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ABSTRACT: The high ionic conductivity, air/humidity tolerance,
and related chemistry of Li;MX, solid-state electrolytes (SSEs, M "

- .
is a metal element, and X is a halogen) has recently gained = ooco e hum'ﬂ) Li, (¥, )Cl, XH,0
significant interest. However, most of the halide SSEs suffer from 52 m\o . "

irreversible chemical degradation when exposed to a humid sS LiY,,InCl, &hyd@“

atmosphere, wh'lch originates from' hydrolysis. Hereln, t_he function g5 5 % | humidity

of the M atom in Li;MX, was clarified by a series of Li3Y; _In,Cly 5O E oo LICI-H,0 YCI,-6H,0
(0 < x < 1). When the ratio of In®" was increased, a gradual <

. . L| YOI, %}' arato?
structural conversion from the hexagonal-closed-packed (hcp)
anion arrangement to cubic-closed-packed (ccp) anion arrange- hcp ccp
ment has been traced. Compared to hcp anion sublattice, the
Li;MX, with ccp anion sublattice reveals faster Li" migration. The
tolerance of LiyY;_In,Cls towards humidity is highly improved when the In*" content is high enough due to the formation of
hydrated intermediates. The correlations among composition, structure, Li" migration, and humidity stability presented in this work
provide insights for designing new halide-based SSEs.

KEYWORDS: halide solid electrolyte, humidity, all-solid-state, anion sublattice, lithium-ion conductor

olid-state electrolytes (SSEs) are key materials for the chemical degradation and the related mechanism remains

development of next-generation of all-solid-state lithium unclear. Thus, deciphering the degradation/tolerance process
batteries (ASSLBs)."” Several different types of SSEs have in such halide SSEs could be of significant importance.
been developed including polymer-, oxide-, sulfide-, borohy- Here, we demonstrate the feasibility of increasing the
dride-, and halide-based SSEs.”> An anionic halide compound humidity tolerance and the ionic conductivity in Li;Y;_,In,Clg
that is more electronegative than the alternative oxide and (0<x<1) by optimizing the metal central atom based on the
sulfide, etc. can achieve thermodynamically electrochemical different coordination chemistry of In**/Y?*. The changes in
stability windows higher than 4 V (chloride) and 6 V the crystal structure and humidity stability have been
(fluoride).” Furthermore, the combination of several positive monitored by X-ray diffraction (XRD), X-ray absorption near
attributes, sucé] as the high room-temperature (RT) ionic edge structure (XANES), and extended X-ray absorption fine
conductivities,”” " the good stability toward oxide cathode,” structure (EXAFS) analysis. The results show that the pristine

and even the water-based synthesis routes,” has made the
halide SSEs quite attractive.

Early halide SSEs'' ™" played a crucial role in understanding
the Li* diffusion in SSEs. Based on this, some high ionic
conductivity materials such as Li;MXy (M is a metal element,
and X is a halogen) have been proposed.”"”'*'* Although the
crucial role of phase structure and site occupation on the effect
of ionic conductivity was highlighted by detailed investigations
on these types of SSEs, much remains to be understood for Received:  March 16, 2020
further fundamental insights that will ultimately lead to Revised: ~ May 4, 2020
implementable solutions. Furthermore, scientists found that Published: May 14, 2020
in the Li3InCly SSEs, both high ionic conductivity and
humidity/air tolerance are possible.”* However, until now,
most halide SSEs have shown no tolerance to humidity. The

hexagonal-closed-packed (hcp) anion sublattice structure of
Li;YCl, gradually changes to the cubic-closed-packed (ccp)
anion sublattice structure with increasing In** content, and the
highest ionic conductivity is achieved with 50% In**
substitution. The humidity tolerance of Li;Y,_In Clg SSEs is
improved by increasing the amount of In** since more In** aids
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Figure 1. (2) XRD patterns of Li;Y;_In,Cls (x = 0, 0.1, 0.2). (b) XRD patterns of LiY;_,In,Cl; (x = 0.3—1.0). The gray bars indicate the
reflections of LiCl. (c) Structures of Li;YClg and LisInClg based on the database.

in the formation of hydrated intermediates rather than
separated phases. Ultimately, the work presented herein
improves our understanding of the structural properties and
the humidity tolerance in halide SSEs, thereby providing
insights for the development of future electrolytes.

Results and Discussion. Li,Y,_In,Cl; (0 < x < 1) was
prepared from LiCl, YCl;, and InCl; at 260 °C after ball
milling. Without In*" substitution (x = 0), the XRD pattern
can be indexed to orthorhombic Li;YCls (ICSD No. 04-009-
8886),'° while the XRD pattern changed to the trigonal
Li,YCly structure (ICSD no. 04-009-8882)'° when x = 0.1
(Figure 1a). When x = 0.2, the main phase is still trigonal
Li;YClg and some new peaks of the monoclinic Li;InClg
structure (C2/m, ICSD no. 04-009-9027)"” appeared (Figure
1a). The obvious monoclinic Li;InCly phase starts to evolve at
x > 0.3, with all of the XRD patterns being quite similar
(Figure 1b). Figure lc shows the crystal structures of
orthorhombic/trigonal Li;YClg and monoclinic Li;InCly. The
anion arrangement of the orthorhombic Li;YClg (Table S1)
can be regarded as an hcp structure."® All the cations occupy
the octahedral sites formed by CI” anions. The trigonal
Li;YClg structure (Table S2) is also based on an hcp anion
arrangement with different Y** and Li* sites,"® while the
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monoclinic LizInCly structure (Table S3) is based on a ccp
anion arrangement.

Rietveld XRD Refinement was performed to obtain the
detailed lattice parameter evolutions of Li;Y;_,In,Cls (0.3 < x
< 0.9, Figure S1 and Table S4). As a result, the Y atoms are
occupied in the 4g position together with In, leaving the other
2a position vacant. With the decreasing Y** content, all lattice
parameters of a, b, and ¢ decrease, and the values for
parameters of a and b begin to converge (Figure S2a). Thus,
the decreasing of Y** content leads to a shrinkage of the (Y/
In)Cls*", LiCls*~ octahedra, and the unit cell volume (Figure
S2b—d). Such shrinkage of the lattice parameters should be
due to the smaller In*" (80 pm) than Y>* (90 pm)."”

DFT calculations were conducted to assess the thermody-
namically favourable Y locations (Yy,) in LiY,_,In,Cly (x >
0.3). Since there are two In positions in monoclinic Li;InCl,
three structures were considered in the DFT calculations: (1)
pristine Li;InClg; (2) Y in the 4g (In,) position; (3) Y in the 2a
(In,) position. The Y, formation energies of the three
structures were compared in Figure S2e. The Y in the In; site
leads to the lowest formation energy among the three
structures, indicating the preferred Y location in the In; site
to form (Y/In)Cl¢>™ octahedra within the structure. Moreover,

https://dx.doi.org/10.1021/acs.nanolett.0c01156
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Figure 2. Normalized (a) Y L;-edge XANES spectra of Li;Y,_,In,Cl; SSEs (x = 0, 0.2, 0.5, 0.8), (b) In L;-edge XANES spectra of commercial
InCly and Li;Y;_,In,Cls SSEs (x = 0.2, 0.5, 0.8, 1), and (c) Cl K-edge XANES spectra of commercial InCly, and Li;Y;_,In Clg SSEs (x = 0, 0.2, 0.5,
0.8, 1). Normalized (d) Y K-edge XAFS spectra of Li;Y, ,In Cls SSEs (x = 0.2, 0.4, 0.6, 0.8); (e) Y K-edge XAFS spectroscopy of Li;Y;,IngsClg.
The inset figure is the magnitude of FT for k>y(k) of the experimental data and experimentally resolved EXAFS features “A” and “B”. (f) The
magnitude and imaginary part of FT between the experimental (red solid and red dash traces) and the Feff modeling (blue solid and blue dash
traces) of Yy, in 4g in Li;Yy,IngsClg; (g) k*y(k) between the experimental and the R space curve fitting guided Feff modeling of Yy, in 4g in
Li;Y,,Ing sClg based on the R space curve fitting result. (h) Comparison between the experimental XANES (red line) and the XANES theoretical
modeling (green for M-1 modeling and blue for M-2 modeling). (i) The XAFS model M-2 structural system based on the crystallography of

Li3Y(,IngsCl (Y centered spherical clusters with a radius of 6.0 A).

the reduced formation energies compared to the pristine
Li;InCls demonstrates the favorable Y** incorporation into the
structure.

The structures of Li;Y,_,In Cls SSEs were further
investigated by XANES. The Y L;-edges in Figure 2a show
mostly a split double-peak, with varied intensity ratios and
separations between the two peaks located at 2081.7 and
2083.2 eV, which are consistent with the previous report of Y**
species with six-coordinated Y atoms.””*' There’s no obvious
difference in the Y L;-edge XANES spectra of Li;YClg and x =
0.2, while a sudden change occurred at x = 0.5 with no further
changes afterward, which should be related to the ccp
sublattice structure for x > 0.5 samples rather than the pristine
hep sublattice structure. The In L;-edge XANES spectra are
associated with the transition of the In 2p;,, state to
unoccupied states above the Fermi level with In Ss and 5d
characters, mostly Ss. Thus, the In L;-edge XANES spectra is
less asymmetric (Figure 2b) due to the spatial orientation of d
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orbitals.””** There are mainly two differences in the spectra of
the samples: the reduction of two shoulder peaks separated by
8 eV (at 3733 and 3741 €V) and a broadening peak at about
~3755 eV from InCly to Li;Y,sIny,Cls with the lowest In
content (inset in Figure 2b). For the Cl K-edge XANES
spectra, all samples exhibit similar characteristic peaks at 2827
and 2829 eV (Figure 2). Moreover, another pre-edge feature at
2822.5 eV was observed, especially for the Li;Y,_ In Cls SSEs
with high In** content, which is due to the covalent In metal-
Cl ligand orbital mixing (Cl 3p orbitals and In 5d orbitals).”*
Clear and gradual changes of the main peak intensity of Y L;-
edges, In Ly-edges (insert in Figure 2a,b), and pre-edge of Cl
K-edge can be seen. Qualitatively, for the Y L;-edge, x = 0.2 is
certainly more like Li;YClg; for the Cl K-edge, the character
associated with Li;YCly disappears when x is large, and the Cl
K-edge becomes more similar to InCl;.The same trend is also
reflected from the evolution of the In L;-edge. All these

https://dx.doi.org/10.1021/acs.nanolett.0c01156
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Figure 3. (a) Arrhenius plots of Li;Y,_In,Clg (x = 0, 0.1) and (b) Li;Y,_,In,Cl (x = 0.2—1) obtained via temperature-dependent impedance plots.
(c) Conductivity at 25 °C, (d) activation energy, and (e) Arrhenius prefactor o, of Li;Y;_,In,Cls (0 < x < 1). (f) Log of pre-exponential factor o,
in 6 = opexp(—E, /k,T)/T vs activation energy E, for Li;Y,_,In,Cl; (0 < x < 1). Error bars were figured with the standard deviation of 2—3

samples for each composition.

changes are consistent and should be correlated to the Y** and
In** concentration change within the structure.

Y K-edge XAFS analysis was performed to reveal the local
environment of Y in Li;Y,_ In Cls with a monoclinic structure
(Figure 2d—i). The experimental EXAFS results of
Li,Y,_In.Clg (x = 0.2, 0.4, 0.6, and 0.8) were compared in
Figure 2d, with four features “a” to “d” observed and those of
LiyY,_In,Cls (x = 0.4, 0.6, and 0.8) are quite similar (insets of
Figure 2d). Figure 2e shows the experimental EXAFS result of
Li;Y(,Ing4Cls, demonstrating the nearest neighbor Y local
environment. Two features of “A” and “B” in the R space were
resolved by the first and second magnitude of Fourier
transform (FT) EXAFS peaks (insets of Figure 2e). A further
R space curve fitting was guided by the DFT modeled Y local
environment with Feff theoretical scattering amplitudes and
phases calculation.”> The XAFS data and the R space ﬁtting
were performed by ATHENA software®® and WINXAS,”
respectively. The Feff R space fitting result shows good
agreement with the experimental data as presented in Figure 2f
in both the magnitude and imaginary part of the FT. Such
good consistency is further reflected in the k space for k>y(k)
between the experimental and the Feff modeling (Figure 2g) as
well as the quite similar Y—CI bond distance obtained by DFT
and EXAFS (Table SS).

The Y local environment throughout experimentally
resolved XANES features “a” to “d” (red line, Figure 2h)
was verified by XANES theoretical modeling, which was
performed in two cycles and guided by the DFT model and
EXAFS result obtained through the R space curve fitting
(Table $5).** The first cycle of XANES modeling (M-1
modeling) was performed over the Y centered spherical cluster
developed from DFT prediction. The second cycle of XANES
modeling (M-2 modeling) was performed by extending the M-
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1 modeling with the modified nearest neighbor bonding Y—CI,
Y—Li, and Y—In based on the R space curve fitting result
(Table S5). The two modeling results presented in Figure 2h
indicate that experimentally resolved XANES features “a” to
“b” have all been reproduced by M-1 and M-2, and the
modeling quality for “b” and “c” has been further improved by
M-2 modeling (Figure 2i). Overall, the experimental XAFS
features addressed by the EXAFS R space curve fitting and
XANES theoretical modeling clearly support the local
environment of Y in the In; site.

Li* ionic conductivities were measured with cold-pressed
pellets at different temperatures. The variation of Li;Y,;_ In Clg
SSEs at 25 °C as a function of x in Li;Y,_In,Cls SSEs is
displayed in Figures S3 and S4. Figure 3a,b shows Arrhenius
plots of the Li;Y;_In Cly SSEs. The activation energies (E,)
and Arrhenius prefactors (6,) were calculated using the
equation

o = opexp(—E,/kyT)/T 1
where ¢ is ionic conductivity, T is the absolute temperature,
and kg is the Boltzmann constant.””*° The corresponding
parameters of ionic conductivity (25 °C), E,, and o, of the
Li;Y, ,InCls SSEs are shown in Figure 3c—e, respectively.
The ionic conductivity of the Li;YCl; (orthorhombic) is ~6.08
% 107> S cm™!. With the increase of In** substitution, the ionic
conductivity of Li3YyIny,Cls SSEs with trigonal structure
increased to 6.68 X 107> S ecm™* (Figure 3a,c). However, once
the ccp anion structure appeared, the ionic conductivities are
highly improved to 6.02 X 10™* S cm™ for LiyY,4In,,Clg
(Figure 3c), and all samples with x > 0.5 retained high ionic
conductivity in the range from 1.09 to 1.42 X 107> S cm™". It is
known that the ionic conductivity of SSE is highly dependent
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Figure 4. Comparison of the ionic conductivities of pristine Li;Y;_,In Cls; SSEs (red) and Li;Y,_,In,Cls SSEs after exposure to air with 3—5%
humidity (blue) for 12 h and reheated at 260 °C for 1 h under a vacuum. Representative Arrhenius plots of (a) Li;Y,gIn,,Clg, (b) LizY,Ing sClg,
and (c) LiyY,,Ing4Clg before and after air exposure, (d) Comparison of the ionic conductivity retention of Li;Y,_,In,Cls SSEs before and after air
exposure. The structures of (Y/In)Cl*™ of LisY,_,In,Cls (x > 0.2) SSEs with ccp sublattice are highlighted in the insets b and c.

on the structure, and most of the reported halide SSEs with
high RT ionic conductivity over 107> S cm™' possess ccp
structure (such as Li;YBrg,® LisInCl,”® LiyScClg,'® and high-
temperature phase Li;InBrg’'). Thus, it can be inferred that the
initial increase of ionic conductivity with In®" substitution is
mainly due to the induced structural change from pristine hcp
to ccp anion sublattice. Another noticeable feature is that the
ionic conductivities show no obvious change when x > 0.5,
and the volume parameters of the unit cells shrink with the
increase of In®* content. This phenomenon is quite different
from the previous opinion that ionic conductivity traditionally
increases along with the increase in the unit cell volume or
reaching an “optimal” size.””*’ The ionic conductivity
evolution of LiY,_,In.Clg (0 < x < 1) indicates that the
sublattice structure has a greater influence on the Li*
conductivity. On the other hand, the E, value of Li;Y,_ In Clg
(x =0, 0.1) SSEs with the hcp anion structure is much higher
than the Li;Y,_,In,Cls (x > 0.3) SSEs with the ccp anion
structure, indicating a larger migration barrier for hcp than the
ccp anion structure. Furthermore, the E, value of Li;Y, In Clg
(x > 0.3) SSEs gradually decreases along with the increase of
In*" content as shown in Figure 3d. It can be concluded that
the sublattice structure influence is the more dominant factor
for the E, of LijY,_,In Cly SSEs. The detailed value of the
fitting parameters, ionic conductivities, E,, and ¢, of
Li;Y,_In,Clg SSEs are listed in Tables S6—S9.

The ionic conductivities of Li;Y; ,In Cls SSEs do not grow
linearly with the decrease of E,. That is reasonable because the
6, of LiY,_In,Clg SSEs changes significantly with In*
content, as shown in Figure 3e, which is also consistent with
other crystalline SSEs”** with tuned components. Never-
theless, the phenomenon is quite different from the unchanged

EY
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o, for vitreous electrolytes.”*® It is believed that several

factors act as key parameters dominating the ionic con-
ductivities of SSEs including the concentration of mobile ions,
the activation energy, and the activation entropy.”” Among
them, activation entropy, arising from the multiplicity of
microstates during the ionic hopping process, has a significant
effect on ionic conductivity. Correspondingly, the ¢, and the E,
for solid electrolytes are linked by the Meyer—Neldel rule
(MNR)

log o, = aE, + b )

where a and b are the constants.””*® Related data were
extracted from linear Arrhenius plots (Figure 3f). The linear
relationship shows that the Meyer—Neldel rule is satisfied in all
Li;Y,_ In Cls samples. When the In content in the SSEs is over
30%, both the 6, and E, are significantly decreased, and thus,
the ionic conductivity does not show much improvement even
with the activation barrier reduced (Figure 3c,d). The variation
of both along with the different amounts of In** content should
be caused by the changed sublattice structure and unit cell
parameters of the Li;Y, In.Cl; SSEs, while it seems the
sublattice structure plays a predominant role.

The storage and fabrication conditions of SSEs are highly
dependent on their humidity stability. However, most of the
SSEs have been degraded when exposed to ambient air.””~*!
Li;YClg is not stable, even in low humidity, and will change to
YCl;:6H,0 and LiCl-H,O after exposure air with 3—5%
humidity for 12 h (Figure SS). Moreover, Li;YCl; can not be
recovered by reheating the “spoiled” sample in an inert
atmosphere (Figures S6 and 7). Therefore, the ionic
conductivities of pristine Li;Y,_JIn Cls SSEs and reheated
samples after humidity exposure were compared in Figure 4

https://dx.doi.org/10.1021/acs.nanolett.0c01156
Nano Lett. 2020, 20, 4384—4392


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c01156/suppl_file/nl0c01156_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c01156/suppl_file/nl0c01156_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c01156/suppl_file/nl0c01156_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01156?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01156?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01156?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01156?fig=fig4&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c01156?ref=pdf

Nano Letters

pubs.acs.org/NanoLett

a LiCl, ICSD No. 01-074-1181 b LiCl, ICSD No. 01-074-1181 C
’ | 1 ) ’ ‘ |1 . Reheated LiY, In,Cl
T T ' T T -
£ 4 Reheated LiyY,,n, Cl,[ 5 Reheated LiyY,n, Cl,[ 5 after humidity exposure
S # after humidity exposure, S after humidity exposure| S
= 5o, = =
7] # 7} 0
c c c
] 2 §] LiyY,In, Cl
< Li3Y,In, ,Cly = LiYo I, Cl =
i,InCl;, ICSD No. 04-009-9027
Li,YCI,, ICSD No. 04-009-8882, i,InCl, ICSD No. 04-009-9027
|||| I|| il |=| I|l||||l||ll|||||i'|| e |I| |.l LU odywray ||'||u vt gl g sl III III LU fiwrup llluu vt phin g gl

10 20 30 40 50 60 70 80
20 (degree)

humidity

Li)(Y, In,)Cl-xH,0

10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
20 (degree)

20 (degree)
€ Lycl
¢ : ¢ (%;;S:E LiCI-H,0
3?«2 ¢ % ¢ humidity
¢ _© @
‘5&0}’ ¢ XCI,-6H,0

- s
o

Wdra{\o“

Figure S. Comparison of the XRD patterns of pristine Li;Y,_ In,Clg SSEs (red) and Li;Y,_ In Cls SSEs after exposure to air with 3—5% humidity
(blue) for 12 h and reheated at 260 °C for 1 h under a vacuum. (a) Li;Y,3Ing,Clg, (b) LisYo5IngsClg, and (c) Li;Yy,Ing sClg. Schematic illustration

of the humidity stabilities of (d) Li;Y,_In,Cls and (e) Li;YCl,.

and Figures S8—10. The pristine Li;Y,_In,Cls (x = 0, 0.2, 0.4,
0.5, 0.8, and 0.9) SSEs exhibit RT ionic conductivities of 7.58
X 1075, 7.45 x 107%, 1.12 X 1073, 1.51 X 1073, 1.23 X 1073,
and 1.26 X 107 S cm™}, respectively; the reheated SSEs after
humidity exposure show RT ionic conductivities of 6.06 X
1077, 2.19 X 107%, 7.45 X 107°, 4.33 x 107%, 1.0S X 107%, and
1.10 X 107 S cm™. The corresponded conductivity retention
is 0.8%, 2.94%, 6.65%, 28.68%, 85.37%, and 87.22%,
respectively. Obviously, when x > 0.5 in the Li;Y,_JInClg
SSEs, the conductivity retention after humidity exposure is
significantly improved.

The structure evolution of Li;Y,;_ In Cls SSEs after humidity
exposure was first studied by Raman (Figure S11). Two
obvious modes at 248 and 268 cm™' for the Li;YCl; sample
after humidity exposure are due to the Y>*-H,0—Cl™ and Y**-
CI” vibrations, which is similar to that of YCI; dissolved in the
water."” The Raman spectra are totally different when enough
In** was introduced, and an obvious mode at 282 cm™! was
detected. Such mode is similar to the reported hydrated
indium compound intermediates such as K5InCls-H,0* and
K,InCl-H,0,** indicating the possible formation of hydrated
Li;Y,_,In Cl; intermediates. This is further proved by the lack
of the XRD signals of LiCl, LiCl-H,O, and YCl;-6H,0 in the
synchrotron-based XRD patterns of LiyY,,In;¢Clg after
humidity exposure (Figure S12a), with some new XRD
peaks (marked as *) appearing instead, which should be the
hydrated Li;Y,_,In Cly intermediates. In contrast, the humidity
exposed LiyY,_,In,Cls samples (x = 0.5, 0.6) with low In*"
content show obvious XRD signals of LiCl and YCl;-6H,O
(Figure S12b). Thus, it can be concluded that, after humidity
exposure, Li;Y,_,In ClsxH,O intermediates formed for
Li;Y,_,In,Cls samples with high In®" content rather than
separated LiCI-H,O and YCl;:6H,0 phases in the case of
Li;YCl,.
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The XRD results of the reheated Li;Y,_ In Cls SSEs after
humidity exposure were further compared in Figure S. Similar
to Li;YClg, obvious LiCl peaks have been observed when x <
0.5. Nevertheless, the XRD peaks of Li;Y,_ In Cls SSEs with x
> 0.5 are almost the same as their pristine samples (Figure Sc,
Figure S14). The stable structure of Li;Y,_ In Cls SSEs with x
> 0.5 is believed to be due to the higher content of In.”* The
reversible conversion between Li;InClg and Li;InClg-2H,0O and
can be further proven by the existence of various kinds of
hydrated indium halides, for example, K;InCls1.5H,0,
Rb,InCli-H,0, and Cs,InCl-H,0.**® Moreover, it is possible
to obtain the anhydrous form from those hydrated indium
halides.**”** Thus, as presented in Figure 5d, it is believed
that, since both the incorporation of Y** and In** in (Y/
In)Cl>~ octahedra in the LiyY;_ In Cls SSEs, when the In**
content is high enough, the (Y/In)Clg’~ octahedral structures
may be retained after humidity exposure to form hydrated
intermediates. Afterward, the Li;Y,_,In,Clg SSEs can be
reobtained after a careful dehydration process, which can
guarantee a relatively high tolerance of LijY, In Cls SSEs
toward humidity. In contrast, as aforementioned, the separated
LiCI'H,O and YCl;-6H,0 phases obtained for humidity-
exposed Li;YCly can not be converted back (Figure Se).

The good humidity tolerance of Li;Y,_,In Cls SSEs was also
reflected by XANES data of the Y L;-edge, In L;-edge, and ClI
K-edge collected for the pristine and reheated samples (Figure
S15). In addition to the conductivity and structure evolutions
of LizY,_,In Cls SSEs, the morphologies of those SSEs before
and after humidity exposure are also compared as shown in
Figure S16. The scanning electron microscopy (SEM) images
presented in Figure S16 indicate that Li;Y,_ In Cls SSEs with
low In** content changed significantly (from the pristine small
particles to numerous nanorods after humidity exposure).
Nanorod-type morphology was reduced along with the
increase of In* in LiyY;_,In Cls SSEs. It should be noted
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that, although the structure of the Li;Y,In,sClg sample does
not change significantly, as reflected by the XRD and XANES
results, there is still obvious morphology change with some
newly formed nanorods compared to its pristine small
particles, which might be influenced by the dehydration
process.

In conclusion, Li;Y;_In,Cl; (0 < x < 1) was synthesized and
the effect on the structural changes, ionic conductivity, as well
as the influence of humidity tolerance was explored. The
structure of Li;Y, ,In Cly gradually changes from the pristine
hep to a ccp anion arrangement along with an increase in In*
content. Thus, the lithium substructure and the metal-Cl
covalency are significantly changed. Once the ccp sublattice
formed for Li;Y,_In,Cls the ionic conductivities can be
improved to 107 S cm™ at 25 °C, indicating that the
sublattice evolution plays a key role in promoting fast Li*
transport. Moreover, the humidity tolerance was highly
improved when introducing In*" into the LiyY,_,In,Cls SSEs.
This work highlights the importance of the structural
environment on the optimization of ionic conductivity and
humidity tolerance in Li;Y,_,In,Cls SSEs and further
emphasizes that a better understanding of substructure effects
on ionic transport and chemical stability is important.
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