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the safety problems of traditional liquid electrolyte batteries and 162°5ml‘ai;:::|t:i"i“9 g ¢y @ Li{?l;‘;;nd

have received widespread attention. However, the low ionic . -y NV
Juctivi d nterfacial stability of el I h (Materials Project (Potential solid

conductivity and poor interfacial stability of electrolytes are the Database) electrolytes)

two factors hindering the application of all-solid-state batteries.

Herein, we performed a fast and accurate hierarchical screening of I
16,205 Li-containing compounds obtained from the Materials Basic properties
Project database to search for promising inorganic solid-state prescreen
electrolytes (ISSEs). Thermodynamic stability, electronic insu-
lation, electrochemical stability, and ionic conductivity were
analyzed using density functional theory calculations combined
with grand potential phase diagram (GPPD) analysis and ab initio
molecular dynamics (AIMD) simulations. After screening, Li;AlF
and Li,ZrFg appeared to be potential solid-electrolyte materials due to their high Li-ion conductivity (0.991 and 0.477 mS/cm at
room temperature, respectively) and robust interfacial stability with cathodes. The use of Li;AlF, as a promising solid electrolyte is
consistent with the previous literature, indicating the reliability of this work. In addition, the robust stability of the Li,ZrFy/LiCoO,
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interface structure at 300 K illustrates the advantages of Li,ZrFg as an electrolyte material.

1. INTRODUCTION

Since the 1990s, lithium-ion batteries (LIBs) have become an
excellent energy storage technology for mobile devices, electric
vehicles, and other fields."”” However, liquid organic electro-
lytes expose commercial LIBs to many safety issues, including
combustion, explosion, and internal short circuits.>™> Inorganic
solid-state electrolytes (ISSEs) have been widely explored for
their compact microstructure accumulation, negligible elec-
tronic conductivity, wide electrochemical window, and
extensive operating temperature range.” Therefore, all-solid-
state Li-ion batteries which replace organic electrolytes with
ISSEs have better performance in terms of safety, cycle life, and
energy density.”””

ISSEs mainly include LISICON (LIthium Super Ionic
CONductor), §arnet, perovskite, sulfide, argyrodite, anti-
perovskite, etc.”'” The LISICON-type electrolyte has good
stability at high temperatures, but it has low ionic conductivity
at room temperature (RT) and poor stability with the lithium
metal.'' Among garnet-type electrolytes, Li,La;Zr,0O,
(LLZO) stands out due to its exceptionally high lithium-ion
conductivity. However, the poor interface stability restricts the
application of LLZO."” Li;GeP,S,, (LGPS) and other sulfide
solid electrolytes have a significant advantage in ionic
conductivity but they are unstable in water and have limited
electrochemical windows, hindering their large-scale manufac-
turing and application.”> Although much work has been
devoted to ISSEs, to our knowledge, the two shortcomings of
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solid electrolytes, low ionic conductivity and poor interfacial
stability have not yet been completely resolved.

Therefore, it is necessary to develop novel solid-electrolyte
materials with good stability, high ionic conductivity, and other
ideal properties. In recent years, materials research and
development methods based on first-principles calculations
have received more and more attention and recognition from
researchers. First-principles guide the design of materials and
reduce the errors of experiments, as demonstrated for a wide
range of materials such as batteries, photovoltaics, thermo-
electrics, and catalysts.'*~"” Regarding battery materials, first-
principles calculation accelerates the selection and prediction
of solid electrolytes. Ceder et al.'® predicted that Li,,SiP,S;,
and Li¢SnP,S;, have good phase stability and synthetic
potential by calculating thermodynamic stability. Zhao et al."’
studied materials with the chemical formula Li,M,(PO,); (M
stands for transition metals or metalloids) in the Materials
Project database to find potential solid-state electrolyte
materials. They discovered that Li;Sc,(PO,); is very suitable
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Figure 1. Structure screening flowchart.
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as a solid electrolyte for excellent performance in stability,
electrochemical window, bandgap, and ionic conductivity. In
addition, Sendek et al.”” developed a model for predicting ionic
conductivity using machine learning based on existing
experimental data. This multi-descriptor model exhibits a
good prediction effect. However, existing screening methods
for electrolyte materials have some shortcomings. For example,
searching for materials with specific types of chemical
expressions may lead to the elimination of some potential
materials due to insufficient search scope; the screening ideas
and index standards that take both speed and accuracy into
consideration are not yet complete.

In this work, we designed a hierarchical screening strategy
based on multiple factors such as thermodynamic stability,
electronic insulation, electrochemical stability, and ionic
conductivity to achieve rapid and accurate screening of
ISSEs. We obtained 16,205 Li-containing ternary compounds
and quaternary compounds from the material project (MP)
database and screened them through a set of sequential steps
with exclusion criteria, as shown in Figure 1. First, after
considering robust thermodynamic stability and low electronic
conductivity, 15,853 structures were eliminated. Second, the
electrochemical windows, oxidation limit, and reduction limit
of the remaining 352 materials were calculated and 87
materials with a wide electrochemical window and high
oxidation limit were left for matching against electrodes.
Third, we calculated the nearest neighboring Li—Li distance
(nRy,_;;) within the Li-ion sublattice and obtained the
activation energy by bond valence site energy (BVSE) analysis
to roughly evaluate Li-ion migration. This reduced the number
of candidates from 87 to 9. Finally, AIMD simulations were
performed on the remaining 9 materials to find candidate
materials with high ionic conductivity, and four promising
candidates were obtained: Li,ZrFg, Li;AlF,, Li;GaF, and
Li;ScFq. For these four materials, the (electro)chemical
stability between them and common commercial cathode
materials or high-voltage cathode materials were analyzed to
determine their applicability with the cathode materials. Our
results show that Li,ZrFg and Li;AlF; have robust interfacial
stability with cathode materials. At the same time, considering
that Li,ZrFg and Li;AlF, have high ionic conductivity (0.991
and 0.477 mS/cm at 300 K), we propose that they could be
very promising solid electrolytes for LIBs. Among them,
Li;AlF, may be a good solid-state electrolyte, which is
consistent with the predictions of the previous literature.” In

addition, we propose that Li,ZrFg is not only a promising
coating material as predicted by Liu®” but also a good solid-
electrolyte material.

2. METHODS

In this work, the structure information, E,;, band gap, and
other essential information of the materials were performed
from the MP database (version V2021.03.22) using the
pymatgen package developed by Ceder et al.”»** Based on
these properties, the pymatgen package continued to be used
for phase diagram and electrochemical window analysis.”> All
calculations were based on density functional theory (DFT)
functional and performed in the Vienna ab initio simulation
package (VASP).*® The Li-ion conductivity was calculated
from AIMD simulations. The 12 ps simulations were carried
out with a 7 k-point mesh under the NVT ensemble”” and the
time-step of 1 fs. For the Li,ZrFg/LiCoO, heterostructure, a
vacuum layer no lower than 10 A was set to avoid periodic
interaction.

The mean square displacement (MSD) and diffusivity (D)
were obtained from the AIMD simulations to evaluate Li-ion
conductivity (o) of materials,”® ' the details of the
calculations are listed in the SI file.

Then, we obtained the electrochemical window (EW) from
the lithium grand potential phase diagrams (GPPD) for
electrochemical stability analysis,”* as performed in previous
studies.”® The Li chemical potential j;; is represented by the
applied potential ¢ referenced to the Li metal

Hy = Hy, — e (1)

where u{; means the chemical potential of the Li metal and e is
the electron charge. The EW is the range of ¢, in which the
material is neither oxidized nor reduced.

Next, we assumed the electrolyte/electrode interface as a
linear combination of the solid electrolyte and electrode to
evaluate their interfacial electrochemistry'”

Cisgpe) = %' Cop + (1 — x)-Cy (2)

where Cg; and Cj represent the solid electrolyte and electrode,
respectively, and the value range of x is 0—1. The reaction
energy of the interface was calculated as

AE = Eeq(C(SE,E,x)) - xESE - (l_x)EE (3)

where E,(C(sg,)) is the energy of the interfacial reaction
products, Egy is the electrolyte energy, and Ey is the electrode
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energy.34 These ener§ies are obtained from the MP database
through pymatgen.””

For the Li4ZrF8/LiCoQO2 interface structure, the formation
energy is defined by

E; = E(Li,ZrE,/LiCo0,) — E(Li,ZrF,) — E(LiCo00,)
(4)
and the charge density difference is given by

Ap = p(Li,ZrE/LiCo0,) — p(Li,ZrE) — p(LiCo0O,)
(%)

3. RESULTS AND DISCUSSION

For this study, we downloaded 16,205 different Li-containing
compounds from the MP database, including 5037 LiAB and
11,168 LiABC where A, B, and C are elements other than Li.
Here, LiAB and LiABC describe ternary compound materials
and quaternary composite materials, respectively.

3.1. Screening for Constraints Other than lonic
Conductivity. Here, we screened the materials with four
criteria: electronic conductivity, phase stability, electrochemical
stability, and oxidation limit.

First, we considered the thermodynamic stability of
materials. For materials with known chemical compositions,
their thermodynamic stability can be judged according to the
energy above the hull (Ey;). In the phase diagram, Ej is the
normalized energy per atom for the phase above the linear
combination of stable equilibrium phases around that
composition.”” The E,; value of a stable structure is equal
to 0 meV/atom, and the higher the value, the more unstable
the structure may be. The calculation of E, requires the
construction of a phase diagram of the chemical environment
corresponding to the elements contained in the research
object.*®

Using the matproj package of pymatgen, we obtained the
E,un of 16,205 candidates. The E,; of LiAB and LiABC are
shown in Figure 2a,b, respectively, and the distribution of E,
is not related to the number of elements contained in the
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Figure 2. Ey of 5,037 LiAB (a) and 11,168 LiABC (b). And the
band gaps of LiAB (c) and LiABC (d) whose E, = 0.

material. The larger the value of Ey ), the smaller the number
of corresponding materials, which further indicates that the
larger the Ej, the more unstable the material is likely to be.
More than half of the materials have E,; lower than 0.1 eV/
atom, and about 1000 materials have an E,  value of 0. In this
work, we assumed structures with E,; > 0 eV/atom to be
unstable or metastable, and only 10.00% (1620) of candidates
satisfy this requirement, including 945 LiAB and 675 LiABC.

Then, we considered the electronic conductivity of
materials. In a battery, a critical property of electrolytes is
that pure ionic transport with electronic conduction must be
minimal. The material with a large band gap has low electronic
conductivity and the band gap can be obtained by calculating
the electronic band structures and density of states (DOS).

The band gap of 16,205 candidates is shown in Figure S1,
and their distribution is similar to that of E; ;. Compared with
Figure S1, the band gap distribution law of the material with
Epa = 0 has changed. For the 945 LiAB in Figure 2c, the
number of material candidates decreases as the bandgap
increases, while for the 675 LiABC in Figure 2d, the number of
material candidates corresponding to different band gaps is
relatively uniform. It is speculated that this is because the
proportion of materials with Ey;; = 0 in LiABC is relatively
small. Here we assumed those materials with a band gap less
than 3.5 eV to be too narrow to meet the requirements of
electronic insulation,'” and then we obtained 96 LiAB and 256
LiABC candidates. These two screening conditions cut the
number of candidates down from 16,205 to 352, a reduction of
97.83%.

For electrochemical stability analysis, the electrochemical
window (EW) of the remaining materials is calculated using
pymatgen. The coincidence of the calculated EW with the
experimental data proves the accuracy of this method.”>>" The
EW is the range of voltage vs Li/Li", in which the material is
neither oxidized nor reduced.*® The EW, oxidation limit, and
reduction limit of the 352 candidates were calculated. The
materials were classified according to the types of anions
(oxygen, fluorine, sulfur, chlorine, and others), and the relevant
data for calculating EW of LiAB and LiABC are shown in
Figure 3a,b respectively. The EW of 352 materials has a wide
range of distribution from 0 to 7 V. Overall, materials
containing fluorine possess excellent oxidation stabilities,
which is related to the excellent oxidation stability of the F
element. In contrast, materials containing sulfur materials are
the opposite, which is the same as mentioned in the previous
literature.” Tt can be inferred that some materials containing
fluorine are likely to be good solid electrolytes or high-voltage
cathode coating materials. In addition, as shown in Figure 3¢, a
comparison of the EW from this work and values derived from
the literature'”*%*>*>*' = (the values and the corresponding
literature are listed in Table S1) are close, verifying the
accuracy of the method used here.

The larger the EW, the greater the chance that the solid
electrolyte is a good match for electrode materials. Here, we
adopted a screening criterion of EW > 3 V. The operating
voltage range of typical cathodes is 2.8—4.3 V,** so we take the
oxidation limit (E.) as a screening parameter with selections
being above 4.3 V. These two conditions, EW and E,, resulted
in 28 LiAB and 59 LiABC (87 total) candidate materials
remaining.

3.2. lonic Conductivity Screening. High Li-ion con-
ductivity is an essential prerequisite for the material as a solid
electrolyte. Performing AIMD simulations to calculate ionic
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Figure 3. EW, oxidation limit, and reduction limit of (a) LiAB, and
(b) LiABC, materials are classified according to the type of anion and
the material containing two anions is recorded as other. (c) EW of the
public literature and this work.

conductivity or using transition state methods (such as the
NEB method) to calculate the migration barrier closely related
to ionic conductivity are two reliable methods for evaluating
Li-ion conductivity. However, the simulation of the migration
process is a kinetic process that requires a lot of computational
resources and time. A better solution is to use simulation
techniques with different accuracy levels at different screening
stages. First, the methods with lower accuracy but less time-
consuming were used to reduce the number of candidate
materials, such as the bond valence site energy (BVSE)
technique. The difficulty of ion migration can be compared
according to the relative values of migration energy barriers
obtained by BVSE. Thereafter, more accurate DFT calculations
are performed on those candidates derived from the less
accurate method. In this work, we used two descriptors, the
nRy;_1; and BVSE, to reduce the number of candidate materials
and then AIMD simulations were performed on the selected
materials to obtain their Li-ion conductivity.

3.2.1. lonic Conductivity Pre-Screening. The nearest
neighboring Li—Li distance (nRy;_;;) within a Li-ion sublattice
is regarded as a good descriptor for evaluating ionic
conductivity. Zhang et al.”' noted that materials with a large
nRy;_y; value may have high activation energy. They found that
materials with nR;;_j; in the range of 2—3 A have low
activation energy for lithium-ion diffusion. Therefore, they
used the nRy;_;; descriptor to accelerate the discovery of
fluoride materials as solid electrolytes and excluded materials
with nRy;_;; values greater than 2.8 A, reducing the number of
candidates from 215 to 11. In this work, nRy;_;; is obtained by
computing the first peak corresponding to the radial
distribution function of lithium ions using OVITO software.
The nRy;_1; values in the work of Zhang et al. were calculated
and compared to verify the accuracy of the method (details are
provided in Table S2).

nRy;_1; is a poor accuracy descriptor for describing ion
conductivity. To prevent acceptance of some materials with
high ionic conductivity as indicated by larger nRy;_;;, and at the
same time considering the possibility of errors when
calculating nRy;_p; in this work, the range of nRy;_y; is
appropriately enlarged: nRy;_y; less than 3.5 A is used as the
screening criterion. The results show that 20 candidates of 87
remaining materials meet the screening criteria. Among these
20 materials reported in Table S3, most contain F (19) and
two contain O. Most of the materials containing fluorine are
related to our selection of wider EW and higher oxidation limit
screening conditions.

The BVSE method is a fast technology to simulate diffusion
pathways and barriers of a crystal structure. Xiao et al.*’
compared the results between the BVSE method and DFT
calculations and confirmed that the BVSE method could
reliably predict the trend of Li* migration energy barriers. Liu
et al.” used the tiered screening approach including BVSE and
used an energy barrier <0.5 eV as the screening criteria to
obtain cathode coatings with high Li-ion conductivity. Overall,
the BVSE is suitable for the coarse screening of many
compounds. The migration energy barrier of materials in Table
S3 calculated by BVSE was obtained from the Screening
Platform for Solid Electrolytes (SPSE) database.”*™** The
materials in the SPSE database come from the Inorganic
Crystal Structure Database (ICSD). From the SPSE database,
we obtained the energy barrier of the material whose structure
is consistent with the materials in Table S3, as shown in Table
S4.

As listed in Table S4, the energy barrier of four materials was
not obtained: for these materials, we assumed they met the
screening criteria of the energy barrier. To obtain materials
with high Li-ion conductivity, we used E, < 0.6 eV as the
screening criterion which eliminated 10 of the 20 materials in
Table S4.

Next, we briefly investigated the research status of the
remaining 10 materials. NaLiLu,Fg has not been reported in
theoretical calculations and experiments, thus we thought that
its preparation is difficult and removed it before the AIMD
simulation. After pre-screening ionic conductivity, 9 remaining
materials were obtained, as listed in Table 1. AIMD
simulations were performed on these materials.

Table 1. Nine Candidate Materials

MP id Pretty formula phase group
1205739 Li,SnF, P31m
9308 Li,ZrFg Pnma
4556 Li,SO, P21/c
15558 Li;GaF, C2/c
560890 Li;ScFq P-3c1
4622 Li,BeF, R-3
15254 Li,AlF, C2/c
24199 LiHF, R-3m
1222552 Li,ZnIn,F,, Pnc2

3.2.2. AIMD Simulation. In the previous rapid empirical

preliminary screening, we adopted a relatively wide threshold
to prevent the omission of some potential materials, such as
setting the nRy;_; < 3.5 A and E, < 0.6 eV. Next, we performed
more accurate AIMD simulations to obtain the Li-ion
conductivity of candidate materials. For AIMD simulation, a
total simulation time of 12 ps was used where the first two ps
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Figure 4. (a) MSDs of atoms of Li,ZtFg, (b, c) Arrhenius plots of Li* diffusivity in S materials from AIMD simulations. (b) Line fitting part and (c)

fitted straight line extending to room temperature.

Table 2. S Fastest Li-Conducting Solid Electrolytes

diffusion coefficient (A?/ps) vs temperature (K)

MP id formula 900 1000
15254 Li,AlF,
15558 Li,GaF,
560890 Li,ScF,
9308 Li,ZrFg 0.093 0.237
1222552 Li,ZnIn,F,,

1100 1200 1300 1400 1500
0.243 0.298 0.401 0.486
0.399 0.492 0.592 0.793

0.162 0.227 0.333 0.531

0.281 0.372
0.168 0.360 0.561 0.787

simulation balances the system.*” The simulation data
obtained for the equilibrium state was selected for subsequent
processing and analysis."” The diffusion of lithium ions at RT
is relatively small, and it is difficult to obtain diftusivity at RT
through AIMD simulation directly. The usual processing
method is to obtain several MSDs at different high temper-
atures and then calculate the diffusivity at RT according to the
Arrhenius law and the Nernst—Einstein relationship.

The goal was to get 4 or S valid AIMD simulations for Li
diffusivity at temperatures separated by at least 100 K for each
crystal. During AIMD, if the MSD of non-lithium atoms
increases by more than 5 A? it is assumed that the crystal melts
at that temperature. In contrast, if the MSD of Li atoms
increases by less than S A% it is assumed that no significant
MSD of Li atoms occurs. Since there is no prior knowledge of
the melting temperatures (MT), we start from 1500 K. The
MSDs obtained at 1500 K are shown in Figure S2. Among the
9 candidate materials, Li,SnF; was discarded due to too small
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diffusivity, Li,BeF,, Li,SO,, LiHF,, Li,ZrFg, and Li;ScFq
melted at 1500 K, whereas the remaining 3 candidate materials
performed well. Then, AIMD simulations at other lower
temperatures were performed for candidates other than
Li,SnFs. The MSDs of different atoms for Li,ZrFg at several
different temperatures are shown in Figure 4a, and the details
of these 8 materials are shown in Figure S3. Li,BeF,, Li,SO,,
and LiHF, in Table 1 were filtered during AIMD since a
significant MSD was obtained for atoms other than Li or no
significant MSD was obtained for Li atoms at temperatures
between RT and MT. The effective diffusivity values of the
other five materials are obtained from graphs similar to Figure
4a, and the results are summarized in Table 2.

Figure 4b shows that all of the five candidate materials
exhibited significant Li-ion diffusion at high temperatures. The
diffusion of 5 candidates at RT was inferred as shown in Figure
4c. The diffusion of Li-ion in Li,ZnIn,F;, is sensitive to
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temperature, and it performed poorly at low temperatures, (@). ¢ (b) ¢
whereas the diffusion of the other four materials was similar. =4 . L'II_ g . S
The diffusivity, Li-ion conductivity, and activation energy are 2 "JHALLF & 4 LLLCaLF
ized in Table 3 5 2 oo 52 -
summarized in Table 3. 2 ) Li AIF, i, Li,GaF,
g Stable 5 Stable
Table 3. Diffusivity (D), Li-Ion Conductivity (¢), and g2 )
Activation Energy (E,) of S Candidates from AIMD 54 AR L S GaF, FyLi
) - 2 3
Simulations “ 012 345678 5013 3456567
Voltage vs LilLi* (V) Voltage vs LilLi* (V)
D at o at 18, (c) (d)
formula R* 300 K (cm?/s) 300 K (mS/cm) (eV) (" o8 L
Sc,LiF S A
. i @ - |Se N, 44—
Li;AlF 0.984 5495 X 10 0.991 0.369 T, 570V .T': 547V
Li,GaF 0963 1738 x 1078 2999 0346 s : 5 2 _
i 11 30 Li;ScFg 5 Li ZrFg
Li;ScF¢ 0.979 7413 X 10 0.012 0.521 < Stable <0 Stabie
Li, ZrFq 0.869 2.630 X 107° 0.477 0.414 g, 2.
[
Li,ZnIn,F, 0977 1.738 x 107 0.193 x 107° 0.797 £ - %
.g 4 ScF,,F,,Li g_ -4 2 JELTT
301 2 3 45 6 7 301 2 4 5 6 7 8
. L. L. . Voltage vs LilLi* (V) Voltage vs LilLi* (V)
As shown in Table 3, the ionic conductivity of Li,ZnIn,F,, (e)
at 300 K is very small, which is consistent with its high 7]
activation energy. The estimated activation energy of Li;AlF,, 6.38 648 ¢33 655
Li;GaFg, Li;ScFq, and Li,ZrFg are in the range from 0.34 to 6 1
0.53 €V, and the smaller values are consistent with the S5 17Ty~ -~""~""~""~""~""~""""7"7"7° 5 5 |
prediction by the BVSE method. The order of ionic i 4.21
conductivity at RT is Li;GaFs > Li;AlFs > Li,ZrFg > 54
[
Li;ScFs. Among them, the ionic conductivity of Li;GaFq, >3 291
Li;AlF, and Li,ZrFg is about 1.0 mS/cm at RT, which g 2 231 544
indicates that they may be promising Li-ion conductors. In S21 22 217 L_]
e . . 1711 1.7
addition, the crystal structures in polyhedral representation and 1 a1 A 2
crystallographic data of Li;AlF, Li;GaFg, Li3ScF6, and Li,ZrFg 059
are shown in Figure S. Li;AlF and Li;GaF4 have the same 0 0.05
space group 'C2/c, Li;ScF4 possesses the trigonal crystal P P O RO S
system, and Li,ZrFg has the Pnma space group. oF REIRY. \)? Y JF vV 9 \)8} \)&

3.3. Analysis of Screening Results. 3.3.1. Intrinsic
Electrochemical Stability Windows. Electrochemical stability
is a vital prerequisite for solid electrolytes. The EW describes
the electrochemical stability of electrolytes at Li chemical
potential. At high voltage (low Li chemical potential), the
material is oxidized and loses Li, whereas, at low voltage (high
Li chemical potential), the material undergoes reduction and
uptakes Li. The plots of Li evolution per formula of the
remaining four solid electrolytes against voltage are obtained
from Li GPPD and are shown in Figure 6a—d. A positive

Figure 6. (a—d) Plot of Li uptake per formula unit (fu.) of four solid
electrolytes against voltage vs Li/Li*, only part decomposition
products are annotated for brevity and the specific details are
shown in Table S6. (e) Electrochemical windows (the length of bars)
of screened materials, several common solid electrolytes, and liquid
electrolytes. In (e), LATP, LPS, liquid', and liquid* represent
Li, 3Aly3Ti, ,(PO,);, LisPS,, 1-ethyl-3-methylimidazolium tetrafluor-
oborates, and 1-butyl-3-methylimidazolium tetrafluoroborates.
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Figure 5. Crystal structures in polyhedral representation and crystallographic data of (a) Li;AlF, (b) Li;GaF, (c) LizScFq, and (d) Li,ZrF,.
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number means Li is absorbed and a negative number means Li
is lost. Li;AlF,, Li;GaFg, Li;ScF,, and Li,ZrFg possessed wide
EWs of 1.06—6.48, 2.23—6.55, 0.59—6.38, and 1.21-6.38 V,
respectively. Among them, the EWs of Li;AlF, Li;ScFg, and
Li,ZrFg are much wider than typical sulfides, oxides, and
conventional liquid electrolytes (EWs of materials are listed in
Table SS), which suggests their potential as solid-electrolyte
materials.

As shown in Figure 6, the reduction and oxidation limits of
these materials are different, which suggests additional analysis
is needed. The oxidation limits of these four materials exceed
5.5 V, which are higher than all commercial cathodes,
indicating that these materials possess excellent oxidation
stability. For the reduction limit, these electrolyte compounds
exhibit reduction potentials over 0.5 V. The positive values
represent thermodynamic instability between these materials
and Li metal. In addition, the reaction energy between the
remaining four materials and Li metal are all higher than 100
meV/atom, which also means that these electrolytes have poor
stability with the Li metal. However, the decomposition
products contain the interface passivation layer material LiF,*’
which prevents further breakdown of the electrolyte and
increases the possibility of using these solid electrolytes with
the Li metal anode. In addition, the band gaps of these
materials are all greater than 5.5 eV (as shown in Figure S4),
which indicates that they are electrically insulated.

3.3.2. Chemical Interface Stability with Cathode Materi-
als. It is worth noting that the EW is the voltage range in which
the electrolyte itself is neither reduced nor oxidized. It does not
consider the possible reactions between the electrolyte and the
electrode. Therefore, the chemical stability of the electrolyte/
electrode interface needs to be further analyzed. According to
eqs 2 and 3, we calculated the mutual reaction energy to
evaluate the chemical stability of the electrolyte/cathode
interface. Negative mutual reaction energy suggests that the
interfacial reaction is exothermic. The various cathodes
examined here include high-voltage cathodes LiNiPO, (5.1
V), LiCoPO, (4.8 V), and LiMn, (NiyO, (4.7 V)*"** and
commonly used cathodes Li{M]O, (M = Ni, Co, and Mn),
LiMn,0,, LiFePO,, and Li,Co00O,. For comparison, we also
considered two common oxide electrolytes (LLZO and
LiPON) and two sulfide electrolytes (LGPS and LPS); here,
LPS is the acronym for Li;PS,.

For the chemical stability of interfaces, ignoring the applied
voltage, the minimum mutual reaction energies that appear
when the electrolyte ratio x changes are shown in Figure 7 and

0.00
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Figure 7. Minimum mutual reaction energy between electrolytes and
cathodes.
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the details are summarized in Table S7. The smallest mutual
reaction energy represents the most exothermic decomposition
reactions and is theoretically the most unstable, while the
actual interface may have a different thermodynamic phase
equilibrium. Overall, the sulfide LGPS and LPS are severely
decomposed at the interfaces, and the mutual reaction energies
are between 130—590 meV/atom. When the oxide is
combined with part of the electrode, the interface has good
stability. Compared with LLZO, LiPON, LGPS, and LPS, the
materials selected in this work possess smaller reaction
energies (0—90 meV/atom) than cathodes. Among these
cathodes, solid electrolytes do not react with high-voltage
cathodes and commercial cathodes LiFePO,, Li,;C00O,, and
LiMn,O, (reaction energies smaller than 10 meV/atom). In
short, the materials obtained from the screening approach
described above can match most cathode materials. Among
them, the performance of Li;GaFg is not as good as the other
three.

Based on these analyses of Li;AlF¢, Li;GaF,, LiyScFg, and
Li,ZrFg, Li;ScF4 has a low ionic conductivity, Li;GaF4 has a
narrow EW and poor interface stability with electrodes, while
Li;AlFg and Li,ZrFg exhibit good chemical stability and high
ionic conductivity, which are proposed as promising solid-
electrolyte materials, where Li;AlF, is likely to be a potential
solid electrolyte consistent with the work of Zhang et al.*' It is
worth noting that, Liu et al.”* predicted that Li,ZrFg could be
used as a cathode coating material in LiPF4-based liquid
electrolyte batteries. Here, we have made a comprehensive
analysis of Li,ZrFg and found that it is also a good electrolyte
for all-solid-state Li-ion batteries

It is noted that the applied potential is very important for the
stability of the electrolyte/cathode interface.”® Therefore, we
considered the electrochemical stability of the interface
between the four materials and the selected electrodes and
calculated the minimum mutual reaction energy of the
interface under different applied voltages.”' The electro-
chemical stability of the Li,ZrFg/cathodes interface is shown
in Figure 8a, and the electrochemical stability of Li;AlFq,
Li;GaFy, and Li;ScF¢ is shown in Figure SS. Compared with
other electrode materials, several candidate materials have poor
electrochemical stability with LiNiO, and Liy ;CoO, electrodes
and interfaces. For the interface of Li,ZrFg and other cathodes,
when the applied voltage changes from 2 to 5 V, the range of
mutual reaction energy is [—302.63, 0] meV/atom, indicating
that Li,ZrFg has good electrochemical stability. In addition, the
structures of Li;AlFy and Li;ScF4 are similar, and their
electrochemical stability is also very similar, which is better
than that of Li;GaFq.

To further evaluate the stability between the selected
electrolyte materials and electrodes, we chose the LiCoO,
cathode and the Li,ZrFg material to construct the Li,ZrFg/
LiCoO, interface structure. A Li,ZrFg/LiCoQ, heterostructure
is constructed by upholding the principle that the lattice
mismatch rate is less than 5%, and an appropriate vector
rotation of the Li,ZrFy (001) and LiCoO, (001) surfaces is
performed to construct the heterostructure. Top and side
views are shown in Figure 8b,c. The formation energy of the
Li,ZrFg/LiCoQ, interface structure was —4.478 eV, the
negative value proved that the constructed heterojunction is
thermodynamically feasible. A 12 ps AIMD simulation of
Li,ZrFg/LiCoO, was performed at 300 K, and it was assumed
that the system reached equilibrium after two ps.'” As shown
in Figure 8d, the fluctuating energy and bond length in a small
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Figure 8. (a) Calculated mutual reaction energy of the Li,ZrFg/cathode interface at the applied voltage from 2.0 to 5.0 V vs Li/Li*. The side view
(b) and top view (c) of the Li,ZrFs/LiCoO, heterostructure, (d) variations in the bond length and energy of the Li,ZrFg/LiCoO, heterostructure
at T = 300 K. (e) The DOS of LiCoO,, Li,ZrFy, and Li,ZrFg/LiCoO,, (f) the PDOS and (g) the differential charge density of Li,ZrFg/LiCoO,;
cyan and yellow represent the decrease and increase of charge, respectively, and the contour lines are drawn at 0.0015 e/A? intervals.

range indicates the robust thermal stability of Li,ZrFs/LiCoO,,
which is consistent with the previous analysis. Then, we
plotted the DOS and differential charge density of the Li,ZrFq/
LiCoO, heterostructure to further investigate its electronic
properties. As shown in Figure 8e, comparing the total DOS of
LiCoO,, Li,ZrFg, and Li,ZrFy/LiCoO,, the energy of Li,ZrFg/
LiCoO, shifts to the left, indicating that the structure is more
stable. Moreover, the PDOS as shown in Figure 8f and the
differential charge density of Li,ZrFg/LiCoO, as shown in
Figure 8g show that the p orbital of F is hybridized with the d
orbital of Co, which is responsible for the stable interface
structure.

4. CONCLUSIONS

In short, based on the properties of solid electrolytes, a layered
screening study of Li-containing ternary compounds and
quaternary compounds was carried out to find promising solid-
electrolyte materials. After screening, it was found that Li;AlF
and Li,ZrF; both have high oxidation limits (6.48 and 6.38 V),
high Li-ion conductivity (0.991 and 0.477 mS/cm at RT), and
robust interfacial stability with common cathodes. Therefore,
Li;AlFs and Li,ZrFg; are proposed as promising solid
electrolytes, as demonstrated by the results described above,
which could be used in all-solid-state Li-ion batteries with high
voltage. In addition, the result obtained here for Li;AlF, is
consistent with the predictions from prior reports in the
literature. The robust stability of the Li,ZrFy/LiCoO, interface
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structure at 300 K further indicates the reliability of Li,ZrFg as
a new electrolyte material.
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