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Solid-state Li-metal batteries have attracted growing interest over the years as a promising candidate for next-
generation energy storage. Yet, the Li metal not only spontaneously reacts with most solid-state electrolytes
(SSEs), but also triggers Li dendrite growth in the SSEs at a lower current density than traditional liquid elec-
trolytes. Buffering the electrolyte-anode interface with a protective layer could be a viable solution to this
problem. Herein, we search for candidate protective-layer materials from 2316 experimentally known Li-

containing compounds using high-throughput first principles calculations. Tiered screening of both stability
and electronic structure allows the identification of 5, 28 and 7 materials as suitable for protecting Li;LagZr012,
LigPS4 and LiTia(PO4)s, respectively. We demonstrate that electron transfer from Li metal to SSE is successfully
blocked by the protective layer to restrain the dendrite growth. This work enables a significant reduction of
search space for materials discoveries in protective layer for solid-state Li-metal batteries.

1. Introduction

Rechargeable solid-state Li-metal batteries have long been proposed
as the next-generation energy storage devices due to their high theo-
retical specific capacity and the non-flammability characteristic [1-6].
The most critical component in a solid-state Li-metal battery is the
solid-state electrolyte (SSE), which requires both high ionic conductivity
and good electrochemical stability [7,8]. Over the past years, a number
of promising SSEs have been discovered [9-15], among which
Li7La3Zr2012 (LLZO) [16], Li3PS4 (LPS) [17] and Li1+xAle12_x(PO4)3
(LATP) [18] are the most extensively studied and exploited. However,
even though many efforts have been devoted to this area, the solid-state
Li-metal batteries are still far from practical application [19-21]. One of
the most pernicious problems is the propensity of lithium dendrite
propagation inside these SSEs at low critical current density, even
beneath that in nonaqueous liquid electrolytes [22-25]. The SSEs may
also react with Li metal, forming unstable solid electrolyte interphase
layer that impairs the battery performance [26]. Therefore, it is a crucial
challenge to develop strategies for the mitigation of unwanted interac-
tion between SSEs and Li-metal anode.

Introducing a protective layer could be a viable means to manipulate
the interface between SSEs and Li metal (Fig. 1a), and some inspiring
progress has been made in this direction recently [27-30]. The major
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benefit of protective layers is in blocking the electron transfer from Li
metal to the SSEs during charging. In the ideal cases, the conduction
bands of SSEs should be high enough to guarantee that no excess elec-
tron is trapped in their bulk or interfaces during Li deposition (Fig. 1b).
However, for LLZO, LPS and LAPT, their conduction band minimum
(CBM) at the surface is below the energy level of Li plating (i.e., the
Li*/Li® potential), as reported in previous studies [31,32], and hence
their electrical contact with Li metal will inevitably trigger electron
transfer (Fig. 1¢). The polarons induced by this electron transfer will
lead to both parasitic reactions and disastrous formation of Li dendrites
penetrating the SSEs along the grain boundaries. In comparison, a pro-
tective layer featuring a high CBM and a wide band gap can pose a direct
barrier to prevent such electron transfer (Fig. 1d), thus conferring
improved electrochemical performance to the solid-state Li-metal bat-
teries. The advantages of stabilized electrolyte-anode interface have
been well documented in the studies using protective layers such as LiF,
ZnO, h-BN, et al. [28,33-39]. Despite the limited Li ion diffusivity in the
protective layers and across the interfaces, striking improvements in
battery performance were unequivocally demonstrated in these works.
Nevertheless, a rationale screening of candidate materials from the
family of inorganic compounds is still not available so far. While
experimental exploration in this endeavor would have proved labor
intensive, one promising alternative may lie in the high-throughput
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computational approaches, given their past success in predicting po-
tential cathode coatings for Li-ion batteries [40-42].

Herein, we perform high-throughput density functional theory (DFT)
calculations to screen all Li-containing materials in Inorganic Crystal
Structure Database (ICSD) [43] for those with wide electrochemical
stability window, low chemical reactivity, large band gap and espe-
cially, with CBM above the Li*/Li® potential. Only Li-containing mate-
rials are considered because intrinsic Li content is beneficial for facile Li
diffusion across the thin protective layer. LLZO, LPS and LiTi3(PO4)3
(LTP) are chosen as the representative SSEs, for each of which we
identify a set of appropriate protective-layer materials through tiered
screening. We find that from a total of 2316 candidate materials, only 5,
28 and 7 can be adopted for protecting LLZO, LPS and LTP, respectively.
Halides and polyanionic oxides constitute the majority of materials for
use as protective layers, which can be tested in future experimental
investigations.

2. Computational methods

All the calculations were performed within a plane-wave basis set
and the projector augmented wave (PAW) method, as implemented in
[44,45].
correlation

the Vienna ab initio simulation package (VASP)
Perdew-Burke-Ernzerhof (PBE) [46] exchange and
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functional of generalized gradient approximation (GGA) [47] was
employed. The energy cut-off of the plane waves was set to 520 eV, and
the Monkhorst-Pack k-point grids [48] were set to at least 1000/(the
number of atoms per cell) for all calculations. Phase diagram of each
compound was obtained from the Materials Project database [49] within
the same computational scheme. Activation energy barriers for Li
diffusion were estimated via softBV method [50].

The phase stability was estimated by calculating the energy convex
hull and phase diagram at O K, taking into consideration all known
crystalline materials using the pymatgen package [51]. Energy above
convex hull (Eyyy) is defined as the energy per atom of the corresponding
compound above the stable phase at the same composition in the phase
diagram. If a compound has positive Epy, it tends to decompose into
another phase upon disturbance. Considering the kinetic constraints
during phase transition, a threshold on the scale of meV/atom was
generally set for Epy to filter out the highly unstable compounds in the
screening process [41].

The electrochemical stability window was estimated via lithium
grand potential phase diagram. We considered the grand potential @ of a
compound using the following equation:

Dle, py) = Ele] = muilclpy, M@
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Fig. 1. Schematic illustration of the role of protective layers on suppressing Li dendrite formation in SSEs. (a) A protective layer for SSE against Li-metal
anode. (b) Band structure of the ideal cases where the CBM of SSE is above the Li*/Li° potential. (c) Band structure of the actual situation where the CBM of
SSE is beneath the Li*/Li° potential, leading to electron transfer and dendrite formation in SSE during Li deposition. (d) Band structure of the cases where a protective

layer is introduced to block the electron transfer.
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where c is the composition of the material, E[c] is the enthalpy, ny;[c] is
the Li concentration, and i, is the lithium chemical potential. The grand
potential range within which the compound is stable would correspond
to its electrochemical stability window [52,53]:

Vred _ /’tLl p Hred (2)

Voi = ”Bl — Hoxi 3)
e

where Vieq and Vo are the reduction potential and the oxidation po-

tential of the electrochemical stability window; ugi, Hred and poxi are the

Li chemical potentials of Li metal, the reduction limit and the oxidation

limit in phase diagram, respectively; e is the elementary charge.

The chemical stability was estimated according to the chemical re-
action energy between two substances following the methodology pro-
posed by Richards et al. [54]. For two reactants a and b, AE,, was
determined according to the mixing ratio x that yields the largest re-
action driving force:

AE,;, = minyg {Epd [xca + (1 =x)cp | — xE[ca] — (1 — x)Ecp) } (€)]
where ¢, and cp, are the compositions of reactants a and b normalized by
the numbers of atoms, and Epqglc] is the ground-state energy of equi-
librium phase at the composition ¢ [54].
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Tetragonal LiyLazZro012 (t-LLZO) was selected to represent LLZO,
since previous study reported that this phase predominates at the
interface with Li metal [55]. For LPS, B-Li3PS; was employed as
commonly used. For LTP, LiTi3(PO4)s with a space group of R-3c was
considered in this study.

3. Results and discussion

In ICSD, there are 2316 Li-containing materials that do not exhibit
fractional occupancy at lattice sites, which constitutes the basis for high-
throughput computational screening. As a prerequisite for application in
electrochemical energy storage, the protective layer should be thermo-
dynamically stable against decomposition into other phases. Thermo-
dynamic stability of a compound can be evaluated by its ground-state
convex hull at 0 K, and the energy above this hull could be regarded as
the driving force for phase transition into the ground-state configuration
at the corresponding composition. Here we follow the work of Ceder
et al. [41] who set a criterion of 5 meV/atom for energy above hull to
filter out the unstable compounds. The pool of candidate materials for
protective layer shrinks by around 40% after this screening tier (Fig. S1).

After the phase stability evaluation, we examine the electrochemical
stability of the candidate compounds. The electrochemical stability
window corresponds to the voltage range in which the compound is
stable without electrochemical reactions. The oxidation and reduction
limits are defined as the voltage thresholds at which the compound tends
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Fig. 2. Electrochemical stability screening results. (a) The voltage profile during electrochemical oxidation and reduction of Li4SiO4. (b) Electrochemical stability
window of all the candidate materials for use as protective layer. Each material is represented by a dot. (c) Number of candidate compounds containing a given
element. The results of potential protective layers for LLZO, LPS and LTP are provided separately.
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to undergo Li extraction and insertion, respectively. For example, the
oxidation of Li4SiO4 begins at 3.12 V vs. Li metal, forming Li»SiO3 and
O,, while the reduction of LisSiO4 begins at 0.22 V, leading to the
emergence of Li;Siz and LiO (Fig. 2a). Similarly, we calculate the
oxidation and reduction limits of all the potential Li-containing com-
pounds for use as protective layer (Fig. 2b). The criteria for electro-
chemical stability screening can be defined according to the
electrochemical stability windows of LLZO, LPS and LTP, respectively
(Table S1). Since the formation of new phases is likely to be inhibited by
kinetic factors, an overpotential is generally required to initiate the
oxidation/reduction reaction [56]. In this regard, we set a criterion that
the electrochemical stability window of a protective layer should cover
90% of the operating voltage range for the selected SSE
(LLZO/LPS/LTP). The thresholds are highlighted in Fig. 2b. After this
screening tier, there remain 34, 478 and 187 candidate protective-layer
materials for LLZO, LPS and LTP, respectively. In Fig. 2¢, we summarize
the number of candidate materials containing a specific chemical
element (denoted as “E”). It is apparent that main group elements are
rather popular, such as O, F, Al and Si, while a relatively low chemical
diversity is witnessed for transition metal elements, with only few of
them (Ti, V, Mo and W) being prevalent in the candidate materials.

Then we evaluate the chemical stability against the targeted SSE
(LLZO/LPS/LTP). Chemical stability can be quantified by the most
negative reaction energy (AE) of all possible chemical mixing reactions
between the protective layer and the SSE. A threshold of |AE|
< 100 meV/atom could guarantee low reactivity and was therefore set
as the criterion. After this screening tier, a large number of fluorides are
discarded due to their strong interaction with the electrolyte materials.
We would like to note that Li,COs is easily formed on LLZO surface
because of the exposure to humid air, which leads to large interfacial
impedance [57,58]. If LLZO is well sealed during its synthesis and
application, the Li;CO3 formation could be effectively inhibited.
Therefore, we believe that the introduction of a protective layer with
high chemical stability could simultaneously address the problem of
Li»CO3 formation, which rescinds the concerns about reaction between
SSE and external substances.

Besides these stability metrics, the most important property of a
protective layer at the electrolyte-anode interface is a suitable electronic
structure that can prevent electron transfer from the Li-metal anode to
the SSE. To this end, the protective layer should be electronically insu-
lating with conduction bands high enough to block electron injection
from the Li metal. Therefore, we design two search principles: (1) The
bandgap should be at least 2 eV and (2) the CBM should be above the
Li*/Li® potential. After this round of screening, the candidate com-
pounds are narrowed down to 5, 28 and 7 for the protection of LLZO,
LPS and LTP, respectively. Fig. 3 provides a thorough list of the candi-
date compounds and displays their band edges in comparison with the
Lit/Li® potential (-1.39 eV vs. vacuum level [10]). We note that halides
and polyanionic oxides account for 80% of the candidate materials, and
some of them have already made their appearance in the literature as
effective buffer layers, such as LiF [27,59], Lil [60], Li3BOs [61] and
Li»SiOg [62]. In principle, the band alignment of these protective-layer
materials can serve to suppress the Li dendrite formation inside SSEs.
The reason for halides and polyanionic oxides occupying the majority
could be the high ionicity and low covalency between Li and anions in
these compounds. The ionic character gives rise to high energy level of
the empty Li-s states at the bottom of conduction bands, which could
raise opportunities to surpass the Lit/Li° potential.

To provide a more comprehensive scenario of how the protective
layer interacts with both SSEs and Li metal to hinder electron transfer,
we further investigate these interfaces via DFT calculations. We first
study the equilibrium shapes of LLZO, LPS and LTP via Wulff con-
struction, taking into consideration their low Miller-index stoichio-
metric surfaces. The surface models of these SSEs are depicted in Fig. S2-
S4, and the calculation results of surface energy are listed in Table 52-4.
We note that the (101) surface of LLZO, the (210) surface of LPS and the
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Fig. 3. Valence band maximum (the left end of the bar) and conduction
band minimum (the right end of the bar) of the compounds that pass the
high-throughput screening in this work. Energy is referenced to the vacuum
level. The purple dots on the right of the diagram indicate which SSE the
protective layer is suitable for.

(012) surface of LTP exhibit the highest ratios in surface area (details
provided in Supporting Information). Accordingly, they are chosen as
the representative surfaces for these SSEs. Example models of LLZO
(101)|LiC1(001), LPS(210)|LiBO»(001) and LTP(012)|LiF(001) in-
terfaces are constructed, as shown in Fig. 4a-c. We have examined their
interfacial energies, which turn out to be exothermic (Table S5), sug-
gesting the formation of intimate interfaces. We calculate the charge
density difference corresponding to the interaction at the interface, and
find that no charge transfer across the interface is observed, although a
certain degree of polarization is induced in the protective-layer mate-
rials. The electronic density of states (DOS) indicates that all the
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Fig. 4. Electronic structures of the LLZO(101)|LiC1(001), LPS(210)|LiBO2(001) and LTP(012)|LiF(001) interfaces. The charge density difference of (a) LLZO
(101)|LiC1(001), (b) LPS(210)|LiBO2(001) and (c) LTP(012)|LiF(001) interfaces. The yellow and blue isosurfaces indicate charge accumulation and depletion regions
after the formation of interface, respectively. The total density of states (TDOS) of (d) LLZO(101)|LiCl(001), (e) LPS(210)|LiBO»(001) and (f) LTP(012)|LiF(001)

interfaces. Energy is referenced to the Fermi level.

interfaces remain insulating (Fig. 4d-f), which is consistent with the
charge density difference results. These calculations suggest that the
interfaces between protective layers and SSEs are stable and robust
without formation of metallic states, and therefore the interfacial in-
teractions could hardly affect the electron-blocking ability of the pro-
tective layer. It is also worth mentioning that additional interfacial
impedance would likely be introduced into the battery after the incor-
poration of a protective layer, especially when the Li ion conductivity is
low in this material (Table S6). Nevertheless, the thin-film nature of the
protective layer means that the diffusion distance of Li ions is relatively
short, and hence the overall kinetics may only be affected to a small
degree. Previous experimental results of LiF and Lil [27,59,60] have
justified exploiting materials with low Li ion conductivity as potential
protective layers between SSEs and Li metal, demonstrating the more
determinant role of electronic structure than Li diffusivity in Li dendrite
growth.

Before inspecting the interface between protective layer and Li
metal, we consider the electronic structures of LLZO(101)|Li(110), LPS
(210)|Li(110) and LTP(012)|Li(110) interfaces. To simulate the electron
transfer during Li deposition, an excess electron is introduced to each
model, from which we can calculate the differential charge density be-
tween the configurations with and without an additional electron
(Fig. S6). According to the differential charge density, we find that the
excess electron prefers to distribute near the SSE surfaces rather than in
Li metal, which is consistent with our expectation of electron transfer
from Li-metal anode to the grain boundaries of SSEs during charging.
Likewise, we construct the LiCl(001)|Li(110) interface and present the
differential charge density in Fig. 5a. A charge accumulation region
appears at the Li metal surface, indicating the localization of excess
electron in Li metal, which simultaneously triggers the intensive polar-
ization in LiCl. To further substantiate this evidence, we turn to the
charge neutral model and calculate the partial charge density within an
energy range of 0 ~ 1eV vs. Fermi level (Fig. 5b). Notably, the

electronic states are mainly localized at the outermost Li layer, in good
agreement with the differential charge density result. The CBM of LiCl is
well above the Fermi level and no gap states emerge in the LiCl region, as
illustrated in the partial DOS plots in Fig. 5c. It can be drawn from these
results that electrons could not be injected from the Li metal to the
interior of the protective layer during Li plating, thus eliminating the
possibility of excess electron accumulation at the grain boundaries of
SSEs and preventing the Li dendrite formation therein.

4. Conclusions

In summary, through systematic analysis of experimentally known
compounds extracted from ICSD, we establish a dedicated portfolio of
protective-layer materials for stabilizing the electrolyte-anode interface
in solid-state Li-metal batteries. After tiered screening of thermody-
namic stability, electrochemical stability, chemical stability and elec-
tronic band structure, we discover 5, 28 and 7 Li-containing materials
that are highly stable and capable of blocking electron transfer from Li
metal to LLZO, LPS and LTP, respectively, and many of them have not
been reported in the past. In particular, the electronic insulating nature
of these protective layers could remain intact at the interfaces with SSEs
and with Li-metal anode. This work drastically reduces the search space
of compounds for use as protective layer to suppress Li dendrite prop-
agation in SSEs, and the recommended materials will hopefully accel-
erate progress in the design of solid-state Li-metal batteries.
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