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Using X-ray powder, diffraction the sequence of reactions occurring during the synthesis
La .Li . Na TiO,by solid-state reaction technique has been determined. Using electron mi-
croscopy it has been shown that the grain size decreases with increasing x in La ,Li . Na_
TiO, system. The influence of the grain size of ceramics on the dielectric characteristics has
been indicated. The frequency dependences of permittivity and dielectric loss tangent have
been investigated by ac impedance spectroscopy. It has been established that ceramic sample
of La  Li ,Na TiO, solid solution has the largest value of permittivity € > 10* at wide frequen-
cy range (1-10* Hz) in La ,Li . Na TiO, system.

Keywords: solid solution, lithium-sodium-lanthanum titanate, perovskite, complex im-
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INTRODUCTION. LLTO and other ABO,
perovskites attract great attention for the last
years and are investigated intensively. These
materials can be used in microelectronics and
electrochemical devices. One of the conductive
perovskites applications is the development of
electrolytes for lithium-ion batteries, which are
fornowthecriticaltechnologyin energystorage.
Such solid electrolytes have crucial advantages
over liquid analogs: nonflammability and
generally improved safety (critical for power
supplies of vehicles), low-temperature stability,
higher power, and energy densities [1, 2].
There are other different classes of materials
for solid electrolytes: phosphates on the base
of NASICON, LISICON, garnets [3- 5].

But LLTO stands out due to relatively high
conductivity o = 10~ S/cm for bulk samples [6].
It is the ion-conducting material, in which the
high ionic conductivity provided by lithium
transport through vacancies in A-sublattice,
formed by lanthanum and substituting ions and
surrounded by oxygen ions, in the perovskite
structure.

Perovskite-based materials also demon-
strate the giant dielectric constant [7]. High
dielectric constant (¢ = 10°-10°) is the key fea-
ture for further miniaturization of microelect-
ronics components, development of capaci-
tors for high-energy storage (Multi-Layer Ce-
ramic Capacitors [8]). LLTO-based materials
are also remarkable among other perovskites
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due to the stability of properties in a wide
temperature range [7]. One of such materials
is, for example, La, Li ,.Ti Al , O, ceram-
ics. It was revealed, that high dielectric per-
mittivity in the case of La Li , Ti _.Al ,.O,
is associated with the barrier layer capacitor
effect, caused by the depletion of Li ions at
the grain boundaries. Therefore, conductiv-
ity, structural and morphological features of
LLTO have a considerable impact on the giant
dielectric constant in it.

It was found that in the La Na TiO,
(LNTO) material high dielectric constant is due
to the heterogeneous distribution of cations,
which leads to a strong local field fraction [9]. It
was also shown that solid solutions are formed
in the system La Li . Na TiO, (LLNTO) [10].
The dielectric properties of LLNTO have been
studied in the microwave region. It can be as-
sumed that in the frequency range of 10°-10° Hz
the presence of sodium will lead to a strong
change in the dielectric properties. At first sight,
sodium has a big ionic radius and causes many
effects, leading to reduction in both conductiv-
ity and dielectric constant [10]. It decreases the
concentration of mobile charge carriers; reduces
the number of vacancies in A site. But also so-
dium provokes shifts in the crystal structure of
perovskite and has an ambiguous impact on re-
sulting properties [11-13].

Despite the long-lasting studies, there are
many open challenges regarding lithium con-
ductive perovskites. It is known, for example,
that synthesis of these ones is a complex and
hard task. Almost all of the existing works
concentrated on the final properties of ob-
tained materials without the understanding of
intermediate processes during the synthesis.
In this paper, we studied the formation and
changes of transitional phases during the La
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,Li . Na TiO, ceramics synthesis by solid-state
reactions technique in a temperature range
20-1300 °C as an attempt to clarify the nature
of these processes. In addition, we studied the
effect of increasing sodium concentration on
dielectric properties of La  _Li . Na TiO,.

EXPERIMENT AND DISCUSSION OF THE
RESULTS. Samples were obtained from stoi-
chiometric amounts of dried Li,CO, (Merck),
Na,CO, (Merck), La,O, (Aldrich 99.99%), and
TiO, (Aldrich 99 %) by solid-state reaction
technique. Li,CO, and Na CO, compounds
were dried at 300 °C, La,0, at 800 °C, and TiO,
at 600 °C. The mixtures of Li,CO,, Na,CO,,
La,0O,, and TiO, were ground in an agate mor-
tar with acetone, and calcined in air for 4 h at
1250 °C. The rate of temperature increase was
200 °C/hour. The phases were characterized by
X-ray powder diftractometry (XRPD) using
DRON-4-07 diffractometer (Cu Ka radiation;
40 kV, 20 mA). The calcined powders were
ground and pressed into pellets with a diame-
ter of 10 mm and a thickness of 6 mm under
a pressure of 500 kg/cm? (50MPa). The pellets
were sintered at 1300-1330 °C depending on
Na content (6 h). Finally, samples with 1 mm
thickness were cut out from prepared raw ce-
ramic.

In order to determine intermediate phases
duringsynthesis, isothermal heat treatment was
carried out in the temperature range from room
temperature (RT) to 1300 °C during 2 h. The
change in the phase composition was studied in
the temperature range 20-1100 °C by method
X-ray phase diffraction (XRD) analysis using
DRON-4-07 CuKa-radiation; 40 kV, 20 mA).
§iO, and AL O, were used as external standards
(for 20 and intensity).

Grain sizes of ceramic samples of
La .Li . Na TiO, system (where 0 < x < 0.5)
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were determined using a scanning electron
microscope JEM 10CX II (JEOL) and scan-
ning electron microscope SEC miniSEM
SNE 4500MB equipped with EDAX Element
PV6500/00 F spectrometer. Sintered cylindri-
cal pellets 10 mm in diameter and 2 mm thick,
with evaporated electrodes, were used for elec-
trical measurements.

Impedance spectroscopy measurements we-
re performed using a 1260 Impedance / Gain
phase Analyzer (Solartron Analytical).

Using X-ray powder diffraction analy-
sis it has been shown that single-phase sol-
id solutions in La Li . Na TiO, system are
formed at temperatures above 1200 °C (Fig. 1).
All samples of La Li . Na TiO, system have
rhombohedral (trigonal) symmetry with space
group R-3c. The parameters of the unit cell
were calculated by the full-profile Rietveld anal-
ysis. As can be seen from Fig. 2, the parame-
ters of the unit cell in the La Li . Na TiO,
system change by Vegard's law, which indicates
the formation of solid solutions. The increase
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in the volume of the unit cell with increasing
x is explained by the rise in the average ionic
radius in the lithium-sodium sublattice.
Intermediate phases of synthesis depending
on the temperature of calcination are presen-

ted in Table 1.
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Fig. 1. X-ray powder diffraction analysis of
La  Li ., NaTiO, at x = 0.2, calcined at different
temperatures. Marked phases La Li ,Na TiO, (0),
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Fig. 2. Dependence of the unit cell parameters a, ¢ (a) and unit cell volume V (b) of La .Li . Na TiO,

on X.
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Table 1
Phase composition of powders in the La  Li , Na TiO,system

T, °C x=0 x=0.2 x=0.5
20-400 Li,CO,, TiO, La(OH),  NaCO, Li CO, TiO,, La(OH), TiO,, Na,CO,, La(OH),
500 TiO,, L, TiO,, La,0,CO, TiO,, Li,TiO,, Na CO,, La,0,CO, TiO,, Na,CO,, La,0,CO,
600 TiO,, Li,TiO,, La,O, TiO,, Li, TiO,, Na,CO,, La,0,CO, TiO,, Na,CO,, La,0,CO,
800 TiO,, Li,Ti,0,, La, Ti,0, TiO,, La0,CO,, La,0,, LiTiO,, TiO,, La,0,CO,, LaO

275 273 23
NazTiZOS, NazTi3O7 NazTiZOS, NaZTiSO7, NaZTiO3
900 TiO,, .La2.03, o TiO,, ‘Laz.OS, La%Ti?O7, o TiOz,‘Lazos, Na‘ZTiZOS,
Lao'5L10'5T103, L12T1205, La0‘5L10‘5T1O3, L12T1205, L12T13O7, Na2T13O7, Na2T103
Li,Ti,O.,, La,Ti O, Na,Ti,O,, Li, Ti,O,,
1000 TiO,, La,0,, TiO,, La,0,, La,Ti,O,, TiO,, La,0,, La,Ti,0O.,
L_ao.s'Lio.STios’ PiZTiZOS, LaOISL.iOISTiOy L%ZTiZOS, L.iz”'Fi307, NazT%ZOS, Na,Ti,O,, Na,TiO,,
L12T13O7, La2T1207 Na2T1205, Na2T103, NaL1T13O7, Na 4T15012
Li,Ti,O,,
1100 LizTi?OS, La  Li TiO,, Li,Ti,O,, NaZTiZOS, .LaOISLiOISTiOy Na,Ti,O,, LazTiZO7,
La2T1207 LaOASNaOASTlOy La2T1207 LaOASNaO‘STlo3
1200 La Li .TiO, La Li ,Na TiO, La Li TiO,, La Na TiO,
LaOASNaOASTiO’j
1300 La Li .TiO, La Li ,Na TiO, La  Na TiO,
% La,0, ¥5x Na,CO, TiO, (%-¥sx) Li,CO4
20-400°C |+H,0 I 500-600°C
Ya-Yax —
V2 La(OH); (%a-Yax) Li,TiO;
500-800°C |+CO, 700-800°C « ] 700-800 °C
1 g Y Va-VaX
% La,0,C0, 7:x Na,Ti,05 0 - (%-¥x) Li,Ti,Oc
800-300°C 800-1000°C k\ 900-1000°C
% La,0, vix Na,Ti;0, (%-¥sx) Li,Tis0,
850-1000°C
% La,Ti,0, %
900-1100°C 900-1100°C
2x LagsNag sTiO 1-2x) Lag sLiy s TIO
0.5 ] 0.5 3 1200-1250°C ( ) OI.S 0.5 3
v

LagsLigsNa,TiOs

Fig. 3. Scheme of the La Li ., Na TiO, solid solutions synthesis by the solid-state reaction technique.
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The scheme of phase transformation occur-
ring during La _Li . Na TiO, synthesis by the
solid-state reaction technique is presented in
Fig. 3.

Synthesis by the solid-state reaction tech-
nique is a complex and multi-stage process.
At room temperature in contact with air La O,
absorbs water and forms lanthanum hydroxide
La(OH),:

La,0,+ 3H,0 249" 71a(OH),

At higher temperatures, lanthanum hydro-
xide intensively adsorbs carbon dioxide pro-
ducing lanthanum dioxycarbonate.

2La(OH), + CO, 50-80°C T.a 0,CO, + 3H,0

Titanium (IV) oxide react with lithium car-
bonate to produce lithium metatitanate and
carbon dioxide:

Li,CO, + TiO, 500-600°¢_Li TiO, + CO,T

In the temperature range from 700 to
800 °C a reaction between lithium metatitanate
and titanium (IV) oxide and the formation of
Li,Ti,O, takes place.

Li,TiO, + TiO, 700-800°¢ Li Ti O,
Na,CO, + 2Ti0, 2% Na Ti,0, + CO,T

Decomposition of lanthanum dioxycar-
bonate leads to La,O, formation:

La,0,CO, 205 12 0.+ CO,T

Complicated parallel processes of Na Ti,O,
formation can be presented by:

. . 800-1000 °C :
Na,Ti, O, + TiO, «—— Na Ti,O,
Formation of La,Ti,0, occurs during the re-
action between lanthanum hydroxide and tita-

nium (IV) oxide:
La,0, + 2TiO, $39-1000°¢ 12 Ti,0,

https://ucj.org.ua

Li,Ti,O, phase reacts with La Ti,O, to form
La Li TiO,

Li,Ti,O, + La,Ti,0, 201105 41 Li TiO,

At the same time parallel processes of
Li,Ti,O, formation/decomposition occur:

Li2T1205 + TiO2 900-1000 °C Li2T1307
NazTiZO5 + LazTizo7 800-1100 °C 4La0‘5Naoi5TiO3

After all, solid solution La [Li . Na TiO,
is formed by the interaction of two perovskite
phases of La ,Na TiO,and La .Li ,TiO,:

xLa Na TiO,+ (1-x)La Li ,TiO, 01207

1200-1250 °C . .
<———La Li . NaTiO,

Fig. 4 shows SEM photographs of
La Li, Na TiO, samples. The grain size of
ceramics in La Li . Na TiO, solid solutions
decreases from 4.5 to 3.5 um for x = 0.15 and
0.35, respectively. Sintering reduces surface
area by growing bonds between contacting
particles during heating. Due to random ori-
entations of the particles, the bond forms with
an embedded grain boundary accommodating
the crystal disorientation between particles.
Effectively, early sinter bonding replaces sur-
face area with a lower energy of grain bound-
ary area. As surface area is annihilated, the
driving force of the process declines, resulting
in slower sintering rates. Mass transport mech-
anisms act a great role during sintering. From
one point of view, the sintering temperature of
La Li . Na TiO, rises with x and this must
lead to an increase in grain size of ceramics.
On the other hand, the solid solution contains
elements Li and Na that tend to evaporate at
high temperatures, resulting in the forma-
tion of vacancies. Evaporation from the grain
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boundary leads to a decrease in the mass trans-
fer of the substance, which in turn leads to the
appearance of smaller grains [14, 15]. The im-
portance of small grain size is illustrated in

10" 10" 10° 105/ Hz

terms of the increased dielectric constant of
barium titanate and reduced sensitivity of it to
temperature [16].

10" 10" 10° 10° f,Hz

Fig. 5. a - Frequency dependence of dielectric constant La Li . Na TiO, solid solutions at x = 0(1),
0.1(2), 0.2(3), 0.3(4); inset: the dependence of the dielectric constant on x at a frequency of 1 Hz. b - Fre-
quency dependence of dielectric loss tangent in La  Li , Na TiO, at x = 0(1), 0.1(2), 0.2(3), 0.3(4).

Fig. 5 shows the frequency dependencies of
the dielectric constant (Fig. 5a) and dielectric
loss tangent (Fig. 5b) at room temperature. So-
lid solutions La .Li . Na TiO, with a sodium
concentration less than x < 0.25 exhibit high
dielectric constant € > 10° at low frequencies
(f < 10 Hz). At x = 0.3 the dielectric constant
gradually decreases, which may be associated
with a decrease in the grain size (Fig. 4) and
an increase in the total number of grains in the
ceramic sample. The mobility of lithium in the
grain core is greater than at the grain boun-
dary [16]. As the grain size decreases, the pro-

20

portion of grain boundaries increases, which re-
duces the contribution to polarization, and the
dielectric constant decreases. The dielectric loss
tangent (which is determined by the dissipation
of energy due to the movement of charges) de-
creases with an increase in the sodium concen-
tration at frequencies f > 10° Hz (Fig. 5b). As can
be seen from Fig. 5a, the value of the dielectric
constant in the La ,Li . Na TiO, system passes
through a maximum in the La ,Li ,Na TiO,
solid solution. It is known that in solid solutions
where lithium is gradually replaced by sodium
in the lanthanum sublattice, the mobility of
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lithium decreases. On the other hand, an in-
crease in the amount of sodium increases the
unit cell volume, which expands the distance
by which the charge carrier can move (Fig. 2).
Described above factors lead to contradictory
effects that explain the maximum conductivity
in the La _Li Na  TiO, solid solution. As at x
= 0.1 concentration, the number of vacancies
and charge carriers Li* is still quite large and
there is no Li-ion conduction, which leads to
high dielectric response.

CONCLUSIONS. The structure of

La .Li . Na TiO, perovskites, with 0 < x < 0.5,
has been deduced with the Rietveld method. It
has been found that an increase in x leads to the
rise in unit cell volume that can be explained by
the rise in the average ionic radius in the lantha-
num sublattice. Using X-ray powder diffraction
analysis, it has been found that at the first stage
two phases of La Li . TiO, and La Na .TiO,
are formed while synthesis of La ,Li . Na TiO.,.
The final solid solution is formed by the in-
teraction between lithium-lanthanum titanate
and sodium-lanthanum titanate. Intermediate
main phases during solid-state reaction synthe-
sis are La 0,CO,, Li,TiO,, Na Ti O, Na, Ti,O.,
Li,Ti,O.. Using SEM it has been shown that
grain size of ceramics in La Li . Na TiO, so-
lid solutions decreases from 4.5 to 3.5 um for
x = 0.15 and 0.35, respectively. Impedance
spectroscopy has been used to analyze dielectric
permittivity and as a result lithium mobility in
La  Li . Na TiO,system. Thedielectric constant
passes through a maximumin La ,Li ,Na  TiO,
ceramic. This can be explained by the increase
in lithium ions mobility due to the growth of
unit cell volume which makes a contribution to
the polarization and leads to the maximum va-
lue of dielectric constant in these materials.

https://ucj.org.ua
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TBepsi po3uMHM Ha OCHOBi TUTAHATy Jli-
Tifo-Harpito-manTany La Li . Na TiO, cun-
Te30BaHO METONOM TBepAo(dasHUX peakliil 3a
TeMriepaTyp noHaz, 1200 °C. 3a zornomoromo me-
TOJly PEHTIeHiBCbKOi HMOPOIIKOBOI Aydpaxiiii
BU3HAYEHO IMTOC/Ti/IOBHICTD peakllili, 1o Bifby-
BAIOTbCA IIiJ] 9ac CMHTE3Y. BcTaHoB/IEHO, 10 Ha
neputomy eramni cunresy La Li . Na TiO, ine
OJJHOYACHE YTBOPEHHA IBOX IEPOBCHKUTHMX
¢as Lao,5L10,5T103 Ta LaO)SNaO’STlOy Kinnesmnii
TBEPAUII PO3YMH YTBOPIOETbCA IPU B3aEMO-
Oil MDK TUTAHATOM JIiTiIO-JIaHTaHy Ta TUTaHa-
TOM HaTpilo-maHTaHy. OCHOBHMMM IIPOMIX-
uumu asamu € La,0,CO,, Li, TiO,, Na,Ti,O,,
Na Ti,O, LiTi,O.. 3a pomomorow Mmertoxy
PirBenbaa 6y/0 BM3HaYeHO MapaMeTpy KPUCTa-
niqHoi crpykrypu La  Li . Na TiO,. Vci 3pas-
ku cuctemu La Li _Na TiO, maotb pomboe-

0,57 0,5x X 3
IpUYHY (TPUTOHAIbHY) CUMETPIIo 3 IIPOCTOPO-
BoI0 rpynowo R-3c. ITapamerpn enemeHTapHOI
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KOMIpKM B CUCTe€MI THUTAHATIB JIiTir0-HATPi-
10-JIAaHTAHY 3MiHIOIOTbCA BiJJIIOBITHO [IO 3aKOHY
Berappa, 110 cBifuuTh IPO yTBOPEHHA TBEPANX
PO3uMHiB. 3HaileHO, 10 30iTbLIEHHS X IpU-
3BOJMTD [0 301/IbIIEHHS 06’€MY eleMeHTapHOI
KOMIpKM, IJ0O MOXXHa IOSCHUTU 3POCTAaHHAM
CEpeHbOrO IOHHOIO pajiyca B IMiAIpaTLi 1aH-
TaHy. 3a JOIOMOIOKI €IeKTPOHHOI MiKpOCKO-
Iil TIOKa3aHo, 110 PO3MIp 3€PeH 3MEHIIYEThCA
3i 36inbennam x y cucremi La  Li Na TiO,.
MexaHi3M1 MacOBOTO TPAHCIIOPTY BiflirparoTh
BEJIVIKY POJIb IIiJ] 4ac CIiKaHHA. 3 OIHOTO 60Ky,
Temmeparypa crikanus La Li ;. Na TiO, mig-
BUIYETHCA 3 X, 1 Ije IOBMHHO IIPU3BECTU JIO
30i/IbIIIEHHS pO3Mipy 3epeH KepaMiku. 3 iHIIo-
ro OOKy, TBepAil PO3YMH MiCTUTb iOHU JITiIO
1 HaTpiro, AKi MalOTb TEHJEHLII 4O BUIIAPO-
ByBaHHS 33 BUCOKNMX TeMIepaTyp, L0 Ipu-
3BOJUTD JJO YTBOPEHHA BaKaHCill. Y TBOPEHHA
BAKaHCIil Ha IPAaHULIAX 3€pEH IPUSBOANUTD O
3MEHIIIEHHs] MacOOOMIHY pedOBUHH, IO, CBO-
€10 4Eproo, IPU3BOAUTDL JO TOABY MEHIINX
3a posMipoM 3epeH. IlokasaHo BIIMB po3Mmi-
Py 3€peH KepaMiKy Ha Jjie/IeKTpU4Hi XapaKre-
PUCTUKN. 32 IOIIOMOTOI0 METOZY iMIIelaHCHOI
CIIEKTPOCKOIIl Oy/I0 BMBYEHO [jie/IeKTpUYHi
BractuBocti B cycremi La Li . Na TiO,. Ilo-
Ka3aHo, 1110 3Ha4Y€HHA JIie/IeKTPMYHOI IIPOHNK-
HOCTi IIPOXOIUTD Yepe3 MaKCMMYM Yy KepaMilli
La Li Na TiO,. [le MOXXHa MOACHUTY Beu-
KOIO Ki/IbKICTIO iOHiB JTiTif0 Ta 3011bLIEHHSM IX-
HBOI PYyX/IMBOCTI BHACIIJOK 30i/bIIeHHs 06’€-
My €JIeMEHTapHOI KOMIPKH, 1110 [la€ BENVKMUIA
BKJ/IaJ]y TOIAPU3ALIIO i IPU3BOAUTH 10 MAKCH-
MaJIbHOTO 3HA4YE€HHs JielIeKTPUMYHOI IPOHMK-
HOCTI B LJIX MaTepiajiax.

Knro4oBi cmoBa: TBepamii po3yuH, TUTa-
HaT JIiTil0-HATPilO-JIaHTaHY, IEPOBCbKUT, Me-
TOJl, KOMIIJIEKCHOTO iMIIe[JaHCY, TiraHTChbKa Ii-
€/IeKTpUYHa IPOHUKHICTb.
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