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A B S T R A C T

LiNi0.6Co0.2Mn0.2O2 (NCM) is a highly potential cathode material for lithium-ion batteries (LIBs). However, its
poor rate capability and cycling performance at high cutoff voltages have seriously hindered further commer-
cialization. In this study, we successfully design an ultra-thin lithium aluminum oxide (LiAlO2) coating on NCM
for LIBs. Compared to Al2O3, the utilization of lithium-ion conducting LiAlO2 significantly improves the NCM
performance at high cutoff voltages of 4.5/4.7 V. The study reveals that the LiAlO2-coated NCM can maintain a
reversible capacity of more than 149 mA h g−1 after 350 cycles with 0.078% decay per cycle. Furthermore,
LiAlO2-coated NCM exhibits higher rate capacities [206.8 mA h g−1 at 0.2 C (50 mA g−1) and 142 mA h g−1 at
3 C] than the Al2O3-coated NCM (196.9 mA h g−1 at 0.2 C and 131.9 mA h g−1 at 3 C). Our study demonstrates
that the ultra-thin LiAlO2 coating is superior to Al2O3 and significantly improves the capacity retention and rate
capability of NCM for LIBs.

1. Introduction

The increasing demand for high energy and power density lithium-
ion batteries (LIBs) has stimulated great research interest in high per-
formance cathode materials for application in electric vehicles (EVs)
and hybrid electric vehicles (HEVs) [1–7]. Among the various cathode
candidates, LiNi1-x-yCoxMnyO2 materials have displayed several ad-
vantages including low cost, high capacity, improved cycling stability,
and enhanced safety performance [8–10]. Within this system, nickel-
rich layered LiNi0.6Co0.2Mn0.2O2 (NCM) displays good Li-ion diffusivity
with minimal temperature dependence [11], as well as a higher specific
capacity than both LiNi0.3Co0.3Mn0.3O2 and LiNi0.5Co0.2Mn0.3O2. As a
result, NCM has been recognized as one of the most promising cathode
materials for application in high performance LIBs [11,12]. However,
NCM exhibits several limitations, including poor rate capability and
insufficient capacity retention, especially at high cutoff voltages [13].
These challenges are a result of: (i) structural instability originating
from the surface sites and distortion of the rhombohedral phase due to
the migration of transition metal ions into Li+ vacant sites, leading to
the formation of spinel-like structures and electrochemically inert NiO-

like phases [13–15]; (ii) dissolution of metal ions in LiPF6-based elec-
trolytes due to HF corrosion [16,17]; and (iii) electrolyte decomposition
at the cathode and subsequent formation of a solid electrolyte inter-
phase (SEI) layer, resulting in increased surface impedance [18]. These
challenges greatly hinder practical application in LIBs [17].

To address these challenges, various techniques such as surface
modification [19], elemental doping [20], and concentration gradient
structures [21] have been utilized to enhance the electrochemical
performance of NCM cathode materials. Previously, surface modifica-
tion has been shown to significantly improve the performance of elec-
trode materials [16,22]. Inorganic compounds such as metal oxides
(SiO2 [23], Co3O4 [24], MoO3 [25], ZrO2 [26], ZnO [27], CeO2 [28],
and Al2O3 [26,29,30]), fluorides (AlF3 [31]), and phosphates
(Mn3(PO4)2 [32]) have been coated onto LiNi1-x-yCoxMnyO2 to improve
the structural stability between the active materials and electrolytes.
For example, Co3O4-coated LiNi0.6Co0.2Mn0.2O2 was reported to deliver
a capacity ranging from 186.5 mA h g−1 to 114.1 mA h g−1 in the first
100 cycles [24], and the Al2O3-coated LiNi0.5Co0.2Mn0.3O2 revealed
higher capacity retention of 85% after 100 cycles, in comparison to the
pristine electrode (only 75%) [29]. Among these compounds, metal
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oxides, especially Al2O3, effectively prevent the electrode surface from
contacting the organic electrolyte, thus alleviating electrolyte decom-
position [29]. However, an Al2O3 coating may also suppress lithium-ion
transfer at the electrode interface, thereby limiting battery performance
[17,33]. In contrast, LiAlO2 coatings are well known as lithium-ion
conductors [33–35] and have greater lithium diffusivity than Al2O3

[33,36]. It has attracted great attention, such as LiAlO2-inlaid Li-
Ni0.5Co0.2Mn0.3O2 exhibiting a better electrochemical performance than
the pristine one [37]. These properties enable LiAlO2 to overcome the
limited lithium-ion conductivity of metal oxide coatings (Scheme 1)
and increase LiNi0.6Co0.2Mn0.2O2 performance in LIBs. To the best of
our knowledge, few reports focus on the effect of LiAlO2 coatings on
LiNi0.6Co0.2Mn0.2O2 cathode materials at high cutoff voltages of 4.5/
4.7 V.

In this study, both Al2O3 and LiAlO2 coatings were successfully
designed on NCM cathodes for LIBs. Notably, the significant effects of
the two coatings on the structural and electrochemical performance of
NCM were addressed at high cutoff voltages of 4.5/4.7 V. The resulting
structures and electrochemical behavior were discussed in detail.

2. Experimental

2.1. Material synthesis

Commercial NCM was utilized as the cathode material to study the
effects of Al2O3 and LiAlO2 coatings on battery performance. Both
coatings were synthesized via a sol-gel process. LiAlO2-coated NCM was
produced by mixing NCM, aluminum(III) sec-butoxide [Al(sec-OC4H9)3,
97%, Aladdin], ethyl acetoacetate (EAcAc), ultrapure water, and
ethanol. Lithium methoxide (LiOMe, 98%, Aladdin) was added to the
mixture, and stirred continuously at room temperature. The afforded
mixture was transferred into a Teflon-lined autoclave and maintained at
150 °C for 15 h. The product was washed with ethanol and

subsequently dried in an oven at 80 °C for 4 h. The blend was then
collected and calcined. Concentrations of 0.125, 0.25, 0.60, 1.25, 2.5,
and 12.5 mol% of LiAlO2-coated NCM were synthesized using this
method. These were labelled as Li-Al-O-1, Li-Al-O-2, Li-Al-O-3, Li-Al-O-
4, Li-Al-O-5, and Li-Al-O-6, respectively. Similar concentrations of
Al2O3-coated NCM were synthesized using the above method without
the addition of LiOMe and labelled as Al-O-1, Al-O-2, Al-O-3, Al-O-4,
Al-O-5, and Al-O-6, respectively.

2.2. Material characterization

The phase of each sample was identified by X-ray diffraction (XRD,
Bruker AXS D8Advance). Particle size distribution was estimated from
low-angle laser light scattering (LALLS) measurements (Malvern
Mastersizer 3000). The sample morphologies and microstructures were
analyzed by scanning electron microscopy (SEM, Hitach SU8010) and
transmission electron microscopy (TEM, JEOL JEM-3000F). Moreover,
energy dispersive X-ray spectroscopy (EDS) mapping was carried out
using OXFORD 7426 as the SEM attachment, with an acceleration
voltage of 20 kV. Elemental composition information was elucidated
using X-ray photo-electron spectroscopy (XPS, VG ESCALAB MK II).

2.3. Electrochemical measurements

CR2032 coin cells were utilized to study the electrochemical per-
formance of the cathode materials. The cathode electrode comprised
80 wt% active material, 10 wt% acetylene black and 10 wt% PVDF
binder. Lithium metal foil was used as anode. LiPF6 (1 M) in a 1:1:1 (v/
v/v) dimethyl carbonate (DMC)/ethyl methyl carbonate (EMC)/ethy-
lene carbonate (EC) was used as electrolyte. Cell assembly was carried
out in a dry argon-filled glove box. Electrochemical tests were carried
out using an automatic galvanostatic charge/discharge unit (LAND
CT2001A battery tester) between 2.7 and 4.5/4.7 V (versus Li/Li+) at
room temperature. Cyclic voltammetry (CV) tests were performed on a
Princeton Applied Research VersaSTAT 4 electrochemical workstation
at a scan rate of 0.1 mV s−1 and a potential range of 2.7–4.5 V (vs. Li/
Li+). Electrochemical impedance spectroscopy (EIS) was conducted on
a Princeton Applied Research VersaSTAT 4 electrochemical work-
station, using 2-electrode cells (amplitude voltage is 5.0 mV, and fre-
quency range, 10 mHz–100 kHz).

3. Results and discussion

As shown in Fig. 1(i), the NCM XRD diffraction peaks exhibit sharp
and well defined Bragg lines corresponding to a hexagonal α-NaFeO2

structure (space group R-3m). The XRD patterns of Al-O-1, Li-Al-O-1,
Al-O-4, Li-Al-O-4, Al-O-6 and Li-Al-O-6 are compared in Fig. 1(ii)–(vii).
All diffraction peaks in the XRD patterns are indexed on the basis of a

Scheme 1. The difference of two coatings on NCM: (a) metal oxide and (b) solid state
electrolyte.

Fig. 1. XRD patterns of (i) NCM, (ii) Al-O-1, (iii) Li-
Al-O-1, (iv) Al-O-4, (v) Li-Al-O-4, (vi) Al-O-6 and
(vii) Li-Al-O-6.
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Fig. 2. XPS spectra and fitting results of Al-O-4 and Li-Al-O-4: (a) original XPS survey spectra, (b) nickel spectra, (c) cobalt spectra, (d) manganese spectra, (e) lithium spectra, (f)
aluminum spectra.

Fig. 3. SEM images of (a) NCM, (b) Al-O-2, (c) Li-Al-O-2, (d) Al-O-4, (e) Li-Al-O-4, (f) Al-O-5, (g) Li-Al-O-5, (h) Al-O-6 and (i) Li-Al-O-6.
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hexagonal α-NaFeO2 layered structure without obvious impurities. No
peak shifts are observed in the XRD patterns of the coated NCM, in-
dicating the absence of expansion and contraction due to the Al2O3 and
LiAlO2 coatings. The distinct splitting of the (006)/(102) and (108)/
(110) peaks of all the samples demonstrates that these materials have a
well-developed layered structure [31]. This suggests that the NCM
crystal structure is not affected by the coating layers. Notably, the
diffraction peaks corresponding to the Al2O3 and LiAlO2 coating layers
are absent in Fig. 1(ii)–(vii). This may stem from the amorphous
structure of the coating or the coating layer being beyond XRD re-
solution.

The surface composition and the oxidation states of Ni, Co, Mn, and
Al found in Al-O-4 and Li-Al-O-4 (Fig. 2) were elucidated by XPS ana-
lysis. The Ni XPS spectra in Fig. 2b display a Ni 2p1/2 main peak at
872.3 eV with a satellite peak at 879.1 eV. The peaks of the Ni 2p3/2
spectrum located at 854.1 and 855.4 eV with a satellite peak at
816.0 eV were assigned to Ni2+ and Ni3+, respectively. Ni was a mix-
ture of +2 and +3 valence states, and the afforded value of each peak
is close to those reported in previous studies [16,38]. The Co XPS
spectra in Fig. 2c display a Co 2p3/2 main peak at 779.8 eV with a Ni
(LMM) peak at 781.6 eV and a Co 2p1/2 main peak at 795.0 eV [39].
These results indicate that there is no change in the valence states of Co
in either of the Al-O-4 and Li-Al-O-4 surfaces. Fig. 2d presents the XPS
spectra for Mn 2p in which two broad main peaks are observed at 642.1
and 653.9 eV, attributed to Mn 2p3/2 and Mn 2p1/2, respectively
[16,39]. The results indicate that in the crystal lattice, Mn is mainly in
+4 valence state [16,39]. This is consistent with the results in Fig. 2e
[40]. Data from Mn XPS analysis also demonstrate that there is no
change in the valence state of Mn in Al-O-4 and Li-Al-O-4. The Al 2p3/2
spectrum demonstrates a binding energy at ~73 eV with trivalent Al
(Fig. 2f). Importantly, the Al 2p spectra of Li-Al-O-2 shift to a higher
binding energy in accordance with previous results reported for LiAlO2

coating [33]. These XPS results indicate that LiAlO2 was successfully
coated onto NCM.

The NCM particles (Fig. S1) display a narrow size distribution with
an average diameter of 12.2 µm. The SEM images of NCM, Al2O3-coated
NCM and LiAlO2-coated NCM are compared in Fig. 3. Contrary to the
smooth and clean NCM surface (Fig. 3a), the surface morphologies of
both the Al2O3- and LiAlO2-coated NCM exhibit a rough surface mor-
phology, especially with an increase in coating content. EDS mapping
was carried out to further identify of Al2O3 and LiAlO2 distribution on
NCM surface. The elemental mappings of Ni, Co, Mn, O, and Al in Fig. 4
reveal that these elements are homogeneously distributed in the se-
lected region, indicating that Al2O3 and LiAlO2 are homogeneously
coated on the NCM microspheres. Fig. 5a and b present HRTEM images
of Al-O-4 and Li-Al-O-4. Interplanar distances of 0.21 nm and 0.48 nm
correspond to the (104) and (003) crystal planes of NCM with a hex-
agonal layered crystal structure [41]. This data is consistent with the
XRD results. It is apparent that approximately 1 nm-thick layers of
Al2O3 and LiAlO2 were deposited onto the NCM.

The initial charge/discharge profiles of NCM, Al-O-2 and Li-Al-O-2
at a current density of 0.2 C (50 mA g−1) in a voltage range of
2.7–4.5 V are presented in Fig. 6a. It can be seen clearly that all three
materials reveal similar profiles in the initial charge/discharge pro-
cesses. A lack of distinct differences indicates that the coating process
does not hinder lithium-ion insertion/extraction at the cathode mate-
rial. The initial charge/discharge capacities of NCM, Al-O-2 and Li-Al-
O-2 are 223.6/187.2 mA h g−1, 228.4/196.9 mA h g−1 and 242.6/
206.8 mA h g−1, respectively, while their initial coulombic efficiencies
are 83.7%, 86.2% and 85.2%, respectively. In the initial cycle, the
discharge capacity and NCM coulombic efficiency can be enhanced by
an appropriate amount of Al2O3 and LiAlO2 coating.

To further understand the electrochemical behavior of the electrode
materials, the cyclic voltammograms of NCM, Al-O-2 and Li-Al-O-2
were recorded at 2.7–4.5 V at a scan rate of 0.1 mV s−1 (Fig. 6b–d). The
redox peak of the three samples shows similar shape, indicating that

Al2O3 and LiAlO2 coating layers do not affect the electrochemical re-
action of NCM. Compared to NCM, both the coated NCM samples ex-
hibit a smaller difference in oxidation peaks for the peak positions in
the first two cycles, indicating that Al-O-2 and Li-Al-O-2 exhibit less
irreversible capacity. In addition, the first two cathodic peaks of Li-Al-
O-2 and Al-O-2 corresponding to the Ni2+/Ni4+ redox reaction are
observed at 3.85/3.82 V and 3.85/3.80 V, respectively. It is worth
mentioning that in Fig. 6d the potential gap of Li-Al-O-2 (0.02 V) be-
tween the first two cathodic peaks is smaller than that of Al-O-2
(0.05 V), implying that the reversibility of the electrochemical reactions
is enhanced in LiAlO2.

The discharge curves of NCM, Al-O-2 and Li-Al-O-2 between 2.7 and
4.5 V at a current density of 0.2 C are compared in Fig. 7. Upon cycling,
the NCM discharge capacity (Fig. 7a) decreases at a faster rate than
those of Al-O-2 (Fig. 7b) and Li-Al-O-2 (Fig. 7c). Moreover, as the
number of cycles increase, the NCM discharge potential decreases
greatly with large electrochemical polarization, while those of Al-O-2
and Li-Al-O-2 exhibit an improved trend. As illustrated in Fig. 7d, both
the Al2O3 and LiAlO2 coatings play a central role in suppressing elec-
trochemical polarization, while Al2O3 and LiAlO2 cause a similar effect
on electrochemical polarization during the charge/discharge processes.
Notably, Li-Al-O-2 maintains a higher capacity, which suggests that
LiAlO2 displays a better effect on NCM. These results indicate that the
coating strategies may suppress the interfacial reaction between the
cathode materials and electrolyte, reducing the interfacial resistance.
This is further supported by the EIS results in this study. Moreover, it is
clear that LiAlO2 is a better coating material with certain specific
property for LIBs.

The cycling stabilities of NCM, Al-O-2 and Li-Al-O-2 were measured
at a rate of 0.2 C in a potential window ranging from 2.7 to 4.5 V
(Fig. 8a). The uncoated NCM sample exhibits capacity fade, from
187.2 mA h g−1 to 149.3 mA h g−1 with a capacity retention of only
79.7% after 100 cycles. On the other hand, the Al-O-2 and Li-Al-O-2
have capacity retention values of 84.5% (from 196.9 mA h g−1 to
166.4 mA h g−1) and 87.0% (from 206.8 mA h g−1 to
179.9 mA h g−1), respectively. These results clearly demonstrate that
the optimized LiAlO2 coatings can improve the cycling stability of NCM
by protecting the cathode from reacting with the electrolyte and re-
ducing the interfacial resistance between them, while facilitating li-
thium-ion diffusion. The long-term stability of NCM, Al-O-2 and Li-Al-
O-2 is further compared in Fig. 8e. The uncoated NCM reveals the worst
cycling performance with 0.20% decay per cycle. For Al-O-2, the ca-
pacity drops to< 149 mA h g−1 after 200 cycles with 0.12% decay per
cycle, while the Li-Al-O-2 maintains a reversible capacity> 149
mA h g−1 after 350 cycles with 0.078% decay per cycle. These results
suggest that the cycling performance of the cathode materials improves
with Al2O3 and LiAlO2 coatings (Fig. 8e). Surprisingly, the Coulombic
efficiency of Li-Al-O-2 was maintained at 99% after 350 cycles, in-
dicating that the coating strategy of LiAlO2 coating onto NCM is sig-
nificantly efficient. Although the Al2O3 coating delivers stable electro-
chemical properties with reduced contact area between the active
material and the electrolyte, with an increase in coating content, the
Al2O3-coated NCM rate capability reveals even worse than that ob-
served for the pristine NCM (Fig. S3c). This may be due to the thick
layer of Al2O3 coating that inhibits lithium-ion diffusion. For the LiAlO2

coating, the inhibitory effect is relatively small (Fig. S3b and d) and Li-
Al-O-2, Li-Al-O-4, and Li-Al-O-6, all display improved battery perfor-
mance compared to NCM. The rate capabilities of the NCM, Al-O-2 and
Li-Al-O-2 electrodes are presented at various C-rates between 2.7 and
4.5 V (vs. Li/Li+) in Fig. 8b. The cells are first charged and discharged
at 0.1 C for three cycles, followed by cycling at 0.2 C, 0.5 C, 1 C, 2 C,
3 C, 0.5 C and 0.2 C for every five cycles, respectively. The discharge
capacities of NCM, Al-O-2 and Li-Al-O-2 electrodes decrease with in-
creasing current densities. It can be seen that the Al-O-2 and Li-Al-O-2
present better rate capabilities than NCM, especially at high C-rates.
Moreover, compared to Al-O-2, the utilization of LiAlO2 as a coating
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material effectively improves the electrochemical performance of NCM
at a high cutoff voltage of 4.7 V (Fig. 8c and d). The superior electro-
chemical performance of Li-Al-O-2 is further confirmed by stabilization
of the average discharge voltage when the battery is discharged at half
the total capacity, especially at high cutoff voltages and current

densities, as presented in the insets in Fig. 8b and d.
As a lithium ion conductor, LiAlO2 interfacial coatings have a po-

sitive effect on the transfer of lithium ions to the surface of NCM
electrodes [33]. To confirm this, NCM, Al-O-2 and Li-Al-O-2 were in-
vestigated via CV analysis at various scan rates. Based on the

Fig. 4. The comparison of EDS mappings of Al-O-4 and Li-Al-O-4.

Fig. 5. HRTEM images of (a) Al-O-4 and (b) Li-Al-O-4.
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relationship of the CV scan rates (ν1/2) versus the peak current (Ip), the
lithium-ion diffusion coefficient of NCM, Al-O-2 and Li-Al-O-2 may be
calculated as follows:

= × × × × × ×I 2.69 10 n A D ν Cp
5 3/2 1/2 1/2

0 (1)

where n is the number of electrons in the specific electrochemical

reactions, A is the electrode area (cm2), D is the diffusion coefficient of
lithium, ν is the potential scan rate (V s−1), and C0 is the initial con-
centration of Li-ion in the cathode (mol cm−3) [42]. Due to the effects
of polarization and irreversible behaviors, the anodic peaks shift to
higher potentials, while the corresponding cathodic peaks move to
lower values [43–45]. The fitting results of the NCM, Al-O-2 and Li-Al-

Fig. 6. (a) The initial charge/discharge curves of
NCM, Al-O-2 and Li-Al-O-2; the comparison of CV
curves at a scan rate of 0.1 mV s−1: (b) NCM and Al-
O-2, (c) NCM and Li-Al-O-2, (d) Al-O-2 and Li-Al-O-
2.

Fig. 7. Galvanostatic discharge profiles of (a) NCM,
(b) Al-O-2, and (c) Li-Al-O-2; (d) the electrochemical
polarization voltage of NCM, Al-O-2, and Li-Al-O-2.
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O-2 electrodes are presented in Fig. 9a–c. For all three electrodes, the
redox peak currents (ip) exhibit a linear relationship with the square
root of the scan rate (ν1/2) that originates from the diffusion-limited
intercalation/deintercalation processes of the lithium ions. Both coating
materials reveal a different effect on lithium-ion diffusion. Based on Eq.
(1), the value of lithium-ion diffusion (DLi

+) was calculated for NCM,
Al-O-2, and Li-Al-O-2 as summarized in Table 1. DLi

+ value of Li-Al-O-2
is higher than those of NCM and Al-O-2, indicating that the LiAlO2

coating layer improves lithium-ion diffusion during the extraction/in-
sertion processes. Additionally, the improved Li+ diffusion originated
from LiAlO2 coating may inhibit the formation of NiO-like phases on
the NCM surface, which may reduce the interfacial resistance between
the cathode and electrolyte. Therefore, the LiAlO2 coating can better
improve the rate capability of the cathode materials.

To further investigate the possible reasons for enhanced perfor-
mance of the Al2O3- and LiAlO2-coated NCM, EIS was performed at a
discharged state of 4.0 V in the frequency range from 1 mHz to
100 kHz, as represented in Fig. 10. Each of the resulting impedance
spectra comprises three regions: (i) a semicircle in the high frequency
region related to the interfacial film resistance [solid electrolyte inter-
face (SEI)]; (ii) a semicircle at the intermediate frequency region re-
presenting the charge interfacial capacitance and transfer resistance at
the electrode/electrolyte interface; (iii) a sloping line at the low fre-
quency region associated with the Warburg impedance representing

lithium-ion diffusion through the solid electrode [18,40,46]. In the
equivalent circuit as shown in Fig. 10c, Rs represents the resistance of
the electrolyte solution, Rf is the resistance of the surface SEI film, Rct

corresponds to the charge transfer resistance, CPE is the capacitance of
the electrode/electrolyte double layer, and W1 represents the Warburg
impedance. All the impedance spectra were fitted with the equivalent
circuit to calculate the values of Rs, Rf, and Rct, as listed in Table 2.
Notably, the Rs values for NCM, Al-O-2 and Li-Al-O-2 are similar, sug-
gesting that neither coating dissolves in the electrolyte to affect the
solution composition and conductivity. Furthermore, the Rf+ct value
increase upon subsequent cycling. In comparison, the initial NCM Rf+ct

value increases from 181.1 to 449.4 after 30 cycles, whereas those of
Al-O-2 and Li-Al-O-2 increase from 121.5 to 283.4 and from 71.1 to
149.2, respectively. The Rf+ct of Al-O-2 and Li-Al-O-2 are significantly
smaller than that of NCM. This data suggests that the Al2O3 and LiAlO2

coating layers can suppress the interface side reactions between the
cathode and electrolyte to reduce the interfacial resistance. Moreover,
Li-Al-O-2 has a smaller Rf+ct value than Al-O-2, probably due to im-
proved lithium-ion diffusion. The improved NCM performance can
therefore be attributed to the physical properties of the LiAlO2 coating,
particularly its superior lithium-ion conductivity. Moreover, the EIS of
an increased LiAlO2 coating content was performed on NMC (Fig. S4).
Our results indicate that as a coating material of NMC, utilization of an
ultrathin lithium-ion conductive LiAlO2 significantly reduces the

Fig. 8. (a) Cycle performance of NCM, Al-O-2, and
Li-Al-O-2 at a rate of 0.2 C (50 mA g−1) in a voltage
range of 2.7–4.5 V vs. Li/Li+; (b) rate capability of
NCM, Al-O-2, and Li-Al-O-2 at various current den-
sities in the range of 25–750 mA g−1 in a voltage
range of 2.7–4.5 V vs. Li/Li+; (c) cycle performance
of NCM, Al-O-2, and Li-Al-O-2 at a current density of
0.2 C in a voltage range of 2.7–4.7 V vs. Li/Li+; (d)
rate capability of NCM, Al-O-2, and Li-Al-O-2 at
various current densities in the range of
25–750 mA g−1 in a voltage range of 2.7–4.7 V vs.
Li/Li+. (e) The comparison of cycle performance of
NCM, Al-O-2, and Li-Al-O-2 with an electrochemical
window of 2.7–4.5 V vs Li/Li+.
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interfacial resistance between the cathode and electrolyte. To further
support our conjecture, the surface morphologies of NCM, Al-O-2, and
Li-Al-O-2 after 100 charge/discharge cycles at a cutoff voltage of 4.7 V
are shown in Fig. S5. As opposed to the pristine morphology in Fig. 2a,
small cracks can be observed on the surface of the cycled NCM (Fig.

S5a). In contrast to NCM, both Al-O-2 and Li-Al-O-2 morphologies ex-
hibit a relatively small change (Fig. S5b and c). At the primary particle
surface, under HF acid etching during phase transformation, the

Fig. 9. CV curves of (a) NCM, (b) Al-O-2 and (c) Li-
Al-O-2 at various scan rates; (d) the relationship of
the peak current (ip) and the square root of scan rate
(v1/2).

Table 1
The lithium-ion diffusion coefficients of NCM, Al-O-2 and Li-Al-O-2.

DLi
+ (cm2 s−1) Li-insertion Li-extraction

NCM 6.58 × 10-12 3.17 × 10-12

Al-O-2 5.84 × 10-12 2.26 × 10-12

Li-Al-O-2 7.12 × 10-12 4.30 × 10-12

Fig. 10. Nyquist plots and fitting data of NCM, Al-O-
2, and Li-Al-O-2 electrodes with an amplitude of
5.0 mV over a frequency range of 100 kHz to 0.01 Hz
in the discharged state of 4.0 V: (a) in the 1st cycle;
(b) in the 30th cycle; (c) the equivalent circuit.

Table 2
Electrochemical resistance of NMC, Al-O-2 and Li-Al-O-2 at various cycle.

Cycle
number

1st cycle (4 V vs Li/Li+) 30th cycle (4 V vs Li/Li+)

Rs Rf Rct Rf+ct Rs Rf Rct Rf+ct

NCM 3.007 97.5 83.65 181.15 3.226 305.7 143.7 449.4
Al-O-2 3.246 52.95 68.61 121.56 3.77 225.8 56.66 283.46
Li-Al-O-2 3.363 33.84 37.31 71.15 3.623 91.5 57.7 149.2
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structural degradation of the NCM cathode is triggered by evolution
and the slow surface dissolution of the transition metal ions [13,17].
The results confirm that the Al2O3 and LiAlO2 coatings are effective in
improving the interface stability between the electrode active materials
and electrolytes owing to protection of the NCM electrode from struc-
tural degradation during cycling.

4. Conclusions

Ultra-thin LiAlO2 films with enhanced ionic conductivity were
successfully designed and coated onto NCM via a sol-gel process，and
their effect, compared to non-ionic conductive Al2O3 interfacial coat-
ings, was investigated. Both coatings addressed the limitations ex-
hibited by NCM, such as structural instability, dissolution of metal ions,
and decomposition of the electrolyte. Compared to the Al2O3 coatings,
however, the controllable and ultra-thin LiAlO2 coating can be more
effective in improving the cycling stability and rate capability of the
NCM cathodes. This was attributed to the signification stabilization of
the average discharge voltage especially at high cutoff voltages and
current densities, as well as better lithium-ion transfer at the engineered
interfaces. Therefore, this work demonstrates that the utilization of li-
thium-ion conducting films provides avenues of opportunity for
building high performance cathode materials for LIBs.
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