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Halide solid-state electrolytes (SSEs) with high room-temperature ionic conductivity (>107> S cm™),
wide electrochemical windows, and good compatibility toward oxide cathode materials have achieved
impressive progress and attracted significant attention for application in all-solid-state lithium batteries
(ASSLBs). This review presents an overview of halide SSEs, including their development, structure, ionic
conductivity, chemical stability, and current limitations. Firstly, we give a brief overview of the historical
development of halide-based SSEs, followed by an introduction to the different types of halide SSEs.
From a practical point of view, the synthesis methods, especially scalable liquid-phase synthesis, are

Received 26th November 2019, intensively discussed. Then, the associated stability issues involving basic structure stability, air/humidity

Accepted 3rd March 2020 stability, and electrochemical stability (electrolyte/SSE interface and electrochemical stability window) are
also discussed in detail. Comprehensive coverage and thorough understanding of the properties of
halide SSEs are provided and it is expected to help guide the development of future SSEs towards

ASSLBs for energy storage applications.
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Broader context

The development of rechargeable batteries with high specific energy and extended cycling lifetime is required to satisfy the stringent demands of large-scale
energy-storage devices and consumer electronics. All-solid-state lithium batteries (ASSLBs) utilizing solid-state electrolytes (SSEs) rather than combustible
liquid electrolytes are considered as one of the most promising energy storage technologies due to improved safety and high energy densities. Among the
various SSEs, halide-based SSEs have attracted increasing attention due to their high Li" conductivity, wide electrochemical stability windows, and good
compatibility toward oxide cathodes. In this review, we present a comprehensive overview of the recent developments and understanding of halide-based SSEs.
We also focus on synthetic strategies of highly conductive halide-based SSEs from traditional solid-state reactions to liquid-phase synthesis methods. The
significant advantages, challenges, and opportunities of halide-based SSEs have been presented. The rational design of halide-based SSEs with high Li"
conductivity, good chemical/electrochemical stability and mass-production synthesis routes will lead to new highly attractive SSEs for ASSLBs. Perspectives on

current challenges and future directions, as well as prospects for practical applications of halide-based SSEs, are also proposed.

1. Introduction

The development of rechargeable batteries with high specific
energy and extended lifetime is urgently required to satisfy the
stringent demands of large-scale energy-storage devices and
various consumer electronics. Conventional lithium-ion bat-
teries (LIBs), which revolutionized the portable electronics
industry, are widely used in daily life." However, the rapidly
growing application of LIBs has raised concerns regarding their
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physicochemical energy density limit and potential safety risks
caused by the flammable organic liquid electrolytes. All-solid-
state lithium batteries (ASSLBs) utilizing solid-state electrolytes
(SSEs) rather than combustible liquid electrolytes not only
possess enhanced safety, but may also offer new opportunities
for the utilization of high voltage cathode materials (such as
LiNiy sMn; 50,) and high-capacity electrodes (such as Li/Na
anodes and sulfur cathodes) to achieve high-energy-density
batteries.>® In addition, ASSLBs also possess further advan-
tages including SSEs with high Li" transference numbers,
versatile geometries, and simple battery design as well as a
wide range of operating temperatures.*”

In this context, SSEs are one of the most vital components in
ASSLBs as the performance of ASSLBs is highly dependent on
the properties of the SSEs. To realize ASSLBs that can operate at

Energy Environ. Sci.


http://orcid.org/0000-0001-6713-2997
http://orcid.org/0000-0003-4055-1301
http://orcid.org/0000-0003-0374-1245
http://crossmark.crossref.org/dialog/?doi=10.1039/c9ee03828k&domain=pdf&date_stamp=2020-03-26
http://rsc.li/ees
https://doi.org/10.1039/c9ee03828k
https://pubs.rsc.org/en/journals/journal/EE

Published on 03 March 2020. Downloaded by University of Western Ontario on 4/24/2020 10:12:02 PM.

Review

ambient temperatures, the primary parameters that must be
considered are high room-temperature (RT) ionic conductivity
(>107* S em™") and a wide electrochemical stability window.
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Hitherto, current research efforts on SSEs focus mostly on

8,9 5,10

oxides,”” sulfides,

and borohydrides,

112 which present

RT ionic conductivity as high as 107> S em " (mostly in the
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case of sintered pellets rather than cold-pressed).*>'* Compared
to those SSEs, the development of halide SSEs has been delayed
due to the low ionic conductivity (~10"> S em ') and low
oxidation voltage.>” Nevertheless, recent experimental*™*® and
17! results demonstrate that halide SSEs are quite
promising due to their high RT ionic conductivity (>10">Scm ™,
theoretically possible 107> S cm ™), wide electrochemical stability
window (up to 6 V), good stability toward oxide cathode materials,
and even soluble water synthesis strategies.'® These new develop-
ments make it necessary to revisit halide SSEs regarding their
development, properties, and potential practical applications in
energy storage systems.

The timeline of the development of halide SSEs is shown in
Fig. 1. Ionic conduction behavior was reported for lithium
halides (LiX, X = F, Cl, Br, I) in the 1930s.>* However, LiX shows
a relatively low RT ionic conductivity with the highest value
achieved for Lil of 1077 S em™".**° With the discovery of
lithium ionic conductivity in LiX, thin-film type ASSLBs with Lil
as the SSE were developed at the end of the 1960s and the
beginning of the 1970s, such as Li/Lil/I, and Li/LiI/Agl, with
open-circuit voltages around 2.45-3 V.”°®* However, those
ASSLBs can not be recharged due to the increasing polarization
caused by continuous Lil formation in the cathode/SSE inter-
face. Later, another typical halide SSE of LiAlCl, was developed
and applied in battery systems. Interestingly, molten LiCl-AlCl;
was reported to possess an ionic conductivity of 0.35 S cm ™" at
174 °C in 1941, and has been applied in thermal batteries.*
More commonly, LiAICl, was dissolved in nonaqueous solvents
(such as SOCI, and butyrolactone) to function as a soluble cathode
or electrolyte in lithium batteries.** > The ionic conductivity of solid
LiAICI, was not reported until 1976, which is around 10°° S cm™*
(RT).**** In 1992, E. J. Plichta and W. K. Behl successfully assembled
a thin-film type Li, TiS,/LiAlCl,/Li; _ ,CoO, ASSLB which can be cycled
for more than 150 cycles when operated at 100 °C.*
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In the 1980s-1990s, halide spinels, which are mainly based
on divalent metal cations (mainly the first transition metals and
Mg, Pb, etc.), were systematically studied by Ryoji Kanno, H. D.
Lutz, and other groups. Fluoride type SSEs showed relatively
lower (RT) ionic conductivity around 107°-107° S em™", and
the lithium transference number is likely not 1 due to some
contribution of F~ anions.’**® The most studied are chloride-
and bromide-based spinel types, which showed RT ionic con-
ductivities up to ~107> Sem ' and ~107" S em ™! at 400 °C,
respectively.**™*' In addition to those containing divalent metal
cations, halide SSEs with trivalent metal cations (mainly group 3
elements of Sc, Y, and La-Lu, and group 13 elements of Ga
and In) were also developed. Among them, the most studied
halide type SSE is Li;InBrg since 1998.** The as-synthesized
LizInBrs exhibits a relatively low RT ionic conductivity of
1077 S em™'. Moreover, LizInBre will undergo a phase transition
during the heating process. The high-temperature phase
Liz;InBrs (HT LizInBre) remained stable when cooling down
and possessed a RT ionic conductivity of 10 * S em . Never-
theless, such a high-temperature structure will again degrade
and yield significantly reduced ionic conductivity at —13 °C,
which makes it not suitable for practical application. As can be
concluded, halide SSEs were proposed during the same period
as other types of SSEs. Nevertheless, the relatively low ionic
conductivity of halide SSEs compared to the fast development of
other types of SSEs (even 10 > S cm ™' for sulfide SSEs at 25 °C)
has made halide SSEs relatively less attractive during the
past years.

Until 2018, limited work had been conducted on halide SSEs
with RT ionic conductivities on the order of 107° S em™".
A significant breakthrough was achieved by Tetsuya Asano et al
in 2018, where they synthesized LizYCls and Li;YBrs halide SSEs
with a high ionic conductivity of 0.03-1.7 x 10> S cm™ " by using a
high-energy ball milling and high-temperature annealing
process.'* Subsequently, several other kinds of halide SSEs, such
as LizErClg (0.17-3.3 x 10~* S em™*),**** Li;InClg (0.84-2.04 x
107° S em™),"*'® Li;_,M,;_,Zr,Cly (M = Y, Er, up to 1.4 x
107 S em™"),*® and LizErls (3.9-6.5 x 107* S cm™')*® were also
developed. Remarkably, Liz;InCls SSEs can be synthesized by a
facile and scalable water-mediated synthesis route, and the high
ionic conductivity is recoverable even after being redissolved into
water."® More recently, significant attention has been paid to
halide SSEs and their applications in ASSLBs. Halide SSEs
present several advantages with respect to other types of SSEs
in terms of wide electrochemical windows, no side reaction
with oxide cathode materials, good air stability, high humidity
tolerance, and scalability.

In this review, we report on the progress of halide SSEs for
ASSLBs. Furthermore, we conclude with a discussion of (1) the
development and different types of halide SSEs; (2) the different
synthesis routes, including the promising liquid-phase synthesis
route for halide SSEs; (3) the chemical/electrochemical stability of
halide SSEs, including thermal stability, air/humidity stability,
stability toward the cathode/anode, and intrinsic electrochemical
stability windows; and (4) the potential application of halide SSEs
in energy storage and evaluation of the energy/volume densities of
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1993, H. D. Lutz
Li,Pblg (297 °C)
7X1028S cm™

Fig. 1 A brief chronology of the development of halide SSEs for ASSLBs.

pouch cells. Finally, we discuss the challenges in realizing halide
SSEs for practical applications in energy storage and offer per-
spectives on future opportunities and research directions.

2. The state-of-the-art of various
halide SSEs

Halide SSEs were rarely systematically summarized in previous
reviews, and their definition and classification are relatively
unclear. For example, Li,MX; (X = F, Cl, Br, I) ternary com-
pounds with various metal elements, such as Li,CdCly,
Li,MgCl,, Li,Znl,, and Li,Cdl,, were classified as halide SSEs
by Yang Shao-Horn et al. in their review paper.’> Comparatively,
Arumugam Manthiram et al. also summarized typical anti-
perovskite Li;OCI as a halide SSE in their review paper, which
means the central element can not only be a metal but also a
non-metal element.> However, it should be noted that the
properties of them are quite different. For example, halide SSEs
with non-metal elements (such as Liz;OCl) show relatively good
stability with lithium metal while possessing a quite narrow
electrochemical window (up to 2.55 or 3 V vs. Li/Li" for
Li;OCl);*” however, halide SSEs with metal elements (such as
Li3YClg) are typically unstable against lithium metal but pos-
sess a wider electrochemical window (0.62-4.21 V vs. Li/Li*)."”
The non-Li cation plays an important role to realize high-
performance halide SSEs since it is closely related to the
compatibility with Li metal. Thus, we will mainly focus on
halide SSEs with metal components (Li,MX,, M = metal element,
X =F, Cl, Br, I) as shown in Fig. 2a. Based on the different types of
metal elements, halide SSEs can generally be divided into three
categories, ie., (1) Li,MX, halide SSEs with group 3 elements
(M = Sc, Y, La-Lu), (2) Li,MX, halide SSEs with group 13 elements
(M = Al, Ga, In), and (3) Li,MX, halide SSEs with divalent metal
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1992, H.D. Lutz )
200 °C
LiyInCls, ~103 S cm”
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1997, Gerd Meyer
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LisM"Clg (Sc, Y, Tb-Lu)
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J

2019, Sokseiha Muy
Li;ErClg,
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elements (M = Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Cd, Mg, Pb). The
ionic conductivity evolution and ionic conductivities of several
representative halide SSEs are presented in Fig. 2b. As a supple-
ment, we will also discuss non-metal counterparts at the end of
this section.

2.1 Halide SSEs with group 3 elements (Sc, Y, La-Lu)

All the experimentally reported crystal compounds of Li-M-X
with M standing for group 3 elements are listed in Table 1. It
can be seen that most of the obtained compounds have a
composition of LiMF,, LizMCls, and Li;MBre. Due to the
relatively small radius of F~ (133 pm),>® most of the reported
fluoride halides are in the form of LiMF, (LiScF,,>” LiYF,,>® and
LiMF, (M = La-Lu)*>®%7"7?)  except for the existence of Li;ScFg,”””?
which is related to the smallest radius of Sc®" as listed in Table 1.
Some of the ionic conductivities of these fluoride-based SSEs have
been reported, such as 1.4 x 107° S em™" at 200 °C for tetragonal
(I41/a) LiYbF,.”> However, the contribution of ion migration might
be caused by both Li* and F~.”>’*”> Other fluorides that show
higher room-temperature ionic conductivities such as LiF-YF;
(2 x 107° S em™Y)*® and LiF-ScF; (~10"° S em™")*” amorphous
thin films have been obtained by thermal evaporation. It is
supposed that the high ionic conductivity is attributed to the
formation of amorphous intermediate phases with high coordina-
tion numbers for lithium.?”**®

In the chloride-based ternary halides of Li;MClg, there are
mainly three kinds of structures. The first one is the trigonal
(P3m1) structure, including LizMCls (M = Y, Tb-Tm).”>”® The
second one is the orthorhombic (Pnma) structure, including
LizMCls (M =Y, Yb, and Lu).>>' The third one is the mono-
clinic (C2/m) structure, including Li;ScClg.> In contrast, all the
bromide-based ternary halides of Li;MBrs show the monoclinic
structure.®” The trigonal and orthorhombic structures are

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) Categories of existing halide Li,MX;, (M = metal element, X = F,
Cl, Br, 1) SSEs. (b) Summary of the reported RT ionic conductivities of
representative SSEs 14-16.35.37.40.4243.48-55

based on the hexagonal close-packed (hcp) anion arrangement,
while the monoclinic structure is based on the cubic close-
packed (ccp) anion arrangement. The lack of Li-M-Cl com-
pounds for La-Eu (radii of M*" in the range of 94.7-103.2 pm)
and Li-M-Br compounds for La-Pm (radii of M*" in the range

Table 1 Radii of M3* cations (M = Sc, Y, La—Lu)*®

View Article Online
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of 97-103.2 pm) might be due to the too large radius of those
metal cations. Meanwhile, due to the lanthanide contraction
effect, the ionic radii of the lanthanides gradually decrease with
the increase of the atomic number.”” It can be concluded that
the ccp structure can only be formed for relatively larger
anionic halides (such as bromide halides) or relatively smaller
metal cations (such as Sc*"). In 1997, Gerd Meyer et al. system-
atically synthesized a series of Li;MClg (M = Tb-Lu, Y, Sc)*® and
LizMBrs (M = Sm-Lu, Y)°* halides and studied the crystal
structures as well as ionic motion. All of the powder samples
of the ternary halides were obtained by annealing the binary
components at 400 °C within two weeks. The reported ionic
conductivities of those Li;MCls and Li;MBr, SSEs are relatively
low, ranging from 10~*-107* S cm ™" even at 300 °C.>**"%* In
contrast, LiScl; and LizErl, are the only reported compounds
among Li-M-I compounds.*®°°

The big breakthrough of halide SSEs arrived in 2018 from
the work of Tetsuya Asano et al. 14 1i,YCls and Li;YBrs with high
RT ionic conductivities of 0.03-1.7 x 10~ S em ™" were success-
fully synthesized by a high-energy ball milling and high-
temperature annealing process.'® The detailed ionic conducti-
vities and structures of those reported halide SSEs with group 3
elements (La-Lu, Sc, and Y) are listed in Table 2. The LizYCls
and LizYBrs SSEs synthesized by ball-milling for 50 h at over
500 rpm exhibit lower crystallinity and ionic conductivities of
0.51 x 1072 and 0.72 x 107> S ecm ™' at 25 °C (Fig. 3a),
respectively. Further annealing of these electrolytes to increase
the crystallinity leads to significantly different effects on the
ionic conductivity. The Li;YCls SSE after annealing showed
reduced ionic conductivity to 0.03 x 10™% S cm ™, while the value
of the Li;YBre SSE can be greatly improved to 1.7 x 107% S em™*
after the annealing process (Fig. 3b). The structures of Li;YClg and
Li;YBres synthesized by Tetsuya Asano et al. are consistent with
those obtained by Gerd Meyer et al., which possess a trigonal (space
group of P3m1) structure with an hcp anion sublattice and a
monoclinic structure (space group of C2/m) with a ccp anion
sublattice, respectively, as shown in Fig. 3c. The significantly

and reported crystal compounds of Li-M-X (X = F, Cl, Br, 1)

Group 3  Radius
elements (M*', pm) Li-M-F Li-M-Cl Li-M-Br Li-M-I Ref.
Sc 74.5 LiScF,, LizScFq Li;ScClg cep (C2/m) LizScBrg ccp (C2/m)  LiScly 57-60
Y 90 LiYF, LizYClg, hep (P3mlor Pnma)  LizYBrg, cep (C2/m)  — 14, 58, 59, 61 and 62
La 103.2 — — — —
Ce 102 LiCeFs, Li,CeFg, — — — 63
LiCe4Fy7, Lis 5CeyoFs0
Pr 99 Li,PrFy — — — 64
Nd 98.3 — — — —
Pm 97 — — — —
Sm 95.8 — — Li;SmBrs, ccp (C2/m) — 62
Eu 94.7 LiEuF, — LizEuBrg, ccp (C2/m) — 62 and 65
Gd 93.8 LiGdF, LiGdCly, Lio»3GdCl, LiGd,Cl, Li;GdBrs, ccp (C2/m) — 62 and 66-68
Tb 92.3 LiTbF,, Li,TbFe, Li,TbFs Li;TbCls, hep (P3m1) Li;TbBr, ccp (C2/m) — 59, 62, 65, 69 and 70
Dy 91.2 LiDyF, LizDyClg, hep (P3m1) Li;DyBrs, ccp (C2/m) — 59, 62 and 65
Ho 90.1 LiHOF, LizHoCls, hep (P3m1) LizHoBr,, ccp (C2/m) — 59, 62 and 65
Er 89 LiErF, LizErCl, hep (P3m1) Li;ErBrg, ccp (C2/m)  LizErl,, cep (C2/c) 46, 59, 62 and 71
Tm 88 LiTmF, Li;TmClg, hep (P3m1) Li;TmBrg, ccp (C2/m) 59, 62 and 65
Yb 86.8 LiYbF, Li;YbClg, hep (Pnma) LizYbBrg, ccp (C2/m) — 59, 62 and 72
Lu 86.1 LiLuF, Li;LuClg, hep (Pnma) LizLuBrs, ccp (C2/m) — 59, 62 and 65

This journal is © The Royal Society of Chemistry 2020

Energy Environ. Sci.


https://doi.org/10.1039/c9ee03828k

Published on 03 March 2020. Downloaded by University of Western Ontario on 4/24/2020 10:12:02 PM.

View Article Online

Review Energy & Environmental Science

Table 2 Halide SSEs with group 3 elements (Sc, Y, La—Lu)

Material Conductivity (S em™") Structure Ref.
LiYbF, 1.4 x 10~° at 200 °C“ Tetragonal, I41/a 72
LiF-YF; 2 x 107 at 25 °C Amorphous thin film 48
LiF-ScF; ~10"%at 25 °C Amorphous thin film 37
Li;YClg ~107% at 300 °C Orthorhombic (Pnma) 61
Li;YCls ~107* at 300 °C Trigonal (P3m1) 59
Li;YClg 0.03-0.51 x 10~% at 25 °C Trigonal (P3m1) 14
Li;YClg 14 x 10~* at 27 °C (calculated) Trigonal (P3m1) 17
Liy 5Y0.5Z10.5Clg 1.4 x 10 % at 25 °C Orthorhombic (Pnma) 45
Lis 633ET0.633ZT0.367Clg 1.1 x 10 % at 25 °C Orthorhombic (Prnma) 45
LizErClg 3.1-3.3 x 10~ * (ball mill), 0.17-1 x 10~* (anneal) at 25 °C Trigonal (P3m1) 43 and 44
LizYbClg ~10"* at 300 °C Orthorhombic (Pnma) 59
LizMBre (M = Sm-Lu, Y) ~10"% over 300 °C < 107 at 25 °C Monoclinic (C2/m) 62
Li;YBre 0.72-1.7 x 10~ at 25 °C Monoclinic (C2/m) 14
Li;YBr 2.2 x 10 * at 27 °C (calculated) Monoclinic (C2/m) 17
Li;ErClg 3 x 107* at 25 °C (calculated) Trigonal (P3m1) 18
Li3ScClg 29 x 10~* at 25 °C (calculated) Trigonal (P3m1) 17
Li;HoCl, 21 x 107* at 25 °C (calculated) Trigonal (P3m1) 17
LizScBrg 1.4 x 10~* at 25 °C (calculated) Monoclinic (C2/m) 17
Li;HoBr, 3.8 x 1077 at 25 °C (calculated) Monoclinic (C2/m) 17
LizErlg 3.9-6.5 x 10" * at 25 °C Monoclinic (C2/c) 46
LizScl, 2-3 x 10~ at 27 °C (calculated) Monoclinic (C2) 21
LizYIg 1.3-1.9 x 10~ at 27 °C (calculated) Monoclinic (C2) 21
LizLals 0.99-1.23 x 10~ * at 27 °C (calculated) Monoclinic (C2) 21

“? The ionic transport can be attributed to Li* and/or F~.
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Fig. 3 (a) The Nyquist plots of the EIS measurement results of LizYClg and LizYBre with nonreversible electrodes. (b) Arrhenius conductivity plots of
LisYClg and LizYBre. The open symbols (labeled Ic) are mechanochemically synthesized samples without heat treatment. The solid symbols (labeled hc)
are measured after annealing, grinding into powders and then cold-pressing. (c and d) The crystal structures of LizYCle and LizYBrg obtained after Rietveld
refinement, superimposed with a calculated BVSE-based lithium-ion potential map. The yellow surface corresponds to the ionic conduction path, and
the regions enclosed with the red surfaces correspond to the stable lithium-ion positions. Reproduced with permission from ref. 14. Copyright (2018)
Wiley. Arrhenius plot of Li* diffusivity in (e) LisYClg and (f) LisYBrg from AIMD simulations. The energy landscape of single Li* migration in the fixed (g) hcp
and (h) fcc anion lattice at the volume per anion of $2~ (LGPS: 40.0 A%), Cl™ (LisYClg: 37.4 A%) and Br~ (LisYBre: 44.8 A%), respectively. Reproduced with
permission from ref. 17. Copyright (2019) Wiley.
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improved ionic conductivity for Li;YCls compared to that obtained
by Gerd Meyer et al. is probably due to the different synthesis
routes. In both Li;YCls and Li;YBrs SSEs, both the Y** and Li'
cations are located at the octahedral (Oct) sites with halogen anions
(CI™ or Br™). It should be noted that due to the 3" valence state of
Y** compared to that of 1" of Li* and 1~ of CI™ or Br™, the presence
of Y*" would involve two intrinsic vacancies, which means that
the Oct sites are actually occupied by Li*, Y**, and vacancies with
a molar ratio of 3:1:2. The intrinsic vacancies within Li;YClg
and LizYBrs are believed to be essential to their high ionic
conductivities."”

The Li" migration pathways in Li;YCls and Li;YBrs SSEs were
simulated by both the bond valence site energy (BVSE, Tetsuya
Asano et al.)** and ab initio molecular dynamics (AIMD, Yifei
Mo et al.) methods'’ as presented in Fig. 3c and d. For Li;YCl
with a hcp-like anion sublattice, the Li' migrates through
adjacent face-sharing Oct sites directly along the c-axis (Oct-Oct),
forming one-dimensional (1D) diffusion channels with fast
diffusivity, while Li* has to migrate through additional tetra-
hedral (Tet) interstitial sites between two Oct sites among
ab-planes (Oct-Tet-Oct), corresponding to a slower diffusivity
as shown in Fig. 3c. For Li;YBrs with a ccp-like anion sublattice,
the Li" migration in all three directions is similar, with Li"
migrating via a Tet interstitial site between two Oct sites in all
three directions (Oct-Tet-Oct in Fig. 3d). From this point of view,
Li;YClg should possess higher ionic conductivity than Li;YBre as
calculated by AIMD simulations, corresponding to 14 x 10> and
2.2 x 107 S em™ " respectively at 25 °C (Table 2). Furthermore,
the calculated activation energy (E,) of LizYClg is 0.19 £ 0.03 eV,
which is much lower than that of 0.28 + 0.02 eV for LizYBre
(Fig. 3g and h). It can be seen that there is a relatively larger
difference between the simulation and experimental results for
Li;YCle, especially the experimental reported ionic conductivity
value (0.51 x 107* Scm ™).

The discrepancy of the ionic conductivity for Li;YCls can be
explained by: (1) channel-blocking defects: due to anti-site
defects caused by the disordering of Y** and Li* in the Oct sites
considering the similar ionic radius (rys+ = 90 pm, 7.+ = 76 pm),*®
the Li" would be discontinuous and blocked by the repulsive
interaction between Y** and Li* during migration, and (2) other
effects such as impurities, grain boundaries, and partial amor-
phization formed during the synthesis process. It is possible that
the experimentally reported ionic conductivity can be further
improved by sintering pellets rather than cold-pressing pellets,
which is the case for sulfide SSEs, since all the reported sulfide-
based SSEs with ionic conductivity over 10™> S cm™* are sintered
to decrease the influence of the grain boundaries.*>"*”® They
also predicted four other promising halide SSEs of Li;ScClg,
Li;HoCls, LizScBre, and Li;HoBrg. The calculated ionic conductivity
can be as high as 1.4 x 107 to 29 x 107% S cm™* as presented in
Table 2. However, their calculation is based on hep-Li;ScClg, which
is totally different from the real monoclinic (C2/m) structure of
LizScClg.”°

Yifei Mo et al. further calculated the energy landscape of one
Li" migration pathway in the fixed hep and ccp anion sublattice
of CI™, Br, and $*~ with no other cations present to directly

This journal is © The Royal Society of Chemistry 2020
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evaluate the effection of the anion configuration (Fig. 3f and g).
The migration barrier of Li" in the hep and cep anion sublattice
of CI” and Br™ ranges from 0.25-0.29 eV, which is much lower
compared to that of 0.39 eV in the S~ anion sublattice. More-
over, as mentioned above, in the typical halide SSEs containing
group 3 elements (LizMXq), which can also be written as

Li3MV/2/X6, the theoretical intrinsic vacancy content is as high
as 33% within the Oct sites. It is believed that the much higher
content of vacancies is another essential parameter to further
boost fast Li* migration within the SSEs.”*® These two intrinsic
properties of halide SSEs with group 3 elements (Li;MXe) enable
high ionic conductivity though their relatively low symmetry
(orthorhombic, trigonal, and monoclinic) lattice structures and
Li" occupation in Oct sites compared to the favored Tet sites in
sulfide-based SSEs.*'

Another type halide SSE, LizErClg with trigonal structure
(space group P3m1), was predicted to show a high ionic con-
ductivity of 3 x 10* S cm " through a guided search model for
material selection and density functional theory molecular
dynamics simulations by Evan J. Reed et al. in 2018.'® High
ionic conductivity of Li;ErClg was further predicted by Sokseiha
Muy et al. by high-throughput screening in the Materials Project
database using a descriptor based on the lattice dynamics.** The
Li;ErCls SSE synthesized through ball-milling and annealing
strategies shows 3 x 10™* and 5 x 107> S cm™* respectively at
25 °C.** As mentioned above, the structures of the Li;ErCls and
LizYClg SSEs are the same. Furthermore, similar to the reported
Li;YClg SSE,"* the ionic conductivity of LizErClg SSEs is reduced
with increasing crystallinity during the subsequent annealing
process; the difference is related to the local structural features,
especially the site disorder effect.”* For these two trigonal
LizErCls and LizYClg SSEs, it was proved that substitution of
Er*" or Y** by Zr'" can convert the trigonal structure to the
orthorhombic structure and triggered higher ionic conductivity up
to 1.4 x 10 S em .* It was supposed that the newly formed
lithium sites and vacancies played key roles for the enhanced Li*
conductivity. In addition, as presented in Table 2, though several
iodide-type LizMI, compounds were predicted to show fast Li"
migration, it was not until quite recently that Li;Erls with an ionic
conductivity of 3.9-6.5 x 10™* S cm ™" was synthesized successfully
by Wolfgang G. Zeier et al.*®

2.2 Halide SSEs with group 13 elements (Al, Ga, In)

Halide SSEs containing group 13 elements (Al, Ga, and In) were
initially developed in the 1970s, such as the typical LiAICl, with
a RT ionic conductivity of 1 x 107® S em™ > Due to the
relatively smaller ionic radius of AI** (ra;s+ = 53.5 pm) and Ga**
(rGas+ = 62 pm) compared to that of In*" (r,s+ = 80 pm) and other
group 3 elements (74.5-103.2 pm), AI*" and Ga*' cations can
only form low-coordination structures with larger halide
anions, such as LiAlCl,,**?* LiGaCl,,** LiGaCl;,** LiGaBr,,>*®*
LiGal,,®® and LiGal,;* higher six-coordination complexes can
only be formed with smaller F~ anions (rp- = 133 pm) for AI**
and Ga*' to form Li;AlF¢®>®¢ and Li;GaF.®” In contrast, In**
with an ionic radius of 80 pm can form six-coordinated
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Table 3 Halide SSEs with group 13 elements (Al, Ga, and In)
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Material Conductivity (S cm™") Structure Ref.
o-LizAlFs ~107% at 200 °C Orthorhombic (Pna21) 38
B-LizAlFg 3.9 x 10~° at 100 °C Monoclinic (C2/c) 90
B-Li;AlFg/y-ALO5 1.8 x 10° at 100 °C 90
LiAlF, 1 x 107° at 25 °C” Amorphous thin film 36, 37 and 48
Li, 7AlF5 4 7.5 x 107° at 25 °C Amorphous 89
LiAICl, 1x 10 °at25°C Monoclinic (P21/c) 33 and 34
LiGaBr, 7 x 10°° (24 °C) Monoclinic (P21/a) 53
LizInClg ~10"* at 100 °C, 0.2 at 300 °C Monoclinic (C2/m) 61
LizInClg 0.84-1.49 x 10 * at 25 °C Monoclinic (C2/m) 15
Li;InClg 2.04 x 10~* at 25 °C Monoclinic (C2/m) 16
LizInClg 6.4 x 1072 at 25 °C (calculated) 18 and 20
LiInBr, (HT phase) 1 x 10 *at25°C Defect cubic spinel structure (Fd3m) 91
Li;InBre (HT phase) 1 x 10 % at25°C Monoclinic (C2/m) 42, 53 and 91-93
Li;InBrg_,Cl, with x < 4 1.2 x 10~ * at 27 °C Phase transition at 12 °C 50
LizInBre_,X, (X = F, I) 3 x 1072 at 60 °C for LizInBr;1;, Phase transition at 60 °C 51

others <107~ at 25 °C
Liz_»,Mg,InBrg (x = 0.02-0.4) <107 ° at 25 °C Phase transition at ~37-57 °C 94
Liz_».M,InBrs (M = Mg, Ca, 2 x 107" at 25 °C for Li,Ba, sInBrg, Phase transition at ~37-57 °C for 49
Sr, Ba; x = 0-1.0) others <107° at 25 °C Mg or Sc compounds, ~111 °C for Ca compound
Lilnl, ~107% (25 °C) Monoclinic (P21/c) 52

“? The ionic transport can be attributed to Li* and/or protons.

compounds with F~, C1I” and Br™ (r¢- = 181 pm, rg,— = 196 pm),
such as Li;InFg, Liz;InClg,*>*®%" and Li;InBrs,>® while In®** can
only form four-coordinated LiInI,** due to the large radius of I~
(r- = 220 pm). Most of the aforementioned crystalline halide SSEs
show a relatively low RT ionic conductivity around 10 ° S cm™* as
shown in Table 3.

The applicability of fluoride-based halide SSEs has not been
studied as extensively as chlorides and bromides. A typical example
is the Li-Al-F system that can be found in the literature. Li;AlFg,
with an orthorhombic structure (space group Pna2,), has been
reported to show an ionic conductivity of ~107® S em™" at
200 °C.*® However, the ionic conductivity can be dramatically
increased up to 2 x 107° S cm™" at 200 °C by mechanically milling
Li;AlFg with LiCl in the form of 3Li;AlFsLiCL%® In addition,
similar to the amorphous LiF-ScF; thin film mentioned above,
the amorphous LiF-AlF; thin film grown by thermal evaporation
with a nearly stoichiometric LiAlF, composition also shows a
higher RT ionic conductivity of 10~° S em™".>**” However, it should
also be noted that the high ionic conductivity is not caused by pure
Li" migration; protons might be also involved for amorphous
LiF-AlIF;.%® In addition, the ionic conductivity of the LiF-AlF;
thin film is highly dependent on the synthesis method and
composition. The reported LiF-AlF; alloy film with approximate
atomic ratios of Li:Al:F = 2.7:1:5.4 prepared by atomic layer
deposition (ALD) was measured to have an ionic conductivity of
7.5 x 10 °Sem ¥

The most studied halide SSE system is LizInBrg,
91939596 which was firstly reported by Koji Yamada et al. in
1998.*> However, the high conductivity in LizInBrg can only be
achieved with the relatively high-temperature phase (HT
phase).”>?>% The pristine synthesized LizInBr, is almost an
ionic insulator with a low RT ionic conductivity of 1077 S em™*
(Fig. 4a).*” LizInBrs undergoes a phase transition to a super-
ionic conductor at 314 K (41 °C), revealed by differential
scanning calorimetry (DSC) analysis (Fig. 4b), leading to an

20,42,49-51,53,

Energy Environ. Sci.

obvious sharp increase of the ionic conductivity (Fig. 4a).
Furthermore, it seems that the HT phase is relatively stable when
cooled down to room temperature, and the ionic conductivity could
still be as high as 1 x 107> S ecm ™" when decreasing to 27 °C
(Fig. 4a).”* The HT phase of LizInBr,, exhibits a distorted rock-salt
LiBr structure belonging to the monoclinic system (C2/m), which is
quite similar to the reported structure for Li;YBrg"* and
LizInCle.">'® The similar structures suggest that larger cations such
as In** and other trivalent cations (La-Lu, Sc, and Y) are a good
choice for introducing vacancies into halide SSEs. Brandon C.
Wood et al. proposed that in addition to the contribution of
intrinsic vacancies, the frustration of the chemical environment
due to the polarizable anions also contributes to the high ionic
conductivity of HT LizInBrg (Fig. 4c).”” These findings can be
mainly attributed to two factors: one is the disorder effect due to
the existence of mixed ionic-covalent character facilitated by the
high polarizability and relatively low electronegativity of the anion
(Fig. 4c2), and the other one is the flattened energy landscape
caused by the bond frustration and lattice incompatibility between
ionic and covalent preferences (Fig. 4c3).

Due to the significance of vacancies, some bivalent cations
such as Mg>*, Ca®", sr**, and Ba®" were introduced to replace
some Li" to further improve the vacancy content to promote the
ionic conductivity.">*** Nonetheless, the ionic conductivities
were actually not improved (Fig. 4a). This is due to the reduced
Li" content even though the vacancy content is higher. Other
anions such as F~, CI7, and I" were also introduced into
LizInBrs to modify the ionic conductivity and stabilize the
structure.”"°> However, there’s still a phase transition for those
substituted SSEs around room temperature, making them
unsuitable for practical application. In addition to the LizInBrs
SSE, another LiInBr, was also proposed as a fast Li" conductor
in the Li-In-Br system.”" The properties of LilnBr, are similar
to LizInBre. The as-synthesized LilnBr, is also a poor Li"
conductor, with a quite low ionic conduectivity of 107° S em ™"

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) Temperature dependence of the ionic conductivity of LizInBrg (solid circles) and Li, ggCag.07/NBrg (open circles). Reproduced with permission
from ref. 42. Copyright (1998) Chemical Society of Japan. (b) DCS curves for LisInBrg and LilnBrs. Reproduced with permission from ref. 91. Copyright
(2006) Elsevier. (c) Dynamically frustrated bond disorder in HT LizInBre. (c1) Top view of HT LizInBrg and atomic density isosurfaces of Li* occupying
octahedral sites (blue) and interstitial tetrahedral sites (red) and the Li* pathway (green arrow). (c2) Isosurfaces within HT LizInBrg. (c3) Polar-covalent
effect on diffusion and frustration together with the energy landscape associated with jumping between octahedral sites through the metastable
tetrahedral site. Reproduced with permission from ref. 97. Copyright (2016) American Chemical Society. (d) XRD patterns of the ball-milled and annealed
LizInClg samples, along with the standard pattern of the previously reported LizInClg (ICSD No. 04-009-9027). (e) Structure of annealed-LizInCls, showing
two kinds of InClg>~ octahedra with different occupations of In®* (red wine) and vacancies (v, white); orange balls are Cl™. (f) Arrhenius plots of ball-
milled and annealed LizInClg samples. Reproduced with permission from ref. 15. Copyright (2019) Royal Society of Chemistry.

at 300 K (27 °C, Fig. 4a). During the heating process, LilnB, will
convert to a high-temperature superionic phase (HT phase) at
316 K (43 °C, Fig. 4b). The HT phase can be retained during the
cooling process, possessing an ionic conductivity of 10> S cm™*
at 27 °C. Again, the high-temperature phase will be damaged at
—13 °C. The structure of HT-phase LilnBr, is a defect cubic
spinel structure, which is totally different from that of Li;InBrs.”*

LizInClg is another promising halide SSE among this group.
H. D. Lutz et al. synthesized a Li;InCls SSE by melting together
anhydrous LiCl and InCl; in evacuated glass ampoules at
500-600 °C and then slowly cooling down to room temperature
at 2-10 °C h™" in 1992.°" Though it has a relatively low ionic
conductivity of ~107> S em™ " at 25 °C, the predicted RT ionic
conductivity can be as high as 6.4 x 107% S em™"."**° Further-
more, the phase transition temperature of Li;InClg is reported
to be between 200 and 300 °C, which will have less influence on
its application compared to LizInBre.*>®" Different from the
synthesis method of H. D. Lutz, our group prepared a LizInClg
SSE through ball-milling or followed by further annealing at
relatively low temperature at 260 °C. The LizInClg SSE synthe-
sized by the ball-milling approach exhibited relatively low
crystallinity, while it still can be indexed to Li;InCls with a
monoclinic structure, and the Li;InClg SSE synthesized by the
annealing approach presented high crystallinity (Fig. 4d). The
same as Li;YBrg and HT Li;InBrg, monoclinic Liz;InClg is also a

distorted LiCl structure as presented in Fig. 4e, with Li*, In®*",

This journal is © The Royal Society of Chemistry 2020

and a vacancy located in the octahedron formed by Cl™ anions.
In*" and the vacancy co-occupied the octahedral sites 4g and 2a
sites with different ratios. The ball-milled and annealed
LizInCls SSE can show RT high ionic conductivities of 0.84 x
10% and 1.49 x 107> S em™" (Fig. 4f)."> The much lower
annealing temperature demonstrated its facile crystallization
to achieve high ionic conductivity and is also more energy
sustainable compared to that of 550 °C for the synthesis of
Li;YClg/Li;YBrg'* or LizErCle.*?

Recently, our group further synthesized a Li;InCls SSE
through a water-mediated approach, which can show a high
RT ionic conductivity of 2.04 x 107> S cm “.'® In short,
LizInCls-2H,0 intermediates can be formed by dissolving LiCl
and InCl; into water, and the final Liz;InClg can be obtained
by the dehydration of Li;InCls-2H,O. The detailed synthesis
process will be discussed in the following part. The water-
mediated synthesized LizInClg SSE still showed a monoclinic
structure, while it is slightly different from that of the database.
Furthermore, it is demonstrated that the reversible conversion
between LizInClg and its hydrated form of LizInCls-2H,0 can
ensure a recoverable structure and ionic conductivity after
being exposed to humid air, which is quite different from that
in previous reports.”?

As a short summary, Li;MXs SSEs with trivalent metal
elements (74.5 < rys+ < 103.2 pm)fulfill several requirements
regarding the Li" conductive property: (1) small mobile Li"
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cations (r;+ = 76 pm); (2) energetically equivalent vacancy sites
that are available for the mobile Li'; (3) statistical and uniform
distribution of Li" cations within the octahedral sites; and (4)
pathways for the Li" cations with low energy barriers through
the crystal structures based on hcp or ccp anions.

2.3 Halide SSEs with divalent metal elements (Ti, V, Cr, Mn,
Fe, Co, Ni, Cu, Zn, Cd, Mg, Pb)

Halide SSEs with divalent metal elements (Ti, V, Cr, Mn, Fe, Co,
Ni, Cu, Zn, Cd, Mg, Pb) were mostly reported by Ryoji Kanno
et al. and H. D. Lutz et al. These halide SSEs can generally be
divided into four types based on the structure, i.e., olivine
structure, spinel structure (normal spinel, inverse spinel, and
deficient spinel), distorted structure, and Suzuki phase (LigMXg
(V, Fe, Co, Ni, Mn, Mg) and rock salt) structure (Fig. 5a). Some
typical structures are presented in Fig. 5b-e, while the distorted
structure is not shown here due to the complexity.
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Energy & Environmental Science

2.3.1 Olivine structure. Among the four structures, the
olivine structure (orthorhombic, Pnma) is the only one based
on hep X~ anions, and can be obtained in zinc (Zn) based
Li,ZnX, (X = Cl, Br, I) SSEs.>*°%% All the Li" ions are located in
the octahedral sites and Zn>" ions in the tetrahedral sites
(Fig. 5b). It should be noted that Li,ZnCl, with an olivine
structure is actually a high-temperature structure, obtained by
heating room-temperature normal spinel Li,ZnCl, to 215 °C.”®

2.3.2 Spinel structure. Spinel has been found to possess a
framework structure based on a ccp structure of X~ anions,
which is suitable for high ionic conductivity Li,MX, (X = Cl, Br)
halide SSEs. Most chloride and bromide type halide SSEs
belong to the spinel structure family. There are mainly three
types of spinels among halide SSEs. The first one is a normal
spinel structure with all the Li" located in octahedral sites
(surrounded by six halide ions) as presented in Fig. 5c. The
second one is the inverse spinel structure (Fig. 5d), with half of

a Halide SSEs with divalent metal elements
(Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Cd, Mg, Pb)

— I

Olivine (hcp),
LiZnX,
(X=Cl,Br, )

Distorted (ccp),
Spinel (ccp) Li,MCl, (M = Cr, Fe, Co)
! ) ; Li,MBr4 (M = Mn, Mg, Fe)

LisMClg (M = V, Fe, Co, Ni)

[ Suzuki (ccp),
LigMBrg (M = Mn, Mg)

Normal Spinel,
Li,ZnCl,

{ Inverse Spinel,

Inverse Spinel

Li,MCI, (M = Ti, V, Cr, Mn, Fe, Cd, Mg)
Li,MBr, (M = Mn, Mg, Cd, Fe), Li,NiF,

Deficient Spinel,
Liz.5,M1.:xCls (M =V, Mn, Fe, Cd, Mg)

OLi
oM

OcCl
O Li+M

Suzuki

Fig. 5 (a) Different structures of halide SSEs with dilavent metal elements, (b) olivine type Li,MCly, (c) normal spinel type Li,MCl,, (d) inverse spinel type

LizMCly, and (e) Sukuzi type LigMCls.
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the Li" located in tetrahedral sites (surrounded by four halide
ions), and the other half of the Li’, together with the divalent
cations, located in octahedral sites statistically. The third one is
deficient inverse spinel-type solid solution Li, ,,M;.,Cly
(M =V, Mn, Fe, Cd, Mg) SSEs.

Low temperature Li,ZnCl, is one of the typical halide SSEs
with a normal spinel structure (space group of Fd3m).'*%'%!
H. D. Lutz et al. successfully proved that all Li" are located
solely in octahedral sites for spinel type Li,ZnCl,, which is
similar to the olivine-type Li,ZnCl,."*" Comparatively, lots of
other Li,MCl, (M = Mg, Mn, Fe, Cd, V, Cr, Ti), and Li,MBr,
(Mg, Mn, Cd, Fe, some are high-temperature structure) halide
SSEs have been determined to have the inverse spinel structure
(space group of Fd3m), with Li* located in both tetrahedral and
octahedral sites, and the distribution of Li* and M*" cations in
octahedral sites is disordered.'®™'%? The distribution of this
structure can be described as (Li)er.(LiM)oct. Xa-

It’s believed that Li" transport occurs via the shared faces of
octahedra and tetrahedra within those spinel structures, and
the Li" on the tetrahedral sites play a predominant role for high
ionic conductivity. Thus, the ionic conductivity of normal
spinel Li,ZnCl, with Li* only occupying octahedral sites is
relatively low. Moreover, the migration of Li" through tetra-
hedral interstitial sites is repulsive due to the closely situated
tetrahedral Zn sites. In contrast, much higher ionic conducti-
vity can be achieved for inverse spinel type halide SSEs with Li*
located both in tetrahedral and octahedral sites as shown in
Table 4.

In addition to the stoichiometric chloride inverse spinels,
deficient spinel-type solid solution Li, ,,M;.,Cl; (M = V, Mn,
Fe, Cd, Mg) SSEs were also reported.’*®105:106:115 [ these
structures, it was supposed that vacancies would also be
introduced theoretically by substitution of more M>* cations to
keep the charge neutrality. Furthermore, it was demonstrated
that the extra vacancies that were induced by M>" cations were
located in the tetrahedral sites within the structure. Thus, the
deficient spinel-type Li, ,,M;.,Cly can be further described as
(Lil ,xV;'> . (Lii—xMi4+)oe Cla, where V" means a vacancy. The

full occupation of vacancies in tetrahedral sites was further
proved by the structures of highly deficient spinel-type LiMgCl,
and LiVCl; (x = 1/3)."*

In general, deficient spinel-type Li, ,,M;,,Cl; SSEs exhi-
bited higher ionic conductivity compared to their stoichio-
metric counterparts, as shown in Table 5. The significant
increase in conductivity for the deficient spinels is due to the
presence of extra vacancies, which play a dominant role in the
ionic conductivity. The same as the above-mentioned Liz;MXg
SSEs which possess intrinsic vacancies, the Li" migration
within the close-packed anionic structures is more favored with
the existence of vacancies. Nevertheless, the conductivity does
not increase linearly with the increase of the x value, and too
much substitution of M** cations leads to a lower concentration
of Li" within the structures, which in turn induces lower ionic
conductivity. Thus, there should be a balance between the
vacancy amount and Li" concentration, and the highest ionic
conductivities are usually achieved for intermediate x values.

This journal is © The Royal Society of Chemistry 2020
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2.3.3 Distorted structure. There’s also another type of
distorted structure, mainly including Li,MCl, (M = Cr, Fe, Co)
and Li,MBr, (M = Mn, Mg, Fe) SSEs. Only Li,CrCl, possesses a
monoclinic lattice with a space group of C2/m.*® The Li,FeCl,"*®°
and Li,CoCl,'® SSEs reported by Ryoji Kanno et al. were an
orthorhombic structure with a space group of Imma, and the
distributions of Li* and M>" cations on the octahedral sites are
ordered. However, H. D. Lutz et al. reported that the distorted
structure should be deficient ordered rock-salt type SnMn,S,
(space group Cmmm) for LiFeCl,,"*® Li,CoCl,,'"” and Li,MBr,
(M = Mn, Mg, Fe),"**"*° which is different from that proposed by
Kanno. Generally, the distorted SSEs exhibited relatively low
ionic conductivity compared to their counterparts with a cubic
inverse spinel structure caused by the ordered distribution of Li*
and M>" cations.

2.3.4 Suzuki structure (deficient LiCl-type). Suzuki phases
can only be found in chloride-based LigMClg SSEs (M =V, Fe,
Co, Ni),>>107112.121 and bromide-based LigMBrg SSEs (M = Mn,
Mg)'*® with deficient LiCl-type solid solution Li;_,, M,V X
(V" = vacancy, X = Cl, Br), where x = 0.125 with Li/M ratio = 6.
Such a structure is a rock salt derivative with an ordered
arrangement of cations (Li* and M>") and vacancies in the
octahedral sites. Different from the inverse spinel structures,
the MX, octahedra are isolated from each other in Suzuki
structures, as shown in Fig. 5e. Different from the poor ionic
conduction properties of LiCl (~10"'° S cm ™" at 25 °C), with all
of the octahedra occupied by Li" ions, the presence of the
vacancies in LigMClg SSEs (M = V, Fe, Co, Ni) was expected to
significantly enhance the Li" migration. The much higher Li"
ionic motion of those LigMXg SSEs compared to LiCl was
proved by neutron diffraction'* and impedance tests,''®"*
and the corresponding ionic conductivities are listed in Table 5.

In general, the ionic conductivities of halide SSEs with
olivine and normal spinel structures are lower than those of
inverse spinel structures, which are also lower than deficient-
type inverse spinel structures. The trend of ionic conductivity
variation indicates that Li* ions in tetrahedral sites are highly
mobile and partial empty sites are good for lowering energy
barriers for mobile Li* ions. As clearly seen from Table 4, these
types of halide SSEs were mainly developed around the 1990s
and show low ionic conductivity compared to halide SSEs
with trivalent metal elements. Further improvement of the
ionic conductivity should be the priority before their possible
application in ASSLBs.

2.4 Halide SSEs with non-metal elements (N, O, and S)

Besides the above-mentioned halide SSEs with metal elements,
we also summarized the non-metal counterparts here. The first
type is ternary lithium-nitrogen-halogen (Li-N-X, X = Cl, Br, I)
compounds. Those SSEs were mainly studied around the 1980s,
including LigN,Cl;,'%"'2* LigNBr;,'2412° Li;NI,, 24126127 and
related compounds. As can be seen in Table 6, those SSEs exhibit
relatively low ionic conductivities around 10~7-10"° S em ™, and
narrow electrochemical windows up to ~2.5 V vs. Li/Li"."** The
second type is lithium anti-perovskite electrolytes, including
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Table 4 Halide SSEs with divalent metal elements (Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Cd, Mg, Pb)

Material Conductivity (S cm ™) Structure Ref.
Li,TiFs 2 x 10~ * at 300 °C“ Trirutile type, tetragonal 38
Li,NiF, 1.1 x 10~% at 200 °C, 6.2 x 10~ ° at 360 °C Inverse spinel 103
LiF-MF, thin film 107" to 107° at 25 °C Amorphous 48
(Mg, Ca, Ti, Ni, Cu, Zn, Sr)
Li,TiCl, ~5 x 1072 at 300 °C, 5 x 10~ at 400 °C Inverse spinel 100
Li,VCl, 6 x 107 ° at 25 °C, 1.6 x 10~ % at 300 °C Inverse spinel 55
Li,CrCl, 1.5 x 102 at 400 °C, 9 x 102 at 540 °C Distorted spinel 104
Li,CrCl, 6.3 x 1072 at 400 °C Distorted monoclinic structure 102
Li,MnCl, 4 x 107 °at 25 °C, ~5 x 102 at 300 °C Inverse spinel 55
Li,MnCl, 4 x 1072 at 200 °C, ~6 x 1072 at 300 °C Inverse spinel 105
Li,MnCl, 5 x 10> at 300 °C Inverse spinel 41
Li; gMn, ,Cly 0.4 at 300 °C Deficient inverse spinel 106
Li; 5,Mn; 5,Cly 1.5 x 10~ at 25 °C Deficient inverse spinel 40
Li,MnBr, 2.2 x 10~ % at 300 °C, 8 x 10~ > at 400 °C Inverse spinel 107
Li,MnBr, 7.3 x 1072 at 400 °C Distorted tetragonal structure 108
Li,FeCl, 1.9 x 102 at 200 °C, 6.3 x 10> at 400 °C Distorted orthorhombic structure, Imma 105 and 109
LigFeClg 2 x 10 % at 200 °C, 5 x 10 2 at 400 °C Suzuki structure, cubic 110
LigFeClg 2.2 x 10~* at 200 °C, 4.5 x 1072 at 400 °C Suzuki structure, cubic 111
Li,CoCl, ~107% at 300 °C, 5 x 102 at 400 °C Distorted orthorhombic structure 100
LigCoClg ~7 x 10~* at 200 °C, 9.3 x 102 at 400 °C Suzuki structure, cubic 112
LigCoClg 6.2 x 107° at 200 °C, 7 x 102 at 400 °C Suzuki structure, cubic 111
LigNiClg 4.9 x 10~ % at 200 °C, 1.3 x 102 at 400 °C Suzuki structure, cubic 111
Li,ZnCl, 2 x 10~* at 280 °C, 1 x 10~ at 200 °C Normal spinel 98 and 100
Li,ZnCl, 8 x 10~ * at 300 °C Normal spinel 113
Li,ZnBr, ~107° at 200 °C, 5 x 10~* at 300 °C Olivine 54 and 113
Li,Znl, 3.5 x 1072 at 247 °C Olivine 113
Li,CdCl, 0.12 at 300 °C, 0.62 at 400 °C Inverse spinel 41
Li,CdCl, 5.9 x 10~% at 200 °C, 0.32 at 400 °C Inverse spinel 105
Li; oCd4 5Cly 0.1 at 200 °C, 0.35 at 400 °C Deficient inverse spinel 40 and 105
Li,CdBr, 3 x 107* at 300 °C, 0.11 at 400 °C Inverse spinel 107
Li,Cdl, 0.1 at 297 °C Deficient NaCl type 113
Li,MgCl, ~107% at 25 °C, ~1072 at 300 °C Inverse spinel 55
Lis;sMg7/6Cly ~107° at 25 °C, ~10"2 at 300 °C Deficient inverse spinel 55
Li,MgCl, 0.05 at 300 °C, 0.33 at 400 °C Inverse spinel 41 and 114
Li,MgCl, 4.5 x 10 at 200 °C, 0.14 at 400 °C Inverse spinel 105
Li,MgCl, 2.4 x 1077 at 25 °C Inverse spinel 40
Li; ¢Mg1.2Cly 3.4 x 10°° at 25 °C Deficient inverse spinel 40
Li,MgBr, ~2 x 107% at 300 °C, 4.5 x 10> at 400 °C Distorted orthorhombic structure 108
Li,MgBr, 1.6 x 10~ % at 300 °C Inverse spinel 113
Li,Pbl, 3 x 1072 at 297 °C Deficient NaCl type 113
Li Pblg 7 x 1072 at 297 °C Deficient NaCl type 113
“ The ionic transport can be partially attributed to electrons. The valence of titanium is +4 in Li,TiFs.
Table 5 Comparison of ionic conductivities for deficient spinel-type Li>_>4M1,xCly SSEs and their stoichiometric counterparts
Material Conductivity (S cm ™) Ref.
Li, ,,Mn,.,Cl, Li,MnCl, 0.05 at 300 °C 41

Li; ¢Mn, ,Cl, 0.4 at 300 °C 106

Li; 5,Mn; »,Cl, ~0.5 at 300 °C, 1.5 x 10° at 25 °C 40
Li,_ o Fe .,Cly Li; ¢Fe; ,Cl, 1.3 x 1077 at 20 °C, compared to ~10~° for Li,FeCl, 39
Li,_»,Cd;.+,ClL, Li,CdCl, 5.9 x 102 at 200 °C, 0.32 at 400 °C 105

Li; Cd4 05Cly 0.1 at 200 °C, 0.35 at 400 °C 40 and 105
Liy_» Mgy,,Cl, Li,MgCl, 2.4 x 1077 at 25 °C 40

Li; ¢Mg; ,Cly 3.4 x 107° at 25 °C 40
Li,_»,Mn;.,Br, Li,MnBr, 7.3 x 1072 at 400 °C 108

Li; Mn, ,Br, 8.9 x 102 at 400 °C 108
Li, Mgy, Bry Li,MgBr, 4.5 x 10”2 at 400 °C 108

Liy ¢Mg; ,Br, 7.1 x 1072 at 400 °C 108

lithium-oxide halides (Li;0X),*”"*** **° lithium-hydroxide halides
(Li;OHX or Li;_,OH,CI),"*""*** and related compounds.'?*

As presented in Fig. 6a, Li;OX possesses typical anti-
perovskite structure by changing the normal perovskite ABO;
to inverted charge A"B*"X';. In 2012, Yusheng Zhao et al.

Energy Environ. Sci.

successfully synthesized Li;OCl and Li;OClysBrys anti-
perovskite SSEs, which exhibited a RT ionic conductivity of
0.85 x 107% and 1.94 x 107> S cm™ ", respectively (Fig. 6b)."**
Later, they also synthesized Li;OCl films by the pulsed laser
deposition (PLD) method,"**"*” and declared that the Li;OCI
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SSE shows self-stabilization when in direct contact with Li
metal, thus revealing good compatibility toward Li.'?®'37140
The cycling performance of the Li/Li;OCl/Li symmetric cell at
1 mA is shown in Fig. 6¢c. However, as mentioned above, Li;OCl
faces the problem of a narrow electrochemical window up to
2.5-3.0 V vs. Li/Li".*” Li,OHX also adopts the A"B*> X;" struc-
ture, where only two-thirds of the Li" positions are occupied,
leaving the others vacant. It is believed that the existence of
vacancies as well as anion disorder would lead to facile Li"
migration;"*>**"'** however, due to the repulsive force of H
atoms that co-occupied together with O within the Li,OHX
structure, the Li" migration is restricted. Thus, the reported
ionic conductivities of Li,OHX are about 10 °-107° S cm™*,
which are much lower than those of 107°-107° S cm™" for
Li;OX (Table 6). Moreover, the Li,OHCl SSE was proved to
display stability against metallic lithium even at 195 °C by
Chengdu Liang et al., and they declared that the good stability
is attributed to stable solid electrolyte interphase (SEI) layer
formation between the Li,OHCI SSE and Li metal."** It should
be noted that the composition of Li;OX is debatable since the
reported Li;OX might also contain undesired OH in the final
product.”®®'** Li;OCl based glass SSEs were also developed
with ultra-high ionic conductivity even over 10 mS em™*.**%'*>
Nevertheless, it seems that Li", CI7, and protons might be
responsible for the conduction property,"*®'*” and the “high”

Table 6 Halide SSEs with non-metal elements
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ionic conductivity of those glass SSEs is probably due to the
decomposition product of amorphous LiCl-xH,0, which offers
high conductivity."*®

Guided by the typical anti-perovskite structure of Li;OX
SSEs, Puru Jena et al. further explored other possible lithium-
rich anti-perovskites based on cluster ions by theoretical
calculations."® They demonstrated that using cluster ions,
i.e. superhalogens, with sufficiently larger ionic radii can sta-
bilize the anti-perovskite structure and enlarge the channel
size, thus leading to fast Li' migration. Typically, Li;SBF,
(optimized unit cell presented in Fig. 6d) was estimated to have
a RT ionic conductivity of 107> S cm™ " as well as a low activation
energy of 0.210 eV. They also predicted that partially replacing
the larger superhalogon with a halogen can further increase the
conductivity, and the mixed phase of LizS(BF,)5Clos is esti-
mated to exhibit an ultra-high value of 107" S em™*."*® However,
there’s still no experimental result reported until now. Later,
Guosheng Shao et al. also further explored a double-anti-
perovskite structure by theoretical calculations.’**'*° A new
double anti-perovskite compound with the stoichiometry of
LigOSI, is identified theoretically by mixing O*~ and $>~ in the
chalcogen sites. As presented in Fig. 6e, LisOSI, possesses a face
centered structure, with an alternate arrangement of LigO and
LigS octahedra within the structure. The estimated ionic con-
ductivity of LigOSI, and its Li' enriched derivate form of

Material Conductivity (S em™") Ref.
Li; gNo.4Clo.e ~8.4 x 107 Scm ! at25°C 123
Li; gNo.g Clo.g ~107°S cm™ at 25 °C 124 and 126
LisNI, ~1077 Scem ™' at 25 °C 124 and 126
LigNBr; ~1077 Scm ! at 25 °C 124 and 126
LisNI, 4x10°°Scem™ at 27 °C 127
Li;NI,—-0.77LiOH 107* S em ™' at 27 °C (NMR) 151
LigNBr; 1.86 X 1077 Sem ™" at 65 °C, 107° S em ™" at 250 °C 125
Li;0Cl 0.85 X 107> S ecm™* at 25 °C 129
Li;OCl 0.2 x 107*Sem™" at 25 °C 137
Li;OCly.5Bro 5 1.94 x 10 > Scem ! at 25 °C 129
Li,. 55Mg0.0750Cl 2x10°Scem !at25°C 152
Li,.oCag.050Cly 6sBro.32 8 x 10 °Scm *at25°C 152
Li;OBr 1x10°Scem *at25°C 128
56Li;OBr-44Li,0,Br; 2.4 x 107° at 25 °C 153
Li,(OH)I 3x10°°Scem ' at 150 °C 131
Lis(OH),I 2 x107°Sem " at 150 °C 131
Li,(OH)C1 3 x 107> S em ! at 200 °C 131
Lis(OH);Cl, 7.5 x 10°* S em™* at 200 °C 131
Liy.16(OHy.g4)Cl ~107°S cm™ at 25 °C 132
Li,(OH)C1 ~10"%*S em ™! at 25 °C 132
Liy.04(OHj.06)Br ~1077 Scem ! at 25 °C 132
Li,(OH)Br ~1077 S ecm ' at 25 °C 132
Li,(OH)p oF(.1Cl 3.5x 10 °Sem tat25°C,1.9 x 10°*Sem ! at 100 °C 133
Li,OHBIg 95F0.00 1.1 x 10°° S em™ at 25 °C 154
Li5(OH),Cl; 1.48 x 1077 Scem ' at 25 °C, ~2.5 x 10" S em ™" at 100 °C 134
Li,(OH)C1 ~4x10%Sem tat25°C, ~2 x 1077 Scem ! at 100 °C 134
LigOSI, 1.03-5.0 x 10> S em ™" at 27 °C (calculated) 139
Liy50,Ss1, 1.25 x 107> S em ™" at 27 °C (calculated) 139
LigOSI, 7.89 x 10 * S em ! at 25 °CY 139
LigOSI, 5.53 x 107 S cm™* at 75 °C 150
Lig 508 51, 5 2.28 x 10 °Scem *at 75 °C 150
Li;SBF, 107> S em™ ' at 25 °C (calculated) 138
Li3S(BF4)0.5Clo 5 10" S em™ ' at 25 °C (calculated) 138

“ No detailed experimental ionic conductivity measurement information given.

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 (a) Crystal structure of LizOCl with anti-perovskite structure. Reproduced with permission from ref. 136. Copyright (2014) Royal Society of
Chemistry. (b) Arrhenius plots of LizOCl and LizOClgsBrg s anti-perovskites. Reproduced with permission from ref. 129. Copyright (2012) American
Chemical Society. (c) Cyclability of the Li/LisOCL/Li symmetric cell at 1 mA (1 h per half a cycle). Reproduced with permission from ref. 137. Copyright
(2016) Wiley. (d) The optimized unit cell of LizSBF4. The green arrow indicates the Cs, orientational symmetry adopted by the BF,~ tetrahedral unit in the
cubic cell. The red outline highlights the pyramidal configuration of LisS*. Reproduced with permission from ref. 138. Copyright (2017) U.S. National
Academy of Sciences. (e) Typical double antiperovskite phase structure of LigOSI,. Reproduced with permission from ref. 139. Copyright (2018) Royal

Society of Chemistry.

Liy50,4S51, can be as high as 0.1-1.25 x 10> S em ™' at 300 K.
Although they mentioned that LigOSI, was successfully synthe-
sized and exhibited an experimentally measured conductivity of
7.89 x 107 S em ™, no detailed ionic conductivity measurement
information was given,"*® and the value is actually much lower,
about 5.53 X 107 ° S em™* even at 75 °C, in their later work.™®

In general, the relatively low ionic conductivity of halide
SSEs achieved in the early stages of development has been
significantly improved in recent years. A number of halide SSEs
showing high Li" conductivities (around 107> S cm™") have
been developed to date. Besides the experimentally identified
highly conductive halide SSEs, a wide variety of halide SSEs that
might possess ultra-high ionic conductivities have been calcu-
lated and predicted as listed above. Due to the diversity of
halide SSEs with tunable components and advanced theoretical
techniques that have accelerated the search for candidate SSEs
with high ionic conductivity, the fast development of halide
SSEs with superionic conductivities is expected in the near
future. Moreover, crystallographic studies and atomic-level
characterization to explore the local structures and ionic
conduction mechanisms are also required as they provide
guidelines for the development of new halide SSEs.

3. Synthesis

For the preparation of halide SSEs, conventional synthesis
protocols, such as solid-state reaction methods (annealing,
mechanical milling, or a combination of the two) and newly

Energy Environ. Sci.

developed liquid-phase synthesis methods have been applied.
Moreover, the chemical vapor method was also developed for
the synthesis of fluoride-based SSEs with thin films (Fig. 7 and
Table 7).

3.1 Solid-state reaction methods (mechanical milling and
annealing)

Similar to the synthesis of other types of SSEs, solid-state
reactions are the most popular methods of synthesizing halide
SSEs, and most of the procedures have to be performed in a dry
Ar-filled glove box. Initially, stoichiometric amounts of halide
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Fig. 7 Synthesis methods of halide SSEs.
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Table 7 Typical synthesis methods of halide SSEs
Synthesis methods Halide SSEs Conductivity (25 °C, S em™ ") Ref.
Solid state reaction Mechanical milling LizYClg 5.1 x 10°* 14
LizYCl 9.5 x 107° 44
Li;YBrg 7.2 x 1074 14
Li;ErClg 33x 1074 43
LizErClg 3.1 x10°* 44
LizInClg 8.4 x 107* 15
LizErlg 6.5 x 1074 16
Annealing LizYClg 3x10°° 14
LizYClg 3.4-5.5 X 10°° 44
Li;YBr, 1.7 x 1073 14
LizErClg 5.0 x 107° 43
LizErClg 0.17-1.0 x 10~* 44
Li;InClg 1.02-1.49 x 1073 15
LizYbClg ~10"* at 300 °C 59
LiGaBr, 7 x10°° 53
Li;Erlg 3.9 x 10°* 46
LizOBrg 1x10°° 128
Liquid-phase synthesis Water solvent LizInClg 2.04 x 1073 16
Water/ethanol solvent Li,TiFg Not given 155
Tonic liquid solvent B-Li;AlFg 2.04 x 107°¢ 156
Hexane solvent Li;.16(OHj.g4)Cl ~10°° 132
Liy.04(OH;.06)Br ~1077 132
Chemical vapor synthesis Thermal evaporation mLiF-nAlF; (1/3 < m/n < 3) ~107° 36
mLiF-MF; (M = Al, Cr, Sc, or Al + Sc) ~107° 37
ALD (AIF;)(LiF), alloy 7.6 x 107° 89
LiAlF, 3.5+ 0.5 x 1078 157
LizAlFg Not given 158

“ The ionic conductivity might partially be due to residual ionic liquid on the surface.

starting materials were directly sealed in quartz (or glass) tubes
without a fine mixing process. Thus, the following annealing
process usually needs a relatively long time over several days to
complete the reactions. For example, Li;MClg (M = Tb-Lu,
Y, Sc¢)*® and Li;MBre (M = Sm-Lu, Y)**> were synthesized in
quartz ampoules at 400 °C for 2 weeks, as reported in 1997.
More recently, the halide starting materials have been finely
mixed by a mechanical ball-milling process before sealing in
quartz tubes. Thus, the subsequent heating time is highly
reduced, even to 1 h, to obtain the final halide SSEs (e.g,
Li;YCls, Li;InCls, and LizErClg)."">**™*° Sokseiha Muy et al.
synthesized highly-crystalline LizErCls by heating mechanically
ball-milled chloride mixtures at 550 °C for 1 h. However, it
should be mentioned that the halide mixtures might not be a
solid phase when the heating temperature is too high based on
their corresponding phase diagram. For instance, based on the
LiCI-YCI;"° and LiCl-ErCl;'®® phase diagram, Li;YClg'"* and
Li;ErClg®® should exist in the melted liquid phase at 550 °C,
while such melted liquid phases are rarely mentioned in pre-
vious works. Overall, the application of quartz tubes/ampoules
for such synthetic approaches makes scale-up synthesis difficult.

Another method is the direct mechanical ball-milling
approach without any further treatment. Halide SSEs with
relatively lower crystallinity can be formed with an appropriate
milling time and speed. It’s supposed that the mechanical ball-
milling is performed at room temperature, but there will be
heat generated during the high energy ball-milling process. In
general, the structure of halide SSEs is totally different from the
halide starting materials, indicating that a chemical reaction
between the halide starting materials occurs rather than just

This journal is © The Royal Society of Chemistry 2020

obtaining a physical mixture of them. Moreover, the ionic
conductivities of some halide SSEs obtained by the mechanical
ball-milling approach are higher than those of the annealing route.
This phenomenon can be found for both Li;YCls and Li;ErClg
SSEs.'**** Typically, ball-milled Li;YCls and heated Li;YCls showed
a RT ionic conductivity of 5 x 107* and 3 x 107> S em ™},
respectively;'* ball-milled Li;ErCls and heated Li;ErCls showed a
RT ionic conductivity of 3.3 x 107* and 5 x 107°> S cm
respectively.*®> The authors explained that the noticeably high
conductivity of ball-milled SSE might be related to subtle struc-
tural differences (cation site disorder) and more defects induced
by ball-milling. The mechanical ball-milling approach can
achieve SSEs with a smaller size that can be directly used in
ASSLBs without further pulverization. Nevertheless, the amount
of SSE is highly dependent on the size of the ball-milling jar. The
homogeneity of SSEs would be poor under the condition of too
many halide starting materials due to the possible agglomera-
tion of particles on the inner surface of the ball-milling jar.

3.2 Liquid-phase synthesis

Similar to liquid-phase synthesis for sulfide-base SSEs,'®*™'%°
some halide SSEs can also be obtained through liquid-phase
reactions. Moreover, some can even be directly synthesized in
water solvent without the need for a protected argon atmo-
sphere, which further opens several opportunities for scalable
halide SSE synthesis. In general, the liquid-phase synthesis
strategy offers several advantages: (1) easy mass production by
avoiding difficult precursor mixing procedures, getting rid of
special apparatus, shortening the reaction time, and reducing
the reaction temperature; (2) effective size/morphology control
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Fig. 8 (a) Illustration of a water-mediated synthesis route for LizInClg and the reversible conversion between the hydrated LizInCle-xH,O and dehydrated
LizInClg. Reproduced with permission from ref. 16. Copyright (2019) Wiley. (b) Phase diagram of system LiCl-InClz—H,O at 25 °C. Reproduced with
permission from ref. 166. Copyright (1977) Canadian Science Publishing. (c) TGA of LizInClg-xH,O tested from room temperature to 380 °C under N».
(d) XRD pattern of LizInClg-xH,O and LisInCle. Reproduced with permission from ref. 16. Copyright (2019) Wiley. (e) Schematic of the synthesis of LizAlFg
by an ionic liquid-assisted mild fluorination method. (f) Crystal structure of B-LizAlFs. (g) Impedance spectra of LAF-60. (h) Li plating/stripping
performance of Li/Li symmetric cells in the EC-DMC-LiPF¢ system with and without 0.1 M LAF-60 as an additive. Reproduced with permission from

ref. 156. Copyright (2018) American Chemical Society.

by homogeneous dissolution or dispersing of the raw materials/
intermediates in the liquid-phase solution; and (3) possible
potential to be used as an ionic conduction coating layer on the
surface of electrode material particles.

3.2.1 Water-mediated synthesis of a Liz;InClg SSE. Recently,
the first report of the liquid-phase synthesis of LizInCls using
H,O solvent by our group made halide SSEs very attractive
compared to traditional sulfide-based SSEs."® As presented in Fig. 8a,
LizInClg can be successfully prepared through a facile and

scalable water-mediated synthesis route (3LiCl+InCl3 H9

Liz;InClg - xH,O A, LizInClg). Simply dissolving lithium chloride
and indium chloride into water can obtain a white LizInClg-xH,O
intermediate complex precursor. The amount of crystalline water is

Energy Environ. Sci.

determined to be 2 based on the TGA curve (Fig. 8c), which is
different from that of 3LiCl-InCl;-8H,O (Li3InCls-8H,0) in the
phase diagram of system LiCl-InCl;-H,O reported by Elinor M.
Kartzmark in 1977 (Fig. 8b)."*® Upon further heating at 200 °C
under a vacuum, the LizInClg-2H,O intermediate complex precur-
sor can totally convert to crystalline Li;InCls. The XRD patterns of
the Li;InCls-2H,0O intermediate complex precursor and final
Liz;InClg are totally different from each other (Fig. 8d). Moreover,
reversible conversion between Li;InClg and Li;InClg-2H,O has been
confirmed, thus ensuring high tolerance toward air and humidity
as well as recoverable high ionic conductivity as mentioned above.
In addition, such water-mediated synthesis routes are highly favor-
able for practical manufacturing; the synthesis of LizInCls SSEs can
be easily scaled-up to 111 g with high purity and ionic conductivity.

This journal is © The Royal Society of Chemistry 2020
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Surprisingly, it was found that lots of double salts between
InCl; and alkali metal halides with coordinated water have
been reported (such as 2NH,ClInCl;-H,O, 3KCl-InCl;-H,O,
2KClInBr;-H,0, LiCl-MgCl,-7H,0, MgCl,-InCl;-(6-8)H,0,
CaCl,-InCl;-7H,0, and 2CsCl-InCl;-H,0)."**"7° The existence of
these indium-based hydrated complexes indicates the possibility of
synthesis of indium-based halide electrolytes with different ion
conductivity, such as NH,", Li*, K, Ga®", and Mg?*, through a
dehydration synthesis route. Typically, a NazInCls SSE has been
successfully prepared by our group via the water-mediated
route.'® Moreover, those indium-based halide electrolytes should
also possess reversible conversion between the dehydrated and
hydrated forms. Interestingly, the reversible conversion between
Cs,InBrs-H,0 and the dehydrated form together with switchable
dual emission makes it function as a photoluminescence water-
sensor in humidity detection.'”*

Furthermore, the above-mentioned liquid-phase synthesis
routes based on water for halide SSEs have obvious advantages
over the synthesis of sulfide-based SSEs. Firstly, the synthesis
process can be performed directly in ambient air without an
inert environment, making the synthesis significantly easier.
Secondly, sulfide-based SSEs obtained from liquid-phase syn-
thesis usually show relatively low ionic conductivity due to the
residual organic solvent on the surface of the electrolyte, while
this is not a concern when using water as the solvent for the
synthesis of halide SSEs.

3.2.2 Possible other liquid synthesis routes based on hydrated
halide complexes. In addition to indium-based compounds, there
are many other kinds of hydrated halide complexes, which also
provides possible routes for synthesis of halide SSEs directly from
the liquid-phase synthesis route. For example, Li;RuCls-6H,0 was
synthesized in an ethanol solution from LiCl and RuCl;-nH,0 in
2004."7% LizRuCls might be possible to obtain through dehydration
of Li;RuClg-6H,0. Similarly, alkali metal bismuth chloride double
salts (Li,BiCl;-6H,0, K,;Bi,Cl,o-4H,0,"”® and Na,BiCl;-5H,0""%)
can also be obtained through co-crystallization of alkali chloride
with BiOCl or (BiO),CO; in aqueous HCL. The existence of such a
kind of hydrated halide complex provides a potential effective
synthesis route to obtain halide SSEs directly through dehydration
routes.

Fluoride-type SSEs can also be synthesized through liquid
synthesis routes. Due to the high electronegativity of F~, some
Li-M-F materials can be directly obtained with the existence of
water. For example, alkali hexafluorogallates of A;GaF, (A = Li,
Na, K) can be synthesized by milling AF and GaF;-3H,0."” It’s
supposed that the dissolution of alkali fluorides in water is an
important factor for the reaction, and the low solubility of LiF
leads to the impurity of the final products. A Li,TiFs SSE was
also synthesized based on the reaction between Li,CO; and
H,TiF, in H,O/ethanol solvent.'>

Moreover, the synthesis of halide SSEs is not only dependent
on water solvent, other organic solvents are also promising. For
example, Chilin Li et al. synthesized a B-Li;AlFs SSE from the
reaction between Li,COj3, Al(NO3);-9H,0, and 1-butyl-3-methyl-
imidazolium tetrafluoroborate (BmimBF,) ionic liquid in BmimBF,
solution (Fig. 8e)."*® The B-Li;AlF, SSE (structure shown in Fig. 8f)
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obtained and dried at 60 °C (denoted as LAF-60) exhibited a RT
ionic conductivity of 2.04 x 107> S ecm™ " (Fig. 8g). Comparatively,
as mentioned above, previously reported B-Li;AlFs possesses an
ionic conductivity of 5 x 107> S em ™" at 300 °C.*® The significant
improvement of the ionic conductivity is partially due to the
residual BmimBF, on the surface. It was supposed that LAF-60
can enable homogeneous Li' flux and accelerate Li* transport
across the LAF-60 layer due to the relatively high ionic conductivity.
Thus, stable cyclability of Li/Li symmetric cells can be achieved with
LAF-60 layer protection in liquid electrolyte systems (Fig. 8h).

3.3 Chemical vapor synthesis

Besides the synthesis of powders, thin film type halide SSEs were
also developed, especially for fluoride-based SSEs. There are mainly
two methods, including the thermal evaporation and atomic layer
deposition (ALD) approaches. Tetsu Oi et al. firstly synthesized a
mLiF-nAlF; (1/3 < m/n < 3) thin film Li* conductor from the
evaporation of a mixture of LiF and AlF; onto a glass substrate. The
obtained mLiF-nAlF; thin film was amorphous and exhibited a RT
ionic conductivity over 107 ® S em ™" in the range of 1 < m/n < 5/3.3°
Later, they also developed amorphous mLiF-MF; (M = Al, Cr, Sc, or
Al + Sc) thin films, where all four LiF-MF; systems can achieve ionic
conductivities over 10~ ® S cm™ . They further studied the structures
of compositions with high ionic conductivities and concluded that
8- or 9-coordination in fluoride type SSEs would achieve higher ionic
conductivity compared to 4- or 6-coordination. Nevertheless, as
mentioned above, the migrating ions in these systems might not
be pure Li'; proton and F~ migration might also contribute to the
total conduction.’” (AIF;)(LiF), alloy,® LiAlF,,"”” and Li;AlF"*® films
were also obtained by ALD approaches, with ionic conductivities
ranging from 10~ ® to 7.5 x 10~ ® S em ™" achieved. Moreover, due to
the wide intrinsic electrochemical window of Li-Al-F,"” the LiAlF,
thin film was also applied as a coating on the high-voltage cathode
in lithium batteries by the ALD approach to form a relatively
conformal coating."” Though lots of other coating layers by the
ALD approach have been applied in ASSLBs, few fluoride type SSE
coatings have been reported.

As a short summary, the synthesis of halide SSEs is mainly
based on time-consuming mechanical milling and high-
temperature annealing methods. Quite recently, the liquid-
phase synthesis method, especially the water-mediated synth-
esis route, was developed to synthesize halide SSEs, whereas
such a synthesis route is applicable to limited SSEs. In this
regard, effective methods based on liquid-phase chemistry to
obtain halide SSEs in mass production with high ionic con-
ductivity are highly demanded. Thus, subsequent research
should be focused on not only highly conductive SSEs, but also
effective synthesis routes for halide SSEs. Both liquid-phase
and chemical vapor synthesis methods are promising for
synthesizing halide SSEs as coating layers for active electrodes.

4. Chemical/electrochemical stability

Due to the fast development of halide SSEs, several types of
halide SSEs with high RT ionic conductivity of 107° S cm ™" have
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been fabricated."*'** In addition to further maximizing the ionic
conductivity of halide SSEs and developing systems, there are some
other key parameters that should be considered for application in
real ASSLBs: (1) structure stability of halide SSEs; (2) air/humidity
stability; (3) electrochemical window of halide SSEs; and (4) com-
patibility between halide SSEs and electrode materials.

4.1 Structural stability (temperature influence)

Structural stability is an essential aspect for SSEs, and a stable
structure with high conductivity must be achieved in a wide
temperature range for battery operation. To obtain SSEs with
optimized structure/composition and high ionic conductivity, an
in-depth understanding of the structural stability and evolution is
required. Furthermore, it would be useful to provide information for
safety and stable working conditions. Compared to sulfide and oxide
SSEs, some halide SSEs face the problem of structural-transition-
derived changes in conductivity. More concerning is the fact that
some of the structure-transitions occur around room temperature,
leading to unstable battery operation caused by the large change of
ionic conductivity.

Among the aforementioned SSEs, some halide SSEs with group 3
elements (Sc, Y, and La-Lu) have been reported to show structural-
transitions at high temperatures. Gerd Meyer et al revealed that
Li;YClg, which possessed a trigonal structure (space group of P3m1)
at room temperature, would transform into an orthorhombic (space
group of Pnma) structure when heated up to 310 °C.>>'7® Though
Tetsuya Asano et al. also reported that the trigonal Li;YCls was stable
up to 450 °C based on DSC results, they did not show any structural
analysis after heating up."* Among halide SSEs with group 13
elements (Al, Ga, and In), structural-transitions are typically found
in materials such as LizInBr, and LiInBr, SSEs. They went through a
structural transition to a HT phase during heating (41-43 °C), which
was destroyed after a cooling process (around —13 °C). The corres-
ponding ionic conductivity also changed by several orders of
magnitude.”® The narrow thermal stability window for LizInBry
and LiInBr, SSEs is the fatal weakness that has hindered their
development and application in ASSLBs.

The structure transition for halide SSEs with divalent metal
elements is quite complicated due to the existence of several
types of structures. Previous reports declared that the Arrhenius
conductivity plots of these halide SSEs showed changes in slope
around 200-400 °C, indicating transition among different struc-
tures with different conduction ability. Basically, both the cubic
inverse spinel and distorted spinel structures transform into a
disordered structure with all cations in octahedral sites together
with vacancies similar to a defective rock salt structure. Further
transformation into disordered rock salt solid solutions was also
observed for some compounds at high temperatures. Similarly,
Suzuki structured LigMXg (deficient LiCl-type) with ordered Li",
M2, and vacancies distributed within the octahedral sites will
undergo a gradual disordering to the final disordered LiX-based
solid solutions during a heating process (259-355 °C).*'"*12121
Sometimes, an intermediate non-stoichiometric Li,MX, struc-
ture might also form."*® Moreover, in addition to those structure
transitions, some halide-SSEs completely decompose at certain
temperatures. For example, Li,CdBr, will decompose to LiBr and
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CdBr, below 250 °C.'”” Ternary lithium iodides of bivalent
materials such as deficient NaCl-type Li;_ M"y 5,1 (MII = Mn,
Cd, Pb) can only be formed at high-temperature above 540 K,
and they will decompose to Lil and MI, once cooled down.'"?

4.2 Stability toward air/humidity

The synthesis, storage, and fabrication conditions of SSEs are
highly dependent on their stability toward air/humidity. If the
SSEs are sensitive to air/humidity, their synthesis must be
carefully designed, and the handling of SSEs, as well as further
application, has to be done in a dry inert gas atmosphere. In
most cases, the tedious and complicated synthesis procedure
will increase the processing cost.

Halide SSEs were reported to show good stability in a dry air
atmosphere. For example, Li;YCls/Li;YBrs SSEs were demon-
strated to be stable in an Ar/dry oxygen atmosphere.'* However,
it should be noted that the results are mainly based on DSC
tests, and no further structure/composition information has
been provided after exposure. The situation is not optimistic
when SSEs are exposed to ambient air with humidity. Even
oxide SSEs (Li,LazZr,0,, and LLZO) face the problem of Li'/H"
exchange reaction."””"”° Most sulfide-based SSEs also bare no
tolerance to humidity due to their hypersensitive P-S environment,
leading to toxic H,S generation, decomposition, and significantly
reduced ionic conductivity when exposed to humid air.'8*"%*

Halide SSEs were demonstrated to be sensitive to moisture
in previous reports and the review paper by Arumugam Man-
thiram et al® It’s not surprising since they are actually a
combination of lithium halide and metal halides, in which
most metal halides are hypersensitive towards hydrolysis. How-
ever, due to the different halides (F, Cl, Br, and I) and metals
centers (rare earth metals, transition metals, etc.), the proper-
ties and reaction mechanism of halide SSEs in a humid
environment are far from being well understood. Recently,
our group developed a LizInCls SSE that shows high tolerance
toward ambient air. All the Li;InCl, samples synthesized by
different methods can retain almost the same ionic conductivities
and structures by a reheating process after being exposed to
different humidities or totally dissolved in water. It was demon-
strated that Liz;InClg-2H,O was formed when Liz;InClg SSEs were
exposed to a humid atmosphere or directly submerged into
water.'® After a dehydration process, LizInCls can be reformed
and the initial high ionic conductivity is also recovered after
removing the crystal water. The reversible conversion between
LizInClg and LizInClg-2H,0 is quite similar to the situation of
Na;SbS, SSEs.'®3% Moreover, there are many other types of
potential halide SSEs which possess hydrated forms, which may
enable similar properties. Nevertheless, a deep and comprehen-
sive understanding of the decomposition or hydration/dehydra-
tion behavior of halide SSEs remains elusive.

4.3 Stability toward electrode materials

Though the rapid development of different types of SSEs has
led to ionic conductivities that can rival liquid electrolytes, the
performance of the assembled ASSLBs is still inferior to that of
liquid-based systems. In addition to the high bulk ionic
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Fig. 9 (a) Initial charge/discharge curves of bulk-type ASSLBs at 25 °C at 0.1C, and the corresponding Nyquist plots of the EIS spectra of ASSLBs after the
first charging cycle. Reproduced with permission from ref. 14. Copyright (2018) Wiley. (b) In Lz-edge and Cl K-edge XANES spectra of pristine LizInClg, the
LiCoO,-LizInClg cathode composite, and LiCoO,-LizInClg cathode composites collected after the first charge and after the first discharge. Reproduced
with permission from ref. 15. Copyright (2019) Royal Society of Chemistry. (c) Calculated enthalpies of reaction between LCO and different types of SSEs
as a function of the mixing ratio of the SSEs and phase equilibria (in the box) with the largest magnitude of the decomposition enthalpy. Reproduced with
permission from ref. 17 and 189. Copyright (2019) Wiley, Copyright (2018) Elsevier.

conductivity of SSEs, it is believed that fast Li" migration across
the SSEs/electrode interface is another dominating factor for
battery performance.'®*"'®® The large interfacial resistances are
caused by various reasons, such as poor interfacial contact,
interfacial stress due to volume change, and instability issues
involved with chemical reactions.

4.3.1 Stability toward cathodes. In most cases, halide SSEs
exhibit good chemical stability toward oxide cathode materials
based on experimental and theoretical results. Thin film type
Li, TiS,/LiAlCl,/Li;_,CoO, ASSLBs with stable cycling perfor-
mance over 150 cycles at 100 °C have been reported by W. K.
Behl et al.*® Though there is no detailed information on the
stability between the LiAlCl, SSE and the electrodes, the good
cycling performance indicates good compatibility of LiAICl, in
the battery system. In the report of LizYCls and LizYBrs SSEs,
the author assembled bulk-type ASSLBs based on these two

This journal is © The Royal Society of Chemistry 2020

SSEs with bare LCO as the active component in cathode
composites.'* The initial Coulombic efficiency of the Li;YClg-
cell and Li;YBre-cell was as high as 94.8% and 94.2%, respec-
tively, compared to that of 84% using Li;PS, as a SSE (Fig. 9a).
Furthermore, the interfacial resistance between the SSE and
LCO after the first charging was 6.6-16.8 Q cm > when using
LizYClg and LizYBre as SSEs compared to that of 128.4 Q cm ™2
in the case of the Li;PS, SSE. The ASSLBs based on Li;YClg and
LizYBrs SSEs also exhibit good cycling and rate performance as
shown in their work. Thus, good chemical stability of Li;YClg/
LizYBrg toward LiCoO, can be inferred from the electrochemical
results. In addition, our group also assembled bulk-type ASSLBs
based on a Li;InClg SSE with bare LCO or bare NMC811 as active
components in cathode composites.'>'® Typically, the In Ly-edge
and Cl K-edge X-ray absorption near-edge structure (XANES)
spectra of the pristine Liz;InClgs SSE, LiCoO,-LizInClgs cathode
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composites, and LiCoO,-Liz;InCls cathode composites at different
charge/discharge status remain unchanged as presented in
Fig. 9b. The results not only demonstrated the stability between
Li3;InClg and LiCoO, or its delithiated form (i.e. Li; 5C00,), but
also the electrochemical stability of Liz;InClg even charged up to
4.2 V vs. Li/Li".

The stabilities of different types of SSEs toward common
oxide cathode materials of LiCoO, were systematically studied
by theoretical calculations using a pseudo-binary model as
shown in Fig. 9c."”'® For the case of Li;YCls, the possible
interfacial reaction energy of Li;YClg with LiCoO, or delithiated
form Liy 5sC00, is as small as <45 meV per atom. The authors
also calculated many other kinds of halide SSEs. Similarly, the
possible interface energies for other types of halide SSEs
(fluoride, chloride, bromide, and iodide) are also relatively
small in the range of 0-164 meV per atom.'” As compared in
Fig. 9c, the value is comparable to that of LATP and LiPON,
and significantly lower than sulfide type LPS. The results are
consistent with the experimental results of high Coulombic
efficiencies and cycling performance found in ASSLBs with
LizYCl¢-LiCoO, cathodes without any interfacial coatings.
Nevertheless, the calculations may be misleading since the
reaction energies are based on the formation of Co;0,4, LiClOy,,
YCIO, and LiCLY In fact, LiClO, with a CI”* valence state is
difficult to form through the chemical reaction between Li;YClg
and LiCoO,. A similar problem also can be found in the
calculation for LiAICl,, with ClO, (a valence state of C1**), which
is one of the suggested reaction products (Fig. 9c). Thus, further
analysis of possible interfacial reactions between halide SSEs
and oxide cathode materials is highly desired. In addition to
the common oxide cathode materials, the stability toward
sulfur or Li,S type cathode materials should also be considered.
However, related studies have rarely been reported. Fundamental
understanding of their compatibility needs to be developed before
the application of halide SSEs in all-solid-state lithium-sulfur
batteries.

4.3.2 Stability toward anodes. Lithium (Li) metal is the
ideal anode for ASSLBs due to its extremely high theoretical
capacity of 3860 mA h g™, the lowest negative electrochemical
potential of —3.04 V vs. the standard hydrogen electrode, and
low gravimetric density. However, due to the low electro-
negativity of Li, most SSEs with transition metal components
will be reduced once in contact with bare Li. Theoretically,
there is no SSE that is thermodynamically stable with Li metal.
Thus, electrochemical reduction by Li is a common problem for
most SSEs. Generally, SSEs have chemical/electrochemical
instability against Li metal, inevitably causing unwanted side
reactions at the interface. An interfacial layer will be formed
between the SSE and Li, which is similar to the “SEI” layer in
liquid systems. Further reactions can be stopped if the interface
between the SSE and Li can be stabilized. In contrast, the
reaction may be continuous and eventually lead to the increase
of interfacial resistance as well as a larger overpotential.

The different types of metal elements with high valence state
make halide SSE unstable against bare Li. For example, the
Li3;YClg and LizYBrg SSEs can not come into direct contact with

Energy Environ. Sci.

View Article Online

Energy & Environmental Science

Li metal due to the reduction reactions, thus a LPS layer was
inserted between Li;YClg or LizYBrs SSEs and Li metal during
the cyclic voltammetry (CV) test." The Li/Li;InClg/Au cell also
displayed Li plating above 0 V vs. Li/Li*, which demonstrated
that Li;InCls is not stable towards Li metal.'® The onset of
reduction of various halide SSEs by Li was calculated based on
the formation of LiX and reduced valence metal compounds
and/or zero-valent metal by Yifei Mo et al. It seems that the
reduction onset of halide SSEs is highly dependent on the metal
component. For example, Li;zMX, (X = F, Cl, Br) containing
group 3 metal elements shows a reduction onset around
0.41-0.92 V vs. Li/Li". Meanwhile, the value is much higher,
about 1.06-2.38 V vs. Li/Li", for Li;MX, (X = F, Cl, Br) with group
13 elements."”

To solve the problems associated with the anode materials,
the assembled ASSLBs using SSEs mostly use lithium-alloy
rather than bare Li metal as the anode, and Li-In alloy is the
most popular choice.**'*'%° However, the application of Li-In
alloy as the anode significantly reduces the voltage of ASSLBs,
leading to decreased energy density.'®® Nevertheless, there are
many reports about the application of protected Li anodes
(such as organic-inorganic nanocomposite-stabilized Li) and
functional interlayers (such as a plastic crystal electrolyte
interlayer, alucone) to stabilize the interface between Li and
SSEs, "9 which may also be applied for halide SSE systems.
In addition, the combination with Li;O0X*®'*” or Li,OHX"**
SSEs that are stable toward Li metal would also be helpful.
Effective strategies need to be further investigated and
developed.

4.4 Electrochemical stability window

One of the proposed advantages of SSEs is their extremely wide
electrochemical stability window of 0-5 V versus Li/Li", which is
usually confirmed by CV measurements on a Li/SSE/Au block-
ing cell. It is claimed that the CV results can reflect the
thermodynamic stability involving the reduction/oxidation
reactions of the SSEs. However, with the fast development
and evaluation of SSEs, many reports have pointed out that
the electrochemical stability windows for SSEs are actually
overestimated by conventional CV measurements. The electro-
chemical stability window of Li;¢GeP,S;, (LGPS),* Li,S-P,Ss, "%
and LigPS5Cl (X = Cl, Br, I)"** was reported to be up to 5 V tested by
CV, while recent studies have confirmed that mixed composites of
those SSEs and conductive carbon (SSE/C) can be used as electrode
materials in ASSBs, giving a reversible capacity around several
hundreds of mA h g~ *."**™¥” Furthermore, it has been shown that
carbon additives in cathode composites can trigger the decomposi-
tion of SSEs, especially at high working voltage.'®® The discrepancy
between those results and CV testing is proposed to be due to the
insufficient transport of electrons to match that of the migration
of Li".

First-principles calculations have been applied to predict the
electrochemical stability window of SSEs by Yifei Mo and
Gerbrand Ceder et al.'®*®'® Theoretically, the electrochemical
stability window is determined as a function of potential based
on thermodynamic lithiation (reduction) and delithiation
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(oxidation) of SSEs. Their calculation results proposed that the
thermodynamic electrochemical windows of most sulfide-
based SSEs (such as LGPS, LizPS,, Li,PS;;, and LigPS;Cl) show
similarly narrow stability windows of 1.7-2.4 V vs. Li/Li".

The upper limit of the stability window of Li;YCls and
LizYBr, evaluated by Tetsuya Asano et al. was found to be about
4.5 V vs. Li/Li" using a cell configuration of SUS/SSE/LPS/Li."*
Bulk-type ASSBs with a LiCoO, cathode cycled between 2.52 and
4.22 Vvs. Li/Li" using these two SSEs were also proved to show
high Coulombic efficiency and good cycling performance.
However, the synthesized Li;YBrs can only be used as an SSE
interlayer rather than in cathode composites. In contrast,
Li3YClg can be used both in cathode composites and as an SSE
interlayer.’® The failed ability to use LizYBrq SSE in a cathode
mixture indicates that the Li;YBre SSE is actually unstable at
high voltage compared to its chloride counterpart. This is
further proved by the theoretical calculation results by Yifei
Mo et al'” Fig. 10a shows the calculated thermodynamic
equilibrium voltage plateaus for lithiation/delithiation reactions
for Li;YClg and Li;YBre. In the case of Li;YClg, the lithiation
plateau occurs at 0.62 V with Y** reduction, with the possible
formation of Y,Cl;, Y, and LiCl. The delithiation plateau at
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approximately 4.21 V corresponds to Cl~ oxidation reactions,
with the possible formation of YCl; and Cl,. Therefore, the
thermodynamic electrochemical stability window of Li;YClg is
0.62-4.21 V vs. Li/Li", and the upper limit of the window is
slightly lower than the 4.5 V measured by CV."* In contrast, the
calculated thermodynamic electrochemical window of LizYBrg is
0.59-3.15 V vs. Li/Li*, which is much narrower than that mea-
sured using CV. This explains well why Li;YBrs can not be used
in a cathode layer.

As investigated by theoretical calculations, the thermo-
dynamic electrochemical window of halide SSEs is highly
dependent on the compositions. Fig. 10b and c present the
general trend of electrochemical windows in some Li-M-X
ternary compounds (M = cation, X = F, Cl, Br, I, O, and S) and
other SSE systems.'”'®¢ Clearly, fluoride-based SSEs exhibit
much higher oxidation stability, even over 6 V vs. Li/Li", which
is the best high voltage stability among all other halide SSEs.
Nevertheless, no reported fluoride-based SSEs with acceptable
RT ionic conductivity (10* S ecm ") have been reported yet. On
the other hand, chloride-based SSEs also are quite promising,
with oxidation potentials over 4 V vs. Li/Li*, which meet the
requirements of current Li-ion battery cathodes. In addition,
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there are several types of chloride-based SSEs (LizYClg, LizInClg,
and LizErClg) that have been reported to exhibit high ionic
conductivity. Comparatively, bromides and iodides exhibit
narrower stability windows,'”*! while the oxidation potential
is still comparable to sulfides as shown in Fig. 10b. As pre-
sented in Fig. 10c, the upper limit of the stability window of
typical LiCl and LiBr is estimated to be around 4 V vs. Li/Li" and
is dominated by the anion oxidation of halide anions (Cl~ or
Br). Promisingly, taking advantage of such anionic-redox
reactions of halide anions, Chunsheng Wang et al. fabricated
typical graphite intercalation compounds, i.e., (LiBr)y 5(LiCl)o 5~
graphite, as composite cathodes in aqueous LIBs.*’* Such a
(LiBr), 5(LiCl)o s—graphite cathode exhibited two distinct reaction
voltage ranges, with 4.0-4.2 V for Br~ and 4.2-4.5 V for Cl".
Further combining a graphite anode, the full cell can deliver
quite a high energy density of 460 W h kg™ .

Furthermore, it is noticeable that some of the chloride and
fluoride type SSEs (such as Liy  Fe;.,ClL,"° LigVClg,>%?
Li,MnCl,,*** and Li,MF, (M = Ti, V, Cr, Fe, Ni, Mn)>**?%372%)
also show redox reactions similar to sulfide SSEs,'*>™'°7 and
thus can be used as cathode materials in solid-state lithium
batteries and other battery systems. Akihisa Kajiyama et al.
fabricated Liy oFe; 95Cl4/0.01Li;PO4-0.63Li,S-0.36SiS,/InLi
ASSLBs; the charge/discharge profiles are shown in Fig. 10d.
A long plateau around 3.6 V vs. Li/Li" during the charge
(delithiaton) process can be observed, corresponding to about
1.2 mol Li" ions extracted per formula unit of Li;oFe; osCly,
accompanied by oxidation of Fe** to Fe’".'” John T. S. Irvine
et al. also reported Li,MnCl, and LigVClg as cathode materials in
primary Li thermal batteries, which showed discharge
plateaus at ~2.5 V and 1.8 V vs. Li/Li;3Si, respectively, corres-
ponding to the formation of LiCl and Mn or V as discharge
products.”” Thus, this kind of halide SSEs should not be suitable
for ASSLBs due to the relatively easy redox reaction in quite narrow
electrochemical windows. In most cases, the experimental electro-
chemical stability windows of SSEs are wider than the theoretical
ones. However, in some cases, the opposite results are obtained.
For example, the Li,TiF, SSE, with a reported ionic conductivity of
2 x 100* S em ' at 300 °C, was calculated to show a wide
electrochemical stability window of 1.9-6.71 V vs. Li/Li". Shigeto
Okada et al. demonstrated that Li,TiF¢ can be used as an active
cathode in liquid LIBs, with a discharge plateau at 2.7 V vs. Li/Li"
and a reversible capacity around 100 mA h g™, as presented in
Fig. 10e.°® The results clearly demonstrated that the Li,TiFg SSE
showed a significantly narrower electrochemical stability win-
dow than the theoretically calculated values.

For halide SSEs with group 3 and group 13 elements, since
the chemical state of non-Li cations is 3+ (which is the highest
valence for these groups), oxidation can only occur for halide
anions. Thus, the electrochemical oxidation stability of those
halide SSEs is largely determined by the oxidation of the halide
anions. For halide SSEs with divalent metal elements, oxidation
can not only occur for halide anions, but also for the non-Li
cations since they usually have multiple oxidation states (such
as 2+, 3+, 4+). Thus, the oxidation of the metal cation in these
types of halide SSEs can be reflected in the real electrochemical
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test if the oxidation potential of the metal cation is lower than
that of the halide anion, such as the oxidation of Fe?" to Fe** in
the case of Li; gFe; ¢sCl; as mentioned (Fig. 10d). On the other
hand, the electrochemical reduction stability of halide SSEs
mainly originates from the reduction of non-Li cations due to
the fact that the halide anions can not be further reduced
(halide anions are already in the lowest chemical state). For
example, from thermodynamic calculations, Li-M-X ternary
compounds with Y**, Ga**, and Zn** cations exhibit a reduction
potential of 0.36-0.62, 1.85-2.28, and 1.55-1.91 V vs. Li/Li",
respectively (Fig. 10b and c)."” Halide SSEs with group 3
element cations basically show the lowest reduction potentials
compared to other types of cations. Thus, considering the
potential ability to achieve higher oxidation as well as lower
reduction voltages, halide SSEs with group 3 elements should
be a better choice to provide more desirable electrochemical
windows compared to the other two types of halide SSEs.
Besides the further development of halide SSEs with high ionic
conductivities, more attention should be paid towards their
chemical/electrochemical stabilities. The highly ignored structural
instabilities of halide SSEs with temperature influence should get
more attention since the structure-transition of SSEs might induce
reduced ionic conductivities. Rational design of SSE compositions,
such as halide materials that possess reversible interconversion of
hydrated forms, can be potential directions for developing halide
SSEs with high humidity tolerance. Considering the stabilities
toward electrode materials and electrochemical stability windows
of halide SSEs, the engineering of stable interfaces between halide
SSEs and Li anodes seems to be imperative since most halide SSEs
containing non-Li cations can be readily reduced by Li metal.
Moreover, limited studies regarding the electrochemical stabilities
of halide SSEs have been reported, and further experiments and
analysis are highly needed to give deep insights into the real
electrochemical stability windows of halide SSEs.

5. Applications of halide SSEs in energy
storage

In the previous sections, we first introduced the development
of halide SSEs. The various types of halide SSEs and their
synthesis, as well as chemical/electrochemical stability, were
further discussed. In this section, we will summarize the
studies related to the application of halide SSEs and their
processability in different categories.

5.1 Applications of halide SSEs

In view of the various halide SSEs, they have many applications
in different battery systems. In terms of ASSLBs that are
fabricated as a sandwich structure including the anode layer,
the SSE interlayer, and the cathode composite layer, halide SSEs
are usually used as both SSE interlayer and ionic conduction
components in the cathode composite layer. However, some
halide SSEs are used just as an SSE interlayer due to concerns
related to limited electrochemical stability windows. For example,
as mentioned above, Tetsuya Asano et al. fabricated two kinds of
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Fig. 11 (a) The discharge capacity retention and coulombic efficiency of the LizYClg—LiCoO,/LizYClg/InLi and LizYClg—LiCoO,/LizYBre/InLi ASSLBs for
100 cycles. Reproduced with permission from ref. 14. Copyright (2018) Wiley. (b) Schematic of the influence of the reduced polarization on the lithium
metal anode. (b1) The solvent molecules in routine electrolyte decompose under 4.5 V high-voltage conditions. (b2) The LizOCl quasi-solid electrolyte
layer that covers the lithium metal efficiently prohibits the decomposition of solvent molecules. Electrochemical performance of NCA|Li batteries. (c) The
discharge capacity and Coulombic efficiency curves in routine and quasi-solid electrolytes; the charge/discharge rate is 0.5C and the voltage window is
3.0-4.5V. (d) Polarization voltage for different cycles. Reproduced with permission from ref. 206. Copyright (2019) Wiley. (e) Schematic illustration of a
LiAlF4 coating on an NMC811 cathode. (f) Cycle performance of pristine and 20-cycle-ALD LiAlF, coated NMCB811 electrodes at 50 °C at 2.75-4.50 V vs.
Li/Li*. Reproduced with permission from ref. 157. Copyright (2017) American Chemical Society.

LizYClg-LiC0oO,/LizYClg/InLi and LizYClg-LiC0O,/Li;YBre/InLi
ASSLBs.'* Li;YClg can be used both in the SSE interlayer
and cathode composites due to its high oxidation stability. In
contrast, Li;YBr, possesses a narrow electrochemical stability
window (up to 3.15 Vvs. Li/Li*)'” and can only be used in the SSE
interlayer (Fig. 11a). The direct application of LizYBre in the
cathode composite part may trigger its decomposition during
cycling as proved in typical sulfide SSEs,"*>™'®” and thus one
should be careful and rational in choosing appropriate SSEs for
ASSLBs. In terms of halide SSEs that possess good compatibility
toward Li metal, researchers have been trying to explore their
potential applications in Li protection in liquid LIBs. As for
typical LizOCl, its good compatibility toward Li metal was
indicated in both experimental and theoretical reports.**>**
Jiaqi Huang et al used a LizOCl SSE together with a small
amount of poly(vinylidene)fluoride (PVDF) to fabricate a Li;OCl
quasi-solid-state electrolyte layer on the surface of a lithium
anode to reduce the polarization of the lithium anode in high-
voltage liquid LIBs (Fig. 11b).>°® As shown in Fig. 11c and d, the
battery with the Li;OCI layer exhibited much higher reversible
capacity, better cycling performance and smaller polarization

This journal is © The Royal Society of Chemistry 2020

compared to the battery without the Li;OCl layer. It was demon-
strated that the Li;OCl quasi-solid-state interface can both
reduce the polarization of the lithium anode and enhance the
Li" migration. Thus, benefiting from their Li* conductive pro-
perty and good stability toward Li metal, these types of halide
SSEs (LizOCl, Li,OHCI, etc.) can also be used as an interlayer
between the Li anode and those SSEs that are unstable with Li to
improve the total working voltage and energy density of ASSLBs.
Another advantage of halide SSEs is their chemical stability
toward oxide cathodes, which is a major issue for sulfide-type
systems. Furthermore, some halide SSEs exhibit wide electro-
chemical stability windows, especially fluoride-types. Thus,
halide SSEs also can be used as coating layers on high-voltage
oxide cathode materials. Yi Cui et al. coated LiAlF, on the surface
of LiNipgMng,C0010, (NMC811) electrodes by the ALD
approach (Fig. 11e)."*” LiAlF, possesses a wide stability window
from 2.0 & 0.9 to 5.7 + 0.7 V vs. Li/Li" and exhibited a RT ionic
conductivity of 3.5 + 0.5 x 10~ S cm™". The stable and lithium
ion conductive LiAlF, interfacial layer improved the stability of
NMC811 electrodes cycled between 2.75 and 4.50 V vs. Li/Li" at
200 mA g ' over 100 cycles (Fig. 11f). Therefore, those halide
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SSEs are promising coating layers for oxide cathodes in different
battery systems, which can not only avoid side reactions that
trigger the destruction of oxide cathodes, but also can provide
fast Li" migration within the cathodes. Of course, the premise is
that these halide SSEs possess good chemical stability toward
oxide cathodes as well as wide enough electrochemical stability
windows.

Moreover, halide SSEs possess the intrinsic advantage of
solution processability, which leads to several different potential
applications, especially for minimizing the interfacial resistance
between the electrode and electrolyte particles and the fabrication
of thin SSE sheets. As presented in Fig. 12, (1) the liquid-phase
synthesis of halide SSEs is useful for surface coating on cathode
materials to form favorable electrode/electrolyte solid-solid inter-
faces, which can minimize the required amount of SSE in the
cathode layer mixture; (2) solutions saturated with halide SSEs can
also be infiltrated into the oxide SSE particles to reduce grain
boundary resistances; (3) it is possible to fabricate sheet-type elec-
trode composites from the active electrode material, binder, halide
SSEs (or their raw materials), and carbon additives on the surface of
current collectors for scalable fabrication processes; and (4) the most
prominent fabrication methods for SSE layers are mainly based on
cold-pressing strategies, and thus the energy density is not too high
due to the large thickness of the pressed pellets. The liquid-phase
synthesis of halide SSEs can be further used to obtain quite thin SSE
layers either by combining with a polymer matrix or by 3D printing
using the halide SSE liquid with coagulating agents. Overall, all the
aforementioned applications are highly dependent on the develop-
ment of liquid-synthesis and solution-processable halide SSEs.

5.2 Evaluation of the energy density of halide-based
solid-state lithium batteries

For the development of ASSLBs, their energy densities with
different SSE systems at the cell level need to be evaluated

dificgy.
(24 t'Q

Fig. 12 Potential liquid-processable applications of halide SSEs.
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based on practical parameters rather than just a rough estimation
from cathode/anode active materials. Practically, to evaluate the
energy densities of batteries, the battery weight (or volume)
including everything from the active materials (cathode and
anode) to the non-active materials (electrolyte, current collectors
of Al/Cu foils, packaging materials, tabs, etc.) needs to be con-
sidered. Thus, there’s a large gap between real practical energy
densities and theoretical values.”*” '

Herein, the gravimetric/volumetric energy densities of
ASSLBs with practical parameters in a commercialized pouch
cell for 4 common cathode/anode systems were evaluated, i.e.,
LiCoO, (LCO)/Li, Li(Liy,Mng 54Nig13C0043)0, (Li-rich)/Li,
LiNiy gMn, 1C0q 10, (NMC811)/Li, and S/Li. For the comparison
of different SSE systems, four typical SSEs, including LGPS
(sulfide), LizInCls (halide), LLZO (oxide), and PEO (polymer)
were chosen for the calculation of the corresponding gravi-
metric/volumetric energy densities of ASSLBs; another two
halide SSEs (Li3ScCls and LizErCls) with different densities
compared to Liz;InClg were also evaluated. Detailed parameters
of the selected electrode and SSE systems are listed in Tables S1
and S2 (ESIY).

A pouch cell was considered for the calculation of the energy
densities due to its substantially higher energy values. The pouch-
cell is built based on the lamination process from repeating
units made of alternate layers of the cathode, SSE separator, and
Li-metal anode, with all materials packaged together. The calcu-
lations of ASSLB energy densities in this review are mainly based
on the calculation steps and parameters of Liquan Chen et al.*’
The size of the pouch-cell is fixed at 138 mm x 81.8 mm X
height (mm) (including the lug and sealing edge), where the
value of height varies with the SSE thickness. A 16 pm aluminum
(Al) current collector for the cathode and an 8 pm Cu foil for the
anode are used. Table S3 (ESIt) lists typical detailed cell para-
meters for constructing a 410.2 W h kg~ " NMC811/Li pouch cell
based on a Li;InClg SSE. It should be noted that the compatibility
of the selected SSEs with the electrode materials is not considered
for the calculation of energy densities here.

The influence of the thickness of the SSE layers on the final
gravimetric/volumetric energy densities of the selected cathode/
anode systems for LizInClg as well as the other three kinds of
SSEs (sulfide, oxide, and polymer) is compared in Fig. 13a-c. The
weight percentage of the LCO, Lirich, and NMC811 active
materials in the electrodes was set as 90 wt%, with 60 wt% in
the case of the S cathode, and 100 wt% in the case of the Li metal
anode. The N/P value here for the Li metal anode was set as 2.
The thickness of each cathode sheet was assumed to be 65.5 pm,
and thus the energy densities are dependent on the pressed
density of the electrodes and weight percentage of active materials
and SSEs layers. Among the four selected cathode/anode systems,
Li-rich/Li cell definitely exhibits the highest energy density with
the same parameters due to its higher capacity and voltage.
Furthermore, the thickness of the SSEs and their densities have
pivotal impacts on the energy density of the cells. For example, as
presented in Fig. 13e, the reduction in thickness from 100 to
30 pm can increase the gravimetric energy density of NMC811/Li
(with a LizInCl SSE) cells from 257.15 W h kg™ * to 378.56 W h kg™ *

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/c9ee03828k

Published on 03 March 2020. Downloaded by University of Western Ontario on 4/24/2020 10:12:02 PM.

View Article Online

Energy & Environmental Science Review
a 10 LGPS b o Li,InCI,
-@- Gravimetric energy density -@- Gravimetric energy density
— -O- Volumetric energy density o | 1200 — =O= Volumetric energy density ° 11200
R O g 5 Tl T e e o _
~ - Li-rich/Li ’ 41000 = X - Li-rich/Li v
< 500172 i-rich/Li 1. = <500l Li-rich/Li E.
22 o s0gSg3 =
5 3400 5 2% 40 =
EB 600 E 2E'a [
> < 300 2 @ = § 300 c
g9 go@ 3 g
O] 400 >0
§ 200 ) 5 200 |- &
) = — | o () 5
S 100 7 “(Lco, Li-Rich, NMC-811) content =90 wt.% 200 & $ 100 2
Sulfurlcontent=60‘ wt.% ) ) Sulfur colntent=60 W.t'% ) . o
200 150 100 50 0 200 150 100 50 0
Thickness of LGPS (um) Thickness of Li,InCl (um)
LLZO PEO
C 700 -@- Gravimetric energy density d 700 -@- Gravimetric energy density
A . =O= Volumetric energy density | 1200 =O- Volumetric energy density ] 11200
600 o= GO - -- oo 9 £ F600 oo oo -
2 _ - Lirich/Li J1000 = 2 [P AP {1000 T
< 500 |- NMC AL T Al £  cpgofecbimichli A -
of G5 1g00 2 = 2 2% - NMC-I1LL] o/fgﬂ%,g;a 1800 £
i e~ e |-
E 60E2EQ 8 e 1600 £ g
& 38 3 &30 ;»/g/ —————————————— 55
o 400> > O o o= " O -400>°':
g) 9200 _"374?”’:';':"“”": """""""" (o)}
© 100 3 _ o= {200 ¢ 2 S {200 &
] . (LCO, Li-Rich, NMC-811) content =90 wt.% (0] @100} (LCO, Li-Rich, NMC-811) content =90 wt.% =
O | Sulfurcontent=60 wt.% ; Sulfur content=60 wt.% do @
200 150 100 50 0 200 150 100 50 0
Thickness of LLZO (um) Thickness of PEO (um)
430 umf 100 ym
oRotete H I I H Li-rich
Li-rich diie
o .
2 NMC i-ri LCO
£ . Liwieh .~ i 811 g
= ol S LCORd 811
S ::0:0:0. 2%e%e%: ;0‘0‘0‘0‘ ________ o 1 - .-
O]
LGPS Li,InCl, LLZO PEO
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(542.25 W h L™" to 783.54 W h L™ " for the volumetric energy
density). Moreover, the replacement of the LizInClg SSE with a
LLZO SSE with a much higher density (5.07 g cm™*) will decrease
the gravimetric energy density of NMC811/Li cells from
378.56 W h kg ' to 316.48 W h kg ' if keeping the same
thickness of 30 um. The gravimetric/volumetric energy densities
of cells based on another two halide SSEs with different densities
compared to Li;InCl, (density: 2.18 g cm ™ for Li;ScClg, 3.07 g cm™®
for LizErClg, and 2.59 g cm ™ for Li;InClg) were also calculated as
shown in Fig. S1 (ESIt). The values are in good agreement with
the results shown in Fig. 13, demonstrating the significant
influences of the battery system, SSE density, and SSE thickness
on the final gravimetric/volumetric energy densities. It is note-
worthy that a thin SSE layer (<30 um) can hardly be achieved.

This journal is © The Royal Society of Chemistry 2020

active materials is 90 wt% for the LCO, Li-rich, and NMC811 cathodes and

Haihui Wang et al. have successfully obtained a 25 pm free-
standing ceramic Li, 34130 56TiO3 SSE film by tape-casting, which
is the thinnest free-standing SSE layer reported to date.>'* There-
fore, the processing of ultra-thin SSE layers is crucial to ensure
the competitiveness of high-energy ASSLBs.

Besides, as mentioned above, the weight percentage of active
materials is also another significant influencing factor. The
decrease of the active material content will definitely reduce the
energy density due to the reduced area capacity and increased
inactive components. Fig. 14 shows the gravimetric/volumetric
energy densities of the all-solid-state pouch cell with the
Li3;InCls SSE with two lower active material contents (also as a
function of SSE thickness). Typically, it can be seen that the
lower active material contents of 90 wt% and 85 wt% can not
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reach 400 W h kg™ for the LCO/Li cell based on Li;InCls, even
when the Li;InCls SSE thickness is only 30 pm. Similar results
of other SSE systems are also compared in Fig. S2-S6 (ESIT).
However, the fact is that high active cathode material content
over 90 wt% and good electrochemical performance of ASSLBs
are rarely achieved at the same time. Compared to liquid LIBs,
larger amounts of conductive components need to be added
into the electrode to ensure fast Li'/electron migration path-
ways due to the poor solid-solid contact among the active
material, SSEs particles, and conductive carbon additives. It
should be noted that for sulfide and halide SSEs, newly
emerged liquid-processable coatings for electrode materials
and fabricating thin SSEs show more advantages in decreasing
the inactive SSE content in ASSLBs.*'*>'®

Besides the aforementioned parameters, there are still some
other key issues that need to be solved to realize the practical
application of ASSLBs. For example, ASSLBs with polymer SSEs
show the highest energy densities compared to other SSE
systems due to their lower density and easier fabrication of
thin SSE layers. However, their relatively low ionic conductivity
should also be considered. Furthermore, the most common
issue for all SSEs that should be paid more attention to is the
compatibility between SSEs and electrodes (high-voltage oxide
cathodes and Li metal anode).

In summary, first, the applications of halide SSEs are highly
dependent on their chemical/electrochemical properties, especially

Energy Environ. Sci.

their electrochemical stability windows. Second, recent advances in
liquid synthesis and solution-processable halide SSEs are also
highly noteworthy as they open up the prospects of them being
used for multiple applications. In addition, fabricating ultra-thin
SSE layers and increasing the active electrode content are of great
importance to obtain high-performance halide-based ASSLBs. The
compatibility of selected halide SSEs with electrode materials
(particularly Li anodes) is also a big challenge facing the application
of halide SSEs in ASSLSBs, which requires more effort in the near
future.

6. Summary and perspective

In this review, we summarize the developments and under-
standing of halide SSEs for application in ASSLBs. First, halide
Li,MXj, SSEs, which include group 3 metals, group 13 elements,
and divalent elements (Zn, V, Fe, etc.) have been developed in
the past years with different electrochemical properties. The
structures of halide SSEs are mainly based on close-packed
anion arrangements. Second, halide SSEs with high ionic con-
ductivity have been synthesized by various strategies, especially
the promising and scalable water-mediated synthesis route.
Third, the chemical/electrochemical stabilities of halide SSEs
are summarized and highlighted. Lastly, the application of
halide SSEs is outlined in detail. Halide SSEs that generally

This journal is © The Royal Society of Chemistry 2020
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present high ionic conductivity, high oxidation stability, and
good stability toward oxide cathode materials are some of the
most promising SSEs for application in ASSLBs.

The Radar plots of the different properties relevant to the
development of halide SSEs and a comparison with other SSEs
are shown in Fig. 15a. It is clear that both the ionic conductivity
and air stability of halide SSEs have dramatically improved
since 2018. Furthermore, it is difficult to find a perfect SSE that
possesses all of the desired properties presented in the Radar
plots. For sulfide SSEs, the severe air instability, low oxidation
stability and unavoidable interfacial reaction with cathode
materials hinder their application in ASSLBs. For oxide SSEs,
the most egregious problem is their rigid mechanical proper-
ties that induce large grain boundary resistance among SSE
particles as well as interfacial resistance between oxide SSEs
and electrodes. For polymer SSEs, the ionic conductivities are
not high at room temperature, and thus polymer-based ASSLBs
require high operating temperatures or the addition of a small
amount of liquid electrolyte to ensure fast Li" migration. More-
over, polymer SSEs also are not suitable for high voltage oxide
cathode materials due to their oxidation at high voltage. For
halide SSEs with metal elements, the poor reduction stability is
the biggest issue due to the existence of high valence state
metal elements. More specifically, the two key parameters of
the ionic conductivity and the electrochemical stability window
of different types of SSEs are compared in Fig. 15b. Though
sulfide SSEs exhibit higher ionic conductivity compared to
other SSEs, the narrow stability window restricts their applica-
tion for high-energy battery systems. Due to the abundance of
halide SSEs including various cations and anions, their
potential stability windows are quite wide in theory, making
them quite attractive and more deserving of in-depth attention.

Although promising results have been achieved using halide
SSEs in ASSLBs, there are still challenges to be overcome and
new properties to be developed in the future. The potential
directions and perspectives are listed in detail as follows:

(a) Improving the ionic conductivity of halide SSEs.

To date, only a few halide SSEs (e.g, LizYBrs and Liz;InClg) can
experimentally exhibit RT ionic conductivity over 10> S em ™,
which can enable operation of ASSLBs at ambient temperature
with moderate current densities. Based on theoretical
results, halide SSEs with trivalent metal elements such as
LizMX¢ (M = Sc, Y, Ho, Er, X = Cl, Br) might possess high ionic
conductivity even up to 107> S cm ™. The ionic conductivity of
Li;InClg was also simulated to be as high as 6.4 x 107*Scem ™.
Though there has been a gap between theoretical and experi-
mental results, there should be significant room to further
improve the ionic conductivity by optimizing the synthesis
methods, vacancy content, lithium concentration, etc. On the
other hand, halide SSEs with divalent metal elements may not
be suitable regarding the narrower electrochemical stability
windows. Furthermore, fluoride type SSEs are promising due
to their high voltage stability; however, they possess signifi-
cantly lower ionic conductivities. In this context, fluoride SSEs
shall receive more attention in the near future. Moreover,
the anion packing, ionic transport mechanism, and material

This journal is © The Royal Society of Chemistry 2020
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design principles of halide SSEs are quite different from the
traditional design principles for other inorganic SSEs. Firstly,
halide SSEs with high ionic conductivity are mainly achieved
for ccp-like or hep-like anion arrangements. Thus, Li'* ions
migrate among adjacent face-sharing Oct sites (Oct-Oct), or
migrate through additional Tet interstitial sites between two
Oct sites (Oct-Tet-Oct). These Li" pathways in halide SSEs are
in contrast to traditional highly conducting SSEs where Li" ions
transport via face-shared distorted Tet sites of a body-centered
cubic (bee)-like anion arrangement. Secondly, due to the fact
that the halide SSEs can be regarded as composites of LiX and
MX, with M as a multivalent cation, halide SSEs consist of
lots of intrinsic vacancies in their structures. Those intrinsic
vacancies are believed to be essential to their high ionic
conductivity by providing large numbers of sites for Li" migra-
tion and there should be a balance between vacancy content
and Li" concentration. Better fundamental understanding and
exploration of the Li* conductivity in SSE structures by various
advanced characterization techniques and simulations are
urgently required to provide material design principles in order
to achieve higher ionic conductivity.

(b) Efficient synthesis strategies for halide SSEs.

Further efforts are required to develop simple and scalable
synthesis methods for halide SSEs for industrial applications.
For the preparation of halide SSEs, high-energy ball-milling and
high-temperature annealing are widely used. Comparatively,
liquid-phase synthesis is more attractive due to the simplicity,
quick synthesis times, homogeneous particle size, scalability,
potential use as a coating layer and manufacturing of thin sheet
SSEs. Nevertheless, only a few halide SSEs can be successfully
synthesized by this strategy. Thus, obtaining novel halide
SSEs through the liquid-phase synthesis route appears to be
an interesting prospect. As aforementioned, the existence of
various types of hydrated halide compounds can potentially
provide effective synthesis routes to obtain targeted halide SSEs
via dehydration procedures. However, a deeper and compre-
hensive understanding of the fundamental liquid chemistry
and detailed reaction mechanisms is needed to provide further
clarification. Further efforts are also required to extend the
application of liquid-phase synthesis of halide SSEs to ASSLBs.
The energy densities of ASSLBs are highly dependent on the
thickness of the SSE layers and the weight percentage of active
materials in the cathode part. Liquid-processable halide SSEs
show obvious advantages in decreasing both the SSE thickness
and content to fabricate bulk-type ASSLBs, which is important
for improving the energy densities at the cell level.

(c) Optimization of the electrochemical stability window of
halide SSEs.

The electrochemical stability window of halide SSEs is
highly dependent on the metal elements and anions. The
oxidation onset voltage of halide SSEs is mainly dominated by
the oxidation of the anions. Thus, the oxidation onset voltage of
halide SSEs follows the order of fluoride > chloride > bromide >
iodine. Though the wide electrochemical stability window of
fluoride-based SSEs can surpass 6 V vs. Li/Li*, the truth is that
most fluoride-based SSEs exhibit quite low ionic conductivity due
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to the small radius of the F~ anion. In contrast, iodine-based SSEs
show the lowest oxidation onset voltage around 2 V vs. Li/Li'.

Energy Environ. Sci.

Chloride-based SSEs are relatively more suitable with an accepta-
ble oxidation onset over 4 V vs. Li/Li" as well as high ionic
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conductivity over 10> S em ™. It should be noted that due to the
kinetic limitations, the oxidation reactions of halide anions that
lead to gas release should occur at significantly higher potentials
than the thermodynamic oxidation potential. Furthermore, the
electrochemical oxidation stabilities of halide SSEs will also be
influenced by the non-Li cations if there are higher oxidation
states. In that case, the non-Li cations might be oxidized first
at relatively lower potential than the oxidation of halide anions
(such as Li,MnCl, and LisVClg). The oxidation of this type of SSEs
has been confirmed in experimental studies and they are unable to
provide a wide electrochemical stability windows compared to
others.

The reduction onset voltage of halide SSEs is mainly domi-
nated by the reduction of non-Li cations, and such reduction at
low potential is the root cause of their instability toward Li
anodes. All the Li-M-X halide SSEs containing non-Li metal
cations are thermodynamically unstable against Li metal with
unavoidable side reactions at the interface. Generally, halide
SSEs with group 3 element cations exhibit the lowest reduction
potentials. Nevertheless, detailed analysis of the halide SSE/Li
interfacial reaction is rarely reported and advanced techniques
to investigate the buried halide SSE/Li interfaces need to be
developed. Moreover, effective strategies to stabilize the halide
SSE/Li interfaces should be further explored. Tuning the
chemical composition of halide SSEs can alter the stability to
some extent, especially in the case of LiF-enriched interface
formation. In addition, lithium compounds that are thermo-
dynamically stable against Li metal can be used as functional
interlayers to protect halide SSEs from reduction by Li. In short,
it’s hard to find a perfect SSE that possesses both high oxida-
tion and low reduction voltages. Possible solutions might be
the combination of multiple SSEs compatible with their respec-
tive cathode and anode materials or the formation of stable
interfacial layers at both the cathode and anode sides to enable
more electrochemical stability ASSLBs.

Even though the development of halide SSEs has been
relatively slower than other SSEs and several issues need to
be solved, promising approaches to solve these problems could
draw inspiration from recent investigations on other SSE
systems. For example, a further increase of the ionic conduc-
tivity by optimizing the vacancy concentration or increasing the
stability toward Li metal can be achieved by tuning the
chemical composition or combining functional interlayers.
Foreseeably, the opportunities and application of halide SSEs
in ASSLBs will be addressed in the following years to come.
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