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Solid-state electrolytes (SSEs), as the core component within the next generation of key energy storage
technologies - solid-state lithium batteries (SSLBs) - are significantly leading the development of future
energy storage systems. Among the numerous types of SSEs, inorganic oxide garnet-structured superionic
conductors Li;La3Zr,0q, (LLZO) crystallized with the cubic Ia3d space group have received considerable
attention owing to their highly advantageous intrinsic properties encompassing reasonable lithium-ion
conductivity, wide electrochemical voltage window, high shear modulus, and excellent chemical stabil-
ity with electrodes. However, no SSEs possess all the properties necessary for SSLBs, thus both the ionic
conductivity at room temperature and stability in ambient air regarding cubic garnet-based electrolytes
are still subject to further improvement. Hence, this review comprehensively covers the nine key struc-
tural factors affecting the ion conductivity of garnet-based electrolytes comprising Li concentration, Li
vacancy concentration, Li carrier concentration and mobility, Li occupancy at available sites, lattice con-
stant, triangle bottleneck size, oxygen vacancy defects, and Li-O bonding interactions. Furthermore, the
general illustration of structures and fundamental features being crucial to chemical stability is exam-
ined, including Li concentration, Li-site occupation behavior, and Li-O bonding interactions. Insights into
the composition-structure-property relations among cubic garnet-based oxide ionic conductors from the
perspective of their crystal structures, revealing the potential compatibility conflicts between ionic trans-
portation and chemical stability resulting from Li-O bonding interactions. We believe that this review will
lay the foundation for future reasonable structural design of oxide-based or even other types of superi-
onic conductors, thus assisting in promoting the rapid development of alternative green and sustainable

technologies.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

1. Introduction

operations result in poor electrochemical performance and severe
safety concerns [7]. In addition, liquid electrolytes composed of

Lithium-ion Battery (LIBs) technology has made a significant
impact on consumer electronics, electric vehicles, and mass en-
ergy storage applications since its development in the late 20th
century [1-4]. However, current commercial LIBs exploiting car-
bon anodes and organic liquid electrolytes are unable to satisfy
high energy density and safety demands as modern society de-
velops [5]. Lithium metal has been promoted as a promising an-
ode material for improving battery energy density due to its high
specific capacity (~3860 mAh/g) [6]. Nevertheless, uncontrollable
Li-dendrite growth and excessive volume expansion during cyclic
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multiple salts, solvents, and additives suffer from problems related
to easy leakage, facile reaction with electrodes, difficulty in pro-
cessing, and overheating explosions, resulting in significant limita-
tions on their application in various fields due to the above nega-
tive factors. Challenges have been identified with liquid electrolyte
LIBs chemistry driving the exploration for high-energy, high-safety,
and low-cost manufacturing of advanced SSLBs [8-10].

SSLBs have broken the shackles of conventional LIBs by replac-
ing separators and organic liquid electrolytes with SSEs, enabling
lithium metal to serve as anodes, thus boosting energy density
in addition to eliminating safety concerns (Fig. 1) [11-13]. Fur-
thermore, SSLBs can also be stacked directly in series to increase
the operating voltage as well as maximize space utilization,
making them ideally suitable for applications ranging from the
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Fig. 1. Comparison of room-temperature ionic conductivity of oxide, sulfide, poly-
mer, and hybrid solid electrolytes. Including NASICON, perovskite, garnet, amor-
phous/glass, y-Li3POg4, others, Li,Se-SiS;, LiyS-P,Ss, thio-LISICON and LGPS, PEO
and PEO-like-based SPEs, non-polyether-based SPEs, single lithium-ion conducting-

based SPEs, and hybrid solid electrolytes. Reproduced with permission [13]. Copy-
right 2019, Elsevier.

medical and military. As an indispensable component within
SSLBs, SSEs serve to physically segregate two electrodes preventing
direct electron transfer while allowing working ions to transport
both charges and masses across the battery, thereby enabling
cell reactions to be sustained. Solid polymer electrolytes (SPEs),
organic-inorganic hybrid solid composite electrolytes (SCEs), and
solid inorganic electrolytes (SIEs) are the three main types of elec-
trolytes found in SSLBs [14]. SPEs are derived from lithium salts
dissolved in a solid polymeric matrix, providing the capability for
maintaining close contact with rough electrodes even as cell vol-
ume changes during cyclic operation due to their low modulus and
high flexibility [15,16]. However, polymers with high crystallinity
at ambient temperatures severely restrict Lit movement resulting
in unsatisfactory ionic conductivity (~10-8 S/cm), along with
inherent limitations associated with poor thermal stability and
low mechanical strength, significantly hindering their commercial
application [17,18]. SCEs originate from the incorporation of in-
organic fillers into ion-conductive engineering organic polymers
such as polyethylene oxide, polyacrylonitrile, and polyvinylidene
fluoride [19]. The addition of inorganic particles effectively sup-
presses polymer crystallization, facilitates salt dissociation, as well
as enhances its mechanical strength and thermal stability [20]. But
SCEs are still plagued with issues related to intrinsic ion conduc-
tion and interfaces with electrode materials. Compared to the two
polymer-based solid electrolytes mentioned above, SIEs (especially
crystalline ionic conductors) are generally composed of frame-
works constructed from coordination polyhedrons and mobile
species therein [21], offering substantial advantages due to their
advances in several of the following aspects: (1) SIEs possess ac-
ceptable room-temperature ionic conductivities (10~°-10~3 S/cm)
and the cationic transference number (theoretically reaches unity)
[22,23]; (2) SIEs with high Young’s modulus have the potential
to prevent lithium-dendrite-induced failures [24,25]; (3) SIEs
exhibit excellent thermal stability owing to high decomposition or
high-impedance phase transformation temperatures [26]; (4) SIEs
are also capable of supporting battery operation at a wide range of
temperatures (-50°C to 200°C or higher); (5) SIEs are unlikely to
experience bulk polarization due to the immobility of their anionic
framework, potentially contributing to a higher power density [27].

Interest in SIEs dates back to the observation of ion transport
behavior in PbF, and Ag,S by Michael Faraday 200 years ago, fol-
lowed by the discovery of inorganic solid ionic conductors such
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Fig. 2. Cubic LLZO garnet-structured solid-state electrolytes possess a variety of
unique properties. (1) Excellent chemical stability to Li metal. Reproduced with per-
mission [38]. Copyright 2020, Wiley. (2) Acceptable ionic conductivity. Reproduced
with permission [39]. Copyright 2017, Springer Nature. (3) Wide electrochemical
window. Reproduced with permission [37]. Copyright 2015, Royal Society of Chem-
istry.

as Li3N, Li-B-alumina, and LIPON that drove further development
of this branch [28-30]. Different types of electrolytes possessing
distinct microstructures and characteristics present specific advan-
tages, thus classifying SIEs according to their heteroatoms in the
ligands into oxides and sulfides [31]. In comparison with sulfide
solid electrolytes, oxide solid electrolytes possess an even longer-
range development prospect owing to their environmental stabil-
ity against ambient air, water, and high temperature, as well as
offering excellent high energy density and superior safety perfor-
mance in all-solid-state lithium-ion batteries constructed on them.
To date, a wide range of oxide solid electrolytes including LISICON-
type, NASICON-type, perovskite-type, antiperovskite type and gar-
net type have been extensively investigated [7,13,32] However,
each SIE differs in its own characteristics from one another, failing
to fully satisfy the requirements associated with practical battery
application. It is essential to select an oxide superionic conductor
with significant advantages that can further be modified, providing
an ideal technical route for the development of inorganic SSEs and
SSLBs. Among various available SIEs, the cubic phase garnet-type
solid electrolyte Li;La3Zr,01, (LLZO) stands out for the following
benefits: (1) Acceptable ionic conductivity, capable of reaching a
magnitude order of 10~3 S/cm at room temperature [33]; (2) Wide
electrochemical window, achieved at 9V in experimental operation
[34]; (3) Excellent chemical stability to Li metal, the unique fea-
ture of garnets resulting from the absence of reduction as occurs
in others [35,36]. Fig. 2 illustrates these advantages more vividly
[37-39]. LLZO-based electrolytes are capable of offering an abun-
dance of unique benefits and possibilities for the progress and de-
velopment of next-generation solid-state batteries.

Inorganic SSEs covering cubic garnet-based oxide ionic conduc-
tors and others lie at the heart of the solid-state battery concept.
Our aim in this Review is to discuss the current fundamental un-
derstanding of the intrinsic properties pertaining to ionic conduc-
tivity and chemical stability of garnet-based oxide super-ionic con-
ductors as viewed from the perspective of multifaceted structural
properties related to solid-state chemistry. The construction of a
more attractive electrolyte structure framework via wise manipu-
lation of atoms to construct specific functional elements ultimately
lays the foundation for building better next-generation advanced
batteries in the near future.

2. Structure-induced modulations in ion transportation with
garnet-based SSEs

Li-rich oxide garnets have received widespread scientific atten-
tion as fast Li-ion conductors, but their lithium-ion conductivity in



J. Shi, X. Wu, Y. Chen et al.

ambient conditions remains 1-2 orders of magnitude lower than
that of widely available liquid electrolytes or other superionic con-
ductors such as sulfide-based and halogen-containing solid elec-
trolytes. [28,36,40] Hence, Li-ion conductivity is expected to be fur-
ther improved via microstructural and crystal-chemical engineer-
ing. Here we summarize numerous factors that affect cubic gar-
net Li ion conductivity from a structural perspective, including (1)
lithium concentration; (2) lithium vacancy concentration; (3) Li
carrier concentration and mobility; (4) Li occupancy at available
sites and (5) four readily neglected niche factors. The following
sections provide detailed information.

2.1. Structure-dependent evolution of garnet-based oxide ionic
conductors

The classic garnet orthosilicate possesses the general chemi-
cal formula of AIBI(CO,); crystallizing in the face-centered cu-
bic structure with the Ia3d (230) space group, where A, B, and C
are located at the Wyckoff sites in 24c, 16a, and 24d. The oxygen
anion occupies the 96h Wyckoff position, constituting 8, 6, and 4
coordination polyhedral with cations A2+, B3+, and M**. Lithium-
containing garnet AIBUI(LiO,); can be readily obtained by substi-
tuting lithium for silicon at the C site inside the skeleton [41-
43]. Inorganic superionic conductors have achieved a significant
advancement with the development of this series of oxides.

Li3: The conventional garnet LizLn3Te;0q; (Ln=Y, Pr, Nd, Sm-
Lu) series compounds were prepared in 2006 with solid-state ce-
ramic methods at temperatures up to 900°C [44]. Rietveld re-
finement based on X-ray diffraction (XRD) and Neutron Powder
diffraction (NPD) data in combination indicates that these phases
adopt the garnet structure (space group Ia3d). The Ln3* and TeS*
cations reside in the dodecahedral and octahedral coordinated
sites, as well as Lit is accommodated exclusively in the tetrahe-
dral sites commonly occupied in the garnet structure. Edge-sharing
of LnOg dodecahedron leads to the formation of two interpene-
trating body-centered lattices thus building the main framework
of LisLn3Te,04,. The TeS* cations occupy interstitial sites between
LnOg units, with Te-O distance fluctuating slightly with the size
of the elements in the Ln-O framework. The four faces of the
LiO4 tetrahedron in LizLnsTe,0, are each shared with a vacant
octahedral 48g site. The lattice parameters of the LisLn3Te;0q
series vary in the range of 12.15970(14) A (Lu) —12.61596(7) A
(Pr), indicating that the garnet structure is able to accommodate
cations of different sizes without changing symmetry. In the case
of Li3Nd3Te,0q,, impedance spectroscopy measurements demon-
strated a minimum Li* mobility resulting in a maximum conduc-
tivity of o ~ 10=° S/cm at 600°C with an activation energy of
1.22(15) eV. The reason for this can be explained by the fact that
lithium remains unchanged in coordination and disorder at tem-
peratures above 300°C or even 600°C. However, Li* transport in
the lattice begins with migration from the tetrahedral site to one
of the four neighbouring empty octahedral sites.

The lithium ion in the LizLn3Te,0¢, series is housed exclu-
sively in the tetrahedral 24d site, allowing for a maximum of
three lithium ions per formula unit due to its site symmetry [45].
Lithium content can be continuously varied in garnet structures by
replacing either Ln3* or Te8+ with cations of higher or lower ox-
idation states to maintain charge balance. Cussen et al. replaced
Teb* in LizNd;Te, 01, with Sb>* to drive additional lithium incor-
poration into the garnet structure to produce Liz,4xNds;Te; SbxO1
[45]. All compounds crystallize in the space group Ia3d, with Nd3+
at square antiprismatic sites as well as a mixture of Te®*/Sb>*
at the octahedral sites conventionally occupied in the lithium-
containing garnet structure. It is obvious that lithium cation con-
centration within the Lis,4NdsTe, «SbxO, series is greater than
that allowed in conventional garnet stoichiometry. This results in
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the lithium ions in the structure gradually occupying vacant dis-
torted octahedral 96h sites in addition to residing in the tetrahe-
dral 24d sites. Li3 4Nd3Te, «SbxOq, series compounds exhibit ionic
conductivity around 10-8 S/cm near room temperature, in sharp
contrast to Li3Nd3Te,Oq, possessing an immeasurably low con-
ductivity below 400 °C. lonic conductivity increased two orders of
magnitude at 400°C with an increase of 1.7% in lithium content
from LizNdsTe;0q5 to LizgsNd3Te;g5Sbggs012. Activation energy
also decreases rapidly from 1.34(2) eV in Li3Nd3;Te,0¢, to 0.672(6)
eV in Li3 gs5Nd3Teqg55bg 05012. The step-change in ionic conductiv-
ity and activation energy as a function of composition can be at-
tributed to the incorporation of lithium onto the octahedral site
simultaneously with the introduction of vacancies onto the tetra-
hedral site.

Li5: Cubic LisLn3Te,0, undergoes evolution as LisLazM;01;
owing to an increase in lithium ions in the garnet lattice in re-
sponse to changes in the valence states of the metal ions occu-
pying the A and B positions [46]. NPD experiments indicate that
LisLazM,0;, (M=Ta, Nb) series compounds are composed of La3*
and M°* in the commonly occurring cubic and octahedral oxide
environments similar to the widely recognized Li;LnsTe;0;, garnet
structure [47]. The increased lithium content in the LisLazM,01;
garnet tends to raise Li populations at the highly distorted oc-
tahedral sites while also introducing vacancies at the tetrahedral
sites [40]. Due to the absence of an average structure within the
garnet material unit cell length scale, the lithium-containing do-
mains occupying the octahedral sites must necessarily share faces
with neighbouring tetrahedral sites, resulting in a portion of the
octahedral lithium moving away from the shared surface to re-
duce the electrostatic repulsion associated with the short Li-Li dis-
tance. Li distribution in the two available sites varies with the M
ions occupying the 6-fold coordination site [47]. LisLazNb,0¢, and
LisLazTa;01, both exhibit 0.43 and 0.56 eV electrical conductivity
activation energies (<300 °C), as determined from impedance mea-
surements [48]. The high ionic conductivity in these materials may
originate from the fact that Li* occupies mixed sites enabling the
connections between them to form a three-dimensional Li* path-
way, allowing Li* to hop across the pathway with ease.

A series of new member garnet-like structures
Li5_5L32_75K025Nb2012 and Li5,5La3Nb1_751n0.25012 have been ylelded
based on the partial substitution of trivalent La with monovalent
K and of pentavalent Nb with trivalent In in LisLasNb,0q, via
the high-temperature solid-state method [49]. XRD revealed that
the investigated In- and K-doped compounds are isostructural
with the parent LisLasNb,Oq,, with the lattice parameters vary-
ing as a function of the substituent ion radius. In-substituted
Lis sLasNbq75Ing 501, prepared at 950 °C possesses the highest
bulk ionic conductivity of 1.8 x 10=% S/cm at 50 °C with an
activation energy of 0.51eV among the investigated compounds.
Appropriate chemical doping offers a possibility to modify net-
work connectivity via controlling the number of readily available
vacancies, and therefore facilitating a further improvement of ionic
conductivity with garnet-structure related metal oxides.

Li6: Introducing divalent alkaline earth metal ions into the
LisLa3M,04, (M =Ta, Nb) garnet-structured ionic conductor is able
to further increase Li concentration in the network. Compounds
with the chemical formula LigMLa;Nb,0O¢; (M=Ca, Sr, Ba) were
found to crystallize in a cubic phase with the 12;3 space group
(space group No. 199, Z = 8) [50]. A rise in the ionic radius of
alkaline earth ions leads to an increase in the cubic lattice pa-
rameter. LigMLa;Nb,05 shares a similar structure to LisLazM;01;
in that rare earth ions occupy the dodecahedral coordination site
with transition metal atoms located in the six-fold coordination
site. A refinement of the LigMLa;Nb,0, patterns were achieved
by replacing the alkaline earth ions at the lanthanum sites (12b).
Excess of lithium in the LigMLa;Nb,0¢, garnet structure is dis-
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tributed on both the traditional tetrahedral site as well as an addi-
tional octahedral site capable of containing six lithium cations per
formula unit [51]. Two polyhedrons are connected with the aid of
shared faces so that each tetrahedron can be linked to four oc-
tahedra, whereas each octahedron has contact with two tetrahe-
dra via opposing faces. The Ba-compound LigBaLa;Nb,0¢, exhib-
ited the highest ionic conductivity at room temperature (22 °C)
with a lower activation energy of 0.44 eV compared to homologous
Ca- and Sr-compounds [52,53]. The increased ion mobility for the
LisMLa;Nb,01, (M=Ca, Sr, Ba) series of garnet-based oxides can
be attributed to (1) abundant ions capable of hopping from their
equilibrium positions and (2) available vacancies with comparable
energies in the vicinity with these positions to accept the cations
[54-56].

Further adjustments to the amount of divalent alkaline-earth
metal ions occupying the rare earth M-site of LisLasM;0q, (M =Ta,
Nb, Sn) series of garnet-structured oxides could even increase the
concentration of lithium ions per formula unit to 7 [33]! However,
despite the fact that the lithium-ion concentration in the garnet
structure is close to reaching the upper limit of allowable accom-
modation, mobile ionic conductivity remains unsatisfactorily stag-
nant at 10-°> S/cm under room temperature. lon transport ability in
ambient conditions is crucial for electrolytes, yet is there any pos-
sibility for further enhancement in the conductivity value of garnet
structured oxide solid electrolytes?

Li7: Further enrichment of lithium content within garnet-
related structure ionic conductors can be realized via doping with
Zr*t or Sn*t to give compositions of LLZO and Li;La3Sn,0qs.
Awaka et al. revealed the exact chemical composition, crystal sym-
metry, and detailed crystal structure for LLZO based on single crys-
tal X-ray analysis, along with determining the characteristic Li site
population in the garnet. LLZO possesses a cubic structure similar
to LisLazM,01,, featuring a framework composed of dodecahedral
LaOg and octahedral ZrOg [57]. Lithium atoms occupy the tetra-
hedral 24d and the distorted octahedral 96h two crystallographic
sites at the interstices of the framework structure. The novel crys-
talline fast lithium-ion conductor LLZO associated with cubic crys-
tallographic system exhibits a total conductivity of 3 x 10~ Sjcm
at 25 °C, significantly superior to previously reported garnet-based
series solid Li-ion conductors [33]. The tetrahedral LiO4 and dis-
torted octahedral LiOg share the face in the interstice position, fa-
cilitating ion migration across the three-dimensional network as
a result of the short Li-Li distance. A noteworthy feature of cu-
bic garnet-related Li-ion conductors relates to the excellent Li-ion-
conduction properties compared with other materials.

LLZO also crystallized in a tetragonal structure with 44 /acd (No.
142) space group after sintering at a lower temperature of 980 °C
according to Awaka et al. in 2009 [58]. The Li-excluded garnet
framework was composed of two types of dodecahedral LaOg as
well as octahedral ZrOg. Li atoms have been found in three crystal-
lographic sites within the garnet framework structure interstices,
including the tetrahedral 8a site Li(1), distorted octahedral 16f
site Li(2), and distorted octahedral 32g site Li(3), respectively. Li-
vacancy ordering in the tetrahedral sites is able to provide an ex-
planation for the origin of tetragonal symmetry in tetragonal LLZO.
The tetragonal LLZO specimen presents a bulk Li-ion conductivity
of 1.63 x 10-6 S/cm in addition to a grain-boundary conductivity of
5.59 x 10~7 S/cm at 300K. About two orders of magnitude lower
bulk Li-ion conductivity was observed for tetragonal compared to
cubic LLZO at 300 and 320K. Fig. 3 depicts the evolution of the
structure from pristine to stuffed garnet as the concentration of
lithium ions per formula unit increases.

A detailed analysis of the findings indicates that a significant
difference between cubic and tetragonal LLZO lies in the ordering
of lithium atoms and the occupation of lithium sites [57,59]. The
Li* in cubic LLZO is randomly and partially distributed across three
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Fig. 4. (a) Crystal structures and arrangement of Li ions for Ca—W dual-substituted
c-LLZO and t-LLZO. Reproduced with permission [60]. Copyright 2022, American
Chemical Society. (b) The probability density of Li spatial occupancy during AIMD
simulations in ¢-LLZO (the zoom-in subsets show the elongation feature of proba-
bility density along the migration channel). Reproduced with permission [39]. Copy-
right 2017, Springer Nature. (c) Selected Li elementary hopping steps between sites
24d and 96h in LLZMO as evidenced by NPD. Reproduced with permission [61].
Copyright 2015, American Chemical Society.

sites, consisting of the tetrahedral 24d site, six-fold coordinated
48g site, and its distorted four-fold-coordinated split 96h site. The
transition from the cubic to tetragonal phase results in a tetrago-
nal distortion, converting the 24d sites of the cubic phase into fully
occupied 8a sites, as well as the partially occupied 48g/96h sites of
the cubic phase are transformed into two completely filled 16f and
32g sites (Fig. 4) [60,61]. Tetragonal distortion produces a signif-
icant shift in the lithium-ion distribution and decreases the ionic
conductivity.

2.2. Structural factors affect the conductivity of Li7 series solid-state
electrolytes

2.2.1. Li vacancy concentration
As described above, LLZO adopts both tetragonal (I4/acd) and
cubic phase (la3d) two distinct crystallographic structures. Pure
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LLZO prefers to crystallize into the more thermodynamically stable
tetragonal phase with an ordered Li distribution at room temper-
ature rather than the cubic phase, whereas its ionic conductivity
(10-6-10-> S/cm) is roughly 1-2 orders of magnitude lower than
that of cubic [62]. Therefore, stabilizing the cubic phase is imper-
ative in order to obtain highly conductive LLZO. Super valent ele-
mental doping has proven to be effective in stabilizing the cubic
phase by introducing lithium-ion vacancies in the structure inter-
stices and increasing the disorder of the Li sublattice [38,63,64]. To
date, substitutions that have been performed include Al, Fe and Ga
for Li; Ca, Sr, Ce and Y for La; Nb, Ta, W and Mo for Zr [43,65-68].
Guo et al. investigated the effects of Ga on the garnet phase tran-
sition, revealing that garnet-type materials exhibited cubic struc-
tures at Ga concentrations exceeding 0.20 Ga per formula unit, but
lower Ga concentrations resulted in the coexistence of cubic and
tetragonal phases [65]. A minimum of 0.40 mol of Li vacancies is
required according to the results to stabilize the cubic phase. Sim-
ilar cubic phase stabilization is also observed with Bi substitution,
along with critical lithium vacancies at the same concentration as
Bi appearing in the framework. The subcritical doping composi-
tion LigglasZrqgBig,01, associated with the cubic crystal system
demonstrates that per formula unit requires 0.2 mol Li vacancies
in order to stabilize the cubic polymorph of Li-stuffed garnet [69].
It was recently shown by Yu et al. that a stabilization of the cubic
garnet la3d modification could also be achieved with the partial
dual-substitution of Ca2* at the La3* and W6+ at the Zr** sites
[60]. The present study suggests that a critical Li vacancy concen-
tration (0.5mol per formula unit) is necessary for cubic LLZO to
be stabilized [70-73]. The exact amount of Li vacancies necessary
to stabilize cubic LLZO owing to differences in substitution sites
remains ambiguous but with estimates ranging from 0.125 mol to
0.5mol [43].

As a quantum mechanical calculation method, density func-
tional theory (DFT) can provide detailed information about the mi-
croscopic physical properties of materials such as their electronic
structure, band structure, and charge density distribution, essential
for understanding and predicting the mechanisms of ion transport
in solid electrolytes. DFT was also employed to assist in predict-
ing the concentration of precise lithium vacancies per formula unit
required to stabilize the cubic crystal system LLZO. Santosh con-
ducted DFT calculations to demonstrate that high Li* vacancy con-
centrations can increase lithium-ion conductivity since they pro-
vide mobile ion individuals [74]. It is consistent with the LLZO
with a higher lithium vacancy concentration (0.4-0.5 mol) exhibit-
ing the maximum ionic conductivity at room temperature as pro-
posed by Thangadurai [43]. The predicted critical Li vacancy con-
centration needed to obtain cubic LLZO determined by the com-
putation agrees with the experimental results where substitution
is performed on the Li sublattice, but demonstrates a divergence
upon super valent substitution is carried out on Zr. The possible
reason for this is that during the thermal treatment of the su-
per valent cation-substituted specimens with the alumina crucible,
partial Al accidentally enters the lithium lattice in addition to the
intentionally doped cations, resulting in a higher concentration of
Li vacancies than expected [75-77].

The presence of Li vacancies in garnet-structured oxide superi-
onic conductors can not only serve to stabilize their cubic phase
but also lead to improved ion transport properties [43]. It is gener-
ally acknowledged that the ionic transport in crystalline solid ionic
conductors is dominated by the vacancy mechanism, depending
on Schottky defects that create numerous vacancies available for
ion hopping among the crystals [20]. Ion transportation is able to
be achieved via hopping the mobile ions between vacancies, thus
requiring more vacancies on the equivalent (or nearly equivalent)
sites in comparison to the number of mobile ions in the frame-
work structure. Mo et al. elaborated in detail based on ab ini-
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tio models explaining why garnet-structured superionic conductors
rich in lithium-available vacancies are able to deliver exceptionally
high ionic conductivity compared to typical solids [39]. Due to the
fact that the Li ions in LLZO partially co-occupy the tetrahedral
and octahedral sites, both the tetrahedral-site Li ions hop to the
nearest-neighbor octahedral sites and the Li ions occupying these
octahedral sites into their nearest neighbor tetrahedral sites, thus
enabling multiple Li ions migrate concerted along the 3D diffu-
sion channel (Fig. 4b). The solid-state nuclear magnetic resonance
(NMR) technique is capable of detecting local structure information
at different time/length scales for an intuitive understanding of the
ion dynamics in highly conductive garnet-structured ion conduc-
tors from an experimental perspective [61,78-80]. Yang et al. ap-
plied high-resolution solid-state NMR to monitor the impact of Li
vacancies created by W substitution at Zr sites within garnet skele-
ton on ionic conductivity properties, a behavior that promotes the
rearrangement of Li ions across the available tetrahedral as well as
the octahedral crystallographic positions at the interstitial struc-
ture for optimal transport along the 24d-96h-48g-96h-24d route
[79]. Solid state magic-angle spinning nuclear magnetic resonance
(MAS NMR) provides evidence that at a substitution level of x =
0.150, LasZr,Li;_35xGaympx 012 is capable of achieving a stable cubic
phase with an optimum proportion of charge carriers and vacan-
cies in the face sharing tetrahedral-octahedral channels, thus fa-
cilitating lithium transport [80]. The total conductivities measured
via electrochemical impedance spectroscopy were as high as 1.3
and 2.2 mS/cm at 24 and 42 °C, respectively. LLZO with lithium va-
cancy concentrations in the range of 0.4-0.5mol has been known
to reach a maximum in ionic conductivity under ambient condi-
tions [62]. Nevertheless, excess Li vacancies are likely to reduce
ionic conductivity owing to the ion trapping effect causing a de-
crease in mobile Lit concentration.

2.2.2. Li carrier concentration and mobility

Under the premise of effectively stabilizing the cubic phase in
LLZO based on strategies such as introducing lithium vacancies,
further fine-tuning the lithium ion concentration in the garnet
structure via the charge difference between hosting cations and
substituents is able to achieve the optimum conductivity [21,81].
LLZO-based components are observed to exhibit excellent ionic
conductive properties at lithium content in the range of 6.1 to
6.8 (below the theoretical limit of 7.5) as summarized in the pub-
lished studies [43,82]. It is noteworthy that the conductivity in the
garnet-structured ionic conductor does not increase linearly with
the lithium-ion concentration, either from structural evolution in
the Li3-Li7 series or to framework modifications in the Li7 series.
This is due to the fact that the garnet family of materials is not
subject to the ionic Hall Effect, resulting in only a limited num-
ber of lithium ions in the structural interstices participating in the
conduction process. In terms of the Nernst-Einstein-Smoluchowki
equation: o =uqn, where p is the carrier mobility, q is the elec-
tronic charge, and n is the mobile charge carrier concentration.
Ionic conductivity for garnet-based ion conductors is governed by
the combination of effective concentration and mobility for Li since
the charge is fixed at 1 [83].

Nozaki et al. investigated the diffusion behavior of lithium ions
in garnet-type oxides Lis, xLasZrxNb; xO1; (x = 0-2) with the assis-
tance of both positive muon-spin relaxation and quasi-elastic neu-
tron scattering techniques [84]. The results reveal that the diffusion
coefficient for Lit does not vary with dopant, thus the amount of
mobile LiT in the garnet lattice is the predominant parameter for
determining o ;, involving only 10%—15% of Li-ion serving as carri-
ers. Subsequently M. Ahmad estimated the actual concentration of
mobile LiT™ in garnet LLZO based on the conductivity spectra at dif-
ferent temperatures, obtaining an average value of 3.17 x 102! cm—3
as an indication that only 12.3% of the total Li* contains is capable
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of contributing to conduction [85]. This ratio is in accordance with
previous findings without variation with respect to temperature. In
addition, LLZO possesses a diffusion coefficient of 1.33 x 10~8 cm?/s
at room temperature, comparable to that of other fast Li* conduc-
tors. Ga was systematically introduced into the Li tetrahedral 24d
site in LLZO by Guo et al., thus providing evidence that the con-
centration of mobile lithium ions is on the order of 102! cm~3,
mobility is on the order of 10-7-10-¢ cm2V-1s~!, and the jump-
ing rate is on the order of 107 rad/s at Ga concentration of 0.2-
0.4 mol per unit molecular formula for —10°C [65]. The concentra-
tion of mobile lithium ions in the Li;_3yGaxLasZr,0¢, specimens
is similar to the previous pristine LLZO, but the mobility, diffusion
coefficient, and jumping rate have been significantly improved. An-
other noteworthy finding is that the carrier concentration, mobility
and diffusion coefficient in the Li;_34GaxLazZr,04; system exhibit
unpredictable variations with changes in dopant concentration and
temperature, differing dramatically from the results of previous ex-
periments. The recently reported Al-doped Li;Laz xAlxZr,01; (x =
0, 0.1, and 0.2) garnet-type electrolytes demonstrate temperature-
dependent Li* ion concentrations, ion mobility, hopping rates, and
diffusion coefficients, with the samples all exhibiting increasing
behavior as the temperature rises [86]. The relationship between
ionic conductivity, carrier concentration, and mobility in garnet-
structured solid electrolytes remains to be thoroughly investigated,
hindering the development of high-performance solid electrolytes
for energy storage and conversion. Therefore, a deeper understand-
ing of correlated factors is necessary to fully exploit the potential
for garnet-based solid electrolytes.

2.2.3. Li occupancies at available sites

As reported in the literature, lithium-ion occupancy at avail-
able tetrahedral and octahedral sites has a significant impact on
the overall lithium mobility in garnet-structured electrolytes [87].
Lithium occupies all 24d tetrahedral sites while vacating the oc-
tahedral sites empty in the pristine garnet phase Li3sNd3;Te;0q,,
resulting in an unmeasurable conductivity at room temperature
since lithium is believed to be immobile in this arrangement. A
rising lithium content in per formula unit leads to lithium redis-
tribution with decreases in tetrahedral occupation and increases in
octahedral, thereby affecting lithium mobility [42]. There is a de-
creasing trend in 24d site occupancies of 80%, 67%, and 56% for
LisLasTay045, LigBalayTa;04;, and LLZO, but a steady increase in
octahedral site occupancies of 43%, 64%, and 90% have been ob-
served, corresponding to the rise in ionic conductivity values under
ambient temperature from 106 to 4 x 10~2, and eventually reach
3 x 10~4 S/cm [85]. The evolution of the structure-conductivity re-
lationship from Li3 to Li7 series highlights this correlation.

The relationship between lithium ionic conductivity, mobility,
and carrier concentration has been explored in the garnet series
over the composition range Li;_yLasZrp 4TaxOqy (x = 0.5, 0.75, and
1.5) based on neutron and synchrotron diffraction [83]. Increasing
the lithium population at the 96h site and depopulating the 24d
site as lithium concentration rises leads to a nonlinear increase
in ionic conductivity, demonstrating that the effective carrier con-
centration is dependent on lithium site occupancy. Llordés et al.
proposed a dual substitution strategy Ligss.yGagisLazZr,_yScyOqy
for studying the ion conductivity of cubic garnets with nj; > 6.55,
in which Ga substitution was aimed at stabilizing the cubic crys-
tal structure as well as Sc was incorporated to increase the num-
ber of charge carriers [75]. The presence of Sc contributes to the
disorder of the lithium network at the local scale allowing for a
broader distribution of chemical environments, leading to an in-
crease in the regional mobility of the Li population. Further Sc sub-
stitution results in Ga occupying octahedral 96h sites, thus sup-
pressing the ionic diffusion owing to possible obstruction of the
lithium percolation network. Lithium occupying the 96h site ex-
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hibits high local mobility facilitating long-range ion diffusion, co-
incident with garnet Li6‘65Gao.15La32r1‘905c0.10012 possessing 1.8 x
10-3 S/cm high ionic conductivity at 300K. Yu et al. adopted the
similar approach for incorporating Ca2* into the La3+ site together
with W6+ into the Zr** site, that not only effectively stabilizes the
garnet in cubic phase but also reduces the endothermic enthalpy
during the synthesis [60]. Synchrotron X-ray powder diffraction
(SXRD), NPD, and MAS NMR in combination revealed that Ca—W
dual substitution has regulated the local lithium framework via
raising Li* occupancy at the 96h site, leading to a significantly
lower Li* migration barrier and thus increasing the ionic conduc-
tivity from 2.98 x 106 Sjcm to 5.74 x 10~4 S/cm in two orders of
magnitude. Recently, Ferguson et al. analyzed the association be-
tween lithium site occupancy and ion conductivity in high lithium
concentrations in the range of 6.70-7.15mol per formula unit [88].
Tantalum-doped Lig 75La3Zry 75Tag 2501, system exhibits an increase
in lithium occupying the 96h octahedral sites with rising lithium
content, while Li occupying the 24d tetrahedral sites decreased.
Increasing lithium-ion conductivity to 3-5 x 10=4 S/cm at various
lithium stoichiometries is closely associated with the octahedral
Li site occupation from 0.78 to 0.87. In addition, Goodenough and
his co-workers even suggested that the Li* occupancy/vacancy ra-
tio of 3:1 for octahedral sites is the optimum for achieving high
ionic conductivity [70]. The enumeration of findings provides the
foundation for future designing superionic conductors with garnet
backbone structures by modulating the concentration of lithium
ions per formula unit in order to optimize the distribution among
the available sites, thereby maximizing the effective carrier con-
centration and boosting ionic conductivity.

2.2.4. Other structural-related influencing factors

In addition to the various factors discussed above, the lattice
constant for garnet-structured oxide ceramic electrolytes also pos-
sesses a close relationship with the ion transport characteristics
[18,36]. The reason for this is that elemental substitution-induced
lattice expansion may lead to an increase in the polyhedral vol-
ume of LiO4 and (M/La)Og in the garnet framework thus expanding
Li-ion interstices for hopping, ultimately bringing about high ionic
conductivity. There is evidence to suggest that the highest lithium-
ion conductivity within garnet-type frameworks can be achieved
at lattice parameters in the range of 12.91-12.98 A irrespective of
the position of substitution and the corresponding substitution el-
ements with constant or varying lithium content [43]. Recently,
Kireeva et al. presented further evidence for the existence of op-
timal lattice parameters and confined the value within the interval
12.950-12.965 A, corresponding to the optimum Li ionic conductiv-
ity ot as well as the lowest activation energy E, [89]. Al, Ga, and
Fe incorporation into lithium lattice provides an additional contri-
bution to the modification of this range whereas the specific im-
pact of these dopants is of complex character.

Lithium ions diffusing in the garnet structural interstice are
required to cross the face of a regular triangle shared by tetra-
hedral vacancies and octahedral vacancies where the circumfer-
ential radius of the triangle is defined as the bottleneck size,
which is the minimal migratory channel for lithium that has a
significant impact on Li-ion conductivity [90]. Huang et al. ob-
tained the medium-entropy ceramic oxide superionic conductor
LigLasZrg 5Hfp5Tag5Nbg 501, via incorporating four metal elements
in equimolar ratios at the Zr 16a position of the garnet skeleton.
The neutron pair distribution function (PDF) reveals that the four
introduced ions do not occupy 16a at random, instead exhibiting
local clustering where pentavalent ionic octahedrons are preferred
to be surrounded by tetravalent ionic octahedrons [90]. This be-
havior contributes to the enlargement of the bottleneck size from
the pristine Ta-LLZO circle radius of 1.8100 A with a triangle area of
4.2366 A? to the ME-LLZO circle radius of 1.8463 A with a triangle
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Nb>+ at the 16a site in the lowest energy supercell. Reproduced with permission
[91]. Copyright 2023, Elsevier.

area of 4.3946 A2. The enlarged bottleneck size combined with the
weakened Coulomb force between Li-O endows ME- LLZO with an
ion conductivity of 3.3 x 10~4 S/cm at room temperature and an
activation energy of 0.44eV (Fig. 5) [91]. Molecular dynamic simu-
lations have also been carried out to investigate the effect of bot-
tleneck size between the polyhedron of 24d and 96h sites in cubic
LLZO on lithium ion diffusion [92]. In addition to the unneglectable
discreteness between the lattice constant and lithium-ion diffusiv-
ity, there exists a quasi-linear relationship between bottleneck size
and lithium-ion diffusivity at 1000-1400K high temperatures. Two
peaks associated with the contact surfaces between tetrahedra and
octahedra in the lithium-ion migration pathway can be visualized
in the energy barrier diagram for face-centered cubic LLZO crystals,
as well as further adjustment of the bottleneck dimensions with
appropriate equivalent elemental doping can lead to a greater re-
duction of the activation energy of the lithium garnet by 40%.

The preparation of LLZO single crystals or polycrystalline pel-
lets under a high-temperature environment is known to result in
lithium being highly volatile. Missing lithium ions in LLZO can be
regarded as negatively charged acceptor defects from the perspec-
tive of inorganic solid-state chemistry, in which case the presence
of oxygen vacancies is able to act as positively charged donors in
order to balance lithium vacancy defects [64,93]. Via isotope ex-
change depth profiling with 80, as a stable isotope tracer fol-
lowed by time of flight secondary ion mass spectrometry (ToF-
SIMS) analysis, Kubicek et al. verified the presence or even abun-
dance of oxygen vacancies in all investigated garnet materials in-
cluding single crystals, polycrystals, and various cation substituents
(Ta+, Ga3*, and different A3+ concentrations) [94]. The oxide
tracer diffusion coefficient at 350°C is surprisingly high (up to
D*=8.2 x 10-'2cm/s) even comparable to that of Yttria-stabilized
zirconia, a fast oxygen-ion conductor. However, the impact of oxy-
gen vacancies on lithium ion transport in LLZO has yet to be clari-
fied, and the reason behind this is that (1) oxygen vacancies serv-
ing as donors lead to reduced Li stoichiometry; (2) oxygen vacan-
cies can affect phase formation and stabilization via elastically de-
forming the LLZO lattice; (3) elastic deformations are able to fur-
ther influence Li™ migration barriers and conduction paths in LLZO
depending on the exact location of oxygen vacancies in the lat-

Chinese Chemical Letters 36 (2025) 109938

tice [95]. A case-by-case analysis is required to determine the pre-
cise impact of the defect chemistry regulation. Yu et al. have re-
cently fabricated Ta-doped LLZO garnet solid electrolytes by mod-
ulating sintering atmospheres in order to investigate the impli-
cations of oxygen vacancies on the physicochemical properties of
such oxide ionic conductors [95]. The occurrence of oxygen vacan-
cies was found to have a detrimental impact on the garnet ceramic
specimen phase purity, mechanical strength, ion transport proper-
ties, and even symmetric as well as solid-state batteries assembled
based on them. A more comprehensive understanding of oxygen
vacancies with garnet-type solid electrolytes is expected to be re-
quired in the future to improve the electrochemical performance
of oxide superionic conductors and even SSLBs through rationally
controlling and utilizing oxygen vacancies.

Ion mobility in garnet electrolytes can also be influenced by
the bonding length between the mobile ions and their surrounding
ions in the local structure. On the one hand, the diffusion of Li ions
in the three-dimensional channel within the cubic garnet structure
is required to cross the triangular 0>~ neck between LiO,4 tetrahe-
dra and LiOg octahedra, implying that the length of Li-O bonds has
a significant direct impact on Li ions migration [91]. On the other
hand, the Li-O bond length is able to reflect the strength of the
bond between ions, affecting the activation energy required for Li
to jump from one site to another, a property that is crucial to its
application in the solid-state battery [96,97]. It will be necessary
to gain a deeper understanding of the behavior of Li-O bonds in
different environments in order to optimize lithium-based energy
storage systems in the future.

Li concentration, Li vacancy concentration, Li carrier concentra-
tion and mobility, Li occupancy at available sites, lattice constant,
triangle bottleneck size, oxygen vacancy defects, and Li-O bond in-
teractions in cubic lithium-rich garnet sublattices are capable of
being manipulated in order to regulate the distribution of lithium
ions at available sites in interstitial tetrahedra and octahedra, opti-
mize the three-dimensional anisotropic ion transport path, and de-
crease the energy barriers for the Li* ions to pass through during
migration, so as to realize the fast and synergistic ion migration.

In addition to the structural modulation induced by element
doping mentioned above, controlling sintering temperature as well
as introducing secondary phases are also effective in achieving
LLZO (Li;La3Zr,01;). In general, regulating the sintering tempera-
ture in the range of 1100°C to 1200°C is more favorable for cu-
bic phase generation. This is due to the fact that in this tem-
perature range, grains can grow moderately without experiencing
excessive grain growth and phase transformation caused by high
temperatures. However, it should be noted that the optimal sinter-
ing temperature range is also affected by the material composition
and the sintering environment [98]. Additionally to modulating
the sintering temperature, introducing secondary phases (such as
Li,0, LayZr,07) into LLZO can also facilitate the formation of cubic
phases. The reason behind this is that certain doping elements are
able to lower the energy barrier for cubic phase formation, allow-
ing them to exist at lower temperatures or over a broader range
of compositions [7]. In summary, the application of these strate-
gies not only achieves the phase stability of LLZO and optimizes
the structure and performance of the material, but also provides
a reliable methodology for the development of high-performance
solid-state electrolytes, laying the groundwork foundation for the
advancement of future solid-state battery technology.

3. Relationship between cubic garnet-based solid electrolyte
structure and chemical stability

The SSEs serve as the key component to realize solid-state bat-
teries, hence not only be required to meet the key criteria of high
Li-ion conductivity but also excellent chemical stability [6]. Poor
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chemical stability of a material may induce undesirable reactions
in the ambient air further resulting in poor battery performance
or safety concerns. Therefore, designing and manufacturing highly
chemically stable electrolytes with the ability to maintain their ini-
tial structure and composition intact even after prolonged expo-
sure to moisture is of great significance for the practical applica-
tion of all-solid-state batteries [99]. This motivates us to summa-
rize several structural elements that have an impact on the chem-
ical stability of garnet-based SSEs from the crystallographic per-
spective with the intent of gaining a thorough understanding of
their reaction mechanisms in order to assist in the future rational
design of oxide-based superionic conductors.

3.1. Structural impacts on garnet-based ion conductor chemical
stability

Garnet-structured series solid electrolyte was widely accepted
as air-resistant during its early stages of discovery. However, Cheng
et al. combined surface-sensitive characterization techniques re-
vealed that LLZO had experienced corrosion and produced a Li;CO3
layer with a thickness of nearly 10 nm after air exposure only for a
few days [100]. The chemical instability of garnet-based solid elec-
trolytes gradually came to light afterward. Research has revealed
that contamination on garnet-type ceramic surfaces interferes with
ionic transport, resulting in poor interfacial wettability and high
resistance, leading to lithium dendrite growth and rapid capacity
degradation [101]. Considering this, this subsection begins with a
discussion on the evolution of the chemical stability of a garnet-
structured series of SSEs as a function of lithium-ion concentra-
tion. We subsequently dissect the effects of multiple structural pa-
rameters within the framework on air stability with respect to a
classical garnet oxide superionic conductor LLZO, with a view to
developing enhanced air-stable materials in the near future.

3.1.1. Li* concentration

The concentration of lithium ions per formula unit in solid
electrolytes with garnet structure not only affects the anisotropic
transport of mobile ions in the framework but also plays a signifi-
cant role in determining their chemical stability.

Li3: Galven et al. evaluate the chemical stability of the Li3 se-
ries garnets solid ionic conductor by placing the platinum crucible
containing 0.5 g of Li3Gd3Te;01, and LizNd3Te,0¢, specimens in a
reactor containing 20 drops of water while applying a CO, pres-
sure of 10bar and heating the reactor (125 cm3) at 140°C for one
night [102]. There was no trace of Li;CO5; in the PXRD pattern
resulting from the reaction, and no variation in cell parameters
before and after the process indicating that no Li*/H* exchange
had taken place. The Lit/HT exchange reaction between garnets
and H,0 is predominantly responsible for the instability of garnets
against moisture. Research-based experimental results demonstrate
that Li3 series testing garnets exhibited superior chemical stabil-
ity without suffering erosion or contamination in an environment
containing water and carbon dioxide.

Li5: Franck et al. revealed the feasibility of Lit/H* exchange
in LisLagNb,0Oq, garnet ionic conductors within the Li5 series
based on regular qualitative and quantitative characterization
[103]. LisLagNb,0¢, garnet exhibits incomplete ion exchange with
acetic acid solution in contradiction with a result published by
Truong and Thangadurai, but multiple measurements indicate that
the exchange rate is capable of reaching 72.3% hence further con-
firming its chemical instability [104]. Divalent alkaline-earth-metal
ions (Ca, Sr, Ba) are able to be introduced into the La dodeca-
hedral sites in the LisLazNb,0;, garnet skeleton further increas-
ing the lithium content per formula unit. High lithium content
Lis,xBaxLas 4«Nb,O01; (x = 0, 0.5, 1) series compounds are still
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prone to H*/Li™ exchange reactions in water at room tempera-
ture similar to the Li5 series homologs, suggesting the chemi-
cal instability of conducting materials in this class. However, the
ion exchange proceeds to a lesser extent with an increase in bar-
ium and lithium content. It is noteworthy that Thangadurai et al.
have experimentally demonstrated that the ion-exchange reaction
in garnet-type Lis 4 BaxLa; x\Nb,0;; is reversible and even able to
reproduce the original conductivity [104]. Taking into account that
the specificity of substitution sites may have an impact on the
chemical stability of garnet structural ionic conductors, the incor-
poration of Y into the LisLazTay01, garnet Ta octahedral site pre-
sented in Thangadurai et al. will provide an answer to this question
[105]. Lis, 2xLasTay xYxO12 (x = 0.50 and 0.75) was treated with the
1 mol/L LiCl aqueous solution with the pH reached a maximum of
11-11.5 from an initial value of 6 and remained almost constant for
the rest of the week. The variation in pH is able to demonstrate the
exchange of Li* with protons in Lis, xLasTa; 4 YxO1,. The above re-
sults indicate that the Li5 series garnet consistently exhibits chem-
ical instability regardless of elemental substitution or substitution
sites.

Li6: Galven et al. revealed that LigBaLa,Nb,04, Li-stuffed garnet
belonging to the Li6 series was also capable of undergoing spon-
taneous Lit/H™ exchange in ambient air but with slower kinetics
[106]. Elevating the temperature is able to contribute to speed-
ing up this reaction process. Furthermore, LigBaLa;Nb,01; is unsta-
ble at high temperatures from 600°C to 750°C in the presence of
CO,, as well as CO, absorption/desorption process associated with
Ba expulsion/reintroduction is not completely reversible. This work
has further provided evidence that the Nb-based garnet analogy
LigBalLa;Ta;04, is as well unstable in humid air at low tempera-
tures, exhibiting spontaneous ionic exchange and Li,CO5 formation
with released lithium. Thangadurai et al. inferred from the data ob-
tained via thermogravimetric analysis that LigBaLa,Nb,0O;, garnet
at room temperature exhibits an ion exchange degree of 20% with
respect to water [104]. This implies that ion exchange does not
cease to take place in LigBalLa,Nb,04, garnet in spite of low ex-
change rates. The behaviors of the aforementioned two typical ox-
ide ionic conductors are similar to that of Li5 series garnets where
the lithium quantity is greater than that can be accommodated at
the structural interstitial tetrahedral sites.

Li7: As already mentioned, the representative material LLZO be-
longing to the Li7 series is found to exist in two distinctive ge-
ometrically symmetric crystal systems, tetragonal and cubic, de-
pending on the lithium position in the architecture constructed
from LaOg dodecahedron and ZrOg octahedron. Early studies have
demonstrated that treatment of tetragonal LLZO garnet powders
in water or acid leads to the transformation to the cubic poly-
morph, the direct result of introducing disorder in the Li net-
work through H*/Li™ ion exchange [107]. The chemical instability
of tetragonal LLZO has been explored extensively in numerous re-
search articles, and thus with a particular focus being placed on
LLZO-based garnet SSEs in the cubic phase in this review. Chi et
al. have demonstrated that cubic LLZO in common with other Li5
and Li6 series garnets experience a rapid and spontaneous Li*/H*
exchange reaction upon exposure to water [108]. This proton ex-
change process is unaccompanied by any structural transforma-
tion even with the high exchange rate of 63.6%. The reversible
Lit/H* exchange occurs in protonated garnet after being immersed
in 2mol/L LiOH with Lit re-entering the lattice while remaining
structurally unchanged. Aguadero et al. analyzed the proton ex-
change region in Ga-incorporated LLZO-based garnets based on fo-
cused ion beam secondary ion mass spectrometry (FIB-SMS), and
revealed the effect of proton-lithium exchange-induced chemical
degradation on Li-ion dynamics across the bulk and grain bound-
aries in highly lithium-conducting garnet electrolytes [109]. There
is evidence that prolonged immersion in liquid H,O at 100°C re-
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Fig. 6. Schematic diagram of the chemical stability for cubic garnet-based ion con-
ductors as a function of lithium-ion concentration. Reproduced with permission
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American Chemical Society; Reproduced with permission [108]. Copyright 2015,
Wiley.

sults in an increase in the thickness of the H-Ga0.15-LLZO re-
gion formed via H™[Li* exchange, extending as far as 1.35pum into
Ga0.15-LLZO garnet pellets after 30 min. Proton-lithium exchange
reactions in lithium-conducting garnet have a detrimental effect
on charge carrier transport in bulk and lithium-ion mobility at the
solid-state electrolyte/electrode interface. In light of the develop-
ment of advanced characterization techniques, the occurrence of
LiOH on the surface of cubic Lig4La3Zr{4Tagg01, garnet under rar-
efied air has recently been directly observed employing quasi-in
situ X-ray photoelectron spectroscopy (XPS) [110]. Not only single-
atom or double-doped, but high entropy garnet-based oxides that
have gained increasing popularity recently are also found to suffer
from atmospheric water and carbon dioxide. The Li;CO3; impure
phase is still evident in the XRD patterns after 60 days of expo-
sure to ambient air despite no obvious decay in ionic conductiv-
ity [111,112]. As depicted in Fig. 6, stability in humid atmospheres
cannot be generalized to all lithium garnet-type oxides, as the fea-
sibility of Li*/H* exchange is closely related to lithium stoichiome-
try: the garnet oxide is likely to be sensitive to humidity if the Li*™
concentration is greater than what can be accommodated on the
tetrahedral site commonly occupied by Li ions.

3.1.2. Li-site occupation behavior

It is well known that the sensitivity of Li-stuffed LLZO-based
garnet oxides to water originates from facile proton-for-lithium
exchange [113]. However, changes in the stoichiometric ratio of
lithium ions will lead to variations in their distribution within
the three-dimensional interstitial space, thus further investigation
is imperative to identify the preferential site for proton exchange.
Chi et al. proposed that cubic LLZO preferentially underwent pro-
ton exchange by the most anisotropic 96h site Li in aqueous so-
lution based on electron energy loss spectroscopy (EELS) analysis,
resulting in the disappearance of the doublet in Li-K near-edge fine
structure [106]. The exchange barely further proceeded after Li was
depleted located at the off-center octahedral site, leaving both the
48g and 24d sites largely unaffected. This conclusion has also been
confirmed by Wen et al. who carried out continuous H*/Li* ion
exchange on cubic Lig75LazNbg25Zry 7501, powder in distilled wa-
ter, demonstrating that the octahedral positions occupied with Li
in the garnet B3C,01, structure are more readily available to ex-
change with proton since they bond lithium ions less tightly than
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the tetrahedral positions [114]. The reactivity of cubic LLZO-based
garnet- LigsLasZry5Tags0q, in water confirms anew the nature un-
derlying the chemical instability for Li-rich materials of this type
[115]. NPD combined with NMR techniques reveals that exchanged
protons in hydrated garnet displace Li from the octahedral position
bridging the 24d tetrahedral site, and building weak O-H bonds
with the surrounding oxygen resulting in increasing the octahedral
configurations distortion. Additional evidence comes from a single-
crystal XRD analysis of H proton entry into cubic Al:LLZO garnet
ionic conductors performed over a period of 3 years according to
Rettenwander et al. [116] It is demonstrated that extensive Lit/H*
exchanges have only the result of reducing the mobile Li-ions at
the 96h position.

On the contrary, Rettenwander et al. have found that the aging
of both single crystals as well as Czochralski-grown LigLa3ZrTaOq,
in water or acetic acid at room temperature retains Ia3d symme-
try but induces a Li*/H* exchange preferable at the Li-occupied
tetrahedral site, based on XRD and NPD techniques [117]. Incon-
sistencies in conclusions can be attributed to differences in gar-
net compositions and substitution contents, thus impacting the
Lit/H*-exchange rate, Lit/H*-exchange capacity, Li*/H*-site occu-
pancy behavior, and even lithium oxide garnet structural stability.
Developing universal design rules based on a diversity of compo-
nents to enhance future material properties.

3.1.3. Li-O bonding interactions

Lithium-oxygen bonding is another critical aspect responsible
for the chemical instability of cubic lithium-rich garnet-based ox-
ide ion conductors since it directly affects the extraction of lithium
ions from the sublattice. Proton replacing lithium ions enter into
the structural interstices accompanied by the breaking of strong
Li-O bonds and the formation of weak hydrogen O-H---O bonds,
as a result leading to lattice expansion [102]. There are two avail-
able sites for Lit/H* ion exchange in cubic LLZO-based garnet. It
is generally accepted that tetrahedral 24d sites are skeleton sites
and Li-ion trapping sites where Li ions are tightly bound with O
and less mobile, while the Li ions at the octahedral 96h sites are
more loosely bound and are believed to be responsible for fast
Li-ion mobility in the 3D channel [104]. Li-O bond engineering is
therefore necessary in order to fundamentally improve the chemi-
cal stability of lithium-rich garnet structural oxides. However, high
Li* conductivity most often arises from weak Li-O bonding in ox-
ide ionic conductors, which accounts precisely for decreased sta-
bility under moisture attacks. This phenomenon is also common in
inorganic solid ion conductors such as perovskites and sulfides [6].
More calculations based on theoretical principles are imperative in
the future to screen suitable elements on a large scale and to mod-
ulate the electronic states from the perspective of inorganic solid
chemistry in order to obtain the next generation of solid ionic con-
ductors with high conductivity and stability.

3.2. LLZO air exposure-related reaction mechanisms

Garnet-based solid electrolytes are highly susceptible to being
attacked by Li;CO3 as discussed above, and even calcined sam-
ples may have already begun to protonate during cooling in the
furnace [118]. Different pathways have been proposed to elucidate
the reaction between cubic LLZO and air. Garnet-based electrolytes
are able to directly react with CO, to form Li,CO3 in the absence
of H,O according to the previously reported single-step reaction
[119-121]. The reaction pathway described in Eq. 1 is thermody-
namically favorable according to DFT calculations but is kineti-
cally slow considering the negligible amount of Li,CO3; generated
upon the pristine specimen after exposure to dry air [120]. Re-
cently Canepa et al. utilized first-principles calculations to eluci-
date that the individual reaction of H,O and CO, with LLZO is ther-
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Fig. 7. (a) Multiple possible reaction pathways between garnet-based ceramic par-
ticles and humid air. Reproduced with permission [118]. Copyright 2020, American
Chemical Society. (b) Three-dimensional reconstruction image depicting the accu-
mulation of OH- corrosion products along grain boundaries near the surface. Re-
produced with permission [128]. Copyright 2020, Royal Society of Chemistry.

modynamically more favorable than the co-adsorption of H,O and
CO, [122]. But the currently more widely accepted reaction path-
way includes two steps [6,99,123]. Water vapor from the environ-
ment will be absorbed on the surface of the garnet ceramic pellets
upon exposure to humid air, thus initiating the reaction of Li*/H*
exchange at specific sites in the structure. A sufficient amount
of water is required to be present before or simultaneously with
the reaction with CO, in order to produce essential intermediate
LiOH-H,O0 following the generation of LiOH. The top layer of Li,CO;
is then formed as a result of the carbonating reaction between
LiOH-H,0 and CO, to provide protection for the pellet underneath,
as depicted in the following reaction Egs. 2 and 3 [118,124]. Tang
et al. validated the above reaction mechanism from the experimen-
tal point of view by performing XPS depth profiling on 24 h air-
exposed Lig4LlasZri4Tagg0q, samples [125]. With increasing sput-
tering depth, contaminants of LiOH-xH,0 and Li,CO3; decrease and
diminish at about 160 nm, while H-LLZTO increases at the same
time and finally turns into LLZTO at about 240 nm as the degree of
HT/Lit exchange decreases. The conclusion is generally in agree-
ment with the results of Sakamoto et al. performed on raw unmod-
ified LLZO garnet [126]. Fig. 7a visually illustrates the two reaction
pathways mentioned above. Although garnet-based ceramic pellets
are difficult to escape the fate of contamination once in contact
with air, the extent of contaminant formation on their surfaces, the
stepwise evolution of contaminants, and the inhomogeneous distri-
butions exhibited are still in need of further investigation with in
situ characterization and theoretical calculations.

Li;LazZr,0q3 + x CO, — Liy_p¢LaszZr,0q; + x LipCO5 (1)
Li7La3Zr2012 +x H,0 — Li7_XHXLagzl'2012 +x LiOH (2)
LiOH + 1/2 €O, — 1/2 Li,CO;3 + 1/2 H,0 (3)

Additionally to the grains, amorphous Li;O and/or Li,AlO, de-
posited at grain boundaries for garnet-based ceramic solid elec-
trolytes also tend to undergo Li*/H* exchange reactions with H,O.
Jin et al. even speculated that corrosion may take place initially
at grain boundaries since grain boundaries exhibit a higher in-
terfacial energy making them more susceptible to moisture than
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grains [127]. The contaminants spread from the grain boundaries
and gradually wrap around the whole grain progressively from
the outer surface to the inside, so that eventually grain bound-
ary impedances increase significantly as well as grain ionic trans-
port decreases substantially as a result of the formation of LiOH
and Li,COs lithium-ion insulators as well as more new interfaces
(Fig. 7b). Grain size in the synthesis and preparation directly af-
fects the number of grain boundaries in garnet ceramic-based solid
electrolytes, thereby being tightly related to the chemical stabil-
ity of the solid electrolyte [128,129]. However, it remains contro-
versial whether ceramic pellets composed of large or small grains
are more resistant to humidity-induced erosion, and the optimal
size range for the preparation of garnet-based electrolytes with
high conductivity and air stability requires further clarification
[120,121].

3.3. Structural modifications enhance chemical stability

Solid lithium-rich garnet ceramic pellets exposed to moisture
will trigger proton exchange reactions where the spatial orienta-
tion of H* will severely hinder Li* migration in three-dimensional
anisotropic channels, thereby lowering the ionic conductance [6].
Moreover, garnet ceramics could even suffer from a phase transi-
tion when the degree of ionic exchange is heightened further, re-
sulting in the deterioration of their mechanical properties [130].
Moisture erosion not only has a negative effect on the intrin-
sic physicochemical properties of ceramic garnet-based oxides, but
also batteries assembled based on them weaken the wettability
of Li metal on the LLZO substrate due to LiOH and Li,CO3 pas-
sivation layers formed on the surface thus enlarging the interfa-
cial impedance between the Li anode electrode and the solid-state
electrolyte [29,118]. In addition, it is also detrimental to lithium
stripping and plating during cycling as the voids formed at the in-
terface during stripping result in an increase in the apparent in-
terfacial resistance, provoking the formation of dendrites from in-
homogeneous lithium plating ultimately causing a short circuit [7].
Wise manipulation of atoms to modulate atomic arrangements for
building more desirable electrolyte structural frameworks from a
solid-state chemistry perspective, ultimately mitigating the adverse
effects of ionic exchange and thus fully utilizing the advantages of
garnet.

Cui et al. incorporated the elements Nb and Y simultaneously
into the Zr site of cubic LLZO garnet-based electrolyte, where
Y3+ with a lower valence was able to compensate for the loss of
lithium resulting from the high valence Nb°*t introduction and
prohibit the substitution of At in the lattice, thus endowing
Li;LazZrNbg5Yo 501, with excellent chemical stability [131]. The
transport properties exhibited by the oxide ionic conductor can be
maintained at the order of 10~ S/cm after 1.5 months of exposure
to air. Two cubic crystal systems LiggsLazGag3ZrygsNbggs012
and LiyLay 75Cag452Zr175Nbg 4501, garnets with Ia3d space group
are designed obtained via the similar co-doping strategy, where
Ga preferentially occupies the interstitial Li site, Ca primarily
replaces the framework La location, and Nb is present only at
the Zr position [132]. Due to the difference in doping sites of
dopants, the air stability of LiggsLazGag3ZrigsNbggs012 garnet
was significantly enhanced as a result of modifications im-
plemented in its microstructure. Our team engineered specific
functional elements to improve their intrinsic chemical stabil-
ity by identifying the structural features of cubic lithium-rich
garnet-based superionic conductors with synergistic control of
doping and non-stoichiometry [133]. The optimal composition
of LigysGagolasZry0q185Fg15 (LGLZO-0.15F) garnet demonstrates
excellent air durability without noticeable impurity accumulation,
even with continuous air exposure for 60 days, owing to the
high affinity of the fluorine dopant for lithium occupying the
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Fig. 8. (a) Schematic diagram of preparing garnet-based ceramic electrolyte with
the traditional high-temperature solid-phase method and its assembly into lithium
batteries. (b) Comparing the air durability of LGLZO and LGLZO-0.15F pellets after
60 days in ambient air exposure. (c¢) Mechanism of enhanced chemical stability in
cubic Li-stuffed fluorinated garnets. Reproduced with permission [133]. Copyright
2022, American Chemical Society.

octahedral site (Fig. 8). Sholl et al. inferred that upon replacing
the Zr sites within the LLZO framework structure with Sn or Hf
elements based on DFT calculations, Li;La3Sn,0¢, exhibited higher
chemical stability in ambient air than the other two materials,
re-emphasizing the crucial role that modulation of intra-structural
bonding interactions through elemental compositions plays in the
air chemical stability of oxide electrolytes [134].

4. Perspective

The garnet-structured SSEs are considered the most promising
candidate for next-generation advanced SSLBs owing to the inher-
ent benefit of high ionic conductivity at room temperature, wide
electrochemical window, and excellent stability to Li anodes. Lit-
erature search reveals that the number of articles on solid elec-
trolytes has increased year by year within fifteen years (2008-
2023), while at the same time the number of reports related to
garnet-based ionic conductors has also grown demonstrating its
significant influence (Fig. 9). Despite the fact that this type of elec-
trolyte has made significant advances in recent years, commercial-
ization of SSLBs remains on the horizon. Here, we present some
perspectives derived from our accumulated knowledge with the
hope of promoting its industrialization:

(1) The ionic conductivity of electrolytes is a crucial criterion
for researchers to evaluate their performance and deter-

Solid Electrolyte

Garnet
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Fig. 9. The literature search reveals the growth in articles on solid electrolytes over
the last fifteen years (2008-2023), and garnet-based ionic conductors have also de-
veloped rapidly over this period.
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mine whether the electrolyte can be further applied in
batteries. Multiple generations of exploration have resulted
in significant progress in comprehending the conductivity
performance of LLZO SSEs. The currently available LLZO SSEs
with single-atom doping of Ga, Fe, Ta, and Te were able to
obtain high ionic conductivity at room temperature (>10-3
S/cm). However, LLZO-based ionic conductors still require
considerable development before they reach the heights
of ionic conductivity achieved by liquid electrolytes at
present. Therefore, researchers also explored how to make
improvements to the LLZO sintering process in addition to
doping modification. Different sintering mechanisms are
able to affect lithium ions volatility in oxide precursors,
further responsible for the transformation of the phase
structure, and ultimately will have a significant effect on
the uniformity, densification, and mechanical performance
of the oxide ceramic pellet resulting from sintering. The
ionic conductivity of LLZO can be substantially increased
by fabricating it into thin films through physical/chemical
vapor deposition methods such as radio-frequency sput-
tering, pulsed laser deposition, and metal-organic chemical
vapor deposition. Compared to bulk materials, ultra-thin
films are more likely to achieve stable crystal phases as well
as reduce grain boundaries and defects, thereby reducing
the migration resistance of lithium ions in the material
[28]. Since the increasing demand for commercialization
and the incoming bottleneck period for increasing ionic
conductivity, researchers have turned their attention to
stability studies of oxide-based electrolytes especially cubic
LLZO-based materials. Stability improvement is expected
to greatly reduce storage costs, simplify storage meth-
ods, extend the performance retention period, as well as
contribute strongly to commercial value. The majority of
research studies presently focus on surface engineering from
a macro perspective in order to enhance stability. It pos-
sesses considerable potential research value for suppressing
stability from the origin and reducing the occurrence of
stability-reduced reactions viewed from an atomic perspec-
tive. Considering stability from an atomic perspective allows
for the possibility of suppressing ionic exchange from the
beginning and reducing the occurrence of stability-reduced
reactions.

High ionic conductivity performance at atmospheric tem-
perature and excellent chemical stability in the ambient
environment are considered to be two of the most signifi-
cant characteristics for oxide-based super-ionic conductors.
Ceramic oxide-based electrolytes employed in advanced
all-solid-state batteries are expected to possess both prop-
erties. However, currently several prevalent oxide ceramic
electrolytes such as LATP and LLTO are found to have
difficulties simultaneously manifesting them. Research has
revealed that the more tightly bound Li atom in LMO gives
rise to a higher Li insertion voltage, resulting in higher
stability. The theory provides a reasonable explanation for
the paradoxical relationship between ionic conductivity and
air stability of oxide-type solid electrolytes since strong
Li-M bonds are associated with high Li™ conductivity, which
in turn may result in lower stability under wet conditions.
Sulfide-based solid electrolytes also suffer from similar
difficulties. Therefore, it is imperative to clarify in great
detail the inextricable connection between the two prop-
erties, relying on Big Data and artificial intelligence (Al) to
reasonably build the required atomic arrangement according
to the information hidden in the periodic table of elements,
thus enabling garnet and even oxide solid electrolytes with
excellent ionic conductivity and high chemical stability.
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(3) In addition to the exposed issues mentioned above, solid
electrolytes also encounter poor contact with the solid an-
ode/cathode, potentially resulting in excessive local current
stimulating lithium dendrites growth, eventually resulting in
battery short circuits. The interface challenge involves not
only the as-assembled contact interface but also the in-
progress being developed interface during cycling. A more
detailed investigation of the electrolyte-cathode interface is
needed. Determining how to address the physical or chemi-
cal interface contact in the cathode will assist in better com-
prehending and optimizing solid-state electrolyte function at
a full cell level. Composite electrolytes have the potential to
address this difficulty due to their ability to mitigate the dis-
advantages and promote the advantages of each structural
component, thus improving the intrinsic ionic conductivity,
mechanical strength, thermal stability, and electrode com-
patibility of the material. Composite electrolytes provide the
ideal solution for constructing solid-state metal lithium bat-
teries with improved solid-solid contacts and reduced in-
terface impedances. By converting the rigid interface into a
flexible interface, structural stress can be released during cy-
cling, and volume changes of the electrode during cycling
can be suppressed, thus improving the physical and me-
chanical stability and optimizing the electrochemical perfor-
mance of the battery. Chemical stability and electrochem-
ical stability refer to the ability of the solid-solid contact
interface to maintain the stability of physical and chemical
properties at the interface under the action of the external
electric field, respectively. Therefore, improving the chemi-
cal and electrochemical stability of the solid-solid interface
is of great significance for all-solid-state batteries with high
energy density. Enhancing the thermal stability problem can
significantly bolster the safety performance of the battery
and eliminate its potential safety risks thereby ensuring its
application is more extensive.

(4) As the core component of all-solid-state batteries, solid-state
electrolytes still face numerous challenges in their transition
from laboratory to industrial production. Firstly, the synthe-
sis and processing of the material is carried out under strict
conditions such as specific temperature and pressure con-
ditions, posing a significant challenge to industrial produc-
tion. Secondly, ensuring uniformity and reliability of mate-
rials during mass production is also a major technical bar-
rier. In addition, solid-state electrolytes encounter consider-
ably more difficulties in assembling batteries and operating
interfaces than traditional liquid electrolytes, including con-
tact issues between electrolytes and electrode materials that
require innovative technologies and processes to resolve.

Despite these challenges, the prospects for the industrialization
of solid-state electrolytes are still favoured by the industry. The
continuous development of new materials, advances in production
technology, and the realization of economies of scale are grad-
ually reducing the cost of solid-state electrolytes, enabling their
use in a variety of applications. Especially in the field of elec-
tric vehicles, solid-state batteries are considered a key technol-
ogy to achieve longer range, faster charging speeds, and better
safety. Therefore, in-depth discussions on the industrialization pro-
cess and challenges faced by solid-state electrolytes will help pro-
mote the development and application of this technology, opening
up a new chapter in energy and materials science.

5. Conclusion

In summary, the crystal structure defines the dimensionality of
interstitial sites as well as their connectivity further directly deter-
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mining the intrinsic physicochemical properties of crystalline ma-
terials including oxide superionic conductors. While the individual
properties of the atoms and ions encoded in the periodic table
determine basic redox chemistry, embedding it into specific sites
within the garnet structure where its peculiar electronic structure
and defects will endow this class of materials with fascinating op-
erating potentials, electrochemical capacities, electrochemical sta-
bilization windows, and electronic and ionic conductivities. Struc-
tural design and assembly strategies for cubic garnet-based solid
electrolytes are necessary to be optimized for all-solid-state bat-
teries. This review will provide a valuable direction for future engi-
neering and optimization of oxide-based ionic conductor materials
to achieve higher capacity and energy density.
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