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Abstract: The ionic conductivity of Li3PO4 dispersed Li0.5La0.5TiO3 (LLTO) composite solid electrolyte was examined by complex 

impedance analysis. The X-ray powder diffraction (XRD), scanning electron microscope (SEM) observation and relative density 

measurement were also performed to study the dispersion of the second phase into the LLTO electrolyte. Results indicate that the 

addition of Li3PO4 into LLTO matrix decreases the ionic conductivity, though the composites added by the Li3PO4 particles show a 

high compactness. The reasons for the conductivity deterioration were clarified based on the lattice structure of LLTO, 

microstructures at the grain boundary regions, and the lithium content. The variation of the lithium content and microstructures in the 

LLTO matrix dispersed by Li3PO4 particles are mostly responsible for the behaviors in the ionic conduction. 
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A wide variety of inorganic solid state electrolytes are 

promising for the secondary solid state lithium batteries owing 

to their high-energy and high safety 
[1-7]

. Among them, 

Li3xLa2/3-xTiO3 (LLTO) ceramics with perovskite structure 

ABO3 have been extensively studied, well-known as the 

highest bulk conductivity of 10
-3 

S/cm at room temperature 
[8]

. 

LLTO crystal is constructed by TiO6 octahedra, Li
+
 and La

3+
 

occupying in the A-sites. The vacancies created are 

responsible for the lithium ion motion throughout the LLTO 

lattice structure; hereafter the crystal possesses the ionic 

conductivity over a wide range of compositions 
[9]

. However, 

its grain boundaries impede the enhancement of the total 

conductivity of the LLTO ceramics. As known, the total 

conductivity of the LLTO ceramics is mainly dominated by 

the grain boundary contribution
[8,10]

. Thereafter, the enhance- 

ment of the ionic conductivity of LLTO ceramics urges great 

interests since the discovery of LLTO. On the one hand, the 

substitution of A and B ions by other atoms was extensively 

attempted; however the doping plays little improved effect on 

the ionic conductivity of LLTO electrolyte 
[11-16]

. On the other 

hand, the mixing of second phases with solid inorganic 

electrolytes could greatly increase the total conductivity due to 

increased lithium concentration, good sinterability and high 

densification, or/and the formation of the space charge layer at 

the grain boundaries and so on 
[17-24]

. And the dispersion of a 

second inactive phase into the LLTO matrix could affect the 

lithium ion conduction behavior in the LLTO composites 
[25-27]

. 

So far, the ionic conductivity of LLTO was improved with the 

dispersion of SiO2 additive by our group 
[25]

. It was reported 

that the ionic conductivity could be increased by one order of 

magnitude by the mixing of SiO2 ionic conductor with LLTO 

matrix. This work aims to present the influence of the 

dispersion of Li3PO4 on the ionic conductivity of LLTO 

ceramics. The addition of Li3PO4 causes a decrease in the 

ionic conductivity of LLTO ceramics. We discussed the 

correlation between ionic conductivity and the lithium ion 

composition and microstructures at the grain boundaries in the 

LLTO- Li3PO4 composite electrolytes by means of XRD, SEM 

and relative density measurements. 

1  Experiment 

LLTO powder examined in the present work was 

http://finance.cic.tsinghua.edu.cn/xmjfcx/javascript:void(0)
http://www.mse.tsinghua.edu.cn/faculty/ceramiclab/e/index-e.htm


8                           Geng Hongxia et al. / Rare Metal Materials and Engineering, 2017, 46(1): 0007-0011 

 

synthesized by a sol-gel method using LiNO3, La(NO3)3·6H2O, 

tetrabutyl titanate and acetylacetone (acac) as starting 

materials. The ingredients of LiNO3 and La(NO3)3· 6H2O were 

weighed and dissolved in ethylene glycol monomethyl ether 

(EGME), and then mixed with the mixture solution of 

tetrabutyl titanate and acac to prepare LLTO sol. The LLTO 

sol was gelated at 90 
o
C for 2 h and dried at 70 

o
C for 5 d. The 

gel was then subjected to calcination at 900 
o
C for 6 h in air to 

produce the white LLTO powder. Mass fractions (wt%) of 3, 7, 

10 and 15 Li3PO4 particles were mixed with the LLTO powder 

using a simple mechanical ball-milling for 12 h. The mixed 

powders were dried at 75 
o
C and pressed into green pellets (2 

mm in thickness and 12 mm in diameter), and then sintered at 

1350 
o
C for 6 h.  

Crystalline phase identification of the LLTO ceramic 

composites was carried out by X-ray diffraction (XRD, 

Rigaku D/max 2500 diffraction meter with Cu Kα radiation) 

in the 2θ range from 10
o 
to 90

o
 with the scan speed of 6

o
/min. 

The lattice parameters were determined by means of PowderX 

program. The microstructures in LLTO/Li3PO4 composites 

were observed using scanning electron micrographs 

(JSM-6460LV scanning electron microscope). The 

compositions of various elements in LLTO composites were 

analyzed by X-ray energy dispersive analysis (EDX). 

 The LLTO samples for electrical measurements were 

sputtered with blocking Au electrodes on both surfaces of the 

sintered pellets. The lithium ionic conductivity measurements 

of the LLTO ceramics were performed by impedance 

measurement in a frequency range from 1 Hz to 5 MHz over 

the temperature range from room temperature to 110 
o
C in a 

thermostat. The Z-view impedance software was used for 

fitting the impedance data. 

2  Results and Discussion 

The XRD patterns of LLTO ceramics dispersed with 

various mass fractions of Li3PO4 are shown in Fig.1. As seen, 

the diffraction peaks in the patterns for all these LLTO 

composites in spite of Li3PO4 addition could be completely 

indexed in the light of the tetragonal symmetry P4/mmm 

without significant difference in crystal lattice (see the 

enlarged XRD patterns in the inset in Fig.1). And the 

superlattice diffraction peaks (denoted by the arrows in Fig.1) 

are present due to the ordering arrangement of cations Li
+
, 

La
3+

 and vacancies in A-sites along the c-axis. Furthermore, 

when the addition of the second phase increases up to 15%, 

the reflections of Li3PO4 are not detected by XRD 

measurement, and X-ray diffraction results demonstrate that 

no second crystalline phase is present after Li3PO4 modifi- 

cation. It suggests that the lattice structure of LLTO matrix 

shows no strong relation with different mass fraction of the 

second phase Li3PO4. And Li3PO4 could exist in the glassy 

state. It is clear that the Li3PO4 phase does not incorporate into 

the LLTO crystal lattice and then form solid solution system. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  XRD patterns for LLTO composites with different Li3PO4 

content adding  

 

And LLTO phase does not react with Li3PO4 particles. But a 

little bit of lithium ions in the Li3PO4 phase might insert into 

the cavities in the framework of LLTO matrix, and a similar 

behavior was proposed in Ref.[25]. As known, the lithium 

element is light, and not able to affect the symmetry of LLTO 

crystal structure with the addition of Li3PO4 always keeping 

the tetragonal symmetry. However, through the calculation of 

lattice constants a and c using PowderX program, as shown in 

Table 1, it is found that the lattice distortion (defined as c/a) 

for pure LLTO ceramics is much bigger compared with that 

for LLTO composites with Li3PO4. In addition, the local 

lattice distortion becomes gradually smaller with the increase 

of the Li3PO4 addition. The tetragonal local lattice distortion 

could be owing to the ordering of Li
+
, La

3+
 and vacancies on 

the neighboring layers, which results in the superstructure 

peaks. In case of LLTO composites with Li3PO4, the lithium 

ions going into LLTO bulk structure from Li3PO4 phase could 

cause higher lithium concentration and less ordered 

arrangement of cations and thus a smaller lattice distortion. It 

was also evidenced by the broadening of the superlattice peaks 

besides c/a values in Table 1. Therefore, big bottlenecks for 

lithium ion motion could not be achieved, which is not helpful 

for the enhancement of the grain bulk ionic conductivity. 

Conversely, too high lithium concentration in LLTO bulk 

structure worsens the conductivity because there are not 

enough sites for lithium ion migration. 

Fig.2 is the SEM observations of LLTO composites after 

sintering at 1350 
o
C with different Li3PO4 contents (wt%) 

 

Table 1  Lattice structure of LLTO composites with different 

Li3PO4 contents 

Li3PO4/wt% Symmetry a/nm c/nm c/a 

0 Tetragonal 0.38667 0.7617 2.0073 

3 Tetragonal 0.38693 0.7501 2.00296 

7 Tetragonal 0.38679 0.7466 2.00277 

10 Tetragonal 0.38680 0.7468 2.00275 

15 Tetragonal 0.38697 0.7462 2.00177 
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Fig.2  Fractured surface images of LLTO composites added with 

different Li3PO4 contents: (a) 0 wt%, (b) 3 wt%, (c) 7 wt%,  

(d) 10 wt%, (e) 15 wt% (the inset is EDX spectra of point 

marked by arrows) 

 

of 0, 03, 7, 10 and 15. The addition of the second phase indeed 

plays a key role on the morphology of the LLTO ceramics. 

The tetragonal-shaped grains are LLTO phase. As known, 

Li3PO4 tends to form glass, not in existence of crystalline 

phase. Thus an amorphous-Li3PO4 containing surface layer 

could form at the interfaces of the LLTO grains. P element at 

the interfaces is detected obviously by EDX measurement, as 

shown in the inset of Fig.2.  

The tetragonal grains of pure LLTO ceramics are much 

more regular than that of the other composites with Li3PO4. 

With the increase of the addition of Li3PO4, regular grains in 

the LLTO composites get gradually twisted. And the interfaces 

between grains present unclear. Namely, the section surface 

morphologies are densely twisted grains for LLTO composites. 

So the addition of Li3PO4 could significantly affect the 

microstructures of LLTO ceramics, leading to a very 

disordered situation at the grain boundaries (i.e., surfaces of 

the LLTO grains) and detoured tunnels for lithium ion motion. 

This would give rise to the lithium ion motion with difficulty, 

which could successfully explain the change of the lithium 

ionic conductivity in the next section. 

Owing to the low melting point of about 837 
o
C. Li3PO4 

acts as the sintering aid and leads to a good sinterability; 

maybe a liquid sintering taking place because of partial 

melting and solidification during the sintering. It is reasonable 

that high compactness is achieved when Li3PO4 is added into 

LLTO matrix. So the modified LLTO composites show 

significantly better relative density than pure LLTO, as shown 

in Fig.3. 

A typical impedance spectrum is plotted in the Nyquist 

complex plane, displayed in Fig.4, for the LLTO composites 

with ion-blocking Au electrodes. Similar electrical behavior has 

been seen for all the LLTO composites with addition of Li3PO4. 

For such electrochemical cells of Au||LLTO/Li3PO4||Au, a 

simplified equivalent circuit as shown in the inset of Fig.4 can 

be used 
[28]

. One response in the high frequency region arises 

from the relaxation process in the grain boundaries, 

corresponding to one semi-circular arc at high frequency. The 

other response at low frequency is attributed to polarization 

behavior of the blocking electrode, which is expressed as a 

blocking spike. The grain relaxation response in the 

impedance plots is not obviously detected due to the 

frequency we used in this study is not high enough. Such an 

equivalent circuit (see the inset in Fig.4) contains a grain 

resistance (denoted by R1), a grain boundary resistance (R2) 

and capacitance (CPE1) of the grain boundary, which can be 

applied to well fit the impedance data to refine the 

contributions from grain and grain boundary. CPE1 arises 

from the rough nature of the electrolyte 
[28]

. CPE2 is assigned 

to the ionic movement behavior in the blocking electrodes. 

The errors of all obtained parameters are below 5%.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  Relative density variation with the increase of Li3PO4 content 

in the LLTO composites 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig.4  Equivalent circuit and a typical complex impedance 

of LLTO composite 
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The ionic conductivity dependence on the temperature for 

LLTO/Li3PO4 composites is shown in Fig.5. We can see that 

the conductivity of the composites with Li3PO4 addition 

decreases with the increase of the Li3PO4 addition content, no 

matter in grains, grain boundaries or the overall conductivity 

trend. Fig.6 is the variations of the room temperature ionic 

conductivity with the increase of the Li3PO4 content. It can be 

found that the grain conductivities present almost no change 

with the addition of Li3PO4, only with a little bit decrease in 

values (see Fig.6a). It is thought that Li3PO4 leads to a smaller 

lattice distortion of the LLTO structure, unfavorable for the 

lithium ion movement in the bulk grains, suggesting a slight 

decrease in the grain bulk conductivity in LLTO/Li3PO4 

composites. Meanwhile, the decrease of the bulk ionic 

conductivity in the LLTO crystal structure is assigned to 

lithium ion insertion into the vacancies in the LLTO lattice, 

which leads to increased number of lithium ions involved in 

the ion migration, however, also decreased number of vacancies 

for lithium ion motion. As known, the ratio of lithium ion to 

vacancy should be in a moderate range 
[29]

. It can be said that a 

decreased number of mobile lithium ions take part in the 

lithium ion conduction and decrease the ionic conductivity for 

LLTO composites with introduction of Li3PO4.  

LLTO-Li3PO4 composites reveal low grain boundary 

(GB)ionic conductivities in comparison with pure LLTO 

ceramics. Glassy Li3PO4 forms at the grain boundaries of LLTO 

ceramics, resulting in highly disordered grain boundaries and 

serious mismatching between the passageways for lithium ion 

migration. Meanwhile, the pathways become more detoured 

and longer, and then the number of the mobile lithium ions at 

the same time decreases. That is, at the grain boundary regions, 

mobile lithium ions are confined and blocked, leading to the 

lithium ion transport with more difficulty when the Li3PO4 was 

added. So Li3PO4 considerably affects the microstructures of the 

LLTO ceramics, which is dominantly responsible for the 

decrease of the grain boundary ionic conductivity with the 

increase of the addition of Li3PO4 (see Fig.6b). 

Because the grain boundaries govern the total ionic 

conductivity, the overall conductivities have an identical 

change tendency as the grain boundary conductivity with the 

increase of Li3PO4 addition. A gradual decrease of the total 

ionic conductivity is observed with the increase in the amount 

of Li3PO4 for the LLTO composites (see Fig.6c). 

Generally, the high densification of these obtained pellets is 

desirable for the improvement of ionic conductivity. But the 

lithium content is a key factor determining the ionic 

conductivity, and the microstructures at the grain boundaries 

show an intense relationship with the ionic conduction. The 

enhancement effect of the high relative density on the ionic 

conductivity is not able to overwhelm the adverse effect 

produced by the above two factors. It was believed that the 

ionic conductivity for LLTO ceramics was controlled by the 

lithium ion content and the microstructures. Consequently, 

more efforts should be devoted to improve the microstructures 

at the grain boundaries in order to enhance the ionic 

conductivity of the LLTO ceramics. 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  Ionic conductivity dependence on the temperature for the LLTO composites with different Li3PO4 contents 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  Ionic conductivity as a function of Li3PO4 content for the LLTO composites 
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3  Conclusions 

1) The ionic conductivity of compact ceramics with Li3PO4 

addition into the LLTO matrix decreases with the increase of 

the Li3PO4 addition.  

2) LLTO phase in all composites still belongs to tetragonal 

symmetry. The local lattice distortion becomes smaller with 

the increase of the second phase and partial lithium ions insert 

into the LLTO lattice, both resulting in a slight decrease in the 

grain bulk conductivity.  

3) The morphologies of LLTO grains are very twisted and 

the tunnels for lithium ion migration are much detoured when 

the Li3PO4 is introduced, which decrease the grain boundary 

conductivity noticeably. It can be concluded that the change of 

the ionic conductivity is mainly ascribed to the variation of the 

lithium content and microstructures of the LLTO matrix 

dispersed by Li3PO4 particles. 
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Li3PO4 对 Li0.5La0.5TiO3/Li3PO4 复合固体电解质的电性能影响 
 

耿红霞 1，梅  骜 2，林元华 2，南策文 2 

(1. 清华大学 航天航空学院，北京 100084) 

(2. 清华大学 材料科学与工程系 新型陶瓷与精细工艺国家重点实验室，北京 100084) 

 

摘  要：利用复阻抗谱分析技术考察了复合 Li3PO4的 Li0.5La0.5TiO3 (LLTO) 固体电解质的离子电导率，同时还利用 X 射线衍射图谱、扫

描电镜观测和相对致密度测量等实验手段研究了 LLTO 电解质中第二相的分散情况。结果发现，加入 Li3PO4第二相后，尽管复合固体电

解质 LLTO 拥有比较高的致密度，但是 Li3PO4会导致离子电导率的降低。通过分析 LLTO 的晶体结构，晶界的微观结构和锂含量，阐明

了LLTO离子电导率恶化的原因，往LLTO基质中分散的Li3PO4导致的锂含量和微观结构的变化是引起锂离子传导行为改变的主要原因。 

关键词：Li0.5La0.5TiO3；Li3PO4；离子电导率；复合固体电解质 
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