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1. Introduction

The advent of solid state batteries must be understood in the context of the challenges faced by modern storage systems, expecially lithium ion battery [1]. Much attention has been paid to rechargeable lithium batteries as a future energy storage due to its higher energy density and longer charge retention [2]. 

Lithium-based solid electrolyte is one of the best candidates for the application in batteries due to its high potential and low weight for high-energy density storage in batteries [3]. The lithium transition metal phosphates have found application in the field of electrochemical energy storage, especially those with Nasicon structure, because of their good electrochemical performances and capability to answer safety concerns surrounding oxide chemistry [4].

Despite the attractive features of NASICON LATP, it is not clear whether the high conductivity of Li1+xTi2−xAlx(PO4)3 composition is intrinsic to the structure or the formation of secondary phases that favors sintering and eliminate grain-boundary resistance is the cause of high conductivity [5], [6]. Towards this end, lithium-ion conduction of mixed-metal NASICON-phases of the formula, LiMvMiii(PO4)3, where MV = Nb, Ta; Miii = Al, Cr, Fe were examined to obtained a NASICON phase possessing intrinsic conducting properties similar to LiTi2(PO4)3 but without Tiiv [6].
The planetary mono mill is a technique that uses a high energy ball mill for synthesizing solid electrolyte materials to achieve phase homogeneity of the final product. However, the use of this milling machine is a well-known technique and has attracted the interest of many researchers for preparing nano-sized materials [7]–[9]. 

In this work, lithium titanium aluminium phosphate (LTAP) and lithium tantalum aluminium phosphate (LTaAP) NASICON ceramics were prepared using conventional solid state reaction method, which requires mono milling procedure and sintering processes. The main aim is to investigate the ionic conductivity and structural phase purity of the prepared sample using XRD, FESEM and impedance spectroscopy based on the optimum sintering data obtained from density measurement.
2. Methodology
2.1 Starting material synthesis


Lithium titanium aluminium phosphate, LTAP and lithium tantalum aluminium phosphate, LTaAP compositions were synthesized using different starting material grade. LTAP and LTaAP was prepared using lithium carbonate (Li2CO3), titanium dioxide (TiO2), tantalum oxide (Ta2O5), aluminium dioxide (Al2O3) and ammonium dihydrogen phosphate (NH4H2PO4). All the raw materials were certified as reagent grade and originated from R&M Marketing, Essex, U.K and Alfa Aesar companies. In each case, the precursors have been weighed accordingly to their ratios and grounded for 1 h using agate mortar and pestle; 10 ml of acetone was added to the mixture to achieve homogeneity. LTAP mixture was initially calcined at 450 °C for 1.5 h and further calcined at 900 °C for 2 h in alumina crucible, and LTaAP composition was calcined twice at 600 °C for 2h each. The initial heating was intended to decompose Li2CO3 and NH4H2PO4 into ammonia, carbon dioxide, and water. The calcined samples were re-grounded using planetary mono milling with zirconia jar and balls as grinding media for 5 h at 450 rpm. The samples were pressed into a pellet of 1.3 cm diameter and 2-3 mm thickness at a pressure of 5 tons. The pellet samples were sintered from 800 to 1000 °C for 8 and 12 h for LTAP and LTaAP respectively. After polishing down to 1 µm finish, the smooth surface of sintered pellets was dried at 100 °C for 2 h and stored at room temperature for further examination. The bulk density was measured using Archimedes principle (Mettler Toledo density balance XS64) to investigate the effect of sintering on each composition. Distilled water was used as the immersion liquid medium at room temperature during the measurement. LTAP and LTaAP samples will be designated as LTAP-0.2 and LTaAP-0.1 in the figures presented in this study.
2.2 Characterization techniques
The structural identification of the LTAP-0.2 and LTaAP-0.1 samples were characterized using X-ray diffraction (XRD PANalytical) in 2θ range of 10 – 40° using Cu-kα radiation). Field emission scanning electron microscope (FESEM-JEOL, JSM-7600F) was used to investigate the surface morphology of the LTAP-0.2 while scanning electron microscope (SEM) equipped with an EDS (Hitachi SEM) was used to investigate surface morphology of LTaAP-0.1 sample. Pure gold was used to coat the sample prior to the image scanning. The electrical impedance response was recorded by an impedance analyser (Agilent impedance spectroscopy) in a frequency range between 40 Hz and 2 MHz at room temperature.
3 Results and Discussion

3.1 Bulk density measurement
Fig. 1 shows the bulk density of LTAP and LTaAP compositions. LTAP is sintered from 800 to 1000 °C while LTaAP was sintered from 700 to 1000 °C. The bulk density of 2.91 g/cm3 at 800 °C sintering temperature was observed for LTAP sample. Further increase in temperature, suddenly decreases the density to 2.65 g/cm3 at 850 °C and the density further increase to 2.83 g/cm3. Bulk density decreases with increase in temperature from 900 to 950 °C with slight increase of density at 1000 °C sintering temperature. The decrease in bulk density which occurs at 950 and 1000 °C for LTAP-0.2 could be as a result of voids that probably do occur between the individual grains which lead to low density of ceramic materials. High densification of crystal grains occurs at 800 °C sintering temperature with bulk density of 2.91 g/cm3. At this temperature, the sample is denser with minimum or no voids along the grain boundaries and resulted in higher densification. 
LTaAP increase from 700 °C sintering temperature to 800 °C and suddenly decrease with increase in temperature up to 1000 °C. LTaAP has high bulk density of 3.52 g/cm3 at 800 °C sintering temperature. This material attains it maximum crystallization at 800 °C sintering condition. LTAP and LTaAP materials reach their maximum crystallinity at 800 °C. 
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Fig.1 Bulk Density curve at different sintering temperature for LTAP-0.2 and LTaAP-0.1 composition.
3.2 X-ray diffraction of LTAP and LTaAP compositions

The typical XRD patterns for the sintered specimens (LTAP and LTaAP) are shown in Fig. 2. All the peaks were indexed based on the rhombohedral NASICON R-3c structure except for LTaAP samples with minor peaks marked by circle at 2θ = 27.6 and 32.1 °. The minor phase in LTaAP (indicated by red circle) in Ta substituted specimens have been identified as AlPO4. LTAP-0.2 shows a pure material without any impurity which could be the reason for having better conductivity compared to LTaAP sample or due to differences in ionic radius of the substituted elements Ta5+ (0.64 nm) and Ti4+ (0.605 nm) with Al3+ (0.53 nm) content. It is observed from the graph that LTaAP samples grow crystalline peaks longer with high intensity at (104) miller indices (higher peaks) compared to LTAP sample, though, higher intensities for LiTi2(PO4)3 compositions occurs at (113) orientation [10], [11]. The differences observed in terms of peak elongation for the two compositions could somehow be due to variation in the ionic radius as stated earlier above, previosly, some researchers on LTAP compositions observed peak shift towards higher or lower 2θ [12], [13]. The x-ray diffraction study clearly shows that the substitution of Ta5+ with Al3+ as well as Ti4+ with Al3+ can leads to changes in the structural parameters, which is caused by a quantitative change of the stoichiometric amount of x-variable in the compounds [14]. This could be one of the reasons for the differences in the phases of LTAP and LTaAP compositions.
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Fig.2 XRD pattern of LTAP-0.2 and LTaAP-0.1 sintered at different temperature.
3.3 Microstructural analysis of LTAP and LTaAP compositions

Fig.3 (a) shows the microstructure of the sintered pellet of LTAP, while Fig. 3(b) and (c) depicts the surface morphology of LTaAP-0.1 at different magnification of 3K and 7.5K respectively. The difference in the morphology of LTAP and LTaAP observed from the micrograph shows primarily the NASICON rectangular cubic structure with crystalline neck growth among the particles for LTAP. LTaAP sample has no discernible crystalline grains except at the region with pores (indicated by red rectangular cubic). This area of pores observed for LTaAP-0.1 shows crystalline grains and NASICON cubic structure when viewed at higher magnification of 7.5K. 
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Fig. 3 Microstructural surface for (a) FESEM image of LTAP-0.2 sintered at 900 °C, (b) SEM image of LTaAP-0.1 at 3 k magnification and (c) LTaAP-0.1 at 7.5 k magnification sintered at 800 °C.
3.4 Electrical properties of LTAP and LTaAP compositions

The impedance spectra were fitted based on the electrical equivalent circuit show in Fig. 4 (a and b) for LTAP and LTaAP compositions respectively. Resistance of current electrode (R1) and two semi-circles were observed in the impedance plots for LTAP sample (Fig. 4-a). LTaAP comprises of 3 consecutive arrays: Z1*, Z2* and Z3* which are corresponding to the contribution of bulk, grain boundaries and electrode to the total impedance which was revealed by the equivalent circuits’ analysis (Fig. 4-b). Each element of the impedance for bulk and grain boundary can be represented as a combination of parallel resistor (Rb and Rgb) connected with a constant phase element (CPE1 and CPE2) and the 3rd circuit is the electrode electrolyte interface (CPE3). The depressed semicircles observed from the fitted equivalent circuit imply that the grains (bulk) and grain boundary resistance overlap on each other and resulted into the constant phase element for both semicircles. In aluminium doped samples particularly, the overlap of both semicircles do arises because grain and grain boundary contributions to conductivity are almost very close in frequency. This could be ascribed as due to low electrical homogeneity of the samples. The conflict in the interpretations of semicircles which is not identifiable from the Nyquist plot was clarified when fitted with the equivalent circuit used in this study (Fig 4-a&b). Data generated from the fitted equivalent circuit was used to obtain the bulk, grain boundary conductivity with the relation in equation 1:
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where “σ” is the dc conductivity, “t” is the sample thickness, “R” is the resistance value along x-axis of the impedance plot and “A” is the area of the sample. Fig. 5 shows the impedance spectroscopy measurement for LTAP and LTaAP compositions. The resultant bulk conductivities for LTAP and LTaAP were 1.06 x 10-4 and 9.8 x 10-6 S/cm respectively measured at room temperature. LTAP having higher electrical conductivity compare to LTaAP from the impedance analysis is an indication that LTAP composition in this study have better compact of atoms within their lattice frame work in comparison to LTaAP sample. The impedance spectra for LTAP have lower radius with low resistance along the real axis of Nyquist plot compare to LTaAP samples. This could also be one of the reasons for LTaAP low conductivity in this study. The decrease in semicircle for NASICON materials indicate low grain boundary of that materials, since the grain boundary contribution to conductivity determine the ionic diffusivity and fast movement of Li ion mobility from M1 and M2 cavity of NASICON framework. This result shows higher conductivity compare to result obtained for the same composition and similar synthetic route for LTAP compound [9, 15] at room temperature as 1.44 x 10-5 S/cm and ~ 10-7.
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Fig. 4 Equivalent circuit for (a) LTAP-0.2 and (b) LTaAP-0.1 compositions
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Fig. 5 Impedance spectra for LTAP-0.2 and LTaAP-0.1 composition

4 Conclusion
In this study, lithium titanium aluminium phosphate LTAP and lithium tantalum aluminium phosphate LTaAP NASICON-type solids electrolytes were successfully prepared using conventional solid state technique. Optimum sintering parameter for LTAP and LTaAP compositions were successfully obtained at 800 °C sintering temperature. Bulk density of 2.92 and 3.52 g/cm3 for LTAP and LTaAP were successfully obtained for the optimum sintering parameter which was an indication that both materials have been completely densified. XRD reveals prominent NASICON phases for LTAP compared to LTAaP composition. It is obvious that LTaAP crystalline peaks were dominated with AlPO4 secondary phase which could hindered the movement of Li-ion conductivity, though some researchers reported that, for LTAP materials, AlPO4 phase could act as sintering aid and improved material densification. Both compositions have the capacity to serve as solid electrolytes material that could be used in lithium ion rechargeable battery.
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Abstract: Sodium superionic conducting materials (NASICON) are promising solid electrolytes for Li-ion batteries and suitable to be used in the area that requires high energy density as well as rechargeable power sources. Fabrication of all-solid-state Li battery with non-flammable ceramics electrolyte has been strongly required to solve safety issues of present Li batteries. In this study, lithium titanium aluminium phosphate Li1+xTi2-xAlx(PO4)3, LTAP (x = 0.2) and lithium tantalum aluminium phosphate Li1+2xTa1-xAlx+1(PO4)3, LTaAP (x = 0.1) were prepared via conventional solid state reaction techniques at various sintering temperature ranging from 700 to 1000 °C. LTAP and LTaAP compositions attain their optimum sintering temperature at 800 °C. Physical properties of LTAP and LTaAP show the bulk density of 2.83 and 3.63 g/cm3 which resulted into high densification of the material. The XRD analysis revealed NASICON crystalline phase dominated by LiTi2(PO4)3 and minor impurity phases for LTaAP composition. Bulk conductivity values for LTAP and LTaAP were found to be 1.06 x 10-4 and 9.854 x 10-6 S/cm at room temperature. LTAP had better conductivity behavior compare to LTaAP composition which could be due to differences in their ionic radius (titanium, 0.605 nm tantalum, 0.64 nm and the aluminium, 0.53 nm) in sizes, though the conductivity obtained for both compositions has the capacity to serve as solid electrolyte material could be used in lithium ion rechargeable battery.  
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