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Halide solid electrolytes are a promising candidate for all-solid-state Li batteries (ASLBs) owing to their me-
chanical sintering ability and excellent (electro)chemical oxidation stability. However, these advantages are
counteracted by the lower Li" conductivities and higher specific densities compared with those of sulfides.
Herein, a novel halide-sulfide hybrid catholyte design for Ni-rich layered oxide cathodes for ASLBs is reported. In
a hybrid catholyte, LisYClg (0.40 mS cm ™) coatings protect the surface of Li[Nip .ggCog.11Alp.01]102 while LigPSsCl
(1.80 mS cm ™) serves as a Li* highway. Li[Nig.gsC00.11Alo.01102 cathodes with an optimal fraction of LizYCls, 10
wt% with respect to Li [NigggCog.11Alp.01102, substantially outperform electrodes using either LigPSsCl or
LisYClg in terms of capacity (202 vs. 171 or 191 mA h g~ at 0.1C, respectively), initial Coulombic efficiency, rate
capability, and cycling performance. The superiority of LisYCle for interfacial stability in the Li3YCle-coated
electrode to the electrode without LisYClg is confirmed by complementary analysis. Moreover, the digital twin
model is successfully established and reveals electrically isolated Li[Nig ggC0¢.11Alg.01]102 particles when 14 wt%
LigYClg is used. This insight leads to the development of a mixed conductor coating consisting of LizYClg and
carbon, further enhancing the performance: e.g., 134 vs. 53 mA h g~! at 2C.

1. Introduction

Owing to their safety and high energy density potential, all-solid-
state Li batteries (ASLBs) using inorganic solid electrolytes (SEs) are at
the heart of extensive research and development for large-scale energy
storage applications such as electric vehicles. [1-12] For the develop-
ment of ASLBs operating at ambient temperature, high ionic conduc-
tivity of SEs, at least ~1 mS em” L is required. [3-5,7,13,14] In addition,
high mechanical deformability of SEs is highly desirable because it al-
lows for the fabrication of ASLBs by a simple cold-pressing process. [5,9,
15]

Sulfide SEs, such as argyrodites, Lig.xPSs5.xCl1 1y (maximum Li* con-
ductivity of ~10 mS cm’l), are the state-of-the-art candidates that
satisfy the two major criteria described above. [5,16-19] However, their
intrinsic electrochemical oxidation stability is poor; the onset potential
for oxidation is < 3 V (vs. Li/Li"). [5,20,21] Moreover, experimental
and theoretical investigations revealed that sulfide SEs are reactive with
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layered oxide cathode active materials (CAMs) LiMO, (M = Ni, Co, Mn,
and Al mixture), [22-31] and the reactivity becomes more severe for
delithiated (or charged) CAMs. [30,31] Owing to these low electro-
chemical stability and chemical incompatibility, unprotected LiMO5
cathodes combined with sulfide SEs exhibit poor electrochemical per-
formances. [26-32] Therefore, it is a common practice to apply pro-
tective oxide coatings on LiMO,, such as LiNbOs, LisZrOs, and
Li3 xB1.xCx03. [4,9,33-35] However, an optimal performance might be
limited by the low Li" conductivities of oxide coating materials (max.
~107%s cm’l). [33,36] A precise control of their conformality with the
thickness of less than tens of nanometer is needed, for which elaborate
wet-chemical methods are usually employed. [4,33-35,37]

Halide SEs are another promising SE candidate that meets the re-
quirements of the high ionic conductivity of > 1 mS cm™' and
deformability that allows for the mechanical sintering. [32,38-46]
Importantly, the Fermi level of chloride bands is much lower than those
of sulfide bands, indicating a significantly higher electrochemical
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oxidation stability of chloride SEs compared with that of sulfide SEs.
[47] In 2018, Asano et al. reported an outstanding electrochemical
performance of uncoated LiCoO; using LigYClg (LYC), which was
attributed to the excellent (electro)chemical stability of LYC. [32] The
following extensive efforts identified several novel halide compounds,
including LisInClg (1.5 mS em ™), [39] LizScClg (3 mS em™Y), [40,41]
and LiyZrClg (0.4 mS cmfl). [43] Aliovalent substitutions could further
improve the ionic conductivities, e.g., LizxY1xZrxClg (1.4 mS cm™ D),
[48] LizxYby<HfxClg (1.5 mS em™Y), [44] Lip,xZr;xFexClg (0.98 mS
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crn’l), [43] and Lip,xZr; xInyClg (2.1 mS cm™ ). [45] Despite these
progresses, the ionic conductivities of halide SEs with max. ~1 mS cm™?
have remained lower compared to sulfide SEs. Moreover, halide SEs are
heavier than sulfide SEs (e.g., LYC: 2.43 g em 3, LigInCle: 2.71 g em 3
vs. LissPS45Clis: 1.88 g em™3), which is translated into the lower
specific energy density of resulting ASLBs. [31] Moreover, the practical
applications of halide SEs suffer from the use of costly central metal
elements, mostly rare earth metals, with the exception of Zr. [38,43,49]
Overall, the advantage of halide SEs over sulfide SEs, i.e., the excellent

Halide SEs
— Coating Layer

Sulfide SEs
> Fast Li* transport

CAM LPSCl

Manual mixing

Fig. 1. Design of halide-sulfide hybrid catholytes for Ni-rich-layered oxide cathodes Li[Nig ggC00.11Alp.01]02 (NCA). a) Schematic illustrating pros and cons of halide
and sulfide SEs and corresponding design of halide-sulfide catholyte for all-solid-state Ni-rich layered cathodes, wherein the Ni-rich layered CAMs are coated with
halide SEs. b) Schematic of the fabrication of NCA cathodes using LYC-LPSCI catholyte. SEM images of c¢) bare NCA particle, and NCA particles coated with 10 wt%
LYC by d) manual and e) mechanical methods. f) Cross-sectional SEM image of NCA particles coated with 10 wt% LYC, prepared by mechanical mixing, and its

corresponding EDXS maps for g) Ni and h) Y.
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(electro)chemical oxidation stability, is counterbalanced by the lower
ionic conductivities, heaviness, and higher costs.

For the development of high-performance electrodes for conven-
tional Li-ion batteries using liquid electrolytes, most studies focused on
electrical wiring of electrode active materials. [50,51] The design of
composite electrodes in ASLBs is made more complicated by the par-
ticulate feature of inorganic SEs. [1,5,23,27,52] SEs and CAMs form
defective two-dimensional (2D) ionic contacts. [15,23,31] In addition,
unbalanced amounts of SEs and conductive carbon additives often result
in the disruption of either electronic or ionic conduction pathways,
which leads to below par electrochemical performances of ASLB cells.
[53,54] Furthermore, the particle size of SEs could remarkably affect the
utilization of CAMs. [31,55,56] Han et al., also showed that the use of
CAMs with small particle sizes caused their poor spatial distribution,
which resulted in electrochemo-mechanical degradation. [31] Recently,
a computational modeling approach emerged as a tool to examine the
above complicating factors in micro-structured ASLB electrodes.
[57-60] Park et al., adapted digital twin to design ASLB cathodes in
which several critical factors were identified, such as dead particles,
specific contact area, effective electronic/ionic conductivities, and
charge distribution inside cathodes. [58] In addition, Bielefeld et al.,
evaluated the effective ionic conductivity and tortuosity by a flux-based
simulation, and examined the effects of electrode composition on the
electrochemical performances. [59]

Based on the aforementioned background and motivations, this
study investigates a rational design of halide-sulfide hybrid catholytes.
Although halide and sulfide SEs were used as the catholyte and sepa-
rating SE layer, respectively, in previous reports, [31,38,43-45,49] a
hybrid catholyte design has been unprecedented. For the hybrid cath-
olytes in this study, a minimal amount of LYC (0.40 mS cm 1) as a model
halide SE coats Li[Niy ggCo0¢.11Alg.01]02 (NCA) CAMs while the sulfide
SE, LigPSsCl (LPSCI), serves as a highway for fast Li* transport (1.8 mS
em™Y), as is illustrated in Fig. la. By this synergistic strategy, NCA
electrodes coated with 10 wt% LYC with respect to NCA (or 33 wt%
LPSCl with respect to NCA) exhibited an optimal performance; for
example, the capacity retention at 2C with respect to the capacity at
0.1C was improved from 16% and 54% for using solely either LPSCI or
LYC, respectively, to 61% for using 10 wt% LYC. The LYC coating
minimized the direct contacts between NCA and LPSCl and thereby
suppressed the degradation, which was validated by complementary
analysis using electrochemical impedance spectroscopy (EIS), in situ
X-ray diffraction (XRD), ex situ transmission electron microscopy
(TEM), and ex situ X-ray photoelectron spectroscopy (XPS) measure-
ments. Furthermore, digital twin modeling established for the NCA
electrodes revealed overlooked insufficient electronic conduction
pathways of the LYC-coated NCA electrodes, thus further boosting the
electrochemical performance through coating a mixed-conducting
phase comprising LYC and carbon on NCA particles.

2. Results and discussion

The fabrication of NCA cathodes using a LYC-LPSCI hybrid catholyte
proceeded by two steps, as illustrated in Fig. 1b. First, LYC was dry-
coated on NCA by mechanical mixing using ball milling. Subse-
quently, the LYC-coated NCA particles were manually mixed with LPSCI
and conductive carbon additives, yielding cathode mixtures. Scanning
electron microscopy (SEM) images of bare NCA particle and LYC-coated
NCA particles prepared manually or mechanically are shown in Fig. 1c-
e. An attempt to manually coat NCA particles was not successful; the
surface coverage of NCA by LYC was poor (Fig. 1d). In contrast, the
mechanical coating yielded a surface morphology with maximum LYC
coverage of the NCA particle surface (Fig. 1e). The excellent surface
coverage for the mechanically coated NCA particles is confirmed by
cross-sectioned SEM images and the corresponding energy dispersive X-
ray spectroscopy (EDXS) elemental maps displayed in Fig. 1f-h. The
high-resolution XRD pattern of the LYC-coated NCA particles also
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confirms the intactness of the NCA crystal without the evolution of any
impurity phases during the mechanical coating process and the presence
of the trigonal LigYClg phase despite the low crystallinity (Supplemen-
tary Fig. S1).

Electrodes with LYC-coated NCA were prepared with varying the
LYC/LPSCI ratio: the NCA/LYC/LPSCl/C composition was 70:x:(30-x):3
by weight. Electrochemical performance results of NCA/Li-In half-cells
cycled from 3.0 to 4.3 V (vs. Li/Li™) at 30 °C for the NCA electrodes with
the LYC fractions with respect to NCA of 0 (43 wt% LPSCl), 7, 10, 14, and
43 wt% (no LPSCl) are shown in Fig. 2 and summarized in Supple-
mentary Table S1. Data of the electrodes with the full compositions (0, 3,
5,7, 10, 12, 14, and 43 wt% LYC) are also provided in Supplementary
Fig. S2. The first-cycle charge-discharge voltage profiles in Fig. 2a show
that the capacity and overpotential vary largely with the LYC fraction.
Notably, an electrode with 10 wt% LYC presented the highest discharge
capacity of 202 mA h g’l, which is much higher compared with the
electrodes with only LPSCI (0 wt% LYC, 171 mA h g_l) and that with
only LYC (191 mA h g™1). Consistently, the highest rate capability was
recorded by the hybrid catholyte with 10 wt% LYC (Fig. 2b). These re-
sults are attributed to the synergistic effects of LYC and LPSCI: the
former protects the NCA surface from LPSCl while the latter facilitates
Li* conduction. Consistently, by coating with LYC, the initial Coulombic
efficiencies (ICEs) were improved remarkably: e.g., 81.6% for 10 wt%
LYC vs. 74.1% for 0 wt% LYC.

The cycling performances and capacity retention after 100 cycles for
the LYC-coated NCA electrodes are compared in Fig. 2¢ and d, respec-
tively. By increasing the LYC fraction from 0 to 7, 10, and 14 wt%, the
capacity retention remarkably increased from 59% to 75.5%, 84.7%,
and 86.6%, respectively. This result demonstrates the effect of the
excellent (electro)chemical stability of LYC, and the trend follows the
surface coverage of LYC on NCA. However, it is noted that the capacity
retention for the electrode using only LYC (83.1%) was slightly lower
compared to the electrodes with the hybrid catholytes using 10 or 14 wt
% LYC. In a previous study, it was revealed that the unsatisfactory
cycling performance of cathodes using LYC originated from the poor
spatial distribution of particles, caused by the use of heavy LYC, which
was susceptible to detrimental electrochemo-mechanical degradation.
[31] Hence, the below-par cycling performance when only LYC was used
in this study could thus be understood.

Specific energy densities for the NCA electrodes with hybrid cath-
olytes at two different C-rates of 0.1C and 2C were calculated based on
the weight of cathodes only, and the results are compared in Fig. 2e. The
corresponding power densities are also plotted in Supplementary
Fig. S3. The maximum values of the specific energy and power densities
were observed for the electrodes with the 10 or 12 wt% LYC; specif-
ically, the distinctly highest values were obtained for the electrodes with
10 wt% LYC, and the corresponding electrode was thus selected for
further characterization.

The evolution of interfacial resistances upon cycling for the LYC-
coated (10 wt%) NCA electrode was assessed by EIS measurements
and compared with the results of the electrode without LYC. Nyquist
plots for NCA/Li-In half-cells at 30 °C are presented in Fig. 3a-c. The
figures show the archetypal feature of depressed semicircles followed by
Warburg tails, which are attributed to the interfacial resistance and Li™
diffusion in CAMs, respectively. [30,31] The data fitted using an
equivalent circuit model shown in Supplementary Fig. S4a are also
provided in Supplementary Fig. S4b, ¢ and Supplementary Table S2. For
both samples, the resistances of the separating SE layers corresponding
to R1 + R2 were approximately 30 Q and remained almost constant
upon cycling. In contrast, a substantial difference in the amplitude of
semicircle was observed between the samples. At the 2™ cycle, the large
semicircle observed for the electrodes without LYC, reflecting an inter-
facial resistance of 61 Q (R3), is in contrast to the much smaller semi-
circle observed for the electrodes with 10 wt% LYC, corresponding to 1.8
Q. Moreover, the interfacial resistance for the electrode without LYC
drastically increased to 169 and 501 Q after 10 and 100 cycles,
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Fig. 2. Comparative electrochemical results of NCA electrodes without or with LYC coatings in all-solid-state half cells at 30 °C. a) First-cycle charge-discharge
voltage profiles at 0.1C, and their corresponding b) rate capability and c) cycling performances at 0.5C. d) Comparative chart of cell performances of the electrodes.
e) Energy density at 0.1C and 2C as a function of weight fraction of LYC with respect to NCA.

respectively. In contrast, the interfacial resistance at the 100th cycle for
the electrodes with 10 wt% LYC was only 7.7 Q.

To further assess the effects of interfacial side reactions in NCA
cathodes without LYC or with 10 wt% LYC, an EIS experiment was
performed using Li"-non-blocking electron-blocking Li-In/LPSCl/cath-
ode/LPSCl/Li-In symmetric cells, which allowed to extract the ionic
conductivity of composite cathodes, ojop, as illustrated in Fig. 3d. [49]
To rule out the effects of the side reactions caused by carbon, electrodes
fabricated without carbon additives were employed. [49,61] The cor-
responding Nyquist plots at 30 °C for the electrodes before and after
cycling are shown in Fig. 3e, f, and the resulting fitted oo, values are
displayed in Fig. 3g. ojon is affected by the catholyte and NCA, and the
Li" diffusion kinetics in NCA varies with the state of charges (SOCs).
[62] For the cycled samples, discharge was carried out at the elevated
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temperature of 60 °C and low C-rate of 0.05C with the constant
current-constant voltage (CCCV) mode (a limiting current of 0.001C).
Thus, the SOCs for the two samples could be made identical, thereby
excluding the effects of different Li* conductivities of NCA on the dif-
ference in ojon. [30,62] The pristine electrodes exhibited a smaller
semicircle compared to the electrodes with 10 wt% LYC, which is not
surprising considering the higher Li* conductivity of LPSCl (1.8 mS
cm ) compared to that of LYC (0.4 mS cm ). However, after cycling
(discharge), their amplitude became reversed: the amplitude of the
semicircle for the electrode with 10 wt% LYC was smaller than that for
the electrode without LYC. This result is summarized in the i, plots
shown in Fig. 3g, wherein the increasing 6o, values upon cycling for the
electrode with 10 wt% LYC are distinctly in contrast to the decreasing
ojon Values for the electrode without LYC. Consistently, the transient
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Fig. 3. Electrochemical impedance spectroscopy (EIS) results at 30 °C for NCA electrodes without or with LYC coatings. Nyquist plots for the electrodes of bare and
LYC-coated NCA in NCA/Li-In all-solid-state cells at the a) 2™, b) 10™, and ¢) 100™ cycles. d) Schematic of the EIS measurements of the Li-In/LPSCl/electrode/
LPSCl/Li-In symmetric cells. Corresponding Nyquist plots for the electrodes of bare and LYC-coated NCA e) before cycling and f) after discharge to 4 V (V vs. Li/

Li*) at 60 °C. g) Corresponding Li* conductivities at 30 °C.

discharge voltage profiles obtained by galvanostatic intermittent titra-
tion technique (GITT) and self-discharge test results exhibited a sub-
stantially lower polarization when using 10 wt% LYC compared to the
electrode without LYC (Supplementary Figs. S5, S6).

The SOCs of the electrodes without LYC and with 10 wt% LYC were
traced by in situ XRD measurements (Fig. 4). The (003) peaks reflecting
the lattice parameter on the c-axis of the NCA structure serve as an in-
dicator for SOCs. [30,31,63,64] First-cycle charge-discharge voltage
profiles for the electrodes are shown in Fig. 4a, and the corresponding
evolution of the (003) peaks for the electrodes with 10 wt% LYC and
without LYC are displayed in Fig. 4b and c, respectively. Further, the
corresponding changes in 20 values, i.e., 2(0 - Opyistine), are plotted in
Fig. 4d. The full-range in situ XRD data are shown in Supplementary
Fig. S7. Several features are noteworthy: First, during the initial charge
up to approximately 4 h, the electrode with 10 wt% LYC exhibited a
distinctly larger shift in the position of the (003) peak compared to the
electrode without LYC (highlighted by an enlarged view in the inset of
Fig. 4d), indicating that substantial amounts of Li* were lost due to the
side reaction for the electrode without LYC. Second, at the end of the
charge, the shift in the position of the (003) peak was significantly larger
for the electrode with 10 wt% LYC than that without LYC, reflecting a
higher SOC. This result is explained by the favorable NCA-LYC interfaces
exhibiting low interfacial resistances, which is also in agreement with
the EIS and GITT results. Third, at the end of discharge, the (003) peak
position returned more closely to the original position for the electrode

with 10 wt% LYC, compared with the electrode without LYC, indicating
the higher depth of discharge.

To probe the NCA-SE interfacial evolution varying with the LYC
coating, ex situ TEM and XPS measurements were conducted for the
electrodes without LYC and with 10 wt% LYC before cycling and after
100 cycles, and the results are compared in Fig. 5. The fitted XPS results
are summarized in Supplementary Table S3. Carbon additives were not
included in the electrodes to exclude the effects of SE decomposition due
to carbon. [49,61] TEM images of the electrodes without LYC and with
10 wt% LYC and the corresponding fast Fourier transformed (FFT)
patterns are shown in Fig. 5a and b, respectively. For the electrode
without LYC, the bulk region (i) exhibited the retention of the original
layered structure with R3m symmetry. However, the surface region (ii)
that is in contact with the LPSCI layer exhibited a NiO-like rocksalt
structure with Fm3m symmetry. This rocksalt phase has been docu-
mented as the culprit for the degradation of Li™ kinetics and could be
formed with the oxidation of LPSCI, driven by the high reactivity of Ni**
in a charged NCA. [30,31] In contrast, for the electrode with 10 wt%
LYC, the crystal structure for both bulk and surface regions exhibited the
same layered structure with R3m symmetry, confirming the excellent
stability of LYC. Ex situ XPS results for the electrode without LYC in
Fig. 5c exhibited the formation of oxidized species including PO3~,
SO%’, bridging sulfur (P-[S],-P), and P,Ss after cycling, reflecting the
severe oxidation of LPSCl. [26,30,31,33,65] Specifically, the oxygen
released from NCA accounts for the rocksalt phase transformation along
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with the uptake of oxygen by LigPSsCl. Ex situ XPS spectra for the
electrode with 10 wt% LYC are shown in Fig. 5d. The P 2p spectra for the
electrode with 10 wt% LYC also showed the LigPSsCl-derived oxidized
species, which should evolve in the interfacial region which LYC did not
protect. However, the fractions of the oxidized species in the electrode
with LYC were much lower compared with the electrode without LYC
(Supplementary Table S3). Interestingly, the Y 3d spectrum after cycling
exhibited an unexpected evolution of Y50s3. In previous studies, LYC did
not suffer from any oxidation when employed as a single catholyte for
LiMO;. [31,32] Moreover, the surface region of the NCA particle that
was in contact with LYC retained its original layered crystal structure
(Fig. 5b). From these results, the oxidation of LYC after cycling is seen to
be coupled with the oxidation of LigPSsCl, implying that the suppression
of oxidation of halide SEs in the hybrid catholyte could be important for
further improvements.

Electrochemical performance of an NCA electrode coated with
another halide SE LigInClg (10 wt%) was also assessed. Despite the
higher LiT conductivity of LizInClg (1.0 mS c¢m ™)) than that of LYC (0.4
mS cm™ 1), the LisInClg-coated electrode exhibited the lower capacities
and poorer cycling performance compared with the LYC-coated elec-
trode (Supplementary Fig. S8). This result is contrasted by stable cycling
performances in previous results for which LigInClg was employed as a
single catholyte, [39] and it indicates that incompatibility between
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halide and sulfide SEs strongly affect the electrochemical performance.
Consistently, Koc et al., reported that the electrochemical degradation at
the triple-phase Li[Ni,Co,Mn]O5-LPSCI-Li3InClg contact point within a
composite is caused by the chemical incompatibility between LisInClg
and LPSCL. [66]

To explain the effects of various design factors on NCA cathodes with
hybrid catholytes, digital twin-driven 3D structural modeling was con-
ducted. Four NCA electrode structures with the different fractions of LYC
coatings (0, 7, 10, and 14 wt%) were generated while the spatial
arrangement of NCA particles was maintained (Fig. 6a). As illustrated in
Fig. 6b, three structural parameters that are inaccessible by experiments
were carefully chosen and varied for the simulations: i) Li* conductivity
and ii) thickness of the impurity layers and (iii) thickness of the LYC
layers. To begin with, the characteristic Li* conductivity and thickness
of the impurity layers were assessed. Specifically, the voltage profiles for
the bare electrode structures were simulated by varying the thickness
(0.25, 0.50, and 0.75 pm) and Li* conductivity (103, 107%, and 107°
times that of LPSCI) of the impurity layers at the interface of the bare
CAM and LPSCl (Supplementary Fig. S9a-c). These thickness and Li*
conductivity ranges were set reflecting the TEM image (Fig. 5a) and a
literature value, [67] respectively. Among nine simulated voltage pro-
files of each combination, the structure with the 0.25 pm thick and 10>
times Li" conductive (compared to LPSCI) impurity layer was found to
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best match with the corresponding experimental voltage profile shown
in Supplementary Fig. S9d, which were considered as fixed conditions in
further simulations. After that, the thickness of LYC coating (0.5-1.5 pm
and 0.5-3.0 pm) could be optimized to obtain reliable simulated voltage
profiles that were comparable to the experimental results (Figs. 6¢, S9e).
Our systematic approaches, thus, could build the virtual 3D electrode
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LYC 10 wt% Fig. 5. Ex situ TEM and XPS results of bare and

LYC-coated (10 wt%) NCA electrodes in all-
solid-state cells cycled after 100 cycles at
30 °C. Low- and high-magnification ex situ
TEM images for the surface regions of a) bare
and b) LYC-coated NCA particles, and their
corresponding FFT images. Note that bare and
LYC-coated NCA particles are in contact with
LPSCl and LYC, respectively. Ex situ XPS
spectra for c¢) bare and d) LYC-coated NCA
electrodes before cycling and after cycles.

Y 3d

170 165 160 155
Binding energy (eV)

structures having reliable physical properties.

In the established 3D electrode structure, experimentally veiled pa-
rameters such as the contact area between NCA and other electrode
components could be quantified, and the results are summarized in
Tables S4, S5. Moreover, digital twin modeling could visualize the
electronic current density of the LYC-coated NCA electrodes (Fig. 6d).
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Fig. 6. 3D digital twin modeling results of LYC-coated NCA electrodes and the corresponding guided electrochemical results. a) 3D digital twin of the bare and LYC-
coated NCA all-solid-state electrodes. b) Scheme illustrating parameters controlled in the LYC-coated NCA. c) Digital twin-simulated discharge voltage profiles of the
bare and LYC-coated NCA electrodes with the LYC coating thicknesses of 0.5-1.5 pm and d) the corresponding electronic current density in the NCA structures.

Notably, increasing the amount of LYC coatings to 14 wt%, some NCA
particles almost lost the electronic connection (indicated by a red circle),
which was due to the significantly reduced contact area percentage
between NCA and carbon additives; e.g., the surface coverage of NCA by
carbon for 14 wt% was 11.46% vs. 15.69% for 10 wt% (Supplementary
Table S4).

To overcome the digital twin-identified insufficient activation of the
NCA particles, a coating protocol was devised using a mixed-conducting
phase of LYC-C composites. Specifically, the mixed-conductor coating
process proceeded as illustrated in Fig. 7a. On the 10 wt% LYC-coated
NCA particles, 4 wt% LYC and 1.4 wt% (with respect to NCA) carbon
additives were dry-coated. Subsequently, the LYC-C-coated NCA parti-
cles were manually mixed with LPSCl and additional carbon additives
(2.8 wt%), resulting in the same electrode composition as the 14 wt%
LYC-coated NCA electrode (the NCA/LYC/LPSCl/carbon weight ratio
was 70.0:9.8:20.2:3.0). In Fig. 7b, c, the discharge voltage profile at 0.5C
and rate capability for the LYC-C-coated NCA electrode are compared
with those for the conventional LYC-coated NCA electrodes. The LYC-C-
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coated NCA electrode substantially outperformed the LYC-coated NCA
electrode with the same electrode composition (14 wt% LYC); e.g., 134
vs. 53 mA h g~ ! at 2C. Moreover, the rate capability of the LYC-C-coated
NCA electrode with 14 wt% LYC was also higher than that of the LYC-
coated NCA electrode with the optimal LYC fraction of 10 wt% (122
mA h g1 at 2C). This experimental result confirms the sound diagnosis
guided by the established 3D digital twin modeling and thus highlights
its validity.

Despite the successful optimization of the LYC-C-coated electrodes, a
remaining concern is a decomposition of LPSCI on the surface of carbon
additives. [68] Thus, a control (LYC-C-coated) electrode sample was
prepared so that carbon was excluded in the LPSCl region (Supple-
mentary Fig. S10a). The control electrode showed slightly improved
capacity retention but at the expense of significantly decreased capacity
at 0.5C (Supplementary Fig. S10b, S10c), indicating that electrical
wiring through the LPSCI region in the hybrid catholyte is necessary for
optimal rate performance. Thus, an engineering to suppress side re-
actions at the surface of carbon additives is needed for further
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Fig. 7. Digital twin-guided LYC-C-coated NCA electrodes. a) Schematic of the digital twin-guided design of LYC-C-coated NCA electrodes for which carbon additives
and LYC are added to facilitate electronic conduction pathways. b) First-cycle charge-discharge voltage profiles at 0.5C and 30 °C for LYC-C (or LYC) coated

electrodes and c) the corresponding rate capabilities.

improvements, which is our future mission. [69,70]
3. Conclusions

In summary, a rational design of a new sulfide-halide catholyte that
complements the disadvantages of sulfide and halide was suggested for
Ni-rich layered oxide cathodes used in ASLBs. A 10 wt% LYC coating on
NCA resulted in optimal electrochemical performance in terms of
discharge capacity (202 mA h g~! at 0.1C), rate capability, and cycling
performance. The EIS analyses using NCA/Li-In half-cells and Li-In/SE/
electrode/SE/Li-In symmetric cells confirmed the superior interfacial
stability for the LYC-coated electrode over the electrode without LYC.
Consistently, in situ XRD results disclosed a wider range of the utiliza-
tion of NCA when using an LYC-coated electrode, compared to the
electrode without LYC. Additionally, the effective protection of NCA by
LYC from the side reactions caused by LPSCI could be validated by the
ex-situ TEM and XPS measurements. However, the unexpected evolution
of Y503 from LYC was observed after cycling, which might be coupled
with the side reaction of sulfide SE LPSCI. This result thus emphasizes a
research direction about sulfide-halide compatibility. Moreover, digital
twin modeling, which made it possible to vary several parameters that
are hard to investigate by experiments, could simulate composite NCA
cathodes with hybrid catholytes successfully. Importantly, the digital
twin modeling results revealed insufficient electrical contacts when very
large quantities of LYC coatings were employed (14 wt%), leading to a
further enhancement in electrochemical performance by the develop-
ment of the mixed conductor coating comprised of LYC-C. The hybrid
inorganic SE design suggested in this study is of significance in practical
ASLB technologies as well as gives rise to many intriguing scientific is-
sues such as SE compatibility. In addition, the digital twin-guided design
of composite electrodes herein offers an important insight into the
design of ASLB composite electrodes.

4. Experimental methods
4.1. Preparation of materials

For the preparation of Li3YClg powders, a stoichiometric mixture of
LiCl (99.99%, Sigma Aldrich) and YClg (99.99%, Sigma Aldrich) was
ball-milled at 600 rpm for 10 h in a ZrO5, vial with ZrO, balls. LYC-coated
NCA powders were prepared via ball-milling a mixture of NCA and LYC
with a total amount of 2.2 g at 200 rpm for 1 h in a ZrO, vial with ZrO,
balls. NCA an LPSC] powders were provided by EcoPro BM Co. Ltd. and
CIS Co. Ltd., respectively.

4.2. Materials characterization

An XRD measurement of LYC-coated NCA powders was performed
with Cu K, radiation (1.5418 A) using a high-resolution X-ray diffrac-
tometer (Smartlab, Rigaku). The XRD data were collected between 10
and 110° with a step size of 0.02. In situ XRD measurements for NCA/Li-
In half cells were performed using a custom-made all-solid-state cell
(Supplementary Fig. S11). The in situ XRD cells were charged and dis-
charged between 3.0 and 4.3 V (vs Li/Li") by applying a constant cur-
rent of 0.05C (9 mA g~!) at room temperature and under an applied
pressure of ~1 MPa. The in situ XRD data were continuously recorded in
the range of 15-50° at a step width of 0.02° with Cu K, radiation (1.5406
A) using Rigaku MiniFlex 600 diffractometer. SEM measurements were
performed using Verios G4UC (FEI). For the ex-situ TEM measurements,
electrodes that were cycled 100 times at the discharged state (3 V vs Li/
Li") were collected and cut into a 70-nm-thick foil using a focused ion
beam (FIB, SCIOS, FEI), and loaded onto a Mo grid. The voltage of the
ion beam was 30 and 5 kV for etching and cleaning, respectively. The ex-
situ XPS measurements were carried out with a monochromatic Al K,
source (1486.6 eV) at 12 kV and 6 mA using K-Alpha+ (Thermo Fisher
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Scientific). The samples were mounted on a sample holder in an Ar-filled
glove box and transferred into the XPS equipment without any exposure
to air.

4.3. Electrochemical characterization

For the preparation of NCA electrodes in all-solid-state cells, a
mixture of NCA (or LYC-coated NCA), SE (LPSCl or LYC), and conductive
carbon additives (super C65) were dry-mixed in a weight ratio of
70:30:3 using mortar and pestle. The Li-In counter electrodes (or
reference electrodes), which were partially lithiated indium (nominal
composition of Lij 5In), were prepared by mixing Li (FMC Lithium Corp.)
and In (Aldrich, 99%) powders. All-solid-state cells with a diameter of
13 mm, comprised of Ti rods as the current collectors and poly-
aryletheretherketone (PEEK) mold, were assembled by the following
procedure. After SE layers were formed by pelletizing 150 mg of LPSCl
powders (=~ 610 pm), the counter electrode (Lip sIn) was placed on one
side of the SE layer. After the as-prepared cathode mixture was spread on
the other side of the SE layer, the assemblies were pressed at 370 MPa.
The mass loading of the NCA electrodes was 11.3 mg cm™2. The EIS
measurements were performed for the cells discharged to 3.8 V (vs. Li/
Li*) at 0.1C using a Bio-Logic (VMP3) from 1.5 MHz to 5 mHz with an
amplitude of 10 mV. The external pressure of the all-solid-state cells
during the operation was ~70 MPa.

4.4. Digital twin modeling of 3D all-solid-state electrode structures

The 3D structures of all-solid-state electrodes used in this study were
generated by GeoDict 2022 (Math2Market, Germany). The 3D electrode
structures were designed with a loading level of 11.3 mg cm™2 and a
thickness of 50 pm. The porosity of the bare and LYC-coated electrodes
was set to 18.63 and 23.75%, respectively. Additionally, NCA particles
were formed as spherical particles through the “Create Grains” function.
The LYC SEs were formed on the surface of the NCA particles through
the “Create Grains” function in the GrainGeo module. LPSCI SE particles
were also produced as spherical particles. The impurity layer described
the side reaction products formed at the interface between NCA and
LPSCI. Lastly, carbon additives were formed using the "Add binder"
function in the GrainGeo module. The domain size of all electrode
structures was set to 25 x 25 x 50 pm®, and the voxel length was set to
0.25 pm. To quantify the contact area between electrode components,
the numerical value was quantified using the MatDict module.

4.5. Electrochemical simulation for 3D all-solid-state electrode model

The 3D battery model using 3D all-solid electrode structures was
simulated after forming 3D structures of batteries comprising lithium
metal, LPSCI SE layer, and 3D all-solids-state electrode structures. The
parameters are summarized in Supplementary Table S5. A detailed
description of each equation can be found in previous studies. [58,60]
To confirm the effect of the LYC coating on NCA, Li* concentration and
overpotential on NCA particles were simulated through electrochemical
modeling during the 0.5C-rate discharge at 30 °C. Subsequently, the
results for the LYC coating effect on the NCA surface were compared at
3.0 V (vs. Li/Li").
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