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Abstract
In this study,  La2O3 is synthesized by combustion method and then subjected to ultrafine ball milling to obtain  La2O3 nano-
particles. In neopentyl glycol,  La2O3 nanoparticles are coated on the surface of spinel  LiMn2O4 ultimately obtaining  La2O3 
coating contents of 1.5, 3, 4.5, and 6 wt%. XRD characterization reveals that the nano  La2O3 exhibits a favorable crystalline 
intensity, without impurities and the crystalline peak of  La2O3 can be observed when the coating content is of up to 6 wt%. 
Successful deposition of a thin layer of  La2O3 on the  LiMn2O4 surface is confirmed by scanning electron microscopy, 
transmission electron microscopy, X-ray spectrum elemental plane scanning, and line scanning. Furthermore, inductively 
coupled plasma emission spectrography and electrochemical impedance spectroscopy analyses show that the nano-La2O3 
coating significantly relieves the dissolution of Mn in  LiMn2O4 materials, and also improves the electro-conductivity. The 
electrochemical performances of the coated  LiMn2O4 samples are also investigated in this work. Compared with the pristine 
 LiMn2O4, the  LiMn2O4 coated with 3 wt%  La2O3 exhibits a higher rate capability and better reversibility, exhibiting 103.5 
and 90.6 mAh g−1 at 5 and 10 °C, respectively. After 100 cycles at 60 and 1 °C, the 3 wt% nano-La2O3-coated sample still 
exhibits a high-capacity retention of 91.68%.
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1 Introduction

Lithium-ion batteries are currently one of the most impor-
tant renewable energy sources and are widely used in 
electric vehicles, hybrid vehicles, energy storage facili-
ties, electronic appliances, and other applications [1–3]. 
Spinel lithium manganate has an important role in the 
development of lithium-ion battery materials owing to its 
low resource cost, high-voltage platform, stable electro-
chemical properties, high-safety, non-toxicity, and envi-
ronmental friendliness [4–6]. However, certain defects 
limit its widespread applications in power batteries. On the 
one hand,  Mn3+ undergoes Jahn–Teller distortion in the 
charge/discharge process, resulting in abrupt changes of 
the spinel structure into a tetragonal phase, which causes 
an abrupt volume change that produce microstress, thereby 
leading to decreased stability and capacity of the material 
[7, 8]. On the other hand,  Mn3+ in  LiMn2O4 undergoes 
a disproportionation reaction, and the resulting  Mn2+ is 
dissolved in the organic electrolyte and can cause loss of 
active substances from the electrode [9, 10]. In addition, 
 Mn4+ is easily oxidized, which induces oxidative decom-
position of the electrolyte to form  Li2CO3 and other by-
products around the active substances, thereby resulting 
in the battery’s increased internal impedance and intensi-
fied capacity attenuation. This phenomenon is especially 
severe at high temperatures [11, 12].

Surface coating can prevent the direct contact of spinel 
 LiMn2O4 with the electrolyte, consume the byproduct HF 
from the reaction of the material with the electrolyte, and 
suppress electrode material erosion by HF, which is one of 
the most effective means of improving the high-tempera-
ture cycling stability of  LiMn2O4 [13, 14]. Considerable 
research efforts have been devoted to the surface modifica-
tion of  LiMn2O4, such as using  Al2O3 [15], ZnO [16],  TiO2 
[17],  ZrO2 [18], MgO [19], phosphates [20], solid electro-
lyte polymers [21], carbon materials [22], fluorides [23, 
24], and other lithium electrode materials [25]. Mohan 
et al. coated  LiMn2O4 with  LaPO4 to increase the 100th 
cycle capacity retention of the material at 50 °C to 82% 
from 56% [26]. Zhao et al. improved the rate performance 
of  LiMn2O4 by  ZrO2 atomic deposition surface modifica-
tion and the 100th cycle capacity retention of at 5 °C rate 
thus was 71.1% [27]. Zhang et al. used solid electrolyte 
 LiNbO3 to coat  LiMn2O4, which markedly reduced the 
charge transfer impedance of  LiMn2O4 and improved its 
rate performance in aqueous electrolytes [28].

La2O3 has exhibited favorable resistances to both acid 
corrosion and oxidation at high temperatures, and as a 
rare earth oxide, it can be used as an excellent lithium ion-
conducting medium as well [29, 30]. Coating modifica-
tion of spinel  LiMn2O4 with  La2O3 offers much promise to 

advance the function of active cathode materials in organic 
electrolyte environments. Arumugam et al. reported the 
use of lanthanum nitrate as the raw material for a  La2O3 
coating modification of  LiMn2O4, which improved the 
100th cycle capacity retention of  LiMn2O4 at 30 °C from 
60 to 86.3% [31]. Similarly, Feng et al. also used  LaNO3 as 
the lanthanum source to coat  LiMn2O4 with 5 wt%  La2O3; 
as a result, they obtained an excellent cathode material, 
with a high-capacity retention of 82.6% after 100 cycles 
at 60 °C [32].

The previously reported  La2O3 coatings were all carried 
out in nitrate solutions, which needed to be filtered several 
times and may still have contained impurities such as N in 
the coating process. In this work, we report an innovative 
approach of coating  LiMn2O4 with nano-La2O3 that is pre-
pared by combining combustion synthesis and ultrafine ball 
milling after neopentyl glycol dispersion, rather than using 
the conventional nitrate solution for rare earth oxide coating. 
Ultimately, a uniform, highly crystalline nano-La2O3 layer is 
formed on the surface of spinel  LiMn2O4 to provide a pro-
tective coating against acid corrosion and oxidation at high 
temperatures. The proposed method significantly improves 
the cycle life and rate performance of  LiMn2O4, so that the 
material can charge and discharge stably even at elevated 
temperatures and high rates (20 °C in this work).

2  Experimental methods

2.1  Preparation of nano‑La2O3

Certain amounts of the raw materials lanthanum nitrate 
hexahydrate (Aldrich), glycerol (Aldrich), and polyethylene 
glycol (Aldrich) (molar ratio of 12:13:1) were dissolved in 
deionized water, and the pH was adjusted to 8.0 by dropwise 
addition of dilute nitric acid (0.1 mol/L) after thorough mix-
ing with a high-speed magnetic stirrer. The mixed solution 
was then heated in the electric furnace. With the rising tem-
perature, the solution finally converted into a white resinous 
gel. With continuous heating, the gel combusted spontane-
ously and jetted out with white powders. The resulting white 
powders were ground in an ultrafine ball mill (Fritsch Pul-
verisette7) for 2 h, followed by calcining at 700 °C for 2 h 
to produce nano-La2O3 powders.

2.2  Preparation of spinel  LiMn2O4

The  LiMn2O4 powders were synthesized by high-pressure 
spray drying assisted with solid-phase sintering.  Li2CO3 
(Tianqi) and electrolytic  MnO2 (Aldrich) were mixed in 
deionized water at a Li:Mn molar ratio of 1.05:2, after ball 
milling with a vertical ball mill for 2 h. The mixture was 
then subjected to high-pressure spray drying (compressed air 
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pressure of 18.5 MPa, inlet temperature of 280 °C, and outlet 
temperature of 105 °C), followed by calcination at 850 °C 
for 12 h to yield pristine  LiMn2O4 powders.

2.3  Preparation of nano‑La2O3‑coated spinel 
 LiMn2O4

The  La2O3-coated  LiMn2O4 material was prepared by coat-
ing 10 g of  LiMn2O4 material with different mass percent-
ages of  La2O3 (1.5, 3, 4.5, and 6 wt%) in neopentyl glycol 
solution. The 1.5, 3, 4.5, and 6 wt%  La2O3 were separately 
dissolved in 100 mL of neopentyl glycol solutions and thor-
oughly stirred to uniformly disperse the powders; the pH 
of each solution was adjusted to 8.0 with dilute aqueous 
ammonia. 10 g of  LiMn2O4 was added slowly to each of 
the mixed solutions, and the mixtures were stirred continu-
ously, heated to 70 °C, and held for 8 h, until the moisture 
was evaporated to desiccation. After washing with deionized 
water and filtering, the resulting xerogel was dried in an oven 
at 120 °C for 12 h. Finally, the dried product was heat treated 
at 600 °C for 8 h to yield  LiMn2O4 cathode materials coated 
with different contents (1.5, 3, 4.5, and 6 wt%) of  La2O3, 
which were labeled as 1.5-LMO, 3-LMO, 4.5-LMO, and 
6-LMO, respectively. A schematic diagram of the coating 
process is shown in Fig. 1.

2.4  Physical characterization

The phase structures of samples were observed by X-ray 
diffractometer (Rigaku, Rint-2000, Cu-K-α radiation) in a 

scanning range 2θ of 10°–80° and a scanning rate of 2°/min. 
The surface morphologies of the samples were observed by 
scanning electron microscopy (SEM, TESCAN VEGA 3), 
while the microstructures were observed by transmission 
electron microscopy (TEM, JEOL JEM-2010). The contents 
of various elements in the coating layers and the amounts 
of Mn ion dissolved in the electrolytes were measured with 
an inductively coupled plasma emission spectrograph (ICP, 
Thermo-6000).

2.5  Electrochemical characterization

For the battery assembly test, the pristine and coated (with 
four different contents of  La2O3)  LiMn2O4 active materials 
(80 wt%), the acetylene black conductive agent (10 wt%), 
and the polyvinylidene fluoride (PVDF, Aldrich) adhesive 
(10 wt%) were homogeneously mixed in a certain amount 
of N-methyl-2-pyrrolidone (NMP, Aldrich). The resulting 
slurries were coated on an aluminum foil and then vacuum 
dried at 100 °C for 12 h to obtain the battery cathode plates. 
All the cathode materials were cut into discs 14 mm in 
diameter with an active mass loading of about 2.2 mg cm−2. 
Using metallic lithium as the anode, 1 M L−1  LiPF6 was 
dissolved in ethylene carbonate (EC), dimethyl carbonate 
(DMC), and diethyl carbonate (DEC) with a volume ratio 
of 1:1:1 to serve as the electrolytes, which were assembled 
into 2025 cells in an argon-filled glove box with porous poly-
ethylene film (Celgard 2400) as the separator. The cyclic 
charge/discharge test was conducted at 60 °C in a voltage 
range of 3.0–4.5 V using a LAND-CT2001A battery test 

Fig. 1  Schematic diagram for the combustion preparation of nano  La2O3-coated  LiMn2O4
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system. Electrochemical impedance spectroscopy (EIS) was 
performed using a PRISTON-P4000 workstation within a 
frequency range of 10 mHz–100 kHz and an AC amplitude 
of 5 mV.

3  Results and discussion

Figure 2a illustrates the XRD patterns of the nano-La2O3 
prepared by the combustion method. As can be seen from 
the figure, the diffraction peaks of the samples corre-
spond to the hexagonal lanthanum oxide standard card 
(JCPDS73-2141) [33]. No impurity peaks appear, indicat-
ing that the lanthanum nitrate has completely decomposed 
and synthesized pure  La2O3 by glycerol-assisted combus-
tion [34, 35]. Figure 2b illustrates the XRD patterns of 
all uncoated and  La2O3-coated (1.5, 3, 4.5, and 6 wt%) 
samples. As can be seen from the figure, all the samples 
exhibit clear diffraction peaks before and after coating, 

each of which is identical with the standard card (JCPDS: 
35-0782), belonging to the Fd−3m space group [36, 37]. 
This result suggests that the  La2O3 coating layer does not 
affect the spinel structure of  LiMn2O4 [38]. When the coat-
ing content is lower than 4.5 wt%, no heterogeneous phase 
and no  La2O3 diffraction peak signal are detected because 
of the small amounts of coating. When the  La2O3 content 
rises to 6 wt%, the characteristic  La2O3 peaks are detected 
at positions of 26.16°, 29.16°, 39.57°, and 46.16°, indicat-
ing that  LiMn2O4 particles are surface-coated with  La2O3, 
which can be obtained by neopentyl glycol mixing and 
annealing at 600 °C.

Figure 3 displays the SEM images of  La2O3 nanoparticles 
prepared by sintering before and after ultrafine ball milling. 
From Fig. 3a, the  La2O3 particles prepared by the combus-
tion method cluster together as non-uniform particles with 
sizes of 0.1–1 μm. After ultrafine ball milling and calcina-
tion at 700 °C, the  La2O3 particles exhibit markedly reduced 
size, within approximately 10–20 nm, as well as smooth 

Fig. 2  a XRD patterns of the  La2O3 powder samples prepared by combustion combined with ultrafine ball milling after sintering at 700 °C; b 
XRD patterns of the uncoated and  La2O3-coated  LiMn2O4 powder samples

Fig. 3  SEM images: a  La2O3 
prepared by combustion 
synthesis without ball milling; 
b  La2O3 obtained by sintering 
after nano-ball milling
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surfaces, which facilitate their uniform dispersion and dis-
solution in the polyol solution, as shown in Fig. 3b.

Figure 4a shows the SEM image of uncoated  LiMn2O4 
material that is in the solid state synthesized by high-pres-
sure spray drying. The  LiMn2O4 primary particles synthe-
sized by high-pressure spray drying clearly exhibit a poly-
hedral structure with particle size of 0.5–2 μm. In addition, 
secondary particles agglomerate into a spherical form. Fig-
ure 4b–e shows the SEM images of  LiMn2O4 coated with 
1.5, 3, 4.5, and 6 wt%  La2O3, respectively. There is no obvi-
ous change in the morphology or size of the coated  LiMn2O4 
particles. With the increased coating amount, the coating 
layers on the  LiMn2O4 particle surfaces become increasingly 
compact. As shown in Fig. 4e, the excessively high  La2O3 
content results in localized agglomeration of the  La2O3 par-
ticles. Because the 3 wt%  La2O3-coated sample presents the 
best electrochemical properties, this sample is subjected to 
a more detailed analysis in subsequent tests. Figure 4f pre-
sents the EDS pattern of the 3 wt%  La2O3-coated sample, 
where the scanning area is within all the particle surface 
as shown in Fig. 4c. According to the EDS detection, the 
characteristic peaks of the major elements O, Mn, and La 
in the 3-LMO sample represent 38.8, 56.3, and 4.9% of the 
weight contents, respectively. Among these, the contents of 
Mn and O are significantly higher than La, which is attrib-
uted to the significantly higher depth of the SEM-EDS X-ray 

excitation (approximately 100–1000 nm) compared to the 
thickness of the  La2O3 coating. It is clear from the figure that 
La is uniformly distributed on the surfaces of the  LiMn2O4 
particles [39].

To further investigate the coating layer of the most favora-
ble sample, we perform TEM detection and local element 
line scanning on the  LiMn2O4 samples before and after coat-
ing with 3 wt%  La2O3, as shown in Fig. 5. The uncoated 
 LiMn2O4 sample (Fig. 5a) exhibits a clear surface profile, 
whereas the coated sample (Fig. 5b) distinctly shows a uni-
form coating layer on its surface. As shown in Fig. 5c (a 
partial enlarged view of the coated sample), the coated par-
ticles on the surface are approximately 20–30 nm, and the 
 La2O3 on the  LiMn2O4 surface can be confirmed by selecting 
electron diffraction spots. The diffraction lattices (110) and 
(100) match well with the  La2O3 phase (JCPDS73-2141), 
and therefore the nanoparticles on the coated  LiMn2O4 sur-
face can be confirmed to be  La2O3 [40]. This coincides well 
with the analysis results of the previous SEM-EDS (Fig. 4). 
Moreover, the element line scanning is conducted on the 
coated sample following the direction of the horizontal 
arrow as shown in Fig. 5b. The line scanning results are 
shown in Fig. 5d. From the figure, the distributions of Mn, 
O, and La are clearly visible: La content is very high (75%) 
and is distributed evenly on both sides of the  LiMn2O4 par-
ticle, whereas Mn content is below 20% on the left and right 

Fig. 4  SEM images: a Uncoated  LiMn2O4; b–e  LiMn2O coated with different  La2O3 contents (1.5, 3, 4.5, and 6 wt%); f EDS pattern of the 
3 wt%  La2O3-coated  LiMn2O4 sample
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sides of the sample edge, indicating that a higher content of 
 La2O3 coating layers forms homogeneously on the  LiMn2O4 
surface. The situation is completely opposite inside the sam-
ple, and the change in the O content is basically consist-
ent with that of the Mn content. As  La2O3 has advantages 
in thermal stability and favorable lithium ion conductivity, 
it is naturally expected that the surface modification with 
 La2O3 will improve the electrochemical characteristics of 
Li/LiMn2O4 cells.

Figure  6 shows the XPS spectra of the Mn 2p and 
La 2d special regions for the pristine LMO and 3 wt% 
 La2O3-coated samples. For the uncoated  LiMn2O4 (Fig. 6a), 
the Mn  2p3/2 XPS binding energy for  Mn4+ and  Mn3+ is 
located at 641.6 and 642.7 eV, respectively. Meanwhile, the 
relative peak area associated with  Mn4+ is increased after 
 La2O3 coating (Fig. 6b), and as a result the 3-LMO elec-
trode may show an increased Mn oxidation state relative to 
the pristine  LiMn2O4 surface. According to the research of 
Hunter et al. [41, 42], an increased oxidation state of Mn 

should effectively alleviate the disproportionation reaction 
of  Mn3+, thereby improving the cycling performance of spi-
nel  LiMn2O4. Moreover, as shown in Fig. 6c, La  3d5/2 and 
La  3d5/2 peaks are located at 834.90 and 851.66 eV, respec-
tively, with 16.76 eV of doublet separation for each peak, 
which can be assigned to the existence of  La3+. The high 
concentration of  La3+ is also a strong evidence for the pres-
ence of  La2O3 coatings.

The capacity/cycle number graphs of different  LiMn2O4 
samples at 60 °C are shown in Fig. 6a. In terms of the initial 
capacity ,the pristine  LiMn2O4 shows higher values than the 
other  La2O3-coated samples, because  La2O3 is electrochemi-
cally inactive at 3.0–4.5 V versus  Li+/Li. As noted above, 
 La2O3 particles grow gradually with increasing coating 
amounts. The mass of active material per unit area on the 
electrode is also reduced, leading to decreasing of the initial 
capacity. The specific capacity of uncoated pristine LMO 
decays to 61.76 mAh g−1 from the initial 113.23 mAh g−1 
after 100 cycles (3.0–4.5 V and 1 °C) at 60 °C, showing 

Fig. 5  TEM images: a Uncoated  LiMn2O4; b 3  wt%  La2O3-coated  LiMn2O4; c Surface particles and SEAD pattern of 3  wt%  La2O3-coated 
 LiMn2O4; d Line scan image following the arrow in b from left to right
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a capacity retention of only 54.1%. Although samples 1.5-
LMO, 3-LMO, 4.5-LMO, and 6-LMO have initial capaci-
ties lower than the pristine LMO after nano-La2O3 coating, 
their capacity retentions increase to 83.5, 91.7, 81.7, and 
81.1%, respectively, which are significant improvements 
over the uncoated sample. The initial specific capacity of 
the 3 wt%-coated sample is 107.12 mAh g−1, which remains 
98.21 mAh g−1 after 100 cycles.

Furthermore, the electrochemical performance of the 
3 wt%  La2O3-coated sample is compared with that of other 
recently related reports in the literature (Table 1). Compared 
with these reports, our data apparently demonstrate that the 
capacity retention ability of  LiMn2O4 is improved by the 
nano-  La2O3 coating method.

To further evaluate the rate performance, different 
 LiMn2O4 samples were subjected to charge/discharge cycle 
testing at 60 °C with different current densities. After 30 
cycles from 0.2 to 20 °C, the rate returned to 1 °C. A rate 
of n C corresponds to a full charge/discharge rate of the 
theoretical capacity in 1/n hours, and 1 °C is 148 mAh g−1 
for  LiMn2O4. As shown in Fig.  7b, compared with the 
uncoated pristine  LiMn2O4, the nano-La2O3-coated sam-
ples display better rate performance. With the increasing 
rate, the specific discharge capacities of 3-LMO reach 93.53 
and 85.85 mAh g−1 at 5 and 10 °C, respectively. Even at 
20 °C, the specific discharge capacity of 3-LMO remains 

up to 75.62 mAh g−1, which is 66.16% of its initial 0.2 °C 
specific discharge capacity (114.30 mAh g−1). In contrast, 
the uncoated sample has a specific discharge capacity of 
45.11 mAh g−1 at 20 °C, accounting for only 37.97% of its 
initial 0.2 °C specific discharge capacity of 118.80 mAh g−1. 
When the rate returns to 1 °C after discharging at a high rate 
(20 °C), the specific discharge capacities of samples 1.5-
LMO, 3-LMO, 4.5-LMO, and 6-LMO are 99.85, 104.38, 
95.01 and 90.58 mAh g−1, respectively. Moreover, the sam-
ples can retain 91.70, 97.44, 96.74, and 91.39% of their ini-
tial 1 °C specific discharge capacities, respectively. Com-
paratively, the uncoated sample exhibits a specific discharge 
capacity of 78.75 mAh g−1, retaining only up to 70.03% of 
the initial specific capacity. These results clearly demon-
strate the amelioration of the capacity loss in the cycle after 
surface modification, indicating that the nano-La2O3 coating 
can facilitate the formation of a more compact ion conduc-
tive membrane, which can significantly improve the rate 
performance and cycling life of spinel  LiMn2O4 [46, 47].

The fading of the  LiMn2O4 material’s capacity is 
mainly due to the following two factors: First, the elec-
trolyte decomposes on the spinel material surface in the 
charge/discharge process to cause capacity fading [48]; 
second, according to Aurbach et  al.’s latest research, 
 Mn3+ is the dominant dissolved manganese cation in 
 LiPF6-based electrolyte solutions, and the resulting Mn 

Fig. 6  XPS spectra of the Mn 2P special regions for a uncoated  LiMn2O4; b 3 wt%  La2O3-coated  LiMn2O4; c XPS spectra of the La 2d special 
region for 3 wt%  La2O3-coated  LiMn2O4

Table 1  Recently reported 
LIBs systems based on different 
materials modification of 
 LiMn2O4

Coating materials of  LiMn2O4 Capacity retention and discharge capacity 
(mAh g−1) after several cycles at certain rate and 
temperature

2 wt%  AlF3 [23] 89.8%, 92.9, 100 cycles, 1, 25 °C
3 wt%  TiO2 [17] 62.0%, 77.1, 250 cycles, 1, 60 °C
3 wt%  Co3(PO4)2 [43] 87.0%, 112.8, 100 cycles, 1, 60 °C
2 wt% Lithium polyacrylate [44] 84.5%, 99.6, 50 cycles, 0.2, 55 °C
3 wt% AlP [45] 86.9%, 107.5, 100 cycles, 1, 60 °C
3 wt%  La2O3(this work) 91.7%, 98.2, 100 cycles, 1, 60 °C
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ions dissolved in the organic electrolyte cause loss of the 
active material from the electrode [49–51], thereby result-
ing in capacity fading. From the above analysis, the cycle 
and rate performances of materials are greatly improved 

after coating with nano-La2O3. The nano-particle coating 
layer can effectively prevent the electrolyte dissolution of 
Mn in spinel  LiMn2O4, which is attributed to the favora-
ble acid corrosion resistance and the stability of highly 
crystalline  La2O3. To further verify this inference, the 
various uncoated and coated samples stored in electrolyte 
at 60 °C were subjected to ICP testing for Mn dissolu-
tion. As shown in Fig. 8, in all the samples at 60 °C, the 
electrolyte dissolution of Mn intensifies over time. After 
storage for 7 and 14 days, the pristine LMO exhibits the 
highest Mn concentrations in the electrolyte up to 60.8 and 
197.2 ppm, respectively. Meanwhile, the Mn concentra-
tions of samples 1.5-LMO, 3-LMO, 4.5-LMO, and 6-LMO 
are 22.2–57.3; 15.2–35.7; 13.1–32.7; and 11.8–28.6 ppm, 
respectively. This suggests that the nano-La2O3 coating 
can significantly reduce the manganese dissolution in elec-
trolytes at high temperatures and suppress the generation 
of side reactions on the spinel  LiMn2O4 surface, thereby 
improving the cycle and rate performances. The  La2O3 
contents in various samples were also detected by ICP test. 
The comparison of actual versus theoretical contents of 
 La2O3 in Table 2 demonstrates that the errors in the coat-
ing amounts for the various samples are all within 10%, 

Fig. 7  a Charge/discharge cycle performance of the uncoated and  La2O3-coated  LiMn2O4 at 60 and 1  °C rate; b Rate performance of the 
uncoated and  La2O3-coated  LiMn2O4 at 60 °C

Fig. 8  Storage time in relation to the manganese ion dissolution in 
electrolyte for different samples stored at 60 °C

Table 2  La2O3 contents of the 
prepared samples based on 
ICP results and the amounts of 
Mn dissolved in electrolytes of 
various samples after storage at 
60 °C for 15 days

Sample name La2O3 content 
(%)

Error from theoretical  La2O3 
content (%)

Amount of Mn dissolved in elec-
trolyte (after storage for 14 days)

Pristine LMO – – 197.2
1.5-LMO 1.41 5.85 57.3
3.0-LMO 2.81 6.13 35.7
4.5-LMO 4.19 6.96 32.7
6.0-LMO 5.53 7.86 28.6
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and the actual coating contents are all in accord with the 
theoretical prediction.

Figure 9 presents the Nyquist plots of the pristine LMO 
and 3-LMO samples after the 1st and 100th cycles at a 1 °C 
current density. Table 3 lists the results of various compo-
nents after fitting the collected data using the equivalent 
circuit shown in Fig. 9c. The EIS of the pristine LMO and 
3-LMO are composed of the cell contact resistance (Re) 
of the electrode and electrolyte, the resistance (Rsf) gener-
ated by the solid electrolyte membrane, the charge transfer 
resistance (Rct) at the electrode/electrolyte interface, and the 
Warburg impedance  (W1) [52]. As shown in Fig. 9a, b, the 
Re of the pristine LMO and 3-LMO both increase slightly 
after 100 cycles at high temperatures, mainly because poorly 
conductive substances (such as  Li2CO3 and LiF) from side 
reactions are deposited on the electrode surface. However, 
the Re of 3-LMO is 7.9 Ω, which is lower than the 13.5 Ω 

of the pristine LMO, indicating that the nano-La2O3 coat-
ing can inhibit the occurrence of these side reactions. The 
Rsf of 3-LMO before and after cycling are all less than 
those of pristine LMO, suggesting that the  La2O3 coating 
layer can prevent the thickness increase of the solid elec-
trolyte interface membrane. The Rct increases more rapidly 
than the Rsf for 3-LMO. Moreover, the Rct of the pristine 
LMO increases to 1583.3 Ω, which is much larger than that 
of the  La2O3-coated sample (376.1 Ω) after 100 cycles, 
which indicates that the nano-La2O3 coating can effectively 
improve the transfer rates of lithium ions and electrons at 
the electrode/electrolyte interface [53]. The coated material 
has a smaller Rct, which also can restrain undesirable side 
reactions between the electrode and electrolyte during the 
charge/discharge processes. These factors correspond to the 
favorable electrochemical cycle life and rate performance of 
the coated sample.

Fig. 9  EIS spectra of the pristine  LiMn2O4 and 3-LMO tested a after 1st and b 100th charge/discharge cycles at the voltage of 3.0V. c Equivalent 
electrical circuit used for fitting the collected EIS data

Table 3  Fitted Re, Rsf, and Rct of 
pristine LMO and 3-LMO from 
EIS spectra using the equivalent 
circuit as shown in Fig. 9c

Cycle number Pristine LMO 3-LMO

Re (Ω) Rsf (Ω) Rct (Ω) CPEct Re (Ω) Rsf (Ω) Rct (Ω) CPEct

1st 6.2 78.5 185.8 1.682 × 10−5 3.8 43.1 116.6 7.583 × 10−6

100th 13.5 233.6 1583.3 8.689 × 10−5 7.9 132.9 376.1 2.165 × 10−5
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4  Conclusion

In this work, pure  La2O3 nanoparticles were directly syn-
thesized by glycerol-assisted combustion combined with 
ultrafine ball milling. After dispersion in neopentyl gly-
col, the  La2O3 nanoparticles were successfully coated 
on the surface of spinel  LiMn2O4. The materials coated 
with different contents of nano-La2O3 exhibited a greater 
cycling stability than the uncoated ones: After 100 cycles 
at 60 °C and a rate of 1 °C, the capacity retention could 
be up to 91.68%, and at 20 °C rate, the discharge capacity 
still maintained at 76.1 mAh g−1. Furthermore, we used 
SEM plane scanning, TEM line scanning, and ICP analy-
sis to study the Mn dissolution in the electrolyte, and AC 
impedance testing to investigate the improvement con-
tributed by the nano-La2O3 coating layer. The proposed 
method of preparing of nano-La2O3 and modifying the 
 LiMn2O4 surface forms a uniform and highly crystalline 
 La2O3 layer with a thickness of 20–30 nm on the surface 
of spinel material, as a result, the dissolution of Mn in 
the electrolyte is significantly suppressed at high tem-
peratures. Meanwhile, the impedance of the material can 
be effectively reduced by the  La2O3 coating, which also 
contributes to the improved electrochemical cycling and 
rate performances of  LiMn2O4. Thus, we believe that the 
successful combination of combustion and ultrafine ball 
milling can produce  La2O3 coatings on  LiMn2O4 surfaces 
that may potentially enhance the electrochemical perfor-
mances of other positive materials.
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