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Electrophoretically deposited artificial cathode
electrolyte interphase for improved performance
of NMC622 at high voltage operationy

Inbar Anconina @ and Diana Golodnitsky@*

High-voltage Ni-rich active materials are widely used in cathodes of high-energy-density lithium-ion

batteries (LIBs). However, the high charge cutoff voltages lead to significant degradation and capacity
fading, caused by electrolyte decomposition, transition metal dissolution, structural distortion, and more.

Herein, we present an artificial cathode electrolyte interphase (ART-CEl) as a protective coating on the
surface of the LiNiggMng 2C0g 20, (NMC622) cathode. A composite film, prepared from argyrodite LigPSsCl
(LPSC) ion conducting nanoparticles and a polymerized ionic liquid (PIL) as a binder, was electrophoretically
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deposited on the surface of the cathode. We found that capacity retention at high-voltage operation (4.3
and 4.5 V) is improved due to the coating. Besides the stability improvement, the electrochemical
performance of the coated cathode shows an enhancement in rate performance and lower resistances of

the anode solid electrolyte interphase (SEl), the cathode electrolyte interphase (CEl), and charge transfer

rsc.li/RSCApplinter processes during cycling.

Introduction

Over the recent decades, there has been growing interest in
researching  high-energy-density  battery  technologies,
particularly for electric vehicles (EVs)."™ High-voltage
materials, such as Ni-rich lithium nickel manganese cobalt
oxide (NMC) layered cathodes (Li[Ni,Mn,Co;_,]0,, 0.6 < x),
are considered some of the most effective lithium-ion
cathodes.”® These cathodes combine the high capacity of
nickel oxide, the fast kinetics of cobalt oxide, and the
structural stability of manganese oxide, offering high practical
capacities (150-210 mA h g™'), a high operating voltage range
(~3.0-4.5 V), a relatively long lifespan, and low cost and
toxicity compared to conventional Co-based cathodes.”™?
Hence, NMC cathodes are widely used in commercial
applications.”**® However, like other layered structure
cathodes, Ni-rich cathodes are prone to degradation over
time."”'® The degradation mechanisms have been extensively
studied and include electrolyte decomposition,'**® structural
changes and irreversible phase transitions in the cathode,*"*
dissolution of transition metal (TM) cations,”*** Li/Ni cation-
mixing,>>?® oxygen release,”” residual inactive lithium
compounds (RLCs) on the surface,*®*° unstable cathode-
electrolyte interphase (CEI),>**> and growth of micro-
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cracks.**?* Therefore, operating a battery at high voltages

causes side reactions and structural collapse leading to severe
capacity fading and safety risk.>**> Similar to the anode solid
electrolyte interphase (SEI), modeled by Peled et al.,*® the CEI
forms spontaneously upon contact with the electrolyte, and
its composition and structure can change during the charge/
discharge process.

Various strategies have been proposed to mitigate these
degradation mechanisms, with many focusing on controlling
cathode-electrolyte interface chemistry. Approaches such as
morphology tailoring, elemental doping, coating, core-shell
and gradient-concentration structures, and electrolyte
modification with additives have been explored.*’*° Among
these, surface modification has proven to be a simple and
effective strategy. Coating, in particular, is considered an
important method for stabilizing cathodes during long-term
cycling and enhancing performance.® Various coating
materials, including metal oxides,""™*  fluorides,***°
phosphates,” ™ ionic conductors,’** polymers,”*** and
different electrode materials,”>>® have been shown to improve
cathode performance. The effectiveness of the protective layer
depends on the suitability of the coating material for the
cathode, its chemical stability within the operating voltage
range, its integrity and uniformity, and its thickness to allow
for proper Li* diffusion and electron transfer.>”

While research has mainly focused on coating cathode
active material (CAM) particles, applying a coating layer on
top of the cathode surface has also been explored.®*®
Among methods for creating thin layer coating, gas-phase
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deposition techniques such as atomic layer deposition (ALD)
and chemical vapor deposition (CVD) are commonly used
due to their precise angstrom-level control, which enables
the construction of conformal, pin-hole free layers without
using solvents. However, these methods are expensive,
involve complex equipment, high temperatures, and
precursors that require special handling, and are
characterized by low yield and long operation times.
Moreover, these techniques may not be compatible with all
ceramics due to specific process requirements.®*%
Conversely, liquid-phase thin-film coating techniques,
including spray-, dip-, spin-, and drop-coating, offer a cost-
effective and versatile alternative, though achieving
consistent thickness control (from nanometers to
micrometers) and uniformity, especially for ceramic coatings,
remains challenging.®®*’

In this study, we present the development of a high-
performance  composite  artificial CEI  using the
electrophoretic ~ deposition (EPD) method.®® In EPD,
suspended charged particles, along with their lyosphere
(counterions surrounding the particle), migrate under an
applied electric field towards an oppositely charged
electrode (electrophoresis). This is followed by the
thinning of the lyosphere in the vicinity of the electrode
and film formation.®*”* Our research is the first to use
EPD for creating an artificial CEI (ART-CEI). EPD is a fast
and simple approach that produces thin and uniform
layers with good adhesion to the electrode surface. The
thickness and composition of the resulting coatings at the
micron scale can be controlled by straightforward
adjustments to process parameters.””’*

Inasmuch as suspended particles have a small surface
charge, additional charging agents, like polyelectrolytes, are
used to facilitate migration and produce thin ceramic films
in EPD. These polyelectrolytes adsorb onto the particle
surface, integrate into the films, and act as binders.”>”?
Herein we introduce the use of a polymerized ionic liquid
(PIL), PDMS-g-MPA'Li*;3/PEGMEMA,,,”>’® as a charging
agent for ceramic particle deposition on a commercial
LiNiy ¢Mn, ,C0,,0, cathode (NMC622), as shown in the
schematic illustration of the process in Fig. 1. PILs are
essentially single-ion conductors in which the counterion is

LisPSsCl (LPSC)

PDMS-g-MPALi*,,/PEGMEMA,; (PIL)

EPD process
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attached to the polymer chain, known for their stability at
high operating voltages in electrochemical devices.”” In the
EPD coating of the NMC, the PIL was used as a binder for
LigPSsCl (LPSC) nanoparticles, ion-conductive ceramics from
the argyrodite family. LPSC is a low-cost material prepared by
a simple synthesis with high ionic conductivity (¢ = 2.0 x
107 S em™ at room temperature).”®”® It was found that
despite the relatively low electrochemical stability of LPSC, its
reversible redox processes may contribute to capacity
retention,®* %% as reported in all-solid-state batteries with
LiNi, gsMny ¢sC0,; cathodes, where a sulfide-based ART-CEI
was formed via a dry-coating approach.®® The thin composite
coating deposited on the high-voltage cathode is expected to
create an artificial interphase between the NMC cathode and
the electrolyte, suppressing side reactions of the electrolyte,
stabilizing the CEI layer, enhancing Li-ion diffusion, and
ultimately improving cathode performance.***

Experimental

Coating technique by EPD

The LigPS5Cl (LPSC)-based coating, synthesized by Zitoun's
research group, was deposited on a LiNiyeMng,C00,0,
(NMC622, NEI Corporation, CAM loading: 11.4 + 0.06 mg
em™, 2.0 + 0.1 mA h em™) cathode sheet by an anodic EPD
process. The polymerized ionic liquid (PIL), a grafted
copolymer of poly(dimethylsiloxane)-poly(lithium-1-[3-
(methacryloyloxy)propylsulfonyl]-1-(trifluoromethanesulfonyl)
imide/poly(ethylene glycol methyl ether methacrylate) (PDMS-
gMPALi* ,/PEGMEMA,,),”"”> was utilized as a charging
agent in the deposition process and a binder in the resulting
deposited coating. The PIL was synthesized by Sokolov's
research group.”"”> The EPD bath was based on extra-dry
acetonitrile  solvent  (AcroSeal™, Thermo  Scientific
Chemicals), and the entire protocol was conducted in a
glovebox under an argon environment. The suspension
contained LPSC and PIL in a ratio of 67:33 (W/W%), and
0.6% (W/V) TritonX-100 (Sigma Aldrich), with a total solid
loading of 1.3 mg ml™'. Prior to the EPD process, the
suspension was homogenized. A Keithley source meter
(model 2400), interfaced with LabTracer software, was used
to control the EPD process and monitor the current and

LPSC-coated NMC cathode

Deposited composite coating

e e

; S * g
Aluminum current collector

’ NMC622 & Carbon - Polyvinylidene
Black fluoride (PVDF)

Fig. 1 Schematic illustration of the EPD process and the resulting LPSC-coated NMC622 cathode.
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voltage profiles. A constant voltage in the range of 50-125 V
was applied between the NMC622 cathode sheet and the
glassy-carbon electrode inside the EPD suspension. After
coating, the LPSC-coated NMC samples were cut into 12
mm diameter circular discs and dried overnight under
vacuum at 100 °C. Finally, the cut cathodes were transferred
and stored in an argon-filled glovebox with less than 10
ppm water and oxygen.

Characterization of the cathodes

The structural characterization of pristine and LPSC-coated
cathodes was performed by X-ray diffraction (XRD, Bruker D8
Discover) analysis. XRD patterns were recorded using Cu Ka
radiation over a 26 range of 10° to 80° and a step size of
approximately 0.02°. These measurements were conducted by
transferring the samples under an argon atmosphere in a
specialized vessel to avoid ambient air exposure. Surface
morphology was analyzed using a high-resolution field
emission scanning electron microscope (HRSEM, Zeiss
GeminiSEM 300). Energy-dispersive X-ray spectroscopy (EDX)
measurements were taken with a Bruker X-Flash 6/60
detector and processed via ESPRIT software. Cross-section
HRSEM images of the coated cathode were obtained for
thickness measurements using a focused ion beam (Ga) and
a scanning electron beam (Helios 5 UC DualBeam, Thermo
Scientific™) following carbon coating. Coating porosity
percentages were estimated from HRSEM images using
Image] software. Time-of-flight secondary ion mass
spectrometry (TOF-SIMS) analysis was performed on the
coated cathode, with sample transferred under an inert gas
environment to the Physical Electronics device (TRIFT97).
X-ray photoelectron spectroscopy (XPS) measurements were
conducted on pristine LPSC ceramic powder, pristine PIL,
and LPSC-coated cathode samples. Samples were mounted
under argon and transferred to the analysis device without
air exposure. XPS tests were performed using a Thermo
Scientific™ ESCALAB™ QXi XPS Microprobe, with an Al Ko
excitation source, spot diameters of 200 um for the PIL
sample and 650 um for the others, and a resolution of 0.1 eV.
The carbon 1s peak at 284.8 eV was used as an energy
reference. Raman spectra were recorded at room temperature
using a Raman spectrometer consisting of a 532 nm laser
(BWN-532-20E, B&W Tek), an optical microscope (BXFM-F
and BMXFM-ILHS, Olympus), and a CCD camera (U-DP,
Olympus). The beam was focused to a diameter of 1 pm
using a 100x objective (M Plan Apo). Raman spectra were
collected with a grating of 1800 grooves per millimeter and
an acquisition time of 60 seconds from five different
locations on the NMC samples. Analysis of cycled electrodes
was performed after they were washed in dimethyl carbonate
(DMC) solvent to remove excess salt and dried in a vacuum.

Cell assembly and electrochemical characterization

The cells were assembled in CR2032 coin cell compartment
in an argon-filled glovebox with a NMC622 cathode (¢ 12

© 2025 The Author(s). Published by the Royal Society of Chemistry
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mm), a Li metal electrode (MSE Supplies, ¢ 15.6 mm), a
Celgard® 2400 separator, and 60 pl of a commercial
electrolyte containing 0.95 M lithium hexafluorophosphate
(LiPF¢) and 0.05 M lithium bis(oxalato)borate (LiBOB) in ethyl
methyl carbonate (EMC):dimethyl carbonate (DMC):
fluoroethylene carbonate (FEC): propylene carbonate (PC) 3:
3:3:1 (E-Lyte innovations). All electrochemical examinations
were carried out at 30 ©°C. Electrochemical impedance
spectroscopy (EIS) measurements were performed using a
BioLogic VMP3 potentiostat over a frequency range of 1 MHz
to 10 mHz with a 20 mV amplitude. The resistances (R [Q]),
capacitance (C [F]), and Warburg impedance (W [Q s™°°])
were estimated using the BioLogic Zfit tool. Additionally,
distribution of relaxation time (DRT) calculations were
conducted with Python-based DRTtools (pyDRTtools).5"%
Galvanostatic cycling was carried out from 2.8 V to 4.3 V and
4.5 V cutoff voltages versus Li'/Li using a BioLogic BSC-800
battery cycler. Before cycling at charge-discharge rates of
0.5-1.0C, the cells underwent activation through three cycles
at rates of C/15-C/15 in a CCCV charge profile, holding the
cells in a charged state for 3 hours. For C-rate tests, the
charge-discharge rates were varied every ten cycles from
0.1-0.1 to 0.2-0.2, 0.5-0.5, 0.5-1.0, 0.5-2.0, and 0.5-5.0C.
Subsequently, the cell was cycled again for ten cycles at
0.1-0.1C, followed by 30 cycles at 0.5-1.0C.

Results and discussion

Creating LPSC coatings on the NMC622 cathode via the EPD
method

Since the PIL is an anionic polymer, it was used as a charging
agent for suspended argyrodite particles, enabling an anodic
EPD process to form the composite coating on the NMC622
cathode (Fig. 1). The influence of the coating on the
electrochemical performance of the cathode depends, among
other factors, on the uniformity of the layer and its low
thickness. These aspects are essential to providing effective
protection while allowing lithium ion diffusion/migration.*’
Therefore, various EPD process parameters were tested to
determine the relationship of the applied voltage and
deposition time to the resulting deposited mass (Fig. 2). The
results indicated a nearly linear increase in the mass of the
deposit with applied voltage. The initial examination showed
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Fig. 2 (a) Average deposit mass for 1 min at different applied
voltages, and (b) the deposit mass EPD rate at 100 V of LPSC + PIL
on NMC622 cathode.
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that the most uniform coatings were obtained at a voltage of
100 V. A linear five-fold mass growth of the LPSC-based
composite was observed as the EPD time increased from 30
to 120 sec, followed by a plateau at durations exceeding 150
sec. All further electrochemical tests described below were
conducted on NMC622 cathodes coated with an LPSC-based
composite that also contained the PIL polymer, deposited at
100 V for 60 s.

Structural and surface characterization of the cathodes

The morphology of the cathodes was characterized using high-
resolution scanning electron microscopy (HRSEM) (Fig. 3a). At
low magnification, both pristine and LPSC-coated cathodes
displayed similar morphology. High-magnification images
revealed a thin coating layer conformally covering the spherical
secondary CAM particles. Cross-sectional images indicated that
the composite coating varied in thickness (Fig. 3b), ranging
from 0.5 to 2.2 micrometers, with an average thickness of 1.78
+ 0.52 um (N = 30). Additionally, the coating displayed ~32%
porosity while maintaining good adhesion to the cathode's
complex surface.

Element mapping using energy-dispersive  X-ray
spectroscopy (EDS) confirmed a homogeneous element
distribution within the composite (Fig. 3c), and further
indicated that the coating contained about 0.99 wt% of PIL.

Fig. 3
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Time-of-flight secondary ion mass spectrometry (TOF-SIMS)
chemical imaging and depth profiling validated uniform
coverage across the cathode surface, with a consistent LPSC:
PIL ratio (represented by the S:Si atomic ratio) throughout
the depth profiling (Fig. S1, ESIT).

X-ray photoelectron spectroscopy (XPS) measurements of
the LPSC ceramic powder and the LPSC-coated NMC
cathode indicate that the pristine LPSC powder was partially
oxidized and underwent further oxidation upon deposition
(Fig. 4a).8%® The S 2p spectrum of the pristine powder
showed a main S 2ps, doublet at a binding energy (BE) of
161.6 eV, attributed to the sulfur atom in PS,>” argyrodite
structure (red component). Another weak component at
167.0 eV is explained by traces of sulfite (SO;>7), likely due
to partial sulfur oxidation (brown component). This
oxidation occurred despite thorough processing in an argon-
filled glovebox. Two additional spectral features appear in
the LPSC coating at BEs of 162.3 and 163.5 eV (blue and
green components respectively), consistent with the
presence of lithium polysulfide (Li,S,) and phosphorus
sulfide (P,S,) species, which are oxidation products of
argyrodite. These components belong to the lithium
thiophosphate Li,S-P,Ss binary system (LPS), a sulfide glass-
ceramic electrolyte, whose conductivity depends on the
component ratio and synthesis process.’” Our experimental
data aligns with the initial oxidation of argyrodite in cells,

(a) HRSEM images of pristine and LPSC-coated NMC622 after deposition at 100 V for 1 min. (b) FIB-HRSEM cross-sectional image of the

LPSC + PIL coating layer over the NMC particles. (c) HRSEM and EDS mapping images of LPSC film electrophoretically deposited on NMC622 at

100 V for 1 min.
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Fig. 4
and LPSC-coated NMC622 cathodes.

which forms a mixed thiophosphate, LPS-like phase that
undergoes a reversible redox reaction.®®* This is consistent
with findings from the wet chemistry synthesis of LPS in
acetonitrile, where it was observed that an annealing-less
synthesis process produces an amorphous solid electrolyte
with a room temperature conductivity of 1.6 x 10* S
em .%7% In the coating, XPS signatures of terminal sulfur
(P=S groups, in blue) and bridging sulfur (P-[S],~P groups,
in green) were associated with lithium thiophosphate. The
intensity of the bridging peaks was higher than expected
relative to the terminal sulfur, likely due to the overlap with
PIL peaks at 163.3 and 164.5 eV (C-S-C groups, in yellow),
which could not be distinguished and separated (see the S
2p spectrum of the PIL in Fig. S27). Likewise, the sulfoxide
group (S=O, orange) at BEs of 168.6 and 169.6 eV may be
associated with both the PIL and a high oxidation state of
sulfate (SO,>”, 169.3 eV). The P 2p spectra showed a
characteristic bond of pristine argyrodite as a 2p;,, doublet
at a BE of 131.8 eV (red component). In the coating, the
doublet at a BE of 133.5 eV (blue component) corresponded
with the XPS signature of P,S, and the S 2p spectrum. In

© 2025 The Author(s). Published by the Royal Society of Chemistry

Raman Shift (cm™)

(@) P 2p, S 2p, and Cl 2p XPS spectra of pristine LPSC powder and LPSC-coated NMC622. (b) XRD patterns and (c) Raman spectra of pristine

addition, oxidation led to the release of lithium chloride,
soluble in acetonitrile, and thus the intensity of the Cl 2p
peak in the coating is relatively low. The calculated PIL
content in the coating was 1.2% wt, matching the EDS
analysis results.

X-ray diffraction (XRD) patterns of pristine and LPSC-
coated NMC622 cathodes, along with the corresponding
Miller indices (hkl) for the peak planes, are presented in
Fig. 4b. These patterns reveal characteristic reflections of the
NMC622 hexagonal space group R3m (powder diffraction file
66-0854).°° The splitting of the (006)/(102) and (108)/(110)
peaks, indicative of the layered phase, was clearly
distinguished, and no additional NMC phases were observed
during the EPD process. Hence, the structural stability of the
active NMC material and integrity of the cathode were
preserved after the EPD process, and an amorphous LPS
coating formed, as agreed with XPS analysis. To determine
the lattice parameters a and ¢, the hexagonal d-spacing
formula for the R3m crystal structure was used (eqn (1)),
applying the Miller indices and interplanar spacing (dux)
derived from Bragg's Law (eqn (2)). In this equation, n

RSC Appl. Interfaces, 2025, 2, 261-278 | 265
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represents the diffraction order (typically 1), 1 is the X-ray
wavelength (Cu Ko 1.5418 A), and @ is the Bragg angle.”*

1 4 B +hk+k P
— . + +

— == — 1

dhklz 3 a2 62 ( )
ni

dn = 2sind (2)

The calculated lattice parameters of the pristine and LPSC-
coated cathodes indicated negligible changes in cell
parameters (Table 1), although the c/a value increased slightly
following the coating. The lattice parameter ¢ represents the
sum of the slab and interslab space thickness in the layered
cell unit, where a larger ¢ value is generally correlated with
improved diffusion within the cathode lattice and faster Li-
ion insertion/extraction.”>%?

The structure of the NMC622 cathodes was investigated by
Raman spectroscopy as a complementary tool to substantiate
the XRD results. Fig. 4c compares the deconvoluted Raman
spectra of pristine and LPSC coated cathodes in the 400-650
em™ range, where the active modes are observed.”**® Each
transition metal ion has two Raman modes: A;, and E,,
associated with M-O symmetrical stretching and M-O-M
bending mode vibrations, respectively. The positions of the
bands in both the pristine and coated cathodes correspond
well to the reported bands of the NMC layered structure
(Table 2). An analysis of the Ni modes, the metal with the
highest concentration, reveals negligible shift in the peak
positions of A;, (Ni) and E; (Ni) between the samples. The
normalized band intensity for both samples was also
similar, with a difference of less than 10%, indicating that
the Ni**/Li* cation mixing did not change because of the
EPD process. In terms of the peak width (FWHM), the
pristine cathode exhibited broader A;, (Ni) and E, (Ni)
bands, implying shorter phonon lifetimes. This
phenomenon was also observed in other A;, modes, in
which oxygen atoms vibrate in a symmetrical stretch parallel
to the ¢ axis. The sharpness of the peaks in the coated
cathode suggests more stable vibrational modes, as the
energy levels are better defined and there is less broadening
due to scattering processes. These results are consistent
with the structural analysis from XRD, which showed an
increase in the c/a cell parameter ratio in the coated
cathode. A possible reason for this could be O-site doping
by electronegative elements, such as chlorine or sulfur,
which increases the interlayer electrostatic repulsion.””*°
This results in an expanded c¢ cell parameter, potentially
improving cathode performance as discussed below.

Table 1 Lattice parameters of the pristine and LPSC-coated NMC622
cathodes

Cell parameters a[A] c[A] cla [A] V[A%]
Pristine NMC 2.8708 14.2381 4.9596 101.6242
LPSC-coated NMC 2.8694 14.2419 4.9634 101.5849
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EIS analysis of symmetrical NMC/NMC cells

The ionic conductivity of the EPD composite coating was
evaluated by electrochemical impedance spectroscopy (EIS).
The data are presented as Nyquist plots, including their fit to
equivalent circuit analogs (Fig. 5). The spectra of symmetrical
NMC/NMC cells consist of one suppressed semicircle, which
was fitted according to the equivalent circuit scheme shown in
Fig. 5a. The broad semicircle, which can be fitted to the first
group of RC elements, includes contributions from the
resistance of the electrode's surface films (Rsz) attributed to the
cathode-electrolyte interphase layers, namely, native and ART-
CEI, and the corresponding constant phase element (Qgg). The
second semicircle in the low-frequency RC domain reflects the
charge transfer resistance of electrochemical reactions (Rcr)
and the corresponding constant phase element (Qcy).
Additionally, the high-frequency resistance, bulk resistance
(Rpulk), is assigned to the ohmic resistance of the electrolyte,
and the Warburg impedance (W) in the low-frequency range
reflects lithium diffusion in the electrodes and electrolyte.'®
Since the diffusion of ions is much faster in the liquid
electrolyte than in the solid electrodes, the major contribution
to Warburg resistance comes from the latter.

The EIS data of symmetric cells assembled with two
pristine or LPSC-coated cathodes and the table of calculated
equivalent fit values are shown in Fig. 5b and Table 3. The
conductivity of the coating on the cathode was estimated by
using eqn (3):

21 coating
Ocoating — (3)
# (RSF(coated) - RSF(pristine) )A

where l.oating is the coating thickness, A is the cathode area,
and Rsp(coated) aNd Rsppristine) are the fitted surface film
resistances of the corresponding symmetric cells. Based on
the difference between the Rgr of the coated and pristine
cathodes, the conductivity of the artificial CEI was calculated
to be 0.12 mS cm™" at 30 °C, corresponding to the reported
conductivity of amorphous LPS.**

Electrochemical performance of NMC/Li half cells

The voltage profiles of the first two cycles at a C/15 rate and
the corresponding differential capacity versus voltage plots of
NMC/Li cells comprising pristine and LPSC-coated NMC622
cathodes are presented in Fig. 6. The electrochemical
reactions during charging, from open circuit voltage (OCV) to
4.5 V, showed a slight difference in the trend of the curves.
Starting at ~3.7 V, the plateaus are related to the oxidation of
nickel and cobalt (Ni**/Ni'", and Co*/Co™) with the
extraction of Li-ions from the NMC. This process causes
phase transformations from the Li(TM)O, hexagonal (H1)
phase to the monoclinic phase (M), then to another
hexagonal phase (H2), and finally to the hexagonal phase
(H3)."""> The sharp dQ/dV peak in the first delithiation
process at about 3.7 V is associated with the H1-M phase
transition (Fig. 6a and b). Here, the cell with the coated
cathode displays a shift to a higher potential with an increase

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The parameters of the six fitted Raman spectra bands for the pristine and LPSC-coated NMC622 cathodes

Band position (cm ™) FWHM (cm ™)
Band Mode Pristine NMC LPSC-coated NMC Pristine NMC LPSC-coated NMC
v E, (Ni) 461 458 52 35
v, E, (Co) 503 511 17 40
vy Ay (Co) 524 531 33 24
vy Aqg (Ni) 551 554 57 31
Vs Eg (Mn) 596 603 23 18
Ve Ay (Mn) 623 625 29 15

in overpotential (by 50 mV) compared to the pristine cell,
possibly due to a non-uniform coating layer. During
consequent cycles, the oxidation peaks become more
prominent (Fig. 6¢c and d). The sharp peak that appeared as
two overlapping peaks during the first cycle is separated into
two peaks: one for the transition from the H1 phase to a
mixed state of M and H1, and another for the transition from
the mixed state to the M phase. Additionally, the profiles
show no shifts in the reduction processes following the
coating, but an additional peak appeared at 3.46 V, which is
more prominent in the second cycle. Furthermore, the cells
with the coated cathode demonstrate higher discharge
capacity values by 8-14 mA h g™' compared to the pristine
cells in the two activation cycles at a C/15 rate and cutoff
voltage of 4.3 V and 4.5 V (Table S1, ESIT). Also, the first two
cycles showed similar coulombic efficiency (CE) for both the
pristine and coated cathodes, with ~92% and ~99% in the
first and second cycles, respectively.

A long-term cycling study at charge-discharge rates of
0.5-1.0C was performed at cutoff voltages of 4.3 V and 4.5 V
after three activation cycles at a C/15 rate (Fig. 7a and b). In
the first cycle at a 1.0C discharge rate (4th cycle), discharge
capacity values of 162 mA h g™* and 164 mA h g™* at 4.3 V,
and 186 mA h g™ and 191 mA h g™" at a cutoff voltage of 4.5 V
were observed for pristine and LPSC-coated NMC622
cathodes, respectively. After 200 cycles, the LPSC-coated
cathode provided significantly improved discharge capacity

(a) Qs Qcr =
Reuk w
Rse Rer
(b) 80 @ Pristine

@ LPSC-coated

60 -

40

-Im(2) (Q)

20

60 80

Re(2) (Q)
Fig. 5 (a) The equivalent circuit model for fitting the EIS data. (b)
Nyquist plots of EIS measurements and their fits at 30 °C of
symmetrical cells comprising uncoated and LPSC-coated NMC622
cathodes.

© 2025 The Author(s). Published by the Royal Society of Chemistry

values and exhibited higher capacity retentions of 148 mA h
g7 (90%) and 159 mA h g™* (83%) compared to 129 mA h g™*
(80%) and 136 mA h g™' (73%) for the pristine cathode, at
cutoff voltages of 4.3 V and 4.5 V, respectively.

Fig. S31 and 7c and d show the average voltage and
voltage hysteresis profiles for half-cells comprising pristine
and LPSC-coated NMC622 cathodes at cutoff voltages of 4.3 V
and 4.5 V. The voltage gap between charge and discharge
shows that, while average charge voltages remain similar
between the pristine and coated cathodes, after 200 cycles,
the LPSC-coated cathode's average discharge voltage is 80 mV
higher. This suggests that Li" insertion into the pristine
cathode is impeded, as reflected in the increasing potential
gap, which is directly proportional to the internal resistance
of the electrodes.’®>'%* The latter depends on the kinetics of
redox processes, the activation energy of lithium insertion/
extraction, and diffusion complicated by phase transitions.
Voltage hysteresis, estimated by the voltage difference
between charge and discharge curves at half capacities,
increased with cycling. This may be due to degradation of the
high-voltage cathode, a significant drawback that reduces
battery efficiency and raises safety concerns.'®*°* At a cutoff
voltage of 4.3 V, the difference in hysteresis between the
pristine and coated cells was not significant over 200 cycles.
However, upon charging to a higher potential (4.5 V cutoff),
the voltage hysteresis grew, with the LPSC-coated cathode
exhibiting a 1.7-fold slower increase in voltage hysteresis
(0.753 mV cycle ') compared to the pristine cathode (1.23 mV
per cycle). This electrochemical behavior can be attributed to
the enhancement of the lithium intercalation/de-intercalation
kinetics during cycling owing to the ART-CEL

Fig. 7e displays the C-rate performance of the cells,
demonstrating a preference for the LPSC-coated cathode
across all discharge C-rates except at 5C. As shown in the dQ/
dV discharge curves in Fig. 7f, increasing C-rates lead to
greater cell overpotential due to electrode polarization effects,
resulting in lower capacity.'® The reduced growth of the
charge transfer and diffusion resistances in the LPSC-coated

Table 3 Resistances fitted to impedance values of the symmetric cells
that comprise NMC622/NMC622 cathodes

Rpui [Q] Rsr [Q] Rer [Q]
Pristine NMC 2.6 3.4 15.9
LPSC-coated NMC 2.6 6.3 32.7
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Fig. 6 (a-d) Voltage profiles and corresponding differential capacity
versus V plots of the pristine and LPSC-coated NMC622 cathodes
versus Li electrode cells during two consecutive formation cycles
between 2.8 and 4.5 V at a cycling rate of C/15.
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cathode also improve rate capability. However, as the C-rate
increases, polarization at the coated cathode intensifies,
narrowing the discharge capacity gap until a sharp drop at
5C. This drop can be explained by a high tortuosity that leads
to a diffusion-rate limit at a high C-rate. Still, even at a 5C
discharge rate, the coated cathode maintained higher
stability and better recovery when the C-rate was reduced,
with the capacity difference greater than at the corresponding
previous rates.

To better understand the long-term cycling results, a
comparison of the voltage profiles and corresponding dQ/dV
versus V plots for the 5th, 50th, 100th, 150th, and 200th
cycles at 4.3 V and 4.5 V cutoff voltages is presented in Fig.
S4.f Fig. 8 provides a detailed analysis for the 5th and 50th
cycles at a 4.5 V cutoff voltage, including the marking of
the accompanied phase transitions (H1 <~ M «— H2 «— H3)
in the dQ/dV curves.'®'®" The typical H2/H3 transformation
peaks that appeared at ~4.3 V indicate anisotropic
shrinkage and expansion of the primary CAM particles,
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Fig. 7 Long-term electrochemical cycling at 2.8-4.3 V (a), and 2.8-4.5 V (b), for the pristine and LPSC-coated NMC622 cells as indicated at charge-
discharge rates of 0.5-1.0C and 30 °C after 3 cycles at C/15. (c) Average voltage profiles on charge and discharge, and (d) voltage hysteresis calculated as
the difference between average charge (4.5 V cutoff) and discharge (2.8 V cutoff) voltages. (e) Rate performance at 2.8-4.3 V for the electrodes comprising
pristine and LPSC-coated NMC622 as indicated, and (f) the corresponding dQ/dV curves of the 5th cycle discharge at each C-rate.
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Fig. 8 Voltage profiles and corresponding differential capacity dQ/dV
versus V plots for half cells comprising: (a and b) pristine and (c and d)
LPSC-coated NMC622 cathodes, at cycles number 5th and 50th.

causing intergranular cracks.>® Hence, this phase transition
likely contributes to the capacity retention gap between the
examined cutoff voltages (Fig. 7a and b). During cycling,
three main polarization regions, marked by squares in the
plots (Fig. 8b and d), can be observed.'® The main
oxidation peak of the H1/M phase transition at ~3.7 V is
shifted to a higher potential, with no effect of the ART-CEI
on the potential shift (AV = 14 mV) in the first 50 cycles at
a 4.5 V cutoff voltage. The sharper peaks of the transition
from the H1 phase to a mixed state of M and H1 and from
the mixed state to the M phase in the pristine cathode
indicate faster phase transformations. In contrast, the
discharge peak in the pristine cathode at ~3.6 V shifted to
a lower potential, while the shift of the LPSC-coated cathode
was slightly lower (AV = 16.0 mV compared to 19.9 mV).
This significant difference between the cathodes was in the
polarization between the end of charging and the beginning
of discharging, which increased with prolonged cycling (AV
= 45.9 mV compared to 74.7 mV). These changes generally
indicate an increased internal resistance during cycling,
caused by parasitic interfacial side reactions at the cathode-
electrolyte interface.'® Also, the discharge capacity gain
(~3.2-3.5 V, marked in green area) was negligible compared
to the lost capacity, which was smaller for the coated
cathode (~4.2-4.4 V and ~3.6-3.8 V, marked in yellow area).
The reduced polarization induced by the coating reflects the
observed trend of capacity retention during prolonged
cycling, demonstrating improvement at the cathode-
electrolyte interface.

Investigation of aging cells by EIS and DRT method

EIS measurements were performed upon cycling, and the
fitted resistance values and calculated diffusion
coefficients from the Nyquist plots of the 3rd, 50th,
100th, 150th, and 200th cycles at a 4.5 V cutoff voltage

© 2025 The Author(s). Published by the Royal Society of Chemistry
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are shown in Fig. 9a and b. The differences in the EIS
data can be attributed to the ART-CEI. Nyquist plots of
these impedance measurements and a summary table of
the fitted values corresponding to the equivalent circuit
are provided in Fig. S5t and Table S2.f It should be
noted that in the third cycle, the values of the Warburg
elements and resistances were relatively high, probably
due to the incomplete formation of SEI and CEI layers.
Therefore, these were excluded from the -current
comparison but are available in the ESL}

According to the Nyquist plots (Fig. 9a), after the
electrochemical activation of the cells, in which the
electrode-electrolyte interphases were formed, starting from
the measurement of the 50th cycle, the coating significantly
improved the Rgp attributed to the SEI and CEI and the Rcy
reflecting the charge transfer resistance. The Rpy
resistances of the cell with the pristine cathode were slightly
lower than those of the LPSC-coated cathode. The observed
increase in resistances during prolonged cycling can be
attributed to various processes in the «cell, such as
electrolyte decomposition (increasing Rguy), SEI and CEI
layer growth and decomposition (increasing Rgp), and the
subsequent slowing of charge transfer reactions (increasing
Rer)-

The positive effect of the LPSC coating on lithium-ion
diffusion is evident from the diffusion coefficients calculated
from the Warburg impedance of the EIS measurements
(Fig. 9b). The diffusion coefficient (Dy;) was estimated from
the Warburg element according to the following equation:

RZTZ

Dy=—
U 2 pic2 g2

(4)
where R is the gas constant, T is the temperature, S is the
surface area of the cathode (0.20 m> g™* for the NMC622
commercial sheet), n is the number of electrons involved in
the intercalation step, F is the Faraday constant, C is the
molar concentration of lithium ions in the cathode, and o
is the fitted Warburg value. These calculations revealed that
the diffusion coefficients for the LPSC-coated cathode are
twice those of the pristine cathode in all cycles, confirming
that the ART-CEI improves lithium-ion diffusion in the
electrodes. As expected, the diffusion coefficients for both
cathodes decreased with increasing cycle number due to
aging of the CAM.*®®° However, the decline rate of Dy; in
the protected cathode was 15% lower between the 100th
and 200th cycles.

In addition to AC impedance analysis based on the
equivalent circuit model, the distribution of relaxation time
(DRT) deconvolution method was used to investigate aged
cells in the time domain and distinguish between
overlapping polarization effects in the frequency domain
(Fig. 9¢). In the EIS measurements analyzed by DRT, split
peaks representing different processes with a typical time
constant (¢) are obtained, providing better insights into
aging degradation mechanisms.'”” % The plots in Fig. 9c
show the P1 peak at r = 10™* s, attributed to electrical and
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magnetic effects caused by the contacts between active
material particles and the electrodes to current collectors.
P2 in the range of 7 ~ 10° s and P3 in ¢ = 10> s
correspond to lithium ion migration through the SEI and
CEI layers, respectively. The electrodes’ charge transfer
resistance is observed in the range of 7 ~ 107> - 10" s, while
diffusion processes occur at ¢ > 10" s, both appearing as
several peaks. The resistances calculated from the DRT
analysis peaks align with the fitted values from the Nyquist
plots, clearly showing that the coated cathode has lower
resistance values. A noticeable difference between the
cathodes is seen in the first three peaks (P1, P2, P3). The
sum of Reontact, Rspr, and Rggr values (Fig. 9d) closely
matches the fitted Rgp resistance excluded from the first
semi-circle in the intermediate frequency ranges of the
Nyquist plots. Changes in peak intensity and 7 are expected
during cycling, related to the growth and decomposition of
the electrode-electrolyte interphases and the impact of
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degradation mechanisms such as HF attack, lithium plating,
particle cracking, and structural disordering. The coated
cathode exhibited less change in 7 values of P2 and P3, with
a slight shift towards lower time constants compared to the
stronger shift to larger r in the cell with the pristine
cathode. DRT analysis reveals that the LPSC-based ART-CEI
promotes the stability of the CEI and SEI in the NMC/Li
cell. Furthermore, the coated cathode exhibited smaller
changes in the Reontact, Rsgr, and Rcgy values between 50 and
150 cycles compared to the uncoated cathode. Generally,
microcracks in the CAM lead to increased resistance and
reduced Li-ion diffusion, eventually resulting in significant
cracks that cause a loss of electrochemically active material,
followed by a sharp drop in Rgp and Rcy,”> as shown in the
200th cycle. The formation of an electrochemically inactive
material also deteriorates discharge capacity. Thus, the
capacity loss of the pristine cathode between 100-150 cycles
and 150-200 cycles was 0.17 and 0.26 mA h g per cycle,
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(a) The fitted resistance values of EIS measurements, (b) the calculated lithium-ion diffusion coefficients, (c) the DRT plots, and (d) the

resistances in the intermediate frequency ranges from the DRT plots, during electrochemical cycling after the 50th, 100th, 150th, and 200th cycle

at 2.8-4.5 V.
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much higher than that of the LPSC-coated cathode, which
exhibited losses of 0.12 and 0.14 mA h g™* (Fig. 7b). Overall,
the cells’ behavior according to EIS is consistent with the
long-term capacity loss presented above.

Electrode-electrolyte interphase characterization

To  further understand the improved Rgr and
electrochemical performance of the coated cathode, the
electrode-electrolyte interphases were investigated using
XPS analysis of the electrodes after 20 cycles. The P 2p,
O 1s, Li 1s, and S 2p spectra of the cycled NMC
cathodes, along with the atomic concentration in the
CEI, are presented in Fig. 10. As shown in Fig. 4a,
LPSC decomposes into L,S-P,Ss (LPS) products before
cycling. This sulfide glass-ceramic electrolyte was also
detected in the CEI of the coated cathode after cycling
(S 2p: 162.8 eV; P 2p: 134.8 eV; Li 1s: 58.1 eV). Despite the
low sulfur content in the ART-CEI (1.2%), the fraction of
sulfur species in the Li 1s spectrum was high, including LPS
(44%) and Li,S (9%) at BEs of 58.1 and 55.0 eV,
respectively."'® Additionally, sulfur species of the SO, type
were observed (O 1s: 532.5 eV; C 1s: 287.4 eV Fig. S67), which
could be associated with the PIL in the coating or other LPSC
decomposition products like $0,>” and SO;>". Notably, the
lattice metal-oxide bond of the NMC in the O 1s spectrum
(528.3 eV) is evident in the pristine cathode but
indistinguishable in the coated cathode, suggesting an
increased surface layer thickness due to the EPD coating. The
higher intensity of the C-C bond at 284.6 eV in the C 1s
spectrum of the pristine cathode, related to the carbon black
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coating (Fig. S5f). In addition, peaks assigned to ROLI,
CO;3/C=0, C-O, and ROCO,R species reflect electrolyte
solvent decomposition, while the peaks of Li,PO,F, and
LiF indicate LiPFs salt decomposition.’®** The O 1s
spectrum of the coated cathode contained additional
compounds belonging to the coating. However, when
cross-referenced with the Li 1s and P 2p spectra, it can
be concluded that the ART-CEI contained fewer carbonates
(Li,CO3/ROCOLI) and Li,POyF,. These findings suggest that
the EPD-formed ART-CEI effectively inhibits decomposition
reactions at the cathode-electrolyte interface.

The SEI composition on the Li anode in cells with pristine
and coated NMC cathodes also differed (Fig. 11). XPS analysis
revealed that LPS and PIL components of the coating were
presented in the anode SEI as well. The S 2p spectrum
indicated that the PIL (164.2 and 168.7 eV) appears in the
outer SEI layer of the coated cathode cell, while LPS (162.3 eV)
was also observed after sputtering. LPS in SEI is known to
facilitate the formation of a homogenous layer, leading to
stable lithium plating/stripping."*'™""* The increased sulfur
bond intensity in the inner SEI layer was also observed in the
binding energy region associated with SO, species (C 1s: 287.8
eV; O 1s: 532.5 eV), which, apart from the PIL, can be
attributed to a high oxidation state of sulfate (SO,*”, S 2p:
169.3 eV). Additionally, based on the carbon content and
deconvoluted C 1s and F 1s spectra, the SEI in the cell with
the pristine cathode had a higher concentration of organic
species than the coated-cathode cell, especially in the inner
layer. In the C 1s spectrum, peaks of C-C/C-H (284.8 eV), C-O
(286.7 eV), and C=O0 (288.8 eV) were attributed to organic
components from electrolyte solvent decomposition and

in the cathode, can be attributed to the absence of the  polymerization."’* The intensity of these decomposition
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Fig. 10 P 2p, O 1s, Li 1s, and S 2p XPS spectra and the atomic concentrations in the CEI of pristine and LPSC-coated NMC622 after 20 cycles (200
s sputtering); the area ratio of the lithium species components according to the corresponding Li 1s spectra.
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Fig.11 C 1s, O 1s, F 1s, P 2p, and S 2p XPS spectra and the atomic concentrations in the SEI of Li metal anodes in pristine and LPSC-coated
NMC622 cells after 20 cycles (surface and depth profiles after a 200 s sputtering).

product peaks was lower in the coated-cathode cell, as were
the overlapping peaks of ROCO,R (291.3 eV) from
fluoroethylene carbonate (FEC) decomposition and C-F (291.6
eV) attributed to polyvinylidene fluoride (PVDF). Furthermore,
the decomposition of LiPFs was confirmed by the presence of
LiF and Li,PO/F, peaks (685.1 eV) in the F 1s spectrum. The
relatively low content of organic decomposition products and
high content of LiF, likely also due to PIL decomposition,
suggest the formation of an inorganic-rich SEI in the ART-CEI
coated cathode cell. Such inorganic-rich SEI, with a high LiF
content, is known to improve Li stripping/plating properties
due to its high mechanical strength, leading to a stable SEI,
dendrite-free morphology, and high efficiency."'*'"® The Ni
2p spectra showed that the SEI contained metallic Ni and
NiF, at BEs of 850.1 and 857.8 eV, respectively (Fig. S7t).
Transition-metal fluorides (TMF,), also observed in the F 1s
spectrum, are formed through HF attack on the NMC surface,
which diffuse into the electrolyte and deposit in the SEL.>® In
addition, the depth profile of the SEI in the ART-CEI coated
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cell shows the formation of the NiS, peak, a by-product of
LPSC oxidation.®

Post-cycling morphological and structural analysis

HRSEM images of the uncoated and LPSC-coated cathodes
after cycling reveal a notable morphological difference
(Fig. 12a). The pristine cathode exhibited large cracks and
partial disconnection of the spherical secondary CAM
particles. These observations suggest that although the
LPSC coating (also shown in the EDS images in Fig. S87)
was not uniformly maintained after prolonged cycling, the
ART-CEI improved the adhesion of CAM particles to the
current collector. Hence, the coating, which apparently
suppressed parasitic reactions at the NMC/electrolyte
interface, also enhanced the mechanical properties of the
cathodes. This finding is consistent with electrochemical
impedance data showing lower and more stable Reontact

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 (a) HRSEM images of pristine and LPSC-coated NMC622
cathode surfaces after 200 cycles, scalebar: 20 um. (b) XRD patterns of
uncycled the pristine NMC622 cathode and pristine and LPSC-coated
cathode after 200 cycles, and magnified view of the (003), (006)/(102),
and (108)/(110) reflections.

during cycling for the coated cathode compared to the
pristine one.

The XRD patterns of pristine and LPSC-coated
NMC622 cathodes after cycling, along with magnified
regions of the (003), (006)/(102), and (108)/(110) peaks,
are shown in Fig. 12b. The (003) peaks shift to a low
angle after cycling, indicating expansion along the c-axis,
as seen in the calculated lattice parameters in Table 4.
The cycled pristine cathode exhibited a more pronounced
(003) peak shift than the coated cathode compared to
the fresh pristine cathode, leading to greater broadening
of the c-axis. Besides, the (006)/(102) and (108)/(110)
peaks corresponding to the layered phase changed in
both cathodes after cycling due to the expansion along
the c-axis, contraction along the a and b axes, and
reduction in unit cell volume.**** As expected, the
structural changes were more significant in the pristine
cathode, where the (006)/(102) peaks merged into one,
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and the (108)/(110) peaks split further. The lower
changes in lattice parameters (Aa, Ac, and AV) after
cycling of the coated cathode indicate a higher structural
order compared to the pristine NMC cathode.
Furthermore, the smaller c¢/a ratio of the cycled coated
cathode indicates a higher Li concentration in the crystal
structure and lower mechanical stresses that may lead to
lattice distortions and cracks.*'"” Lattice distortions are
also demonstrated by anisotropic peak broadening that
significantly affects the (003) reflection. According to the
FWHM analysis, the (003) reflection in the XRD pattern
of the coated cathode is characterized by a higher
crystallite size and lower strain accumulation in the
lattice,"”*'® explaining the improved electrochemical
properties of the ART-CEI cathode.

Conclusions

In this study, we introduce a facile and fast EPD method to
create an ART-CEI, composed of a sulfide electrolyte based
on argyrodite (LPSC) and a polymerized ionic liquid, on a
commercial NMC622 cathode. The EPD process is easily
controlled, allowing precise manipulation of the coating by
adjusting the suspension composition, applied voltage, and
deposition time. The resulting porous coating adheres well to
the cathode surface without requiring an additional
calcination step. The amorphous sulfide electrolyte coating
significantly enhances the electrochemical performance of
NMC/Li cells compared to those with a pristine cathode.
LPSC-coated cathode cells exhibit lower Rgy and Rcr
impedance values, along with higher lithium-ion diffusion
coefficients during cycling. These improvements lead to
stable long-term cycling performance, higher capacity
retention, reduced voltage hysteresis, and better rate
capability. The cells were cycled for 200 cycles within a
voltage range of 2.8-4.5 V, achieving a coulombic efficiency
of 99.8% and a capacity loss of only 0.086% per cycle. The
performance enhancement is attributed to the suppression of
detrimental side reactions at the cathode-electrolyte interface
while maintaining efficient diffusion of lithium ions through
the ART-CEIL. Our findings demonstrate that the sulfide
electrolyte coating facilitates the formation of an artificial
CEI, enhances the stability of the SEI on the lithium anode,
reduces structural disorder in NMC622, mitigates crack
formation typically observed during cycling of layered
cathodes, and inhibits electrolyte decomposition. Moreover,
the EPD coating process is versatile and not limited by the
type of deposited particle or substrate, making this surface

Table 4 Lattice parameters of the uncycled pristine and the cycled pristine and LPSC-coated NMC622 cathodes

a[A] c[A] VA% cla [A] FWHM g03)
Pristine NMC before cycling 2.8708 14.2381 101.6242 4.9596 0.146
Pristine NMC after 200 cycles 2.8239 (Aa = 0.0469) 14.4751 (Ac = 0.2370) 99.9621 (AV = 1.6621) 5.1259 0.198
LPSC-coated NMC after 200 cycles 2.8606 (Aa = 0.0102) 14.2760 (Ac = 0.0379) 101.1685 (AV = 0.4557) 4.9906 0.134
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modification technique highly promising for application in
high-voltage LIBs.
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