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Li(Ni0.6Co0.2Mn0.2)O2 has been surface-modified by the lithium-ion conductor Li1.4Al0.4Ti1.6(PO4)3 via a facile
mechanical fusion method. The annealing temperature during coating process shows a strong impact on the surface mor-
phology and chemical composition of Li(Ni0.6Co0.2Mn0.2)O2. The 600-◦C annealed material exhibits the best cyclic sta-
bility at high charging cut-off voltage of 4.5 V (versus Li+/Li) with the capacity retention of 90.9% after 100 cycles, which
is much higher than that of bare material (79%). Moreover, the rate capability and thermal stability are also improved by
Li1.4Al0.4Ti1.6(PO4)3 coating. The enhanced performance can be attributed to the improved stability of interface between
Li(Ni0.6Co0.2Mn0.2)O2 and electrolyte by Li1.4Al0.4Ti1.6(PO4)3 modification. The results of this work provide a possible
method to design reliable cathode materials to achieve high energy density and long cycle life.

Keywords: lithium-ion batteries, cathode, Ni-rich oxide, solid electrolyte, coating
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1. Introduction
Lithium-ion batteries (LIBs) have become the most suit-

able candidates for use in modern society because of their high
energy density, long cycle life, and environmentally friendly
characteristics. Further increasing the energy density and re-
ducing the cost have become important directions for the de-
velopment of LIBs.[1] Li(NixCoyMnz)O2 (denoted as NCM,
x+ y+ z = 1) has attracted wide research attention as a high
density cathode material due to its higher discharge capacities
and lower cost than cobalt based cathode materials.[2]

The attainable capacity of NCM at the same charging cut-
off voltage increases with the increase of Ni content. However,
the higher Ni content leads to more significant irreversible
structural transformation in the course of lithium extraction,
posing great challenges for the development of NCM oxides
with higher Ni content. At present, Li(Ni0.6Co0.2Mn0.2)O2

(NCM622) is one of the NCM cathode materials close to com-
mercialization with good cyclic stability and acceptable level
of safety performance. The practical reversible capacity of
NCM622 is about 170 mAh/g at a charging voltage of 4.3 V
(versus Li+/Li), which is much lower than the theoretic ca-
pacity (277 mAh/g).[3,4] If a higher charging voltage can be
reached, then the usable capacity will be further improved.
However, NCM622 suffers from poor cycle stability and se-

vere safety issues especially at higher charging voltage. Un-
stable surface and interface characteristics are the main causes
of these problems. The irreversible phase transitions from
layered structure to spinel and NiO-type rock-salt phases at
particles surface accompanied by the transition metal dissolu-
tion will cause a series of problems such as the capacity de-
cay and gas release.[5,6] Furthermore, the unstable interface
between the electrode and electrolyte is another main chal-
lenge to the successful application of NCM622 at high volt-
age. The decomposition of electrolyte and formation of cath-
ode electrode interphase (CEI) may increase the interfacial re-
sistance, and block the transportation of Li-ion and exhaust
electrolyte.[7,8] Numerous studies have been devoted to im-
proving the cyclic stability of NCM622 using various kinds of
approaches. Detailed technical strategies include surface coat-
ing, concentration gradient design, and adding additives into
the electrolyte.[9,10]

Surface coating has been considered as the most effective
approach to protect the particles of NCM622. Of the various
coating materials, oxides are the most commonly used ones.
By coating with Al2O3, TiO2, ZrO2, etc., the cyclic stability
of NCM622 materials can be greatly improved.[11–13] How-
ever, these oxide coating materials are often electronic insu-
lators with poor Li-ion conductivity, which will introduce ad-
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ditional resistance to Li-ion diffusion and charge transfer at
surface. To solve this problem, Li-ion conductors are likely to
be more promising coating materials. Solid electrolytes such
as Li3PO4, Li1.4Al0.4Ti1.6(PO4)3 (LATP), and Li7La3Zr2O12

(LLZO) are good choices because of high Li-ion conductivity
and wide electrochemical window.[14–16] Among them, Na su-
per ionic conductor (NASICON)-type LATP shows great po-
tential for practical application for its low cost and preferable
performance. In previous studies, LATP has been successfully
coated on Li1.2Ni0.13Co0.13Mn0.54O2 and LiCoO2, and the
coated materials showed good cyclic stability due to the sta-
ble interface between cathode materials and electrolyte.[17,18]

Choi et al. first introduced LATP into the NCM622 as a coat-
ing material and proved it an effective method to improve the
cell performance (charging cut-off voltage of 4.3 V).[19] How-
ever, the coating effects of LATP at higher charging cut-off
voltage have not been systematically studied.

In this work, LATP modified NCM622 oxides have been
synthesized using a simple mechanical fusion method. The
influences of heat-treatment temperatures on the electrochem-
ical performance of LATP coated NCM622 samples are sys-
tematically studied. The 600-◦C heat-treated sample shows
significantly improved electrochemical performance with the
best cycle performance at a high charging cut-off voltage of
4.5 V.

2. Experiment
2.1. Synthesis

The LiNi0.6Co0.2Mn0.2O2 was prepared by solid-state
sintering method. The mixture of the commercial precur-
sor [Ni0.6Co0.2Mn0.2](OH)2 and LiOH·H2O powders was first
heated at 450 ◦C for 5 h and then heated at 850 ◦C for 15 h in
air to obtain the LiNi0.6Co0.2Mn0.2O2 powder. For the synthe-
sis of LATP, Li2CO3, Al2O3, TiO2, and NH2H2PO4 precur-
sors were ground by ball milling and heated at 400 ◦C for 2 h
followed by 900 ◦C for 5 h in air. Then, the obtained LATP
was ground through a pulverizer to reduce the particle size
down to hundreds of nanometers. Finally, 1-wt% LATP was
introduced to the NCM622 powder by 20 minutes mechanical
fusion with a mechanical fusion machine (VSH, China). The
obtained materials were heated in air for 4 h at 400 ◦C, 500 ◦C,
600 ◦C, and 700 ◦C, respectively, to get the final LATP modi-
fied NCM622 materials (denoted as LATP-NCM-400, LATP-
NCM-500, LATP-NCM-600, and LATP-NCM-700).

2.2. Characterization

The morphology of bare and LATP modified NCM622
materials were characterized by a field emission scanning
electron microscope (FE-SEM, S4800, Hitachi) with energy
dispersive spectrometer (EDS). The x-ray diffraction (XRD)
data were obtained in the scan range (2θ ) of 10◦–85◦ with

an increment of 0.02◦ on an x-ray diffractometer of D8 Ad-
vance, Bruker (Cu Kα radiation). The electronic conduc-
tivity was conducted by the powder impedance instrument
(Mitsubishi MCP-PD51) using four probe method. The 3-
g powder was placed into a 2-cm diameter cylinder mold.
Then, the electronic conductivity was tested under differ-
ent pressures from 6 kN to 18 kN. The x-ray photoelectron
spectroscopy (XPS) was recorded by an ESCALAB 250 Xi,
Thermo Fisher with monochromatic 150-W Al Kα radiation.
XPS data were analyzed by Avantage and the binding energies
were calibrated by the C 1s line at 284.8 eV. The differential
scanning calorimetry/thermal gravimetric (DSC/TG) measure-
ments were performed on simultaneous thermal analyzer (Net-
zsch STA 449C). For this analysis, cells were charged to 4.5 V
at 0.1 C (1 C = 190 mA/g), and then disassembled in an argon
filled glovebox to get the charged electrodes. The delithiated
electrode was heated in an Al2O3 crucible under argon with a
heating rate of 10 ◦C/min.

2.3. Electrochemical measurement

The working electrodes were prepared by casting the mix-
ture of cathode material 80.0 wt%, super P 10.0 wt%, and
polytetrafluoroethylene (PVDF) 10.0-wt% dissolved with N-
methyl pyrrolidone (NMP) solvent onto Al foil (12 µm in
thickness). The electrodes were punched into disks and then
dried at 120 ◦C in vacuum for 12 hours. The loading mass
of active material in the electrode is around 3 mg/cm2. The
electrochemical performance was tested using CR 2032 coin
cell, assembled in a glove box filled with argon. 1-M LiPF6

in ethylene carbonate (EC) and dimethyl carbonate (DMC)
(1:1 in volume) was used as electrolyte. Li foil (500 µm) was
used as the counter electrode and Al2O3 coated polyethylene
(15 µm) was used as the separator. The charge and discharge
tests were carried out using a Land CT2001A battery test sys-
tem (Land, Wuhan, China) at room temperature. The electro-
chemical impedance spectroscopy (EIS) measurements were
performed at 25 ◦C by using an IM6e impedance analyzer with
a perturbation of 5 mV in the frequency range 25 mHz–1 MHz.

3. Results and discussion
The morphology of bare NCM622, LATP, and LATP

modified samples are shown in Fig. 1. The surface of bare
NCM622 is smooth and clean, and the secondary micro-
spheres consist of primary particles with a size of 300 nm–
700 nm (Figs. 1(a) and 1(b)). The inset of Fig. 1(a) shows
the morphology of LATP, whose diameter is in the range of
200 nm–500 nm. The detailed morphology of the LATP modi-
fied NCM622 with different annealing temperatures of 400 ◦C,
500 ◦C, 600 ◦C, and 700 ◦C is displayed in Figs. 1(c)–1(f),
respectively. It can be seen that the LATP nano sheets are uni-
formly distributed on the surface of LATP-NCM-400. As the
annealing temperature increases to above 600 ◦C, the LATP
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nano-particles begin to disappear gradually and the coated
LATP layer becomes almost invisible at 700 ◦C. This phe-
nomenon indicates the “melting” of the LATP coating layer
and likely the diffusion into the interior of the NCM622 parti-
cle. To further confirm that the LATP still exists on the surface

of the cathode particles, EDS mapping is performed to investi-
gate the elemental distribution on the surface of LATP-NCM-
700 (Fig. 2). It is clear that the Ti, Al, and P elements are
uniformly distributed on the surface of NCM622, indicating
the homogeneous distribution of LATP.

5 μm 300 nm 300 nm

300 nm300 nm300 nm

500 nm

LATP

NCM622(a) (b) (c)

(d) (e) (f)600 ºC

4 00 ºC

500 ºC 700 ºC

bare

Fig. 1. SEM images of (a) bare NCM622 at low magnification with raw LATP in the inset, (b) bare NCM 622 at high magnification,
and 1-wt% LATP modified NCM622 after annealing at (c) 400 ◦C, (d) 500 ◦C, (e) 600 ◦C, and (f) 700 ◦C.

Ni Co Mn

Ti Al PO

700 ºC

1 μm

Fig. 2. EDS mappings of LATP-NCM-700 particle.

To understand the influence of LATP coating process
on the bulk structure of NCM622, XRD measurements are
conducted and the results are shown in Fig. 3. All main
peaks can be indexed to the hexagonal α-NaFeO2 structure
with space group of R-3m without an indication of secondary
phase. All XRD patterns show the splitting of (006)/(012)
and (018)/(110) peaks, which verifies a well-grown layered
structure.[20] In addition, it is generally accepted that the peak
intensity ratio of I(003)/I(104) is related to the degree of cation
mixing.[21] The value is 1.43 for bare NCM622 and increases
to more than 1.68 for these LATP modified NCM622 samples,
indicating a less extent of cation mixing after heat treatment.
These experimental results suggest that the LATP modification

does not obviously change the crystal structure or introduce an
impurity phase of NCM622.

The influence of LATP on the electronic conductivity
of NCM622 is also investigated by powder impedance mea-
surements. As shown in Fig. 4, the electronic conductiv-
ity of LATP modified samples is lower than the bare one
due to the electronic insulation characteristic of LATP. The
electronic conductivity decreases gradually from 400 ◦C to
600 ◦C, which is correlated with the growing up process of
LATP nano-particles during heating process. While at 700 ◦C,
the LATP particles have totally diffused into NCM622 surface,
leading to the recovery of electronic conductivity. These re-
sults are consistent with the SEM images.
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Fig. 3. XRD patterns of bare and LATP modified NCM622 materials.

To further study the surface chemical status of the bare
NCM622 and LATP modified NCM622, XPS measurements
are performed. Figure 5 shows the O 1s, P 2p, Ti 2p, and Ni
2p XPS spectra for different samples. The first narrow peak
at 529.1 eV in all O 1s spectra (Fig. 5(a)) is related to the lat-
tice oxygen in NCM622, while the second peak at 531.6 eV
can be entirely attributed to the Li2CO3 residual. Li2CO3 of-

ten appears on layered oxide cathode materials resulting from
the chemical reaction with H2O and CO2 in the air, especially
for the Ni-rich materials.[22] This peak shifts to 531.3 eV for
LATP modified NCM622 due to the P–O bond in LATP. How-
ever, it is rather difficult to clearly separate the signal from
CO2−

3 and P–O bond in this broad peak. The P 2p spectra
shown in Fig. 5(b) further prove the existence of P–O bond.
The peak positions of P-O bond in both O 1s and P 2p spectra
are almost unchanged for different heat treated samples, indi-
cating the similar chemical environment between P and O ions.
The Ti 2p peaks gradually shift to low binding energy side as
the temperature increases (Fig. 5(c)), which is likely due to
the chemical reaction between LATP and NCM622. At the
same time, there is no oxidation state change of Ni, as shown
in Fig. 5(d), demonstrating that the coating process does not
affect the surface composition of NCM622 obviously.
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Fig. 4. The electronic conductivity of bare and LATP modified
NCM622 materials.
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Fig. 5. The O 1s (a), P 2p (b), Ti 2p (c), and Ni 2p (d) XPS spectra of bare and LATP modified NCM622 materials.
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Quantitative analysis of O 1s and P 2p XPS spectra is
conducted to reveal the change of surface composition for dif-
ferent NCM622 samples. Due to the overlap of the peaks of
CO2−

3 and P–O in O 1s spectra, accurate determination of the
quantity for CO2−

3 and P–O only by O 1s spectra is very dif-
ficult. Considering PO3−

4 (P:O = 1:4) in LATP, the content
of P–O peak in O 1s is estimated by four times the content
of P-O in P 2p. As shown in Fig. 6(a), the relative ratio of
XPS signal from lattice oxygen increases with temperature,
indicating that the exposure of more NCM622 particle sur-
face after high temperature annealing process. Meanwhile,
the amount of Li2CO3 on LATP modified NCM622 samples
is obviously reduced compared to the bare NCM622. And it
decreases slightly with the increase of the annealing tempera-
ture. According to the previous literature, the Li2CO3 induced
by side reactions with air or moisture exposure could cause
poor electrochemical performance of layered oxide cathode at
high charging cut-off voltage.[23,24] Moreover, the content of
P–O reduces with the increase of temperature, indicating the
diffusion of LATP into the NCM622 surface at high tempera-
ture. This is consistent with the SEM observations. Based on
these results, the change of NCM622 surface after LATP mod-
ification during heat treatment is concluded by the schematic
diagram, as shown in Fig. 6(b).

Higher T

NCM622NCM622

L
i2
C

O
3

LATP coating Diffusion(b)

(a)

0

4

8

12

30

40

50

60

bare 

A
to

m
ic

 r
a
ti
o
/
%

lattice O CO2-
3

P-O P-O

400 C 500 C 600 C 700 C

Fig. 6. (a) Quantitative analysis of O 1s and P 2p XPS spectra of bare
and LATP modified NCM622 materials. (b) Schematic diagram for the
surface evolution of LATP modified NCM622 during annealing process.

The electrochemical performance of bare and LATP mod-
ified NCM622 are evaluated to verify the effect of coating.
Figure 7(a) exhibits the initial charge/discharge curves at 1 C
(1 C = 190 mA/g) between 2.8 V and 4.5 V for bare and LATP
modified NCM622 samples. The initial discharge capacities
for different samples are summarized in Table 1. Except for
LATP-NCM-600, the modified materials show slightly lower

discharge capacities than the bare one. The cycling stability
of different samples at 1 C in the voltage range of 2.8 V–4.3 V
and 2.8 V–4.5 V is shown in Figs. 7(b) and 7(c), respectively.
The values of the initial and 100th-cycle discharge capacities
and the capacity retention ratios are summarized in Table 1.
For the bare NCM622 materials cycled at 4.3 V, relatively
stable cycle performance can be achieved with 91.7% of ca-
pacity retention after 100 cycles. The capacity retention ratios
increase for these LATP modified NCM622 samples. Among
them, LATP-NCM-600 exhibits the highest capacity reten-
tion of 98.2% over 100 cycles followed by LATP-NCM-700,
LATP-NCM-500, and LATP-NCM-400. The initial capacity
can be further improved about 20 mAh/g by increasing the
charging cut-off voltage to 4.5 V, but this benefit is always
counteracted by the degraded electrochemical stability. For
the bare NCM622, the capacity retention value drops from
91.7% to 79% after 100 cycles. However, much better ca-
pacity retention can be achieved for LATP-NCM-600 (98.2%,
4.3 V versus 90.9%, 4.5 V), indicating that LATP modifica-
tion can greatly improve the performance of NCM622, even at
high voltage. The extent of the improvement is affected by the
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Fig. 7. (a) The initial charge and discharge curves for bare and LATP
modified NCM622 cathodes cycled in the voltage range of 2.8 V–4.5 V.
Cycle performance in the voltage range of (b) 2.8 V–4.3 V and (c) 2.8–
4.5 V for bare and LATP modified NCM622 cathodes. All cells were
cycled at 1 C rate (1 C = 190 mA/g).
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annealing temperature during the coating process. The de-
tailed mechanism can be attributed to different surface condi-
tions of LATP modified NCM622 under various temperatures.
It can be proposed that the suitable content of surface dop-
ing and coating of LATP can be achieved on LATP-NCM-600

according to the SEM and XPS results. This surface modi-
fied layer can effectively reduce the side reaction by avoid-
ing the direct contact between cathode materials and elec-
trolyte, and inhibit the harmful phase transition on the surface
of NCMM622 by doping of P, Ti, and Al ions.

Table 1. Typical discharge capacity values of various NCM622 (unit: mAh/g).

Cycle number Bare NCM622 400 ◦C 500 ◦C 600 ◦C 700 ◦C

2.8 V–4.3 V
1st 169.1 166.3 167.8 169.4 168.6

100th 155.1 157.0 162.2 166.4 164.7
Capacity retention ratio 91.7% 94.4% 96.7% 98.2% 97.7%

2.8 V–4.5 V
1st 188.2 185.2 186.7 188.9 187.1

100th 148.6 153.7 161.3 171.8 168.9
Capacity retention ratio 79.0% 83.0% 86.4% 90.9% 90.3%
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Fig. 8. Discharge curves of (a) bare NCM622 and (b) LATP-NCM-600
at different current densities between 2.8 V and 4.5 V.

The rate performance of bare NCM622 and LATP-NCM-
600 in the voltage range of 2.8 V–4.5 V are further studied, as
shown in Fig. 8. The fact that the capacity at 0.2 C for LATP-
NCM-600 is lower than the bare one may result from the de-
creased electronic conductivity (Fig. 4). While at a current rate
above 1 C, LATP-NCM-600 exhibits superior rate capability.
Even at a high discharging rate of 10 C (1 C = 190 mA/g),
LATP-NCM-600 still maintains a discharge capacity as high
as 152.6 mAh/g, which is much higher than the bare one
(137.5 mAh/g). In addition, the discharge voltage fading for
bare NCM622 is more severe at high current density than
LATP-NCM-600. The reduced polarization and improved ca-
pacity retention of LATP-NCM-600 can be attributed to the

optimized surface properties and the high Li+ conductivity of
LATP.
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Fig. 9. The EIS curves of bare NCM622 and LATP-NCM-600/Li half
cells measured after (a) the 100th cycle in the range of 2.8 V–4.3 V
with an inset image of the equivalent circuit model, (b) the 50th, and (c)
100th cycle in the range of 2.8 V–4.5 V. The spectra were collected at
25 ◦C between 1 MHz and 25 mHz with a voltage amplitude of 5 mV.

EIS measurements are performed to understand the rea-
sons for the improvement of electrochemical performance.
The EIS spectra for half cells with bare NCM622 and LATP-
NCM-600 sample are measured after the 100th cycle with a
cutoff voltage of 4.3 V and after the 50th and 100th cycles with
a cutoff voltage of 4.5 V, as shown in Figs. 9(a), 9(b), and 9(c),
respectively. Three regions can be recognized in these spec-
tra, including a high frequency semicircle ascribed to cath-
ode/solid electrolyte interphase (CEI/SEI) formation (RSEI), a
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mediate frequency semicircle ascribed to charge transfer pro-
cess (Rct), and a short slope line at low frequency ascribed to
diffusion process (W ). The equivalent circuit is given in the
inset of Fig. 9(a). Note that the slope line is completely ab-
sent for bare NCM in Fig. 9(c) due to the slow charge transfer
process after 100 cycles. After cycling, the RSEI for LATP-
NCM-600 is slightly lower than the bare material, while the
Rct changes a lot by LATP modification, especially at high
voltage and after repeated cycling. It can be proposed that
the dramatic increasing of Rct for bare NCM622 during cy-
cling leads to the rapid performance decay. With the LATP
modification, the surface side reaction and irreversible phase
transition could be partial inhibited, leading to a stable inter-
face independence of LATP-NCM-600.
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Fig. 10. (a) The DSC and (b) TG curves for bare NCM622 and LATP-
NCM-600 electrodes after the first charge to 4.5 V.

In addition to the electrochemical performance, thermal
stability is another major concern for the large-scale applica-
tion of cathode materials. Layered oxide cathodes with high
nickel content at high delithiated state often show accelerated
thermal runaway due to the rapid Ni reduction and oxygen
release.[25] Surface modification has been reported as an ef-
fective method to enhance thermal stability. DSC/TG mea-
surements are carried out to compare the thermal stability be-
tween bare NCM622 and LATP-NCM-600. After charging to
4.5 V, the exothermic reaction of bare NCM622 is initiated at
231.1 ◦C (Fig. 10(a)), which can be attributed to the transi-
tion metal reduction and O2 release of NCM622. After LATP
modification, the initial temperature of this exothermic peak
delays to appear at higher temperature (234.8 ◦C). The TG re-
sults in Fig. 10(b) also exhibit a deferred starting temperature
of weight loss and mitigated weight loss amount for LATP-
NCM-600 compared to the bare one. These results illustrate
the improved thermal stability of NCM622 by LATP coating.

4. Conclusion
In conclusion, solid electrolyte LATP has been employed

as a coating material for NCM622 cathode through a simple
mechanical fusion method, which shows that the electrochem-
ical performance and thermal stability of NCM622 have been
greatly improved after coating. Among these LATP modified
samples, 600-◦C annealed material exhibits the best cyclic sta-
bility even at a high charging cut-off voltage of 4.5 V. The
enhanced performance can be attributed to the improved in-
terfacial properties by LATP modification, which reduces sur-
face Li2CO3 impurity and enhances the stability and charge
transfer process on surface. This work highlights that the solid
electrolytes may be promising candidates as coating materials
for the next generation high energy density cathode materials
and the treating temperature is very important for the coating
process.
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