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Abstract 

Along with many technologies developed to store energy for electric vehicles and 

portable electronic devices, solid state batteries are getting serious attention due to 

advantages such as high energy density and solution to the safety issues. A solid-

state battery is a battery that has both solid electrodes and solid electrolytes. 

Replacing the organic liquid electrolyte with a solid state ionic conductor would 

improve safety and the direct-series-stacking of cells can result in a high energy 

density for the battery. Until now many oxides-based super-ionic materials such as 

LISICON, NASICON, Pervovskite and Garnet type have been investigated as 

electrolyte. However, interestingly most of them include expensive elements and this 

can be a barrier for further scaling up.   

In this thesis, the focus has been positioned in the Li1.5Al0.5Ge1.5(PO4)3 NASICON 

electrolyte. Main reasons were high ionic conductivity, wide electrochemical 

window, easy synthesis and good stability with the environment. However, although 

this electrolyte has many attractive advantages, it contains the expensive cation Ge4+. 

For this reason, its inexpensive homologue Sn4+ was considered for substitution, 

considering its larger ionic radii which can open the pathways for the lithium ion 

mobility in the structure. Moreover, cost analysis indicated that Sn4+ was 59 times 

cheaper than Ge4+ which can result in an additional important advantage for the tin-

bearing ionic conductors. First, a systematic substitution was carried out in the 
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system Li1.5Al0.5Ge1.5-ySny(PO4)3 with y = 0.00, y = 0.25, y = 0.50, y = 0.75 and y = 

1.00 by conventional solid state reaction. X-ray diffraction showed successful 

substitution until level y = 1.00. It was not possible to fully substitute Ge4+ due to 

impurity problems. Additionally, from the structural information extracted from the 

X-ray diffraction pattern, it was seen an increase in the lattice parameters for all tin 

containing NASICON materials. Furthermore, dense pellets were sintered by 

classical Spark Plasma Sintering (SPS) and annealing steps were carried out in order 

to remove graphite contamination and recover the white coloration of all the pellets. 

The NASICON pellets were characterized by Electrochemical Impedance 

Spectroscopy (EIS) and the analysis of the electrical data showed that tin addition 

produced slightly lower ionic conductivity at various concentration levels. In order 

to elucidate the decrease in the ionic conductivity, Raman spectra were recorded. 

The results showed that the decrease in ionic conductivity was due to the local 

disorder in the MO6 units group in the NASICON crystal structure which resulted in 

a distortion of the bottleneck regions reducing the charge carrier mobility. Moreover, 

DC-polarization was carried out and the results showed that synthesized materials 

had lower electronic conductivity compared to the pristine material. This is a 

desirable property for LIB in order to avoid the self-discharge. Finally, as a 

contribution from this work it was found three new solid electrolytes in the system 

Li1.5Al0.5Ge1.5-ySny(PO4)3, among them Li1.5Al0.5Ge0.50Sn1.00(PO4)3  has the higher 

substitution level and ionic conductivity comparable to the well-known 
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Li1.5Al0.5Ge1.5(PO4)3, this expands more the research on inexpensive oxide solid 

electrolytes feasible for applications.  

Keywords: NASICON Solid Electrolyte, Spark Plasma Sintering, Electrochemical 

Impedance Spectroscopy, Raman Spectroscopy, Lithium Batteries 

Student Number: 2016 – 22079 
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Chapter 1. Introduction 

1.1 Introduction 

Recent observations confirm that the world's oil and natural gas supplies are running 

out too fast and, soon they will fall below the level required to meet international 

demands. It appears critical to consider ecological electricity generation systems 

(photovoltaic, windmill, geothermic energy…) and to associate them with energy 

storage systems. Rechargeable batteries are the oldest form of electricity storage and 

the most widely used. Despite important progress over the last twenty years, the 

improvements of conventional liquid/gel based Li-ion batteries are slowing down 

and breakthroughs are needed. In regards to tomorrow's energy needs, it is necessary 

to develop energy storage systems with high energy densities, long life, low cost, 

little or no maintenance and a high degree of safety.  

All-solid-state batteries may meet these requirements because of their low loss of 

capacity as a function of time, their thermal stability, their absence of leakage and 

pollution (solvent free). However, the energy densities of such technology remain 

restricted, mainly due to limitations in their development. Since 1982, all-solid-state 

thin film batteries have always been under significant improvements but their energy 

densities are still too low for large applications[1]. 

A solid-state battery is a battery that has both solid electrodes and solid electrolytes. 

Replacing the organic liquid electrolytes with a solid state ionic conductor would 
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improve device safety tremendously and remove one of the few remaining barriers 

to even wider scale use of Li-ion technology.  

Safety issues are of immense concern in developing advanced energy storage 

technologies, especially for Li-ion batteries. Commercial Li-ion batteries contain 

flammable organic liquid electrolyte that poses major technical challenges; most 

recent major incidents of Li-ion battery fires were caused by the ignition of the 

electrolyte. Inorganic solid-state Li-ion conductors also benefit from many other 

advantages such as superior electrochemical, mechanical and thermal stability, 

absence of leakage, and the possibility of battery miniaturization [2].  

Li-ion solid-state conductors require high ionic conductivity at room temperature 

and low activation energy (Ea) for use over a broad range of operating temperatures. 

In addition, other properties such as electrochemical stability against the anode and 

cathode, and environmental stability are preferred as they reduce the complexity of 

the battery[2].  

Inorganic solid electrolytes can be sulfide-based or oxide-based. Among sulfide-

based solid electrolytes (SBSEs), Li10GeP2S12 (LGPS) shows the highest ionic 

conductivity, ~1.2 × 10-2 S·cm-1 at room temperature; this exceeds the ionic 

conductivity of conventional liquid electrolyte. However, LGPS suffers from strong 

reactivity with air and moisture which can lead to an expensive synthesis and other 

SBSEs suffer from strong reactivity with air and Li metal. Oxide-based solid 

electrolytes (OBSEs) have been actively developed to achieve high ionic 



 

 

11 

conductivity; they also have high stability with Li metal or air. However, the ionic 

conductivity of OBSEs is not high enough because of very low grain boundary 

conductivity. Many efforts have been focused on improving grain boundary 

conductivity of OBSEs. The main idea for these efforts is to minimize the effect of 

grain boundaries on ionic conductivity[3]. Methods to accomplish this minimization 

include Spark Plasma Sintering (SPS) to increase OBSE density.   

Among OBSEs, Li1.5Al0.5Ge1.5(PO4)3 (LAGP) has several advantages over other 

electrolytes such as Li1+xAlxTi2 – x(PO4)3 (LATP) or Li7La3Zr2O12 (LLZO). Although 

LAGP and LATP have the same NASICON-type structure, LAGP has a wide 

electrochemical window whereas LATP has a narrow one because LATP reacts with 

Li metal at ~2.4 V (vs. Li/Li+) due to the redox reaction of Ti4+. Compared to garnet-

type solid electrolytes such as LLZO, LAGP can be easily synthesized without any 

phase transition during synthesis. LAGP has the expensive element germanium 

which according to USGS showed costs in last years around 1150 $/Kg. This cost is 

tremendously high and can be a big issue for the applications of this materials in the 

industry. On the other hand, according to the London Metal Exchange tin showed 

prices around 19.5$/Kg in 2018. Comparing these two elements, tin is 59 times 

cheaper which make it an attractive element for replacing germanium in the system 

LAGP.   
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Moreover, in the next sections it is going to be described briefly the Spark Plasma 

Sintering process to densify solid electrolytes and methods to characterize the 

electrical properties.    

1.2 Spark Plasma Sintering  

The Spark Plasma Sintering (SPS) technique (also called Pulsed Electric Current 

Sintering (PECS) or Field Assisted Sintering Technology (FAST)) is a pressure 

assisted sintering method that uses pulsed high DC current along with uniaxial 

pressure to consolidate oxide solid electrolytes. It has been successfully used for the 

sintering of nanostructured materials, transparent materials, polymers, composites, 

etc. Even materials which are considered to be difficult to sinter can be sintered to 

full density using SPS. Economic and technological benefits of SPS compared to 

conventional sintering methods can be summarized as: i) faster heating/cooling rates, 

ii) lower sintering temperature and iii) shorter holding time. Compared with the 

conventional sintering methods, SPS allow a rapid densification (typically a few 

minutes) at lower temperatures and allow obtaining higher density, smaller grain size, 

cleaner grain boundaries, and other attractive properties[4]. 

A SPS unit is schematically shown in Figure 1.1. It consists of a uniaxial pressure 

device, where the water-cooled punches also serve as electrodes, a watercooled 

chamber that can be evacuated, a pulsed DC generator and a computer-based process 

controller which also records the shrinkage, temperature, pressure, average voltage 

and current during the process. Powders are placed on a die (typically graphite) and 
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heating is carried out by passing a current through the die and the sample (if it is 

conducting) while a pressure is applied on the powder[4]. 

 

Figure 1.1 Scheme of the SPS unit 

 

1.3 Impedance Spectroscopy 

An alternative technique for measuring electrical properties of solid electrolytes is 

impedance spectroscopy. In this, AC impedance measurements are made over a wide 

range of frequencies and the different regions of the material are characterized 

according to their electrical relaxation times or time constants. Impedance 

spectroscopy is relatively easy to use and is applicable to a wide variety of materials 

and problems. It has undergone major developments recently with the availability of 

automatic equipment capable of spanning many decades of frequency in a single 

sweep. Different regions of a ceramic sample are characterized by a resistance and a 



 

 

14 

capacitance, usually placed in parallel. The characteristic relaxation time or time 

constant, τ, of each ‘parallel RC element’ is given by the product of R and C 

(Equation 1.1).   

 𝜏 = 𝑅𝐶 1.1 

 𝜔𝑚𝑎𝑥 = 𝑅𝐶 = 1 1.2 

In the frequency domain, RC elements are separable due to the relation shown in 

Equation 1.2 which holds at the frequency of maximum loss, 𝜔𝑚𝑎𝑥 , in the 

impedance spectrum. From the impedance spectrum, it is therefore usually possible 

to identify different RC elements and assign them to appropriate regions of the 

sample. The values of the individual R and C components may then be quantified. 

Let us now see some practical example of data and interpretation.   

A common type of impedance spectrum for electroceramics shows the presence of 

two distinct features attributable to intragrain, or bulk and intergrain, or grain 

boundary regions. A typical case is shown in Figure 1.2 a for the oxide ion conductor 

Ca12A114033.  
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Figure 1.2 Impedance data for Ca12A114033, presented in- the complex impedance 

plane format, Z’’ vs Z’ where Z* = Z’-j Z’’, j =√−1, 𝜔 = angular frequency 2πf. 

Selected frequency points, in Hz are marked. The equivalent circuit used to interpret 

the data is shown. It represents a series combination of crystal and grain boundary 

impedances. 

Impedance data are presented in the form of imaginary, Z” (capacitive) against real, 

Z’ (resistive) impedances. Each parallel RC element (two in Figure 1.2) gives rise to 

a semicircle (ideally) from which the component R and C values may be extracted. 

R values are obtained from the intercepts on the Z’ axis, as shown; C values are 

obtained by applying Equation 1.2 to the frequency at the maximum of each 

semicircle. In this particular case, the two capacitance values are determined to be 
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around 1x10-12 F and 4x10-9 F and the corresponding resistances 0.45 Mohm and 

1.15 Mohm[5]. 

1.4 DC polarization   

Since the ionic/superionic solids obey the Ohm’s law pretty well i.e. the instant 

initial total current varies directly as a function of the potential (V) applied across 

the specimen when V is kept below the decomposition potential of the sample 

material. Hence, dc polarization method can be considered to be one of the 

appropriate technique to determine some basic ionic parameters which in turn would 

help us to explain the ion transport behavior in these solids.  

The transference number gives a quantitative information of the extent of ionic and 

electronic (electrons and holes) contribution to the total conductivity (𝜎𝑇). Since, 

𝜎𝑇 = 𝜎𝑖𝑜𝑛 + 𝜎𝑒.ℎ, the ionic/electronic transference number can be defined as: 

 
𝑡𝑖𝑜𝑛 =

𝜎𝑖𝑜𝑛

𝜎𝑇
=

𝐼𝑖𝑜𝑛

𝐼𝑇
 

1.3 

 
𝑡𝑒,ℎ =

𝜎𝑒,ℎ

𝜎𝑇
=

𝐼𝑒,ℎ

𝐼𝑇
 

1.4 

Where 𝜎𝑖𝑜𝑛/𝜎𝑒,ℎ and 𝐼𝑖𝑜𝑛/𝐼𝑒,ℎ are the conductivity and current contribution due to 

ionic/(electrons/holes) respectively. The total current is expressed by the equation: 

𝐼𝑇 = 𝑛𝑞𝑣𝑑𝐴, where q is the charge on the ion and A is the area of the cross section. 

The ionic transference number can be determined accurately by Wagner’s method. 

This is a most convenient and widely used method suggested to measure the 
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ionic/electronic transference number in number of solid electrolyte systems. For this 

method a sample is sandwiched is sandwiched between two blocking electrodes 

(stainless steel) and a constant DC potential (V~0.5V) is applied across the sample 

with polarity and current in the circuit is monitored as a function of time with the 

help of a recorder. In a typical current versus time plot the total current approaches 

to zero, however if the solid is a mixed ionic/electronic system the total current 𝐼𝑇 

levels off at some non-zero value. The final residual current (𝐼𝑒,ℎ) is due to the 

moving electrons/holes in the system[6].   

In the present work, a systematic substitution of the expensive element Ge4+ by its 

homologue Sn4+ in Li1.5Al0.5Ge1.5(PO4)3 solid electrolyte was carried out. The study 

is based on the rationale that larger Sn4+ (0.69A) will open the bottleneck points in 

the crystal structure and promote enhanced lithium ion mobility. Five different 

materials were reported in the system Li1.5Al0.5Ge1.5-ySny(PO4)3 with y = 0.00, 0.25, 

0.50, 0.75 and 1.00. Moreover, Spark Plasma Sintering process was used to densify 

the NASICON powders, X-ray diffraction (XRD) was used to study the structural 

aspects, Raman spectroscopy to study the local order of PO4 groups in the anionic 

backbone of the structure and Electrochemical Impendence Spectroscopy to study 

the ionic and electrical behavior of the specimens.   
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Chapter 2. Experimental Procedure 

2.1 Synthesis of Li1.5Al0.5Ge1.5(PO4)3 and Li1.5Al0.5Ge1.5-ySny(PO4)3  

NASICON solid electrolyte LAGP (Li1.5Al0.5Ge1.5(PO4)3 was synthesized by 

the conventional solid-state reaction. Stoichiometric amounts of Li2CO3 (99%), 

Al2O3, GeO2 (99.99%) and (NH4)H2PO4 (98%) were purchased from Sigma-Aldrich 

and used as received [7]. The mixture was thoroughly dispersed in isopropyl alcohol 

by using a planetary ball milling apparatus (Pulverisette 5, Fritsch) and dried at 35 °C 

for 24 h to evaporate the solvent. The powder mixture was heated to 700 °C at a 

heating rate of 5 °Cmin-1 in a tube furnace and held at that temperature for 2 h to 

release any volatile compounds. The powder was pulverized by ball milling at 300 

rpm for 5 h followed by heating to 850 ºC with a heating rate of 5 °Cmin-1 and 

calcined at the same temperature for 12 h in argon atmosphere[8]. The heated sample 

was pulverized again by ball milling at 300 rpm for 16 h.  

Powders with different level of substitution in the system Li1.5Al0.5Ge1.5-ySny(PO4)3 

were prepared using the same precursors as mentioned above and SnO2 (99.9%) was 

used as a tin source. The chemical formula of all the materials is listed in Table 2.1. 
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Table 2.1 Prepared powders in the system Li1.5Al0.5Ge1.5-ySny(PO4)3 

Material y 

 

Li1.5Al0.5Ge1.5(PO4)3 0.00 

Li1.5Al0.5Ge1.25Sn0.25(PO4)3 0.25 

Li1.5Al0.5Ge1.00Sn0.50(PO4)3 0.50 

Li1.5Al0.5Ge0.75Sn0.75(PO4)3 0.75 

Li1.5Al0.5Ge0.50Sn1.00(PO4)3 1.00 

Li1.5Al0.5Ge0.25Sn1.25(PO4)3 1.25 

Li1.5Al0.5Sn1.50(PO4)3 1.50 

 

When “y” was 0.25 and 0.50 it was used exactly same method as described above to 

synthesize the new powders. However, when “y” was more than 0.75 two additional 

heating steps at 180 and 200 °C at a heating rate of 1.5 °Cmin-1 were needed before 

700 °C treatment. These steps were used to avoid melting of some precursors and 

further loss of material during the process. It is speculated that some eutectic point 

was formed by the addition of tin oxide in the mentioned amounts.   

2.2 X-ray diffraction 

X-ray diffraction (XRD) patterns of Li1.5Al0.5Ge1.5-ySny(PO4)3 powdered samples 

were recorded with CuKα radiation (λ = 1.5418 Å) using Bruker New D8 Advance 

diffractometer operated at 40 kV and 40 mA in the 2θ range of 10 – 45° with a step 

size of 0.02 and collection time of 3 s. Full pattern matching method of the data was 
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carried out using Fullprof software to extract lattice parameters using LiGe2(PO4)3 

JCPDS File Card No. 80-1922.  

2.3 SEM observations 

The morphology and particle size distribution of all prepared powders were 

visualized using MERLIN Compact FE-SEM using an acceleration voltage of 15 kV 

in the secondary electron mode. Samples were coated with Pt and a 7k times 

magnification were used for the images coming from randomly chosen location. Due 

to overlap between particles, it was considered more reliable to identify and measure 

the particle diameters using the image processing program ImageJ.    

2.4 Spark Plasma Sintering 

Dense pellets have been prepared using classical SPS. The powders were loaded in 

a cylindrical graphite die with 12 mm of inner diameter and enclosed by graphite 

sheets. Uniaxial load was gently increased until getting a pressure of 90 Mpa in a 

vacuum state and an electric current ranging around 800 A and voltage of 3.2 V was 

applied. The heating rate was 100 °Cmin-1, the sintering temperature 750 °C and the 

holding time of 5 min.  The temperature was monitored by a thermocouple inserted 

into the graphite die. After holding for a predetermined time, the electric current was 

stopped and the graphite setup was cooled inside the chamber until reaching 100 °C, 

finally, the pressure was released. The graphite sheets adhered to the pellets were 

removed by polishing in sandpaper and the density of the samples was determined 

from the weight and physical dimensions. From the other side, the theoretical 
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densities of all samples were calculated from results obtained from full pattern 

matching method. Combining these results, the relative density of sintered pellets 

was quantified.  

2.5 Annealing of samples 

Different annealing steps in air and polishing were carried out in order to remove the 

graphite contamination and recover the white coloration of all the samples. The 

experimental conditions are presented in Table 2.2. 

Table 2.2 Annealing conditions for recovering pristine physical and chemical 

characteristics of samples after classical SPS 

Annealing Step Heating Rate 

(°C/min) 

Temperature 

(°C) 

Holding Time 

(h) 

First  1 600 3 

Second 1.5 700 3 

Third  1.5 800 3 

 

To confirm the presence of the NASICON phase X-ray diffraction analysis was 

made. Moreover, the relative density after the third thermal treatment was calculated 

with the same method described above.  

2.6 Electrochemical Impedance Spectroscopy (EIS) 

2.6.1 Sample preparation  

All pellets obtained after annealing steps were carefully polished through sandpapers 

number 600, 800, 1000, 1500, 2000 and lapping film of 3 μm until obtaining a perfect 
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mirror surface on both faces. A Coater was used to deposit pure gold onto each active 

area of the pellets and subsequently they were dried at 200 °C for 4 h in argon 

atmosphere inside a glovebox. After this moment the samples weren’t exposed to 

the environment anymore to prevent side reactions on the surface.  Au coated 

specimens were then assembled into a coin cell using stainless steel as a current 

collector in a glove box as illustrated in Figure 2.1.  

 

Figure 2.1 Schematic set up consisting of Au coated solid electrolyte assembled 

into a coin cell using stainless steel as a current collector for EIS studies. 

2.6.2 AC impedance measurements  

AC impedance measurements were carried using a Solartron impedance analyzer 

(model HF1225) over the frequency range between 10 Hz and 3 MHz with a voltage 

amplitude of 10 mV at different temperatures. Each sample was allowed to 

equilibrate for 15 min at the required temperature before measurements. The data 

was analyzed by using EC-Lab® software and ionic conductivity values were 

obtained from: 
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𝜎 =

𝑑

𝐴𝑅
 

2.1 

where d is the sample thickness, A is the area of the electrodes and R is the sample 

resistance. The activation energy was calculated from the temperature dependence 

of conductivity.  

2.6.3 DC polarization  

DC polarization measurements were undertaken at 25 °C to obtain the electronic 

conductivity using the same electrochemical work station and cells used previous 

experiment. The potential applied was 1 V and time was 60 min.   

2.7   Raman Spectroscopy  

Raman spectra were recorded to study the structural changes of the synthesized 

electrolytes in the range of 150−1300 cm−1. HORIBA LabRAM HV Evolution 

system equipped with a 532-nm laser was used and the Raman shift was calibrated 

using a silicon standard.  
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Chapter 3. Results and discussion 

3.1 Structural analysis 

The NASICON LiM2
4+(PO4)3 (M = Ge, Ti, Hf, Sr, etc) has a rhombohedral structure 

with space group R3̅c where the structure has a unit cell (Li6M12P18O72) containing 

6 formula units (LiM2(PO4)3). This framework is mainly constructed by a covalent 

skeleton [M2P3O12]¯ with MO6 octahedra and PO4 tetrahedra in which each MO6 

octahedra shares its six corners with the tetrahedra, and each tetrahedral shares its 

four corners with the octahedral. Trivalent and divalent cations are usually used as a 

partial substitution of M4+ to increase the amount of Li ions and hence to enhance 

ionic conductivity [9]. As it is advised by Winand et al. [10] the adequate ionic radius 

difference between two cations is Δr = 0.1 Å as an upper limit in order to have solid 

solution formation. Al3+ (0.535 Å) and Ge4+ (0.53 Å) ionic radius difference is 0.005 

Å therefore is expected they intermix. On the other hand, Sn4+ (0.69 Å) and Ge4+ has 

a difference of 0.16 Å which would lead to an unlikely scenario. Nevertheless, in 

previous studies, NASICON solid solution formation was synthesized despite 

exceeding the mentioned upper limit[11].   
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Figure 3.1 X-ray diffraction (XRD) patterns of synthesized NASICON powders 

according to the substitution condition. Substitution element is described with “y” in 

Li1.5Al0.5Ge1.5-ySny(PO4)3.    

Figure 3.1 shows the XRD patterns of the Li1.5Al0.5Ge1.5-ySny(PO4)3 powders after 12 

h of thermal treatment at 850 °C. For the pristine material with y = 0.00, the 

rhombohedral NASICON phase was obtained in agreement with previous reports 

and it can be indexed based on LiGe2(PO4)3 (JCPDS File Card No. 80-1922) [3, 7]. 

This material exhibited sharp peaks confirming the solid solution formation with 

good long range-range crystal ordering. With y = 0.25 and y = 0.50, the XRD 
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patterns showed the formation of a single phase material with NASICON structure 

and most importantly the data clearly confirmed the successful substitution of 

germanium by tin. Both materials exhibited fairly sharp peaks confirming 

NASICON solid solution formation with good long-range crystal ordering. With y 

= 0.75 and 1.00, the XRD data confirmed the dominant formation of single phase 

materials with the NASICON structure. In these cases, however, the diffraction 

patterns showed slight peak broadening which can be an evidence of the disruption 

of the long-range order of the crystal. This might be due to an insufficient thermal 

treatment for favoring the migration of higher quantities of large Sn4+ ions as Brian 

et al. reported[11, 12]. Moreover, from substitution level y = 0.25 to y = 1.00, it was 

observed a gradual shift of all the Bragg peaks to the lower 2θ value indicating the 

increase of the lattice parameters in the NASICON structure.   

With y = 1.25 and y = 1.50, it was not possible to synthesize the pure studied phase. 

At y = 1.25 it was seen peaks corresponding to the NASICON phase but also the 

monoclinic LiSn2(PO4)3 phase (JCPDS File Card No. 49-1175) began to appear[13]. 

With complete substitution (y = 1.50) it was seen the dominant formation of the 

monoclinic phase, additionally few peaks coming from the NASICON phase were 

observed coexisting with a small fraction of SnP3. These two materials need further 

investigation.   

In summary, the diffraction patterns illustrated in Figure 3.1  showed the NASICON 

phase in most cases with gradual evolution in the characteristics of the peaks. Five 
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materials were successfully synthesized and will be considered for further studies. 

Moreover, it is worthy to highlight that the materials Li1.5Al0.5Ge1.25Sn0.25(PO4)3, 

Li1.5Al0.5Ge1.00Sn0.50(PO4)3 and Li1.5Al0.5Ge0.50Sn1.00(PO4)3 were synthesized for the 

first time.   

Table 3.1 summarizes unit cell information obtained by full pattern matching in the 

space group R3c̅ by using FullProf program. For y = 0.00, the lattice parameters are 

in good agreement with previous reports[14, 15]. On the other hand, as soon as tin 

was incorporated in the structure and systematically increased, the lattice parameters 

increased as well. This fact was expected and previous studies indicated that the 

incorporation of tin increases spacing within columns of MO6 units as well as 

between them, consequently suggesting an opening of conduction channels [12].  

Table 3.1 Unit cell information for NASICON materials obtained by full pattern 

matching in the space group R3̅c (Rhombohedral).   

Li1.5Al0.5Ge1.5-ySny(PO4)3 a (Å) b (Å) c (Å) 

Unit-cell 

volume, 

V(Å
3

) 

c/a 

ratio 

y = 0.00 8.27602 8.27602 20.52118 1217.24 2.48 

y = 0.25 8.32060 8.32060 20.69565 1240.85 2.49 

y = 0.50 8.36387 8.36387 20.88408 1265.20 2.50 

y = 0.75 8.41236 8.41236 21.01684 1288.05 2.50 

y = 1.00 8.46066 8.46066 21.18879 1313.55 2.50 
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In Figure 3.2, it is plotted the lattice parameter as a function of tin substitution, it is 

noticeable to see the linear relationship between them known as Vegard’s law which 

indicates no change in the phase in all cases.      
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Figure 3.2 Lattice parameter as a function of the Sn substitution in the 

system Li1.5Al0.5Ge1.5-ySny(PO4)3. The determined values follow the linear 

trend of Vegard's law. 
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3.2 Powder morphology 

Scanning electron micrographs of NASICON powders are presented in Figure 3.3. 

All samples showed particles with round shape without agglomeration and their size 

ranged as follows: 0.6 – 2.9, 0.5 – 2.7, 0.4 – 2.8, 0.5 – 3.2 and 0.6 – 2.5 μm for 

materials with level of substitution 0.00, 0.25, 0.50, 0.75 and 1.00 respectively. The 

results showed similar morphological characteristics for all the samples.   

 

Figure 3.3 Images of NASICON powders obtained by SEM: a) y = 0.00, b) y = 0.25, 

c) y = 0.50, c) y = 0.75 and d) y = 1.00 
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3.3 Spark Plasma Sintering (SPS) of NASICON powders and 

annealing steps 

Table 3.2 shows the experimental parameters for the sintering process and also the 

calculated relative densities. After SPS process, the results showed densification 

higher than 90% in all cases. On the other hand, after the last annealing step at 800 °C 

they were over 85%. This condition was higher enough and similar to carry out 

studies on  NASICON solid electrolytes [4, 16, 17].  

Table 3.2 Sintering parameters and relative densities after classical SPS and after 

annealing at 800 °C.  

Sample 

Li1.5Al0.5Ge1.

5-ySny(PO4)3 

Heating 

Rate 

(°C/min
) 

Temp. 

(°C) 

Holding 

Time 

(min) 

Pressure 

(MPa) 

Relative 

Density 

after SPS 
(%) 

Relative Density  

after annealing 

at 800°C (%) 

y = 0.00 100 750 5 90 94.3 90.05 

y = 0.25 100 750 5 90 95.3 85.56 

y = 0.50 100 750 5 90 95.2 92.33 

y = 0.75 100 750 5 90 94.1 91.90 

y = 1.00 100 750 5 90 93.5 88.91 
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Figure 3.4 a-c shows the physical appearance of the pellet with y = 0.50 during the 

annealing steps in air. At 600 and 700 °C the pellet showed dark-white coloration, 

on the other side after 800 °C it was completely homogenous and white similar like 

the initial powder. Others samples with a different level of substitution showed the 

same behavior. In Figure 3.4 d-h is presented the complete set of pellets after 800 °C. 

In all cases, they showed white coloration and well defined geometrical shape.  

 

Figure 3.4 (a - c) Images of annealed pellet at a) 600, b) 700 and c) 800 °C where 

the sample belongs to the substitution condition y = 0.50 in Li1.5Al0.5Ge1.5-ySny(PO4)3. 

(d - h) Complete set of pellets after the last annealing treatment at 800 °C according 

to the substitution condition. Order of the images starts from d) for y = 0.00 

increasing until h) for y = 1.00.   
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In Figure 3.5 is presented the XRD patterns of sintered pellets after annealing 

treatment at 800 °C. In all cases, the data confirmed the presence of the studied 

rhombohedral NASICON phase.    
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Figure 3.5 X-ray diffraction (XRD) patterns of the sintered pellets in the system 

Li1.5Al0.5Ge1.5-ySny(PO4)3  after the last annealing treatment at 800 °C. 
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3.4 Ionic conductivity 

Figure 3.6a shows an example of the typical complex impedance spectra for the 

system Li1.5Al0.5Ge1.5-ySny(PO4)3 at 25 °C. At high frequencies, all samples showed 

a single distorted semicircle representing the total resistance where not clear 

separation of bulk and grain boundary contributions were observed. On the other 

hand, at low frequencies a tail related to Warburg-type impedance was seen which 

reflects the ionic nature of the NASICON materials[18, 19]. Tin containing samples 

showed slightly higher resistance than the pristine material (detailed analysis will be 

discussed later). In all cases, the external resistances (R1) were negligible since the 

single semicircles suggested their intersection at zero value in the real axes, 

indicating the reliability of the data.    

Moreover, the complex impedance spectra were fitted with the EC-Lab® software 

to determine the total resistance from which the total ionic conductivity was 

calculated.  
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Figure 3.6 a) Complex impedance spectra recorded for system Li1.5Al0.5Ge1.5-

ySny(PO4)3 at 25 °C. b) Each fit data was modeled with an equivalent circuit 

involving resistances (R1: External resistances, R2: Bulk resistance, R3: Grain 

boundary resistance and R4: Resistance from electrode polarization) and constant 

phase elements (Q).   
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Figure 3.7 shows the temperature dependence of total ionic conductivity for the 

Li1.5Al0.5Ge1.5-ySny(PO4)3 system according to the Arrhenius equation.  

 
𝜎𝑇 = 𝐴 𝑒𝑥𝑝(−

𝐸𝑎

𝑘𝑇
) 

3.1 

where A is the frequency factor, Ea is the activation energy, k is the Boltzmann 

constant and T is the absolute temperature. All plots showed a linear trend which 

pointed out that there was no phase change in the temperature range of 25 to 75 ̊ C[9]. 

Furthermore, the lithium ionic conductivities of NASICON materials with a different 

level of tin substitution were slightly lower than that of the pristine material at all 

temperatures.  
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Figure 3.7 Arrhenius plots of total conductivities obtained from the complex 

impedance plots 
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Figure 3.8 shows detailed information about the change of the total ion conductivity 

and the activation energy as a function of substitution condition in Li1.5Al0.5Ge1.5-

ySny(PO4)3  at 25 °C.  
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Figure 3.8 Activation energy (Ea) and total ionic as a function substitution condition 

of  Li1.5Al0.5Ge1.5-ySny(PO4)3 at 25 °C. 

For the y = 0.00 sample, the ionic conductivity (8.7 × 10-5 Scm-1) was slightly lower 

than others reported in the literature. The reason why it was not possible to reach the 

highest ionic conductivity values, presumably was because the lithium loss during 

the thermal treatments. Moreover, the activation energy (0.360 eV) was similar to 

others reports[17, 20]. When Ge4+ was substituted by Sn+4 in the level of y = 0.25, 
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the ionic conductivity dropped to the lowest value with higher activation energy 

compared to y = 0.00. Furthermore, for y = 0.50 sample, the ionic conductivity 

showed the maximum value for the tin-containing electrolytes with lower activation 

energy compared to the previous material. Moreover, after this summit, the ionic 

conductivity decreased and kept almost the same value for the last two electrolytes 

with a slight increase in the activation energy.  

There are few studies about NASICON electrolytes containing Sn4+ in the structure 

and now they are compared to this work. Santagneli et al. reported glassy NASICON 

samples in the system Li1+xAlxSnyGe2-(x+y)(PO4)3, the total ionic conductivity values 

were in the order of magnitude 10-5, 10-6, 10-7 and 10-9 and the activation energies 

around 0.8 eV[11]. The results in this work showed a group of solid electrolytes in 

the system Li1.5Al0.5Ge1.5-ySny(PO4)3 with higher ionic conductivities (~10-5 Scm-1) 

and lower activation energies (~0.3eV) prepared by conventional solid-state reaction. 

Moreover, Brian et al. synthesized by Pechini-type sol-gel process LiGeSn(PO4)3 

and Li1.5Al0.5Sn0.75Ge0.75(PO4)3 with bulk ionic conductivities in the order of 

magnitude 10-9 and 10-4 respectively. Considering compositional similarities, 

LiGeSn(PO4)3 is comparable to y = 1.00 (Li1.5Al0.5Ge0.50Sn1.00(PO4)3), however, this 

last material showed considerably higher total ionic conductivity (5.59 × 10-5 Scm-1). 

This result suggested that the germanium substitution with trivalent ions (Ge+ 4→Al+ 

3 + Li+) was still an important mechanism to enhance the ionic conductivity of 

NASICON electrolytes containing Sn4+[21]. On the other hand, the 

Li1.5Al0.5Sn0.75Ge0.75(PO4)3 (y = 0.75) material was also studied by Brian et al. and its 
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ionic conductivity and activation energies values were in good agreement with the 

values reported in this work.  

3.5 Structural distortion 

y = 0.75 and y = 1.00 samples showed expected low ionic conductivity values due 

to the disruption in the crystal ordering according to the XRD data. On the other 

hand, y = 0.25 and 0.50 samples showed good long range crystal ordering from the 

XRD. Moreover, the structural information revealed the increase in the lattice 

parameters suggesting the opening of the bottlenecks. Even though these conditions 

were favorable for enhancing the ionic conductivity of these two materials, their 

electrical properties didn’t improve. As the literature states, in NASICON materials 

containing diverse cations with different size, local distortion might affect the ionic 

conductivity [12, 22]. For this reason, Raman spectroscopy was carried out to study 

the local order of each material.  

In NASICON electrolytes, Raman bands result from the vibration of the PO4 

structural groups[22]. PO4 tetrahedra connects columns of MO6 octahedra, sharing 

oxygen atoms with M4+/3+ (Al3+, Ge4+, Sn4+) and lithium ions in the NASICON 

structure (Figure 3.9 b). Moreover, factor group analysis of these compounds with 

R-3c space group points out 14 internal modes; 6 stretching modes and 8 bending 

modes. 
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Figure 3.9 a) Raman spectrum of Li1.5Al0.5Ge1.5-ySny(PO4)3 in the frequency region 

of 150 to 1300 cm-1
. b) NASICON crystal structure where PO4 and MO6 structural 

groups are highlighted.  
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Figure 3.9a shows the Raman spectra of all the materials studied in this work and 

they were in good agreement with previous reports [12, 23]. Peaks in the range 

300−500 cm−1 were attributed to components of ν2 symmetric bending, while those 

in the range 500−800 cm−1 were components of ν4 antisymmetric bending. The 

higher energy stretching modes were observed in the range 900−1300 cm−1 (ν1, ν3) 

[12, 23]. According to the literature, these last stretching modes ν1 and ν3 located in 

the frequency 850 – 1300 cm-1 are very sensitive to the PO4 distortion and their peak 

broadening is an evidence[22]. For this reason, in Figure 3.10 it was amplified this 

range to study the local distortion of PO4 as a function of Ge4+ substitution by Sn4+ 

in the system Li1.5Al0.5Ge1.5-ySny(PO4)3.    
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Figure 3.10 Raman spectra in the range of 850 – 1300 cm-1
 for studying stretching 

modes ν1 and ν3. 
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Figure 3.10 shows the Raman spectra for the studied stretching modes. For y = 0.00 

sample, the peaks agreed well with the literature [12]. Moreover, with the 

substitution of Ge4+ by Sn4+ it was observed slight peak broadening in all cases 

compared to y = 0.00 sample. This fact pointed out the existence of PO4 distortion 

in the NASICON electrolytes containing Sn4+
.  

3.5.1 Modification of the bottleneck regions as a function of PO4 

distortion  

Al3+, Ge4+ and Sn4+ are placed in the same site in the rhombohedral NASICON lattice. 

Analyzing the structure, it is reasonable to think that if MO6 units containing Sn4+ 

are larger than MO6 units containing Ge4+ or Al3+, as a matter of fact, PO4 units will 

need to rotate and/or distort to accommodate the size difference. Moreover, each 

oxygen is shared in a bond with M4+/3+ cation, this points out an effect on the MO6 

units too as illustrated in Figure 3.11. The heavier M atoms may remain fairly 

ordered, and the MO6 units respond to the lattice strain primarily through rotation 

about the c-axis. This rotation of MO6 units will distort the geometry of the 

bottleneck by squeezing these regions for the further closure of the pathways and a 

trapping of Li+ and finally decreasing the ionic conductivity as shown in Figure 3.8, 

but specially for samples with level of substitution y = 0.25  and y = 0.50[12].   
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Figure 3.11 MO6/PO4 rotation and/or distortion. 

3.6 Electronic conductivity  

Figure 3.12a shows the normalized curves current vs. time of Li1.5Al0.5Ge1.5-

ySny(PO4)3 according to the level of substitution. All samples showed current drop 

and further stabilization confirming that NASICON electrolytes were predominantly 

ionic conductors. Moreover, Figure 3.12b shows the calculated electronic 

conductivity vs. substitution level. For y = 0.00 sample the sample shown electronic 

conductivities in good agreement with previous reports[20, 24].  As long as tin was 

incorporated to the structure, the electronic conductivity decreased gradually 

compared to sample y = 0.00. And it showed a slightly increase for y = 1.00. This 

overall decrease in the electronic conductivity is beneficial for solid electrolytes in 

order to avoid self-discharge in the batteries.    
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Figure 3.12 a) Experimental result of the electronic conductivity measurement vis 

DC-polarization method. b) Electronic conductivity as a function substitution 

condition of  Li1.5Al0.5Ge1.5-ySny(PO4)3 at 25 °C. 
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Table 3.3 summarize the electrical conductivities as well the activation energies, 

ionic transference number and relative densities for all studied samples.  

Table 3.3 Summary total ionic conductivities, electronic conductivities, activation 

energy, ionic transference number and relative density with composition Li1.5Al0.5Ge1.5-

ySny(PO4)3. 

Sample 

Li1.5Al0.5Ge1.5-

ySny(PO4)3 

Total Ionic 

Conductivity 

(10-5 Scm-1) 
at 25 °C 

Activation 

energy (eV) at 

25°C 

Electronic 

Conductivity 

(10-10 Scm-1) 
at 25°C 

Ionic 

Transference 
Number ti 

Relative 

Density 
(%) 

y = 0.00 8.70 0.360 3.27 0.999996 90.05 

y = 0.25 5.34 0.380 2.80 0.999995 85.56 

y = 0.50 6.51 0.370 2.03 0.999997 92.33 

y = 0.75 5.61 0.386 1.79 0.999997 91.90 

y = 1.00 5.59 0.392 2.05 0.999996 88.91 
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Chapter 4. Conclusion 

1) The influence of Sn inclusion on the conductivities of Li1.5Al0.5Ge1.5-

ySny(PO4)3 was investigated. 

2) Impedance studies confirmed that Sn4+ addition produced lower ionic 

conductivity at various concentration levels. However, all conductivity 

values were in the same order of magnitude.  

3) The decrease in ionic conductivity was due to the local disorder in the MO6 

units group in the NASICON crystal structure which results in a distortion 

of the bottleneck regions reducing the charge carrier mobility. This was 

confirmed by Raman analysis. 

4) The prepared materials had a lower electronic conductivity which is a 

desirable property for LIB in order to avoid self-discharge of the cells.  

5) It was found three new materials in the system Li1.5Al0.5Ge1.5-ySny(PO4)3, 

among them Li1.5Al0.5Ge0.50Sn1.00(PO4)3  has the higher substitution level and 

ionic conductivity comparable to the well-known Li1.5Al0.5Ge1.5(PO4)3, this 

expands more the research on inexpensive oxide solid electrolytes feasible 

for applications.   
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