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Abstract—The structural features and electrophysical properties of lithium-conducting compounds having
defect perovskite structure based on Lij sLag sNb,Og and Lij sLa, sTiO5 were studied using X-ray diffraction
and synchrotron analyses, potentiometry, and complex impedance spectroscopy. Intercalated lithium was
found to differently influence ion conductance in titanium- and niobium-containing materials. This differ-
ence was found to arise from the structural features of the materials. The systems studied have high chemical

diffusion coefficients of lithium (D;;=1 x 10~ cm?/s for Li, sLay sNb,Og and D, = 3.3 x 10~7 cm?/s for

Lig sLag sTiO5).
DOI: 10.1134/S0036023611010232

Lithium-conducting compounds are of great inter-
est as materials for solid-state rechargeable lithium
batteries having high energy contents and working volt-
ages [1, 2]. Of such the materials, high room-temperature
conductivity (on the order of 10~3 to 20~ S/cm) is found
in perovskite compounds (ABQO;), specifically, lithium
lanthanum titanates Liy, La, 5 _ [, 5 _»,TiO; (LLTO) and
lithium lanthanum niobates LiLa, s _ [y5 — 5 Nb,Og
(LLNO), where [J stands for a vacancy in sublattice A
[3, 4]. In the structure of these materials, there are cat-
ionic vacancies distributed over sublattice A that influ-
ence lithium-ion conductance. The concentration
variation of conductance in titanium-containing
(LLTO) samples is described by a percolation model
[5]. Conductance as a function of lithium concentra-
tion and vacancy concentration in the LLNO system
was studied [6]. Use of the aforementioned systems as
electrolytes in electrochemical engineering calls for
studying the influence of lithium intercalation on the
structure and properties of lithium-conducting mate-
rials.

In the LLTO system, studied were the existence
fields and electrophysical properties of intercalated
solid solutions [7, 8]. How unit cell parameters change
upon intercalation was studied [9]. Proceeding from
the obedience of conductance versus temperature in
LLTO to the Vogel-Tammann—Fulcher law [10, 11],
it is suggested that oxygen octahedra turn upon heat-
ing. Further, from dilatometric studies on
LiysLa, sTiO; (LLTO with x = 1/6), it was inferred that
a first-order phase transition can exist within the
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orthorhombic system in the temperature range of
880—915 K. From cyclic voltammograms [10], it was
deduced that intercalation is a reversible reaction and
occurs at potentials of about 1.5 V. Deintercalation
can be accomplished by a chemical method, namely,
by reaction with iodine in acetonitrile at 330 K for 72 h
[13]. In the same work, deintercalation in perovskites
led to Ti** oxidation accompanied by oxygen sorption
from air and oxygen reduction to O%>~ or Li,O elimina-
tion.

Single-phase samples in the LLNO system were
shown to exist when 0 <x <0.06. Cyclic voltammetry
showed that lithium intercalation started at 1.75 V and
was only partially reversible. The temperature varia-
tions of LLNO conductance were shown to obey an
exponential law with the activation energy of conduc-
tance being 0.35 + 0.03 eV for all samples.

The lithium amount increases in the course of
intercalation, which can, on the one hand, decrease
the amount of structural vacancies and, on the other,
change the charge in the titanium (niobium) sublat-
tice, namely reduce transition-metal ions to lower oxi-
dation numbers. All the aforementioned circum-
stances can have a considerable effect on both the
structural and the electrophysical properties of the sys-
tems under consideration. Therefore, it is of interest to
study the properties of materials both after intercala-
tion and after annealing intercalated samples in air,
this annealing being accompanied by Nb*+(Ti**) oxi-
dation, as the chemical compositions of a sample can
differ from its initial composition.
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In light of the foregoing, this work was intended to
study the structural and electrophysical characteristics
of intercalated and air-annealed intercalated titanates
and niobates having defect perovskite structures.

EXPERIMENTAL

The initial reagents used for the solid-phase syn-
thesis of LLTO and LLNO samples were Li,COj;,
La,0;, TiO,, and Nb,Oj5 (all of high purity grade).
Before use, La,0;, Li,CO;, and TiO, (Nb,Os5) were
calcined for 4 h at 1170, 870, and 670 K, respectively,
to free them from trace water and adsorbed gases.
Because of the high hygroscopicity of the compo-
nents, they were weighed to prepare a batch immedi-
ately after having been calcined. Homogenizing mill-
ing was performed in a vibration mill by means of
corundum milling bodies in aqueous solution for 4 h.
A predried (at 370 K) batch was subjected to isother-
mal treatment at 1350—1490 K with an exposure time
of 2 h. To analyze polycrystalline perovskite powders
for lithium, a weighed portion of finely divided ceram-
ics was admixed with a tenfold excess of K,S,0, and the
mixture was alloyed for 24 h on a sand bath. The alloy was
dissolved in acidified water. The solution was analyzed on
an SP-9 PueUnicom atomic-absorption spectrometer.
The determination error did not exceed 2%.

Products were identified by X-ray diffraction pat-
terns recorded on DRON-4-07 (CukK, radiation).
Unit cell parameters were determined by the Rietveld
full-profile analysis using X-ray diffraction and syn-
chrotron data. Synchrotron patterns were obtained at
the Max-Planck Institute for Chemical Physics of Sol-
ids (Dresden, Germany). Test samples for electro-
physical studies were 12 mm in diameter and were
compacted under 80 MPa/cm and sintered at 1520—
1620 K. Sintered samples were cut into disks 1 mm
thick. Lithium intercalation was carried out in a box
filled with an inert atmosphere. The electrodes used
were electron-beam-sputtered nickel (0.3—0.5 pm)
and copper rods with lithium pressed on. Current was
measured versus time in a potentiostatic mode (U =
0.1 V) on a PI-50-1 potentiostat. Electrophysical
properties were studied for as-sintered samples, inter-
calated samples, and oxidized intercalated samples.
Electrodes were formed by applying indium—gallium
paste. Impedance studies were carried out in the range
from 100 Hz to 1 MHz using a 1260A Imped-
ance/Gain-Phase Analyzer (Solartron Analytical).
The equivalent circuit and the values of its compo-
nents were determined by means of the Frequency
Response Analyser 4.7 program. Electronic conduc-
tance was derived from the voltage—current character-
istics of test samples with blocking platinum micro-
electrodes using an Electrometer/High Resistance
Meter 6517B (Keithley Instruments) digital electrom-
eter [15].
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RESULTS AND DISCUSSION

The test materials had as-batch compositions
Lig,Lag ¢ TiO;, LigsLagsNb,Og  and - Lij 3L, 5sNb,O.
The high-temperature synthesis was accompanied by
~30 mol % loss of lithium and attendant generation of
oxygen vacancies. Therefore, the actual compositions
of the materials used to study intercalation may be
written as LigssLaysTiO; 5 Lig4LlaysTiO5 g,
Lig3sLag sNbyOg 5, and LipyLagsNb,Og 5, respec-
tively, in agreement with previous results [16, 17].
Thus, lithium intercalation is performed into lithium-
deficient samples. In what follows, as-batch composi-
tions are given.

Figure 1 represents the plot of current strength / as
a function of time Tt measured in the potentiostatic
mode (U = 0.1 V) during lithium intercalation into
polycrystalline samples of as-batch compositions
LiysLa, sNb,O¢ and LiysLa,sTiO;. The plots feature
three portions. One portion, at 7 and 21 min since the
voltage application moment for LijsLa,sNb,O4 and
Liy sLa, sTiO;, respectively, is due to the / counterflow
of lithium in the Li-electrode—polycrystalline sample
direction until the diffusion interfaces join.

Inasmuch as charge transfer during the measure-
ments had a diffusion component and a drift compo-
nent, charge transfer was analyzed as effected by the
voltage applied. The mean-square displacement L of
particle during time T4y was related to the chemical
diffusion coefficient through the Einstein fundamen-
tal relation: L?>= 6Dt [18].

Assuming that the test sample is homogeneous, we
may write the equation for lithium ion drift velocity as
v = WE, where p is the charge carrier mobility and E'is
the electric field strength (£ = U/L). Proceeding from
the well-known relationship for diffusion and drift
coefficients D/u = kT/e, where k is the Boltzmann
constant, 7 is temperature, e is electron charge [19], and
using the Einstein relationship, we may estimate the ratio
between diffusion and drift times as T/t = Ue/6kT =
6 x 10°. This estimate shows that charge carrier trans-
port by drift under a voltage of 0.1 V is far slower than
transport by diffusion; that is, the drift component of
charge transfer may be ignored. Therefore, we admit
that, when lithium electrodes are applied to the two
sides of a sample, the lithium diffusion interfaces join
at a distance of about one-half the thickness of the
polycrystalline sample, i.e., one-half the distance
between the electrodes. The time taken to pass this
distance is a measure of the velocity of the diffusion
interfaces. Therefore, the lithium chemical diffusion
coefficient D .. was determined from the Einstein

relation on the assumption that L corresponds to one-
half the thickness of a polycrystalline sample.

The values of 1 x 10~¢and 3.3 x 10~7 cm?/s were cal-
culated by this relationship for D, .. in LiysLag sNb,Og
and LijsLa,sTiOs, respectively. The classical method
of galvanostatic titration used for calculatinng in
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Fig. 1. /-7 potentiostatic curves (U= 0.1 V) recorded upon lithium intercalation into () Liy sLay sNb,Og and (2) Lij 5Lag 5TiO5

samples.

LLTO gave similar values: D, . = 107%% to 107 cm?*/s

[7]. Therefore, the approach to calculating D, .. used
in this work may be regarded as adequate enough.

In the first portion (Fig. 1), the rise in conductance
is due to the shrinkage of an ionic conductance region
on account of an expanding near-electrode region
where both ionic and electronic components contrib-
ute to the conductance. The increase in electronic
component in the near-electrode region results from

the redox processes that occur during intercalation
and yield Ti** and Nb**:

Li—e — Lit+e,
Ti** 4+ e~ — Ti** in lithium lanthanum titanates,
Nb3* + e~ — Nb** in lithium lanthanum niobates.

The presence of Ti** and Nb*" paramagnetic cen-
ters, which are responsible for blackening of the sam-
ples, is verified by EPR spectroscopy [20, 21].

In the second portion, the current considerably
increases with time (Fig. 1) because of a considerable
increase in the electronic contribution to the overall
conductance. The diffusion and reduction of the tran-
sition-metal ions continue in the region where the dif-
fusion interfaces meet.

In the third portion (Fig. 1), /—t curves acquire sat-
uration, proving that lithium ion diffusion and the
attendant Ti** and Nb>* reduction is complete over the
entire bulk of the sample.

For reducing the contribution to electronic con-
ductance caused by the presence of Ti** and Nb** in
the intercalated samples, they were in addition heat
treated in air at 300—870 K for 6 h. As the heat treat-
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ment temperature increased, the resistivity of the
intercalated samples shifted up; saturation was
acquired at about 870 K. The samples, being dark
because of reduced titanium or niobium ions, grew
lighter over the entire bulk (as monitored visually over
the cleavage) due to the aforementioned redox pro-
cesses:

0, + 4e~ — 207,
Ti** — e~ — Ti** in lithium lanthanum titanates,
Nb* — e~ — Nb>* in lithium lanthanum niobates.

After lithium intercalation and annealing in air at
temperatures at which there is no noticeable lithium
loss, the deficit of lithium relative to stoichiometry was
as low as 2%; that is, the solid solution composition
may be written as Lijla,sTiO; _,, Lij oL, cT10;5_,,
Lip 49L2g sNb,Oq _,, and Lio_3lLaO.56N£206_y. Intercala-
tion practically compensates for the lithium deficit
caused by lithium volatility.

Tables 1 and 2 display the structural parameters of
initial (as-sintered) samples, lithium-intercalated
samples, and intercalated samples after oxidative heat
treatment for LLTO and LLNO systems, respectively.
The unit cell parameters of intercalated samples for
the systems under consideration differ considerably
from the parameters of the non-intercalated samples.
Specifically, intercalation considerably increases the
unit cell volume, presumably because of the appear-
ance of Ti** and Nb*" ions, whose ionic radii are
greater than Ti** and Nb** ionic radii, respectively, as
well as partial filling of vacant positions by lithium ions
which are intercalated into the perovskite structure.

No. 1 2011
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Table 1. Structural parameters of samples of the Lis,La, 5 _ , TiO3 system

Liy,Laj ¢TiO4 Liy sLa, sTiO4
Coglopr? N as-sintered gfter lithigm 2??&?;3?;23 as-sintered gfter lithigm ?)i"t?étoe)r(iiﬁizg
samples intercalation samples samples intercalation samples
Unit cell parameters, space group R-3c
a, A 5.4829(3) 5.4912(6) 5.4832(3) 5.475(5) 5.483(9) 5.476(4)
c, A 13.414(1) 13.398(2) 13.417(1) 13.41(3) 13.43(5) 13.41(2)
v, A3 349.23(4) 349.87(8) 349.35(4) 348.2(8) 349.8(15) 348.3(6)
Coordinates of ions
O: x/a | 0.473(4) ‘ 0.520(8) | 0.479(5) ‘ 0.467(3) 0.531(5) | 0.463(3)
Reliability factor
Ry, % 6.5 9.2 6.6 9.2 9.6 8.3
Ry, % 6.0 ‘ 8.2 ‘ 6.4 7.4 6.7 ‘ 7.4
Note: Ionic positions:La (6a) 0 0 1/4; Li (18d) % 0 0; Ti (6b) 00 0; O (18¢) x 0 %.
Table 2. Structural parameters of samples of the LisLa, 3 _ ,Nb,Ogsystem
Lij 3,Lag 5sNb,Og Lij sLay sNb,Og
Cogg)r? ¥ as-sintered e.lfter lithiqm 21}?&2}%2?;23 as-sintered a.lfter 1ithi1.1m 2??&2?02?523
samples intercalation samples samples intercalation samples
Unit cell parameters, space group, P4/mmm
a, A 3.897(1) 3.908(2) 3.9057(5) 3.898(3) 3.9079(6) 3.903(3)
c, A 7.893(2) 7.823(4) 7.821(1) 7.856(1) 7.829(1) 7.829(2)
v, A3 120.29(5) 120.63(9) 120.31(3) 119.4(1) 120.04(4) 119.3(1)
Coordinates of ions
Nb: z/c 0.2625(9) 0.253(2) 0.2543(9) 0.252(1) 0.249(2) 0.250(1)
O;:z/c 0.226(5) 0.205(5) 0.191(2) 0.215(3) 0.206(8) 0.220(5)
Reliability factor

Rg, % 8.1 9.5 8.4 9.6 9.2 6.6
Ry, % 6.5 6.5 7.2 7.4 8.9 5.3

Note: Ionic positions: La (1a) 00 0; Nb (2t) 2/ z; Oy (11) 214 0; O, (1h) Y2 %2 14, O3 (2s) 2 0 z; O4 (2r) 0 % z. Vacancy positions (1c) 00 %,

The unit cell volume increases both in low-lithium

samples (Liy,La,TiO; and Li, 3,La, 5sNb,Og) and in
samples having compositions near the solid-solution
boundary (LiysLa,sTiO; and LijsLa,sNb,Og). The
oxidation of intercalated samples in the systems under
study decreases the unit cell volume compared to the
intercalated samples (Tables 1, 2) because of the
degree of oxidation of Ti** and Nb*" increasing to Ti**
and Nb>*, respectively. The unit cell volume of the oxi-
dized samples becomes equal to the unit cell volume in
the samples before intercalation.
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Figure 2 displays unit cell volume versus tempera-
ture plots for the materials under study plotted by the
results of synchrotron studies. The trends of the plots
signify the nonoccurrence of structural phase transi-
tions in the system over wide temperature ranges.

Figure 3 displays the results of the complex imped-
ance study of lithium-conducting titanate and niobate
samples before and after intercalation and after oxida-
tive heat treatment. The resistance of intercalated lith-
ium lanthanum titanate and lithium lanthanum nio-
bate (curves 2) is far lower than for the as-sintered

No. 1 2011
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Fig. 2. Unit cell volume of (/) LiysLaysTiO3 and (2)
Lij sLay sNb,Og intercalated samples after heat treatment
in air for 6 h.

samples (curves /), which is explained by a consider-
able electronic term (Table 3) arising from the reduc-
tion of the transition-metal (titanium, niobium) ions
during intercalation. The electrophysical properties of
lithium-conducting ceramics after oxidation (curves 3)
are different. In the titanium-containing sample, the
resistance shifts up relative to the as-sintered (non-
intercalated) ceramics, whereas intercalated lithium-
containing lanthanum niobate after oxidation has a
lower resistance than before intercalation.

The aforementioned distinctions in electrophysical
properties may arise from the structural perovskite fea-
tures of the systems under consideration, primarily in
the lanthanum (lithium) sublattice. In the LisLa,; _
{173 - 2¢ 1105 structure with 3x = 0.5, ion transport is
hindered by the nonexistence of free vacancies for lith-
ium ions to migrate. Such vacancies, however, appear
upon sintering on account of the considerable lithium
loss, and the material acquires lithium conductance.
Vacant positions are filled in upon intercalation to
reduce lithium-ion conductance and enhance elec-
tronic conductance. Upon oxidation, the electronic
conductance term decreases as a result of reduction
('1*13+ —e — 'n4+).

In Lis,La, 5[5, Nb,Og where 3x = 0.5, there are
a great many free vacancies. Considerable lithium
losses are also observed in this system upon sintering to
be then compensated by intercalation. However, a fur-
ther increase in lithium content does not occur, as in a
crystal there is no possibility of balancing the excess
charge that could have been inserted by subsequent
lithium intercalation. For this reason, a considerable
amount of vacancies is saved in an intercalated LLNO
sample with 3x = 0.5 after the intercalation is over,
obviously enhancing intercalated lithium ion trans-
port in this system, whereas the LLTO system having a
relatively lower amount of vacancies is less favorable
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Fig. 3. Complex impedance curves for (a) Liy sLaj sTiO5
and (b) LijysLay sNb,Og ceramics: (/) as-sintered, (2)
lithium-intercalated, and (3) the same after oxidation. 7=
320 K.

for the migration of ions additionally intercalated into
the structure, partially blocking these ions in the per-
ovskite positions.

In summary, we have studied lithium intercalation
into polycrystalline samples of lithium-conducting
lanthanum titanates and niobates having defect per-
ovskite structures. We have shown that LijsLa, sNb,Og
and Li, ;L a, sTiO; have high lithium chemical diffusion

coefficients (D, .= 1 x 107 and 3.3 x 107 cm?/s,
respectively).
We have studied how intercalation influences the

structural parameters and electrophysical properties of
lithium-conducting systems. The change in unit cell
volume upon intercalation and upon oxidation of

No. 1 2011
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Table 3. Electron and ion conductance (o) in the perovskites
studied

_1 |As-sintered | After lithium Aft'e roxidation
o, S/cm . . of intercalated
sample intercalation
sample
Li0_5L30.5T103
Electronic 1.1x107° 2.4 %107 1.3x 107
Tonic 31x107° | 1.0x107* 1.9x 1073
Liy sLag sNb,Og
Electronic 1.1x107%| 2.0x107° 1.5%x 107
Ionic 0.5x 1073 4.0x107* 3.8x 1073

intercalated samples has been shown to arise primarily
from redox processes influencing the average ion size
in the titanium (niobium) sublattice) in perovskite
structures.

We have shown that the existence of a plurality of
vacancies and structural migration channels in the
niobium-containing system enhance intercalated lith-
ium ion transport in lithium-conducting lanthanum
niobate. Ion conductance values in lithium-interca-
lated LLNO after oxidative heat treatment are far
higher than in the as-sintered sample.
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