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ABSTRACT. Solid solutions of Al-doped lithium lanthanum titanates La, Li Ti, Al O,
system (where 0.15 < x < 0.3) have been synthesized by solid-state reaction technique.
Light optical microscopy has shown that the grain size of La Li Ti Al O, ceramics in-
significantly increases with an increase in lithium/aluminum concentration. The materials
La, Li Ti, Al O, show very high dielectric permittivity £'> 10* over a relatively wide fre-
quency range (10°< f < 10* Hz) with no apparent dependence on the x. The impedance spec-
troscopy study indicates three semicircles on Cole-Cole diagram that can be attributed to

electrically different areas of ceramic’s grain.

Key words: solid solution, lithium-lanthanum titanate-aluminate, complex impedance,

dielectric properties.

INTRODUCTION. Materials with per-
ovskite-related structure (ABO,) are inter-
esting candidates for a great variety of appli-
cations [1, 2]. The compounds of general for-
mula La,, Li, TiO, the material substrate for
making good ionic conductors [3, 4] and, in
particular, lithium has been shown to move
in some perovskite systems faster than in any
other materials [5, 6]. A large amount of re-
search has been focused on the Ti cation sub-
stitution in the La,, Li, TiO, system (in par-
ticular, at x=1/6, La Li . TiO,) by other me-
tal ions with less tendency toward reduction
against Li metal. Simultaneous lithium addi-
tion and titanium substitution by aluminum

in the system La, Li Ti Al O, has been in-

vestigated in work [7-10]. Crystal structure of
high temperature La, Li Ti, Al O, phase with
0.06 < x < 0.2 annealed and quenched from
1273 K was determined [11-13]. Depending
on the cooling conditions, the structure can be
a perovskite-related orthorhombic or rhombo-
hedral. In the case of an orthorhombic struc-
ture, the formation of a superstructure of the
basic perovskite is due to two mechanisms: the
tilting of octahedra (Ti/Al)O, and the ordering
of La** and Li*. The lithium ions are not located
at the interstitial A positions of the perovskite
structure and their coordination polyhedra is
a square pyramid with lithium ion at the apex.
Therefore, there is a large amount of non-oc-
cupied interstitial positions of this kind for the
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lithium ions to move to, and this is likely to be
the reason for the very high ionic conductivity
of these kinds of materials (~ 8-10° S/cm for the
oxide with x = 0.25) [12]. In the case of a rhom-
bohedral structure [11, 14] twisting of TiO, oc-
tahedra is observed in the structure in order
to optimize the distances between oxygen and
lanthanum ions. Lithium ions are bonded to
four oxygen atoms in a square configuration.
This environment for Li is different from the
tetrahedral-like coordination.

Another interesting property of the La, |Li
Ti, ALO, oxides is their dielectric beha-
vior. The authors recently reported a “giant”
barrier layer capacitance effect in La _Li

0.67"770.25

Ti,.Al ,.O, [9]. It has been demonstrated
that the origin of the high dielectric constant
(e =2:10° tg 6=0.5 for La  Li ,Ti Al O, and

0.67 0273

e =5-10° tg 8=0.5 for La  Li . Ti .Al ,.O, at
10 < f< 10° Hz) can be attributed to a barrier
layer capacitor associated with grain boundary
effects in the ion-conducting material [8].

However, dielectric behavior was investigat-
ed only for an orthorhombic structure sintered
with subsequent quenching. While for the
practically important case, when the material
is obtained by slow cooling and has a rhombo-
hedral structure, dielectric behavior remains
unexplored.

Therefore, in this work for the first time die-
lectric properties of partially substituted com-
plex low-temperature phase La  Li Ti, Al O,
(where 0.15 < x < 0.3) solid solutions with
rhombohedral crystal structure have been in-
vestigated. For this, impedance spectroscopy
data, recorded at room temperature, have been
analyzed. Light optical microscopy has been
finally used to analyze the influence of lithi-
um/aluminum concentration on the micro-
structure of these perovskites. For comparison,
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La, Li TiO, sample, which has a larger num-
ber of lithium ions in the structure was inves-
tigated.

EXPERIMENTAL SECTION. Samples
were obtained from stoichiometric amounts
of dried Li,CO, (Merck), AlO, (Merck), La,O,
(Aldrich 99.99%), and TiO, (Aldrich 99 %)
by solid-state reaction technique. Li,CO, was
dried at 300 °C, La,O, at 800 °C and Al O,,
TiO, at 600 °C. The mixtures were ground in
an agate mortar with acetone, and calcined in
air for 6 h at 1200 °C. The rate of temperature
increase was 200 °C/hour. The phases were
characterized by X-ray powder diffractometry
(XRPD) using DRON-4-07 diffractometer (Cu
Ka radiation, \ = 1.54178 A; 40 kV, 20 mA).
The unit cell parameters of the samples were
determined using FullProf software by the
whole-pattern profile-matching Le Bail proce-
dure [15]. The calcined powders were ground
and pressed into pellets with a diameter of
8 mm and a thickness of 2 mm under a pres-
sure of 500 kg/cm?* (50MPa). The pellets were
sintered at 1270-1300 °C depending on Li/Al
content (6 h) and were cooled to air tempera-
ture with a cooling rate 200 °C/h. Finally, sam-
ples with 1 mm thickness were cut out from
prepared raw ceramic.

Grain sizes of ceramic samples of La  Li_
Ti, Al O, (0.15 < x < 0.3) system were deter-
mined using an optical microscope LOMO
MBS-10. Using a semi-automatic computer pro-
gram image]J [16] the area of the grain was meas-
ured, mathematically found the nominal diam-
eter, equating the resulting area to the area of the
circle. The average value of the measured nom-
inal grain diameters was considered the nomi-
nal diameter of the characteristic grain. At least
50 grains were measured from three different
areas [17]. Sintered cylindrical pellets 8 mm in
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diameter and 2 mm thick, with evaporated me-
tal electrodes, were used for electrical measure-
ments. Impedance spectroscopy measurements
were conducted using a 1260 Impedance /
Gain phase Analyzer (Solartron Analytical).

The wunit cell parameters were deter-
mined from the XRPD patterns using a rapid
whole-pattern profile-matching Le Bail proce-
dure (Fig. 1). La  Li Ti, Al O, solid solutions
(where 0.15 < x < 0.3) materials have a rhom-
bohedral perovskite-related structure (space
group R3c, Ne 167). In XRPD spectra addi-
tional lines of small amount La  Li Ti Al O,
with tetragonal phase symmetry (space group
P4/mmm, Ne 123) are observed. The phases
observed do not differ in chemical composi-
tion. The main difference between these phases
is in the crystal structure. Unit cell parameters
depend on Li/Al concentration (Fig. 2).

Fig. 2 shows the dependence of the unit cell
volume of the samples La Li Ti Al O, sys-
tem sintered at 1300 °C for 2 h. For the sam-
ple x = 0 the data given in [18] was used. The
dependence is linear and obeys Vegard’s law,

https://ucj.org.ua

RESULTS AND DISCUSSION. It has been
shown that single-phase solid solutions
La, Li Ti, Al O, (where 0.15 < x < 0.3) are
formed at temperatures above 1200 °C using

solid-state reaction technique.

Fig. 1. Experimental (dots)
and calculated (line) room-tem-
perature powder X-ray powder
diffraction patterns of ceramic
samples La Li Al ,Ti TiO,

sintered at 1300 °C for 2 h. Bars
indicate the peak positions.

which indicates the formation of a continuous
series of solid solutions in La  Li Ti, Al O,
(0.15 < x < 0.3). Unit cell volume decreases
with an increase in x, due to the difference in
ionic radii of aluminum and titanium.

Fig. 2. Unit cell volume of La  LiTi Al O,
solid solutions sintered at 1300 °C for 2 h.
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The ceramic’s size and morphology of
La, Li Ti, Al O, were studied by light optical
microscopy (Fig. 3). It has been shown in Fig. 3
that with an increase in x, the average grain
size slightly increases from 6.1 um (x=0.15) to
7.7 um (x=0.3). This fact can be attributed to an

increase in sintering temperature with an in-
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Fig. 3. Optical microscope imag-

es of La, LiTi Al O, ceramics,
X X 1-x x 3

where x=0.15 (a), 0.2 (b), 0.25 (¢),
0.3 (d).

crease in Li/Al content. The boundary between
one grain and another is a defect in the crystal
structure and so it is associated with a certain
amount of energy [19]. As a result, there is a
thermodynamic driving force for the total area
of boundary to be reduced. With sintering tem-
perature growth in La Li Ti Al O, grain size

ISSN 2708-129X. YKp. xim. XypH., 2020



T. 0. Plutenko, O. I. V’yunov, B. S. Khomenko, A. G. Belous

UCJ Ne 11 / Vol. 86

increases accompanied by a reduction in the
number of grains, therefore the total area of the
grain boundary is reduced.

Fig. 4. Complex impedance diagram of La
Ti Al ,O, (a) and La Li

0273 0.5770.5
perature.

0.67Li0A2
TiO, (b) at room tem-

The results of the frequency investigation
of La  Li Ti| Al O, ceramics can be analyzed
as four types of dependencies: complex impe-
dance (Z*), complex admittance (Y*), com-
plex permittivity (e*), and complex electric
modulus (M*) [20-22]. These complex quan-
tities are interrelated: M* = 1/e* = jwCoZ* =
jwCo(1/Y*), where w is the angular frequency
and Co is the capacitance of empty cell (where

j = -1). Initially, the results of the frequency in-

https://ucj.org.ua

vestigation of PTCR materials were obtained as
Z2”=f(Z")relations (Fig.4a). Therearethree sem-
icircles on the complex impedance diagram at
room temperature for La, _Li ,Ti (Al O, solid
solution.

For comparison, we present impedance dia-
grams of La .Li .TiO,. Fig. 4b shows the com-
plex impedance diagram at room temperature
for the La Li . TiO,. One semicircle depressed
below the real axis, part of a second semicir-
cle, and a spike at the lowest frequencies are
observed. The arc at the highest frequencies is
presented in the inset of Fig. 4b.

The appearance of three semicircles in the
Cole-Cole plots indicates that there are three
relaxation mechanisms, which may be due to
grain, grain boundary, and electrode polar-
ization. Generally, the arc at high frequen-
cy refers to bulk, at low frequency refers to
electrode polarization, and middle-frequency
area - to grain boundary. The good separa-
tion of these semicircles in La  Li Ti, Al O,
is ascribed to the small pore size. If the pore
size is greater than 1 pum, it would lead to the
overlapping of the semicircles like in La ,Li .
TiO, [8].

The dielectric constant was calculated from
an impedance measurement. Fig. 5 shows di-
electric constant (Fig. 5a) and dielectric loss
(Fig. 5b) versus frequency at room tempe-
rature. All La _LiTi Al O, samples have
a high dielectric constant value & > 10° at
low frequencies (f < 10 Hz). These values are
close for ones of the samples of the orthor-
hombic high-temperature phases La Li ,
Tio.sAlo.203 and La0.67Li0.25Tio.75A10.2503 [9, 10].
Whereas it has been shown that La ,Li TiO,
sample has a high &' > 10* at low frequencies
(f< 10 Hz).
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Fig. 5. Dielectric constant (a) and dielectric
loss tangent (b) of La _Li Ti, Al O,at x=0.15 (1),
0.20 (2), 0.25 (3), 0.3 (4) and La_Li_ TiO, (5).

Transport of Liions in La Li ,TiO, occurs
via vacancies in the A-site of the perovskite
ABO, structure. Lithium ions are believed to
move transport through the so-called struc-
tural conduction channels, i.e. “bottlenecks”
formed by oxygen ions. Li ions are located at
the center of the square planar windows con-
necting contiguous oxygen sites (Fig. 6). [14].
The high value of the dielectric constant for
the La, _Li Ti, Al O, is attributed to the mo-
tion of charge carriers (Li ions) both inside

and between unit cells. It should be noted
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that lithium ion’s movement can contribute
to both ionic conductivity and polarization.
When lithium ions move from one electrode
to another, such motion contributes to ionic
conductivity. At the same time, if the motion
of lithium ions in structural channels is limit-
ed, for example by lanthanum ions, then such
displacements of lithium ions contribute to
polarization.

In complex perovskites, the A-sites are
shared by ions of very different sizes such as
La** and Li* and vacancies whereas the B-sites
are also shared by ions of different charges and
sizes (Fig. 6).

Fig. 6. Schematic representation of the dif-
ference in the rhombohedral and orthorhombic
La 67LixTi1XAIXO , structure.

La ions occupy A sites, while Li ions are lo-
cated at the A-cage faces of the perovskite. The
Li* ions present a distorted square planar coor-
dination and are located in interstitial positions
of the structure, which could explain the very
high ionic conductivity of this type of material
[11]. The very high dielectric constant of this
type of material seems to be related to the loca-
tion of the lithium atoms within the interstitial
positions, providing a great number of sites for
the atoms to move through. Compared with
the La  Li . TiO,, compositions of the La Li

ISSN 2708-129X. YKp. xim. XypH., 2020



T. 0. Plutenko, O. I. V’yunov, B. S. Khomenko, A. G. Belous

UCJ Ne 11 / Vol. 86

Ti, Al O, system have a lower number of Li*
and a bigger number of structural vacancies.
These conditions cause a lower possibility for
Li* - V. interactions and enhanced opportu-
nities for Li* movement. That is why materials
synthesized have a higher dielectric constant
than the conventional La Li TiO,.

It should be noted that the d1electr1c con-
stant and dielectric loss tangent slightly de-
pends on the content of lithium and aluminum
inLa  LiTi, Al O, system.

CONCLUSIONS. It has been shown that
single-phase solid solutions La  LiTi, Al O,
(0.15 < x < 0.3) synthesized by sohd state re-
action technique are formed at temperatures
higher than 1200 °C. The dielectric properties
of ceramic materials have been studied by im-
pedance spectroscopy. Using light optical mi-
croscopy shown that the grain size of ceramics
in La Li Ti, Al O, system slightly increases
from 6.1 pm (X 0.15) to 7.7 um (x=0.3). Ma-
terials exhibit high dielectric constant values
(e ~ 4-10° at 1 Hz) in all ceramic samples that
can be explained by the high ionic conduc-
tivity of this material. The materials synthe-
sized in La, _Li Ti Al O, system have a high-
er dielectric constant than the conventional
La .Li . TiO,. The dielectric losses increase
with increasing lithium concentration that
can be attributed to the fact that the size of the
structural domains decreases with increasing

the annealing temperature.
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N
CUHTE3 TA JIENEKTPU4HI BNACTUBOCTI

KEPAMIKM La, L Ti, A0,
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[TokasaHo, 1m0 ogHOodasHi TBepi po3unHU
B cucremi Laj (Li Ti) AL O, B KOHIleHTpaili-
HOoMYy iHTepBai 0, 15 < x < 0,3, cuHTe30BaHi
MeTOfOoM TBephodasHUX peaxiiiit, yTBOpPIO-
I0TbCA 3a TeMmneparyp Buie 1200 °C. Tsepai
PO3YMHMA Lao)67LixTil_xA1xO3 (me 0,15 <x<0,3)
MalTb POMOOEPUYHY CTPYKTYPY HEpPOBCKi-
Ty. IlapaMeTpu enemMeHTapHOI KOMipKu 3ase-
)KaTb Bif KoHIeHTpanii Li/AL

I3 pocToM KOHIIeHTpaIllil X 00’eM efleMeH-
TapHOI KOMIPKM JIiHITHO 3MEHIIYETbC Yepes
pisHMILI0O B iOHHMX pajiiycax a/JOMiHilO Ta
tuTany. Ll 3anexHicTh MifMOpARKOBYETD-
cs 3aKkoHy Berappa, 110 BKasye Ha yTBOpEH-
HA HENEPEPBHOTO PANY TBEPAUX PO3YMHIB
La  LiTi AlO, (me0,15<x<0,3).

MeTO,[[OM OIITMYHOI CIeKTpOCKoIii 6yo
[I0OKAa3aHO, IO pO3Mip 3epeH KepaMiku
La, LiTi Al O, HesHauno spocrae 3i 36i1b-
IIEHHSM KOHueHTpaui'i niTiro/amoMinio. Lleii
(dakT MOXXHA IOSACHUTH MiIBUIIEHHAM TeM-
nepaTypu ClikaHHA 3i 36inbIIeHHAM. 3i 3poc-
TaHHSIM TeMIlepaTypu crikanus B La) (Li Ti |
Al O, 36inpiryeTbcss posMip 3epeH, IO cy—
IPOBOJKY€ETbCA 3MEHIIEHHAM KibKOCTI 3e-
PeH, OTXKe, 3arajibHa IUIOLJA T'PAHMIb 3€peH
3MeHIIYeTbCA. JIOCTIIPKEHHA 3a JIOIIOMOTOI0
METO/ly KOMIIJIEKCHOTO iMIIeJaHCY IPOJI€eMOH-

CTpyBamu Tpu IiBKoma Ha piarpami Koym -
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Koyna, AKi MO)XHa BifHECTM IO €1eKTPUYHO
HEOJHOPIJHMX 32 BIACTMBOCTAMM Ai/IAHOK 3€-
peH kepaMiku. [losABa TpbOX HaliBKil Ha Jia-
rpamax Koyn — Koyna Bkasye Ha Te, 1110 icHye
TpU MeXaHi3Mu penakcanii. HamisBkono 3a Bu-
COKOI YaCTOTM HAJIEKNUTD O 06’ €MHOI YaCTUHMA
3€pHa, Ha HM3bKIll 4acCTOTI — A0 MOJApuU3aLil
e/IeKTPOJiB, a 00/1aCTh CepeHbOI YacTOTU —
[0 BIACTUBOCTEN TpaHnLi 3epeH. [lienekTpud-
Hy IPOHMKHICTb PO3paxoByBalIM 3a JAaHVMMU
BYMIipIOBaHb KOMIUIEKCHOTO iMmenaHcy. Ilo-
KasaHo, 1o spasknu cucremn La, (Li Ti) Al O,
MalOThb BEIMKE 3HAYEHHA JIieIeKTPUYHOI
IIPOHVKHOCTI €> 10° HAa HM3BKMX YACTOTAX
(f< 10 Hz). Bogrouac spasok La  Li  [TiO, mae
BJMICOKMII 3HAa4€HHA [lieIeKTPUYHOI NPOHMUK-
HOCTi £ > 10*Ha HM3bkMX yacrorax (f < 10 I),
10 MOXKHA TIOACHUTY BJMCOKOK0 i0HHOIO IIpO-
BifHICTIO IbOro MaTepiany. CMHTE30BaHi MaTe-
pianu, nerosani amowminiem La  (LiTi Al O,
MAOThb BUINY [ieIEKTPUYHY HIPOHMKHICTD,
ubk La Li TiO,. Jlienekrpuyni BTparn 3po-
CTAIOTh 3i 301/IbIIIEHHAM KOHIJeHTpaIllii /1iTito y
Lao, 67LixTil-xAlx03’ 1[I0 MOKHA MOSACHUTY 3MEH-
IIEHHAM PO3MipiB CTPYKTYPHMX JOMEHIB 3i
30i/IbIIIEHHAM TeMIIepaTypu Bigmary.

KnrodoBi cmoBa: TBepauii posdmH, THUTa-

HaT-a/IIOMIHAT JITiI0-TaHTaHy, KOMIUIEKCHMUIA
IMIIe[JaHC, Iie7IeKTPUYHI BIaCTUBOCTI.
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