Published on 30 May 2019. Downloaded by University Town Library of Shenzhen on 4/21/2023 5:09:39 PM.

PCCP

ROYAL SOCIETY

OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2019, 21, 13758

Received 10th May 2019,
Accepted 30th May 2019

DOI: 10.1039/c9¢cp02650a

LiAlsOg as a potential coating material in
lithium-ion batteries: a first principles study

Sijia Mo, Bingkai Zhang, Kecheng Zhang, Shunning Li* and Feng Pan 2 *

Coating materials in lithium-ion batteries (LIBs) have attracted extensive attention due to their ability to
retard the decay of electrochemical performance in long-term cycling. Most of these coating materials,
however, exhibit inferior ionic diffusivity. Herein, we report a novel coating material, LiAlsOg, which
possesses a spinel-type structure. Our first principles calculation results show that the diffusion
coefficient of Li ions in LiAlsOg is over thirty orders of magnitude higher than that of Al,Os, and its
electrochemical stability window is sufficiently wide, from 0.80 to 4.08 V versus Li/Li*. The facile Li ion
diffusion pathways and high electrochemical stability make LiAlsOg an effective coating material for

rsc.li/pccp next-generation LIBs.

1. Introduction

Research into coating materials for electrodes in lithium-ion
batteries (LIBs) has emerged as an important area of focus due
to their essential role in improving the cyclic performance and
enabling high-voltage operation of the batteries.”> Nowadays, a
major concern about the LiPFg-based electrolytes, commonly
used in the market for LIBs, is their reactivity with electrodes
that generally results in the consumption of the electrolytes and
the dissolution of redox-active elements in the electrodes. The
coating materials can serve as a physical protective barrier lying
between the electrode and electrolyte, thus suppressing the
oxidation of electrolyte compounds and the corrosion of
charged electrodes. Most of the promising coating materials
are in the binary metal oxide system, including Al,O;, ZnO,
MgO, TiO,, ZrO,, etc.*® However, these materials exhibit com-
paratively poor ionic transport properties, with migration bar-
riers of over 0.9 eV for Li ion diffusion,” which probably
resulted from the narrow diffusion pathways in the crystalline
structures of these oxides. Such low ionic conductivity necessi-
tates the fabrication of extremely thin coating layers (below 1 nm)®
or the use of their counterparts in the amorphous form.*'°
Given that a higher lithium content in a solid state electrolyte
(SSE) has the potential to modify the ionic conductivity by
eliminating the energy difference for lithium located at differ-
ent sites along the diffusion paths,"* we can expect that this
principle is transferable to the coating materials listed above.
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Under this consideration, some researchers have turned their
attention to the exploration of prelithiated oxides, such as
LiAlO,, Li,ZrO;, etc.,'>* in the last few years. Materials of this
type have offered new opportunities for the development of
next-generation coating materials for LIBs, but the family of
these oxides is still small. Here we propose a novel material,
LiAl;Og, which shows superior ionic conductivity as compared
with Al,O; and holds promise in the application of coating
materials for electrodes in LIBs.

LiAlsOg was previously used as a phosphor with interesting
optical properties'® and has recently been detected in an alumina
coating layer between the lithium metal anode and a garnet-type
solid-state electrolyte after lithiation."” At room temperature, bulk
LiAl;Og crystallizes in an inverse spinel structure, characterized by
the P4;32 space group.'® The spinel framework can potentially
permit a high ionic conductivity with a three-dimensional (3D)
percolating diffusion network, as demonstrated in some famous
cathode materials like LiMn,0,4.'**® Therefore, it is anticipated
that bulk LiAl;0g can have high Li-ion mobility. Nevertheless, to
the best of our knowledge, no experiment has been reported on
the utilization of this material as a coating layer except a compu-
tation research by a high-throughput method,*" but the mecha-
nism for Li diffusion has been unknown so far. In this work, we
apply first principles density functional theory (DFT) to under-
stand the electrochemical characteristics of LiAl;Og and the
mechanism of ionic transport in it. We calculate the defect
formation energies of Li vacancies and interstitials at 0 V and
4V versus Li/Li", respectively, which show that Li interstitial is the
dominant diffusion carrier at low electrode potential while Li
vacancies are the main carrier type at high electrode potential. We
employ nudged elastic band (NEB) simulations to investigate the
Li transport mechanism and find that the mobility of Li in LiAl;Og
is substantially higher than that in Al,O; and MgO. In addition,
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we predict a wide electrochemical window for LiAl;Og, guarantee-
ing that this coating material is electrochemically stable under
operation.

2. Methods

All calculations in this research were performed by the imple-
mentation of plane wave DFT in the Vienna ab initio simula-
tion package (VASP)** with projector augmented wave (PAW)
potentials.>® The exchange-correlation part of the density func-
tional was treated within the generalized gradient approxi-
mation (GGA) of Perdew-Burke-Ernzerhof (PBE).>! Valence
electron configurations for elemental constituents are as fol-
lows: Li-2s", Al-3s?3p" and 0-2s*2p”. The cut-off energy chosen
for the plane-wave expansion was set to 500 eV. Monkhorst-
Pack® k-point meshes (2 x 2 x 2) were used to sample the
Brillouin zones. Convergence was assumed when the total
energy difference was below 1.0 x 10° eV per atom and the
residual forces were below 0.01 eV A~". A denser k-point mesh
of 8 x 8 x 8 has been used to calculate the density of states
(DOS) in GGA methods.

The point defect properties were calculated usinga2 x 1 x 1
supercell. The formation energy of a defect for a charge state
q is given as a function of Fermi energy:>®

Ef = Eqer — Epuic — npui + g(er + Ev) 1)

where Eq4e¢ and Eyp,i represent the total energies of the defected
and the pristine LiAl;Og4 supercells, respectively. The number of
Li" added to (n > 0) or removed from (n < 0) the pristine
supercell is n when defects are generated. In the charge state,
an additional homogeneous neutralizing background charge is
applied by VASP to maintain charge neutrality of the system
and guarantee the energy convergence. ¢ is the Fermi energy
and Ey is the energy of the valence band maximum for the
pristine LiAl5Og unit cell. u;; represents the chemical potential
of lithium. In accord with a previous study,””*® uy; is related to
the electrode potential ¢ versus Li/Li" as

ti(d) = uis — e (2)

where uf; is the chemical potential of bulk Li metal, which is set
to —1.89 eV taken from the energy of one Li atom in bulk Li
metal from DFT calculation; and e is the elementary charge.

To search for the possible Li-ion migration pathways and the
corresponding migration barriers, the climbing image nudged
elastic band (CI-NEB) method was used.*® A chain of five initial
images between two local energy minima structures was first
set by linear interpolation and then fully relaxed.

We estimate the diffusion coefficient via the following
fomula®®

D= %V(Ax)%[*E"‘/kBT] (3)

where Ax is the hop distance, v is the lattice vibrational
frequency with a typical value of 10" Hz*'* and E, is the
migration barrier. kp is the Boltzmann constant and T is the
temperature which we set to 300 K in this work.
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The grand potential phase diagram®* was established to inves-
tigate the electrochemical stability of LiAl;0s. The grand potential
phase diagram was generated using the Python Materials Geno-
mics (pymatgen) library®> which is an open source materials
library. The code package of Deng et al.>® was used to accelerate
the calculation process.

3. Results and discussion
3.1. Perfect LiAl;O5 crystal

LiAl;0g can be described as (Al)ey(Lis2Alz/)octO4, Which is
composed of corner-linked Al-O tetrahedra and edge-shared
Li/Al-O octahedra, as shown in Fig. 1. All of the Li ions are
distributed in octahedral sites, whereas two fifths of Al ions are
at the tetrahedral sites and others at octahedral sites. Each Li-O
octahedron is surrounded by 6 Al-O octahedra, with another
6 Al-O tetrahedra as the second nearest neighbors. All the four Li
ions in the unit cell are identical to each other, owing to the high
symmetry of the compound, which means that each Li ion has
the same environment and therefore the same diffusion path.

Table 1 lists the calculation results of lattice parameters for
LiAl;O0g in comparison with the data obtained with GGA from
Materials Project (MP)’” and the experimental data obtained by
Kriens et al. at room temperature.®® The lattice constant of
LiAl;Og in this study is 7.972 A, consistent with the experimental
data (within 1% error). GGA was used to provide a rigorous result
for the density of states (DOS) of LiAl;Og, as shown in Fig. 2. A
band gap as large as 5.34 eV indicates that LiAl;Og is a good
electron insulator, which is potent in blocking the electron
leakage and protecting against electrode corrosion.*

Fig. 1 Structure of LiAlsOg. AlO,4 tetrahedra, LiOg octahedra and AlOg
octahedra are shown in orange, green and blue, respectively.

Table 1 Calculated results of lattice parameters, atomic positions for
LiAlsOg as compared with previous theoretical and experimental data

Cal. (this work) Cal. (MP) Exp. (ref. 38)
a (A) 7.972 7.987 7.903
Atom Site (x,y, 2) (%, 9, 2)

Li 4b  (0.125, 0.875, 0.375)
Al 8d  (0.368, 0.882, 0.125)
Al 4a  (0.003, 0.497, 0.503)
o) 8d  (0.365, 0.382, 0.866)

0.125, 0.875, 0.375)
0.369, 0.881, 0.125)
0.002, 0.498, 0.502)
0.365, 0.383, 0.864)

—_—~ =
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Fig. 2 Density of states of LiAlsOg. Energies are referenced to the Fermi
level.

3.2. Defects in LiAl;04

As the valence state of Al ions is hard to change, LiAl;0g can
hardly exhibit off-stoichiometric composition during battery
operation. It implies that the ionic conductivity of the LiAl;Og
coating material should be dictated by the intrinsic point defects
such as Li vacancies and interstitials. Following eqn (1), we first
calculated the formation energies of the point defects V{; and Li{
in the neutral state. Electrode potential ¢ was discussed in two
situations in this study. We considered two possible cases where
LiAl;Og is used as a coating material for cathode and anode
electrodes, respectively. When LiAl;Og is used as an anode elec-
trode coating material, such as lithium metal, ¢ is set to 0 V
versus Li/Li'; in the cathode case, the potential ¢ is set to 4 V. uy;
at different voltages will vary greatly, affecting the value of the
defect formation energy. Table 2 lists the positions and the defect
formation energies with electrode potentials of 0 V and 4 V, as
well as the atomic configurations in the vicinity of the defects.
Since four Li ions in the unit cell are identical to each other,
there is only one configuration for Li vacancies. Unlike Li
vacancies, there are three crystallographically inequivalent sites
for Li interstitials. Configuration I (Int-I), in which the Li
interstitial is located in the tetrahedral interstice () of the
O sublattice, corresponds to the lowest formation energy at ¢ =
0 V. The Li interstitial pushes away the nearest Li at the lattice
site by around 0.55 A, which mainly stems from the short
distance (2.01 A) between the interstitial and the Li nearby.
The displacement of lattice atoms imposed by the Li interstitial
is much smaller for configuration Int-II, where excess Li is
located in the octahedral interstice (Ioe), having the largest free
volume among all the configurations. However, it has a rela-
tively high formation energy, 0.32 eV, above that of Int-I. This
runs somewhat counter to the intuition that the larger the open
space and the coordination number to the lattice O, the lower
the defect formation energy will be. The reason lies in that Li at
this interstitial site is at the midpoint of two Al with a Li-Al
distance of 2.07 A. The large electrostatic repulsion of Al ions to
the Li interstitial would raise the energy of the system, making
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Table 2 The positions of defects, the atomic configurations in the vicinity

of the defects, and the corresponding defect formation energies at
different ¢

Atomic Ee(¢p=0V) Ef(p=4V)
Label Position configuration (eV) (eV)
Vacancy (0.13, 0.88, 0.38) &P 5.09 1.09
° (=) o
Int-T (0.21, 0.78, 0.50) 0 3.55 7.55
&, 0
)
of
Int-II (0.37, 0.87, 0.62) e O. 3.87 7.87
©
Int-III (0.25,0.48,0.48) © | &4 4.71 8.71

this site unfavorable for Li occupation. Even more distinctive is
configuration Int-I1I, which is calculated to be 1.16 eV higher in
formation energy than that of Int-I. In this configuration, the Li
interstitial is in a tetrahedral interstice (different from Int-I)
and the LiO, tetrahedron is face-shared with three Al-O poly-
hedra, thus yielding large energy penalty in the system.

It is found that the formation energy of Li vacancies is much
higher than Li interstitial at 0 V (corresponding to the lithium
metal anode environment), which is calculated to be 5.09 eV.
And the formation energy of the three Li interstitials is 3.55 eV,
3.87 eV and 4.71 eV, respectively. This translates into a concen-
tration over 25 orders of magnitude higher than that of Li
vacancies according to ¢ = N exp(—E¢/kT), which implies that Li
interstitials are dominant under anodic conditions. However,
the situation is changed at an electrode potential of 4 V
(corresponding to the high-voltage cathode environment). The
formation energy of Li vacancies is 1.09 eV, apparently lower
than that of Li interstitials, i.e. 7.55 eV, 7.87 eV and 8.71 eV,
respectively, indicating that under cathodic conditions, the
concentration of Li vacancies is much larger.

Fig. 3 shows the formation energies of Li vacancies and
interstitials at different charge states as a function of the Fermi
level at 0 V. The formation energies of excess electrons and holes
in LiAl;Og are also given as comparison. It can be seen that the
formation energies of Li; and Vy; are always lower than those of
Li{ and V{;, implying that Li would spontaneously ionize in
LiAl;Og, similar to the cases of other coating materials.” This can
be rationalized by the fact that Li} and V{; will change the
valence states of Al and O, which are substantially unstable.
Therefore, charged defects (Li ion vacancies and Li ion inter-
stitials) should be expected as the charge carriers in LiAl;0g and
will be employed for the calculation of migration barriers in the
following discussion. Moreover, the Fermi level will be pinned at
3.6 eV above the VBM so that the concentration of positive and
negative charge species (Li; and Vg, respectively) is equal, that is,
charge neutrality is kept in the system. We may expect that the
ionic diffusivity can dictate the ionic conductivity when compar-
ing these two kinds of charge carriers.

This journal is © the Owner Societies 2019
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Fig. 3 Formation energies for Li vacancies and interstitials at different
charge states when the electrode potentialis 0 V, as well as that for excess
electrons and holes.

3.3. Ionic transport in LiAl;0g

The ionic conductivity of LiAl;05 stems from the diffusion of
ionic point defects, including Li; and V;. The migration of Vi;
is equivalent to the migration of one of its nearest Li neighbors
to the vacant site. After careful examination of the structure of
LiAl;0g, we find that there is only one diffusion path for Vyi;, as
shown in Fig. 4a and b. Along this path, the migrating Li will
pass through the I, site (corresponding to Int-II), and then the
vacant site, rather than along the straight line from the first
vacant site to the next. This is due to the fact that at the
midpoint of the straight line there is an adjacent lattice Al. The
distance between the migrating Li and the lattice Al is below
2 A, resulting in a large electrostatic repulsion. It should be
mentioned that the above images differ from configurations
Int-I and Int-II by that two Li ion vacancies at the lattice sites
are now in the vicinity of the Li ion interstitial. The vacancy
migration barrier is calculated to be as high as 2.86 eV in
Fig. 4c, which is to be expected since a Li ion vacancy and a Li
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Fig. 4 Diffusion pathway of V; in (a) sectional view and (b) stereo view,
and the corresponding (c) activation barrier.
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ion interstitial will be generated simultaneously when the
migrating Li leaves the lattice site.

Next, we investigate the diffusion of Li; in LiAl;Og. Since the
formation energy of Int-III is much higher than those of Int-I
and Int-II, it is expected that Li will not pass this site during
diffusion. As for Int-II, the net distance for each diffusion step
is 2.88 A, higher than that for Int-I with a value of 2.10 A.
Considering further that Int-I possesses lower formation energy
than Int-II, we select Int-I as the end point when searching the
diffusion pathways of Li; in LiAl;0g. Two kinds of diffusion
events are involved, both of which are indispensable for a 3D
percolating diffusion network: a diffusion path (A — B) passing
through the octahedral interstice and another path (B — C)
surrounding a Li lattice site, as illustrated in Fig. 5a and b. The
first path describes the Lt = Ioet — I hopping. The calcu-
lated diffusion barrier is 0.33 eV, which is substantially lower
than that of Li ion vacancy diffusion, as no additional vacancy
or interstitial site is generated in this path. The saddle point
corresponds to a configuration in which the Li crosses near the
center of an O-triangle, i.e. the face shared between the Li,O,
tetrahedron and Li,Og octahedron. This diffusion path is con-
nected by the second kind of pathway where the Li at an I site
migrates to another one nearby, both surrounding the same Li
lattice site. Two mechanisms may be responsible for this path,
the direct-hopping mechanism and knock-off mechanism.*® In
the direct-hopping mechanism, the Li ion interstitial passes
through the shared edge between two Li;O, tetrahedra, leading
to relatively shorter Li-O bonds (1.37 A) than those when Li is
located in the center of an O-triangle (2.11 A). In the knock-off
mechanism, on the other hand, the Li ion interstitial will push
the neighboring Li at the lattice site into the target interstitial
site while the lattice site is filled with the original Li ion
interstitial. The knock-off mechanism yields longer Li-O bonds
along the path as compared with the direct-hopping mecha-
nism, yet we find a lower diffusion barrier for the latter one
(0.11 eV). This may be rationalized by the brief appearance of a
Li ion vacancy during the concerted migration of the two Li
ions in the knock-off mechanism.

e ®, ©
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Fig. 5 Diffusion pathways of Li in (a) sectional view and (b) stereo view,
and the corresponding (c) activation barriers.
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As the energy barrier for Li; is much lower than that of Vg,
we could make the conclusion that the ionic conductivity in
LiAl;O4 is mainly contributed by Li ion interstitials. The overall
diffusion barrier for the Li ion interstitial in LiAl;Og is 0.33 eV
and from eqn (3) the diffusion coefficient is 3.6 x 10™% cm* s~ .
For comparison, we calculate the energy barrier of Li; diffusion
in Al,O; and MgO in the same computational scheme, as
shown in Fig. 6. The barriers are extremely high (2.69 eV for
Al,O; and 2.18 for MgO) and the corresponding diffusion
coefficient is 9.3 x 107*® cm? s™* and 3.3 x 107*° ecm? 574,
respectively. The diffusion coefficient of Li ions in LiAl;Og is
over thirty orders of magnitude higher than that of Al,O;,
implying a better performance of the battery when replacing
Al,O; coating with LiAl;Og. We also compare the migration barrier
and diffusion coefficient to those of amorphous AlLO5° and those
of other typical compounds in the solid electrolyte interphase
(SEI) such as Li,CO;, LiF and Li,O in the literature.**~** Obviously,
the ionic conductivity of LiAlsOg is superior to most of these
materials except Li,CO; as tabulated in Table 3, which demon-
strates the advantageous nature of this coating material.

3.4. Electrochemical stability

Similar to the electrolyte in a battery, the coating layer should have
acceptable electrochemical stability so that the highest voltage
output of the battery can be achieved. The limited stability of the
coating material would result in the decomposition of the com-
pound, either leaving the electrode unprotected or forming unde-
sired products at the interfaces that exhibit low permeability to Li
ions. In addition, the coating materials with a broad electroche-
mical window can function as a passivation layer to suppress the
decomposition of electrolyte, especially in the battery system with
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Fig. 6 Diffusion pathways and energy barrier of Lij" in (a) ALO3z and (b)
MgO.
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Table 3 Migration barriers and diffusion coefficients at 300 K of LiAlsOg,
other metal oxide coating materials and typical compounds in SEI

Material Migration barrier (eV) Diffusivity (cm” s ")
LiAl;Og 0.33 3.6 x 1078
ALO, 2.69 9.3 x 108
MgO 2.18 3.6 x 10°°
am-Al,O; (ref. 9) 0.73 5.9 x 1077
Li,CO; (ref. 41) 0.24 1.2 x 10°°
LiF (ref. 42) 0.73 71 x 10"
Li,O (ref. 43) 0.47 1.6 x 101

a high-voltage cathode and a low-voltage anode.** Furthermore,
most solid-state electrolyte materials have been demonstrated to

0,
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Fig. 7 (a) Li—-Al-O ternary phase diagram. LiAlsOg is marked in red font.
(b) Equilibrium phase of LiAlsOg at different potentials.
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have narrow intrinsic electrochemical windows, and therefore
suitable electrode coating materials can further broaden their
electrochemical window so as to improve battery cycling
performance.*® Based on this consideration, a number of novel
coating materials with wide electrochemical windows as the
screening conditions have recently been developed.*® A wide
electrochemical window is another key indicator for LiAl;Og in
electrode coating.

Here, we examine the intrinsic thermodynamic electroche-
mical stability window of LiAl;O0g. The Li-Al-O ternary phase
diagram which determines the phase equilibria of LiAl;Og at
different Li chemical potentials is constructed by pymatgen, as
shown in Fig. 7a. Higher Li chemical potential, ie. lower
electrode potential ¢ versus Li/Li" (according to eqn (2)), would
correspond to compositions farther away from the Li end point
in the phase diagram, and vice versa.

Our calculation demonstrates that the intrinsic stability win-
dow is relatively wide, from 0.80 to 4.08 V versus Li/Li". The phase
equilibria at different potentials are identified according to the
most thermodynamically favorable reaction products at given
potentials, as shown in Fig. 7b. The reduction of LiAl;O4 starts
at 0.80 V, where some of the Al atoms are reduced and form alloys
with Li. A further decrease of the potential (0 V versus Li/Li") will
promote the Li-Al alloying process until all the reduction pro-
ducts turn into LigAl, and Li,O. On the other hand, the oxidiza-
tion of LiAl;Og takes place at 4.08 V, where the coating material
transforms into Al,Os. Since Al,O; can also be used as a coating
layer, we may expect that even at voltage higher than 4.08 V, the
coating layer can still offer effective protection to the electrode,
although the rate capability will unavoidably be hampered.

We compare the electrochemical stability windows between
LiAl;0g and other prelithiated coating materials, as well as typical
SSE materials. It is found that the electrochemical stability of
LiAl;05 can outperform other coating materials, as shown in
Fig. 8. It is worth mentioning that LiAl;0g has the highest
oxidation voltage among other prelithiated coating materials,
indicating that although LiAl;04 has a lower migration energy

5V
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e
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S
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8
S 1t
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S g g9 e 9 49
T s R NR2cg P2 =]
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Fig. 8 Electrochemical stability window of LiAlsOg (red frame rectangle),
other prelithiated coating materials (yellow rectangle), and typical solid
state electrolytes (green rectangle). The dashed line at 3.9 V corresponds
to the equilibrium voltage of LiCoO,.
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barrier in a low voltage environment, it still holds promise for
use in high voltage cathode coating application due to the
excellent upper limit of the electrochemical window. As com-
pared with SSEs, the electrochemical stability of LiAl;Og is
much more superior. Therefore, we can anticipate that LiAl;Og,
with its high ionic conductivity, will profoundly improve the
overall electrochemical performance of solid state batteries.

4. Conclusions

In summary, we use DFT calculations to investigate the electro-
chemical properties of LiAl;Og as a novel coating material for
LIBs. It is shown that LiAl;Og is a good electronic insulator with a
large band gap of 5.34 eV. The Li ion interstitials have the
migration barrier as low as 0.33 eV and possess high diffusivity
in a 3D percolating network. The calculated diffusion coefficient
is over thirty orders of magnitude higher than that of Al,O; and
MgO and well above those of other SEI compounds. The electro-
chemical stability window of LiAlsOg is found to be 0.80-4.08 V,
which can effectively broaden the electrochemical stability win-
dow of potential SSE materials. Overall, LiAl;0g is a potential
candidate for coating materials that can outperform its counter-
parts and therefore deserves further experimental examination.
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