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Abstract:  

The structure, thermal stability, morphology and ion conductivity of titanium 

perovskites with the general formula Li3xLn2/3−xTiO3 (Ln = rare earth element; 3x= 

0.30) are studied in the context of their possible use as solid electrolyte materials for 

lithium ion batteries. Materials are prepared by a glycine-nitrate method using different 

sintering treatments, with a cation-disorder-induced structural transition from tetragonal 

to cubic symmetry, detected as quenching temperature increases. SEM images show 

that the average grain size increases with increasing sintering temperature and time. 

Slightly higher bulk conductivity values have been observed for quenched samples 

sintered at high temperature. Bulk conductivity decreases with the lanthanide ion size. 

A slight conductivity enhancement, always limited by grain boundaries, is observed for 
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longer sintering times. TDX measurements of the electrolyte/cathode mixtures also 

show a good stability of the electrolytes in the temperature range of 30-1100ºC. 
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1. Introduction 

In recent years, solid state lithium ion batteries (LIBs) have attracted great attention due 

to their high power density and safety, as well as their small size and low weight, 

making these batteries suitable for a broad range of applications, such as cell phones 

and laptops, cardiac pacemakers and electric vehicles [1]. As an important part of the 

battery, inorganic solid state electrolytes provide advantages in safety and capacity 

retention [2]. Several compositions have been studied as possible electrolytes for solid 

state lithium ion batteries. Thus, lithium tantalate and niobate oxides, lithium based 

phosphates such as LIPON (LixPOyNz), solid polymer electrolytes (SPE), LISICON 

type oxides and lithium lanthanum titanates with general formula Li3xLa2/3-xTiO3 

(known as LLTO) are among the most promising compounds studied [1,3,4].  

Lithium ion-conducting perovskite-type oxides (ABO3), such as Li3xLa2/3-xTiO3, show 

high ionic conductivities at room temperature (10-5-10-3 S.cm-1) due to a substantial 

number of ‘‘A’’ site vacancies in the structure. These vacancies are randomly 

distributed when Li and La sites are disordered and their presence facilitates the lithium 

ion transport. Given that a change of the A ions affects conductivity, in the past decade 

many studies focused on the substitution of ions on either the A site or the B site of the 

perovskite structure in order to increase the ionic transport, but with little success [5]. 

The presence of Ti4+, which is “easily” reduced to Ti3+ during the charge/discharge 

process, might result in some electronic conductivity. This effect, that has to be avoided, 

has reduced the general expectations for this family of compounds as electrolytes [6]. 

Nevertheless, chemical substitutional studies have been undergoing [7] motivated by the 

discovery of new applications for LLTO compounds in future LIBs configurations: as 

cathode coatings [8] or electrolyte separators [9,10]. Regardless the final application of 

this LLTO family of compounds, it is well known that its microstructure, together with 
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its lithium content, will play a key role on the ionic conductivity of these materials 

[11,12]. Thus, processing parameters such as sintering temperature, holding time and 

cooling rate need to be optimized to improve their electrical properties [13]. Until 

recently, most of the inorganic solid state electrolytes studied (including LLTO family) 

have been obtained by solid state reaction. However, this conventional preparation 

method requires high temperatures and long heating times during the sintering process 

producing a serious lithium loss and a bigger particle size, both negative effects on 

battery applications. In order to overcome this problem, some alternative synthetic 

methods, e.g. sol-gel method, microwave sintering and pulsed laser deposition, have 

been developed to prepare LLTO bulk ceramics or thin films [14,15]. The stability 

between the perovskite electrolyte and the cathode material during the device 

fabrication is also an important concern [16], since both LLTO and cathode need to 

undergo a heat treatment in order to enhance their integration. Therefore, a study of the 

microstructure stability and the chemical reactions in the interface between the 

electrolyte and cathode at high temperature is extremely important. 

The present work studies a low temperature synthesis route for some LLTO based 

perovskites (with the general formula Li0.30(La0.50Ln0.50)0.567TiO3, with Ln= La, Pr, Nd), 

the effects of sintering on their structure and conductivity, as well as their crystal 

stability and reactivity with a cathode material (LiMn2O4), in order to develop suitable 

processing conditions for their eventual use in lithium ion battery systems. 

2. Experimental 

Li0.30(La0.50Ln0.50)0.567TiO3 (Ln= La, Pr, Nd) samples were prepared by the glycine 

nitrate combustion (GNC) process, a self-combustion technique that uses glycine as fuel 

and nitrates of the metal components as oxidants. Herein, glycine (Sigma-Aldrich, 

G7126-500G,  >99%) was added to an aqueous acidified solution containing LiNO3 
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(Fluka Analytical, 62575-250G-F, ≥ 98%), La(NO3)3.6H2O (Fluka Analytical, 61520-

100G-F, ≥ 98%), Nd (NO3)3.6H2O (Sigma-Aldrich, 289175-25G,  ≥ 99.9%), 

Pr(NO3)3.6H2O (Sigma-Aldrich, 205133-50G, 99.9%) and Ti(C4H9O)4 (Sigma-Aldrich, 

86910-250ML, >97%) in stoichiometric proportions. The glycine/nitrate molar ratio was 

adjusted to 1. After drying and self-combustion, the resulting powder was pressed into 

pellets and annealed in air at 800ºC for 10 h (”raw materials” hereafter). In order to 

obtain the pure compounds, these raw materials were pressed into pellets and heated at 

900ºC for 10 h followed by a quenching in air.  

For the sintering studies, eight samples of the raw materials with Li0.30La0.567TiO3 

composition were fired at 900, 1000, 1100 and 1200ºC for 10 h; four of these new 

preparations were quenched and the other four were slowly cooled (3ºC/min) at room 

temperature. Finally, a new series of Li0.30(La0.50Ln0.50)0.567TiO3 samples were prepared 

from the raw materials applying a final sintering temperature of 1200ºC during different 

times: 30 min, 3 h , 6 h and 10 h, all followed by quenching in air. 

Compositional analyses have been carried out on the obtained samples by inductively 

coupled plasma atomic emission spectroscopy (ICP-AES) on a Horiba Yobin Yvon 

Activa spectrophotometer. Prior to measurement, about 50 mg of sample powder were 

placed in a platinum crucible with 0.6 g of NaOH (Sigma-Aldrich, 55881-500G, ≥ 98 

%) and fused in a muffle furnace at 500°C for 15 minutes. After cooling the crucible, 

the melted sample was dissolved in Milli-Q Element water acidified with HNO3. 

Room temperature X-ray powder diffraction (XRD) data were collected within the 

10<2<80° range with an integration time of 10 s/0.026° step using a Philips X'Pert-

PRO X-ray diffractometer with secondary beam graphite monochromated Cu–K 

radiation. X-ray diffraction data were analysed by the Rietveld method [17] using the 

GSAS program [18]. 
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Microstructural analysis was carried out on the sintered bars using a JEOL JSM 6400 

and a JEOL LSM 7000F scanning electron microscope at 20 kV and 1.10-10 A.  

AC electrical measurements were performed from room temperature to 150ºC in air 

using an Impedance analyser (Solartron 1260) over a frequency range 1-107 Hz on plane 

parallel pellets cut from the samples sintered at different temperatures and cooling rates. 

These pellets were coated with a gold paste (Heraeus, 900.071/145), cured at 550ºC for 

0.5 h, and assembled between Pt electrodes. At least two pellets of each composition 

were measured at room temperature, showing the same conductivity values after being 

corrected with the corresponding shape factors. 

The chemical stability of the LLTO/cathode pairs was studied by mixing the 

Li0.30(La0.50Ln0.50)0.567TiO3 powdered samples with a commercial LiMn2O4 cathode 

(Aldrich, particle size < 5 m) in a 50–50% weight ratio. Thermodiffractometric (TDX) 

measurements on these mixtures were collected using a Bruker D8 Advance Vantec 

diffractometer equipped with platinum sample holder at 30 kV and 20 mA within a 

range of 10<2<70° (step size= 0.033°). The temperature was increased from room 

temperature up to 1110°C (heating rate: 1.8ºC/min), a temperature higher than the 

conventional co-firing temperatures reported in the literature [19,20]. 

 

3. Results and discussion 

3.1. Structural Study 

 

Figure 1 shows the Rietveld refinement to the XRD data of the 

Li0.30(La0.50Ln0.50)0.567TiO3 (Ln= La, Pr, Nd) samples obtained from the combustion 

synthesis after its quenching from 900ºC to room temperature. 
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Figure 1 

 

All the observed diffraction peaks have been indexed to a perovskite structure with the 

tetragonal P4/mmm space group. The tetragonal distortion is attributed to an uneven 

distribution of vacancies, Li+ and Ln3+ cations over the A1 and A2 crystallographic sites 

(both 12-fold coordinated with oxygen) in the space group P4/mmm. This unequal 

distribution, or ordering of these ions, in the A1 and A2 sites, leads to the presence of 

superstructure lines observed on the XRD patterns, which are related to [hkl] planes 

with l=2n+1. The presence of these superstructure lines implies the doubling of the 

perovskite cell parameter in the c direction. The quenching of the samples from high 

temperature increases cation disorder, partially suppressing the A1/A2 alternation along 

the c-axis that is usually observed when in slow cooled compounds [19]. 

The XRD results also show a decrease on the lattice parameters and unit cell volume, 

related to the progressive reduction of the averaged ionic radius of the A-site cations 

(12-fold coordination radii of the lanthanides used are as follows: r(La+3) = 1.36 Å; r(Pr+3) 

= 1.30 Å; r(Nd+3) = 1.27 Å [21]). This observation is important given that the reduction 

of the unit cell parameters implies a contraction of the cell and, as a result, the available 

space for the Li+ ion hopping may reduce. When this happens, the result is usually 

detrimental for the ionic conductivity. Small expansions of the unit cell, as in the case of 

the La3+ and Li+ substitution by Sr2+ slightly improve conductivity [22,23], but the 

distortions of the lattice due to substitutions sometimes offset this effect [24].  

X-ray diffraction data collected for Li0.30La0.567TiO3 samples after the different sintering 

treatments (from 900ºC to 1200ºC with and without quenching) are shown in Figure 2. 
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Figure 2 

 

As observed, the sintering processes at 900, 1000, 1100 and 1200ºC for the slowly 

cooled samples produce well-crystallized perovskite-type LLTO phases with the 

aforementioned superstructure, which can be indexed with the P4/mmm space group. 

However, the quenched samples show a systematic reduction, to almost disappearance 

at some temperatures, of the superstructure peaks with increasing quenching 

temperature. This suggests that, as the temperature increases, the cation disorder also 

increases and the A1/A2 alternation along the c-axis is partially suppressed. A fast 

cooling from 1200ºC produces an XRD pattern without superstructure peaks that can be 

indexed with a cubic structure (space group, Pm-3m) (Figure 3), in good agreement 

with all previous studies [25-29].  

 

Figure 3 

 

Final refined values of the structural parameters obtained for the Li0.30La0.567TiO3 

samples sintered at different conditions are summarised in supplementary Tables S1 and 

S2. The Lanthanum occupancies in all cases are summarised in Table 1: 

 

Table 1 

 

As expected from the preliminary inspection of the XRD data, Table 1 shows important 

changes in the La3+ site occupancies depending on the heat treatments. A drastic change 

is produced between a sintering temperature of 1100 and 1200ºC for the slowly cooled 

samples, and a systematic change in the La+3 sites population with the temperature is 
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observed for the compounds prepared with quenching.  In contrast with the 

order/disorder effects observed depending on the final treatment, the cell parameters 

show almost no change. 

The ICP-AES elemental composition analysis of the prepared samples (Table 2) 

indicates that their compositions are very close to the nominal values. Furthermore, the 

oxides stoichiometry shows no major difference regardless the sintering process or the 

1200ºC treatment. It is also important to highlight that the amount of lithium detected 

stays constant in all cases. This is important because the loss of lithium at high 

temperatures causes a reduction of the mobile species and thus a deterioration of the 

grain boundary conductivity [30].  

 

Table 2 

 

The chemical stability and compatibility of the Li0.30La0.567TiO3 compounds with the 

commercial LiMn2O4 electrode was analysed by thermodiffraction and the results are 

shown in Figure 4. 

 

Figure 4 

 

Two important processes are noticeable from these data. On one hand, it is clearly 

observed that superstructure peaks disappear at high temperature. This change takes 

place at ~ 930ºC for the Li0.30La0.0567TiO3/LiMn2O4 mixture, which is surprising given 

that when the sample is quenched at 1100ºC the superstructure peaks are clearly present. 

This result suggests that the traditionally applied quenching process is not fully 

effective at these temperatures and La3+ ions have enough time for reordering.  
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On the other hand, some new peaks appear above 800ºC. These new peaks, however, do 

not belong to secondary phases that arise from a chemical reaction between the cathode 

and the electrolyte; instead these signals come from the LiMn2O4 spinel reduction 

reactions that take place around this temperature [31]. In fact, no chemical reaction 

between both components has been observed up to the maximum temperature. The three 

Li0.30(La0.50Ln0.50)0.567TiO3 compositions display the same structural transformations as 

the temperature increases (see supplementary Figure S1). The main difference between 

them is the temperature at which the superstructure peaks vanish, slightly smaller (T~ 

900ºC) for Pr3+ and Nd3+ samples compared with the La3+ one.  

 

3.2. Morphological study 

The SEM micrographs of the Li0.30(La0.50Ln0.50)0.567TiO3 powder samples synthesised by 

the glycine nitrate combustion method at 900ºC for 10 h and quenched in air are shown 

in Figure 5.  

 

Figure 5 

 

On average, these perovskite compositions show similar microstructure and all grain 

sizes are below 150 nm. 

The SEM micrographs taken on the surface of the Li0.30La0.0567TiO3 sintered bars at 

different temperatures after quenching are shown in Figure 6.  

 

Figure 6 
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As expected, SEM micrographs show a noticeable grain size growth (from 150 nm up to 

~ 1 m) as the sintering temperature rises (from 900 up to 1200ºC). Similar results were 

observed for the samples prepared without quenching.  

The effect of the sintering time at 1200ºC on the morphology of the samples, measured 

at the surface of the as-prepared samples, is shown for the Li0.30La0.0567TiO3 

composition in Figure 7. 

 

Figure 7 

 

At 1200 ºC, the grain size increases from about 1.2(2) to 2.6(1) µm as the sintering time 

increases from 30 minutes to 10 h. Supplementary Figure S2 shows how the particle 

growth for samples with Ln= Pr are quite similar. These changes are in good agreement 

with other published results [32]. 

 

3.3. Electrochemical characterization 

All synthesized samples were electrochemically characterised and their total 

conductivity was evaluated. Such electrochemical properties were studied as a function 

of the grain size, and as a result by changes on the sintering times and temperatures of 

the final material.  

Pellets of Li0.30La0.567TiO3 prepared at 1000, 1100 and 1200ºC and then quenched 

resulted in relative densities of 62(5)%, 96(6)% and 89(5)%, respectively. The reduced 

density of sample quenched at 900ºC (60%) did not allow a proper conductivity 

analysis. Figure 8 shows how the total conductivity of the non-corrected density pellets 

increases with the sintering temperature. The conductivity of the sample prepared at 

1000ºC is two orders of magnitude lower than the others, probably due to the poor 
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densities achieved at that temperature. Given that best results are observed for those 

samples sintered at 1200ºC, this sintering temperature was selected for the following 

tests. Slightly higher conductivity is observed at 22ºC for the sample sintered and 

quenched at 1200ºC (b = 9x10-4 S/cm) as compared to the non-quenched sample (b = 

6x10-4 S/cm). However, such differences are not substantial to conclude that quenching 

is a better option for the synthesis of the sample. These results are in good agreement 

with the literature [33,34].  

 

Figure 8 

 

Figure 9 shows a typical impedance diagram at room temperature for Li0.30La0.567TiO3 

sintered at 1200ºC for 6 h and quenched in air, where two semicircles are resolved and 

can be attributed to the bulk (grain interior) contribution (high frequency semicircle 

with an effective capacitance of  27 pF/cm) and grain boundary resistance (low 

frequency semicircle with an effective capacitance of  5 nF/cm) [35]. The straight line 

at the low frequency range corresponds to processes of ion-blocking polarization in the 

electrodes (Au paste on both sides of the pellets).  

 

Figure 9 

 

Figure 10 plots the contributions to the total conductivity from both the bulk and grain 

boundary of the three compositions Li0.30(La0.50Ln0.50)0.567TiO3 (Ln= La, Pr, Nd) sintered 

in air at 1200 ºC for 6 h, and then quenched. As expected, the bulk (b) and grain 

boundary (gb) conductivities of all samples increase with temperature, following an 

Arrhenius behaviour in the whole temperature range measured (25-150ºC) and with 
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higher activation energies for the gb contribution. As the lanthanide size decreases, its 

conductivity decreases (La > Pr > Nd) but its activation energy increases (Ea(b) = 

0.27, 0.35 and 0.36 eV for La, Pr and Nd, respectively). This trend has also been reported 

upon complete substitution of La for smaller rare earths [33]. 

 

Figure 10 

 

In all cases, the conduction across the grain boundaries limits the total conductivity of 

the sample, so a more careful study was performed in order to minimize this 

contribution. In this sense, different sintering times (30 min, 3 h, 6 h and 10 h) were 

tested and the influence on the electrical grain boundary conductivities studied (both the 

total contribution of the boundaries to the conductivity and the specific conductivity). 

 

Figure 11 

 

The specific grain boundary conductivity is obtained multiplying the total contribution 

of the grain boundaries by a factor d/D, were d is the size of the grain boundary and D 

the grain size [36]. Assuming that the dielectric constant of the boundaries equals that of 

the bulk, d/D is estimated from the equivalent capacitances of the high (HF) and low 

frequency (LF) impedance arcs as d/D = Cb/Cgb = CHF/CLF. In all cases, the bulk 

conductivity remains unchanged with the sintering time, and so does the specific grain 

boundary conductivity. This fact implies that the nature of these grain boundaries does 

not change and segregation or degradation processes are unlikely. However, there is a 

slight enhancement of the total contribution of the grain boundary conductivity for 
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longer sintering times, as shown in Figure 11, due to an increase of the grain size (see 

Figure 7) and consequent decrease of the number of grain boundaries. 

 

4. Conclusions 

The structure and thermal stability of a series of titanium perovskites with the general 

formula Li0.30(La0.50Ln0.50)0.567TiO3 (Ln= La, Pr, Nd) prepared by glycine-nitrate method 

have been studied as a material that can be use in lithium ion batteries. Calcination of 

the powders at 900ºC followed by quenching produces well-crystallized perovskite-type 

LLTO phases with a partially ordered structure (P4/mmm space group). The chemical 

reactivity between these compounds and a commercial cathode material (LiMn2O4) has 

been analyzed by TDX measurements within a 30-1100ºC temperature range. No 

secondary phases were detected even at the highest temperature used, showing that all 

phases are stable and chemically compatible. The conductivity values decrease as the 

lanthanide size decreases. This is probably a result of two simultaneous effects: the 

contraction of the unit cell volume (and thus the reduction of the available space for the 

Li+ ion transport) and the increase in the A-site disorder (a well studied parameter in 

other perovskite-type compounds). Li3xLn2/3−xTiO3 pellets were prepared at different 

sintering conditions and cooling rates in order to study how the preparation conditions 

affect their structural, morphological and electrochemical properties. It was observed 

that the tetragonal superlattice lines gradually disappear when the quenching 

temperature is raised (900-1200ºC). Some of the superlattice peaks disappeared at lower 

temperature than quenched experiments reported in the published literature. This result 

indicates that the usual quenching techniques are not that effective in keeping the exact 

high temperature structure. SEM images show how the average grain size increases 

directly proportional to the sintering temperature and time, as expected. Slightly higher 
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values of conductivity have been obtained for quenched samples, but not significant 

enough to favour the quenching process over slow cooling synthesis. A slight 

enhancement of the total contribution of the grain boundary conductivity has been 

obtained for longer sintering times. 
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Figures 
 
 

 
 
Fig. 1. Rietveld fits of room temperature XRD data for Li0.30(La0.50Ln0.50)0.567TiO3 (Ln= La, Pr, Nd) 
perovskites calcined at 900ºC and quenched to ambient conditions. Superstructure peaks 
corresponding to the ordering of the Ln ions are indicated by an asterisk (*). Structural 
parameters obtained by Rietveld refinement are inset. 
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Fig. 2. X-ray diffraction patterns for Li0.30La0.567TiO3 perovskites sintered at different 
temperatures (900-1200ºC) with and without quenching. Superstructure peaks corresponding to 
the ordering of the Ln ions are indicated by an asterisk (*). 
 
 

 
Fig. 3. Rietveld fits of room temperature XRD data for Li0.30La0.567TiO3 perovskites calcined at 
1200ºC and quenched to ambient conditions. 
 
 

 
 
Fig.4. Thermodiffractometric measurements of the cathode: electrolyte mixture (50% 
LiMn2O4:50% Li0.30La0.567TiO3). The diffraction peaks corresponding to the electrolyte and 
cathode are denoted by E and C, respectively. 
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Fig. 5. SEM micrographs taken on the surface of the Li0.30(La0.50Ln0.50)0.567TiO3 (Ln= La, Pr, Nd)  
ceramic pellets obtained at 900ºC with quenching. 
 
 

 
Fig. 6. SEM micrographs taken on the surface of the Li0.30La0.567TiO3 pellets sintered at 900, 
1000, 1100 and 1200ºC with quenching. 
 

 
Fig. 7. SEM micrographs taken on the surface of the Li0.30La0.567TiO3 pellets sintered at 1200ºC 
during 30 min, 3h, 6h and 10h with quenching. 
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Fig. 8. Arrhenius plots of the total conductivity measured on pellets of Li0.30La0.567TiO3 sintered 
at 1000, 1100 and 1200ºC, as indicated in the figure inset. Filled symbols: without quenching, 
open symbols: sample quenched from 1200ºC. 

 
Fig. 9. Impedance plot diagram of Li0.30La0.567TiO3 (sintered at 1200ºC for 6h and quenched) 
measured at 22ºC (high frequency range shown in upper inset). The equivalent circuit used to 
obtain the conductivity values is depicted at the right hand corner. L1 represents a parasitic 
inductance due to the experimental setup (1H). 
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Fig. 10. Arrhenius plots of the bulk and grain boundary contributions to the conductivity of 
Li0.30(La0.50Ln0.50)0.567TiO3 (Ln= La, Pr, Nd), sintered at 1200ºC for 6h and quenched. Both 
conductivities have been calculated using the sample´s geometrical factor length/surface. 
 

 
Fig. 11. Arrhenius plots of the grain boundary contribution to the conductivity of 
Li0.30(La0.50Pr0.50)0.567TiO3 sintered at 1200ºC for 30min and 10h and quenched in air. The grain 
boundary contribution (gb = (1/Rgb)*(l/S)) and the specific grain boundary conductivity 
(gb*d/D) are represented. 
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Fig. S1. Thermodiffractometric measurements of the 50% LiMn2O4:50% electrolyte 
(Li0.30Ln0.567TiO3 (Ln= La, Pr, Nd)) composition blends. The diffraction peaks corresponding to 
the electrolyte and cathode are denoted by E and C, respectively. 
 

 
Fig. S2. SEM micrographs of the surface of the Li0.30(La0.50Pr0.50)0.567TiO3 pellets sintered at 
1200ºC during 30 min, 3h, 6h and 10h with quenching. 
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Tables 
 
 
Table 1. Summary of the ICP analyses. 
 

Nominal composition Experimental composition 

Li0.30La0.567TiO3 Li0.26(1)La0.58(3)Ti1.00(5) 

Li0.30La0.283Pr0.283TiO3 Li0.28(1)La0.28(1)Pr0.26(1)Ti0.94(4) 

Li0.30La0.283Nd0.283TiO3 Li0.26(1)La0.24(1)Nd0.24(1)Ti0.98(5) 

Li0.30La0.567TiO3  

(sintered at 1200ºC with quenching) 

Li0.28(1)La0.58(3)Ti0.98(5) 

Li0.30La0.567TiO3 

(sintered at 1200ºC without quenching) 

Li0.27(1)La0.57(3)Ti1.00(4) 

 

 
Table 2. Occupancies for lanthanum obtained by Rietveld refinement for slowly cooled and quenched 
Li0.30La0.567TiO3 samples sintered between 900-1200ºC. 

Parameters 900ºC 1000ºC 1100ºC 1200ºC 
Ln1(occ.) 

slowly cooled 
0.302(4) 0.284(3) 0.285(3) 0.354(3) 

Ln2(occ.) 

slowly cooled 
0.828(4) 0.846(3) 0.845(3) 0.776(3) 

Ln1(occ.) 

Quenched 
0.293(4) 0.348(3) 0.486(4) 0.579(6) 

Ln2(occ.) 

Quenched 
0.792(7) 0.782(3) 0.644(4)  
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