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ABSTRACT 
 
 

In this study, LiSn2P3O12 parent compound was synthesized using water based sol-gel 

method and the parameters of sol-gel method have been optimized in obtaining 

minimize impurity of the NASICON compound. Then the effects of structural 

modifications by partial substitutions using trivalent (Cr3+, Al3+) and tetravalent (Zr4+, 

Si4+) ions at Sn4+ and P5+ sites on the conductivity and electrochemical properties of the 

modified NASICON compound were studied. The X-ray diffraction analysis showed 

that LiSn2P3O12 compound can be indexed to rhomboherdral structure with space group 

(𝑅3𝑐) for samples sintered for 24 and 48 hours. However, after the optimization of the 

sol-gel method, LiSn2P3O12 compound sintered at 48 hours showed trace amount of 

SnO2 compared to the sample sintered for 24 hours. The LiSn2P3O12 compound sintered 

for 48 hours showed average bulk, grain boundary and total conductivity of 7.22 ×10-6  

S cm-1, 2.99 ×10-7 S cm-1 and 2.87 ×10-7 S cm-1 at room temperature. The total 

conductivity increased to 1.38 ×10-5 S cm-1 when the temperature was 500 °C. The 

frequency dependence of conductivity followed Jonscher‟s universal power law. The 

plot of pre-exponent, s versus temperature suggested that Correlated Barrier Hopping 

Model was the conduction mechanism in the compound. The highest conducting sample 

was electrochemically stable up to 4.8 V. The impedance analysis showed that the 

conductivity of the parent compound increases with different substitutions of ions. The 

substitutions of smaller ionic radius of trivalent ions, Al3+ at Sn4+ site 

(Li1.5Al0.5Sn1.5P3O12) enhanced the conductivity at room temperature. The value of bulk, 

grain boundary and total conductivity were 8.71 ×10-6 S cm-1, 1.16 ×10-6 S cm-1 and  

1.02 ×10-6 S cm-1 respectively. The total conductivity increased to 8.18 ×10-5 S cm-1 

when the temperature was 500 °C.  Linear sweep voltammetry analysis indicated that 

Al3+ substitution improved the electrolyte decomposition from 4.8 V in the parent 
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compound to 5.1 V. For tetravalent ion substitutions, (Zr4+, Si4+) ions were substituted at 

P5+ site. For Zr4+ substituted system, Li1.5Sn2P2.5Zr0.5O12 compound displayed total 

conductivity values of 1.32 × 10-6 S cm-1 at room temperature and 5.77 × 10-5 S cm-1 at 

500°C. The Li1.5Sn2P2.5Zr0.5O12 compound was also electrochemically stable up to 5.2 

V. Meanwhile in Si4+ substituted system, Li1.5Sn2P2.5Si0.5O12 compound displayed total 

conductivity values of 1.05 × 10-6 S cm-1 at room temperature and 6.05 × 10-5 S cm-1 at 

500°C. Linear sweep voltammetry analysis also showed that Si4+ substitution improved 

the electrolyte decomposition from 4.8 V in the parent compound to 5.1 V. The 

transference number value of all Al3+, Zr4+ and Si4+ substituted samples were 0.99 

suggesting that the majority of mobile charge carriers were ions and anticipated to be 

Li+. Thus, the results of this study indicated that Al3+, Zr4+ and Si4+ substitutions 

significantly enhanced the electrical and electrochemical properties of the LiSn2P3O12 

ceramic electrolytes.  
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ABSTRAK 
 
 

Di dalam kajian ini, Lin2P3O12 telah disediakan menggunakan kaedah sol-gel 

menggunakan air dan parameter kaedah sol-gel telah dioptimumkan bagi mendapatkan 

bahan NASICON yang mengandungi kurang bendasing. Seterusnya, kesan 

pengubahsuaian struktur bagi penggantian separa menggunakan trivalen ion (Cr3+, Al3+) 

dan tetravalen (Si4+, Zr4+) ion di  kedudukan Sn4+ and P5+ kepada kekonduksian dan 

elektrokimia bagi bahan NASICON yang telah diubahsuai telah dikaji. Keputusan dari  

belauan sinar-x menunjukkan bahan LiSn2P3O12 boleh diindeks kepada struktur 

rhombohedra dalam ruang kumpulan (𝑅3𝑐) bagi sampel yang telah dipanaskan pada 

suhu tinggi selama  24 dan 48 jam. Walaubagaimanapun, bahan yang telah dipanaskan 

selama 48 jam mempunyai jumlah bendasing SnO2 yang kurang berbanding dengan 

sampel yang dipanaskan selama 24 jam. Maka , bahan LiSn2P3O12 yang dipanaskan 

pada suhu tinggi selama 48 jam menunjukkan nilai paling tinggi untuk kekonduksian 

pukal, kekonduksian sempadan butiran dan kekonduksian jumlah sebatian pada suhu 

bilik adalah 7.22 ×10-6 S cm-1, 2.99 ×10-7 S cm-1 dan 2.87 ×10-7 S cm-1. Kekonduksian 

jumlah sebatian meningkat kepada 1.38 ×10-5 S cm-1 apabila suhu dinaikkan kepada    

500 °C. Kebergantungan kekonduksian pada frekeunsi adalah mematuhi undang-undang 

sejagat Jonscher‟s. Plot pra- pelopor s melawan suhu menunjukkan bahawa mekanisme 

pengaliran dalam bahan boleh diterangkan dengan menggunakan model korelasi 

halangan loncat. Sampel yang mempunyai kekonduksian tertinggi stabil sehingga 4.8 V. 

Analisis spektroskopi impedans menunjukkan bahawa kekonduksian bahan induk 

meningkat dengan penggantian separa. Penggantian ion trivalen, Al3+ ke Sn4+ 

(Li1.5Al0.5Sn1.5P3O12) ke bahan induk telah meningkatkan kekonduksian pada suhu bilik. 

Nilai kekonduksian pukal, sempadan butiran dan jumlah kekonduksian adalah masing-

masing 8.71 ×10-6 S cm-1, 1.16 ×10-6    S cm-1 dan 1.02 ×10-6 S cm-1. Kesan ini adalah 
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disebabkan oleh ion celahan tambahan dan peningkatan kekonduksian sempadan 

butiran. Kekonduksian jumlah sebatian meningkat kepada 8.18 ×10-5 S cm-1 apabila 

suhu dinaikkan kepada 500 °C. Voltammetri sapuan linear menunjukkan sampel yang 

penggantian separa Al3+ juga telah meningkatkan kestabilan bahan kepada 5.1 V 

berbanding  4.8 V bagi bahan induk. Bagi sampel penggantian tetravalen, (Zr4+, Si4+) 

telah digantikan separa pada kedudukan P5+.  Bagi sampel penggantian separa 

menggunakan Zr4+, sampel Li1.5Sn2P2.5Zr0.5O12 menujukkan jumlah kekonduksian    

1.32 × 10-6 S cm-1 pada suhu bilik dan 5.77 × 10-5 S cm-1 pada 500 °C. Bahan 

Li1.5Sn2P2.5Zr0.5O12 juga adalah stabil sehingga 5.2 V jika dibandingkan dengan bahan 

induk. Sementara itu, bagi sampel dengan penggantian separa menggunakan Si4+, 

Li1.5Sn2P2.5Si0.5O12  menunjukkan jumlah kekonduksian 1.05 × 10-6 S cm-1 pada suhu 

bilik dan 6.05 × 10-5 S cm-1  pada suhu 500 °C. Voltammetri sapuan linear menunjukkan 

sampel yang penggantian separa Si4+ juga telah meningkatkan kestabilan bahan kepada 

5.1 V berbanding hanya 4.8 V bagi bahan induk. Nombor pemindahan bagi semua 

penggantian separa Al3+, Zr4+ and Si4+ adalah 0.99 di mana ia menujukkan bahawa 

majoriti pembawa cas adalah ion dan merupakan ion Li+. Oleh itu, hasil kajian ini 

menunjukkan penggantian separa menggunakan Al3+, Zr4+ dan Si4+ meningkatkan sifat-

sifat elektrik dan elektrokimia elektrolit seramik LiSn2P3O12 . 
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 CHAPTER 1: INTRODUCTION 

1.1  Introduction 

Increasing demands for high-energy-rechargeable batteries have developed battery 

technology. Many types of rechargeable batteries have been developed so far. Among 

them, the rechargeable lithium ion battery has been recognized as the most suitable 

battery for mobile information devices due to its high energy and power densities 

(Kotobuki & Koishi, 2013). Lithium ion batteries mainly consist of graphite negative 

electrode, organic liquid electrolyte, and lithium transition-metal oxide (LiCoO2) 

positive electrode.  

 

This type of batteries was firstly commercialized in 1991 and then such batteries 

have been widely spread out all over the world as a power source for mobile electronic 

devices such as cell phone, laptop and camcorder (Tatsumisago et al., 2013) . Figure 1.1 

shows the examples of lithium battery applications and the form of cells used (Wang  et 

al., 2015). The bulk size batteries are used in smart phones, laptops and even in electric 

vehicles.  However, as the miniaturization trend dominates the market, microbatteries 

are used in medical devices, microelectronics and integrated circuits.  
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Figure 1.1: Examples of lithium battery applications and the form of cells used 
(Wang et al., 2015) 

The liquid electrolytes used in the Li ion batteries, however, suffer several 

drawbacks compared to solid electrolytes. The drawbacks include limited temperature 

range of operation, device failure due to electrode corrosion by electrolyte solution, 

leakage and unsuitable shapes (Anantharamulu et al., 2011). So as an alternative, a 

suitable and ideal solid electrolyte with high ionic conductivity (< 10-4 S cm-1) at 

operating temperature, low electronic conductivity and also good electrochemical 

stability toward electrodes (> 4.5 V) is required to overcome these disadvantages.  

 

Furthermore, solid electrolytes also are simple in design, can act as a natural seal, 

resistance to shock and vibration, resistance to pressure and temperature variations, 

possess a wider electrochemical stability and better safety (Park et al., 2010) . In 

addition, they also have thermal expansion compatible with that of electrodes and other 

construction materials, negligible volatilization of components, suitable mechanical 

properties and negligible interaction with electrode materials under operation conditions 

(Sarıboğa et al., 2013). Besides that, a negligibly small grain-boundary resistance is 

important in the case of when sing polycrystalline ceramic type materials. Finally, as in 
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all industrial developments, the solid electrolytes must be environmentally benign,    

non-toxic, non-hygroscopic, low cost materials and their preparation method should be 

easy (Knauth, 2009).  

1.2  Background to research 

Solid electrolytes are considered intermediate in structure and property between  

normal crystalline solid with regular three dimensional structures and immobile atoms 

or ions and liquid electrolytes which do not have regular structures but do have mobile 

ions (West, 1984). Based on their microstructure and physical properties, solid 

electrolytes are categorized into four categories: framework inorganic crystalline 

material (ceramics), amorphous glassy electrolyte, polymer electrolyte and composite 

electrolyte. In the search for new ion conducting crystalline materials, ceramic 

electrolytes form an important class of materials. This type of electrolytes presents 

advantages such as the high elastic moduli which makes them more suitable for rigid 

battery designs for example in thin-film-based devices. Furthermore, ceramics 

electrolytes also are more suitable for high temperature and aggressive environments 

(Fergus, 2012).  

 

Another remarkable feature of solid electrolytes in addition to their contribution to 

the safety issue is their ion selectivity that is only Li+ or Na+ or Mg2+ ions are mobile in 

them. They do not accommodate any mobile species other than Li+ or Na+ or Mg2+ ions 

for example counter anions and molecules of the solvents as liquid or polymer 

electrolytes, which can diffuse to the surface of the electrodes and may cause side 

reactions. Therefore, side reactions hardly occur in solid-state systems. In other words, 
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the employment of solid electrolytes will solve the problems including capacity fading 

and self-discharge caused by the side reactions. In fact, solid state batteries showed 

remarkably long cycle life over 20000 cycles and self-discharge was very small even in 

the storage at elevated temperatures (Takada et al., 2004).  

 

Among solid electrolytes, NASICON (Sodium Superionic Conductor) type ion 

conductors have been tested widely in energy applications for instance in batteries, 

electric vehicles, sensors and etc. (Vijayan & Govindaraj, 2012). According to Hong 

(1976), high ion conductivity and stability of phosphate units are advantages of 

NASICON over other electrolyte materials (Hong, 1976). Among the batteries, those 

based on lithium shows the best performance. 

1.3  Problem Statements 

Synthesis route plays an important role in determining chemical and physical 

properties of the materials. Normally, the most common method that is used to prepare 

NASICON materials is the conventional method of solid state method. However, the 

materials prepared by solid state method have certain drawbacks such as the use of high 

heating temperature (usually >1000°C), long heating time up to one or two days, 

contamination of impurities, volatilization and  lack of control of microstructure and 

composition. The preparation method also produces materials that are not free of grain 

boundary resistance, thus resulting in low conductivity. Furthermore, the synthesis of 

NASICON compound of a pure phase without any second  phases is very difficult, 

especially when performed by solid state reaction (Traversa et al., 2000). Recently,  

Norhaniza et al. (2010, 2011, 2012, 2013)  has succeeded in obtaining stable pellets of 
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LiSn2P3O12 via mechanical milling method but the prepared compound still contains 

impurity (Norhaniza et al., 2010, 2013; Norhaniza et al., 2012; Norhaniza et al., 2011). 

So, in this study, citric acid assisted sol-gel method is considered in order to overcome 

the problems. This simple method of sol-gel may yield homogenous and high purity 

materials leading to low grain boundary resistance. This method is also suitable for both 

small and large scale productions (Adnan et al., 2011).  

 

Furthermore, in the NASICON family, Martinez-Juarez et al. (1997) and Lazarraga 

et al. (2004) have reported that LiSn2P3O12 having low ionic conductivity                      

(~ 10-10 S cm-1) (Lazarraga et al., 2004; Martinez-Juarez et al., 1997).  The studies were 

done by mixing the compound with teflon as a binder in order to improve the stability of 

the compound as it can be easily broken due to the phase change phenomena. This was 

due to the structure transition (monoclinic to rhombohedral structure) which yielded 

changes in the lattice volume leading to breakage of the sample pellets.  Norhaniza et al. 

(2010; 2011; 2012; 2013) has succeeded in obtaining stable pellets of LiSn2P3O12 via 

mechanical milling method without any use of binding agent but the ionic conductivity 

of the compound was ~10-7 Scm-1 at room temperature. Further enhancement in 

conductivity by one order of magnitude was also observed by partial substitution at P 

(V5+) or Sn (Cr3+) sites.  Substitution at both P and Sn (V5+, Cr3+) sites led to further 

enhancement of conductivity by two orders of magnitude.  So, the low conductivity 

value can further be improved by modifications of lattice parameters, structure and 

bottle neck size via partial substitution. This may be effectively done by  ions 

substitutions using trivalent (Cr3+, Al3+) and tetravalent (Si4+, Zr4+) ions at Sn4+ and P5+ 

site .  
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Previous study also only focused on structural properties of LiSn2P3O12 based 

compound as reported by previous researchers (Iglesias et al., 1997; Martinez-Juarez et 

al., 1995; Martinez et al., 1994). Meanwhile in electrical studies, previous works also 

focused only on the DC conductivity of the stannum based compound (Lazarraga et al., 

2004; Martinez-Juarez et al., 1997; Norhaniza et al., 2010, 2013; Norhaniza et al., 2012; 

Norhaniza et al., 2011). To date, other properties such as AC conductivity and 

electrochemical stability window have not yet been reported in literature. Furthermore, 

DC and AC conductivity of LiSn2P3O12 parent and modified compounds prepared via 

sol-gel method also have not been reported so far. The study on both DC and AC 

conductivity are important in order to elucidate the ionic conduction such as charge 

carrier concentration, mobile ion concentration and ion hopping rate. Meanwhile, the 

study on electrochemical stability window is important in order to determine the 

suitable application for the LiSn2P3O12 based compound. 

1.4  Research Objectives 

The main objectives of this research are summarized as follows: 

1. To optimize the parameters of sol-gel method in obtaining NASICON-structured    

lithium stannum phosphate, LiSn2P3O12 compound with minimum impurity. 

2. To modify the structural properties of LiSn2P3O12 compound by ion 

substitutions using trivalent (Cr3+, Al3+) and tetravalent   (Si4+, Zr4+) ions at Sn4+ 

and P5+ sites .  

3. To study the effects of ion substitutions to the electrical and electrochemical              

properties of the modified NASICON compound. 
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 1.5  Scope of study  

In this study, LiSn2P3O12 parent compound was prepared via low temperature water 

based sol-gel method. The parameters of sol-gel method have been optimized by 

sintering at two different sintering times, 24 and 48 hours and different sintering 

temperature ranging from 500°C to 650°C in order to minimize impurity in the 

NASICON compound. The samples undergo various characterizations including X-Ray 

Diffraction (XRD), Fourier Transform Infrared spectroscopy (FTIR),  Scanning 

Electron Microscopy (SEM), Energy Dispersive X-ray (EDX), particle size analysis and 

the optimum samples were characterized using Impedance Spectroscopy (IS), 

transference number measurement and Linear Sweep Voltammetry (LSV).  

 

Then the effects of ion substitutions using smaller ionic radius, rion trivalent ions, 

Cr3+   (rion = 0.52 Å) and Al3+ (rion = 0.53 Å) at Sn4+ (rion = 0.69 Å) site to the structural 

properties of LiSn2P3O12 compound were studied using X-ray diffraction. Besides that, 

the effects of ion substitutions using larger ionic radius, rion tetravalent ions, Zr4+        

(rion = 0.72 Å) and Si4+ (rion = 0.40 Å) at P5+ (rion = 0.38 Å) site to the structural 

properties of LiSn2P3O12 compound were also investigated.  

 

Last but not least, the effects of ion substitutions; trivalent ions (Cr3+ and Al3+) at 

Sn4+ site and tetravelant ions (Zr4+ and Si4+) at P5+ site to the electrical and 

electrochemical properties of the modified NASICON compound were studied. 

Electrical properties measured include DC and AC conductivity analyses and 

transference number measurement while electrochemical properties were studied using 

linear sweep voltammetry.  
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 1.6  Organization of thesis  

This thesis is divided into seven chapters. General introduction is presented in 

Chapter 1. The overview of the NASICON-structured solid electrolytes is given in 

detail in Chapter 2. Meanwhile, Chapter 3 focuses on the experimental details including 

the synthesis method that is sol-gel method and also characterization techniques used.  

 

Chapter 4 focuses on the results and discussions of LiSn2P3O12 parent compound that 

consists of two system; System I (LiSn2P3O12 sample sintered for 24 hours) and System 

II (LiSn2P3O12 sample sintered for 48 hours). In this chapter the effects of different 

sintering times and temperatures on the structural, electrical and electrochemical 

properties are presented.  

 

In Chapter 5, the effects of trivalent ions, Cr3+ and Al3+ substitutions at Sn4+ site on 

the structural, electrical and electrochemical properties of LiSn2P3O12 are discussed. The 

substitutions of Cr3+ and Al3+ yielded compounds with the general formula of 

Li1+xCrxSn2-xP3O12 and Li1+xAlxSn2-xP3O12 with x = 0.1, 0.3, 0.5, 0.7 and 0.9.  

 

Chapter 6 presents the results and discussions of the effects of tetravalent ion 

substitutions (Zr4+ and Si4+) at P5+ site on the structural, electrical and electrochemical 

behaviour of LiSn2P3O12. The substitutions of Zr4+ and Si4+ yielded compounds with the 

general formula of Li1+ySn2P3-yZryO12 and Li1+ySn2P3-ySiyO12 with y = 0.1, 0.3, 0.5, 0.7 

and 0.9.  

 

Chapter 7 presents the conclusions of the present work as well as suggestions for 

further work.  
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 CHAPTER 2: LITERATURE REVIEW 

 2.1  Electrolytes 

Solid State Ionics (SSI) is about the properties associated with the motion of ions in 

solids (Kudo & Fueki, 1990) that represents the electrolytes. The electrolytes are the 

conducting medium in which the flow of current is accompanied by the movement of 

matter in the form of ions. The electrolytes material separates the cathode and anode in 

any of the electrochemical devices such as batteries, fuel cells, supercapacitors and 

sensors.  

2.2  Solid electrolytes 

The conventional rechargeable batteries supply high energy and power densities in 

various electronic devices. However, they contain hazardous and flammable organic 

liquid electrolytes, making them potentially unsafe  (Notten et al., 2007; Thangadurai & 

Weppner, 2006) . The uses of solid electrolytes in the next generation lithium ion 

batteries provide numerous advantages, such as prevention of electrolyte leakage, 

improves the thermal and mechanical stability, no self-discharge and longer life cycle as 

well as increasing the possibility of miniaturization and integration. Hence, the 

development of new solid inorganic electrolytes to be applied in all-solid-state lithium 

ion batteries is currently the key issue of this technology (Scrosati, 2000). In the past 

few decades, research efforts were directed towards finding suitable solid electrolytes 

for lithium ion batteries with high lithium ion conductivity along with high 

electrochemical stability in contact with commonly used intercalation electrode 

materials for battery applications (Kamaya et al., 2011). 
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However, the ideal solid electrolytes to be employed in electrochemical devices 

should possess the following characteristics (Agrawal & Gupta, 1999; Robertson et al., 

1997) :  

i. High ionic conductivity at operating temperature ( 10-1 – 10-4 S cm-1)  

ii. Low or negligible electronic conductivity 

iii. The absence of side reactions (chemical reactions) with the anode and cathode 

iv. Non-hygroscopic 

v. Low cost of fabrication 

vi. Environmentally safe 

vii. Wide electrochemical stability window 

viii. The sole charge carriers should be only ions and ionic transference number 

value, ηion ≈1  

ix. Low activation energy (> 0.3 eV)  

2.3  Classification of solid electrolytes 

Based on the microstructure and physical properties, solid electrolytes are 

categorized into four categories: polymer electrolytes, amorphous glassy electrolytes, 

composite electrolytes, and crystalline electrolytes. 

2.3.1  Polymer electrolytes 

Polymers are formed by an almost regular repetition (monomers) of units (atomic 

groups) connected by chemical bonds which form linear long chains or branched, or 

three-dimensional net (polymerization). Meanwhile, the polymer electrolytes consist of  
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polymers and salts or acids (Marcinek et al., 2015). These electrolytes possess several 

advantageous properties over other solid electrolytes such as non-volatility, shape 

flexibility, high mechanical integrity, mouldability, and flexible thin film which are 

formed by ensuing intimate electrode-electrolyte contacts during the fabrication of all-

solid-state electrochemical devices (Armand, 1986; Marcinek et al., 2015) . Fenton et al. 

(1973)  synthesized the first polymer electrolyte membranes by making complex alkali 

ion salts with a high molecular weight polar polymer i.e. polyethylene oxide (PEO) 

(Fenton et al., 1973).  

 

Later on,  based on poly (ethylene oxide) (PEO) - Li+ - salt complex of solid polymer 

electrolyte (SPE) was demonstrated as a practical thin film battery for the first time by 

Armand et al. (1979) (Armand et al., 1979). This discovery attracted a widespread 

attention both in the academic and industrial sectors. As a result, a large number of 

polymer electrolytes involving different mobile ions (H+, Li+, Na+, K+, Ag+, etc.) as 

principle charge carriers have been investigated during the last three and a half decades 

and explored their potential applicability as the electrolytes in a variety of all-solid-state 

electrochemical power sources, namely high power density rechargeable batteries, fuel 

cells, and supercapacitors.  

 

On the basis of different preparation routes adopted during the casting of polymer 

electrolyte membranes as well as on their physical conditions, these materials were 

grouped into following broad categories: 

• Conventional polymer salt complexes / dry SPEs 

• Plasticized polymer-salt complexes and/or solvent swollen polymers 

• Gel polymer electrolytes 
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• Rubbery polymer electrolytes 

• Composite polymer electrolytes 

The conduction mechanism in polymer electrolytes is associated with the local 

motion of polymer known as segmental motion in the vicinity of the ion (Armand, 

1986). However, the main drawbacks that are limiting further development of polymer 

electrolytes are related to their very low conductivity value at room temperature (below       

10-5 S cm-1), and possessed low lithium transference number (ranging from 0.2 - 0.3)  

(Scrosati & Vincent, 2000).  

2.3.2 Amorphous-glassy electrolytes 

Fast ion conduction in amorphous-glassy solid electrolytes has attracted lots of 

attention in the later part of 1970. There are several advantages of these electrolytes 

from the viewpoint of ion conduction compared to the crystalline ones such as a wide 

range of selection compositions, isotropic properties, no grain boundaries, and easy film 

formation. Because of its so-called open structure, the ionic conductivity of amorphous 

materials is higher than that of the crystalline ones. In addition, a single ion conduction 

can be realized because of the glassy materials which belong to the decoupled systems 

where the mode of ion conduction relaxation is decoupled from the mode of structural 

relaxation (Minami et al., 2006).  

 

Fast ion conduction in a melt-quenched glassy system known as AgI-Ag2SeO4 was 

reported for the first time in 1973 (Kunze & Van Gool, 1973). This glassy electrolyte 

exhibits very high Ag+ ion conductivity (~ 10-2 S cm-1) at room temperature. Since then, 
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a large number of superionic glasses involving different kinds of mobile ions such as 

Ag+, Cu+, Li+, Na+, F- etc. have been reported (Minami, 1985; Tatsumisago et al., 1991). 

Among the variety of superionic glasses, Ag+ ion conducting glassy electrolytes 

attracted relatively wider attentions as they exhibited relatively higher conductivity at 

room temperature and the materials handling and synthesis of glass are easier (Chandra  

et al., 2013; Souquet, 1981). 

 

There are also several disadvantages concerning these amorphous – glassy 

electrolytes such as complicated synthesis technology, highly water reactive, and highly 

corrosive in silica containers. These difficulties limits their usage commercially.   

2.3.3  Composite electrolytes 

Composite solid electrolytes also referred as the dispersed solid electrolytes, are high 

ion conducting multiphase solid systems. These electrolytes have attracted great 

technological attentions after 1973 (Liang, 1973) as potential candidates for all solid 

state electrochemical device fabrication. They are mainly two - phases mixture, 

containing a moderately conducting ionic solid (AgI, CuI, etc.) as first – phase host salt 

and a second - phase material, may be either an inert insulating compound (Al2O3, SiO2, 

ZrO2, Fe2O3, etc.) or another low conducting ionic solid (AgBr, AgCl, KCl, etc.).  As a 

consequence of dispersal of submicron sized particles of the second - phase in a small 

fraction into the first - phase host salt, a substantial improvement in various physical 

properties of the host is usually achieved without altering the structural/chemical nature 

of the constituent compounds. Both phases coexist together separately in the composite 

system. In two phases composite electrolytes, an enhancement of one to three orders of 

magnitudes could be obtained in the conductivity value at room temperature. For the 
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first time in 1973 , Liang reported a remarkable enhancement of Li+ conductivity in a 

two - phase composite electrolyte system defined as  LiI - Al2O3 (Liang, 1973). Since 

then, a large number of two - phase composite electrolytes involving different mobile 

ions such as Ag+, Cu+, Li+, etc., has been investigated (Agrawal & Gupta, 1999; 

Chandra & Laskar, 1989; Liang et al., 1978; Wagner, 1980). The size of particles of 

second - phase dispersoid plays a significant role in improving the physical properties of 

the first - phase host salt especially the conductivity. Hence, the dispersal of nanosized 

particles would result in a substantial enhancement in the conductivity.  

2.3.4  Crystalline electrolytes 

The study on ionic conduction in solids was initiated in 1838 when Faraday 

discovered PbF2 and Ag2S as good conductors of electricity. In subsequent years, a 

variety of solids exhibiting appreciably high ion conductivity at their operating 

temperature was recognized. Silver ion conducting solids of the type, RbAg4I5, were 

discovered in the early sixties and were employed in the electrochemical cells (Bradley 

& Greene, 1967). The Na-β-alumina was successfully utilized in Na/S batteries in 1967 

(Yao & Kummer, 1967). Hong (1976) and Goodenough et al. (1976) have reported a 

high ion conducting skeleton structure having polyhedral units popularly known as 

NASICON (Na Super Ionic Conductor) as can be seen in Figure 2.1 (Goodenough et al., 

1976; Hong, 1976). The polyhedral skeleton structure consists of rigid (immobile)    

sub-array which provides a large number of three-dimensionally connected interstitial 

sites suitable for long range motion of monovalent cations. In contrast to the β-Al2O3, 

Na+ ions move within three-dimensional channels of the structure in the NASICON 

compound. Analogous compounds, such as LISICON, were synthesized shortly after 

that (Goodenough et al., 1976; Hong, 1978). From 1970 onwards, several studies 
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focusing on the synthesis and characterization of lithium ion conductors were reported. 

The enhanced interest on lithium ion conductors was driven by the small ionic radii, 

lower weight, ease of handling and its potential use in high energy density batteries. 

Besides that, the Li4SiO4 as well as its non-stoichiometric solid solution of Li4-3xAl3SiO4 

(0 ≤ x ≤ 0.5) was also one of the promising Li+ fast ionic conductors. 

 

Figure 2.1: History of lithium superionic conductor (Kato et al., 2016) 
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2.3.4.1  Garnet-type 

The garnet type compounds recieved significant attention in the field of materials 

science, due to their favorable magnetic, optical and electrical properties (Kahn et al., 

1969). Garnet-type materials exhibit a general chemical formula of A3B2(XO4)3 (A = 

Ca, Mg, Y, La or rare earth; B = Al, Fe, Ga, Ge, Mn, Ni or V; X = Si, Ge, Al) where A, 

B and X are eight, six and four oxygen coordinated cation sites, which crystallize in a 

face centered cubic structure with the space group 𝐼𝑎3 𝑑. Figure 2.2 shows the structure 

of ideal garnet-type metal oxides (Thangadurai et al., 2014). The compounds which 

exhibit useful technologically related physical and chemical properties become ideal 

materials for magnetic and optical devices. Another unique and perhaps the most 

important, but rather uncommon characteristic of Li ion excess garnet-type materials is 

the ionic conduction.  

 

Commonly studied garnets typically contain five to seven Li atoms per formula unit, 

and are referred to as the Li-stuffed (Li-rich) garnets. It possesses more Li that can be 

accommodated at the tetrahedral sites, leaving excess Li at the octahedral sites in the 

garnet structure (Thangadurai et al., 2014). The first reported Li ion conducting Li-

stuffed garnets are the Li5La3M2O12 (M = Nb, Ta), which were developed in 2003 

(Thangadurai et al., 2003). The maximum lithium ionic conductivity of about                

4 × 10−5  S cm-1 was obtained at room temperature for barium doped samples, 

Li6La2BaTa2O12 (Thangadurai & Weppner, 2005). The Ta5+ or Nb5+ ions were 

substituted by ions such as In3+. The lithium ionic conductivity can reach                    

1.8 × 10−4 S cm-1 at 323 K in indium doped samples that is Li5.5La3Nb1.75In0.25O12 

(Knauth, 2009).  
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Figure 2.2: Idealized crystal structure of garnet – type materials (Thangadurai et al., 
2014) 

2.3.4.2  Perovskite-type 

Perovskitese-type, ABX3 with generally cubic crystal symmetry were extensively 

studied due to their functional properties such as electronic, magnetic, ferroelectric, ion 

conducting and optical properties (Galasso, 2013). The structure of perovskite is often 

depicted by corner-shared BX6 octahedra enclosing 12 coordinated A-site ions as shown 

in Figure 2.3 (Zhang  et al., 2011). Perovskites have different modifications, some have 

regular octahedra which are corner-shared in a straight line, but some others also have 

distorted structures accompanied by the distortion and tilting of the BX6 octahedra and 

cation displacements. Their properties can easily be tuned due to the simple structure 

which tolerates various kinds of chemical substitution on A, B and X sites (Sebastian  & 

Gopalakrishnan, 2003). 

 

Univ
ers

ity
 of

 M
ala

ya



 

18 

Latie et al. in 1984 reported the first lithium ion conducting perovskite by 

heterovalent substitution of La3+ by Li+ cations in the A-site deficient perovskite 

La2/3TiO3 (Latie et al., 1984). Since then, La2/3-xLi3xTiO3 (with optimum x ≈ 0.11) has 

stimulated a wide interest because of its high bulk lithium ion conductivity                

(10-3 S cm-1). The high lithium ion conductivity in La2/3-xLi3xTiO3 can be attributed to 

the presence of many equivalent sites which enable the lithium ions to move freely 

along A-site vacancies (Harada et al., 1999) that are affected by the charge carrier 

concentration, the degree of order on the A-site, and the bottleneck size.  

 

 

Figure 2.3: The structure of perovskite ABO3, (a) corner-sharing (BO6) octahedra 
with A ions located in 12-coordinated interstices, (b) B-site cation at the center of the 

cell (Zhang et al., 2011) 
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2.3.4.3  LISICON-type 

LISICON (Lithium Super Ionic Conductor) compound firstly reported was 

Li3.5Zn0.25GeO4 which is a member of the solid solutions of Li2+2xZn1-xGeO4 (-0.36 < x < 

0.87) (Bruce & West, 1980; Hong, 1978). These solid solutions were based on 

stoichiometric and fully ordered Li2ZnGeO4, which is iso-structural with γ-Li3PO4 and 

can be derived by the double substitution of P5+ and Li+ by Ge4+ and Zn2+, respectively. 

 

The Li-rich solid solutions, including Li3.5Zn0.25GeO4, crystallizes in the Pnma 

orthorombic space group as shown in Figure 2.4 and the LISICON network is formed 

by elements of [Li2+xZn1-xGeO4]x- and the remaining x amount of lithium (Lix). The 

bottleneck size between these connected sites is large enough to fulfill the geometrical 

conditions for the fast lithium ion transport in two dimensions. The Zn rich compounds     

(x < 0) contain vacant Li+ in the tetrahedral sites (Abrahams et al., 1988).  

 

The highest lithium ion conductivity measured is 0.12 S cm-1 at 300 °C but only        

1 × 10-7 S cm-1 at room temperature can be reached with Li3.5Zn0.25GeO4 stoichiometry 

(x ≈ 0.75) (Bruce & West, 1982). A wide range of materials has been synthesized within 

the LISICON family, with the framework related to the γ-Li3PO4 structure and are 

formed by GeO4, SiO4, PO4, ZnO4 or VO4 tetrahedra. From those possible compounds, 

Li3.6Ge0.6V0.4O4 showed the highest room temperature conductivity around                     

4 × 10-5 S cm-1  among the others (Kuwano & West, 1980) whereas the Li3.4Si0.4V0.6O4 

was found to be stable in contact with lithium even above the 180 °C. The 

Li3.4Si0.4V0.6O4 has a slightly lower ionic conductivity of 1 × 10-5 S cm-1 at room 

temperature than germanium analogues (Khorassani & West, 1984). Recently, in the 

Li4SiO4 compound, partial substitution of Si4+ with Sn4+ considerably raises the 
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conductivity of the system with a maximum conductivity value of 3.07 × 10-5 S cm-1 at 

ambient temperature and 1.30 × 10-4 S cm-1 at 500 °C (Adnan & Mohamed, 2014).  

 

Figure 2.4: Structures of (a) Li2ZnGeO4 and (b) Li3.5Zn0.25GeO4.In (b), the red 
circles within the channels denote interstitial Li+ ions (Sebastian & Gopalakrishnan, 

2003) 

2.4 NASICON 

NASICON (Sodium Superionic Conductor) type ion conductors were widely tested 

in energy applications of electric vehicles. High ionic conductivity and stability of 

phosphate units are the advantages of NASICON over other electrolyte materials. It was 

first discovered by Hong (1976) and Goodenough et al. (1976) with the general formula 

of Na1+xZr2SixP3O12 (Goodenough et al., 1976; Hong, 1976). 
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2.4.1 Structure of NaZr2(PO4)3 

The basic structure of Na1+xZr2SixP3O12 is rhombohedral which consists of a three-

dimensional framework of corner-shared ZrO6 octahedra and PO4 tetrahedra. This 

[Zr2(PO4)3]– framework is highly stable due to its covalent nature and shows high 

melting points (> 1650°C)  (Kumar & Yashonath, 2006).Two ZrO6 octahedra are 

separated by three (Si,P)O4 tetrahedra that share corner oxygen atoms and two types of 

Na sites (Na1and Na2) (Song et al., 2014). The Na1 site is located in between two 

octahedra along the c axis and other site, Na2 is at the midway of two Na1 sites along the 

a axis  (Yadav & Bhatnagar, 2012). The two sodium sites, Na1 and Na2, inside the 

channels, are connected through triangular bottlenecks of oxygen atoms. The bottleneck 

between both sites of the rhombohedral symmetry is formed by three oxygen atoms 

whose centers make up an isosceles triangle. High ionic conductivity, due to the 

movement of sodium ions, depends on the size of the bottleneck, activation energy 

required for the movement of ions and lattice parameters whose value can be modified 

by changing compositions (Yadav & Bhatnagar, 2012).  
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Figure 2.5: Schematic representation of NaZr2(PO4)3 (Song et al., 2014) 

 

Figure 2.6: A view of the NaZr2(PO4)3-structure parallel to the c axis. M(1), shown 
as filled circle (●), and M(2), shown as open circle (○). (Kumar & Yashonath, 2006) 
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Meanwhile, the Lithium Stannum Phosphate (LiSn2P3O12) is a Li+ ion conductor that 

shows NASICON type structure  (Cui et al., 2012; Martinez et al., 1994; Martinez-

juarez et al.,1996; Norhaniza et al., 2010).Two crystallographic phases have been 

reported for this compound  (Iglesias et al., 1997; Martinez et al., 1994; Martinez-juarez 

et al., 1996); a high temperature phase with rhombohedral R3c symmetry and high ionic 

conductivity, a low-temperature phase with triclinic P1 symmetry or monoclinic Cc 

symmetry and lower conductivity. Similar to the Na1+xZr2SixP3O12, the LiSn2P3O12 

framework also consists of two types of sites that can be occupied by lithium ions: M1 

sites located between SnO6 octahedral sites having six coordination with oxygens 

forming SnO6 octahedra and; M2 sites located between the ribbons of PO4 tetrahedra 

possessing a distorted eight coordination with oxygens. Both sites are arranged in an 

alternating form of a 3D array along conduction channels, also known as the 

bottlenecks, which allow transportation of cations. The corner sharing bonding in this 

framework also allows rotation of the framework, while the modifications like partial 

substitution may be done to improve its properties (Arbi et al., 2007; Losilla et al., 

1997). Besides, the stannum based compound are selected as they can be easily 

synthesized, less expensive, safe, thermodynamically stable and insensitive to the 

atmospheric surrounding.  

2.4.2  Replacement of Cation 

Since the discovery of NASICON by Hong (1976) and Goodenough et al. (1976), 

remarkable studies have been conducted to improve the ionic conductivity of the 

compound. As a result of corner sharing oxygens, NASICON structure has a flexible 

framework which allows the replacement of Na+ ions by ions of different sizes (Table 

2.1) such as Li+, K+, Mg+ and Cs+. The replacement causes the rotation in the skeleton 
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of the NASICON in order to accommodate the cation as shown in Figure 2.7. However, 

the rotation only modifies the lattice parameters but the NASICON structure is still 

maintained.  

 

Figure 2.7: Different replacement of cation produces the rotation in PO4 tetrahedra 
in the NASICON skeleton (Alamo, 1993) 

In this study, Li+ (rion = 0.76 Å) ions are chosen to replace Na+ (rion = 1.02 Å) ions in 

the Na1+xZr2SixP3O12. Replacement of smaller ionic radius of the ions will alter the 

conduction channels in the NASICON structure that will lead to the enhancement of the 

conductivity.  

2.4.3  Partial Substitution 

Apart from the replacement at the Na+ site, partial substitutions can also be done at 

Zr4+ and P5+ sites.  Kumar and Yashonath (2006) have listed the possible ions to be 

replaced at Na+, Zr4+ and P5+ as in Table 2.1 ( Kumar & Yashonath, 2006). According to 
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Knauth (2009), the strength of the NASICON framework increases when partial 

substitutions of ions with higher oxidations state at Zr4+ and P5+ sites (Knauth, 2009). 

Partial substitutions will cause changes in the value of a and c parameters resulting in a 

change of the size of the bottleneck channel. Partial substitutions are also normally 

carried to allow the optimization of the size of the bottleneck so that mobile ions can 

move easily in the structure and enhance the conductivity of the compound. 

Table 2.1: List of ions for replacement and partial substitutions (Kumar & 
Yashonath, 2006) 

Site Replacement/ Substitutions 

Na 
Group I : H, Li, K, Rb, Cs, NH4, Cu, Ag, Ti.... 

Group II: Mg, Ca, Sr, Ba, Mn, Co, Zn, Pb, Fe.... 

Zr 

Group II: Cu, Mg, Zn, Mn, Ni... 

Group III: Cr, Fe, Al, Co, Ga, In... 

Group IV: Sn, Ti, Ge, Th, U.. 

Group V: Nb, V, Ta... 

P 
Group IV: Zr, Si.. 

Group V: Nb, As, V... 

(a)  Types of partial substitutions 

The lithium analogous NASICON structured have a general formula of LiM2P3O12 

where M = Ti, Hf, Zr, Ge, Sn and etc. Table 2.2 below shows the list of the previous 

research done by the partial substitution at M site. 
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Table 2.2: List of research done by partial substitution at M site in LiM2P3O12 
compound 

 

M Previous Research 

Ti 

Aono et al., 1990a, 1990b; Arbi  et al., 2015; Best  et al., 2000; Ding et al., 2012; 

Jackman & Cutler, 2013; Lin et al., 1988; Morimoto et al., 2013; Ortiz et al., 

2014; Pérez-Estébanez et al., 2014; Pinus et al., 2012; Schroeder et al., 2011; 

Takada et al., 2001; Vijayan & Govindaraj, 2011; Wang et al., 2003; Wolfenstine 

et al., 2009; Yang et al., 2015; Zhang et al., 2015; Zhao et al., 2016 

Hf 
Aono et al., 1993; Chang et al., 2005; Kuwano et al., 1994; Losilla et al., 1997; 

Martínez-Juárez et al., 1997; Martínez-Juárez et al., 1996; París & Sanz, 2000 

Zr 
Alamo & Rodrigo, 1989; Arbi et al., 2002; Casciola et al., 1988; Catti & 

Stramare, 2000; Catti et al., 1999; Petit et al., 1986; Sanz et al., 1993; Sudreau et 

al., 1989 

Ge 
Alami et al., 1991; Arbi  et al., 2015; Chung & Kang, 2014; Illbeigi et al., 2016; 

Inada et al., 2015; Kotobuki & Koishi, 2015; Yamamoto et al., 1997 

Sn 
Cui et al., 2012; Iglesias et al., 1997; Lazarraga et al., 2004; Martinez-Juarez et 

al., 1997; Martinez-Juarez et al., 1995; Martinez et al., 1994; Norhaniza et al., 

2010; Norhaniza et al., 2011 

 

However, the ionic conductivities of these systems are still lower than the 

Na1+xZr2SixP3O12 system. So, the partial substitutions are normally done with the 

objectives:  

i) Li+ vacancies to form the structure with a general formula of Li1-xAxM2-xP3O12 where           

Li+ + M4+ → A5+.  

(ii) Li+ interstitials to form the structure with a general formula of                                                         

Li1+xAxM2-xP3O12 where M4+ → Li+ + A3+.  
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Partial substitutions at the P site also have been reported by several researchers (Best 

et al., 1999; Chang et al., 2005; Geng et al., 2015; Norhaniza et al., 2011; Wong et al., 

1998) with the following objectives:  

 
(i) Substituted with the pentavalent ions to form the structure with a general formula of 

LiM2-yP3-yNyO12 where P5+ → N5+.  

(ii) Li+ interstitials to form the structure with a general formula of                                                        

Li1+yM2P3-yRyO12 where P5+ → Li+ + R4+.  

 

The partial substitutions at both M and P site have also been conducted and the 

choice of ions for M, A, R and Q sites are listed in Table 2.1. The highest conducting 

system that has been reported in the literature was the Li1.3Al0.3Ti1.7(PO4)3 which 

showed the ionic conductivity of ≈ 3 × 10−3 S cm−1
 (Aono et al., 1990b; Arbi et al., 

2005) at room temperature with low activation energy, Ea . The Ea for the system 

dropped from 0.35 eV to 0.20 eV at the temperatures above 200°C. 

(b)  Effects of partial substitutions on the conductivity 

The conductivity enhancement in NASICON materials is related to the conduction 

channels or bottleneck size. Various works on the partial substitutions have been done 

since 1976 in order to optimize the conduction channels or bottleneck size for an 

optimum mobility of the ions. Aono et al. (1990) have prepared Li1+xTi2-xMx(PO4)3 (M = 

Al, Cr, Ga, Fe, Sc, In, Lu, Y, or La) and studied their conductivity. The enhancement of  

conductivity in M3+ substituted lithium NASICON was attributed to the densification of 

the sintered pellets (Aono et al., 1990b). These authors reported that enhancement of the 
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ionic conductivity observed in Al substituted compounds was due to an increase of the 

lithium content and a better connectivity of the grains caused by an increase of density 

associated with the segregated phases in the grain boundaries that acted as binders. This 

is probably the source of the high ionic conductivity of almost 10−3 S cm−1 at room 

temperature  (Aono et al., 1991) for Li1.3Al0.3Ti1.7(PO4)3. 

 

Later on, this system was further investigated. Substitution of Al3+ into Ti4+site, and 

M5+ (V, Nb) into the P5+ site in the series of Li1+yAlyTi2-y(PO4)3 and                 

Li1+yAlyTi2-y(PO4)3-x(MO4)x (M = V5+, Nb5+; y = 0.1, 0.3) gave several impurity phases 

such as TiO2 (Rutile), AlPO4-tridymite and TiP2O7 in addition to nonstoichiometric 

modified LiTi2P3O12 (Wong et al., 1998). The increase in the conductivity is correlated 

to both the incorporation of Al and the presence of vacancies in the 

LiTi2P3O12framework.  

 

Besides that, an increase in conductivity was observed when LiTi2P3O12 samples 

were partially substituted with Si4+ at P5+ site in Li1+x+yAlxTi2-xSiyP3-yO12 (Fu, 1997; Tan 

et al., 2012).  Conductivity was enhanced significantly to 3×10-3 S cm-1 for this system 

at room temperature. 

 

The effects of partial substitution using Cr3+ on the conductivity of NASICON 

structured materials were investigated by several researchers (Jiao et al., 2007;  Pérez-

Estébanez et al., 2013; Pérez-Estébanez et al., 2014) .  Pérez-Estébanez et al. (2013, 

2014) reported that room-temperature conductivity of LiTi2(PO4)3 system substituted 

with Cr3+ with x = 0.1 was 1.4 x 10−4 S cm−1 and an activation energy of 0.31 eV. This 

was due to the ionic conductivity across grain boundaries correlated with the increased 
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density of the pellets that took place upon Cr addition (Pérez-Estébanez et al., 2013; 

Pérez-Estébanez et al., 2014). While Delmas et al, (1981) reported that the conductivity 

enhancement in Cr3+ substituted NaZrP3O12 was due to the increase in mobility of ions 

as reflected by the decrease in activation energy (Delmas et al., 1981). 

 

Besides, several researchers such as Best et al. (1999), Geng et al. (2015), Norhaniza 

et al. (2011) and Wong et al (1998) also conducted the substitution at the P5+ site using 

V5+ that improved the sinterability and ionic conductivity of the compound (Best et al., 

1999; Geng et al., 2015; Norhaniza et al., 2011; Wong et al., 1998).  

2.4.4  Conduction mechanism in NASICON 

The conductivity in crystalline framework materials is due to the phenomena of ion 

diffusion through lattice defects. There are two types of defects related to the context of 

ion mobility in crystals and they are the Schottky (vacancies) and Frenkel (interstitials) 

defects (Agrawal & Gupta, 1999). These defects belong to the class of „point defects‟ in 

crystals as shown in Figure 2.8. The Schottky defect refers to the crystal imperfection in 

which a pair of ions, one cation and an anion, disappears leaving their positions vacant. 

A single ion missing from its regular position and wandering in the interstitial sites 

resulted in the Frenkel defect. However, the interstitial sites have different environments 

regarding the number or type of their neighbours or its separation from the neighbours 

than the regular sites. Both the Frenkel and Schottky defects produce vacant sites in the 

crystal where any ion in the immediate vicinity can jump to one of the vacant sites. This 

jumping leaves the previous site of the ion as vacant which could be now hosted by 
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another ion. This process can lead to the transfer of ions across the solid giving rise to 

conductivity (Kumar & Yashonath, 2006).  

 

 

Figure 2.8: Schottky and Frenkel defects (Moffatt et al. , 1964) 

 

However, the most important diffusion phenomena in the NASICON materials 

occurs in the form of hopping in the conduction channels known as bottlenecks (Guin & 

Tietz, 2015; Kumar & Yashonath, 2006).  Three distinct conduction channels (pathways 

or hop path of ions) were proposed to exist in the rhombohedral R3 c structure. The first 

conduction channel was between M(1) and M(2) sites while the second connects 

between neighbouring M(2) and M(2) sites as shown in Figure 2.9. The third path was 

most likely between M(1) to mid (M) and to M(2). The first path was the shortest path 

and was the most preferred path in NASICONs materials. However, it appears that M(1) 

to M(1) path does not exist. 

 

 

Schottky defect 

Frenkel defect 
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Figure 2.9: A typical trajectory showing ion hoping from M(1) to M(2)           

(Kumar & Yashonath, 2006)  

Lithium ion DC conductivity, ζ of electrolytes is the possibility of electrolytes to 

bring the current density, 𝑖  in the applied electric field, 𝐸  ,  

𝜎 =  𝑖
 

𝐸
 

                                                                                                                      (2.1) 

Generally,  

𝜎 =  𝑍𝑖𝜇𝑛                                                                                                                (2.2)  

where Zi is the charge of mobile ions, µ is the mobility while n is the concentration of 

the ions. The relation of σ and diffusion is given by the Nerst-Einstein relation,  

𝜇𝑘𝑇 =  𝑍𝑖𝐷                                                                                                             (2.3)  

where k is the Boltzman constant, T is the temperature and D is the diffusion coefficient.  
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Thus the Equation (2.2) becomes,  

𝜎 =  
𝑛𝐷(𝑍𝑖)

2

𝑘𝑇
                                                                                                              (2.4) 

Furthermore, the conductivity of NASICON materials is also temperature dependent 

as described by Arrhenius equation:  

𝜎 =  𝜎0 𝑒𝑥𝑝  
−𝐸𝑎

𝑘𝑇
             (2.5) 

where the ζ , T, ζ0, Ea, and k denote the conductivity, the absolute temperature, pre-

exponential factor, activation energy for Li+ ion migration, and Boltzmann‟s constant, 

respectively. The plot of log ζ  versus 1/T yields a straight line with a gradient value of  

 −𝐸𝑎

𝑘𝑇
. Besides that, AC conductivity was assessed from the dielectric data in accordance 

with the relation: 

 
𝜎𝐴𝐶 = 𝜔𝜀0𝜀"𝑡𝑎𝑛𝛿                                                                                                        (2.6) 

 
where ε0 is the permittivity of the free space (8.854 × 10-14 F cm-1), tan δ is the loss 

tangent factor and ε″ is the dielectric loss. The real and imaginary parts of permittivity 

and modulus are evaluated based on the calculation:  

 
𝜀∗ = 𝜀 ′ − 𝑗𝜀"                                                                                                            (2.7) 

where; 

𝜀 ′ =
𝑍"

𝜔𝐶0 (𝑍 ′2+𝑍"2)
                                                                                                      (2.8) 
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𝜀" =
𝑍 ′

𝜔𝐶0 (𝑍"2+𝑍 ′2)
                                                                                                      (2.9) 

where angular frequency, 𝜔 = 2𝜋𝑓  and Co is acquired from Eq. (2.10):  

𝐶0 =
𝜀0𝐴

𝑑
                                                                                                                      (2.10) 

 

In the above equation, A and d is the area and thickness of the sample respectively. In 

the above calculations, Z′ and Z″ are the real and imaginary impedances acquired from 

impedance measurements.  

 

Furthermore, according to Almond et al. (1983), the AC conductivity data can also 

be used to estimate the ionic hopping rate, ωp (Almond et al., 1983). The hopping rate of 

an ion in a material is a valuable information to elucidate the ionic conduction of the 

samples. In this case, ωp can be obtained from the graph of log ζ (ω) versus log ω by 

extrapolating at twice the value of DC conductivity from the vertical axis horizontally 

towards the graph and then extrapolating downwards vertically to the horizontal axis. 

The magnitude of the charge carrier concentration, K can be obtained using the equation 

as below (Adnan  & Mohamed, 2012; Savitha et al., 2006; Teo et al., 2012; 

Vijayakumar et al., 2003)  

𝐾 =
𝜎𝑇

𝜔𝑝
                                                                                                                       (2.11) 

where  

𝐾 = 𝑛𝑒2𝑎2𝛾𝑘−1                                                                                                 (2.12) 
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In Equation 2.12, e is the electron charge, γ is the correlation factor which is set equal 

to 1, and a is the jump distance between two adjacent sites for the ions to hope which is 

assumed to be 3Å for all the samples (Adnan  & Mohamed, 2012; Teo et al., 2012; 

Vijayakumar et al., 2003).  The density of mobile ions (charge carrier) denotes as n 

which can be calculated using Equation 2.12 and k is the Boltzmann constant. The ionic 

mobility, μ can be calculated using equation: 

 
𝜇 =  

𝜎𝑑𝑐

𝑛𝑒
                                                                                                              (2.13) 

 
Furthermore, AC conductivity measurements are widely used for investigating the 

nature of defect centers assuming that they are responsible for this type of conduction. 

The general frequency behavior in this type of materials is of Aωs – type of a wide 

frequency range where exponent s, is found to be temperature dependent and has a 

value ≤ 1. Various models were formulated to explain this behavior and the classical 

approach was used to consider AC and DC conduction separately. The theory of the 

classical hopping of carriers between localized states over a barrier, W was developed 

initially by Pike in 1972 to explain AC conduction in the scandium oxide films (Pike, 

1972). In 1977, Elliot extended Pike‟s theory of AC conduction, name as the Correlated 

Barrier Hopping (CBH) of charge carriers (Elliott, 1977) . According to this model, the 

conduction occurs via charge carriers hopping process where two charge carriers 

simultaneously hop over the potential barrier between two charged defects state (D+ and 

D-) and the barrier height is correlated with the intersite separation via a Coulumbic 

interaction.  
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In the CBH model, the charge carriers in charge defect states hop over the 

Coulombic barrier whose height, W, is given as  

𝑊 = 𝑊𝑚 − (
𝑛𝑒2

𝜋𝜀𝜀0𝑅
)                                                                                               (2.14) 

where Wm is the maximum barrier height or binding energy as shown in Figure 2.10, ε is 

the bulk dielectric constant, εo is the permittivity of free space, R is the distance between 

hopping sites and n is the number of charge carriers involved in a hop.  

 

Figure 2.10: Model of overlapping Coulomb-type walls for charged centers 
(Murugavel & Upadhyay, 2012) 

 

It has been reported in many crystalline materials that the AC conductivity varies 

with the frequency according to the following relation 

𝜎 ′ 𝜔 = 𝜎 0 +  𝐴𝜔𝑠                                                                                           (2.15) 

where ζ  (0) is the DC conductivity of the sample, A is the temperature reliant parameter 

and s is the frequency exponent with the value of s ≤ 1.  
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The frequency exponent, s for CBH model is given by the expression (Elliott, 1977)  

 
𝑠 = 1 − 

6𝑘𝐵𝑇

𝑊𝑚−𝑘𝐵  𝑇𝑙𝑛  (
1

𝜔𝜏0
)
                                                                                        (2.16)  

 
where kB is the Boltzmann constant, T is the absolute temperature, Wm  is the binding 

energy, ω is the angular frequency and η0 is the characteristics relaxation time.  

A first approximation of Equation 2.16 gives the simple expression (Taher et al., 

2016) 

𝑠 = 1 − 
6𝑘𝐵𝑇

𝑊𝑚
                                                                                                        (2.17)  

 
From the above equation, the value of s can be predicted to be both temperature and 

frequency dependent (Elliott, 1977). It may be noted that for small values of (Wm / 

KBT), s increases with increasing frequency, but for large values of (Wm / KBT), the 

variation of s is so small that is independent of frequency. Therefore, the above equation 

predicts that s decreases with the increment of the temperature (Elliott, 1977, 1987).  
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 CHAPTER 3: RESEARCH METHODOLOGY 

3.1  Introduction 

Most NASICON structured solid electrolytes reported in the literature were prepared 

by the conventional solid state reaction method. In this work, citric acid assisted sol-gel 

method was used. The synthesis of the samples using sol-gel method was divided into 

two stages. The first stage was to prepare the precursor materials followed by the 

second process that was heat treatment process known as sintering. The samples were 

then characterized using Thermogravimetric Analysis (TGA), X-Ray Diffraction 

(XRD), Fourier Transform Infrared Spectroscopy (FTIR), Laser Particle Sizer, Scanning 

Electron Microscopy (SEM), and Energy Dispersive X-Ray Spectroscopy (EDX) and 

Impedance Spectroscopy (IS), in order to investigate the thermal, structural and 

electrical properties of the samples. The voltage stability window of the samples was 

determined from Linear Sweep Volammetry (LSV) while the actual type charge carriers 

in the samples were carried out by using Transference Number Measurements. 

3.2  Classification of the samples 

The samples were divided into three main categories; LiSn2P3O12 parent compound, 

partial substitution at Sn4+ site using trivalent ions (Cr3+, Al3+) and partial substitution at 

P5+ site using tetravalent ions (Zr4+, Si4+). Table 3.1 shows the categories of the samples 

based on their stoichiometric formula.  
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Table 3.1: Categories of the samples based on their stoichiometric formula 

Samples Stoichiometric formula 

Parent compound LiSn2P3O12 

Partial substitution at Sn4+ site using 
trivalent ions (Cr3+, Al3+) 

Li1+xCrxSn2-xP3O12 

Li1+xAlxSn2-xP3O12 

Partial substitution at P5+ site using 
tetravalent ions (Zr4+, Si4+) 

Li1+ySn2P3-yZryO12 

Li1+ySn2P3-ySiyO12 

 

3.3  Synthesis of the samples 

As mentioned earlier, all samples were prepared via citric-acid assisted sol-gel 

method. All the chemicals were of analytical grade and directly used as received 

without further purification. To prepare LiSn2P3O12 samples, Lithium acetate 

(CH3COOLi), stannum (IV) chloride pentahydrate (SnCl4.5H2O) and ammonium 

phosphate (H12N3O4P) were used as the starting materials with citric acid (C6H807) as 

the chelating agent and distilled water as the solvent.  

 

As the first step, CH3COOLi, SnCl4.5H2O and H12N3O4P of molar ratio 1:2:3 were 

dissolved in distilled water under magnetic stirring. Citric acid (C6H8O7), poly ethylene 

glycol (C2H6O2) and ammonium hydroxide (NH4OH) were then mixed together with the 

previously prepared solution and was stirred continuously. C2H6O6 and NH4OH were 

then added to promote polyesterification and polycondensation reactions. The molar 

ratio of C2H6O6:NH4OH was 1:1. The solution was then transferred into a reflux system 

and continuously stirred until a homogenous solution was formed. After stirring for 24 

hours, the solution was taken out and vaporized for about 4 hours under magnetic 
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stirring at 80°C. The resulting gels formed was then dried in an oven at 150°C for 24 

hours in order to remove water particles, resistance organic groups and also to avoid 

ceramics crack. The obtained precursor powder was then grounded for 30 minutes in 

order to obtain very fine powder. Then, the precursor powder was subjected to a 

sintering process at four different temperatures 500, 550, 600 and 650 °C for 24 hours. 

The final product was then grounded again for 30 minutes before the powder was 

pressed using Specac hydraulic press under a pressure of 5 tons to form pellets with a 

diameter of 13 mm and thickness of 1.00 - 3.00 mm respectively.  

 

The same process was undertaken to prepare the second system that was LiSn2P3O12 

samples with minimum impurity. The only difference was the samples were sintered at 

600 and 650 °C for 48 hours. For the substituted samples, again the same route was 

applied using Cr3+ and Al3+ for substitution at Sn4+ site as the third and fourth system. 

Additional chromium (III) acetate hydroxide (C14H23Cr3016) and aluminium (III) acetate 

(C6H9AlO6) were used as the starting materials. For the fifth and sixth system, the same 

route was applied but using Si4+ and Zr4+ for substitution at P5+ site. To prepare these 

systems, additional zirconium (IV) acetate hydroxide (C6H10ZrO7) and silicon dioxide 

(SiO2) were used as the additional starting materials. All the prepared samples follow 

the stoichiometric formula of Li1+xCrxSn2-xP3O12, Li1+xAlxSn2-xP3O12,                        

Li1+ySn2P3-yZryO12 and Li1+ySn2P3-ySiyO12 where x and y = 0.1, 0.3, 0.5, 0.7 and 0.9. 

Figures 3.1 to 3.10 show the flow chart for sample preparation of each system.  
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Figure 3.1: Flow chart of preparation of LiSn2P3O12 system 
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Figure 3.2: Flow chart of preparation of LiSn2P3O12 system 
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Figure 3.3: Flow chart of preparation of Li1+xCrxSn2-xP3O12 system 
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Figure 3.4: Flow chart of preparation of Li1+xAlxSn2-xP3O12 system 
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Figure 3.5: Flow chart of preparation of Li1+ySn2P3-yZryO12 system 
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Figure 3.6: Flow chart of preparation of Li1+ySn2P3-ySiyO12 system 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CH3COOLi 

Starting materials were dissolved in 
distilled water. 

 

C6H8O7, 
C2H6O2 and 

NH4OH 
were added 

to the 
starting 

materials. 

Reflux process was carried out at 
80 °C for 24 hours.  

Evaporated at 80°C for at least 4 
hours under magnetic stirring.  

SnCl4.5H2O H12N3O4P 

Dried in an oven at 150 °C for 24 
hours. 

Sintered at 600 and 650 °C for 48 
hours. 

C8H20SiO4 

 

C8H20SiO4 

 

6th System 

 Starting Materials 

Sintered at 800 °C for 48 hours. 

Univ
ers

ity
 of

 M
ala

ya



 

46 

3.3 Characterizations 

The prepared samples were subjected to various studies including, TGA, XRD, 

FTIR, laser particle sizer, SEM, EDX, IS, LSV and transference number measurements.  

3.3.1 Thermogravimetric Analysis 

TGA is an analytical technique used to determine the thermal stability of a material 

and its fraction of volatile components by monitoring the weight change that occurs as a 

specimen is heated. The measurement is normally carried out in air or in an inert 

atmosphere, such as in Helium or Argon, and the weight is recorded as a function of 

increasing temperature. Sometimes, the measurement is performed in a lean oxygen 

atmosphere (1 to 5% O2 in N2or He) to slow down oxidation. In this study, thermal 

behaviour of the samples was analyzed using Setaram Labsys Evo. The samples were 

carefully weighed to 15 ± 2 mg in an alumina crucible placed in the centre of the 

heating chamber. TGA scans were then carried out in nitrogen atmosphere at constant 

heating rate of 10 C min-1 in the temperature range from 30 to 1100°C. The data were 

then analyzed using Calisto software.  

3.3.2 X-ray Diffraction  

XRD is one of the most powerful techniques for qualitative and quantitative analysis 

of crystalline materials. The technique provides information including the types and 

nature of crystalline phases present, structural makeup of phases, degree of crystallinity, 

amount of amorphous content, microstrain and size and also orientation of crystallites 

(Suryanarayana & Norton, 2013).  
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When X-ray radiation is directed on a sample, the X-rays are scattered (diffracted) by 

the electrons present in the material. If the atoms in the material are arranged in a 

regular and crystalline structure, this scattering results in maxima and minima in the 

diffracted intensity. The signal maxima follow Bragg‟s law,  𝑛𝜆 = 2𝑑 sin 𝜃 (Pendry, 

1990). Here n is an integer, λ is the X-ray wavelength, d is the distance between crystal 

lattice planes and θ is the diffraction angle. Thus, for each lattice spacing d, Bragg‟s law 

predicts a maximum at a characteristics diffraction angle θ. During an XRD 

measurement, the angles of incidence and detection are scanned. When the intensity of 

detected X-rays is plotted as a function of angle θ, an X-ray diffraction pattern is 

obtained, which is the characteristics for the materials (Suryanarayana & Norton, 2013).  

 

The XRD analysis was carried out using using a PaNalytical – X‟pert3 x-ray 

diffractometer with Cu-Kα
 radiation of wavelength of 1.5406 Å. The 2θ range was 

between 10 ° and 45 ° and 0.026 ° in step size. Then, the lattice parameters of the 

samples were calculated using the formulae that belongs to the rhombohedral crystal 

system with a hexagonal unit cell lattice (Jenkins, 2000; Jenkins & Snyder, 1996): 

1

𝑑2
=

4

3
 
𝑕2+𝑕𝑘+𝑘2

𝑎2  +
𝑙2

𝑐2
                                                                             (3.1)  

Scherer equation was applied in order to determine the crystallite size (Jenkins, 2000; 

Jenkins & Snyder, 1996);  

𝐷 =  
𝑘𝜆

𝛽𝑐𝑜𝑠𝜃
                                                                                                 (3.2) 
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where k is the Scherer constant value (0.94), λ is the wavelength of the source (1.5406 

𝐴 ),  β is FWHM (in radians), and θ is the Bragg angle (in radians). 

3.3.3 Fourier Transform Infrared Spectroscopy  

FTIR is the preferred method of infrared spectroscopy.  FTIR is a technique used to 

determine qualitative and quantitative features of IR-active molecules in organic or 

inorganic solid, liquid or gas samples (Schrader, 2008). It is a rapid and relatively 

inexpensive method for the analysis of solids that are crystalline, microcrystalline, 

amorphous, or films. In infrared spectroscopy, IR radiation is passed through a sample. 

Some of the infrared radiation is absorbed by the sample and some of it is passed 

through (transmitted). The resulting spectrum represents the molecular absorption and 

transmission, creating a molecular fingerprint of the sample (Stuart, 2005). Like a 

fingerprint no two unique molecular structures produce the same infrared spectrum.  

 

Attenuated total reflection Fourier transform infrared (ATR-FTIR) was used to 

observe the functional group and chemical interaction in the samples prepared in this 

study. FTIR spectra were recorded by computer interfaced with Perkin-Elmer Frontier 

Spectrometer. The sample powder was placed onto ATR crystal and analyzed in the 

frequency range of 550 cm-1 to 1400 cm-1 with a scanning resolution of 2 cm-1 at room 

temperature.  
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3.3.4 Particle Size Analysis 

Laser particle sizer is a measuring device for the determination of particle size 

distributions together with recognition of the particle shape in a single process (Allen, 

2013). In principles, laser light falling on particles (powder, suspensions etc.) is diverted 

from its original direction by scattering. The angular distribution of the scattered light 

depends principally on the size of the particles, the laser wavelength and the refractive 

index (Syvitski, 2007). For particles that are smaller than about 1 µm, there are also 

important effects related to the polarisation of the laser: depending whether the plane of 

observation is perpendicular or parallel to the plane of polarisation, there are significant 

differences in the intensity distribution. Laser diffraction instruments measure the 

angular distribution of the light from a particle sample. Using special algorithms, the 

particle size distribution can be calculated from the results (Allen, 2013). The particle 

size information of the samples prepared in this study was obtained using FRITSCH-

Analysette 22 NanoTec laser particle sizer at room temperature. 

3.3.5 Scanning Electron Microscopy  

 SEM is a technique that uses electrons instead of light to form an image (Goldstein 

et al., 2012). The SEM has a large depth of field, which allows more of a specimen to be 

in focus at one time. The SEM also has much higher resolution, so closely spaced 

specimens can be magnified at much higher levels. Since the SEM uses electromagnets 

rather than lenses, the degree of magnification is controlled. A beam of electrons is 

produced at the top of the microscope by an electron gun. The electron beam follows a 

vertical path through the microscope, which is held within a vacuum (Goldstein et al., 

2012). The beam travels through electromagnetic fields and lenses, which focus the 
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beam down toward the sample. Once the beam hits the sample, electrons and X-rays are 

ejected from the sample. In this study, the morphologies of the prepared sample 

powders were analyzed by scanning electron microscopy using Zeiss-Evo MA10 

scanning electron microscope at 500 × magnification with 10 kV incident electron 

beam. The prepared powder samples were distributed onto the carbon tape and coated 

with gold using sputter coating machine for 90 s before the SEM analysis.  

3.3.6 Energy Dispersive X-ray Spectroscopy  

EDX is an analytical technique used for the elemental analysis or chemical 

characterization of a sample (Shindo & Oikawa, 2002; Van Grieken & Markowicz, 

2001). It relies on the investigation of an interaction of some source of X-ray excitation 

with a sample. Its characterization capabilities are due in large part to the fundamental 

principle that each element has a unique atomic structure allowing unique set of peaks 

on its X-ray spectrum. To stimulate the emission of characteristic X-rays from a 

specimen, a high-energy beam of charged particles such as electrons or protons or a 

beam of X-rays, is focused into the sample being studied. At rest, an atom within the 

sample contains ground state (or unexcited) electrons in discrete energy levels or 

electron shells bound to the nucleus. The incident beam may excite an electron in an 

inner shell, ejecting it from the shell while creating an electron hole where the electron 

was. An electron from an outer, higher-energy shell then fills the hole, and the 

difference in energy between the higher-energy shell and the lower energy shell may be 

released in the form of an X-ray. The number and energy of the X-rays emitted from a 

specimen can be measured by an energy-dispersive spectrometer. As the energy of the 

X-rays is characteristic of the difference in energy between the two shells, and of the 

atomic structure of the element from which they were emitted, this allows the elemental 

Univ
ers

ity
 of

 M
ala

ya



 

51 

composition of the specimen to be measured. The elemental analysis of the samples for 

this study was analyzed using energy dispersive X-ray Oxford Aztec X-Act EDX 

spectrometer attached together with the Zeiss-Evo MA10 Scanning electron 

microscope. 

3.3.7 Impedance Spectroscopy 

The electrical properties of the prepared samples were investigated by 

electrochemical ac impedance spectroscopy using Solartron 1260 Impedance/ Gain-

Phase Analyzer over a frequency range from 1 to 106 Hz. An applied voltage was fixed 

at 200 mV. All measurements were done at temperature range from 30 to 500°C. 

During analysis, a stimulus which was a sinusoidal voltage of known frequency  

(∆𝐸 sin(𝜔𝑡)) was applied across the samples (Barsoukov & Macdonald, 2005). The 

samples will respond to this stimulus as an AC current signal containing the excitation 

frequency and its harmonic, ∆𝐼  𝜔𝑡 + 𝜙  through the sample (MacDonald, 1987). The 

Solartron analyzer recorded the transfer function relating the stimulus and response of 

the sample which was impedance, Z calculated using Ohm‟s law as:  

 

𝑍 𝜔 =  
Δ𝐸 (𝜔)

Δ𝐼 (𝜔)
          (3.3) 

 
Impedance, Z is a measure of the ability of a sample to resist the flow of electric 

current. The resistances could be from the grain interior (bulk, b) or the intergranular 

grain (grain boundary, gb). The real part of the impedance is given by 𝑍′ =   𝑍 cos𝜙 

while the imaginary part is given by𝑍" =   𝑍 sin 𝜙. The plot of the imaginary part of 
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impedance, Z” versus the real part of the impedance, Z‟ gives a Cole-Cole plot or 

complex impedance plot as shown in Figure 3.7.  

 

 

Figure 3.7: An example of impedance plot 

Then, the bulk conductivity, ζb and grain boundary conductivity, ζgb which represent 

the DC conductivity in the samples were calculated using following equation: 

𝜎𝑏 =
𝑑

𝐴𝑅𝑏
   and  𝜎𝑔𝑏 =

𝑑

𝐴𝑅𝑔𝑏
                                                                                    (3.4) 

In these equations, d is the sample thickness, A is the cross- sectional area of sample, 

Rb is the bulk resistance and Rgb is the grain boundary resistance. Meanwhile, the total 

conductivity, ζ t of the compound was evaluated using the following equation:  

1

𝜎𝑡
=  

1

𝜎𝑏
+ 

1

𝜎𝑔𝑏
                                                                                                  (3.5) 
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3.3.8 Linear Sweep Voltammetry  

LSV is a voltammetric method where the current at a working electrode is measured 

while the potential between the working electrode and a reference electrode is swept 

linearly in time (Bard et al., 1980). Oxidation or reduction of species is registered as a 

peak or trough in the current signal at the potential at which the species begins to be 

oxidized or reduced (Wang, 2006). 

 

The electrochemical stability window of the prepared sample was studied using 

Wonatech ZIVE MP2 multichannel electrochemical workstation. LSV measurement 

was carried out at a scan rate of 5 mV s−1. Measurement was done at room temperature. 

The configuration of the cell was Li/Solid electrolytes/SS.   

3.3.9 Transference Number Measurements 

The ionic transference number measurement was evaluated by Wagner‟s D.C 

polarization technique (Wagner  & Wagner, 1957) using Wonatech ZIVE MP2 

multichannel electrochemical workstation. The sample was sandwiched between two 

stainless steel blocking electrodes and polarized by applying a potential of 0.5 V and the 

current was monitored as a function of time until it reached a steady sate condition.   

 

The ionic transference number was calculated from polarization current versus time 

plot using equation:  

𝜏𝑖𝑜𝑛 =
𝐼𝑖𝑛𝑖𝑡𝑖𝑎𝑙 −𝐼𝑓𝑖𝑛𝑎𝑙

𝐼𝑖𝑛𝑖𝑡𝑖𝑎𝑙
                                                                                (3.5) 
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where Iinitial is the initial current and Ifinal is the final residual current (constant current). 

If the solid electrolyte is purely ionic, then ηion = 1, while mixed conductors, ηion may 

ranging from 0 to 1 (Bhargav et al., 2007).  
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 CHAPTER 4: LiSn2P3O12 SYSTEM 

4.1 Introduction 

LiSn2P3O12 system was synthesized using low temperature water based sol-gel 

method. Firstly, thermal analysis of the precursor sample was done using TGA in order 

to investigate the effect of the heat-treatment temperature and optimization of the 

sintering temperature. Therefore, based on the TGA analysis and in order to minimize 

impurity in the system, LiSn2P3O12 samples were sintered at two different sintering 

times; 24 and 48 hours at different sintering temperatures. The samples in both systems; 

System I (LiSn2P3O12 sample sintered for 24 hours) and System II (LiSn2P3O12 sample 

sintered for 48 hours) were characterized using XRD, FTIR, SEM, EDX, particle size 

analysis, IS, LSV and transference number measurement.  

4.2  Thermal analysis of the precursor of LiSn2P3O12 system 

TGA was carried out in order to investigate the effect of the heat-treatment 

temperature and optimize sintering temperature of LiSn2P3O12 precursor sample. TGA 

curve for the precursor of LiSn2P3O12 is presented in Figure 4.1.  Three main weight 

losses are identified in the TG curve. The first soft slope is detected in between 30 and 

120 °C with a total weight loss of 1.73 %, which is due to the evaporation of water. The 

second weight loss is a steep slope detected in the temperature range of 120 to 350 °C 

indicating the decomposition of ammonium and acetate group (Krok, 1987). The third 

weight loss is 3.70 % in the temperature range from 350 to 480 °C which is attributed to 

the chemical reaction during the formation of LiSn2P3O12.  At temperatures above 500 

°C, there was no significant weight loss, which suggests that the gases (NH3, CO2 and 
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H2O) are mainly produced below 500 °C and that the reaction at high temperature does 

not result in further weight loss (Cui et al., 2012). The plateau at temperature range 500 

to 1100 °C suggests that all chemical reactions in the sample have been completed. So, 

based on the TGA result, four sintering temperatures have been chosen that were 500, 

550, 600 and 650 °C. The samples were also sintered at two different sintering times; 24 

and 48 hours. Table 4.1 shows the classification of the samples based on the sintering 

temperature and time.  

 

Figure 4.1: TGA curve of LiSn2P3O12 precursor sample 
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Table 4.1: The classification of the LiSn2P3O12 samples based on sintering 
temperature and time 

 

i. System Sample 
Sintering 

temperature 
(°C) 

ii. Sintering time 
(Hours) 

I 

A1 500 

24 
A2 550 

A3 600 

A4 650 

II 
B1 600 

48 
B2 50 

 

4.3 XRD analysis 

The structural properties of LiSn2P3O12 samples sintered at different temperatures 

and times, system I (sample A1 – A4) and system II (sample B1 – B2) were determined 

from XRD analysis. Figure 4.2 shows the XRD patterns of the LiSn2P3O12 samples,    

A1 – A4, sintered for 24 hours. The figure shows that LiSn2P3O12 samples started their 

crystallization around 600 °C to 650 °C. At lower sintering temperatures, mainly 500 °C 

and 550 °C, the low intensity of the main peaks indicates low crystallinity of the 

samples.  Rhombohedral NASICON-type structure (Phase I) and (𝑅3𝑐) 𝑠ymmetry along 

with minor traces of SnP2O7 impurity is successfully obtained upon sintering at 600 °C, 

denoted as sample A3. However, as the sintering temperature increases to 650 °C 

(sample A4), new peaks appeared at 19.9° and 20.9° that corresponds to the triclinic 

structure (Phase II) and (𝑃1 )  symmetry along with rhombohedral NASICON-type 

structure (Phase I) and (𝑅3𝑐) symmetry exist together with minor traces of SnP2O7 
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impurity. It has previously been reported that the two phases of LiSn2P3O12 coexist at 

temperatures below 700 °C (Cui et al., 2012), while in rhombohedral type structure 

(Phase I), this phase always coexisted with other substances such as phase II, SnO2 and 

SnP207 (Martinez-Juarez et al., 1995).  

 

In order to further minimize the impurities in the LiSn2P3O12 system, the sintering 

time was increased to 48 hours, system II. The sintering temperatures were fixed at     

600 oC and 650 °C as the samples only started their crystallization at this temperatures 

instead of 500 and 550 °C. The XRD patterns of sample B1 and B2 are shown in Figure 

4.3. A rhombohedral NASICON-type symmetrical structure (𝑅3𝑐) is successfully 

obtained for samples B1 and B2  in the presence of only unreacted SnO2 (Cui et al., 

2012) compared to samples A3 and A4 where slight traces of SnP2O7 impurity peaks are 

still observed. This implies that SnP2O7 takes a longer time to decompose. Furthermore, 

the presence of only minor traces of impurity shows that the use of sol-gel method can 

minimizes the impurity compared to other methods, such as the mechanical milling 

method that was used by Norhaniza et al., (2010). Besides that, only rhombohedral 

phase (𝑅3𝑐) is detected in sample B2 unlike sample A4 where both rhombohedral and 

triclinic phases are found to coexist.  
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Figure 4.2: X-ray diffraction patterns of LiSn2P3O12 samples (System I) 

 

 

Figure 4.3: X-ray diffraction patterns of LiSn2P3O12 samples (System II) 
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Meanwhile, the variations of the lattice parameters of samples A1 to A4 are listed in 

Table 4.2. Based on the table, the values of a, c and unit cell volume (V) increase with 

the increase of the sintering temperature. However, the crystallite size decreases as the 

sintering temperature increases. This observation illustrates that the increase in 

temperature leads to a decrease in defect concentration by decreasing the proportion of 

surface atoms (Gaber et al., 2014). Subsequently, this improves the degree of 

crystallization in LiSn2P3O12 samples as proven in the XRD pattern in Figure 4.2.   

 

For B1 and B2 samples, the lattice parameters and unit cell volume of both samples 

are listed in Table 4.3. From the table, it can be seen that the values of a, c and V for 

both samples increases with temperatures. At the same time, an increase in the sintering 

temperature from 600 to 650 oC is accompanied by an increase in the crystallite size, as 

evidenced by the narrowing of the peak, which indicates bigger grains (Narváez-

Semanate & Rodrigues, 2010). For all samples, A1 to A4 and B1 to B2, the densities of 

all samples were more than 90 % of its theoretical density of 3.79 g cm-3, with the 

highest density being that of sample A4 and B1, which is attributed to the compactness 

of the tiniest crystallites in the system.  
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Table 4.2: Lattice parameters and unit cell volume of LiSn2P3O12 samples     
(System I) 

Sample 
Sintering 

temperature 
(°C) 

a [Å] c [Å] V [Å] Crystallite size [Å] 

A1 500 8.6792 21.4286 1397.88 659.21 

A2 550 8.6914 21.3768 1398.43 552.55 

A3 600 8.7058 21.3836 1403.07 478.48 

A4 650 8.7062 21.3850 1403.73 309.93 

 

 

Table 4.3: Lattice parameters and unit cell volume of LiSn2P3O12 samples     
(System II) 

Sample 
Sintering 

temperature 
(°C) 

a [Å] c [Å] V [Å] Crystallite size 
[Å] 

B1 600 8.3880 22.0148 1341.38 137.4 

B2 650 8.4071 21.9985 1346.50 138.3 
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4.4 FTIR analysis 

Figures 4.4 and 4.5 display FTIR spectra of various functional groups in the 

LiSn2P3O12 samples, System I (sample A1 to A4) and System II (sample B1 to B2) in 

the spectral region from 550 to 1400 cm-1. From both figures, it can be observed that the 

entire region is dominated by the vibrations of PO4 tetrahedral and these features are all 

the same in all the sintered samples. The bands in the region of 560 to 670 cm-1 as 

shown in Figure 4.4 and 4.5 are mainly caused by the asymmetric bending vibration of 

O-P-O units. Stretching vibrations of P-O-P are observed in the region of 700 to 800 

cm-1. Meanwhile, the bands in the region of 1000 to 1280 cm-1, are assigned to the 

asymmetric stretching vibrations and bands in the region of 900 to 980 cm-1 correspond 

to the symmetric stretching vibrations of the PO4
3- ions(Antony et al., 2011; Bohre et 

al., 2014; Bohre & Shrivastava, 2013; Ejehi et al., 2012; Kurazhkovskaya et al., 2010; 

Mariappan & Govindaraj, 2005).  

 

For samples A1 to A4, comparing all the dominant absorption bands of O-P-O and 

PO4
3- , as the sintering temperature increases, the two absorption bands are shifted to the 

lower wave number direction. This is due to the increase of the crystallinity of the 

sintered samples as also confirmed by the XRD analysis (Qiu et al., 2003). However, for 

samples B1 and B2, the bands are shifted to the higher wave number direction as the 

sintering temperature increases. This may be due to the decrease in crystallinity of the 

sintered samples. This observation is consistent with the XRD results discussed in the 

previous section.  
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Figure 4.4: FTIR spectra of various functional groups in LiSn2P3O12 samples 
(System I) 

 

 

Figure 4.5: FTIR spectra of various functional groups in LiSn2P3O12 samples     
(System II) 
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4.5 SEM, EDX and particle size distribution analyses 

The cross-sectional SEM micrographs of LiSn2P3O12 pellets and particle size 

distribution of samples A1 to A4 are presented in Figure 4.6. The SEM micrographs 

reveal that the particle size clearly decreases as the sintering temperature increases. This 

is confirmed by the analysis of the particle size distribution as displayed in Figure 4.7. 

The average particle size decreases from 10.01 µm to 5.58 µm as the sintering 

temperature increases from 500 °C to 650 °C. These results are in agreement with the 

XRD analysis which shows that the increase in sintering temperature improves the 

crystallinity of the prepared samples. Besides that, the smaller particles in LiSn2P3O12 

sintered samples are favourable as this may improve contact with electrode materials 

when it is used for device fabrication such as in electrochemical devices (Adnan  & 

Mohamed, 2012).  

 

Meanwhile, Figure 4.8 depicts the SEM micrographs and particle size distribution of 

B1 and B2 samples sintered at 600 and 650 °C. In SEM micrographs for both 

LiSn2P3O12 samples, the powders are slightly agglomerated. The particle size of 

LiSn2P3O12 electrolytes samples clearly increases with sintering temperature as 

confirmed by the particle size distribution analysis as displayed in Figure 4.9. The 

average particle size for the LiSn2P3O12 sample increases from 22.8 µm to 26.8 µm as 

the sintering temperature increases from 600 °C to 650 °C. These results can be 

correlated with the X-ray diffraction analysis showing that increase of the sintering 

temperature increases the crystallite size and crystallinity of the prepared samples. The 

particle size for both samples B1 and B2 is slightly bigger compared to samples A1 to 

A4.  
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Figure 4.6: Cross-sectional SEM micrographs of LiSn2P3O12 pellets (System I) 
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Figure 4.7: Particle size distributions of LiSn2P3O12 samples (System I) 
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Figure 4.8: SEM micrographs of LiSn2P3O12 samples (System II) 

 

 

Figure 4.9: Particle size distribution of LiSn2P3O12 samples (System II) 
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The EDX analyses of LiSn2P3O12 samples, A1 to A4 and B1 and B2 are tabulated in 

Table 4.4 and 4.5. As lithium is not detectable by EDX due to its light atomic weight 

which does not permit the analysis of emitted radiations, the concept of charge 

neutrality is applied (Norhaniza et al., 2011).  The analysis was carried out on a larger 

region (marked as M) in order to measure the average composition and smaller region 

(marked as N) in order to investigate whether the composition A is homogeneous on a 

relatively small scale.  

 

In System I, it is found that the atomic ratio in region M for samples A3 and A4 are 

in good agreement with the stoichiometric ratio of the starting materials. However, on 

the small scale region marked as N, the SnP2O7 impurity found and also the coexistence 

of rhombohedral and triclinic phases in the system as shown in XRD analysis affected 

the stoichiometric ratio of the elements. Meanwhile, in System II, the results show that 

the atomic ratios in both region M and N for Sn: P: O are homogeneous and are in good 

agreement with the stoichiometric ratio of the starting materials for samples B1 and B2. 

Therefore, based on the EDX and XRD analysis, further investigation will only be done 

on samples B1 and B2.  

 

 

 

 

 

 

Univ
ers

ity
 of

 M
ala

ya



 

69 

Table 4.4: The EDX stoichiometric atomic ratio of LiSn2P3O12 samples (System I) 

Sample 
Sintering 

temperature 
(°C) 

Composition 
Stoichiometric atomic ratio 

Sn P O 

Starting mixture 2 3 12 

A1 500 EDX analysis 
M 2.0 2.9 11.5 

N 2.0 2.7 11.5 

A2 550 EDX analysis 
M 2.0 2.9 11.5 

N 2.0 2.7 11.5 

A3 600 EDX analysis 
M 2.0 2.9 12.0 

N 2.0 2.8 11.8 

A4 650 EDX analysis 
M 2.0 3.0 12.0 

N 2.0 2.8 11.9 

 

 

Table 4.5: The EDX stoichiometric atomic ratio of LiSn2P3O12 samples (System II) 

Sample 
Sintering 

temperature 
(°C) 

Composition 
Stoichiometric atomic ratio 

Sn P O 

Starting mixture 2 3 12 

B1 600 EDX analysis 
M 2.0 3.0 12.0 

N 2.0 2.9 12.0 

B2 650 EDX analysis 
M 2.0 2.9 12.0 

N 2.0 2.9 12.0 
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4.6 Electrical properties of LiSn2P3O12 system 

4.6.1 DC conductivity of LiSn2P3O12 system 

DC ionic conductivity of solid electrolytes is a very important characteristic that can 

be determined using impedance spectroscopy. The complex impedance plots of samples 

B1 and B2 from System II are displayed in Figure 4.10, Figure 4.11 and Figure 4.13 

respectively. From Figure 4.10, several important points are observed.  Firstly, at 30°C 

for both systems, the plots seem to consist of two overlapping semicircles with an 

electrode spike at low frequency region.  

 

The high frequency semicircle is assigned to bulk response with its intercept at the   

x-axis assigned to bulk resistance, Rb, while the middle frequency semicircle is assigned 

to grain boundary response with its intercept at the x-axis corresponds to grain boundary 

resistance, Rgb. The spike that can be clearly seen at the low frequency region of the 

sample B1 may indicate the effects of electrode polarization as a result of the 

accumulation of ions between the electrode and the sample (Mariappan & Govindaraj, 

2005).  When the temperature increases from 30 to 400°C for both samples, both bulk 

and grain boundary resistances, Rb and Rgb shifts towards lower value indicating an 

increase in conductivity as can be observed in Figure 4.11.  
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Figure 4.10: Complex impedance plot of LiSn2P3O12 samples (System II) at room 
temperature 
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Figure 4.11: Complex impedance plot of LiSn2P3O12 samples (System II) at 400 °C 
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Experimental complex impedance data may well be approximated by the impedance 

of an equivalent circuit composed of bulk and grain boundary resistance, Rb and Rgb and 

also bulk and grain boundary capacitance, Cb and Cgb with constant phase element 

(CPE) behaviour as depicted in Figure 4.12. The general expression of the CPE is 

(Almond et al., 1983; Zhou et al., 2009) :  

 
𝑍𝐶𝑃𝐸 =  

1

𝐶  𝑗𝜔  𝑛
                                                                                         (4.1) 

                    
 
where C is the ideal capacitance when n = 1, j = (-1)1/2 , ω is the angular frequency and 

𝜔 = 2𝜋𝑓.  

 

Therefore, the equivalent circuit for samples B1 and B2 at 30 °C and 400 °C now 

consists of parallel RC element and attached with series CPEblocking electrode with constant 

phase element (CPE). Parallel bulk and grain boundary resistance, Rb and Rgb and bulk 

and grain boundary capacitance, Cb (CPE), Cgb (CPE) are attached to series       

CPEblocking electrode with constant phase element (CPE) (Yadav & Bhatnagar, 2012).  

 

Figure 4.12: Equivalent circuit of LiSn2P3O12 samples based on the impedance 
analysis at room temperature and 400 °C 
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As the temperature increases to 500°C, only one semicircle is found for both 

samples, sample B1 and B2 that correspond to bulk response with its intercept at the     

x-axis assigned to bulk resistance, Rb as depicted in Figure 4.13.   

 

 

Figure 4.13: Complex impedance plot of LiSn2P3O12 samples (System II) at 500 °C 
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Meanwhile, for samples B1 and B2 in System II at 500°C, experimental complex 

impedance data might now be approximated by a circuit only containing bulk 

resistance, Rb and bulk capacitance, Cb (CPE) and CPEblocking electrode with constant phase 

element (CPE) behaviour as in Figure 4.14.  

 

Figure 4.14: Equivalent circuit of LiSn2P3O12 samples based on the impedance 
analysis at 500°C 

 
Bulk and grain boundary conductivities, ζb and ζgb were then calculated using Rb and 

Rgb values determined from the impedance plots. It is observed that bulk, grain 

boundary and total conductivities for samples B1 and B2 in System II increase with 

temperature as listed in Table 4.6 and Table 4.7.  

 

For LiSn2P3O12 samples of System II, bulk conductivity, ζb increases from             

7.22 × 10-6 S cm-1 at 30 °C to 1.38 × 10-5 S cm-1 at 500 °C for sample B1. On the other 

hand for sample B2, bulk conductivity, ζb at 30 °C and 500 °C are 3.28 × 10-6 S cm-1 

and 1.03 × 10-5 S cm-1 respectively. The highest total conductivity, ζ t found is                  

1.38 × 10-5 S cm-1 at 500 °C for sample B1 which is three orders of magnitude higher 

than that reported by Norhaniza et al, (2010).  This may be due to only trace amount of 

unreacted SnO2 impurity found in sample B1 compared to the sample prepared by 

Norhaniza et al.  (2010) that contains impurities such as Li3PO4, SnP2O7 and SnO2. The 

smaller grained powders of sample B1 can result in sintered pellet with high density, 
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small voids and grains, which lead to a high ionic conductivity compared to the other 

sample. Besides that, the volume, V (1341.38 Å) was found to be the suitable value for 

the ion conduction in sample B1. It is also known that the conductivity of NASICON 

increases with an decrease in the lattice constants because of the optimization of the 

tunnel or bottleneck size for Li+ ion migration (Traversa et al., 2000). So, as sample B1 

has smaller lattice constants as confirmed by XRD compared to sample B2, one should 

have expected higher conductivity for sample B1. The increment of conductivity with 

temperature also can be due to the increase in the thermal activated drift mobility of 

ions according to hopping conduction mechanism.  

 

 
Table 4.6: Ionic conductivity values for LiSn2P3O12 samples (System II) at 30 °C 

Sample ζb,30 
(S cm-1) 

ζgb,30 
(S cm-1) 

ζ t,30 
(S cm-1) 

B1 (7.22 ± 0.04) × 10-6 (2.99 ± 0.06) × 10-7 (2.87 ± 0.06) × 10-7 

B2 (3.28 ± 0.07) × 10-6 (1.79 ± 0.08) × 10-8 (1.78 ± 0.08) × 10-8 

 

Table 4.7: Ionic conductivity values for LiSn2P3O12 samples (System II) at 500 °C 

Sample ζb,500 
(S cm-1) 

ζ t,500 
(S cm-1) 

B1 (1.38 ± 0.03) × 10-5 (1.38 ± 0.03) × 10-5 

B2 (1.03 ± 0.05) × 10-5 (1.03 ± 0.05) × 10-5 
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The activation energy for the Li+ migration was determined from the Arrhenius 

equation:  

𝜎 =  𝜎0 𝑒𝑥𝑝  
−𝐸𝑎

𝑘𝑇
            (4.2) 

where ζ , T, ζ0, Ea, and k denote the conductivity, the absolute temperature, pre-

exponential factor, activation energy for Li + ion migration, and Boltzmann‟s constant, 

respectively.  The Arrhenius plots for System II are depicted in Figure 4.15. From the 

graph, it can be observed that the conductivity increases linearly with temperature 

implying that conduction is a thermally activated process. The regression value, R for 

all samples are found to be 0.9. Besides that, differences in slopes are evident as we can 

see two regions, region I associated with low temperature and region II associated with 

high temperature.  

 

The values of bulk and grain boundary activation energies for both regions are 

displayed in Table 4.8. The bulk activation energy values for sample B1 and B2 for 

region I are 0.005 and 0.010 eV respectively. While for region II, the bulk activation 

energy values are 0.250 and 0.330 eV for the sample B1 and B2 respectively. 

Furthermore, the activation energy value reported for System II is much lower 

compared to those obtained by other researchers (Cui et al., 2012; Iglesias et al., 1997; 

Martinez-Juarez et al., 1997) . This low value of activation energy is characteristic of a 

fast ion conductor, and a result from the regularity of the diffusion channels in the 

NASICON structure (Narváez-Semanate & Rodrigues, 2010). 
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However, the activation energy values obtained at higher temperature is higher 

compared to that obtained at lower temperature. According to  Chourashiya (2013), this 

may be due to at low temperatures; extrinsic vacancies are the most important 

parameters (Chourashiya, 2013). Furthermore, the concentrations of intrinsic vacancies 

are so small at low temperature that they may be ignored. The number of vacancies is 

essentially constant; m (slope) in the extrinsic region thus only depends on the mobility 

of mobile species due to the extrinsic defects. At higher temperature, the concentration 

of intrinsic defects has increased so that it is similar or greater than the concentration of 

extrinsic defects. Thus in this region, for a system with Schottky defects and with 

Frenkel defects a plot of log ζ  versus 1000/T gives a larger value for the activation 

energy because it depends on both the activation energy for the cation to jump and the 

enthalpy of formation of a Schottky and Frenkel defect respectively.   
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Figure 4.15: Log ζ  versus 1000/T plots of (a) bulk and (b) grain boundary 
conductivity of LiSn2P3O12 samples (System II) 

  

 

Table 4.8: Bulk and grain boundary activation energies for LiSn2P3O12 samples   
(System II) 

Sample 

Ea,b (eV) Ea, gb (eV) 

Region I 
iii. (Low T) 

Region II 
(High T) 

Region I 
(Low T) 

Region II 
(High T) 

B1 0.005 0.250 0.018 0.380 

B2 0.010 0.330 0.051 0.800 
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4.6.2 AC conductivity of LiSn2P3O12 system 

The AC conductivity spectra of log ζac vs log ω plots of LiSn2P3O12 samples for 

System II are illustrated in Figure 4.16. The plot consists of a plateau in the intermediate 

frequency region and high frequency dispersion. A spike in the low frequency region is 

also detected in the plots for temperatures from 303 to 573 K of sample B1. Meanwhile 

for sample B2, each plot consists of a plateau in intermediate frequency region and high 

frequency dispersion. The low frequency dispersion is due to electrode polarization 

effects which are related to blocking of ions between the electrode and samples 

(Mariappan & Govindaraj, 2005) and also observed in the complex impedance plots as 

discussed in previous section. Meanwhile, the intermediate frequency plateau is due to 

frequency independence of conductivity corresponding to DC conductivity. The 

transition from the DC plateau to AC conductivity dispersion region shifts towards 

higher frequency range when temperature increases.  

 

At high frequencies, ζac increases linearly with frequency obeying the empirical law 

of frequency dependence given by power law of the form (Jonscher, 1983) of:  

 

𝜎 ′ 𝜔 = 𝜎 0 +  𝐴𝜔𝑠                                                                                                 (4.3) 

 

where ζ  (0) is the dc conductivity of the sample, A is the temperature dependent 

parameter and s is the frequency exponent.  
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Figure 4.16: AC conductivity spectra of LiSn2P3O12 samples (System II) at various 
temperatures 

 

 

 

B1 

B2 
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The value of ωp, K, n,and μ, at all temperatures studied for LiSn2P3O12 samples for 

System II are listed in Table 4.9. For both samples in System II, the values of ωp, K, n, 

and μ, increase with the increase of temperature. As such the rise in conductivity in the 

samples can be attributed to the rise in ionic mobility as well as density of mobile ions 

(Teo et al., 2012; Vijayakumar et al., 2003) . The trend of μ value can be correlated with 

the outcomes from impedance analysis showing that the sample B1 exhibited the 

highest ionic conductivity value and also possessed the highest ionic mobility, µ that is 

5.43 × 10-11 cm2 V-1 s-1 and the highest density of mobile ions, n that is  1.99 x 1024 cm-3.  

 
Table 4.9: Parameters of ωp, K, n and μ at various temperatures for LiSn2P3O12 

samples (System II) 

Sample T 
(K) 

ωp 
(Hz) 

K 
(S cm-1 K 

Hz-1) 

n 
(cm-3) 

µ 
(cm2 V-1 s-1) 

B1 

303 2.51 x 105 3.47 x 10-10 1.30x 1023 1.38 x 10-11 

373 3.16 x 105 3.48 x 10-10 1.30 x 1023 1.42 x 10-11 

473 7.94 x 105 3.12 x 10-10 1.17 x 1023 2.81 x 10-11 

573 1.26 x 106 3.37 x 10-10 1.26 x 1023 3.67 x 10-11 

673 2.00 x 106 6.88 x 10-10 2.00 x 1023 4.95 x 10-11 

773 2.51 x 106 5.32 x 10-9 1.99 x 1024 5.43 x 10-11 

B2 

303 1.58 x 104 3.80 x 10-10 1.42 x 1023 8.74 x 10-13 

373 2.51 x 104 4.28 x 10-10 1.60 x 1023 1.12 x 10-12 

473 6.31 x 104 3.76 x 10-10 1.41 x 1023 2.23 x 10-12 

573 1.00 x 105 3.62 x 10-10 1.35 x 1023 2.92 x 10-12 

673 3.16 x 105 1.34 x 10-9 5.02 x 1023 7.85 x 10-12 

773 2.24 x 106 4.32 x 10-9 1.61 x 1024 4.84 x 10-11 
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Furthermore, the temperature dependence of s is very useful for determining the type 

of AC conduction mechanism in a material. In the literature, various theoretical models 

for AC conductivity have been proposed to explain the temperature dependence of s. In 

the Quantum Mechanical Tunnelling model (QMT) (Ghosh, 1990), the value of s 

increases slightly with increasing temperature while in the Correlated Barrier Hopping 

model (CBH) (Elliott, 1977) s is predicted to be frequency and temperature dependent 

with s increasing towards unity as temperature approaches 0 K with no minimum value 

for s.  

 

Figure 4.17 exhibits the temperature dependence of the exponent s for LiSn2P3O12 

samples for System II calculated from the slopes of the linear part in the high frequency 

region of log ζac versus log ω as shown in Figure 4.15. The value of s decreases from 

0.94 to 0.59 for sample B1 while for sample B2, the value of s decreases from 0.64 to 

0.29.   The decreasing value of s with temperature suggests that CBH model is the 

predominant AC conduction mechanism in the samples. The model considers the 

hopping of carriers between two sites over a barrier separating them. The frequency 

exponent s in the CBH model can be expressed in relation (Elliott, 1977) as shown 

below: 

 

𝑠 = 1 −
6𝑘𝑇

𝑊𝑀
                                                                                                               (4.7) 

 

where k is Boltzmann constant, T is temperature, WM is maximum barrier height.  From 

Equation 4.12 it can be deduced that s will become unity as temperature reaches 0 K. In 

system II, sample B1 is fitted to the equation s = - 0.0007T+ 1.0998 which suggests that  

𝑠 = 1 when   𝑇  0 . Meanwhile, equation s = - 0.0006T + 0.8326 can be fitted to the 
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plot of sample B2. This equation also suggests that s = 1 when 𝑇  0. These equations 

indicate again that CBH model is the appropriate model for LiSn2P3O12 samples for 

System II.  

 

 

Figure 4.17: Variation of s with temperature for LiSn2P3O12 samples (System II) 

4.6.3 Transference number measurement analysis 

The transference number corresponding to ionic (tion) for LiSn2P3O12 system was 

evaluated using Wagner‟s polarization method. In this method, the direct current, DC is 

monitored as a function of time of a fixed DC voltage of 0.5 V across SS/ LiSn2P3O12 

solid electrolytes/SS. After polarization, the graphs of normalized current versus time 

were plotted. Figure 4.18 presents a typical plot of normalized polarization current 

versus time for LiSn2P3O12 samples in System II.  From the plot, the polarization current 

for both samples, B1 and B2, the current saturated after about 500 s.  Furthermore, both 
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samples show transference number value close to unity that is 0.99. This shows that the 

conductivity of the LiSn2P3O12 samples was predominantly ionic and is expected to be 

that of Li+ ions. 

 

 

 

Figure 4.18: Typical plot of normalized polarisation current versus time for 
LiSn2P3O12 samples (System II) 
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4.7 Electrochemical stability of LiSn2P3O12 system 

The electrochemical stability window of the samples was determined by LSV. The 

current-voltage responses obtained for System II samples, B1 and B2 are displayed in 

Figure 4.17. The voltage stability window of sample B1 at room temperature is up to 

4.8 V. Meanwhile, for sample B2, the sample is stable up to 4.6 V at room temperature.  

This shows that the highest conducting sample, sample B1 have wider electrochemical 

stability window compared to sample B2. Thus, the result shows that LiSn2P3O12 

samples are electrochemically stable for applications as solid electrolytes in 

electrochemical devices such as lithium batteries.  
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Figure 4.19, continued …. 

 

 

Figure 4.19: Linear sweep voltammogram of LiSn2P3O12 samples (System II) 
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CHAPTER 5: TRIVALENT SUBTITUTION OF Cr3+ and Al3+ AT Sn4+ SITE: 

Li1+xCrxSn2-xP3O12 AND Li1+xAlxSn2-xP3O12 SYSTEMS 

5.1 Introduction 

Generally, enhancement of ionic conductivity may be achieved by partial substitution 

at Sn4+ site with trivalent ions such as Al3+, Cr3+ or Fe3+ into LiSn2P3O12 parent 

compound as stated in Chapter 2. It was systematically shown for the first time by 

(Aono et al., 1990a), (Aono et al., 1990b) by using Al3+ in the system of 

Li1.3Al0.3Ti1.7(PO4)3. In the present study, an effort to enhance the ionic conductivity of 

LiSn2P3O12 parent compound was made by partially substituting Sn4+ (rion = 0.69 Å) site 

using smaller trivalent ion, Cr3+ (rion= 0.615 Å) with the goal of creating Li+ interstitial 

ions where Sn4+ → Li+ + Cr3+ as the third system. This substitution yielded compounds 

with the general formula of Li1+xCrxSn2-xP3O12 with x = 0.1, 0.3, 0.5, 0.7 and 0.9 . For 

the forth system, smaller trivalent ion,   Al3+    (rion = 0.535 Å) was substituted at Sn4+ 

site with the same goal of creating Li+ interstitial ions where Sn4+ → Li+ + Al3+ 

producing compounds  with general formula of Li1+xAlxSn2-xP3O12 with x = 0.1, 0.3, 0.5, 

0.7 and 0.9 . For both systems, the effects of Cr and Al substitution on the properties of 

LiSn2P3O12 were then investigated using XRD, FTIR, SEM, laser particle sizer, 

impedance spectroscopy, LSV and transference number measurement.  
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5.2 Classification of the samples 

 As mentioned in section 5.1, this chapter consists of two systems,       

Li1+xCrxSn2-xP3O12 and Li1+xAlxSn2-xP3O12 with x = 0.1, 0.3, 0.5, 0.7 and 0.9. Table 5.1 

below summarizes the designation of the studied samples based on the value of x for 

both systems.  

 

Table 5.1: The classification of the samples in Li1+xCrxSn2-xP3O12 and           
Li1+xAlxSn2-xP3O12 systems 

System x Sample 

III 
Li1+xCrxSn2-xP3O12 

0.1 CR1 

0.3 CR3 

0.5 CR5 

0.7 CR7 

0.9 CR9 

IV 
Li1+xAlxSn2-xP3O12 

0.1 AL1 

0.3 AL3 

0.5 AL5 

0.7 AL7 

0.9 AL9 
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5.3 Li1+xCrxSn2-xP3O12 System 

5.3.1 XRD analysis 

In order to study the structural properties, XRD was done on the Li1+xCrxSn2-xP3O12   

(x = 0.1, 0.3, 0.5, 0.7, 0.9) samples. XRD spectra of the samples are shown in Figure 

5.1. The spectra clearly indicate the presence of rhombohedral (𝑅3𝑐) LiSn2P3O12 

crystalline phase in all of the samples. All peaks are sharp and well defined; suggesting 

that the compounds are generally well crystallized. SnO2 impurity is also observed in all 

samples indicating the presence of unreacted cassiterite SnO2 (Cui et al., 2012).  

 

In order to confirm that Cr3+ ion is in the LiSn2P3O12structure, the peaks in 2θ range 

24°- 25° were carefully analyzed for sample CR1, CR3 and CR5. Figure 5.2 shows the 

magnified XRD patterns in this 2θ range. As seen in this figure, the peak shifts to higher 

diffraction angle when Cr3+ ion is substituted into the parent structure indicating that 

Cr3+ ion is in the LiSn2P3O12 structure rather than forming impurities. This suggests that 

there are more ions accommodated in the lattice structure. However, the SnO2 impurity 

peaks observed in this system are quite high especially in sample CR7 and CR9. 

Therefore, further characterizations were not done on this system.  
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Figure 5.1: X-ray diffraction patterns of Li1+xCrxSn2-xP3O12 system 

 

 

Figure 5.2: X-ray diffraction patterns of Li1+xCrxSn2-xP3O12 system in 2θ range from 
24° to 25° 
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5.4 Li1+xAlxSn2-xP3O12 System 

5.4.1 XRD analysis 

Figure 5.3 displayed the XRD spectra of the studied Li1+xAlxSn2-xP3O12 system. The 

XRD spectra clearly points to the existence of rhombohedral (𝑅3𝑐) LiSn2P3O12 

crystalline phase with the existence of unreacted cassiterite SnO2 (Cui et al., 2012) . 

Nevertheless, no peak was attributed to aluminium, and the related compound was 

detected.  

 

In order to confirm that Al3+ ion is in the LiSn2P3O12structure, the peaks in 2θ range 

23.5°- 25.0° were carefully analyzed for the sample AL1, AL3 and AL5 as the samples 

are well crystallized and contained no unknown peaks as samples A7 and A9. The 

magnified XRD patterns in this 2θ range are shown in Figure 5.4. When Al3+ was 

substituted into the parent structure, the peak shifts to higher diffraction angle 

suggesting that Al3+ ion is in the LiSn2P3O12 structure rather than forming impurities. 

This indicates that there are more ions accommodated in the lattice structure. However, 

based on the analysis, the maximum value of x is only up to 0.5. When x exceeded 0.5, 

unknown peaks suddenly appeared. As such no further characterization was carried out 

on samples AL7 and AL9. Furthermore, all peaks are sharp and well defined for x up to 

0.5 showing that the compound was generally well crystallized. This high crystallinity is 

thought to favour an improved connection between the channels in the NASICON 

structure through which ionic conduction occurs contributing to improving the 

material's ionic conductivity (Kubanska et al., 2014).  
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Figure 5.3: X-ray diffractograms of Li1+xAlxSn2-xP3O12 system 

 

 

Figure 5.4: X-ray diffractograms of Li1+xAlxSn2-xP3O12 system in 2θ range from 23.5 
to 25.0° 
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The variations of the lattice parameters and crystallite size for the Li1+xAlxSn2-xP3O12 

system were then evaluated and the outcomes are itemised in Table 5.2. The table shows 

that the values of a, c and V in Al substituted samples decrease as the value of x 

increases. Nevertheless, the decrease in the unit cell volume compared to the 

unsubstituted parent compound is mostly related to the substitutions of smaller ionic 

radius of Al3+ ion (rion = 0.53 Å) compared to the Sn4+ ion (rion = 0.69 Å). However, the 

crystallite size of the system is found to increase as the value of x increases and was also 

found to be smaller than the parent compound that was 137.4 Å. Furthermore, the 

density of the prepared pellet was established from the physical dimensions and the 

weight of the pellet compared to the theoretical density of 3.79 g cm-3. The density of 

the compound is 3.49 g cm-3 that is 92 % of the theoretical density.  

 
Table 5.2: Lattice parameters and unit cell volume of Li1+xAlxSn2-xP3O12 system 

Sample a [Å] c [Å] V [Å3] Crystallite size [Å] 

AL1 8.5175 21.3200 1340.22 95.55 

AL3 8.5061 21.2203 1329.63 95.93 

AL5 8.4958 21.0054 1313.00 115.63 
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5.4.2 FTIR analysis 

FTIR has been employed to identify the functional group in Li1+xAlxSn2-xP3O12 

system. Figure 5.5 shows the FTIR spectra of various functional groups in     

Li1+xAlxSn2-xP3O12 system, respectively in the spectral region of 550 to 1400 cm-1. All 

the samples investigated in this study show similar spectra and it is obviously 

dominated by the vibrations of PO4 tetrahedral that range from 800 to 1300 cm-1  where 

the bands in the region of 1000 to 1300 cm-1 are attributed to the asymmetric stretching 

vibrations while bands in the region of 900 to 980 cm-1 are ascribed to the symmetric 

stretching vibrations of the PO4
3- ions (Yadav & Bhatnagar, 2013; Yang et al., 2015). 

The bands in the region of 560 to 670 cm-1 are mainly due to the asymmetric bending 

vibration modes of O-P-O units (Vijayan & Govindaraj, 2011). The P-O-P stretching 

bands are observed in the region of 700 to 800 cm-1(Schroeder et al., 2011).  

 

For all samples, AL1, AL3 and AL5 comparing all the dominant absorption bands of 

O-P-O and PO4
3-, as x increases, the two absorption bands are shifted to the lower wave 

number direction. The shifting is attributable to the presence of Al3+ ions in the 

compounds. The Al3+ ions may have modified the interaction forces between the        

O–P–O, O–Sn–O and O–Al–O bonds leading to considerable displacement of the 

transmission bands (Yadav & Bhatnagar, 2013). 
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Figure 5.5: FTIR spectra of various functional groups in Li1+xAlxSn2-xP3O12 system 

5.4.3 SEM, EDX and particle size distribution analyses 

 The SEM micrographs of Li1+xAlxSn2-xP3O12 samples are presented in Figure 

5.6. It is observed that the particles in the compound appear to be agglomerated. 

Nevertheless, the particle‟s sizes for Li1+xAlxSn2-xP3O12 samples are slightly smaller 

than that of the unsubstituted parent compound. The particle size also increases as x 

increases.  This is verified by the analysis of the particle size distribution as shown in 

Figure 5.7. The average particle size for AL5 compound is 19.70 µm compared to that 

of LiSn2P3O12, which is 22.8 µm. This may have been due to the substitutions of smaller 

ionic radius of Al3+ ion (rion = 0.53 Å) compared to the Sn4+ ion (rion = 0.69 Å), which 

decreased the particle‟s size in the Al subtituted compounds. 
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Figure 5.6: SEM micrographs of Li1+xAlxSn2-xP3O12 system 
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Figure 5.7: Particle size distribution of Li1+xAlxSn2-xP3O12 system 
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Meanwhile, the elemental examination of the compounds was carried out by EDX 

examination and the results are tabulated in Table 5.3. The analysis was carried out on a 

larger region (marked as M) and also on smaller region (marked as N) in order to 

investigate the homogeneity of the elements at both regions.  In both regions, M and N, 

the atomic ratios of the compounds are very near to the anticipated composition; thus 

verifying that the Al3+ was successfully inserted into the LiSn2P3O12 structure leading to 

the formation of Li1+xAlxSn2-xP3O12 compound. Nevertheless, the EDX of the sample 

could not show the existence of lithium due to its light atomic weight. Therefore, the 

concept of charge neutrality was applied for this case (Narváez-Semanate & Rodrigues, 

2010; Norhaniza et al., 2011; Wu et al., 2009)   . 

 
Table 5.3: The EDX stoichiometric atomic ratio of Li1+xAlxSn2-xP3O12 system 

Sample Composition 
 Stoichiometric atomic ratio 

Sn Al P O 

AL1 

Starting mixture 1.90 0.10 3.00 12.00 

EDX analysis 
M 1.88 0.98 2.99 12.00 

N 1.88 0.99 2.99 12.00 

AL3 

Starting mixture 1.70 0.30 3.00 12.00 

EDX analysis 
M 1.72 0.29 3.01 12.00 

N 1.70 0.29 3.00 12.00 

AL5 

Starting mixture 1.50 0.50 3.00 12.00 

EDX analysis 
M 1.49 0.51 3.00 12.00 

N 1.50 0.50 3.00 12.00 
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5.4.4 Electrical properties of Li1+xAlxSn2-xP3O12 system 

5.4.4.1 DC conductivity of Li1+xAlxSn2-xP3O12 system 

The complex impedance plot of sample AL1, AL3 and AL5 at room temperature is 

shown in Figure 5.8. The impedance plots for all samples consist of two depressed 

semicircles in high and middle frequency area with an electrode spike at low frequency 

area. The high frequency semicircle corresponds to bulk response with its intercept at 

the x-axis allocated to bulk resistance, Rb, while the middle frequency semicircle is 

corresponds to grain boundary response and its intercept at the x-axis corresponds to 

grain boundary resistance, Rgb. In the Al3+ substituted system, as x increases from 0.1 to 

0.5 at room temperature, both Rb and Rgb shifted to lower value indicating an increase in 

conductivity.  
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Figure 5.8, continued.... 

 

 

 

Figure 5.8: Complex impedance plots of Li1+xAlxSn2-xP3O12 samples at room 
temperature 
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Experimental complex impedance data might well be approximated by the 

impedance of an equivalent circuit made up of bulk and grain boundary resistance, Rb 

and Rgb and bulk and grain boundary capacitance, Cb (CPE), Cgb (CPE) and       

CPEblocking electrode with constant phase element (CPE) behaviour as in Figure 5.9  

(Kubanska et al., 2014).  

 

 

Figure 5.9: Equivalent circuit of Li1+xAlxSn2-xP3O12 samples based on the impedance 
analysis at room temperature 

 

However,  at temperatures of 300 to 500 °C, only one semicircle is detected 

corresponding to bulk resistance, Rb together with a tilted spike at low frequency area as 

shown in Figure 5.10 and Figure 5.11 for sample AL1,AL3 and AL5. Experimental 

complex impedance data might now be approximated by a circuit only containing bulk 

resistance, Rb and bulk capacitance, Cb (CPE) and CPEblocking electrode with constant phase 

element (CPE) behaviour as shown in Figure 5.12.  
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Figure 5.10,  continued.... 

 

Figure 5.10: Complex impedance plots of Li1+xAlxSn2-xP3O12 samples at 300 °C 
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Figure 5.11,  continued.... 

 

 

Figure 5.11: Complex impedance plots of Li1+xAlxSn2-xP3O12 samples at 500 °C 
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Figure 5.12: Equivalent circuit of Li1+xAlxSn2-xP3O12 samples based on the 
impedance analysis at 500°C 

 

Bulk and grain boundary conductivities, ζb and ζgb are then evaluated using Rb and 

Rgb values obtained from the impedance plots. The values of bulk, grain boundary and 

total conductivities for Li1+xAlxSn2-xP3O12 samples are listed in Table 5.4. The bulk, 

grain boundary and total conductivities of Li1+xAlxSn2-xP3O12 system increase as the 

value of x increases. Sample with x = 0.5 that is sample AL5 showed the highest total 

conductivity value of 1.02 × 10-6 S cm-1 at room temperature which is one order of 

magnitude greater compared to that of the LiSn2P3O12 parent compound. This is 

attributable to the rise of one order of magnitude of the grain boundary conductivity in 

the Al3+ substituted samples. When the temperature rises to 500 °C, the ionic 

conductivity also rises to 8.18 × 10-5 S cm-1.   

 

Therefore it can be inferred that the rise of the total ionic conductivity in the samples 

with excess Li chiefly is contributed by grain boundary conductivity, not from bulk 

conductivity. This might be due to the ionic conductivity across grain boundaries 

correlates with the increased density of the pellets that takes place upon Al3+ 

substitution  (Pérez-Estébanez et al., 2013) and a rise in the amount of interstitial Li+ 

ions. The increase of the grain boundary conductivity may originate from segregation of 
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Li to the grain boundary to form Li-rich structures which may reduce the activation 

energy and increase the concentration of charge carriers, thereby increasing grain 

boundary conductivity  (Chung & Kang, 2014).  

 

Besides that, conductivity enhancement also come from the maximum                  

Li+–Li+ interaction observed at M1 sites may be due to formation of newer channels at 

higher temperatures in the bottlenecks  (Kothari & Kanchan, 2016). Furthermore, as 

temperature increases, the Li+ ions populate intermediate sites like M1 / 2 , M3, M3‟ 

(Arbi  et  al . ,  2013)and at the intersection points within the bottleneck instead of the  

network M1 sites (Arbi et al., 2015) . As such, creation of vacancies at M1 sites 

increases Li+ mobility thus increases the conductivity of the sample (Arbi et al., 2007).  

 

Table 5.4: Ionic conductivity values for Li1+xAlxSn2-xP3O12 system at 30 °C 

Sample ζb,30 
(S cm-1) 

ζgb,30 
(S cm-1) 

ζ t,30 
(S cm-1) 

AL1 (2.75 ± 0.07) × 10-6 (1.13 ± 0.05) × 10-7 (1.08 ± 0.06) × 10-7 

AL3 (4.27 ± 0.06) × 10-6 (2.62 ± 0.05) × 10-7 (2.47 ± 0.05) × 10-7 

AL5 (8.71 ± 0.03) × 10-6 (1.16 ± 0.03) × 10-6 (1.02 ± 0.02) × 10-6 
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Table 5.5: Ionic conductivity values for Li1+xAlxSn2-xP3O12 system at 500 °C 

Sample ζb,500 
(S cm-1) 

ζ t,500 
(S cm-1) 

AL1 (7.18 ± 0.05)  × 10-6 (7.18 ± 0.05) × 10-6 

AL3 (6.55 ± 0.04) × 10-5 (6.55 ± 0.04) × 10-5 

AL5 (8.18 ± 0.04) × 10-5 (8.18 ± 0.04) × 10-5 

 

Presented in Figure 5.13 is the variation of bulk conductivity with 1000/T of 

Li1+xAlxSn2-xP3O12 samples. The activation energy, Ea for the Li+ migration was 

established from the Arrhenius as in Equation 4.2. From the graph, it can be observed 

that the conductivity increases linearly with temperature implying that conduction is a 

thermally activated process. The regression value, R for all samples are found to be 0.9. 

Similar to the parent compound, two areas can be seen in the plots for sample AL1, 

AL3 and AL5. The first area is the low temperature region while area II is the high 

temperature region.  As the value of x increases from 0.1 to 0.5, the bulk and grain 

boundary activation energy value decreases as listed in Table 5.4 and Table 5.5.   

 

Sample AL5 which is the highest conducting sample possesses the lowest bulk 

activation energy at low and high temperature, 0.004 eV and 0.138eV respectively. This 

can be correlated with the conductivity value. Additionally, the activation energy value 

stated here is much lower than those reported by other groups of researchers (Cui et al., 

2012; Norhaniza et al., 2010) .  This low value of activation energy is typical of a fast 

ion conductor, and a result from the regularity of the diffusion channels in the 

NASICON structure. This fact favours lithium mobility in the Li1+xAlxSn2-xP3O12 

samples (Jonscher, 1983).   
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Figure 5.13,  continued.... 

 

 

Figure 5.13: Log σ versus 1000/T plots of bulk and grain boundary conductivities of 
Li1+xAlxSn2-xP3O12 samples 

 

Table 5.6: Bulk and grain boundary activation energies for Li1+xAlxSn2-xP3O12 
system 

Sample 

Ea,b (eV) Ea, gb (eV) 

Region I 
(Low T) 

Region II 
(High T) 

Region I 
(Low T) 

Region II 

(High T) 

AL1 0.008 0.558 0.163 - 

AL3 0.005 0.455 0.109 - 

AL5 0.003 0.413 0.003 - 

 
 
 
 
 
 
 

Univ
ers

ity
 of

 M
ala

ya



 

111 

5.4.4.2 AC conductivity of Li1+xAlxSn2-xP3O12 system 

Figure 5.14 depicts log ζac vs. log ω plots of the highest conducting sample that is 

sample AL5 at different temperatures. The plot contains a plateau in the middle 

frequency area and high frequency dispersion. The middle frequency plateau is due to a 

frequency independence of the conductivity corresponding to the DC conductivity. The 

transition from the DC plateau to AC conductivity dispersion area shifted towards a 

greater frequency range when the temperature increases. At high frequencies, the power 

law feature was detected in the form of Equation 4.3 (Jonscher, 1983):  

 

 

Figure 5.14: AC conductivity spectra of sample AL5 at various temperatures 
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Table 5.7 presents the values of ωp, K, n,and μ, at all temperatures for sample AL5. 

The values of ωp, K, n, and μ, rise with the increase of temperature. This means that 

conductivity enhancement in the samples is attributable to the increase in ionic mobility 

and density of mobile ions (Teo et al., 2012; Vijayakumar et al., 2003) . This is 

consistent with the results from impedance analysis which reveals that sample AL5 

displays the highest ionic conductivity value. Sample AL5 also possesses the highest µ 

of 2.42 × 10-10 cm2 V-1 s-1 and the highest n of 1.62 x 1024 cm-3.  

Table 5.7: Parameters of ωp, K, n and μ for sample AL5 at various temperatures 

T 
(K) 

ωp 
(Hz) 

K 
(S cm-1 K Hz-1) 

n  
(cm-3) 

µ 
(cm2 V-1 s-1) 

303 1.12 × 106 3.38 × 10-10 1.27 × 1023 6.17 × 10-11 

373 1.58 × 106 3.66 × 10-10 1.37 × 1023 7.08 × 10-11 

473 1.77 ×106 4.52 × 10-10 1.69 × 1023 6.25 × 10-11 

573 7.94 × 106 9.74 × 10-10 3.64 × 1023 2.31 × 10-10 

673 9.55 × 106 4.14 × 10-9 1.55 × 1024 2.37 × 10-10 

773 1.12 × 107 4.34 × 10-9 1.62 × 1024 2.42 × 10-10 

  

Furthermore, AC conduction mechanism for sample AL5 was done by determining 

the temperature dependence of s. Figure 5.15 shows the variation of the exponent s with 

temperature.  The evaluated value of s reduces from 0.99 to 0.22. The reducing value of 

s with temperature suggests that the CBH is the most suitable model to describe the AC 

conduction mechanism in the sample. This model assumes that the hopping of carriers 

between two sites over a barrier separating them and the hopping of carriers are 

thermally activated (Elliott, 1977).  
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Figure 5.15: Variation of s with temperature for sample AL5 

5.4.4.3 Transference number measurement analysis 

The transference number of the highest conducting sample, sample AL5 for 

Li1+xAlxSn2-xP3O12 system was determined using Wagner‟s polarization method. The 

direct current was recorded as a function of time upon application of a fixed DC voltage 

across SS/ sample AL5 solid electrolytes/SS. After polarization, the graph of 

normalized current versus time for the sample is displayed in Figure 5.16. From the 

figure, it can be seen that the current decreases exponentially with time and finally 

saturates after about 500 s. The value of ionic transference number is close to unity that 

is 0.99. This implies that the conductivity of the sample AL5 is mainly due to ions 

(Yadav & Bhatnagar, 2013) since the value were more than 0.5 and is anticipated to be 

that of Li+ ions. 
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Figure 5.16: Typical plot of normalized polarization current versus time of sample 
AL5 

5.5 Electrochemical stability of Li1+xAlxSn2-xP3O12 system 

The electrochemical stability window of electrolyte is a crucial parameter to be 

assessed for their application point of view in electrochemical devices. LSV was 

utilized in order to determine the decomposition voltage of the highest conducting 

sample, sample AL5. Figure 5.17 illustrates linear sweep voltammogram of the sample 

at room temperature. From the diagram, the voltage stability window for AL5 sample at 

room temperature is up to 5.1 V which is greater than that of the unsubstituted sample. 

This observation reveals that the substitution of Al3+ improved the electrochemical 

stability window by 6.3 % compared to the parent compound as a result of the shrinkage 

of the unit cell volume that improves the stability of the NASICON structure. As such, 

the electrochemical stability window of Al3+ substituted sample is wide enough to be 

applied as solid electrolytes in electrochemical devices.  
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Figure 5.17: Linear sweep voltammogram of sample AL5 

 

Univ
ers

ity
 of

 M
ala

ya



 

116 

 CHAPTER 6: TETRAVALENT SUBTITUTION OF Zr4+ AND Si4+ AT P5+ 

SITE: Li1+ySn2P3-yZryO12 AND Li1+ySn2P3-ySiyO12 SYSTEMS   

6.1 Introduction 

 Besides substitution at Sn4+ site, conductivity enhancement can also be done by 

partial substitution at P5+ site with tetravalent ions; for example, Zr4+. In this study, this 

partial substitution was carried out with the goal of creating Li+ interstitial ions where 

P5+ → Li+ + Zr4+. Therefore, we replaced greater ionic radius of Zr4+ ion (rion = 0.72 Å) 

and Si4+ ion (rion = 0.40 Å) when comparing to P5+ ion (rion = 0.38 Å) as the research on 

Zr4+ substituted into LiSn2P3O12 has never been reported in the literature so far. This 

substitution is also anticipated to enlarge the size of the Li+ ion migration channel, thus 

leading to a rise in ion mobility.  

 

In this work, a simple and economical water based sol-gel technique was utilized to 

synthesize Zr4+ substituted at P5+ site producing compounds with general formula of 

Li1+ySn2P3-yZryO12 with y = 0.1, 0.3, 0.5, 0.7 and 0.9 as System V. In system VI, Si4+ ion 

was substituted at P5+ site in order to obtain compounds with general formula of  

Li1+ySn2P3-ySiyO12 with y = 0.1, 0.3, 0.5, 0.7 and 0.9 with the goal of creating Li+ 

interstitial ions where P5+ → Li+ + Si4+. Similar to the System V, the substitution of P5+ 

with Si4+ is expected to enlarge the migration channel of Li+ ions. For both systems, all 

the samples were characterized in the aspects of structural, morphological, elemental, 

and electrical and also voltage stability window.  
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6.2 Classification of the samples 

As mentioned in section 6.1, this chapter consists of two systems, Li1+ySn2P3-yZryO12 

and Li1+ySn2P3-ySiyO12 with y = 0.1, 0.3, 0.5, 0.7 and 0.9. Table 6.1 below summarizes 

the designation of the studied samples based on the value of y for both systems.  

 

Table 6.1: The classification of the samples in Li1+ySn2P3-yZryO12 and                      
Li1+ySn2P3-ySiyO12 systems 

System y Sample 

V 
Li1+ySn2P3-yZryO12 

0.1 ZR1 

0.3 ZR3 

0.5 ZR5 

0.7 ZR7 

0.9 ZR9 

VI 
Li1+ySn2P3-ySiyO12 

0.1 SI1 

0.3 SI3 

0.5 SI5 

0.7 SI7 

0.9 SI9 
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6.3 Li1+ySn2P3-yZryO12 System 

6.3.1 XRD analysis 

Presented in Figure 6.1 are the XRD patterns of the studied Li1+ySn2P3-yZryO12 

system. All the samples in the system are indexed to rhombohedral (𝑅3𝑐) LiSn2P3O12 

crystalline phase with the existence of unreacted cassiterite SnO2 (Cui et al., 2012). 

However, the maximum substitution value of y is only up to 0.5. When y exceeded 0.5, 

certain peaks disappear and SnO2 peaks become dominant. As such, further analysis is 

only done on the sample with 0 ˂ y ˂ 0.5 and no further characterization was proceeded 

for the sample with y = 0.7 and 0.9. Furthermore, all peaks for sample ZR1, ZR3 and 

ZR5 are sharp and well defined. Therefore, it can be deduced that the compounds are 

generally well crystallized (Kubanska et al., 2014). The intensity of the peaks also 

increases with the increment of y.  

 

In order to confirm that Zr4+ ion is in the LiSn2P3O12 structure, the peaks in 2θ range 

23.0°- 25.0° were carefully analyzed. Figure 6.2 shows the magnified XRD patterns in 

this 2θ range for sample ZR1, ZR3 and ZR5. As seen in this figure, the peak shifts to 

higher diffraction angle upon Zr4+ ion substitution indicating that Zr4+ ion is in the 

LiSn2P3O12 structure. Nevertheless, no peak attributed to zirconium and the related 

compound is detected, indicating that Zr4+ is successfully placed into the LiSn2P3O12 

structure instead of forming impurities.   
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Figure 6.1: X-ray diffraction patterns of Li1+ySn2P3-yZryO12 system 

 

 

Figure 6.2: X-ray diffraction patterns of Li1+ySn2P3-yZryO12 system in 2θ range from 
23.0° to 25.0° 
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Table 6.2 shows the variations of lattice parameters and crystallite size for the 

Li1+ySn2P3-yZryO12 system. The values of a, c and V in Zr substituted system increase as 

the value of y increases. Nevertheless, the increase in the unit cell volume compared to 

the unsubstituted parent compound is mostly related to the substitutions of greater ionic 

radius of Zr4+ ion (rion = 0.72 Å) compared to the P5+ ion (rion = 0.38 Å) (Rao et al., 

2014). The crystallite size of the Li1+ySn2P3-yZryO12 system is bigger than that of the 

parent compound (137.4 Å). Furthermore, the density of the prepared pellet was 

established from the physical dimensions and the weight of the pellet compared to the 

theoretical density of 3.79 g cm-3. The density was found to rise to 91% after zirconium 

was substituted to the parent compound.   

 
 

Table 6.2: Lattice parameters and unit cell volume of Li1+ySn2P3-yZryO12 system 

Sample a [𝑨]  c [𝑨]  V [𝑨 𝟑] 
 

iv. Crystallite size [𝑨]  

ZR1 8.3895 22.0252 1343.41 140.51 

ZR3 8.3941 22.0355 1344.58 143.56 

ZR5 8.3968 22.0520 1346.46 146.23 
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6.3.2 FTIR analysis 

FTIR spectra of various functional groups in Li1+ySn2P3-yZryO12 system in the region 

from 550 to 1400 cm-1 are displayed in Figure 6.3. All samples, sample ZR1, ZR3 and 

ZR5 shows the same stretching vibration modes. However, vibrations of PO4 tetrahedral 

are found to be dominant in all the samples besides the asymmetric bending vibration 

modes of O-P-O units and the stretching vibrations of P-O-P unit. The bands in the 

region of 560 to 670 cm-1 are attributed to the asymmetric bending vibration modes of 

O-P-O units (Dayanand et al., 1996).  Stretching vibrations of P-O-P are identified in 

the region of 700 to 800 cm-1 (Mariappan & Govindaraj, 2005). Asymmetric stretching 

vibrations of PO4
3- ions can be seen in the bands in the region of 1000 to 1280 cm-1 

while bands in the region of 900 to 980 cm-1 correspond to the symmetric stretching 

vibrations of the PO4
3- ions (Ejehi et al., 2012; Kosova et al., 2008; Mariappan & 

Govindaraj, 2005). In all samples, ZRI, ZR3 and ZR5, as y increases, the two absorption 

bands of O-P-O and PO4
3- are shifted to the lower wave number direction as the results 

of the improvement of the crystallanity of the sample as confirmed by XRD analysis.  

 

 

Figure 6.3: FTIR spectra of various functional groups in Li1+ySn2P3-yZryO12 system 

Univ
ers

ity
 of

 M
ala

ya



 

122 

6.3.3 SEM, EDX and particle size distribution analyses 

Figure 6.4 displays the SEM micrographs of Li1+ySn2P3-yZryO12 system. In all 

samples, it is clear that the particles in the samples are agglomerated and increases when 

the value of y increases. These results can be correlated with the analysis of the particle 

size distribution as shown in Figure 6.5. The average particle size for sample ZR1 was 

24.0 µm and increases to 60.50 µm for sample ZR5 and the value is larger compared to 

that of LiSn2P3O12, which was 22.8 µm. This is due to the substitutions of greater ionic 

radius of Zr4+ ion (rion = 0.72 Å) compared to the P5+ ion (rion = 0.38 Å), which raised 

the particle‟s size in the ZR5 sample. 

    

 

Figure 6.4: SEM micrographs of Li1+ySn2P3-yZryO12 system 
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Figure 6.5: Particle size distribution of Li1+ySn2P3-yZryO12 system 
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EDX analysis was carried out in order to confirm the stoichiometric proportions and 

elemental analysis of the Li1+ySn2P3-yZryO12 system. The results of the EDX analysis are 

shown in Table 6.3. In this Zr4+ substituted system, the EDX analysis was carried out in 

tow region; larger region marked as M and smaller region marked as N. From the table, 

the atomic ratio of Sn : Zr: P: O for all samples are very near to the anticipated 

composition in both region M and N; thus verifying that the Zr4+ was successfully 

inserted into the LiSn2P3O12 structure forming Li1+ySn2P3-yZryO12 compound. However 

the EDX of the samples couldn‟t show the existence of lithium due to its light atomic 

and therefore, the concept of charge neutrality was applied for this case (Narváez-

Semanate & Rodrigues, 2010; Norhaniza et al., 2011). 

 
Table 6.3: The EDX stoichiometric atomic ratio of Li1+ySn2P3-yZryO12 system 

Sample Composition 
Stoichiometric atomic ratio 

Sn Zr P O 

ZR1 

Starting mixture 2.00 0.10 2.90 12.00 

EDX analysis 
M 2.00 0.11 2.89 11.98 

N 2.00 0.10 2.90 11.99 

ZR3 

Starting mixture 2.00 0.30 2.70 12.00 

EDX analysis 
M 2.00 0.29 2.71 12.01 

N 2.00 0.29 2.69 11.99 

ZR5 

Starting mixture 2.00 0.50 2.50 12.00 

EDX analysis 
M 2.00 0.51 2.51 12.00 

N 2.00 0.49 2.50 12.00 
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6.3.4 Electrical properties of Li1+ySn2P3-yZryO12 System 

6.3.4.1  DC conductivity of Li1+ySn2P3-yZryO12 System 

The complex impedance plots at room temperature obtained for ZR1, ZR3 and ZR5 

samples are presented in Figure 6.6. As can be seen from the figure, the plots are made 

of two depressed semicircles in high and middle frequency area with an electrode spike 

at low frequency area. The high frequency semicircle is allocated to bulk response with 

its intercept at the x-axis allocated to bulk resistance, Rb, while the middle frequency 

semicircle is ascribed to grain boundary response with its intercept at the x-axis 

corresponds to grain boundary resistance, Rgb. The Rb and Rgb values decrease with y 

value indicating an increase in conductivity with increase of Zr4+ content.  
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Figure 6.6,  continued.... 

 

 

Figure 6.6: Complex impedance plots of Li1+ySn2P3-yZryO12 samples at room  
temperature 
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The complex impedance data shown in Figure 6.6 can be modelled by an equivalent 

circuit made up of bulk and grain boundary resistance, Rb and Rgb and bulk and grain 

boundary capacitance, Cb (CPE), Cgb (CPE) and CPEblocking electrode with constant phase 

element (CPE) behaviour as in Figure 6.7  (Kubanska et al., 2014).  

 

 

 

Figure 6.7: Equivalent circuit of Li1+ySn2P3-yZryO12 samples based on the impedance 
analysis at room temperature 

 

Only one semicircle is detected corresponding to bulk resistance, Rb together with an 

electrode spike at low frequency area for ZR1, ZR3 and ZR5 samples when the 

temperature rises from 300 to 500 °C as shown in Figure 6.8 and 6.9. The experimental 

complex impedance data might be approximated by a circuit only containing bulk 

resistance, Rb and bulk capacitance, Cb (CPE) and CPEblocking electrode with constant phase 

element (CPE) behaviour as shown in Figure 6.10.  
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Figure 6.8,  continued.... 
 

 

Figure 6. 8: Complex impedance plots of Li1+ySn2P3-yZryO12 samples at 300 °C 
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Figure 6.9,  continued.... 
 

 

 

Figure 6.9: Complex impedance plots of Li1+ySn2P3-yZryO12 samples at 500 °C 
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Figure 6.10: Equivalent circuit of Li1+ySn2P3-yZryO12 samples based on the 
impedance analysis at 500°C 

 

Tables 6.4 and 6.5 shows the values of bulk, ζb, grain boundary, ζgb and total 

conductivities, ζ t for Li1+ySn2P3-yZryO12 system. The values of bulk and grain boundary 

conductivities, ζb and ζgb are calculated using Rb and Rgb values obtained from the 

impedance plots. The bulk conductivity, ζb of all the samples in Li1+ySn2P3-yZryO12 

system increases with the increment of y. Similar behaviour is observed for the grain 

boundary, ζgb and total conductivity value, ζ t. Sample with y = 0.5 that is sample ZR5 

showed the highest conducting total conductivity value at room temperature,              

1.32 × 10-6 S cm-1 which is one order of magnitude greater compared to that of  

LiSn2P3O12 parent compound. This is due to the rise of one order of magnitude of the 

grain boundary conductivity in the Zr4+ substituted sample as compared to the parent 

compound. As the temperature rises to 500 °C, the ionic conductivity increases to       

5.77 × 10-5 S cm-1.  Thus, this improvement of conductivity is significantly contributed 

by the grain boundary conductivity.  

 

Another factor that contributed to bulk conductivity improvements was the rise in 

crystallinity in the system (Xu et al., 2004). According to (Fu, 1997) and (Chowdari et 

al., 2000), the improvement in crystalline phase favours high ion conduction due to the 
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existence of greater conduction pathways for Li+ ions migration. The change in lattice 

parameter can also contribute to conductivity improvement since it changes the 

bottleneck size and outcome in easy mobility of ion thus raises the ionic conductivity of 

the system (Chang et al., 2005). Apart of the bigger size than P5+, lower 

electronegativity in Zr4+ (1.72) as compared to P5+ (2.19) is anticipated to raise the 

average free path migration of lithium ions due to its lower attraction to lithium ion 

(Burmakin & Shekhtman, 2010).   

 

Table 6.4: Ionic conductivity values for Li1+ySn2P3-yZryO12 system at 30 °C 

Sample ζb,30 
(S cm-1) 

ζgb,30 
(S cm-1) 

ζ t,30 
(S cm-1) 

ZR1 (2.22 ± 0.05) × 10-6 (1.72 ± 0.07) × 10-7 (1.59 ± 0.07) × 10-7 

ZR3 (3.48 ± 0.04) ×10-6 (4.50 ± 0.06) × 10-7 (3.99 ± 0.06) × 10-7 

ZR5 (8.50 ± 0.05) ×10-6 (1.57 ± 0.07) ×10-6 (1.32 ± 0.06) × 10-6 

 

Table 6.5: Ionic conductivity values for Li1+ySn2P3-yZryO12 system at 500 °C 

Sample ζb,500 
(S cm-1) 

ζ t,500 
(S cm-1) 

ZR1 (2.81 ± 0.05)  × 10-5 (2.81 ± 0.05)  × 10-5 

ZR3 (3.07 ± 0.04)  × 10-5 (3.07 ± 0.04)  × 10-5 

ZR5 (5.77 ± 0.01)  × 10-5 (5.77 ± 0.01)  × 10-5 
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Figure 6.11 shows the variation of bulk conductivity with 1000/T of             

Li1+ySn2P3-yZryO12 system for ZR1, ZR3 and ZR5 samples. The activation energy, Ea for 

the Li+ migration was calculated from the Arrhenius as in Equation 4.2. Similar to the 

spectra of bulk conductivity with 1000/T of the parent compound and Al3+ substituted 

compounds, two regions can be seen in the plots. The first region is the low temperature 

region while the second region is the high temperature region.  The value of the 

activation energy, Ea is tabulated in Table 6.6. The bulk and grain boundary activation 

energy decreases with the increment of the value of y.  

 

From the graph, it can be observed that the conductivity increases linearly with 

temperature implying that conduction is a thermally activated process. The regression 

value, R for all samples are found to be 0.9. Sample ZR5 which is the highest 

conducting sample showed the lowest bulk activation energy at low and high 

temperature, 0.003 eV and 0.360 eV respectively. This low value of activation energy is 

typical of a fast ion conductor, and a result from the regularity of the diffusion channels 

in the NASICON structure.  The low Ea is favourable for ion conduction in the 

Li1+ySn2P3-yZryO12 samples (Jonscher, 1983).  Additionally, the substitution of P5+ by 

Zr4+ expands the unit cell volume as shown by the XRD data. This increases triangular 

windows that relate M1 and M1/2 sites which helps ion mobility in the 

Li1.5Sn2P2.5Zr0.5O12 compound (Arbi et al., 2007).   
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Figure 6.11,  continued.... 
 

 

Figure 6.11: Log ζ  versus 1000/T plots of bulk and grain boundary conductivities of 
Li1+ySn2P3-yZryO12 samples 

 

Table 6.6: Bulk and grain boundary activation energies for Li1+ySn2P3-yZryO12 system 

Sample 

Ea,b (eV) Ea, gb (eV) 

Region I 
(Low T) 

Region II 
(High T) 

Region I 
(Low T) 

Region II 
(High T) 

ZR1 0.007 0.445 0.105 - 

ZR3 0.003 0.395 0.055 - 

ZR5 0.002 0.252 0.010 - 
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6.3.4.2  AC conductivity of Li1+ySn2P3-yZryO12 system 

Figure 6.12 shows log ζac versus log ω curves of the highest conducting sample that is 

sample ZR5 at different temperatures. Generally, the graph consists of intermediate 

frequency plateau and high frequency dispersion. At the plateau region, the conductivity 

is frequency independent and corresponds to the DC conductivity. The transition from 

the DC plateau to AC conductivity dispersion area shifted towards a greater frequency 

range when the temperature increases. At high frequencies, the power law feature was 

detected as in Equation 4.3 (Jonscher, 1983).  

 

 

Figure 6.12: AC conductivity spectra for sample ZR5 at various temperatures 
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Table 6.7 shows the values of ζ , ωp, K, n,and μ at all temperatures studied for ZR5 

sample.  From the table, it can be seen that the values ωp, K, n, and μ, increase with 

temperature. As the temperature increases, the ions gains sufficient energy and thus the 

number of ions that hop from one site to another site also increases. Thus the increment 

of the ionic mobility, µ as well as density of mobile ions, n contributed to the increment 

of the conductivity in ZR5 sample (Teo et al., 2012; Vijayakumar et al., 2003).  As 

such, the higher conductivity observed for ZR5 sample is due to the high ionic mobility, 

µ that is 1.73 × 10-10 cm2 V-1 s-1 and the high density of mobile ions, n that is              

2.13 x 1024 cm-3.  

 

Table 6.7: Parameters of ωp, K, n and μ for sample ZR5 

T 
(K) 

ωp 
(Hz) 

K 
(S cm-1 K Hz-1) 

n  
(cm-3) 

µ 
(cm2 V-1 s-1) 

303 6.31 × 105 7.59 × 10-10 2.84 × 1023 3.48 × 10-11 

373 7.82 × 105 8.06 × 10-10 3.02 × 1023 3.50 × 10-11 

473 1.00 ×106 8.99 × 10-10 3.36 × 1023 3.53 × 10-11 

573 3.98 × 106 1.31 × 10-9 4.91 × 1023 1.16 × 10-10 

673 6.31 × 106 4.24 × 10-9 1.59 × 1024 1.57 × 10-10 

773 1.58 × 107 5.68 × 10-9 2.13 × 1024 1.73 × 10-10 

 

Besides that, the values of the frequency exponent s at different temperature were 

calculated from the slopes of linear part of the high frequency area of log ζ ac versus log 

ω presented in Figure 6.12.  The variation of s with temperature for the investigated 

sample is shown in Figure 6.13. It is observed from this figure that the frequency 

exponent s decreases with increasing temperature. The calculated value of s is found to 

decrease from 0.80 to 0.17. Such behavior suggests that the CBH conduction 
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mechanism is the predominant conduction mechanism. In CBH model, the conduction 

occurs via charge carriers hopping process over the Coulomb barrier separating them 

(Elliott, 1977). According to Elliott (1977), the hopping of the charge carriers are 

thermally activated (Elliott, 1977).  

 

 

Figure 6.13: Variation of s with temperature for sample ZR5 

 

6.3.4.2  Transference number measurement analysis  

The ηion for the highest conducting sample, sample ZR5 was evaluated using 

Wagner‟s polarization method. In this technique, the direct current is monitored 

function of time of a fixed DC voltage of 0.5 V across SS/ sample ZR5 solid 

electrolytes/SS.  Figure 6.14 shows the graph of normalized polarization current versus 

time. The transference number value is found to be 0.99 in sample ZR5. This value 

demonstrates that the majority of the charge carrier in the sample is Li+ ion (Wang et al., 

2013).  
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Figure 6.14: Typical plot of normalized polarisation current versus time of sample 
ZR5 

 

6.3.5 Electrochemical stability of Li1+ySn2P3-yZryO12 System 

Figure 6.15 displays the current-voltage response obtained for the highest conducting 

sample, sample ZR5 using stainless steel as the working electrode measured between 

the potential ranges from 0 to 10 V. According to Reddy et al. (2003), the onset of the 

current identifies the decomposition voltage of the sample (Reddy et al., 2003). From 

the figure, sample ZR5 is stable up to 5.2 V. This value is 8.3% greater than the 

unsubtituted sample. The current also starts to increase at potentials beyond this limit 

due to the decomposition of the electrolyte sample. This suggests that Zr4+ substitution 

increases the stability window of the electrolyte sample and indicates the suitability for 

electrochemical device applications.  
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Figure 6.15: Linear sweep voltammogram of sample ZR5 
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6.4 Li1+ySn2P3-ySiyO12 System 

6.4.1 XRD analysis 

Figure 6.15 shows the XRD patterns of Li1+ySn2P3-ySiyO12 system. The XRD patterns 

clearly show that the peaks corresponding to NASICON material which are well 

matched with the peak positions assigned in standard JCPDS file. All the peaks are 

perfectly indexed on the rhombohedral (𝑅3𝑐) LiSn2P3O12 crystalline phase with the 

presence of unreacted cassiterite SnO2 (Cui et al., 2012). However, the maximum value 

of substitution, y is only up to 0.5. When y exceeded 0.5, certain peaks disappeared and 

the samples become less crystalline with the existence of SnO2 impurity peaks. As such 

further analysis was conducted only on SI1, SI3 and SI5 samples. 

 

 In SI1, SI3 and SI5 samples, the compound was well crystallized as all the peaks 

were sharp and well defined. The crystallinity also improves as y increases from 0.1 to 

0.5. Besides that, the peaks in 2θ range 23.0°- 25.0° were carefully analyzed for the SI1, 

SI3 and SI5 samples in order to confirm that Si4+ has successfully substituted into the 

parent compound structure. The magnified XRD patterns in this 2θ range are shown in 

Figure 6.16. The diffraction peaks shifts to higher diffraction angle when Si4+ ion is 

substituted into the LiSn2P3O12 structure showing that Si4+ ion is in the LiSn2P3O12 

structure. The absence of peaks attributed to any silicon related compound in the XRD 

spectra suggests that partial substitution has taken place.  
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Figure 6.16: X-ray diffraction patterns of Li1+ySn2P3-ySiyO12 system 

 

 

Figure 6.17: X-ray diffractograms of Li1+ySn2P3-ySiyO12 system in 2θ range from 
23.0 to 25.0° 
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The values of the lattice parameters and crystallite size for the Li1+ySn2P3-ySiyO12 

system are listed in Table 6.8. The values of a, c and V in Si4+ substituted system 

increases with the value of y. The increase in the unit cell volume compared to the 

unsubstituted parent compound is due to the substitutions of greater and almost similar 

ionic radius of Si4+ ion (rion = 0.40Å) compared to the P5+ ion (rion = 0.38 Å). The 

addition of Si5+ ions simultaneously produced additional Li+ ions in order to balance the 

charge in the structure. Thus the adjustment in lattice parameters is due to 

accommodation of the structure to occupy the extra Li+ ion (Berry et al., 2006).  

 

In addition to this, the crystallite size of the Li1+ySn2P3-ySiyO12 system is also found to 

be smaller than the parent compound that is 137.4 Å. Furthermore, the density of the 

prepared Li1+ySn2P3-ySiyO12 system is found to rise to 92% of the theoretical value.  

 

Table 6.8: Lattice parameters and unit cell volume of Li1+ySn2P3-ySiyO12 system 

Sample a [Å] c [Å] V [Å3] Crystallite size [Å] 

SI1 8.4277 21.6033 1329.71 124.72 

SI3 8.4351 21.6136 1332.68 128.89 

SI5 8.4406 21.6753 1338.23 132.51 
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6.4.2 FTIR analysis 

The NASICON-structured Li1+ySn2P3-ySiyO12 system was further investigated by 

FTIR analysis in the region from 550 to 1400 cm-1 as shown in Figure 6.17. The 

absorption bands corresponding to the vibrations of PO4 tetrahedral are found to be 

active and dominant in all the samples. The absorption bands in the region of 560 to 670 

cm-1 for all samples are caused by the asymmetric bending vibration modes of O-P-O 

units (Qiu et al., 2003). The bands observed in the region of 700 to 800 cm-1 are 

attributed to the stretching vibrations of P-O-P units (Kosova et al., 2008). Meanwhile, 

the bands in the region of 1000 to 1280 cm-1 for all samples indicated the presence of 

the asymmetric stretching vibrations while symmetric stretching vibrations of the PO4
3- 

ions existed in bands in the region of 900 to 980 cm-1(Savitha et al., 2006; Yamada & 

Takemoto, 2016). Comparing all the dominant absorption bands of O-P-O and PO4
3- in 

all the samples, the two absorption bands are shifted to the lower wave number direction 

as the value of y increases from 0.1 to 0.5 suggesting that the crystallinity was 

intensified as y value increased in the system (Qiu et al., 2003).  

 

Figure 6.18: FTIR spectra of various functional groups in Li1+ySn2P3-ySiyO12 system 
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6.4.3 SEM, EDX and particle size distribution analyses 

SEM was utilized to study the morphology of Li1+ySn2P3-ySiyO12 samples. Figure 

6.18 illustrates SEM micrographs of SI1, SI3 and SI5 samples. These micrographs 

revelas that the particles in all the samples are agglomerated and increases with the 

increment of Si4+ content in the system. Increment of the particles size in all samples is 

confirmed by the analysis of the particle size distribution as shown in Figure 6.19. The 

average particle size increases from 25.10 µm in the SI1 sample to 26.0 µm in the SI3 

sample while SI5 sample possessed particle size that is 30.70 µm. The average particle 

size for sample SI5 was higher compared to that of LiSn2P3O12, which was only 22.8 

µm as greater ioni radius of Si4+ ion (rion = 0.40 Å) compared to the P5+ ion (rion = 0.38 

Å) has raised the particle‟s size in the SI5 sample. This is attributed to the grain growth 

in all the samples as the effect of Si4+ substitutions (Adnan & Mohamed, 2014). 

    

 

Figure 6.19: SEM micrographs of Li1+ySn2P3-ySiyO12 system 
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Figure 6.20: Particle size distributions of Li1+ySn2P3-ySiyO12 system 
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The stoichiometric of the elements in all the samples were analyzed using EDX 

analysis. The stoichiometric of the atomic ratios for Sn, Si, P and O are listed in Table 

6.9 in two regions, marked as region M and N. Region M is the larger region while 

region N is the smaller region. However, the presence of lithium could not be detected 

by the EDX due to its light atomic weight. Therefore, by applying the concept of charge 

neutrality (Ramaraghavulu & Buddhudu, 2011; Wu et al., 2009), it is found that the 

atomic ratio of Sn : Si : P : O for all the samples at both regions, M and N are very close 

to the designated composition. This confirms that Si4+ is successfully substituted into 

the LiSn2P3O12 structure leading to the formation of Li1+ySn2P3-ySiyO12 compound.  

 

Table 6.9: The EDX stoichiometric atomic ratio of Li1+ySn2P3-ySiyO12 system 

Sample Composition 
Stoichiometric atomic ratio 

Sn Si P O 

SI1 

Starting mixture 2.00 0.10 2.90 12.00 

EDX analysis 
M 2.00 0.10 2.91 11.99 

N 2.00 0.11 2.90 11.99 

SI3 

Starting mixture 2.00 0.30 2.70 12.00 

EDX analysis 
M 2.00 0.31 2.69 11.99 

N 2.00 0.30 2.71 12.00 

SI5 

Starting mixture 2.00 0.50 2.50 12.00 

EDX analysis 
M 2.00 0.50 2.51 12.01 

N 2.00 0.50 2.49 12.00 
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6.4.4 Electrical properties of Li1+ySn2P3-ySiyO12 System 

6.4.4.1  DC conductivity of Li1+ySn2P3-ySiyO12 System 

Impedance spectroscopy is a useful method to resolve the contributions of various 

processes such as bulk, grain boundary, and electrode effect in the specified frequency 

domain. As such, the complex impedance plot of sample SI1, SI3 and SI5 at room 

temperature is shown in Figure 6.20. The plots consist of two overlapping semicircles 

with an electrode spike at low frequency area. The semicircle at the high frequency 

region is corresponding to bulk response with its intercept at the x-axis allocated to bulk 

resistance, Rb. Meanwhile the semicircle at the middle frequency is corresponding to 

grain boundary response. The intercept of the grain boundary response at the x-axis 

leads to grain boundary resistance, Rgb. Meanwhile, the spike in the low frequency is 

due to the processes occurring at the electrode and electrolyte interface (Irvine et al., 

1990; Kumar & Balaya, 2016). As the value of y increases from 0.1 to 0.5 at room 

temperature, Rb and Rgb are shifts to lower impedance value suggesting an enhancement 

in ionic conductivity.  
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Figure 6.21,  continued.... 
 

 

Figure 6.21: Complex impedance plots of Li1+ySn2P3-ySiyO12 samples at room 
temperature 

 
The semicircle observed in the complex impedance plots can be represented by the 

impedance of an equivalent circuit made up of bulk and grain boundary resistance, Rb 

and Rgb and bulk and grain boundary capacitance, Cb (CPE), Cgb (CPE) and       

CPEblocking electrode with constant phase element (CPE) behaviour as in Figure 6.21  

(Kubanska et al., 2014).  

 

Figure 6.22: Equivalent circuit of Li1+ySn2P3-ySiyO12 samples based on the 
impedance analysis of the samples at room temperature 

Univ
ers

ity
 of

 M
ala

ya



 

151 

However, in all samples, only one semicircle is detected that represents bulk 

resistance, Rb and also an electrode spike at low frequency area as depicted in Figure 

6.23 and 6.24 as the temperature increase from 300 to 500 °C. Experimental complex 

impedance data might now be represented by a circuit only containing bulk resistance, 

Rb and bulk capacitance, Cb (CPE) and CPEblocking electrode with constant phase element 

(CPE) behaviour as in Figure 6.25.  
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Figure 6.23,  continued.... 
 

 

 

 

 

Figure 6.23: Complex impedance plots of Li1+ySn2P3-ySiyO12 samples at 300 °C 
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Figure 6.24,  continued.... 
 

 

Figure 6.24: Complex impedance plots of Li1+ySn2P3-ySiyO12 samples at 500 °C 

 
 

 

Figure 6.25: Equivalent circuit of Li1+ySn2P3-ySiyO12 samples based on the impedance 
analysis of the samples at 500°C 

 

Then, the bulk and grain boundary conductivities, ζb and ζgb are calculated using Rb 

and Rgb values obtained from the previous impedance plots. Table 6.10 and 6.11 lists all 

the values of bulk, grain boundary and total conductivities for SI1, SI3 and SI5 samples. 

The bulk, grain boundary and total conductivities for all the samples show an increasing 
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trend as the value of y increases. Sample with y = 0.5 that is sample SI5 exhibited the 

highest conducting total conductivity value at room temperature of 1.05 × 10-6 S cm-1 

which is one order of magnitude greater to that of LiSn2P3O12 parent compound . When 

the temperature was increased to 500 °C, the ionic conductivity also increases to      

6.05 × 10-5 S cm-1.  The conductivity value obtained at higher temperature for sample 

ZR5 is higher compared to V5+ substituted sample that is only 3.16 × 10-5 S cm-1 

(Norhaniza et al., 2011).  

 

Furthermore, the increment of the total ionic conductivity in the samples may be also 

attributed by the increment of the grain boundary conductivity as can be seen in Table 

6.12. Besides that, additional Li+ is introduced by substituting P5+ by Si4+ and located in 

an energetically favored site (M3). This occupation induces the nearest-neighboring M1 

site to displace towards the next M3 site, which promotes an interstitial migration 

mechanism (Lang et al., 2015). On top of that, the increase in ζ b can be most probably 

attributed to increasing amounts of Li+ occupying the M3 sites and displacing the Li+ in 

M1 sites towards the nearest-neighboring M3 sites. Therefore, the additional Li content 

further promotes the Li+ diffusion and increases the conductivity in the system 

(Rettenwander et al., 2016).  

 

The enhancement in ionic conductivity ontained in this study was resulted from the 

framework distortion due to the replacement of the larger Si ion (rion = 0.40 Å) for the 

smaller P ion (rion = 0.38 Å). This distortion alters the local electron density of adjacent 

phosphorous atoms due to a lower electronegativity of Si (1.90) compared with P 

(2.19). It affects the lithium ion dynamics and consequently affects its bulk conductivity 

(Geng et al., 2015).  
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Table 6.10: Ionic conductivity values for Li1+ySn2P3-ySiyO12 system at 30 °C 

Sample ζb,30 
(S cm-1) 

ζgb,30 
(S cm-1) 

ζ t,30 
(S cm-1) 

SI1 (2.17 ± 0.04) × 10-6 (2.22 ± 0.04) × 10-7 (2.01 ± 0.04) × 10-7 

SI3 (2.58 ± 0.04) × 10-6 (3.02 ± 0.02) × 10-7 (2.70 ± 0.03) × 10-7 

SI5 (8.09 ± 0.03) × 10-6 (1.20 ± 0.02) × 10-6 (1.05 ± 0.02) × 10-6 

 

Table 6. 11: Ionic conductivity values for Li1+ySn2P3-ySiyO12 system at 500 °C 

 

Sample ζb,500 
(S cm-1) 

ζ t,500 
(S cm-1) 

SI1 (9.43 ± 0.03) × 10-6 (9.43 ± 0.03) × 10-6 

SI3 (1.51 ± 0.03) × 10-5 (1.51 ± 0.03) × 10-5 

SI5 (6.05 ± 0.02) × 10-5 (6.05 ± 0.02) × 10-5 

 

Figure 6.26 displays the plot of variation of bulk conductivity with 1000/T of          

Li1+ySn2P3-ySIyO12 samples. The activation energy, Ea for the Li+ migration was 

established from the Arrhenius as in Equation 4.2. For all of the samples, two regions 

can be seen similarly with other systems discussed in previous chapter. The first region 

is assigned to low temperature region while region II can be associated with high 

temperature region.  The activation energy for bulk, Ea,b and grain boundary, Ea,gb were 

extracted from the plot of variation of bulk conductivity with 1000/T and tabulated in 

Table 6.12. From the graph, it can be observed that the conductivity increases linearly 

with temperature implying that conduction is a thermally activated process. The 

regression value, R for all samples are found to be 0.9. Both Ea,b and Ea,gb are observed 

to decrease with the increment of the Si4+ ion content. Sample SI5 which is the highest 

conducting sample possessed the lowest Ea,b and Ea,gb which indicate two different 
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barriers of ion mobility. Lower Ea,b and Ea,gb values exhibits that Li+ ions are easier to 

move in the structure which leads to the enhancement of the conductivity .  
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Figure 6.26,  continued.... 
 

 

Figure 6.26: Log σ versus 1000/T plots of bulk and grain boundary conductivities of 
Li1+ySn2P3-ySiyO12 samples 

 

Table 6.12: Bulk and grain boundary activation energies for Li1+ySn2P3-ySiyO12 
system 

Sample 
Ea,b (eV) Ea, gb (eV) 

Region I 
(Low T) 

Region II 
(High T) 

Region I 
(Low T) 

Region II 
(High T) 

SI1 0.007 0.320 0.013 - 

SI3 0.004 0.237 0.007 - 

SI5 0.001 0.185 0.015 - 
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6.4.4.2  AC conductivity of Li1+ySn2P3-ySiyO12 System  

Figure 6.27 shows log ζac versus log ω plots of the highest conducting sample that is 

sample SI5 at various temperatures. It is clear that two different regions are observed in 

this figure. The middle frequency plateau was due to the frequency independence of the 

conductivity corresponding to the DC conductivity. The transition from the DC plateau 

to AC conductivity dispersion area shifted towards a greater frequency range when the 

temperature increases. At high frequencies, the power law dependence was detected in 

the form of Equation 4.3 (Jonscher, 1983).  

 

 

Figure 6.27: AC conductivity spectra for sample SI5 at various temperatues 
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The value of ωp, K, n,and μ, at all temperatures of sample SI5 are shown in Table 

6.13. All the values of ωp, K, n, and μ, increase with the increment of temperature, 

showing the same trend with the previous systems. This suggests that the conductivity 

of the sample can be attributed by the increment of the ionic mobility, µ as well as 

density of mobile ions, n (Teo et al., 2012). The highest conducting sample, sample SI5 

possessed the highest ionic mobility, µ that is 3.42 × 10-10 cm2 V-1 s-1 and the highest 

density of mobile ions, n that is 1.00 x 1024 cm-3. 

 

Table 6.13: Parameters of ωp, K, n and μ for sample SI5 in Li1+ySn2P3-ySiyO12 system 

T 
(K) 

ωp 
(Hz) 

K 
(S cm-1 K Hz-1) 

n  
(cm-3) 

µ 
(cm2 V-1 s-1) 

303 3.98 × 106 4.80 × 10-10 1.80 × 1023 2.19 × 10-10 

373 6.31 × 106 4.38 × 10-10 1.64 × 1023 2.83 × 10-10 

473 7.08 ×106 5.55 × 10-10 2.08 × 1023 2.50 × 10-10 

573 1.00 × 107 9.05 × 10-10 3.39 × 1023 2.92 × 10-10 

673 1.26 × 107 1.69 × 10-9 6.32 × 1023 3.13 × 10-10 

773 1.58 × 107 2.68 × 10-9 1.00 × 1024 3.42 × 10-10 

 

 

The behavior of the exponent factor s as a function of temperature can be used to 

predict the origin of the conduction mechanism in the system. Values of the frequency 

exponent s at different temperature were calculated from the slopes of the linear part in 

the high frequency area of log ζac versus log ω presented in Figure 6.28.  The variation 

of s with temperature for the investigated sample, SI5 is shown in Figure 6.26. It is 
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observed from this figure that the frequency exponent s decreases with increasing 

temperature.The evaluated value of s reduces from 0.92 to 0.46. According to the CBH 

model, the values of the frequency exponent s decrease with the increase in the 

temperature. This model is in good agreement with the experimental results, suggesting 

thus that the electrical AC conduction mechanism in the sample can be explained by 

charge carrier hops between sites over the potential barrier separating them (Said et al., 

2016). Moreover, the hopping of the charge carriers are also thermally activated (Taher 

et al., 2015).  

 

 

Figure 6.28: Variation of s with temperature for sample SI5 
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6.4.4.2  Transference number measurement analysis 

Simple and useful technique to measure the ionic transference number is Wagner‟s 

polarization method  (Lee et al., 2006). Using this method, NASICON samples were 

sandwiched between two stainless steel electrodes and 0.5 V DC voltage was applied 

across it. Figure 6.29 displays a typical plot of normalized polarization current versus 

time for the highest conducting sample that is sample SI5. The total ionic transference 

number value is close to unity that is 0.99 confirming that the conductivity is a result of 

ionic mobility rather than electronic mobility (Jolley et al., 2015). 

 

 

 

Figure 6.29: Typical plot of normalized polarisation current versus time of sample 
SI5 
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6.4.5 Electrochemical stability of Li1+ySn2P3-ySiyO12 System 

Figure 6.30 shows linear sweep voltammogram of the highest conducting sample that 

is sample SI5. The figure shows that the current increases gradually with the increment 

of voltage above 5.1 V. This voltage is the decomposition voltage of the studied sample.  

This means that Si4+ substituted sample also possessed 6.3 % wider voltage stability 

window compared to the unsubstituted sample. The sample also exhibits 

electrochemical stability window more than 4.5 V (Robertson et al., 1997) and suggests 

that the sample is stable enough to be applied as solid electrolytes in electrochemical 

devices.  

 

Figure 6.30: Linear sweep voltammogram of sample SI5 
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CHAPTER 7: CONCLUCIONS AND RECOMMEDATIONS FOR FUTURE 
WORKS 

7.1 Conclusions 

The NASICON-structured materials, LiSn2P3O12 was successfully obtained by 

employing water based citric acid assisted sol-gel method.  In the first stage, parameters 

of sol-gel method have been optimized in order to minimize the impurity in the 

LiSn2P3O12 system. As such, LiSn2P3O12 samples were sintered at two different 

sintering times; 24 and 48 hours and different sintering temperatures ranging from      

550 – 650 °C. It was found that LiSn2P3O12 samples were successfully synthesized with 

trace amount of unreacted SnO2 impurity upon sintering at 600 and 650 °C for 48 hours. 

Then, structural modifications of the LiSn2P3O12 parent compound were successfully 

done by trivalent ions (Cr3+ and Al3+) substitutions at Sn4+ site and also by using 

tetravelant  ions (Zr4+ and Si4+) subtituitions at P5+ site. Furthermore, the effects of the 

structural modifications at Sn4+ and P5+ site on LiSn2P3O12 to the electrical and 

electrochemical stability window were succesfully reported.  

 

The formation of the rhombohedral NASICON-type symmetrical structure (𝑅3𝑐)  in 

the LiSn2P3O12 compound was confirmed by XRD analysis. After substitutions of 

trivalent ions (Cr3+ and Al3+) at Sn4+ site and tetravelant ions (Zr4+ and Si4+) at P5+ site, 

all the prepared samples possessed rhombohedral NASICON-type symmetrical 

structure (𝑅3𝑐). Besides that no peak associated with Cr3+, Al3+, Zr4 and Si4+ were 

detected and indicated that they were successfully inserted into the LiSn2P3O12 structure 

rather than forming impurities. In Li1+xAlxSn2-xP3O12 system, values of a, c and V in Al 

substituted system decreased as the value of x increased. Nevertheless, the decrease in 
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the unit cell volume compared to the unsubstituted parent compound was mostly related 

to the substitutions of smaller ionic radius of Al3+ ion (rion = 0.53 Å) compared to the 

Sn4+ ion (rion = 0.69 Å). In Li1+ySn2P3-yZryO12 system, values of a, c and V in Zr 

substituted system increased with the value of y.  However, the increase in the unit cell 

volume compared to that if the unsubstituted parent compound was mostly related to the 

substitutions of greater ionic radius of Zr4+ ion (rion = 0.72 Å) compared to the P5+ ion 

(rion = 0.38 Å). In Li1+ySn2P3-ySiyO12 system, the values of a, c and V in Si increased as 

the value of y increased. The increase in the unit cell volume compared to the 

unsubstituted parent compound was due to the substitutions of larger Si4+ ion             

(rion = 0.40 Å) compared to the P5+ ion (rion = 0.38 Å). In all the substituted systems; 

Li1+xAlxSn2-xP3O12, Li1+ySn2P3-yZryO12 and Li1+ySn2P3-ySiyO12, the maximum value of 

substitutions of x and y was 0.5. When x or y exceeded 0.5, certain peaks corresponding 

to LiSn2P3O12 disappeared and SnO2 impurity peaks became dominant.  

 

The effects of the structural modifications to the electrical properties were studied 

using impedance analysis and transference number measurements.   Modifications of 

the structural properties at Sn4+ and P5+ site significantly enhanced the conductivity and 

electrochemical properties of the system. In LiSn2P3O12 parent compound, samples 

sintered at 600°C for 48 hours (sample B1) with the volume of 1341. 38 Å showed that 

grain boundary conductivity; ζgb increased by an order of magnitude from 2.99 ×10-7 S 

cm-1 at 30 °C to 7.22 ×10-6 S cm-1 at 500 °C. Furthermore, bulk conductivity, ζb also 

increased by the same order of magnitude that was 7.22 × 10-6 S cm-1 at 30 °C to       

1.38 × 10-5 S cm-1 at 500 °C. The highest total conductivity, ζ t found was                   

1.38 × 10-5 Scm-1 at 500 °C for sample B1. The bulk ionic conductivity increased to                    

8.18 ×10-5 S cm-1 at 500 °C when trivalent Al3+ was substituted at Sn4+ site 

(Li1.5Al0.5Sn1.5P3O12) with the volume of the sample was 1313.00 Å. Meanwhile, when 
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tetravalent (Si4+, Zr4+) ions were substituted at and P5+ site (Li1.5Sn2P2.5Zr0.5O12 and 

Li1.5Sn2P2.5Si0.5O12), the ionic conductivity increased to 5.77 ×10-5   S cm-1 (1346. 46 Å) 

and 6.05 ×10-5 S cm-1 (1338.23 Å) respectively. The highest bulk ionic conductivity 

obtained was for the Li1.5Al0.5Sn1.5P3O12sample with a value of 8.18 ×10-5   S cm-1 at 

500°C with the volume of the sample was 1313.00 Å.  So, it was proven that Al3+ 

substitution yielded the most suitable volume of the NASICON structured that led to the 

enhancement of the ionic conductivity. Besides that, it can also be inferred that the rise 

of total ionic conductivity in the all the samples originated from grain boundary 

conductivity, not from the bulk conductivity. The increase in the ionic conductivity 

across grain boundaries was ascribed to the increased density of the samples upon Al3+, 

Zr4+ and Si4+ substitutions as well as a rise in the amount of interstitial Li+ ions.  

 

The conductivity–temperature study showed that all the samples obey the Arrhenius 

behaviour implying that conduction was a thermally activated process. Besides that, the 

increment in the ionic conductivity in the samples can be attributed to the rise in ionic 

mobility as well as density of mobile ions. The trend of μ showed that the sample AL5 

displayed the highest ionic conductivity value and also possessed the highest ionic 

mobility, µ that is 2.42 × 10-10 cm2 V-1 s-1 and the highest density of mobile ions, n that 

is 1.62 x 1024 cm-3. 

 

AC conductivity analysis also revealed that, the temperature dependence of s in all 

systems decreased with an increase in temperature. The reducing value of s with 

temperature suggested that the Correlated Barrier Hopping model was the predominant 

AC conduction mechanism in the all the samples. This implied that the model considers 
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the hopping of carriers between two sites over a barrier separating them and the hopping 

of the charge carriers were thermally activated.  

 

Besides that, transference number measurements of all the highest conducting sample 

in Al3+, Zr4+ and Si4+ substituted systems revealed that all the samples possessed the 

total ionic transference number value that was close to unity. This indicated that the 

conductivity of the samples in all the systems were predominantly ionic and were 

anticipated to be that of Li+ ions. 

 

In LSV analysis, LiSn2P3O12 samples sintered at 600°C for 48 hours (sample B1) 

was electrochemically stable up to 4.8 V. However, when trivalent Al3+ was substituted 

at Sn4+ site, the sample possessed 6.3 % wider electrochemical stability window that 

was 5.1 V. Besides that, sample substituted with Zr4+ ion possessed the highest 

electrochemical stability window up to 5.2 V compared to sample substituted with Si4+ 

that was only stable up to 5.1 V.  This suggests that Al3+, Zr4+ and Si4+ substitutions 

increases the stability windows of the electrolytes.  As such, the electrochemical 

stability windows of LiSn2P3O12 sample and also the Al3+, Zr4+ and Si4+ substituted 

samples are wide enough to be applied as solid electrolytes in electrochemical devices.  
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7.2 Recommendations for Future Works 

 
As mentioned earlier, the solid electrolyte samples studied in this work have the 

potential for application in electrochemical devices. However, further work should be 

done for deeper understanding of the properties of these solid electrolyte systems. The 

structural, electrical and electrochemical properties of the electrolytes can further be 

improved by several approaches. The suggestions below may be considered for this 

purpose.  

i. In order to obtain pure samples of LiSn2P3O12, optimization of sol-gel method 

still need to be considered such as the starting materials used and also the pH of 

the mixed solutions.  

ii. Structural studies of the samples should be further discussed by employing 

Rietveld method. The Rietveld method creates a virtual separation of the 

overlapping peaks in XRD analysis thereby allowing an accurate determination 

of the structure. 

iii. In order to further increase the ionic conductivity of the system, multiple 

substitutions may be done at both Sn4+ and P5+ sites. The multiple substitutions 

are expected to optimize the bottleneck in the system and also increase the 

mobility of Li+ ions.  It is also expected to produce Li+ interstitial ions and may 

result in enhancement of conductivity.  

iv. Lithium transference number measurements should be done in order to 

determine the actual type of charge carriers in the systems.  
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