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ABSTRACT
Garnet-type solid-state electrolytes are promising candidates for solid-state lithium batteries,
nevertheless their ionic conductivity is still not enough for commercial applications. On the
other hand, doping still is the common way to improve the ionic conductivities of these
solid electrolytes. In this study, mono and dual-doped garnet-type solid electrolytes were
synthesised by substituting indium (In), gallium (Ga), indium-titanium (In-Ti) and gallium-
titanium (Ga-Ti) to the Li7La3Zr2O12 structure by a solid-state reaction method. The
contribution of substitutions to the formation of crystal phases was investigated by X-ray
diffraction (XRD) and X-ray absorption spectroscopy (XAS). On the other hand,
morphological analyses were done by scanning electron microscope (SEM) and the ionic
conductivities of the solid electrolytes were determined by electrochemical impedance
spectroscopy (EIS). The study showed that while Li7-3xInxLa3Zr2O12 (for x = 0.05, 0.10, 0.15,
0.20) and Li7-3xGaxLa3Zr2O12 (for x = 0.05) samples were formed in tetragonal phase with a
space group of I41/acd:2, dual substituted Li7-3xInxLa3Zr1.8Ti0.2O12 and Li7-
3xGaxLa3Zr1.8Ti0.2O12 solid electrolytes for all x values were formed in cubic phase with a
space group of I-43d. The highest conductivity is reached for Li6.85Ga0.05La3Zr1.8Ti0.2O12. The
radial distribution function studies showed that when more In and Ga atoms take place in
the sites of Li atoms, more O atoms take place in the vicinity of both substituted In and Ga
atoms within the Li7La3Zr1.8Ti0.2O12 (LLZTO) crystal framework which can eventuate in a
change in the conduction mechanism.
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Introduction

Garnet-type Li7La3Zr2O12 (LLZO) solid electrolytes
have been a focus point since cubic phase is discovered
in 2007 [1]. Although these types of solid electrolytes
have reached a good conductivity by substituting
different cations to the LLZO structure, the challenge
is that the ionic conduction is not enough to replace
them with liquid-based electrolytes [2–4]. Cubic
LLZO which is not stable at room temperature has a
conduction of two orders of magnitude higher than
that of the tetragonal LLZO [5]. In order to stabilise
cubic phase, and get a higher conductivity, different
super valent cations are substituted to the LLZO struc-
ture. Recent studies have been investigated various
substitution of cations such as Al, Ga for Li sites,
Nb, Ta for Zr sites and Sr, Y for La sites [6–13].
Although substitution is effective to regulate the crys-
tal structure, different cations doped to different sites
of LLZO have distinct influences on the electronic
structure, the local atomic environment, the size of
lithium-ion channels, the density, etc. It has been

reported that partial replacement of Zr4+ sites by a
smaller-sized Ti4+ is highly effective to modulate the
Li+ distribution and to increase the density of the
LLZO structure, which is favourable to improve the
ionic conductivity [14]. Additionally, it has been
proved that doping of Li+ by Al3+, Ge4+ and Ga3+

can also boost the Li+ conductivity by getting a higher
Coulombic repulsion between doped cations and Li+

ions [15–17]. On the other hand, partially replacing
of La3+ ions with larger ion diameter dopants such
as Sr2+ increases the Li+ ion transport channels by
enlarging the bottleneck size of Li+ ion migration
channels, eventually enhancing the mobility of Li+

ions and the conduction [18]. All these studies reveal
that each doping strategy within different ionic sites
in LLZO structure has an effective role in the reforma-
tion of the structure. Therefore, until now researchers
developed new strategies like multistep cation doping
process, or simultaneously doping to achieve the high-
est possible Li+ conductivity with an optimised struc-
ture [19–23].
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In this work, mono Li7-3xMxLa3Zr2O12 (M =Ga, In)
(x = 0.05, 0.10, 0.15, 0.20) and dual doped Li7-3xMxLa3-
Zr

1.8
Ti0.2O12 (LLZTO) (M =Ga, In) (x = 0.00, 0.05,

0.10, 0.15, 0.20) garnet-like structures were syn-
thesised by a solid-state reaction method. Samples
formed in a cubic phase when 20% of Ti4+ was incor-
porated into the Zr4+ sites simultaneously as a second
dopant. The effects of dopants on the crystal structure,
ionic conductivity, morphology, local environment
and electronic structure were investigated via respect-
ively powder X-ray diffraction (XRD), electrochemical
impedance spectroscopy (EIS), scanning electron
microscopy (SEM), and X-ray absorption spec-
troscopy (XAS).

Experimental

Li7-3xInxLa3Zr2O12, Li7-3xGaxLa3Zr2O12, (x = 0.05,
0.10, 0.15, 0.20) and Li7-3xGaxLa3Zr1.8Ti0.2O12, Li7-3x-
In

x
La3Zr1.8Ti0.2O12 (x = 0.00, 0.05, 0.10, 0.15, 0.20)

samples were synthesised by a series of ball milling
and heat treatment processes as described in reference
[24].

Crystalline structure of the samples was studied by
XRD patterns which taken by Bruker D8 X-ray diffr-
actometer with CuKα source. Morphology of the
samples was examined by SEM using a ZEISS LS 10
model microscope. For the EIS measurements, the
powders were pressed as pellets those have a thickness
of 0.9–1 mm and a diameter of 12 mm. In order to
have ionically blocking electrodes both sides of pellets
were coated with Ag paste. EIS measurements were
taken by Gamry PCI4/750 Potentiostat in the fre-
quency range of 10−1–105 Hz at room temperature.
The electronic structure analysis and its impact on
the crystal structure of the studied materials are car-
ried out by the collected X-ray absorption fine struc-
ture (XAFS) data from the BL8:XAS beamline of the
SIAM Photon synchrotron laboratory (SLRI) which
is located in Suranaree University, Nakhon Ratscha-
sima, Thailand [25]. The data analysis was carried
on two parts: XANES (X-ray Absorption Near Edge
Spectroscopy) for the electronic properties and
EXAFS (Extended-XAFS) for structural characteriz-
ation in the materials. The EXAFS data were extracted
from the tail part of the collected XAFS spectra and
processed with the software of IFEFFIT package [26].

Results and discussion

Structural analysis

A series of different element doping procedure were
performed to probe the crystal structure formation
of LLZO. Figure 1 represents the XRD patterns
for the samples with different mono and dual-
doped elements and quantities. The crystal structure

of Li7-3xInxLa3Zr2O12 (Figure 1(a)) is stable at typical
tetragonal phase independently of In substitution
amount, however for the sample Li7-3xGaxLa3Zr2O12

(Figure 1(b)), when the amount of Ga substitution
reaches a critical value of 10%, the structure captures
the cubic phase. Moreover, In-doped tetragonal
LLZO shows a secondary phase La2Zr2O7 at 2θ =
28.88o which is a common impurity phase in the lit-
erature [27,28]. On the other hand, the incorporation
of Ti in the Zr sites by 20% brings out amendments in
the crystal structures. Under the same experimental
conditions, when a portion of Zr is displaced by sub-
stituting Ti, the 5% Ga and all the In-doped tetragonal
LLZO structures undergo a phase transition to a cubic
phase. Furthermore, no additional peaks i.e. any other
compound or impurity are observed within the diffr-
actograms (Figure 1(c,d)).

To designate the crystal structure of LLZO, Rietveld
analyses were applied to the XRD data by using the
MAUD software, and the results are illustrated in
Table 1. Crystal structure analysis yielded lattice par-
ameters as a = 12.93–12.97 Å with a space group of
I-43d for Ga-doped cubic Li7-3xGaxLa3Zr2O12 (x =
0.10, 0.15, 0.20), a = 13.02–13.04 Å, c = 12.66–12.70
Å with a space group of I41/acd:2 for In-doped tetra-
gonal Li7-3xInxLa3Zr2O12 (x = 0.05, 0.10, 0.15, 0.20), a
= 12.89–12.92 Å with a space group of I-43d for dual
In-Ti doped cubic Li7-3xInxLa3Zr1.8Ti0.2O12 (x = 0.00,
0.05, 0.10, 0.15, 0.20) and a = 12.92–12.94 Å with a
space group of I-43d for dual Ga-Ti doped cubic Li7-
3xGaxLa3Zr1.8Ti0.2O12 (x = 0.00, 0.05, 0.10, 0.15, 0.20).

It is believed that the stabilization of the cubic phase
is obtained by increasing the Li vacancies in the LLZO
[29]. Here dual doping strategy is used as an alterna-
tive way to stabilize the cubic structure. Both struc-
tures doped either with 5% Ga or 5–20% In are
tetragonal. However, when the dual substitution
takes place by the introduction of Ti, only the cubic
LLZO phase appears. These results confirm the role
of Ti for the stabilization of the cubic phase. Ti prob-
ably decreases the free energy of the crystal down to
the formation of the cubic structure [19]. Sample’s
crystal lattice parameters at different substituent con-
centrations showed unusual Vegard’s behaviour with-
out a linear change of the lattice parameter. The
possible reason for this phenomenon is due to the oxy-
gen coordination shell surrounding the local and
doped metals varying the amount of dopants. The
high electronegativity of the oxygen atoms has strong
effects on the outer shell electrons of the atoms located
in its close vicinity, causing the formation of tightly
bound oxide structures with high coupling.

Morphological analysis

Morphology of the doped LLZO powders was exam-
ined by SEM. Micrographs of the samples Li7-
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3xInxLa3Zr2O12 and Li7-3xGaxLa3Zr2O12 (for x = 0.05,
0.10), Li7-3xInxLa3Zr1.8Ti0.2O12 and Li7-3xGaxLa3Zr1.8-
Ti

0.2
O12 (for x = 0.00, 0.05, 0.10) are shown in Figure

2. For the tetragonal and cubic particles, a distinct
change in the morphology of the microstructure was
observed. The microstructure of the tetragonal Li7-3x-
In

x
La3Zr2O12 (Figure 2(a, b)) samples appears to be a

combination of irregular-sized particles with large
and small ones that approves formation of the second
phase (La2Zr2O7), while the tetragonal Ga-doped
LLZO particles (Figure 2(c, d)) show a smooth surface.
On the other hand, the cubic In-Ti (Figure 2(f, g)) and
Ga-Ti (Figure 2(i, j)) doped LLZO particles show a
relatively similar microstructure with cubic Ti-doped
(Figure 2(e, h)) LLZO particles. Furthermore, no
more small particles are observed with In-Ti (Figure
2(f, g)) doped LLZO structure, suggesting the sample
is in a pure phase.

Impedance measurements

Room temperature impedance data were taken to
study the ionic conductivity of the samples and are

illustrated in Figure 3. In this figure, we present
mono and dual doped LLZO samples for x = 0.05 to
investigate the effect of Ti. To fit the experimental
data two different equivalent circuits are used. The
first one shown in Figure 3(e) is used for In, Ga and
In-Ti doped samples (Figure 3(a–c)), and the second
one shown in Figure 3(f) is used for Ga-Ti doped
sample (Figure 3(d)). The last part of the equivalent
circuits consists of a charge transfer resistance (Rct.),
a Warburg element (W) and a constant phase element
attributed to the double layer (CPEdl.) between pellet
and silver electrodes. Since this part is related to the
physical region formed between the interface of
LLZO and the silver electrodes, it is not considered
for the conductivity calculations of the mono and
dual-doped LLZO samples. The abbreviations of Rbulk,
Rgb., CPEbulk and CPEgb. in the first part of the equiv-
alent circuits state bulk and grain boundary resistivity,
bulk and grain boundary constant phase elements,
respectively. Constant phase element which is an
imperfect capacitance has a complex impedance
defined as, ZCPE = 1/Q( jw)n, where Q (or CPE) has
a unit of Ssn (siemens seconds to the power n),

Figure 1. XRD patterns for solid electrolytes (a) Li7-3xInxLa3Zr2O12, (b) Li7-3xGaxLa3Zr2O12 (x = 0.05, 0.10, 0.15, 0.20), (c) Li7-3xInxLa3-
Zr

1.8
Ti0.2O12, (d) Li7-3xGaxLa3Zr1.8Ti0.2O12 (x = 0.00, 0.05, 0.10, 0.15, 0.20).
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j = ����−1
√

and n is a constant. Total ionic conduc-
tivities of the pellets were estimated from the equation:
st = (1/Rt)(l/A), where st , Rt, l and A indicate total
ionic conductivity, total resistivity (Rbulk + Rgb.), thick-
ness and the area of the pellet, respectively.

The values of Rbulk, Rgb., Qbulk, Qgb., nbulk and ngb.
calculated from the fitted results (Gamry Echem Ana-
lyst software) are presented in Table 2.

From a general point of view, when the total resis-
tivities in Table 2 are compared, the LLZO conduc-
tivity is better with Ga doping than In. The
conductivity of Li6.85Ga0.05La3Zr2O12 is 3.04 × 10−6

S.cm−1, while it is 1.23 × 10−7 S.cm−1 for Li6.85In0.05-
La3Zr2O12. The equivalent circuit element (Rbulk and
Rgb) values of only Ga-doped LLZO are lower by
one order compared to those of only In-doped
LLZO. These results show that the presence of In
reduces the ionic conductivity within the structure.
Since the electronegativity of In (1.78) is lower than
the one of Ga (1.8), the increase in bulk capacity is
not due to an electronic trap that could be created
by In, but probably due to the change in the lattice
parameter. On the other hand, with the Ti co-doping,
the bulk resistivity (Rbulk) of the Ga-doped LLZO is
divided by four and no bulk capacitive value has
been detected. However, despite the almost constant
grain boundaries resistivity (Rgb.), the capacitive con-
stant of the grain boundaries increases involving an
increase of the impedance of grain boundaries. This
increase of grain boundaries impedance is counter-
acted by the improvement due to the reduction of
the bulk impedance involving a slightly better conduc-
tivity of Ga-Ti doped LLZO, 3.06 × 10−6 S.cm−1.
Finally, the introduction of Ti within the In doped

LLZO involves an increase of the bulk and grain
boundaries impedance that negatively affect the con-
ductivity of In-Ti doped LLZO with decrease down
to 2.58 × 10−8 S.cm−1.

Electronic structural properties

The LLZO material is a popular solid state electrolyte
material containing four different elements, which
have strong bonding with each other. The doping
with Ga3+ forced to replace three Li+ within the
LLZO structure. On the other side, the co-doping of
Ga and Ti greatly improve the conductivity within
the grains. In order to better understand the effect of
these substitution especially on the electronic struc-
ture, Li7-3xGaxLa3Zr1.8Ti0.2O12 (x = 0.10, 0.20) samples
have been characterised by XANES spectroscopy. The
gallium K-edge XANES spectra of the substituted Ga3+

in LLZTO materials are given in Figure 4. α-Ga2O3

material is used as a reference for comparison of the
absorption data. The high compatibility of the absorp-
tion edge data of the Ga-doped materials with the
main spectrum peak and the outline of the reference
material gallium K-edge show that the Ga atoms
doped into LLZTO have similar conditions to the oxi-
dation and chemical environment in the α-Ga2O3

material. However, the post-edge asymmetries high-
light a different geometry than the LLZTO structures.

The K-edge absorption spectra of the gallium atom
is a result of the excitation of the 1s electrons to the
empty levels above the valence levels. As the electronic
configuration of the Ga3+ ions are [Ar] 4s0 3d10, the 4p
levels are totally unoccupied. So, the route for the
excited electrons are 1s→4p. The main absorption

Table 1. Rietveld analysis results of the Li7-3xMxLa3Zr2O12, Li7-3xMxLa3Zr1.8Ti0.2O12 (M = In, Ga) samples.
Substitution Crystal a (Å) c (Å) Geometry SG % (Weight)

Li7-3xInxLa3Zr2O12

x = 0.05 Li6.85In0.05La3Zr2O12 13.04 12.67 Tetragonal I41/acd:2 94.66
La2Zr2O7 10.81 – Cubic Fd-3m:2 5.34

x = 0.10 Li6.70In0.10La3Zr2O12 13.04 12.70 Tetragonal I41/acd:2 92.33
La2Zr2O7 10.78 – Cubic Fd-3m:2 7.67

x = 0.15 Li6.55In0.15La3Zr2O12 13.04 12.70 Tetragonal I41/acd:2 93.30
La2Zr2O7 10.80 – Cubic Fd-3m:2 6.70

x = 0.20 Li6.40In0.20La3Zr2O12 13.02 12.66 Tetragonal I41/acd:2 94.37
La2Zr2O7 10.81 – Cubic Fd-3m:2 5.63

Li7-3xGaxLa3Zr2O12

x = 0.05 Li6.85Ga0.05La3Zr2O12 13.04 12.65 Tetragonal I41/acd:2 100
x = 0.10 Li6.70Ga0.10La3Zr2O12 12.96 – Cubic I-43d 100
x = 0.15 Li6.55Ga0.15La3Zr2O12 12.93 – Cubic I-43d 100
x = 0.20 Li6.40Ga0.20La3Zr2O12 12.97 – Cubic I-43d 100
Li7-3xInxLa3Zr1.8Ti0.2O12 –
x = 0.00 Li7La3Zr1.8Ti0.2O12 12.90 – Cubic Ia-3d 100
x = 0.05 Li6.85In0.05La3Zr1.8Ti0.2O12 12.89 – Cubic I-43d 100
x = 0.10 Li6.70In0.10La3Zr1.8Ti0.2O12 12.89 – Cubic I-43d 100
x = 0.15 Li6.55In0.15La3Zr1.8Ti0.2O12 12.92 – Cubic I-43d 100
x = 0.20 Li6.40In0.20La3Zr1.8Ti0.2O12 12.91 – Cubic I-43d 100
Li7-3xGaxLa3Zr1.8Ti0.2O12 –
x = 0.00 Li7La3Zr1.8Ti0.2O12 12.90 – Cubic Ia-3d 100
x = 0.05 Li6.85Ga0.05La3Zr1.8Ti0.2O12 12.92 – Cubic I-43d 100
x = 0.10 Li6.70Ga0.10La3Zr1.8Ti0.2O12 12.93 – Cubic I-43d 100
x = 0.15 Li6.55Ga0.15La3Zr1.8Ti0.2O12 12.94 – Cubic I-43d 100
x = 0.20 Li6.40Ga0.20La3Zr1.8Ti0.2O12 12.93 – Cubic I-43d 100
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edge of the samples has a high compatibility with peak
property at 10,371.5 eV. The post-edges at 10,382.9 eV
indicate different amount of Ga atoms in the LLZTO
structure, where a portion of the substituted Ga
atoms tends to form a different site symmetry due to
the influence of the electronic interaction that yield
d-d metal bonding via their neighbouring atoms.

The peak structures after 10,400 eV are the interfer-
ence of the wave functions of the excited photo-
electrons that occur during the multiple scattering
process in the zone of the nearest neighbouring
atoms. The extraction of these structures through X-
ray absorption spectra yields information about the
photoelectron’s scattering among neighbouring
atoms and can be analysed via the EXAFS scattering
equation [30,31].

x = [m(E)− mo(E)/Dmo] (1)

Here, μ represents the absorption coefficient. EXAFS
scattering intensities of photoelectrons emitted from
gallium atom, a member of LLZTO material, are
extracted from collected XAFS data via the ATHENA
software and processed by the ARTEMIS software.
The scattering intensities and the k2multiplied scatter-
ing intensities of the reference and Ga substituted
LLZTO materials are given in Figure S1.

Synchronous data fluctuations emphasise the simi-
lar ordering of gallium atoms in the crystals. The mul-
tiplication of scattering intensities (Figure S1(a)) with
k2 (Figure S1(b)) involves a big jump at high k values.
Since the signals come from heavier atoms jump more
than the other ones, the multiplication by the power of
k reveals big atoms around Ga atoms. In other words,
distortion at high k values of scattering intensities
emphasizes a strong interatomic potential which
causes a high decrease in the kinetic energy of

Figure 2. SEM micrographs of the solid electrolytes (a–b) Li7-3xInxLa3Zr2O12, (c–d) Li7-3xGaxLa3Zr2O12 (e–f–g) Li7-3xInxLa3Zr1.8Ti0.2
O12, (h–i–j) Li7-3xGaxLa3Zr1.8Ti0.2 O12, first columb is for x = 0.00, the second columb is for x = 0.05 and the third columb is for x =
0.10.
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photoelectrons travelling between neighbouring
atoms. Besides, high agreement between the Ga substi-
tuted materials data confirms the preserved crystal
structure in both materials. However, a tiny shift on
the 20% Ga substituted samples points out a variation
in the crystal density due to the increasing Ga
substitution.

Fourier transformations of EXAFS (FT-EXAFS)
scattering intensity provide the radial distribution of
atoms on a one-dimensional axis around the

absorbing gallium atoms in the X-ray absorption spec-
trum. The data yielded from the Fourier transform-
ation process can also be called as the radial
distribution function (RDF) in real space and gives
us the distances in one-dimensional axis. The dis-
tances of atoms from the source atom (Ga) on one-
dimensional axis is given in Figure 5. The first data
in the figure (black) belongs to the reference material
α-Ga2O3, while the red and green data refer to the Ga-
doped LLZTO materials. The data of the reference α-

Figure 3. Nyquist plots of the impedance spectra and fitted data for (a) Li6.85In0.05La3Zr2O12, (b) Li6.85Ga0.05La3Zr2O12, (c) Li6.85-
In0.05La3Zr1.8Ti0.2O12, and (d) Li6.85Ga0.05La3Zr1.8Ti0.2O12, (e) The equivalent circuit model used to fit experimental data of the In,
In-Ti and Ga-Ti (Figure 3(a, b, c) doped LLZO, (f) The equivalent circuit model used to fit experimental data of the Ga-Ti (Figure
3(d)) doped sample.

Table 2. The values of the equivalent circuit elements obtained by fitting the impedance spectra in Figure 3(a–d). Here, χ2 is the
square of the standard deviation.
Sample Rbulk (Ω) Rgb. (Ω) Qbulk(Ss

n) Qgb. (Ss
n) nbulk ngb. χ2

Li6.85In0.05La3Zr2O12 7.87 × 104 6.54 × 105 3.17 × 10−7 2.05 × 10−8 5.3 × 10−1 8.07.x10−1 1.25 × 10−4

Li6.85Ga0.05La3Zr2O12 6.02 × 103 2.25 × 104 1.37 × 10−7 2.32 × 10−10 7.64 × 10−1 6.84 × 10−1 3.22 × 10−5

Li6.85In0.05La3 Zr1.8Ti0.2O12 4.39 × 105 4.18 × 106 9.92 × 10−8 6.04 × 10−11 3.25 × 10−1 9.16 × 10−1 1.05 × 10−3

Li6.85Ga0.05La3 Zr1.8Ti0.2O12 1.63 × 103 2.58 × 104 – 2.97 × 10−8 – 8.16 × 10−1 1.22 × 10−4
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Ga2O3 and 10% doped materials match the average
number of peaks, however, it is remarkable that the
20% doped material has more peaks. The main reason
for this can be the decomposition resulting from the
variation in the oxygen bonding and numbers of oxy-
gen in the bulk due to Ga concentrations.

The presence of gallium atoms in the LLZTO
attracted more oxygen in its vicinity, and the different
oxidation properties of the Ga atom cause more peaks
in the RDF structure of the regional atomic settle-
ments in the crystal structure. This is a result of the
higher electronegativity values of the gallium (electro-
negativity value is app. 1.8), that sits in the three Li
(electronegativity value is app. 1.0) ions coordination
[32,33]. Unlike the reference α-Ga2O3 structure, with
increasing the number of Ga atom in the LLZTO crys-
tal, more oxygen atoms find place closer to the Ga
atom which sits at the origin, i.e, more oxygen
atoms are located between metals. The increasing
number of RDF peaks and the weaker peak intensities
in other samples can also emphasise the change in the
bonding angles of oxygen atoms.

In Figure 6, the normalized absorption edge spectra
of In L3 of different In-doped materials are given in
comparison with the reference data taken from
indium metal. Spectra from reference In metal and
the indium-doped samples show similarities in their
electronic structure. The increase in the normalized
intensity of the peaks is related to the unoccupied
states of the excited 2p3/2 electrons that can transit
as a final state. The more uniform spectral structure
of the metal indicates the uniformly distributed and
single crystal structure presented in the material.
Regarding the LLZTO samples, L3 absorption spec-
trum is due to the transition of the 2p3/2 core level
electrons to the empty 5s level, which is governed by
the quantum selection rules. Here, the main absorp-
tion edge is divided into two main parts, the peak
structures at 3747 and 3761 eV are the result of differ-
ent crystal symmetries occurring within the material.
However, the transition to the empty 5p levels below
the 5s level is forbidden by the selection rules.
Although the overlap between the p-s levels that
were close to each other (in terms of energy) was
weak, the transition of the core level electrons is
allowed to the lower energy levels of these energies.
Therefore, two peak structure (low-energy (t2g) and
high-energy (eg)) were formed in the pre-edge region
below the main absorption edge at an energy value of
3731 eV.

The comparison of the EXAFS spectra obtained
from the indium-substituted LLZTO materials with
the indium metal foil is given in Figure S2. The corre-
lation between the scattering intensity data from 10%
In substituted LLZTO material and the scattering
spectrum from 20% In substituted LLZTO material
is remarkable. Furthermore, degradation of high k
values emphasises a strong interatomic potential,
which causes a high decrease in kinetic energy of
photoelectrons travelling between neighbouring

Figure 4. The Ga K-edge XANES comparison of the Ga substi-
tuted LLZTO materials.

Figure 5. RDF of the Ga K-edge scattering intensities.

Figure 6. The In L3-edge XANES comparison of the substituted
LLZTO materials.
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atoms. From the Figure S2 (b) which is the square
power of k of the scattering intensity, it is estimated
that the strong interatomic potential around the sub-
stituted In atoms is caused by the big atoms such as La.

Fourier transforms of the scattering intensity of
EXAFS provide the radial distribution of the atoms
around the indium atoms, where the photoelectrons
are emitted [34]. The radial distribution of atoms on
a one-dimensional axis is given in Figure 7. The red
plot in the figure is the data belonging to the metal
indium foil as the reference material, while the black
and green data refer to In substituted LLZTO
materials. The data of 20% and 10% substituted
material show high agreement with matched peak
numbers, and a slight peak shifts to the origin is
observed due to the push of the heavier indium
atoms on its neighbouring atoms with the increase
in amount. However, broader peak features are
obvious in 20% substituted material which is a result
of more overlapped peaks. The reasons for such over-
lapped data are; atoms may have been placed at the
same distances with different azimuthal angles or,
they may have different positions but very close dis-
tances to each other.

Conclusion

In conclusion, dual substitution method was applied
to the garnet-type solid electrolyte to investigate the
crystal structure and conduction mechanism changes
within this sample. While mono doped Li7-3xInxLa3-
Zr

1.8
O12 sample was formed in the tetragonal phase,

dual doped Li7-3xInxLa3Zr1.8Ti0.2O12 and Li7-3xGaxLa3-
Zr

1.8
Ti0.2O12 samples tended to form in the cubic

phase. Synchronous data fluctuations in the EXAFS
scattering intensities also supported that Ga-Ti
doped solid electrolytes were formed in the same crys-
tal structures for all amounts of Ga. Besides, the high
symmetry on the absorption edge structures in each

In-Ti doped solid electrolytes, where a change in the
In amounts was treated, also confirmed the stability
in their crystal structure, even the change in In
amounts.

EIS measurements showed that the Ga and Ga-Ti
doped solid electrolytes have almost the same ionic
conductivity, however In-Ti doped LLZO has 4.77
times lower ionic conductivity than In-doped LLZO.
Although Ti is effective for the transformation of
tetragonal phase to the cubic phase, it is not effective
to improve the ionic conductivity as a second dopant.
With the comparison of previous studies in the litera-
ture, the ionic conductivity is not improved, but it is
believed that this study will contribute to the improve-
ment of dual doping strategy.
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