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Abstract—In order to achieve a high energy density, Ni-rich polycrystalline materials have been explored as cathode
materials for application in ASSLB applying sulfide solid electrolyte. However, the interaction between the electrode
and the solid electrolyte comes with severe problems, such as a poor solid electrolyte interface and interfacial stress
fracturing during the charge-discharge process. To alleviate the side reaction and the interfacial resistance, a coating
layer between the cathode and sulfide electrolyte has since been proposed and developed. However, the inner surface of
the primary particles in the polycrystalline can also be a form of coating layer, which does not meet the solid electro-
Iyte and it is hence an inefficient coating mechanism for an ASSLB where the cathode/electrolyte interface occurs
purely at the cathode outer surface. Here, we report a new coating strategy for Ni-rich polycrystalline cathode materi-
als using a sol-gel process that focusses on improving the cathode/electrolyte interface of ASSLB. Commercial polycrys-
talline LiNi,¢Co,;Mn,,0, was coated with 1 wt% lithium and cobalt acetate precursor with different coating coverage
being achieved via control of the stirring speed (200 and 600 rpm). The coating materials, which uniformly coated on
the inner and outer surfaces of the polycrystalline (I-NCM), showed effectively improved electrochemical performance
with the structural stability in LIB, where the liquid electrolyte has contact with inner surface of polycrystalline materi-
als. However, the cathode material, which was mainly coated on the outer surface of polycrystalline materials (O-
NCM), exhibited improved performance in the ASSLB, which only has contact with the electrolyte at the surface of the
active material polycrystalline. The physical properties of the coated cathode material were analyzed using SEM and
XRD, and the electrochemical performance was investigated through initial charge/discharge capacity and cycle stabil-
ity in both LIB and ASSLB simultaneously. This concept of intentionally surface coating the polycrystalline material can
be applied as a new coating strategy to realize improvements in both electrochemical properties and electrode struc-
tural stability of ASSLB.
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INTRODUCTION

Lithium-ion batteries (LIB) are the current dominant energy stor-
age systems with properties such as light weight, high energy den-
sity; high capacity; and high-efficiency granting them the top spot.
Their impressive power supply can be applied in relatively small
applications like portable electronics to large-scale applications such
as electric vehicles and even ultra-large-scale application such as sta-
tionary energy storage systems [1-3]. Conventional LIBs that use
highly volatile and flammable organic solvents as electrolytes have
advantages such as small size, no memory effect [4], and long cycle
life [5], but have safety issues under particularly harsh operating
conditions [5]. Hence, all-solid-state lithium-ion batteries (ASSLB)
are considered a next-generation device for energy storage com-
posed of inorganic solid materials with high electrochemical and
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thermal stability, and improved energy and power density [6]. Re-
search on ASSLBs has been increasing as solid electrolytes with
high ion conductivity have been reported, allowing researchers to
focus on other issues [7,3].

The most decisive factor in determining the price and perfor-
mance of LIB and ASSLB is the cathode material, and hence cath-
ode material research is being actively conducted to achieve the
performance required in the market. In the case of LiCoO, mate-
rial, which led to the commercialization of lithium-ion batteries,
despite having a high theoretical capacity of 272 mAh/g [9], there
is a limitation to realizing high-energy batteries due to the low
achievable discharge capacity of ~140 mAh/g across the 3.6-4.2V
range [10]. Because of the low energy density of LiCoO,, alternate
materials have been suggested. High-Ni cathode materials, such as
LiNiM1,M2,_,_,O, (M=Co, Mn, etc.; x>0.5), have come into focus
due to their high energy density; large voltage stability range and
high achievable capacity [11,12]. By increasing the Ni content in
the cathode material, both price and performance are satisfied as
the expensive Co content is lowered and the capacity is increased.
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Fig. 1. Scheme of coating strategy for polycrystalline cathode in (a) lithium-ion batteries (LIB) and (b) all-solid-state lithium-ion batteries

(ASSLB).

However, the Ni-rich cathode has structural and electrochemical
instability limitations, which are exacerbated by increasing the Ni
content in the material to achieve a higher capacity. One of the
known limitations of Ni-rich material is cation mixing where orig-
inally layered phase (R3m) Ni-rich cathode materials are changed
to spinel-like phase (Fd3m) and rock-salt phase (Fm3m) due to
the migration of the transition metal (TM) ions into lithium layer
during charge and discharging [13,14]. To overcome these limita-
tions, research on surface modification (coating) and element sub-
stitution (doping) are primarily being conducted. Among these two
stabilizing techniques, surface modification is known to more affect
the interfacial performance, whereas ion substitution generally alters
the internal structural stabilization of the cathode material [15].

Ni-rich cathode materials are composed of micrometer-sized
polycrystalline in which many 0.1-1 pm-sized primary particles
(grains) are aggregated [16,17]. Regarding polycrystalline, the three-
dimensional hierarchical aggregate of primary particles leads to
the formation of grain boundaries of different crystallographic ori-
entation that allow the permeation of liquid electrolyte [18]. There-
fore, there is contact with the electrolyte of LIB not only on the outer
surface but also the inner surface of the polycrystalline (Fig. 1(a)).
In consequence, the side reactions of the Ni-rich cathode material
with the electrolyte during the cycle are severe, such as complicated
composition of the solid electrolyte interphase (SEI) layer [19], ero-
sion of the surface structure [20] and dissolution of TM ions by
the HF attack mechanism [21]. Therefore, coating of the entire outer
surface of the polycrystalline, including the individual primary parti-
cles, is the most effective method to suppress side reactions via lig-
uid electrolyte [22,23].

To achieve high energy density, Ni-rich polycrystalline materials,
such as LiNi, 3Co,3Mn, 50,, LiNiy5C04,5AL:0, and LiNigsMny 150,
have been explored as cathode materials in ASSLB with sulfide
solid electrolyte [12,27-30]. The key challenges in the development
of cathode materials for high energy ASSLBs are a poor SEI caused
from side reaction at interface between the active material and the
solid electrolyte (SE) [24,25], and interfacial stress during the charge-
discharge process caused by volume changes in the active material
[26]. To alleviate the side reaction and the interface resistance,
LiNbO; [12], ZrO, [27], LiAlO, [28], Li,Ti;O,, [29] and Li,-ZrO,
[30] have been applied as a coating layer between cathode and sul-
fide electrolyte. Considering that the contact of the solid electro-
lyte is formed on the outer surface of the active material in ASSLB,

the coating layers on the cathode materials should be primarily
formed on the outer surface to obtain the desired alleviation of the
interfacial issues (Fig. 1(b)), while minimizing the change in the
electrochemical and structural properties of the cathode material.
However, techniques to achieve this focused surface-only coating
of active material for ASSLB application have not been commonly
analyzed using the sol-gel method, which is the liquid-based pro-
cess and is suitable for mass production. Taking this into consider-
ation, developing a coating method that is both suitable for mass
production and can form a coating layer focused to the outer sur-
face of the polycrystalline cathode is vital for the development of
ASSLB as a whole.

In this paper, we propose a coating strategy of Ni-rich polycrys-
talline cathode materials for ASSLBs using cheap lithium and cobalt
acetate precursors and applying a scalable sol-gel process. Com-
mercial polycrystalline LiNij¢Co,,Mn,;0, was coated by 1 wt% lith-
ium and cobalt acetate precursor dissolved in ethanol solution with
a different precursor coating coverage being achieved by altering
the stirring speed (200 and 600 rpm). When the stirring speed was
200 rpm, the lithium and cobalt precursors were uniformly adsorbed
on the inner and outer surface of the polycrystalline cathode and
formed a coating layer over the primary particles that make of the
polycrystalline. This sample (I-NCM) showed a relatively enhanced
cycle property in the LIB. On the other hand, when the stirring
speed was increased to 600 rpm, the precursors were mainly adsorbed
on the polycrystalline outer surface and formed a coating layer over
the outer surface of the sample. This sample (O-NCM) showed
relatively enhanced cycle performance when applied in the ASSLB.
The physical properties of the coated cathode material were ana-
lyzed using SEM and XRD, and the electrochemical performance
was investigated through initial charge/discharge capacity and cycle
stability through both LIB and ASSLB evaluation.

EXPERIMENTAL

1. Surface Modification Method

Pristine LiNi,sCo,;Mn,;0, was obtained from POSCO chemical
for surface modification, with Li(CH,COO)-2H,0 and Co(CH,COO)-
4H,0 (Sigma Aldrich). A typical sol-gel surface modification method
was applied to the coating process. The acetate precursors applied
for coating (Li & Co) of calculated weight for 1wt% coating of
LiNi,4Coy;Mny,0, were fully dissolved in an anhydrous ethanol
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solvent (7 g) and mixed at 200 rpm and 600 rpm until fully dis-
solved. 1 g of the pre-prepared LiNi,4Co,,Mn,,O, sample was added,
and the applied heating temperature was increased to 120 °C. The
samples were held at such conditions until the ethanol solvent had
tully evaporated. The samples were then dried at 150 °C for two
hours in a standard oven, before being annealed at 800 °C in an
O, atmosphere for four hours.
2. Electrochemical Characterization Method of LIB

The cathode electrode composite was comprised of an active
material (LiNi;sCoy;Mny,0,), poly vinylidene fluoride (PVDF)
binder and Super P as the conductive material in a ratio of 92:4: 4.
The cathode electrode was then made via doctor blade manual
casting onto aluminum foil with the active material loading at ~6-
7 mg-cm . The electrolyte used was 1.3 M LiPF; in EC/EMC/DEC
(=3/5/2, vIviv)+10% FEC+0.5% VC+1% PS+0.2% LiBF,. The elec-
trochemical data was attained via half-cell coin cell testing (2032R).
The galvanostatic cycling conditions applied for the formation cycle
were 0.1 C and voltage range 2.7-4.3V; with the C rate being in-
creased to 1 C after the formation cycle and the other conditions
remaining the same. The temperature of all formation and cycling
tests was 30 °C.
3. Electrochemical Measurements of ASSLB

The pristine LiNi,sCo,,Mny;0, and surface modified cathodes
were synthesized into a cathode composite powder which was
mixed with LigPS;Cl solid electrolyte in weight ratio of 7:3 using
an agate mortar as the composite cathode. Li-In was mixed at a
ratio of 3: 97 and SE was additionally mixed at a ratio of 4: 1, with
Li-In-SE as a counter electrode. ASSLBs were assembled as fol-
lows: 150 mg LigPS;Cl solid electrolyte was pressed under 10 MPa
into an electrolyte layer with 13 mm in diameter. Then, 15 mg of
the above composite cathode powder was uniformly spread on
one side of the electrolyte layer and a stainless-steel electrode cap
was put on composite cathode layer. Next, 35 mg of the Li/In mix-
ture was uniformly spread on the other side of electrolyte layer,

and Ni foil was covered thereon. Finally; all the components were
compressed together under 40 MPa to form the final ASSLB.
4. Characterization Method

Powder X-ray diffraction (XRD) data was analyzed via D/
Max2000, Rigaku. The measurements were taken between 20=
10-80° with radiation from source Cu Ke radiation. A scanning
electron microscope (SEM) TESCAN (VEGA II LSU) was used
to identify the sample morphology and degradation occurring on
the surface and internally in back-scattered electron (BSE) mode.
The cross-section SEM images were attained by first ion-milling
the samples with Gatan (697 Ilion II) system.

RESULTS AND DISCUSSION

The overall morphology of the cathode materials before and
after precursor coating was initially analyzed by SEM. The SEM
images of bare LiNi,4Co,,Mn,;0, (NCM) showed a polycrystalline
morphology with a clean surface made up of pseudo-round-shaped,
tightly packed, nanoscale primary particles (Fig. 2(a)). When lith-
ium and cobalt acetate precursor were coated on the NCM sur-
face using the sol-gel process, these precursors were adsorbed onto
the NCM surface and well penetrated into grain boundaries of the
polycrystalline, as these precursors are well dissolved in the etha-
nol solvent [22]. When the rotational mixing speed of the sol-gel
process was low (200 rpm), the evaporation speed of the solvent
was relatively slow; and the time taken for these precursors to pen-
etrate between the primary particles was extended. When the string
speed was 200 rpm during the sol-gel process with these precur-
sors, a relatively small number of precursors were adsorbed on the
surface of the cathode material (Fig. 2(b)) because these precursors
were uniformly adsorbed on inner and outer surface (I-NCM). As
a result, the coated cathode materials have a morphology with low
precursor coverage on the surface. Conversely, when the stirring
speed increased, the evaporation speed of the solvent increased, so

Fig. 2. Scanning electron microscope (SEM) image of (a) bare LiNi, ;Co, ,Mn,,0, (NCM), (b) Li and Co acetate precursor coated NCM with
low coverage (I-.NCM) and (c) Li and Co acetate precursor coated NCM with high coverage (O-NCM) before heat treatment. Cross-
sectional SEM images of (d) bare NCM, (e) I-NCM and (f) O-NCM after 800 °C heat treatment.
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these precursors did not have sufficient time for extended penetra-
tion between the primary particles. The coated cathode material
applying the sol-gel process at a high stirring speed of 600 rpm
(O-NCM, Fig. 2(c)) showed a high precursor concentration on
outer surface of the polycrystalline. This simple change to the sol-
gel process results in entirely different morphology, and allows for
tailoring of the coating layer based on the intended battery system
of future application. Additionally, when the lithium and cobalt ace-
tate precursor is coated onto the primary particles which are inter-
nal to the polycrystalline material, it leads to a decrease in the internal
void ratio [22]. When the color ratio was calculated, which means
void space in the polycrystalline from the cross-section SEM image
is analyzed via image processing, the internal void ratio of bare is
approximately 0.13%. As shown in the Fig. 2(b)-(c), which pres-
ents cross-sectional images after 800 °C calcination with lithium
and cobalt precursors, the internal void ratio of -NCM is approxi-
mately 0.05%, which is significantly lower than the bare. This means
that a coating layer was formed throughout the primary particles
inside the polycrystalline via the lithium and cobalt precursors. In
the case of O-NCM, the internal porosity was approximately 0.12%,
similar to that of bare NCM. That is, a coating layer by lithium and
cobalt acetate was formed on the outer and inner surfaces of the
polycrystalline materials in the case of I-NCM, and a coating layer
was mainly formed on the outside of the polycrystalline in the
case of O-NCM.

The X-ray diffraction analysis of bare NCM, I-NCM and O-
NCM recorded at a scan speed of 3° min™ in a 20 range of 10-80°
is shown in Fig. 3(a). A cathode material that has lower than 1.40
for Tpes)/In4) has cation mixing characteristics, which indicates an
instability within the layered structure that results in Ni** ions pre-
venting the diffusion of the Li" ions during the charge/discharge
process [31]. The I3/I10s combined with clear peak splitting of
(006), (102) (108), and (110) planes indicates that a layered struc-
ture is well developed [32]. The R-factor expressed as the value of
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Table 1. Ig43/1 104 and R-factor values of Bare NCM, I-NCM and O-
NCM. The values are obtained from XRD data of Fig. 2

R-factor Loo3y/Tros)
Bare NCM 0.44 1.68
[-NCM 0.48 L.57
O-NCM 0.48 1.34

(Tao2+00s)/ Lnon indicates the hexagonal ordering of the material
[31]. When the R-factor value has a value of 0.41-0.5, it indicates
the cathode material has low degree of cation mixing with high crys-
tallinity [31]. The I3)/I104 and the R-factor of bare NCM are 1.68
and 044 (Table 1), respectively, with clear peak splitting of (006),
(102) (108), and (110) planes (Fig. 3(b)-(c)), indicating the bare NCM
has a low degree of cation mixing as expected. The I3)/I104 and
the R-factor of I'NCM is 1.57 and 0.48 and that of O-NCM is
1.34 and 0.48. Both I-NCM and O-NCM showed clear peak split-
ting of (006), (102) (108), and (110) planes. Considering Ios/L0
R-factor and the peak splitting of (006), (102) (108), and (110)
planes, it is concluded that cation mixing barely occurred in the I-
NCM and O-NCM after lithium and cobalt coating,

The electrochemical properties of the LIB were evaluated to com-
pare the initial discharge capacity and cycle properties of bare
NCM, I-NCM and O-NCM. As shown in Fig. 4(a), the bare NCM,
I-NCM and O-NCM exhibits a charge capacity of 2252, 218.8 and
222.2 mAh/g, a discharge capacity of 202.9, 195.7 and 199.7 mAh/
g and an initial coulombic efficiency (ICE) of 91.7%, 89.5% and
89.9% in LIB evaluation within the voltage range of 2.7-4.3 V; respec-
tively (Table 2). The I-NCM and O-NCM show lower discharge
capacity and ICE than the bare NCM due to a lack of electrons on
the surface of the active material after oxide coating [33,34]. The I-
NCM and O-NCM exhibit a lower overpotential than bare NCM
during the charge process of the initial charge/discharge. Impor-
tantly; the electrochemical characteristics of the coated samples were
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Fig. 3. (a) X-ray diffraction (XRD) patterns of the bare NCM, I-NCM and O-NCM after 800 °C heat treatment in O,. (b) A zoomed-in view

of 2 theta (37-39 degrees) and (c) (63-66 degrees).
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Table 2. Charge capacity, discharge capacity and initial coulombic efficiency (ICE) of bare NCM, I-NCM and O-NCM at 0.1 C rate. Dis-
charge capacity of 1* cycle and capacity retention after 50 cycles at 1 C. These values were obtained in LIB

Charge capacity Discharge capacity ICE 1* discharge capacity Capacity retention
(mAh/g) (mAh/g) (%) (mAh/g) @ 50 cycle (%)
Bare NCM 225.2 202.9 91.7 178.4 95.1
I-NCM 218.8 195.7 89.5 178.4 97.5
O-NCM 2222 199.7 89.9 179.4 93.2
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Fig. 5. Electrochemical performance of Bare NCM, I-NCM and O-NCM in sulfide ASSLB (a) Initial charge-discharge voltage profiles of at
0.05 C rate between 3.0 and 4.3V at 30°C. (b) Cycle performance and (c) coulombic efficiency with charge and discharge C-rates of

0.5C.

Table 3. Charge capacity, discharge capacity and initial coulombic efficiency (ICE) of bare NCM, I-NCM and O-NCM at 0.1 C rate. Dis-
charge capacity of 1" cycle and capacity retention after 50 cycles at 0.5 C. These values were obtained in sulfide ASSLB

Charge capacity Discharge capacity ICE 1* discharge capacity Capacity retention
(mAh/g) (mAh/g) (%) (mAh/g) @ 50 cycle (%)
Bare NCM 2352 160.4 68.2 153.3 94.5
I-NCM 241.6 145.6 60.2 136.1 93.1
O-NCM 220.0 162.8 74.0 156.1 97.3

minimally affected during the formation cycle; however, significant
differences are observed during the cycling evaluation (Fig. 4(b)).
The I-NCM with increased discharge capacity up to 10 cycles [35]
exhibits an improved retention of 97.5% at 50 cycles compared to
that of the bare NCM (95.1%). The O-NCM also shows improved
discharge capacity in the beginning of the cycle measurements, but
the cydle retention is lower than bare after 50 cycles. In terms of
Columbic efficiency (Fig. 4(c)), the I'NCM exhibits a higher value

March, 2023

than bare NCM and O-NCM on average. Considering the initial
charge/discharge capacity; cyce properties, and coulombic efficiency
in the LIB evaluation, a coating mechanism capable of coating all
parts, internal and external, of the polycrystalline such as that of
the I-NCM sample should be applied for the coating effect to be
suited to a LIB.

Interestingly; the coating coverage required for improving elec-
trochemical performance in LIBs and in ASSLBs is different. As
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shown in Fig. 5(a), the I-NCM samples exhibit lower discharge
capacity and ICE than the bare NCM during the ASSLB evalua-
tion within the voltage same voltage range of 2.7-43 V (Table 3).
However, in the case of O-NCM, where the precursor mainly formed
a coating layer on the outer surface of the polycrystalline, the dis-
charge capacity was 162.8 mAh/g and ICE was 74%. The value of
O-NCM is higher than that of bare NCM. The O-NCM also exhib-
its improved cycle properties when compared to the bare NCM in
the voltage range of 2.7-4.3 V (Fig. 5(b)). The discharge capacity of
the 1% cycle of O-NCM is 156.1 mAh/g and the retention at the 5"
cycle is 97.3%, which is higher than the average discharge capac-
ity of bare during all five cycles. On the other hand, in the case of
I-NCM, the discharge capacity of the 1* cycle is 145.6 mAh/g and
the retention of the 5" cycle is 93.1%, the electrochemical perfor-
mance after coating is greatly reduced. Also, the O-NCM exhibits
a Columbic efficiency higher than the bare during the cycle evalu-
ation (Fig. 5(c)). When considering all of the electrochemical anal-
ysis and the cumulative performance of the samples, O-NCM, in
which much of the precursor was coated on the polycrystalline
outer surface, exhibits a dominant improvement over the bare sam-
ple with the initial discharge capacity, ICE, cycle properties and
coulombic efficiency all being increased. This indicates that coat-
ing the outer surface of polycrystalline cathode material is most
suitable when applied in an ASSLB due to its ability to buffer against
contact with the solid electrolyte which remains purely at the poly-
crystalline surface.

Differential capacity (dQ/dV) curves were analyzed to better
understand the different charge and discharge properties of bare
NCM, I-NCM and O-NCM (Fig. 6). All curves display three cou-
ples of redox peaks due to the phase transitions from hexagonal
(H1) to monoclinic (M), monoclinic (M) to hexagonal (H2), and
hexagonal (H2) to hexagonal (H3) during delithiation and lithia-

tion processes [36]. Fig. 6(a)-(c) show the dQ/dV curves of bare
NCM, I-NCM and O-NCM from the LIB evaluation. As shown
in Fig. 5(a), the bare NCM shows an H1-M peak at a non-con-
stant voltage and the H2-H3 peak is shifted to significantly higher
potential during cycling. The I-NCM shows stable reversibility of
the HI-M and H2-H3 phase transition (Fig. 6(b)) compared to
the O-NCM, which shows the shifts of H1-M and H2-H3 peaks
(Fig. 6(c)). However, a different trend was observed for the dQ/dV
curves from the ASSLB evaluation. As shown Fig. 6(d)-(f), the
bare NCM (Fig. 6(d)) and I-NCM (Fig 6(e)) exhibit a peak shift
over the H1-M and H2-H3 ranges, with the intensities of these
peaks greatly decreasing over the five cycles, corresponding to their
decrease in capacity over the ASSLB cycle evaluation. However, the
peak positions of H1-M and H2-H3 are almost identical over the
five cycles in the dQ/dV curve of O-NCM (Fig. 6(f)) and the peak
intensity and hence capacity was reasonably well maintained. In
conclusion, the I-NCM, in which lithjum and cobalt precursor
coated the internal and external surfaces of the polycrystalline,
exhibit stable reversibility of the H1-M and H2-H3 phase transi-
tion during the LIB evaluation. However, in the ASSLB evalua-
tion, O-NCM, primarily coated with lithium and cobalt on the
outer surface of the polycrystalline, shows enhanced reversibility of
the H1-M and H2-H3 phase transition.

CONCLUSION

LiNiy5Coy;Mny,0, cathode material, which was mainly coated
with lithium and cobalt acetate precursor of 1 wt% on the outer
surface of the polycrystalline (O-NCM), was prepared for enhanced
performance in the ASSLB. These acetate precursors, which can
easily penetrate the core part of polycrystalline, were strategically
placed at the outer surface of the polycrystalline material by con-
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trolling the stirring speed during sol-gel process. The cross-sec-
tion SEM images, which exhibited the ratio of the internal void
similar to that of bare combined with surface SEM images, con-
firmed that these precursors were highly adsorbed on the outer
surface of the NCM active material. To compare the coating effect
of O-NCM according to the selective site adsorption of the pre-
cursor, [-'NCM samples, which were coated on the inner and outer
surfaces of the primary particles of the polycrystalline, were pre-
pared through a low stirring speed sol-gel process and evaluated
simultaneously in LIB and ASSLB. In the LIB evaluation, where
the liquid electrolyte has contact with inner primary particles of
the polycrystalline, the I-NCM sample showed effectively improved
electrochemical performance with enhanced structural stability, but
there was no performance improvement in O-NCM. In contrast,
O-NCM exhibited improved performance in the evaluation of the
ASSLB, which has contact strictly on the surface polycrystalline
material with the solid electrolyte. This concept of intentionally
surface coating Ni-rich polycrystalline material for application is
ASSLB can be applied as a new coating strategy to realize improve-
ments in both the electrochemical properties and the structural
stability of the cathode electrode. This paper highlights the impor-
tance of specifying the target-use battery system and developing
strategic coating techniques that are suitable to the physical and
chemical characteristics of the chosen configuration.
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