Journal of Power Sources 195 (2010) 4124-4128

journal homepage: www.elsevier.com/locate/jpowsour

Contents lists available at ScienceDirect

Journal of Power Sources

JOURNALOF

Py
a.'llullf—sm

T— —

Short communication

Hot-pressed Lig33Lag57TiO3

J. Wolfenstine®*, ].L. Allen?, J. Read?, ]. Sakamoto®, G. Gonalez-Doncel ¢

2 Army Research Laboratory, AMSRD-ARL-SE-DC 2800 Powder Mill Road, Adelphi, MD 20783, United States
b Michigan State University Dept. of Chemical Engineering and Materials Science, 2527 Michigan State University, East Lansing, MI 48824, United States

¢ Dept. Metalurgia Fisica, CENIM. C.S.I.C. Av. de Gregorio del Amo 8, 28040 Madrid, Spain

ARTICLE INFO ABSTRACT

Article history:

Received 30 November 2009
Received in revised form

18 December 2009

Accepted 22 December 2009
Available online 13 January 2010

The electrical and mechanical properties of hot-pressed versus sintered Lip33Lags7TiO3 at temperature
of 1050°C were investigated. It was observed that hot-pressed Lig33Lags7TiO3 exhibited a higher total
Li-ion conductivity (~20x) and hardness (~11x) compared to sintered Lig33Lag57TiO3 as a result of its
higher density. Hot-pressed Lip33Lags7TiO3 had a similar relative density and total Li-ion conductivity
when compared to Lig3sLags7TiOs sintered at 1250 °C, where significant Li; O loss occurs. These results

suggest that hot-pressing can be used as a consolidation method to reduce Li,O loss to obtain dense
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1. Introduction

Recently, there has been interest in the development of Li-air
batteries for high energy applications. One configuration involves
the use of a Li anode in a non-aqueous electrolyte which is sep-
arated from an aqueous electrolyte containing the air cathode
by a solid state Li-ion conducting membrane [1-5]. One of the
requirements for the membrane besides chemical stability, is high
Li-ion conductivity, which has resulted in interest in the use of
doped-LiTi»(PO4)3 (LTP) as a potential membrane [1-5]. Besides
doped-LTP, lithium lanthanum titanates, LizyLay;3_4TiO3, (LLTO)
having a perovskite structure are also under consideration as pos-
sible membrane materials because, of their chemical stability and
high Li-ion conductivity [6-9]. If lithium lanthanum titanates are
to be used as possible membrane materials for Li-air batteries a
dense material is required. One of the problems with LLTO is high
temperature sintering (>1250°C[9-11]) is required to achieve high
densities (relative density >95%). The high sintering temperature
results in Li;O loss leading to problems in controlling Li-ion con-
tent and hence, ionic conductivity. One possible solution to achieve
high density LLTO and overcome Li,O loss is to hot-press LLTO at
a temperature lower than what is typically used in conventional
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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 Lig 33Lag 57TiO3 hot-pressed at a
temperature of 1050 °C, which is ~175-200 °C lower than that typ-
ically used to sinter Lig 33Lag 57TiO3, where no significant Li, O loss
occurs [11]. The properties will also be compared to Lig 33Lag 57TiO3
sintered at 1050 °C and higher temperatures. At present there is no
information on the mechanical properties of Lig 33Lag 57TiO3. Such
information is needed if Lig 33Lag 57TiO5 is to be used as a membrane
in Li-air batteries.

2. Experimental
2.1. Material preparation

Lig33Lag57TiO3 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 La;03, TiO;
(anatase), and Li;CO3 were mixed. The mixture was then heated
in air at 10°Cmin~! to 800°C and held for 4 h before ramping at
10°Cmin~! to 1100°C and held for 36 h before cooling to room
temperature at 10°Cmin~".
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2.2. Consolidation

The Lig 33Lag 57TiO3 powders were hot-pressed in a graphite die
lined with graphfoil which was then heated to 1050°C at which
time a stress of 70 MPa was applied and held for a period of 1.5h
after which the load was removed and sample cooled to room tem-
perature. During the heating and cooling stages the furnace was
flushed with flowing argon. The hot-pressed specimen was disc
shaped with a thickness of about ~11 mm and a diameter between
22 and 23 mm. Rectangular parallelepiped specimens of about
5mm x 5mm x 3 mm were cut from the hot-pressed disc using a
low-speed diamond saw for microstructural analysis, density, elec-
trical and mechanical property measurements. For sintering the
Lig33Lag57TiO3 powders were first uniaxially pressed into cylin-
drical specimens 13 mm in diameter with a thickness between 2
and 4 mm at pressure of 200 MPa. A 3 wt.% polyvinyl alcohol binder
was used. The pellets were then sintered at 1050 °C for 1.5 h under
air on platinum foil.

2.3. Property characterization

The bulk density of the sintered and hot-pressed samples was
determined from the weight and physical dimensions and also by
the Archimedes method using methanol as the immersion fluid.
The relative density values were determined by dividing the bulk
density by the Lig33Lags7TiO3 theoretical density. The microstruc-
ture of the sintered and hot-pressed samples was examined using a
scanning electron microscope (SEM) on samples that were polished
and thermally etched at 950 °C for 2 h under air.

The Li content of the Lig 33Lag57TiO3 samples prior to and after
hot-pressing/sintering was determined using inductively coupled
plasma analysis (Galbraith Laboratories, Inc., Knoxville, TN).

AC and DC room temperature electrical conductivity measure-
ments were performed on sintered and hot-pressed samples using
the two probe method. Au was sputter coated on to the top and bot-
tom surfaces of the specimens. AC measurements were undertaken
to determine ionic conductivity. AC impedance was measured
using a Solatron 1260 Impedance Analyzer in the frequency range
1-106 Hz. DC measurements were undertaken to determine elec-
tronic conductivity. DC resistances were measured using a Keithly
6517A Electrometer/High Resistance Meter with a Model 8009
Resistivity Test Fixture capable of measuring volume resistivties
as high as 101 Q cm.

The mechanical properties of the sintered and hot-pressed
Ligp33Lags7TiO3 materials were evaluated from microhardness
measurements. Microhardness was chosen to characterize
the mechanical properties of the sintered and hot-pressed
Lig33Lag 57TiO3 materials for the following reasons: (1) hardness
is related to strength and (2) due to small volume of material and
ease of specimen preparation and testing [16,17]. The room tem-
perature Vickers hardness of polished sintered and hot-pressed
specimens was measured at a load of 9.8 N at an indentation time
of 15s.

3. Results and discussion
3.1. Color

The sintered Lig33Llags7TiO3 disc was white colored like the
original starting powders. The color of the hot-pressed samples
was blue on the surface, indicating reduction of Ti** to Ti3* had
occurred on the surface as a result of the carbon foil and reducing
atmosphere [3]. In order to convert the surface Ti3* back to Ti%
all hot-pressed samples were heated at 900 °C for 2 h under air. It
was found that after this heat-treatment that all samples were col-
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Fig. 1. X-ray diffraction pattern of Lip33Lag57TiOs3.

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 Lig 33Lag 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; Lig3pLags57TiO3 and Lig 3sLag57TiO3. 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 Lig33Llags7TiO3 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
beenindexed 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
3.259140.094gcm~3 while it is 4.7132+0.094gcm~3 for the
hot-pressed and annealed sample. The relative density (mea-
sured/theoretical) of the sintered and hot-pressed and annealed
Lig33Lag57TiO3 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 Ligs33Lags;TiO3 (6542%) 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 1.5x 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 Lip3sLags7TiO3 at a temperature of 1250°C for
2h whereas Yang et al. [18] needed to sinter Lip3sLags7TiO3 at
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Fig. 2. Scanning electron micrograph of sintered Lig33Lag57TiO3.

a temperature of 1225°C for 8 h to achieve a relative density of
~94%. At 1250°C significant loss of Li,O was observed [11]. In
contrast, the hot-pressed sample required only to be heated to
1050°C (175-200°C lower than the sintering temperature of Yang
et al. [18] and Ban and Choi [11], respectively) to achieve a similar
relative density. Below 1100 °C negligible Li loss for sintering was
observed [11].

3.4. Microstructure

SEM micrographs of the sintered and hot-pressed and
annealed Lig33Lag57TiO3 thermally etched samples are shown in
Figs. 2 and 3, respectively. A comparison of Figs. 2 and 3 shows
that the sintered sample is much more porous than the hot-pressed
sample, as expected based on the relative density measurements.
Both the sintered and hot-pressed and annealed samples have
grains that are fairly equiaxed. The grain size is about the same for

Fig. 3. Scanning electron micrograph of hot-pressed and annealed Lip33Lag57TiO3.

both samples, ~1-2 pm. 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 x 10~2 and 4 x 1072 Scm™!, 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 Lig33Lags57TiO3 at
room temperature of 5x 1072 to 1 x 10~ Scm~1 [15].

3.6. Ionic conductivity

The room temperature AC conductivity results for the hot-
pressed and annealed Lig 33Lag 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 Lig33Lags7TiO3 samples was calcu-
lated. The total ionic conductivity of the hot-pressed and annealed
sample is 6 x 1076 Scm~!. The complex impedance plot for the sin-
tered Lig 33Lag 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
Lig33Lag 57TiO3 sample was determined to be 3 x 10-7 Scm~!. The
total ionic conductivity of the hot-pressed and annealed sample is
~20x 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
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Fig. 4. Complex impedance plot of hot-pressed and annealed Lip33Lags7TiO3.
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Fig. 5. High frequency region of the complex impedance plot of hot-pressed and
annealed Lio,33L30‘57TiO3.

ionic conductivity for the hot-pressed material compared to the
sintered material and the very recent results of Wolfenstine et al.
[3]for LiTiy(PO4)3, who observed about a factor of 5 increase in total
conductivity for the hot-pressed material compared to the sintered
material.

Ablow-up of the high frequency end of the semi-circle shown in
Fig. 4 is shown in Fig. 5. The low frequency intercept of this semicir-
cle on the Z' axis gives the Li-ion lattice conductivity [19,20,22,24].
Using this resistance and sample dimensions the lattice conduc-
tivity of the hot-pressed and annealed Lig33Lags;TiO3 samples
was calculated. The value of the Li-ion lattice conductivity for the
hot-pressed and annealed sample is 1 x 10~3 Scm~!. The sintered
Lig33Lag57TiO3 sample gave a similar curve, which yielded a Li-
ion lattice conductivity 9 x 10~4Scm~!. Both the hot-pressed and
annealed and sintered samples have the same value for the Li-ion
lattice conductivity. 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). This
value of the Li-ion lattice conductivity is in good agreement with
the Li-ion lattice conductivity of Lig 33Lag 57TiO3 [7-9,15,18].

A comparison of the lattice conductivity (~1x 10-3Scm1)
with the total conductivity, lattice plus grain boundary
(3x10-7Scm~! for the sintered material; 6 x 10-6Scm~! for
the hot-pressed and annealed material), confirms what has been
suggested in the literature [18,24-28], in that the ionic conductivity
of polycrystalline materials is controlled by the lower conductivity
grain boundaries. Furthermore, since the lattice conductivity of
both hot-pressed and annealed and sintered material is the same,
the higher total conductivity for the hot-pressed and annealed
material compared to the sintered material must be due to a
difference in the conductivity of the grain boundary component
between these two materials.

The difference in the ionic conductivity of the grain boundary
component of the hot-pressed and annealed Liy 33Lag 57TiO3 mate-
rial compared to the sintered Lig 33Lag 57 TiO3 material is related to
the higher relative density (i.e., lower porosity) of the hot-pressed
material (~94%) versus the sintered material (~65%). It is has been
observed that as the density increases (porosity along the grain
boundaries decreases) the total ionic conductivity increases as a
result of the increase in the conductivity of the grain boundary com-
ponent [2,4-6,10,21,24]. It has also 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 [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 Lig 33Lag57TiO3 for the sintered
sample (3 x 10-7 Scm~1) is in good agreement with sintering data
of Ban and Choi [11] extrapolated to 1050°C (~4 x 107 Scm™1)
and Yang et al. [18] to 1050°C (~5x10-7Scm~!). In addi-
tion, the total conductivity of the hot-pressed and annealed
sample Lig33Llags7TiO3 (6x10°6Scm~1) is close to value of
~3 x 10-%Scm~! obtained by Ban and Choi [11] for Lig 33Lag 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 Lig 33Lag57TiO3 atabout
the same relative density of ~94% was ~5 x 10~> Scm~!. Theresults
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 um, whereas the grain
size for the samples of Ban and Choi [11] was around 2 pm, and for
Yang et al. [18], the grain size was around 6 p.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 Lig33Lags;TiO3 is ~1 and for sintered
Lig33Lag 57TiO3 is ~0.99. These results confirm that Lig 33Lag 57TiO3
when heated under oxidizing conditions is an ionic conductor.

3.7. Microhardness

The hardness of the hot-pressed and annealed Lig33Lag57TiO3
material was ~963 HV. This is about 11x that for sintered
Lig33Lag 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.

4. Conclusions

The electrical and mechanical properties of hot-pressed versus
sintered Lig33Lags7TiO3 at temperature of 1050°C were inves-
tigated. Both materials had a grain size between 1 and 2 pm
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however, the relative density of the hot-pressed materials was
much greater (~94%) than that of the sintered materials (~65%).
The total ionic conductivity of the hot-pressed and annealed sam-
ple is ~20x higher than that of the sintered sample. The hardness
of the hot-pressed Lig 33Lag 57TiO3 material was ~11 x that for sin-
tered Lip 33Lag57TiO3. The higher conductivity and hardness of the
hot-pressed material compared to the sintered material is a result
of its higher density. The same relative density (~94%) obtained by
hot-pressing required Lig 33Lag 57TiO3 to be sintered at a tempera-
ture of 1250°C, ~200°C higher than the hot-pressing temperature.
Hot-pressing was performed at a temperature where no significant
Li» O loss occurs. Hence, these preliminary results suggest that hot-
pressing can be used as a consolidation method to obtain dense
Lig 33Lag 57TiO3 samples at temperatures lower than typically used
to sinter Lig33Lag57TiO3 and hence, reduce Li, O loss.
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