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Abstract

Ni-rich layered cathode materials LiNi,Co,Mn;_, ,,O, (x>0.8) suffer from capacity decay due to structural deterioration
during electrochemical cycling. To overcome these problems, the fast-ion conductor Lij, 33L.a, 51105 (LLTO) is coated on
the surface of LiNi, ¢;Co, ,Mn) (50, (NCM83) cathodes through the sol—gel method, which can stabilize the electrode/elec-
trolyte interface of cathode materials and facilitate Li* transport and charge transfer. As a result, the LLTO-coated NCM83
exhibits better cycle stability and higher rate performance. The NCM83 modified by 5 wt% LLTO has the discharge capacity
of 185.9 mAh g™! at 1C rate after 100 cycles and with higher capacity retention of 92.9% than the pristine NCM83 of 86.2%,
and as well as the 5 wt% LLTO-coated NCM83 has a higher Li*-insert diffusion coefficient of 1.143 x 10! cm? s~! than the
pristine NCM83 of 8.757 x 10712 cm? s~!. Therefore, the fast-ion conductor LLTO coating strategy shows great potential in

improving the performance of Ni-rich layered cathode materials.
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Introduction

High-specific energy lithium-ion batteries (LIBs) have
been widely used in electric vehicles. The development of
electrode materials with high energy density and enhanced
safety is a crucial research focus for LIBs. Among the
promising electrode materials, Li-rich layered cathode
materials, Ni-rich layered cathode materials, and lithium
metal anode materials have drawn significant attention
[1-4]. Specifically, Ni-rich layered cathode materials, such
as LiNi,CoMn;_, ,O, (x> 0.8, NCM), exhibit high real
energy, high operating voltage, and reasonable prices and
are considered as the future trend of cathode materials [5,
6]. However, these materials suffer from capacity decay due
to structural deterioration during electrochemical cycling
[7-10]. Various strategies have been devoted to improv-
ing the structural stability of these materials, including
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elemental doping [11-13], surface coating [14-16], and
structural design [17-19].

Among them, the surface coating can prevent the surface
of NCM cathode materials from directly contacting with
organic electrolyte, reduce the interface side reaction, and
thus improve the cycle stability of the NCM cathodes. The
common coating agents mainly include oxides (AlO5 [20,
21], MgO [22, 23]), phosphates (FePO, [24, 25], Ni;(PO,),
[26, 27]), and fluorides (CaF, [28, 29], AlF; [30, 31]).
However, these materials have poor ionic and electronic
conductivity, which will hinder the migration of ions and
electrons and increase the electrochemical polarization and
interface impedance. As such, alternative coating materials
with excellent lithium ion conductivity, wide electrochemi-
cal window, and good thermal stability have been explored.

Lithium-ion-based fast-ion conductors have emerged as
effective coating materials in this context. For example, Yan
et al. [32] used Li,;PO, to coat the LiNi, ;4Mn ;,Coq 100,
materials by using the atomic layer deposition method, which
greatly improved the capacity retention and voltage stability
of the materials. Xiao et al. [33] used LiTa,POg as a coating
layer to modify the LiNi, ¢Mn, ;Co, ;O, cathodes, and the
capacity retention increased from 71.58% to 84.85% after
100 cycles. It is pointed out that Li; La,;  TiO; (LLTO) as
fast-ion conductor with higher ion conductivity (up to 1073
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S-cm™!), making it an excellent candidate as a coating mate-
rial. Fan et al. [34] used crystalline Li, 55L.a, 5sTiO5 (LLTO)
as a surface coating layer to enhance the structural stabil-
ity of the single-crystal LiNij, (Co, ,Mn, ,0, (SNCM622)
cathode in sulfide-based all-solid-state lithium batteries,
the S-NCM622@LLTO cathode exhibit excellent cycling
performance with 84.5% capacity retention after 100 cycles
at 0.1 C at room temperature. Liu et al. [35] enhanced the
electrochemical performance of LiNi, (Co,,Mn,,0, by
amorphous LLTO surface modification.

In general, Ni-rich layered cathode materials are easy to
form lithium residues (such as LiOH, Li,O) on the material
surface during high-temperature synthesis. Then Li,O react
with moisture and CO, in the air generating lithium residual
compounds such as Li,CO5, LiIHCO;, and LiOH. Besides,
during the process of cooling and storing, the surface layer
of the cathode material is reconstructed, and lithium is
removed from the lattice and reacts with H,O and CO, in
the air to form lithium residual compounds [36-38]. Lithium
residual compounds will accelerate the decomposition of the
electrolyte [39], increase the transfer impedance of Li* ions
at the electrode/electrolyte interface, and thus deteriorate the
electrochemical performance of the cathode material [40].
From above, it shows that lithium residues will be formed
during the high-temperature synthesis of Ni-rich cathode
materials; therefore, it is inefficient to eliminate the lithium
residual by coating fast ion conductors on the surface of such
cathode materials.

Here, we propose an ingenious strategy to inhibit the for-
mation of these lithium residues and form a uniform LLTO
coating layer on the surface of the LiNi ¢;Co, ;,Mng 450,
cathode materials. Firstly, LLTO precursor is formed on
the surface of Ni 4:Co, ;,Mny os(OH), precursor by sol—gel
method, and then LLTO-coated LiNij g3Co 1,Mn 450, is
synthesized by one-step high-temperature sintering. This
method can make the LiNi,, g3Co, ;,Mny 45O, cathode materi-
als form close interface contact with the fast ion conductor, as
well as inhibit the formation of surface lithium residues, and
then the electrochemical properties of LiNi g3Coq 1,Mny 450,
cathode materials are greatly improved.

Experiment

Preparation of pristine-NCM and NCM83-LLTO

The precursor Ni g;Co, 1,Mny os(OH), was prepared by the
co-precipitation method. The Ni 4;Co, 1,Mn, s(OH), pre-
cursor was first mixed with LiOH-H,O (5 mol% excess) and
then calcined at 550 °C for 6 h and at 780 °C for 12 h to
obtain LiNi; g;Coq ;Mn; 450, (NCM83).
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LLTO-coated NCM83 was prepared as follows:
LiOH-H,0 (99.9%, Aladdin), La(NO3);-6H,0 (99.99%,
Aladdin), and Ti(C,HyO), (99%, Aladdin) were dissolved
in anhydrous ethanol in the molar ratio of 0.33:0.56:1 to
obtain a mixed solution. An appropriate amount of citric
acid was added and stirred for 6 h. Then a certain amount
of Ni g3Co, 1,Mn os(OH), was added and sonicated for 2 h
to make it fully dispersed, followed by stirring in a water
bath at 80 °C until the solvent evaporated. The obtained
precursors were dried in air at 120 °C for 12 h, mixed with
LiOH-H,O0 after grinding and crushing, held at 550 °C for
6 h and at 780 °C for 12 h for sintering, and then reduced to
room temperature to finally obtain NCM83-LLTO materials.
The obtained composites with different amounts of LLTO
(3, 5,7, and 50 wt%) are denoted as NCM83-0.03LLTO,
NCM83-0.05LLTO, NCM83-0.07LLTO, and NCM83-
0.5LLTO, respectively.

Structure and morphology characterization

The diffraction data of the samples were obtained by
X-ray diffractometer (Bruck D8 Advance, Germany) at the
scanning angle range of 10° ~85° with a scanning rate of
5°-min~!. Field emission scanning electron microscope
(SEM) (ZEISS SIGMA300) and transmission electron
microscope (TEM) (Tecnai G2-20) were used to study mor-
phology and detailed structure of the obtained samples. The
specific surface area of the sample was measured by the
Bruner-Emmett-Taylor (BET) method, which was based on
a nitrogen adsorption—desorption test performed at 77.3 K
with a Micromeritics ASAP 2020 automatic microporous
chemical adsorption physical adsorption analyzer. An X-ray
photoelectron spectroscopy (XPS) (Thermo Scientific
K-Alpha) was used to analyze the chemistry of the sample
element’s valence.

Electrochemical measurement

The active material, polyvinylidene fluoride (PVDF), and
acetylene black (SP) were weighed according to the mass
ratio of 8:1:1, and N-methyl-pyrrolidone (NMP) was added
as the solvent to make the slurry mixed well. After mixing
well, the slurry was evenly coated on the current collec-
tor Al foil and then cut into small discs with a radius of
6 mm and dried in a vacuum drying oven at 60 °C for 12 h.
The obtained electrode sheet was assembled into CR2032
button batteries using a lithium sheet as the counter elec-
trode, Celgard 2300 type diaphragm as a separator, and
1 mol L™! LiPF, ethylene carbonate/diethyl carbonate (EC/
DEC) solution as the electrolyte in a glove box filled with
argon. The electrochemical measurements were conducted
to test the rate and cycle performance of prepared samples
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through the automatically galvanostatical battery test sys-
tem (NEWARE). The electrochemical impedance measure-
ment was characterized by the CHI660E electrochemical
workstation with a frequency of 0.01 Hz-100 kHz. Cyclic
voltammetry (CV) was performed on the electrochemical
workstation (CHI660E) at voltages ranging from 2.5t0 4.6 V

in the scanning rate from 0.1 to 1 mv s~

Results and discussion
Structure and morphology analysis

Figure 1a shows the XRD diffraction patterns of Pristine-
NCMS83 and three different ratios of NCMS83-LLTO.
The comparison with the standard PDF card of LiNiO,
(PDF#09-0063) shows that the samples are all hexagonal
crystalline a-NaFeO, layered structure with a space group
of R3m. From the apparent diffraction peak splitting of the
(006)/(102) and (108)/(110) pairs, an ordered layered struc-
ture is formed, and the c/a values are higher than 4.9 [41]. In
addition, no corresponding LLTO phases are detected in the
XRD patterns of the LLTO-coated samples, which may be
caused by the low amount of LLTO coating or the formation
of amorphous coating layers. To verify this, a sample with
an increased coating amount up to 50 wt% is prepared using
the same method, and the test results are shown in Fig. 1b,
in which the diffraction peaks of (110), (200), and (212) are
found to match the LLTO phases (PDF#87-0935).

In order to investigate the effect of LLTO coating on the
surface composition and elemental valence of NCM materi-
als, Pristine-NCM and NCM-0.05LLTO are characterized
with XPS, and the results are shown in Fig. 2. By comparing

Fig. 2a, c, and d, the binding energies of La 3ds, Ti 2p5,,
and Ti 2p,,, can be detected at 853.64 eV, 456.48 eV, and
462.37 eV, respectively [42], which indicating the presence
of LLTO coating on the surface of the coated NCM mate-
rial. In Fig. 2b, after splitting the peaks, the percentages
of Ni** in the Pristine-NCM and NCM-0.05LLTO samples
are calculated to be 33.33% and 30.76%, respectively. The
decrease in the percentage of Ni2* indicates that the LLTO
coating improves the surface stability of the material and
reduces the formation of NiO on the surface [43].

Figure 3 shows the SEM images of the samples and the
EDS and TEM images of NCM83-0.05LLTO. It is discovered
by comparing Fig. 3a—c, and d that all samples are made up of
spherical secondary particles with a diameter of 10 nm, and
the surface of the material becomes rougher with the amount
of LLTO coating increased. In addition, EDS analysis is used
to further confirm the uniformity of the LLTO coating. The
elemental mapping results corresponding to NCM83-0.05
LLTO in Fig. 3e show that the La and Ti components are uni-
formly distributed on the material surface. To further inves-
tigate the detailed microstructure of LLTO-coated NCMS83,
TEM tests are performed on NCM83-0.05LLTO as shown
in Fig. 3f, and the HRTEM images show two different crys-
tal plane spacings corresponding to the (112) face of LLTO
(d~0.220 nm) and the (003) face of NCM83 (d~0.472 nm)
respectively, and it can be clearly found that NCM83 is uni-
formly covered with a coating of about 2 nm, which is consist-
ent with the test results of XRD and EDS.

The nitrogen adsorption—desorption isotherms and pore
size distribution curves of Pristine-NCM83 and NCM83-
0.05LLTO after coating treatment are obtained by the
Brunauer—-Emmett-Teller (BET) method, as shown in Fig. 4a,
b, and the isotherms are classified according to [IUPAC. The
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Fig. 1 a The XRD diffraction pattern of Pristine-NCM, NCM83-0.03LLTO, NCM83-0.05LLTO, NCM83-0.07LLTO; b the XRD diffraction

pattern of NCM83-0.5LLTO
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Fig.2 XPS profiles of Pristine-NCM and NCM83-0.05LLTO samples and the fitting results of individual elemental profiles: a XPS full spec-

trum; b Ni2p; ¢ Ti2p; d La3d

curves are all type III isotherms, and the pore size distribution
shows that the material is mostly mesoporous. It is calculated
that the specific surface area of NCM83 after coating treatment
changed from 1.5923 to 0.9235 m* g~', and the average pore
size changed from 11.8068 to 16.0260 nm. The reduction of the
specific surface area of the material after coating implies that
the coated LLTO can fill the partial gap of primary particles on
the material surface. The reduction in specific surface area can
reduce the direct contact between the active material and the
electrolyte, thus alleviating the side reactions at the interface.

Analysis of electrochemical performance
Electrochemical tests are performed on pristine NCM83
and LLTO-coated NCM83 to investigate the effect of LLTO

coating on the electrochemical performance of NCM83.
The initial charge/discharge curves of four samples at 0.1

@ Springer

C current density and 2.8-4.2 V voltage range are shown in
Fig. 5a. Compared with the 200.3 mAh g~! discharge capac-
ity of Pristine-NCM, the discharge capacities of NCM8§3-
0.03LLTO, NCM83-0.05LLTO, and NCM83-0.07LLTO are
only 198.0 mAh g7!, 196.3 mAh g~!, and 194.6 mAh g7},
respectively. However, the corresponding coulombic effi-
ciency is 92.06%, 91.24%, and 91.16%, respectively, which
was slightly larger than that of Pristine-NCM83 (91.10%).
The relatively low discharge capacity of the LLTO-coated
NCMBS83 can be attributed to a decrease in the amount of
active material, while the relatively high coulomb efficiency
indicates that the protection provided by the LLTO coating
can reduce side reactions and irreversible capacity loss dur-
ing charging and discharging.

The rate performance is evaluated at various current den-
sities from 0.2 to 5 C at 4.3 V. From Fig. 5b, NCM83-0.05
LLTO exhibits good rate performance, which has a discharge
capacity of 202.2 mAh g=! at 0.2 C in the 30th turn. The



Journal of Solid State Electrochemistry (2023) 27:1501-1510 1505

S F F 8 F F ' F

s B

/

------—_----------'

Fig.3 Scanning electron microscopy images of NCM83-LLTO with different contents of coating a 3 wt%, b 5 wt%, ¢ 7 wt%, d 0; e EDS image
of NCM83-0.05LLTO; f TEM image of NCM83-0.05LLTO at high resolution

capacity of the material coated with 5 wt% LLTO has no  retention rate of 81.2% at 0.2 C. The significantly improve-
significant attenuation after high-rate discharge, which indi-  ment in the NCM83-0.05LLTO rate capability is mainly
cates that the material has good reversibility. In particular,  attributed to the high Li* conductivity of the LLTO coating
the discharge-specific capacity of the LLTO-coated NCM83  layer, which provides a channel for Li* ion during charging
is 157.8 mAh g~! at 5 C, which corresponds to a capacity  and discharging and facilitates the Li* ion transport.
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Fig.5 a First charge/discharge curves of NCM83-LLTO with different contents; b Rate cycling curves of NCM83-LLTO with different contents;
¢ cycling performance curves of NCM83-LLTO with different contents; d EIS fitting curves of NCM83-LLTO with different contents.

Figure 5c shows the cycling curves of four samples at
1 C for 100 cycles at room temperature. After 100 cycles,
the discharge-specific capacities of Pristine-NCM, NCM83-
0.03LLTO, NCM83-0.05LLTO, and NCM83-0.07LLTO
are 172.1 mAh g~!, 181.2 mAh g™, 185.9 mAh g~!, and
183.4 mAh g™, respectively. The LLTO-coated materials
have better cycling performance with capacity retention
rates of 92% or more compared with the uncoated sam-
ples of 86.23%. The excellent cycle performance is mainly
attributed to the fact that the LLTO coating layer inhibits
the surface side reactions and enhances the interface stabil-
ity. After the formation of LLTO coating, the surface gap is
reduced, which reduces the erosion of the primary particles
by the electrolyte, inhibits the growth of microcracks dur-
ing cycling, relieves the accumulation of internal stresses,
and improves the stable performance of the material struc-
ture. The fast-ion conductor can promote ion migration and
alleviate the increase in interface impedance during Li* ion
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deintercalation, so the process of LLTO coating can effec-
tively improve the cycle performance of NCM.

To better understand the effect of the LLTO coating on the
NCM surface, electrochemical impedance spectroscopy is
performed on each sample after 5 cycles at 0.1 C. As shown
in Fig. 5d, the EIS curve consists of three parts, the first arc
represents the semicircle of the high-frequency region of the
surface SEI film impedance (R), the second arc represents
the charge transfer resistance (R.,), and the third part is a

Table 1 Diffusion coefficients of Li* for different samples

Samp]es DLi—insertion (szls_l)
Pristine-NCM 8.757 x 10~'2
NCMS83-0.03LLTO 1.127 x 107"
NCM83-0.05LLTO 1.143 x 107"
NCM83-0.07LLTO 1.123x 107!
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diagonal line representing the Warburg impedance (Zy). The
R,rand R, of the uncoated sample are 37.35 Q and 24.68 €2,
respectively, while the LLTO-coated samples exhibit rela-
tively low impedance values, and the R and R, of NCM-
0.05 LLTO are 29.15 Q and 12.36 Q, respectively. During
the electrochemical reaction, lithium residual reactants may
accumulate on the interface of the material, causing discon-
tinuous electron/ion transfer, resulting in an increase in the
interfacial membrane impedance and charge transfer imped-
ance [44]. The LLTO coating stabilizes the NCM83 surface,
mitigates the electrolyte attack on the material and slows
down the rate of SEI film formation.

To further investigate the electrochemical kinetics of the
cathode materials, cyclic voltammetry tests (CV) are per-
formed on different coating NCM83-LLTO materials. Fig-
ure 6a—c, and d are the 3-loop CV curves at a scan rate of
0.2mV s~! from 2.5 to 4.6 V. The CV curves of the samples
with different LLTO coverings contents show the typical
characteristics of high Ni materials, that is, three-phase tran-
sition processes(H1 — M — H2 — H3) [45] occur in the range
of 3.6-3.9V,3.9-4.0 V, and 4.0-4.3 V, respectively. The AE
difference is usually used to determine the strength of the
polarization and the reversibility of the cycle. The potential
difference is calculated to be the largest for Pristine-NCM
and the smallest for NCM83-0.05LLTO, with potential dif-
ferences of 0.137 mV and 0.067 mV, respectively. Phase
transformation at the end of charging often causes a sharp
contraction of the lattice parameter c, resulting in aniso-
tropic changes in cell volume and local stress accumulation,
which eventually leads to the generation of microcracks. The
LLTO coating can fill some of the voids between the primary
particles to make the material structure more dense, inhibit
the formation and growth of microcracks, and mitigate the
adverse effects of volume change and stress accumulation
during cycling. Therefore, the potential difference of the
LLTO-coated material is smaller, and the reversibility is best
during the charging and discharging process, which is also
consistent with its BET test and cycling test results.

It is obvious that the LLTO coating has a great influence
on the electrochemical performance of the NCM83 materials;
therefore, the cyclic voltammetry (CV) tests with different
scan rates are performed to further investigate the perfor-
mance of the material, and the results are shown in Fig. 6e-h.
Due to the polarization and irreversibility of the material in
the redox process, the potential difference between the oxida-
tion and reduction peaks gradually increases with the increase
of the scanning speed, which is related to the electrode reac-
tion. The diffusion coefficients of lithium ions in the four sam-
ples can be calculated by Eq. (1) [46].

i =2.69 x 10°n3/2AD'/?y!/2C, (1)
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Fig.7 SEM images after 100 cycles (a) Pristine-NCM, (b) NCM8§3-
0.05LLTO

In which the parameter n represents the electron transfer
number of the reactant (n=1 for Li"), A is the active area of
the pole piece, D is the diffusion coefficient of Li*, and C,, is
the change in Li* concentration corresponding to a specific
electrochemical reaction. The peak current (i) varies linearly
with the scan rate (v). From Table 1, as expected, the LLTO-
coated NCM83 has a higher Li" diffusion coefficient, and the
LLTO coating with high ionic conductivity provides a channel
for Li* transport and increases the Li* diffusion rate.

After 100 cycles, the battery was disassembled, and the
morphology of the positive electrode particles was obtained,
as shown in Fig. 7a, b. By comparison, it was found that
almost all of the Pristine-NCM material showed cracks,
while NCM83-0.05LLTO showed almost no cracks after 100
cycles. This indicates that the modification of LLTO can
ensure the structural integrity of Ni-rich cathode materials,
thereby improving their cycling performance, which is con-
sistent with the electrochemical cycling performance results.

Conclusions

In summary, the fast-ion conductor LLTO coating with the
thickness of 2 nm is constructed on the surface of lithium-
ion cathode material LiNi ¢;Co, ;,Mn, 15O, material in situ
by a simple sol-gel method, which solves the problem of
poor cycling stability caused by the interfacial instability and
structural degradation of the cathode material. The LLTO
coating can provide a transport channel for Li* ion, alleviate
the electrolyte erosion of the active material, and significantly
improve the Li* ion diffusion and structural stability, which
makes the material have excellent rate performance and cycle
performance. This study provides an effective pathway for
rational material surface modification and scalable prepara-
tion and can be extended to other cathode materials.
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