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The worldwide research on all-solid-state lithium batteries
(ASSLBs) flourished in the past decade due to the strong demand
for high energy density and safe electrochemical energy storage.
Deep understanding of the fundamental issues in ASSLBs is the
foundation stone for achieving practical ASSLBs in industry [1-3].
Solid electrolytes (SEs), as the central parts of ASSLBs, are in prior-
ity worth exploring and investigating. So far, there is still a great
task to obtain SEs that can satisfy the requirements of ASSLBS such
as sufficiently high ionic conductivity as well as interfacial compat-
ibility and deformability [4,5]. Sulfide electrolytes with high ionic
conductivity and low mechanical moduli enable operation of
ASSLBs at room-temperature (RT), while cathode coating and
non-lithium-metal anodes are indispensable to overcome the poor
interfacial stability [6]. Oxide electrolytes such as Li;LasZr,0q;
garnet can tolerate both the oxidation of high-voltage cathode
and the reduction of lithium (Li) anode, but suffer from poor
solid-solid contact with the electrode [7]. In recent years, the
halide SEs have emerged with attractive properties such as RT ionic
conductivity higher than 1 mS cm™!, superior deformability, and
excellent chemical stability against high-voltage cathode. Unfortu-
nately, most of the halide SEs (e.g., Li3YClg [8], Li>In,Sco ge6_xCla [9]
and LisInClg [10,11]) generally exhibit poor interfacial stability
against Li.

Recently in Nature [12], Yao and his colleagues, from the
University of Science and Technology of China, reported a LaCls-
based Li Ta,La,Cl; (x + 5y + 3z = 3) with a high ionic conductivity
of 3.02mScm™! at 30 °C with respect to Lig3ssTao23slag475Cls, as
well as an interfacial stability against Li. As demonstrated in
Fig. 1a, the UCI5-type LaCl; possesses a non-close-packed anion lat-
tice with plenty of one-dimensional (1D) Li* channels. Each chan-
nel is enclosed by six columns of adjacent edge-sharing
tricapped-trigonal prism [LaClg], providing Li* migration paths
with the inner diameter of approximately 4.6 A. The ab initio
molecular dynamics simulations on the model system LisLas[1;Clyg
revealed that Li* can move rapidly along 1D channels at closely
spaced sites. Interestingly, the Li* migration between the adjacent
channels can be connected by the La vacancies (Fig. 1b). On the
basis of such idea, the authors sufficiently introduced La vacancies
by doping of high-valence Ta>" to constructing three-dimensional
(3D) interconnected Li* migration pathways.
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The interfacial stability of Li,Ta,La,Cl; against Li is also success-
fully achieved [12]. Without the addition of intermediate layer, the
Li-Li symmetric cells with Lig3ggTag23glag.475Cls as SEs exhibit an
ultra-long cycling over 5000 h at 1 mA cm ™2 with a flat voltage pla-
teau in all periods. Incorporation of Lig3ggTag23glag.475Cls with Li
anodes and uncoated LiNig 5Cog,Mng 30, (NCM523) cathodes, the
cells run more than 100 cycles with 81.6% capacity retention. As
interpreted by X-ray photoelectron spectroscopy (XPS), a small
amount of Ta (]34%) and La (84%) in Li0.388T30.238L30‘475C13 is
reduced at the interface in contact with Li, which is much lower
than that of In in LisInClg (>60%) [13], benefiting from the low elec-
tronegativity of La (i.e., 1.1) and Ta (i.e., 1.5). Furthermore, the for-
mation of electrically insulated LiCl interphase shields SE from
continuous reduction by Li (Fig. 1c¢), endowing Lig 3gsTag.235Lag.475-
Cl; with excellent anti-reduction capability. In addition, the dense
nanocrystalline feature and the low electronic conductivity of
Lig3ssTag235La0.475Cl5 pellet (1.74 x 1071°Scm™!) also play impor-
tant role in improving the Li/SE interfacial stability. This discovery
represents a breakthrough in the field of halide SE research.

Another important finding of this work is the high tolerance of
the UCI5-type structure with dopant ions. The LaCls; lattice can
accommodate various ions with valance state ranging from +1 to
+6, which makes the UCls-type electrolytes a large family
(Fig. 1d). As proved experimentally, the dopant ions including Li*,
Na*, K*, Mg?*, Ca%*, sr?*, Y**, In®*, S¢®*, Zr**, Hf**, Ta*, Nb>* and
W®* can be introduced into the LaCls lattice without changing
the UCls-type structure. Such features empower the LaCls-based
SEs the potential to further improve their electrochemical proper-
ties, including the ionic conductivity, interface and air stability,
economic viability and so on. As a proof of principle, the authors
selected earth-abundance metal elements such as Ca®* and Zr*
to substitute the Ta. It was found that the Lig495Zro259Cag.oss-
Lag432Cl3 maintained the LaCls structure without impurity and
exhibited an ionic conductivity of 1.61 mS cm~! at room tempera-
ture, which indeed achieved a trade-off between performance and
cost.

Yao and his colleagues [12] undoubtedly have proposed a new
type of SEs for ASSLBs, while many issues are worth further study-
ing concerning the industry application. Scaling-up fabrication of
LaCls-based SEs should be taken into account. Besides the milling
method used in this work, the sintering or solution route that is
well-established in industry is also worth exploring. The air/hu-
midity tolerance of LaCls-based SEs requires careful and critical
evaluation, which lies as an obstacle for scalable fabrication.
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Fig. 1. (a) An illustration of a LaCls-type Li* superionic conductor with three-dimensional (3D) Li* migration pathways. (b) The one-dimensional (1D) channel for Li*
migration (red spheres) in the LaCls lattice and the Li* migration between adjacent channels enabled by La-vacancy. Reproduced from Ref. [12] with the permission of
Springer Nature. (c) Schematic of the gradient passivation interphase layer formed at the interface between Li metal and LaCls;-type solid electrolytes. (d) Schematic of the
periodic table showing the great potential of LaCls lattice to generate a new family of SEs.

To construct ASSLBs with realistically high energy density, the
approaches of battery assembly, not just SEs, deserve equal atten-
tion. Both thick cathodes with the low SE fraction and the low
stack-pressure during battery operation should be considered.
Although there still needs a lot of work to achieve the practical
use of LaCls-based SEs in industry, the strategy of material design
demonstrated in this Nature article provides a novel idea for find-
ing new and high-performance SEs for ASSLBs.
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