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提高钙钛矿结构锂离子导体晶界电导率的研究进展
吕晓娟，杨东昱，黄 珊，韩云凤
(华北电力大学(保定)环境科学与工程系，河北 保定 071000)
摘 要：多晶材料的锂离子传导是由晶界和晶粒共同决定的，而晶界部分固有的大电阻造成了总电导率较低。综述了提高晶
界电导率的研究进展，包括结构改性，A 位和 B 位的掺杂，添加绝缘的第二相以及掺杂锂离子传导材料。通过对已有研究成
果的综述发现：锂离子的浓度，锂离子的移动性和 A 位空位比晶界的数量对总电导率的影响更大，掺杂其他元素到 A 位和 B
位也有一定的效果；添加绝缘的第二相的效果受到其他因素如制备方法的影响而呈现较大的差异性；添加像 Li7La3Zr2O12,
Li2O-B2O3 和 Li3PO4 锂离子传导材料可以提高总电导率。最后对今后的发展方向作出了展望。
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A Review on Attempts to Improve Grain-Boundary Conductivity in
Perovskite Lithium Ion Conductors
LU Xiaojuan, YANG Dongyu, HUANG Shan, HAN Yunfeng
(Department of Environmental Science and Engineering, North China Electric Power University, Baoding 071000, Hebei, China)
Abstract: Lithium conductivity in polycrystalline materials is determined by the grains and grain boundaries. An intrinsically large
grain-boundary resistance results in a low total conductivity. This review represents recent work on the improvement of
grain-boundary conductivity in terms of structural modification, doping A and B sites, incorporating inactive second phases and
lithium-ion conducting materials. The concentration of Li ions and the mobility of Li+ and A-site vacancies have dominant effects on
the conductivity, compared to the grain boundary volume. Doping A and B sites with other elements are also effective. The
effectiveness of incorporating an inactive second phase is compromised by some factors like the preparation methods. Lithium
conducting materials, such as Li7La3Zr2O12, Li2O-B2O3 and Li3PO4, can improve the total conductivity. In addition, the prospects and
future direction for improving grain-boundary conductivity were also discussed.
Keywords: perovskite; lithium ion conductors; second phase; doping; grain boundary

Inorganic solid lithium ion conductors are potential
candidates for use as electrolytes, electrodes and
separators in batteries for memory devices, displays,
sensors, etc [1‒8] and have attracted wide attention
owing to advantages over organic liquid lithium ion
electrolytes, such as chemical and electrochemical
stability, safety, a wide operating temperature range
and a high resistance to shock and vibration. Promising

solid lithium ion conductors include perovskite type
Li3xLa(2/3)–x□(1/3)–2xTiO3 (LLTO where □ represents a
vacancy) (0<x<0.16), NASICON type Li(A 2P 3O 12),
Garnet type Li7La3Zr2O12, etc. The study of perovskite
Li3xLa(2/3)–x□(1/3)–2xTiO3 (0<x<0.16) dates back to the
1990s and its bulk conductivity at room temperature can be
as high as 10–3 S/cm for x=0.11[9], which is comparable to
that of organic liquid lithium electrolytes. However, the
major drawback of this kind of polycrystalline material is
low grain- boundary conductivity, which can be as much as
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two orders of magnitude lower than the grain conductivity,
resulting in a low total conductivity. To improve the
grain-boundary conductivity and therefore, the total
conductivity, significant efforts have been undertaken,
including doping with other elements, introducing second
phases, manipulating microstructures, etc.
The objective of this short review is to present
developments in the field of LLTO from a survey of the
most recent literature.

1
Crystallographic
perovskite LLTO

structure

of

Lithium lanthanum titanate, Li3xLa(2/3)–x□(1/3)–2xTiO3,
is derived from perovskite-type ABO3. A typical
perovskite structure consists of BO6 octahedra and A
cages formed by 12 oxygen ions belonging to the 8
octahedra. A is the larger La2+ and B is the smaller Ti4+ in
this case[10‒11]. Lithium, lanthanum and the vacancies all
occupy A sites. A schematic structure of the
pervoskite-type LLTO is shown in Fig. 1. The vacancies
on the A sites allow lithium ions to migrate from one
dodecahedral A-site cage to the next one through square
planar bottlenecks between the A sites.

Fig. 1

Fig. 2

Schematic structure of cubic perovskite-type LLTO

XRD pattern of Li3xLa(2/3)–x□(1/3)–2xTiO3 (x=0.11)
sintered at 1 400 °C for 4 h
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The ionic conductivity of a perovskite-type material is
dependent of the radius of the cations on the A sites, the
concentrations of the vacancies, and the mobility and
concentration of lithium on the A sites. As shown in Fig.
2, the X-ray diffraction pattern of Li3xLa(2/3)–x□(1/3)–2xTiO3
(x=0.11) possesses a cubic crystallographic structure
corresponding to
the Pm/3m space group
(a=b=c=0.387 2 nm).

2 Microstructural modification of LLTO
Since the low total conductivity in polycrystalline
conductors originates from low grain-boundary
conductivity, significant efforts have been undertaken to
lower grain-boundary resistance, mainly by manipulating
the microstructures of the materials. Two main
approaches are normally adopted. The first one reduces
the number of grain boundaries and the second one
introduces additives into the grain boundaries. Methods
attempted include different preparation methods,
preparation procedures, pelletized pressures, cooling
programs, sintering temperatures, and sintering
atmospheres.
As mentioned above, the total conductivity of
perovskite LLTO is generally dominated by the grain
boundary conductivity, which is intrinsically small.
Therefore, a smaller volume of grain boundaries could
improve the total conductivity. Inaguma et al[12].
successfully synthesized a perovskite-type LLTO with a
nominal composition of La0.57Li0.29TiO3 at 1 400 °C
for 6 h by a solid-state reaction. The maximum total
conductivity was 5.710‒4 S/cm at 300 K, which is the
highest among the reported data for LLTO ceramics. The
activation energy for the total ionic conductivity was
estimated to be 0.45 eV. The high total conductivity was
attributed to the elimination of resistive grain boundaries
by the grain growth induced at high temperatures.
Microwave sintering was investigated to prepare
Li0.5La0.5TiO3 ceramics[13]. Microwave sintering produces
a denser morphology and a cubic crystallographic
structure compared with a conventional sol-gel method.
However, the total conductivity from the microwave
sintering was almost two orders of magnitude lower than
using the conventional method. The reason for this was
attributed to the small grains in the microwave-derived
samples, which resulted in more grain boundaries and
created a mismatch between two neighboring pathways at
the grain boundaries, and blocking/disrupting lithium ion
migration, deteriorating the grain boundary conductivity.
Geng et al.[14] studied the effects of sintering temperatures
and lithium content, and found that the conductivity of
LLTO changed with the lithium content in a parabolic
fashion. The total conductivity of the LLTO increased
with the sintering temperature, which was attributed to
grain growth and improvement of the microstructure. All
these publications proved that a smaller volume of grain
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boundaries is beneficial to electrical conduction in
perovskite LLTO.
Since smaller particles result in more grain boundaries
than larger particles, nanosized LLTO particles
theoretically should have a lower conductivity. However,
several publications have proved that the conductivity of
nano-sized LLTO was not necessarily low. Yang et al.[15]
found that LLTO pellets made from nanowires had a
higher density and conductivity compared to samples
fabricated via the conventional sol-gel method. Although
the conductivity was lower than most of the reported
values, LLTO nanowires, which circumvent the
agglomeration of fine particles by connecting to each
other, have the potential to prepare LLTO with better
properties. A Li0.5La0.5TiO3 sample with a particle size of
approximately 50 nm was prepared from a precursor
fabricated via the sol-gel method and then fired at
900 °C for 1 h[16]. Unlike other published data on the
conductivity of nanostructured LLTO, the conductivity
obtained from this work was as high as 1.5210‒4 S/cm.
These results revealed that for nanosized LLTO samples,
which intrinsically contain more grain boundaries, a low
total conductivity cannot always be assumed. This may
be explained by Le′s results. Even though the grain size
Le’s sample with 35% excess Li2O was comparatively
larger than that with 20% excess Li2O, the conductivity
was much lower. From these results, the concentration of
Li ion and A-site vacancies appears to be more important
and to be the crucial factor for achieving a high
conductivity[17].
Apart from the volume, the microstructure and
composition of the grain boundary also play important
roles in determining the conduction of lithium ions.
Trong et al.[18] prepared La0.56Li0.33TiO3 ceramics by a
double mechanical method followed by different cooling
procedures. The conductivity of the samples quenched
from 1 200 °C into liquid nitrogen was higher than that of
furnace-cooled samples. This result was attributed to the
disordered morphology that promotes a 3D-conductive
mechanism and that the quenching changed the
composition and structure of the grain boundaries. The
effects that the sintering atmosphere has on the
microstructures and electrical properties of Li0.5La0.5TiO3
were investigated by Geng et al.[19]. Nitrogen, oxygen and
air were used to sinter Li0.5La0.5TiO3 solid electrolytes.
The highest total conductivity was achieved in air,
whereas the grain conductivity of the sample sintered in
nitrogen was the highest. It was thought that the local
tilting of TiO6 in the lattice caused by the presence of
Ti3+ for the LLTO samples sintered in nitrogen favored
lithium ion mobility through tunnels or electronic
contribution, thus increasing the grain conductivity.
However, the ease of lithium loss or wide space charge
layer with Li ions depleted at the grain boundaries in

2018 年

LLTO ceramics sintered in nitrogen caused a decrease in
the grain-boundary conductivity. The highest total
conductivity is achieved in air, which is dominated by
grain-boundary conductivity, and was due to fewer
lithium losses at the grain boundaries. Kwon et al.[20] also
found that the compositions of the domain boundaries
affected lithium conduction across the boundaries and a
Li-rich domain boundary caused a low activation energy
at the domain boundaries, which resulted in a high total
conductivity. As suggested by studies, the total
conductivity is dominated by the grain-boundary
conductivity. However, the contribution of grainboundary to the total conductivity shift to grain
dominated was observed by Romero et al. when they
prepared Li0.30La0.57TiO3 electrolyte by the sol-gel
method in an acetic medium at 1 300 °C[21].
An example of the effect of sintering temperature on
the microstructures of LLTO is shown in Fig. 3.
Compared to the sample sintered at 1 250 °C, the
microstructures of the LLTO improved after sintering at
1 300 °C.

(a) 1 250 °C

(b) 1 300 °C

Fig. 3 SEM images of LLTO sintered at 1 250 and 1 300 °C

The formula, total conductivity, grain conductivity,
grain boundary conductivity, activation energy, sintering
temperature, dwell time, crystallographic structure and
preparation method for selected LLTO material subjected
to structural modifications are listed in Table 1.
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Table 1
Compound
La0.57Li0.29TiO3
La0.56Li0.33TiO3
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total/(S·cm )
–1

–4

5.7×10

6.92×10–5*
–5

Summary of LLTO subjected to a structural modification

g/(S·cm–1)
–3

gb/(S·cm–1)
–4

1.6×10

5.2×10

1.8×10–3

7.2×10–5

–3

–5

Ea/eV

T (time/°C (h)

CS

Method

Reference

0.45ev

1 450 (6)

0.23

1 200 (4)

o

SSR

[12]

c

D(quenched)

[18]

La0.56Li0.33TiO3

3.71×10 *

1.5×10

3.8×10

0.27

1 200 (4)

t

D(furnace cooled)

[18]

La0.5Li0.5TiO3

1.99×10–4*

9.34×10–4

2.51×10–4

0.41

1 350 (6)

t

SL, air

[19]

–3

–5

–5

La0.5Li0.5TiO3

3.81×10 *

La0.56Li0.33TiO3

1.6×10–4

La0.56Li0.33TiO3

5.25×10

4.84×10–4

La0.56Li0.33TiO3

–6

La0.57Li0.30TiO3

1.0×10–3

3.95×10

3.16×10–4

–5

Li-excess LLTO

4.37×10

1.08×10

1.22×10

–4

4.54×10

0.4

1 350 (6)

t

SL, N2

[19]

0.33

1 350 (6)

t

SL

[14]

0.35

300 (2)

a

MS

[22]

P

[20]

–6

–5

1.5×10

Li0.5La0.5TiO3

7.2×10–7

Li0.5La0.5TiO3

5.1×10–5

La0.5Li0.5TiO3

–4

1.34×10 *

La0.5Li0.5TiO3

–4

3.094×10

–3

1.147×10
1.41×10

–3

1.52×10

–4

1 100 (12)

t

E

[15]

1 300

c

SL

[21]

0.35

800 W, 2 450 MHz,
20 min

c

M

[13]

0.36

1 350 (6)

t

SL

[13]

0.37

900 (1)

c

SL

[16]

300

c

SL

[25]

–4

1.875×10

Note: CS—Crystallographic structure; total—Total conductivity; g—Grain conductivity; gb—Grain boundary conductivity; c—Cubic; t—Tetragonal;
o—Orthorhombic; a—Amorphous; SSR—Solid state reaction; SL—Sol—gel; M—Microwave; P—Pechini method; E—Electrospun nanowire; D—Double
mechanical alloying method; MS—RF magnetron sputtering; * means that total calculated according to g and gb.

3 Doping A & B site and incorporating
an insulating second phase
The ionic conductivity in a perovskite structure is
generally determined by the free volume available for
lithium ions to migrate, and the lithium and vacancy
concentrations on the A-site. Therefore, many studies
have been carried out to examine these topics.
When there are abundant A-site vacancies in the
perovskite structure, Li ions flow easily through the
pathway, since the A-site vacancies generate a pathway
for Li ions to flow. Le used Al to dope LLTO to create
more A site vacancies to facilitate the migration of
lithium ions[17]. The grain-boundary conductivity of the
Al-doped LLTO reached 1.0610‒4 S/cm. Furthermore,
excessive Li2O was added to increase the number of
lithium ions. A total of 20% excess Li2O was deemed to
be the best doping amount since the A site vacancies
decreased with the increase of lithium ions to maintain
site (cation/anion ratio) and charge balances. The total
conductivity of the 20% Li2O-ALLTO was as high as
3.1710‒4 S/cm. An increase in the conductivity was
observed by Teranishi through doping Nd to the A site of
La0.56Li0.33TiO3[23]. The enhancement in the lithium
conduction was primarily attributed to the increase in the
volume fraction of the A-site disordered cubic phase
caused by the presence of the Nd3+. Sr, which has a larger
ionic radius, was also used to replace La partially to
slightly improve the conductivity[24].
Doping on B sites was also investigated[25]. Ag was
doped on B-sites in sol—gel prepared La0.5Li0.5TiO3 and
the resultant Ag0.1Li0.4La0.5TiO3 seemed to have a smaller

total conductivity compared to the undoped counterpart.
The lower conductivity was attributed to the blocking
pathway generated by the Ag+ on the B sites and the shift
in the crystallographic structure from cubic to tetragonal.
Insulating second phases, such as Al2O3, Bi2O3 and
SiO2 were incorporated in LLTO ceramics. It was
believed that these insulating second phases may form a
highly conductive layer at the grain boundaries, as
illustrated in Fig. 4.

Fig. 4

A schematic of the role of insulating second phase

Al2O3 powder was mixed with La0.56Li0.33TiO3 powder
to produce a composite of lithium ion conductors[26]. A
new phase LiAl5O8 was detected in the composite and the
ionic conductivity of the composite was improved due
the presence of this new phase, as it can decrease the
lithium loss in the composite, create extensive junctions
between the LLTO grains and provide interstices for
Li-ion diffusion owing to its spinel structure. Deng et
al.[27] studied incorporating inactive second phases, such
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as Al2O3, MgO and SiO2 to La0.5Li0.5TiO3 and found that
the addition of Al2O3 and MgO decreased the
conductivity of La0.5Li0.5TiO3, whereas the conductivity
of La0.5Li0.5TiO3 was enhanced by the addition of SiO2,
which facilitated lithium ion migration through the grain
boundaries.
The effect of Bi2O3 and SiO2 additions on the
microstructure
and
electrical
properties
of
Li0.33La0.57TiO3 was investigated by Lineva et al[28]. The
addition of Bi2O3 improved the total conductivity of
Li0.33La0.57TiO3 by almost one order of magnitude, which
was attributed to a reduction in the height of the Schottky
barriers. Although the addition of SiO2 in Lineva’s

2018 年

research improved the sintering behavior of the
Li0.33La0.57TiO3 ceramic, it was unable to increase the
conductivity as reported by Deng et al. These
inconsistent effects for the same second phase reported
by different groups indicate that the effect of the second
phase is complicated and is related to many factors, such
as preparation methods.
The compound, total conductivity, grain conductivity,
grain-boundary
conductivity,
activation
energy,
sintering temperature, dwell time, crystallographic
structure and preparation method for selected LLTO
materials mixed with an insulating second phase, are
listed in Table 2.

Table 2 Summary of LLTO doped with A & B sites and incorporating with insulating second phase
Compound
(Li0.33La0.56)1.005Ti 0.99Al0.01O3
(Li0.33La0.56)1.005Ti 0.99Al0.01O3+20%Li2O
Ag0.1Li0.4La0.5TiO3

total/(S·cm–1)
–4

1.43×10 *
3.17×10

–4

1.34×10–5*

Li0.33La0.555Nd0.005 TiO3
5wt% Al2O3+La0.56Li0.33TiO3

g/(S·cm–1)
–4

8.8×10

2.99×10

2.77×10–4
1.26×10

2.32×10–5*
–5

15vol% SiO2+Li0.50La0.5TiO3

4.79×10

3wt% Bi2O3+ Li0.33La0.57TiO3

6×10–6

–3

Ea/eV

1.06×10–4
3.55×10

–4

0.358

–4

3×10–4

T (time)/°C(h)

CS

Method

Reference

1 350 (6)

t

CGS

[17]

1 350 (6)

t

CGS

[17]

300

t

SL

[25]

1.404×10–5

–3

9.33×10–4
5.75×10

gb/(S·cm–1)

2.38×10–5
5×10

1 250 (12)

c+t

SSR

[23]

0.37

1 200 (12)

t+LiAl5O8

TC

[26]

1 350 (6)

c

SSR

[27]

0.39

1 170 (4)

c

SSR

[28]

–5

6.12×10–6*

Notes: CGS—Citrate gel synthesis; TC—Tape casting; * means that total calculated according to g and gb.

4 Incorporating of lithium conducting
materials
The large grain boundary resistance is a barrier to the
lithium ion conduction in perovskite LLTO. Lithium
conducting materials with a low melting point may
provide an advantage and achieve better performance
when incorporated into lithium ion conductors. The
lithium-conducting materials with a low melting point
could melt during the preparation of the LLTO and
provide an easier pathway for lithium ions to migrate
across grain boundaries.

Fig. 5

A schematic of the role of lithium-conducting materials
with a low melting point

Chen et al.[29] attempted to mix tetragonal
Li7La3Zr2O12 powder with Li0.35La0.55TiO3 powder to

produce a composite of a lithium ion conductor. It was
found that tetragonal Li7La3Zr2O12 disappeared after
sintering at high temperatures, indicating that
Li7La3Zr2O12 powder only acted as the source of Li, La
and Zr for the Li0.35La0.55TiO3. An enhancement in the
grain boundary conductivity of the composite was
observed for 10 wt% of Li7La3Zr2O12. It seems that the
decomposition of Li7La3Zr2O12 is a way to compensate
for the loss of Li, La and Zr at high sintering
temperatures. The same group[30] also tried a different
approach to introduce Li7La3Zr2O12 into the LLTO.
Instead of introducing tetragonal Li7La3Zr2O12 powder,
they mixed Li7La3Zr2O12 sol with LLTO powder. The Zr
was enriched the grain boundary regions. The enrichment
of Zr and the composition change at the grain boundaries
of the LLZO introduced more charge carriers or defects,
which account for the enhancement in the total
conductivity. Another group also studied cosputtering
LLTO and LLZO targets to achieve a composite
Li–La–Ti–Zr–O thin film[31].
Zhang et al.[32] mixed 50Li2O–50B2O3 (LIB) powder
with La0.56Li0.33TiO3 powder and observed a greatly
improved grain boundary conductivity (1.0610‒4 S/cm)
at room temperature. The increase in the grain-boundary
conductivity was attributed to the decrease in the width
of the space charge layer[33], the enhanced grain size and
the densification of the samples[34] as a result of the good
wetting properties and low melting point of the LIB.
LLTO powders were mixed with a LATP precursor by
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Onishi et al[35]. A highest conductivity of 7.610‒4 S/cm
was attained at room temperature for the sample LATP-4 wt%
LLTO, which was three times larger than pristine LATP.
The enhancement on the conductivity was attributed to
the dispersion of the insulator mechanism.
In addition to the effect from the addition of Bi2O3 and
SiO2 presented earlier, Lineva et al.[28] also investigated
the effect of poor lithium conducting Li3BO3 and Li3PO4
additions on the microstructure and electrical properties
of Li0.33La0.57TiO3. The total conductivity of
Li0.33La0.57TiO3 was improved by almost one order of
Table 3
Compound

magnitude via the addition of Li3PO4. The improvement
was attributed to a reduction in the height of the Schottky
barriers. Although the addition of Li3BO3 was unable to
increase the conductivity, the sintering behavior of
Li0.33La0.57TiO3 ceramics was notably improved.
The compound formula, total conductivity, grain
conductivity, grain boundary conductivity, activation
energy, sintering temperature, dwell time, crystallographic structure and preparation method for selected LLTO
material containing lithium conducting materials are
listed in Table 3.

Summary of LLTO incorporated with lithium conducting materials
total/(S·cm–1)
–4

g/(S·cm–1)
–4

Ea/eV

T (time)/°C(h)

–4

Method

Reference

0.93×10

1 350 (6)

c

SSR

[29]

5% Li7La3Zr2O12(Sol)+Li0.35La0.55TiO3

1.2×10–4

6×10–4*

1.5×10–4

0.41

1 350 (6)

c

SSR

[30]

1.03×10–4*

2.91×10–4

1.06×10–4

0.28

1 250 (12)

t

SSR

[32]

0.28

1 000 (10)

SSR

[35]

2×10–4

3.05×10–6*

0.39

1 120 (4)

SSR

[28]

4%LLTO-LATP
1% Li3PO4+ Li0.33La0.57TiO3

1.1×10

CS

10%Li7La3Zr2O12 + Li0.35La0.55TiO3

1.5%LiB La0.56Li0.33TiO3

6.02×10 *

gb/(S·cm–1)

–4

7.6×10

3×10–6

c

Note: * means that the conductivity was calculated.

Separate from the studies described above, LLTO was
also mixed with solid polymer electrolytes, such as
poly(ethyleneoxide) (PEO), poly(methylmethacrylate)
(PMMA) or poly(acrylonitrile) (PAN) to improve the
performance of lithium electrolytes[36‒38]. The
conductivity of LiPMMA, which was mixed with LLTO
nanocomposites was improved by one order of
magnitude compared to LLTO unloaded LiPMMA
polymer. The large enhancement in the lithium
conductivity was mostly ascribed to the stronger affinity
between the ClO4– anions and the nano-oxide surface,
which supplied a fast pathway for lithium mobility.
Lithium
lanthanum
titanate
oxide
(LLTO)/
polyacrylonitrile (PAN) submicron composite fiber-based
membranes were prepared by electrospinning dispersions
of LLTO ceramic particles in PAN solutions and the
resulting LLTO/PAN composite fiber-based membranes
exhibited greater liquid electrolyte uptake, a wider
electrochemical stability window and a higher lithium
conductivity than pure PAN fiber membranes.

5 Closing remarks
Perovskite LLTO is a polycrystalline lithium ion
conductor which normally suffers from low grain
boundary conductivity. In recent years, many efforts have
attempted to improve the grain boundary conductivity.
This short review presented some of these results which
address structural modification, doping of A&B sites, and
incorporating inactive second phases and lithium ion
conducting materials.
The conductivity of LLTO is normally dependent of
the concentration of Li ion, the mobility of Li+, A-site
vacancies and the volume of grain boundaries contained

in the material. Decreasing the volume of grain
boundaries was effective at some level, but the
concentration of Li ions, the mobility of Li+ and the
A-site vacancies appeared to override the effect of the
grain boundary volume. Doping A and B sites with Al
and Ag were able to increase the grain boundaries.
However, incorporating an inactive second phase was
more complicated, and even the same second phase (e.g.,
SiO2) could resulted in different effects, as factors such
as preparation methods also play important roles. Lithium
conducting materials, such as Li7La3Zr2O12, LIB and
Li3PO4, seemed to be successful at improving the total
conductivity of perovskite LLTO. The mechanism for
these improvements still remains to be clarified. More
research should be done to clarify the mechanism.
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