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Abstract 

One of the most electrifying and interesting supporting components for the 

advancement of next-generation lithium batteries is a solid-state electrolyte. Oxide-based 

solid electrolytes are gaining popularity among researchers owing to their great stability, 

although they have inadequate ionic conductivity due to high grain boundary resistance. 

In this work, a novel oxide-based ternary composite (AlPO4-SiO2-Li4P2O7) electrolyte is 

synthesized via a conventional solid-state process with excellent water stability and high 

ionic conductivity. The crystallographic structure of ternary composite is confirmed using 

X-ray diffraction and has a significant effect on ionic conductivity. The thermogravimetric 

analysis result shows a 22.26 wt.% loss in the region of 25 °C to 900 °C due to the 

degradation of volatile constituents including nitrates, chlorides, and water. BET results 

revealed that the material is compact and dense and having low porosity and surface area. 

The morphological assessment is carried out using scanning electron microscopy to 

observe the growth of grains. The Raman and Fourier transformed infra-red 

spectroscopies are used to scrutinize the structural and functional group analysis of the 

solid-state electrolyte. Electrochemical impedance spectroscopy is used to evaluate ionic 

conductivities. The ternary composite sintered at 900 °C has shown ionic conductivity of 

2.21×10-4 S cm-1 at ambient temperature. These findings suggest that a solid electrolyte 

composed of ternary composites could be a credible candidate for lithium batteries. 

Keywords: Lithium batteries; solid-state electrolyte; ternary composite; dopants; ionic 

conductivity 
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Chapter 1: Introduction 

 

1.1 Background 

Non-renewable energy sources include coal, oil, and natural gas, while renewable energy 

sources include the sun, water, biomass and wind. The transportation, manufacturing, and 

power generation sectors made good use of conventional, or nonrenewable, energy 

sources during the twentieth century. The depletion of fossil fuels and the environmental 

hazards posed by conventional energy sources have pushed renewable energy sources to 

the forefront in the last decade [1]. A major drawback to replacing conventional energy 

systems with renewable energy systems is the lack of reliability of renewable sources of 

energy, which are both environmentally friendly and sustainable.  

These energy systems can be more reliable if they are paired with storage devices. When 

used in electric vehicles (EVs), batteries have the potential to revolutionize transportation 

by serving as an alternative to gasoline and diesel-powered vehicles [2]. To achieve a 

clean energy future, the importance of technology in renewable energy and electric storage 

cannot be overstated. Electricity storage is listed as one of the most critical uncertainties 

by World Issues Monitor 2017. Improvements in electrical storage technology have the 

potential to be a game changer in the fight against the main issues surrounding energy 

efficiency.  

Electrochemical secondary batteries are still the primary method of storing electricity. 

Based on energy density, different storage mediums are compared to each other. 

Electrochemical processes can only be used in portable devices if they have a high energy 

density per unit weight [2]. Certain breakthroughs in nickel hydride and lithium ion battery 

technology have made their way into the mobile and transportation markets [3], including 

laptops, tools; cameras; mobile phones; electric vehicles; and hybrid electric vehicles [4]. 

LIBs, as well as other battery systems like lithium air, lithium Sulphur, and redox flow 

batteries, are the focus of intense research [5]. As with conventional batteries, redox 

reactions take place at the electrode-electrolyte interface while ions diffuse through the 
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electrolyte. The main difference between LIBs and conventional batteries is the solid-state 

mass diffusion [6]. 

1.2 Development of lithium ion batteries 

The LIB's ESS market is expected to grow at a steady pace, according to the Panasonic 

Group (Sanyo). Assumption that the current battery purchase trend will continue, based 

on market research and projected future Li-ion battery prices [7]. The use of LIBs instead 

of lead acid batteries for energy storage and distribution and transmission, as well as 

investment substitution, are all viable options for the general public. For the purposes of 

this discussion, we assume that lithium is not used for energy storage. With these points 

in mind, LIBs have shown great progress in residential areas since 2017 [8].  

 

 

 

Figure 1-1. Roadmap for next generation Li-ion battery development [9]. 

In LIBs, the positive and negative electrode materials are lithium intercalation 

compounds. As the battery is charged and discharged, the lithium ions intercalate and 

deintercalated from the electrodes. Lithium-ion batteries are sometimes referred to as 

"rocking chair batteries" because of the movement of lithium ion between the positive and 

negative electrodes. Lithium cobalt oxide (LiCoO2) batteries were first made 
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commercially available by Sony Co., Japan over two decades ago [10]. LiCoO2 was used 

as the cathode, Graphite (C) was used as the negative electrode, and a non-aqueous 

electrolyte was used for the conduction of Li+ in this battery design. High energy density 

LIBs have recently been the focus of increased research into electrode and electrolyte 

materials [11]. 

The Authority of UK Atomic energy published a patent showing that the insertion and 

deintercalation of Ax is reversible in the material with the structural formula AxMyO2 

insertion and deintercalation of Ax is reversible. When SONY used this patent in 1990, 

they used a LiCoO2/soft carbon chemistry [12]. A camcorder TR-1 application sparked 

the first mass production of LiCoO2/hard carbon [13]. 

1.3 Operating principle of lithium ion batteries 

Anode material is intercalated with Li+ ions, which are released from the host matrix of 

the cathode and travel through the outer circuit during charging.  

 

 

Figure 1-2. Li-ion battery operating principle [14]. 

Anode to cathode electrochemical reduction occurs when lithium ions are intercalated into 

a host material in the reverse mechanism of discharge, i.e. electrons travel through the 

outer circuit and power various systems from the anode to cathode. The cathode and anode 
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of the battery undergo an insertion reaction in the electrochemistry of the battery. The 

anode and cathode materials that participate in the insertion and extraction processes have 

layered or tunnel structures that establish an insertion mechanism involving the movement 

of Li+ cations. Graphitic carbon cathodes have replaced lithium metal anodes as the 

primary source of lithium. When lithium metal oxides of the form LiMO2 (where M 

denotes a transition metal) and graphite are used as an anode, the half reaction is given 

by: 

In this case, the cathode side: 

𝐿𝑖𝑀𝑂2 ↔ 𝐿𝑖1−𝑥𝑀𝑂2 + 𝑥𝐿𝑖+ + 𝑥𝑒− 

In this case, the anode: 

𝑥𝐿𝑖+ + 𝑥𝑒− + 6𝐶 ↔ 𝐿𝑖𝑥𝐶6 

 

Charge causes the transition metal oxide to go from M+3 to M+4, while discharge reduces 

it from M+4 to M+3, reversing the process. 

1.4 Contribution of lithium ion batteries in power sector 

The LIB technology and industry has dominated the power supply for cell phones, 

computers and digital cameras, as well as numerous military/renewable applications. 

Furthermore, the use of LIB in HEVs raises concerns about the safety of large-scale 

batteries. Secondary lithium battery systems are hindering this industry's growth because 

of their high-cost components and materials. 

Electrical storage technological improvements can play dynamic role to stamp out the 

main concerns affiliated with energy efficiency. Electric storage is still chiefly based on 

electrochemical secondary batteries. For storing energy, the evaluation of different storage 

mediums is done based on energy density. Energy per unit weight of electrochemical 

process dictates its applicability in portable devices. Nickel hydride and Li ion batteries 

(LIBs) have made certain breakthroughs and have penetrated the mobile and transport 

markets such as laptops, tools, cameras, mobile phones, EVs, Hybrid electric vehicles 

(HEVs) etc. Secure growth is estimated by Panasonic Group (Sanyo) for ESS market 

potential of the LIB. Simulation assuming continuation of purchase trend of battery 

keeping in view market survey and Li ion future price. Community use for energy storage 
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and investment substitution for distribution and transmission and the use of LIBs instead 

of lead acid battery considering its safe maintenance in power sector. Further assuming 

no lithium use concerning to energy storage. Keeping all these points in consideration 

indicates the progressiveness of LIBs especially in residential areas starting from 2017. 

 

 

Figure 1-3. Power applications of lithium ion batteries [15]. 

1.5 Safety concerns about lithium ion batteries 

Battery elements (cathode, anode, electrolyte, separators, and current collectors) and the 

battery system as a whole fail during abuse conditions [16], which is the primary cause of 

safety issues in LIBs. Overcharging, corrosion of the current collectors, and gas evolution 

are just a few of the symptoms of a failing battery system [17]. 

1.5.1 Evolution of the use of gas 

The electrolyte in LIBs reacts with electrode materials at the electrode/electrolyte 

interface at high voltage levels 4V. Interfacial reactions between the cathode material and 

the organic solvents in the electrolyte cause gas evolution in LIBs. These are the 

conditions in which LIBs produce gas: 

• A normal typical cycling 

• Overcharge 
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• Temperatures in excess of 100 ̊F 

• The initial charge process 

Carbon monoxide CO, hydrogen H2, and ethylene C2H4 are the main first reaction gases 

that are generated during the first charge process. Carbon dioxide CO2, carbon monoxide 

CO, ethylene C2H4, methane CH4, and ethane C2H6 are all released during regular cycling 

at the required voltage. During the oxidation and reduction of the electrolyte at the 

electrode surface, these gases are produced. Carbon dioxide is produced by the oxidation 

reaction, whereas the reduction reaction is responsible for the production of the other gases 

[18]. 

More oxidation and reduction reactions occur during overcharging than in cycling 

conditions. There is a small amount of hydrocarbons in H2 gas generated at both the 

cathode and anode surfaces. However, the amount of gas released is higher than in normal 

operating conditions [19]. As with the release of CO2 from the cathode surface, there is 

also carbon monoxide CO from both electrode surfaces when storage is performed at high 

temperatures. 

1.5.2 Formation of Dendritic Rods 

The formation of lithium dendrites on the anode of LIBs is a major contributor to internal 

short circuits. Branches of dendrites penetrate the polymer separator, causing an internal 

short circuit. Li dendrites have been the subject of numerous investigations into their 

behaviour [20]. Higher current densities and the incorporation of Li foil were found to 

support the growth of Li dendrites. After 38 hours of continuous voltage discharge, 

dendrites begin to form, and after 100 hours, a single dendrite reaches the positive 

electrode and creates an internal short circuit [21]. 

The overcharge conditions are associated with high rated oxidation and reduction 

reactions than normal cycling conditions. At cathode the O2 gas is generated and at anode 

surface the H2 gas is generated which contains small quantity of hydrocarbons. The gases 

released are the same as in normal operating conditions however, the amount of gas 

release is higher [22]. Similarly, the gases released during storage under high 

temperatures include carbon dioxide CO2 at cathode surface and carbon monoxide CO at 

both electrode surfaces.   
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Figure 1-4. Degradation mechanism of Li-ion batteries [23]. 

1.5.3 Thermal runaway 

Thermal runaway is a term used to describe the rise in temperature that occurs as a result 

of the abuse conditions. In the following section, we'll go over thermal runaway in more 

detail. 

 

 

Figure 1-5. Thermal runaway mechanism of Li-ion batteries [24]. 
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1.5.4 Dissolution of current collectors 

In LIBs, the dissolution of current collectors such as aluminum metal Al and copper foil 

Cu is caused by overcharging and undercharging [25]. The short circuit in a LIB is caused 

by the presence of a conductive metal, which connects the positive and negative 

electrodes, resulting in a huge current and a rise in temperature and heat generation. After 

corrosion, the conductive metals Al and Cu can cause a battery short circuit [26]. An over 

discharge of the battery causes the dissolution of copper (Cu). The dissolution of Cu 

occurs at the anode surface at high potential values because of over discharge [27]. 

The positive electrode's current collector is made of Al, which is stable in both air and 

water. The passivation of the AlF3 layer on the Al2O3 layer of the Al collector results in 

the dissolution of Al. Because of this dissolution, Al dendrites form on the anode surface, 

and the corroding current collectors of the electrodes support the diffusion of Al fragments 

into the electrolyte [28]. Corrosion on a large scale can cause the entire battery to fail due 

to the cracking and degradation of the cathode material [29]. 

 

 

Figure 1-6. Thermal degradation of Li-ion batteries for EVs [30]. 
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1.6 Components of lithium ion batteries 

1.6.1 Materials for cathode 

It is possible to alter cathode materials by coating them or substituting elements. Thermal 

stability can be improved by applying a surface coating [30]. Surface coating of was 

applied to the cathode material to conduct an experiment. The temperature of the 

exothermic reaction was delayed by 9 ̊C [31]. Progress in cathode material surface coating 

has recently been reviewed, the replacement of elements in the cathode can also improve 

the cathode's properties. The cathode material they created using the combustion method 

had the highest initial capacity of 138.6 mAh g-1 with better cycling stability [32]. 

1.6.2 Components for anode 

The thermal conductivity and capacity of anodes can be improved further by applying a 

surface coating to the metal. The development of new materials that are both safe and 

more effective is being researched. Solid-electrolyte interface layer (SEI) stability is 

critical for an anode [33]. On graphite anodes, SEI formation is influenced by the 

electrolyte composition and the temperatures of thermal reactions taking place at the 

anode [34]. 

1.6.3 Electrolyte for lithium ion batteries 

In 2000, D. D. MacNeil et al. discussed the importance of electrolyte to LIB safety. 

Because they are flammable, electrolytes such as organic carbonate solvents put LIBs at 

risk for explosion. Lithiated graphite and delithiated cathodes react strongly to alkyl based 

solvents at elevated temperatures [35]. The use of additives to improve carbonate-based 

electrolytes can lessen their dangers. It's also possible to reduce the risk of flammability 

by developing nonflammable solid state electrolytes, polymers, and room temperature 

molecular salts (such as Ionic Liquids). 

Analysis of the behaviour of liquid electrolyte in and the development of a new electrolyte 

salt with better performance than has been done by M. Schmidt and colleagues. Thermally 

unstable and decomposes to and, the electrolyte used in lithium-ion cells is the subject of 

this study. Degrading the cell performance, the hydrolysis produces HF. New electrolyte 

salts, known as lithium fluoroalkyl phosphates, were introduced to overcome hydrolysis. 

In terms of hydrolysis resistance and conductivity, the resulting salt is on a par with [36]. 
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Ionic liquids at room temperature are non-flammable and low-volatile, according to J.-H. 

Shin and coworkers. The low conductivity of ionic liquids is a major drawback. Lithium 

ions flow more freely through ionic liquids than through polymer-based electrolytes, but 

ionic liquids are less stable in a lithium-ion battery environment [37]. 

1.7 Battery management system 

In the event that the battery's safe limits have been exceeded, the BMS protects it. Among 

other things, the battery management system (BMS) ensures that the battery operates 

within a specific voltage and temperature range, as well as provides protection from 

overheating, overcharging, and overcharging [38]. Because the performance of lithium-

ion batteries is greatly affected by ambient temperature, it is necessary to have an effective 

battery management system in place [39]. 

An advanced BMS's fault diagnosis function is critical to its overall safety [40]. The 

detection of ISC, on the other hand, is a difficult model-based diagnostic task. In order to 

detect ISC, many algorithms have been developed, but they are ineffective; these 

algorithms should be more accurate, sensitive, and quick [41]. 

According to Mohammadian et al., BMS can also be divided into internal and external 

thermal management (ITM and ETM) (ETM) [42]. To prevent battery cell overheating, 

an ITM system, also known as intrinsic safety management, should dissipate heat. 

Electrolyte flows through the micro-channels of electrodes as a coolant, according to the 

author's proposal [43]. Because of its low cooling efficiency and difficult implementation, 

the ITM method is ineffective in real-world applications [44]. 

An 8-C battery pack was used to test Zheng et al claim that an ETM system improves heat 

dissipation from the external environment by using air cooling, phase change materials 

(PCM) cooling, and a combined liquid cooling and PCM cooling model [45]. The system 

showed improved results as it controlled the temperature well. Once an issue occurs, 

countermeasures like warning and fire extinguishers need to be taken, such as the BMS 

and intrinsic safety measures [46-49]. 

1.8 Problem statement 

Lithium ion batteries are fire sensitive as the liquid electrolyte used in the Li-ion batteries 

are flammables. Replacing the flammable liquid electrolyte with a solid one would be 
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desirable. During the migration of Li-ions high grain boundary resistances faced by ions 

due to this the grain boundary resistance of solid state electrolytes for Li-ion batteries is 

high and low grain boundary conductivity. 

1.9 Objectives  

• To synthesize the metal doped composite solid state electrolyte for safer LIBs. 

• To synthesize economical material for solid electrolyte using low cost precursors. 

• Structural and morphological Characterization of synthesized material. 

• To improve the ionic conductivity. 

1.10 Scope of work 

• Higher energy density batteries with improved ionic conductivity. 

• Make the Li-ion batteries reliable and safe. 

• Simple packaging requirements and better charging cycle. 
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Summary 

In this chapter, we have learned about the lithium ion batteries as an energy storage device, 

as well as the potential hazards that can arise when it's put to use in high-density settings. 

Details about problems related to Li-ion batteries and possible mitigation methods are 

provided. A detailed discussion of solid electrolytes and their performance parameters is 

provided in the following chapter.  
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Chapter 2: Literature Review 

2.1 Solid electrolyte 

Solid-state electrolytes are not flammable and provide superior thermal stability when 

compared to liquid electrolytes. This results in enhanced safety when compared to 

batteries that use liquid electrolytes. In addition, their capability of facilitating the use of 

a Li metal anode with a large capacity has the potential to significantly improve the energy 

and power density as well as the cycle life of existing batteries [1]. Therefore, it is 

imperative to replace liquid electrolytes with high-performance solid electrolytes in order 

to overcome the related safety issues that are associated with conventional batteries, as 

well as to improve their energy density by enabling the use of high energy density 

electrodes. This can be accomplished by improving the performance of the solid 

electrolytes [2]. 

 

Figure 2-1. Schematic of composite solid-state electrolyte and their features in Li-ion 

batteries. 

Ionic conductivity of solid electrolytes is comparable to that of liquid electrolytes (> 10-2 

S cm-1 at room temperature), a name given to them as "superfast ionic conductors" (SICs). 

There is no electronic conductivity in solid electrolytes because they are ionic [3]. Lithium 

dendrites are less likely to form in these electrolytes, which is good for the battery's 



20 

 

performance while also eliminating the flammability and leakage problems associated 

with liquid electrolytes. All solid-state lithium batteries rely on solid electrolyte as their 

primary electrolyte (ASSLBs) [4]. Advanced ASSLBs are widely regarded as the most 

promising future technology for energy storage because they have a higher energy density 

than ordinary metal ion batteries. In terms of energy density, compactness, stability, and 

safety, ASSLBs outperform conventional energy storage devices [5]. 

2.1.1 Background of ASSLBs 

A silver-based solid ionic conductor was used in the development of the first solid-state 

battery in 1950. The battery's internal resistance was quite high, and its current density 

was extremely poor. As an anode material, silver had a poor electrochemical performance, 

but it also had a long shelf life and tremendous mechanical strength [6]. Afterwards, Oak 

Ridge National Laboratory created a thin film LIB version of the current solid-state battery 

in 1990. An ASSLB with a composite cathode material was created in 2003 by the 

University of Colorado Boulder. Dyson Ltd. released a high-density ASSLB for 

commercial use in 2004. In a similar vein, in 2017 a novel ASSLB was developed 

employing an alkali metal anode and glass electrolyte [7]. 

 

Figure 2-2. Energy density plot of different Battery system [7]. 
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2.2 Types of Solid electrolytes 

There are three types of solid electrolytes: polymers, inorganics, and composites. A 

variety of polymer and inorganic electrolytes are available, including PVF (vinylidene 

fluoride), PMM (polymethyl methacrylate), PEO (polyethylene oxide), and composites 

made of both polymer and ceramic materials [8]. In contrast, sulfide-based electrolytes 

are extremely volatile in the presence of air and moisture, necessitating further handling. 

Many attempts have been made to produce oxide-based solid ionic conductors because of 

their characteristics, including NASICON type, LISICON-like sulphide electrolytes, 

perovskites and garnet-based LLTO and LLZO electrolytes. Composite solid electrolytes, 

combine the benefits of ceramic and polymer to develop a high-conductive, mechanically 

durable, readily manufactured solid electrolyte by dispersing ceramic particles in a 

polymer matrix [10-15]. 

 

Figure 2-3. Types of solid electrolytes. 

2.2.1 Inorganic solid electrolytes 

Amorphous (glass) and crystalline forms predominate in inorganic electrolytes, also 

known as ceramic electrolytes, which are capable of conducting lithium ions. Inorganic 

SSEs have the highest ionic conductivities and thermal stability of all SSEs. Inorganics 

are known as single ion conductors because the number of Li ions that may be transferred 

is almost equal to one [16]. Ceramics include voids and interstitial regions that allow for 

ion conduction, unlike liquid electrolytes. Oxides and sulphides are the two main types of 

inorganic solid electrolytes. Because of their poor contact with the cathode material and 

low ionic conductivity, certain ceramics, such lithium halides and lithium hydrides, aren't 

suitable for further study [17]. Ceramics' electrochemical and thermal stability is the most 
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important quality. A number of these materials, in spite of their strong ionic conductivities 

and large voltage windows, lose their stability when heated over a certain point. Dendrite 

development, poor electrochemical performance, and breakdown are all consequences of 

using these fragile ceramics. Due to the electrolyte's breakdown, the voltage window 

widens, creating a solid electrode interface layer (SEI). This SEI layer is to blame for the 

ageing of cells [18]. 

2.2.1.1 Oxide based solid state electrolytes 

The types of oxide based solid state electrolytes are perovskite, LISICON, NASICON, 

garnet types. 

Perovskite 

Inaguma et al. made the first perovskite SE, which had a bulk ionic conductivity of 1×10-

3 S cm-1 and a total ionic conductivity of 2 × 10-5 S cm-1 at room temperature (LLTO). The 

A sites of the LLTO crystal structure contain Li and La ions, whereas the B sites contain 

Ti ions [19-22]. Increases in the lattice parameters may be used to alter the size bottlenecks 

created by oxygen and lithium ions when they move from one A site to another inside the 

structure's A site arrays. When Inaguma et al. doped 5 percent Sr at the A site of LLTOA, 

they created an SSE. Consequently, the bottleneck size was raised, and the overall ionic 

conductivity was also enhanced, as a result of the higher lattice parameters [23].  

 

Figure 2-4. Crystal structure of perovskite type solid electrolytes LLTO [23]. 
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As a consequence, it was revealed that the Sr doping resulted in an overall reduction in 

the number of Li-ion pairs. In spite of its low bulk resistance of 10-5 S cm-1 at ambient 

temperature, the grain boundary resistance of LLTO was greater and therefore the high 

total resistance. Lithium metal anodes were discovered to be incompatible with the low 

1.8 V LLTO voltage level that was shown to be unstable. Ti+4 low voltage reduction 

created the structure's instability [24]. Chung et al. used Sn+4, Zr+4, Mn+4, and Ge+4 to 

work on this problem. To prevent the production of impurity phases, the ionic conductivity 

of Mn and Ge was enhanced. However, the residual Ti was still able to diminish, despite 

the fact that Ti was just supplemented and not completely replaced. Because of the 

oxidation states of Zr and Ta, Thangaduari et al. Sr  and Zr doped LTO structure was 

stable with lithium metal [25]. To increase the conductivity, the ionic conductivity has to 

be increased. According to Cheng et al., the ionic conductivity of LSTZ (Li3/8 Sr7/16 Ta3/4 

Zr1/4 O3) synthesized from pristine SSE was 2 × 10-4 S cm-1. LSTZ's grain conductivity 

was greater than LLTO SSE's and it was proven to be stable at low voltages [26-30]. 

LISICON 

To start, researchers from Hong et al. found that the electrolyte Li1.4 Zn(GeO4)4 has an 

ionic conductivity of 1.25 × 10-1 S cm-1 at temperatures over 100 degrees . Li ion 

conduction was influenced by two factors: bonding energy and channel size. 

[Li1.1Zn(GeO4)]-3 serves as the network in this structure, while the remaining three Li ions 

are free to migrate [31]. When it comes to Li, Zn, and Ge, the O-2 forms strong 

connections, but only weak ones with the other three. Due to the parallelogram shape of 

the channels, Li ions may travel freely only in two directions. To increase the ionic 

conductivity, these ions are located in the 4c and 4a positions inside the structure and may 

diffuse via gaps and interstitials. While this LISICON solid state electrolytes has a low 

ionic conductivity, it is still being explored further [32].  

Lithium orthosilicate, lithium phosphate, and Li4-xSi1-xPxO4 were all synthesized by Hue 

et al. Substituting cation Si with lithium ions interstitial to phosphorus ions at 

concentrations of x=0.5 and x=0,4 resulted in the best ionic conductivity. At these 

concentrations, however, there was a structural shift [33]. Electrolytes with ionic 

conductivities of 1.03 × 10-5 S cm-1 and 3.7 × 10-5 S cm-1 were synthesized by Song et al. 
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from partly doped oxygen O-1, chlorine Cl-1, Li10.42Si1.5 P0.5Cl0.08O11.92 and 

Li10.42Ge1.5P0.5Cl0.08O11.92, respectively. 

 

Figure 2-5. Crystal structure of LISICON type solid electrolytes [32]. 

Because the lattice volume of channels rises due to the increased size of Cl-1, the link 

between Li and Cl weakens, allowing Li ions to be released for conduction. Low ionic 

conductivities have prevented LISICON from being used in ASSLBs [34]. As revealed by 

Kamaya et al., substituting O-2 for S-2 in the structure increases the ionic conductivity 

because of the strong connection between lithium and O-2  . 

Garnet type solid state electrolytes 

 Li3Ln3M2O12 where Ln=Yb, Lu, Gd, Y and M=W and Te was synthesized in 1968 for the 

first garnet-like structure. A change in the lattice properties of the structure occurs when 

Te is introduced at the Ln site. There is an unstable TeO6 octahedral structure in 

Li3Ln3Te2O12 with W at the M site, and only a small number of cations can be added. This 

is in contrast to the stable TeO6 octahedral structure in Li3Ln3W2O12 with W at the M site 

[35]. There is a novel garnet structure with Nb and Ta at the M site and La at the Ln site, 

as described by Thangadurai et al. In the 10-6 S cm-1 region, high ionic conductivity has 

been found for room temperature materials. It has a higher ionic conductivity than Ta-

doped Li3La3Nb2O12, but it is more stable with Li metal since it has a lower reduction 

potential [36]. A 3D framework for the transport of lithium ions is present in these 
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substances.  

Doping strategies have resulted in a variety of structural changes to garnets. The ionic 

conductivity of Ba-doped Li3La3Ta2O12 was comparable to the bulk conductivity of 4 × 

10-5 S cm-1 at ambient temperature. Another oxide-based electrolyte that has been proven 

to be better to others is Li3SrLa3Ta2O12 oxide [37]. At room temperature, Murugan et al. 

created a novel SSE by totally substituting Ta with zirconium Zr Li7La3Zr2O12 with a 

cubic structure that had a conductivity of  3 × 10-4 S cm-1. Some 67% of the Li-ion-

occupied Octahedrons in the LLTO structure have been moved from their original 

positions. While conducting at ambient temperature, 8 × 10-4 S cm-1, the bulk conductivity 

of LLTO was found to be smaller than the total conductivity of niobium and zirconium 

doped structures [38]. 

 

Figure 2-6. Crystal structure of garnet-type LLZO [38]. 

ASSLB constructed with lithium cobalt cathode and lithium metal anode has a voltage 

window of 0-9 V, according to the paper. Moisture and CO2 are big problems for the 

garnet electrolyte. Stabilizing LLZO garnet has been the subject of recent study [39-44]. 

NASICON 

Sodium super ionic conductor having the general formula NaM2(PO4)3 in which M is a 

positive ion. Na1+xZr2SixP3-xO12 (x=0-3) is an example of a system that uses this kind of 

formula. Rhombohedral structure may be found in the range 0:3, whereas monoclinic 
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structure can be found in the region x=1.8:2.2. Oxygen atoms are shared between PO4 and 

SiO4 tetrahedrons and ZrO6 octahedrons in a 3D framework and pathways [45]. To go 

from A1 to A2, sodium Na ions have to travel down the c-axis. In the case of x=0, the 

activation energy for the transfer of mobile ions is larger, but when x>0 the activation 

energy decreases as spare mobile ions occupy A1 sites. For example, route sizes and 

diffusion rates are determined by ions' sizes. When compared to Na+ and O+ ions, routes 

have a diameter twice as large. Because of this, framework ions should be viewed in terms 

of the radius of their Na atoms [46-49]. SSE When heated to high temperatures, the 

conductivity of Na3Zr2Si2PO12 was measured at 2 × 10-1 S cm-1. A monoclinic phase was 

seen when the LiZr2(PO4)3 electrolyte was synthesized at 1200 ̊C, and the ionic 

conductivity of  3.3 ×10-6 S cm-1 was much lower than that of its Na counterpart. High 

temperatures caused the phase to transition from monocrystal to rhombohedral at 40  ̊C, 

with a conductivity of 1.2 × 10-2 S cm-1. Additionally, a phase transition from monoclinic 

to orthorhombic was seen during the low-temperature synthesis [50].  

According to Aono et al., the Ti-doped (LTP) NASICON type SSE has the highest ionic 

conductivity and is the most stable structure for lithium-ion conduction among other 

dopants. The electrochemical performance of Li1+xFexHf2-x(PO4)3, Li1+xAlxTi2-x(PO4)3 

(LATP), and Li1+x AlxGe2-x(PO4)3 is improved by adding trivalent cations Al+3 and Fe+3 

to the M+4 site (LAGP). These three structures have an ionic conductivity of more than 

10-4 S cm-1. Conductivity of Li1.3 Al0.3Ti1.7(PO4)3 was 7 × 10-4 S cm-1 at ambient 

temperature, although in the structure Ti+4 decreases and due to that low stability. 

Consequently, the stability of Li1+xFexHf2-x(PO4)3 and   Li1+xGe2-x(PO4)3 is excellent [51]. 

Dense electrolytes with conductivity of 3 × 10-4 S cm-1 for LTP-0.2Li3BO3 are produced 

by doping lithium phosphate Li3PO4 and lithium borate Li3BO3. 

LATP and LAGP solid state electrolytes are two well investigated NASICON type SSE 

types. As a result of a decrease in Ti+4, LATP NASICON's strong ionic conductivity is 

incompatible with electrode materials, particularly lithium metal as an anode [52]. To 

address this problem, lithium addition to LTP was performed, resulting in the synthesis of 

two electrolytes: LTP and Li3Ti2(PO4)3, both of which exhibited rhombohedral structures, 

but the distribution of Li ions in each was different. There is lithium at A1 site in LTP, 

while A2 site is vacant in Li3Ti2(PO4)3, but A1 site is occupied in Li3Ti2(PO4)3. The c-axis 
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repulsions with octahedrons also rose as a consequence of this distribution [53]. 

 

Figure 2-7. Rombohedral NASICON crystal structure [1]. 

Initially, LAGP electrolyte was formed by melting and quenching. At 25 degrees Celsius, 

the measured ionic conductivity was 4 × 10-4 S cm-1. The conductivity of glass is increased 

because of the thick structure and intimate contact between the grains. Li2O was 

introduced to the Li1+xAlxGe2-x(PO4)3 LAGP structure with x=0.5 by another scientist. At 

room temperature, the grain and total conductivity values were 1.18 × 10-3 S cm-1 and 7.25 

× 10-4 S cm-1, respectively, of the lithium secondary phases that helped crystallize the 

glass and so enhanced the conductivity. The electrolyte proved very stable at 6 volts, both 

electrochemically and thermally. When the temperature was raised above 900 ̊C, another 

impurity phase AlPO4 developed, which interacted with lithium and reduced the amount 

of mobile lithium ions, higher temperature sintering exhibited strong ionic conductivities. 

High ionic conductivity, broad voltage range, and great electrochemical stability make 

LAGP one among the best NASICON solid state electrolytes. However, its usage in 

ASSLBs is restricted because of the high cost of the basic element GeO2. An inexpensive 

substitute for germanium may make this electrolyte suitable for ASSLBs [54]. 
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2.2.1.2 Sulfide based solid state electrolytes 

Many studies have been done on solid-state batteries, with sulfide being one of the most 

promising materials. This substance's strong conductivity and broad potential window 

make it an ideal electrochemical candidate. In compared to more traditional electrolytes 

like liquid and oxide solid, sulfide demonstrated a high-performance solid-state lithium 

metal battery. The mechanical properties of sulfide solid electrolytes are superior than 

other electrolytes. It is possible to make sulfide solid electrolytes from a variety of 

different materials, including argyrodite (Li6PS5X), lithium phosphorus sulfur (LPS) 

sulfides, and thio-LISICONs. There are three classifications of sulfide based solid state 

electrolytes including LPS, Li6PS5X (X: Cl, Br, and I) and LixMPxSx (M: Ge, Sn, Si, and 

Al). In general, three processes are used to synthesize sulfide solid electrolyte: melting, 

ball milling, and wet chemical. Heat is applied to the melting point of the material to be 

quenched, and then the temperature is rapidly reduced [55]. A popular type of mechanical 

high-energy milling involving complicated processes like as mixing and solid-state 

reactions is ball milling, which is the most often used approach. A wet chemical is one 

that is synthesized using a solution in a process. Research on the electrochemical 

conductivity, stability, and performance of sulfide solid electrolytes is also necessary in 

order to determine which sulfide base solid electrolyte is most likely to be created [56]. 

LPS 

The lithium thiophosphate, often known as the LPS class, is a group of compounds that 

conduct electricity very well. There have been many different crystalline phases of sulfide 

identified, and the kind of crystal that forms is determined by the heat treatment that is 

used as well as the composition of the glass that is produced [57]. The following 

crystalline phases are considered to be sulfide: Li3PS4, Li7P3S11, and Li4P2S6. Ionic 

conductivity was substantially reduced owing to the creation of individual crystals, and 

the composition of the glass that developed in the LPS has an effect on how that 

conductivity changes. 

Li6PS5X (X: Cl, Br, and I) 

One form of sulfide solid electrolyte is known as lithium argyrodites Li6PS5X (X: Cl, Br, 

and I). At 298 Kelvin, these lithium argyrodites have a relatively high ionic conductivity, 
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with values ranging from 10-2 to 10-3 S cm-1 for Br and Cl respectively. It has been shown 

that the increase in conductivity may be attributed to the incorporation of anions into the 

solid electrolyte. The two most essential characteristics that determine conductivity are 

the size of the anions that are coordinated to the mobile cations and their capacity to be 

polarized. This section provides an explanation of various different forms of Li-

argyrodites solid electrolytes that are sulfide-based, including Li6PS5Cl, Li6PS5Br, and 

Li6PS5I [58]. 

LixMPxSx (M: Ge, Sn, Si, and Al) 

A group of solid electrolytes that have favorable properties may be described as the 

ceramic thio-LISICON group. LixMPxSx is a derivation of this group. The L-P-S system 

may also be derived in the form of LixMPxSx. The first LixMPxSx group, known as 

Li10GeP2S12 (LGPS), was produced as a consequence of the creation of the LiS-PS form 

of the system, which was found to feature Li3PS4 and Li4GeS4 structures. This led to the 

discovery of the LiS-PS form of the system. The high ionic conductivity of ceramic-

sulfide solids, such as Li10GeP2S12 (LGPS), has attracted a lot of attention recently due 

to the fact that it ranges from 1–25 mS cm-1. There are several drawbacks associated with 

the presence of Ge in Li10GeP2S12 in terms of the availability and cost of materials. 

Li10GeP2S12 can be made without the Ge component, but there are various more options. 

If you want to substitute Ge for Sn, Si, or Al in LGPS's chemical formula (LixMPxSx), 

you may do so. The ionic conductivity of Li10GeP2S12 (LGPS) has been studied further 

and reveals very high values. Other alternatives must be found in order to produce at a 

reduced cost since the price of Ge is expensive and its supply is restricted. Because they 

have a similar polygon structure, other alternatives that are employed include tin, silicon, 

and aluminum [59]. There are numerous other kinds of solid electrolytes that are based on 

sulfides, including Li10GeP2S12, Li10SnP2S12, and Li10SiP2S12, in addition to Li11AlP2S12. 

2.2.2 Polymer solid state electrolytes 

Lithium salts may be incorporated into polymer materials in the form of solid polymer 

electrolytes. Lithium metal salt was initially incorporated into polyethylene oxide (PEO), 

which has been extensively explored. Liquid hosts cannot be added to PEO to ensure leak-

free operation. Although polymer electrolyte materials are flexible, safe, and compatible, 
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their poor mechanical strength and dendrite formation restrict their usage in ASSLBs, as 

their ionic conductivity is in the range of 10-6-10-8 S cm-1. In several research, the 

combination of polymers and other materials has resulted in an increased performance as 

a consequence of these constraints [60]. Composite solid-state electrolytes (CSSEs) are a 

novel kind of electrolyte that is being examined for future ASSLBs. Toyota has announced 

the manufacturing of a new electric vehicle (EV) based on ASSLB (CSSEs) in the mid-

2020s. We may classify CSSEs according to the following three classifications: 

• Inorganic- organic 

• Organic-organic 

• Inorganic-inorganic. 

The inorganic/polymer electrolytes are the most promising and have received the greatest 

research attention. In LIBs, CSSEs are structured as follows: 

• Polymer filled inorganic 3D framework 

• Layered structures 

• Composite electrolytes with open framework 

• Polymer matrix incorporating inorganic fillers 

2.2.2.1 Polymer filled inorganic 3D framework 

High ionic conductivity is achieved via fillers in the polymer matrix, which inhibits crystal 

formation. Increasing the electrochemical performance of the inorganic fibers and rods is 

currently the focus of many studies. These polymer-filled 3D inorganic frameworks offer 

more pathways for lithium ion hopping than nanorod and wire structures. Sol-gel and heat 

treatments are used to create these structures. Polymer was then added to the framework 

by J. Bae et al. via the sol-gel process, creating a 3D structure of inorganic LLTO. At 

room temperature, the corresponding ionic conductivity was 8.8 × 10-5 S cm-1 [61]. 

2.2.2.2 Layered structures 

An important feature of CSSEs' multi-layered structure is that it allows researchers to 

examine the pros and cons of lithium ion hopping in each layer, thanks to the inclusion of 

inorganic fillers in the polymer matrix [62]. Ionic conductivity and mechanical strength 

are both improved, as is the interfacial contact between electrode and electrolyte surface, 

thanks to these structures Based on the study of a group of experts, the layered structures 
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are primarily split into two categories: double layered and sandwich structure. The 

polymer layer serves as a solid interface layer between the inorganic pellet and the Li 

metal anode in a double layered configuration. Dendrite development is reduced and 

interfacial resistance between contacts is reduced by this layer [63]. The soft polymer 

interface is employed between the electrodes and the electrolyte in the sandwich structure 

electrolyte. Interfacial contact was reduced by W. Zhou's CSSE, which had a ceramic 

layer (L1.3Al0.3Ti1.7(PO4)3) sandwiched between two polymer layers (PEO and PEMA). 

2.2.2.3 Composite electrolytes with open framework 

Materials called Metal Oxide Frameworks (MOFs) consist of metal centers linked 

together by organic linkers to form three-dimensional structures. As empty spaces grow 

inside the organic molecules' coordination network, there may be thousands of square 

meters of surface area per gram in certain MOFs. Recently, they've been employed as 

catalysts, electrode material and electrolytes in electrochemical systems. MOF-activated 

carbon compositions were made by Fleker et al. to discuss the nonconductive character of 

MOFs due to the network's coordinating bonds [64]. Carbon activated MOF nanoparticles 

display an intriguing EPR signal. Redox coupling Cu2+/Cu+ in MOF enhances AC 

capacitance by 30 percent. The formation of MOF on graphene sets was thoroughly 

investigated by Yaghi et al. in their work. Over 10,000 charge/discharge cycles, 

zirconium-MOF demonstrated an aerial capacitance of 5.09 F cm-1. Polymer matrix 

dipped in MOF fillers combined with Li salts is the MOF version of CSSEs. An SSE-

incorporating cell and MOF filler with a LiTFSi polymer matrix were created by H. Huo 

et al. According to the results, it had a much greater ionic conductivity than the pristine 

electrolyte complex (3.65 × 10-5 S cm-1). CSSEs of this sort have been extensively studied 

using Mg-TPA and Al-TPA-MOF as research subjects. 

2.2.2.4 Polymer matrix incorporating inorganic fillers 

Inorganic fillers are classified as either active or passive based on their ionic 

conductivities. A complex production process makes it unable to tune the active's ionic 

conductivities or Li+ transference numbers with the polymer matrix. Moisture and CO2 

are critical to the performance of active fillers. Despite their poor conductivities and high 
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interfacial resistance, passive fillers are low-cost, simple to handle, and adjustable in 

matrix. 

The addition of passive fillers in the polymer matrix is the most commonly investigated 

CSSE to improve electrochemical performance, mechanical strength and thermal stability. 

There are two types of passive fillers: metal oxide fillers and non-metal oxide fillers. The 

metal oxide fillers include aluminum oxide Al2O3, titanium oxide TiO2, silicon dioxide 

SiO2 and zirconium oxide ZrO2 among other materials. The conductivity of Al2O3 is 

almost unchanged, while the composite electrolyte's mechanical strength increases [65]. 

Lithium ions move more easily through TiO2, resulting in greater ionic conductivity. It's 

true that carbon isn't employed in electrolytes because of its electrical characteristics, but 

the insertion of even a little amount into the PEO matrix led to a significant increase in 

surface area and an increase in ionic conductivity, making it an excellent anode material. 

Sand, clay, zeolite, and nonporous materials are also used as non-metal fillers. When more 

metal oxide fillers are added to a polymer matrix, agglomeration ensues. Composites' 

ionic conductivities are unaffected by the ratio of components. 1D filler may minimize 

agglomeration by providing a longer dimension for 0D metal oxide filler. 

A higher ionic conductivity may be achieved with active fillers than with passive fillers, 

and more filler material can be added to the matrix rather than raising the fraction ratio of 

filler, increasing the contact area but decreasing the ionic conductivity. A polymer matrix 

containing the gallium-based garnet electrolyte Ga-LLZO produces a space charge zone 

with strong ionic conductivity. Defects in the Ga-LLZO surface cause this area to form. 

The template solution approach is used to make the active fillers that are one- and two-

dimensional. Incorporating these fillers into polymer matrices necessitates a variety of 

production processes. Liu et al. employ the electrospinning technique to make CSSE from 

perovskites LLTO electrolyte precursors calcined from PVP fibers. The structure's 

vacancies encourage Li+ ion hopping, boosting ionic conductivity [65]. 
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Summary  

In this chapter review of the literature on electrolyte materials, types for ASSLBs is 

discussed. Also mentioned in this section is how the solid-state electrolytes work. 

Additional information on oxide-based electrolyte materials and their advantages for 

energy storage applications is also provided. 
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Chapter 3: Review on Experimental and 

Characterization Techniques 

3.1 Synthesis Technique 

There are a number of different approaches that may be used in order to successfully 

produce the electrolyte material in the laboratory. Some of these techniques need for 

specialized tools, while others may be carried out without the use of any additional 

supplies. The selection of the synthesis method that will be used to produce mostly 

depends on the desired size, the acceptable qualities of the surface, and the kind of material 

that is being worked with, such as semiconductors, metals, polymers, ceramics, and so on. 

The yield of SSEs has been enhanced via research and development of these processes in 

order to acquire better structural characteristics and higher levels of purity. Some of these 

techniques are given below: 

3.1.1 Solid state method 

The solid state approach is characterized by large-scale production and low cost at room 

temperature and ambient pressure. Additionally, the synthesis procedure for this technique 

is quite straightforward. Additionally, the size may be decreased, and homogenous 

nanomaterials can be produced in huge quantities in a very short length of time. Finely 

ground powders may be found during the manufacturing process of SSEs. These powders 

not only have strong interfacial contact, but they also possess uniformity in phases and 

can be sintered at low temperatures [1]. Experiments showed that the grain resistance of 

ternary composites samples did not change as a result of using this synthesis process. On 

the other hand, the activation energy was found to have lowered, and the grain boundary 

resistance was shown to have been changed. The synthesis of ternary composites was 

accomplished by a mechanical activation approach that was aided by the addition of 

lithium fluoride (LiF). The synthesis of ternary composites, sintered at 900 ̊C for 4 hours 

did not need any prior assistance, and it likewise generated good electrochemical 

performance. The creation of cracks, holes, and voids as a consequence of using this 

approach is the primary drawback. These features restrict the routes at grain boundaries, 
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which leads to poor performance of the SSE. 

Following steps involve in solid state method: 

• Appropriate material selection 

• Mixing of materials  

• Calcination 

• Formation of pellets 

• Sintering 

• Characterization 

 

 

Figure 3-1. Solid state synthesis method 

3.1.1.1 Appropriate material selection 

In order to increase the surface area for interaction between particles, the materials that 

are often used take the form of fine powder. These components should not be inert and 

should instead have a high level of reactivity. The composition need to be well determined 

right from the beginning. Typically, lithium carbonate Li2CO3, aluminum oxide Al2O3, 
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silicon dioxide SiO2, and ammonium dihydrogen phosphate NH4H2PO4 are the starting 

materials for composite based solid state electrolytes [2]. 

3.1.1.2 Mixing of materials 

The mixing of materials done by using mortar and pestle for 30 minutes. After that 

planetary ball milling is used for fine power. 

3.1.1.3 Calcination 

In order to give heat treatment to staring material for evaporation of unnecessary products 

from the material. In the ternary composites to decompose NH4 from ammonium 

dihydrogen phosphate NH4H2PO4, CO2 and H2O. 

3.1.1.4 Formation of pellets 

A specific pressure is used to form the pellets in order to maximize the contact between 

the reagents and reduce the contact with the sample crucible. Pellets may be held together 

in pellet shape by an organic binder [3]. 

3.1.1.5 Sintering 

The sample is sintered at a certain temperature in order to react with the oxide and produce 

the desired product. The Tamman's rule and the volatilization potential influence the 

temperature selection. In accordance with Tamman's rule, the reaction can't begin until 

one of the reagents has reached a melting point that is two-thirds of its melting point. As 

a result, the reaction's environment is crucial [4]. 

3.2 Characterization techniques 

3.2.1 Thermo-Gravimetric Analysis (TGA) 

Instruments used for thermogravimetric analysis (TGA) include the thermogravimetric 

analyzer. The three basic thermogravimetric measurements of mass, temperature, and time 

may be used to produce a plethora of other metrics. Temperature-dependent thermal 

analysis (TGA) is a technique of thermal analysis in which a sample's mass is determined 

over a period of time as the temperature varies. Additionally, this measurement offers 

information on physical and chemical processes including thermal breakdown as well as 

solid-gas interactions like adsorption and desorption (e.g., oxidation or reduction) [5]. 
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Thermogravimetric analysis (TGA) determines weight losses in a material with a change 

in temperature in a controlled atmosphere. The major applications of this characterization 

technique are the measurement of thermal stability, volatile content, moisture, organic 

linker in a sample, and the percent composition of components in a compound. The 

principle is that the temperature is gradually increased from zero to the required final 

temperature in a specific gas atmosphere which maybe Ar, air or some other gas. Now 

when temperature increases the contents in the sample start to evaporate. Moisture is 

usually the first content that removes from the sample so a change in mass of sample 

occurs. This mass is measured on the weight balance continuously during the process 

which is placed outside the furnace Figure 3.2. After moisture other volatile contents like 

organic residues start to escape. The stability of the sample can be defined as the 

temperature at which the material starts to decompose which is the main point in the curve. 

After that the line drops sharply causing a major loss in material [6]. This point is called 

the decomposition temperature and determines the stability of material. The weight of the 

material is mapped against temperature or time to demonstrate the thermal changes in the 

sample, for instance, the loss of solvent, loss of water of hydration, and the decomposition 

of the material. At the end of the process, the final mass residue is noted, and the total 

mass loss is calculated [7]. 

 

 

Figure 3-2. Schematic of TGA [7]. 
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3.2.2 X-ray Diffraction (XRD) 

Diffraction is the scattering of electromagnetic waves by a periodic long-range array, 

resulting in constructive interference at certain angles. When the electromagnetic waves 

involved are X-rays, it is termed as X-ray diffraction (XRD) [8]. 

It was Von Laue in 1912, who suggested that crystals may be possibly used as diffraction 

gratings for X-rays. X-rays due to their wavelength () resemblance with the distance 

between crystal atoms are considered suitable for diffraction by crystals. X-ray diffraction 

in crystals is a combination of two processes, i.e., scattering of X-rays by individual atoms 

and interference of the scattered X-rays. The following few lines explain this concept [9].  

Each atom is a coherent scattering point, as its electrons do. An atom's light scattering 

strength is determined by its electron count. Crystals may diffract X-rays due to their 

periodic array of long-range organized atoms. The X-rays dispersed by atoms in a 

substance reveal their atomic organization. Amorphous materials lack periodicity and 

consequently lack a distinctive diffraction pattern. Thus, the diffraction pattern is 

indicative of a material's unique microstructure. A pattern is predicted for various atom 

arrangements. Many peaks may be seen in a single diffraction pattern of material [10].  

 

Figure 3-3. The position of the diffraction peaks is determined by the distance (d) 

between parallel atomic planes [11]. 
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A crystal’s structure is defined by its unit cell, whereas a crystal system describes the 

shape of the unit cell. Different planes of atoms are identified by Miller indices (hkl). The 

different diffraction peaks, that are commonly observed in the diffraction pattern of a 

single material, can be correlated to these atomic planes. Figure 3.4 explains the concept 

of different atomic planes and thus the different positions of peaks in a diffraction pattern.  

 

Figure 3-4. X-ray Diffraction (D8-ADVANCE). 

Bragg’s law, in this regard, relates the angle for constructive interference with the 

interplane spacing. It states that for X-rays of wavelength λ falling on a family of parallel 

atomic planes, constructive interference occurs only at a specific angle 2𝜃.  

𝒏𝛌 = 𝟐𝒅𝒉𝒌𝒍 𝐬𝐢𝐧 𝜽         (3.1) 

Here, n is a positive integer, whereas 𝑑ℎ𝑘𝑙 indicates the magnitude of the vector starting 

from the origin of the unit cell to the plane (hkl). In simple words, it indicates the 

interplane distance between two adjacent planes of the (hkl) family. 
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Figure 3-5. Scattering of X-rays of same λ and phase after falling on a crystal of 

interplane spacing, d_hkl at an angle θ [12]. 

3.2.3 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) involves the interaction between highly energetic 

electrons in the form of a focused beam, and a sample surface to produce several signals 

containing information about the sample. These signals contain valuable information 

regarding the morphology, topography, composition, microstructure, and material 

orientation of the test sample. Selected areas, as well as selected points, could be analyzed 

with SEM [13]. 

The energy of the fast-moving electrons is converted into other forms upon interaction 

with the sample. Some very useful signals are produced because of the electrons striking 

against the sample surface, including secondary electrons (SeE), backscattered electrons 

(BSE), diffracted BSE, X-rays, visible light, and heat. SeE and BSE are used for imaging 

purposes. SeE is especially important for morphology imaging and topography. BSE are 

often employed for showing compositional contrasts to distinguish phases from each 

other. Characteristic X-rays contain information on the chemical composition of the 

material [14]. A scanning electron microscope typically requires an electron gun to eject 

electrons. The electron gun typically employs a tungsten filament, which upon heating 

thermionically emits electrons. A portion of the electrons, due to high velocities pass by 

the anode plate and stream down the column. In the process, the electrons acquire energy 

typically in the range 0.2 – 40 keV. The electrons are then focused by one or two lenses 

to a spot of diameter in the range 0.4 – 5 nm. 
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Figure 3-6. Schematic of Scanning electron Microscopy [14]. 

This is followed by the passages of the beam through a pair of scanning coils or deflector 

plates. Here the beam is deflected in the xy-plane to cause a raster scan of the sample. The 

electrons lose energy because of interaction with the sample, resulting in several signals. 

Signal detectors in combination with data manipulation systems are used to gather 

information of interest. The information is further sent to the display devices. The whole 

process takes place at reduced pressures since electron travel with least scattering requires 

vacuum conditions. Conventional SEM requires samples that are conductive and 

grounded to avoid charge buildup on the sample. Conductive samples such as metals don’t 

require any special sample preparation procedures. Conductive samples may require 

cleaning followed by subsequent mounting onto the stub. However, insulating samples 

should be coated with a thin conducting material to avoid charge buildup on the specimen. 

Gold (Au) is often employed to deposit thin conducting film over non-conducting 

samples. Sample charging due to charge buildup results in image distortion and blurring 

since the incident electrons are repelled by this negative charge on the sample. For 

analyzing cross-section samples, cutting and polishing are often required. Cross-sections 

are usually mounted on a cross-section holder. 
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Figure 3-7. Scanning electron microscopy (TECASN Vega 3) [15]. 

Other than that, biological samples that are soft and contain fluids, to be analyzed by 

conventional SEM, require chemical fixation and dehydration prior to analysis [15]. 

In this work, Diamond like carbon film and Zinc Oxide thin film’s morphology was 

analyzed by using VEGA 3 LMU, TESCAN model of SEM. 

3.2.4 Energy Dispersive X-ray Spectroscopy 

As seen in Figure 3-17, energy dispersive X-ray spectroscopy (EDS, EDX, XEDS, or 

EDXS), also referred to as energy dispersive X-ray microanalysis (EDXMA) or energy 

dispersive X-ray analysis (EDXA), is a method used to determine the elemental 

composition of a sample. EDS is predicated on the premise that each element is composed 

of atoms with a distinct atomic structure. Thus, each element emits a distinct collection of 

distinctive x-rays upon stimulation. To cause a sample to emit X-rays, the sample must be 

bombarded with a beam of energetic charged particles (electrons or protons), or X-rays. 

Thus, EDS entails the examination of the X-ray spectra produced by the bombardment in 

order to determine the elemental composition [16]. 

When particles/radiations fall on a surface, depending upon the energy of the falling 

particles/radiations and the binding energies of the electrons, electrons might be removed 

from the surface. Sufficiently energetic particles/radiations can even remove inner shell 

electrons from the sample atoms. When an inner shell electron is removed, a vacancy 
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(hole) is created in that shell. An electron from an outer orbit falls into that hole. This 

transition results in X-ray emission, characteristic of that element. X-ray lines are labeled 

by a capital letter that indicates the shell where the vacancy existed. 

 

 

Figure 3-8. Working Principle of EDX [16]. 

It may be K, L, or M, followed by a Greek letter (𝛼, 𝛽, 𝑒𝑡𝑐.). 𝛼 lines are the most important 

ones, 𝛽 lines are less important than 𝛼 but more important than lines indicated by other 

Greek letters that follow, and so on. The Greek letter is followed by a number (1, 2, etc.) 

in subscript, that corresponds to the intensity of the line in that peculiar group, such as 

K𝛼1. Among the numbers, 1 stands for maximum intensity, while others in the sequence 

represent a correspondingly decreasing intensity. When there is no number mentioned, it 

represents the combined intensity from all the X-rays in that group, such as K𝛼. 

Sometimes, the combined line is represented by mentioning more than one number in 

subscript, such as K𝛼1,2 [17-18]. 

3.2.5 FTIR Spectroscopy 

FTIR spectroscopy involves chemical bonds and functional groups identification because 

of IR absorption by the specimen.  These absorptions can be associated with the stretching 

and bending of covalent bonds of molecules of a specimen. Stretching vibrations, which 
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are further classified as symmetric and asymmetric vibrations, are typically high energy 

vibrations than bending vibrations. It is to be noted that all covalent bonds are not capable 

of IR absorption. Only polar bonds are IR active and thus absorb IR radiations [19]. The 

results of IR spectroscopy are typically plotted as IR transmittance or absorbance vs IR 

frequency. Frequencies are represented as wavenumbers in units of cm‒1.  

 

Figure 3-9. Fourier Transform Infrared Spectroscopy (Cary-630) [19]. 

The typical frequency range for IR spectroscopy is from 650 cm‒1 to 4000 cm‒1. The 

intensity of the bands due to absorption in the transmittance or reflectance spectra depends 

on the dipole moment of the polar bond. For strong polar bonds, strong IR bands are 

observed. For medium polar bonds, medium intensity bands, whereas for weakly polar 

bonds, low-intensity bands are observed. For symmetric bonds, no bands are observable.  

IR spectroscopy is useful for identifying molecular fragments such as functional groups, 

thus providing information on the molecular fingerprint of materials. IR spectroscopy, 

however, does not provide proof of chemical formula or structure. 

Dispersive instruments have been traditionally applied for obtaining IR spectra. Prisms 

were used in the first dispersive IR instruments. Later, gratings replaced the prisms in 

these devices. A monochromator contains the prism/grating. the dispersive element 

disperses the energy entering through the entrance slit and reflects it towards the exit sli t. 

At the exit slit, the spectrum is scanned before passing it forward to meet the detector.  
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Figure 3-10. Schematic of FTIR spectroscopy [20]. 

Typically, the slit size of both the entrance and exit slits is programmed to vary to 

compensate for any variation of the input (source) energy with frequency. Thus, upon 

scanning the spectrum, the detector receives almost constant energy, provided no analysis 

sample is inserted. The monochromator in the dispersive IR spectrometer has certain 

 

Figure 3-11. Schematic of a basic Michelson interferometer [20]. 
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downsides. The entrance and the exit slits of the monochromator are meant to limit the 

frequency range of the energy to one resolution width. This makes the process too slow 

for a long-range of wavelengths. Samples that require quick speedy measurements, for 

example during online analysis, are not analyzable with such low sensitivity instruments. 

During the 1970s, commercial IR instruments employing a very different method were 

introduced. These instruments quickly replaced the traditional dispersive instruments. 

Spectrometers today predominantly employ the Fourier transform method to obtain the IR 

spectra, hence the name Fourier transform infrared (FTIR) spectrometers. These devices 

are superior in performance as well as data handling capability [21]. 

Any sample in any state may be analyzed with FTIR spectroscopy. Gases, liquids, pastes, 

powders, solutions, films, fibers, and surfaces are all examinable with FTIR, provided a 

judicious sample preparation choice is made. There are three basic sample preparation 

techniques, which include;  

Mix the sample with a mulling agent (mineral oil etc.) and press between NaCl plates. 

NaCl is used because it is cheap and it capable of avoiding IR absorptions up to the 650 

cm‒1 mark. However, below 650 cm‒1, NaCl plates become absorbing as well. On the other 

hand, KBr plates, which are costlier than NaCl, remain transparent to 400 cm‒1 point. 

Although the salt may be IR transparent, the mineral oil used is an IR absorber, and that’s 

the downside of this technique [22].  

KBr Method 

The second technique is the KBr method, which involves mixing the sample with KBr 

and making pellets of the mixture through high-pressure pressing. The mulling agent and 

hence the absorptions associated with the mulling agent are avoided in this case. Only 

solids could be analyzed with this technique and that’s the limitation of this method [23]. 

Another method uses CCl4 to dissolve the sample and then press it between the salt plates. 

CCl4 in this case is an IR absorber that’s the limitation of this method.  

In the current study, we have employed FTIR spectroscopy to detect the hydrogenated 

carbon bonds on the surface of the substrates to confirm the presence of DLC film. Due 

to this fact, (Agilent Cary 630) was used to detection of antisymmetric bonds. 
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3.2.6 Raman Spectroscopy 

Raman spectroscopy is a non-destructive system used to determine the chemical, 

structural, molecular interactions, polymorphism, and crystallinity of substances. It is 

entirely dependent on light's interaction with matter and on matter's interaction with itself. 

(Internal Chemical Bonds) The study of molecules is carried out using light scattering 

methods such as Raman. In this method, the molecules scatter light emitted by a high-

intensity laser source. Rayleigh Scattered is so named because the majority of scattering 

light has the same wavelength (or colour) as the laser source and so provides no useful 

information. While a little amount of light is scattered at different wavelengths, the 

wavelengths at which light is dispersed change according to the chemical structure of the 

analyte; this is referred to as Raman Scattering [24]. 

 

Figure 3-12. Working Principle of Raman Spectroscopy [24]. 

In a Raman spectrum, there are multiple peaks, each of which corresponds to a different 

intensity and spectrum position of the Raman scattered light. A separate chemical bond 

vibration is represented by each peak, including individual bonds such as C-C, C=C, N-

O, and C-H, and groups of bonds. 

3.2.7 Electrochemical Impedance Spectroscopy (EIS) 

This technique of electrochemical workstation allows us to measure the resistivity of our 

system. This includes resistance of electrolyte, ohmic loss and or activation losses. 

Electrical resistance is the measure of the circuit element that resists the flow of current.  

 R = 𝑉 I⁄  (3.1) 
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According to Ohm's law, R is the resistance which is defined as the ratio of voltage (V), 

and current (I)[24]. This known law use is limited to only one circuit element, the ideal 

resistor. 

An ideal resistor has several simplifying properties: 

• The voltage passing through a resistor and the AC current are in a single phase. 

• Ohm's Law is followed at every range of current and voltage. 

• Resistance is not dependent on the frequency. 

 

Figure 3-13. EIS Profile (Nyquist Plot) [25]. 

3.2.7.1 Electrochemical Parameters 

The determination of the ionic conductivity is crucial to evaluate the efficiency of 

ASSLBs. EIS technique is used to measure the grain conductivity and total ionic 

conductivity of a solid electrolyte: The total ionic conductivity can be determined using: 

 
  𝜎 =

4𝑡

𝜋𝑑2𝑅
      

(3.3) 

Where, σ, t, d, and R represent the ionic conductivity, thickness, diameter of the pellets, 

and total resistance. It is the sum of grain resistance and grain boundary resistance or 

charge transfer resistance [26]. 
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Summary 

This chapter initially discusses different chemical synthesis methods like solid state 

method. After that material characterization techniques have been studied i.e., TGA, 

XRD, SEM, EDS, FTIR, Raman and EIS. Main principle of these techniques has been 

noted down along with diagrams. After that the whole electrochemical testing process 

implemented was explained and electrochemical performance determination using EIS 

with a four-electrode system.  
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Chapter 4: Methodology and       

Experimentation 

4.1 Material procurement 

The analytical pure of all starting materials were acquired from Sigma Aldrich. Ternary 

composite, Mn-ternary composite, and Co-ternary composite are synthesized using 

lithium carbonate (Li2CO3, ≥99.0%), aluminum oxide (Al2O3, 99.99%), silicon dioxide 

(SiO2, ~99.0%), and ammonium dihydrogen phosphate (NH4H2PO4, 98 atom%). Dopants 

were comprised manganese nitrate hydrate (Mn(NO3)2·xH2O, 98.0%) and cobalt nitrate 

hexahydrate (Co(NO3)2·6H2O, 98.0%). 

4.2 Material Synthesis 

4.2.1 Synthesis of Ternary Composite 

Ternary composite (AlPO4-SiO2-Li4P2O7) solid electrolytes were synthesized by mixing 

3.6857 g of Li2CO3, 1.7107 g of Al2O3, 3.0243 g of SiO2, and 11.5794 g of NH4H2PO4 as 

shown in Scheme 1. In an agate mortar and pestle, the powders were pounded and blended 

for 30 minutes. The material was mechanically activated by planetary ball milling 

apparatus (High-Speed Shimmy Ball Mill SFM-1 (QM-3SP2)) at 800 rpm for 3 hours 

with intervals to avoid heating of the apparatus and transferred to zirconium oxide 

grinding jars with rubber seals containing 5 ZrO2 balls with a weight ratio of 1:20. The 

material was calcined in an alumina boat at 350  ̊C for 6 hours by keeping the ramp rate 

of 5  ̊C/min in a box resistance furnace with constant air (Model: MTP-950-3-P). After 

allowing the mixture to cool to room temperature, it was pounded to a fine powder in a 

pestle and mortar for 20 minutes. Following that, pellets with a diameter of 10 mm were 

manufactured at a pressure of 10 MPa for 25 minutes. These pellets were sintered in a 

Magma box furnace at a temperature of 900  ̊C for 4 hours with a heating rate of 5  ̊C per 

minute in air. The samples were allowed to cool naturally to room temperature [1]. 

4.2.2 Synthesis of Mn-Ternary Composite and Co-Ternary Composite 

The Co and Mn -ternary composite pellet was made by combining 3.5747 g of Li2CO3, 

1.3273 g of Al2O3, 2.9332 g of SiO2, 0.9342 g of Mn (NO3)2.6H2O and Co (NO3)2.6H2O, 

and 11.2306 g of NH4H2PO4 into a 20 g total material weight. The identical step-by-step 
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technique was followed for the synthesis of both Mn-ternary composite and Co-ternary 

composite, the sintering was done at just 900 ̊C. 

 

 

Figure 4-1. Synthesis of Ternary Composite-based solid-state electrolyte via solid-state 

reaction process. 

 

4.3 Instruments and Material Characterization 

The phase of the prepared samples were examined using a Bruker D8 Advance X-ray 

diffractometer with an LYNXEYE detector and Cu-k radiation. The measurements were 

made in the range of 10–̊75̊ with a step of 0.02̊. Scanning electron microscopy ((SEM), 

VEGA3, 51–ADD0007 Tescan, Brno, Czech Republic) was used to obtain the 

morphological analysis of the samples. Fourier transformed infra-red ((FTIR), Cary 630 

FTIR spectrometer) spectra of the materials were acquired between 400 and 4000 cm -1 to 

study the antisymmetric bonding structure. To evaluate the structural characteristics of the 

ternary composite, the 532 nm wavelength Apollo Raman laser was utilized. 

Thermogravimetric analysis (TGA) was executed at a heating rate of 10  ̊C/min in a 

temperature range of 25  ̊C to 800  ̊C to determine the weight loss of ternary composites. 

Before characterizing the pellet's AC impedance, thin gold (Au) films were deposited on 

both sides of the pallet. For deposition, the vacuum sputter coater was employed, and each 

side of the pellet was coated for around 15 minutes [2]. This gold layer serves as an ion-
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blocking electrode. AC impedance measurements were conducted using a CHI660E 

potentiostat (Shanghai Chenhua Co., Ltd.) in a frequency range of 0.001–1MHz and an 

amplitude of 10 mV. Eq. 1 is used to compute the ionic conductivity, where σ, t, d, and R 

represent the ionic conductivity, thickness, diameter of the pellets, and total resistance. 

The overall resistance is equal to the summation of grain resistance and grain boundary 

resistance [3].  

𝜎 =
4𝑡

𝜋𝑑2𝑅
                                    (4.1) 
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Summary 

The whole study of experimentation technique is described in detail in this chapter. It was 

explained in detail how ternary composite, Mn-ternary composite and Co-ternary 

composite were synthesized and characterized in the chapter. Finally, we have discussed 

the electrochemical testing method and parameters used on the electrochemical 

workstation. 
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Chapter 5: Results and Discussion 

5.1 Material Characterization 

5.1.1 TGA Analysis 

As shown in Figure 1, the TGA curve of the novel oxide-based ternary composite (AlPO4-

SiO2-Li4P2O7) solid-state electrolyte for lithium batteries exhibits minimal weight loss of 

up to 22.26% in the region 25 °C to 900 °C due to degradation of volatile constituents 

including moisture, hydrates, carbonates and ammonia. Since most of the volatile 

components in the ternary composite sample had already evaporated during the 

calcination process. Other constituents, such as lithium oxide, aluminum phosphate, and 

amorphous silicate, have reached their evaporation points. Li2O evaporation has 

previously been proven to cause the weight loss of the material LATP when heated to 

1100 °C.  

 

Figure 5-1. TGA and DSC spectra for ternary composite sample. 

According to Antolini et al., the phase transition of the mixed oxide at approximately 950 

°C has been used to determine a loss of blended LiCO2 and lithium content [1]. These 
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observations were probably triggered by the evaporation of lithium oxide LiO. According 

to the findings of Brewer et al. and Kimura et al., the vapor pressure of Li2O is greater 

than that of LiO, suggesting that Li2O is evaporated at roughly 1100 °C [2,3]. The powder 

was prepared for a heating methodology based on the TGA findings, as indicated in the 

experimental setup. 

5.1.2 X-Rays Diffraction  

Figure 5-2, depicts the XRD patterns of the novel oxide-based ternary composite (AlPO4-

SiO2-Li4P2O7), Mn-ternary composite, and Co-ternary composite solid-state electrolyte 

sintered at a temperature of 900  ̊C. The XRD spectrum of the ternary composite shows 

relection from AlPO4 (JCPDS#48-0625) phase, which results in a detrimental influence 

on grain boundary conductivity [4]. This phase helps to improve the conductivity after the 

inclusion of dopants to this composite, which assists in the conduction of lithium ions into 

the solid electrolyte. The ternary phase also shows growth of another Li4P2O7 (JCPDS#77-

1045) phase [4]. The highest peak in XRD pattern of ternary composite correspond to the 

SiO2 phase. Manganese and cobalt doping affect the intensity of AlPO4 peaks. Manganese 

assists to improve the ionic conductivity after incorporation inside the composites. After 

manganese doping, the peak at 26.58̊ is relocated to a lower angle of 26.40̊. The d-spacing 

is increased as a result of the implementation of manganese.  

 

Figure 5-2. a) XRD spectra for ternary composite, Mn-ternary composite and Co-ternary 

composite b) High-resolution spectra for ternary composite, Mn-ternary composite, and 

Co-ternary composite for analyzing the shifting of peaks. 
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On the other hand, cobalt doping results in shift of 26.58̊ peak to higher angle of 26.61̊, 

resulting in low d-spacing as shown in Figure 5-2 (b). The addition of the dopants will 

also affect the particle size and crystallite size of the base material [5]. Because of the size 

difference between the dopant and the host cations, the dopant is unable to completely 

enter the host structure. As a result of this size disparity, strain energy is generated, which 

pulls the host cation out of the lattice structure. These cations form oxide phases and 

segregate at grain boundaries that can be obstructing lithium-ion routes [6]. Furthermore, 

since it was created using solid-state technology, this material has a high degree of 

porosity. The small number of pores and cracks in the structure may assist in the efficient 

migration of Li ions through the framework. 

5.1.3 SEM & EDX Analysis 

Figure 5-3 (a)-(c) demonstrates the morphological and elemental composition analyses of 

ternary composites based on solid-state electrolytes using the SEM and energy dispersive 

X-rays (EDX) spectroscopy. The SEM image of ternary composite (Figure 5-3a) reveals 

that the particles are in micron size with agglamorated morpholgy. The particle size 

distribution of the ternary composites varied between 1.5 µm to 2.0 µm. The Mn-ternary 

composite reveals that the particles have flake-like assemblies (Figure 5-3b) with a size 

distribution in a range of 1.0 µm to 2.0 µm. The Co-ternary composite shows large 

particles with well-defined edges and the particle size distribution of 1.69 µm. The particle 

size was changed as a result of differences in the ionic radii of the dopant element and the 

host element after doping of Mn and Co inside the ternary composites [7].  

Introducing dopants such as manganese and cobalt content inside the lattice structure of 

ternary composites results in a reduction in the particle size of the synthesized ternary 

composite's particles. This could be happened due to the inhibition of the Mn and Co 

cation to the crystal growth of base material. Additionally, Mn-ternary composites have a 

homogenous and dense structure. Mn-ternary composites have a more compact and 

homogenous crystalline structure. In comparison to the base sternary composite and Co-

ternary composite, the Mn-ternary composite’s sample has the smallest crystallite size. 

This finding is very consistent with earlier conductivity study results [8], which indicate 

that Mn-ternary composite has the greatest conductivity. A higher conductivity is 

associated with smaller crystallite sizes, as demonstrated by Kumar et al. and Fuentes et 
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al. As per the author, ions are more easily channeled towards the electrodes in tiny 

crystallites than in bigger ones [9,10]. 

As indicated in Table 5-1, the elements like oxygen and phosphorus remained distributed 

consistently across the samples, however, the Al-rich zone (which does not include 

silicon) may be ascribed to the AlPO4 phase, which results in agglomeration of the 

particles [11].  AlPO4 demonstrates the presence of phase, which was mostly concentrated 

in the area of grain boundaries, which is consistent with the findings of Yu et al [12]. The 

compaction density may rise as a consequence of the doping of manganese and cobalt, 

which will result in an improvement in the performance of all-solid-state LIBs. The 

secondary phases are represented by the small crystals on the surface; when dopants such 

as manganese and cobalt are introduced into the base material of ternary composites, the 

impurity phases decrease and the lithium conducting passage is improved, increasing grain 

boundary conductivity. 

According to the researchers,  a ceramics-based solid-state electrolyte that was 

synthesized at a high sintering temperature (> 800 oC) triggered neck growth formation, 

in which the grains or particles were associated with one another. A reduction in pores 

and cracks as a consequence of the aggregation and proliferation of irregular particles has 

occurred, while the densification of the compounds has been increased [6]. 

Figure 5-3 a(ii), b(ii), c(ii) shows the EDX spectra of crystallized specimens that show 

that the elements Al, Si, P, O, Mn, and Co are present. It can be observed that all of the 

elements are consistently distributed in ternary composite-based ceramic materials, 

suggesting that Mn and Co have been effectively doped inside the base structure of the 

ternary composite. Due to the concept of charge neutrality, EDX is unable to determine 

lithium's wt.% and at.% [13].  As a result of these findings, the structural stability of the 

solid-state electrolyte utilized in all-solid-state cells throughout the charging and 

discharging cycles may be improved, which in turn helps to improve the battery's 

performance.s 
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Figure 5-3. SEM images at 5 µm of the resolution, (a) Ternary composite, (b) Mn-ternary 

composites, (c) Co-ternary composites, (a)(i) Particle size distribution of Ternary 

composite, (b)(i) Particle size distribution of Mn-ternary composite, (c)(i) Particle size 

distribution of Co-ternary composite, (a)(ii) EDX spectra of ternary composite, (b)(ii) 

EDX spectra of Mn- ternary composite, (c)(ii) EDX spectra of Co-ternary composite. 

Table 5-1. Elemental composition of Ternary composites, Mn- ternary composites, and 

Co-ternary composites. 

Sample 

ID 

Atomic concentration (%) Weight Concentration (%) 

Li Al Si P O Mn Co Li Al Si P O Mn Co 

Ternary 

composite 

- 6.9 3.5 24.9 50.4 - - - 9.5 5.0 39.4 41.1 - - 

Mn-

ternary 

composite 

- 1.5 3.6 26.8 55.4 1.2 - - 2.1 5.0 41.4 44.3 3.3 - 
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5.1.4 FTIR Analysis 

The functional group and structural analysis of ternary composite, Mn- ternary composite, 

and Co-ternary composite were determined using FTIR spectra. FTIR measurements were 

conducted in the range from 500 cm-1 to 3500 cm-1. Composites like AlPO4 and Li4P2O7 

might pertain to the (PO4)-3 structural unit of a solid-state electrolyte based on ternary 

composite [14]. These bands are illustrated by the bending, antisymmetric, and symmetric 

stretching of the various (PO4)-3 structural units. The bands between 550 and 650 cm-1 are 

directly associated with the O-P-O asymmetric bending vibrational mode, which is 

observable in the infrared spectrum. The band at 1040 cm-1 is associated with the 

stretching of (PO4)-3 ions, whereas the band at 825 cm-1 is related to the vibrations of the 

O-P-O bond [15-17]. The vibration of the Al-O bond is attributable to the bands at 780 

cm-1 and 990 cm-1. Furthermore, the peak positioned between 1050 and 1200 cm-1 relates 

to the formation of Si-O-Si bonds [18].  

The presence of bands associated with aluminum silicate at around 1006 cm-1 verifies the 

presence of aluminum doping on the silicon side. Some of the peaks have a low intensity 

of the (PO4)-3 structural unit which could be owing to the aluminum, manganese, cobalt 

doping, and influence of sintering temperature in the base structure. The presence of peaks 

at 688 cm-1 and 523 cm-1 validates the doping of cobalt and manganese inside the ternary 

composite based on the solid-state electrolyte's base structure. The doping of manganese 

and cobalt within the ternary composite has a substantial impact on the intensity of the 

secondary phase and desirable bands of composites such as AlPO4 and SiO2. These 

dopants contribute to the reduction of inferior phases that helps to improve the ionic 

conductivity of the ternary composite based on solid-state electrolyte for LIBs [13]. 

Co-

ternary 

composite 

- 4.1 4.7 21.8 61.1 - 0.6 - 5.6 6.6 34.1 49.2 - 1.8 
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Figure 5-4. FTIR spectra for ternary composite, Mn-ternary composite, and Co-ternary 

composite based solid-state electrolyte. 

5.1.5 Raman Spectroscopy 

Raman spectroscopy is used for analyzing the structural characteristics of materials. The 

ability to discriminate between crystalline and amorphous phases using Raman 

spectroscopy makes this technique well-suited for studying amorphous auxiliary phases 

and assessing the information contained in composite materials. Another advantage of this 

characterization is spatial resolution in the ancillary phase distribution study, which is 

advantageous for evaluating the physical properties of ternary composite-based SSEs   

[19,20]. 

The Raman spectra were recorded to determine the local bonding structure of oxide-based 

ternary composite materials as shown in Figure 5-5. Since local bonding structuring has a 

considerable influence on the magnitude of the conduction route's local bottleneck, it is 

critical to integrate the idea of local bonding structure in ternary composite-based SSE 

systems [21]. Raman spectra of ternary composites, Mn-ternary composites, and Co-

ternary composite materials were acquired in the 200 cm-1 to 1300 cm-1 range. The 

measured spectra show several broad band peaks, such as 200-500 cm-1, 650-800 cm-1, 
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and 950-1150 cm-1. These bands correspond to the antisymmetric, symmetric stretching, 

and bending of the various PO4 structural units [22,23].   

   

 

Figure 5-5. Raman Spectra for ternary composite, Mn-ternary composite, and Co-ternary 

composite based solid-state electrolyte. 

 

Oxide-based solid-state electrolytes have the highest Raman scattering due to the apparent 

PO4 structural units. These PO4 groups are found to be interconnected between both the 

columns of SiOx/AlOx octahedra in ceramic-based materials, where they are observed to 

share the oxygen atoms with Si+4/Al+3 and Li+ ions present in the structure. The peaks at 

291 cm-1 and near 690 cm-1 corresponds to the Mn3O4 and α-Mn2O3, respectively [24]. 

Similarly, the peak at 565 cm-1 correlated with Co-O [25]. This could be attributed to the 

successful doping of Mn and Co in the structure of ternary composite. The bands found in 

the spectra within the range of about 200 cm-1 to 500 cm-1 are associated with P-O-Al 

bending modes, while the bands detected within the range of 650-800 cm-1 are linked to 

asymmetric bending of a SiO2 supporting structure. For amorphous silicate structural 

units, Si-O bending vibrations are identified around 730 cm-1, whereas silica bending 

modes are detected at higher levels at 790 cm-1. The significant levels of bending 
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frequencies are understandable since there is substantial clustering of oxygen due to the 

existence of octahedra groups, making amorphous silicate bending exceedingly difficult 

to achieve. The bands are observable above 900 cm-1 and are attributed to symmetrically 

stretched PO4 tetrahedra. The vibrational functions of the phosphate group remain 

relatively robust. The subpeaks inside this zone indicate that the phosphate group's local 

structure has altered dramatically as a result of the clear aluminum substitution. The bands 

about 1043 cm-1 that are connected to the phosphate group are especially apparent since 

it has a higher stretch than AlPO4 at approximately 1093 cm-1. According to Barj et al., 

the broadening peak in the Raman spectra is induced by disordered PO4 tetrahedra [26,27]. 

Due to the obvious proximity of the ionic radii of aluminum and silicon, the widening of 

the peaks can be explained by the formation of new Li-O bonds at the M2 site, which must 

alter the P-O bonding and result in the widening of the Raman spectra in the Al substituted 

oxide-based solid electrolyte [21,28]. 

5.1.6 EIS Analysis 

Figure 5-6 (a-c) illustrates the impedance spectra of ternary composite, Mn-ternary 

composite, and Co-ternary composite samples sintered at 900  ̊C. The Au (gold) coating 

of sample pallet done for the current collection from EIS experimental setup. At high 

frequency, the impedance spectrum exhibits a semicircle, whereas, at low frequency, it 

exhibits an oblique line. The semicircle tends to come from the attributes of the grain 

boundaries, and the line indicates how lithium ions diffuse through the blocking Ag 

electrodes. Furthermore, the grain resistance is reflected by the left intercept at high 

frequency, and the resistance of the grain boundary is described by the diameter of the 

semicircle [29]. Plots of ionic conductivities were fitted with an equivalent circuit, as 

shown in Figure 5-6 (a). The Rs denote bulk resistance, the z denotes Warburg 

impedance, the parallel Rct, and CPEdl denotes the semicircle, and the second parallel 

RC circuit is employed for asymmetrical boundaries, impurity phases, and space 

charges [30]. All the synthesized samples' total conductivities, bulk, and grain 

boundary resistance values are shown in Table 5-2. The Mn-ternary composite sample 

exhibited the best electrochemical performance under ambient circumstances, with a 

total ionic conductivity of 2.22 × 10-4 Scm-1.  As explained by H. Yamada and H. 

Chung, one reason for this is lithium content agglomerating at grain boundaries and 
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grain surfaces, which may result in an increase in the number of charge carriers (Li+) 

in the above two locations, changing the lithium deficient structure into a rich one 

[31,32]. The lower grain boundary resistance originating from the appropriate 

crystallinity and compact structure of the Mn-ternary composite pellet may also be 

significant for the enhanced electrochemical properties of the electrolyte synthesized 

at 900 ̊C. At grain boundaries, the dense electrolyte may offer additional transfer paths 

for lithium-ion conduction.  

Several studies have suggested that the growth of SiO2 would be associated with the 

generation of amorphous silicate somewhere at the grain boundary, which might also 

bind the grains together and enhance the compaction density of solid electrolytes [33]. 

This phase may also let Li+ ions move more easily from the grain core to the grain 

boundary phases, which would lead to an increase in the ionic conductivity of the grain 

boundaries. Furthermore, just becoming a non-lithium ionic conductor, the inordinate 

fraction of SiO2 aggregates at the grain boundary and obstructs solid electrolyte ionic 

conduction [33]. It has been suggested that the inadequate densification of the 

electrolyte in the basic ternary composite and Co-ternary composite samples may be 

due to the formation of voids and cracks as a consequence of the rapid grain growth 

seen in these samples as a potential explanation for the increase in resistance reported 

for these samples.  

Another possibility would be the formation of excessive impurity phases may serve as 

a barrier to the Li-ion conduction as described by T. Hupfer [34,35]. A compressed 

semicircle appears in the Co-ternary composite plot due to the roughness of the 

material, although it still exhibits the highest ionic conductivity values compared to the 

basic ternary composite sample. To achieve high ionic conductivity, a dense electrolyte 

structure in conjunction with a manganese dopant concentration has been used, which 

helps to limit inferior phase formation and promote the conduction of lithium ions at 

grain boundaries [6]. As shown in Table 5-3, there is the comparison of previously 

synthesized electrolytes with Mn-ternary composite (AlPO4-SiO2-Li4P2O7) as a solid 

electrolyte for LIBs. 
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Table 5-2. Rs, Rct, and Ionic conductivities of ternary composite, Mn-ternary composite, 

and Co-ternary composite. 

Samples ID Rs (ohm) Rct (ohm) Ionic Conductivity (S cm-1)  

Ternary composite 1553 2.007×106 1.5214×10-5 

Mn-ternary composite 859 1.367×105 2.2214×10-4 

Co-ternary composite 2181 4.499×105 6.7594×10-5 

 

 

Figure 5-6. Nyquist plot of all solid electrolytes synthesized at 900 oC, (a) ternary 

composite, (b) Mn-ternary composite, (c) Co-ternary composite, and (d) Bode plot of 

ternary composite based SSEs for LIBs. 
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Figure 5-6 (d) illustrates the Bode plots of ternary composite, Co-ternary composite, and 

Mn-ternary composite sintered at 900  ̊C. The conductivity graphs exhibit similar trends 

of conductivity to those seen in the Nyquist plot. Figure 5-7 depicts a comparison of the 

conductivities of the grain and the total ionic conductivities of each sample. The doping 

of manganese ions results in the formation of inferior phases such as MnPO4, which 

segregates at grain boundaries and tends to bind the grains together, increasing the 

compact density. Although these phases agglomerate as the impurity concentration rises, 

they do not interfere with the conduction pathways of Li ions. High ionic conductivity 

may be achieved using a dense electrolyte structure with a significant concentration. This 

is accomplished by inhibiting excessive inferior phase formation and encouraging 

lithium-ion conduction at grain boundaries. 

 

 

Figure 5-7. Comparing the grain and total  ionic conductivities of ternary composite, Mn-

ternary composite, and Co-ternary composite sintered at 900 °C. 
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Table 5-3. Comparison of previously synthesized electrolytes with Novel Oxide-based 

Mn-ternary composite (AlPO4-SiO2-Li4P2O7) as a solid electrolyte for LIBs. 

Sr 

No. 

Solid State 

Electrolyte 

Type of 

Electrolyte 

Morphology Ionic 

Conductivity (S 

cm-1) 

Ref. 

1 PEO/LiTFSI Polymer 

based 

Electrolyte 

Particle 3.7 × 10−5 [36] 

2 PAN/LiClO4 Nanowires 6.05 × 10−5 [37] 

3 PMMA/LiClO4 Particle 2.20 × 10−5 [38] 

4 Mg0.5ZrSn (PO4)3 Oxide-

based 

Electrolyte 

Particle 2.47 × 10-5 [39] 

5 Li1.5Al0.5Ti1.5(PO4)3 Particles 8 × 10−5 [40] 

 

6 

Mn-ternary 

composite (Li4P2O7-

SiO2-AlPO4) 

Ternary 

composite 

Particle 2.21×10-4 Present 

Work 
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Summary 

All the results obtained during the research are discussed in this chapter. Characterization 

results of TGA, XRD, SEM, EDS, FTIR, Raman and EIS are supported with facts from 

previous studies and justified to understand the morphology, structure, composition, 

thermal stability, functional groups, surface area and porosity of the synthesized materials. 

Electrochemical results of the synthesized electrodes are discussed at the end. All the 

results are presented after comparison with the literature and are supported in the light of 

properties from characterization techniques. 
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Chapter 6: Conclusions and 

Recommendations 

6.1 Conclusions 

A novel oxide-based ternary composite (AlPO4-SiO2-Li4P2O7) solid-state electrolyte for 

lithium batteries was successfully synthesized using a conventional solid-state technique. 

Manganese and cobalt were doped and substituted into the lattice structure of ternary 

composites, as indicated by XRD spectra. When Mn and Co were incorporated into the 

ternary composite, the peaks of AlPO4, Li2P4O7, and SiO2 became variated in their 

intensities, as determined by XRD, FTIR, and Raman studies. The Mn-ternary composite 

seems to have a compact density and average particle size of 1.55 µm and few pores and 

cracks within the electrolyte, as confirmed by SEM analysis. In contrast to other 

specimens, the Mn-ternary composite sample exhibited a higher ionic conductivity of 

2.21×10-4 S cm-1. The ionic conductivity was demonstrated to be directly related to the 

microstructure and morphology of the electrolyte. Various synthesis techniques, including 

the Sol-gel method, melt quenching, and microwave-assisted sintering, may also be 

utilized to modify the microstructure and morphology of the material to boost the ionic 

conductivity of an electrolyte. The findings of the Mn-ternary composite show that it is 

cost-effective and has the potential to be employed as a solid-state electrolyte in the realm 

of lithium batteries in the coming years.  

6.2 Recommendations 

The electrochemical performance and efficiency of ASSLBs can be increased by 

exploring new combinations of materials to be employed as electrolytes, in addition to the 

informed selection of electrode materials. The following recommendations are presented 

to address the shortcomings in the research regarding the solid electrolyte materials: 

• Focus of the future research should be towards the various tetravalent cations and 

a hybrid oxide and sulfide-based structure to offer stability and high 

electrochemical performance for ASSLBs. 

• Ceramics and polymer composites should be explored to enhance the stretch, 

flexibility, and ionic conductivities of the electrolytes. 
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• In contrast to traditional Li-ion batteries, ASSLBs lack the required power density. 

Therefore, research is required in the direction of sodium ion batteries to ensure 

maximum power density and energy density simultaneously. 
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Appendix 1 – Publications 

Tailoring the Electrochemical Properties of Novel Oxide-Based 

Ternary Composite (AlPO4-SiO2- Li4P2O7) Solid-State Electrolyte for 

Lithium Batteries 

Hafiz Muhammad Haseeb,a Altamash Shabbir,a Zuhair S. Khan,a Ghulam Alia,* 

aU.S.-Pakistan Center for Advanced Studies in Energy, National University of Sciences 

and Technology (NUST), Islamabad, 44000, Pakistan 

Abstract 

One of the most electrifying and interesting supporting components for the 

advancement of next-generation lithium batteries is a solid-state electrolyte. Oxide-based 

solid electrolytes are gaining popularity among researchers owing to their great stability, 

although they have inadequate ionic conductivity due to high grain boundary resistance. 

In this work, a novel oxide-based ternary composite (AlPO4-SiO2-Li4P2O7) electrolyte is 

synthesized via a conventional solid-state process with excellent water stability and high 

ionic conductivity. The crystallographic structure of ternary composite is confirmed using 

X-ray diffraction and has a significant effect on ionic conductivity. The thermogravimetric 

analysis result shows a 22.26 wt.% loss in the region of 25 °C to 900 °C due to the 

degradation of volatile constituents including nitrates, chlorides, and water. BET results 

revealed that the material is compact and dense and having low porosity and surface area. 

The morphological assessment is carried out using scanning electron microscopy to 

observe the growth of grains. The Raman and Fourier transformed infra-red 

spectroscopies are used to scrutinize the structural and functional group analysis of the 

solid-state electrolyte. Electrochemical impedance spectroscopy is used to evaluate ionic 

conductivities. The ternary composite sintered at 900 °C has shown ionic conductivity of 

2.21×10-4 S cm-1 at ambient temperature. These findings suggest that a solid electrolyte 

composed of ternary composites could be a credible candidate for lithium batteries. 

Keywords: Lithium batteries; solid-state electrolyte; ternary composite; dopants; ionic 

conductivity. 

 

Journal:      Physica B: Physics of Condensed Matter 

Status:        Under Review 

 

 

 


