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Abstract 

A systematic study was carried out to explore the impact of sintering temperature on 

the densification, phase formation, microstructure, crystallinity, and ionic conductivity 

of Li1.5Al0.5Ti1.5(PO4)3 (LATP). There is clear evidence that a) both the total 

conductivity and bulk conductivity increase with increasing sintering temperature, and 

b) the phase purity, crystallinity and compositional homogeneity range of LATP are 

the key factors that influence the bulk ionic conductivity. Furthermore, the influence of 

a sintering aid (Li2B4O7) on the microstructure and ionic conductivity of LATP was 

probed. The Li2B4O7 improved the microstructural parameters of the LATP electrolyte 

and thus remarkably reduced the grain boundary resistance of the pristine LATP from 

10 5 . The sintering aid Li2B4O7 did not influence the stoichiometry or the 

long-range order of LATP but rather acted as an ion-conducting bridge between the 

LATP grains facilitating the Li-ion transport. 
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1. Introduction 

High ionic conductivity, and compositional and structural flexibility of phosphates 

like Li1+xMIII
xMIV

2-x(PO4)3 crystallizing with NaZr2(PO4)3 (NZP) structure1 make these 

materials attractive as solid electrolytes for ASSBs. Among the Li-containing 

triphosphates, the Al-substituted lithium titanium phosphate Li1+xAlxTi2-x(PO4)3 (LATP) 

with 0<x<0.5 has been investigated most due to its chemical stability, high 

mechanical strength and high ionic conductivity (10-4 - 10-3 cm-1).2-5 LATP 

crystallizes in the rhombohedral space group ( 3 ), adopting the NZP-type structure. 

It shows significant thermal expansion anisotropy of the hexagonal unit cell 

parameters, leading to large stresses and micro-cracks during sintering depending on 

grain growth.6-10 This becomes more pronounced with increasing processing 

temperature, whereby the micro-cracks lead to a deterioration of ionic conductivity.11-

13 Therefore, it is essential to understand the evolution of microstructural parameters 

such as porosity, grain size, grain boundary, texture, phase distribution and/or micro-

crack formation depending on the processing temperature and time. Optimization of 

above mentioned parameters is the key for the development of high-performance 

solid electrolytes. In this context, some studies were reported in the literature on 

LATP powder. For instance, Zhao et al. investigated the effect of calcination 

temperature on densification and ionic conductivity of LATP,14 whereas Kim et al. 

explored the influence of stoichiometry, hydrothermal reaction time and sintering as 

well as calcination temperature on the ionic conductivity of hydrothermally 

synthesized LATP powder.15 It was demonstrated that micro-cracking is clearly 

related to the grain size16 and the critical grain size for micro-cracking of 

Li1.3Al0.3Ti1.3(PO4)3 9 However, the impact of sintering 

temperature on the crystallinity, bulk ionic conductivity as well as the correlation 
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between the crystallographic parameters and ionic conductivity of Li1.5Al0.5Ti1.5(PO4)3 

(LATP) has not been reported yet. Furthermore, addition of a small amount of 

inorganic salt with a low melting point (sintering aid) promotes the coarsening and 

densification of the ceramic at reduced temperatures. Examples of such salts include 

Li3PO4, Li3BO3, B2O3, LiBO2, LiF and Li2O. These sintering aids improve the 

microstructural parameters of the ceramic and thereby increase the total ionic 

conductivity of the solid electrolytes.17-22 However, little has been published on 

sintering aids for the LATP ceramic electrolyte apart from Bai et al.’s communication 

about the effect of LiBO2 on the microstructure and ionic conductivity of 

Li1.3Al0.3Ti1.7(PO4)3.21 

Compared with other Li+-ion conducting oxides, e. g. Li7La3Zr2O12 or Li1+xAlxGe2-

x(PO4)3, LATP is highly reproducible during powder and component manufacturing 

and its starting materials are relatively cheap,23, 24 making it attractive for large-scale 

production. A lot of research has already been carried out on producing highly 

conductive LATP, employing different synthesis routes and tuning the reaction 

conditions, starting materials as well as processing methods.5, 23, 25 LATP was 

prepared by melt quenching, co-precipitation, spray drying, sol-gel synthesis, solid-

state reaction, hydrothermal synthesis, molten flux and microwave method.13, 15, 23, 26, 

27 An aqueous-based sol-gel method was successfully developed for the preparation 

of high-grade LATP powders on a kilogram scale.12 Furthermore, the synthetic 

toolset for the synthesis of the triphosphate materials was extended with the solution-

assisted solid-state reaction route (SASSR).28, 29 This method takes into account 

economic, industrial and environmental aspects: low-cost materials, scalability and 

utilization of NOx-free precursor materials, respectively.  

Here, we report on a systematic investigation of the phase evolution of LATP and 

on the implication of various parameters affecting the ionic conductivity of LATP to 
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understand more about the structure-property relationships. This work explores the 

impact of the sintering temperature on the densification, phase formation, 

microstructure and crystallinity as well as total and bulk ionic conductivity of LATP. 

Furthermore, in comparison to pristine LATP, we present the influence of the 

sintering aid Li2B4O7 on the microstructure, total and bulk ionic conductivity.  

 

2. Experimental 

2O (98% MaTeck 

GmbH), titanium(IV) isopropoxide Ti[OCH(CH3)2]4 (97% Sigma-Aldrich) and 

orthophosphoric acid H3PO4 (85% Merck Chemicals) were used as received. The 

Al3+ precursor was prepared by dissolving aluminum acetate dibasic 

Al[OOCH3(OH)2  H2O in deionized water. The amount of Al was calculated on the 

basis of the Al2O3 formed after the gravimetric analysis of the aluminum acetate 

aqueous solution. The Al2O3 content was ~4.3 wt% based on the average of three 

samplings. 

The LATP powder was prepared by the SASS reaction in aqueous medium, which 

was previously reported for the preparation of the Na3Zr2(SiO4)2(PO4).28 For the 

synthesis of 2.1 mol (800 g) LATP, 2O was dissolved in deionized 

water under continuous stirring using a 10 L beaker. After the complete dissolution of 

2O, a stoichiometric amount of the Al-acetate solution, namely 1246 g 

(based on the content of 4.3 wt% Al2O3), was slowly added. The resulting 

homogeneous solution was white, indicating the formation of Al(OH)3 precipitates. To 

this, 727 g orthophosphoric acid was gently added. The Al(OH)3 completely dissolved 

and the reaction mixture turned transparent again. In the final stage, titanium(IV) 

isopropoxide (923.81 g) was added while ensuring that the reaction mixture did not 
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heat up above 40 °C. The Ti precursor was the last component added to the mixture 

due to the hydrolysis of Ti-isopropoxide. The reaction mixture containing fine white 

precipitates was stirred at room temperature for 4 h and dried in an oven at 80 °C for 

48 h. The dried mass was calcined at 350 °C for 5 h, with a heating and cooling rate 

of 3 K min-1. After calcination, the powder was milled in absolute ethanol with zirconia 

balls on a rolling bench for 48 h. The LATP powder was obtained by evaporating the 

ethanol and sieving with a 30 µm sieve.  

The particle size distribution was measured by a laser scattering particle analyzer 

(Horiba LA-950V2) using a suspension prepared by ultrasonication of the LATP 

powder in ethanol. The elemental composition of the calcined powder was probed by 

inductively coupled plasma optical emission spectroscopy (ICP-OES), while the 

sintering behavior of the LATP was determined by dilatometry measurements (DIL 

402C, Netzsch) using 8 mm diameter cylindrical pellets. The calcined powder was 

uniaxially pressed using a 13 mm diameter pressing mold by applying 75 MPa 

pressure and sintered in a muffle furnace in the temperature range between 650 °C 

and 1000 °C with a dwell time of 5 h and a ramp rate of 3 K min-1. The density of the 

LATP ceramic was measured by Archimedes’ method using deionized and degassed 

water. The phase analyses were carried out using X-ray diffraction (Bruker D4) of the 

polycrystalline powders and sintered pellets. The HighScore software suite30 was 

employed to index the X-ray diffraction (XRD) patterns. The sintered pellets were 

embedded in EpoFix Resin (Struers Inc.) and polished with sandpaper using water-

free cutting fluid (Struers Inc.). The fine polishing of the samples were performed 

using water-free 9 µm, 3 µm and 1 µm diamond suspensions (Cloeren Technology 

GmbH). After the metallographic preparations, the microstructure of the LATP 

electrolytes was analyzed by scanning electron microscopy (SEM Zeiss, Merlin) after 

coating with a thin Pt layer to avoid charging effects. The sintered LATP pellets were 
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sputtered with Au on both sides and sealed in Swagelok cells. The ionic conductivity 

measurements were conducted both in air and Ar atmosphere for comparison. In the 

latter case, the Au-coated LATP was sealed in Swagelok cells inside an Ar-filled 

glovebox. The impedance spectra were recorded by a commercial electrochemical 

system (VMP-300; Bio-Logic SAS) in the low AC frequency range from 7 MHz to 1 

Hz at 25 °C, and in the high frequency range (E4991B Impedance Analyzer, 

Keysight) from 1 MHz to 3 GHz for all samples sintered at various temperatures. The 

temperature-dependent impedance measurements between -30 °C and 80 °C were 

performed only for the samples sintered at 900 °C. The impedance data were fitted 

by the ZView® software (Scribner Associates Inc.).  

 

3. Results and discussion  

The chemical analysis with ICP-OES of the calcined LATP powder reveals that the 

atomic ratio of the constituent elements is in good agreement with the nominal 

composition (Table 1). The particle size analysis shows a relatively broad 

monomodal distribution of the particles with d50 = 5.73 µm (Figure 1a), while the 

morphology of the calcined powder displays an amorphous mass dominated by 

porous agglomerates (Figure 1b). A broad hump, corresponding to the amorphous 

mass, was observed at lower angles of the powder XRD pattern together with TiO2 

and AlPO4 as crystalline phases (Figure 2a). The shape and width of the peaks 

indicate the fine nature of the crystalline phases in the starting material. It should be 

noted that the LATP phase is not present in the as-calcined powder.  
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At 650 °C, the fine particles stick together to form porous agglomerates, which 

look like small islands and are poorly connected to each other. It would appear that at 

this temperature, the organic residue was utterly burned out, leaving the porous 

template matrix behind. The skeleton of the porous agglomerates is presumably 

composed of the LATP. Up to 650 °C, no densification was observed as the density 

of the sintered pellet was identical to its green density of ~44 %. With increasing 

sintering temperature, the diffusion rate increases facilitating grain growth. As a 

result, the porosity of the ceramic decreases. Finally, a dense pellet with a well-

defined microstructure is formed at 900 °C. The secondary phases of Li3PO4 and 

AlPO4 react with each other and are incorporated into the LATP phase with 

increasing sintering temperature, thereby assisting the densification process. Apart 

from the rectangular shaped grains of different sizes, grain boundaries, some holes 

and micro-cracks were observed in the SEM image of the LATP electrolyte sintered 

at 900 °C. In addition, cleavages of grains from the surface of the sample during the 

metallographic preparation are clearly visible, which indicates the mechanical 

instability of the microstructure. The grain size of the particles is not homogeneous, 

which is typical for samples prepared from agglomerated powder.13  
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Figure 3. Cross-sectional SEM micrographs of the LATP pellets sintered at different 

temperatures. The cleavages of grains can be seen on the sample sintered at 900 

°C. 

 
 

3.2 Ionic conductivity 

The total and bulk ionic conductivity of the LATP specimens sintered at 650 °C to 900 

°C was probed by impedance spectroscopy (Figure 4). The impedance diagram of all 

samples measured in the low frequency range, 1 kHz – 7 MHz, displayed only one 

semicircle or “time constant”. The low-frequency impedance data were fitted using a 

pure resistance R0 and two parallel R-C (resistor-capacitor) equivalent circuit 

elements in series. The constant phase element (CPE) or “imperfect” capacitor was 

employed to represent the capacitive contribution of the circuit instead of an ideal 

capacitor. Implementation of the CPE introduces an additional parameter, the 

exponent n, for data fitting. It provides the measure of the non-ideality of the device in 

tests with values between 0.7 and 1.32 The capacitance values calculated using the 

fitting parameters are in the range of 10-10 to 10-8 F. Therefore, the semicircles 

observed by low-frequency impedance spectroscopy can be unambiguously 
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characteristics of the primary particles and subsequently to the microstructural 

parameters of the ceramic, rather than to the charge carrier concentration (Li+). The 

dependency of the ionic conductivity on the sintering temperature fits well with the 

general picture observed by cross-sectional SEM.  

The ionic conductivity was measured both in air and in argon (Ar) atmosphere for 

comparison. Interestingly, the ionic conductivities measured in air are higher than 

those measured in Ar atmosphere at all sintering temperatures. Presumably, the 

adsorbed humidity in air serves as a contacting/conducting bridge between the grains 

and therefore reduces the grain boundary resistance. This was also the assumption 

made by Dashjav et al., who showed that moisture initially increases the ionic 

conductivity of the LATP, but that the extended contact of LATP with water results in 

the decomposition of the microstructure and therefore deterioration of the ionic 

conductivity.35  

Since the low-frequency impedance spectra could not detect the bulk resistance of 

the LATP electrolyte, high-frequency impedance measurements from 1 MHz to 3 

GHz were also carried out (Figure 4c). These impedance spectra also show only one 

semicircle in the high frequency range. The data were fitted using two parallel R-CPE 

circuits in series. The capacitance associated with the high-frequency arc was 

determined as 10-12 F. This was identified as a bulk property with a large volume 

fraction.33 Thus, the R-CPE circuits correspond to the bulk (Rb-CPEb) and grain 

boundary (Rgb-CPEgb) contributions. As previously mentioned, the bulk ionic 

conductivity is an intrinsic property of a material with a given composition and crystal 

structure. Therefore, the bulk conductivity is not expected to be affected by the 

sintering temperature. However, in analogy to the total conductivity, the bulk 
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conductivity asymptotically increases by two orders of magnitude with increasing 

sintering temperature (Figure 4d). This must be related to crystallographic properties 

like the crystallinity and compositional homogeneity of the LATP electrolytes sintered 

at various temperatures. Indeed, the long-range order of the material is a prerequisite 

for successful ion conduction in extended solids. The crystallinity or the long-range 

order of the material can be estimated from the shape of the XRD reflections 

expressed by the full width at half maximum (FWHM) of the diffraction peaks. The 

(102) peak at 2  = 14.8° was selected for FWHM analysis due to the overlap of other 

LATP peaks with the reflections of the secondary phases. For the profile fitting, a 

Pseudo-Voigt function with half Gaussian and half Lorentzian contributions was used. 

Figure 5a shows the correlation between FWHM and sintering temperature, where 

the comparison of the (102) peak at various sintering temperatures is shown in the 

inset. The FWHM is inversely proportional to the crystallinity. At 650 °C, the (102) 

peak displays a broad hump-like profile with a relatively large FWHM of 0.32°, 

indicating a poor crystalline nature of the LATP. The crystallinity drastically increases 

up to 800 °C and then becomes slowly saturated. As expected, the highest 

crystallinity was achieved at 900 °C, where LATP exhibits a well-defined sharp peak 

with the lowest FHWM of 0.12°. In Figure 5b, the bulk ionic conductivity is plotted as 

a function of FWHM. The bulk ionic conductivity appears to be extremely sensitive to 

the crystallinity of the LATP electrolyte. The LATP electrolyte sintered at 900 °C 

possessed the highest bulk conductivity of -3 -1, which agrees well with the 

values reported in the literature for the same composition -3 – -3 -1.8, 

35-37 Ma et al. reported that the bulk ionic conductivity of Li1.3Al0.3Ti1.7(PO4)3 almost 

remains unchanged, i.e. varying only between -3 and -3 -1 after 

heat treatments in the temperature range of 700 °C–850 °C.31 These results deviate 

from our observations, especially at lower temperatures, due to the difference in 
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3.3 Impact of sintering aids on the microstructure and ionic conductivity  

As previously mentioned, it is well known that the sintering additives have a positive 

impact on the densification, microstructure and ionic transport properties of LATP.17, 

21 Therefore, the effect of various sintering aids such as Li3PO4 (m.p. 837 °C), LiBO2 

(m.p. 845 °C), LiF (m.p. 845 °C) and Li2B4O7 (m.p. 880 °C) on LATP were studied. 

The sintering aids were mixed with the calcined LATP powder in varying weight ratios 

(sintering aid: 0.5 wt%, 1 wt% and 2 wt%) and sintered at 900 °C. Overall, the 

sintering aids did not drastically increase the densification of the pellets, only by 

about 1 %. The Li3PO4, LiBO2, LiF as well as 1 wt% and 2 wt% Li2B4O7 increased the 

fraction and crystallinity of the secondary phases, Li3PO4 and AlPO4, after sintering. 

In contrast, the addition of 0.5 wt% Li2B4O7 improved the purity of the sample. 

Therefore, a new series of sintered pellets were prepared for sintering experiments in 

the same temperature range of 650 °C to 900 °C from the LATP powder calcined at 

350 °C mixed with 0.5 wt% Li2B4O7. Figure 7 shows the microstructure of the pristine 

LATP in comparison with Li2B4O7-treated LATP, both sintered at 900 °C. The SEM 

micrographs show that the Li2B4O7 improved the contact between the grains, 

strengthened the grain boundaries and stabilized the microstructure of the LATP 

electrolyte. Compared to the pristine LATP, there are no cleavages of grains visible 

on the Li2B4O7-treated sample after metallographic preparation.  

The low-frequency impedance spectrum of the 0.5 wt% Li2B4O7-treated LATP is 

shown in Figure 8a in comparison with the pristine LATP, both sintered at 900 °C. 

Similar to the pristine sample, the low-frequency impedance spectrum of 0.5 wt% 

Li2B4O7-treated LATP exhibits only one semicircle, which belongs to the grain 

boundary impedance. The grain boundary resistance of the pristine LATP was 

remarkably reduced from about 3500 cm to around 1500 cm with the addition of 
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Li2B4O7. However, the bulk resistance was similar in both cases, indicating the same 

level of crystallinity and compositional stoichiometry of the pristine and the Li2B4O7-

containing LATP ceramics (Figure 8a inset).  

 

Figure 7. The microstructure of the pristine LATP electrolyte in comparison with 0.5 

wt% Li2B4O7-treated LATP ceramic. Both samples were sintered at 900 °C using 

the same sintering profile. 

 

Therefore, the Li2B4O7 does not have an impact on the stoichiometry or the long-

range order of the LATP, but rather acts as an ion-conducting bridge between the 

LATP grains. The total ionic conductivity of the Li2B4O7-treated LATP ceramic was 

more than twice that of pristine LATP sintered at 900 °C (Figure 8b). The conductivity 

measured in air was again slightly higher than in Ar atmosphere. In the whole 

temperature range, the total ionic conductivity of the Li2B4O7-treated samples was 

higher than for the corresponding pristine LATP, which confirms the hypothesis that 

the Li2B4O7 acts as a modifier of the grain boundaries (Figure 8c). Temperature-

dependent impedance studies were carried out to determine the activation energy 

(Ea) of the ion conduction using the Arrhenius expression: = ( ), where  

is the ionic conductivity of the sample, A is the pre-exponential factor, k is the 

Boltzmann constant and T is the absolute temperature. Figure 8d shows the 
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Arrhenius plot of the pristine LATP electrolyte and 0.5 wt% Li2B4O7-treated LATP 

electrolyte measured between -30 °C and 80 °C. The activation energy, Ea, was 

obtained from the linear fit of the experimental data. The Ea value for the pristine 

LATP was 0.41 eV, which is comparable with the values reported in the literature.12 

In contrast, the Arrhenius plot of the Li2B4O7-treated LATP electrolyte showed a 

shallower slope compared to the pristine sample, indicating a lower activation energy 

(Ea = 0.37 eV).  

The obtained total conductivities of the pristine and Li2B4O7-containing samples 

were compared with the density-dependent conductivities in previous studies. The 

compiled data are shown in Figure 9. In the overall view, irrespective of the 

considered substitution level, the ionic conductivity of LATP ceramics shows a 

logarithmic dependence on the relative density and appears to end at 1.0–1.3 

-1 for fully densified samples. There are only two reports which deviate from 

this general trend. In the case of Ma et al.36, this terminal value was already reached 

at a density of about 90 %. Interestingly, in a different publication14, the same group 

presented data that are in full agreement with the other studies. 
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Figure 9. Total conductivity of LATP electrolyte with 0.3 < x < 0.5 as a funtion of 

relative density. The filled black symbols show the results of this work ( : pristine 

Li1.5Al0.5Ti1.5(PO4)3, : Li1.5Al0.5Ti1.5(PO4)3 + 0.5 wt% Li2B4O7); the filled gray 

symbols refer to data taken from ref. 28 ( : pristine Li1.3Al0.3Ti1.7(PO4)3, : 

Li1.3Al0.3Ti1.7(PO4)3 + 0.5–2 wt% LiBO2); Li1+xAlxTi2-x(PO4)3 with x = 0.3, 0.4, 0.5 

( )39; Li1.4Al0.4Ti1.6(PO4)3 ( )40; Li1.3Al0.3Ti1.7(PO4)3 ( )41 and ( )38; values were 

divided by factor of ten (see text); ( )42, ( )31, ( )43 and ( )10. 

 

Several publications have reported decreasing conductivity and density with 

increasing sintering temperature, indicating an excessive energy impact and crack 

formation. Despite the fact that the increasing porosity is due to crack formation, such 

data points were also included in Figure 9 and do not violate the general trend. The 

samples containing sintering aids follow the same trend, as can be clearly seen from 

the filled black and gray symbols in Figure 9. The scattering of the data mainly arises 

from different powder qualities and their sintering properties, which may result in 

different microstructural features like particle size distribution, amount of secondary 

phases, grain boundary thicknesses etc. even though the porosity might be constant. 

40 50 60 70 80 90 100

10-4

10-3

10-2

10-1

100

10-5

C
o

n
d

u
c
ti
v
it
y
 (

m
S

 c
m

-1
)

Relative density (%)



 

 
22 

 

4. Conclusions 

LATP with good powder quality was successfully synthesized by a newly developed 

SASS route using NOx-free precursors, which can be easily scaled up. The relative 

density, phase purity, microstructure formation and grain boundary resistance of the 

LATP electrolyte are controlled by the solid-state reaction of the starting materials at 

lower temperatures and by the diffusion processes in the higher temperature range. It 

turned out that the total conductivity and bulk ionic conductivity depend on the 

sintering temperature. The crystallinity or the long-range order determines the bulk 

ionic conductivity of the LATP electrolyte, facilitating fast and smooth ion transport 

through the crystal lattice. In addition, it was observed that the LATP electrolytes had 

a small compositional homogeneity range at lower sintering temperatures. The 

charge carrier concentration (Li+) was reduced and consequently ionic conductivity 

decreased. Therefore, finally, the crystallinity, phase purity and compositional 

homogeneity range are the main factors governing the bulk transport property. While 

the dependence of total conductivity on density has been investigated many times, to 

our knowledge it is the first time proven that also the bulk conductivity follows a 

similar trend. In the latter case, however, the increase of temperature during heat 

treatment changes the crystalline properties, which are simultaneously varying with 

the macroscopic microstructural properties.  

In addition, the influence of different sintering aids were tested to improve the ionic 

conductivity of the LATP electrolyte. The 0.5 wt% Li2B4O7 showed the most promising 

results of the four selected sintering aids. Li2B4O7 enhances the contact between the 

grains, strengthens the grain boundaries and therefore stabilizes the microstructure 

of the LATP electrolyte. As a result, the grain boundary resistance was remarkably 
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reduced and the total ionic conductivity was doubled. The Li2B4O7 sintering aid acts 

as an ion-conducting bridge between the LATP grains and does not have an impact 

on the bulk conductivity of the LATP electrolyte. 
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