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Abstract—A perovskite phase with the composition Lij 33La 5;Ti05 modified with up to 7 wt % Bi,03, SiO,,
Li;PO,, or Li;BO; has been prepared by solid-state reactions. The samples in the LLTO—-Li;PO,, LLTO—
Bi,03, and LLTO—-SiO, systems were single-phase over the entire composition range studied. In the LLTO—
Li;BOj system, increasing the lithium borate concentration causes a transition from a defect perovskite struc-
ture to the layered perovskite-related structure of Li,La,Ti;Oq. The addition of Bi,O5 and Li;PO, has been
shown to increase the total conductivity of the ceramics by almost one order of magnitude. Li;BO3, LisPO,,
Bi,03, and SiO, additives improve the sintering behavior of the Li; 353La, 5;TiO5 ceramics.
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INTRODUCTION

Lithium-ion-conducting materials are of great
interest because they are potential candidates for use
as electrolytes and electrodes in batteries for memory
devices, displays, sensors, etc. [1, 2]. It is known that
the basic requirements for electrolytes are high ionic
conductivity, low electronic conductivity, chemical
and electrochemical stability, safety, and a wide oper-
ating temperature range [3, 4]. Low ionic conductivity
is a major obstacle to the commercialization of inor-
ganic solid electrolytes.

At present, promising crystalline inorganic lith-
ium-ion solid electrolytes include lithium lantha-
num titanates with a defect perovskite structure,
Lis,Lay/3) - J[da/3) - 21105 (LLTO) (0 <x <0.16) [5].
The x = 0.11 material possesses high room-tempera-
ture ionic conductivity: 6 ~ 1077 to 10~* S/cm (E, =
0.3—0.4 eV). Its high ionic conductivity is due to the
presence of A-site vacancies, which are responsible for
lithium ion transport [6]. Ionic conduction is ensured
by Li* ion motion through the vacancies. The grain-
boundary conductivity of LLTO is known to be two
orders of magnitude higher than its bulk conductivity
[7, 8]. It is, therefore, important to improve its grain-
boundary conductivity. Grain boundaries always have
higher defect density than does the grain bulk.
Because of the considerable defect density, there is a
surface potential barrier, referred to as a Schottky bar-
rier [9, 10]. It is known that an applied electric field
can reduce the Schottky barrier. The interface in a

conductor—dielectric system has a space charge,
which can reduce the Schottky barrier. In theoretical
studies [9, 10], Maier evaluated the effect of space
charge on the height of Schottky barriers in M—MX
conductor—dielectric systems. His results suggest the
possibility of raising the grain-boundary conductivity.

As shown by Liang et al. [11], coating Lil grains
with an 0-Al,O; dielectric layer considerably increases
their electrical conductivity. However, we have found
no reports on such studies for lithium ion conducting
oxide systems. It is, therefore, of interest to investigate
a lithium ion oxide conductor (LLTO)/dielectric
(Si0,) system. It is also possible to choose a dielectric
additive with a low melting point (Bi,0;). Given that
grain-boundary defects originate to a significant
degree from lithium oxide vaporization during high-
temperature sintering, it is of interest to use lithium-
containing low-conductivity additives capable of low-
ering the sintering temperature, for example, Li;BO;
and L13PO4

The purpose of this work was to study the effect of
Bi,0;, SiO,, Li;BO;, and Li;PO, additions on the
microstructure and  electrical properties  of
Lij53La, 5, TiO5 with a defect perovskite structure.

EXPERIMENTAL

Synthesis of LLTO powder. LLTO defect perovskite
powder was prepared by solid-state reaction. The syn-
thesis procedure was described in detail elsewhere [5].
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Fig. 1. Portions of X-ray diffraction patterns of (a) LLTO—Bi,03, (b) LLTO—-SiO,, (c¢) LLTO—Li3POy, and (d) LLTO—-Li;BO;3
ceramics containing (/) 0, (2) 1, (3) 3, (4) 5, and (5) 7 wt % additives.

The starting chemicals used were extrapure-grade lith-
ium carbonate (Li,CO;), LO-1 lanthanum oxide
(La,05), and extrapure-grade titanium dioxide (TiO,).
The lithium carbonate and lanthanum oxide powders
were first dried for 4 h at temperatures of 350 and
850°C, respectively, to remove residual water and
absorbed CO,. Immediately after drying, the powders
were weighed. The resultant mixture was for 2 h with
zirconium balls and then heat-treated at a temperature
of 850°C for 4 h. After additional milling, the mixture
was reacted at 1050°C for 2 h. The resultant single-
phase material was ground in a planetary mill for 4 h at
650 rpm.

Synthesis of LLTO—Bi,O; samples. To prepare
LLTO—Bi,0; samples, bismuth oxide was predried at
a temperature of 600°C [12]. The synthesized LLTO
powders were mixed with Bi,O5 (1, 3, 5, and 7 wt %).
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Synthesis of LLTO—SiO, samples. The synthesized
LLTO powders were coated with a SiO, layer [13]. To
activate the grain surface, wet LLTO powder was
stirred for 2 h using a mixture of tetrachloromethane
(CCl) and ammonia as a dispersion medium. Next,
reagent-grade tetraethyl orthosilicate, Si(C,H;0),,
was added and the suspension was stirred for 10 h. The
resultant mixture was dried at 150°C. We prepared
LLTO samples containing 1, 3, 5, and 7 wt % SiO,.

Synthesis of LLTO-Li;PO, samples. Lithium
orthophosphate, Li;PO,, was presynthesized by neutral-
izing orthophosphoric acid, H;PO,, with an excess of a
saturated reagent-grade LiOH solution. The resultant
precipitate was dried at a temperature of 150°C for 5 h
and then calcined at = 650°C for 2 h. The LLTO pow-
ders were mixed with 1, 3, 5, and 7 wt % Li;PO,.

Synthesis of LLTO-Li;BO; samples. Lithium
borate, Li;BO;, was prepared as described by Shingo
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Fig. 2. Schematic illustrating the transition from the defect perovskite structure of Lij 33La, 57,TiO5 to the layered perovskite-

related structure of Li,La,TizOy.

Ohta et al. [16]. A 2 : 3 mixture of analytical-grade boric
acid (H;BO;) and extrapure-grade lithium carbonate was
reacted in a platinum crucible at # = 850°C for 10 h. The
resultant lithium borate, Li;BO;, was mixed with the
LLTO powder (1, 3, 5, and 7 wt % Li;BO;).

The LLTO-Bi,0;, LLTO-Si0O,, LLTO-Li;BO;,
and LLTO-Li;PO, samples were homogenized by
grinding in a vibratory mill under ethanol and dried.
After that, an aqueous 5% poly(vinyl alcohol) solution
was added. After pressing (d = 14 mm, p = 80 MPa),
the compacts were isothermally heat-treated at tem-
peratures in the range 1120—1230°C for 4 h.

X-ray powder diffraction patterns were collected
on a DRON-4-07 X-ray diffractometer (Ni-filtered
CuK,, radiation) in the angular range 26 = 10°—150°
with a scan step of £0.04° and a counting time per data
point of 6 s. As external standards, we used SiO,
(20 calibration) and Al,O; (intensity standard).

The microstructures of the polycrystalline samples
were examined on a scanning electron microscope
(SEM) (JEOL JSM-6490LV, Japan) equipped with an
INCAEnergy+ integrated electron probe analysis sys-
tem based on energy- and wavelength-dispersive spec-
trometers (EDS + WDS, Oxford Instruments, United
Kingdom) and with an HKL Channel detector
(Oxford Instruments).

In electrical measurements, we used 1.5-mm-thick
samples. Silver metal contacts were made by firing sil-
ver paste (Duponte, USA) at 600°C. Impedance mea-
surements were performed in the range from 100 Hz to

1 MHzin dry air using a 1260 A impedance/gain phase
analyzer (Solartron Analytical, United Kingdom).

RESULTS AND DISCUSSION

Bi,0;, Li;PO,, and Li;BO; are known to have low
melting points: 825, 837, and 840°C, respectively.
Accordingly, these additives made it possible to reduce
the sintering temperature of ceramics by 60°C in the
case of the LLTO—Bi,0; and LLTO—Li;BO; systems
(from 1230 to 1170°C) and by 110°C in the case of the
LLTO-Li;PO, system (from 1230 to 1120°C). In the
LLTO-SiO, system, the sintering temperature of

ceramics remained unchanged because of the high
melting point of SiO, (1728°C).

Figure 1 shows X-ray diffraction patterns of the
LLTO samples containing Bi,0s, SiO,, Li;PO,, and
Li;BO; additions after sintering at various tempera-
tures. In the composition range studied (<=7 wt %),
the LLTO—Bi,0; (Fig. 1a), LLTO-SiO, (Fig. 1b),
and LLTO-Li;PO, (Fig. 1c) samples are single-
phase: there are only reflections from a perovskite
phase.

In the case of LLTO with Li;BO; additions
(Fig. 1d), the amount of the layered perovskite phase
Li,La,Ti;O,, increases with increasing lithium borate
concentration and the sample containing 9 wt % Li;BO,
consists of Li,La,Ti;O,, and trace levels of TiO,. The
formation of a layered perovskite compound which is
the third member (» = 3) of an A, , |Ti,0;, + ; Rud-
dlesden—Popper series can be thought of (Fig. 2) as

INORGANIC MATERIALS  Vol. 53

No.3 2017



EFFECT OF IMPURITIES 329

V,A3
391 -
390 | 4
389 L
3
350 | 2
1
349 | 4

wt % additive

Fig. 3. Unit-cell volume as a function of additive concen-
tration in the (/) LLTO-Bi,03, (2) LLTO-SiO,, (3)
LLTO-Li3POy, and (4) LLTO—-Li3BOj; systems; (4*) lay-
ered perovskite phase.

the incorporation of lithium ions into every third layer
of TiOg octahedra in the perovskite structure, which is
accompanied by the generation of considerable

mechanical stress in these layers. The mechanical
stress leads to breaking of some bonds in the layers of
TiO4 octahedra [17], the formation of octahedron
chains in the layered perovskite structure [17], and
partial precipitation of TiO, as a second phase accord-
ing to the scheme

LiyLags _ ,TiO; + 2/3(1/3— 2x)Li;BO;
= (2 — 3x)/6Li,La,Ti;0,, + 3/2x + TiO,
+1/3(1/3 — 2x)B,0s.

The structural parameters of all the LLTO samples
containing Bi,0;, Si0O,, Li;PO,, and Li;BO; additions
were determined by the Rietveld profile analysis
method (Fig. 3). The results demonstrate that the
unit-cell volume decreases with increasing Bi,O; (Fig. 3,
line 7), Li;PO, (Fig. 3, line 3), and Li;BO; (Fig. 3, line 4)
concentrations. In the case of SiO, additions (Fig. 3,
line 2), the unit-cell volume increases because raising
the temperature leads to the formation of a TiO,/SiO,
layer on the sample surface. This gives rise to devia-
tions from stoichiometry in the inner structure
because of the decrease in lithium concentration and
the increase in lanthanum concentration. Accord-
ingly, the total conductivity decreases.

Fig. 4. Micrographs of the (a) LLTO, (b) LLTO—Bi,05 (3%), (c) LLTO—Bi,05 (7%), (d) LLTO—SiO, (3%), (¢) LLTO—SiO,
(7%), (f) LLTO—Li;PO, (1%), (2) LLTO—Li;PO, (5%), (h) LLTO—Li;BO; (1%), and (i) LLTO—Li;BO; (3%) ceramics.

INORGANIC MATERIALS  Vol.53 No.3 2017



330

LINEVA et al.

10g Gyar [S/cm] (a) log Gy [S/em]  10g 6o [S/cm] (b) log Gy [S/cm]
—4
5x 107 1525x 1074 45x%x10
i 1 ] 5x 1070} ]
13.5x 1074 I . .
5x 1070 P ., I 15%10
] 5x1077 | I ]
] -4 I 1
5 % 10—7 L «— 1.75 x 10 . 3% 10—6
i . P ]
L 1 1 S x 10_8 L 1 1 1 1
0 2 4 8 0 2 4 8
wt % additive wt % additive
102 Gya [S/cm] () log Gy [S/cm]  10gGygiy [S/cm] (d) log oy [S/cm]
i —4
5x 10761 1>>10 :
C I 5 X 10_ C _
— > L 7 *: 5 x 10 >
| 15%107° .,
5x 10771 1> 5% 108 2 -6
:4— 2 x :747 - 5 X 10
| 15%1076
5x1078L ] 5x107%L 45x1077
0 2 4 6 0 2 4 6 8

wt % additive

wt % additive

Fig. 5. (/) Bulk conductivity and (2) total conductivity as functions of additive concentration in the (a) LLTO—Bi, 03, (b) LLTO—

SiO,, (c) LLTO—-Li3POy, and (d) LLTO—Li3BOj5 systems.

Figure 4 shows micrographs of Lij3;La, s, TiO;
ceramics without additives and with different concen-
trations of Bi,O; (3 and 7 wt %), SiO, (3 and 7 wt%),
Li;PO, (1 and 5 wt %), and Li;BO; (1 and 7 wt %).
The addition of Bi,O; (Figs. 4b, 4c), SiO, (Figs. 4d, 4e),
and Li;PO, (Figs. 4f, 4g) leads to changes in the
microstructure of the LLTO perovskite material.
Increasing their concentration increases the density of
the material. Moreover, the average grain size
decreases with increasing additive concentration: from
~2—2.5 um in the additive-free material to 500 nm at
7 wt % additives. In the LLTO—Li;BO; system, the
grains were platelike in shape (Figs. 4h, 4i).

Figure 5 shows composition dependences of room-
temperature electrical conductivity for LLTO contain-
ing various concentrations of the additives. In the
LLTO—Bi,0; system, increasing the bismuth oxide
content from 0 to 3 wt % increases the total conductiv-
ity (Oyrar) Of the materials by almost one order of mag-
nitude, from 8 x 107 to 6 x 10-° S/cm (Fig. 5a, curve 2),
whereas the bulk conductivity (G,,,) remained
unchanged (3 = 0.2 X 10~* S/cm) (Fig. 5a, curve I).

Since the total conductivity of a material depends on
both its bulk conductivity and its grain-boundary con-
ductivity, the increase in total conductivity on the
addition of 3 wt % Bi,0; can be tentatively attributed
to the increase in grain-boundary conductivity
because of the decrease in Schottky barrier height.
Further increasing the Bi,O; content (from 3 to 7 wt %)
reduces both the total conductivity and bulk conduc-
tivity, to 3 x 10~% and 1.6 x 10~* S/cm, respectively.

In the LLTO—-Si0O, system, increasing the additive
concentration (from 0 to 8 wt %) reduces both the total
conductivity (from 2.3 x 10~°to 1.75 x 10~7 S/cm) and
bulk conductivity (from 2.58 x 10~*to 1 x 107> S/cm)
(Fig. 5b). This suggests that the addition of silicon
dioxide leads to blocking of Li* ion motion.

In the LLTO—-Li;PO, system, the total conductiv-
ity passes through a maximum, like that in the LLTO—
Bi,0; system. The addition of 1 wt % lithium phos-
phate (Fig. 5c, curve 2) increases the total conductiv-
ity of the material from 7 x 10~7 to 3 x 107% S/cm,
whereas the bulk conductivity remains unchanged:
O = (2 £0.25) x 10~* S/cm (Fig. 5¢, curve ). Like
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Fig. 6. Arrhenius plots of (7, 2) bulk conductivity and (3, 4) total conductivity for the (a) LLTO—Bi,03, (b) LLTO—-SiO,, (c)
LLTO-Li5POy, and (d) LLTO—Li3BOj5 systems; (7, 3) no additive, (2, 4) 3 wt % additive.

in the case of LLTO—Bi,0;, the increase in grain-
boundary conductivity is attributable to a decrease in the
height of Schottky barriers on the addition of <1 wt %
Li;PO,.

In the LLTO—Li;BO; system (Fig. 5d), both the
bulk conductivity and total conductivity decrease with
increasing lithium borate concentration (G, from

2.2 x 107*to 4 X 10~ S/cm and G, from 7.5 x 10~/

to 4 x 10~8 S/cm). The reason for this is that the elec-
trical conductivity of the layered perovskite phase is
lower than that of the defect perovskite.

The activation energy E, was evaluated from tem-
perature dependences of electrical conductivity for the
ceramics containing various percentages of Bi,O;,
SiO,, Li;PO,, and Li;BO; (Fig. 6). The activation
energy for bulk ionic conduction was determined to be
0.33—0.34 eV, and that for total conduction (grain-
boundary and bulk conductivity), 0.39—0.40 eV. These
values are typical of lithium-ion conductors [18] and
are insensitive to the additives. This strongly suggests
that the additives are not incorporated into the struc-
ture of LLTO.
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CONCLUSIONS

A perovskite phase with the composition
Liy 53La, 57, TiO; modified with various concentrations
of Bi,03, SiO,, Li;PO,, and Li;BO; has been prepared
by solid-state reactions. The samples in the LLTO—
Li,PO,, LLTO-Bi,0;, and LLTO-SiO, systems were
single-phase over the entire composition range stud-
ied. In the case of LLTO—Li;BOs;, the additive causes
a transition from the defect perovskite structure to the
layered perovskite-related structure of Li,La,Ti;O,.

Small amounts of the additives have been shown to
lower the sintering temperature from 1230 to 1170°C in
the LLTO—Bi,0; and LLTO-Li;BO; systems and
from 1230 to 1120°C in the LLTO—Li;PO, system.

We were able to raise the total conductivity of the
LLTO-BI,0; and LLTO-Li;PO, systems by almost one
order of magnitude, t0 Gy, = 6 X 10°and 3 x 10 S/cm,
respectively, whereas the bulk conductivity remained
unchanged. This can be tentatively accounted for in
terms of an increase in grain-boundary conductivity
due to a reduction in the height of Schottky barriers.
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