Int. J. Electrochem. Sci., 15 (2020) 11123 — 11136, doi: 10.20964/2020.11.38

International Journal of

ELECTROCHEMICAL

SCIENCE
www.electrochemsci.org

Effect of Zn-Incorporation into LizLas:Zr,01, Solid Electrolyte
on Structural Stability and Electrical Conductivity: First-
Principles Study

Xinghua Liang®®” , Xingi Li* , Xi Wu® , Qixin Gai?, Xiaofeng Zhang?”

! Guangxi Key Laboratory of Automobile Components and Vehicle Technology, Guangxi University
of Science & technology, Liuzhou 545006, People’s Republic of China

2 National Engineering Laboratory for Modern Materials Surface Engineering Technology, Guangdong
Institute of New Materials, Guangdong Academy of Science, Guangzhou 510650, People’s Republic
of China

“E-mail: Ixh304@aliyun.com, zxf200808@126.com

Received: 5 June 2020 / Accepted: 24 July 2020 / Published: 30 September 2020

The electronic structures of Zn doped tetragonal LizLazZr,O1. at different locations are studied by
using the first principles method based on DFT, and the structure optimization, energy band, density of
states and population analysis are carried out. Results show that the mixed system of total energy is
reduced, the structure is more stable, and Li doping of total energy of -53104eV, more stability. Due to
the effect of electrons in different orbitals of Zn, the band number near Fermi level increases, the band
gap decreases, the energy required for electron or hole transition decreases, and the conductivity
increases. The band gap of La site doping is 3eV, and the conductivity is relatively high. Population
analysis proves that the Zn-O bond length of the LisZnLasZr.O1, system is 1.947A, which is shorter
than the LizLa>,ZnZr,012 system and has better stability. In addition, the length of the Li-Li bond in the
doped system is shortened, and the Coulomb repulsion force between Li* and Li* is increased, which is
conducive to increasing the concentration of Li vacancies, thereby improving the conductivity.
Although doping can improve stability and conductivity, the amount of doping is too large, which is
not conducive to improving the conductivity.
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1. INTRODUCTION

Solid state lithium ion battery has the advantages of high safety performance high energy
density and wide operating temperature range, so it is a research hotspot in the field of lithium ion
battery [1]. Garnet-type LLZO structure has become the main research object of electrolyte materials
for all solid state lithium-ion battery because of its higher ionic conductivity, good chemical and
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electrochemical stability, wide electrochemical window and strong compatibility with metal lithium
[2-3]. Studies have shown that Liz;LasZr,O1> with cubic and square phase crystal structure, Li*
occupies different positions in the two structures. The tetragonal structure (141/acd) has a lower
concentration of Li* vacancies, which results in low ionic conductivity; the ionic conductivity of cubic

(la3d) is relatively high but unstable under normal temperature conditions [4-7]. Therefore, in-depth
research on the preparation process and mechanism of LLZO materials, and exploring the reasons for
the differences in the conductivity and stability of different crystal structures, are of great significance
for improving the conductivity and chemical properties of materials.

First-principles calculations are commonly wused calculation methods to study the
microstructure and properties of substances. Bernstein [8] and Adams [9] studied the Li* distribution of
LizLasZr,012 materials and the relationship between temperature and phase transition by first
principles. It is found that Li* is arranged differently in different phases. Increasing the concentration
of lithium vacancy can decrease the temperature of phase transition. Experiments have proven that the
temperature is lowest when the lithium content is around 6.5 [10]. Xu [11] calculated the LixLasM2>O1>
system to show that Li * transitions in the octahedral-octahedral mode when x=5, and Li * tends to
transition in the octahedral-tetrahedral-octahedral mode when x=7. Wang [12] also confirmed the Li*
transition mode at x=5. Adams [9] thought that the transition between Li* between octahedra would be
hindered by the tetrahedron occupation, and the tetrahedral vacancies could be increased by higher
valence doping to improve the conductivity. Geiger [13] found that doping AI** at the Li* site can
stabilize LLZO and improve the conductivity, and determined the doping mode at the Li* site by
calculation [14]. Miara [15] calculated the doping of different elements and found that lowering the
unit cell parameters will reduce the conductivity, and it is related to the Li* vacancy and concentration.
Experiments also prove that elemental doping can change the concentration of Li* vacancies and
improve the conductivity. Li Guangzong [16] studied the effect of Zn doped Li sites on the
conductivity of LLZO materials. When the Zn concentration was 0.2, the conductivity of the material
reached 1.20x1073S / cm. Ohata [17] reported that the position where Nb replaced Zr can increase the
vacancy concentration of Li, and the conductivity of the material reached 8x10S / cm at room
temperature. In addition, doping elements such as Te, Y, Sb, Ta, Sr, and In to the Zr** site can also
improve the conductivity [10, 18-21]. Under the same mechanism, doping La site [22, 23], co-doping
Li site with Zr site or Li site with La site [14, 24] can also improve structural stability and electrical
conductivity.

Because the higher conductivity of LLZO cubic phase structure, which is favored by
researchers, the research on the calculation and modification of tetragonal phase structure is relatively
insufficient. Based on this research, the first-principles ultra-soft pseudo-potential plane wave method
is used to calculate the tetragonal LLZO model and the Zn-doped Li-site and La-site models. Analyze
and compare the band structure, atomic layout, and states of the three models. The change of electronic
structure such as density, the effects of Zn doping and different doping positions on the electronic
structure and properties of LizLaszZr.O1> were discussed, which provided a theoretical basis for the
modification of LizLasZr.O1 solid electrolyte.
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2. STRUCTURE AND COMPUTATION METHOD

2.1 Structure model

LisLazZr>0O12 has two crystal structures. The tetragonal structure space group is 141/acd, which
the lattice constants are a=13.134A, c=12.663A, and c/a =0.9641 [4, 25]. The crystal structure frame is
composed of hexahedron [LaOsg] and octahedron [ZrOg], Li+ occupies three positions of 8a of
tetrahedron and 16f, 32g of octahedron, the occupancy rate is 1 at octahedron position, but it is empty
at 16e of tetrahedron [5, 6, 26].

The unit cell structure is symmetrical and periodic. The tetragonal LLZO supercell structure
was obtained using the ICSD database. Due to the large number of atoms, in order to reduce the
amount of calculation and calculation time, the supercell was changed to the primitive cell according
to the principle of symmetry. The substitution is performed to generate calculation models of Zn
doping at different positions: LisZnLa3;Zr;O12 and LisLaxZnZr;O12, and optimization calculations are
performed for the undoped and doped models. Figurel (a ~ c) shows three calculation models of

primitive cells.
2.2 Computational details

The structure optimization, energy band and density of states of the model are calculated by
using the CASTEP module of MS software and the platform of Shenzhen Cloud Computing Center. In
the calculation, the generalized gradient approximation (GGA) PBE functional method was used to
correct the exchange correlation potential of the electron-electron interaction. All elements are
calculated by ultra-soft pseudopotential plane method. The valence electrons selected for atomic
pseudo-potential calculation were Li 1s22st, O 2s22p*, Zn 3d'%4s?, Zr 4s?4p®4d?5sand La 5s25p®5d'6s?.

Through a large number of analysis calculations, the structural optimization calculation
accuracy is set to fine, the truncated kinetic energy is 340eV, and the Brillouin area is calculated using
a 4x4x4 k-point grid. The convergence criterion is: the total energy difference convergence threshold
dE/ion =1.0x10%eV, force convergence threshold |F|max=0.3eV/A, displacement convergence
threshold |dR|max=1.0x1073A, stress component convergence threshold [S|max=5.0x102GPa. Set the
truncated kinetic energy for the calculation of kinetic energy to 500eVand adopt 5x5x5 k-point grid.
What’s more, set the convergence accuracy to 2.0x10eV.

Because the LLZO crystal structure contains more elements, and each atom occupies a
different position in the space structure, this has certain effects on determining the doping position and
calculating analysis. Therefore, before determining the doping position, select different atom positions
in the La position for doping calculation. A large number of calculations show that the total energy
difference obtained by doping at different positions is within 0.2eV. In order to reduce the amount of
calculation and ignore the effect of atomic positions, the LieZnLasZr.O12 model was replaced by
replacing four Li with (0.75, 0.25, 0.5) positions according to symmetry. Similarly, the
LizLa>ZnZr,012 model was replaced by (0.25, 0.25, 1) positions.
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Figure 1. (a) LisLasZr,01> calculation model. (b) LisZnLasZr,O1> calculation model. (c)
LizLa2ZnZr,012 calculation model.
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3. RESULTS AND DISCUSSION

3.1 Structure optimization and total energy

According to the principle of minimum total energy, the three models are optimized to obtain
the total energy and lattice parameters. As shown in Table 1, a=b#c and a=p=y=90°, which is
consistent with the lattice parameters reported in reference [25]. Compared with the initial values
(a=13.134A, c=12.663A), the volume increases to 1138.34A3% with the increase of lattice constant. But
the error is 1.68%, which shows that the establishment of the model is correct and reliable within the
range allowed by the pseudopotential plane wave method. In addition, the Li site doping leads to the
original cell size is 1162.95A3, and the total energy reaches the lowest value-53104eV. And La doping
contribute to the original cell volume of 1107.48A3, the total energy is on the decline. The decrease of
the system energy indicates that the stability of the crystal structure is improved. The structure of the
material is not easy to be destroyed during the lithium ion insertion and extraction process, it shows
high cycle stability and life [27, 28]. Therefore, the doping of Zn at the Li site or the La site can
improve the stability of the LLZO structure, and the Li site doping stability is better, which is
consistent with the literature report [29]. However, doping at different positions results in different
lattice constants, which may be related to the crystal structure, doping concentration and doping
position.

Table 1. Lattice parameters and energy

Model a(A) b(A) c(A) a (°) B (°) Q) Total Energy (eV)
Li;LasZr,012 13.355 13.355 12.763 90 90 90 -47039
LigZnLazZr,01, 13.511 13.511 12.739 90 90 90 -53104
Li;LaZnZr,01, 13.191 13.191 12.727 90 90 90 -50396

3.2 Energy band and density of states analysis

According to the calculation, the energy bands and total density of states of different models
are obtained, as shown in Fig. 2(a~c) and Fig. 3(d~f). Fermi level is taken as the energy zero, and the
relevant data records of different energy bands near the Fermi level are recorded in Table 2.
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According to the above figure and Table 2, the LisLasZr,O1> energy band (a) is mainly

distributed between -47~25eV, with a large part of the bandwidth and overlapping between adjacent
tracks.

Table 2. Energy band parameters of different models

Structure Range (eV) Conduction band (eV) Valence band (eV) Band gap (eV)
LizLasZr012 -46.89 ~ 24.73 3.96 ~24.73 -3.37~0 3.96
LisZnLazZr,01, -47.00 ~ 24.20 -0.41 ~21.68 -9.13 ~-4.22 3.81
Li-LaZnZr,01, -51.16 ~ 21.68 3.07 ~24.17 -5.01 ~0.07 3.00
Li,La,Zr,0,, LiZoLlaZr.0,
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Figure 2. Energy band diagrams of three models

The conduction bandwidth is 20.77eV, the valence bandwidth is 3.37eV. Bottom point of the
guide belt and vertex of valence band are at the same high symmetry point G, so the LizLasZr.O12
crystal has a direct band gap. In addition, the band gap is large at 3.96eV and Fermi level is at the top
of the valence band, which is similar to a p-type semiconductor material. So conductivity is determined
by a small number of hole carriers, it also shows that the Li* is arranged in order in the tetragonal
phase structure [30]. After doping, the energy band (b) as a whole moves to a lower energy direction,
the band gap is reduced to 3.81eV. Guide band bottom passes through the Fermi level and the energy
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required for electron transition is reduced Compared with p-type semiconductors, the electrical
conductivity increases. The structure of the energy band (c) is basically the same as that of the (a),
Fermi level located in the valence band. Therefore valence band becomes the dissatisfied band, which
the hole carrier concentration was increased. Compared with (a) and (b), the band gap is the lowest and
the electrical conductivity is the highest. Similar to the results reported in literature [29, 31, 32], the
conductivity of LLZO can be improved by doping, and the effects of doping at different positions are
different.

The density of states diagram corresponds to the energy band diagram, and different energy
bands occupy different intervals in the density of states diagram. According to the total density of
states and energy band analysis, the density of states before and after doping is basically the same, but
the peak intensity and position of different doping positions are different. The Fermi level is located at
the point where DOS is close to 0 but not zero. The conduction band region on the Fermi level has a
wider and uniform distribution, with lower peaks. The atomic orbital of the band is highly expandable.
In addition, a peak position is added at -8.90eV in the Figure (e), with a peak value of 61.10eV, and a
peak position is added at -15.85eV in the Figure (f), with a peak value of 70.19eV, which is due to the
addition of the electronic orbital of Zn Caused by changes in the electronic structure. After cationic
doping, the arrangement of lithium ions in the crystal structure and the size of the migration channel
are changed, which is beneficial to the improvement of structural stability and electrical conductivity
[17, 33]. In addition, the pseudo-energy gap of different state density is shown in Table 3, and the
pseudo-energy gap of the doping system increases, indicating that the covalency of bonding in the
system is enhanced. But the increase is small, indicating that the effect of doping at different locations
is similar.

Table 3. Chirped energy gaps of different structures

Model Pseudo energy gap (eV)
Li7La32r2012 5.89
LiGZnLagerOu 5.97
Li7LaZan2012 5.98
tlazr0 | 1g0] LigaLa,zr0,
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Figure 3. Total density of three models

For further analyze the relationship between electron orbitals and energy bands and densities of
states of different atoms, the densities of states of different doping systems and elements are obtained,
as shown in Figs.4 (1 ~5),5(6 ~11) and 6 (12 ~ 17).

It can be seen from Fig.4 that the energy bands at -16.83 to -13.04eV below the LLZO valence
band are mainly Li, O s-orbitals, La p, d orbitals, and Zr p-orbitals, indicating that there is a strong
common between the atoms Price key. The energy band generated at the energy level of -25.15eV is
the function of the O s-orbit and the Zr p-orbit, but the covalent bond between the two orbits is weak.
The energy band generated at -30.62eV is the Las orbital action, the energy band at -44.56 ~ -41.37eV
is the Li s-orbital action, and the energy band generated at -46.89¢V is the Zr s-orbital action. There is
no overlap between the orbitals. In addition, the state density peaks of each energy band under the
upper valence band are strong and the width is small, indicating that the locality is strong. The upper
valence band near the Fermi level is the combined action of the Li s-orbits, O p-orbits, and the p and d
orbits of La and Zr. Among them, there are two strong density peaks at -2.33eV and -0.46eV, which
are mainly contributed by O 2p-orbital, La 5d-orbital, and Zr 4d-orbital. O, La, and Zr interact
strongly. But in the conduction band, it shows strong delocalization, each atom's electron orbit
contributes, and two more apparent density peaks are formed, which are contributed by La 5d and Zr
4d orbit electrons. There is overlap between the electron orbits of different atoms, and the interaction
between Zr-O and La-O is strong, which is consistent with the skeleton structure of LLZO crystal [6,
25].

As can be seen from Fig.5 that compared with undoped Zn doping with Li site leads to the shift
of energy band to low energy direction and the change of electronic structure. The partial density of
states of La and Zr decreases as a whole, the density of p-orbital states of O decreases obviously, and
the energy band is added at -8.94eV. The energy band at the low energy level -42.29eV in LLZO,
which is contributed by the s-orbital of Li, disappears after the doping of Zn, but the energy band
produced by the action of 4p and 3d orbitals of Zn is added to the forbidden band-8.89eV at the bottom
of the upper valence band. It interacts with Li s-orbitals, O p-orbitals and p and d orbitals of La and Zr
to form a new valence band, the energy order increases, the valence band widens, and the generation of
Zn-0 interaction is beneficial to improve the structural stability. Due to the s, p, and d orbital effects of
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Zn, the number of conduction bands also increases, the Fermi level enters the conduction band, the
band gap decreases, the electrons transition more easily, and the conductivity is improved.

It can be seen from Fig. 6 that the p-orbital state density of O is the lowest, and the energy band
generated by the 4p and 3d orbital action of Zn is added at the forbidden band at the bottom of the
upper valence band -8.89eV. Its state density is the highest and the orbital overlap decreases. Zn-O
interaction is reduced compared to Li-site doping. Compared with Fig.4, the number of valence bands
increases due to the action of p and d orbitals of Zn, and the valence band is the widest at this time.
The Fermi level is located in the valence band, and the band gap is the smallest. The energy level
closer to the Fermi level is more likely to be occupied by free holes, and the hole carrier concentration
increases, which is beneficial to improve the electrical conductivity.

According to the analysis of the energy band and the density of states, it is known that the
electronic structure changes due to the electronic orbital action of the doping element. Doping Zn at
the Li or La sites will increase the conductivity of the material, and the La site doping effect is more
significant. Increasing the electrical conductivity of the material not only improves the electrochemical

performance of the material, but also raises the content and cycle function of solid-state lithium battery
[27, 34].

oy LLZO
5 I — )
9@ |
@ c—
gso_ ’ (D)
It
g — ()
) |
=~ 60 ®
S
s
v
S 40
.'g.
%
=
& 204 ’
N
0 T T T T T‘ T T
S0 40 30 20 -10 0 10 20 30
(1) Energy(eV)
' " ——O0(s)
RUE i ——Li(s) 100 — 0
S .
3 5 '
S 80 2 80+ \
3 g Il
) 2 :
g 60 < 60
& N 1
= g
z =
S 40 % 40
£ =
z £
2 20- 5 £ 20 3
: 2 B
' i
9 ¥ SV LN ) SR T
50 40 30 20 -10 0 10 20 30 50 40 30 20 -10 0 10 20 30

(2) Energy(eV) (3) Energy(eV)



11131

Int. J. Electrochem. Sci., Vol. 15, 2020

ORCRO
2 & 3 =
= - -
N N N
<
—]
T T T T T
= S 2 S S e
S * < - a
(A3/5u01323)2) saje)s Jo Aysua(g
_—
2%
Al 4
R = o §
-

M

|

T
-10
Energy(eV)

T

-20

-40

100

=3
<

T
>
(3]

0

(A9/5u0.1)23]9) saye)§ Jo AIsud(

-40 30 20 -10 0 10 20 30
Energy(eV)

10 20 30 50

0

-30

-50

(5)

(4)

Figure 4. LLZO and the density of states of each atom

S a
—_~ ——
I [ ORI LS
.- o e
1 -
e | 2
............................ R B [ =
>
4.3 4
LS B¢ LS
T o I
=
H =
- MxZ
1 l
> o
e ]
1 )
—
L' =]
b ¢ 5 &
s =
2] - W
1 l
T T T T T T T T T T
o = = e = o o = 2 ) > 53
S & 3 F & S 2 3 F &
(A9/5U01329]9) $9)E)S JO ANsua (A3/sU01)IID) SAYEIS JO ANSUd(
—~
~
N—r
= a a
S 2
~ ot
o~ e~ = DR [ =
NZE8E€ FS &5 S
&
=
N S =
=
...................... [ = S ——— = S
Y
—_—X o & LS
T & <
-
2
=
———————]& —15
o
? -3
7
———
LS =
g L
: =
—_— F
T T T T T T T T T T
= o o e = e
g 2 8 3 7 s = s s & =
(A2/5u0.1399]0) sA)E)S JO Apsua(g ™ (A9/5U01193]3) $a)BIS JO ANSud(
o)
(o]
N—r

Energy(eV)

9)

Energy(eV)

(8)



11132

Int. J. Electrochem. Sci., Vol. 15, 2020

o
-
—_
~eT
IO
) - w
N N N
| -
-
........................... [ =
—~
A W
L& =
‘B
St
=
=
T aR
=
-
7
e
b
=)
]
L)
T T T T T
=3 3 =3 = =3 =
m o o - [}
(A9/5u01323]3) saye)S Jo AJIsud(
-~
—
—i
N—r
e
0
_
NG
s S [ o
GGG N
N N N
— ¥ w
1.
............................ to >
o
o
k Wm
S L
F= 5
=
=3
. G
)
e
?
=
i
>
@
§
T T T T T
=3 =3 =3 =3 =3 =]
S * -3 - Q
(A9/5U0.1)3]9) sAe)S JO AISUd(
—~
o
—
N—r

Figure 5. LisZnLasZr,O12 and the density of states of each atom

S a
= —_—
g = IR ) [
= e R R o
e
v.w 7_ Im
............................ Lo R e ey
' .- 4
@
o = >
= &
2 ———]
GE P
LS LS
L l
S S
' D
LS =
¥ -3
<
T = & & 2 =° A A AR AR %
o <
S 2 o - Q m S 2 S ]
(A3/su013399) saje)§ Jo Aysud( (A3/5U013)33]3) sdye)S Jo AJsud(
on)
™
—
N—r
= 3
L] g}
k)
P
e, gL
1 i
SEOICIOR F& oo - S
N ; 7
N
« = =
= o =
e |
...... - o ST o
i S ﬁju
L
i
o B =
1.._.® [
—] ]
— s A\/h
o
= LS
———— |
o
_ Fe
e
L3 LS
—]
o
T m m 0_ m 0.\_u T T T T T m_
g 8 8 s § E 8 8 s 8§ °
(A3/su0.113)3) sapes Jo Apsua(q ™ (A3/SU01}II) SANBIS JO ANsudq
—~
N
—
N

Energy(eV)

(15)

Energy(eV)

(14)



Int. J. Electrochem. Sci., Vol. 15, 2020 11133

100 - Zn (s) 100 i —Zr (s
——Zn (p) . —Zr(p)
Zn (d) —Zr (d)

80 - 80

60 - 60

40

20 4 ! ZO—A i
0 L-_A: A‘A“”.‘\‘“‘ . 0 T T e Ai T T

50 40 30 20 10 0 10 20 30 50 40 30 20 <10 0 10 20 30
(16) Energy(eV) (17) Energy(eV)

Density of States (electrons/eV)
Density of States (electrons/eV)
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3.3 Population analysis

Population analysis is divided into atomic population analysis and bond population analysis.
The distribution of electrons in different atomic orbitals is different, and the bonding of each atom can
be obtained by population analysis. The high population value indicates that the bond is covalent, and
the low population value indicates that the bond is ionic. The atomic population analysis before and
after doping is shown in Table 4, and the bond population analysis in LLZO system before and after
doping is shown in Table 5. The bond length is shown in Table 6.

As can be seen from Table 4, the net charge of Li in the LLZO system is 0.95, which is close to
the theoretical value 1.00 reported in reference [35], indicating that it has a high degree of ionization
and can be embedded and desorbed in the framework formed by Zr-O and La-O. However, the net
charges of O, La, and Zr are far from the theoretical charge values, which indicates that the covalent
bonds formed by La, Zr, and O are larger than the ionic bonds, and have stronger covalent properties.
It also further reflects the characteristics of good stability of tetragonal phase structure [4, 5]. With the
doping of Zn, the s-orbital population of Li increases and the net charge decreases, indicating that the
contribution of Li ions to the system charge decreases and the interaction with some atoms decreases.
The increased net charge of La and Zr indicates that the interaction with O ions is enhanced and the
structural stability is improved. In addition, part of the electrons of Zn occupying O formed Zn-O
bonds, which reduced the net charge number of O, and the net charge number of Zn doped at La site
was greater than that of Li site, indicating that the hole carriers on the covalent bond formed were more
The electrical conductivity is significantly improved, and the electrical conductivity is also increased.
It is consistent with the aforementioned analysis.

Table 4. Atomic population (e) of undoped and doped systems

lon Orbit and net charge LLZO LigZnLazZr,01, LizLaxZnZr,04,
Li s 2.05 2.07 2.08
Charge 0.95 0.93 0.92
s 1.87 1.86 1.87
(e} p 5.05 5.03 5.04

Charge -0.93 -0.90 -0.91
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s 2.39 217 2.25

La p 6.39 6.31 6.35
d 1.29 1.43 1.30

Charge 0.92 1.08 1.10

S 2.40 2.39 2.39

7r p 6.67 6.63 6.64
d 2.09 2.07 2.08

Charge 0.83 0.9 0.89

S - 0.85 0.80

p - 1.08 0.78

Zn d - 9.96 9.97
Charge - 0.11 0.46

From Table 5 to 6, it can be seen that doping leads to the increase of Li-O bond population, the
decrease of bond length and the enhancement of bond covalent, among which the bond length of
LieZnLasZr,012 is the smallest, indicating that the Li-O bond covalent is strong in this system.
Although it is different from the elements doped with [36], such as Johannes, the change trend of the
results is the same. When the Li site is doped, the La-O bond population decreases, the bond length
increases, the Zr-O bond population increases, and the bond length decreases, indicating that the
covalency of La-O bond weakens, while that of Zr-O bond increases. The opposite is true when La site
is doped. This is because the Zn doping at different positions results in different structural changes, the
covalentness of some bonds is enhanced or weakened, and new Zn-O bonds are generated to enhance
the stability of the structure. However, the population of Zn-O bonds in LiseZnLazZr>012 is much larger
than that of LizLa,ZnZr,O1, system, and the minimum bond length is 1.9475A, indicating that the
covalent nature of the bonds is strong and the stability is better. The results show that because of the
smaller Coulomb repulsion force between the adjacent [LiOa4] tetrahedron and [LiOs] octahedron Li*-
Li*, the Li* occupancy rate is higher and the electrical conductivity is lower in the LLZO tetragonal
structure [6, 33]. It was found through doping that the Li-Li bond length decreased and the Coulomb
repulsion force between Li* -Li* increased, which was beneficial to increase the Li vacancy
concentration and thus improve the conductivity. Although the Li-Li bond length of LisZnLasZr,O12
system is the smallest, it has an effect on the electrical conductivity due to the high doping
concentration of Zn. Therefore, the concentration of doping elements is not the greater the more
advantageous.

Table 5. Bond population average of Zn-doped crystals (e)

Bond LLZO LigZnLazZr,01, Li;LaxZnZr,01,
Li-Li 0.123 0.227 0.070
Li-O 0.010 0.027 0.015
La-O 0.285 0.233 0.287
Zr-0 0.523 0.526 0.477

Zn-0 - 0.520 0.040
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Table 6. Average bond length of Zn-doped crystals (A)

Model Li-Li Li-O La-O Zr-0 Zn-0
LLZO 2.647 2.293 2.601 2.124
LisZnLasZr,01, 2.560 2.156 2.645 2122 1.947
LizLa,ZnZr,01, 2.620 2.273 2.584 2.128 2.968

4. CONCLUSIONS

1) Through the structure analysis, it is found that the structure of Zn-doped LLZO system is
more stable, and the total energy of Li site doping is-53104eV, which is more stable.

2) Analysis of energy bands and band density shows that the number of energy bands near the
Fermi level increases and the band gap decreases from 9.6eV to 3.81eV (Li) and 3eV (La) due to the
action of Zn electrons in different orbits, which is beneficial to electrons or air Jump of the cave. The
energy required for the electron or hole transition is reduced, the electrical conductivity is increased,
and the electrical conductivity of the La-site doping is relatively high.

3) Population analysis shows that different positions of Zn doping improve the covalent nature
of Zr-O and La-O bonds, and generate Zn-O bonds, which is beneficial to improve the structural
stability. The bond length of Zn-O in LisZnLasZr,01, system is 1.9475A, which is more covalent than
that of LizLa2ZnZr.O1.. Moreover, when the bond length of Li-Li decreases, the Coulomb repulsion
force between Li*-Li* increases, which is beneficial to increase the vacancy concentration of Li and
increase the electrical conductivity.

4) Although doping can improve stability and conductivity, both are affected by the doping
concentration. If the doping amount is too large, it will not be conducive to improving the
conductivity.
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