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ARTICLE INFO ABSTRACT

Compared with conventional lithium-ion batteries, all-solid-state lithium batteries (ASSLBs) based on inorganic
solid electrolytes (ISEs) are relatively new research hotspots, which can overcome tough challenges in
conventional lithium-ion batteries, such as potential combustion accidents resulted from flammable liquid
electrolyte solvent, low energy density, and fussy manufacturing process. In this review, we focus on the ionic
conductivity and stability of ISEs by discussing defect chemistry, ion-doping or elemental substitution, ion-
transport mechanism, phase stability, and interfacial stability in representative ISEs (e.g., LISICON-like,
NASICON-like, perovskite/anti-perovskite, and garnet electrolytes). The general illustration of structures and
fundamental features being important to ionic conductivity or stability are examined, including ion occupancies,
ion migration paths and dimensionalities, carrier types, point defects, ion-doping sites, and interfacial
structures. Experimental and theoretical studies are discussed in parallel to give a deep and comprehensive
understanding on ion transport, ion doping, and stability in ISEs. The common features of Li-ion transport
mechanism and several possible research directions are also suggested for facilitating further improvement on
the ASSLBs performance. We believe this review will contribute to the deep understanding on the ionic
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conductivity and stability of ISEs and help for further development of advanced ISEs in the field.

1. Introduction

All-solid-state lithium batteries hold the promise of providing
energy storage with high safety and high specific energy, making them
ideal candidates for use in electronics, automobiles, and stationary
power stations [1-3]. Compared to conventional liquid electrolyte-
based lithium-ion (Li-ion) batteries, the most distinctive feature for
ASSLBs is the adoption of inorganic solid electrolytes (ISEs), which
enhance their safety and stability (Fig. 1a and b) [4]. There are some
inherent advantages in using ISEs for rechargeable batteries: (i) high
Li-ion transference number (~ 1) at room temperature; (ii) good
electrochemical stability and wide electrochemical window; (iii) amen-
able to inexpensive and environmentally friendly thin-film synthesis
technique; (iv) suitability to some electrodes that cannot coexist with
liquid electrolyte [5,6].

Until now, low ionic conductivities at ambient temperature and
poor stabilities for ISEs have plagued commercial applications of
ASSLBs. The ionic conductivities of most ISEs are inferior to those of
organic liquid electrolytes at room temperature (~ 10 mScm™)
(Fig. 1c). Many ISEs are unstable at low potentials against negative
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electrodes such as graphite and metallic lithium anodes, while some
ISEs are reactive towards cathode materials, resulting in high inter-
facial resistance [6]. Therefore, the optimization and discovery of ISEs
with high ionic conductivities and high stabilities are critical to the
application of ASSLBs, which depend on a better understanding of
fundamental science in ISEs.

Recently, the synergy between experimental and computational
studies on Li-ion battery materials has been widely adopted. Although
lots of experiments have been carried out on the synthesis-structure-
property correlation for various ISEs, there are still many key scientific
issues such as ion-transport mechanism left due to technological limit,
time consumption, and cost. Computational methods now play a vital
role in characterizing and predicting the structures and properties of
complex materials at atomic scale. Usually, the exchange of ideas and
results between experimental and theoretical studies is mutually
beneficial. Computational chemistry methods such as density func-
tional theory (DFT), molecular dynamics (MD), and Monte Carlo (MC)
method have been proven useful regarding to the chemistry of battery
materials.

In this review, we first introduce the experimental and theoretical
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Fig. 1. Schematic representation of (a) conventional organic liquid lithium-ion battery and (b) all-solid-state lithium-ion battery. (c) Reported total ionic conductivity as a functional of

temperature for different electrolytes [84], the data of anti-perovskite from Ref. [82].

methods to study ionic conductivity and interfacial stability in the
Supporting information (SI). The abbreviations in this review is list in
Table 1. Then, we review the progresses on ionic conductivity proper-
ties for four kinds of representative ISEs, i.e., LISICON-like (lithium
superionic conductor), NASICON-like (sodium superionic conductor),
perovskite/anti-perovskite and garnet electrolytes, by analyzing point
defects, structures, ion-transport mechanisms, and methods to im-
prove ionic conductivity. Reported Li-ion conductivities and lattice
parameters of representative ISEs are summarized in Table 2. Next, we
review phase stability and interface stability, including interfaces
between ISEs and anodes or cathodes. Last but not least, we provide
conclusions and perspectives on future development for advanced
ISEs. In addition, in this review we focus on more recent studies and
those with a tie to the nature of crystal structures, defects, ion-
transport mechanisms, and phase/interface stabilities in ISEs.

2. Ionic conductivity: defect and ion-transport mechanism

The ionic conductivity is strongly correlated with defects of crystal
structures. Defect includes many types, such as point defects, line
defects, planar defects, volume defects, and electron defects. Among
them, point defects with associated properties play an important role in
ion-transport mechanism in a crystal. The illustration of different point
defect models are shown in Fig. 2a. Point defects widely exist in ISEs,
and they can be intrinsic or stoichiometric. Typical point defects are

Frenkel defects (the defects are vacancies accompanied by an inter-
stitial ion) and Schottky defects (the defects are anion vacancies
accompanied by a cation vacancy). For a given ISE, point defects
decide the type and concentration of carriers, that is, point defects
directly influence the ionic conductivity of ISEs. The crystal structure of
ISEs includes spatial arrangement of immobile ions, the structure of
immobile framework and the Li-ion sublattice. The interaction between
Li-ions and immobile framework has great effects on the Li-ion
mobility (Fig. 2b and c). The spatial arrangements and structures of
immobile ions or framework affect Li-ion migration path and dimen-
sionality.

2.1. Defect chemistry

The defect chemistry of ISEs is the first step to understand their
ion-transport mechanism. Point defects, such as Schottky, Frenkel, and
antisite disorder, determine the Li-ion conductivity of ISEs [7,8].
Furthermore, charged point defects can also associate to form localized
clusters, which have significant effects on ion-transport behavior.
Therefore, the formation energy AHqq of a defect d in charge state g
is calculated from the equation:

AHyq(Ep, {;}) = Eqq=Eo— Y. mipti+q (Ey+Ep) W

where Eq 4 is the total energy of supercell with defect d in charge state
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Table 1.
List of abbreviations.

ASSLBs All-solid-state lithium batteries TEM Transmission electron microscopy
ISEs Inorganic solid electrolytes LLTO LizyLag3«TiO3
LISICON Lithium superionic conductor LLZO LizLazZro012
NASICON Sodium superionic conductor LALZO Li;_3,Al LasZr>01o
DFT Density functional theory LGPS Li; oGeP»S;a
AIMD Ab initio molecular dynamics LXPS Li;oXP»S;» (X = Si, Ge, Sn)
MD Molecular dynamics LMPX Lijg . {MP>X 5 (M = Ge, Si, Sn, Al, or P, and X = O, S, Se)
MC Monte carlo LSPSCl1 Lig 54511 74P1.44S11.7Clo.3
MSD Mean square displacement LGP LiGey(PO.4)3
BV Bond valence LTP LiTi»(POy4)3
NEB Nudged elastic band LATP Liy Al Tis> (PO4)3
EIS Electrochemical impedance spectroscopy LAGP Liy Al Ges (PO4)3
GB Grain boundary SCL Space charge layer
ALD Atomic layer deposition LiRAP Lithium-rich anti-perovskite
DC Direct current ¢-LLZO Cubic-LLZO
NPD Neutron powder diffraction t-LLZO Tetragonal-LLZO
NMR Nuclear magnetic resonance LLZTO Lig 4LazZr; 4Tag 012
EMPA Electron microprobe analysis LLBZT Lig sLasz.(Ba,Zry 5.4Tag 5,401
AES Auger electron spectroscopy LBLTO Lis,Ba,Las Ta,O01o
XRD X-ray diffraction LGLZSO Lig 55+yGao.15LagZrs Scy,012
MEM Maximum-entropy method LNMO LiNipsMn; 504
MAS NMR Magic angle spinning NMR LATSPO Liyyx.yAlyTis. SixP3. 012
SLR Spin-lattice relaxation LCO LiCoO,
LSV Linear sweep voltammetry LNO LiNbO3
STEM Scanning transmission electron microscopy LMO LiMnO»
STEM/EELS STEM coupled with electron energy loss spectroscopy LFP LiFePO4
XPS X-ray photoelectron spectroscopy Mri Li chemical potential
EDX Energy dispersive X-ray analysis MCI Mixed ionic/electronic conducting interphase
TEM Transmission electron microscopy SEI solid electrolyte interphase
Table 2.

Reported ionic conductivities and lattice parameters of inorganic solid electrolytes including LISICON-like, NASICON-like, perovskite, and garnet.

Classification Ionic conductivity (S/cm) Temperature (K) Lattice parameters (A) Space group Ref.

a b c

LISICON-like

Li;P3S1; 3.20 x 107 298 12.48 6.03 12.50 P-1 [201]
B-LisPS, 3.0 x 1072 500 12.82 8.22 6.12 Pnma [202,203]
Lio ¢P5S12 1.00 x 102 298 8.71 8.71 12.47 P42/nmce [18]
Li;0GeP2S12 1.20 x 102 298 8.69 8.69 12.60 P42/nmc [32]
Liz 25Geg.25P0.7554 2.20 x 107 298 13.40 7.66 6.07 P42/nmce [204]
Lis 4Sig.4P0.6S4 6.4 x 10 298 13.37 7.88 6.11 P42/nmce [205]
Lio 54Si1.74P1.44811.7Clo.3 2.50 x 1072 298 8.71 8.71 12.57 P42/nmc [43]
NASICON-like

LiTio(POy4)s 3.83 x 1077 298 8.51 8.51 20.85 R-3c¢ [206]
Li; 3Al 5Ti; 7(PO4)s 3.00 x 1073 298 8.50 8.50 20.82 R-3¢ [56]
Li; 5Ty §Sco.2(PO4)3 2.5 x 103 298 8.53 8.53 20.92 R-3c [51]
Li; 6Alg ¢Geo s(PO4)s 0.70 x 107 298 8.38 8.38 20.64 R-3c [50]
Liy 3Aly 5Ti; 7(PO4)s 1.21 x 107 298 8.51 8.51 20.83 R-3c [63]
Li; 4Aly 4Ti; 6(PO4)s 5.63 x 107 298 8.50 8.50 20.79 R-3c [66]
Li; Al sTi; 7(PO4)s 6.20 x10°® 298 8.49 8.49 20.86 R-3c¢ [54]
Pervoskite

Lag 57Lio 29TiO3 1.60 x1073 300 7.74 7.74 7.79 Cmmm [87]
Liz0OCl 0.85 x 102 298 3.91 3.91 3.91 Pm3m [101]
Li3OCly 5Bro 5 1.94 x 10 298 - - - Pm3m [101]
Li,OHCI 28 x 1073 468 - - - Pm3m [109]
Garnet

Li;LasZr,01o 1.63 x 10 298 13.13 13.13 12.66 I4,/acd [207]
Li;LagZr,01, 3.10 x 107 298 12.97 12.97 12.97 Ia-3d [124]
Li;LagZr,015 5.11 x 107 298 12.97 12.97 12.97 Ia-3d [208]
Lig 55LasZr,Gag.15~0.3012 1.30 x 10 298 12.98 12.98 12.98 Ia-3d [117,209]
Li;LasZr,015 (0.9 wt% Al) 3.55 x 107 298 12.97 12.97 12.97 Ia-3d [30]
Lig 4LasZr; 4Tag 6012 1.00 x 107 298 12.92 12.92 12.92 Ia-3d [13]
Lig sLasZr; 75Teg 25012 1.02 x 102 303 12.91 12.91 12.91 Ia-3d [210]
Liy 06LasZr;.94Y0.06012 9.56 x 107* 298 12.97 12.97 12.97 Ia-3d [211]
Lig sLag.0Bag 1Zr; 4Tag 6012 8.30 x 10 300 12.94 12.94 12.94 Ia-3d [116]
Lig sLasZr 5Tag 5012 7.94 x 107 300 12.95 12.95 12.95 Ia-3d [116]
Lig 4LasZr) 7Wo.3012 7.89 x 107 303 12.97 12.97 12.97 Ia-3d [212]
Lig ¢LasZry 6Sbo.4012 7.70 x 107 303 12.96 12.96 12.96 Ia-3d [213]
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Fig. 2. Schematic representation of the defect, migration pathway, and migration mechanism in ISEs. The figures in (b) and (c) are from Ref. [12].

g, Ey is the total energy of the pristine supercell, and y; and n; are the
chemical potential of the atomic species of the iy, defect and the
corresponding number of atoms added to or removed from the
structure. Ey and Ep is the valence band maximum in the bulk and
the Fermi level relative to the Ey, respectively. In the case of a vacancy
defect (i.e., a removed atom), the sign of the n; is negative. On the other
hand, if the defect is an interstitial (i.e., an added atom), this sign is
positive.

Point defects in ISEs may occur under the following conditions. i)
When fraction occupying ratio of ion sites exists in ISEs, which leads to
many vacancies in ISEs. Almost all of ISEs have fraction sites. In -
LisPS,, the 4c and 4b sites for Li-ion are 32% and 68% occupied,
respectively. In LGPS ISE, 8f and 16h sites for Li-ion are 64% and 69%
occupied, respectively. In perovskite LigLas/3«TiO3 (LLTO), the only
two-thirds of A sites are occupied by La-ion. In garnet Li;La3Zr,O1o
(LLZO), the tetrahedral (24d) and octahedral sites (48g) for Li-ion are
80% and 40% occupied, respectively. Shi and Wang et al. [9] studied
the Li-associated defect thermodynamics of LizPS;. The thermody-
namics of different defects were analyzed, and the dominant carriers
were determined over a voltage of 0—5V vs. Li/Li*. The dominant
diffusion carrier type in LisPS, varied from single Li;" to coupling Li;*
and Vy;~ with the rising of applied voltage. Therefore, the disordered
Li-ion sublattice provide medium Li/vacancy or Li/interstitial ratio to
help Li-ion motion. ii) When element doping or substitution exits in
ISEs, which can cause various point defects in ISEs. Element doping or
substitution in ISEs optimize conductivity or other perperties. For
example, doping Sr>* at La®* sites in LLZO, the defect reaction follows
the form: 28rO + 2La}, +Li, O + 2[]—2S5r],+2Li®+La, O;. Superscripts
indicate the net charge (Neutral, *; positive, °; or negative, ’).
Therefore, there are Sr;, and interstitial Li-ion defects in LLZO. This
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part will be detailedly discussed in the following section. iii) When ISEs
are under extreme conditions (such as low oxygen partial pressure),
electrode potential (or Li chemical potential) and charging-discharging
process in ASSLBs, ISEs may occur defect reaction. Considering the
effect of electrode potential, Shi et al. [10,11] explored defect thermo-
dynamics and associated diffusion mechanisms in crystalline Li>;COs3.
They showed that Li-ion interstitials (Li;") were dominant diffusion
carriers when applied voltage below 0.98 V, while Li-ion vacancies
became the dominant diffusion carriers when applied voltage above
3.98 V. The interstitial Li;* diffused through a knock-off mechanism by
continuously displacing Li-ions in neighboring sites. In addition, the
Ti** in LiTi»(PO4)s; and LLTO is reduced by Li-metal under high Li
chemical potential, which bring 7iz; in ISEs.

2.2. Structures, ion-transport mechanisms and methods to improve
tonic conductivity

For ASSLBs, the Li-ion transport within ISEs' crystals is an
important process for overall charge-transfer reaction. Three factors
such as carrier type, diffusion pathway, and diffusion type, govern Li-
ion transport mechanism within superionic ISEs. Carrier type is closely
linked to defect chemistry as introduced in Section 3.1. Diffusion
pathway is greatly correlated with anion arrangement. Wang et al. [12]
highlighted this correlation and suggested anion sublattice with bce-
like frameworks with a low energy barrier was more favorable for Li-
ion diffusion than in other close packed frameworks (Fig. 3c and d).
The Li-ion diffusion type also affects ionic conductivity and three types
(interstitial directly hopping, interstitial knock-off, and vacancy directly
hopping) are outlined in Fig. 2d. An understanding of the ion-transport
mechanism in ISEs is crucial to optimize and design ISEs with high
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Fig. 3. (a) Crystal structure for B-LizPS4 [222]. (b) Arrhenius plots for nanoporous B-LizPS, (line a), bulk B-LizPS4 (line b), and bulk y-LizPS, (line ¢) [19]. (¢) Li-ion migration
activation energy for B-Li3PS, and its doping derivatives by force-based BV method [23]. (d) Schematic representation of knock-off mechanism in p-Li3PS4 [19].

ionic conductivities. In the following section, we present previous
experimental and computational studies on Li-ion transport mechan-
isms of four typical ISEs: LISICON-like, NASICON-like, perovskite/
anti-perovskite, and garnet electrolytes.

2.2.1. LISICON-like

The LISICON-like (lithium super ionic conductor) material with the
v-LigPO4-type framework structure, Li,M;_,M';S4 (M = Si and Ge and
M’ = P, Al, Zn, Ga, and Sb), was proposed by Hong et al. [13-16] In
this family, lithium thiophosphate, LizPS,4, has been considered as one
of the most promising compounds [17]. Kanno et al. [18] found that
Li3PS, gone through three transitions (y -  — a) with the increase of
temperature in the experimental, and ionic conduction was related to
the PS, tetrahedron arrangement which affects the positions of Li-ions.
Compared to y phase, there are three inequivalent Li-ion sites (8d, 4c,
and 4b) in § phase (Fig. 3a), and the 8d, 4c and 4b sites are 100%, 32%,
and 68% occupied, respectively. Thus, Li-ion sublattice is disordered
(Li symmetry sites partially occupied) in B-LisPS4. The PS, tetrahedron
in [ phase shows a zig-zag arrangement which provides Li-ion with
positions both in octahedral and tetrahedral sites, thereby facilitating
interstitial Li-ion diffusion. Liang et al. [19] reported an anomalous
high ionic conductivity of nanostructured p-LisPS4 (1.6 x 10 S em™ at
25 °C) (Fig. 3b). Such a nanoporous structure stabilizes preferred 3
phase and promotes surface conduction. Greenbaum et al. [20]
prepared nanoporous B-LizPS; through thermal decomposition of
LizPS4-3THF and found a sulfur-oxygen exchange during the heating
process forming PS30% units. They attributed high conductivity to
trace amount PS30% units and nanoporous structure. In addition, in
the binary Li»S-P»Ss glasses [21], authors suggested that tuning local
structure (PS,-LiS, polyhedra) could facilitate ionic conduction but
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P»S,* anion may suppress ionic conduction. Thus, local/microstruc-
ture caused by ion-doping in preparation may be another explanation
for the high conductivity of nanoporous Li3PS,. Now the facilitating
role of nanoporous structure in $-LizPS, calls into question which one,
surface conduction or local structure, is the key factor affecting the
performance of ionic conduction.

Theoretically, Lepley et al. [22] found that the formation energy of
vacancy-interstitial pair in p-LizPS; was < 0.1 eV, which play a vital
role in ion diffusion. Li-ion tends to diffuse along b-axis (8d-4b-8d) due
to lower diffusion energy barrier. Xiao et al. [23] studied the doping
derivatives of B-LisPS,; (doping at P site and S site) based on the
combination of DFT and bond valence methods [24-29]. Oxygen
doping reduced Li-ion diffusion activation energy as show in Fig. 3c.
Following this work, Xiao et al. [30] further revealed the role of oxygen
atoms in B-LizPS; on ionic conductivity through DFT calculations.
They proposed an oxygen-driven transition from two-dimensional (2D)
to 3D transport behavior in O-doped B-LizPS,. Yang et al. [31]
suggested Li-ion diffusion in the outer of B-LizPS4 nanoporous clusters
is much more favorable than in its crystalline forms by AIMD
simulation. The diffusion coefficient in nanoporous cluster model was
six times higher than that in bulk portion. However, their nanoporous
cluster model just has 160 atoms, which may not accurately represent
the nanoporous structure. Recently, Shi and Wang et al. [9] studied the
elastic properties, defect thermodynamics, electrochemical window,
phase stability, and Li-ion mobility of LisPS4. They found the direct-
hopping of interstitial Li-ion along the [001] in y-Li3PS, was energe-
tically more favorable than other diffusion processes, whereas the
knock-off diffusion of interstitial Li-ion along the [010] in -Li3PS4 had
the lowest diffusion barrier (Fig. 3d).

The Li; o XP5S1»> (X = Si, Ge, Sn) [32] family is another LISICON-like
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figure legend, the reader is referred to the web version of this article.)

conductor, and LGPS has the highest ionic conductivity among them
(about 10 mS cm™ at room temperature) (Fig. 4a and b). Li;oGeP5S;»
(LGPS) has the space group P4,/nmc which includes (GegsPg5)S4
tetrahedra (4d site), PS, tetrahedras (2b site), LiS¢ octahedra (4d), and
LiS, tetrahedra (8f and 16h sites). In this crystal structure, Li-ions have
disordering positions because the occupying rates of 8f and 16h sites
are 0.64 and 0.69, respectively. Now, many studies have reported the
ion-transport properties of LGPS. Kamaya et al. [32] proposed Li-ions
diffuse along one-dimensional (1D) pathway (c-direction) formed by
LiS, tetrahedras. They suggested that 4d octahedral Li atoms were less
mobile, so Li-ion diffusion in the ab plane was unfavorable. However,
Zeier et al. [33] presented NPD data in combination with the analyses
of differential bond-valence and nuclear density maps to elucidate
diffusion pathways in LGPS. They found LGPS exhibited quasi-
isotropic 3D lithium diffusion pathways (Fig. 4c). Liu and Feng et al.
[34] approved an anisotropic 3D Li-ion diffusion pathway consisting of
an ultrafast 1D diffusion tunnel (activation energy, 0.16 eV) and fast
in-plane 2D diffusion (activation energy, 0.26 eV) by multiple solid
state NMR methods. Ceder et al. [35] also demonstrated that Li-ion
diffusivity in LGPS occurred along 3D rather than 1D pathway using
the AIMD method. The diffusion pathway in the ab plane connects the
4d octahedral Li-ions to tetrahedral Li (Fig. 4d). Du et al. [36]
suggested that there was a strong correlation between Li-ion diffusion
barrier and its coordination environment, indicating a very weak
anisotropy for Li-ion diffusion of LGPS. Nishino et al. [37] achieved
long-time (2-ns) tight-binding molecular dynamics simulations of Lis_
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«Ge1 PS4 and observed Li-ions diffuse through collective motion.
More specifically, Li atom hops to neighbor Li sites through kicking out
the Li atom sitting there. Furthermore, excess Li atoms or Li vacancies
trigger a new diffusion process where Li atoms are successively kicked
out to the Li atoms in (4b) sites, which drastically reduce activation
energy. The conclusion is similar to that of Xu et al. [38], who
suggested a 1D stringlike cooperative migration mechanism using the
AIMD method. Adams et al. [39] studied the structural requirements
for Li-ion diffusion in LGPS. They suggested that Li-ion diffusion is
dynamically coupled to anion reorientations which drive cation motion
via a paddle-wheel mechanism [40] or a temporary opening of
percolation pathway [41]. Therefore, the cooperative migration and
3D transport are the most likely explanations to unusually high ionic
conductivity of LGPS.

Besides Li-ion diffusion processes, ion-doping, phase stability, and
chemical stability for LGPS have also been studied. Ong et al. [42]
investigated the Lijg . 1MP2X;5 (LMPX, M = Ge, Si, Sn, Al or P, and X
= 0, S, Se) family. They found isovalent or aliovalent cation substitu-
tions had small effect on phase/electrochemical stability and Li-ion
conductivity but anion substitutions have large effect on these proper-
ties. They suggested sulfide LMPX structures were more suitable as Li-
ion conductor because the size of S* is near the size for Li-ion
conduction in this structural framework. At high Li chemical potential
(ury), the LMPX are unstable and tend to form solid electrolyte
interphase (SEI) films. At low py;, LMPO are easily oxidized and
decomposed into M,P,0, and O, gas; LMPS and LMPSe are also likely
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to decompose into P,S;5 (good glass ionic conductor) and PSe,
respectively. In addition, cation substitutions have small effect on ionic
conductivity but anion substitutions cause different ionic conductivities
(the order of conductivity is Se = S > O). However, these results have
not been verified by experiments so far. More recently, Kato et al. [43]
reported two new ISES, Lig_54Sil.74P1.44811,7C10,3 (LSPSCD and
Lig ¢P3S10, which having the same space group with LGPS and showing
excellent ionic conductivity, 25 and 10 mS cm™, respectively. The
anisotropic thermal displacement of Li atoms and nuclear density
distribution in LSPSCI suggest the 3D Li-ion diffusion pathways. The
2D diffusion in the ab plane was induced by the small amount of Cl
atoms located in the PX, (X = S or Cl) tetrahedral.

2.2.2. NASICON-like

The NASICON framework is originated from the NaM,(PO4)3 (M =
Ge, Ti, or Zr), generally with a rhombohedral unit cell (space group
R3c), which consists of corner-sharing PO, tetrahedra and MOg
octahedra (Fig. 5a) [44]. Two MOg octahedras and three PO, tetra-
hedras share oxygen atoms and create the so-called lantern units,
which are assembled to form 3D network structure. When Na atoms
are replaced by Li atoms, the material maintains its NASICON
structure and turns into Li-ion conductor. There are three different
sites in the structure: M1 sites (Lil, 6b, 6-fold oxygen coordination),
M2 sites (Li2, 18e, 10-fold oxygen coordination), and M3 sites (Li3,
between M1 and M2, 4-fold oxygen coordination). For small tetra-
valent cations like Ge and Ti, LiGe»(PO4)3 (LGP) and LiTi»(PO4)3 (LTP)
maintain rhombohedral phase, M1 sites are preferentially occupied by
Li-ions [45,46]. For larger tetravalent cations like Zr, Sn, and Hf,
LiZry(POy)3, LiSny(PO4)3, and LiHf>(PO,4)3 are deteriorated to triclinic
phase under low temperatures (about under 300 K) and Li-ions are
moved to M3 sites [47-49]. All these sites are arranged in alternating
way along conducting channels.

Pure LTP has low ionic conductivity at room temperature but

isovalent or aliovalent substitution of Ti can enhance its ionic
conductivity (Fig. 5b). During recent years, great efforts have been
paid to titanium based materials like Lij Tiso (Ny(POy4)3, LiTis.
«M(POy)3, and Li;(Tis c\Ri(PO4)3, where N, M, and R stand for tri-,
tetra-, and penta-valent cations, respectively. For isovalent substitu-
tion, adopting larger M ion size increases the bottleneck size of Li-ion
diffusion pathway and thereby, decreases the activation energy of Li-
ion diffusion. For aliovalent substitution, the conductivity is increased
by increasing mobile lithium concentration and mobility. Especially,
AI®** substitution shows large impact on the conductivity of LTP.
Bruque and Zahir et al. [50] studied two series of Liy,xAlyGeyTip -
y(PO4)3 (0.2 <x < 0.8; y = 0.8, 1.0) in which larger Ti** was substituted
by smaller Ge** and AI** cations. The highest bulk conductivity
obtained at room temperature was close to 1.0 x 102 Scm™ with
low activation energies (= 0.35 €V). Arbi et al. [51] studied a series of
Li; 4 Tis,xScy(PO4)3 (0 < x < 0.5) with XRD, NMR, and IS techniques.
They found the Li; 5Ti; gSc2(PO4)3 sample exhibited high bulk con-
ductivity (2.5 x 102 Scem™) and low activation energy (0.25 eV) at
room temperature (Fig. 6b).

For Liy Al Ti>(PO4)s (LATP), Arbi et al. [52] indicated that the
substitution of Ti** by AI** and Li* reduced the length of ¢ axis but only
slightly affected the a axis due to the progressive contraction of
octahedra (AlOg) along the c axis. Fourier map differences combined
with neutron diffraction showed Li-ion occupied preferentially M1 sites
in LTP; however, Li ions occupied M1 and M3 sites in LATP (Fig. 5¢).
The increment of the lithium content favors the occupation of M3 sites,
decreasing electrostatic repulsions between Lil and Li3 ions. The
creation of vacancies at M1 sites favors the onset of the fast conduction
regime. Redhammer et al. [53] discussed the structure-conductivity
relationship of Liy, Al Ti»_(PO4)3 (0 < x < 0.5) using a single crystal X-
ray and NPD method. They found the additional Li-ions used for
charge compensation occupied the M3 sites, which are responsible for
the high conductivity of LATP. Arbi et al. [52], Pérez-Estébanez et al.
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[54], and Redhammer et al. [53] suggested that there were two sites for
Li-ions in LATP and Lil content decreased with increased Al substitu-
tion. When Ti atoms were completely substituted by Al atoms, that is
LisTi>(PO4)s3, all Li ions were reported to occupy M3/M3’ sites inside
M2 cavities [55]. Meanwhile, Senyshyn et al. [56] noted that Lil
content in Li; 3Aly 3Ti; -(PO4)3 decreased with increasing temperature,
while Li3 content at M3 site increased (Fig. 5d). However, Pérez-
Estébanez et al. [54] found the additional Li-ion located at M2’ site
(36f, (0.47, 0.31, 0.25)), and the substitution of Al liberated M1 sites,
which causing the disorder of Li atoms. This M2’ site is close to M2
sites but displaced in b direction from the center of the polyhedron.
Therefore, most researchers hold that additional Li-ions used for
charge compensation in LATP occupy M3 sites.

Theoretically, Nuspl et al. [57] studied the Li-ion diffusion path-
ways in LTP and Li;3Aly3Ti; -(PO4)3 using MD method. From
potential energy profile, the energy barrier of Li-ion diffusion in LTP
is about 0.30 eV, which is influenced by electrostatic interactions
around Li-ion. The Al substitution in LATP only slightly influences
energy barrier. Lang et al. [58] studied the ionic conductivity of LTP
and related compounds using DFT method. They demonstrated an
inverse relationship between activation energy and LiOg octahedra size
in LXTP (X represents doping cations) (Fig. 5e). But they found the
bulk diffusion of LTP was only marginally changed by substitution
(activation energies relative to LTP vary within + 0.1 eV) using vacancy
migration, which did not explain the increase in the conductivity of
LATP by 3 orders of magnitude than that of LTP. They proposed that
the Al substitution increased the Li-ion mobility by increasing Li-ion
density and caused interstitial migration with lower activation energy.
Now, there are three speculations for the high conductivity of LATP.

146

The first one was the different thermal expansion or anharmonic
behavior of oxygen atoms between LTP and LXTP. The second one
was low GB conduction derived from the microstructure of LATP. The
substitution of Ti** by AI** may decrease the energy barrier of GB due
to structural change and the degree of densification [59—-63]. The last
one was Al substitution enhanced the mobility of Li by increasing Li-
ion density and lowering activation energies by additional interstitial
migration (additional Li3 ions displacing the Lil sites towards the next
Li3 site). In addition, Kang et al. [64] studied the Li-ion conductivity in
Al-doped LGP . They suggested that the high ionic conductivity of AI>*
doping LGP came from larger Li concentration and new conducting
paths with lower activation energy.

However, the first speculation was excluded by Arbi et al. [55], who
suggested LTP and LATP had almost the same thermal expansion
behavior. For the second speculation, current studies pointed to the
opposite conclusion. Aono et al. [65] proposed that Al doping helped to
improve compactness and deceased GB resistance, which leading to the
high ionic conductivity of Li; 3Aly 3Ti; /(PO4)s. Rettenwander et al. [66]
measured the ionic conductivity of LTP and LATP single crystals
independent of microstructural effects (e.g., grain boundaries, pores,
and density) using microcontact impedance spectroscopy. They found
the ionic conductivity of LATP (1.73 mS em™) was three orders of
magnitude higher than that of LTP (3.16 x 107> mS cm™). The LATP
and LTP samples had identical densities, where changes in crystal
structure were almost linear in the LTP-LATP system by doping AI**
ions. The increase of Li-ion bulk conductivity is intrinsic in nature and
the microstructure is excluded as the reason for the high ionic
conductivity of LATP. Thus, the speculation needs more studies.

At present, the last speculation is the most likely explanation.



B. Zhang et al.

Epp et al. [67] revealed several distinct diffusion pathways in
Liy 5Alo5Ti; 5(PO4)s by 7Li NMR spectroscopy including jumps be-
tween two Li sites (M1 and M3). The activation energy of Li-ion
diffusion was as low as 0.16 eV deduced from rapid Li exchange, which
fully supported recent theoretical work [58]. Recently, Senyshyn et al.
[56] studied Li-ion diffusion pathway in Li; 3Alg 3Ti; ,(PO4)3 by the
analysis of neutron and synchrotron-based X-ray powder diffraction
data and the MEM. The negative nuclear density maps were recon-
structed by the MEM to determine lithium diffusion pathway. They
verified a zigzag shape of Li-ion diffusion pathway (M1-M3-M3-M1)
with an activation energy of 0.33 eV. Emery et al. [68,69] investigated
the Li; 3Aly 3Ti; 7(PO4)3 by solid-state NMR with local structural and
dynamical studies. Li-ion motion occurred through triangular oxygen
planes formed between Ti/AlOg octahedrons and PO, tetrahedrons.
This motion induced the Ti/AlOg¢ stretching distortion. To date, most
bulk activation energies for LATP ranged from 0.15 to 0.33 eV [54,70—
72]. Nonetheless, the last speculation was also questioned by Lang
et al. [58], who suggested additional Li-ions were easily got trapped
near the Al atoms in LATP. Based on the above analyses, we suggest the
last speculation is the most likely explanation but the mechanism
behind it needs further verification.

Currently, for LATP, the main issue is LATP is not stable in contact
with Li-metal. Ti*" in LATP reacts with Li-metal by the form:
Tij;+e—Tip;, which leads to electronic conductivity in LATP.
Therefore, LATP cannot directly match with Li-metal or low potential
anode material. Surface coating of either LATP or anode electrode and
an interposed buffer layer are necessary to passivate the interface.
Besides LATP, Liy,Al,Ge,s_(PO4)3 (LAGP) receives extensive attention
and avoids interfacial reduction reaction. Now, the highest reported
conductivity of LAGP is about 10 mS cm™ at room temperature [73].
There are many common features between LAGP and LATP such as
structure and ion-transport. But GB conductivity of LAGP seems to be
higher than that of LATP [74]. TEM results suggest second phases
AIPO4 and Li,O are present at GB following synthesis of LAGP
[73,75,76]. AIPO4 and Li,O could provide alternative diffusion path
by the adsorption and desorption of mobile Li-ions at GB and may
suppresses the growth of space charge region. For LATP, presence of
AlPO, phase at GB is uncertain. Yamada et al. [77] suggest the phase at
GB of LATP is likely to be amorphous LATP-like phase but not AIPO,.

Right now, element-doping, addition of sintering aids [78], surface
coating [77] and others are studied for enhancing GB conductivity of
LATP or LAGP. The changing of GB conductivity can be explained by
three mechanisms. i) The first one is related to the packing of particles
and/or the misfit dislocations. The misfit dislocations refers to the
lattice mismatch between ISE GBs. The contact among particles
becomes more tightly by changing particle sizes and/or morphology.
ii) The second one is to form conductive phases or layers at GB, which
reduces GB resistance. iii) The last one is change in space charge layer
(SCL) or in ion distribution. The SCL effect has been explained by
previous studies [79,80]. With the SCL theory, GB conductivity
enhancement by coating layer can be explained by the type of charge
carrier, Vy;’ for coating layer and Li;" (interstitial Li) for ISE. Coating
layer adorbs mobile Li-ion at the surface meaning Li depletion for ISE
and Li accumulation for coating layer, which leads to low interfacial
resistance.

2.2.3. Perouskite and anti-perovskite

2.2.3.1. Perovskite. Among oxide-based ISEs, perovskite-type
structure ABX3 (A = Ca, Sr or La; B = Al or Ti; X = O) received great
interest because of their potential applications in ASSLBs. The ideal
perovskite structure with cubic unit cell and space group Pm3m
consists of A-ions at the corner, B-ions at the center, and oxygen at
the face-center. A-ions are in 12-fold coordination and B-ions are in 6-
fold coordination (BXg) that share corners with each other (Fig. 6a).
The introduction of lithium in ABX3 changes the concentrations of both
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lithium and vacancies. The vacancies concentration and their
interactions lead to the ordering of lithium/vacancies in the planes
perpendicular to the c-axis, which significantly affects ionic
conductivity. Li-ions diffuse in the ab plane by vacancies. The
diffusion bottleneck is a square-planar made of oxygen [81]. The
bottleneck size can be increased by placing large rare-earth or
alkaline-earth metal ions in the A site. The larger the bottleneck, the
higher the ionic conductivity [82].

Among perovskite-type solid electrolyte materials, LLTO exhibited
very high bulk ionic conductivity above 10 S cm™ at room tempera-
ture [83—-87]. LLTO displays an alternate stacking with La-rich/La-
poor layers in the crystal structure. Li-ions tend to diffuse within the
La-poor layers as that forms a percolation pathway for Li-ion migra-
tion. However, the large GB resistance results in a total conductivity of
only 10°Sem™ at room temperature [88]. Now, the microscopic
mechanism responsible for this GB resistance has not been totally
elucidated [89]. Chi et al. [90] studied the origin of the large GB
resistance in LLTO through atomic-resolution STEM/EELS analysis.
The results suggested that both Li and La at grain boundaries were
locally depleted, TiOg octahedral undergone significant deformation,
and partial Ti** were reduced to Ti®*. The GB structure is not
energetically preferred for either Li accommodation or transport. But
the STEM just revealed the misfit dislocations in LLZO and they didn't
detect the SCL which is part of GB. The SCL may be another
explanation for the large GB resistance. Moreover, Ti*" is easily
reduced to Ti®* when contacting with Li-metal anode [88,91]. LLTO
phase constituent is difficult to be controlled because high temperature
causes Li»O loss during synthesis [83]. These factors limit the applica-
tion of LLTO in ASSLBs.

2.2.3.2. Anti-perouvskite. In LLTO, Li-ion is at the A sites. But for F-
ion conductor, NaMgF3; and KMgFs, F-ion is the carrier and is at the X
sites [92—95]. Perovskite-type fast ion conductors are generally used as
electrodes and ISEs in fuel cells with O% ion at X sites [96]. Inspired by
these materials, Zhao et al. [82] proposed a novel family of lithium-rich
anti-perovskite (LiRAP) LizOX (X = Cl or Br) as fast Li-ion conductors
(Fig. 6a). They found the structure of LiRAP could be manipulated
quite easily by substitution, e.g., introducing large Br anions at
dodecahedral site to replace Cl anions. Fig. 6b illustrates three
methods to manipulate the structure of anti-perovskite: mixing (left),
doping (middle), and depletion (right). The substitution makes the
following two effects on structures: (i) tuning vacant concentration and
ionic hopping via the Schottky route; (ii) tuning lattice volume and
bottleneck size for Li-ion diffusion. In Fig. 6b (left and middle),
flattened thermal ellipsoid indicates a shallow and flat energy well,
which enhances the mobility of Li-ion. They speculated that the soft
phonon-driven structural phase transitions in the anti-perovskites
could actively promote Li-ion transport. Fig. 6¢ shows the Arrhenius
plots for the ionic conductivities of LisOCl and Li3OClg 5Brgs. They
found there was a phase transition for both materials when the
temperature above 247 °C and the ionic conductivity of LizOCly sBrg 5
sharply increased (6.05 102 Scm™). However, their ionic
conductivities at room temperature were low. Li-ions bond tightly at
octahedral vertices and coordinated with two oxygen anions as the
nearest neighbors. The stable LigO structure provided no ionic hopping
mechanism and resulted in low conductivity. They suggested ionic
conduction is related with the LiCl deficiency which introduced empty
dodecahedral Cl-sites and Li vacancies at the octahedral vertex.
Recently, Zhu et al. [97] demonstrated that mixing Li,O,Brs into
Li3OBr could enhance the conductivity of LisOBr. The ionic
conductivity of Li;O,Brs:LisOBr composite mixture with weight
percentage ratio of 44:56 was 2.4 x 10°° S ecm™ at room temperature,
which is more than one order of magnitude higher than that of pure-
phase LizOBr. Li;O,Br3 is layered anti-perovskite structure and a
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secondary phase during the LizOBr synthesis. However, they did not using AIMD method. They found the occurrence of Li-ion diffusion was

yet obtain a pure phase of Li;O,Br3. Interestingly, compared with other accompanied by an order-disorder transition of Li-ion sublattice. The
fast ion conductors with perovskite structure such as AgsSI [98,99], melting temperature of Li-ion sublattice was below that of its crystal
Li3OX has highly ordered O- and X-ions but anions (S and I) are structure (Fig. 6d), which agreed with experimental observation [101].
disordered in AgsSI. In the perfect crystal structure, the MSD of Li-ion began to increase
drastically at 2000 K. Meanwhile, the MSD of anions (O and Cl) also

Theoretically, Zhang et al. [100] simulated Li-ion diffusion in Li;OX increased with time, indicating a melting of entire crystal structure.
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When vacancy or anion disorder was introduced into the Li;OX, the
melting temperature of Li-ion sublattice was greatly reduced, and Li-
ion sublattice melting preceded the melting of anions. Therefore, the
mobile Li vacancy and anion disorder were main driving forces for
ionic conductivity in LizOX. They evaluated different vacancy types and
calculated hopping between vacancy and Li-ion in Li3OCl. However, all
calculated activation energies (0.367—-1.201 eV) were higher than
experimental value (0.26 €V) [101]. For Li3OCly 5Brg 5, the calculated
activation energy (0.288-0.332 eV) via vacancy migration was also
higher than that of experiment (0.18eV) [101]. The presence of
halogen vacancies (LiX-deficient sample, X = Cl or Br) did not benefit
the Li-ion diffusion in LizOX, which was contrary to experimental
suggestion that LiX-depletion enhanced Li-ion hopping [101]. Deng
et al. [102] further identified a lower barrier of Li vacancy (282 meV) in
LizOX by varying the halide sublattice ordering. They suggested that a
Cl-rich channel with Br-rich endpoints configuration led to low vacancy
migration barriers in LizOX structure. The AIMD simulations sug-
gested that Li3OCly75Brg.5s had a higher Li-ion conductivity than
Li30C10'5BI'0'5.

Emly et al. [103] proposed interstitial migration mechanism with a
dumbbell structure (Fig. 6e). The activation energy for interstitial
migration was 0.17 eV in Li3OCl lower than that of experiment
(0.26 €V) [101]. But the formation energy of Frenkel defect (interstitial
Li-ion) within a 6 x 6 x 6 supercell was up to 1.94 eV. In another
explanation by Lu et al. [104], they considered three types of defects:
LiCl Schottky, Li,O Schottky, and Li interstitial with a substitutional
defect of O on a Cl site (Li, O + CI%—Li®+0(+LiCl). The LiCl Schottky
is equivalent to LiCl-deficient in previous theoretical work [105]. They
found the formation of LiCl-deficient was the most energetically
favorable and LiCl-deficient was the best for Li-ion migration with
low activation energy. In Liz_,OCl; 4 (0.01 < x < 0.15) crystal with LiCl-
deficient, Li-ions migration went through the pathway between V{
pairs, and activation energies (ranging from 0.347 eV to 0.312 eV)
decreased with increasing LiCl-deficient concentrations. Thus, they
proposed that Li vacancy hopping is the main diffusion mechanism in
Li3OCl. Mouta et al. [105] further determined the diffusion mechanism
in LizOCl employing classical atomistic quasi-static calculations
(Fig. 6f). The formation energy of LiCl-deficient was 0.93 eV at 0 K
and 1.01 eV at 300-500 K. The formation energy of Frenkel defects
was 1.59 eV at 0 K and 1.62 eV at 300—-550 K, which was lower than
the value of 1.94 eV reported by Emly et al. [103]. In stoichiometric
crystal, vacancy concentration was several orders higher than that of
interstitial concentration, suggesting Li vacancies were the charge
carriers of Li3OCl. However, in the LiCl-deficient crystal, charge
compensating mechanisms could increase the concentration of inter-
stitials, and the ionic conduction was likely to be driven by interstitial
migration. In the following work, Mouta et al. [106] considered two
possible LiCl-depletion Li;OCl configurations and demonstrated that
Li-ion interstitials outnumber vacancies by 2—3 orders of magnitude in
LiCl-deficient LizOCl using the same method based on interionic
potentials (Fig. 6g). Thus, in LiX-deficient LizOX crystal, interstitial
mechanism is responsible for ionic conduction.

Based on the above analyses, we think that the Li-ion transport
mechanism in Li3OX remains inconclusive. For vacancy mechanism,
the activation energy of theoretical studies [100,105] is higher than the
experimental value [101]. For interstitial mechanism, the activation
energy of theoretical studies [103] is lower than the experimental value
[101]. But the formation energy of interstitial is higher than that of
vacancy [105]. A further understanding of the defect chemistry and
ion-transport pathway is necessary by using theoretical methods.

In addition to LizOX, Li»OHX also has anti-perovskite structure
(Fig. 7h) [107,108]. In the cubic Li,OHX, H-ions tend to form linear O-
H-Cl bonds in Li,OHCl and Li-ions form linear O-Li-O bonds.
Ordered Li vacancies make each O-ion coordinated by 4 Li* and 2 H*
cations. Li-ions migrate via Li vacancy through a triangular 0% (Cl)"»
site (Fig. 6h). Thus, the Li-ion migration is hindered by the coulomb
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repulsion and steric hindrance of the H* ions with a fixed O-H-Cl
hydrogen bond. Liang et al. [109] found overcooling process could
tuning the concentration of defects, and thus affect the ionic con-
ductivity of Li,OHCL Li et al. [108] found the ionic conductivity of
Li>(OH)( oF0.1Cl (part of OH-ions replaced by F-ions) was close to
Li>,OHCI reported by Liang [109], but was about 2 orders of magnitude
lower than Li3OCI reported by Zhao [101]. Therefore, further studies
should be done to enhance the jonic conductivity of Li,OHCL.

2.2.4. Garnet

Ideal garnets process a general chemical formula of A3B>(X04)3 (A
= Ca, Mg, Y, La or rare earth; B = Al, Fe, Ga, Ge, Mn, Ni or V; X = Si,
Ge, Al) where A, B and X are 8-, 6- and 4-fold coordinated cation sites,
which crystallize in a face centered cubic structure with the space group
Ia-3d. In garnet-type ISEs, LizLnsM>0;> (Ln = lanthanides; M = Te,
W), Li5L33M2012 (M = Nb, Ta, Sb), Li6ALa2M2012 (A = Ca, Sr, Ba, Mg;
M = Zr, Sn, Ta, Nb), and Li;LagM>01» (M = Zr, Sn) were widely
studied. Among them, LisLasM,0, was the first reported Li-stuffed
garnet. Fig. 7a shows the ideal crystal structure of LisLazM,0;». For
LisLazM»0,, (M = Nb, Ta), La and M sites can be substituted by other
metal ions leading to Li-rich garnet, such as Lig(Ala);Zr; 4Tag 012 (A =
Mg, Ca, Sr, Ba), Lig4LazXO;» (X = Zr;4Tage, Zr;,Wo3), and
Li;La3Y»015 (X = Zr, Sn). In LisLasM>01,, Li-ions are distributed at
both tetrahedral (24d) and distorted octahedral (48g/96h) sites, which
was confirmed by Cussen et al. [110-112] using NPD method. For
LisLasZr,0;,, there are two phases: high-temperature cubic phase
(space group Ia-3d) and low-temperature tetragonal phase (space
group [41/acd). The cubic-LLZO (c-LLZO) exhibited higher ionic
conductivity than tetragonal-LLZO (t-LLZO). In c-LLZO, there are
three occupied sites for Li-ions, tetrahedral sites (24d), octahedral sites
(48g), and off-centered octahedral sites (96h), respectively. Li-ion
sublattice is always ordered (all Li sites either full or empty) in t-
LLZO, while the Li sublattice is always disordered (all Li symmetry
sites partially occupied) in c¢-LLZO. The 3D network structure in c-
LLZO is formed by face-shared tetrahedral and octahedral.

Partial or total substitution at La and/or M sites for garnet-type
ISEs is an important strategy to tune their ionic conductivity. Among
doping compounds based on LisLazM>0;,, Ta-doped garnet,
Lig 4LasZr; 4Tag 6015 (LLZTO), had an ionic conductivity 1.0 mS em™
at room temperature with apparent activation energy of 0.35 eV [113].
Later, Wang et al. [114] prepared dense LLZTO sheets and obtained a
conductivity of 1.02 mS cm™ at room temperature. Thangadurai et al.
[ 11 5] studied the Li6'65L32_75B30'252r1 '4Tao'5Nb0'1012 and
Lig4LasZr; 4Tag6xNbiO1> (x = 0, 0.1, 0.2, and 0.3) by La-Zr double-
doping (La-sites substitution with Ba and Zr-sites substitution with Ta
and Nb). They found the Lig 4LasZr; 4Tag 601> member exhibited high
bulk ionic conductivity of ~ 0.7 mS em™ at room temperature with an
activation energy of 0.26 eV. For c-LLZO, Inada et al. [116] synthesized
Lig sLas Ba,Zry 5.4Tag 5.x012 (LLBZT) ISE by adopting La-Zr double-
doping means (La-sites substitution with Ba and Zr-sites substitution
with Ta). Their results suggested that the optimum doping proportion
on the ionic conductivity of LLBZT were 0.1 Ba and 0.6 Ta, respec-
tively. The activation energies of Li-ion diffusion decreased with the
increasing of Ba content. Bernuy-Lopez et al. [117] studied the Ga-
substituted Li;LasZr,01, and found the substitution of Li by Ga created
Li vacancies which enhancing the Li-ion conductivity. Guo et al. [118]
also studied the Ga-doped LLZO and gave the optimum Ga concentra-
tion in Li, 3,Ga,LasZr,0O1,. Rettenwander et al. [119] prepared the Ga
and Al co-doped samples Lig 4Alj».xGa,LasZr,015, and ionic conduc-
tivity increased from 2.6 x 10* to 1.2 x 102Sem™ at room
temperature. Buannic et al. [120] presented La-Zr double-doping
(La-sites substitution with Ga and Zr-sites substitution with Sc¢) to
improve ionic conductivity of ¢-LLZO. They suggested that double-
doping resulted in a unique Li-ion local structures enhancing ionic
conductivity and lowering activation energy.

The ion substitution is also helpful to stabilize high conductive
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cubic phase and suppress the formation of low conductivity phases,
especially Al-dopant. However, for Al-doped c-LLZO, there are some
debates. The first disputed point is the site of Al-dopant in c¢-LLZO.
Geiger et al. [121] found there are two different Al positions (24d and
96h sites) in ¢-LLZO by 2’Al NMR spectra. Yang et al. [122] and
Buschmann et al. [112] also employed 2’Al NMR method to elucidate
the occupied sites of Al. They suggested that Al-ions were located on
the 24d sites. NPD studies also had opposite results, most studies
suggested Al-ions were located at the 24d sites [119,123,124]; few
suggested Al-ions were at the 48g sites [124]. Theoretically,
Rettenwander et al. [125] indicated that Al-ions at 24d sites are
energetically favorable, followed by Al-ions at 96h and 48g. Shin
et al. [126] gave the same results but the Ta-ions incorporation (Li;.
axyAlxLasZr, yTa,015) could displaced most of Al-ions from the 24d to
96h sites, providing more open space for Li-ion transport as well as the
increased amount of Li vacancy. The calculated energies of LLZO with
Al in 24d and 96h sites are shown in Fig. 9b.

The second argument point is the role of Al-dopant in stabilizing c-
LLZO. Although almost all studies agree that Al-dopants at 24d sites
block the Li-ion diffusion path [123,126,127], how Al-dopants stabi-
lized the cubic phase of LLZO and whether Al-dopants could reduce
ionic conduction are still contentious questions. Buschmann et al.
[110-112] suggested the Al-doping could stabilize the ¢-LLZO phase
by enhancing the disordering of Li-ion sublattice. Each Al-ion replaced
three Li-ions at the 24d site for charge neutrality, and thus each Al-ion
made two Li vacancies. Adams et al. [128] found that structural phase
transition temperature (t-LLZO — c¢-LLZO) was low at Lig 5 content,
and the substitution of Ta®* on Zr** increased Li vacancy concentration
to stabilize the cubic structure. Bernstein et al. [129] suggested Li-ion
vacancies increased configurational entropy of LLZO and reduced
energy gain from disordering, which leading to a low phase transition
temperature. Therefore, the vacancies in Li sublattice introduced by
ion-doping stabilized the cubic phase. An et al. [130] studied the
synthesis of Al-doped LLZO by in-situ NPD method to visualizing the
structure's evolution in real time. In Al-free LLZO sample, the
evaporation of Li,COj3 in the synthesis process of LLZO caused the
low conductivity intermediate phases (LasZroO; and Li»ZrOs). They
found Al-dopant promoted the completion of formation reaction for c-
LLZO. However, Al-dopant also led to a side reaction to low con-
ductivity phases such as LaAlO3; and LiAlOs. Ying et al. [131] found
that Al-doping content is vital for the stability of c-LLZO. When Al-
doping content was low (0.2 and 0.7 wt%), LLZO exhibited both phases
(c-LLZO and t-LLZO). When Al-doping content reached the 1.2 wt%,
only c¢-LLZO was present. When Al-doping content was high (2.5 wt%),
the LazAlO3 impurity would exit in the sample. But the EIS results
indicated that LazAlO3 had little effect on ionic conductivity.

It is generally agreed that the effects of ion substitution on ionic
conductivity as well as migration pathway are due to the change of the
Li-ions content and the Li-ions distribution over tetrahedral and
octahedral sites. For alkaline earth ions doped Lis,AcLas.
122011 5.0.5x, Murugan et al. [132] found the ionic conductivity was
controlled by both lithium and oxygen concentration. In the following
work, they pointed out that the ionic conductivities of LigBaLa>Ta>01o
and LisLasTa>0;» were dependent on the concentration and mobility of
mobile Li-ions [133]. Ba substitution had an order of magnitude
increase in the concentrations of mobile Li-ion. The concentration of
mobile Li-ion was independent on temperature. The mobility of Li-ion
was related to the occupancy of Li-ion in the tetrahedral sites of garnet
phases. Cussen et al. [134] studied the Lis,Ba,Las_,Ta>0;5 (LBLTO)
using NPD method. They found Li-ions at the central 48g sites moved
towards the off-centered 96h sites within the octahedral sites due to
repulsive forces between Li-ions in tetrahedral sites and octahedral
sites. In the following work [135], they found the occupancy of
distorted octahedral sites in Liz,NdsTe;Sb,O1o increased with
lithium content, while the occupancy of tetrahedral sites reduced.
The fast ionic conductivity occurred via a network of edge-linked
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distorted oxide octahedral with tetrahedral sites playing no part in
diffusion properties. Buannic et al. [120] found high Sc substitution
content of Lis 55.yGag.15LasZro,ScyO1o resulted in low ionic conduc-
tivity, as shown in 9c. To find out, they investigated the occupation of
Ga and Li in Lig 55.yGag 15LaszZro,Sc,012 (LGLZSO) with low (y = 0.10)
and high (y = 0.20) Sc content using NMR and DFT methods. Under
low Sc content, Ga was at 24d sites for low Sc content, and the presence
of Sc increased both the concentration and disorder of the Li in
LGLZSO. Under high Sc content, Ga moved from tetrahedral 24d to
octahedral 96h sites, hindering the Li percolation network. Based on
these analyses, they suggested that the Li-ion mobility at 96h sites was
higher than 24d sites. This is consistent with what Shin et al. [126]
suggested in the double-doped Li; sy AlLazZr, Ta,O15. An et al.
[123] studied Li6_28A10'24L33Zr2012 and Li5.8Zn0,6La3Zr2012 using in-
situ NPD experiments. They suggested that ionic conductivity was
determined by active vacancy density, meaning the density of octahe-
dral site vacancy (Fig. 7d and e). The active vacancy density could be
controlled by the valence and concentration of aliovalent doping. High
ionic conductivity of LLZO could be obtained by high valence dopants.
The high valence dopants could not only suppress the formation of low
conductivity phases such as secondary phases and tetragonal phase,
but also increased the content of active vacancy. Jalem et al. [136]
found Ga-dopant did not change the lattice constant nor contribute to
any significant structural distortion using MD simulation. They found a
decreasing trend under low Ga content and flat trend under high Ga
content. The density plots of mobile Li-ions suggested Li-ion transport
pathways were interrupted by Ga, as shown in Fig. 7f.

Li-ion transport mechanism in garnet-type conductors was studied
by experimental and theoretical methods. Cussen et al. [134] observed
LiLi dimers with short distance of 2.44 A in LBLTO by NPD method.
The high displacement parameters of Li-ions at 24d sites and the short
distances suggested a complex cooperative mechanism in LBLTO. For
migration pathway, two potential pathways are proposed by Baral et al.
[137], as shown in Fig. 7g. In route A, Li-ions migrate between two
octahedral Li sites via interstice bypassing their common tetrahedral
neighbor, i.e., the tetrahedral Li sites do not participate in the
migration process. In route B, Li-ions move through shared triangular
faces that separate the octahedral and tetrahedral polyhedral, i.e., Li-
ions at tetrahedral sites participate in the migration process. The route
A was suggested by Li NMR studies by Cussen et al. [135] and Wullen
et al. [138]. Cussen et al. did not find the Li-ion movement or hopping
between tetrahedral and octahedral sites in Lis,NdsTe, ,SbyOqo.
Wullen et al. found both °Li-[55]-CPMAS-NMR spectra and 2D
exchange NMR in LisLasNb>O;» suggested that Li-ion migration from
one octahedral site to another, whereas the tetrahedral sites seemed to
act as a trap for Li-ions. However, the route B was also evidenced by
NMR. Using high resolution NMR in a series of Li7.oy3yAlLasZrs.
Wx01o, Wang et al. [139] demonstrated a Li-ion migration path of
24d-96h-48g-96h-24d and found Li-ion migration at 24d sites is the
rate-determining step (Fig. 7h). The results were consistent with
another experimental observation using high temperature NPD tech-
niques coupled with MEM analysis [53,113,122,140—143]. They also
found a Li-ion 3D diffusion pathway consisting of interlocking Li(24d)-
Li(96h)-Li(48g)-Li(96h)-Li(24d) chain segments. Using DFT calcula-
tions, Xu et al. [144] found that Li-ion migration through tetrahedral
sites had lower energy barrier, suggesting tetrahedral sites participated
in the diffusion process. Jalem et al. [145] investigated ion-transport
mechanism in ¢-LLZO using AIMD calculations. They suggested high
bulk conductivity was attributed to the cooperative diffusion of Li-ions
at adjacent tetrahedral and octahedral sites, in which the cooperative
diffusion occurs under two conditions: (i) Li arrangement with the 48g/
96h-24d-48g/96d, (ii) unstable residence of Li-ion at the 24d sites
(Fig. 8i). Jalem et al. [146] further studied Li-ion dynamics in garnet
cubic LisLazTa>O;> by AIMD -calculations. They found the Li-ion
transport follows a cooperative mechanism with the presence of
vacancy dimers. Now, it appears that route B is more persuasive than
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route A.

Based on the above analyses, recently more and more researchers
tend to the route B, that is, Li-ion migration occurs through tetrahedral
sites. However, as mentioned in the prior paragraph, recent studies by
Buannic et al. [120] and An et al. [123] implied Li-ion mobility at
octahedral sites was higher than tetrahedral sites. Therefore, we believe
further study is necessary to fully understand the mechanism of Li-ion
transport in garnet ISEs.

3. Stability: phase stability and interfacial stability
3.1. Phase stability

Phase stability is an essential problem for ISEs. Deep understand-
ing on phase stability is helpful to obtain target products with
optimized structures and compositions and to offer the information
of safe and stable working conditions. Phase composition and phase
evolution can be illustrated concisely and directly in the phase diagram.
Here, we briefly summarize typical research activities on phase
diagram and phase stability for ISEs (Fig. 8). Pseudo-binary phase
diagram is a useful tool to study the phase transition of electrolytes
with temperature and composition. Compositional phase diagram can
evaluate the phase equilibria of ISEs with composition. Grand potential
phase diagram can evaluate the stability of a specific ISE in equilibrium
with an external environment. Usually, the phase equilibria of ISEs are
in equilibrium with an opening lithium sink of p;. By studying phase
equilibria and decomposition reaction energies of ISEs with respect to
Ui, we can evaluate the chemical/electrochemical stability and the
decomposition interphases of ISEs, and thus quantify the extension of
electrochemical window.

The chemical and electrochemical stabilities of ISEs have been
studied in detail by theoretical calculations [35,147-151]. Mo et al.

[35] studied lithium grand potential phase diagrams of the Li-Ge-P-S
system at various py;. They suggested that LGPS got reduced by lithium
insertion at high py;, resulting in LGPS decomposition (Li»S, LizP, and
Li;5Gey). With the decrease of pp;, LGPS got oxidized by lithium
extraction and was decomposed into LiXS system (Li3PS, and Li4GeSy4)
and XS system (P,Ss, S, and GeS,). Thus, LGPS is instable against Li-
metal or high voltage cathodes materials. Shi and Wang et al. [9] used
similar approach to construct the lithium grand potential phase
diagrams of the Li-P-S system to examine the phase equilibria of
Li3PS,4. According to their results, the intrinsic stable range of LizPS,
was limited to 1.72-2.31 V (corresponding to -3.62 to -4.21 eV of ;).
Richards et al. [152] studied the pseudo-binary phase diagram of the
LiZnPS4-y-LizPS, system by the combination of phonon and cluster
expansion with MC calculations. The phase diagram showed that the
Li»Zng 5PS, composition was stabilized above 950 K.

For anti-perovskite type LizOX, Emly et al. [103] found the anti-
perovskite Li3OX was metastable to be relative to Li,O and LiX.
Although the band gap of Li3OCl exceeded 5 €V, Li3OCl was decom-
posed into Li»O,, LiCl, and LiClO4 above 2.5V, suggesting that these
anti-perovskite materials were only suited for low-voltage Li batteries.
Zhang et al. [100] constructed the ternary Li-O-Cl and Li-O-Br phase
diagrams using well-known Li-O-Cl and Li-O-Br compounds. They
suggested that LisOX was energetically unstable at 0 K and the
reaction, Li3OCl (Li3OBr) — LiO + LiCl (LiBr), would happen
spontaneously. The lithium grand potential phase diagrams of Li-O-X
and Li-O-Cl-Br suggested the forming of Li>O and LiX at high py;. As is
known to all, the Li,O and LiF are main SEI components in liquid
organic electrolytes and they are proven to be Li-ion conductors
[153,154]. Therefore, the Li>;O and LiX compound may form a SEI-
type layer between anode and LizOX. When the potential py; was lower
than -2.9 eV, Li3OCl began to appear as the oxygen-containing phase.
At even lower py; (-3.2 eV), Li3OCl decomposed to Cl, and ClO,. Chen
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et al. [104] investigated the stability of Li3OCl using a harmonic
phonon model. They found that LizOCl was mechanically unstable to
octahedral rotations. Structures involving octahedral tilts had lower
energy than cubic Pm3m, and LisOCl was indeed stabilized by
vibrational entropy at temperatures lower than 480 K.

Recently, Ceder et al. [155] developed a computational methodol-
ogy including grand potential phase diagrams using pymatgen software
package and DFT software package to examine the thermodynamics of
ISEs. The predicted formation of the interphases agreed well with
experimental results. They found thiophosphate electrolytes had espe-
cially high reactivity towards high voltage cathodes and a narrow
electrochemical stability window. They tabulated the stability and
predicted the interphases for a wide range of ISEs, coating, and
electrode materials, and provided a number of high-performing
combinations. Using this methodology, the decomposition reactions
between spinel cathode and electrolytes (LATP and LLZO:Ta) were
theoretically predicted [156]. These results are a valuable resource for
researchers to find stable cathodes to improve performance in solid-
state batteries with electrolytes bonded to cathodes.

Furthermore, temperature and the lithium/oxygen partial pressure
are crucial process parameters to obtain high-quality ISEs. Kanno et al.
[157] constructed the phase diagram for the quasi-binary Li,GeS4-
LizPS; system including LGPS. The end-member Li,GeS; has a
compositional range of 0 <k <0.3 in [(1-k)Li;GeS,; + kLi3PS,], while
the other end-member y-LizPS4 has no solid solution range. Hupfer
et al. [158] suggested LATP has high stability against water, allowing
water based production processes. In LATP, as the substitution level of
Al increasing, LATP loses rhombohedral structure because of differ-
ences in ion size and valence. Duan and Liu et al. [159] suggested that
LLZO show good air stability by sintering LLZO pellets in Pt crucibles
and alumina crucibles. The air stability is directly correlated with the
formation of Li»COj5 after long time air exposure. The phenomena were
also supported by other researchers [160,161].

3.2. Interfacial stability between ISEs and electrodes

The interfacial structure between ISEs and electrodes is a key factor
for electrochemical performances of ASSLBs, such as rate capability,
coulombic efficiency, and cycle stability, due to interfacial resistance
[162,163]. Generally, high interfacial resistance has the following
reasons: (i) poor interfacial contact; (ii) interfacial degradation by
element mutual diffusion; (iii) impediment of ion diffusion by space
charge layer; (iv) interfacial stress induced by volume change; (v)
decomposition at the interface. For ASSLBs, there are several methods
to enhance the ionic conductivity of the interface: (i) enlarging contact
area through experimental fabrication, such as softening glassing; (ii)
modulating materials' morphology, such as porous garnet ISE interface
structure [164]; (iii) modifying ISE/electrode interface by coating
material, such as Al,O3 [165]. In addition, as the definition by
Wengzel et al. [166], there are three different types of interfaces based
on the interphase properties (Fig. 9): (i) the stable interface with no
decomposition or interphase layers; (ii) the interface formed mixed
ionic/electronic conducting interphase (MCI); (iii) the interface formed
with stable SEI. Moreover, typical application examples for the ISEs in
ASSLBs are reviewed in Table 3. As shown in the table, the interfacial
resistance and stability in ASSLBs receive extensive attention. The
coating of ISEs or electrodes, adopting bilayered ISEs, and optimiza-
tion of interfacial structure to improve the interfacial stability and
decrease the interfacial resistance have been widely studied.

3.2.1. Interface between ISEs and anodes

For the anode side, Li-metal electrode is desired for ASSLBs with
high energy density. For LISICON-like structures, earlier study sug-
gested that LGPS was stable against Li-metal anode because only
currents corresponding to lithium deposition and dissolution were
found in CV measurements [32]. However, conflicting studies reported
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that LGPS was indeed reduced by Li-metal, forming Li,S [167,168].
For this question, Zeier and Janek et al. [169] analyzed the interface
using in-situ XPS combined with time resolved electrochemical mea-
surements. They found the decomposition of LGPS led to the formation
of interphases composed of LizP, Li>S, and Li-Ge alloy (Fig. 10a).
Hirayama et al. [170] reported an all-solid-state Li-ion battery includ-
ing LiNigsMn; 504 (LNMO) cathode, LGPS ISE, and Li-metal anode.
They suggested a SEI-like layer containing Li,S was formed at LGPS/
Li-metal side, which could suppress the further decomposition of
LGPS. The same interphase (Li,S) was also formed between Li,P3S;;
and Li-metal [171]. The theoretical calculations from DFT suggested
that LGPS was reduced to Li,S, LisP, and Li;5Ge, at a low potential and
was oxidized to P»Ss, S, and GeS., at high potentials [35]. Recently,
Jung et al. [167] confirmed that the structure of LGPS was altered even
at 0.6V (vs. Li/Li*), most likely forming an Li»S phase, which
explained significant degradation in the cycling of TiS,/LGPS/Li-In
solid-state batteries. The poor chemical stability of ISEs with Li-metal
was also found in LisSnS, because of the reduction of tin [172]. In
order to address this issue, two methods may be used: (i) modifying the
surface of ISEs or passivating the Li-metal electrode; (ii) alloying Li-
metal to produce Li-M (M = In, Si, and Al et al). Liang et al. [172]
found that 3LiBH,4-Lil was a good protective coating layer for Li4SnS,
to improve its compatibility with Li-metal. Li-In alloy with a charge/
discharge mechanism involving alloying and de-alloying (xLi* + xe™ +
M - LiyM) and a flat voltage plateau (0.62 V) was mostly used [173].
This is because when the In-coated ISEs contact Li-metal, the alloying
process occurs between surface In- and Li-metal anode which sponta-
neously “seals” the In/Li interface. Therefore, resistances existing at
both the In/ISE and In/Li interfaces were lowered.

Furthermore, spatially resolved EELS combined with STEM found
an interphase layer between LiPON and Si anode [174]. NASICON-type
structure LATP and LAGP undergoe degradation reactions at the
LAMP/Li-metal interface by forming MCI interphase [175]
(Fig. 10b). In the case of Lij3sLags5TiO3, Wenzel et al. [166] found
the formation of reduced titanium ions and/or metal using photoelec-
tron spectroscopy. Perovskite and anti-perovskite electrolytes are
instable with Li-metal, where an apparent interfacial reaction occurs
between ISEs and Li-metal [103]. Liang et al. [109] showed that the
Li,OHCI formed a stable SEI-like layer at Li-metal anode side
(Fig. 10c). Li;OHCI reacted with metallic lithium to form Li,O and
LiCl enabling the Li/Li;OHCI/Li symmetric cell to cycle hundreds of
times. Li et al. [108] studied the Li»(OH)g oF¢.1Cl solid electrolyte in an
all solid state Li/LiFePO, battery. Li,(OH)qoF 1Cl solid electrolyte
showed good cyclability and a high coulombic efficiency over 40 charge
and discharge cycles.

Cubic garnet LLZO is believed to have an excellent stability but poor
contact with Li-metal anode [176,177]. Recently, the stability of LLZO/
Li interface was challenged by Chi et al. [178]. They found a t-LLZO
interphase between c-LLZO and Li-metal using the EELS associated
with in-situ STEM. The t-LLZO interphase could effectively prevent
further interfacial reactions while maintained a facile ionic conductivity
(Fig. 10d). Moreover, to reduce the interfacial resistance at the LLZO/
Li-metal interface, sintering with an appropriate amount of Al,O3
[179] and porous-interface-engineering of LLZO/Li-metal to densify
LLZO ISE [164,179] were developed. Afyon and Rupp et al. [164]
studied the effects of electrode/electrolyte interfacial microstructures
using Lig 25Alg 05La3Zr,0q5. They found porous garnet ISE interface
structure enhanced Li-ion transfer at electrode/electrolyte interface.
Sudo et al. [180] found Li/LLZTO/Li cells showed a “short circuit” after
polarization under a current density of 0.5 mA cm™ [180]. The short
circuiting was due to lithium dendrite formation. Recently, Ren et al.
[181] found Li/LLZTO/Li cells also showed the short-circuiting
phenomena after polarization. They directly observed the Li dendrite
inside LLZTO using SEM micrographs, questioning the stability of
LLZO/Li interface and the effectiveness of garnet ISEs in preventing Li
dendrite growth. More studies are needed to confirm these findings as
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Fig. 9. Schematic diagram of cathode-ISE-anode interface and three types of interface. Types of ISE/electrode interfaces: non-reactive and no interphase; reactive and MIC interphase;

and reactive and metastable SEI interphase.

these findings are from SEM analyses. In addition, to improve the
wettability of LLZO with Li-metal, Wachsman and Hu et al. [182]
coated an  ultrathin layer = of amorphous Si  over
Lig.gsLas oCag 1Zry 75Nbg 25012 (LLCZN). This coating layer changes
the Nb and Ca double-doped LLZO from “super-lithiophobicity” to
“super-lithiophilicity”. Lithiated Si acts as a Li-ion conductor layer and
supporting role, which reduce the interfacial resistance and enhance
interfacial stability. Later, they coated ultrathin Al,O3 film over LLCZN
by atomic layer deposition [183]. The lithiated Li,Al,O, enables both
good stability and wettability of Li-metal in contact with the garnet
electrolyte surface and allows effective Li-ion transport.

3.2.2. Interface between ISEs and cathodes

Kazuo et al. [184] directly observed the electric potential distribution at
LiCoOx/Lij x+yAlyTis.,SixP3.4012 (LCO/LATSPO) interface (Fig. 11a)
during charge-discharge process using quantitative electron hologra-
phy within TEM. Li-ion diffusion at the interface led to a steep
potential drop near the interface and a gradually extended slope in
solid electrolyte, which suggested that resistance was mainly contrib-
uted by the area near the interface. Hirayama et al. [170] reported
decomposition products formed at the LGPS/acetylene-black interface,
which could restrict the conduction of electrons and/or Li-ions in the
cathode. Takada et al. [185] studied the LiCoO,/LPS interface and
found Li-ions at the electrolyte side of interface were depleted because
of large difference in chemical potentials between LCO and LPS
electrolytes, which decreased Li-ion conductivity. They adopted the
SCL theory to explain the above phenomenon (Fig. 11b) [186,187]. The

The interface between ISEs and cathodes was also studied recently.

Table 3.

Reported all-solid-state lithium batteries.

ISE Cathode Anode Purpose Specific effort or finding Ref.
LISICON-like
LSPSCl LiNbO3-coated LiCoO,@AB LiyTis01.@AB Suppressing ISE decomposition Coating [43]
LGPS LiNbO3-coated LiCoO,@AB LiyTis01.@AB Coating [43]
Lio ¢P3S12 LiNbOj3-coated LiCoO,@AB LisTis01.@AB Coating [43]
LGPS rGO@S@AB Li-metal Reducing interface resistance and stress/strain ~ Coating [214]
of sulfur cathodes
LGPS@doped LizPS; rGO@S@AB Li-metal Suppressing ISE decomposition Bilayer ISEs design [214]
LGPS@ Li;P3S;; Cu,yZnSnS,/GP Li-metal Suppressing ISE decomposition Bilayer ISEs design [3]
LizP3Sq1 CogSg@Li,P3S;; Li-metal Decreasing interfacial resistance Interfacial architecture [16]
LGPS LiNbO3-coated LiCoO, In-Li alloy Suppressing ISE decomposition Coating and alloying [215]
LGPS LiNbOj3-coated LiNipsMn; s04@AB  Li-metal Coating [170]
NASICON-like
LATP LATP modified LiCoO» Li-metal Suppressing side reaction at the interface Modifying LCO [216]
LiZr»(POy4)3 LiFePO,4 Li-metal Testing interface stability Self-passivation [217]
Polymer@ LATP LiFePO4 Li-metal Suppressing dendrite growth Interfacial architecture [218]
Pervoskite
LLTO LiCoO, LisMn5s012 Decreasing internal resistance Honeycomb structure of LLTO [219]
LizOCl Li-metal Li-metal Testing film conductivity and stability ISE Films enhancing conductivity — [220]
Li,OHCl Li-metal Li-metal Testing stability against Li-metal Self-passivation [109]
Lio(OH)X (X=Cl, Br) Polymer@LiFePO,@C Polymer@ Li-metal Suppressing ISE decomposition Substitution of OH™ by F~ [108]
Garnet
Si@LLCZN Li-metal Li-metal Decreasing interfacial resistance Coating ISE [182]
AlLO3@LLCZN Li-metal Li-metal Decreasing interfacial resistance Coating ISE [183]
LLZO Nb@LiCoO» Li-metal Decreasing interfacial resistance Coating LCO [198]
LLZO LizBOs@LiCoO» Li-metal Suppressing the phase transition at LiCoO, side ~ Coating LCO [199]
LLZO LiFePO4 Li-metal Testing the effect of humid air Forming insulating layer at grain ~ [221]

boundary

Reduced graphene oxide (rGO), acetylene black (AB), and graphene (GP).
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approximately 12 h contact with Li-metal [175]. (¢) SEM of interface between Li,OHCl and metal Li [109]. (d) Schematic illustration of the observed interface behavior when ¢-LLZO is

contacted with Li-metal [178].

SCL theory was evident by the potential slope at the initial stage of
charging in the voltage profile. Later, they found coating LCO using
electron-insulating and ion-conducting oxide materials such as LiNbO3
[188], LisTisO;» [185], and TaO5 [189] as a buffer layer could suppress
the formation of a space charge layer and decrease interfacial resistance.

Except for the SCL theory, some authors suggested that the cause of
interfacial resistance might be ascribed to the formation of a defective
layer induced by chemical reactions and mutual diffusion at the interface
[190-192]. Also at the LCO/LPS interface, the defective layer and the
mutual diffusion of Co were observed by TEM [193]. Recent theoretical
work [194] (Fig. 11c) calculated exchange energies at LCO/LPS interface
and revealed that the Co < P exchange energies and Co < Nb exchange
energies were negative (thermodynamically favorable) and positive
(thermodynamically unfavorable), respectively. A lower interfacial state
in the energy gap occurred after Co < P exchange, which further
stabilized the Co < P exchange. The LiNbO3 (LNO) buffer layer
suppressed such mixing because the exchange of Co and Nb was
energetically unfavorable. The electronic conductive (NiS or CoS) coating
on LCO also improved the electrochemical performance of cathode [192].
Other authors suggested poor performance of bare LCO was ascribed to
structural degradation originating from mutual diffusion of elements at
the interface [193]. Woo et al. [195] reported a uniform nanoscale Al,O3
layer deposited on LCO could also benefit the cyclic performance of solid
state battery by reducing the formation of an interfacial layer.

For cathode/garnet interface, interfacial resistance is critical. Miara
et al. [196] calculated reaction energy for LLZO against LCO, LiMnO,
(LMO), and LiFePO, (LFP) over a voltage range of 0—5V vs. Li/Li*
using DFT method. The results indicated that LLZO/LCO was the most
stable while LLZO/LFP was the most reactive, forming Li3;POy,
La,yZr,0-, LaFeOs3, and Fe,O3. However, these results have not been
confirmed by experiments. Various methods, such as doping or
elemental substitution [197], growing a thin layer (amorphous Li-
Nb-O) over garnet [198] and fusing cathode and garnet together [199]
were used to minimizing interfacial resistance. Yasutoshi et al. [198]
decreased the LLZO/LCO interfacial resistance by introducing a thin
Nb layer (~ 10 nm) at this interface, which dramatically improves cycle

stability and rate capability. The Nb layer could restrict element mutual
diffusion at the interface. Goodenough et al. [199] studied the interface
between LCO and LLZO (Fig. 11d). They found high-temperature
process for fusing LCO and LLZO induced cross-diffusion of elements
and formation of low conductivity t-LLZO phase at the interface. This
phase transition is a result of Al depletion in c-LLZO since Al can
stabilize cubic LLZO. By introducing the Li3BO3 into LCO/c-LLZO
interface, the coated layer could restrict Al diffusion from c-LLZO to
LCO and enhance interface stability. Thermal process also induced
unfavorable products between high voltage spinel cathode materials
(LisXMn30g, X = Ni, Fe, and Co) and ISEs (Li; 5Alj 5Ti; 5(PO4)3 and
Lig gLasZr; ¢Tag 4010) [156]. For the spinel materials plus electrolytes
mixtures, thermal decomposition occurred forming insulating phases
at temperatures above 550-600 °C. Thus, high temperature co-sinter-
ing formed dense cathode composites between spinel cathodes and
oxide electrolytes resulted in products with high interfacial impedance.

4. Conclusions and perspectives

In this review, we concentrate on the ionic conductivity and
stability of ISEs by discussing defect chemistry, ion-doping or ele-
mental substitution, ion-transport mechanism, phase stability and
interfacial stability in four representative inorganic solid electrolytes
(LISICON-like, NASICON-like, perovskite/anti-perovskite and garnet).
We highlight the roles that advanced measurement techniques and
computational methods play in studies of ion-transport mechanism
and interfacial stability. We review the general illustration of structures
and fundamental features important to ionic conductivity or stability.
Through the literature review in this field, we summarize some general
design principles of ISEs and bring forward possible research direc-
tions for ISEs.

4.1. Common features of Li-ion transport mechanism

These atomic-scale investigations in Section 3 allow us to gain
valuable insights into the relationship between structure and ion-
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Fig. 11. (a) Macromeasurement of the battery reaction [184]. Top: schematic illustration of the sample, and bottom: initial Li-insertion/extraction reaction of the LATSPO/Pt half cell
at 3.0-1.5 V (vs. Li*/Li). (b) Schematic illustrations of interfacial Li concentration for the LCO/LPS and LCO/LNO/LPS interfaces [185]. (c) Schematic of the Li-ion mutual diffusion at
LiCoO,/LPS interface [194]. (d) Interphases for TOF-SIMS-enabled three-dimensional elemental maps of the LiCoO,/LLZO interface [199].

transport property in LISICON-like ISEs. Four important common
features are suggested as follows.

i) The first indication that Li-ion diffusion prefers through a co-
operative migration mechanism via interstitialcy or vacancy. In
L3PS,, the formation of interstitial Li-ion is energetically favorable,
and cooperative migration is via interstitialcy. In LLZO, coopera-
tive migration is suggested by theoretical studies, and the Li-ion
migration is via Li vacancy because many Li-ion vacancies exist in
lattice sites. One Li-ion hopping easily induces a large volume-
expansion/contraction-strain during Li-ion migration, which is
greater than for cooperative migration because of steric reasons.
The volume-expansion/contraction-strain affects potential energy
surface, which leads to different energy barriers. Recently,
Recently, Mo et al. [200] suggest that Li-ions occupying high-
energy sites can activate cooperative migration with a reduced
migration energy barrier. During the cooperative migration of

155

ii)

multiple ions, the Li-ions located at the high-energy sites migrate
downhill, which cancels out a part of the energy barrier felt by
other uphill-climbing Li-ions. Yi Cui, professor of materials science
and engineering of Stanford University, commented this work
offers a new and important insight on fast ion transport and
provides new materials principles for finding the new solid
electrolyte. Gerbrand Ceder, Professor at UC Berkeley commented
that this work provides another important step forward in under-
standing the origin of the very high Li conductivity in some solids,
as it highlights the importance of high Li content in the material
leading to more concerted motion.

The arrangement and composition of skeleton units in ISE
structures, such as PS; in LISICON-like, TiOg in NASICON-like
and perovskite, ZrO¢ in garnet, are related to ion-transport
dimensionality and ionic conductivity because of uniform and/or
nonuniform potential energy surface. Uniformed polynaion ar-
rangement easily restrict the Li-ions diffusion to a frame and cause
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anisotropic diffusion in ISEs. Doping in XS, units in LISICON-like
structure, especially anion-doping, helps to modify the orientation
of XS, units and the arrangement of S atoms along Li-ion paths,
and thus alters the potential energy surface, which allows con-
siderable local oscillation and/or local Li-ions hopping to occur
between lattice and interstitial sites. Li-ion diffusion is highly
anisotropic in L3PS,; and LXPS with uniform PS4 and/or XS, units.
Li-ions occupy a much more uniform set of potential wells, and Li-
ions diffusion occurs along ac-plane in -LizPS, and along c-axis in
LXPS, respectively. O-dopant in L3PS, cause mixed PS;0 unit to
show a transition from 2D diffusion to 3D with lower energy
barrier. In Cl-doped LXPS, SiS;Cl and/or PS3Cl units help to
modify the potential energy surface, which promotes the mobility
of Li-ions and changes Li-ions dimensionality from 1D to 3D.
The energy barrier of Li-ion migration is positive correlation with
bottleneck of Li-ion diffusion pathway. Increasing the size of Li-ion
conduction pathway within LISICON-like structure increases ionic
conductivity and lowers energy barrier of Li-ion migration.

The Li-ion mobility positive correlation with the disorder of Li-ion
sublattice and the polarizability and bonding character of host
atoms in the framework. In garnet ISEs, compared to Li-O
tetrahedron, disordered Li-O octahedron allows Li-ions to disas-
sociate more easily. Compared to O-atom of skeleton units, the S-
atom is weakly bonded with Li-ion. These make medium Li/
vacancy or Li/interstitial ratio and help Li-ions to diffusion. The
mobile Li-ions and weak chemical bonds, on the other hand, lead
to less chemically stable for ISEs. This creates a dilemma in
designing solid electrolyte materials.

if)

iv)

Last but not least, most of the four features are left for quantitative
analyses. For example, ion-doping or elemental substitution has a
broad influence on the properties of ISEs, such as ionic conductivity
(Li-ion content, Li-ion distribution, migration pathway, migration
bottleneck size, grain boundary conductivity, etc.), structure (micro-
structure, lattice volume, interface structure, etc.), and stability (phase
stability, chemical stability, and electrochemical stability). Li-ion
cooperative transport easily exists in ISEs with disordered Li-ion
sublattice. Some evidences suggest grain boundaries are fast ion
transport pathways and surface microstructure is critically important
to Li-ion transport at the interface. Modeling surface structure,
interfacial structures, grain boundaries structures, and nanoporous
structures will be more and more important in revealing many
questions in ion transport and interfacial stability. These features of
Li-ion transport mechanism are needed in future experimental and
theoretical works.

4.2. Comments and research directions on four type ISEs

LISICON-like ISEs are promising solid electrolytes for ASSLBs
because of their high ionic conductivity and intimate solid/solid
contacts. However, their chemical and electrochemical stability is the
biggest problem. How to improve the interfacial stability of electrodes/
LISICON-like ISEs is very important. Choosing low electric potential
anode electrodes, such as Li-In alloy (electric potential is about 0.6 V),
can ease or inhibit the reduction of LISICON-like ISEs. Introducing
artificial buffer layer between electrodes and LISICON-like ISEs, such
as LiNbOs, forms stable interfacial layer with low resistance to enhance
the performance of ASSLBs. LISICON-like ISEs with multiple poly-
anios, such as LisPS,_Cl; and Li3PS, Oy, can enhance their chemical
stability.

LATP or LAGP in NASICON-like ISEs is promising candidate if the
reduction of constituent Ti by Li-metal in the battery can be suppressed
by the improvement of anodes or by controlling interfacial layer
between the anode and the ISE. Furthermore, the wettability and
compactness of NASICON-like ISEs are poor, which causes high
interfacial and GB resistances. Thus, how to improve these two aspects,
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are also essential in enabling the applications of LATP or LAGP.

For perovskite LLTO ISE, the poor stability and low GB conductiv-
ity are key issues. Studies of ion-transport mechanism at grain
boundary are important for the design and optimization of LLTO.
Li3OX anti-perovskite is a potential ISE due to its high ionic con-
ductivity. But Li3OX is thermodynamically metastable and may decom-
pose to Li>O and LiX. In addition, the understanding of ion-transport
mechanism at bulk and grain boundary is helpful in revealing the
structures of Li3OX interfaces and developing relevant models and
theories.

In garnet-type ISEs, ¢-LLZO is the most promising material for
ASSLBs. Doping strategy is important for tuning ionic conductivity of
LLZO. The substitution at Li, La, and Zr sites is related to Li-ion sites,
vacancy arrangement, and other corresponding microstructures (such
as volume of Li-ion migration pathway and lattice parameters). Deep
understanding effects of various dopants or defects on bulk and GB
conductivity is vital for optimization of LLZO ISE. More efforts on the
wettability and interfacial properties are needed in the future.

Rational design of efficient electrodes/ISEs interfaces to improve
their stability and decrease the interfacial resistance is one of the
biggest challenges in enabling ASSLBs. The progresses in interfacial
preparation techniques, such as modification of interfacial microstruc-
ture, optimum of interfacial architecture, surface coating, etc., are key
factors towards the success of ASSLBs. In-situ or ex-situ passivation
layers with good ionic conduction and electronic insulation can be used
to stabilize the ISE/electrode interfaces. Some ISEs seemly have good
interfacial stability with electrodes, but are not necessarily their
intrinsic properties. The kinetics of decomposition reactions usually
sluggish or interphases have good electronic insulation similar to SEI.

The use of high-through computational methods help to screen
various candidates for ISE materials. The development of high-through
calculations need suitable models and metrics to identify fast ion
conductors. Structural stability, chemical stability, ionic conductivity,
and electronic conductivity also need to be taken into careful con-
sideration.

In conclusion, the optimization and discovery of high-performance
ISEs are critical to ASSLBs. The advances of ASSLBs depend on gaining
a better understanding of the fundamental science in current ISEs and
exploring new ISEs. Lots of studies by advanced techniques and
computational methods will be carried out on the synthesis-struc-
ture-property correlation for various ISEs. We believe that computa-
tional methods will play an increasingly significant role in charactering
and predicting the structures and properties of ISEs, which promote
the development of ISEs much in the near future.
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