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A facile method for the synthesis of the
Li0.3La0.57TiO3 solid state electrolyte†

Qifeng Zhang,a Nick Schmidt,a Jolin Lan,a Whungwhoe Kimb and Guozhong Cao*a

We report a facile method for the synthesis of Li0.3La0.57TiO3 by forming

a coagulated precursor solution which contains Li+, La3+, and TiO2

nanoparticles mixed highly homogeneously. The grain and overall

conductivities of the synthesized Li0.3La0.57TiO3 are comparable to the

values in literature for the material prepared by other methods.

There has been an increasing demand for solid state electrolytes
for use in lithium batteries to replace the currently widely used
liquid electrolytes in recent years. Compared to liquid electro-
lytes, solid state electrolytes possess the advantages of providing
lithium batteries with much safer operation1,2 and making the
manufacture easier thus resulting in significant reduction of
battery cost. In some cases, use of solid state electrolytes has
become an essential requirement. For instance, in lithium ion
batteries, solid state electrolytes have been expected to replace
the liquid electrolytes with the consideration of blocking the
growth of lithium dendrites through charge–discharge cycles;
such lithium dendrites may connect the anode and the cathode
ultimately causing an internal short circuit of the battery.3–5 Solid
state electrolytes are also desired for lithium–air battery applica-
tions, where they serve as membranes to separate the organic
electrolyte from the aqueous electrolyte. The organic electrolyte is
adopted to protect the lithium anode from reacting with water,
while the aqueous electrolyte is used to facilitate the dissolution
of lithium oxides (particularly lithium peroxide, Li2O2) formed at
the cathode during discharge, which are insoluble in organic
electrolytes and may therefore cause either passivation or pore
blocking of the cathode, which is typically made of porous
carbon.6,7 In addition, solid state electrolytes are also integral
components for the construction of lithium batteries to operate
at temperatures below �10 1C or above 60 1C, which are the
temperature limits for most liquid electrolytes.8

Many efforts have been made to develop solid state electrolytes,
including the use of both inorganic materials and polymers.9–11 The
advantage of polymer-based electrolytes is that they are bendable and
therefore can work with flexible substrates and are compatible with
the roll-to-roll technology. However, the polymer-based electrolytes
suffer from poor chemical stability especially when taking into
account the heat generation, which occurs during the battery opera-
tion. Compared to polymer-based electrolytes, inorganic electrolytes
demonstrate much better chemical stability and, more importantly,
present significantly higher lithium ionic conductivity, typically on
the order of 10�5–10�3 S cm�1, compared to 10�8–10�6 S cm�1 for
most polymer electrolytes.12–14 Among the existing inorganic electro-
lytes, lithium lanthanum titanate (LLTO) has been identified as the
most promising one in view of its high lithium ionic conductivity,
typically on the order of 10�4–10�3 S cm�1 (for single crystalline
grains).10,15–18 Such a conductivity level is averagely higher than that
for Na super-ionic conductor-type phosphate, which is another
inorganic solid state electrolyte with great potential,10,19–21 and is
apparently 1–2 orders of magnitude higher than the conductivities of
other inorganic solid electrolytes, such as 10�6–10�4 S cm�1 for
garnet structure materials,22–24 and 10�5–10�3 S cm�1 for Li2S-based
oxysulfide glasses.25,26 In addition to the advantage of having high
conductivity, good thermal stability and the use of nontoxic elements
are also amongst the merits of lithium lanthanum titanate over other
inorganic solid state electrolytes.

Lithium lanthanum titanate is a ceramic material possessing
ABO3 perovskite structure, in which A represents Li and La, and B
represents Ti, forming a lithium–lanthanum–titanium oxide with the
formula of Li3xLa2/3�xTiO3 (0.21 r 3x r 0.50). In lithium lanthanum
titanate, the migration of lithium ions is based on a hopping process,
through which the lithium ions move in a three-dimensional network
of vacancy defects located at A sites. Lithium ion conduction within
lithium lanthanum titanate is very sensitive to the concentration of
lithium, in other words, the stoichiometric ratios of the Li+ to La3+

and TiO3
2+. It has been found that Li3xLa2/3�xTiO3 in the case of

x = 0.1, i.e., Li0.3La0.57TiO3, may give the highest lithium ionic
conductivity, which is generally on the order of 10�4–10�3 S cm�1.
However, the performance of Li0.3La0.57TiO3 for lithium ion
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conduction is largely dependent on the method of synthesis, which
affects the Li0.3La0.57TiO3 in terms of its composition, the morpho-
logy, structure, surface chemistry and crystallinity of individual
grains, as well as grain boundaries. In literature, Li0.3La0.57TiO3 has
been reported to be synthesized using either a solid state reaction
method or a sol–gel based method. However, the solid state reaction
method usually requires the use of ball milling,15,27–29 i.e., a mecha-
nical way, to achieve better mixing of the starting materials which are
in the form of powder containing Li+, La3+ and Ti4+. This, on one
hand, makes the material processing time consuming and, on the
other hand, is not an effective way to achieve a perfectly homo-
geneous dispersion of the starting materials, thus resulting in the
existence of impure Li0.3La0.57TiO3 in the final product. The impure
Li0.3La0.57TiO3 has the composition deviating from the stoichio-
metric one and accordingly yields unsatisfactory reproducibility of
the lithium ion conduction performance of the final product.28,29

The sol–gel method may solve the homogeneity problem in the solid
state reaction method to some extent, but it is also unfavorable
because of the lack of extensibility of a sol–gel method when
considering stringent conditions for the formation of a Li0.3La0.57-
TiO3 sol and the need for using rare or expensive chemicals, which
serve as solvents and/or surfactants to form and stabilize the sol,
leading to a high cost of material synthesis.30–33 Herein, we report a
facile method, i.e., the so-called coagulated solution method in this
communication, for the fabrication of Li0.3La0.57TiO3. This method is
relatively simple, low-cost, solution-based, and can produce a pre-
cursor powder containing the starting materials Li, La and Ti
(or TiO2) efficiently with good homogeneity, thus to a large extent
overcoming the drawbacks of the solid state reaction method such as
the difficulty in getting ideally mixed starting materials and the sol
gel method, which is complicated and of high cost. The Li0.3La0.57-
TiO3 synthesized using our method demonstrates a decent lithium
ionic conductivity on the order of 10�4 S cm�1 for single crystalline
grains of the lithium lanthanum titanate and an overall conductivity
on the order of 10�5 S cm�1, the latter else counts the resistance
arising from grain boundaries in view of the polycrystalline structure
of the bulk lithium lanthanum titanate material. Such an overall
conductivity on the order of 10�5 S cm�1 is comparable to or at a
slightly higher level compared with the values in literature for the
Li0.3La0.57TiO3 synthesized using a solid state reaction method or a
sol–gel method, which varies in a wide range, from 10�6 S cm�1 to
10�4 S cm�1, relying on the material microstructure, processing
parameters, and measurement conditions.29,34–36

In a typical synthesis, 0.02 mol of lithium acetate dihydrate
(LiAc�2H2O) was firstly dissolved in 200 mL of acetic acid (HAc). After
LiAc�2H2O has been dissolved completely, 0.067 mol of TiO2 in the
form of nanoparticle powder (P25, commercial TiO2 nanoparticles,
Sigma Aldrich) was added, and then the as-obtained mixture was
stirred for several hours to enable the TiO2 nanoparticles to fully
disperse, resulting in the formation of a uniform dispersion of TiO2

nanoparticles in HAc containing LiAc�2H2O. 0.0385 mol of lanthanum
acetate hydrate (LaAc3�1.5H2O) was then added to this dispersion.
After approximately 20 min of vigorous stirring, the liquid dispersion
turned into a white coagulated solution, resulting in the formation of
a quasi-solid system which consists of Li+, La3+, and TiO2 nano-
particles dispersed homogenously. The molar amounts adopted here

for LiAc�2H2O, LaAc3�1.5H2O, and TiO2 are to obtain Li0.3La0.57TiO3

with stoichiometric ratios, i.e., Li : La : Ti : O = 0.3 : 0.57 : 1 : 2. Fig. 1
shows a progression of the transition of the liquid dispersion to a
coagulated solution as the LiAc�2H2O, TiO2 nanoparticles and
LaAc3�1.5H2O were sequentially added into the HAc solvent. The
coagulated solution was then subjected to freeze drying to remove
the HAc solvent, resulting in the formation of a dry precursor powder
which contains all necessary components: Li+, La3+, and TiO2 for the
synthesis of lithium lanthanum titanate. Note that the conversion of
the liquid precursor into a coagulated solution is a key feature of our
method, which makes the positions of the Li+, La3+, and TiO2 spatially
fixed during the consequential freeze drying treatment and as a result
the distribution of all component elements remains highly homo-
genous when the dry precursor powder forms. It is anticipated that a
homogenous component element distribution may facilitate achieving
high quality Li0.3La0.57TiO3 by avoiding local composition deviations
from the stoichiometry. The formation of a coagulated solution is
speculated to originate from the common ion effect37 in view of the
fact that acetic acid was used as solvent for the dissolution of
LaAc3�1.5H2O and LiAc�2H2O, but the specific mechanism in regard
to such an experimental observation still needs to be explored further.

Before being made into pellets, the freeze dried precursor
powder was pre-treated by heating at 750 1C with the aim of
getting rid of the crystallization water from the LiAc�2H2O and
LaAc3�1.5H2O and also getting the lithium and lanthanum
acetates to further decompose to oxides, so as to avoid a big
volume change when the pellets were sintered. The reason for
adopting 750 1C is based on the thermogravimetric analysis
(TGA) as shown in Fig. S1 (ESI†), revealing that the elimination
of crystallization water occurs at the temperature around
100 1C, corresponding to the 1st weight loss, and the decom-
position of lithium and lanthanum acetates takes place in the
temperature range from B250 1C to B700 1C, resulting in the
2nd and 3rd weight losses.

Shown in Fig. 2 are XRD patterns of the freeze dried powder
(Fig. 2a) and the powder annealed at elevated temperatures
(Fig. 2b–d), exhibiting a composition evolution of the precursor
powder from a mixture of LiAc�2H2O, LaAc3�1.5H2O, and TiO2 to
pure phase lithium lanthanum titanate with increasing temperature.
It can be seen from Fig. 2(b) that the sample annealed at 450 1C
presents strong peaks arising from lanthanum oxide and lanthanum
titanium oxide, indicating the complete decomposition of lanthanum
acetate and the emergence of a compound reaction between the
titanium and lanthanum oxides at this temperature. It also reveals
that the 2nd weight loss in the TGA plot (shown in Fig. S1, ESI†) is

Fig. 1 A record of the transition of a dispersion containing LiAc�2H2O,
LaAc3�1.5H2O, and TiO2 nanoparticles in HAc from a liquid to a coagulated
solution. (a) A clear solution of LiAc�2H2O in HAc, (b) TiO2 nanoparticles
and LaAc3�1.5H2O were added to the solution of LiAc�2H2O in HAc, and
(c) a coagulated solution forms after being stirred for B20 min.
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due primarily to the decomposition of lanthanum acetate. The decom-
position of lithium acetate occurs at relatively high temperature as
evidenced by the XRD analysis shown in Fig. 2(c), which corresponds to
the sample annealed at 750 1C and presents the peaks of lithium oxide
and lithium titanium oxides in addition to those of lanthanum oxide
and lanthanum titanium oxide. Considering both the XRD and TGA
results, it is clear that a major weight loss of the precursor powder
mainly involving the decomposition of lithium and lanthanum acetates
takes place when the annealing temperature reaches 750 1C. This
confirms the rationality of the 750 1C temperature adopted for the pre-
heat treatment of the precursor powder prior to making the pellets.
Note that such a pre-heat treatment of the precursor powder with the
use of appropriate temperature is a critical step to avoid the pellets
from collapsing as a result of a too big volume change during the
sintering. From the XRD pattern shown in Fig. 2d, it can be seen that,
when being annealed at 1200 1C, the precursor material converts to
nearly pure phase lithium lanthanum titanate, implying that the
as-described coagulated solution method is an effective way to synthe-
size ternary oxides with a well-controlled stoichiometric ratio.

The performance of the prepared Li0.3La0.57TiO3 for lithium ion
conduction was studied by measuring the impedance spectra of
pellets made of the precursor powder pre-heated at 750 1C in the
frequency range from 0.01 Hz to 1 MHz using an impedance analyzer
(Model: Solartron 1260/1287) with 10 mV ac amplitude at room
temperature. The pellets were prepared using a cold pressing method
at 130 MPa pressure and were then sintered at certain temperatures
for 6 h in air. A Ti film of B100 nm in thickness was deposited on
both sides of the pellets to function as a blocking electrode for lithium
ionic conductivity measurements. Shown in Fig. 3 are impedance
spectra of the Li0.3La0.57TiO3 samples sintered at 1000, 1100, 1200 and
1300 1C. Table 1 summarizes the gain ionic conductivity and overall
ionic conductivity of these four samples, which are obtained by fitting
the measured impedance plots using the equivalent circuit shown in
the inset of Fig. 3a. In the equivalent circuit, Rg and Rgb represent the
resistance corresponding to the ion conduction inside the grains and
the resistance arising from the ion conduction at grain boundaries,
respectively.38–45 The lithium ionic conductivity, s, was calculated
using the formula s = d/(A�R), where d is the pellet thickness, A is
the area of metal electrodes, and R is the value of resistance obtained

from fitting the impedance spectrum. The grain conductivity and
overall conductivity were calculated using the grain resistance, Rg, and
the overall resistance, Rg + Rgb, respectively.

From the results listed in Table 1, one can see that the grain
conductivity is on the order of 10�5 S cm�1 for the sample sintered
at 1000 1C, and it increases by more than six times to the order of
10�4 S cm�1 when the sintering temperature reaches 1100 1C,
implying the formation of pure phase lithium lanthanum titanate
approximately at this temperature. A further increase of the sintering
temperature to even 1300 1C shows no significant contribution to
improving the grain conductivity. As for the overall conductivity, a
considerable increase of the overall conductivity from 1.06 �
10�7 S cm�1 to 2.30 � 10�6 S cm�1 is observed when the sintering
temperature increases from 1000 1C to 1100 1C. This can be attributed
to an increase in the grain size and improved connection between
individual grains due to the melt of material at elevated temperatures,
being consistent with the SEM images shown in Fig. 4, which reveal
that (1) the grains grow fromB500–800 nm (Fig. 4a) to averagely 2 mm
(Fig. 4b) as the sintering temperature increases from 1000 1C to
1100 1C, and (2) the voids existing between the grains are largely
reduced in view of the melt of the material at the temperature around
1100 1C. As the sintering temperature increases from 1100 1C to
1200 1C, and then to 1300 1C, the overall conductivity displays a
gradual increase, from 2.30� 10�6 S cm�1 to 8.52� 10�6 S cm�1 and
1.52 � 10�5 S cm�1, respectively. The increase in the overall con-
ductivity with increasing sintering temperature results from the
continued growth of the grains, from B2 mm for 1100 1C to larger
than 5 mm for 1300 1C, and a further decrease of grain boundaries,

Fig. 2 XRD patterns of (a) freeze dried powder, and (b)–(d) powder annealed
at 450 1C, 750 1C, and 1200 1C, respectively.

Fig. 3 Impedance spectra of Li0.3La0.57TiO3 sintered at (a) 1000 1C,
(b) 1100 1C, (c) 1200 1C, and (d) 1300 1C marked with representative
values of the applied frequency. The inset of (a) depicts the equivalent
circuit employed for fitting the impedance spectra (Rg: grain resistance,
Rgb: grain boundary resistance, CPE: constant phase element.)

Table 1 A summary of grain conductivity and overall conductivity of the
Li0.3La0.57TiO3 sintered at 1000, 1100, 1200 and 1300 1C

Sample
No.

Sintering
temperature (1C)

Grain conductivity
(S cm�1)

Overall conductivity
(S cm�1)

1 1000 4.75 � 10�5 1.06 � 10�7

2 1100 2.96 � 10�4 2.30 � 10�6

3 1200 3.03 � 10�4 8.52 � 10�6

4 1300 3.67 � 10�4 1.52 � 10�5
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as shown in Fig. 4b–d. These results, i.e., the grain conductivity on the
order of 10�4 S cm�1 and the overall conductivity on the order of
10�5 S cm�1 for the pellet sample sintered at 1300 1C, are comparable
to most of the values and are slightly higher than some of the values
of conductivities reported in literature for the Li0.3La0.57TiO3 synthe-
sized using the traditional solid state reaction method16,18,27,35,46,47 or
the sol–gel method,31,32,48,49 which are typically on the order of
10�4–10�3 S cm�1 for the grain conductivity and on the order of
10�6–10�5 S cm�1 for the overall conductivity (note that in some
reports a temperature even higher than 1300 1C was adopted for
sintering). While the achieved conductivities are at the same level,
compared with the traditional methods, our coagulated solution
method in terms of material synthesis is however much simpler
and highly efficient.

In summary, the coagulated solution method involving dissolving
lithium acetate and lithium lanthanum and dispersing commercial
TiO2 nanoparticles in acetic acid has proven to be an effective
approach for the preparation of Li0.3La0.57TiO3 precursor powder,
which gives rise to a highly homogeneous distribution of the compo-
nent elements through a simple, scalable, and reproducible way. The
lithium ionic conductivities of Li0.3La0.57TiO3 produced using this
method are on the order of 10�4 S cm�1 for single crystalline grains
and 10�5 S cm�1 for the bulk material. The conductivities are
comparable to the values reported in literature for the material
synthesized using a solid state reaction or sol–gel method. In addition
to the synthesis of Li0.3La0.57TiO3, the coagulated solution method is
also thought of as an extendable approach for the fabrication of other
multi-element oxides with the capability to easily and consistently
control the stoichiometric composition of the material.

This work is supported financially in part by Korea Atomic
Energy Research Institute.
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