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Abstract: LirLasZr2012 (LLZO), lithium lanthanum zirconate is a promising garnet-type solid electrolyte that is
being intensively studied for solid-state lithium batteries. The properties of LLZO such as compatibility with the
lithium electrode, stability, and ionic conductivity make them to be used in all solid-state batteries. Moreover, lithium
ion concentration and distribution, doping different cations, chemical composition, and interaction between different
dopants have remarkable effects on the ionic conduction of LLZO material. Herein, we investigate the solid electrolyte,
Lic.a(Ga—_y)Ingy)o2LlazZraO12 (y =0.05,0.10, 0.15, 0.20), by probing the influence of indium substitution to gallium
sites at the same lithium concentration on the structure and the lithium ion conduction. A conventional solid state route,
ball milling was used to synthesize the materials. Crystal structure, morphology, ionic conduction, and local electronic
structure were analysed by X-ray diffraction (XRD), scanning electron microscopy (SEM), electrochemical impedance
spectroscopy (EIS) and X-ray absorption fine structure (XAFS) techniques, respectively. The results revealed that the

existence of indium effected the conduction adversely, although made no significant changes on the local structure.
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1. Introduction
The distribution of lithium ions in the LiyLazZro O 12 (LLZO) structure is the key factor affecting the crystal
structure and thus conductivity. The first phase of LLZO is tetragonal, and it crystallizes in the 141 /acd space
group displays an ordered distribution of lithium (Li) ions [1]. Cubic LLZO which is the second phase, on the
other hand, has an irregular Li ion distribution due to the lack of lithium in the structure and can crystallize
in two different space groups (Ia-3d and I-43d) according to the effect of the substituted element [2]. In the
tetragonal LLZO skeleton, Li ions occupy 3 different positions: tetrahedral 8a and octahedral 16f and 32g [3,4].
On the other hand, the cubic LLZO structure consists of dodecahedron LaOg (24c) and octahedron ZrOg (16a)
scaffold. In the Ia-3d space group Li ions occupy the tetrahedral (24d) and octahedral (48g and 96h) sites [4].
While in the I-43d space group Li ions occupy the tetrahedral (12a,12b) and octahedral (48e) sites [5,6].
Many studies have shown that different cations substituted to LiT positions prefer to take place at
different LiT sites. A previous study has shown that Al3* ions substituted to the LiT positions occupy the
tetrahedral 24d and octahedral 96h sites [7]. On the other hand, Ga3* ions prefer to sit only at 96 h sites

[8]. Figure 1 shows the cubic LLZO crystal structure (a), the local structure of Li* vacancy distribution in
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the un-doped (b), and Ga-doped LLZO crystal (c). In this structure, Li* ions are randomly distributed in
tetrahedral LiO4 and octahedral Lis Og positions. When Ga is added to the structure, Ga prefers to be in

tetrahedral LiO4 positions, creating two more Lit ion vacancies around it [9].
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Figure 1. (a)The crystal structure of cubic LLZO (b) the local structure of Lit vacancy distribution in the un-doped
LLZO crystal (c) the local structure of Lit vacancy distribution in the Ga-doped LLZO crystal.

It is stated in the literature that Ga-doped LLZO has a higher ionic mobility and conductivity than Al-
doped LLZO due to the site preference and the bigger ionic radius size of Ga®* [10]. Moreover, the amount of
substituted atoms and the synthesis methods also have an effect on which sites the atoms occupy. To explain this
situation, the study in which Al and Ta atoms are doped together can be given as an example. The co-doping
of Ta atoms shifted the A1?* ions to 96h positions and consequently, the Lit ion dynamics were increased by
reducing the LiT ion diffusion paths blocked by immobilized A1®* ions [11]. How the substituted elements on
Li sites have an effect on the density of the structure is also as a great parameter as site preferences of the
substituted elements for the LiT ion conductivity. It is reported in the literature that the existence of Al3*
on the LiT sites helps to get a dense LLZO structure [10]. Furthermore, with different co-doped elements such
as Ba-Ta [12], Y-Sb [13], Al-Mn [14], Ga-Nb [15], Al-Ga [16], it has been approved that although doping has a
very important contribution to LiT ion dynamics, the interaction of different substituted atoms with each other
have a great effect on the properties of the final product. Since the Ga doping provides a high conductivity, Ga
was preferred in this study. Ga and In are in the same column and their ionization states are similar. Having
the same number of valence electrons (Ga ([Ar] 3d1%4s24p?!) and In ([Kr] 4d1°5s25p!)) will enable them to
replace with each other electronically. However, different quantum symmetry of In will affect the interaction
of Li ions with their environment, consequently while preserving crystal structure, In may be an influence on
the Lit conductivity. That’s why In and Ga atoms were doped simultaneously to the Li* sites. Here, the
concentration of LiT ion vacancies in the structure were kept constant by keeping the total amount of doped
atoms constant and what kind of changes will occur in the structure in partial replacement of Ga atoms with

In atoms was investigated.

The Li ion conductivity (o) of the LLZO crystal can be expressed by the following equation.
0= encp (1)
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Here, e is the fundamental charge, n.. is the concentration of mobile Li T ions, and j1 is the Li T ion mobility
[17]. Consequently, since the fundamental charge is constant, the conductivity depends on the concentration and
mobility of Li* ions. In this study, since the LiT ion concentration was also kept constant, how the partially

added In atoms in place of Ga atoms affect the Li™ mobility was examined.

2. Experimental work

Li7_3. (Ga(1—y)In(yy ) LagZro O12 (x=0.20; y=0.05, 0.10, 0.15, 0.20) samples were synthesized by ball milling
method. For the synthesis Lio CO3 (purity: 99.9%) (10% of excess of Lio CO3 was added to compensate Li
loss during sintering time), Las O3 (purity: 99.9%), Gas O3 (purity: 99.9%), Ino O3 (purity: 99.9%) and ZrO,
(purity: 99.9%) were weighted in the desired stoichiometric ratio according to the following chemical equation,

7—3 1-— 3 6.4
xLiQCOg—‘r(Ty)xGazOg-i-(:U%In203+§La203+2ZT02 — Li7,3x(Ga(l_y)Iny)ILanggOlg—&—7002

2)

Since the oxidation state of Ga and In is +3, when x amount of in total Ga and In is substituted

to the Lit sites, 3x amount of Li must be removed from the structure to balance the excess cation charge.
For example, when x = 0.20, we get the Lig4(Ga1_y)In(y))o20LazZroO12 chemical formula. Furthermore,
when the y = 0.05, 0.10, 0.15, 0.20 values are considered, stoichiometric ratios of the structure take the forms
Lig.64 Gaog.19Ing.01 LagZra O 12, Lig.ea Gao.1s8Ing.o2LagZro O 12, Lig.ea Gag.17Ing.o3LazZr2 012, Lig.es Gao.16
Ing.g4LagZroOqo, respectively. Here, In is added to the structure by decreasing the Ga amount, but total
amount of Ga and In is kept constant (equal to 0.20).

Powders were mixed, ball milled for 12 h, and heated at 500 °C in air for 6 h. At the second and third
steps the same processes were applied to the samples with different temperature degrees and milling and heating
times as the follow; at second step powders were ball milled for 6 h then heated at 900 °C for 12 h; at the last
step, powders again ball milled for 4 h then were pressed as pellets and the pellets heated at 1100 °C for 24 h.

Bruker D8 X-ray diffractometer with CuK « source is used to take XRD patterns to analyze the crystalline
structure of the samples. Morphology of the samples was examined by SEM using a ZEISS LS 10 model
microscope. EIS measurements were taken by Gamry PCI4/750 Potentiostat with an AC signal of 10 mV in the
frequency range of 10~ 1-10° Hz at room temperature. For this, pellets of the powders with a thickness of 0.9-1
mm and a diameter of 12 mm were pressed by applying a pressure of 43 MPa for 3 minutes, afterwards both
sides of pellets were coated with silver and measurements were performed between two stainless steel cylindrical
electrodes. X-ray absorption fine structure data were collected at BL8:XAS beamline of the SIAM Photon
synchrotron laboratory (SLRI), which is located in Suranaree University, Nakhon Ratschasima, Thailand [18].
The structure analysis of the solid electrolytes was performed on two parts; XANES (X-ray Absorption Near
Edge Spectroscopy) for the electronic properties and EXAFS (Extended-XAFS) for structural characterization
by using the software of IFFEFIT package [19].

3. Results and discussion
In Figure 2., XRD patterns of Li7_3, (Ga (1—y)In(y) ) LazZro O 12 samples are given comparatively. All patterns

show the cubic LLZO crystal XRD peaks except the peak at the angle of 28.8° which is indicated by the colored
column.
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Figure 2. XRD patterns of Li7_3, (Ga(1_y)In(,))-LazZr2 012 (x=0.20, y=0.05, 0.10, 0.15, 0.20) samples compara-
tively, the peak arising from the second phase is indicated by the colored column.

From the comprehensive crystal structure analysis performed with MAUD software (Table 1), it was
understood that the peak at 28.8° belonged to the LasZro O 7 crystal formed as a second phase in the structure
[20]. It has been stated in the literature that this second phase is generally due to loss of Li atoms from the
structure during sintering [21]. When the normalized XRD patterns are concerned, it is seen that the peak
intensity of the second crystal, Las Zro O~ first increases and then decreases. Since the peak intensity represents
the quantity of X-rays reflected from the atoms forms that plane, we can say that the amount of the second
crystal formed in the structure with doping first increases and then decreases. The detailed crystal structure
analysis confirms the interpretation above by showing that the LayZro O crystal in the system was formed by
5.04%, 8.02%, 7.07% and 4.55%, as the Ga amount decreased and the In amount increased. Compared to the
previous work in which only Ga contribution is made, the presence of In atoms simultaneously with Ga atoms
in Li sites created the second unwanted phase although the cubic structure was preserved [22]. The lattice
parameter (a = 12.90-12.93 A) decreases in the presence of In when compared to the lattice parameters (a =
12.93-12.97 A) of only Ga doped samples. On the other hand, the second phase, LasZroO7, was formed in
cubic geometry with a space group of Fd-3m:1 and the lattice parameter remained constant independent of the

amount of contribution, a = 10.79 A.

Micrographs of the Li7_3, (Ga(l,y) In,) )z LasZro 019 samples are given in Figure 3. When micrographs
are examined, it is like small and sharp-edged particles are sprinkled over the large and smooth ones. These
small particles in the system most likely belong to the crystalline structure, LasZro O, formed as a second
phase according to the structure analysis and the large ones belong to the Ga-In doped LLZO. Although there is
no distinct change for the shape of LLZO particles with the modification of Ga and In amounts, similar images
are observed as in the literature [23-25].

Figure 4. displays the Nyquist representation of electrochemical impedance spectroscopy of Liz_3, (Ga (1—y)
In(,) )z LagZry O 12 samples performed in the frequency range of 10~ 1 Hz-100 kHz. Graphs consist of a single

semicircle and a tail extending at low frequency values. Since the point where the semicircle intersects the

x-axis gives the real resistance, it is understood that the total ionic resistance in the sample increases with the
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Table 1. Crystal structure analysis of the Li7_3, (Ga(l,y) In )e LagZraO12 samples.

Substitution Crystal a (A) | Geometry | Space Group | %(Weight)

x = 0.2, y = 0.05 | LiggsGag.19Ing og1LazZra015 | 12.92 | Cubic 1-43d 94.96
LasZr,07 10.79 | Cubic Fd-3m:1 5.04

x =0.2,y =0.10 | Lig.4Gag.18Ing.goLagZro012 | 12.90 Cubic I-43d 91.98
LasZroO7 10.79 | Cubic Fd-3m:1 8.02

x =02,y =015 | LiggsCaoi7IngoslagZraOs | 12.92 | Cubic 1-43d 92.93
LasZroO7 10.79 | Cubic Fd-3m:1 7.07

x = 0.2,y =0.20 | Lig.g4Gag.16Ing.04LagZro012 | 12.93 | Cubic 1-43d 95.45
LasZry07 10.79 | Cubic Fd-3m:1 4.55

@ Signal A =SE1 EHT=200010 gz sonkx (] @ Signal A = SE1 EHT=2000K  yog= sookx (V]
N WD = 95 mm | Probe= 100pA AN WD= 85mm | Probe=100pA

d . / 3 . o N [4 4
— Fa -mﬁ - ’
@ Signal A = SE1 EHT=2000kY  pag= so0kX @ Signal A = SE1 EHT=2000KY  pag- 500K X
N WD = 9.0mm IProbe= 100pA H S WD = 55 mm |Probe= 100 pA H

Figure 3. Micrographs of the Liz_3, (Ga(1—y)In(,))zLazZr2O12 samples (a) x = 0.20, y = 0.05, (b) x = 0.20, y =
0.10, (c) x = 0.20, y = 0.15 and (d) x = 0.20, y = 0.20.
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increase of In amount. In order to study in detail the grain and grain boundary resistance of the samples, the
equivalent circuit in Figure 4 (e) is used to fit the experimental data. The data given with the black line in
the graphs belongs to the curve obtained with this equivalent circuit. In Figure 4 (d), the deviation of the data
obtained with the fit from the real data may be caused by the silver electrode being prepared for this sample
worse than the others or the difficulty to take accurate measurements at very low frequency values. Since the
tail at low frequency region is due to the diffusion layer between the pellet (sample) and silver electrode, the

deviation does not constitute any problem for the total resistivity of the sample [26].

4X 1 04 4 " L16 4Ga0.191n0,01La3zr2012 (a) 4X1 04 i LiGAGaO,lSInO OZLa3zr2012 (b)
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Figure 4. Impedance data of the Li7_3, (Ga(l,y) In(y))zLag Zr2 012 samples taken at room temperature and fitted
results. (a) x = 0.20, y = 0.05, (b) x = 0.20, y = 0.10, (¢) x = 0.20, y = 0.15, (d) x = 0.20, y = 0.20, (e) Schematic
representation of the equivalent circuit used to fit experimental data.

The abbreviation of CPE is served as constant phase element whose impedance is given by Zopp =
1/Q(wj)™. Here, @ is a value related to capacitance with the unit S.s™, w is the frequency, n is a constant
between 0-1 andj = v/—1 . Fit results for the values of resistance within grain (R, ), resistance between grains

(Rgb.), @Qgup., ngp and the value of the grain boundary capacitance (C 4. (F)) calculated by the following
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equation are summarized in Table 2 [27].

O = RA-m/ng/m) 3)

Table 2. Fit results of the impedance data evaluated by using the equivalent circuit given in Figure 4 (e), x 2, square
of the standard deviation.

Sample Ry. (£2) Rgp. (£2) | Qguo. (5.8") | ngs. Cgp. (F) X2
Lig.64Gao.19In0.01 | 3.29x103 1.98x10* | 1.94x1077 | 5.61x10~ ' | 2.82x107° | 3.96x10~*
La3Zr2012

Lig.64Gao.18Ing.02 3.55x103 3.34x10* 9.15%x10~8 5.83x10~1 1.56x10~° 2.27x10~*
La3Zr2012

Lig.6aGag.17Ing.03 | 1.67x10% | 5.33 x10* | 1.38x1077 | 5.11x10~! | 1.29x1079 | 9.31x107°
LaSngOlz

Lig.64Gag.16Ing.0s | 1.87x1072 | 7.32 x10* | 1.37x1077 | 4.51x10~" | 5.05x107 0 | 1.17x1073
La3Zr2012

When we look at the values of R, and Ry, it is seen that the resistance value inside the grain decreases
and the resistance value between the grain boundaries increases with the decrease of Ga and the increase of
In simultaneously in the sample. For the sample Ligg4 Gag.16Ing.04 LazZroOqo, it is understood that the
resistance inside the grain goes to zero and the total resistance of the sample is represented by the resistance
between the grain boundaries. This actually does not mean that the resistance inside the grain is zero, but that
the resistance within the grain and at the grain boundaries cannot be distinguished from each other and the
resistance of the sample is actually expressed with a single value. The increase in the resistance between the
grain boundaries with the increase of In may be a consequence of the decrease in the density of the sample due
to different additive amounts [2]. Typical grain boundary capacitance values in the literature are given in the
10~ 11-10~ 8 F range [28]. The compatibility of the grain boundary capacitance values obtained in this study
with the literature indicates that the microstructure is also homogeneously distributed. In previous studies, it is
stated that higher capacitance values were encountered in well-sintered samples, while lower capacitance values
were encountered in poorly-sintered samples [28,29]. When we look at the grain boundary capacitance values
of the samples in this study, the capacitance values decrease with the increase of In amount. As stated above,
the reason for this decrease is possibly that the increase in In amount affected the sintering quality adversely
and consequently the densities.

Total ionic conductivity of the Lig ¢4 Gag.19Ing.g1 LagZro O 19, Lig ¢4 Gag.1sIng g2 LagZro 012, Lig.ea Gag.17

Ingg3LagZroOq9 and Ligeq Gag.16Ing.04 LagZro O 19 samples are calculated by the following equation.

o= (1/R)(l/a) (4)

as 4.39x107% S.em~ 1!, 2.74x107 % S.em ™!, 1.93x107 % S.em~ 1! and 1.37x10~ % S.em ™ !, respec-
tively. Here, R is the total resistance, [ is the thickness, and a is the area of the pellet.

As In dopant may have an effect on the decrease of density, it may also have blocked the ion pathways by
affecting the Li ion space distribution pattern. However, in this study, since the In atoms which are partially
replaced by Ga atoms affected the grain boundary resistance as it can be understood from the capacitance

values too, In atoms more likely to have an influence on the density of the samples. The entity of In in the
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structure leads LLZO material to form in a less dense with a cubic structure and a low total ionic conductivity
at room temperature as compared to the Ga substituted LLZO material.

In Figure 5, normalized In L 3-edge XANES spectra are given comparatively. L3-edge absorption spectra
are the transition mechanism of the excited 2p3/, electrons to the empty 5s levels. In the Figure, the thin In
metal layer is used as the reference material to make it easy to observe the electronic response of indium atoms
substituted in gallium positions. The band energy level formed by the valence electrons of two different atoms
in the molecule can split into low energy (to4) level and high energy (e ) level. Considering this situation, the
absorption spectrum of indium foil which has a smooth edge feature, starts to increase at 3727 eV and switch
to the low energy level (ta) of s levels at 3733 eV. However, In substituted LLZO materials have multiple
peak properties when compared to metallic indium. This is the result of hybridization of the s-levels of the
source atom with the valence orbitals of neighboring atoms. This multiple peak location at the absorption edge
is related to the oxidation states of indium in its environment. The multiple peak at 3732 eV confirms the
presence of low energy molecular levels of 5s levels, while the peak around 3734.3 €V reveals the presence of

high energy molecular levels.

In metal |
- == x=0.20, y=0.05 o
x=0.20, y=0.10 o ~
—————— x=020,y=0.15
-~ x=0.20, y=0.20 ,-"f/ /
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é ) v _’_—'Lj.
< /" /
él
J
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Energy (eV)

Figure 5. In L3-edge XANES spectra of the Li7_3, (Ga(l,y) In () )oLa3zZroO12 samples.

Comparison of the scattering intensities obtained from the EXAFS spectra of the LLZO materials with
10% and 20% indium substituted to gallium coordination is given in Figure 6. The harmony between the data

of 10% and 20% In substituted LLZO material is remarkable. The fact that the increase of indium amount
within the structure does not cause a shift in the scattering data graph can be explained by the small amount

of indium atoms added and not having the power to have a structural effect (for the x = 0.20, y = 0.10 values,
the molar ratio of Ga and In atoms, Ga/In = 9, and for the x = 0.20, y = 0.20 values, the molar ratio of Ga
and In atoms, Ga/In = 4). The parallel coherence of the data in the Figure indicates structural similarities.
Also, the distortion at high k values highlights the strong inter-atomic potential that causes a high drop in the
kinetic energy of photo electrons traveling between neighboring atoms. It is clear that the heavy indium atoms
will have a high contribution to the potential of the medium. From this point, the scattering of the photo
electrons emitted by indium atoms from the heavy atoms surrounding them and moving in the high potential

environment is the reason for the damping in their energy.
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The reflection of the scattering intensities of the radial distribution of the atoms on a one-dimensional
axis of the samples is given in Figure 7. In the graph, the high agreement of the radial distribution spectra
obtained from the LLZO materials with 10% and 20% indium substituted to the gallium coordinations shows
that there is almost no change in the crystal structure and in the atomic positions of both materials. Despite
the high variability in the electronic structure, this situation does not cause a structural deterioration due to
the weak effects in the new settlements of indium atoms and reveals their harmony.

InL;-edge

x=0.20, y=0.10
x=0.20, y=0.20

x(K)

T T T v T T T T
2 4 6 8 10

kA"

Figure 6. The In L3-edge EXAFS scattering intensity of the Li7_35 (Ga(l,w In ) )o LaszZroO12 samples.
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Figure 7. The radial distribution function of the In Lgs-edge scattering intensities of the

Li773z (Ga(l_y) In (v) ) T La3 Zl“z O 12 samples.

4. Conclusion

In this study, LLZO solid electrolytes in which two different atoms are located in Li sites are discussed. As

understood from the crystal structure analysis, although the samples reached a cubic structure, a tiny amount
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of a different crystal structure, LasZroO7, is also formed in the system. The total ionic conductivity of the
samples decreased with the increase of In amount at the same Li* ion concentration, indicating that the entity
of In atoms within the structure reduce the mobility of the LiT ions. Analysis of impedance data showed that
increasing the amount of In might have reduced the density of the samples which effects the mobility of LiT
ions at the grain boundaries, showing that the highest conductivity was obtained in the sample with the least
amount of In. Since the amount of In atoms compared to Ga atoms are very less in the structure, they did not
have a structural effect, and, therefore, no strong change in the scattering graphs was observed. On the other
hand, the fact that the RDF graphs are also symmetrical, it is understood that the samples are formed in the

same crystal structure independent of the In amount.
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