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Making use of a large materials database of DFT-derived
structures and energies, we applied a high-throughput compu-
tational screening framework to identify lithium-containing
oxides as potential anode coatings for lithium (Li) garnet. A
preselection of candidate materials was made based on their
phase stability, electrochemical stability, and chemical stability,
as emerging from this database. Then first-principles calcula-
tions (periodic DFT calculations at the PBE level) were
performed to further evaluate the Li-ion conductivity and Li
wettability of these coatings. A total of 10 Li� M� O compounds

(Li3BO3, LiAlO2, Li5AlO4, Li4SiO4, Li8SiO6, Li4TiO4, Li8TiO6, Li6Zr2O7,
Li2HfO3 and Li6Hf2O7) were identified as the most promising
anode coatings. According to our findings, lithium concentra-
tion can affect the desired electrochemical stability and Li
wettability in an opposing way. Compounds with high Li
content tend to have low reduction potential with poor lithium
wettability. Target materials may have a “sweet spot” in terms
of Li content, where all key properties are balanced in an
optimal way.

Introduction

Rechargeable lithium-ion (Li-ion) batteries have enabled the
revolution of the portable electronics industry in the past
decades. However, with the increasing demands for high-
performance applications such as electric vehicles and grid-
level storage systems, current Li-ion battery technology has
almost approached its limit. Therefore, development beyond Li-
ion technology is needed for high energy density batteries. All-
solid-state batteries provide a promising solution for the
problems encountered in traditional Li-ion batteries. By replac-
ing organic liquid electrolytes with inorganic solid-state electro-
lytes (SSEs), all-solid-state batteries often show higher electro-
chemical stability and safety. In addition, directly using Li metal
as anode enables them to achieve high energy density.[1–4] To
date, various structural families in SSEs have been investigated,
including oxides (LISICON[5] and NASICON[6] type Li-ion con-
ductors, perovskites,[7] garnets[8]), sulfides (thio-LISICONs,[9]

LGPS,[10] glassy-type Li2S� P2S5
[11]), argyrodites[12] and others.

Among all the different types of SSEs, garnet-type
Li7La3Zr2O12 (LLZO) SSE shows the most attractive properties in
terms of high ionic conductivity,[13–15] a wide electrochemical
stability window, good stability against Li metal, and environ-
mental stability during the process.[16–18] However, the high
interfacial resistance between electrodes and electrolytes is the
main challenge for commercial applications. On the anode side,

the high interfacial resistance is due to the poor physical
contact between Li metal and the garnet. Several studies point
out that the poor contact can be caused by either poor
adhesion or the presence of impurities on the garnet surface.[19]

Different strategies have been proposed to reduce the Li/LLZO
interfacial resistance. One of those strategies is surface
modification, which aims to remove the surface impurities on
the garnet surface, such as Li2CO3 and LiOH. Through physical
polishing of Al-doped LLZO, a low interfacial area specific
resistance of 109 Ωcm2 was achieved.[20] Wet polishing the
garnet surface can further reduce the interfacial resistance to
2 Ωcm2.[21] Other surface modification methods have also been
investigated, including chemical treatment[22,23] and thermal
decomposition.[24,25] Applying an artificial interlayer on the
garnet surface is another strategy to reduce the interfacial
resistance by increasing the wettability towards lithium metal.
For example, the addition of alloy elements such as Al, Au, Ag,
Cu, Ge and Si has successfully reduced the interfacial resistance
to 9.8–127 Ωcm2.[26–31] Other coating materials such as ZnO and
Al2O3 can also increase the lithium wettability by reacting with
molten Li.[32,33] In one case, the interfacial resistance has been
reported to be reduced to 1 Ωcm2 through atomic layer
deposition of Al2O3.

[33]

However, the development of new coating materials using
a purely experimental approach highly relies on trial and error.
To alleviate this, high-throughput computational screening
methods have been developed to find suitable cathode coating
materials.[34,35] Nolan et al. studied the chemical and electro-
chemical stability of Li� M� O cathode coatings with both garnet
electrolyte and NMC cathode based on thermodynamic
analyses.[36] Chen et al. investigated the electrochemical stability
windows and migration barriers of Mg binary and ternary
compounds to identify anode coating candidates for Mg
batteries.[37,38] Honrao et al. used machine-learning techniques
to predict migration barriers and oxidation and reduction
potentials in order to design novel solid electrolytes and anode
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coatings.[39] To the best of our knowledge, the evaluation of
wettability has not been included routinely in this screening
framework. In this study, we systematically investigate what we
believe to be key properties, namely phase stability, electro-
chemical stability, chemical stability, Li-ion conductivity and Li
wettability, in order to identify ideal anode coating materials
for garnet-type all-solid-state batteries. Because oxide coating
has achieved great success in reducing the resistance across
the Li/LLZO interface, we hereby limit our screening to Li� M� O
lithium ternary oxides. By combining a high-throughput screen-
ing framework and first-principles calculations, we intend to
provide a comprehensive understanding of new anode coating
materials which can be used for the development of garnet-
type all-solid-state batteries.

Results and Discussion

Owing to the large number of possible materials, we limited
the screening to Li� M� O lithium ternary oxides because most
notable SSEs reported in the literature contain lithium sub-
lattices, which enable reasonable Li-ion conductivity. Com-
pounds with Kohn-Sham band gaps (Eg) of less than 0.5 eV
were subsequently excluded to ensure that no electronic
conductors are among the candidates. A total of 951 com-
pounds were collected from the Materials Project (MP)
database.[40] Our screening strategy involved five important
properties for suitable anode coating application: a) phase
stability, b) electrochemical stability, c) chemical stability, d) Li-
ion conductivity, e) Li wettability. Figure 1 presents the frame-
work of computational screening for Li� M� O anode coatings.

Phase stability screening

The first step of our screening process is phase stability
screening. A promising coating is expected to be stable against
decomposition during operation. The phase stability of each
material was analysed using the convex hull method (see
Experimental Section). In general, materials with an energy that
lies on the convex hull are considered to be thermodynamically
stable at 0 K and amenable to synthesis at room temperature.
Considering entropic contributions and metastable phases, we
also included materials with energy above the convex hull
<0.025 eV/atom.[41] A total of 296 compounds passed the
phase stability filter and were accepted for further evaluation.

Electrochemical stability screening

For the second step, the electrochemical stability of each
material was evaluated by constructing its related grand
potential phase diagram and the stability window. Note that
the equilibrium values from the grand potential phase are
based on thermodynamic quantities. In reality, some kinetic
stabilisation may occur (e.g., through overpotentials), which
can be considered in this model by adjusting the acceptable
stability window. On the anode side, the reduction limit should
ideally be 0 V to prevent any decomposition in contact with Li
metal. In this study, materials with reduction potential up to
+0.3 V are included allowing potential kinetic stabilisation. This
value was chosen based on a study of Li3BO3 coatings, where it
was observed that Li3BO3 is unreactive with a Li metal anode
even though the predicted reduction potential is 0.29 eV.[41,42]

Figure 2 shows a representative example of the calculated
phase diagram and the stability window for Li� Al� O com-
pounds. Compounds with chemical composition LiAl5O8, LiAlO2

and Li5AlO4 are the most stable phases where the energy above
the convex hull equals 0 eV/atom. Compound LiAl5O8 was
subsequently excluded due to the high reduction potential of
0.79 V. After excluding lanthanides and actinides, similar phase
diagrams were constructed for other elements M in the ternary
Li� M� O systems. We identified 13 compounds that passed the
electrochemical stability filter. Figure 3 shows the stability
window for all 13 compounds, as well as the LLZO garnet
electrolyte. The calculated reduction and oxidation potentials
for all compounds are listed in Table S1.

The calculated electrochemical stability window of the
LLZO is 0.03 to 3.16 V versus Li/Li+, which is in agreement with
another computational study (0.05 to 2.91 V).[43] All anode
coating candidates shown in Figure 3 exhibit a wide stability
window (from 2.6 to 3.5 V), which implies good electrochemical
stability. The Li� Hf� O compounds exhibit overall the lowest
reduction potential among all coating candidates. The reduc-
tion potential of Li6Hf2O7 and Li8HfO6 can be as low as 0 V,
which is ideal for anode coatings. However, Li2HfO3 has a
higher reduction potential of 0.13 V, which confirms Siegel’s
finding that Li-rich compounds normally have lower reduction
potential than Li-deficient ones.[41] Li5AlO4 also has a low
reduction potential of 0.01 V, indicating a promising anode

Figure 1. Computational screening framework for Li� M� O anode coating
candidates based on different screening criteria.
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coating. The slightly higher reduction potential of 0.22 V in
LiAlO2 probably results from its low Li content. For Li-rich
compounds, the reduction potential shows an increasing trend
in Li� Zr� O, Li� Ti� O and Li� Si� O compounds, with a reduction
potential of 0.05, 0.12 and 0.22 V, respectively. The Li� B� O
compounds have the highest reduction potential of 0.29 V,
implying less electrochemical stability at low voltage.

Chemical stability screening

A good anode coating material is also expected to be chemi-
cally stable when it is in contact with electrolyte and anode.
For the next step, we calculated the driving force for the
chemical mixing reaction between our coating candidates and
both LLZO electrolyte and a Li metal anode. Only materials
with a chemical mixing reaction energy DErxt> � 0.1 eV/atom
passed the chemical stability filter. From a purely thermody-
namic point of view, this should be �0 (or rather zero in our
approach, where we minimise this quantity with respect to the

product composition; see computational details). However,
compounds that are unstable thermodynamically can be very
long-lived because of high kinetic barriers for decomposition.
In general, the higher the driving force for a reaction (i. e., the
more negative the reaction free energy), the lower the
activation barrier tends to be. We picked the threshold of
� 0.1 eV/atom as a conservative estimate for a reaction that is
only mildly favourable, and for which a sizeable kinetic barrier
is to be expected. As shown in Table 1, the maximum reaction
energy between coating candidates and LLZO is equal to their
energy above the convex hull of the coatings themselves. The
largest driving force of the chemical mixing reaction happens
when the LLZO mixing ratio is 0, which implies an excellent
chemical stability between the LLZO electrolyte and all anode
coating candidates.

Table 1 also shows the maximum chemical mixing reaction
energy between the coating candidates and Li metal anode
(see Table S2 for the resulting mixing ratio according to
Equation (3) from Experimental Section). Li� Hf� O compounds
showed overall good chemical stability against Li metal anode
with a reaction energy range from � 0.011 to 0 eV/atom.
Li5AlO4, Li� Zr� O and Li� Ti� O compounds are also chemically
stable against an Li metal anode with a reaction energy range
from � 0.033 to � 0.003 eV/atom. The reaction energies in
LiAlO2, Li� Si� O and Li� B� O compounds range from � 0.098 to
� 0.076 eV/atom, indicating less chemical stability compared to
other coating candidates. Nevertheless, all 13 compounds that
passed the electrochemical stability filter have small chemical
mixing energy with both LLZO electrolyte and Li metal anode.

Li-ion conductivity screening

So far, our screening protocol has made use of the data from
the MP database. We now turn to the Li-ion conductivity and Li
wettability criteria (cf. Figure 1), for which additional DFT

Figure 2. Phase diagram and the calculated reduction and oxidation potentials of Li� Al� O compounds (i. e., the [mox; mred] range over which the compound is
computed to be stable).

Figure 3. Electrochemical stability window of all Li� M� O compounds.
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calculations are necessary. Li-ion transport is important for Li
electrodeposition. Studies have found that coatings with high
Li-ion conductivity can not only improve the cell
performance[44] but also suppress Li dendrite growth.[45] The Li-
ion migration mechanism for each compound was assessed
following the methodology used by Zhang and coworkers.[46]

The less accurate bond-valence (BV) method was first used to
find a reasonable Li-ion migration pathway using the PyAb-
statia program.[47] Then a more precise DFT calculation was
performed using the CI-NEB method to evaluate the Li-ion
vacancy migration barriers. Materials with a small migration
barrier are expected to have high Li-ion conductivity at room
temperature. Figure 4 shows an example of the Li-ion migration
pathway in the ab plane in LiAlO2 as well as the migration
barriers.

In each structure, we considered two possible vacancy
hopping pathways in different directions roughly perpendicular
to each other. Since all structures at this point are at least
tetragonal, we chose one hopping event roughly within the ab

plane and one roughly along the c axis (the precise direction
will depend on the particular crystal structure). In most cases, a
single hopping event should be sufficient to describe migration
through the bulk due to symmetry. Where this is not the case,
we chose two representative hopping events (see Figure S1 for
the pathways that have been traced). It is also possible that
migration of interstitial Li atoms, rather than of vacancies can
contribute to the overall ion conductivity. For systems with low
symmetry and large unit cells, complete tracing of all possible
hopping pathways (including percolating paths) is a formidable
task beyond the scope of the present study. We are convinced
that the presence of at least one hopping pathway with a low
barrier along one direction is sufficient to result in good ion
conductivity (because in a real, e. g., microcrystalline material,
continuous pathways through the material can be constructed
along the preferred directions in each crystallite). A common,
conservative threshold for migration barriers in good Li-ion
conductors would be less than 0.5 eV. However, the maximum
tolerable migration barrier can be tuned by the thickness of the
coating, the (dis)charge rate and the temperature. If the coating
can be made on the nanometre scale, a higher migration
barrier can be tolerated.[38] Thus, we slightly relaxed the
criterion to 1 eV in our screening procedure, allowing for such
variable operation conditions. The lowest calculated Li-ion
migration barriers for all 13 compounds are listed in Table 2
(the full set of barriers is collected in Table S3). The minimum
migration barrier of Li3BO3 is calculated to be 0.86 eV, with a

Table 1. Chemical mixing reaction energy between coatings and LLZO electrolyte.

Coatings MP ID Ehull [eV/atom] DErxt with LLZO [eV/atom] DErxt with Li [eV/atom]

Li3BO3 mp-27275 0 0 � 0.095
Li5BO4 mp-768960 0.024 � 0.024 � 0.098
LiAlO2 mp-3427 0 0 � 0.079
Li5AlO4 mp-15960 0 0 � 0.003
Li4SiO4 mp-1223129 0 0 � 0.098
Li8SiO6 mp-28549 0.005 � 0.005 � 0.076
Li4TiO4 mp-9172 0 0 � 0.033
Li8TiO6 mp-772521 0.004 � 0.004 � 0.025
Li6Zr2O7 mp-5418 0 0 � 0.015
Li8ZrO6 mp-755225 0.001 � 0.001 � 0.009
Li2HfO3 mp-755352 0 0 � 0.011
Li6Hf2O7 mp-772185 0 0 0
Li8HfO6 mp-752922 0.003 � 0.003 � 0.003

Figure 4. a) Calculated Li-ion migration pathway for LiAlO2 using the bond-
valence sum map method. b) Selected Li-ion migration along the ab plane.
c) Calculated migration energy barrier for LiAlO2 using the CI-NEB method.

Table 2. Minimum Li-ion migration barrier for all coating candidates.

Coating Minimum migration barrier [eV]

Li3BO3 0.86
Li5BO4 0.33
LiAlO2 0.57
Li5AlO4 0.52
Li4SiO4 0.63
Li8SiO6 0.44
Li4TiO4 0.51
Li8TiO6 0.39
Li6Zr2O7 0.79
Li8ZrO6 0.56
Li2HfO3 0.66
Li6Hf2O7 0.65
Li8HfO6 0.59
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relatively high room-temperature ionic conductivity of 2×
10� 6 Scm� 1 measured by experimental study.[48] The migration
barrier of 0.33 eV implies that Li5BO4 has a significantly higher
Li-ion conductivity than Li3BO3. The calculated migration barrier
for LiAlO2 is 0.57 eV, which shows good agreement with other
computational studies (0.57 eV using CI-NEB method[49] and
0.56 eV using AIMD simulation[50]). The room temperature
conductivity from experimental measurement is, however, only
5.6×10� 8 Scm� 1.[50] This difference is most likely due to the
large vacancy formation energy of 5.20 eV in LiAlO2.

[49] The
calculated minimum migration barrier for Li5AlO4 is 0.52 eV.
This is consistent with another computational study finding
0.49 eV using the bond valence method.[51] The small activation
energy implies that Li5AlO4 might have a relatively high ionic
conductivity at room temperature. The calculated minimum
migration barrier for Li4SiO4 is 0.63 eV, indicating a relatively
high ionic conductivity. An experimental study confirms our
prediction with a conductivity of 2.5×10� 6 Scm� 1 using AC
impedance measurements.[52] The minimum migration barrier
of 0.44 eV in Li8SiO6 suggests an even better ionic conductivity.
The small migration barriers of 0.51 eV and 0.39 eV in Li4TiO4

and Li8TiO6, respectively, imply that the Li� Ti� O system has
general good ionic conductivity. Our calculated minimum
migration barrier for Li6Zr2O7, 0.79 eV, is consistent with the
activation energy of 0.84 eV measured experimentally, with a
relatively high conductivity of 9.4×10� 6 S/cm at 300 °C.[53]

Meanwhile, the low migration barrier of 0.56 eV in Li8ZrO6 is
also expected to contribute to a high conductivity. It is worth
noting that the lack of a possible pathway along the ab plane
from BV prediction suggests a 1D ionic diffusion in both the
Li8ZrO6 and Li8HfO6 crystal structures (see Table S3). The
activation energy for rapid localised motion is predicted to be
~0.6 eV from another computational study of Li2HfO3,

[54]

showing good agreement with our calculation of 0.66 eV.
Similarly, the low migration barriers of 0.65 eV in Li6Hf2O7 and
0.59 eV in Li8HfO6 indicate a general good conductivity in the
Li� Hf� O system. Our Li-ion conductivity screening results show
that all 13 coating candidates have relatively low migration
barriers in at least one direction, which is expected to lead to
general good conductivity.

Li wettability screening

Finally, we turn to modelling Li wettability. This is the key factor
in achieving low-resistance Li-LLZO interfaces in garnet-type
solid-state batteries. To evaluate the interaction between Li
metal and the coating candidates, DFT calculations were
performed for a coating (001) surface in contact with Li metal.
The Li slab was slightly modified to accommodate the
geometry of the coating slab to minimise interfacial strain. The
lattice misfit and the interfacial separation of each Li-coating
interface slab are listed in Table S4. Figure 5 shows an example
of the atomic structure for the optimised Li� LiAlO2 interface.
Note the significant restructuring of the Li phase near the
phase boundary. The surface energy of Li metal sLi is calculated
to be 0.46 J/m2, which is consistent with a previous computa-

tional result of 0.45 J/m2 at essentially the same level of
theory.[21]

Table 3 shows the calculated work of adhesion and contact
angles for each Li-coating interface. For comparison, we first
calculated the interfacial interaction between Li metal and the
LLZO garnet electrolyte (see Supporting Information for
structural details). The work of adhesion is calculated to be
0.62 J/m2 with a contact angle of 69.5°, which shows good
agreement with other computational studies (Wad =0.67 J/m2,
q=62° and Wad =0.58 J/m2, q=72.8°).[21,24] For Li� B� O com-
pounds, the one with lowest Li content, Li3BO3, shows large
work of adhesion of 0.60 J/m2 with a calculated contact angle
of 72.1°, indicating that Li metal can strongly wet on Li3BO3.

Figure 5. Interface structure calculated in the context of wetting of molten Li
on a LiAlO2 (001) surface.

Table 3. Calculated work of adhesion and contact angle of Li-coating
interfaces.[a]

Interface Work of adhesion [J/m2] Contact angle [°]

Li-LLZO 0.62 69.5
Li� Li3BO3 0.60 72.1
Li� Li5BO4 0.35 104.2
Li� LiAlO2 1.05 0
Li� Li5AlO4 0.59 73.3
Li� Li4SiO4 0.64 66.9
Li� Li8SiO6 0.58 75.8
Li� Li4TiO4 0.84 34.3
Li� Li8TiO6 0.55 78.2
Li� Li6Zr2O7 0.90 17.4
Li� Li8ZrO6 0.23 120.0
Li� Li2HfO3 0.75 50.5
Li� Li6Hf2O7 1.0 0
Li� Li8HfO6 0.22 120.7

[a] Highlighted in grey: compounds that do not fulfil the wettability
criterion (see text).
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However, the smaller work of adhesion of 0.35 J/m2 in the Li-
rich compound Li5BO4 indicates a weak interfacial interaction
with a large contact angle of 104.2°. The same trend has also
been found in Li� Al� O, Li� Si� O, Li� Ti� O and Li� Zr� O com-
pounds. The large interfacial interaction of 1.05 J/m2 in Li-poor
LiAlO2 compound indicates that Li metal can fully wet on LiAlO2

with a contact angle of 0°. The calculated work of adhesion of
0.59 J/m2 in the Li-rich compound Li5AlO4 is smaller than in
LiAlO2 (1.05 J/m2). Nevertheless, the Li� Li5AlO4 interface also
shows a strong interfacial interaction with a small wetting
angle of 73.3°. For Li� Si� O compounds, the calculated Wad =

0.64 J/m2 in the low Li content compound Li4SiO4 is slightly
higher than Wad =0.58 J/m2 in Li-rich Li8SiO6. The contact angles
are calculated to be 66.9° and 75.8° for Li4SiO4 and Li8SiO6,
respectively, meaning a general good Li wettability on Li� Si� O
compounds. The same phenomenon has also been found in
the Li� Ti� O system. The interfacial interaction in Li-deficient
Li4TiO4 is calculated to be 0.84 J/m2, which is higher than the
0.55 J/m2 in Li-rich Li8SiO6. The contact angles of 34.3° and
78.2° for Li4TiO4 and Li8SiO6, respectively, indicate that metallic
Li wetting on Li� Ti� O is generally good. The calculated work of
adhesion is 0.90 J/m2 in the less Li-rich Li6Zr2O7 with a small
contact angle of 17.4°, meaning that metallic Li has high
wettability on Li6Zr2O7. However, calculations on Li-rich Li8ZrO8

predict a small work of adhesion of 0.23 J/m2, with a large
contact angle of 120.0°, indicating a weak Li wettability. For the
Li� Hf� O system, the calculated work of adhesion in Li-rich
Li8HfO6 is 0.22 J/m2 with a large wetting angle of 120.7°,
indicating a weak interfacial interaction. The works of adhesion
in the lower Li content compounds Li2HfO3 and Li6Hf2O7 are
predicted to be 0.75 and 1.0 J/m2, respectively. The contact
angles of 50.0° and 0°, respectively, mean that metallic Li shows
general good wettability on Li� Hf� O compounds if they are
not too rich in Li.

Assuming poor Li wettability when the contact angle is
larger than 90°, we can exclude three compounds from the list,
namely those B-, Zr- and Hf-compounds with the highest Li
content (highlighted in grey in Table 3). The remaining 10
compounds (Li3BO3, LiAlO2, Li5AlO4, Li4SiO4, Li8SiO6, Li4TiO4,
Li8TiO6, Li6Zr2O7, Li2HfO3 and Li6Hf2O7) have passed all our
screening tests. Therefore, we propose these as “lead materials”
(in analogy to lead compounds in drug discovery) for further
development of anode coating materials. Those with the
highest predicted Li-ion mobility (from Table 2) in this list are
Li8TiO6, Li8SiO6, Li4TiO4, Li5AlO4 and LiAlO2.

Amongst these “lead materials” we have identified, lithium
aluminate is well studied, especially for its application in
coating materials for Li-ion batteries. For example, coating an
ultrathin LiAlO2 layer via a sol-gel process can effectively
enhance the cycling stability and rate capability of the
LiNi0.6Co0.2Mn0.2O2 (NCM) cathode.[55] Li5AlO4 can also be coated
on an NCM cathode to the improve electrochemical cycling
and rate performance.[56,57] Applying an ultrathin LiAlO2 on the
graphite anode through atomic layer deposition was found to
significantly prevent the diffusion of transition metal ions from
the cathode to the anode.[50] Li4SiO4 is another commonly used
cathode coating material in Li-ion batteries.[58–60] Recently,

Li4SiO4-based artificial layers were found to effectively suppress
Li dendrite growth for lithium metal anode.[61,62] These findings
lend support to the validity and usefulness of our proposed
protocol (because known coating materials have been correctly
identified) and, hopefully, its predictive power. The other
materials emerging from our screening have attracted compa-
ratively less attention so far. Some of them[63–65] have been
studied for their potential use in solid breeder blankets for
future fusion reactors. Our findings suggest that they could
also find use in the development of new anode coatings for
batteries.

Such development of real systems is likely to involve an
increase in complexity beyond the rather idealised, stoichio-
metric materials we have studied so far. In view of this idealised
nature and the many approximations inherent in our DFT
computations there is always a chance that the performance of
real-life materials will not fully agree with the expectations
from our predictions. One way to bridge this gap is to extend
the computations to larger, more complex and more realistic
systems, ideally including suitable defect structures. As the
number of possible minima (isomers) to explore grows with
such complexity, simple geometry optimisations may not be
sufficient anymore, and molecular dynamics simulations should
be performed (or other multiscale methods applied). Such
computations are very involved, however, and beyond the
scope of the present paper.

Conclusion

In summary, we have developed a computational protocol
combining a high-throughput screening approach and DFT
calculations to identify promising Li� M� O compounds for
anode coating in garnet-type solid-state batteries. Phase
stability, electrochemical stability and chemical stability were
first evaluated using a high-throughput computational screen-
ing framework, using established data from a large materials
database. Then, Li-ion conductivity and Li wettability were
assessed based on DFT calculations. A total of 10 Li� M� O
compounds (Li3BO3, LiAlO2, Li5AlO4, Li4SiO4, Li8SiO6, Li4TiO4,
Li8TiO6, Li6Zr2O7, Li2HfO3 and Li6Hf2O7) were found to have the
most promising properties for anode coating. Especially,
materials with small contact angles such as LiAlO2, Li4TiO4,
Li6Zr2O7 and Li6Hf2O7 are expected to achieve low interfacial
resistances. Our findings also indicate that the electrochemical
stability and Li wettability might be affected by the lithium
concentration. For the anode side, Li-rich compounds have a
general lower reduction potential (and higher Li-ion mobility)
than those with lower Li content. However, according to our
results, the excess Li in the coating may decrease the lithium
wettability, which can lead to high interfacial resistance.
Therefore, the lithium concentration needs to be carefully
considered when designing new anode coating materials.
Target materials may have a “sweet spot” in terms of Li content,
where all key properties are balanced in an optimal way.

So far, we have applied our protocol just to ternary Li
oxides with fairly simple stoichiometries (and structures).
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Materials developed for use in practice tend to be more
complex than that. We are confident, however, that – as
additional, complementary databases are included, which can
grow through characterisation of more and more complex
materials – our protocol can be used for the identification of
realistic “lead materials” for further optimisation (e.g., through
doping).

Experimental Section

First-principles calculation

All first-principles calculations in this work were performed using
density functional theory (DFT) with a plane-wave basis set and the
projector augmented wave (PAW)[66] method as implemented in
the Vienna ab initio simulation package (VASP).[67] The exchange-
correlational energy was calculated using generalised gradient
approximation (GGA) of the Perdew-Burke-Ernzerhof (PBE)[68] func-
tional. An energy cut-off of 520 eV and a k-point grid of at least
500/natom was used for all the calculations. The self-consistency
convergence criterion was set to 10� 5 eV and the internal atomic
positions were allowed to relax until all the forces were less than
0.05 eV/Å. All the Li� M� O structures were extracted from the MP
database (where they had been optimised at essentially the same
level, i. e., PBE(+U) and 520 eV cutoff).

Phase stability

The Li� M� O phase diagrams were constructed using the pymatgen
package[69] to evaluate the phase equilibria of each material. The
phase stability was determined by computing the energy convex
hull of all known phases in the relevant phase diagram. The convex
hull consists of phases with an energy lower than any other phases
or linear combination of phases at the respective compositions.
Only materials with an energy that lies on the convex hull are
expected to be thermodynamically stable at 0 K, as materials with
energy above the convex hull will decompose into their equili-
brium phases.

Electrochemical stability

The electrochemical stability window of each material was
obtained by constructing the lithium grand potential phase
diagram, following the methodology used previously.[43,70,71] For
each considered compound, the grand potential F can be
calculated using Equation (1):

F c; mLi½ � ¼ E c½ � � nLi c½ �mLi (1)

where E c½ � is the enthalpy, nLi is the lithium concentration of
composition c, and mLi can be any lithium chemical potential. For
any given mLi, the stable structures were found by computing the
lower convex hull F. The electrochemical stability window is
defined as a potential range between which a given compound is
stable against decomposition by either Li extraction or Li insertion.
The lithium chemical potential mLi is considered as a function of
applied electrostatic potential DV [Equation (2)]:

mLi Fð Þ ¼ m0
Li � eDV (2)

where m0
Li is the chemical potential of Li metal (� 1.9089 eV, from

DFT) and e is the elementary charge.

Chemical stability

In this study, we consider the interface as a pseudo-binary of two
crystalline reactants ca and cb. The chemical mixing reaction energy
DErxt was determined by minimising the driving force with respect
to the mixing ratio x, i. e., by evaluating the x that yielded the most
negative reaction driving force [Equation (3)]:[70]

DErxt ¼ minx2 0;1½ �fEpd xca þ 1 � xð Þcb½ � � xE ca½ � � ð1 � x EÞ ½cb�g (3)

where E ca½ � and E cb½ � are the corresponding convex-hull minimum
energies and Epd c½ � is the energy of the ground state structure or
phase equilibrium at composition c determined from the phase
diagram.

CI-NEB calculations

The single-vacancy migration mechanism of Li-ion diffusion in the
candidate coatings was investigated using climbing-image nudged
elastic band (CI-NEB) calculations.[72] The vacancy was created by
removing one Li-ion from the pristine structure with a uniform
background charge compensating for the missing ion to retain the
oxidation state for all ions. An energy cut-off of 520 eV was used,
and the forces were converged to within 0.05 eV/Å.

Lithium wettability calculations

The wettability of a coating by metallic Li was evaluated by
calculating the work of adhesion Wad at the Li/coating interface
using Equation (4):[73]

Wad ¼ ðEcoating þ ELi � EintÞ=S (4)

where S is the interface area, Eint is the energy of the Li/coating
interface supercell, Ecoating and ELi refer to the energy of an isolated
coating or Li surface slab, respectively. The contact angle q is
calculated based on Young-Dupré equation [Equation (5)]:[74,75]

Wad ¼ sLið1þ cosqÞ (5)

where sLi is the surface energy of Li metal. The surface energy is
determined using Equation (6):

s ¼ ðEslab � NEbulkÞ=2A (6)

where A is the surface area, Eslab and Ebulk refer to the energy of
surface slab and bulk structure, respectively. N is the number of
bulk structures contained in the surface slab. The interface super-
cell was assembled from a (001) Li and (001) coating surface slab.
Both M-terminating and O-terminating surfaces were considered
and only the surface with the lowest surface energy (namely the O-
terminating one) was chosen for interface construction. A vacuum
layer of at least 10 Å was included. Suitable starting structures
were constructed for the interfaces by performing single point
calculations of frozen slabs at different separations (see ESI for
details), followed by full optimisation of the interface (with the
outermost layer of the coating material fixed).
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