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Abstract: The crystal structures of sev-
eral oxides of the La,;Li,Ti;_Al,O;
system have been studied by selected-
area electron diffraction, high-resolu-
tion transmission electron microscopy,
and powder neutron diffraction, and

octahedra and the ordering of lantha-
num and lithium ions and vacancies
along the 2a, axis. The Li* ions pres-
ent a distorted square-planar coordina-
tion and are located in interstitial posi-
tions of the structure, which could ex-

plain the very high ionic conductivity
of this type of material. The lithium
conductivity depends on the oxide
composition and its crystal microstruc-
ture, which varies with the thermal
treatment of the sample. The micro-

their lithium conductivity has been by
complex impedance spectroscopy. The
compounds have a perovskite-related
structure with a unit cell \/2a,x2a,x
v2a, (a,=perovskite lattice parame-
ter) due to the tilting of the (Ti/Al)Oq

diffraction

Introduction

Structure—property relationships are a well-established para-
digm in solid-state chemistry and materials science.]
Among the uncountable examples of the sort, ionic conduc-
tivity is considered as a prime one.
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structure of these titanates is complex
due to formation of domains of order-
ing and other defects such as strains

nd compositional fluctuations.
structure— and compositional fluctuations

It is evident that some structures facilitate, while some
others complicate, ionic diffusion and conductivity. The
much studied perovskite structure (ABO;) has very often
been the material substrate for making good ionic conduc-
tors and, in particular, lithium has been shown to move in
some perovskite systems faster than in any other materials.

The very high value of lithium conductivity (Opg ~1x
10°Scm™" at room temperature) reported in the literature
some years ago for the oxides of general formula
La,; ,Li; TiO,®® has indeed developed a great interest in
the study of this kind of titanate with perovskite-related
structures. In this sense, substitution of La and/or Ti by
other metal ions has lead to the discovery of a multitude of
new systems with different properties according to the type
and degree of substitution.”

Among the systems obtained by substitution of Ti in the
lithium-lanthanide-titanates is the La,;Li, Ti;_,Al,O; (0.06 <
x<0.3) system,”® which also has a very high lithium conduc-
tivity, though significantly lower than the La,;_Li; TiO;
oxides. We believe that the reason for having lower conduc-
tivity is that the optimum charge carriers/A-cation vacancies
ratio is not achieved in the La,;Li,Ti;_,Al,O; system, but
rather that of LagssLijs3,,Ti;_ AL O3, which has the highest
lithium conductivity reported to date in the literature for a
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crystalline material (Gyyy ~2.95x10° Scm™ at 295K for x=
0.03).7 Another interesting property of the La,;Li,Ti, ,-
Al,O; oxides is their dielectric behavior. We have recently
reported “giant” barrier layer capacitance effects in
Lag g7Lig.5 Tig 75Aly 505"

The chemical and physical properties of materials are inti-
mately related to their crystal structure and microstructure.
Therefore, the knowledge of the crystal structure of these
oxides, in particular the location of the Li ions, is essential
to understand their physicochemical behavior. Moreover,
microstructural effects, such as domain formation, may
affect the Li*-motion pathways and hence the ionic conduc-
tivity of these oxides. Besides, it is known that the profile of
the powder diffraction patterns (either X-ray or neutron) is
substantially affected by the microstructure of the crystalline
solids; consequently the knowledge of the crystal micro-
structure is essential for solving the real as opposed to the
average structure of the solids.

We have recently reported a study of the crystal structure
and microstructure of two La,;_,Li; TiO; oxides by the com-
plementary use of electron diffraction and transmission elec-
tron microscopy and powder synchrotron X-ray diffrac-
tion."V In that work, we solved the structure of our materi-
als taking into account, simultaneously, the effects of their
microstructure and defects on the diffraction patterns.

In present work, we use this approach for obtaining de-
tailed structural features of our oxides. Since some physical
properties of these titanates vary with their microstructure,
it is important to establish the relationships between compo-
sition, crystal structure, microstructure, and properties, in
particular their ionic conductivity.

Therefore, here we present the study of the crystal struc-
ture and microstructure of some La,;Li, Ti; Al O; oxides
by means of powder neutron diffraction (PND), powder X-
ray diffraction (PXRD), selected-area electron diffraction
(SAED) and high-resolution transmission electron micros-
copy (HRTEM), as well as the dependence of Li-ion con-
ductivity on the crystal structure and microstructure.

Results and Discussion

Previous work indicates modifications of the XRD patterns
of the La,;Li, Ti;_,Al,O; oxides (0.06 <x <0.3) with both the
composition and the annealing temperature.’! Superlattice
reflections with respect to the ideal cubic perovskite struc-
ture are relatively sharp in the patterns of the samples with
0.06<x<0.2 annealed and quenched from 1273 K. These
extra reflections broaden when x increases in such a way
that they are almost invisible in the sample corresponding to
x=0.3. The superlattice reflections also broaden when in-
creasing the annealing temperature; in fact, they almost dis-
appear for the sample with x=0.2 when it is annealed at
1573 K and quenched from this temperature.

Despite the differences observed by PXRD, all the oxides
have the same basic unit cell (a~+/2a, b~+/2a, c~2a,;
a,=perovskite lattice parameter) and their crystals are
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formed by three sets of domains with different orientations
of this unit cell.® However, the size of the domains depends
on the composition and the thermal history of the sample. It
appears that the intensity of the superlattice reflections in
the PXRD patterns is related to the size of the domains in
such a way that, broad (almost invisible) peaks are due to a
microdomain microstructure and sharp peaks correspond to
relatively large domains.

In the following we present the structural and microstruc-
tural characterization at room temperature of La,;Li, Ti;_,-
Al,O; samples corresponding to x=0.1 and 0.2, both of
them annealed and quenched from 1273 K (samples 01LT
and 02LT, respectively) and from 1573 K (samples 01HT
and 02HT), and the oxide with x=0.3 annealed and
quenched from 1273 K (sample 03LT). The sample 01HT
was also studied at low temperature (2 K) to determine the
static or dynamic nature of the structural disorder observed
in these compounds. In addition, the electrical characteriza-
tion of these materials is also presented.

Transmission electron microscopy (TEM) and high-resolu-
tion TEM (HRTEM): Figure 1 shows three different SAED
patterns of sample O3LT. Extra reflections with respect to

Figure 1. SAED patterns of sample 03LT along the a) [110],, b) [112],,
and c) [001], zone axes.

the ideal cubic perovskite structure are almost invisible in
the PXRD patterns of this sample. However, the (00//2),,
(h12h12112),, (hi2h/21),, (R/200), and (0k/20), superlattice
reflections are observed in the SAED patterns (the main
Bragg reflections have been indexed according to the ideal
perovskite structure), which correspond to a crystal unit cell
of dimensions 2a,x2a,x2a, or alternatively to the forma-
tion of domains of /2a,x/2a,x2a, unit cell with the long
2a, axis oriented along three mutually perpendicular direc-
tions. TEM has to be used to distinguish between these two
possibilities.

Figure 2a shows the HRTEM image corresponding to the
[001], zone axis. Contrast differences with periodicity ~2a,
are observed in small regions of the crystal (with two or
three times the size of the unit cell dimensions) along either
the [100], or the [010], directions, but never in the two di-
rections simultaneously (this would correspond to a 2a,x
2a,x2a, unit cell). Therefore, the crystal is formed by mi-
crodomains of the \/2a,x+/2a,x2a, cell with different ori-
entations of the long 2a, axis.

The SAED patterns for all the oxides of the La,;Li,Ti;_,-
Al,O; system are similar to those shown in Figure 1, with no
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Figure 2. HRTEM image corresponding to the [001], zone axis of
a) sample 03LT and b) sample 01 LT.

dependence on either the composition or the annealing tem-
perature of the samples. However, the size of the ordering
domains varies with these two factors, in such a way that the
crystals of samples 01LT and 01HT (x=0.1) have big do-
mains (Figure 2b); the crystals of the oxide with x=0.2 are
formed by large domains when annealed and quenched
from 1273 K (sample 02LT) and microdomains for sample
02HT (quenched from 1573 K), whereas the crystals with
x=0.3 always have microdomain formation.

It must also be mentioned that splitting of the (hhl) re-
flections is observed in the SAED patterns at high diffrac-
tion angles (not seen in Figure 1 due to insufficient magnifi-
cation). This is due to slightly different dimensions of the a
and b lattice parameters and domain formation, indicating
that the symmetry of the crystal structure of these com-
pounds must be orthorhombic or monoclinic.

Therefore, none of the crystal structure models most re-
cently proposed by other authors for several compounds of
the La,; ,Li;, TiO; system[u’“] are valid for our La,;Li, Ti;_,-
Al,O; oxides because they are not based on the observed ~
V2a,x+/2a,%x2a, cell, but on a ~2a,x2a,x2a, one. In fact,
none of these models agrees with the crystal microstructure
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of the La,; ,Li; TiO; oxides observed by SAED and
TEM.[H’IS’IG]

Finally the extensive study carried out by TEM allows us
to conclude that neither secondary phases nor amorphous
materials are present in the samples in significant quantities.

Crystal structure refinement

Room temperature structure: Although there are many in-
vestigations devoted to materials of the La,;_ Li;TiO;
family, the model for describing the structure of these com-
pounds is still an open and controversial question.

To properly determine the structure of complex materials,
as is the perovskite-like La,;_,Li, TiO; family, averaging
(PXRD and PND) and local techniques (such as SAED and
HRTEM) must be combined. Only by doing so can a com-
plete and adequate structural model be developed.

La,;_,Li;, TiO; materials, and related ones, present a com-
plex microstructure that makes the analysis of their diffrac-
tion patterns (XRD and NPD) a difficult task. Thus, unreal-
istic or unnecessarily complex models have been proposed
for describing the average (ideal) structure of these materi-
als. In a previous paper!"!! we demonstrated that different
samples of the La,, i, 5 TiO; series presented the same
unit cell, the so-called “diagonal cell” (a~+/2a,, b~+/2a,, c~
2a,) and symmetry (Pmma or P.2/m when additional distor-
tion occurs), in spite of having quite different PXRD pat-
terns that may suggest different unit cells and/or symmetry.

We are now going to follow the above underlined method
for refining the crystal structure of our La,;LiTi;_ Al,O;
oxides.

There are only four octahedra-tilting systems in perov-
skites that originate a diagonal unit cell: these are a’a’c™,
a’b™b~; a*b b, and a* b ¢ (Glazer’s notation),"™ cor-
responding to the space groups [4/mcm, Imma, Pnma, and
P2,/m, respectively. In addition to the octahedral tilting, the
ordering of lanthanum and lithium atoms as well as the va-
cancies along the 2a, axis must be considered; otherwise the
(001/2) reflections will be too weak to be observed by
PXRD, discarding the I-centered groups (however, the 14/
mcm symmetry has recently been used to refine the struc-
ture of Lij;Lays;TiO; from time-of-flight (TOF) neutron
diffraction data).’” Taking into account that tetragonal
groups or subgroups of the above space groups can be dis-
carded because our oxides are either orthorhombic or mon-
oclinic (splitting of the (hhl) reflections), we deduce that
the P2ma symmetry resulting from ordering in the atb b~
tilting system and the Pmma and P..2/m symmetry resulting
from the ordering in the a~b’a” one (with unit cell setting
a~+/2a, b~2a, c~./2a,) are compatible with the reflec-
tions in the SAED patterns. It should be noted that the ex-
tinctions due to the a-glide plane and the screw axis are not
observed due to the domain microstructure of the materials.

Although the structure of the sample O01LT could be
monoclinic, like Lay¢Li,,TiO; annealed and quenched from
1273 K, PND data have not enough resolution to detect
the slight distortion responsible for the lack of the ortho-
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rhombic symmetry (Pmma). However, we tried structural
models of Pmma, P2,/m, and P2ma symmetries; despite the
last two models having more parameters, the refinements
did not improve and became unstable. Thus, Pmma symme-
try was preferred. In the Supporting Information the struc-
tural parameters are collected in Tables 1 and 2, whereas
Tables 3 and 4 show the main structural information. The
metal substructure is quite defective, whereas the anionic
one is complete and no oxygen vacancies or interstitials
were observed from neutron diffraction data.

Figure 3 shows the graphic results of the fitting of the
PND diffraction patterns for samples 01 LT and 03LT. In the
latter a small amount (about 3 %) of LiAl;Oy is present as
impurity. The actual composition of sample 03LT (Table 1
Supporting Information) suggests that a small loss of lithium
oxide was also produced during the synthesis at high tem-
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Figure 3. Experimental (points), calculated (solid line) and difference
(bottom) neutron diffraction patterns recorded at room temperature for
a) 01 LT and b) 03 LT. The inset in a) shows a difference Fourier density
map of the plane containing lithium ions (contour levels from 0.0 to
—0.019 fm A=, 0.001 fm A~ per step; note that the Li scattering factor
for a neutron is —1.9 fm). In b) the second row of vertical marks indi-
cates the peaks of LiAl;Og present as impurity.
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perature (1573 K) and agrees with the fact that the limit for
the solid solution is close to x=0.3.!"!

Figure 4 shows a schematic representation of the crystal
structure of all the La,;Li,Ti;_,Al,O; compounds investigat-
ed.

Figure 4. Schematic representation of La,;Li Ti; (Al,O; materials (see
Tables 1 and 2 in the Supporting Information for details). Color code:
large light gray spheres: Lal; large dark gray spheres: La2; and small
light gray spheres: lithium.

In spite of their different composition and/or thermal
treatments all these materials have some common features.
The formation of a superstructure of the basic perovskite is
due to two mechanisms: the tilting of octahedra and the or-
dering of La’*, Li*, and the vacancies along the 2a, axis.

The tilting system seems to be the same in all these mate-
rials, a’b~b", (a b’a” with unit cell setting a~+/24a,, b~2a,,
c~+/2a, used in this work) in spite of the values of the tilt-
ing angles (Tables 3 and 4 in the Supporting Information),
which seem to be significantly different. In this respect, it
must be stressed that the tilting schemes usually used to de-
scribe the structures related to the ideal perovskitel!”!2!
are derived for rigid BO4 octahedra; however, in most cases
there is no reason for the octahedra to be rigid.”!! This is es-
pecially true in complex perovkites like La,;Li, Ti;_ AL O; in
which the A-sites are shared by ions of very different size
and charge, such as La** and Li*, as well as vacancies, be-
sides, the B-sites are also shared by ions of different charge
and size.”” Hence, a more robust criterion to determine the
tilting scheme is the symmetry and dimensions of the result-
ing unit cell. Thus, the (Ti/Al)O4 octahedra are distorted
(see Tables 3 and 4 in the Supporting Information) to ac-
commodate the small lithium ions and the vacancies. It
seems that the factor governing the degree of distortion of
the BOg octahedra, and as a consequence the lowering in
symmetry, is the number of vacancies in the A-sites. In this
sense, the compound LageLiy,[1y,TiO; is monoclinic (P2/
m), whereas LayssLiy3s[J,,TiO; is orthorhombic (Pmma).!

Chem. Eur. J. 2007, 13, 5607 -5616
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In our case, samples 01 LT and 01 HT, with composition La,,
3Lig1[Jo23Ti0Al O3, could be monoclinic. Finally, the
values of the tilting angles are also mainly dependent on the
composition, that is, the number of vacancies in the A-site
through the value of x in La,;Li,Ti;_ Al,O;, in such a way
that the higher the occupation of the A-sites, the larger the
octahedral tilting. In contrast, the temperature of quenching
has little or no effect on this structural feature. Thus, it
seems that both the tilting and distortion of the BOy octahe-
dra skeleton depends on the average occupation of the A-
sites in the perovskite structure. As it will be discussed
below, the thermal history (mainly the quenching tempera-
ture) modifies the distribution of lanthanum and lithium
ions and the vacancies among the different positions they
can occupy; this induces local or short-range distortions, but
the average arrangement of the BOg4 octahedra is not affect-
ed.

In lithium ion conductors the location of these ions is of
major importance. Therefore, we first obtained a refined
structural model by fitting simultaneously the PND and
PXRD data; then lithium ions were located by Fourier dif-
ference by using the neutron diffraction data. The inset in
Figure 3a shows the density map of the plane containing
lithium ions for sample 01LT. Even for this sample with a
low lithium content, the sites occupied by lithium are evi-
dent (0.75 ~0.34 ~0.27); for the other samples measured at
room temperature, the lithium position is analogous. We
have also considered other possible lithium locations pro-
posed in the literature, that is, in the middle of square win-
dows of oxygen atoms (namely (0.500.5), (0.50.50.5), (000)
and (00.50)); in all cases no significant scattering density
was detected for these positions in the Fourier maps and the
data fitting process did not converge or became unstable.
The lithium ions do not really occupy the A-sites of the per-
ovskite structure, but interstitial positions much closer to
four oxygen atoms. This could explain the very high ionic
conductivity of these materials. The final refined lithium po-
sitions and occupations (once the other possible locations
were discarded, the occupation of the lithium sites was re-
fined constrained to the aluminum content) are given in
Tables 1 and 2 in the Supporting Information.

Figure 5 shows the coordination polyhedron of lithium.
Considering Li—O distances up to 2.5 A, lithium is located
in a square pyramid with lithium atom at the apex.

The coordination polyhedra of the lithium ions is then
quite different from that proposed in the literature.!'"*'**%]
The high symmetry of the lithium coordination polyhedra in
the structural model proposed by these authors seems to be
due to the space group (Cmmm) assumed for constructing
their structural model. In our model, the lithium ions are
close but are not in these windows.

It is worth noting that for samples with high lithium con-
tent some significant negative density that could be assigned
to lithium is also observed around the lanthanum sites.
However, when fitting the PND data, the only position of
lithium allowing the process to converge to a stable model
was that given above. Anyhow, it cannot be totally discarded
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Figure 5. Detailed schematic representation of the coordination poly-
hedra of Li and B (Ti/Al) ions in La,;Li, Ti,_,Al,O; compounds.

that lithium may be partially spread in the structure, mainly
in the samples with higher lithium content and annealed at
higher temperatures. It is a common practice to use these
kinds of results to propose paths for lithium diffusion into
the structure; however, this must be managed with care,
because the low peak-to-parameter ratio inherent to powder
diffraction, the complex microstructure of these perovskites,
the systematic errors, the truncation errors, and so forth
make the interpretation of diffuse density in a Fourier map
a controversial point. It must be remarked that nowadays
scattering techniques and methods, such as Reverse Monte
Carlo, exist that adequate to properly study solids with a
more or less rigid arrangement and a “liquid” disordered
sub-lattice.”® This kind of study of lithium-conducting mate-
rials of the La;;,, i, 3, TiO; family would be of major in-
terest.

The degree of ordering of the La®* ions and vacancies
along the 24, axis depends on both the annealing tempera-
ture and the composition (mainly the concentration of va-
cancies). However, the influence of both factors on the aver-
age composition of the two La-vacancy layers formed is
quite different. While the distribution of lanthanum ions
over the two positions Lal and La2 in the structure is
strongly dependent on the latter factor, that is, the value of
“x” (see Table lin the Supporting Information), the anneal-
ing temperature is less important (see Tables 1 and 2 in the
Supporting Information). Thus, in the sample 01LT (with
23% of vacancies in the A-site and quenched from 1273 K),
the lanthanum-rich layers (La2) alternate with vacancy-rich
(La-poor) layers (Lal) along the 2a, axis (Table 1 in the
Supporting Information). In contrast, in 03 LT (with 3% of
vacancies also quenched from the same temperature), the
composition of the two La-vacancy layers is similar (Table 1
in the Supporting Information); for an intermediate compo-
sition (13% of vacancies in 02LT) an intermediate situation
was found. As stated above, the temperature of annealing
also modifies the A-site ordering. However, its effect is less
marked than that of the composition. Indeed, for the materi-
als with low concentration of vacancies (x>0.2 in La,;Li,-
Ti,_,Al,O;) this effect is almost negligible.
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As pointed out in our previous paper, the ordering within
the A-site of the structure is related to the displacement of
titanium ions from the center of the TiOg4 octahedra towards
the vacancy-rich A-layers in the structure.'!! Indeed, in our
case, Ti** and Al*3, which share the B-site of the perovskite
structure, are displaced towards the Lal layers that are va-
cancy-rich. In all samples quenched from 1273 K (01LT,
02LT, and 03LT) and in 01 HT, the displacement of the B
ions is as large as 0.08 A, whereas in 02HT the B ions are
only displaced by 0.03 A from the BO, octahedra centers.
Thus, the composition of the La—vacancy layers and the dis-
placement of B cations are closely related, in such a way
that the deficiency in positive charge in the vacancy-rich
layers (Lal layers) are compensated by the proximity of
Ti** or AP’ ions. In addition, as it will be shown below,
both the displacement of the B ions and the occupation of
the A-sites play a crucial role in the location of lithium ions
in the structure.

As shown in Figure 4, the Li* positions are close to the
La2 positions that define layers extending perpendicular to
the 2a, axis. This gives a somewhat two-dimensional charac-
ter to the structure and to the lithium ionic diffusion. At a
first sight it could seem quite unexpected that lithium ions
occupy sites close the La2 positions, since these are more
populated than the Lal positions; in addition, since the
average La2—O distances are equal or larger than the Lal—
O ones (Tables 3 and 4 in the Supporting Information) there
is no steric reason for the location of lithium close to La2
ions. As discussed above, Ti** and Al*> are notably dis-
placed towards Lal (Tables 1 and 2 in the Supporting Infor-
mation) inducing a positive-charge deficiency in the vicinity
of the La2 layers; this is compensated by their higher popu-
lation and by the location of lithium in this region of the
structure. Alternatively, since Ti** and Al*® ions are dis-
placed from the center of the BO4 octahedra towards the
La-poor layer, if the Li ions were located near these La-
poor sheets they will experience a stronger repulsive interac-
tion with tetravalent Ti ions and trivalent Al ions. Since
electrostatic interactions are long-range, interactions other
than first-neighbor interactions must be considered. In this
context, we have calculated the electrostatic potentials at
both the actual position of lithium in the La-rich layer (0.75,
0.3574, 0.2619) and at the equivalent one near the La-poor
layer (0.75, 0.120, 0.2619). As a main result of this simple
calculation (without local relaxations) the former is much
more adequate (site potential 0.8 eV) to locate lithium ions,
because the electrostatic field at the latter site is significant-
ly positive (site potential 3.9 eV), mainly due to the effect of
tetravalent Ti** ions.

Low-temperature structure: To determine whether the struc-
ture and/or the microstructure are also affected by the
actual temperature of the sample, we recorded a PND at
2K of sample O1HT. This was chosen because for this
sample the effect of the temperature of annealing is clearly
observed (see Tables1 and 2 in the Supporting Informa-
tion). The final structural model at 2K derived for this
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sample is presented in Table 2, whereas Table 4 shows some
selected structural information, both tables are to be found
in the Supporting Information.

The material does not suffer any structural transition
down to 2 K, the structure remaining essentially unchanged.
In fact, the tilting system of the BOy octahedra is the same
to that observed at room temperature, though the tilting
angles increase slightly. On the other hand, the (Ti/Al)Oq
octahedra are less distorted at low temperature, mainly due
to the location of Ti** and Al*? closer to the ideal position;
their displacement towards the Lal sites being only 0.03 A
at 2 K. Lowering the temperature has virtually no effect on
the distribution of La**, Li*, and the vacancies along the
2a,-axis in the structure (Table 2 in the Supporting Informa-
tion). As the temperature is lowered ionic diffusion becomes
more and more limited, as the ions have not enough thermal
energy for motion. Thus, only minor rearrangements of the
ions should be expected. The intensity of the superstructure
peaks (i.e., the (hkl) with k=2n+1, the superstructure 2a,
axis being b) are directly related to the different occupation
of the Lal and La2 sites; hence the intensity of peaks such
as (010) would be a good indication of the evolution of site
occupation in this series of compounds. Figure 6 shows the
superstructure (010) peak of the PND patterns correspond-
ing to samples 01 LT and 01 HT (the latter sample was mea-
sured at room temperature and 2 K). The integral breadths
of the peaks are also indicated. It is evident from Figure 6
that the quenching temperature is the decisive factor for de-
termining the intensity and width of the superstructure
peaks and, consequently, the different composition of the
La/vacancy-Li layers and the microstructural effects. The
higher the temperature of quenching, the less intense and
broader the superstructure peaks are. The intensity of the
(010) peaks is mainly related to the different degree of oc-
cupation of the La sites, in such a way that the larger this
difference, the more intense the peak is. As Tables 1 and 2
show (Supporting Information), in sample 01 LT the popula-
tion of Lal and La2 differs by 37 %, whereas for sample

4400
4000 (010) peak
3600
3200
2800
2400

2000

Intensity / arb. units

1600

1200

Aoy

17 18 19 20
20/°
Figure 6. Superstructure (010) peak of the NPD patterns corresponding
to sample 01 HT, measured at a) room temperature and b) 2 K; ¢) sample

01LT measured at room temperature. The integral breadths (5 x10° A1)
are also indicated.
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O1HT this difference is 56 %. In contrast, the populations of
both lanthanum sites in the sample quenched from 1573 K
are the same, within the experimental error, at room tem-
perature and at 2 K; as a result the intensity of the corre-
sponding superstructure peaks are similar.

The peak width is related to microstructural effects, such
as compositional or structural disorder, small-domain forma-
tion, stacking faults, and so forth (see next section). In con-
trast, if this structural disorder observed at room tempera-
ture were a thermally activated effect, that is, due to high
ionic mobility, it should disappear as the temperature is low-
ered and ions are localized. As a result of this freezing of
the ionic motion the material should be more ordered at
low temperature and this should be reflected on the PND
pattern, mainly in the superstructure peaks which should
become sharper. However, this is certainly not the case,
since the peaks breaths for sample 01 HT measured at room
temperature and 2 K are almost the same. Thus, the domi-
nant microstructural features in these oxides are not due to
the motion of mobile ions (Li* in this case), but to “static”
effects. As it will be shown in the next section, and previous-
ly reported™! for other related compounds, the main micro-
structural effect in these oxides are the existence of micro-
domains and compositional fluctuations of the La/vacancy-
Li layers, both being related to the distribution of the heavy
and highly charged ions such as La*? with a low mobility.

Still, some words must be devoted to comment the effect
of lowering temperature on the position of lithium ions in
the structure. As shown in Table 2 (in the Supporting Infor-
mation), at low temperature lithium is located in positions
similar to those occupied at room temperature, but slightly
displaced towards the La2 sites. This is most likely due to
the location of Ti** and Al*? in the material: at 2 K they
are closer to their ideal positions in the center of the BOg
octahedra, (i.e., less displaced towards Lal), than at room
temperature, exerting an increased electrostatic repulsion
over LiT ions, which then move in the opposite direction, to-
wards La2.

Microstructure: Microstructure effects are numerous and
usually appear superposed, thus the analysis of diffraction
patterns to extract the real structure features is not simple;
in fact it can be very complex. Parts (domains) of different
size and shape and different orientations may be present;
these domains may contain stacking faults and composition-
al fluctuations. Besides, inclusions and precipitates are just
as frequent as stress and strain. Each of these real-structure
features has its effect on the diffraction pattern. The limited
size of the domains, and the presence of strain and stacking
faults broaden the peaks; in addition, structural mistakes
can also induce the displacement and asymmetry of some
peaks.[*"%]

As previously reported,"! La,;_,Li; TiO; materials have a
complex microstructure that cannot be accounted for by the
conventional models. To study the microstructure of these
compounds we have used the two-step procedure proposed
by Langford.”*?! Each peak was fitted to a pseudo-Voigt
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function and the integral breadths (8=A/l,, A=integrated
intensity, /,=maximum of intensity) and the shape parame-
ters (¢ =FWHM/; FWHM =full width at half maximum)
were determined. The latter were checked to be within the
theoretical limits for the Lorentzian (¢ =0.6366) and Gaus-
sian (¢ =0.9394) functions, which the pseudo-Voigt function
is built from; this ensures the method can be properly applied.

Figure 1 in the Supporting Information shows the Wil-
liamson-Hall plot® for sample 01LT. The integral breadth
of reflections with Miller indices (0k0) (the b axis being the
2a, one) are split into two groups. For those peaks with k=
2n, the breaths are dependent of the order, that is, they are
d*-dependent (d*=1/d, reciprocal spacing) indicating that,
in this direction, there is some measurable contribution of
microstrains or other kinds of “lattice distortions”.” In con-
trast, those (0k0) reflections with k=2n+1 are much
broader, their breadths being apparently independent of the
order; in these cases the peak widths are dominated by
domain size effects, the contribution of strains being
masked. On the other hand, the (20%), (h00) and (004) re-
flections show a clear dependence on d*.

Thus, along the (101) directions the material would have
microstrains. According to Langford® and Halder and
Wagner®!! the contributions to the integral breadth of strains
and domain size can be separated using Equation (1), in
which & gives the mean apparent domain size and # is a
measure of the strain related with the root mean square
Strain (€,ys) by €ms~1/5).54

(B/d*)* =& B/(d*)* + (n/2)? 1)

By using Equation (1) the domain size and shape can be
obtained. Therefore, along the [100] and [001] directions
the domains are about 20000(800) A.

In addition, by using Equation (1) the domain size along
the b axis can be estimated as (D)[010]=4000(300) A, and
the domain size contribution to the breadth of the (010)
peak was estimated to be B9 =1.3(8)x10~* A", The extra
breadth of (0k0) reflections with k=2n+1, such as (010)
(Boiny=9-5(8)x107* A", may be due to the presence of
structural mistakes along the b axis. There are several differ-
ent kinds of structure mistakes that contribute to peak
breadth. Bearing in mind the structure of these materials
(Figure 4), it is possible to propose a mechanism for these
structure mistakes. They are most likely due to composition-
al fluctuations of the A-sites layers along the 2a, axis. This
kind of mistake broadens the (0k0) PEAKS with k=2n+1
and may produce shifts with respect to the positions deter-
mined from the unit cell, as observed in our patterns.?*?!
Small variations of the composition of the A-sites layers
have neither effect in the intensities, nor in the integral
breadths of the (0k0), with k=2n, peaks. In contrast, small
variations in the occupancies of the A-sites have a signifi-
cant relative effect in the intensities and breadths of the
(0k0), k=2n+1, reflections.!!

The total breadth of the (0k0), k=2n-+1, reflections can
be expressed as Equation (2)" in which f},,,,, and
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Bio2n:10) are the contributions due to domain size effects and
structural mistakes, respectively.

S
ﬁ(02n+10):ﬂ(02n+1 ot ﬁ%znﬂo) (2)

Since f8f), can be estimated as 1.3(8)x10*A~" and
Boiy=9-5(8)x10~* A", then B, is (9.5-1.3)x10* A=
82(8)x10* A~". In a previous paper we derived the rela-
tionship between f3(g,, ,, and the probability (a) of compo-
sitional mistakes to occur along the 2a, axis and the degree
of local disorder between two neighboring layers (6).l"] Re-
markably, a combination of high probability (a~1) and
large compositional fluctuation (6~0) gives rise to very
broad and weak (02n+10) reflections. The low value of

%10 (82(8)x107* A"y and the relatively high intensity of
the (0k0) reflections with k=o0dd (including the (010), see
Figures 3 and Figure 6), suggest that the composition of A-
site layers are very close to the average values in Table 1 in
the Supporting Information; fluctuations from those values
are infrequent.

To summarize, the microstructure of sample 01 LT is com-
posed of domains lamellar in shape with a basal plane of
about (20000x20000) A2 on the {101} planes and a height
around 4000 A along the 2a, axis (b axis). Also, subtle com-
positional fluctuations occur along the b axis in a few A-site
layers within each domain. Finally, the misfit between the
(101) spacing and the (010) spacing (they differ by 0.3%)
induces some strain in the {4#0A} planes and also in the
{02n+10} ones, though in this case other microstructural ef-
fects (domain size and compositions fluctuations) are domi-
nant.

For all the other samples studied, the resolution of the
conventional X-ray diffractometers and a severe and gener-
alized peak broadening (still more important for reflections
with the k-Miller index odd) preclude the analysis of the mi-
crostructure in the way described above. We have not
enough information to construct the corresponding William-
son—-Hall plots; therefore, to study the microstructure of
these compounds we have applied the procedure proposed
by Langford,” which through using the graphic represen-
tation of Equation (1) (the so-called Langford plot of the
sample) allows us to estimate the domain size and strains.
As an example, Figure2 in the Supporting Information
shows this plot for sample 01 HT; assuming a spherical (iso-
tropic) shape of the domains we obtained the values of the
isotropic diameter, (D), collected in Tables 3 and 4 in the
Supporting Information.

The size effects seem to dominate the microstructure in
all directions, though the low intensity of (0k0), k=2n+1,
and a large value of the breadth of (010) peaks (the only of
its class with measurable intensity in the PXRD patterns of
all samples to be properly fitted) suggest that the composi-
tional fluctuations of the A-site layers along the b axis may
be very important (0~0) and the frequency of mistakes very
high (a~1) in all these samples.

The temperature of quenching seems to have an impor-
tant influence on the domain size for samples with a high
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number of vacancies in the A-site layers. In this sense, for
composition La,;Liy;[0y23Tip0Aly;O5, a reduction of the
domain size is observed when compared samples 01 LT and
01HT, (although both of them present relatively large do-
mains, in agreement with the HRTEM results).

The effect of the composition is even more relevant. In
the series of samples annealed at 1273 K, the domain size
decreases as x increases (the number of vacancies decreas-
es). The need to accommodate two ions of very different
nature—size and charge—such as La*® and Li* together
with vacancies within the A-sites of the structure might be
related to this fact: as x increases, the A-site layers are more
populated and the ability of the structure to accommodate
lanthanum and lithium ions in the same layer is reduced;
therefore, the formation of small domains, or microdomains,
might allow the ions and vacancies to accommodate in the
domains boundaries which may present a local structure sig-
nificantly different of that of the average one.

Thus, if the number of vacancies is low, the samples will
present small domains even for low annealing temperatures
and increasing the quenching temperature will have slight or
no effect on the microstructure, because the driving force
for the formation of small or micro domains is not the tem-
perature but the sample composition. These results are in
agreement with the variation of domain sizes with the com-
position and annealing temperature of the samples observed
by HRTEM for these oxides.

Electrical properties: Figure 7 shows the variation of the
bulk Li* conductivity at 295 K for both series of La,;Li,-
Ti,_,Al,O; samples, (quenched from 1273 and 1573 K), de-
pending on x. The conductivity increases with increasing
lithium content up to a value corresponding to x=0.25 for
both curves. However, it seems that the ionic conductivity
depends on the thermal treatment when the annealing and
quenching temperature influences on the microstructure of
the sample: the ionic conductivity depends on the thermal
treatment for the oxides with 0.15<x<0.3 but it does not
for the compounds with x<0.15 and x=0.3. The crystal

1.0x10™ 7
8.0510° 1 —A—  HT series
’ ~A— LT sereis
L 6.0x107]
Q
(2]
© 4.0x10°
e \
/ /7 \\
2.0x10° A
_ /—,‘.A L{:jA/ A
00 &~ . ‘

0.05 0.10 0.15 0.20 0.25 0.30 0.35
X in Lay,Li, Ti, ,AlLLO,

Figure 7. Variation of the bulk Li* conductivity with x at 295K for
La,;Li, Ti;_,Al,O; samples annealed and quenched from 1273 K.
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structure of the oxides with 0.15 <x < 0.3 is not modified by
the thermal treatment (Tables 1 and 2 in the Supporting In-
formation), but the sample microstructure is.

Therefore, the variation of the ionic conductivity with the
thermal treatment of the samples is due to modifications of
their crystal microstructure in such a way that the ionic con-
ductivity is higher for the oxides with microdomain forma-
tion than for the oxides formed by relatively large domains.
In this sense, sample 02HT (microdomains) has higher ionic
conductivity than 02LT (large domains), both with x=0.2;
however, the crystal structure is similar for both quenching
temperatures.

It is worth mentioning that a number of authors have re-
ported the dependence of the bulk lithium conductivity on
the thermal treatment of samples of La,;_,Li;, TiO; titanates,
but they did not relate this fact with the microstructure of
the materials,** as clearly shown in here.

Conclusion

The study of the crystal structure of some La,;Li Ti;_,Al,O;
oxides (x=0.1, 0.2, and 0.3) annealed and quenched from
two different temperatures (1273 K and 1573 K) has been
carried out by means of the combination of averaging (PND
and PXRD) and local (SAED and HRTEM) techniques.

SAED and HRTEM indicate that all the oxides have per-
ovskite-related unit cell of dimensions ~./2a,x~2a,x
~+/2a, and a complex microstructure consisting of domains
of ordering with three different perpendicular orientations
of the 2a, axis. However, the size of the domains depends
on the composition and the annealing temperature of the
sample: in general, the oxides with high concentration of va-
cancies present large domains and those with low concentra-
tion of vacancies have a microdomain microstructure; in ad-
dition, high annealing temperatures also tend to lead to the
formation of microdomain microstructures.

The crystal microstructure of the materials has been taken
into account to refine their crystal structure. The results of
these refinements reveal that the formation of the perov-
skite-type superstructure is due to tilting of the (Ti/Al)O,
octahedra and ordering of the La/vacancy-Li layers along
the [010] direction.

All the oxides have the same octahedra tilting system
(a~b°a™), but the value of the tilting angles depends on the
composition, in such a way that the higher the occupation of
the A-sites, the larger the octahedra tilting. However, the
annealing temperature does not affect the tilting angles. The
(Ti/A1)O¢ octahedra are also distorted.

The lithium ions are not located at the same position as
the La** ions (i.e., the A positions of the perovskite struc-
ture) but at interstitial positions, in such a way that their co-
ordination polyhedra is a square pyramid with lithium ion at
the apex. Therefore, there is a large amount of non-occupied
interstitial positions of this kind for the lithium ions to move
to, and this is likely to be the reason for the very high ionic
conductivity of these kinds of materials (~8x107> Q' cm™
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for the oxide with x=0.25 (or even higher for other similar
systems® for which a similar situation should operate).

The ordering of the La’* ions and vacancies (situated at
the A-positions) along the 24, axis depends mainly on the
composition. In the oxide with x=0.1 (the one with the
highest amount of vacancies), there are lanthanum-rich
(La2) (or vacancy-poor) layers alternated with lanthanum-
poor (Lal) (or vacancy-rich) layers. However, in the oxide
with x=0.3, the composition of the two layers is similar.
The Ti** and AI’* ions are displaced from the ideal B per-
ovskite positions towards the Lal layers.

The thermal treatment of the samples mainly affects to
their microstructure, in particular to the ordering domains
size. Apart from the ordering domain formation, other mi-
crostructural “mistakes”, such as compositional fluctuations
along the 2a, axis and strains, are deduced by analysis of
the PXRD data.

The lithium ion conductivity of the La,;Li,Ti;_,Al,O; ma-
terials depends on their composition and microstructure.
The conductivity increases with lithium content up to a
value corresponding to x=0.25 and it is higher for those
oxides with a microdomain microstructure. This is indeed an
interesting result that goes far beyond the classical struc-
ture—property relationship paradigm.

Experimental Section

Three oxides of the La,;Li, Ti; ,Al,O; system with different compositions
(corresponding to x=0.1, 0.2, and 0.3), enriched with °Li, were prepared
from stoichiometric amounts of °Li,CO; (Aldrich), La,O; (Aldrich
99.999 %), TiO, (Aldrich 99.99%) and AlLO; (Aldrich 99.99%). La,O;
was heated overnight at 1273 K and TiO, and Al,O; at 973 K prior to
weighing. The mixtures were ground and then heated in Pt boats for 6 h
at 1173 K for decarbonation. Afterwards, the samples were reground, pel-
leted, covered with powder of the sample of the same composition to
prevent lithia loss, and fired at 1373 K for 12 h followed by further grind-
ing, repelleting, and refiring at 1573 K for another 12 h. After prepara-
tion, two different thermal treatments were carried out for each oxide:
annealing of the samples at 1273 K for 12 h and quenching from this tem-
perature (LT series) and annealing at 1573 K for 12 h, (HT series), and
afterwards quenching in both cases on a brass plate to ensure a high cool-
ing rate. All thermal treatments were performed in air.

Crystalline phase identification was done by powder X-ray diffraction by
using a Philips X’PERT diffractometer with Cuyg,, radiation (1=
1.5406 A) and with a curved Cu monochromator.

Chemical analysis of the compounds was performed by inductively cou-
pled plasma (ICP) spectroscopy by using a JY-70 plus instrument. The
samples were dissolved with a mixture of nitric, hydrochloric, and hydro-
fluoric acids in a 3:2:1 molar ratio at 150°C in a high-pressure Teflon re-
actor fitted with a temperature sensor and placed inside of a MILE-
STONE microwave digestion furnace (ASM-1200 model). The results of
the analysis indicated good agreement between analytical and nominal
values.®!

For transmission electron microscopy, the samples were ground in n-
butyl alcohol and ultrasonically dispersed. A few drops of the resulting
suspension were deposited on a carbon-coated grid. SAED studies were
performed with an electron microscope JEOL 2000FX (double tilt +45°)
working at 200 kV and HRTEM studies with an electron microscope
JEOL 400EX (double tilt +25°) working at 400 kV. The chemical com-
position of the crystals (atomic ratio of La, Ti and Al) was analyzed by
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EDS with the JEOL 2000FX microscope, in good agreement with the
nominal composition.

The samples of both LT and HT series were studied by powder neutron
diffraction (PND) at room temperature on the diffractometer G4.2 of the
Orphée Reactor at Laboratoire Léon Brillouin. A monochromatic beam
of wavelength 2.3251 A was selected with a Ge (004) monochromator;
for this radiation the instrumental resolution is within the range 2.7x
107° < (AQ/Q) <0.022. In addition, sample 01 HT was also measured at
2K to determine the static or dynamic origin of the structural disorder
present in these materials. The structural refinements were carried out by
the Rietveld method using the FullProf program.’” In some cases, a
severe microstructural contribution to the profile had to be considered
and we undertook the refinement of the structures of our materials
taking into account the effects of their microstructure on the diffraction
patterns. We applied a phenomenological approach using a new capabili-
ty of the FullProf®”! program, which allows some of the peaks to be de-
scribed by their own breadths and shapes, as well as small displacements
from their positions calculated from the average unit cell. Prior to the
structure refinements, a pattern matching without a structural model was
performed. This allowed us to obtain suitable profile parameters, includ-
ing the breadths, shapes, and displacements of those reflections with rele-
vant microstructural contributions. Then, the structural model was re-
fined keeping the profile parameters constant. If needed during refine-
ment, some of these profile parameters were allowed to vary; however,
at the final steps of the refinements they were kept constant. The refine-
ments were stable provided the number of refined parameters describing
the structural model was low enough to obtain an adequate peak-to-pa-
rameter ratio. To ensure this, isotropic thermal factors (ITF) were used
for all the atoms in the structure and some constrains were used. The fit-
ting process was finished when convergence was reached.

Some microstructural features of the materials were obtained from pre-
cise diffraction data obtained on a Bruker D8 high-resolution X-ray
powder diffractometer, by using monochromatic Cuy,, (A=1.5406 A) ra-
diation obtained with a germanium primary monochromator, and equip-
ped with a position sensitive detector (PSD) MBraun PSD-50M. The
measured angular range, the step size, and counting times were selected
to ensure enough resolution (the step size should be at least, 1/10 of the
FWHMs) and statistics. The instrumental contribution to line broadening
was evaluated by using an NIST LaBy standard reference material (SRM
660a; u=1138 cm™', linear absorption coefficient for Cug,, radiation).
The study of the microstructure of the samples was performed by the
two-step procedure proposed by Langford and Lougr.?*3

Impedance measurements were performed in an impedance/gain phase
analyzer Solartron 1255 A with dielectric interface 1296. Pellets of about
13 mm diameter and 2 mm thickness were prepared by pressing the
powder samples and sintering at 1573 K. After sintering, the pellets were
annealed at 1573 or 1273 K over a period of 12 h and were rapidly cooled
by removing from the furnace. Electrodes were made by coating opposite
faces with platinum paste and heating to 1123 K over 2 h. Measurements
were carried out in air at 298 K in a frequency range from 1x 10~ to 6x
10° Hz.
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