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Abstract  

The interfacial contact between solid electrolyte and cathode materials is one of the challenges for 

solid state battery (SSB) industry. The co-sintering of solid electrolyte and cathode materials could 

be a possible solution. Considering the future scope of solid state battery fabrication by co-

sintering process of phosphate based solid electrolyte and phosphate based cathodes (LiFePO4, 

Li3V2(PO4)3 etc.), present study focuses on stabilizing the NASICON structured 

Li1.4Al0.4Ti1.6(PO4)3 (LATP) solid electrolyte in inert atmosphere because proposed cathode 

materials are not stable in air at high temperature. The results show high influence of particle size 

and heating rate along with sintering temperature on achieving pure phase and fully dense pellets 

in argon atmosphere. The cracks/voids, secondary phases and reduction of Ti were observed in the 



2 
 

pellets prepared with powder of bigger size under the argon gas sintering. The present work does 

not only successfully solve these issues by decreasing particle size and reducing heating rate but 

also produces highly dense pellet with more than 98% density at 800 °C. We have also achieved 

high conductivity of 8.77×10-4 S cm-1 at room temperature for the pellet sintered at just 800 °C in 

argon which is 3 - 4 times higher than the conductivity of samples sintered at higher than 800 °C. 

Therefore, we succeed to obtain for the first time a high conductivity, pure phase and high density 

of the LATP solid electrolyte at relatively low temperature of 800 °C in argon atmosphere, which 

is an important solution for solid state battery fabrication by co-sintering process. Furthermore, 

the stabilized NASICON electrolyte in argon atmosphere also shows superior electrochemical 

performance when tested with Li metal in symmetric battery cell.    

Keywords: Solid state batteries; NASICON; X-ray diffractometer; Li-ion diffusion; LATP.  
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Introduction 

Conventional Li-ion batteries (LIBs) have been covered wide area of applications from portable 

electronics to electric vehicles as a major energy source. However, current LiBs are facing 

challenges to fulfil the safety, high energy and power demands of fast-growing market of electric 

vehicles (EVs) and hybrid electronic vehicles (HEVs) [1 - 4]. In particular, liquid organic 

electrolytes used in conventional LIBs have raised the safety issues due to serious fire risk because 

of its flammability and volatility [5, 6]. The battery scientist community has proposed solid-state 

batteries (SSBs) as a replacement of current LIBs, which have the potential to overcome most of 

the prevailing problems associated with LIBs. Therefore, extensive research is being focused to 

replace liquid electrolyte with suitable solid electrolyte for next-generation (SSBs) [1, 2, 7].  

The inorganic solid electrolytes are well-known for their realistic industrial manufacturing due to 

higher stability against ambient air and high temperature [8, 9]. In general, inorganic solid 

electrolytes can be categorized in different groups such as oxides (perovskite, garnet), phosphates 

(NASICON), sulfides, hydrides, halides and glasses [10]. Among the above stated solid 

electrolytes, oxides and phosphates have advantage over others due to higher mechanical strength 

and Li-ion conductivity in the range of 10-3 - 10-5 S cm-1 [11]. In general, it is considered that, for 

practical applications, a solid electrolyte should have Li-ion conductivity at least in the order of 

10-4 S cm-1 [12].  

The NASICON type LiTi2(PO4)3 (LTP) has shown very promising properties in terms of 

chemical/thermal stability and low cost. However, LTP suffers with poor total ionic conductivity 

in the range of 10-8 to 10-6 S cm-1 at room temperature [13-15]. The doping of Al in LTP has 

increased its ionic conductivity many folds with the compound known as Li1+xAlxTi2-x(PO4)3 

(LATP) [16]. The ionic conductivity of LATP has been reported up to 10-4 to 10-3 S cm-1 at room 
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temperature [17]. The conductivity of LATP depends on many factors such as doping level of Al 

[18-20], density of sintered LATP [11, 21-24], sintering temperature [11, 22, 25], secondary phases 

present in the sample [22-24, 26], microstructure of sintered LATP [11, 22, 25-28], synthesis 

method [11, 17, 20, 22] etc. However, in above mentioned studies on LATP solid electrolytes, 

sintering was performed in air or oxygen environment [11, 16-28].  

If fabrication of SSB is considered by co-sintering process of LATP solid electrolyte and 

phosphate based cathode materials such as LiFePO4, Li3V2(PO4)3, sintering can only be possible 

in inert atmosphere (Ar/N2) because these cathode materials are not stable in air at high 

temperature. Furthermore, study of sintering behavior of LATP in inert atmosphere can play an 

important role in SSB fabrication by co-sintering process with LiFePO4 and Li3V2(PO4)3 cathodes.  

Therefore, by considering more practical approach for SSB fabrication through co-sintering 

process, present work focuses on sintering behavior of Li1.4Al0.4Ti1.6(PO4)3 solid electrolyte in 

argon (Ar) atmosphere as a function of particle size and sintering conditions. The comparative 

study is also done with LATP sintered in air. 

Experimental Section 

The solid electrolyte material Li1.4Al0.4Ti1.6(PO4)3 (LATP) was purchased from NEI Corporation. 

The structural analysis was done by X-ray diffractometer (Philips X’Pert) using Cu-Kα (1.54Å) 

radiation in the 2θ range of 10°-90° with step size of 0.013°. The qualitative phase analysis was 

carried out using X’Pert HighScore Plus software on the basis of the powder diffraction file (PDF) 

database and the inorganic crystal structure database (ICSD).  

Particle size analysis was carried out by Granulometry (Mastersizer 2000, Germany) using ethanol 

as dispersant media. The dilatometry analysis (Setsys 16/18, SETARAM) was performed to 
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determine the linear change in the pellets as a function of temperature in the air and argon 

atmospheres. LATP powder was pre-heated at 450 °C for 3h in air before characterization to 

remove any traced industrial organic impurities, confirmed by TG analysis (supporting   

information Fig. S1).   

The LATP powder was pressed into pellets of 10 mm diameter using by uniaxial press with 3.0 

ton of pressure. The sintering of pellets was carried out on Al2O3 crucible at different temperatures 

under Air/Argon environments. The dwell time was kept 2h for all experiments, however, variable 

heating rate was used to get optimize conditions i.e. low reactivity and high density.  

Ball milling of procured LATP powder was carried out using planetary milling (Fritsh), and ZrO2 

jar (25 ml) & balls (Φ = 3.0 mm) for 2h at 400 RPM in isopropyl alcohol (IPA) wet media. The 

ball milled powder samples of LATP were named as LATPBM. Microstructures of powders and 

sintered pellets were determined by scanning electron microscopy (ZEISS Supra55 FEG). The 

sintered pellets were cut into half to determine the microstructures of cross-section area which 

provides information of sintering behavior internally.  

For AC impedance spectroscopy measurement, sintered pellets were polished and coated with Pt 

on both sides for preparing blocking cell (Pt/LATP/Pt). The BioLogic Controlled Environment 

Sample Holder (CESH) was used to hold the sample, and BioLogic VMP3 analyzer was used to 

apply a signal of frequency from 1.0 MHz to 0.1 Hz with an amplitude of 50 mV. The measurement 

was carried out in the temperature range of -40 °C to 80 °C controlled by the BioLogic Intermediate 

Temperature System (ITS). The samples were placed inside the holder in air before closing the 

CESH holder. Therefore, all measurements were carried out in Air. The measured impedance 

spectra (Nyquist plots) were fitted to an appropriate electrical equivalent circuit [R1+(R2║Q1)+Q2] 

for all samples by least squares method using Z-fit Ec-Lab software. The total conductivity was 
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calculated from resistance R determined from fitting of Nyquist plot and geometry of the pellets. 

The following formula was used for determining the conductivity: 𝜎 =  
1

𝑅

𝑙

𝐴
; where, R is resistance, 

and l and A are thickness and area of pellet, respectively [24]. 

Electrochemical study of sintered pellets was done in symmetric cells configuration with Li-metal 

by using BioLogic VMP3 analyzer at different current densities. Before the electrochemical test, 

pellets were polished to reduce the thickness and making smooth surface for better interface 

between solid electrolyte and Li-metal. The thickness of all polished pellets were in the range of 

450 µm to 480 µm and diameter was 8.7 mm.   

Results and Discussion 

X-ray diffraction (XRD) patterns of LATP and LATPBM recorded at room temperature are given 

in Fig. 1(a). There is no noticeable change found in the XRD peaks of LATP before and after ball 

milling. The XRD of LATP and LATPBM match with PDF #96-722-2156 having NASICON type 

structure with rhombohedral unit of space group 𝑅3̅𝑐 ℎ. For more structural information and 

determining crystal lattice parameters, Rietveld refinements are performed on the XRD patterns 

of LATP and LATPBM powder samples using FullProf Suite. During the refinements, 

occupancies and thermal parameter were not refined of the atoms. According to refinements 

results, there is no much difference observed in lattice parameter and cell volume of LATP and 

LATPBM, as shown in table 1, which confirms that no structural change occurred during ball 

milling.  
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Figure 1. Physical measurement of LATP and LATPBM powder samples: (a) Rietveld refinement 

patterns of LATP and LATPBM powder samples, in the refinement graphs, experimental plot is 

shown by dotted line (red), calculated by solid line (black), Bragg reflection peaks by vertical lines 

(green) and difference plot by background line (blue), (b & c) SEM microstructures, (d) 

granulometry graphs, (e) dilatometry in air, and (f) dilatometry in argon.  

The electron microscopic image analysis was done to see the morphological and particle size 

changes before and after ball milling. From Figs. 1(b & c), it is clearly visible the particles size 

reduction after ball milling, and morphology that has also changed. The particles size of LATP 

and LATPBM were further confirmed by granulometry as shown in Fig. 1(d). The average particle 

size of LATP before ball milling was 3.1 µm which reduced to 0.31 µm after ball milling 

(LATPBM).  

Table 1. Lattice parameters determined by Rietveld refinement, and average particle size (d50) by 

granulometry of LATP and LATPBM. 
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 a (Å) b (Å) c (Å) V (Å
3
) Particle size (µm) 

LATP 8.4944(2) 8.4944(2) 20.7783(4) 1298.405(3) 3.10 

LATPBM 8.4942 (1) 8.4942 (1) 20.7780 (6) 1298.315 (5) 0.31 

To determine the sintering temperature and effect of particles size on densification of powder, 

dilatometry was performed and results are shown in Figs. 1(e & f). Dilatometry graphs recorded 

in air (Fig. 1e) shows lower sintering temperature of ball milled powder (LATPBM) as compared 

to LATP before ball milling. The complete densification was observed at 850 °C for LATPBM 

with 13.2% linear shrinkage as compared to LATP which shows maximum densification at about 

940 °C with 13.0% linear shrinkage. The lower particle size with narrow particles distribution not 

only reduces sintering temperature but also helps achieving higher density [27]. Since, present 

research is focused on the solutions for full battery fabrication by co-sintering of LATP and 

phosphate cathode materials. Therefore, sintering behavior of LATP was also observed by 

dilatometry in argon atmosphere. Similar to air, lower sintering temperature is found for LATPBM 

in argon also and maximum densification was achieved at about 860 °C with 13.5% linear 

shrinkage as shown in Fig. 1(f).  

However, LATP before ball milling i.e. bigger particles size shows different behavior in argon 

atmosphere as compared to air. The LATP sample shows densification up to 930 °C temperature 

and linear shrinkage was reached at 8.5%, but beyond 930 °C temperature, a rapid linear expansion 

was observed that continued up to a set experimental temperature of 1000 °C. The linear expansion 

behavior of LATP in argon after 930 °C is required further investigation. 

The density of the all sintered pellets was determined by geometric method using formula: 𝜌 =
𝑚

𝑉
  

where m is mass of pellet and V is volume of the pellet. The volume of the pellet was calculated 



9 
 

by considering pellet as a cylinder: 𝑉 = (𝐴 × ℎ) 𝑜𝑟 𝜋𝑟2ℎ where, A, r and h are surface area, radius 

and thickness of the pellets, respectively [23]. The relative density was determined by taking 

theoretical density of LATP as 2.94 g cm-3 and results are shown in tables 2 & 3.        

 

Figure 2.  XRD data of LATP (before ball milling) pellets sintered at heating rate of 2.5 °C min-1 

in (a) air, (b) argon. 

From the dilatometry results, we have seen that sintering temperatures of LATP before ball milling 

is higher. Therefore, we have determined the sintering behavior and reactivity of LATP in air and 

argon at four different temperatures 700 °C, 800 °C, 900 °C, and 1000 °C and heating rate was 
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kept 2.5 °C min-1 for all four samples. XRD data of sintered pellets at different temperatures are 

shown in Fig. 2. XRD peaks of LATP sintered in air are fully matched with reference patterns of 

Li1.4Al0.4Ti1.6(PO4)3 (ICSD # 19904) and no secondary phase was observed up to 1000 °C. The 

densities of sintered pellets are shown in table 2, and it is found maximum for pellet sintered at 

800 °C which decreased with further increasing temperature. The reduction in density with 

increasing temperature need to be further investigate by microstructure analysis. The density of 

green pellet was also measured and it was found about 64%. The lattice parameters of LATP pellets 

samples sintered in air were determined by Rietveld refinement and results are given in supporting 

information S2.   

Contrary to air sintering, LATP shows very differentbehavior when sintered in argon atmosphere. 

Although, sintering temperatures and heating rate were kept similar as for air sintering. The 

swelling and cracks were observed in LATP pellets sintered at temperature more than 700 °C. 

Furthermore, LATP sintered in argon atmosphere shows secondary phases such as AlPO4, TiO2, 

LiTiOPO4, Al2O2 and Ti2O3. These are the common secondary phases which are reported in LATP 

sintered in air due to Li loss (in the form of Li2O) and decomposition (AlPO4, TiO2 and LiTiOPO4) 

[11, 26-28] except Ti2O3 phase. The secondary phase Ti2O3 (Ti3+) can be expected only if reduction 

of Ti (Ti4+ → Ti3+) occurs in argon atmosphere, this is also the reason of color change of pellets 

[29]. However, some of the secondary phases are reported beneficial for sintering process such as 

AlPO4 helps in removing voids/pores and increases density of LATP [22, 24]. Similarly, optimum 

content of LiTiOPO4 helps in decreasing sintering temperature and enhances densification [24]. 

The excess content of these phases hinders Li-ion diffusion at grain boundary due to low 

conductivity of these phases [24, 27, 28]. The phase quantification of LATP using Rietveld 
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refinement could not have achieved successfully due to multiphase compositions of samples and 

common peaks position of multiple phases.    

Table 2. Relative density, activation energy, conductivity at 25 °C of LATP pellets sintered in air 

(left) and argon (right).  

 LATP_Air LATP_Ar 

Temp. Relative 

density 

(%) 

Total 

conductivity 

(S cm-1) 

Activation 

energy Ea 

(eV) 

Relative 

density 

(%) 

Total 

conductivity 

(S cm-1) 

Activation 

energy Ea 

(eV) 

700 °C 76.7 3.43×10-5 0.39 
75.0 

4.69×10-5 0.40 

800 °C 94.8 1.93×10-4 0.36 
89.3 

3.28×10-5 0.35 

900 °C 92.5 1.04×10-4 0.37 
74.5 

2.76×10-5 0.40 

1000 °C 89.1 4.02×10-5 0.37 
65.8 

6.02×10-5 0.27 

SEM microstructures of LATP pellets sintered in air are shown in Figs. 3(a-d). The pellet sintered 

at 700 °C shows isolated particles of LATP suggesting insufficient temperature for sintering, 

which can also infer to lowest density of 76.7% shown in table 2. The microstructure of pellet 

sintered at 800 °C shows inter-connected grains contributing to high density 94.8% of the sample. 

In the microstructure of pellet sintered at 900 °C, bigger grains can be seen formed by inter-

diffusion of small particles as shown in magnified view (inset of Fig. 3c). The grain growth 

continues for sample sintered at 1000 °C and small grains completely diffused to bigger grains 

[23, 26]. However, reduction in density is observed for the pellets sintered at 900 °C and 1000 °C, 
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which could be due to an inhomogeneous grain growth leading to grain boundary de-cohesion of 

the bigger grains. The separation of grains and microcracks formation are clearly visible in 

magnified view of sample sintered 1000 °C. The lower density due to lack of cohesion among 

bigger grains was also observed in the previous studies [11, 26, 27].  
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Figure 3. SEM images of LATP pellets (cross section) sintered in (a-d) air, (e-h) argon; magnified 

view of microstructures and photographs of pellets are given in inset of respected image. 

SEM images shown in Figs. 3(e-h) illustrates that microstructure of LATP are highly effected by 

sintering in argon atmosphere. The swelling and micro cracks/pores were observed in LATP 

pellets sintered at higher than 700 °C, and even color of pellets was also changed from white to 

blue (inset photographs of pellets). The size of pores increases from 800 °C to 1000 °C, and pellets 

sintered at 900 °C and 1000 °C become almost porous. Although, changes in the pellets are started 

at 700 °C which can be seen by grey color with dark spots in photograph of pellets (inset of Fig. 

3e). These changes were further grown with increasing temperature.  

The microstructure analysis of LATP sintered in argon can be co-related to previous results. The 

swelling/pores phenomenon of pellets could relate to dilatometry results of LATP in argon which 

shows linear expansion after 930°C (Fig. 1f). The porous structure and larger size of microcracks 

can be co-related to the very low density (table 2) of pellets sintered in argon. The color change of 

pellets can relate to Ti reduction which is further confirmed by Ti2O3 phase found in XRD patterns 

(Fig. 2(b)). The color change of sintered LATP pellets in reductive Ar/H2 atmosphere was reported 

previously [29]. However, Ar atmosphere seems sufficient to reduce LATP at high temperature, 

as reported for TiO2 phase [30]. In addition, some of the reasons of micro crack/pores formation 

in the pellets could be related to the literature [24, 27, 28, 31-33]; (i) the dark grey spots in the 

pellets could be due to agglomeration of AlPO4 phase which is also considered possible reason for 

other secondary phases like TiO2 and LiTiOPO4 [24, 27], (ii) pores might be created on removal 

of Li in the form of Li2O due to decomposition of LATP (LATP→AlPO4 +TiO2+Li2Og) [27], (iii) 

larger particles size i.e. 3.1 µm (higher than critical size of 2 µm considered for LiTi2PO4 type 

materials) of LATP leading to higher anisotropic thermal expansion effect [31-33], and beyond 
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the critical size, microcracking is expected in the coarser grains. These microcracks also 

contributes to the lower conductivity of LATP pellets [28].      

To analyze the impact of secondary phases, microcracks and density on conductivity of sintered 

pellets, AC impedance spectroscopy study was performed on samples sintered in air and argon. 

Fig. 4 shows the impedance diagrams measured at -20 °C for two sample of LATP sintered under 

air, i.e. 800 °C (Fig. 4a) and 1000 °C (Fig. 4.b).  The shape of the impedance diagrams of the 

samples was similar and it consisted of only one depressed semi-circle slightly offset from the 

origin. Using the equivalent circuit described in Fig. 4, we determined the resistance R1 of the 

grain and the resistance R2 and the capacitance C2 associated with the semicircle. The calculated 

capacitance for the semicircle is equal to 2.0×10-9 F (R2C2°=1) for the two samples. This value 

corresponds to the electrical response associated with the blocking phenomenon related to 

microstructural defects such as grain boundaries, pores, and cracks. In fact, in solid ionic 

conductors, the microstructural defects (supposed to be pores, grain boundaries, cracks or 

insulating inclusions) lead to an internal blocking phenomenon of a fraction of mobile charge 

carriers [34]. This phenomenon is described as a blocking process at the internal interface and 

leads to a decrease in the electrical conductivity of the material.  
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Figure 4. Impedance diagrams measured at -20 °C with fitting of (a) LATP-Air 800°C, and (b) 

LATP-Air 1000 °C. 

In doing so, a direct and simple link can be made between the increase in the semi-circle, 

corresponding to the increase in blocking between grains, and the deterioration of the grain 

boundaries as the sintering temperature increases (see the micrographs Fig. 3) [35]. The intrinsic 

conductivity of the material can be calculated from the grain resistance (R1) but the semicircle 

amplitude is very large compared to R1 which leads to a significant uncertainty in the determination 

of R1. In this case, we determined only the total conductivity of the samples from the total 

resistance of the sample given by (R1 + R2).  

Figs. 5(a & c) compiles the Nyquist plots of LATP pellets measured at 25 °C for all sintered 

samples, whereas activation energies calculated from linear extrapolation of the Arrhenius plot are 

shown in Figs. 5(b & d). The conductivities obtained at 25 °C and activation energies of all LATP 

samples are shown in table 2. The conductivity of the pellets sintered in air are directly in 

correlation with density of pellets. The maximum conductivity of 1.93×10-4 S cm-1 at 25 °C was 



16 
 

recorded for the samples sintered at 800 °C in air. The similar sample also shows lowest activation 

energy (Ea = 0.36 eV) in its group. However, reduction in conductivity was noticed when 

temperature increases to 900 °C and 1000 °C. This could be due to the separation of coarser grains 

as observed in SEM images, resulting in lower density for these samples. The samples having 

higher density (and less microstructural defects) show higher conductivity due to easy paths for 

Li-ion migration, this behavior being broadly reported in literature [23, 26, 27].      
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Figure 5. Nyquist plots recorded at 25 °C and Arrhenius plots of LATP pellets sintered in (a, b) 

air, (c, d) argon. 

The samples sintered in argon show lower conductivities and higher activation energies as 

compared to samples sintered in air. The low conductivity can be directly related to secondary 

phases, microstructure, and density of LATP pellets sintered in argon. The secondary phases 

AlPO4 and LiTiOPO4 agglomerate at grain boundaries, blocking the Li-ion transport [24]. As 

previously described, the microcracks and pores present in the pellets also hinder the grain 

boundary connectivity, leading to blockage in ion transport [26, 27]. However, pellet sintered at 

700 °C shows higher conductivity despite of lower density which is contrary to sample sintered at 

800 °C. This can be related to higher number of secondary phases and pores present in the sample 

sintered at 800 °C leading to lower conductivity. The conductivity further decreases for sample 

sintered at 900 °C due to bigger size of microcracks causing lower density. However, in spite of 

large size of microcracks, lower density and high intensity peaks of secondary phases, the sample 

sintered at 1000 °C shows higher conductivity and lower activation energy. The reason of strange 

results at 1000 °C is not fully understood. Furthermore, it can be inferred to contribution of Pt in 

lower resistance due to highly porous pellet. During Pt sputtering on highly porous pellet, Pt can 

enter inside the pores of pellet providing a conducting path for electrons. However, these are the 

possibilities, exact reason is still not clear.                 

In conclusion, till now, we have observed the overall issues with LATP sintered in argon 

atmosphere: (i) microcracking and pores, (ii) secondary phases (AlPO4, LiTiOPO4, TiO2 and 

Ti2O3) (iii) Li evaporation in the form of Li2O and (iv) reduction of Ti (Ti4+ → Ti3+). Therefore, 

further study will focus on solving these issues with LATP in argon atmosphere.     
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To avoid the microcracking and bring down the particle size in the range of critical size of LATP 

(< 2 µm), ball milling was done on LATP as described above. On the basis of dilatometry results 

of LATPBM as shown in Figs. 1(e & f), we have restricted the sintering temperature range and 

selected three sintering temperatures 800 °C, 850 °C and 900 °C. However, heating rate was kept 

2.5 °C min-1, similarly to LATP samples before ball milling. Furthermore, to compensate the Li 

loss from the sample during sintering, LATPBM pellets were covered with bare LATP powder.  

XRD data of LATPBM samples sintered in argon at heating rate of 2.5 °C min-1 is shown in Fig. 

6 (a). It can be seen from the XRD patterns that all three samples sintered at 800 °C, 850 °C and 

900 °C are still showing secondary phases of LiTiOPO4, AlPO4 and Ti2O3. However, secondary 

phase TiO2 disappeared from all three samples which forms, generally, due to Li loss 

(LATP→AlPO4 +TiO2+Li2Og) [27]. Therefore, it can be concluded that Li loss is avoided by 

covering the pellet with bare powder. Furthermore, microcracking and pores are not visible in the 

pellets of LATPBM prepared by lower particles size as shown in SEM images and photographs of 

pellets (supporting information Fig. S3). Therefore, particle size lower than critical size plays an 

important role to avoid cracks in LATP, which was reported previously [28]. The secondary phase 

Ti2O3 is still present due to reduction of Ti (color of pellet was also changed from white to blue). 

Based on the XRD results shown in Fig. 6(a), it can be concluded that, we have overcome the 

issues of cracks/pores and Li loss during sintering by reducing particle size and pellets covering, 

respectively. Although, other secondary phases Ti2O3 due to Ti reduction, and LiTiOPO4 and 

AlPO4 due to decomposition of LATP are still present in the LATPBM samples sintered in argon 

at heating rate of 2.5 °C min-1. 

Therefore, we have further changed the sintering parameters to find the exact cause of secondary 

phase formation. When heating rate was reduced from 2.5 °C min-1 to 1.5 °C min-1, high purity 
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XRD data without having cracks and any secondary phase was found for the sample sintered at 

800 °C in argon atmosphere, and grains de-cohesion was found at 850 °C and 900 °C. The heating 

rate was further reduced to 1.0 °C min-1, again found pure phase of LATPBM without having any 

secondary phases or cracks/pores at 800 °C as shown in Fig. 6(b). Therefore, it can be concluded 

that for sintering LATP in argon atmosphere, heating rate should be equal or less than 1.5 °C min-

1 to avoid any secondary phase and cracks. This phenomenon can be related to homogeneous 

heating i.e. a sufficient lower heating rate is required to dissipate the heat homogeneously inside 

the pellet for uniform densification. In the absence of homogeneous heating, part of sample may 

convert into other secondary phases and also may cause partial reduction of Ti in inert atmosphere.  

For the comparative study, LATPBM samples also sintered in air and XRD patterns are shown in 

Fig. 6(c). The XRD peaks of LATPBM sintered in air are fully matched with reference patterns of 

Li1.4Al0.4Ti1.6(PO4)3 (ICSD # 19904) and no secondary phase was observed at all three 

temperatures 800 °C, 850 °C and 900 °C. Therefore, sintering of LATP and LATPBM in air does 

not impact the phase purity. Although, heating rate shows great impact on phase purity of LATP 

and LATPBM under argon gas sintering. However, it is not fully clear that why inhomogeneous 

heating effect was seen in argon atmosphere only. The Rietveld refinement was performed to 

determine the lattice parameters of LATPBM sintered in argon (1.0 °C min-1) and air (2.5 °C min-

1), and results are given in supporting information S4 & S5, respectively.    

The micrographs and photographs (inset) of LATPBM pellets sintered in argon and air are shown 

in Figs. 6(d-i), and relative density is shown in table 3. The LATPBM pellets sintered at 800 °C 

show maximum densities of 98.1% and 97.8% in both argon and air, respectively which decrease 

with further increasing the temperature at 850 °C and 900 °C. The behavior of density reduction 

at higher temperature is also observed for pellets of non-ball milled LATP. This behavior can be 
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correlated to SEM images of the respective pellets. The pellets sintered at 800 °C show fully dense 

microstructure with almost homogenous grain size. When the temperature increases to 850 °C, 

some of the grains have grown much bigger in size as compared to other grains creating 

inhomogeneity.  Moreover, in the microstructure of pellets sintered at 900 °C, majority of grains 

having bigger size show grain boundary de-cohesion. Furthermore, we can see the slight yellowish 

color of LATPBM pellets sintered in Ar (inset of Figs. 6d-6f). There may be several possibilities 

of color change of LATPBM pellets during Ar sintering. The color change could be possible due 

to change in microstructures. During the sintering, grain boundaries are formed and the porosity 

is reduced, therefore, absorption and scattering of the light by the sample also change. The color 

change could also possible due to change in oxygen vacancies which leads to very early stage of 

surface reduction, however, the reduction is too small to quantify by XRD.  
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Figure 6. (a, b) XRD of LATPBM pellets sintered in argon atmosphere at heating rate of (a) 2.5 

°C min-1 (b) 1.0 °C min-1, (c) LATPBM pellets sintered in air at heating rate of 2.5 °C min-1, and 

(d-f) SEM images LATPBM pellets sintered in argon at heating rate of 1.0 °C min-1, and (g-i) 

SEM images LATPBM pellets sintered in air at heating rate of 2.5 °C min-1.  

To determine the impact of homogeneous/inhomogeneous grain growth on the conductivity of 

LATPBM pellets, AC impedance spectroscopy study was performed using the similar conditions 

as for non-ball milled LATP and the results are shown in Fig. 7. 
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Figure 7. Nyquist plots recorded at 25 °C and Arrhenius plots of LATPBM pellets sintered in (a, 

b) argon at heating rate of 1.0°C min-1 and (c, d) air at heating rate of 2.5 °C min-1.  

The impedance results show direct correlation of density and microstructure with conductivity of 

the pellets sintered in both types of environments argon and air. Comparison of the diagram at -20 

°C for LATPBM samples sintered under argon at 800 °C and 900 °C with heating rate of 1.0 °C 

min-1 can be found in supporting information (Fig. S6), showing the similar behavior that was 

before ball-milling. The maximum conductivity 8.77×10-4 S cm-1 at 25 °C was recorded for the 
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sample sintered at 800 °C in argon, which is very close to the highest conductivity 1.0×10-3 S cm-

1 at room temperature reported for LATP [36]. This sample also shows maximum relative density 

of 98.1%. Similarly, the pellet sintered in air at 800 °C also shows highest conductivity of 6.66×10-

4 S cm-1 at 25 °C in its group. These similar pellets also show lowest activation energy in their 

groups as shown in table 3. Pellets sintered at 800 °C show 4-5 times higher conductivity as 

compared to conductivities of pellets sintered at 850 °C in both argon and air. This relate to the 

microstructure of the pellets. The pellets sintered at 800 °C show more homogeneous grain growth 

as compared to 850 °C, which can provide easy and short path to Li-ions diffusion [33]. Whereas, 

inhomogeneous grain size can affect the diffusion of Li-ions at the grain boundary of bigger and 

smaller grains due to mismatching of the grain boundaries and microstructural defects leading to 

decrease in both conductivity and relative density. The separation/de-cohesion in the grain 

boundaries of bigger grains of pellets sintered at 900 °C are the main cause of lower conductivity.  

The EIS date of LATPBM pellets sintered in argon at heating rate of 2.5 °C min-1 is given in 

supporting information S7 & S8.  

From the microstructure and impedance results, one could conclude that once the pellets achieve 

maximum density irrespective of temperature, sintering temperature should not be increased. 

Beyond the optimum temperature, samples show difficulties in Li-ions diffusion which leads to 

lower conductivities. In our study performed on LATPBM samples, we have achieved 98.1% 

density and highest conductivity at relatively low temperature of 800 °C in argon atmosphere. 

These results would be very helpful for solid state battery fabrication by co-sintering process 

because 800 °C is an acceptable temperature for cathode materials such as LiFePO4 [29] and 

Li3V2(PO4)3.       
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Table 3. Relative density, activation energy, conductivity at 25 °C of LATPBM pellets sintered in 

argon at heating rate of 1.0 °C min-1 (left) and in air at 2.5 °C min-1 (right).  

 LATPBM_Ar LATPBM_Air 

Temp. Relative 

density 

(%) 

Total 

conductivity 

(S cm-1) 

Activation 

energy Ea 

(eV) 

Relative 

density 

(%) 

Total 

conductivity 

(S cm-1) 

Activation 

energy Ea 

(eV) 

800 °C 
98.1 

8.77×10-4 0.34 
97.8 

6.66×10-4 0.35 

850 °C 
97.0 

1.86×10-4 0.40 
95.4 

1.64×10-4 0.40 

900 °C 
93.7 

1.62×10-4 0.38 
95.0 

1.53×10-4 0.37 

Furthermore, we have also recorded electrochemical performances of LATP and LATPBM 

samples sintered at 800 °C in air and argon with Li-metal in symmetric cell (Li/LATPBM/Li) at 

current densities of 0.005, 0.01 and 0.05 mA cm-2 and results are shown in Fig. 8. Moreover, it is 

well known that LATP is unstable with Li-metal due to dendrite formation and Ti reduction [37, 

38]. To stabilize the interface of LATP and Li-metal, an additional layer of Al2O3 [37], Li3PO4 

[37, 39], PEO [40, 41] between LATP and Li-metal has been studied with improved results. The 

interfacial resistance and stability may depend on many factors such as thickness of LATP pellet, 

proper contact between SE and Li-metal, thickness of Li-metal, density of LATP pellet and type 

of additional layer between LATP and Li-metal etc. We have not optimized these factors in the 

current work, for that, a separate study has been done and will be published in future. However, a 

clear difference in the resistances of LATP and LATPBM pellets can be seen. The LATPBM 

pellets show a great improvement in the resistance as well as stability with Li metal because of 
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high density and pure phase. In addition, LATP pellet sintered at 800°C in Ar atmosphere shows 

very poor performance compared to the one sintered in air. The LATP in Ar is quite reduced, lower 

density and many impurity phases in the sample, whereas, LATP sintered in air at 800°C is quite 

dense and pure phase. Furthermore, our samples have shown lower interfacial resistance and better 

stability against Li-metal as compared to previous studies done for bare LATP [37, 39, 42].  

 

 

Figure 8. Electrochemical behavior of the symmetrical cells at current densities of 0.005, 0.01 and 

0.05 mA cm-2 of (a, b) LATP and LATPBM sintered in argon at 800 °C, (c, d) LATP and LATPBM 

sintered in air at 800 °C. 
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At the end, we have also studied the anisotropic thermal expansion behavior of LATP by 

thermodiffraction in N2 atmosphere (incompatibility of argon gas to instrument) as shown in Fig. 

9. The first XRD pattern was collected at 30 °C, then temperature raised to 600 °C as sintering 

temperature in our study was also more than 600 °C. From 600 °C to 950 °C, XRD data was 

collected after every 50 °C during heating and every 100 °C during cooling. The XRD patterns 

show continuous shifting of peaks with increasing temperature which came back to original 

positions during cooling as show in Figs. 9(a & b). From the peak position analysis, we can say 

that thermal expansion in LATP is reversible.  
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Figure 9. (a) Thermodiffraction of LATP under inert N2 atmosphere, (b) magnified view for 

showing peak shifting, (c) variation in cell parameters and volume of LATP unit cell with 

temperature during heating and cooling determined by Rietveld refinement. 

For more details, Rietveld refinement was performed on the all XRD patterns to determine the 

change in lattice parameters and volume of the LATP unit cell with temperature during heating 

and cooling and results are plotted in Fig. 9(c). The values of lattice parameters are given in table 

S9 of supporting information. The results show that lattice parameter a varies little bit, whereas, a 

large variation in lattice parameter c and cell volume V is noticed from 30 °C to 950 °C. This 

anisotropic thermal expansion in lattice parameters a and c is considered one of the reasons for 

microcracking in LATP pellets during sintering [31-33]. Furthermore, impact of anisotropic 

thermal expansion is found more on bigger particle size of LATP (higher than critical size) in 

pellets as compared to lower size of particles. However, anisotropic thermal expansion is a material 

specific behavior but present study shows that its effect on applications of LATP can be reduced 

by optimizing the physical properties and sintering condition of LATP material.      
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Conclusion 

The present work focuses on the sintering behavior of Li1.4Al0.4Ti1.6(PO4)3 (LATP) solid 

electrolyte in argon atmosphere as a function of particle size and sintering conditions. The LATP 

pellets prepared with powder of bigger particles size (3.1 µm) show many secondary phases and 

cracks/pores in the pellets during sintering in argon atmosphere. Whereas, no such issue was found 

for the pellets sintered in air. Therefore, to stabilize the LATP in argon atmosphere, particle size 

of powder was reduced to 0.31 µm by ball milling. The pellets of ball milled LATP (LATPBM) 

does not only solve the issue of cracks/pores issue but also decreased the sintering temperature as 

confirmed by dilatometry. However, secondary phases were eliminated from the LATPBM 

samples by decreasing the heating rate from 2.5 °C min-1 to 1.0 °C min-1 during sintering in argon 

atmosphere. The smaller particle size and slow heating rate have provided uniform densification 

without any impurity phase, and density has reached more than 98%. Furthermore, we have not 

only stabilized the LATP in argon atmosphere but also achieved the high conductivity of 8.77×10-

4 S cm-1 at 25 °C for the pellet sintered at just 800 °C. Therefore, the present research work can 

play an important role in solid state battery fabrication by co-sintering process with state of art 

cathodes such as LiFePO4 and Li3V2(PO4)3.  

 

“Supporting Information: Additional results including graphs, microstructure and analysis data”  
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