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a b s t r a c t

The electrical and mechanical properties of hot-pressed versus sintered Li0.33La0.57TiO3 at temperature
of 1050 ◦C were investigated. It was observed that hot-pressed Li0.33La0.57TiO3 exhibited a higher total
Li-ion conductivity (∼20×) and hardness (∼11×) compared to sintered Li0.33La0.57TiO3 as a result of its
higher density. Hot-pressed Li0.33La0.57TiO3 had a similar relative density and total Li-ion conductivity
when compared to Li La TiO sintered at 1250 ◦C, where significant Li O loss occurs. These results
vailable online 13 January 2010
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suggest that hot-pressing can be used as a consolidation method to reduce Li2O loss to obtain dense
Li0.33La0.57TiO3.

Published by Elsevier B.V.
i–air

. Introduction

Recently, there has been interest in the development of Li–air
atteries for high energy applications. One configuration involves
he use of a Li anode in a non-aqueous electrolyte which is sep-
rated from an aqueous electrolyte containing the air cathode
y a solid state Li-ion conducting membrane [1–5]. One of the
equirements for the membrane besides chemical stability, is high
i-ion conductivity, which has resulted in interest in the use of
oped-LiTi2(PO4)3 (LTP) as a potential membrane [1–5]. Besides
oped-LTP, lithium lanthanum titanates, Li3xLa2/3−xTiO3, (LLTO)
aving a perovskite structure are also under consideration as pos-
ible membrane materials because, of their chemical stability and
igh Li-ion conductivity [6–9]. If lithium lanthanum titanates are
o be used as possible membrane materials for Li–air batteries a
ense material is required. One of the problems with LLTO is high
emperature sintering (>1250 ◦C [9–11]) is required to achieve high
ensities (relative density >95%). The high sintering temperature

esults in Li2O loss leading to problems in controlling Li-ion con-
ent and hence, ionic conductivity. One possible solution to achieve
igh density LLTO and overcome Li2O loss is to hot-press LLTO at
temperature lower than what is typically used in conventional

∗ Corresponding author. Tel.: +1 301 394 0317; fax: +1 301 394 0273.
E-mail addresses: jwolfenstine@arl.army.mil, jeff.wolfenstine@us.army.mil

J. Wolfenstine).

378-7753/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.jpowsour.2009.12.109
sintering. Achieving the same relative density at a lower temper-
ature using hot-pressing compared to conventional sintering is
possible since, during hot-pressing the applied stress adds an addi-
tional driving force for densification which is about 10–20 times
the capillary driving force associated with conventional sintering
[13,14].

The purpose of this paper is to report on some of the first elec-
trical and mechanical properties of Li0.33La0.57TiO3 hot-pressed at a
temperature of 1050 ◦C, which is ∼175–200 ◦C lower than that typ-
ically used to sinter Li0.33La0.57TiO3, where no significant Li2O loss
occurs [11]. The properties will also be compared to Li0.33La0.57TiO3
sintered at 1050 ◦C and higher temperatures. At present there is no
information on the mechanical properties of Li0.33La0.57TiO3. Such
information is needed if Li0.33La0.57TiO3 is to be used as a membrane
in Li–air batteries.

2. Experimental

2.1. Material preparation

Li0.33La0.57TiO3 was chosen since, this composition has one of
the highest reported bulk Li-ion conductivities of the lithium lan-

thanum titanates [9,15]. Stoichiometric amounts of La2O3, TiO2
(anatase), and Li2CO3 were mixed. The mixture was then heated
in air at 10 ◦C min−1 to 800 ◦C and held for 4 h before ramping at
10 ◦C min−1 to 1100 ◦C and held for 36 h before cooling to room
temperature at 10 ◦C min−1.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:jwolfenstine@arl.army.mil
mailto:jeff.wolfenstine@us.army.mil
dx.doi.org/10.1016/j.jpowsour.2009.12.109
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.2. Consolidation

The Li0.33La0.57TiO3 powders were hot-pressed in a graphite die
ined with graphfoil which was then heated to 1050 ◦C at which
ime a stress of 70 MPa was applied and held for a period of 1.5 h
fter which the load was removed and sample cooled to room tem-
erature. During the heating and cooling stages the furnace was
ushed with flowing argon. The hot-pressed specimen was disc
haped with a thickness of about ∼11 mm and a diameter between
2 and 23 mm. Rectangular parallelepiped specimens of about
mm × 5 mm × 3 mm were cut from the hot-pressed disc using a

ow-speed diamond saw for microstructural analysis, density, elec-
rical and mechanical property measurements. For sintering the
i0.33La0.57TiO3 powders were first uniaxially pressed into cylin-
rical specimens 13 mm in diameter with a thickness between 2
nd 4 mm at pressure of 200 MPa. A 3 wt.% polyvinyl alcohol binder
as used. The pellets were then sintered at 1050 ◦C for 1.5 h under

ir on platinum foil.

.3. Property characterization

The bulk density of the sintered and hot-pressed samples was
etermined from the weight and physical dimensions and also by
he Archimedes method using methanol as the immersion fluid.
he relative density values were determined by dividing the bulk
ensity by the Li0.33La0.57TiO3 theoretical density. The microstruc-
ure of the sintered and hot-pressed samples was examined using a
canning electron microscope (SEM) on samples that were polished
nd thermally etched at 950 ◦C for 2 h under air.

The Li content of the Li0.33La0.57TiO3 samples prior to and after
ot-pressing/sintering was determined using inductively coupled
lasma analysis (Galbraith Laboratories, Inc., Knoxville, TN).

AC and DC room temperature electrical conductivity measure-
ents were performed on sintered and hot-pressed samples using

he two probe method. Au was sputter coated on to the top and bot-
om surfaces of the specimens. AC measurements were undertaken
o determine ionic conductivity. AC impedance was measured
sing a Solatron 1260 Impedance Analyzer in the frequency range
–106 Hz. DC measurements were undertaken to determine elec-
ronic conductivity. DC resistances were measured using a Keithly
517A Electrometer/High Resistance Meter with a Model 8009
esistivity Test Fixture capable of measuring volume resistivties
s high as 1018 � cm.

The mechanical properties of the sintered and hot-pressed
i0.33La0.57TiO3 materials were evaluated from microhardness
easurements. Microhardness was chosen to characterize

he mechanical properties of the sintered and hot-pressed
i0.33La0.57TiO3 materials for the following reasons: (1) hardness
s related to strength and (2) due to small volume of material and
ase of specimen preparation and testing [16,17]. The room tem-
erature Vickers hardness of polished sintered and hot-pressed
pecimens was measured at a load of 9.8 N at an indentation time
f 15 s.

. Results and discussion

.1. Color

The sintered Li0.33La0.57TiO3 disc was white colored like the
riginal starting powders. The color of the hot-pressed samples

as blue on the surface, indicating reduction of Ti4+ to Ti3+ had

ccurred on the surface as a result of the carbon foil and reducing
tmosphere [3]. In order to convert the surface Ti3+ back to Ti4+

ll hot-pressed samples were heated at 900 ◦C for 2 h under air. It
as found that after this heat-treatment that all samples were col-
Fig. 1. X-ray diffraction pattern of Li0.33La0.57TiO3.

ored white throughout the total thickness. All hot-pressed samples
were given this additional annealing step prior to microstructural
analysis, density, conductivity and hardness measurements.

Inductively coupled plasma analysis revealed no significant
Li loss during heat-treatment. The actual Li content of the cal-
cined Li0.33La0.57TiO3 powder was 0.333 ± 0.01, after hot-pressing
and annealing, 0.331 ± 0.01 and after sintering 0.332 ± 0.01. These
results are in agreement with data of Ban and Choi [11], who
revealed negligible Li loss for sintering below 1100 ◦C for LLTO
of compositions; Li0.30La0.57TiO3 and Li0.35La0.57TiO3. However, at
temperatures >1250 ◦C Ban and Choi [11] observed that the lithium
content rapidly decreased.

3.2. Structure

The X-ray diffraction pattern for the Li0.33La0.57TiO3 powder
prior to sintering is shown in Fig. 1 (Cu K� radiation). From Fig. 1
it can be seen that the powder is single phase. All peaks have
been indexed to a perovksite structure with the tetragonal P4/mmm
space group [8,9,18]. The tetragonal structure results from doubling
of the cubic perovskite cell along the c-axis. The peaks associated
with the superstructure are annotated with an inverse triangle. The
X-ray patterns of the sintered and hot-pressed annealed and mate-
rials were similar to that shown in Fig. 1, suggesting that no change
in structure occurred during the consolidation step.

3.3. Density

The true density of the LLTO sintered sample is
3.2591 ± 0.094 g cm−3 while it is 4.7132 ± 0.094 g cm−3 for the
hot-pressed and annealed sample. The relative density (mea-
sured/theoretical) of the sintered and hot-pressed and annealed
Li0.33La0.57TiO3 samples is 65 ± 2% and 94 ± 2%, respectively. The
values based on the physical dimensions and weight are in close
agreement with those determined using the Archimedes method.
The relative density of sintered Li0.33La0.57TiO3 (65 ± 2%) is in
agreement with the value of ∼58% predicted for a sintering tem-
perature of 1050 ◦C (2 h) using the data from Ban and Choi [11] and
∼64% 1050 ◦C (8 h) using data from Yang et al. [18]. The relative
density of the hot-pressed sample is 1.5× that for the sintered
sample. The higher density of the hot-pressed sample compared
to the sintered sample is expected because the addition of the

applied stress during hot-pressing increases the driving force
for densification over that for conventional sintering [12,13,14].
In order to achieve a relative density of 94% Ban and Choi [11]
needed to sinter Li0.35La0.57TiO3 at a temperature of 1250 ◦C for
2 h whereas Yang et al. [18] needed to sinter Li0.35La0.57TiO3 at
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Fig. 2. Scanning electron micrograph of sintered Li0.33La0.57TiO3.

temperature of 1225 ◦C for 8 h to achieve a relative density of
94%. At 1250 ◦C significant loss of Li2O was observed [11]. In

ontrast, the hot-pressed sample required only to be heated to
050 ◦C (175–200 ◦C lower than the sintering temperature of Yang
t al. [18] and Ban and Choi [11], respectively) to achieve a similar
elative density. Below 1100 ◦C negligible Li loss for sintering was
bserved [11].

.4. Microstructure

SEM micrographs of the sintered and hot-pressed and
nnealed Li0.33La0.57TiO3 thermally etched samples are shown in
igs. 2 and 3, respectively. A comparison of Figs. 2 and 3 shows

hat the sintered sample is much more porous than the hot-pressed
ample, as expected based on the relative density measurements.
oth the sintered and hot-pressed and annealed samples have
rains that are fairly equiaxed. The grain size is about the same for

ig. 3. Scanning electron micrograph of hot-pressed and annealed Li0.33La0.57TiO3.
Sources 195 (2010) 4124–4128

both samples, ∼1–2 �m. A similar grain size is expected since; both
samples were exposed to the same high temperature (1050 ◦C) for
the same time (1.5 h).

3.5. Electronic conductivity

The electronic conductivity of the sintered and hot-pressed
and annealed sample is 3 × 10−9 and 4 × 10−9 S cm−1, respectively.
These values are in good agreement with each other. This is
expected since, the sintered and hot-pressed powders come from
the same source (i.e., have the same background impurities) and
had nearly the same heat-treatment (one sintered under air and
the other annealed under air). These values are in agreement with
the reported electronic conductivity values for Li0.33La0.57TiO3 at
room temperature of 5 × 10−9 to 1 × 10−8 S cm−1 [15].

3.6. Ionic conductivity

The room temperature AC conductivity results for the hot-
pressed and annealed Li0.33La0.57TiO3 samples using Li-ion blocking
Au electrodes are shown in the full complex impedance plot in
Fig. 4. From Fig. 4 several important points are observed. Firstly,
the data separates into a high frequency region which contains a
semicircle and low frequency region which contains a spike. For
this case, since we have Li blocking electrodes the shape of the
curve represents a material which is predominately a Li-ion con-
ductor with very low electronic conductivity [19–21]. Secondly,
the low frequency intercept of the semicircle on the Z′ axis gives
the total ionic resistance, which includes the contribution of the
lattice and the grain boundary components [20–22]. Using this
resistance and sample dimensions the total ionic conductivity of
the sintered and hot-pressed Li0.33La0.57TiO3 samples was calcu-
lated. The total ionic conductivity of the hot-pressed and annealed
sample is 6 × 10−6 S cm−1. The complex impedance plot for the sin-
tered Li0.33La0.57TiO3 sample looked similar to that shown in Fig. 4,
in that the data separates into a high frequency region which con-
tains a semicircle and low frequency region which exhibits a spike.
Using the low frequency intercept of the semicircle on the Z′ axis
and sample dimensions the total ionic conductivity of the sintered

−7 −1
Li0.33La0.57TiO3 sample was determined to be 3 × 10 S cm . The
total ionic conductivity of the hot-pressed and annealed sample is
∼20× higher than that of the sintered sample. These results are in
agreement with the hot-pressed versus sintered NASICON results
of Zhu et al. [23], who observed about a factor of 2 increase in total

Fig. 4. Complex impedance plot of hot-pressed and annealed Li0.33La0.57TiO3.
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4. Conclusions
ig. 5. High frequency region of the complex impedance plot of hot-pressed and
nnealed Li0.33La0.57TiO3.

onic conductivity for the hot-pressed material compared to the
intered material and the very recent results of Wolfenstine et al.
3] for LiTi2(PO4)3, who observed about a factor of 5 increase in total
onductivity for the hot-pressed material compared to the sintered
aterial.
A blow-up of the high frequency end of the semi-circle shown in

ig. 4 is shown in Fig. 5. The low frequency intercept of this semicir-
le on the Z′ axis gives the Li-ion lattice conductivity [19,20,22,24].
sing this resistance and sample dimensions the lattice conduc-

ivity of the hot-pressed and annealed Li0.33La0.57TiO3 samples
as calculated. The value of the Li-ion lattice conductivity for the
ot-pressed and annealed sample is 1 × 10−3 S cm−1. The sintered
i0.33La0.57TiO3 sample gave a similar curve, which yielded a Li-
on lattice conductivity 9 × 10−4 S cm−1. Both the hot-pressed and
nnealed and sintered samples have the same value for the Li-ion
attice conductivity. This is expected since, the sintered and hot-
ressed powders come from the same source (i.e., have the same
ackground impurities) and had nearly the same heat-treatment
one sintered under air and the other annealed under air). This
alue of the Li-ion lattice conductivity is in good agreement with
he Li-ion lattice conductivity of Li0.33La0.57TiO3 [7–9,15,18].

A comparison of the lattice conductivity (∼1 × 10−3 S cm−1)
ith the total conductivity, lattice plus grain boundary

3 × 10−7 S cm−1 for the sintered material; 6 × 10−6 S cm−1 for
he hot-pressed and annealed material), confirms what has been
uggested in the literature [18,24–28], in that the ionic conductivity
f polycrystalline materials is controlled by the lower conductivity
rain boundaries. Furthermore, since the lattice conductivity of
oth hot-pressed and annealed and sintered material is the same,
he higher total conductivity for the hot-pressed and annealed

aterial compared to the sintered material must be due to a
ifference in the conductivity of the grain boundary component
etween these two materials.

The difference in the ionic conductivity of the grain boundary
omponent of the hot-pressed and annealed Li0.33La0.57TiO3 mate-
ial compared to the sintered Li0.33La0.57TiO3 material is related to
he higher relative density (i.e., lower porosity) of the hot-pressed

aterial (∼94%) versus the sintered material (∼65%). It is has been
bserved that as the density increases (porosity along the grain
oundaries decreases) the total ionic conductivity increases as a

esult of the increase in the conductivity of the grain boundary com-
onent [2,4–6,10,21,24]. It has also been shown that as the grain
ize increases that the total ionic conductivity increases as a result
f the increase in the conductivity of the component associated
Sources 195 (2010) 4124–4128 4127

with the grain boundaries [10,11]. From the SEM images shown in
Figs. 2 and 3, it can be observed that the hot-pressed sample has
less intergranular porosity leading to larger grain boundary area
compared to the sintered sample. As a consequence of the higher
grain boundary area, the ionic conductivity grain boundary compo-
nent for the hot-pressed sample is higher than that for the sintered
sample. Since, the lattice conductivity of both the sintered and hot-
pressed samples is the same, the higher total ionic conductivity of
hot-pressed sample is a result of its higher grain boundary area
(lower intergranular porosity).

The total ionic conductivity of Li0.33La0.57TiO3 for the sintered
sample (3 × 10−7 S cm−1) is in good agreement with sintering data
of Ban and Choi [11] extrapolated to 1050 ◦C (∼4 × 10−7 S cm−1)
and Yang et al. [18] to 1050 ◦C (∼5 × 10−7 S cm−1). In addi-
tion, the total conductivity of the hot-pressed and annealed
sample Li0.33La0.57TiO3 (6 × 10−6 S cm−1) is close to value of
∼3 × 10−6 S cm−1 obtained by Ban and Choi [11] for Li0.33La0.57TiO3
sintered at 1250 ◦C (200 ◦C higher than the hot-pressing tempera-
ture) compared at the same relative density (∼94%). The total ionic
conductivity obtained by Yang et al. [18] for Li0.33La0.57TiO3 at about
the same relative density of ∼94% was ∼5 × 10−5 S cm−1. The results
for Yang et al. [18] are an order of magnitude higher than those for
the current study and Ban and Choi [11]. Reasons for this discrep-
ancy are not known. However one possible difference could be that
the grain size difference between the various studies. The grain size
of the current study was between 1 and 2 �m, whereas the grain
size for the samples of Ban and Choi [11] was around 2 �m, and for
Yang et al. [18], the grain size was around 6 �m. As stated earlier, it
has been shown that as the grain size increases that the total ionic
conductivity increases as a result of the increase in the conductivity
of the component associated with the grain boundaries. Thus, it is
expected and is observed when comparing the various studies that
larger grain size material of Yang et al. [18] had the lower total ionic
conductivity.

The ionic transport number (ionic conductivity/total conduc-
tivity) for hot-pressed Li0.33La0.57TiO3 is ∼1 and for sintered
Li0.33La0.57TiO3 is ∼0.99. These results confirm that Li0.33La0.57TiO3
when heated under oxidizing conditions is an ionic conductor.

3.7. Microhardness

The hardness of the hot-pressed and annealed Li0.33La0.57TiO3
material was ∼963 HV. This is about 11× that for sintered
Li0.33La0.57TiO3 (∼89 HV). There are two major microstructural fea-
tures that control the hardness of these materials. The first is grain
size [13,29–31]. It is known that as grain size increases hardness
decreases. Typically it is observed that hardness varies inversely
with grain size to the one-half power [29–31]. However, since the
grain size for the hot-pressed and annealed and sintered is nearly
the same; grain size can be ruled out as a microstructural variable
responsible for the difference in hardness between the two mate-
rials. The second variable is porosity. Pores reduce the strength of
a material by reducing the cross-sectional over which the load is
applied and acting as stress concentrators [13,14,16,17]. Hence, it
is expected that the hot-pressed and annealed material with its
lower porosity (i.e., higher density) versus the sintered material
should have the higher hardness. This is in agreement with the
experimental results. Thus, the difference in porosity can explain
the variation in the hardness values between the two materials.
The electrical and mechanical properties of hot-pressed versus
sintered Li0.33La0.57TiO3 at temperature of 1050 ◦C were inves-
tigated. Both materials had a grain size between 1 and 2 �m
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owever, the relative density of the hot-pressed materials was
uch greater (∼94%) than that of the sintered materials (∼65%).

he total ionic conductivity of the hot-pressed and annealed sam-
le is ∼20× higher than that of the sintered sample. The hardness
f the hot-pressed Li0.33La0.57TiO3 material was ∼11× that for sin-
ered Li0.33La0.57TiO3. The higher conductivity and hardness of the
ot-pressed material compared to the sintered material is a result
f its higher density. The same relative density (∼94%) obtained by
ot-pressing required Li0.33La0.57TiO3 to be sintered at a tempera-
ure of 1250 ◦C, ∼200 ◦C higher than the hot-pressing temperature.
ot-pressing was performed at a temperature where no significant
i2O loss occurs. Hence, these preliminary results suggest that hot-
ressing can be used as a consolidation method to obtain dense
i0.33La0.57TiO3 samples at temperatures lower than typically used
o sinter Li0.33La0.57TiO3 and hence, reduce Li2O loss.
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