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CONSPECTUS: Rechargeable all-solid-state Li batteries (ASSLBs) are R — .
considered to be the next generation of electrochemical energy storage r 3 3 =

systems. The development of solid-state electrolytes (SSEs), which are Fl C'I BrI | I
key materials for ASSLBs, is therefore one of the most important

subjects in modern energy storage chemistry. Various types of Metal halide electrolyte
electrolytes such as polymer-, oxide-, and sulfide-based SSEs have
been developed to date and the discovery of new superionic conductors
is still ongoing. Metal-halide SSEs (Li-M-X, where M is a metal element
and X is a halogen) are emerging as new candidates with a number of (@) Environmental stability
attractive properties and advantages such as wide electrochemical @ Easy synthesis
stability windows (0.36—6.71 V vs Li/Li*) and better chemical stability
toward cathode materials compared to other SSEs. Furthermore, some
of the metal-halide SSEs (such as the Li;InCly developed by our group)
can be directly synthesized at large scales in a water solvent, removing the need for special apparatus or handling in an inert
atmosphere. Based on the recent advances, herein we focus on the topic of metal-halide SSEs, aiming to provide a guidance toward
further development of novel halide SSEs and push them forward to meet the multiple requirements of energy storage devices.
In this Account, we describe our recent progress in developing metal halide SSEs and focus on some newly reported findings based
on state-of-the-art publications on this topic. A discussion on the structure of metal-halide SSEs will be first explored. Subsequently,
we will illustrate the effective approaches to enhance the ionic conductivities of metal halide SSEs including the effect of anion
sublattice framework, the regulation of site occupation and disorder, and defect engineering. Specifically, we demonstrated that
proper structural framework, balanced Li*/vacancy concentration, and reduced blocking effect can promote fast Li* migration for
metal halide SSEs. Moreover, humidity stability and degradation chemistry of metal halide SSEs have been summarized for the first
time. Some examples of the application of metal halide SSEs with stability toward humidity have been demonstrated. Direct
synthesis of halide SSEs on cathode materials by the water-mediated route has been used to eliminate the interfacial challenges of
ASSLBs and has been shown to act as an interfacial modifier for high-performance all-solid-state Li—O, batteries. Taken together,
this Account on metal halide SSEs will provide an insightful perspective over the recent development and future research directions
that can lead to advanced electrolytes.
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B KEY REFERENCES the M atom in Li;MClg was clarified to reveal the structural
conversion as well as humidity tolerance mechanism.
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Most importantly, the as-synthesized Li;InCly shows a high
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Figure 1. Evolution of ionic conductivity of the typical metal halide superionic conductors along with other lithium solid electrolytes and organic

o . 1,2,15,17,18,22-30
liquid electrolytes as a function of temperature.”” 3

1. INTRODUCTION

The search for solid-state electrolytes (SSEs) with high ionic
conductivity and good environmental/electrochemical stability
is critical toward meeting the growing energy and safety
demands of all-solid-state lithium batteries (ASSLBs). Over the
past decades, many different classes of SSEs have been
developed, such as oxide-, sulfide-, and halide-based SSEs.* 8
Metal halides (fluoride, chloride, and bromide, etc.) which
possess anion compounds that are more electronegative than
oxide and sulfide can achieve wide thermodynamic electro-
chemical stability windows.”” Recent findings such as room-
temperature (RT) ionic conductivities over 1 X 107> S cm™,
good stability toward oxide cathode, air/humidity tolerance,
and even water-mediated synthesis routes have made the metal
halide SSEs quite attractive.

In fact, metal halide SSEs have been explored for decades.
Early halide SSEs (LiAlCl,, Li,MgCl,, etc.),”'°™"* which have
been ignored now due to their relatively low RT ionic
conductivity, played a crucial historical role in understanding
the Li* diffusion in halide based anion frameworks. Despite the
great process recently, metal halide SSEs with high ionic
conductivity are still rare. There are only a few examples with
the RT ionic conductivity higher than 107> S cm™, including
high temperature phase LisInBrg,'* Li;YBrg,'® Li;InClg,”'® Zr
doped Li;MClg (M =Y, Er),"” Li;Y,_,In,Cl,,’* Li,ScCls,,," and
Li,Sc,/5Cl, SSEs."® The ionic conductivities of the metal halide
SSEs as a function of temperature are shown in Figure 1 along
with other solid or organic electrolytes. Most of these metal
halide SSEs with high ionic conductivity are chlorides and
bromides. Fluoride-based SSEs have the widest electro-
chemical windows, however they still suffer from low RT
ionic conductivity. Fluoride-based SSEs have only been
reported in a few forms including thin film LiAlF, (1 X 107
S em™),"” bulk Li,AlF, (44 X 107° S cm™),*" thin-film
M"F,/M"™F,-doped LiF (M" = Mg, Ca, Ni, Cu, Zn, Sr; M™' =
AL Ti, V, Cr, Ga, Y, Ce)”' with the highest ionic conductivity
reaching 5 X 107 S em™. Upon doping, the RT ionic
conductivity can be improved by 1 order of magnitude, which
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is still not high enough to achieve acceptable ASSLBs. It still
needs to pay more attention to develop the new fluoride
electrolyte with higher ionic conductivity. In addition, most
fluorides are toxic which also restricts their further develop-
ment.

In this Account, we will focus on the Li-M-X component,
where M is Sc, Y, Ln, and In; and X is a halogen. We will
discuss the work conducted by our group on the development
of Li-M-X SSEs in the past few years: (i) our work associated
with an understanding of the structure, Li* transport
mechanisms, and effective approaches to enhance ionic
conductivity; (ii) our findings on revealing the complex
physical phenomenon of Li* transport and the related factors,
including anion sublattice framework, cation order—disorder
effects, Li* carrier concentration, and vacancy concentration
for Li* diffusion as well as cation blocking effects, efc; (iii) the
design of metal-halide electrolytes with improved environ-
mental stability; and (iv) the humidity tolerance and water-
mediated synthesis process of Li;InClg electrolyte. Taken
together, this Account on Li-M-X SSEs will provide an
insightful perspective over the recent development and future
research directions of advanced metal halide SSEs for the field
of ASSLBs.

2. RATIONAL DESIGN FOR SUPERIONIC
CONDUCTORS

2.1. Crystallography

The stacking structure of metal halide Li-M-X ionic crystals
requires ions of different radius to be arranged based on their
electrostatic forces. Thus, the structure of Li-M-X is highly
dependent on the radius, polarity, and arrangement of ions.
The ionic radii of F~ (122 pm), CI~ (167 pm), Br~ (182 pm),
and I (202 pm) is larger than that of Li* (73 pm in
tetrahedron, 90 pm in octahedron) and metal ions M** (88—
118 pm). Therefore, the structural framework of these metal
halide electrolytes is built up by the anion stack sublattice and
influenced by the volume and polarity of the cation species. It
should be noted that all of the ionic radii in this paper are
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Table 1. Polarizability and Ionic Radii of Cations and Anions of Metal Halide SSEs

ion Li In* Sc** Y3 Er**
coordination number 6 6 6 6 6
polarizability a, (A%) 0.03 0.51 0.286 0.55 0.69
Pauling radius (pm) 76 80 74.5 90 89
crystal radius” (pm) 90 94 88.5 104 103
thv/e 0.74 0.77 0.73 0.85 0.84
twa 0.54 0.56 0.53 0.62 0.62
tyt/e 0.50 0.52 0.49 0.57 0.57
tniyt 0.45 0.47 0.44 0.51 0.51

“Crystal radius original from R. D. Shannon’s research.’’

La* ~ Lu** F~ Cl~ Br~ I~ 0+ 5
6 6 6 6 6 6 6
~1.14—0.606 1.04 3.66 477 7.10 3.88 10.2
~103.2—86.1 136 181 195 216 140 184
~117.2—100.1 122 167 181 202 124 170
~0.96—0.82
~0.62—0.60
~0.57-0.55
~0.51-0.50

Shannon’s radius.”’ Based on the law of ionic packing, the
structure is stable only when the cation and anion are in close
contact. The radius ratio of cation to anion (r*/r”), marked as
t, must meet certain conditions. For example, when ¢ is range
from 0.732 to 1, the cation will fill in the interstitial site of the
cubic structure made up of 8 anions to form an MXj cube,
which is similar to the CsCl structure. When the radius of the
cation is reduced and t is between 0.414 and 0.732, the cation
will occupy the octahedral site of six anions and then a MX,
octahedron structure will be formed. When a smaller cation
cannot fully fill the octahedron site, the structure will change to
a more stable MX, tetrahedron structure (¢t = 0.255—0.414) or
a MX, triangle structure (t = 0.155—0.255). Table 1 reveals the
ionic radius of cations and anions of typical Li-M-X
composition and the radius ratio of M cation to X anion
(twyx). For fluoride, the typ value is higher than 0.732 for
most compositions. Thus, the Li-M-F structures tend to form a
LiMF, phase with M ion occupancy in the cubic site of the F~
framework (MF; cube). All values of the ty;x (Xis Cl, Br, I) as
well as £ /p are between 0.414 and 0.732, resulting in a stable
Li;MX4 phase with the same local anion coordination
environment of MX, octahedron. However, until recently,
there have only been a few examples of Li;MX, phase found in
the inorganic crystal structure database.” There are many Li-
M-X compounds, especially for iodides, that have not been
synthesized. For example, for chloride compounds, there is no
report of any kind of Li-Ln-ClI phase when the Ln ion radius is
higher than 108.7 pm (La**, Ce’*, Pr**, Nd*, Pm**, Sm*,
Eu*"). For bromide compounds, there are no Li-Ln-Br phases
that have been reported when the Ln ion radius is higher than
111 pm (La*, Ce*, Pr**, Nd**, Pm*"). At the same time, only
two kinds of Li-M-I materials (Li;Sclg, LisErlg) have been
found to date. Whether the lack of Li-M-X components is an
intrinsic thermodynamic result or due to difficult synthesis
processes remains unclear.

In the ternary chlorides of Li;MClg, there are two kinds of
Cl™ sublattice structures, including cubic close packing (ccp)
and hexagonal close packing (hcp),” which can be further
divided into three phase structures. The first is a trigonal
structure (P3ml) with hcp anion sublattice (hcp-T). The
second is an orthorhombic structure (Pnma) with hcp anion
sublattice (hcp-O). The difference between the hcp-O and
hep-T crystal structures is the same ABAB stacking of close-
packed Cl~ with different symmetrical arrangements of Li* and
M* in the octahedral sites. The last is monoclinic structure
with an ABCABC stacking of the ccp anion sublattice (ccp-M).
Typically, when the radius of M*" ranges from 106.3 pm
(Tb*) to 102 pm (Tm?*), the Li;MCl4 can maintain the hcp-
T structure. In this case, tyc ranges from 0.611 to 0.637.
Moreover, when the radius of M®" is smaller than 102 and

larger than 100 pm (Yb** and Lu*"), the structure of Li;MCl,
converts to the hcp-O structure. In this case, ty/c| ranges from
0.599 to 0.611. When further reducing the radii of M3, the
structure will convert from an hcp to ccp anion sublattice such
as Li;ScCly (s = 0.530) and LijInCly (/= 0.563).
Different to chloride-based ternary halides, all of the Li;MBrg
and Li;MI; reveal the same ccp-M structure.” Although only a
few systems with high ionic conductivity have been reported, it
can be inferred that there will be a large number of potential
components with high ionic conductivity. Furthermore, very
limited doping or substitution studies on the aforementioned
metal-halide SSEs can be found. It is quite possible to further
enhance the ionic conductivity and electrochemical perform-
ance of the Li-M-X electrolytes.

2.2. Li lon Transport Kinetics

Li ion transport kinetics are the key factor in developing SSEs.
In fact, the hopping motion of Li* is a universal feature of Li*
transport in SSEs. The crystal lattice restricts the positions and
the conducting paths of Li". For Li-M-X SSEs with a ccp-M
structure,”' the pathways of Li* conduction are connected via
tetrahedral interstitial sites between edge-sharing octahedral
sites in all three directions, forming a three-direction isotropic
diffusion network. For the hcp anion arrangement (hcp-O and
hep-T),” Li* transports along the ab-plane are via tetrahedral
interstitial sites, which is similar to the ccp-M structure. Along
the c-axis, the diffusion paths are directly connected between
neighboring octahedral sites. Other than the long-range crystal
lattice structure, local order—disorder of Li* sublattices and
distortion of the local structure also play a crucial role in the
Li" transport process. It should be noted that the order—
disorder of the Li" sublattice and distortion of the local
structure often appear together due to defects. Other
crystallographic and electronic factors also affect the Li*
transport kinetics, such as the polarity of ion induced lattice
dynamics and the proximity of metal ions to activate or block
Li" hopping. These transport phenomena will be discussed in
the following sections and have strong effects on the Li
mobility in metal halide SSEs.

2.3. Defect Chemistry

Different from the long-range structural characteristics, defects
always induce the local structure distortions or short-range
arrangement.’” An attractive feature of solid-state structures is
the possibility of turning defect-chemistry to determine the
effectiveness of the Li* hopping in the lattice. The Li* hopping
process is sensitive to the active Li* and vacancy concentration,
which can lead to orders of magnitude change in conductivity.
The ion conduction through vacancies is the dominant
mechanism for the diffusion of Li* in many kinds of superionic
conductors.” Figure 2 reveals the important crystal structures
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Figure 2. Important crystal structures and Li hopping mechanisms in metal halide superionic conductors based on vacancy cluster. (a) Layered
structure (with hcp or ccp anion sublattice) and (b) spinel structure. (c,d) Diffusion in these structures by vacancy clusters (divacancies in the
layered form and triple and divacancies in the spinel form). Red is Li, yellow is Cl. Panels a—d reproduced with permission from ref 33. Copyright

2013 American Chemical Society.

and Li* hopping mechanisms induced by vacancy clusters in
Li-M-X systems. Compared to the constriction against the
direct or ring exchange diffusion process, the energy barrier of
Li" diffusion based on the vacancy mechanism in the close-
packed lattice is much smaller. The structure of Li;MXj is
essentially a distorted rock-salt LiX structure, which can be
considered as M** doping in LiX.'® Particularly, one M**
doping will remove three Li* cations and introduce two
vacancies in the octahedral interstitial sites. As a result, the
vacancies occupy ~33.3% octahedral interstitial sites in the
structure of Li;MX and the ratio of Li*, M**, and vacancies is
3:1:2. Presumably, these vacancies originate from aliovalent
M?*" cation doping of Li* and are essential to the high ionic
conductivity of the crystalline Li;MXy structures such as
LizInClg, Li;ScCly, and Li;YBr, efc. Vacancy clusters, grouping
of vacancies within the crystal lattice and defect chemistry,
serve as important parameters for Li* transport in these
vacancy-rich environments.

Further aliovalent substitution or doping of metal ions to
optimize vacancies as well as Li* concentration in a mobile Li*
sublattice is an effective strategy to improve the ionic
conductivity of inorganic materials. Nazar et al. reported
Li;_M,_,Zr,Cl; (M =Y, Er) SSEs with RT ionic conductivity
up to 1.4 X 107> S cm™" by using the aliovalent substitution
strategies.'” The substitution of M>* by Zr** can introduce a
large number of vacancies. Meanwhile, the lattice structure will
be affected by the radius of different metal cations in the metal
halide electrolyte. The substitution of M*" ion by a smaller
radius Zr*" ion is accompanied by an hcp-T to hcp-O
transition. Moreover, isovalent substitution is another strategy
for improving the ionic conductivity. Although the isovalent
substitution of metal ions cannot induce vacancy or Li content,
it can distort the local structure or even affect the anion
stacked sublattice based on different radii and polarizability of
the introduced cation. Our group reported a series of
LiyY,_,In,Clg (0 < x < 1) materials by using a smaller ion of
In** to substitute the Y** cation in the Li;YCl, SSE.> When
increasing the In®* content, the structure is gradually converted
from hcp-T to hcp-O and then to the ccp-M. The
LiY,_In,Clg (0 < x < 1) SSEs with the ccp anion sublattice
revealing more than 10 times higher Li* conductivity when
compared to those with an hcep anion sublattice. Afterward, Mo

1026

et al. performed a systematic study on the known Li-containing
chlorides superionic conductor and their doped effect based on
first-principles computation,”® and they predicted many
potential compounds with high Li-ion conductivities. Fur-
thermore, they found that the Li-ion migration is greatly
impacted by the cation configuration and concentrations. As a
result, a low Li octahedral occupancy (x40—60%), low cation
concentration, and sparse cation distribution can increase the
Li-ion conduction in chlorides.

2.4. Lattice Dynamics

Lattice dynamics describe the atomic vibrations in crystal
structures, which can affect the diffusion of ions.*> ™ In fact,
greater Li" mobility is correlated with decreasing lithium
vibration frequency. When analyzing the relationship between
ionic transport and the polarizability of the lattice, the phonon
properties, efc., it can be confirmed that the polarizability of the
host ion lattice affects the lattice vibration strength and the Li*
mobility kinetics by changing the activation barrier and
prefactor of the Arrhenius equation.”” Wakamura et al.*’
revealed that low activation energies of Li* transport are
correlated with “low-energy” phonon frequencies and the high-
frequency dielectric constant. Thus, a softer, more polarizable
anion sublattice is beneficial for ionic transport. Table 1 reveals
the polarizability of cation and anion of typical Li-M-X
electrolytes. The polarizability and ionic radius of O*>~ and $*~
are also shown for comparison. It can be found that the
halogen anion with the lowest polarizability is F~, which is less
than one-third of CI™. Thus, in all of the halide SSEs, fluorides
reveal the lowest ionic conductivity. So far, no fluoride SSEs
with RT ionic conductivity higher than 1 X 107> S cm™" has
been discovered. The polarizability of CI™ is similar to O*~ and
much lower than $*~. Thus, the lattice vibration strength of a
CI™ sublattice is similar to the O>” sublattice, and some
chlorides exhibit high ionic conductivity. At the same time,
bromide and iodide have higher polarizability than chloride,
which suggests that they can achieve a faster Li* migration. For
example, Li;YBry has a higher RT ionic conductivity than
Li;YCls (3 X 1073 S cm™ for Li;YBrg vs 5.1 X 107 S cm™ of
Li;YClg).">** LisErlg also has a higher RT ionic conductivity
when compared to Li;ErClg (6.5 X 107* S cm™ for Li;Erlg vs
33 x 10°* S em™ of Li,ErClg).” Although sulfides and

iodides have softer lattices than chlorides and possess higher
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Figure 3. Metal-halide structures based on the anion sublattice framework: (a) hcp anion sublattice framework, (b) trigonal structure of Li;YCl,
(c) orthorhombic structure of Li;YCl,, (d) orthorhombic structure of Li, s3Y, s3Z104,Clg, (e) ccp anion sublattice framework, (f—h) layer structure
of Li;InClg, LizInClg based on the water-synthesized process and Li;ScCls. Red is Cl, white is vacancy, and green is Li.
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Figure 4. Diffusion mechanism of the Li,ScCl,,, SSEs: (a, b) Li* probability density marked by yellow isosurfaces; (c) Li* migration pathways in
ccp-anion stacking sublattice of Li;ScCly structure; (d—g) Li* probability density of (d) LisScClg (x = 5), (e) LizScClg (x = 3), (f) Li; 4ScClyg (x =
1.8), and (g) LiScCl, (x = 1) structures; (h, i) blocking effect of Sc** in Li* diffusion; and (j) Arrhenius plot of Li* diffusivity in Li,ScCly,, (x = 1,
1.8, 3, and 5) from simulations. Panels a—j are reproduced with permission from ref 1. Copyright 2020 American Chemical Society.

ionic conductivity, their stability against electrochemical the discovery of new ionic conductors, however a trade-off
oxidation is much lower than chlorides and fluorides.”*! between enhanced conductivity and electrochemical stability
Modifying the lattice dynamics will be an emerging strategy for should be considered. The structural framework built by
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multiple anions such as Li-M-CI-F, Li-M-CI-O, and Li-M-Cl-
Br, which can adjust the lattice dynamic by changing the ratio
of different anions or by changing the chemical/crystal field
environment, will open a new route toward the design of more
Li superionic conductors.

2.5. Cation Order—Disorder and Blocking Effect

The same system and anion stack sublattice can include a large
variation or disorder in the sites of cations and vacancies,
which is referred to as the polymorphism of ionic crystal
structure. Cations as well as anions are in continuous motion
in the crystal structure at finite temperatures. The crystalline
structures are statistically average based on the characterization
and refinement of XRD, neutron diffraction, etc. Most
polymorphic structures originate from the cation order—
disordered arrangement induced by different occupation and
site positions. This can result in different crystal symmetry,
band structure, and affect their physical/chemical properties.
The most typical example is the cation-disordered rock-salt
typed oxide cathode in lithium-ion batteries,"”* while few
reports consider these effects when it comes to SSEs. Typically,
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specific cation and vacancy arrangements lead to unique Li*
transport properties. Thus, different cation sublattice structures
with the same anion stacking can be achieved by changing the
content and arrangement of Li*, M cation, and vacancies in Li-
M-X SSEs, which can help us to further understand and
optimize the Li* transport pathway and hopping effects.
Although the function of the cation order—disorder effect in
metal halide electrolyte has not been discussed much, there are
still many interesting phenomena. Figure 3 reveals some of the
reported Li;MClg structures and the corresponding cation
occupation and positions. Wolfgang et al.”* reported that in
some Li;MCls (M =Y, Er) SSEs, the M>*/vacancies disorder
strongly benefits the transport properties. For example, some
M, atoms in the Li;MClg (M =Y, Er) structure (Figure 3b),
which is occupied the Wyckoff 2d position, can be swapped to
the M; position. This M,-M; swapping leads to a significant
change of the distorted local structure and Li-ion migration
barrier. High M,-Mj; disorder in the structure is beneficial for
ionic transport. The RT ionic conductivity of Li;ErClg
compounds with different M,-M; disorders can range from
0.17 to 3.1 x 107* S em™.

https://dx.doi.org/10.1021/acs.accounts.0c00762
Acc. Chem. Res. 2021, 54, 1023—-1033
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Moreover, the occupation of M cations in the structure will
also result in a Coulombic repulsion to Li" migration. Based on
the theoretical calculation, the Li* migration pathways in
tetrahedral interstitial sites adjacent to the M cation are
blocked. This blocking effect not only reduces the migration
efficiency of Li* but also distorts the diffusive channels."'® In
the ccp-M structure, the Li* conducting paths are connected
via tetrahedral interstitial sites in all three directions (Figure
4a—c). Therefore, the position and content of the M cation
will become a very important factor in the ionic conduction
process. Recently, we synthesized a series of Li,ScCly,, SSEs
(2.5 < x < 4) with the fast Li* conductivity up to 3.02 X 107> S
em™." All LiScCl,,, SSEs exhibit a similar monoclinic
structure of Li;ScCly (Figure 4d—g). The only difference is
their configurational variability and the occupation of Sc**, Li",
and vacancies in the octahedral interstice of CI”. Correspond-
ingly, the optimization of vacancies and cations content in the
structure can be adjusted by changing the x value. By analyzing
the Li" density probability of all Li,ScCl,,,, no signal can be
found at the tetrahedral site neighboring the Sc site at ~2.3 A
(Figure 4i). Thus, the tetrahedral interstitial sites adjacent to
Sc** are blocked, which is shown as blue sites in Figure 4h.
This blocking effect would distort the diffusion channels of Li*
(as shown in Figure 4d—g) and result in different Li* mobility
kinetics. When increasing the x value in Li,ScCly,,, the Li*
carrier concentration will be increased, while the opposite
trend is observed for the Sc blocking effect and the total
vacancy concentration for hopping within the structure. A
balance is needed to achieve a structure with appropriate Li*
carrier concentration and vacancy concentration for Li*
diffusion as well as continuous diffusion channels. The
conduction of ions in solids is a complex physical phenomenon
and is affected by many factors. Without a comprehensive
understanding of the mechanisms in these ion transport
processes, the rational design of new fast ionic conductors is
not possible.

3. ENVIRONMENTAL STABILITY AND DEGRADATION
CHEMISTRY

Other than high ionic conductivity, other attributes such as
environmental stability and the air/humidity tolerance of metal
halide SSEs have recently gained significant interest.””"> Here,
we focus on the chemical properties of Li-M-Cl to reveal the
environmental stability. The oxidation potential of CI~ is much
higher than 0?7, which suggests that O, from air cannot
oxidize the CI™ anion in an ambient environment. At the same
time, most of the cations in the metal halide SSEs exist in a
high valence state. Thus, it is reasonable to assume that most
metal halide SSEs are stable in dry air. Moreover, based on the
theoretical calculations, most ternary lithium chlorides Li-M-
Cl, except for Be?", show positive hydrolysis reaction energies,
which means Li-M-Cl is generally stable against moisture
(Figure 5a)."’ The moisture stability for chlorides is much less
of an issue when compared to sulfide electrolytes. However,
experimentally, most of the Li-M-Cl SSEs suffer from
irreversible chemical degradation when exposed to a humid
atmosphere. Until now, only Li;InCly can achieve a reversible
ionic conductivity after being exposed to humidity and
reheated.”'® It is believed that the chemical degradation
process when exposed to humidity is very different from that of
sulfide electrolytes. Thus, deciphering the degradation process
in halide SSEs is of paramount importance. Figure Sb reveals
the degradation of ionic conductivity in Li;YCly and LizInClg
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when exposed to humidity.” It can be seen that the reduction
of ionic conductivity of Li;YCls is much higher than that of
LizInCly. After reheating, Li;InClg can be recover over 92% of
its initial ionic conductivity, while for Li;YCly, a value of only
0.8% of the pristine ionic conductivity can be retained (Figure
5¢,d).

To obtain a clearer picture of the degradation process of
LizInCly exposed to air, we tracked the chemistry and structure
of Li;InCly during air exposure by using in situ and operando
synchrotron X-ray analytical techniques.”* LisInCly is hydro-
philic, leading to the absorption of moisture to form a hydrate,
Li;InClg:«H,O. The Li;InClgxH,O can be dehydrated to
products Li;InCl, and then the ionic conductivity can be
recovered after a reheating at 200 °C under vacuum
conditions. The reversible interconversion between anhydrous
and hydrated forms is the reason why Liz;InCls has a high
tolerance to water. As the absorption of moisture continues to
increase, Li;InCls-xH,O will be dissolved into the water to
form a Li;InClg saturated solution. The pH of LizInClg
saturated solution is around 4, which suggests a slight
hydrolysis process. A small amount of white precipitate such
as In,O; will form if the Li;InCly saturated solution is left
standing in ambient air for too long (greater than 24 h). This
might be the reason why there’s a small irreversible loss of 8%
of ionic conductivity between pristine LizInCly and the
Li;InCly SSE with long air-exposure time followed by a
reheating process. In the dry room environment, the Li;InClg
SSE can be stored and used for more than 1 week without
significant reduction in ionic conductivity. However, for
Li;YCl,, the ionic conductivity cannot be retained even in
low humidity environments and will change to YCl;-6H,0 and
LiCl-H,O after exposure to air with 3—5% humidity for 12 h.?
Moreover, Li;YCly cannot be reformed after reheating the
humidity exposed sample in vacuum or inert atmosphere. The
resulting product is LiCl and YOCI instead, suggesting a
serious hydrolysis reaction process (Figure Se). Based on the
different degradation processes between Li;InCly and Li;YCly,
we further studied the effect of M cations In** and Y** and
demonstrated the feasibility of increasing the humidity
tolerance of Li;Y,_In,Cl; (0 < x < 1) by optimizing the
chemical properties via In** substitution of Y**.> The function
of the M cation in Li;MX; was clarified, and the humidity
tolerance is highly improved when the In** content is high
enough to form hydrated intermediates, as shown in Figure
Sd,e. If we want to achieve metal halide SSEs with high air/
humidity tolerance, we need to understand the water
absorption and hydrolysis process of the metal halide SSEs.
The high humidity tolerance of metal halide SSEs originates
from the formation of hydrated intermediates rather than
separated hydrated phases.

4. ELECTRODE PROCESSING AND ALL-SOLID-STATE
BATTERIES

An ideal SSE should exhibit high ionic conductivity and
interfacial compatibility with both cathode and anode.”*'
However, there is a trade-off between the ionic conductivity
and oxidat_ion/ reduction stability, which deviates from the
ideal SSE.** Compared to sulfide and oxide SSEs, switching the
anion chemistry from O*>~ and $* to halogens such as F~ and
CI™ leads to lattice anions which are more difficult to oxidize.
Therefore, metal chloride and fluoride SSEs can achieve high
stability toward oxide cathodes. The stable cycling of LiCoO,
and LiNiygMn,;Co,;0,, etc. oxide cathodes without any

https://dx.doi.org/10.1021/acs.accounts.0c00762
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Figure 6. (a) Illustration of the in situ synthesis of Lis;InClg on LiCoO, (LIC@LCO), (b) initial charge/discharge curves of LIC@LCO and (c)
corresponding cycling stability, (d) illustration of the synthesis process for the LAGP-NCNT-LisInClg air electrode and the effect of Li;InClg
modifier on the decomposition of discharge products, (e) Nyquist plots, and (f) cycling performance of the Li—O, batteries with LAGP-NCNT,
LAGP-NCNT-0.5Li;InCly, and LAGP-NCNT-liquid air electrodes, respectively. Panels a—c are reproduced with permission from ref 46. Copyright
2020 Elsevier Ltd. Panels d—f reproduced with permission from ref 47. Copyright 2020 Elsevier Ltd.

protection layer can be achieved with the Li-M-ClI electrolytes,
which cannot be realized in sulfide electrolyte."*">'® More-
over, LizInClg SSEs possess the intrinsic advantage of a water-
mediated synthesis process, which leads to several advanced
potential applications.” First, the technique allows for large-
scale and easy fabrication of Li;InClg. Our group can achieve
more than 100 g sample batches in the lab. Currently, in
collaboration with an industrial partner, the scale-up process of
Li;InCls up to the kilogram scale has been successfully
achieved. Furthermore, the synthesis is not limited to only
anhydrous InCl; precursors and cheaper hydrated indium
chlorides such as InCl;-4H,0; many other kinds of indium
compounds such as In,(CO;);, In,03, and In(OH); may be
used. Second, the water-mediated synthesis process of Li;InClg
enables the application of conformal coatings on cathode
materials with ease (Figure 6a). Our group reported an in situ
interfacial growth of Li;InCly on LiCoO, by the water-
mediated synthesis process.”* Owing to the strong interfacial
interactions, excellent interfacial compatibility between
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LiCoO, and Li3InCls, as well as high interfacial ionic
conductivity, LiCoO, with 15 wt % Li;InCly coating exhibits
a high initial capacity of 131.7 mAh g™ at 0.1 C (1 C= 1.3 mA
cm™?) and can be operated up to 4 C at RT (Figure 6b). This
interfacial growth process resulted in a uniform coating, which
not only reduced the SSE content in the cathode layer but also
improved the kinetics of the Li ion transfer. Moreover, stable
cycling is achieved with a capacity retention of 90.3 mAh g™
after 200 cycles (Figure 6¢). In addition, the water-mediated
synthesis process can be further modified as an infiltration
process to improve the interfacial contact between two
different solid state particles, such as Li; (AlyGe, (PO,);
(LAGP) electrolyte and nitrogen-doped carbon nanotube
(NCNT) electrodes in Li—O, ASSLBs (Figure 6d—f).*” The
resistance between LAGP and NCNT with the infiltration
process is comparable to the cells that rely on liquid
electrolytes wetting. Moreover, the cycling performance is
superior to that of the battery using liquid electrolyte. Metal
chloride SSEs are very effective considering their high ionic

https://dx.doi.org/10.1021/acs.accounts.0c00762
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conductivity, low toxicity, and ease of processability.
Furthermore, they are stable in dry air and do not require an
additional protective coating layer when used in combination
with certain oxide cathodes. The main disadvantage of these
metal halide SSEs is the low reduction stability due to the
electrochemical reduction of metal cations, which prevents the
use of Li and graphite anodes.

5. OUTLOOK AND PERSPECTIVE

Metal halide superionic conductors have generated significant
interest in the field of ASSLBs. Our group has investigated
several novel halide SSEs with RT ionic conductivities higher
than 1 X 107 S em™ such as LisInCl;, Li,ScCls,,,
Li;Y,_In,Cl,, and Li;YBrg, etc. In terms of condensed matter
physics and chemistry via structural design and Li transport
mechanism analysis, there is a great opportunity to push these
exciting halide SSEs forward to meet the multiple requirements
for energy storage in ASSLBs. We believe a deeper under-
standing of the Li" transport is required to optimize the
structure and achieve higher conductivity. Moreover, we
proposed and investigated the air/humidity tolerance and
degradation chemistry of Li;InCly electrolyte, which is the only
metal halide superionic conductors that can be synthesized in
water. The water-mediated synthesis process can be further
modified as an in situ interfacial growth or infiltration process
to improve the interfacial contact between two different solid-
state particles such as the cathode particles and SSEs.
Currently, metal halide SSEs with higher ionic conductivity
(over 1 X 1072 S cm™), better environmental/electrochemical
stability (especially stable with anode materials such as Li
metal), and lower cost are still lacking and need to be
developed. Furthermore, factors such as control over the
thickness of the metal halide SSEs layer as well as the large
scale preparing process should be carried out to achieve
practical application in pouch cells. We expect that the
development of metal halide SSEs with high ionic conductivity
and chemical stability will lead to further understanding of
their mechanism and guide new SSE design.
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