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Abstract. In this work, La, 3 LizTiO3 (LLTO) dense ceramic samples have been prepared by
high-energy ball milling and spark plasma sintering (SPS) route. The crystal structures and
microstructures of the samples were characterized by X-ray powder diffraction and FE-SEM,
whereas their Li-ionic conductivity properties investigated by AC impedance spectroscopy. At
21°C, the LLTO ceramic samples possessed the grain conductivity and grain boundary/total con-
ductivity of 6, = 8.3 x 10~* Sem™" and Ogp = 2.3 107> Scm™!, respectively. In the investigated
temperature range from 21°C to 120°C, the ion conduction is governed by thermally activated
mechanism. The activation energies for grain and grain boundary conductivities are E,o = 0.26 eV
and E,g, = 0.43 eV, respectively.

Keywords: high energy mechanical milling; LLTO ceramics; Spark plasma sintering; Lithium
ionic conductivity; Impedance.

Classification numbers: 81.05.Je; 81.20.Ev; 72.20.-1; 61.72.Mm; 82.47.Aa; 84.37.+q.

1. Introduction

In recent years, lithium-ion batteries (LIBs) have been used as a popular power source for
portable devices, hand tools, etc., due to their large specific capacity, long cycle life [1]. To ex-
pand the fields of using LIBs such as in high-temperature environments, in applications requiring
large power such as electric cars, etc., researchers have been focusing on all-solid lithium-ion bat-
teries (SLIBs), that use ceramic solid electrolytes. Batteries based on ceramic solid electrolytes
are more suitable for applications involving high temperatures, they are structurally stable over
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a wide temperature range, leak-proof, safer and have design flexibility [1, 2]. However, current
solid electrolytes, that typically possess low ionic conductivity, cannot meet the required current
density, especially for heavy-duty applications requiring high power [3,4]. Therefore, the finding
of inorganic solid electrolytes with high ionic conductivity, and good chemical stability in contact
with the electrodes is very useful [5]. Among the promising inorganic solid electrolytes for SLIBs,
perovskite-type lithium lanthanum titanium oxides La, /3— ,Li3,TiO3 (abbreviated as LLTO) have
attracted considerable attention from researchers because of its high Li-ion conductivity, which
can theoretically reach about 1 x 1073 Scm™!, at room temperature. However, according to the
reported experimental results, the ionic grain conductivity of prepared LLTO can achieve about
1073 Scm™!, while the grain boundary conductivity is about two orders of magnitude lower than
the grain conductivity (i.e. about 107> Scm™!). Therefore, the total ionic conductivity for the
polycrystalline LLTO samples is reduced to the order of 107> Scm™! [6]. The research results
also show that the lithium-ion conductivity of LLTO ceramics depends on the crystal structure
and microstructure [6-8], the concentration of lithium-ion and the A-site vacancies [6,7,9, 10],
the chemical homogeneity [5, 11], the sizes of grain and grain boundaries [12, 13] and material
density [3]. The influence of these factors on the electrical conductivity of LLTO can be adjusted
through the methods of initial LLTO powder preparation, temperature, time and sintering proce-
dure [3,5,7,14-18]. Therefore, preparation technology has always played an important role to
obtain LLTO ceramics with desired properties.

To date, LLTO ceramics have mainly been synthesized by two methods, solid-state reac-
tion [6, 8-10, 12, 14, 19-21] and sol-gel [7, 17, 18, 22] where the solid-state reaction method is
often used that allows the production of a relatively large amount of materials. However, in order
to obtain pure phases and compact pellets, this way usually requires a quite high-temperature (over
1300°C) and a long-time processing [6, 8-10, 12, 14, 19-21] which can cause serious lithium loss
even up to 20 mol% [14], wide particle size distribution, resulting in LLTO ceramics with less than
expected conductivity. The sol-gel method allows the preparation of LLTO powders with uniform
particle size, thereby improving the lithium ion conductive behaviors of LLTO ceramics, but the
synthesis process is generally complicated and high cost due to the expensive input materials and
in harmful influences to the environment.

In recent years, a high-energy ball mill method has been applied that allows LLTO powder
to be obtained even at low temperature, with fairly uniform particle size, and to avoid loss of
lithium when calcined at high temperature in a long time [15]. Furthermore, spark plasma sintering
(SPS) is also used to prepare highly dense LLTO ceramics even at low temperature, in a short
time [13, 23-25]. However, to be able to apply the SPS technique effectively when preparing
LLTO ceramics, more detailed and systematic studies need to be continued.

In the present work, LLTO nano-powder was prepared by the high-energy ball milling tech-
nique. The as-prepared nano-powder was sintered by SPS technique for different isothermal hold
durations. The microstructure, ionic conductivity properties were investigated in detail.

2. Experiment

Laj 3 Li3,TiO3 nanopowder with x = 0.09 (LLTO) was prepared by mechanical alloying
method using La;O3 (Aldrich - 99.9%), Li,CO3 (Aldrich - 99%) and TiO, (Aldrich - 99%) as
source materials. The LLTO nanopowder preparation process using Fritsch model Pulverisette 6
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high kinetic energy planetary mill has been reported in our previous work [15]. To obtain coin-
shaped LLTO ceramic samples, the SPS system (LABOX-210, Sinter Land Corporation, Japan)
was used. The LLTO powder was inserted into a 10 mm diameter graphite die and placed between
the two electrodes. The samples were spark plasma sintered at a heating rate of 50°C min~! from
room temperature to 1050°C, which was kept at this temperature for 8 min, under a pressure of
60 MPa, in vacuum. The voltage and current of SPS were controlled according to the automatic
operation mode. The samples were then cooled to near room temperature in the chamber that
was air-filled to atmospheric pressure. After SPS, the samples were heat treated at 800°C for 3 h
in air to promote re-oxidation. The LLTO ceramic density was determined by the well-known
Archimedes method. The phase and crystalline structure of the prepared samples were determined
by powder X-ray diffraction (XRD) using an EQUINOX 5000 diffractometer with CuKy, radiation
(A = 1.54056 A), in the range of 26 from 10° to 100° with a step of 0.015°. The microstructure
of ceramic pellets was observed using a field-emission scanning electron microscope (FE-SEM)
(84800, Hitachi, Japan). For electrical measurement, 300 nm thick Au electrodes were prepared
by vacuum deposition technique on two parallel surfaces of polished ceramic pellets. The ionic
conductivity of the samples was determined by impedance spectrometry with the AutoLab PG-
STAT302N instruments in combination with the FRA32M module, over the temperature range
from 21 to 190°C and the frequency range from 0.1 to 106 Hz, in an atmospheric environment.

3. Results and discussion

Figure 1 shows the XRD patterns of LLTO powder after react-milling. From XRD patterns,
it can be seen that beside the main LLTO phase, there is still a trace amount of residual titanium
oxide rutile (TiO;) after being milled for 6 h (Fig. 1a). The XRD pattern of the as-milled LLTO
powder for 9 h shows only a single LLTO phase (Fig. 1b). The diffraction lines are not of great
intensity, and widen, showing that the LLTO powder has been crystallized with a nanometer-sized
grain size. The average grain size was estimated using the Scherrer equation

_09xA4
~ B.cosB’

where D is average grain size (nm), A = 0.154056 nm (wavelength of X-ray sources), 3 is half-
peak width (in radians), 6 is Bragg’s diffraction angle (in radians). Applying to diffraction lines
corresponding to 26 from 30° to 50°, the grain sizes of the as-milled LLTO powder for 6 h and
9 h were estimated to be 9.6 nm and 8.6 nm, respectively.

Figure 2 shows the typical XRD patterns of the LLTO ceramic samples after SPS. On the
pattern of the sintered sample using the milled LLTO powder for 9 h, only diffraction peaks for
a single phase of LLTO were detected (Fig. 2b). On the contrary, on the pattern of the sintered
sample using milled LLTO powder for 6 h (Fig. 2a), some peaks appear at 20 = 26.7° and 20 =
20.3°, 35.6°, 52.6°, which are attributed to the impure phases of LasTigO4 (according to PDF
#36-0137) and Li;TizO7 (according to PDF #35-0126), respectively. The failure to improve the
purity of the source material could be due to the insufficiently high temperature and especially
the short SPS time (< 10 min) [24]. In addition to the obtained peaks from the base cell of
cubic perovskite ABO3 (refer to PDF #46-0465), superstructure peaks (marked with arrows) are
clearly observed. Further, no split of the (200) and (220) peaks was observed (insets in Fig. 2).
Those show that the LLTO unit cell has tetragonal symmetry (space group P4/mmm; refer to PDF

ey
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Fig. 1. XRD patterns of as-milled LLTO powder for 6 h (a) and 9 h (b).

#46-0466) [11,12,24]. The tetragonal cell is not simply a cube duplication along the ¢ direction
(c # 2a) as clearly indicated by the split of the (114) and (212) peaks (shown in the inset). The
tetragonal distortion is attributed to the alternating distribution of La**, Li* cations and vacancies
on the a — b faces to La*>* rich (Li* and vacancy poor) and La>* poor (Li* and vacancy rich) faces
along c-axis [11, 19]. From XRD patterns in Fig. 2, the lattice parameters of LLTO ceramics were
calculated being a =~ 3.8795 A, ¢ ~ 7.7702 A, and a ~ 3.8761 A, ¢ ~ 7.7534 A for the sintered
sample using the ground LLTO powder for 6 h (M09.6 h) and that using grinded LLTO powder
for 9 h (M09.9 h), respectively. In found, the lattice parameters of M09.6 h are slightly larger than
those of M09.9 h. This is attributed to the fact that in the as-sintered M09.6 h there is still a small
amount of Li; TizO7 impurity, which reduces the lithium content in the LLTO phase, leading to an
increase in its lattice parameters [17].

Figure 3 is the cross-sectional SEM micrographs of the SPS post-sintered samples. It can
be seen that LLTO ceramic samples consist of quite uniform nano-sized grains. The direct grain-
grain contacts dominate at the grain boundaries. The average grain sizes of samples, as roughly
estimated from SEM micrographs of the sample’s fractured surfaces, is about 780 nm. Using
the Archimedes principle, the relative densities of the isothermal sintered LLTO pellets for 8 min
was estimated to be around 90% of the theoretical X-ray density. According to Y. Kobayashi et
al. [24], the relative density is only 76% as the SPS at 1000°C. The density of LLTO ceramics
can achieve over 95% of the theoretical X-ray density as the SPS at > 1100°C [24, 25], or under
greater pressure [13].
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Fig. 2. Typical XRD patterns of as-sintered LLTO ceramics using milled LLTO powder
for 6 h (a) and 9 h (b).

Fig. 3. Cross-sectional SEM micrographs of LLTO ceramic after SPS at 1050°C for
8 min, with different magnifications.

In fact, Li-ionic conductivity of sintered samples using react-milled LLTO powder for 6 h
was lower than that of sintered samples using react-milled LLTO powder for 9 h. The cause is
attributed to the effect of the impure phases (especially LasTigO24 which do not conduct lithium
ions), although low in content, which are located within grain boundaries or inter-grains space,
which cause inhibition of migration of Li*™ across the grain boundaries [24]. In addition, the
existence of a LipTizO7 phase that reduces the carrier concentration, leading to a decrease in both
grain and grain boundary conductivity [26]. In the following, the ionic conductive characteristics
of the sintered samples using the react-milled powder for 9 h are presented only.
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Figure 4 presents the typical impedance spectra (IS) recorded at room temperature (21°C) of
the ceramic samples. The impedance spectra consist of a semicircle in the high-frequency region
related to grain and grain boundaries conductance. The intercepts of the semicircle with the Z’-axis
towards the high frequency determine the grain resistance. The intercept of this semicircle with the
Z’-axis towards the low frequency determine the total resistance which includes the contribution
of the grain and the grain boundary components. The width of the semicircle determines grain
boundary resistance. The second part is the straight line obtained in the low frequency region
related to the diffusion process in the Helmholtz layer. To determine more precisely the ionic
conductivity, the theoretical curve fitting method obtained from the equivalent circuit with the
experimental data spectrum was used.

3x10°

1 I
2x10° 107

Z (Ohm)

] I
0 110

Fig. 4. Equivalent circuit and Cole—Cole plot for a typical complex impedance of LLTO
of samples measured at room temperature (21°C): the hollow circle represents experi-
mental values; the solid line represents fitted data with an equivalent circuit.

Experimental IS data were recorded on samples with Au — LLTO — Au structure is well
fitted with the plots obtained from the equivalent circuit shown by the inset in Fig. 4. Where, R,
is the resistance, which characterizes the grain conductance with capacitance C, which can be ne-
glected; Ry, and Cy, characterize the grain boundary conductance; W and Cy; - Warburg impedance
characterizes the charge diffusion and capacitance of the Helmholtz layer at the electrode/LTTO
interface; R,; and Q,;, resistance and constant phase element (CPE), respectively, which character-
ize the lithium ion blocking electrodes. The fitting results show that the C,;, capacitance is on the
level of ~ 107 F, in agreement with results reported by Wu et al. [13].
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By fitting, the values of grain resistance (Rg) and grain boundary resistance (Rg,) were
determined, the total resistance (Rr) is then R, 4 Rgp,. Using these resistances and sample dimen-
sions, the conductivities are determined by the formula

d

o= RxA’ 2)
In formula (2), d is the thickness of the measured sample, A is the area of the Au electrode, and
R is the measured real resistance (Rg, Ry, or R7). The contributions of the Rg and Ry, to the R,
the ionic conductivities of the SPS samples at room temperature (21°C) are shown in Table 1. It
shows that the contribution of Ry, to RT is predominant. Within error of 5%, the value of the
total conductivity can be regarded as equal to that of the grain boundary conductivity. There-
fore, the improved grain boundary conductivity will contribute mainly to the total conductivity
improvement.

Table 1. Lithium ion conductivity of SPS samples at room temperature (21°C).

Samples  R/Ry (%) Rgp/Rr (%) 0Oy (Scm™') 0y, (Scm™ 1) o7 (Sem™T)
M09.9h08  2.70 97.30 83x107* 23x107° 23x107°

The grain conductivity of SPS samples is consistent with that reported by Wu et al. [13].
Meanwhile, grain boundary conductivity is one order of magnitude larger than the reported results
when the SPS process was carried out at the same 1050°C for 3 min [24] and is consistent with
that reported for the same composition prepared by conventional sintering at > 1200°C for 6-12
hours [7,12]. The high grain boundary conductivity (thus, the high total conductivity) is attributed
to the high density of the prepared LLTO ceramics, and moreover, the improved grain - grain
bonding at the atomic level in polycrystalline ceramics [25].

The temperature inverse dependence of In(c7T') for the grain conductivity (o,) and grain
boundary (0g;) of LLTO samples is shown in Fig. 5. In seen, the conductivity of the samples
increased as increasing ambient temperature, un-following Arrhenius behavior in the entire inves-
tigated temperature range (294 — 463 K). In the temperature range higher than 400 K, a curvature
of the In(oT') versus 1000/T plot is detected, which is especially evident for the grain conductivity.
These results are consistent with the results of previously published works [20,21]. In the temper-
ature range lower than 400 K, the plots of In(o7') versus 1000/T can be considered to follow the

classical Arrhenius law:
o= S0 ex & 3)
“T PV Tk [

where o) the pre-exponential factor, Ea - activation energy. The Li™ conduction in this temperature
range is of thermally activated mechanism.

From the temperature inverse dependence plots of In(c7T), the activation energy for the
ionic conductivity of the samples was determined. In temperature range lower than 400 K, the
activation energy for the grain and grain boundary conductivities of the LLTO samples are 0.26
eV and 0.43 eV, respectively, consistent with the results reported by Wu et al. [13]. In the inves-
tigated temperature range higher than 400 K, the ionic conductivity of all samples did not obey
Arrhenius law (2), the slope of the In(oT) versus 1000/T plots gradually decreased with increas-
ing temperature. The non-Arrhenius behavior of ionic conductivity, at temperatures higher than
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Fig. 5. Arrhenius plots of the grain (a) and grain boundary (b) conductivity for the ce-
ramic specimens.

400 K, related to (i) the tilt or/and rotation of the TiOg octahedrons, leading to an “opening or
closing of the bottleneck” in the perovskite through which lithium ions migrate into nearby A-site
vacancies, and (ii) the relaxation of lattice, which becomes faster as the temperature increases and
the ability of the lithium ions to jump backwards through the “bottleneck™ decreases significantly,

thus reducing activation energies [20].

4. Conclusions

This work confirmed that spark plasma sintering is an effective technique in preparing solid
electrolyte of good ionic conductivity properties. The La,/3_,Li3, TiO3 (x = 0.09) pellets with
fairly uniform grain size, relatively high density (over 90% of the theoretical X-ray density) were
achieved by SPS technique at 1050°C, for a few minutes. The influence of LLTO precursor powder
on the microstructure of LLTO ceramics was evaluated. At room temperature, the LLTO samples
possessed grain conductivity of o, = 8.3 X 10~* Scm™!, and grain boundary conductivity of Ogp =
2.3 x 1073 Scm™!. In the temperature region lower than 400 K, the temperature-dependent ionic
conductivity obeys the Arrhenius law with the activation energies for the grain and grain boundary
conductivities being E,¢ = 0.26 €V and E,,, = 0.43 €V, respectively. Although the grain boundary
conductivity has been improved, it is still nearly two orders of magnitude lower than the grain
conductivity due to the low ceramic density and pores in the grain boundaries. In order to improve
the total conductivity of LLTO ceramics, the optimization of the SPS process needs to be studied

in more detail.
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