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For high-voltage cycling of lithium-ion batteries, a gel polymer Li-ion conductor layer, P(VDF-HFP)/LiTFSI
(PHL) with high electrochemical stability has been coated on the surfaces of as-formed LiCoO, (LCO)
cathodes by a solution-casting technique at low temperature. An LCO cathode coated with around 3 pm
thickness of the PHL ultrathin membrane, retains 88.4% of its original capacity (184.3 mA h g~?) after 200
cycles in the 3.0-4.6 V range with a standard carbonate electrolyte, while the non-coated one retains
only 80.4% of its original capacity (171.5 mA h g3). The reason for the better electrochemical behaviors
and high-voltage cycling is related to the distinctive characteristics of the PHL coating layer that is
compact, has highly-continuous surface coverage and penetrates the bulk of LCO, forming an

integrated electrode. The PHL coating layer plays the role of an ion-conductive protection barrier to
Received 4th May 2020 inhibit sid tions between the charged LCO surf d electrolyte, reduces the dissolution of
Accepted 11th June 2020 inhibit side reactions between the charge surface and electrolyte, reduces the dissolution o
cobalt ions and maintains the structural stability of LCO. Further, the PHL coated LCO cathode is well

DOI: 10.1039/d0ra04023a preserved, compared to the uncoated one which is severely cracked after 200 cycles at a charging cut-
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1. Introduction

For the application of high energy-density lithium-ion batteries
(LIBs), it is extremely attractive to research and develop cathode
materials with large reversible capacity and high operating
voltage.'™ Unlike high power-density materials such as LiNiy,
3C013Mn;30,,%” lithium cobalt oxide (LCO) still occupies
a dominant position in the cathode materials of LIBs, because
its advantages of high volumetric energy-density, facile fabri-
cation process and well-balanced electrochemical performance.
However, the current discharge capacity of LCO with a general
charging cut-off voltage of 4.2 V is only 140 mA h g ', although
its theoretical capacity is 274 mA h g~ *.® One effective attempt to
improve the average voltage and discharge capacity of LCO is to
increase the charging cut-off voltage to more than 4.2 V.*** But
when the charging cut-off voltage is enhanced to over 4.2 V,
particularly at 4.5-5 V, the LCO battery suffers from increased
surface side reactions, large reaction polarization and structural
deterioration.*>** It is confirmed that these irreversible changes
mainly occur on the surface of LCO."*"” Therefore, surface
modification of LCO by various materials combined with metal
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doping has become a recognized and effective method. Inor-
ganic materials involve metal oxide materials and solid elec-
trolyte such as Mg doping and ZrO,F, coating,'® Al,03," La,03,*
AlPO,,* ZrO,F,,” Li,MnO5,% Li;,ALTi, (PO,); (LATP)"* and
Lipon* etc. Among these, metal oxides and inorganic solid
electrolytes usually are discontinuously deposited onto LCO.
The metal oxide coating could hinder lithium-ion transport
between the cathode and electrolyte, resulting in high interfa-
cial resistance. While, the ion conductivity of LATP and Lipon is
only 10°® S em™" at 20 °C and the tolerance for 4.5-5 V high
voltage excursions is discounted. Comparatively, only a few
organic materials are used. To solve the previous problems of
traditional inorganic material coatings, J. Park et al. exploited
the polyimide (PI) gel polymer electrolyte (GPE) coating of
LCO,” which is a lithium-ion conducting coating layer.
However, the high voltage cycling performance of LCO is seri-
ously limited (only ~50 cycles), maybe attributed to the insuf-
ficient resistance for high voltage oxidation. The cycling
performance of the surface modified LCO by inorganic and
organic materials at 4.6 V charge cut-off voltage is summarized
in the following Table 1. It shows that the capacity retention rate
of the modified LCO at 1C is poor. Otherwise, the cycle number
is rather few.

Here, the P(VDF-HFP)/LiTFSI (PHL) GPE possesses high
electrochemical stability and was introduced on LCO surface
through a facile solution casting and solvent evaporation route
as shown in Fig. 1. Phase inversion reaction of PHL GPE is
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Table 1 The cycling performance of coated LCO used for LIBs at the 4.6 V charge cut-off voltage

Cathode material and reference

Cutoff voltage and cycling rate

Initial discharge

capacity (mA h g™) Capacity retention ratio

LCO@ALO; (ref. 19) 3.0-4.6 V, 0.5C
LCO@La,0; (ref. 20) 2.75-4.6 V, 0.2C
LCO@AIPO, (ref. 21) 3.0-4.6 V, 1C
LCO@ZIO,F, (ref. 22) 3.0-4.6 V, 1C
LCO@Li,MnO; (ref. 23) 3.0-4.6 V, 1C
LCO®@PI (ref. 25) 3.0-4.6 V, 0.5C
This work 3.0-4.6 V, 1C

conducted directly on as-formed LCO cathode, instead of
application to LCO powders. Thereby, it would not damage
preformed physical architecture of the modified LCO electrode
(specifically, electronic conductive networks). Following, based
on morphological and structural characterization of the PHL
layer-coated LCO cathode, advantageous effects of the PHL
coating layer on cycling performance and structural stability of
4.6 V high-voltage LCO are investigated. The results show that
the effective ion conductive barrier coating significantly
enhances the cycling performance and structural stability of the
LCO at high cut-off voltage of 4.6 V.

2. Experimental
2.1 Materials

Polyvinylidenefluoride-hexafluoropropylene (P(VDF-HFP), Mn
= 400 000, 99.9%) and lithium bis(trifluoromethansulfon)
imide (LiTFSI, 99.9%) were obtained from Aladdin Company.

solution )
castmg solvent evaporation
through room te‘:nperat.u::e

spatula and 30% humidity

PHL Polymer solution

blending
FF
FI_ P (VDF-HFP)
n m
FF CF3
FF FF
2 O\\)L LiTFSI
i NP-a
\N/ )
O | 0
Li

Fig.1 The preparation process of PHL coated LCO cathodes.
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204.4 55% (after 80 cycles)
195.0 83% (after 60 cycles)
179.5 82% (after 46 cycles)
195.6 33% (after 200 cycles)
195.4 52% (after 100 cycles)
198.5 64% (after 50 cycles)
184.3 88.4% (after 200 cycles)

Commercial lithium cobaltate (LCO, 99.9%) was purchased
from Contemporary Amperex Technology Co. Ltd. Other
chemicals were analytical-grade reagents obtained from Beijing
Chemical Company.

2.2 Synthesis of PHL coated LCO cathodes

P(VDF-HFP) and LiTFSI were dissolved in N-N dimethyl form-
amide (DMF) (1.5:0.1: 5 by weight) and mixed uniformly at
20 °C for 24 h. Next the mixture was poured into a Al foil to
evaporate the solvent and dried in vacuum at 70 °C for 48 h.
Further, the polymer membranes were swelled in liquid elec-
trolyte (LE) for 6 h in a glovebox. And the obtained GPE is
abbreviated as PHL GPE.

The LCO cathode was prepared by mixing 90% LCO powder,
5% carbon black and 5% PVDF binder in proportion. Surface
modified LCO cathode was prepared by the solvent-casting
method.”*?® LCO cathode was cast with pre-prepared polymer
solution by a doctor blade with the gap of 40 um, 50 pm, 60 pm
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Fig. 2

and 80 um, respectively. Then slurry-coated LCO cathode dried
in vacuum at 70 °C. The actual thickness of the PHL polymer
film on the surface of modified LCO cathodes is 1 um, 3 pm, 5
pm, 8 um, respectively. The corresponding LCO cathodes are
recorded as 1-PHL-LCO, 3-PHL-LCO, 5-PHL-LCO, 8-PHL-LCO.

2.3 Characterization

The morphology and element distribution of the PHL LCO
cathodes were obtained by a SU8010 scanning electron micro-
scope (SEM) with energy spectrometer (EDAX). The structure of
cathode materials was observed by a D8 Advance X-ray diffrac-
tion (XRD) with Cu-Ke radiation (1 = 1.5406 A) in the range of
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(@) LSV curves of PHL GPE and LE. (b) Impedance plots of the PHL GPE at different temperatures.

10-80° and at a speed of 5° min~". The content of Co®" in the
electrolyte after half batteries cycling was measured by S4
T-STAR X-ray Fluorescence Spectrometer (XRF).

Linear sweep voltammetry (LSV) was used to evaluate the
electrochemical stability of PHL GPE. The PHL film was sand-
wiched between lithium electrode and stainless steel electrode
with a scanning speed of 0.1 mV s~ . The AC impedance of PHL
GPE and modified LCO cathodes was measured on an imped-
ance analyzer (PMC2000 1000 500, America) with a frequency of
100 kHz to 0.1 Hz and a disturbance amplitude of 5 mV. The
unit cell (type 2025 coin) was assembled by a separator sand-
wiched between a PHL-coated LCO cathode and a lithium metal
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Fig. 3 SEM images of (a) uncoated LCO, (b) 1-PHL-LCO, (c) 3-PHL-LCO, (d) 5-PHL-LCO and (e) 8-PHL-LCO. (f) Impedance plots of uncoated

and coated LCO half-cells.
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anode, and then filled with 30 pL LE. The cycling property of the
cells was precycled at 0.1C for 3 cycles, and then cycled at 1C (1C
=220 mA h g~ '). The rate capability was tested under different
current densities. All half-cells were impregnated on LANHE
CT2001A for 6 h, and then tested between 3.0 and 4.6 V.

3. Results and discussion
3.1 Characterization of PHL GPE

The electrochemical stability window of PHL GPE and LE at
room temperature was compared by LSV. In Fig. 2a, there is no
obvious decomposition current occurs in PHL GPE up to 5 V,
while LE decomposes at about 4.3 V. The results show that PHL
GPE has favorable electrochemical stability, which indicates
that PHL GPE is a promising polymer electrolyte for higher
voltage LIBs.

Ionic conductivity is the most significant parameter for
studying the electrochemical performance of electrolyte
membrane.?*** The bulk resistance (R,) of the PHL GPE was
measured by AC impedance spectrometer, and the conductivity
was calculated according to the literature,***® Fig. 2b shows the
Ry, at different temperature from 20 °C to 60 °C. Obviously, the
value of R, becomes smaller with the increasing temperature
corresponding to the increasing ionic conductivity. The low Ry,
value of PHL GPE at 20 °C is 1.1 Q corresponding to the ionic
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Fig. 4
(e) Co and (f) S of 3-PHL-LCO.
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conductivity 6.5 x 10> S em ™, which may be attributed to the
high ionic conductivity network of PHL GPE.

3.2 Characterization of integrated PHL coated LCO

The surface morphology of coated LCO with different thickness
and uncoated one is shown in Fig. 3. Obviously, the GPE layer of
PHL coating prepared by solvent casting method successfully
covers onto the surface of LCO cathode, forming different
integrated LCO electrodes. Among the surface modified LCO
cathodes, the surface of 1-PHL-LCO cathode shows relatively
rough surface with some holes distributed on the LCO cathode
surface, which is associated with the extremely thin GPE
membrane. As the thickness of the PHL coating layer increases,
the surface coverage increases. When the thickness exceeds 3
um, a uniform and relatively dense membrane-like coating is
formed.

In order to optimize the thickness of PHL coated LCO cath-
odes, the AC impedance spectra of half-cells for the PHL coated
LCO cathodes with different thickness was analyzed. It has been
reported that the semicircle of at the high frequency range in
impedance spectra belongs to the Li-transferring interfacial
resistance (Rj,,) of the surface membrane on the electrodes. In
general, a membrane with low R;,; and high ionic conductivity
is beneficial to enhance the electrochemical performance of
electrodes. As shown in Fig. 3f, the R;,; of 3-PHL-LCO cathode is

25um

(a) XRD patterns of LCO and 3-PHL-LCO. SEM image cross sections of (b) LCO and (c) 3-PHL-LCO. (d) SEM image and the corresponding

This journal is © The Royal Society of Chemistry 2020
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the smallest, which may be the result of the combined effect of
surface morphology and thickness of the film.

The XRD was used to contrast the structure of PHL coated
LCO cathode and pristine one. Fig. 4a shows that both samples
have a hexagonal crystal structure, belonging to R-3m space
group and no impurity peaks are detected in 3-PHL-LCO, indi-
cating that the crystal structure of LCO remains unchanged
after the coating of PHL. Fig. 4 gives the SEM images of the cross
section of 3-PHL-LCO cathodes. Compared with the original
porous and loose morphology, the cross section of a 3-PHL-LCO
cathode also appears more smooth and dense. The whole cross
section of the coated LCO cathode is determined as the zone of
Co and S elemental mappings, where Co and S represent the
distribution of LCO and PHL coating layer, respectively. The
comparison of Fig. 4e and f indicates that S component almost
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completely penetrates into the internal bulk of the electrode.
This leads to the above densification in the modified LCO
cathode. An increase in the electrode thickness also suggests
that an ultrathin film is encapsulated on the surface area of the
sample. Overall, the PHL coated LCO cathode has been inte-
grated with this polymer electrolyte membrane.

3.3 Electrochemical characterization

The influence of PHL coating on the electrochemical perfor-
mance of LCO was evaluated by charge-discharge measure-
ment. The modified LCO cathodes with different thickness of
PHL coating were tested between 3.0 and 4.6 V at 1C rate
(220 mA h g™"). The cycle performance is exhibited in Fig. 5a,
except for 5-PHL-LCO, the PHL coated LCO and bare LCO show
excellent electrochemical stability and the discharge capacity
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(a) Cycle performance of LCO and PHL coated LCO cathodes at 1 C-rate. (b) Rate performance under different current densities and (c)

long cycle performance of bare LCO and 3-PHL-LCO. Variation of charge—discharge curves at 1st, 10th, 100th, 200th cycle of (d) bare LCO and

(e) 3-PHL-LCO.
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retention is around 97% after 46 cycles. However, the initial
discharge capacity is significantly different, which is
1769 mA h g7', 1843 mA h g !, 1752 mA h g and
158.4 mA h g ' for the cathode with the PHL electrolyte
membrane in thickness of 1 um, 3 um, 5 pum and 8 um,
respectively. For thickness range of PHL coating from 1 pm to 5
pm, the modified LCO do not compromise the capacity
compared to the bare LCO (171.5 mA h g™ '). But the initial
discharge capacity decreases with the further increase of the
thickness. In general, the 3-PHL-LCO presents excellent cycling
stability and the highest discharge capacity. Fig. 5b shows the
rate performance of 3-PHL-LCO and bare LCO at different
current densities in the 3.0-4.6 V range. Obviously, the
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Fig. 6 SEM images of cathodes after 200 cycles. Bare LCO (a) surface and (b) cross section, 3-PHL-LCO (c) surface and (d) cross section.

discharge capacity of bare LCO is only 51.4 mA h g™ at 5C,

while 3-PHL-LCO can still provide 87.8 mA h g~ . Furthermore,
the 3-PHL-LCO can still deliver a high reversible capacity of
210 mA h g~* at 0.1C, whereas the reversible capacity of bare
LCO is 166.1 mA h g " after cycling at 5C rate, demonstrating
the high stability of the modified LCO during high-rate cycling.
The long-term cycling performance of 3-PHL-LCO at 1C is
shown in Fig. 5c. Compared to the pristine LCO, the 3-PHL-LCO
exhibits significantly improved capacity and cycle performance.
The initial discharge capacity of pristine LCO and 3-PHL-LCO is
171.5mA h g ' and 184.3 mA h g %, respectively. In the first 80
cycles, there is almost no difference between the original LCO
and 3-PHL-LCO. However, in the next cycle, discharge capacity

—0— LCO after 200 cycles
—e— 3-PHL-LCO after 200 cycles

299099 o
gc A goooooaa—w""“e
0 T — T T
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Impedance plots of uncoated LCO and 3-PHL-LCO (a) before and (b) after 200 cycles.
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Table 2 XRF results of cobalt ion content in the electrolyte after 200
cycles

Concentration/mg  Tolerance/mg  Active mass loss
Sample Lt L' percentage/%
LCO 1.791 0.136 0.083 £ 0.006
3-PHL-LCO 0.215 0.002 0.010 £ 0.000

of 3-PHL-LCO declines extremely retarded as the number of
cycles increases, while the capacity of the original LCO
continues to decline. After 200 cycles, the capacity retention rate
of 3-PHL-LCO is as high as 88.4%, while that of the original LCO
drops to 80.4%. In addition, the first coulombic efficiency of
bare LCO is only 92.74%, but that of 3-PHL-LCO is 96.40%. And
3-PHL-LCO always shows higher coulombic efficiency,
compared with uncoated LCO. It indicates that the PHL coating
could reduce the side reactions on surface of LCO. In order to
understand the effect of PHL coating on LCO, the selected
charge-discharge curves of bare LCO and 3-PHL-LCO at 1st,
10th, 100th, 200th cycle are compared. According to Fig. 5d and
e, it can be seen clearly that the 3-PHL-LCO with well
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maintained capacity just exhibits a small increase in polariza-
tion, but the reaction polarization of original LCO increases
significantly and thus the capacity rapidly fades with the
increase of cycle numbers, which is consistent with the result of
dQ/dV curves (Fig. S17).

Fig. 6 shows the SEM images of 3-PHL-LCO and bare LCO at
full discharge state with the cutoff potential of 3.0-4.6 V after
200 cycles at 1 C-rate. With repeated cycling, the surface of bare
LCO electrode is severely cracked, while that of the PHL-coated
cathode is still highly-continuous and dense. The cross-section
image of uncoated LCO displays a large number of visible
particles distributed on the surface, which is easy to fall off from
the current collector resulting in a significant increase of the
cathode resistance. In contrast, this PHL electrolyte membrane
can be well preserved at 4.6 V, indicating great contact between
PHL electrolyte membrane and LCO cathode sheet and good
structural stability of the cathode sheet during the long cycling
process.

To gain more insights into the effect of the PHL coating layer
on the electrochemical behavior, the AC impedance spectra of
the bare LCO and 3-PHL-LCO at the discharge state before and
after 200 cycles was analyzed as shown in Fig. 7. As is known to
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Fig. 8 XRD patterns of LCO and 3-PHL-LCO after 200 cycles at charge cut-off voltage of 4.6 V.
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all, the semicircle in the high frequency region is attributed to
the interface resistance of the surface membrane on the elec-
trode active particles, and the semicircle in the medium-to-low
frequency region is ascribed to the charge transfer resistance
between the electrode active particles and LE.***® In Fig. 7a, the
interfacial resistance of the pristine LCO is higher than that of
the 3-PHL-LCO before cycles. The reason for the reduced
impedance may be the high ion conductivity of PHL GPE and
the integrated structure of 3-PHL-LCO. Moreover, both the
interfacial resistance and charge transfer resistance of the
pristine LCO are remarkably higher than that of the 3-PHL-LCO
after the 200th cycle (Fig. 7b). This indicates that the adverse
interfacial reaction between the charged LCO surface and LE
may result in the sharp capacity decaying of the original LCO
(Fig. 5c). Overall, the polarization resistance (R,) of both
samples increases with cycles going on, but the increase can be
effectively inhibited by the PHL coating layer. The reduction of
side reactions on the surface of 3-PHL-LCO may be due to the
fact that PHL GPE with anti-oxidation ability can directly
prevent side reactions from occurring on the surface of LCO and
thereby reduce the impedance. During electrochemical cycling,
the PHL electrolyte membrane is similar to a solid electrolyte
interface (SEI) membrane, completely covering the surface of
bare LCO particles and electrode (Fig. 6¢ and d), while there is
no obvious SEI on the bare LCO. This membrane can be well
preserved at the charge cut-off voltage of 4.6 V, preventing side
reactions between LCO particles and LE. Therefore, the AC
impedance results are well consistent with the above long-term
cycling performance of all the samples.

According to previous reports,*** the structural stability and
thermal stability of LCO can be disrupted, and there will be
numerous side reactions with the charge cutoff voltage
increasing, especially at the charge cutoff voltage of 4.6 V. The
XRF was used to quantitatively analyze cobalt ions in the elec-
trolyte of cycled cathodes after 200 cycles. The statistical results
of quantitative elemental analysis are presented in Table 2. The
content of dissolved cobalt ions from the cycled 3-PHL-LCO
after 200 cycles is only 0.01% of the total active material
mass, compared with 0.083% of cycled uncoated LCO. The large
difference between the cycled cathodes with and without PHL
membrane that demonstrates the coating can extend the
cycling and well protect the LCO surface from Co®* dissolution
at the high charging voltage of 4.6 V. Furthermore, Fig. 8 shows
the XRD patterns for coated and uncoated LCO cathodes after
200 cycles. Though the XRD refinement was used, no difference
was found in the crystal structure (R-3m) and parameters (a =
2.81, b =2.81, ¢ = 14.05) of LCO and 3-PHL-LCO, but it is clearly
seen that there is a obvious difference in the peak position with
and without the PHL coating. The peak position of the 3-PHL-
LCO cathode is more closed to that of the fresh LCO cathode.
Whereas, the diffraction peaks of the cycled bare LCO cathode
shift to the left. This may reflect that the bare LCO has suffered
more severe structural damage than the 3-PHL-LCO at the high
charge cut-off voltage of 4.6 V as a result of large capacity
attenuation and low capacity retention. Besides, the thermal
stability of the cathode material was characterized by cycling at
50 °C and 1C under charging voltage of 4.6 V. In Fig. S2,T 3-PHL-
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LCO presents a high cycle retention rate of 80.01%, while the
LCO is only 61.25%. It shows that the thermal stability of LCO
can be significantly improved by PHL coating.

4. Conclusions

In this study, a facile and direct surface modification of pre-
formed LCO cathode by the P(VDF-HFP)/LiTFSI (PHL) coating
layer with high electrochemical stability prepared through the
solvent-casting method. Then the surface and cross-sectional
morphology of the cathode have been deeply analyzed by SEM
and EDS measurements. The distinctive features of the LCO
with PHL coating layer (~3 pm) were the highly-continuous and
compact surface coverage and penetration of the bulk of LCO to
form an integrated electrode. This unique structure of the 3-
PHL-LCO can effectively improve the high-potential electro-
chemical behaviors and alleviate the side reactions between the
delithiated LCO and liquid electrolyte at 4.6 V high potential.
The AC impedance, XRD and XRF measurements after long
cycling proved that the integrated PHL coating layer with ion-
conductive protection played a key role in effectively suppress-
ing undesired interfacial side reactions and stabilizing the
structure of LCO and also significantly inhibiting the dissolu-
tion of Co®". In addition, the SEM image of coated and non-
coated LCO after long cycling was contrasted, the bare LCO
was heavily cracked. However, the degradation of the 3-PHL-
LCO cathode was far less. A continuous and compact thin
PHL coating layer was preserved during long cycling, impeding
crack initiation or growth.

The present work underlines that the PHL-based surface
modification performed at low temperature is a promising
alternative to inorganic material coatings for application in
high-voltage lithium-ion batteries. In future studies, the PHL-
coated LCO charged to higher cut-off charge voltages (>4.6 V)
will be examined and the structures and components of PHL
coating layers will be further optimized.
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