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Introduction

Insights into the chemical and electrochemical
behavior of halide and sulfide electrolytes in
all-solid-state batteries¥

*3 Alexander Beutl,® Irshad Mohammad? and Andrea Paolella (2 2°

Artur Tron,
Conventional lithium-ion batteries (LIBs) have become widely used in small and large applications, but the
use of toxic and flammable liquid electrolytes can lead to safety issues and reduced cell performance. New
generation solid-state lithium batteries (SSBs) have the potential to replace LIBs due to their safety and
potentially high energy density (>450 W h kg™3). The solid electrolyte (SE) is a crucial component in solid-
state batteries. Among the available options, sulfide- and halide-based solid electrolytes stand out as
promising candidates due to their high ionic conductivity and ease of processing. They are among the most
prominent topics in solid electrolyte research for solid-state batteries. Despite their advantages like good
compatibility with high-voltage cathodes and easy manufacturing, solid electrolytes still face issues of
degradation of the Li metal/solid electrolyte interface. This is due to the formation of side reaction products
at the interface, which inhibits lithium transport across it. The primary issue stems from the poor chemical
and electrochemical stability of sulfide- and halide-based solid electrolytes when in contact with lithium
metal. In this study, we have demonstrated that the composite electrolytes (LisYClyBr,:LigPSsCl) comprising
halide and argyrodite can prevent the formation of unfavorable interactions between the solid electrolyte and
the Li metal anode. The Li/Li-symmetric cells employing the LisYCl4Br,:LigPSsCl electrolytes exhibited
enhanced cycle life and high critical current density (CCD) from C/20 to C/2, compared to the symmetric
cells utilizing only LisYClBr, or LigPSsCl electrolyte. Furthermore, the Li/LisYClBro,/NCM half-cells
demonstrated high initial coulombic efficiency and extended cycle life compared to half-cells utilizing
traditional halide and argyrodite electrolytes. The approach described here offers a pathway to enhance
halide-based solid-state batteries, providing a relatively simple and effective strategy.

types of solid-state battery systems (SSBs).>” Solid electrolyte
systems offer several advantages over liquid systems. These
include thermal, chemical, and electrochemical stability against

Conventional lithium-ion batteries (LIBs) with liquid organic
electrolytes have been commercialized for a wide range of
applications, from small to large scale, and have become an
integral part of daily life." In recent decades, significant efforts
have been made to replace conventional lithium-ion batteries
with safer and more practical electrolyte systems. This includes
exploring solid electrolytes, which function as both separators
and electrolytes in the construction of solid-state batteries.
Seen as a safer alternative to the flammable and toxic compo-
nents in traditional liquid electrolytes, solid electrolytes are
now a major focus in the research and development of various

@ AIT Austrian Institute of Technology GmbH, Center for Transport Technologies,
Battery Technologies, Giefinggasse 2, 1210 Vienna, Austria.
E-mail: artur.tron@ait.ac.at
b Dipartimento di Scienze Chimiche e Geologiche Universita degli Studi di Modena
e Reggio Emilia Via Campi 103, Modena 41125, Italy
t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4ya00618f

518 | Energy Adv,, 2025, 4, 518-529

lithium metal and cathode active materials, high ionic conductivity
in the mS em ™" range (which is close to that of liquid systems at
0.1 mS em ™), and low electronic conductivity (10 °~10"° mS em™*).>®
As a result, solid electrolyte systems are being considered as
alternative candidates to replace liquid electrolytes.”® Up to now,
many solid electrolytes, such as polymers,” oxides of Li,0-M,0,
type,'® NASICON," perovskite,'” garnet,"® halides' and sulfides,"
have been investigated for SSBs. Among the electrolyte types men-
tioned above, the sulfide or argyrodite-type LigPSsX (X = Cl, Br, I)
electrolyte demonstrates high ionic conductivity, stability with In/
LiIn anodes, and favorable mechanical properties. These attributes
have attracted significant research interest from both academic and
industrial sectors.">” However, the low electrochemical stability at
high voltages (< 4.1 V) of sulfide-based solid electrolytes remains an
open question, as it limits the use of cathode materials, particularly
those with high nickel content and lithium metal anodes. This is
due to the formation of side reaction products, which ultimately

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic outline for optimising a combination of halide and argyrodite solid electrolytes through dry-chemical processing and testing

conditions.

contribute to capacity fading in the cell.'®*?° In recent years,

several research groups have turned their attention to a promis-
ing alternative class of solid electrolytes: halide-based solid
electrolytes with the formula LigMX, (where M** represents a
metal, and X = Cl, Br, or I). These materials exhibit high ionic
conductivity, are easier to synthesize, and offer enhanced
chemical and thermal stability, especially against high-voltage
cathodes and lithium metal.>*">*

In order to overcome the challenges posed by the chemical
instability and narrow electrochemical stability window of these
electrolytes, we introduce the concept of a composite electrolyte
for SSBs that combines the advantages of both sulfide and halide
solid electrolytes. From the perspectives of thermodynamic,
chemical, and electrochemical stability, particularly in relation
to high-voltage cathodes and lithium metal, utilizing a composite
electrolyte system may offer a more effective solution to address
interface issues in solid-state batteries, which contributes to
capacity fading.”*° Thus, incorporating sulfide electrolytes with
halide electrolytes (Li;InCls) between the cathode materials
(LiNip gC0p 1Mng ;0, and LiCoO,) and lithium metal leads to
the stable cycling life of cells.>”">° This type of approach is quite
simple for improving the electrochemical performance of SSBs.
However, it was shown that this combination can also lead to the
formation of side products and capacity fading.>**° To address
these challenges, numerous researchers have employed different
methods to improve the electrochemical performance of SSBs
using halide and sulfide electrolytes. These methods include
using halide surface coatings for cathode materials,*" introduc-
ing a sulfide interlayer between halide pellets,** and blending
sulfide and halide electrolytes.®® For SSB directions, we suggest
that blending approaches between sulfide and halide solid
electrolytes can play an important role in stabilizing the interface
of the cathode and lithium metal anode, thereby reducing the
formation of side reaction components.

Furthermore, as demonstrated in prior studies,**>* the
combination of sulfide and halide electrolytes yields substantial
chemical and electrochemical enhancements, leading to signif-
icant potential for utilizing this method as a surface agent to
stabilize cathode and anode materials. It has been convincingly

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

demonstrated that incorporating up to approximately 10 wt% of
the halide phase into the sulfide phase mixture yields promising
results. In this report, we discuss an application of blending
sulfide and halide electrolytes in ratios of 80:20, 50:50, and
20:80 by weight, respectively. This is aimed at enhancing the
interface stability and cycling performance of lithium metal
anodes and NCM cathodes when combined with these electro-
Iyte blends. In addition, it presents a simple design for inves-
tigating the impact of these combinations on the interface
stability of sulfide and halide electrolytes, halide-based cathode
composites, and lithium metal anodes (Fig. 1).

Experimental

Materials

Halide solid electrolyte powder (Li;YCl,Br,, denoted as LYCB)
was utilized in this work, which was kindly provided by Saint
Gobain Recherche Paris (France). Commercially available Argyr-
odite material (LigPSsCl fine, denoted as LPSC) was purchased
from NEI Corp. The polycrystalline powder LiNi, ¢Cog,Mn, ,0,
(denoted as NCM622) was used in this work, kindly provided by
Umicore. These materials were used as received unless otherwise
stated. Metallic lithium chips (15.6 mm in diameter, 0.25 mm
thick) were purchased from MTI. The method used to prepare the
lithium metal anode is described in ref. 34. The Li chips were
cleaned before use by scraping off the surface layers with a
scalpel. Subsequently, the cleaned lithium was further rolled in
between two pouch foils (Dai Nippon Printing, D-EL408PH(3)S-
250) using a glass cylinder. Thus, cleaned and smooth surfaces
were obtained. Finally, electrodes of 10 mm diameter were cut
from the prepared lithium using a manual punch.

Preparation blending halide and sulfide electrolyte

The prepared LPSC electrolyte was mixed with the LYCB electro-
Iyte according to the weight percentage of 20:80, 50:50 and
80:20. The mixed electrolytes underwent grinding in a mortar
and pestle for 20 min to obtain a uniform composition.

Energy Adv., 2025, 4, 518-529 | 519
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Material characterization

The crystalline phases of the pristine and blended electrolytes were
determined by X-ray diffraction (XRD) analysis using a PANalytical
X'Pert Pro diffractometer in Bragg-Brentano geometry with Cu Ko
radiation (45 kV, 40 mA) in a 26 range of 5-80° at a scan rate of
0.03° s~ ', The surface morphology of the samples was observed
using field emission scanning electron microscopy (FE-SEM, ZEISS
Supra 40) with energy-dispersive X-ray spectroscopy (EDS). The XPS
spectra were calibrated using the standard adventitious C 1s peak at
284.8 eV. XPS spectra were analyzed using a nonlinear Shirley-type
background. The core peaks and areas were fitted by a weighted least-
squares fitting method using Lorentzian line shapes.

Preparation of electrolyte dry and bi-layer dry pellets

The process of making dry pellets with lithium metal is described
in an earlier work.>® Li|Li symmetric cells were assembled using
densified electrolyte pellets as shown below (Fig. 2). The pellets
were prepared in a few steps. First, around 400 mg of the pristine
or blending powders was pressed into a ¢¥16 mm pellet with a
50 MPa pressure. Then the pressure was increased to 360 MPa for
5 min. After that, the lithium metal anode was then placed on
both sides of the solid electrolyte pellet and transferred to a cell
holder. A constant pressure of 10 MPa was applied on the cell
during the electrochemical measurements.

Preparation of bi-layer dry pellets

The cathode composite was prepared in an Arfilled glovebox
(HO < 0.1 ppm; O, < 0.1 ppm). The cathode composite was
prepared by manual mixing of NCM622, halide solid electrolyte
(SE, LYCB), and conductive additive (CA, carbon black, Super C65,
Imerys) together at a weight ratio of 80:19: 1. The pressed cathode
composite pellet at 50 MPa (loading of 1 mA h cm > and
approximately 8-9 mg cm™ ) was placed on the solid electrolyte
pellet (same method of preparation of electrolyte dry pellets as
described above) from one side and compacted at a pressure of
300 MPa for 5 min. Next, the solid electrolyte pellet was sandwiched
between lithium foil and a pressure of 10 MPa was applied during
the electrochemical measurements.
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Ionic conductivity of the dry pellets

Electrochemical impedance spectroscopy (EIS) measurements
were performed in potentiostatic EIS (PEIS) mode with a
frequency range from 2 MHz to 10 Hz and a voltage amplitude
of 10 mV amplitude. This was done to assess the bulk ionic
conductivity of the pristine and blending electrolytes in sym-
metrical cells with stainless steel (SS) blocking electrodes. The
cells were tested at pressures ranging from 0 and 300 MPa to
investigate the pressure-dependence behavior of the conductiv-
ity. The ionic conductivity of the electrolytes was then deter-
mined using a specific equation from a previous work.**

Electronic conductivity of dry pellets

The electronic conductivity of the solid electrolytes (SEs) was
measured using a modified method based on a previously
reported one.>*® The measurement involved applying step-
wise voltages ranging from 100 to 500 mV, with increments of
100 mV, in a stainless steel (SS) blocking electrode/SE/blocking
electrode cell setup. To follow the current responses in the cell,
the cell voltage was held steady for 1 hour at each step. An
exponential function was employed to analyze the relaxation
behavior. The rapid decrease in current within the first
100 seconds was attributed to the ionic component of the
conductivity, while the residual current was linked to electronic
conductivity. The electronic conductivity of the solid electrolyte
was determined from the slope of the voltammetric curve.

Lithium plating/stripping and CCD measurements

The tests were performed on symmetrical cells, and measurements
were carried out in chronopotentiometric cyclic mode at a constant
current density of 150 pA cm ™2 for 1 hour for each half of the cycle.
The area of the lithium metal and current collector discs is
0.785 cm’. These tests provide information on cell polarization,*
lithium deposition and dissolution kinetics,"® and dendrite
propagation.*' The CCD was measured using different procedures,
including step chronopotentiometry with current steps ranging
from 0.01 mA cm™> to 2.00 mA cm . After each plating/
stripping cycle, a potentiostatic impedance measurement (PEIS)
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Fig. 2 Schematic of the different cell setups with different solid electrolyte combinations and lithium metal anode with the mixed electronic and ionic
interface between the lithium metal anode and halide and sulfide electrolytes. Note: anode|separator|anode for dry pellets: cell setup A: Li|LPSC|Li; cell
setup B: Li|LYCB|Li; cell setup C: Li|LPSC layer|LYCB|LPSC layer]|Li; cell setup D: Li|LYCB: LPSC (80 : 20 wt%)|Li; cell setup E: Li|LYCB: LPSC (50 : 50 wt%)|Li;

cell setup F: Li|LYCB: LPSC (20:80 wt%)|Li.
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was conducted to check for possible short-circuiting of the cells
due to dendrite formation. The PEIS was conducted from 2 MHz
to 10 Hz using an AC excitation voltage of 50 mV.

Storage measurements

A storage test of Li|electrolyte|Li was performed using a pres-
surized device configuration at 10 MPa. This test utilized
electrochemical impedance spectroscopy (EIS) ranging from
2 MHz to 10 Hz at a 10 mV amplitude in PEIS mode, conducted
over a period of 30 days.

Electrochemical measurements

Galvanostatic cycling with potential limitation measurements
was conducted using a Gamry Interface 1010 E. A current
density of 0.05 mA cm > (C/20) was applied in the potential
range of 4.3 Vand 2.7 V (vs. Li/Li"). Electrochemical impedance
spectroscopy (EIS) was performed using the same equipment.

Results and discussion

In order to understand the issues related to the interface
between solid electrolytes and the lithium metal anode, various
types of cell setups with bi-layer solid electrolytes were used, as
shown in Fig. 2. In this study, solid electrolytes such as sulfide
LigPSsCl and halide Liz;YCl,Br, and their combination were
used as solid electrolyte layers in Li|Li symmetric cell and
Li||NCM catholyte cell configurations (see Fig. S1 in ESI). During
the initial step of the analysis of bi-layers, we determined the
ionic conductivity and density of these cell setups to understand
the impact of these parameters on the electrochemical perfor-
mance. The results are presented in the ESIt (Table S1 and
Fig. S1). The powders used in the bi-layers were then evaluated
by EIS measurements to assess the impact of layers on the ionic
conductivity and densities (Fig. S2 and S3, ESIt). The powders
were pelletized and sandwiched between lithium-ion blocking
stainless steel (SS) electrodes in a setup with SS|solid electro-
lyte|SS cells. The Nyquist plot clearly shows the typical line, but
the Zi,, part was close to zero and did not contribute to the
constant phase elements that were associated with the bulk or
grain boundary resistance in the electrolyte related to the parti-
cle-particle contact area. It seems that interparticle contact has
been reduced after adding the halide to sulfide powders into the
SE pellet. As a result, we observed similar impedance and the
same ionic conductivity values when compared to the pristine
LYCB and combined samples of LPSC + LYCB. It is worth noting
that cell setup F (LYCB:LPSC in a 20:80 wt% ratio) shows a
slightly higher ionic conductivity compared to the other samples,
which can be attributed to its mixed interface with low electronic
conductivity and low lithium conductivity. Additionally, this may
be linked to impurities formed during the mixing of sulfide and
halide electrolytes. These impurities were observed in the XRD
patterns as additional peaks, primarily located on the surface of
the electrolyte particles. This led to high interfacial resistances
(grain boundary), as previously reported.***® On the other hand,
cell setups A, C, D, and E show similar ionic conductivities

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(except the LPSC pristine). It is important to note that additional
peaks for cell setup F can play an important role in the transport
process and lead to the improvement of the interface. Moreover,
the cell setup C (LYCB:LPSC (80:20 wt%)) shows a low ionic
conductivity value of 0.6 mS cm™ "' due to the high electronic
conductivity and low lithium conductive mixed interface (Fig. 2).
The cell setups A, B, C, D, E, and F exhibited ionic conductivity
values at 25 °C and at 100 MPa that were similar to those reported
in the literature, which are 1.4, 0.9, 0.6, 0.8, 0.8 and 1.5 mS cm™*,
respectively.”®> Additionally, the density of the as prepared pellets
(densified at 300 MPa) for cell setups A, B, C, D, E, and F were 1.49,
242, 2.38, 2.28, 2.06 and 1.75 g cm >, respectively. These
pellets were used for the ionic conductivity measurements. A
significantly lower density was observed for the cell setup F
compared to the other samples. Cell setup A (pristine LPSC
powder) has a theoretical density of 1.64 g cm >, whereas cell
setup B (pristine LYCB powder) has a theoretical density of
2.6 g cm > (ref. 42-44) (Table S1, ESIY). It should be noted that
the mechanical properties (stability) of the obtained compositions
might be significantly different when the halide electrolyte added
to the sulfide mixture, particularly in terms of hardness and
plasticity, compared to the pristine LisPS;Cl and LizYCl,Br, elec-
trolytes. This is expected because of the influence of the impurity
phases. Densification by cold-pressing might yield significant
differences in the quality of the prepared powder pellets. As a
consequence, samples with impurities appear to have a higher
degree of defects and porosity. This could help to explain the lower
ionic conductivities observed in samples with a high percentage
(wt%) of halide electrolyte in the cell setups.

Previous studies have shown that incorporating elements
into the structure of solid electrolytes or cathode/anode materials
can induce lattice distortion and alter atomic occupancy. These
changes can influence ionic conductivity through the microstrain
effect.*>*” Thus, to understand the microstrain effect of halide
and sulfide mixtures in various cell setups and their influence on
the structure of the samples affecting the lithium transport
process, investigations were performed via the XRD, SEM, and
XPS methods (Fig. 3). The diffraction peaks of the as-prepared
pellets for cell setup A (pristine LPSC) match well with those for the
lithium argyrodite Li;PSe system (JCPDS No. 34-0688) belonging to
the F43m space group'® (Fig. 3a). Whereas the X-ray diffraction
patterns (Fig. 3a) for halide electrolytes indicate that the materials
crystallize in two different phases, depending on the ratio between
Cl and Br (cell setup B (pristine LYCB)): the Li;YCls sample
crystallized in the trigonal P3m1** space group, similar to
Li;YBr,Cls_, with x = 2. However, materials with x > 2, as well
as the full bromide LizYBre, crystallized in the monoclinic
C2/m** space group. For the samples with a high proportion
of the LPSC phase, primarily in the lithium-argyrodite LPSC
structure and with a reduced halide phase, examples include
cell setups D, E, and F—comprising LYCB at weight ratios of
80:20, 50:50, and 20:80, respectively. Moreover, a lower
amount of impurity phases (Li,S, LiCl, and/or LizPO,) was
observed when a low halide ratio was used.*® The additional
phases indicate potential side reactions between sulfide and
halide electrolytes, which can result in lower ionic conductivity

Energy Adv., 2025, 4, 518-529 | 521
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Fig. 3
(C—C/C-H) peak at 284.8 eV.

and high resistance due to the formation of resistive interlayers
at the grain boundaries.’®** The introduction of excess halide
electrolyte into the composite can lead to impurities or side
reactions. This can potentially create an additional impurity
phase in the prepared compositions, but this effect has not been
fully investigated yet. It is possible that the side reaction
components have insulating properties, which can hinder
lithium transport and increase the electronic transport, thus
reducing the ionic conductivity."**® For example, additional
peaks at 40° were observed for the LPSC solid electrolyte,
indicating the presence of a highly conductive phase (Table S1
and Fig. S2, ESI{). Peaks at 43° are associated with the low ionic
conducting phase, exhibiting peak shifts and impurity peaks
following the mixing of sulfides and halides. This phenomenon
is similarly observed during the synthesis of sulfide-based solid
electrolytes.”®**>° The SEM images show that there are small
changes in the particle or grain size that lead to the formation of
unwanted components (Fig. 3b). It should be noted that the
pristine LPSC and LYCB electrolytes had a primary particle size
of ~5 pm, while the LPSC:LYCB compositions have uniformly
aggregated to form microsphere particles with a size in the
range of ~15 pm. On the other hand, a decrease of Li,S was
observed when the amount of halide electrolyte in the sulfide
electrolyte compositions increased from 20 to 80 wt%, as shown
in Fig. S4 (EDS analysis, ESIT). When the surface area of contact
between sulfide and halide decreases, successful lithium trans-
port can be due to the formation of new interlayers, which are
thinner compared to the samples with a high amount of halide.

522 | Energy Adv., 2025, 4, 518-529
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(a) The XRD patterns, (b) the SEM images and (c) XPS analysis of the samples A, B, D, E and F. All the spectra were calibrated by adjusting the C 1s

The surface chemical compositions of the as-prepared sul-
fide, halide, and composted electrolytes were analyzed by XPS:
Fig. 3c displays the XPS spectra of LigPS;Cl (cell setup A),
LizYCl,Br, (cell setup B), and LigPSsCl:LizYCl,Br, composite
electrolytes (cell setups D-F). XPS was performed on each type
of electrolyte to analyze the Li 1s, Cl 2p, S2 p, Y 3d, P 2p, and
Br 3d regions. The high-resolution S 2p spectrum for sample A
shows a doublet located at 161.7 (S 2ps/,) and 162.9 (S 2pyy,),
ascribed to the PS;*” thiophosphate units of the LigPSsCl
compound.®® A second doublet has been detected at binding
energies of 132.0 and 132.9 eV in the P 2p region, which can
also be attributed to the PS,*™ unit, confirming the presence of
the sulfide electrolyte.>® A trace of Li,S was detected in the S 2p
region at a binding energy of 160.4 eV, matching with the result
from the XRD pattern (Fig. 3a).>® In sample B, there is a doublet
peak observed at 199.2 and 200.8 eV in the Cl 2p region, and
another doublet in the Y 3d region observed at 159.0 and
161.1 eV.?%* Both doublets are attributed to the pure Li;YCl,Br,
electrolyte. Additionally, Li 1s (56.8 eV) and Br 3d signals at
69.3 eV (3ds;,) and 70.4 eV (3ds;,) confirm the presence of
Li;YCl,Br, electrolyte.> Interestingly, a small signal corresponding
to Y,0; is observed in the Y 3d region at 158.2 eV (3ds;,) and
160.2 eV (3d3,), likely due to surface contamination of the sample
during material handling.® The XPS measurements revealed
signals corresponding to both electrolytes. It is important to
highlight that, unlike XRD measurements, Li,S was detected
exclusively in cell setup A and not in other cell setups based on
XPS spectra. This observation can be attributed to the composition

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of cell setup A, which consists of a pure sulfide electrolyte. In
contrast, other setups (D, E, and F) contain reduced sulfide phases
due to the introduction of halide phases. A possible explanation for
this phenomenon is that Li,S phase particles may be covered by
halide phases, rendering them undetectable by X-ray photoelectron
spectroscopy (XPS). The signal intensities of the electrolytes were
perfectly aligned with their compositions, demonstrating a precise
correlation like in the XRD patterns. Y,O; peaks with relatively high
intensity are also observed in the composite electrolytes, indicating
a surface contamination with moisture leading to oxide formation,
like in the Li;YCl,Br, electrolyte case. Impurities like LiCl were
detected at 56.5 eV in the Li 1s region) in almost every electrolyte
composition, consistent with the XRD findings.*”

There are many methods to determine the CCD of a solid
electrolyte layer with the lithium metal anode, such as stepwise
(step chronopotentiometry) or continuously (galvanodynamic
polarization), and control parameters include current (charge-
control) or time (time-control).>*>® Before testing the cell setup
configuration in a half cell with a cathode material, we first
investigated the lithium plating and stripping study in the
symmetric Li|electrolytes|Li cells to avoid the rate limitations
and degradation of the cathode, and to understand the max-
imum applied current to these compositions (Fig. 4a and
Table S2, ESIT). It was found that the LYCB pristine (cell setup B)
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maintains a higher critical current density at 1C compared to
LPSC pristine (cell setup A, C/2). At the same time, the LYCB:
LPSC (20: 80 wt%) composition showed a high current density
(C/2 with lower polarization values) compared to the 80 (2C
with higher polarization values) and 50 (C/5) wt% of LYCB. This
means that the critical current density values decrease with
increasing halide electrolyte concentration in the sulfide com-
positions, which could be related to the formation of impurity
phases at the grain boundaries hindering the lithium ion diffu-
sion (Fig. 3). Furthermore, increasing the amount of halide phase
in the sulfide compositions can lead to the formation of
unwanted species with poor ionic conductive transport, like high
insulating nature Li,S, which could create inhomogeneous con-
tact between the lithium and solid electrolyte. This can result in
an irregular lithium ion flux distribution at the lithium metal
anode and solid electrolyte interface, leading to lithium dendritic
growth and low critical current density.>**° In addition, different
particle sizes and densities between sulfide and halide electro-
Iytes can result in an increase in the grain boundary resistance or
interface resistance, which plays an important role in the for-
mation of lithium dendrites that grow into solid electrolytes.®***
Based on the obtained data from CCD (Fig. 4a), we can conclude
that cell setup F (20 wt% of halide) has smaller grain size and
higher grain boundary resistance that is confirmed by the XRD
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(Fig. 3a) and ionic conductivity measurements (Table S1, ESIT).
Fig. 4b shows the plating and stripping process during the long-
term life of 50 cycles at C/20 (Table S3, ESIt). The pristine LPSC
(cell setup A) maintains a stable plating and striping process with
low polarization. In contrast, the pristine LYCB (cell setup B)
demonstrated capacity fading due to the formation of side
products. Moreover, halide electrolyte between two LPSC layers
(cell setup C) shows behavior similar to the pristine LPSC (cell
setup A), thanks to preventing the formation of side reaction
components. However, in the case of the combined electrolyte
(sulfide and halide) approach, the electrolyte degradation and
capacity fading were especially observed for cell setups D and E.
Although the polarization for cell setup F is quite low and similar
to pristine LPSC, it could be due to the formation of stable SEI
layer formation during the plating and stripping process. It is
important to note that the low electronic and high ionic con-
ductive mixed interface layer for cell setup F improves the
transport of lithium between the lithium anode and solid elec-
trolyte, leading to the uniform distribution of lithium ions into
the solid electrolyte layer, and enhances the plating and striping
process in general (Fig. 4b). In addition to the critical current
density and plating/stripping measurements, we also examined
the formation of the interphase product (increase resistance vs
time) using EIS measurements over a 24 h period in contact with
the lithium metal anode (Fig. 4c). After extending the contact
time with the lithium metal anode to more than 24 hours, cell
setup F demonstrates a stable interfacial resistance compared to
cell setups B, D, and E. This stability is attributed to the
formation of side reaction components, such as the Li;Y alloy,
which creates a layer with high electronic conductivity but low
ionic conductivity, unlike the highly conductive layers formed by
LizP, Li,S, LiCl, and LiBr components.>*6>7%¢

Fig. 5 presents the charge-discharge curves of all cell setups
(A to F) in the voltage range of 2.7-4.3 V (vs. Li/Li’) at the
current density of C/20. The cell setup A (pristine LigPS5Cl)
shows a lower specific capacity (108 mA h g~ ') due to oxidation
stability than LPSC but high stability against reduction of
the simultaneous formation of L,S, P,Ss and LiCl phase at
the LPSC and NCM622 interface.”®*® Whereas cell setup B
(pristine halide) demonstrated a relatively higher capacity
(150 mA h g "), thanks to the high oxidative stability of
LizYCl,Br, (>4.3 V vs. Li/Li").>"* In order to enhance the
cyclability of the halide electrolyte-based cell, the LYCB electro-
lyte was sandwiched between two LPSC electrolyte layers
(see cell setup C), which illustrated the specific capacity of
149 mA h g~ due to the thin layer of LPSC which led to the
formation of a stable anode interface. In addition, the total
resistance of the demonstrated cell with the LPSC electrolyte is
lower compared to the LYCB electrolyte (Fig. S5, ESIT). Cell
setups D and E exhibit lower ionic conductivity compared to
cell setup F, as the total resistance of the cell increases with a
higher proportion of the halide phase. In the first cycle, cell
setups D, E, and F show high initial specific charge/discharge
capacities of 184/134, 163/125, and 176/130 mA h g~', with
coulombic efficiencies of 98%, 96%, and 99%, respectively
(Fig. 5a). These results also support the idea that the lower
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amount of halide phase (20 wt%) effectively reduces irreversible
electrolyte decomposition or the occurrence of side reactions
during the first cycle. It should be noted that the NCM622
cathode used in the cell setups showed quite similar electro-
chemical behaviour as it had in a non-aqueous electrolyte.®”
The stable discharge capacity of cell setup F (LYCB:LPSC =
20:80 wt%) can be attributed to the close solid-solid contact
between the halide and sulfide electrolytes and the NCM
cathode. This contact is facilitated by differences in the
mechanical flexibility, density, and high ionic conductivity of
the LYCB and LPSC electrolytes (Table S1, ESIt). After the first
cycle, the side reaction of the cells was reduced and the coulombic
efficiency for all cell setups A, B, D, E, and F reached over 93-99%
and exhibited discharge capacity values of 107, 149, 146, 127, 116,
and 126 mA h g ! after the 2nd cycle, respectively (Fig. 5a and
Table S4, ESIt). In addition, the electrochemical performance of
combined halide and sulfide electrolytes, compared to pristine
electrolyte layers, demonstrates a promising approach to enhancing
the cycle life of cells with cathode materials. This is due to their
effective prevention of lithium dendrite formation at low current
densities, which can otherwise cause short-circuiting and capacity
fading. Furthermore, this combined electrolyte approach reduces
the use of the more toxic and environmentally harmful LPSC
electrolyte in cell fabrication.

Although scientists are actively researching solid-state bat-
teries to translate their academic findings into practical indus-
trial applications, these batteries are not yet widely used. This is
primarily due to their lower performance, complex processing,
and the higher resistance of solid electrolytes compared to
conventional liquid electrolytes, which limits their applications.
Therefore, for the practical deployment of solid-state batteries,
solid electrolytes must exhibit high ionic conductivity, low elec-
tronic conductivity, and electrochemical and chemical stability
with respect to both the active materials and lithium metal.*®%®
Notably, the increase in electronic conductivity of solid electrolyte
can be attributed to the different valences of components and the
formation of side reaction components or impurity phases.
Therefore, the presence of electronic conductivity in solid elec-
trolytes impacts their performance due to their complex struc-
tures. Even a small increase in electronic conductivity can
negatively affect solid-state batteries by leading to high self-
discharge. For this reason, it is essential for the combination of
halide and sulfide electrolytes to have very low electronic con-
ductivity. Specifically, the electronic conductivity of these solid
electrolytes must be at least five orders of magnitude lower than
their ionic conductivity®*” for their successful application in SSB
cells. The combination of halide and sulfide electrolytes (cell
setups A, B, C, D, E and F) have ionic conductivity values of
(1.4, 0.9, 0.6, 0.8, 0.8 and 1.5 mS cm™ ", respectively) (as shown in
Table S1 and Fig. S2, ESIf) and low electronic conductivity
(125 x 107 067 x 107 018 x 107, 736 x 10,
7.18 x 10" and 0.57 x 10 ' mS ecm ™', respectively) compared
to glassy solid electrolytes such as LiPON, which have ionic conduc-
tivity (~10~*) and electronic conductivity (~10~" mS cm™).%%7°
For calculation of the electronic conductivity of the solid electro-
lyte, we measured current-voltage dependencies, which exhibited

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Charge and discharge curves of cell setups with the 1st and 2nd cycles at current densities of C/20 in the potential range of 2.7-4.3 V (vs. Li/Li*).

(b) Schematic of the different cell setups with different solid electrolyte combinations of halide and sulfide electrolytes, NCM622 cathode composite and lithium
metal anode. Note: anode|separator|cathode for bi-layer dry pellets: cell setup A: LilLPSCINCM622 (+LYCB+C65); cell setup B: LiLYCBINCM622 (+LYCB+C65);
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(50 :50 wt%)INCM622 (+LYCB + C65); cell setup F: LIILYCB: LPSC (20 : 80 wt%)|[NCM622(+LYCB+C65).

a linear character. In Fig. S6 (ESIt), Ohm’s law was used to
calculate the electronic conductivity from their slopes of the
straight lines. The current-voltage characteristics of the solid
electrolytes were determined using a cell with blocking electrodes
(stainless steel). Note that the significant scatter in the data
obtained is related to the low current value through the system.
Based on the obtained results, the electrochemical performance
of SSB cells was improved by using a combination of halide and
sulfide electrolytes due to the high ionic and low electronic
conductivity of the solid electrolyte combination layer. Therefore,
these combinations of halide/sulfide solid electrolyte layers are
promising candidates for their use as solid electrolytes with high
energy density cathodes and a lithium anode in solid state
batteries. In the case of combined halide and sulfide electrolyte,
the uniform formation of a layer on the surface of the lithium

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

metal anode surface prevents unwanted reactions and allows the
cell setups of B and C to have higher specific capacity and better
cycling stability at high charge cut-off potentials compared to the
cell setup of A, D, E and F (Fig. 2). Thus, it has been demonstrated
that the formation of “friendly” conductive side reaction compo-
nents with high ionic and low electronic conductivity, along with
significantly higher chemical and electrochemical stability
towards lithium metal, leads to improved electrochemical per-
formance and lower electrode resistance when a combination of
halide and sulfide electrolytes (cell setup of F) is used in contact
with NCM622 and a lithium metal anode (Fig. S5, ESIt). It should
be noted that these combinations of electrolytes can produce and
form side reaction components (Fig. 2), resulting in mixed
electronic and ionic conductive layers, which may influence
and ensure slow or fast kinetics for interfacial charge transfer,
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ultimately leading to the prevention of lithium buildup between
the lithium anode and solid electrolyte interface (Fig. 5). For this
reason, the diffusion coefficient of the cell setups of A, B, C, D, E
and F was calculated after cycling and found to be 4.08 x 1072,
7.79 x 1072°,1.23 x 107", 1.04 x 1072, 2.23 x 10 2% and 5.27 x
107%° ecm” 572, respectively.”" Among all the cell configurations,
cell setups C and F have a higher diffusion coefficient than the
others, indicating efficient lithium transport during cycling. This
leads to improved rate capability, a stable SEI (side reaction
component) layer on the surface, and better reversible exchange
reactions. Furthermore, cell setups C and F demonstrate higher
chemical diffusion factors compared to pure halide electrolytes,
which correlate with more stable and superior cycling
performance.”® Cell setups C and F, when in contact with the
lithium metal, maintained their intimate contact during the cycle
life, as shown in Fig. S7 (ESIt). However, in cell setups D and E,
the morphology of the lithium metal anode changed signifi-
cantly, and the interfacial layer has different combinations of a
mixed electronic and ionic interface between the lithium metal
anode and halide and sulfide electrolytes, suggesting that the
slow and fast lithium-ion transport can have an impact on the
cycling results (Fig. 5).

A combination of different solid electrolytes can improve the
interface between the cathode material and the lithium metal
anode, resulting in stable electrochemical performance without
altering the charge-discharge mechanisms (Fig. S8, ESI{). To
better assess the contribution of the electrode material’s capa-
city, the cycling test was performed on cells in the SS electrode
configuration. The results showed that these combinations of
halides and sulfides did not contribute to the active material’s
capacity. Instead, most of them were associated with the
formation of conductive phases, which impacted the stability
of the lithium metal and contributed to capacity degradation, as
shown in Fig. S7 (ESIT). In addition, the specific discharge capacity
of the coated SS electrode at the level of 0.025 pA h ecm™2 is
negligible compared to the NCM622 active material (Fig. 5). The
practical capacity of the pristine NCM622 is 170 mA h g~ *,%” and
the obtained specific capacity of the NCM622 cathode in the non-
aqueous liquid electrolyte in contact with the lithium metal anode
is shown in Fig. S9 (ESIf). Based on the discharge capacities of the
cells, it is possible to assume that the presence of side reaction
components on the surface of the SS electrode, formed during
cycling at a lower potential of 2.7 V, is due to the decomposition
potential of the components of the aqueous electrolytic
solution being lower than 1 V,*” while the decomposition of
the components of the combination electrolytic solution is not
detected. The data show that during SSB operation in the
voltage range of 1.0-4.3 V (vs. Li/Li"), the cell setups demon-
strate a high electrochemical stability window. No significant
electrochemical processes were observed on the surface of the
SS electrode. However, cell setups containing a larger amount
of sulfide LigPSsCl electrolyte demonstrate a slightly higher
specific capacity. This increase may be attributed to certain
solid electrolyte (glassy) materials, which show potential as
both cathode and anode materials for lithium-ion batteries.
These materials feature well-controlled internal structures that
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facilitate lithium ion conduction, resulting in enhanced speci-
fic capacities.”>”?

Conclusions

This work has shown that the combination of halide and
argyrodite solid electrolytes can prevent the formation of un-
favourable interactions between the solid electrolyte and the
lithium metal anode. An ionic conductivity of 1.5 mS cm ™~ was
obtained for the optimized compositions incorporating the
halide phase into the sulfide composition. Morphological ana-
lysis revealed that a combination of LYCB and LPSC acts as a
flux that can limit particle aggregation during mixing with the
formation of relevant interlayers (thin layers compared to
samples with a high amount of halide) for successful lithium
transport with minimal impact on the electronic process. The
combination of halide and argyrodite in the Li/Li-symmetric cell
can provide cycle life stabilization and increase the high critical
current density (CCD) from C/20 to C/2 compared to the pure
halide and argyrodite electrolytes. In addition, when combined
with a half Li/NCM cell, the interfacial layer in the lithium/
electrolyte and electrolyte/cathode interfaces can maintain a
high initial coulombic efficiency and cycle life compared to
the original halide and argyrodite electrolytes. This approach to
the improvement of halide SSBs can be a relatively simple and
efficient strategy to implement.
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