O4 powder and tert-

butanol (mass ratio LiMn2O4: tert-butanol =100:5) were slowly added into the solution with the continue 

stirring for 4 h at 55oC, following by heating in air at 100oC. Finally, the obtained powder was sintered 

at 600 °C for 5 h to obtain the LiMn2O4@Al2O3 sample. The pristine LiMn2O4 and LiMn2O4@Al2O3 

samples without/with the assistant of tert-butanol were cited as LMO, ALMO, and TALMO, 

respectively, and the coating amount of Al2O3 was 2 wt.% of the pristine LiMn2O4 powder. 
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2.2 Analytical methods 

High temperature aging investigations of the samples were done by keeping 300 mg powder 

sample with 20 cm3 selected electrolyte (1 M LiPF6 in 1:1:1 ethyl methyl carbonate + ethylene carbonate 

+ dimethyl carbonate in volume) in a sealed Teflon container for 10 and 20 days at 55 °C. After 

electrolyte was separated from the powders by centrifugation, the content of dissolved manganese in the 

electrolyte was determined by ICP analysis using IRIS Intrepid II XSP inductively coupled plasma-

atomic emission spectrometer (ICP-AES). The surfaces of electrodes, fresh and cycled, and LMO, 

ALMO, and TALMO powders, fresh and stored in the presence of electrolyte, were investigated. Cycled 

electrodes were extracted from cells in an Ar glove box after activation, 100 cycles, rinsed with DMC 

and dried overnight. The fresh electrodes were not exposed to electrolyte. The X-ray diffraction (XRD, 

Rigaku, Japan) was performed with Cu-Kα radiation (1.5418 Å) at 40 kV, 150 mA with a scanning speed 

of 2°/min. The morphology and particle size estimation of samples were tested by scanning electron 

microscope (SEM, TESCAN VEGA3, CZE). Transition electron microscope (TEM, JEM-2010, Japan) 

was employed for microstructure and morphology analysis. we’re following our previous report [20]. 

The cathode material consisted of 80 wt.% of LMO, ALMO, and TALMO, 10 wt.% of the conductive 

carbon black (Super P), and 10 wt.% of polyvinylidene fluoride, which were thoroughly mixed and 

bonded with Nmethyl-2-pyrrolidinone solvent. The average mass loading of LLMO materials on the 

electrode was 1.51 mg cm-2. Lithium metal sheet and Celgard 2300 film were selected as anode and 

separator, respectively. The electrolyte solution was composed of 1M LiPF6 in ethylene carbonate, ethyl 

methyl carbonate, and dimethyl carbonate in a volume ratio of 1:1:1. 

To evaluate the electrochemical performance, charge-discharge tests were carried out at different 

current densities in a voltage range of 2.5-4.6 V with a LAND-CT2001A test system. The 

electrochemical impedance spectroscopy (EIS) property of the as prepared samples were also tested by 

same electrochemical workstation (CHI660D, Shanghai, China). The impedance spectra were recorded 

potentiostatically by applying an ac voltage of 5 mV amplitude over the frequency range from 105 to 

0.01 Hz after the cells (after desired cycles) were left at the full charged state for 10 h to achieve 

equilibrium.  

 

 

3. RESULTS AND DISCUSSION  

3.1. Structural and morphological characterization 

Fig. 1 displays the XRD patterns of pristine LMO, ALMO and TALMO samples.  As can be seen 

from the figure, all the diffraction peaks are assigned to a Fd-3m space group identical and can be 

indexed to standard card (JCPDS: 35-0782) [21, 22]. No diffraction peaks of Al2O3 or other impurity 

phases are discovered in the XRD pattern of LiMn2O4@Al2O3 samples, Moreover, the lattice constants 

of LMO and LMO-coated are 8.2210Å, 8.2213 Å and 8.2212 Å, which is calculated by Jade 6.0 software. 

It suggests that the distribution of aluminum in LiMn2O4@Al2O3 has no remarkably effect on the spinel 

natural structure of LiMn2O4 based material. 
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Figure 1. XRD patterns of the pristine LMO, ALMO and TALMO samples. 

 

SEM and TEM are used for characterized the morphology and structure of as prepared active 

powders. Fig. 2 (a-c) present SEM images of LMO, ALMO and TALMO, respectively. It can be clearly 

seen that the pristine LMO particles displays a high crystallized structure with a primary size of about 

100-200 nm (Fig. 2 (a)), and the other two coated samples have the same s morphology. Notably, the 

tert-butanol assisted Al2O3 coated sample TALMO displays an armor-like surface when compared with 

the ALMO samples, indicating that the coating layers are more compact after tert-butanol assisted 

modification. 

 

 
 

Figure 2. SEM image of LMO (a), ALMO (b) and TALMO (c), TEM images of TALMO (d) and EDS 

images (e, f, g) of TALMO. 
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EDS elemental mapping of Al, Mn and O (Fig. 2 (e-g)) for the tert-butanol assisted Al2O3 coated 

Li2MnO4 reveals that these elements are distributed in the particles homogeneously. The Al2O3 based 

shell can also be well confirmed by TEM results, as shown in Fig. 2(d), there is a distinct interface with 

a thickness of approximately 5 nm is formed on the surface of crystalline LMO. In addition, according 

to the selected-area electron diffraction (SAED) observation, the amorphous coating layer consists of 

(111) and (002) planes, corresponding to the standard diffraction of Al2O3 (JCPDS#88-0107) [23]. In a 

word, the tert-butanol assisted Al2O3 coated LiMn2O4 has been demonstrated roundly by SEM, EDS and 

TEM measurements. 

 

3.2 Electrochemical performance 

Fig. 3 summarizes the cycles performances of pristine LMO and Al2O3-coated LMO with / 

without the of tert-butanol at 55oC with 0.2 C rate in a voltage range of 3.0–4.3 V versus Li/Li+. It can 

be seen from Fig. 3 that the LMO displays a bit higher initial discharge capacity (114.69 mAh g-1) than 

ALMO (108.43 mAh g-1) and TALMO (105.46 mAh g-1) ，because Al2O3 is electrochemically inactive 

at 3.0–4.2 V versus Li+/Li, and mass of active material per unit area on the electrode is also reduced, 

leading to decreasing of the initial capacity [24,25]. Interestingly, the discharge capacity of LMO 

decreases sharply after 100 cycles at 55ºC, which is mainly due to the structure degradation accelerated 

by the side reaction between electrode and electrolyte. This phenomenon however can be effectively 

enhanced by tert-butanol assisted Al2O3 coating. The discharge capacity of TALMO decrease to 95.73 

mAh g-1 displaying a capacity fades of only 9.22%, which is significantly improved compared with 

pristine LMO (34.11%%) and ALMO (15.03%), indicating that the Al2O3 coating synthesized with the 

assistance of tert-butanol can availably enhances the structural stability and avert the erosion of 

electrolyte, due to the stubborn surface. 
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Figure 3. Cycles performance of the LMO, ALMO and TALMO at 55°C and a 0.2 C charge/discharge 

rate 
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To further investigate the rate performance of all three samples, the charge / discharge cycle 

testing was tested at 55oC with different charge and discharge current. As shown in Fig. 4, the Al2O3 

coated LMO with the assistance of tert-butanol exhibits a superior rate performance than pristine LMO 

and ALMO at 1, 3 and 5 C current rate, especially at 3 C and 5 C. After 40 cycles, the capacity retention 

of TALMO is 92.36%, much better than the uncoated material (72.76%). This improvement of rate 

capability is mainly attributed to the coated Al2O3 layer which provides ion diffusion channels on the 

surface of LiMn2O4 electrode with better ionic conductivity [26, 27]. The capacity relation of TALMO 

is also improved than the ALMO (81.60%), because the hydroxyl group of tert-butanol molecular 

structure and the hydrogen bond among the aluminum salt may easily produce a set of polymeric Al 

anchoring functional group on the LiMn2O4 core, which can effectively form a compact Al2O3 armor 

and avoid layer cracking in the process of coating. 
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Figure 4. Rate capability of LMO, ALMO and TALMO 

 

EIS is also applied to further discuss the reason for the upgrade of the cycles performance of the 

LiMn2O4@Al2O3 electrode. Fig 5 displays the EIS plots of LMO, ALMO and TALMO cells after 100 

cycle. The AC impedance spectrum consist of two parts. The semicircle in the high frequency reflects 

the migration resistance and charge transfer resistance of Li+ in the SEI film, the oblique line in the low 

frequency region reflects the Warburg impedance (Zw) caused by the diffusion of lithium ions inside the 

positive electrode material [28]. Z-view software is involved for fitting the corresponding equivalent 

circuit model (Fig. 5a insert), where Rs, Rf, and Rct are the diffusion resistance of Li+ in the electrolyte, 

the resistance of the SEI membrane covering the electrode surface, and the charge transfer impedance 

of the electrode reaction，respectively [29, 30]. 

As can be seen from Fig.5a, the film resistances (Rf) of ALMO and ATLMO are slightly greater 

than the film resistance (Rf) of pristine LMO at the 1st cycle, mainly because the SEI and Al2O3 coating 

layer formed on the surface of the cathodes. After 100 cycles, the charge transfer resistance (Rct) of 
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ALMO and TALMO is 286.32 Ω and 163.51 Ω, much lower than the Rct of pristine LMO (637.62 Ω), 

which is attributed to the protective Al2O3 coating layers prevent the occurrence of side reactions (as 

shown in Table 1), resulting the significant decrease in Rct for the Al2O3 coated LMO[31,32].This 

indicates that the Al2O3 coating assisted by tert-butanol can  produce a favorable interface on the surface 

of pristine LiMn2O4 for lithium ion transport. This is consistent with the previous results of 

electrochemical performance. 
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Figure 5. AC impedance spectroscopy and equivalent circuit diagram of samples at the 1st cycle and 

100th cycle. 

 

Table 1. The fitted combined impendence resistance of pristine LMO, ALMO and TALMO after 100th 

cycles at 0.2 C. 

 

Sample LMO ALMO TALMO 

Rs / Ω 3.56 3.29 2.61 

Rf / Ω 39.12 36.53 26.71 

Rct / Ω 637.62 286.32 163.51 

 

 

According to Oliveira’s [33] research, the loss of discharge capacity is mainly attributed to the 

degradation of LMO particles with the Mn concentrations at elevated temperature. To further prove the 

phenomenon, the various uncoated and coated samples stored in electrolyte at 55°C were subjected to 

ICP testing for Mn dissolution, the results are displayed in Fig. 6. Interestingly, the discharge capacity 

of LMO decreases sharply after 100 cycles at 55ºC, which is mainly due to the Mn dissolution is 

accelerated by the side reaction between electrode and electrolyte” To clarify whether or not surface 

modification will affect the dissolution of Mn (as show Fig. 6), the aging experiment was carried out at 

55 °C for 10 days, 20 days [34, 35], and the amount of dissolved Mn in the electrolyte were analyzed. 

After storage for 20 days, the Mn dissolution of pristine LMO, ALMO, and TALMO are 218.5 ppm, 

96.7 ppm and 62.3 ppm, respectively. Compared with the sample of pristine LMO and ALMO, the 

sample of TALMO exhibits the minimum amount of Mn in the electrolyte. This indicates that the Al2O3 
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coating assisted with TBA can significantly reduce the manganese dissolution at elevated temperatures 

and restrain the side reactions on the spinel LiMn2O4 surface, thereby enhancing the electrochemical 

performances. 
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Figure 6. Relation of storage time and Mn dissolution for different samples at 55oC. 

The SEM images of the cycled electrodes is carried out for monitoring the effect of polymeric 

Al anchoring functional group on the stability of the spinel structure. Fig. 7 (a-c) displays the SEM image 

of the cycled electrodes for LMO, ALMO, and TALMO after 100 cycles at 1C, respectively. Compared 

with the sample of TALMO (Fig. 7 (c)), a large crack is observed on the surface of the LMO and ALMO 

electrode after 100 cycles, along with a crack on the particle of the active materials in the inset, which 

results from the electrolyte erosion and inferior structural stability. However, the TALMO does not show 

the development cracks after 100 cycles, as show in Fig. 7 (c). This demonstrates that Al anchoring 

functional group acts as a protective layer to suppress the electrolyte erosion and keep the structural 

stability, giving rise to the improved cycles performance. 

 

 

 

 

Figure 7. SEM image of the anode after 100 cycles, (a) LMO, (b) ALMO, and (c) TALMO 
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4. CONCLUSION 

In summary, we had successfully prepared a compact and uniform Al2O3 coating layer on the 

surface of LMO with the assistance of tert-butanol via a facile sol-gel method. A compact amorphous 

Al2O3 skin on spinel LiMn2O4 core inhabits the side reactions during cycles by separating the electrode 

from the electrolyte directly, which has been confirmed by SEM, TEM, EDS, EIS and ICP clearly. 

Electrochemical analysis reveals that the tert-butanol assisted coated sample exhibits an excellent cycles 

performance and the favorable capacity retention of 90.78% after 100 cycles at 55oC, which is much 

better than the pristine LMO and the Al2O3-coated sample without the assistance of tert-butanol. This 

because the hydroxyl group of tert-butanol molecular structure and the hydrogen bond among the 

aluminum salt may easily produce a set of polymeric Al anchoring functional group on the LiMn2O4 

core, which can effectively form a compact Al2O3 armor and avoid layer cracking in the process of 

cycles. 
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