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Large-scale synthesis of lithium- and
manganese-rich materials with uniform thin-film
Al,0; coating for stable cathode cycling

Yuqiong Kangl’ZT, Zheng LiangST, Yun Zhao™*, Haiping Xu®, Kun Qian’, Xiangming He’,

Tao Li* and Jiangang Li'’

ABSTRACT The lithium- and manganese-rich layered oxide
(LMR) holds great promise as a cathode material for lithium-
ion battery (LIB) applications due to its high capacity, high
voltage and low cost. Unfortunately, its poor initial Cou-
lombic efficiency (ICE) and unstable electrode/electrolyte in-
terface with continuous growth of the solid electrolyte
interphase leads to high impedance and large overpotential.
These effects cause severe capacity loss and safety issues. In
this work, we have developed a novel approach to fabricate a
stable LMR cathode with a uniform thin layer of aluminum
oxide (Al,0;) coated on the surface of the LMR particles. This
synthesis approach uses the microemulsion method that is
environment-friendly, cost-effective and can be easily scaled.
Typically, an 8-nm layer of Al,O; is shown to be effective in
stabilizing the electrode/electrolyte interface (enhanced ICE to
82.0% and moderate impedance increase over 200 cycles).
Moreover, the phase transformation from layered to spinel is
inhibited (96.3% average voltage retention) and thermal sta-
bility of the structure is significantly increased (heat release
reduced by 72.4%). This study opens up a new avenue to ad-
dress interface issues in LIB cathodes and prompts the prac-
tical applications of high capacity and voltage materials for
high energy density batteries.

Keywords: lithium ion batteries, lithium- and manganese-rich
layered oxides, surface modification, metal oxide thin film,
uniform coating, large-scale synthesis, battery safety

INTRODUCTION

The development of energy storage systems is an essential

component in energy and environmental sciences [1].
Compared with numerous energy storage devices such as
nickel-metal hydride and lead-acid batteries, lithium-ion
batteries (LIBs) have attracted wide attention due to the
high energy density, high cell voltage, long cycle life, and
wide operating temperature range [2]. The energy density
of a full cell is determined by both the cathode and anode
materials. With recent progress in anode materials with
high capacities, the energy density of LIBs is now limited
by the cathode materials (~150 mA h gﬁl) [3,4]. As a re-
sult, focus has turned to develop cathode materials with
high potential and high specific capacity [5,6]. The con-
ventional cathode materials that have dominated the
battery market for over 30 years [7], including the layered
LiCoO, (working voltage 3.7V, 150 mAhg '), spinel
LiMn,O, (3.7V, 120mAhg ') and olivine LiFePO,
(32V, 140 mA h g "), fail to meet the demand of energy
densities above 300 W h kg '. Therefore, it is important
to develop next-generation cathode materials with spe-
cific capacities >200 mA h g ' and voltages above 4 V [8].

The materials LiNi,Mn,Co,0, (NMCxyz, 3.7V,
~200 mA h gf1 according to Ni content) [9,10], Li-rich
layered oxides (42V, 280mAh gfl) [11], and

LiNijsMn, sO, (LNM, 4.7 V, 147 mA h g ') [12] are a few
of the candidate cathode materials that approach these
desirable capacities and voltages.

Among the cathode materials, lithium- and manganese-
rich Li;, ,M,;_,O, (LMR) has high capacity and voltage,
which has attracted intensive interest [13,14]. However,
the practical application of LMR is limited by the fol-
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lowing issues [15-22]: (1) the carbonate electrolyte
usually decomposes at voltages above 4.3 V vs. Li/Li’,
exacerbating the electrode-electrolyte side reactions.
These reactions create a thick solid electrolyte interphase
(SEI) layer accompanied by the generation of heat and
gases, the consumption of lithium sources, and increased
impedance; (2) the loss of lithium from the Li,MnO;
phase lowers the initial Coulombic efficiency (ICE) [15];
(3) the metastable transition metal phase of the LMR
surface results in irreversible Li deintercalation [16], and
a gradual phase transformation from the surface to the
interior of the material, leading to severe capacity and
voltage fade [17]; (4) the oxygen generated from the
phase transformation is consumed by the battery [21],
causing the sharp increase of temperature and swelling of
the cell, which leads to possible thermal runaway and
safety issues [22].

It is well accepted that the practical application of LMR
is mainly hindered by interface issues. Strategies such as
surface coating, elemental doping and morphology con-
trol, are generally used to address the above issues. Di-
rectly coating on the interface is an effective way to
suppress the interfacial reactions [23-31]. A number of
approaches, such as spray pyrolysis [32], sol-gel method
[33], and vapor deposition method [34], have been em-
ployed to inhibit the electrolyte decomposition. However,
it is still challenging to achieve a controlled uniform
coating at nanoscale. The atomic layer deposition (ALD)
is the only method that produces controlled nanoscale
thin films; however, the high-cost of precursors, as well as
the slow deposition rates make this approach only ap-
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plicable in the laboratory-scale [35]. Therefore, a scalable
environment-friendly and cost-effective method for uni-
form coating at a large scale is needed.

Herein, we proposed a microemulsion-based coating
strategy using solutions of alkaline metal ions to prepare a
uniform thin layer of metal oxide in a large-scale, en-
vironment-friendly and economical way (Fig. 1). Since
the surface of the LMR is alkaline and polar, it will be
rapidly covered with metal-ions (AI’*, Mg®", Ba™", etc.)
homogeneously when immersed in an alkaline metal ion
solution. These uniformly dispersed metal-ions will in-
teract with the surface of the LMR to form a pre-coating
layer. This layer is very stable due to the strong physical
and chemical interactions and can be converted into the
corresponding metal oxide layer when exposed in air. To
demonstrate the viability of this concept, Al,O; coating
was selected as an example based on the following con-
siderations: (1) while ALO; is a typical isolating material
to protect the electrode surface from electrolytes and
acids [36], it is also an electronic and ionic insulator.
When adopted as the protective layer for electrodes, the
thickness of the Al,O; coating should be precisely con-
trolled as small fluctuation dramatically changes electro-
nic and ionic conductivities [37]. (2) LMR is a water-
sensitive material, so coatings should avoid the use of any
aqueous solutions. (3) For a green and economical pro-
cess, the solvents should be recyclable and reusable for
practical applications at large-scale.

This method enables surface modification of LMR
(Li; ,Nig,MnyO,) and NMC622 with high quality and
large quantities (20 g per batch in the laboratory). All the
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Figure 1 Schematic diagrams of the entire coating process on the surface of LMR material and the function of this AL,O; coating during charge-discharge cycles.
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solvents in the process can be recycled and reused. We
investigated the effects of fabrication conditions on the
electrochemical performance and optimized the stoi-
chiometric ratio of the solvents in the microemulsion.
Long-term cycling performance, impedance character-
ization, and thermal stability analysis demonstrate that
the modified LMR can stabilize the surface and bulk
structure during cycling. Specifically, the exothermic
temperature of the modified LMR from safety tests in-
creased from 255 to 273°C and the heat release was re-
duced by 72.4%.

EXPERIMENTAL SECTION

Materials

NiSO,6H,0 and MnSO4H,0 were purchased from
Tianjin Fuchen Co. Ltd. (China). NaOH and TritonX-100
were purchased from Xilong Scientific Co. Ltd. (China).
AI(NO;);9H,0, 1-methyl-2-pyrrolidinone (NMP), n-
hexanol and cyclohexane were purchased from Sino-
pharm Chemical Reagent Beijing Co. Ltd. (China). Li
metal, Li,CO;, acetone and ammonia solution (25 wt% in
water) were purchased from Beijing Chemical Works
(China). Carbon black, separator Celgard2400 and poly-
vinylidene fluoride (PVDF) were purchased from
Guangdong Canrd New Energy Technology Co., Ltd.
(China). All of the materials were used without further
purification.

Synthesis of LMR

The pristine LMR was prepared by co-precipitation with
NiSO,-6H,0 and MnSO,-H,0 as the precursor, NaOH as
the precipitant, and NH;-H,O as the complexing agent.
The pH value, temperature and stirring speed were pre-
cisely controlled to be 11.5, 55°C and 550 r min ', re-
spectively. Afterwards, the obtained materials were dried
in a vacuum oven at 120°C for 12 h. The as-prepared
Niy,Mn,4(OH), ¢ was then mixed with a proportion of
Li,CO;. The mixture was calcined at 500°C for 6 h, and
then heated to 850°C for 12 h at air atmosphere to obtain
pristine LMR materials.

Synthesis of the Al,0;-coated LMR

TritonX-100 (surfactant) was mixed with #n-hexanol (co-
surfactant) with a ratio of 3:2 by weight. Then 100 g of the
as-prepared mixture was mixed with 500 mL of cyclo-
hexane (oil phase) at room temperature. After magnetic
stirring for 20 min, 7.5 mL of an AI’* solution (aqueous
phase) with a certain concentration was added into the oil
solution, and the mixture was ultrasonically emulsified
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for 30 min to obtain a clear and transparent micro-
emulsion. Afterwards, 0.25mol of LMR material was
added to the above microemulsion, stirred for 5 h at 80°C
to remove the oil phase. Finally, the obtained materials
were rinsed with acetone, vacuum dried at 120°C and
then placed in a furnace at 500°C for 6 h to fabricate the
Al O5-coated LMR (labeled as Al,05-0.2%, Al,0;-0.5%,
Al,05-1.0% and Al,05-2.0% according to different molar
ratios of AI’" to LMR ).

Characterizations

The morphology, structure and elemental distribution of
the samples were examined by field emission scanning
electron microscopy (FE-SEM, Hitachi SU-8010, Japan),
transmission electron microscopy (TEM, Hitachi JEM-
2100, Japan), and energy dispersive spectrometer (EDS).
The X-ray diffraction (XRD, Shimadzu XRD-7000, Japan)
was used to analyze the crystal structure of the LMR.
Dynamic light scattering (DLS, Wyatt DynaPro NanoStar,
USA) was used to measure the size of the water phase in
the microemulsion. The thermal stability of the material
was tested by differential scanning calorimeter (DSC,
American TA Instruments SDT Q600).

Electrochemical measurements

The electrochemical performance was evaluated using
coin cells with LMR and Li foil as the positive and ne-
gative electrodes, respectively. The positive electrodes
were prepared by mixing LMR, conductive carbon black
and binder (PVDF) with a mass ratio of 8:1:1 in NMP to
form an uniform slurry. The slurry was uniformly coated
on the aluminum foil and dried in a vacuum oven at
120°C for more than 12h (mass loading about
4.2 mg cm ). The electrolyte employed was 1 mol L ' LiPFq
in a mixture of ethylene carbonate, dimethyl carbonate
and ethyl methyl carbonate (v/v/v=1:1:1). The galvano-
static cyclability and rate capability (1 C=250 mAhg ')
were examined on a Land system (LAND-CT2001A,
BTRBTS) in the voltage range of 2.0-4.8 V. Electro-
chemical impedance spectra (EIS, 1 MHz-0.01 Hz) were
measured using an IM-6ex electrochemical workstation.

RESULTS AND DISCUSSION

Synthesis and characterization of the Al,0;-coated LMR
materials

The microemulsion method was applied to modify the
precursor materials in large quantity. An aqueous solu-
tion containing AI'* (aqueous phase, acidic and polar)
was added to the oil phase to form an oil@water struc-
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ture. The AI’" were dispersed in the aqueous phase dro-
plets (Fig. 1). Due to the basicity and polarity of the LMR
surface, the aqueous phase favorably covered the surface
of the LMR uniformly when the LMR was dispersed in
the microemulsion. The Al(OH); was converted into a
uniform coating of Al,O; when the modified LMR was
exposed in air (Fig. 1). In this process, the microemulsion
provided an environment for the homogeneous dis-
tribution of AI’* on the surface of LMR. The surfactant,
cosurfactant and oil phase remained unchanged before
and after the process and could be recycled based on their
different boiling points (TritonX-100 (270°C), n-hexanol
(157°C), cyclohexane (80°C)). The recycled solvents can
be used again after drying with anhydrous sodium sul-
phate.

The water content has a significant influence on the
coating. With high water content, excess water reacted
with the surface of LMR, while the microemulsion phase
was damaged when the water content was too low. The
thickness of the coating was mainly determined by the
AI’* concentration. Low AI’" concentration lead to poor
coverage of LMR while high AI** concentration and the
large droplet microemulsion caused agglomeration of
AlLOj; and low coating quality. The optimal oil to water
ratio was 200:3 in volume, and we optimized the AI’*
concentration with this ratio. Fig. 2a shows the diameter
distribution of water droplets at different A" con-
centrations. In the microemulsion, the water droplet size
is correlated with AI’* concentration. It is speculated that
the thickness of Al,O; coating on the LMR surface will
correlate with the AI’* concentration. Effective surface
modification of LMR not only stabilizes the interface but
can also positively influence the battery cycle life, rate
behavior, voltage hysteresis, impedance, and safety.

The XRD patterns of the Al,O;-modified LMR with
different coating thicknesses are shown in Fig. 2b. All the
peaks index the hexagonal structure of a-NaFeO,, except
for the weak diffraction peaks in the range of 260=20°-22°,

and the space group symmetry is R3m. The adjacent
peaks of (006)/(012) and (108)/(110) are clearly separated,
indicating that the samples have a highly ordered layered
structure. The weak peak between 20° and 22° shows a
monoclinic Li,MnO; phase, and the space group sym-
metry is C2/m, indicating the short-range ordered
structure of Li-Mn cations in the transition metal layer.
The XRD patterns before and after coating are consistent,
and no additional Al,O; diffraction peaks are observed,
which may be attributed to the amorphous nature of the
Al O; thin-film. After fitting, it is found that the unit cell
parameters (a and c) of the materials increased slightly
with the coating thickness. This change may be ascribed
to the partial transformation of the amorphous Al,O; into
Li,AlO,, which is caused by the reaction of nano-Al,O;
layer and trace amount of Li,O at the surface of LMR
during the thermal treatment to form a fast Li" conductor
[38,39]. Overall, there is no significant change in the
lattice parameters of all the samples, and the values of
To0sy/ T 104y and Iyt i1/ 1101y (Ixxx) Tepresents the dif-
fraction intensity of the xxx peak in XRD patterns) have
no obvious changes, indicating that the Al,O; coating has
minimal effects on the internal structure of LMR
particles.

To further study the microstructure of the LMR surface
and confirm the presence of Al,O;, SEM and TEM were
used to characterize the pristine LMR and Al,0;-1.0%
samples. As seen in Fig. 3a, b, there is no significant
distinctions in the overall morphology and structure be-
tween the pristine LMR and the AlL,O;-1.0%, except for
minor morphology changes on the surface where the
previously clearly-observed primary particles become
blurred after coating. The Al,O; coating covers the sur-
face of each single particle, and the adjacent primary
particles agglomerate with the coating. The distribution
of the elements on the LMR surface was further analyzed
by EDS analysis. As shown in Fig. 3c and Fig. SI, the
surface of LMR is uniformly distributed with O, Al, Mn,
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Figure 2 (a) The aqueous droplet diameter distribution with different A" concentrations in microemulsion; (b) XRD patterns of the pristine and

Al,O5-coated LMR.
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Figure 3 (a) SEM images of the pristine LMR material; (b) SEM images of the Al,0;-1.0%; (c) EDS mapping of the O, Mn, Al and Ni elements of the

Al,0;-1.0%; (d) HRTEM images of Al,03-1.0%.

and Ni. The abundant O and Mn elements are distributed
with high-intensity EDS signals. Since the concentration
of A" used for coating is around 1%, the Al signal ex-
hibits a very weak intensity, as presented in Fig. S1. The
high-resolution TEM (HRTEM) was performed to further
examine the coating quality. Fig. 3d demonstrates that
there is a uniform thin film with a thickness of around
8nm on the surface of the AI’-1.0% LMR sample,
compared with the uncoated sample (Fig. S2). This evi-
dence supports the successful formation of the AlO,
layer that could increase the stability of the LMR material
interface.

Electrochemical performances of the Al,0;-coated LMR
materials

Electrochemical performances of the surface-modified
LMR materials with various AI’* contents were analyzed.
Fig. 4a displays that all the samples exhibit similar voltage
profiles for the initial galvanostatic cycle, showing a ty-
pical LMR cycling characteristics [40]. In comparison
with other coating processes using aqueous solutions, no
spinel phase appears in this work, which would otherwise
decrease the discharge voltage plateau [41,42]. The spe-
cific capacities for the charge process decrease from 438.5,
425.3, 429.9 to 411.7mAhg ' and for the discharge
process increase from 312.2, 306.7, 315.5 to
337.5mA h g |, respectively, with increasing AI’* content
to 1.0% (Table S1). These shifts in capacity mean the ICE
rises from 71.2% to 82.0%. The loss in charge capacity but
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increase in discharge capacity may relate to the sup-
pressed oxygen loss [15], phase transformation [16], and
side reactions between the electrode and electrolyte [18]
at high charge voltage, indicating the Al,O; coating is able
to stabilize the interface and internal structure of the
LMR cathode, bringing more stability to SEI formation.
However, as the AI’" content reaches 2.0%, the charge
and discharge voltage profiles are polarized, owing to the
thicker coating and the agglomeration of ALO; that
hinders the transport of electrons and Li" ions (Fig. S3).
Therefore, with 1.0% AI’* concentration, the modified
LMR has the highest reversible capacity, and an initial
discharge specific capacity of 3375 mAh g . In the fol-
lowing discussion, focus will be on the modified LMR
with 1.0% AL O; coating. It is worth noting that the re-
cycled solvents from the 1.0% AI'* microemulsion was
reused to make a new 1.0% Al,O;-coated LMR that de-
monstrated comparable electrochemical performances
with the previously-made samples.

Cycling behavior and rate capability were also in-
vestigated. As seen in Fig. 4b, the initial discharge capa-
city of the pristine LMR is 193.0 mA h g ' at 0.5 C, while
the capacities for the modified LMR samples with Al**
concentrations of 0.2%, 0.5%, 1.0% and 2.0% are 192.5,
199.8, 209.2, and 1844 mA h g ', respectively. After 50
cycles, the discharge capacity of the pristine LMR mate-
rial decreases to 182.6 mA h g ' with a retention rate of
94.6%. In contrast, the optimized Al,O;-modified sample
shows a better cyclability and capacity retention of 97.2%.
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Figure 4 (a) The first charge-discharge voltage curves at the current density of 0.05 C; (b) the cycling performances at the current density of 0.5 C;
(c) the rate performances of the pristine LMR material and Al,O;-coated LMR; (d) cycling performances of the pristine material and Al,05-1.0% LMR
obtained at 1.0 C; the dQ/dV plots of (e) the pristine material and (f) A,O;-1.0% LMR for the charge-discharge curves at different cycles.

Moreover, the cycling behavior was examined at var-
ious current densities from 0.2 C up to 5.0 C. As shown in
Fig. 4c, the discharge capacities of all samples decrease
with increasing rates. The capacity of Al,0,-1.0% is sig-
nificantly higher than that of the pristine LMR at low
rates, demonstrating its superior SEI properties. It is most
likely that under lower rates the coating minimizes the
contact of electrode materials with electrolyte, inhibiting
side reactions and reducing SEI thickness during the cy-
cle, thus facilitating facile Li" transfer. Nevertheless, at
high current densities of 2 and 5 C, the performance of
the Al,O;-coated LMR was similar to that of the pristine
LMR (Fig. 4c) and limited improvement was observed.
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This suggests that surface modification has minimal effect
on the Li" diffusion. Given the electrochemical inertness
of AL,Os, a thicker coating increases the barrier for elec-
tron and Li" ion conduction, and may explain the poor
rate performance of the Al,0;-2.0%. In addition, when
the current density switches back to 0.2 C, the initial
capacities of all samples are recovered, illustrating the
modified material has excellent reversibility.

Long-term stability tests were done to evaluate the ef-
fectiveness of Al,0;-1.0% in practical applications. Cy-
cling was performed on the pristine LMR and Al,O;-1.0%
LMR at 1.0 C (Fig. 4d). Capacity retention of AL,O5-1.0%
was as high as 84.9% after 200 cycles, while the pristine

September 2020 | Vol.63 No.9
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LMR lost 61.4% of its initial capacity after 175 cycles.
After 200 cycles for Al,0;-1.0%, there is no significant
capacity decay. Based on the improvement in electro-
chemical performances from pristine to the Al,O;-coated
LMR, Al,O; coating can significantly enhance the cycle
stability of the LMR.

Al,O; coating was also applied to the electrochemically
unstable NMC622 to test its effectiveness on other types
of cathode materials (Fig. S4).

To reiterate, the capacity fade of the Li half-cell is
mainly caused by the interface reactions between the
electrolyte and cathode and associated with crystal phase
transformations. The integrated area of the differential
capacity profile for the pristine LMR shows marked de-
crease after 50 cycles. The myriad parasitic reactions at
the surface of cathode materials results in limited Li"
transport from the electrolyte to cathode (Fig. 4e). After
150 cycles, the Ni**/Ni** and Mn"*/Mn’* redox peaks at
3.7 and 3.4 V decrease and a redox peak emerges around
2.6 V, which corresponds to the phase transformation
from layered to spinel, and results in a large capacity loss
(Fig. 4e). This can also be observed in the cycling data
where the capacity drops sharply near the 200th cycle
(Fig. 4d). In contrast, with the Al,O; coating, the peak of
Ni**/Ni’* redox remains unchanged even after 200 cycles.
The corresponding Mn**/Mn’* redox still remains above
3.0 V and its intensity is strong (Fig. 4f).

In Fig. 5a, the pristine LMR shows a rapid voltage drop
and capacity fade. In comparison, the voltage decay for
Al,05-1.0% is significantly ameliorated (Fig. 5b). Fig. 5¢
presents more clearly that the voltage for the uncoated
LMR dropped from 3.6 to 3.15V with a 12.5% loss after
150 cycles, while the average voltage for the Al,05-1.0%
LMR was maintained at nearly 96.3% of its original vol-
tage after cycling under the same conditions. This evinces
that the presence of the Al,O; coating effectively en-
hanced the interfacial stability of the bulk active material.
In addition, oxygen evolution on the surface of the
cathode material is closely related to the voltage decay
[43]. Fig. 5d shows that the exothermic temperature of
the AL,O;-1.0% LMR is delayed with lower heat genera-
tion, and further confirms the interface stability of AL,O;-
coated LMR.

Impedance spectroscopy was used to understand the
effects of AL,O; coating on the initial and post-cycle
electrochemical kinetics of the LMR material. Fig. 5e
displays the impedance spectra after three cycles. The
sizes of the semicircles in the curve are 58.3, 73.4, 76.8
and 110.7 Q for ALO;-0.2%, ALO;-0.5%, ALO;-1.0%,
Al,05-2.0%, respectively, which are greater than those of
the pristine materials, mainly due to the insulating nature
of ALO;. Although the initial resistance of the AL O;-
coated materials is high, it remains unchanged for AL O;-
1.0% after 200 cycles while the impendence of the pristine
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Figure 5 The voltage evolution of the (a) pristine material and (b) Al,O;-coated LMR during cycling; (c) the average voltages of the pristine material
and AL, O;-coated LMR during cycling; (d) the DSC curves of the pristine material and Al,0;-1.0% LMR at charged state of 4.8 V; (e) the EIS of the
pristine material and Al,O;-coated LMR at the 3rd cycle; (f) the EIS of the pristine material and Al,05-1.0% LMR at the 3rd cycle and 200th cycle.
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LMR increases steadily from 50.8 to 200.7 Q (Fig. 5f).
This result shows that the AL,O; layer with optimized
thickness can effectively limit side reactions, and suppress
the gradual increase in interfacial resistance of electrode/
electrolyte during cycling. This further demonstrates that
the Al,05-1.0% coated LMR possesses excellent interfacial
stability and electrochemical properties.

Safety analysis

Safety is one of the most critical aspects for LIBs. Poor
thermal stability is the major cause of battery thermal
runaway in cases of an internal short circuit. The reactive
oxygen molecules generated by electrolyte decomposition
react vigorously with the electrolyte to release large
amounts of heat and gas. In addition, active oxygen
molecules can diffuse to the negative electrode and react
violently with the anode material. The pristine material
and the Al,O;-1.0% were charged to a highly delithiated
state at 4.8 V, and the change in thermal behavior was
measured by DSC. In this highly delithiated state, the
crystal structure of the material is unstable and causes
oxygen to be released from the transition metal layer. As
shown in Fig. 5d, the exotherm of the pristine material is
concentrated near 255°C with a heat release of 555.6 ] g .
The AL,O;-1.0% LMR has two smaller exothermic peaks
appear near 273 and 303°C with a heat release of only
153.6 ] g . The results show that the ALO; coating can
suppress side reactions at the surface of LMR and im-
prove thermal stability in cases of overpotential or over-
charge states.

CONCLUSIONS

In summary, a commercially available thin-film coating
method based on microemulsion is proposed here and
used to fabricate layered cathode materials with a uni-
form metal oxide protective layer at a large-scale. In ad-
dition, solvents were recycled and reused for improved
environmental and economical considerations. The LMR
cathodes coated with Al,O; thin film was presented and
studied as an example due to its promise and well-
documented poor ICE and capacity fade. By adjusting the
AP’* content in the microemulsion, the thickness of the
coating could be carefully controlled. The resulting ICE
increased from 71.2% to 82.0%. With an AL,O; coating
with optimized thickness, the SEI formed on the cathode
surface appears to be thin (~8 nm) and stable that in-
creases low-rate performance and improves cycle stabi-
lity. Moreover, the uniform coating of AL,O; minimizes
the contact between the electrolyte and electrode, hin-
dering electrolyte decomposition, as well as reducing
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oxygen loss, phase transformation, and voltage decay. The
energy density of the battery material is maintained, and
its safety is largely improved. As a result, capacity re-
tention for LMR 1% reached 84.9% even after 200 cycles
at 1.0 C. Thermal stability was also improved. The exo-
thermic peak of the Al,0;-1.0% LMR sample in the 4.8 V
delithiated state rose from 255 to 273°C with an asso-
ciated heat release reduced by 72.4%.
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