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To study the influence of the uniformity and integrity of amphoteric metal oxide coating layers on the
performance of positive materials in Lithium-ion batteries, nano-Al,Os-coated LiMn,O,4 positive
material were synthesized by using a two-step sol-gel process. The products were characterized by
power X-ray diffraction (XRD), scanning electron microscopy (SEM), Transmission Electron
Microscopy (TEM), energy-dispersive X-ray spectrum (EDX), X-ray photoelectron spectroscopy
(XPS), galvanostatic charge-discharge test system, and inductively-coupled plasma emission
spectrograph (ICP-AES). The results show that the two step method coating can bring with the
uniform and glabrous nano-Al,O3 layer tightly coupling with the surface of the LiMn,QO, particles,
when being positive material for Lithium-ion batteries, which exhibits capcity losses of only 13.2 % at
60 °C, after 300 cycles, much better than those of the pristine material and the sample synthesized by
conventional one step sol-gel method (with the same Al,O3-coating content). Moreover, the ICP-AES
tests of Mn®" reveal that the Al,Os layers with two step coating layer plays an important role in
protecting LiMn,O,4 from the electrolyte corrosion.
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1. INTRODUCTION

Lithium secondary batteries (LIB) have succeeded in various portable electronics, and
considerable efforts have focused on developing a large-scale lithium-ion battery for use in electric
vehicles (EVs), hybrid electric vehicles (HEVS) and energy storage systems (ESSs) [1-3]. LiMn,Qy is
considered one of the most promising positive materials large-formate LIB applications due to its
environmentally friendliness, high safety, richness in natural sources, and nontoxicity [4-6]. However ,
LiMn,0,4-based batteries exhibit deteriorative capacity fading and poor rate capability during cycling
or storage in the organic electrolytes at elevated temperatures. The fast capacity fading is mainly
caused by dissolution of manganese into organic electrolyte, Jahn-Teller distortion and decomposition
of electrolyte solution on the electrode[7-10].

The surface coating with metal oxides is considered to be a necessity to improve its
performance[11-13], among various targeted materials proposed, amphoteric metal oxide coating is an
effective route to enhance cycle ability and alter the surface chemistry for many electrode materials[14,
15], such as ZnO [16], Al,O3[17], CaO [18], ZrO, [19], MgO [20], SiO, [21],Ge0, [22], and La,O3
[23], has been widely undertaken. For most transition-metal-oxide based electrode like LiMn,Qy,
however, the uniformity and integrality of the coating substances is essential to decrease the Mn
dissolution, the coating layer will be test severely, especially after the long cycling in the organic
electrolytes at elevated temperatures [24].

In this paper, we have found a direct two-step coating route for improving LiMn,O,, the
prepared product is named as LiMn,O4/ Al,O3-T. The influence of the two-step Al,O3 coating process
on the crystal structure, particle morphology, electrochemical performances and the Mn?* dissolution
have been investigated in detail. Interestingly, compared with the pristine LiMn,0, and the one-step
coating sample(with the same coating amount), the surface morphology, electrochemical performances
as well as the Mn** dissolution of the LiMn,04/Al,03-T have been found significantly improved.

2. EXPERIMENTAL

2.1 Sample preparation

LiMn,O4 was synthesized by the solid-state method. Electrolytic manganese dioxide (EMD)
and 5 % mol excess lithium carbonate were mixed by ball grinding. The mixture was ignited in
vacuum dryer followed by calcinations at 900 °C for 16 h to form the spinel LiMn,O,4 powder. The
Al,O3 coating modification is carried out by a sol-gel process. Stoichiometric aluminum nitrate and
ammonium hydroxide were dissolved in ethanol solution with constant stirring to obtain the aluminous
solution, then the LiMn,O,4 powers were slowly added into the solution with vigorous agitation for 2 h
at 80 °C. The pH value of the mixed solution was maintained at 8.0 by adding diluted ammonium
hydroxide (20%). The resultant slurry was dried at 120 °C and subsequently sintered in air at 550 °C
for 4 h to obtain the one-step coating sample (LMO/AI;O3). The prepared samples contain different
contents of Al,O3; and the expected weight ratios of Al,O3 to LiMn,O,4 are 0.75 wt% and 1.5 wt%
respectively. After the natural cooling to room temperature, as prepared 0.75 wt%-LMO/AI,O3
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powders were added into the same concentration and the volume aluminum of sol solution,
subsequent mixing and drying process were similar with the previous procedures. Finally, the
grounded powders were calcined in air at 550 °C for 4 h to obtain the two-step coating sample (1.5
wt%-LMO/AI,O3-T). The schematic diagram of the coating process is demonstrated in Figure 1. The
pristine, one-step coating and two step coating samples were cited as LiMn,0,4, LiMn,O,4 /Al,O3 and
LiMn,0Oy4 /Al;O5-T respectively.

$

550°C

calcined 6h l

AINO3)y:9H;0

Milled 3h l

¢

AINO3)y9H,0
Milled 3h '

8

50T
well-distributed calcined 6h
coating layer —

Figure 1. Schematic diagram of the two step coating process.

2.2 Characterization

The X-ray powder diffraction (XRD) measurements were performed on a diffractometer (Cu-
K-a radiation , 40 kV, Rigaku, Rint-2000, Japan) in the 26 range of 15 - 80°. Scanning electron
microscope (SEM, TESCAN, 20 kV, Czech Republic) and transmittance electron microscopy (TEM,
JEOL JEM-2010, Japan) were employed to measure the morphology and elemental mapping. The
manganese ion dissolution and the ratios of coating elements from the active material were evaluated
by inductively coupled plasma emission (ICP, Thermo-6000 America).

2.3 Electrochemical measurements

The electrochemical performances were performed using a standard CR2025 coin cell. The
electrodes were prepared by casting and pressing a mixture of 80 wt.% LiMn,04, 10 wt.% PVDF, and
10 wt.% carbon blacks in N-methyl pyrolidinone (NMP) onto aluminum foil and then drying for 12 h
at 80 °C. Coin cells were fabricated in an argon-filled glove box, lithium metal foil was used as anode.
and a solution of 1mol L™ LiPFg electrolyte with EC: DEC: DMC = 1:1:1 (volume ratios) was used as
electrode. The cells were charged and discharged on a battery tester (LAND CT-2010A, China) in the
range of 3.0 - 4.5V (vs. Li/Li*) with a current density of 0.24 mA g* -12 mA g™ (0.2 C-10 C) at 60
°C.
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3. RESULTS AND DISCUSSION
3.1. Structural and morphological characterization

The XRD patterns of the pristine, 1.5 wt%-LMO/AI,O3, and 1.5 wt%-LMO/AI,O3-T samples
are shown in Fig. 1. All the diffraction peaks can be assigned to a well-defined spinel structure of
LiMn,O, with the space group Fd3m(JCPDS 88-1749), indicating that the bulk structure of the
LiMn,0O,4 has no significant change after surface modification. No obvious diffraction peaks of Al,O3
are detected in the modified samples, which is likely due to the low weight ratio of 1.5 wt%. These
results are in good agreement with the reports in the literature [26-28]. The lattice constants are
calculated by Jade 6.0, both the pristine and surface-modified samples exhibit almost similar lattice
parameters, suggesting that Al,O; may be coated on the surface of the LiMn,O, particles and no AI**
enters into the bulk structure of spinel during the coating and sintering process.
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Figure 2. XRD patterns and lattice constants of the pristine LiMn,O4,LiMn,04/Al,O3 and
LiMn,O4/Al,O3-T. samples

SEM images and EDX pattern in Figure. 3 show the surface morphology information on
pristine LiMn,QO4, LiMn,04/Al,03 and LiMn,04/Al,O3-T samples. As can be seen from Fig. 3(a), the
pristine LiMn,O4sample is highly crystallized with diameters less than 30 um. Fig. 3(b) and (c) show
that the surface of the powders changed noticeably upon coating. It is worthwhile mentioning that the
coating layers are more smooth and compact after two-step modification (Figure. 3 (c)). The EDX
pattern of the sample LMO/AI,O3-T is presented in Fig. 3(d), From Figure. 3 (d), it is found that Mn,
O, and Al elements are detected in the EDX pattern, Al element is well distributed on the surface
scanning area, which may indicate that the Al,O3 layers are formed successfully on the surface of the
pristine LiMn,0O4. This conclusion is to be expected and will be further discussed as below.
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Figure 3. (a) SEM image of pristine LiMn;04, (b) SEM image of LiMn,0O4 /Al,O3, (c) SEM image of
LiMn,0,4 /Al,O3-T and (d) EDX map of the LiMn,O,4 /Al,O3-T particles.

Figure. 4 compares the TEM images of the uncoated and two-step coated samples. The pristine
LiMn,O,4 sample (Figure. 4 (a)) shows well-crystallized particles clear grain boundary. As illustrated in
Figure. 4 (b), Al,O3 coated sample shows an amorphous layer on the surface of LiMn,O, core, Figure.
4 (c) is the partial enlarged image of (b), it is clear that there existed a distinguishable and translucent
compact coating layer with the average thickness of about 20 nm on the surface of the LiMn,0,
particles in Figure. 4 (c). The Al,O3 on the surface of LiMn,O, can also be confirmed from the
selected-area electron diffraction (SAED) pattern as shown in Figure. 4 (c), the spots are indexed with
the (111) and (002) planes of the Al,O; phase (JCPDS#88-0107), this is consistent well with the
observation from SEM—EDS in Figure. 3 as above [29].

Figure 4. TEM images of pristine (a), LiMn,O4 /Al,O3-T (b) and the partial enlarged image of
LIMn204 /A|203-T (C) 5.00 1/Gm
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3.2. Electrochemical performance
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Figure 5. Cycling performance of the uncoated LiMn,0,4, LiMn,0O4 /Al,O3 and LiMn,04/Al,O3-T at
60 °C and a 1 C charge/discharge rate

Table 1. Recently reported LIBs systems based on different materials modification of LiMn,Oy.

Coating materials of LiMn,0, Capcity retention and discharge capacity (mAh g™)
after several cycles at certain rate and temperature
1 wt% MnO [30] 88.8%, 95.5, 100 cycles, 1C, 25 °C
2 wt% AlF;[31] 89.8%, 92.9, 100 cycles, 1C, 25 °C
10 wit% LiNigsMn;504[32] 81.9%, 82.9, 400 cycles, 1C, 55 °C
5 wt% Al,03[33] 76.1%, 90.2, 25 cycles, 0.2C, 55 °C
2 wt% Li,MnO;[34] 89.5%, 108.2, 100 cycles, 0.2C, 55 °C
3 wt% TiO, [35] 77.1%, 97.5, 250 cycles, 1C, 55 °C
3 wt% Co3(PO,), [36] 88.0%, 112.8, 100 cycles, 1C, 60 °C
3 wt% AIP [37] 87.0%, 108.7, 100 cycles, 1C, 60 °C
2 wt% LaPO,[38] 84.0%, 86.5, 100 cycles, 0.5C, 60 °C
Two step coating 1.5 wt% Al,O; 86.8%, 92.5, 300 cycles, 1C, 60 °C
(this work)

Cycling performance for the three different LiMn,O, samples was measured at elevated
temperature (60 °C) and a current density of 1 C between 3.0 - 4.3 V. As shown in Figure. 5, the
specific discharge capacity of the pristine LiMn,O, fades from 108.1 mAh g™ to 46.6 mAh/ g™ after
300 cycles, with a capacity retention rate of 43.1%. In comparation, for the Al,Os-coating sample, the
cycling performances are all improved. The discharge capacity LiMn,04/Al,O3 fades from 107.2 mAh
g™ to 71.5mAh/ g, with a capacity retention rate of 66.7%, which is supported by our previous studies
[25]. As for the two-step coating sample, LiMn,Oy4 /Al,O3-T exhibits almost the same initial discharge
capacity of 106.6 mAh g™ with the pristine sample, after 300 cycles, the discharge capacity maintains
92.5 mAh g, with a capacity loss of only 86.8%. This indicates that the cyclic stability of LiMn,O, at
60 °C is further significantly improved after two step coating. Furthermore, the electrochemical
performance of our LiMn,O4 /Al,O3-T electrode was compared with that of other recently related
reported in the literature (Table 1). Compared with these reports, one of the advantages of the method
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in this paper is the LiMn,O,4 /Al,O3-T electrode exhibits good capcity retentions (86.5%) after long
circulation (300 cycles) at 60 °C. Therefore two step coating Al,O3 can effectively avoid electrolyte
etching at elevated temperature, such outstanding cycling stability is not only better than that of
pristine LiMn,0O, but also superior to the reported one step coating samples.

Figure. 6 shows the rate performance diagram of samples of pristine LiMn,O,4, LiMn,04 /Al,05
and LiMn,O4/Al,O3-T at different charge and discharge currents. Among the samples, sample
LiMn,0O4/Al,O5-T had the best rate properties, at discharge currents of 0.2, 0.5, 1, 3, 5 and 10 C, the
specific discharge capacity of the material was 114.2, 108.1, 105.3, 101.9 and 89.3 mAh g7,
respectively. When the discharge current is reduced to 1 C, the specific discharge capacity of the
material changes to 103.2 mAh g™ after 50 cycles. Thus indicating the obvious amelioration of the
capacity loss in the cycle after modification, two-steps coating can facilitate forming more compact ion
conductive membrane, which can significantly improve the rate performance and cycling life of spinel
LiMn,0, [39, 40].
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Figure 6. Cycling performance of the pristine LiMn;04, LiMn,;04 /Al;03 and LiMn,04/Al,O3-T at 60
°C and different charge and discharge rate

The chemical composition of as-prepared samples were also determined by inductive coupled
plasma emission spectrometer (ICP) and listed in Table 1. Although the expected coating amount is
about only 1.5%, the actual Al,O3 quality percentage in LiMn,O,4 /Al,O3 and LiMn,O4/Al,O3-T are
almost equal, which are 1.491% and 1.488% respectively. Fig. 7 shows the manganese ion dissolution
from the three spinel samples stored for 1, 2 and 3 weeks at 60 °C. After 1 week, the manganese ion
dissolution for pristine LiMn,O4, LiMn,04 /Al,O3 and LiMn,O4/Al,O3-T are 18, 32.5 and 60.8 ppm.
The manganese ion dissolution for all of the three samples increase with increasing the storage time.
After 3 weeks, the manganese ion dissolution for pristine LiMn,0y4 is about 321.5 ppm, which is much
more than that of the lor 2 weeks ago. On the other hand, the manganese ion dissolution for
LiMn,O4/Al,O5-T after 3 weeks is about 125.2 ppm, furthermore, the manganese ion dissolution for
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LiMn,04/Al,05-T is reduced to 49.3 ppm, which is much less than that of the LiMn,O, /Al,Os3,
although they have almost the same coating quantity. It is similar with the result reported by Yoshio et
al. in the case of Al doped spinel [26]. This indicates that: (1) nano-Al,O3 coating can protect the spinel
particles from negative electrolyte corrosion, (2) the two-step coating can further avoid the manganese
ion dissolution in the electrolyte at high temperature [41,42].

Table 1. The Al,Oz content in the pristine LiMn,0,4, LiMn,0,4 /Al,O3 and LiMn,04/Al,O3-T.

Sample name Al,O3 content Synthetic method
LiMn,0, 0.000% Solid-state method
LiMn,04 /Al,O3 1.491% One-step coating method
LiMn,O4/Al,O5-T 1.488% Two-step coating method
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Figure 7. The relation of storage time and the manganese ion dissolution in electrolyte for different
samples at 60 °C.

4. CONCLUSION

Within this work, nano- Al,O3 coating layers on spinel LiMn,O,4 have been introduced by using
a simple two step coating method. Compared with the samples of pristine and one step coating, the
new samples exhibit more compact and uniform coating layers with the significantly enhanced cycling
and rate performance at 60 °C, especially it exhibits capcity retentions of nearly 90% after 300 cycles
at the elevated temperature. In addition, the manganese ion dissolution under the same condition is also
effectively suppressed by two step coating. The surface coating quality is believed to be an important
factor affecting the interfacial reaction behavior and electric performance of spinel, although they has
the equal coating amount.
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