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Abstract 

The synthesis by solid state reaction of new fast ion conductors with perovskite structure was carried out. 

The crystal structure and electric properties of the La1/2+1/2xLi1/2-1/2xTi1-xAlxO3 (0  x  1) solid solution 

were investigated by powder X-ray diffraction and impedance spectroscopy. All compositions of the 

La1/2Li1/2TiO3-LaAlO3 system, exhibited a single cubic perovskite structure (ac  3.87-3.79 Å; SG Pm-

3m).  The progressive decrease in the unit cell parameters agrees with the lower ionic radii of Al3+ in 

relation to Ti4+, which are allocated in the same octahedra. An upward deviation from the lineal ideal 

solid solution behaviour described by Vegard's law was observed and it was tentatively associated with a 

volume excess created by solid dilution of maximum of disorder on distribution of cations involved in the 

solid solution as a consequence of the non-isovalent cations nature of the solid solution. Structural 

features were deduced from Rietveld analysis of XRD patterns. Ti(Al)O6 octahedra are regular and 

La/vacancies are randomly distributed in A-site of the perovskite. The conductivity decreased almost four 

orders of magnitude with the Li content. This important decrease on the conductivity was attributed to the 

charge carrier (Li+) decrease and the blockade of the perovskite conduction pathways by La ions, 

according to a three dimensional percolative process. In consequence we present here a new example of 

percolative system of ionic conductors and the results confirm the important role played by effective 

vacant A-sites, neff = [Li] + nA, on Li conductivity of this fast ion conductors family with perovskite 

structure. 

 

Keywords: X-ray diffraction; Ionic conduction; Solid-State Electrolyte; Li-Batteries; Percolative 
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1. Introduction 

Interest on high lithium ionic conductors as solid electrolytes in All-Solid-State-Batteries (ASSB) has 

been intense in the last forty years. Different families of crystalline Li ion conductors have been widely 

studied [1]. Lanthanum lithium titanate (LLTO) with perovskite structure are among the best Li ion 

conductors known (10-3 S/cm at room temperature) [2] as well as promising candidates for solid 

electrolytes in ASSB. The peculiar flexibility of the perovskite structure is able to distort in a great variety 

of ways under chemical substitution in the A and B sites (see reference [3] by Stramare et al.). These 

compositional changes allow modifying the charge carrier number or vacancies involved in the diffusion 

process. The relationship between conductivity and cation vacancies seemed to be not clear; for instance, 

focussing on B-site substitution, it was difficult to understand why the replacement of Ti by pentavalent 

cations such as Nb [4, 5], or Ta [6] decreases the ionic conductivity in spite of the increment on A-site 

vacancy concentration and also the increment on the unit cell parameters. In the same way, the 

substitutions of Ti by trivalent cations such as Al produce an increase in the conductivity [7], whereas the 

substitutions by tetravalent cations, Zr, Sn, Mn or Ge, diminish it [8]. All these perovskites have been 

mainly synthesized by tree methods [3]: solid-state reaction, sol gel synthesis and floating zone. Among 

them, solid-state reactions are commonly used, which is also one of the most used to prepare inorganic 

solids [9].  

On the other hand, low-temperature neutron diffraction experiments showed that Li ions are located at 

oxygen square windows of LLTO perovskites [10-12]. Consequently the total amount of vacancies 

participating in lithium conductivity considerably increases with respect to the nominal A-site vacancies 

(nA), being necessary to introduce the concept of effective vacancies neff  = nA + [Li]. The substitution of 

Li by Na in Li0.5La0.5TiO3 (with nA = 0) reduced drastically the conductivity when the amount of total 

vacancies decreased below the 3-D percolation threshold (nc = 0.31) of cubic perovskites, indicating that 

neff describes better than nA the amount of vacancies [13, 14]. Similar behaviour was found in the La1/2-

xLi1/2-xSr2xTiO3 series, where (La3+ + Li+) were replaced by Sr2+ maintaining as well the charge balance 

and the amount of nominal nA vacancies, while the number of effective vacancies is reduced. In this case 

the percolation threshold was larger (nc = 0.35) than expected suggesting the existence of an incipient 

cation segregation at the nanometer scale [15], which has been demonstrated by combining annular bright 

field (ABF) and high angle annular dark field (HAADF) imaging methods [16].  
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To go deeper into the study of the percolation process in Li ion conductor perovskites, several 

compositions of the La1/2Li1/2TiO3-LaAlO3 join of the ternary phase diagram shown in Fig. 1 were 

synthesized and characterized. Along this series, (1/2Li+ + Ti4+) cations were substituted by (1/2La3+ + 

Al3+), preserving both the charge balance and the nominal A-site vacancies (nA = 0). So, the main goal of 

this study is to confirm the influence of effective vacancies (neff = [Li] + nA), instead of nominal 

vacancies, on the Li conduction mechanism in these lithium ion conductor perovskites. The full extension 

of the solid solution has been investigated by means of a combination of X-ray diffraction (XRD) and 

scanning electron microscopy (SEM) techniques. Structural features of samples, in particular La 

vacancies distribution, were deduced by Rietveld analysis of XRD patterns, and Li mobility was 

investigated by impedance spectroscopy. A discussion of the dependence of Li conductivity on the 

relative Li and vacancies concentrations is here presented.  

 

2. Material and methods 

2.1 Sample preparation 

Samples of the La1/2+1/2xLi1/2-1/2xTi1-xAlxO3 series with x between 0 and 1 (Fig. 1) were prepared by a 

conventional solid-state reaction, from stoichiometric amounts of high purity Li2CO3, La2O3, 

Al(NO3)3·9H2O and TiO2 reagents (purchased from Aldrich). These reagents were ground together in an 

agate mortar and heated at 800 ºC for 12 h (La2O3 was previously heated at 700 ºC for 4 h for 

decarbonation). The reground products were isostatic cold-pressed at 200 MPa and heated at 1100 ºC for 

24h. Finally, powders were uniaxial pressed and heated again for 6 hours at different temperatures 

depending on their composition (see Table 1). These sintering temperatures were optimized in order to 

obtain single phases and relative density close to 90% (it can be seen that sintering temperature increases 

with Al content). The heating rate was decreased to 1 ºC/min in order to minimize lithium losses [17, 18].  

 

2.2 Samples characterization 

XRD powder patterns were recorded on a Philips X'Pert MPD diffractometer equipped with a Cu-K  

radiation source (Fig. 2). This instrument has Bragg Brentano geometry and it is equipped with a 

curved graphite monochromator. Data were taken with a 0.5º divergence slit, a receiving slit of 0.01º and 

a set of Soller slits with axial divergence of 1º. Data were recorded between 5 and 120º with a step size of 

0.02º and a counting time of 8 s per step. XRD patterns were indexed and analysed by the Rietveld 

method using the Fullprof programme [19]. The refinement of XRD patterns involved the lattice and 
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profile parameters determination, background, atomic coordinates, site occupancies and isotropic thermal 

parameters analysis. 

A Philips XL30 scanning electron microscope was employed to observe the microstructure of sintered 

samples. This microscope is equipped with a backscattered-electron detector (BSE) and an energy-

dispersive analyser (EDAX4i). Elemental analyses were performed with a fixed take-off angle, 60 s live 

time and 15 kV acceleration voltage. Due to the insulator character of materials, samples were covered 

with a very thin layer of gold by sputtering. For each detected phase, at least five analyses were 

performed on different crystallites.  

Ionic conductivity measurements were performed by Impendance Spectroscopy (IS) using an impedance 

analyser (Solartron 1260) in the frequency range from 0.1 Hz to 10 MHz. The amplitude of the ac signal 

applied across the sample was 100 mV. Gold electrodes (Metalor Technologies Ltd.) were painted on 

polished sintered cylindrical pellets of ~12 mm in diameter and ~1 mm in thickness. Then, prepared 

pellets were heated to 850 ºC for 1 h and then cooled to room temperature. The electrical measurements 

were performed by using a parallel-plate capacitor configuration. Impedance data were corrected for 

pellet geometry and capacitance of the conductivity jig.  

 

3. Results and discussion 

3.1 X-ray diffraction 

XRD patterns of representative samples are shown in Fig. 2. All samples exhibited typical ABO3 

perovskite diffraction patterns. Deduced unit-cell parameters correspond to the primitive cubic cell (ap × 

ap × ap) of single-phase perovskites. The existence of single phase for all compositions and the evolution 

of unit cell parameters (see below) suggest the existence of a solid solution along the series. A very small 

extra peak associated with Li2Ti3O7 was found for x=0 sample (additional peak labelled with an arrow in 

the inset of Fig. 2). The amount of these impurities is always estimated to be below 3%. Finally, it is 

interesting to note that intensity of (100) and (210) reflections  ~ 23.3 º and 53.8 º of the single cubic 

perovskite increases from x = 0 to x =1. The increase in the intensity of these peaks is a consequence of 

Al for Ti substitution. Differences on scattering factors of two atoms explain the monotonous increment 

in intensity of two reflections.  indicating the change in the Al and Ti population of the octahedral as a 

consequence of the progressive substitution of (1/2Li+ + Ti4+) by (Al3+ + 1/2La3+) cations. For samples 

with x < 0.2 a very broad and low intense peak,  ~ 25.5º and labelled with asterisk, was 
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detected. This peak is associated with the doubled perovskite [18, 20] indicating that for low Al 

composition some La-vacancy ordering is still present, but it decreases with the Al content.  

The Rietveld analysis of XRD patterns was performed with the Fullprof programme. For the end-member 

of the series (i.e. La0.5Li0.5TiO3) different structural models have been proposed depending on the last 

cooling rate [18]. We first used a double perovskite with tetragonal symmetry (space group (S.G.) 

P4/mmm) due to the presence of some superstructure peaks (labelled with asterisk in inset of Fig. 2) 

however the absence of sharp superstructure peaks justified the adoption of higher-symmetry. XRD 

patterns were successfully refined with a single cubic perovskite, S.G. Pm-3m, where La are located at 1b 

site (1/2,1/2,1/2), Ti at 1a (0,0,0) and O at 3d (1/2,0,0). This means that La and vacancies are randomly 

distributed in A-sites of the perovskite, while Al occupies the octahedral sites, replacing Ti ions. As an 

example, Fig. 3 shows an accurate fit between measured and calculated intensities for the sample x = 0.4. 

The rest of the patterns were also successfully refined. A summary of the structural parameters and 

goodness of fitness for all the samples are given in Table 2. Taking into account the low scattering for the 

XRD of light element as oxygen and lithium, lower symmetries cannot be discarded, requiring more 

sensitive diffraction techniques to light elements like neutron diffraction (ND) technique. In fact, the 

structure of free-Al samples as deduced by neutron diffraction, was rhombohedral (S.G R-3c) [10, 11], 

while XRD patterns were successfully refined as a cubic perovskite. 

The linear dependence of unit cell parameters with composition often describes solid solutions (Vegard´s 

law). The variation of unit-cell parameter as a function of Al (or Li) content is presented in Fig. 4. In 

accordance with the ionic radii, lattice parameters of samples decrease with the Al content from 3.8704 Å 

(x = 0) to 3.7868 Å (x = 1). However, it deviates from the lineal ideal solid solution behavior described 

The upward departure from this law could be associated with a maximum  cation 

disorder of two different on distribution of cations involved in solid solution (rion
VI (Ti4+) =74.5pm and 

rion
VI (Al3+)=67.5pm). A similar trend has been reported for the Li Sr2xLa TiO3 solid solution 

(0.0625  x  0.25) and was firstly ascribed to this cation disordering [15] and later on to complex local 

domains arrangement endotaxially related at nanoscale segregation of two phases in the same crystals 

[16]. In other systems similar deviation were attributed to bond distortions that 

arise because of the non-isovalent nature of the solid solution (Ga1 xZnx)(N1 xOx) [21] or to the presence 

of some incipient cation clustering [22]. 

 

3.2 Scanning electron microscopy 
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In order to analyse the homogeneity of samples and to identify the presence of possible secondary phases, 

a combination of BSE and EDS detectors was used. Results of the microstructure inspection appear in 

Fig. 5. Samples with x  0.2 exhibited well-developed cubic grains homogeneously distributed 

throughout the sample. The degree of porosity was insignificant. The average grain size is found to be 

varying from 2 to 7 µm. For x = 0.4-0.6 samples, the edges of the cubic crystal are rounded and the grain 

size is slightly lower than former compositions, which is indicative that these samples are in a slightly 

lower sintering stage and the presence of Al increases the sintering temperature. This fact is more 

higher temperatures are required to achieve good compacts. On the other hand, for x = 0.6 sample some 

isolated alumina impurities (less than 0.5%) were observed as black contrast in BSE images. For x = 0.4 - 

0.6 samples, the edges of the cubic crystal are rounded and the grain size is slightly lower than former 

compositions, indicating that the presence of Al content increases the sintering temperature. Furthermore 

for x = 0.6 sample some isolated secondary phase (probably less than 0.5%) was observed as black 

contrast in BSE image and correspond to alumina impurities ). For higher Al content samples (x > 0.6) 

the grain  1µm) requiring higher temperatures to achieve good compacts. The 

compositional analysis by EDS (Table 1) of the main phase confirms the nominal stoichiometry of the 

different samples indicating the good homogeneity of the samples. 

 

3.3 Electrical conductivity 

Fig. 6-a shows room-temperature impedance diagrams of La1/2+1/2xLi1/2-1/2xTi1-xAlxO3 samples with x = 

0, 0.1 and 0.3. They consist of one semicircle at high frequency (magnified in Fig. 6-b), one semicircle at 

intermediate frequencies (main semicircle) and the characteristic low frequency spike. plot (Fig 6-

c) for the low Al content samples (x < 0.4) displayed two well defined plateaux. The high frequency one, 

with capacitance close to 10-11 F/cm, is attributed to the bulk contribution while the intermediate plateau, 

with capacitance of approximately 10-8-10-9 F/cm, is related to grain-boundary [23]. In the low frequency 

area and for one of the samples (x = 0.1), a new plateau with capacitance ~10-7 F/cm associated to 

electrode-sample interface response appears.  The dependence of the real part of conductivity on the 

frequency is plotted in Fig. 6-d. x  0.3 displayed as well a typical behaviour 

of a polycrystalline fast ionic conductor with the two plateaux in the high and the low frequency domain 

and related to the bulk and ion blocking at the grain boundaries.  Thus, the whole analysis of the different 

formalism confirms that the main semicircle in the impedance plot corresponds to grain-boundary 
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contribution while the high frequency arc is assigned to bulk contribution. In the case of sample with x = 

0.4, only the main semicircle is seen, being necessary cool down the sample to detect clearly the bulk 

semicircle. the characteristic dc conductivity plateau vs frequency 

plots was not detected, suggesting the loss of long-range ionic mobility. 

Dc-conductivity values measured at 300 K are plotted as a function of the amount of effective vacancies 

(neff) in Fig. 7. The dc conductivity slightly increases for low substitution degree. Similar results have 

been found in La xLi xSr2xTiO3, and was attributed to the increase in the unit-cell volume [15,24], 

which facilitates lithium diffusion. Samples with x < 0.3 display values of dc-conductivity in the range of 

10-3 S/cm, but the conductivity drops several orders of magnitude as the Al content increases. When the 

Al content increased, dc conductivity at RT is found to be < 10-8 S/cm, out of our experimental resolution 

limit. 

In analyzed samples, and considering nominal compositions, all A-sites are occupied by La and Li 

cations, indicating that there are not nominal vacancies (nA=0) along the series. Consequently, the 

observed decrement in conductivity cannot ascribe to the hopping probability of Li to neighbor vacant 

sites. To understand the observed behavior, we must consider, in agreement with previous works [10, 11, 

12, 25], that Li ions are located in the oxygen square windows between two A-sites. This makes that 

structural A sites associated with Li ions can be considered as vacant sites, being necessary to consider 

the concept of effective vacancies, neff = [Li] + nA, to explain experimental results. Under this 

consideration, observed results can be explained on the basis of a percolative behavior of vacancies. The 

four orders of magnitude decrement detected in conductivity was related to a decrease on the charge 

carriers concentration produced by La blocking of conduction pathways of perovskite. The analysis of the 

conductivity percolation threshold of the series afforded a nc value of 0.3, in agreement with a 3D 

percolation process of cubic perovskites [26]. Similar observations were described in the other perovskite 

series such as Li1/2-xNaxLa1/2TiO3 [13] and Li Sr2xLa TiO3 [15]. 

 

4. Conclusions 

Different compositions of the La1/2Li1/2TiO3-LaAlO3 system were prepared by solid state reaction 

(ceramic route). All XRD patterns could be successfully refined with a cubic symmetry, S.G. Pm-3m, 

indicating that the solid solution La1/2+1/2xLi1/2-1/2xTi1-xAlxO3 exists along all the compositional range (0  x 

 1) and average structure can be described with a single cubic (ap × ap × ap) perovskite phase. 

Considering the limitation of the XRD technique for the analysis of light element, lower symmetries, 
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associated to octahedral tiling, cannot be here discarded. In consequence Li and Ti can be replaced by La 

and Al in La0.5Li0.5TiO3 according to the mechanism (1/2Li+ + Ti4+) <=> (1/2La3+ + Al3+). These cation 

substitutions reduce unit cell parameter from 3.87 to 3.79 Å. Along the solid solution, an upward 

deviation from Vegard's law was observed, that was ascribed to a cation disordering excess volume. 

Scanning electron micrographs and EDS analyses showed homogeneous and well-densified samples. 

Impedance spectroscopy measurements showed that the conductivity decreased almost four orders of 

magnitude when the Li content decreased from x = 0 to x = 0.4. The sharp decrease on the conductivity, 

for effective vacancies concentration close to 0.3, has been ascribed to the percolative blocking of the 

three-dimensional conductivity network as a consequence of the additional La incorporation and parallel 

decrease of vacant A-sites. This result confirms the important role played by effective vacant A-sites, neff 

= [Li] + nA, on the Li conductivity of perovskites, which is a consequence of the unusual position of 

lithium ions at oxygen-square windows of perovskite. A more detailed Li mobility study by NMR and IS 

(temperature) is now in progress in order to determine the activation energy and diffusion coefficients for 

the Li mobile ions.  
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Figure captions 

Fig. 1. La2/3TiO3 LaAlO3 Li2TiO3 compositional diagram illustrating the Al-doping of LLTO 

perovskites. 

Fig. 2. X-ray diffraction patterns of La1/2+1/2xLi1/2-1/2xTi1-xAlxO3 perovskites with compositions x = 0, x = 

0.2, x = 0.4, x = 0.6 and x = 0.8. For the sample x = 0, the magnified version of the low 2  range of the 

pattern indicates the presence of small amounts of Li2Ti3O7 (indicated by the arrow). Also, for samples 

with x<0.2 a peak associated with the doubled perovskite is labelled with an asterisk. 

Fig. 3. Rietveld refinement of X-ray pattern of La0.7Li0.3Ti0.6Al0.4O3. The solid line is a fit of calculated to 

experimental data (open circles). Difference between measured and calculated intensities is given at the 

bottom. Vertical bars correspond to Bragg positions. 

Fig. 4. Compositional dependence of unit cell parameters. Solid line corresponds with Vegard´s law. 

Fig. 5. Scanning electron micrographs of some compositions (x = 0, 0.2, 0.4, 0.6, 0.8 and 1) of the 

La1/2+1/2xLi1/2-1/2xTi1-xAlxO3 perovskites. 

Fig. 6. Samples with different compositions in the La1/2+1/2xLi1/2-1/2xTi1-xAlxO3 system: (a, b) Impedance 

complex plane plots at 300K; (c) Capacitance data plotted against frequency; (d) Evolution of the 

conductivity with the frequency. 

Fig. 7. Conductivity as a function of the amount of effective vacancies (neff). 

 



Highlights 

- La1/2+1/2xLi1/2-1/2xTi1-xAlxO3 (0 x 1) exist as solid solution in all range. 

- Conductivity decreased more than 4 orders of magnitude as Li content decreases. 

- This new percolative system shows the important role of effective vacant A-sites.  
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Tables

Table 1.- Nominal composition of La1/2+1/2xLi1/2-1/2xTi1-xAlxO3 samples, sintering temperatures 
and EDS microanalyses results for the single phases. The nominal and experimental La:Al:Ti 
ratio is also indicated for each composition.  

x Nominal Composition T (ºC) La Al Ti 
La:Al:Ti 
nominal 

La:Al:Ti 
experimental 

0 La0.5Li0.5TiO3 1300 34.9 - 65.1 0.5:0:1 0.54:0:1 

0.1 La0.55Li0.45Ti0.9Al0.1O3 1300 39.6 3.4 56.9 0.61:0.11:1 0.70:0.06:1 

0.2 La0.6Li0.4Ti0.8Al0.2O3 1300 41.6 10.7 47.7 0.75:0.25:1 0.83:0.18:1 

0.3 La0.65Li0.35Ti0.7Al0.3O3 1350 42.8 10.8 46.5 0.93:0.43:1 0.92:0.23:1 

0.4 La0.7Li0.3Ti0.6Al0.4O3 1350 41.8 23.3 34.9 1.17:0.66:1 1.19:0.67:1 

0.6 + La0.8Li0.2Ti0.4Al0.6O3 1400 44.8 32.5 21.8 2:1.5:1 2.06:1.49:1 

0.8 La0.9Li0.1Ti0.2Al0.8O3 1500 47.5 41.8 10.7 4.5:4:1 4.44:3.91:1 

1 LaAlO3 1500 50.8 49.2 - 1:1:0 1.03:1:0 
+ For this composition, a secondary phase was detected. The EDS analysis (La:Al:Ti  of 8.7:89.7:1.6) 
indicates that it is compatible with the presence of Al2O3. 
 

 

Table 2.- Structural parameters deduced from X-ray powder diffraction data of La1/2+1/2xLi1/2-1/2xTi1-

xAlxO3 perovskites. All the patterns were refined with the cubic Pm-3m space group (Nº 221) and Li 
atoms were not considered for the refinement. 

x 0 0.1 0.2 0.3 0.4 0.6 0.8 1 
a (Å) 3.8704(1) 3.8697(1) 3.8617(1) 3.8594(1) 3.8472(1) 3.8290(1) 3.8077(1) 3.7868(1) 

BLa (Å
2) 0.286(1) 0.599(1) 1.001(1) 0.475(1) 1.286(1) 0.949(1) 1.246(1) 0.721(1) 

BAl (Å
2) ---- 0.912(2) 1.062(2) 0.515(1) 1.304(1) 0.978(1) 0.988(1) 0.818(1) 

BTi (Å
2) 0.927(1) 0.912(2) 1.062(2) 0.515(1) 1.304(1) 0.978(1) 0.988(1) ---- 

BO (Å2) 1.603(2) 1.412(7) 1.886(4) 1.363(4) 1.407(3) 1.668(3) 1.540(4) 1.291(2) 

La (occ) 0.500 0.558 0.642 0.651 0.708 0.825 0.909 1 

Al (occ) ---- 0.090 0.129 0.297 0.394 0.566 0.797 1 

Ti (occ) 1.000 0.909 0.870 0.702 0.607 0.434 0.211 ---- 

O (occ) 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 

Rp 10.3 10.5 9.60 8.68 8.03 8.20 8.88 10.4 

Rwp 13.6 13.4 12.5 11.6 10.7 10.7 11.7 14.3 
2 3.01 3.02 2.46 2.27 1.79 2.05 2.18 3.63 

RB 7.80 8.07 10.7 5.43 9.80 6.32 9.93 3.45 

RF
 6.70 6.02 4.43 2.95 5.05 2.47 4.52 3.10 

Bi denotes the isotropic thermal factors of the different ions; Rp, Rwp
2, RB and RF are conventional 

agreement factors given by the refinement programme.  
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