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ABSTRACT

Li1+xTi2-xAlx(PO4)3 (LTAP) are promising solid electrolytes for Li-ion batteries and suitable to be used in the area that reaquires high energy density as well as rechargeable power sources. In this work, the LTAP samples are synthesised using inexpensive reagents namely Li2CO3, TiO2, Al2O3 and NH4H2PO4 via conventional solid-state reaction route. The highest bulk conductivity value of LTAP sample is found to be ~10-4 S cm-1. This conductivity behaviour is enhanced when the sample was doped with aluminium, x = 0.2 and sintered at 900°C for 8h. The XRD analysis revealed that the crystalline phase of this sample is dominated by Li1.2Ti1.8Al0.2(PO4)3 and some impurities. Overall the trends of the data are inline with the literature and can be suggested for the Li-ion battery application.
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INTRODUCTION

Li-ion batteries (LIBs) based on solid electrolytes are one of the power sources that have capability to sustain energy storage [1]. Due to their high energy density storage, LIBs are favored as energy source in various mobile computers i.e. laptop, i-pad, mobile phone. Currently, the rechargeable Li-ion battery has been developed purposely as a power source for electric vehicle and storage device for wind and solar powers [2]. Most of the rechargeable batteries are based on liquid electrolytes that has low charge density, low charge-recharge cycle and low conductivity at ambient temperatures [3]. However, these electrolytes have some major drawbacks such as limited temperature range of operation and  device failure due to the electrode corrosion effect by the electrolyte solution. In this respect, the replacement of organic liquid electrolytes with inorganic solid electrolytes (SEs) is required to overcome these disadvantages [4].
Solid electrolytes (or super ionic conductors) offer the opportunity to produce highly efficient electrolytes materials. These needs to meet several requirements, including high ionic conductivity, high lithium ion transference number, wide electrochemical window, low electronic conductivity, low interfacial resistance, high stability during fabrication, moderate mechanical properties, low cost, nontoxic and easy handling [5].
LTAP solid electrolytes is a member of Li ion conductive ceramics with NASICON (Na super ion conductor) type structure. Its Li ion conductivity was reported around  10-3 S cm-1 [5, 6] which is quite similar to the organic electrolyte currently used in commercial Li ion batteries. Therefore, the fabrication of LTAP solid electrolyte as all-solid-state Li-ion battery has attacts attention of many researchers and industries. LTAP preparation has been performed by a complex sol-gel and spark plasma sintering methods [2, 7]. Conventional solid state reaction method required high temperature compared to sol-gel and spark plasma sintering methods, which allows the preparation of inorganic materials at low temperature [2, 8 & 9]. Nontheless, the latter methods are very complex, time consuming and cost ineffective. 
	Recent research on LTAP using solid-state reaction method has reported that their system managed to obtain conductivity values of 10-3 S cm-2 using expensive reagents [10]. This shed light on how to reduce the cost of processing for mass production of all-solid-state Li-ion battery. Thus, in this study, the LTAP with stoichiometric ratio of x = 0.0, 0.2 and 1.0 compounds are prepared using solid-state reaction method using inexpensive starting materials. The work is aiming to investigate the ionic conductivity of the samples using impedance spectroscopy. 


EXPERIMENTAL

Sample preparation

	LTAP with x = 0.0, 0.2 and 1.0 samples were prepared using high temperature solid-state reaction method. Stoichiometric amounts of reagent grade chemicals namely lithium carbonate (Li2CO3), titanium oxide (TiO2), aluminium oxide (Al2O3) and ammonium dihydrogen phosphate (NH4H2PO4) were used as the raw materials. The starting materials were of analytical reagent grade purchase from R&M Marketing, Essex, U.K. These precursor were weighed accordingly to their ratio and grounded for 1 h using agate mortar and pestle, acetone was added to the mixture to achive homogeneity. The mixture were initially calcined at 450°C for 1.5 h and further calcined at 900°C for 2 h in alumina crucible. The initial heating was done to decompose Li2CO3 and NH4H2PO4 with the emission of ammonia, carbon dioxide gases and water vapour as illustrated in Equation 1. The calcined samples were further re-grounded with planetary mono milling with zirconia jar and balls as the media of grinding for 7 h at 450 rpm including 2 h resting period for the mono milling machine. The samples were pressed into pellet of 1.3 cm in diameter and 2-3 mm thickness at a pressure of 5 tons. The pellet samples were sintered at 900°C for 8 h. After polishing down to 1 µm finish, the smooth surface of sintered pellets were dried at 100 0C for 2 h and stored at room temperature for further examination. The designation of samples for x = 0.0, 0.2 and 1.0 are LTP-0.0, LTAP-0.2 and LTAP-1.0 respectively. 

  				                                                             (1)


Characterisation

	The bulk density was measured using Archimedes principle (Mettler Toledo density balance XS64) to investigate the effect of sintering on the samples. Distilled water was used as the immersion liquid at room temperature during the measurement.
The structural identification of the pellet samples before and after sintering at different compositions were characterised using X-ray diffraction (XRD - PANalytical in 2θ range of 10 – 40° using Cu-kα radiation). Scherrer’s equation was applied to obtain the average crystalline size (see Equation 2), where D is the crystalline size, K is the scherrer constant (K=0.9 by assuming the particle is spherical), λ is the wavelength of Cu Kα radiation = 1.5406 Å, β is the full width at half maximum (FWHM) for diffraction peak in radian and θ is the diffraction angle [11].

                                                                                     					  (2)

Lattice parameters “a” and “c” were obtained from Equation 3 for hexagonal crystal geometry, R3-c space group NASICON structure.

                                                                     					  (3)

Where d is the d-spacing and h, k and l are the miller índices.

A unit cell volume of all samples were calculated by using Equation 4 [12]:

                                                                    				  (4)

Field emission scanning electron microscope (FESEM-JEOL, JSM-7600F) was used to investigate the surface morphology of the samples. Gold particle was used to coat the sample using before the scanning. 
The particle size of the samples were measured using particle size analyser Fritsch standard F500 analysette 22 (the particle size distribution is measured in volume percentage). The samples were added gently to the liquid in ultra-sonic bath until the sample dilution absorption reach 7 %, then only the measurement is being started. This procedure required sufficient pumping energy to avoid particle agglomeration using integrated ultra-sonic source. 
The electrical impedance response was recorded by an impedance analyser (Hiok LCR Hi-tester-3532-50) in a frequency range between 50 Hz and 5 MHz at room temperature.


RESULTS AND DISCUSSION

Figure 1a shows the XRD patterns of the powder samples calcined at 450 and 900°C. In all cases, the diffraction peaks of the powder samples before sintering indicate that the peaks corresponding to LiTi2(PO4)3 with minor impurities (AlPO4 and TiO2) at 2θ = 22.5° and 27.7° as well as phosphorus (P) peak that appears at 2θ = 25.5°, repectively. The intense peak of NASICON phase decreased with the increasing of aluminium content. Figure 1b shows the XRD patterns of the sintered pellets at 900°C for 8 h. All sintered pellets show a pure NASICON phase that attributed to LiTi2(PO4)3. It is clear from the figure that LTP-0.0 and LTAP-0.2 have very minor contamination of Ti4(PO5)3 and TiO2 impurities. This result is in agreement with the XRD pattern of LTAP compositions reported in the literature [5, 13 & 14]. Aluminium doped sample for LTAP-1.0 exhibit secondary phases known as orthorhombic and monoclinic. This new phases appear at higher aluminium dopant of LTAP-1.0 and could be a result of using inexpensive starting materials.  Nevertheless, it was reported previously that impurity phases do appear at higher value of Al content and tend to shift the diffraction peaks away from LiTi2(PO4)3 phase position [6,15]. These impurity phases sometimes have negative influence on Li+ passageway for ionic conductivity. The authors suggest here that, in Li1+xTi2-xAlx(PO4)3 composition, future research should be focused at lower aluminium content. 
The results for the refinement of the lattice parameters are presented in Table 1. Lattice parameter “a” and “c” are decreased with the increasing of aluminium content. It was earlier reported [16] that the lattice parameter “a” and “c” will be decreased as the increases of Al content. The variation of the lattice parameter “c” is more important at lower Al content than “a”, whereas lattice parameter “a” and “c” are less important at higher Al content. In addition, formation of new crystalline phases do occur at higher Al content. An increase of Al content slightly reduced the volume of the lattice parameter with partial substitution of Ti4+ cations (0.605 Å) by smaller Al3+ size (0.535 Å). From Equation 2, the average crystallite sizes of the samples were calculated and the particle size increased with the increasing of Al content from 4.02 µm (undoped sample) to 5.92 µm for Al doped sample (LTAP-0.2). Further increasing the Al content decreased the particle size to 3.93 µm (LTAP-1.0). The reason for the decreasing of particle size for LTAP-1.0 sample could be a result from impurity phases observed in XRD data. 

Table 1. The grain size, lattice parameters, volume and bulk densities of sintered samples.

	Sample name
	Grain size, D (µm)
	Lattice parameters
	Volume, V (Å3)
	Bulk density (Kgcm-3)

	
	
	a (Å)
	c (Å)
	
	

	LTP-0.0
	4.02
	8.58
	20.84
	1328.59
	2.38

	LTAP-0.2
	5.92
	8.50
	20.93
	1309.56
	2.83

	LTAP-1.0
	3.93
	8.41
	20.48
	1254.41
	2.50




Figure 1. Powder X-ray diffraction patterns of compounds Li1+xTi2-xAlx(PO4)3 (a)  before sintering and (b) sintered pellet at 900°C for 8 h.

Figure 2 shows the FESEM micrographs of the powdered samples that had undertaken calcination process. In all cases, the samples show a roundish particle sizes and agglomeration surfaces. Generally for ceramic materials, it is recommended that the median particle size (d[50]) at 50% distribution passes in a range of 0.1 – 10 µm for effective surface area [17]. Figure 3 indicates the particle size distribution of these samples. The volume distribution of particles according to their size is presented as a histogram on the logarithmical scale in Figure 3. The observed distribution is non-symmetrical with an average mode ranging from 1.4 – 14 µm for all samples. The specified volume basis for median value distribution (d[50]) for LTP-0.0, LTAP-0.2 and LTAP-1.0 are  4.074 µm, 5.243 µm and 3.164 µm respectively. The volume media for particle size distribution seems to be increasing with the increased of aluminium content however decreased for LTAP 1.0 sample. This could be due to the particles inhomogeneity during synthesis and/or crystalisation leads to the reduction of particle size value. The distribution width was calculated according to the formula Span = (d[90] − d[10]) × d[50]−1 and yield the following values 4.129 µm, 3.918 µm and 5.079 µm for LTP 0.0, LTAP 0.2 and LTAP 1.0 respectively. The observed average mean diameter for particle size distribution for LTP 0.0, LTAP 0.2 and LTAP 1.0 are 6.91 µm, 8.49 µm and 6.32 µm. The average mean particle size distribution also increased with the increasing of aluminium content but decreasing at LTAP 1.0. Although, similar reason could be address to the average mean distribution trends. 
Figure 4 shows bulk density and conductivity curve of the LTP-0.0, LTAP-0.2 and LTAP-1.0 pellets sintered at 900°C for 8 h. The bulk density and the conductivity of the sintered pellets increased for LTAP-0.2, further increasing the Al content decreased the density of LTAP-1.0 sample. This decreasing phenomenon is due to the impurity phases (AlPO4 and LiTiPO5) thet detected in XRD result (see Figure 1b). A maximum density and conductivity of 2.83 kgcm-3 and ~10-4 Scm-1 were obtained for LTAP-0.2 sample. 
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Figure 2. Surface morphology of LTAP particles (a) LTP-0.0 (b) LTAP-0.2 and (c) LTAP-1.0.











Figure 3. Particle size distribution (a) LTP-0.0, (b) LTAP-0.2, (c) LTAP-1.0.








Figure 4. Bulk density and conductivity curve of the LTP-0.0, LTAP-0.2 and LTAP-1.0 pellets sample sintered at 900°C for 8 h.

CONCLUSION


Lithium ion conducting solid electrolytes of Li1+xTi2-xAlx(PO4)3 with x = 0.0, 0.2 and 1.0 NASICON ceramic have been prepared using solid state reaction method at 900°C for 8 h. The bulk density is significantly improved from 2.38 kgcm-3 to 2.83 kgcm-3 for LTAP-0.2 and decreases for LTAP-1.0. This is proved due to the influence of impurity phases that heavily precipitated in LTAP-1.0 sample. Based on the results, the highest total conductivity is found to be 1.06 x 10-4 Sm-1 (at room temperature) for LTAP-0.2 sample; this is on par with the conductivity values in the literature. It can be concluded that using inexpensive materials may result impurities, however the conductivity value reported in this paper is still relavent for the application of Li-ion batteries.
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