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Most inorganic solid-state electrolytes (SSEs) suffer from incompatibility
with oxide cathode materials and instability in ambient air, presenting
major barriers for their application in high performance all-solid-state
batteries (ASSLBs). Herein, we report a rationally designed halide-based
LizInClg SSE with a high ionic conductivity of 1.49 x 103Scm 1 (25°C).
The LisInClg SSE is stable towards oxide cathode materials (e.g., LiCoO,)
without any interfacial treatment. By applying the LizInClg SSEs,
significantly enhanced electrochemical performances are achieved
in terms of capacity and durability. Experimental investigations
reveal that the LisInClg can avoid side reactions between the SSEs
and the oxide cathode materials and thus effectively improve the
Li* migration across the interface. Moreover, LisInClg is highly stable
in ambient air and possesses good ionic conductivity retention after
a reheating process, further making it an attractive electrolyte for
next-generation ASSLBs.

All-solid-state lithium batteries (ASSLBs) with solid-state electro-
lytes (SSEs) are considered as a promising next-generation
energy storage technology that can enable high theoretical
energy densities."™ The low ionic conductivity of SSEs was
previously considered to be the main challenge for the development
of ASSLBs. With significant progress over the years, many oxide and
sulfide-based SSEs with high ionic conductivities around
102 S em™ ' have been developed, and some sulfide SSEs
can even achieve values greater than 10> S cm™' at room
temperature.”® Despite the great progress in achieving a high
bulk conductivity, incorporation of these SSEs in ASSLBs has
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Broader context

Solid-state-electrolytes (SSEs) are key materials in all-solid-state lithium
batteries because the properties of the batteries highly depend on the
characteristics of the SSEs. However, currently developed SSEs still fall short
of one or more practical requirements including air stability, compatibility
with the electrode, electrochemical stability for high-voltage cathodes, and
so on. Comprehensively fulfilling these aspects, halide SSEs are highly
promising due to their stability in an oxygen atmosphere, flexibility with
electrodes, and electrochemical stability at high voltages. Nevertheless, the
low ionic conductivity of ~10™* S cm ™" even at high temperatures and
hypersensitivity towards moisture remain constraints for most reported
halide SSEs. In this work, we report a halide superionic conductor, Li;InClg,
with a high Li" conductivity of 1.49 x 10 S ecm " at room temperature.
LizInCls is highly stable in ambient air and possesses high ionic
conductivity retention after a reheating process. Furthermore, it is
chemically and electrochemically stable when in direct contact with a
high-voltage oxide cathode (e.g. LiCoO,) without interfacial protection.
Overall, the LizInCls SSE owns essential advantages over the commercial
sulfide SSEs in terms of air/humidity durability and compatibility with bare
oxide cathodes, making it significantly attractive for practical applications.

been difficult and the electrochemical performance is still
inferior to their liquid electrolyte counterparts.

Generally, oxide SSEs possess good chemical stability and
wide electrochemical windows. However, the stiffness and brittle-
ness of oxide SSEs usually require a difficult fabrication process for
the assembly of ASSLBs. High temperature sintering processes are
needed for the preparation of electrode/oxide SSE composites,
which can induce side-reactions between the electrode/oxide SSEs
during the co-sintering process.'®'! In contrast, sulfide SSEs are
more attractive due to the ultra-high ionic conductivity and deform-
ability. However, they still face considerable challenges including
instability towards air/moisture, oxide cathodes, and externally
applied voltages. Exposure to ambient air can lead to the generation
of toxic H,S gas, reduced ionic conductivity, and degradation of the
chemical structure.? Direct integration of sulfide SSEs with cathode
components results in large interfacial resistances caused by
unavoidable side reactions, which is exacerbated by the decom-
position of SSEs at high voltage.’*™®
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Nevertheless, most of the aforementioned obstacles such as
instability towards oxygen, electrodes, and low voltage range
described above are no longer issues for halide SSEs.'®'’
Tetsuya Asano et al. reported halide Li;YClgs and LizYBrg SSEs,
which showed high room-temperature ionic conductivities of
1mS cm ™, good stability in dry-oxygen, and good compatibility
with a LiCoO, cathode.'® Wide electrochemical windows over
4 V for halide SSEs (e.g., LizErClg, Li;GdCls) were predicted by
Yifei Mo et al. using first principle calculations,"”” which are
significantly wider than the current oxide and sulfide SSEs such
as 1.75-3.71 V for LiyzzLagseTiO;, and 1.72-2.29 V for
LiyoGeP,S1,."%" Good interface compatibility with oxide cathode
materials both in pristine and delithiated forms were also
proposed.’” Besides, ultra-high Li* conductivity as high as
10 mS ecm ' at 300 K was predicted.'” Unfortunately, most
reported halide SSEs exhibit quite low ionic conductivities
~107* S ecm ™! even at high temperatures around 200 °C and
phase instability (Table S1, ESI{).?°>” Moreover, no halide SSEs
have been reported to possess stability in ambient air due to
their hypersensitivity towards moisture.?®

In the present work, we report a halide Li* superionic
conductor of LizInClg, which is stable towards oxide-based
cathodes and is also stable in ambient air. The synthesized
LizInClg possesses good chemical stability towards traditional oxide
cathode materials (e.g:, LiCoO,) and a high ionic conductivity of
1.49 mS em ™' at room temperature. The introduction of Li;InClg
can effectively eliminate the side reactions between SSEs and
cathode materials, and thus the battery performances are drama-
tically improved. Moreover, LizInCls possesses good air stability,
thermal stability, and recoverability after humidity exposure. X-ray
photoelectron spectroscopy (XPS) and synchrotron X-ray absorption
spectroscopy were utilized to study the stability of the LizInClg
structure after humidity exposure and with applied voltage.
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The halide SSEs based on the Li-In-Cl system were synthe-
sized mechanochemically from a stoichiometric mixture of
binary compound precursors (LiCl and InCl;) or followed by
an annealing process (260 °C for 5 h). Fig. 1a shows the X-ray
diffraction (XRD) patterns of the pristine ball milled-Li;InClg
and annealed-LizInCls samples. Both samples can be indexed
well with a distorted monoclinic rock-salt structure with the
C2/m space group (ICSD No. 04-009-9027). The ball milled
sample exhibited broad Li;InCls peaks with low crystallinity
after the ball-milling process. However, after annealing, the
LizInCls sample presented sharp XRD patterns, indicating its high
crystallinity. It is apparent that only a low temperature of 260 °C is
required for the annealing process, which is more energy sustainable
than other halide SSEs obtained at high temperatures of over
550 °C.'® Furthermore, as shown in Fig. S1 and S2 (ESIY), the
two LizInCls SSEs presented similar small particle sizes around
several hundred nanometers, which were significantly smaller
than the common sulfide SSE particles (usually around several
microns),>® and can possibly provide higher flexibility to accom-
modate the volume expansion of electrode materials.

The schematic structure of Li;InClg is presented in Fig. 1b
and c, showing the cubic-closed-packed (ccp) arrangement of
the Cl~ species. Similar to the reported halide SSEs such as
Li;YBrg'® and high temperature phase Li;InBrg,*° the structure
of annealed LizInClg is essentially a distorted rock-salt LiCl
structure. Particularly, one In*" substitution could replace three
Li" cations and introduce two intrinsic vacancies (V). The
octahedral interstitial sites are occupied by Li*, In*‘, and
vacancies in a ratio of 3:1:2. Presumably, these intrinsic
vacancies are essential to the high ionic conductivity of the
crystalline LizInClg, although the anion-close-packed structure
possesses a relatively low-symmetry structure compared to the
body-centered cubic-like arrangement of the anion sublattice
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Fig. 1

1000/T (1000 K- Indium related halide SSEs

(a) X-ray diffraction patterns of the as-prepared ball milled and annealed LizInClg samples, along with the standard pattern of the previously

reported LizInClg (ICSD No. 04-009-9027). Structure of annealed-LizInCle. (b) Layered structure, showing two kinds of InClg>~ octahedra with different

occupations of In** (red wine) and vacancies (V”, white); orange balls are
octahedra. (d) Arrhenius plots of ball-milled and annealed LizInClg samples.
means high-temperature phase, bromide-based SSEs marked with “#" face
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Cl™. (c) Schematic unit showing typical Li* location around the InClg®~
(e) Summary of reported indium related halide SSEs.247273373¢ HT phase
the problem of structure transition around —13 to 60 °C.
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recently proposed for sulfide-based SSEs with high ionic
conductivity.**

In halide SSE systems, there might be temperature related
phase transitions from a high conductivity phase to a low con-
ductivity phase, which hinders the feasibility of halide-based
ASSLBs.””** The phase stability and ionic conductivity of LisInClg
SSEs were evaluated over a wide range from —25 to 75 °C. Fig. 1d
displays the Arrhenius plots for cells using the ball-milled Li;InClg
and annealed-LizInCls, showing that the room-temperature ionic
conductivity is 8.37 x 10 * and 1.49 x 10> S cm ™', respectively.
The XRD patterns and ionic conductivities of other samples
obtained with different annealing parameters are shown in
Fig. S3 and S4 (ESIt). It is apparent that a higher annealing
temperature or a longer annealing time is not required to achieve
a pure Liz;InCls phase with a high ionic conductivity. As presented
in Fig. le, the room-temperature ionic conductivity of Liz;InClg
SSE in this work is the highest among the previous indium
related halide-based SSEs.*****3® Clearly, the acheived ionic
conductivity values are much higher than that of ~107° S cm™*
reported for Li;InClg in 1992.3* Most of the bromide-based SSEs face
the problem of strcuture transition around —13 to 60 °C, which
makes them not suitable for practical applications (details are
shown in Table S1, ESIt).

The electronic conductivities of the annealed-Liz;InClg were
measured by a direct current (DC) polarization measurement
using a cell configuration of SS/Li;InCls/SS (where SS refers
to stainless steel disks) symmetric cells at room temperature.
Fig. S5a (ESIt) shows the DC polarization curves of the
annealed-LizInCl, at different voltages. Upon an applied voltage,
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the current initially responded with a large value and rapidly
decayed in less than 2 s to a stabilized value on the order of
10~7 A. From a linear fit between DC voltage and stabilized
current (Fig. S5b, ESIt), the DC electronic conductivities were
estimated to be 5.4 x 107° S ecm™* for the annealed-Li;InCls,
which is 6 order of magnitude lower than its ionic conductivity
at room temperature. The high ionic conductivity, relatively low
electronic conductivity, and wide thermal stability windows of
Li;InCls demonstrate great promise as a superionic conductive
SSE for ASSLBs.

Processibility in air and recoverability for spoiled SSEs are
important factors affecting the manufacturing cost. The dry air
stability of annealed-LizInCls was first tested by exposing the
powder sample to a flow of dry air for 20 h at room temperature
or with heating from room temperature to 450 °C at 5 °C min .
In both cases, the sample’s weight was stable without any
observable exothermic or endothermic peaks present in the
TGA curves and differential scanning calorimetry (DSC) curves
(Fig. 2a and Fig. S6, ESIT). The corresponding ionic conductivities
and activation energies of Li;InCls SSEs with dry air exposure for
10 h at room temperature and heated to 300 °C were also
measured as presented in Fig. S7 and Table S2 (ESIt), indicating
the thermal stability of Li;InCls in dry air at high temperatures.
After exposure to air with a humidity of 1% or ambient air with a
humidity around 30% for 12 h, the structure of Liz;InCls SSE
changed together with a reduced ionic conductivity (Fig. S8,
ESIt), while after reheating at 260 °C for 1 h under vacuum,
the samples exhibited similar XRD patterns with the pristine
LizInCls SSE (Fig. 2b). The samples reheated after the exposure
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Fig. 2 Air stability of the annealed-LisInClg SSE. (a) The TGA curves of the annealed-LizInClg SSE sample in dry air atmosphere with heating from room
temperature to 450 °C at 5 °C min~t and resting at room temperature for 20 h. (b) Comparison of the ionic conductivities of annealed-LizInClg SSE (blue),
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show ionic conductivities of 1.37 x 10> and 1.35 x 10> Scm ™"
at 25 °C, respectively, which were slightly lower than the pristine
sample (1.49 x 10> S ecm™ '), with only a marginal change in the
activation energies being observed (Table S2, ESIt).

The stability of the Li;InCls SSEs was further proved by using
XPS and X-ray absorption near-edge structure (XANES) analysis
(Fig. 2d-f). The XPS spectra (Fig. 2d) of the fresh and humidity
treated Liz;InClg samples are almost the same, with the In 3ds,
peak at 446.2 eV and In 3d3/, peak at 453.8 eV, which is similar
to the reported In**~Cl.>”*® The collected In Ls;-edge XANES
spectra of the SSE together with that of commercial InCl; are
presented in Fig. 2e. It was found that the annealed-LizInClg
and commercial InCl; showed very similar spectra in terms of
shape and energy position. This should be due to the similar
In** environment coordinated by six Cl~ forming octahedra for
monoclinic LizInClg and InCl; (Fig. 2g). The spectra showed an
intense “white line”” at 3732 eV due to 2p to localized s state
transitions, as reported for InF;.>° Another shoulder peak is
observed at 3740 eV (lower than the 3745.4 eV for InF; and
3744.6 eV for In,0;), which was likely due to the electronic
transitions from the In 2p to unoccupied d states or 2p — 5s
electronic transitions enhanced by s-d orbital hybridization.>**° For
the Cl K-edge XANES spectra, in addition to the two typical peaks
similar to the bulk LiCl at 2827 eV and 2829 eV,* the three spectra
exhibited a pre-edge feature at 2822.5 eV (Fig. 2f), denoting
electronic transitions from the Cl-1s shell to unoccupied orbitals
with localized p character. The similarity of the XANES between
InCl; and Li;InClg was attributed to their similar local symmetry
as an octahedron with a central In and Cl ligands as presented
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in Fig. 2g. However, the pre-edge of the InCl; spectrum was
much more intense compared to the spectra of the other two
samples, which might be due to its distorted octahedral structure
with different bond angles and the fact that the octahedra in
LizInCl, exist with partial occupation of In with vacancies. Remark-
ably, the In L;-edge and Cl K-edge spectra of reheated annealed-
LizInCl, after exposure to an atmosphere with 1% humidity remain
almost unchanged compared to the pristine one in terms of both
spectral shape and energy position. Combined with the TGA, XRD,
XPS, and ionic conductivity results, the annealed LizInCl, SSE
demonstrated good air and humidity stability while retaining the
high initial ionic conductivity.

To demonstrate the applicability of annealed-Li;InClg with
the oxide cathode in ASSLBs, bulk-type ASSLBs with commercial
bare LiCoO, cathodes were fabricated. The assembled ASSLBs
consisted of a composite cathode layer of LiCoO, and Liz;InCls,
and a thin compact layer of annealed-LizInCls as a SSE layer
tailoring the cathode layer; In foil was used as the anode (referred
to as ASSLB with LizInClg SSE, detailed information shown in
ESIt). The SEM and energy dispersive X-ray (EDX) mapping
images of the LiCoO,-Li;InCls composite cathode showed good
coverage of annealed-LizInCls on LiCoO, (Fig. S9, ESIt). The
thicknesses of the LiCoO,-Li;InClg cathode layer and the LizInClg
SSE layer are about 100 pm and 320 pm, respectively (Fig. S10,
ESIt). In comparison, another bulk-type ASSLB using Li; (GeP,S;,
in both the cathode composite and the SSE layer (referred as
ASSLB with Li;(GeP,S;, SSE) was fabricated.

Fig. 3a compares representative charge-discharge curves of
the two ASSLBs at 0.1C (1C = 140 mA g~ ') between 1.9-3.6 V vs.
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Fig. 3 Electrochemical performance of LiCoO,-LisInClg/LizsInCle/In all-solid-state cells at 25 °C. (a) Initial charge—discharge curves of LiCoO,—LizInClg/
LisinClg/In and LiCoO,—LiyoGeP5S12/LiinGeP,S:o/In cells at 0.1C. (b) CV curves of LiCoO,-LisInCle/LisinCle/In cells at 0.02 mV s (c) Cycling
performance and coulombic efficiency of the LiCoO,-LizInCle/LizInClg/In and LiCoO,—Li;nGeP,S1,/LiioGeP,S1o/In cells at 0.1C. (d) Rate capability of
LiCoO,-LisInCle/LizInClg/In cells at 0.1, 0.2, 0.5, 0.8 and 1C. (e) Impedance evolution of LiCoO,-LizInClg/LisInClg/In cells during cycling. (el) The charge—
discharge curve of LiCoO,-LisInCle/LizInClg/In cell cycled at 0.1C for 3 h and 2 h rest; (e2 and e3) corresponding impedance spectra recorded after 2 h

rest during charging and discharging, respectively.
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Li'/LiIn (i.e., 2.5-4.2 Vvs. Li'/Li) at room temperature. An initial
discharge capacity of 127 mA h g ' and a high initial coulombic
efficiency of 92% were achieved by the ASSLB with the LizInClg
SSE. Remarkably, the ASSLBs using annealed-Liz;InClg pre-
sented a very small overpotential and charge-discharge curves
highly comparable to the LiCoO, cell using a typical liquid
electrolyte (Fig. S11, ESIT). Moreover, the small plateaus at the
end of charging and the beginning of discharging caused by the
reversible phase transition of LiCoO, were observable in both
the charge-discharge curves and cyclic voltammetry (CV) curves
(Fig. 3b). This phenomenon indicated the feasible Li* transport
across the interface between the bare LiCoO, and the annealed-
LizInClg SSE, which was observable in sulfide ASSLBs only when
the LiCoO, was protected.”” In contrast, the ASSLB with the
Li;¢GeP,S,, SSE showed severe polarization, a low reversible
capacity of 114 mA h g, and an inferior initial coulombic
efficiency of 86% (Fig. 3a). The cycling performance of these
ASSLBs at 0.1C is presented in Fig. 3c. Obviously, the cycling
stability and reversible capacity of the ASSLB with the LizInClg
SSE are much more stable than those of the ASSLB with the
Li;oGeP,S;, SSE, with a specific capacity of 95 mA h g*
remaining after 100 cycles. Furthermore, the ASSLB with the
Liz;InCls SSE showed an acceptable rate capability as shown in
Fig. 3d. Upon discharging at current densities of 0.1, 0.2, 0.5,
0.8, and 1C (with the same charging rate 0.1C), reversible
capacities of 127, 125, 120, 111, and 97 mA h g~ " were achieved,
respectively (Fig. 3d). Since the reversible capacity was recovered
when returning to a lower current density, no severe isolation of
the active material was inferred. The in operando impedance
spectra were collected to monitor the impedance evolution of
the ASSLB with the Liz;InCls SSE in the first cycle. The cell was
charged or discharged at 0.1C for 3 h and rested for 2 h before
the impedance measurement. The charge-discharge curve
shown in Fig. 3el is quite similar to that shown in Fig. 3a,
and the minimal difference between the operating voltage and
the open-circuit voltage again indicated the small polarization
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of the ASSLB with the LizInCls SSE. The collected impedance
spectra are shown in Fig. 3e2 and e3 with three obvious
semicircles. Equivalent circuits of R(RQ)(RQ)Q (Fig. S12, ESI¥)
were used to fit the spectra, where the mid-frequency portion
(colored green in the spectra) part was attributed to the inter-
facial resistance between LiCoO, and Liz;InCls SSES (Rssg/rco)-
The Rssg/1.co of the ASSLB with the LizInClg SSE was one order of
magnitude lower than that of the ASSLB with the Li;(GeP,S;,
SSE (Fig. S13, ESIt). More specifically, the Rgsgco of the ASSLB
with the Li;(GeP,S;, SSE increased to over 600 Q after the first
charge-discharge cycle, but the Rssg/co of the ASSLB with the
LizInClg SSE still maintained a value of ~17 Q. The huge
Rssgico increase of the ASSLB with the Li;(GeP,S;, SSE was
believed to be caused by the unavoidable side reactions between
LiCoO, and Li;(GeP,S;, SSEs together with the structure
destruction of Li;(GeP,S;, itself. In contrast, the slight increase
in Rssg/co of the ASSLB with the Li;InClg SSE upon charge and
discharge was likely due to the volume change of the active
LiCoO, during cycling which induced cracks, leading to weakened
contact within the composite cathode layer, as supported by the
SEM images shown in Fig. S14 and S15 (ESIt). Moreover, the
open circuit voltage (OCV) vs. time at 100% SOC curve shown in
Fig. S16 (ESIt) further confirms the good stability of the ASSLB
with the LizInClg SSE.

The improved cycling stability and small impedance increase
suggested good electrochemical stability of the annealed-Liz;InClg
SSE with the active LiCoO, cathode, showing no sign of SSE
decomposition or side reactions. To verify this conclusion, XPS
was performed to inspect the annealed-Li;InClg interface with
LiCoO, at different charge/discharge status compared to the
as-synthesized annealed-Liz;InCls SSE. As shown in Fig. 4a, no
obvious change in the In chemistry of the annealed-Liz;InClg
SSE was observed on the XPS spectra upon mixing with LiCoO,
for weeks. Little change was observed after the electrochemical
cycling, confirming the excellent chemical and electrochemical
stabilities of the annealed-Li;InClg SSE with the layered oxide

a LiCoO,-Li,InC], b c CIK
,~Li,InCl | -edge|
after 16 c;}cle; In 3d5’,2 In L3 edge 9
LiCoO,-Li,InCl,
first charge
Fl 3 5
& A S| b4 S|4
2 > 2
g ' ‘ L\CIOO ‘L\ InICI ‘ s g
5 ,Li,InClg c @
£ 2|03 =
m = c3
b2
Pristine Li,InCI c2
_A b1 c1

T T T T T T T
458 456 454 452 450 448 446 444 442 3720 3730 3740 3750 376 2810 2820 2830 2840 2850
Photon Energy (eV)

Binding Energy (eV)

Photon Eenergy (eV)

Fig. 4 (a) XPS spectra of the pristine annealed-LizInClg, LICoO,-LizInClg cathode composites, LiCoO,-LizInClg cathode after first charge, and LiCoO,—
LizInClg cathode after 10 cycles. (b) In L-edge and (c) Cl K-edge XANES spectra of (bl and c1) pristine annealed-LizInCle, (b2 and c2) LiCoO,-LizInClg
cathode composite, and LiCoO,—LizInClg cathode composites collected (b3 and c3) after first charge and (b4 and c4) after first discharge.
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cathode LiCoO,. Furthermore, the In L;-edge and Cl K-edge XANES
spectra for LiCoO,-LizInCls cathode composites at different
charge/discharge status were collected (Fig. 4b and c). Consistent
with the XPS results, the unchanged In L;-edge and Cl K-edge
spectra at fully charged or fully discharged states essentially
confirmed the electrochemical stability of the annealed-Li;InClg
SSE in contact with LiCoO, up to 4.2 V vs. Li'/Li. The decreased
intensity of the pre-edge peak for the Cl K-edge after charging/
discharging and slight smooth-out of the doublet merely suggested
an increase in disorder as noted above.

Conclusions

In summary, a halide LizInClg SSE is successfully synthesized by
mechanical and annealing approaches, which shows conductivities
as high as 0.84 and 1.49 x 10> S cm ' at room temperature,
respectively. We demonstrate that LizInCls is highly stable in
ambient air and possesses an excellent ionic conductivity retention
after a reheating process. More importantly, Li;InCls is stable in
direct contact with high-voltage oxide cathode materials, yielding
high-performance ASSLBs using Liz;InCls with a LiCoO, cathode
without any protective coating. Our results suggest that Li;InClg is a
highly promising solid-state ionic conductor candidate for ASSLBs.
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