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Abstract: In the current work, we studied the effect of Ga*3 substitutions on the Ta*> sites in
Lis;oxLazTaycGaxOqp (LLT-Ga) lithium conducting garnets (with x = 0.1-0.5) in order to enhance the
ionic conductivity of these materials. The current materials are prepared by solid state reaction and
their electrical properties are studied by impedance spectroscopy measurements. XRD data showed
that cubic garnet phases are obtained for LLT-Ga garnets. The ionic conductivity increased by one
order of magnitude for x = 0.3 composition with a value of ~4 x 107°S/cm compared to that of
LisLasTapO1, material. Moreover, the hopping frequency and the concentration of mobile Li* ions
were estimated from analysis of the conductivity spectra, and it was found that both the concentration
and mobility of Li* ions increased with increasing Ga™3 content in the materials. The dielectric and
relaxation properties were studied in the dielectric permittivity and electric modulus formalisms.
The current materials exhibited giant values of the dielectric constant of ¢’ ~ 6500, originating from
internal effects in the materials.

Keywords: lithium conducting garnets; ionic conduction; conductivity relaxation; dielectric
properties

1. Introduction

Lithium-ion batteries are currently major power sources in our daily lives, where
they are used in various electronic devices. [1,2]. Due to safety issues arising from organic
electrolytes in modern batteries, there are appeals for the development of solid-state bat-
teries using solid inorganic electrolytes. [3,4]. Several materials with good lithium ionic
conductivity have been studied and lithium conducting garnet materials, LisLazsM;O12
(LLM, M = Ta or Nb) and LiyLa3Zr,O1, (LLZ), are considered interesting materials due
to their promising electrical properties [4-27]. LLM garnets have ionic conductivity of
107% S/cm at RT, whereas the ionic conductivity of LLZ reaches 107* S/cm at RT [4-16,18].
These garnet materials are purely ionic with negligible electronic conductivity [4-6,18].
Due to these promising properties LLZ garnets have attracted much research interest for
possible applications as electrolytes in all solid-state batteries. LLZ could have a cubic
(highly conductive) or tetragonal (poorly conductive) phase. The cubic phase is stabilized
by high temperature sintering above 1200 °C. However, this high temperature sintering
is usually associated with Al contamination from the alumina crucibles. It is found that
Al-substitution on Li sites is the reason for the stabilization of the cubic phase of LLZ.
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The ionic conductivity of LLZ could be enhanced by chemical substitutions, either in
the Li sites, by AL, Ga™3, Y*3, or in the Zr sites, by higher valency cations, such as
Ta*>, Nb*®, Tet® and W*°, leading to ionic conductivity >1073 S/cm [18-25]. The ionic
conductivity of 107% S/cm at RT of LLT is relatively low, leading to extensive research
efforts to improve the ionic conductivity of these materials. Chemical substitutions by diva-
lent/trivalent cations on the La*3/Ta*?, such as in LigALa;Ta,O15, A = Ba, Ca, Sr, Mg, [2-9]
and in Lis,y«LazTay«YxO12 [13], lead to enhanced ionic conductivity to 1075-10"*S/cm at
RT [5-13]. Other factors could also influence the ionic conductivity of garnet materials
including the preparation techniques and processing conditions, such as the calcinations
temperature and sintering steps [4-14]. Chemical substitution by divalent cations on the La
sites, or trivalent cations on the Ta sites, in LLT garnets, will increase the lithium content in
the materials, leading to increasing ionic conductivity.

Until now, there are no studies on the effect of Ga*3 substitutions on ionic conduction
in LLT garnets. Moreover, most of the research work on ionic conduction in garnets is
performed at ambient and high temperatures, and few low temperature studies have
been reported. Low temperature measurements are expected to help in understanding
the conduction and relaxation properties of garnet materials. Moreover, the presence
of high-density mobile Li* ions could induce dielectric dipoles, leading to high values
of the dielectric constant. Therefore, the aims of the present work are: (i) synthesis of
Lis,oxLagTap «GaxO12 (LLT-Ga; x = 0.1-0.5) lithium conducting garnets in order to enhance
lithium ionic conductivity, (ii) study of the relaxation dynamics in garnet materials through
analysis of the electric modulus spectra at different temperatures, and (iii) exploring the
dielectric properties of LLT-Ga garnets.

2. Materials and Methods

LisoxLazTay «GaxOqy (with x = 0.1, 0.2, 0.3, 0.4, 0.5; all the samples LLT-Gal, LLT-Ga2,
LLT-Ga3, LLT-Ga4 and LLT-Gab5, respectively) have been synthesized by mechanical milling
and solid-state reaction techniques. High purity Li;COj3, LayO3, TapO3 and Ga, O3 were
used. Excess 10 wt% of Li;CO3; was added for compensation of Li;O. The mixed powder
was ball milled for 12 h with 250 rpm. The resulting powder was calcined at 700 °C for 12 h,
then ball milled again under the same conditions. A second calcination step was performed
at 900 °C for 12 h followed by final milling at 400 rpm for 3 h. The ball milling steps
were performed in 2-propanol using Fritsch P-7 premium line machine with 45 mL pots
and 14 balls of 10 mm diameters, both made from tungsten carbide. The balls to powder
mass ratio was 8:1. The obtained powder was pressed under 2.5 ton in a 10 mm diameter
die to get pellets with a 1-2 mm thickness. The sintering of the samples was performed
at 1000 °C for 12 h in alumina crucibles. To prevent possible Al contamination of the
samples during the sintering process in alumina crucibles the pellets were buried in a large
quantity of the powder to prevent direct contact of the pellets with the alumina crucibles.
Structural characterization of LLT-Ga samples was studied by XRD measurements in the
10 < 20 < 80 range using monochromated radiation (A = 1.5406 A) with a step of 0.02°
using a Bruker D8 advance diffractometer. SEM measurements were performed with a
field emission scanning electron microscope, Joel SM7600F, to determine the grain size of
the materials. The electrical and dielectric properties of LLT-Ga samples were studied by
impedance spectroscopy. Silver paste was applied on both surfaces of the sintered pellets as
electrodes. The impedance data were collected in the 1-107 Hz frequency range at different
temperatures using the Novocontrol concept 50 system.

3. Results and Discussion

The XRD patterns of LLT-Ga samples are shown in Figure 1. The observed patterns in
Figure 1 agree with the standard XRD database of LisLa3TayO1, (PDF#45-0109), indicating
the formation of the cubic garnet structure. Minor impurity peaks are also observed in
the XRD patterns of these materials. The Rietveld refinement method was deployed using
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RIETAN-2000 software [28] for the investigated materials in order to elucidate the lattice
parameters of the materials.
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Figure 1. Rietveld refinement of XRD data of Lisp«LaszTay.GaxOq, garnets.
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The results in Figure 1 indicate that LLT-Ga samples have cubic structure with the
space group [a3d with an average lattice constant of 12.827 A for x = 0.1-0.5 samples.
The value of the lattice constant of the current LLT-Ga garnets agrees well with the value
of 12.85 A reported previously for LLT samples prepared by the sol-gel technique [14].
Moreover, we noticed that there was no change in the lattice constant with increasing Ga*>
content due to the close matching between the ionic radius of Ga*? (0.62 A) with that of
Ta*5 jons (0.64 A). In Figure 1 we notice the presence of impurity peaks in the XRD patterns.
One major impurity peak was observed in x = 0.1 sample at 23.8°, whereas the impurity
content increased for x = 0.5 sample, as evidenced by the presence of several impurity peaks
at 23.5°,29.9°, 41.2°, 42.5° and 56.2°. The impurity phases could be assigned to LiGaO,
(PDF# 72-1640) and La;O3 (PDF# 74-1144). SEM micrographs for LLT-Ga ceramics are
shown in Figure 2. Dense ceramics with well-defined coarse grains were obtained for all
Ga*® compositions, with grain size in the 3-5 um range. It can be observed in Figure 2 that
no noticeable changes in the grain size or the morphology of the ceramics were observed
with increasing Ga*3 substitutions in the materials.

Figure 2. SEM micrographs of Lis,cLazTay.«GaxO1 ceramics with different Ga*? compositions.

Impedance diagrams of LLT-Ga3 ceramics are shown in Figure 3 as a representative
example. A single semicircle at the high frequency region is observed, where the effect
of the grain boundaries could not be distinguished in this figure. Therefore, the real axis
intercept of the semicircles represents the total resistance, R, of the materials. The total ionic
conductivity was calculated by the relation; 0;. = I/RA, where 1 is the sample thickness
and A is the surface area. The variation of the lithium ionic conductivity of LLT-Ga ceramics
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with temperature is depicted in Figure 4, where the conductivity follows the Arrhenius
relation;

AE
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Figure 3. Complex impedance diagrams at selected temperatures for Lis sLazTa; 7Gag 301, garnets at
(a) low and (b) high temperature regions.

2+ mLLT
LLT-Gal
LLT-Ga2

a4k LLT-Ga3
LLT-Ga4

LLT-Ga5

1 1 1 1 1 1 1
25 30 35 40 45 50 55
1000/T (1/K)

Figure 4. The temperature dependence of the total ionic conductivity for different compositions of
Lis,pxLagTay xGaxO1p garnets along with the pure LisLazTayOqp.

The values of 0, at 300 K of Lig o LazTay.GaxOqy ceramics are summarized in Table 1.
It is clear that the Lis gLazTa; 7Gag 301, garnets exhibited the highest conductivity with a
value of 4 x 107> S/cm compared to 4.26 x 107° S/cm of pure LisLa3TapO1y, indicating
considerable lithium conductivity enhancement is achieved by Ga*3 substitutions in LLT
garnets. It is clear from Figure 4 and the data in Table 1 that the most effective doping
region was up to x = 0.1 of Ga*3 content, where for larger Ga*3 content, between x = 0.2-0.4,
the conductivity was almost saturated. On further increase in Ga*? content (i.e., for x =0.5)
conductivity dropped slightly, due to the increased content of impurity phases in this
composition. The activation energy of conduction equaled 0.55 eV for all LLT-Ga samples,
which is comparable to that of pure LLT garnets of 0.55-0.60 eV [5,14].
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Table 1. The values of o, at 300 K and the activation energy AE for ionic conduction of
LisyocLasTay«GaxO1y garnets. E, and Ep are the activation energy for the conduction and the
hopping process, whereas E;,,,5 is the activation energy of the dielectric relaxation process determined
from dissipation factor. 1. is the average value of the concentration of Li* mobile ions.

T 4dc at 300 K AE Eg- EH Etun& ne
X (S/cm) (e.V) (e.V) (e.V) (e.V) (cm—3)
0.00 426 x 1076 0.62 0.62 0.55 0.51 9.10 x 1020
0.10 321 x 107° 0.55 0.53 0.47 0.55 1.23 x 102!
0.20 313 x 107° 0.55 0.52 0.46 0.54 1.31 x 102!
0.30 400 x 107° 0.56 0.53 0.47 0.57 1.21 x 102!
0.40 3.68 x 107° 056 0.53 0.47 0.57 1.62 x 1021
0.50 1.50 x 10> 0.56 0.55 0.52 0.56 9.92 x 102

According to the chemical formula LispLasTay.cGaxO1y of Ga*? substituted gar-
nets the Li* content per unit formula was expected to increase from 5Li in pure LLT to
(5 + 2x)Li for x content of Ga*3. The increased content of Li* ions could be the reason for the
enhanced conductivity of Ga substituted LLT materials. Furthermore, Ga*® substitutions in
LLT-Ga materials may create accessible vacant sites for Li* ions, which enhance mobility
and conductivity. In the following, we will estimate the hopping frequency (wp) and
the concentration (11.) of mobile Li* ions in LLT-Ga garnets. The conductivity spectra of
LLT-Ga3 ceramics are shown in Figure 5. A frequency independent dc conductivity was
observed at low temperatures and frequencies, followed by a dispersion region where
0’ (w) increased with frequency at the high frequency range. The conductivity data were
analyzed by the following formula [29-32],

o (W) = o [1+ (;‘;)] @)

and the dc conductivity in Equation (2) could be expressed as:

2,12

o = enep = ET )
In the above equations n represents the exponent of the dispersion region of the conductivity,
¥ =1/6is a geometrical factor for 3D ion hopping and A is the hopping distance. The fitting
results of the conductivity spectra are shown in Figure 5, and the temperature variation
of the estimated parameters 0. and wyy is shown in Figure 6. The values of the activation
energy for the conduction, E;, and the hopping process, Ey, were almost the same [see
Table 1]. The values of n. for mobile Li* ions in LLT-Ga ceramics were estimated [see
Table 1] using Equation (3) with a value of A = 1.7 A [33]. The values of 1 increased by a
factor of ~1.8 after Ga substitutions in LLT-Ga garnets. On the other hand, the hopping
frequency of Li* ions increased considerably as Ga*® content increased up to x = 0.3 [see
Figure 6]. These observations suggest that enhanced Li* ionic conductivity in LLT-Ga
ceramics is due to the increased concentration and mobility of Li* ions up to x = 0.3 of Ga*?
content. For x = 0.4 and 0.5 compositions, the hopping frequency decreased leading to a
decrease in ionic conductivity. This drop in the hopping frequency could be attributed to
the increased content of impurity phases in the materials.
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Figure 5. The conductivity spectra of LLT-Ga garnets with x = 0.30 at different temperatures. The
solid curves between the points represent the best fits to Equation (2).
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Figure 6. (a) The temperature dependence of the dc conductivity, o, and (b) the hopping frequency,
wp, as determined from the fitting process in Figure 5.

In garnet structure Li* ions could occupy either the immobile 24 d tetrahedral Li(1) sites
or the mobile 48 g/96 h octahedral Li(2) sites [15,16]. The occupancy of Li* ions in these sites
depends on the total Li* content per unit formula in the material. If Li* content is low (3Li
in LizNd3Te, Oy, for example), Li* ions will occupy all the immobile Li(1) sites and the Li(2)
sites are kept empty, leading to poor ionic conductivity. For garnet materials with higher Li*
content, such as in LLT (5Li per unit formula), our current materials LLT-Ga [(5 + 2x)Li per
unit formula] or LLZ (7Li per unit formula), redistribution of Li* occupancy occurs where the
occupancy of the tetrahedral Li(1) sites decreases and occupancy of the octahedral Li(2) sites
increases [15,16]. This redistribution process leads to more vacant Li(1) sites which become
accessible for the movement of Li* ions and facilitate the 3D diffusion pathway of Li* through
24 d-96 h-48 g-96 h-24 d chain [26,27]. Therefore, the observed enhancement of the ionic
conductivity in LLT-Ga is due to both increasing concentration and hopping frequency (i.e.,
the mobility) of mobile Li* ions with Ga*? substitution in the materials.

Different classes of materials, including ferroelectrics, perovskite oxide dielectrics
and ionic conductors, exhibit giant dielectric constant [34-38]. The frequency dependence
of the dielectric constant ¢’ for Lis,LasTa; 9Gag101,2 garnets is shown in Figure 7a. A
plateau region with ¢’ ~ 6500 was observed at low frequencies, whereas the high frequency
plateau represented the bulk effect with ¢’ ~ 35. Nyquist plots of the dielectric data at 280 K
are shown in Figure 7b. In this figure, three contributions can be distinguished. At high
frequencies the value of the dielectric constant was ¢’ ~ 35 [inset of Figure 7b], which corre-
sponded to the grain dielectric permittivity. A large semicircle with a value of ¢’ ~ 6500 was
observed in the intermediate frequency region followed by a spike at lower frequencies.
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The observed spike in Figure 7b could be due to the electrode polarization effect at the
sample-electrode interface region. Therefore, the high value of ¢’ ~ 6500 could originate
from other internal effects in the materials, such as the formation of dipolar polarization
due to the displacement of Li* ions in the octahedral, similar to Lis,pxLasTarYxO1z [13].
¢’ spectra of all LLT-Ga ceramics at 300 K are shown in Figure 7c for comparison. All of the
investigated ceramics exhibited similar dielectric response with giant dielectric constant
values. The spectra of tan & (tan § = ¢”/¢’) for x = 0.10 composition is shown in Figure 8 at
selected temperatures. The relaxation time, calculated from the peak frequency of tan &
spectra, and its temperature dependence are shown in Figure 8. The values of the activation
energy of the dielectric relaxation process are summarized in Table 1, which agree with
activation of the ionic conduction process.

ST

240 K —8— 260 K 8000 (b)
—»— 280K —# 300K
—— 340K —#- 380K

6000 [

% 4000}
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3 4 5 6 7
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Figure 7. (a) ¢’ spectra for LLT-Gal at selected temperatures as a representative sample and
(b) the Cole-Cole diagram at 280 K for LLT-Gal with the inset showing high magnification of
the high frequency region. (c) ¢’ spectra for all Lis,pLasTay GaxO1, compositions at 300 K.

—8— 220K —— 240K 260 K —A— 280 K A e LLT-Gat
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Figure 8. (a) The frequency dependence of tan 5 for LLT-Gal as a representative example, and (b) the
temperature dependence of the dielectric relaxation time of Lis;cLazTay.«GaxO1, garnets.
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4. Conclusions

In the present work we successfully synthesized Lis,»cLasTay «GaxOq; lithium con-
ducting garnets with cubic structure. Impurity phases became more prominent for higher
content of Ga*3 > 0.40. The ionic conductivity of the Ga substituted garnets was one order
of magnitude larger than that of pure LLT materials, with x = 0.30 composition exhibiting
the highest conductivity of 4-107> S/cm at 300 K. We estimated the values of the hopping
frequency and the concentration of mobile Li* ions in the investigated materials. It was
concluded that the enhanced ionic conductivity in LLT-Ga garnets is due to increasing
both the concentration and mobility of Li* ions in the materials, with mobility having a
more prominent role. The relaxation properties of the investigated materials were studied
through dielectric permittivity formalisms. The dielectric relaxation time from the dissipa-
tion factor was determined and found to be thermally activated with the same activation
energy of the conduction process. This result indicates that Li* ions are responsible for
long-range transport as well as the local re-orientation relaxation in garnet materials. The
current materials exhibited giant dielectric values of ¢’ ~ 6500, which were not related to
surface polarization at the sample/electrode interface.
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