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6.1 Introduction to the Glass Series:                   

The borophosphate glasses containing silver and doped with 𝐴𝑔𝐼 demonstrate remarkably 

elevated conductivities of 𝐴𝑔ା ions, reaching approximately 10ିଶ 𝑆 𝑐𝑚ିଵ. The high 

conductivity is observed in these glasses, which is due to the presence of 𝛼 − 𝐴𝑔𝐼 structures 

within the glass. According to Magistris et.al; [1], who proposed that this conductivity is 

facilitated by the continuous transfer of 𝐴𝑔ା ions from one iodine ion to another. The 

authors observed that 𝐴𝑔ା ions rotate around 𝐼ି ions, suggesting a mechanism for the 

conduction of charge. The introduction of salt via doping is mentioned as a means to 

increase the number density of charge carriers and enhance the available conduction 

pathways for these carriers. Doping refers to the intentional addition of impurities or foreign 

atoms into a material to modify its properties. In this case, the addition of salt increases the 

concentration of 𝐴𝑔𝐼, which in turn affects the diffusion rates of 𝐴𝑔ା ions. An increase in 

the concentration of 𝐴𝑔𝐼 leads to a notable escalation in the rates of diffusion for 𝐴𝑔ା ions. 

This implies that the higher the concentration of 𝐴𝑔𝐼, the more readily the 𝐴𝑔ାions can 

move within the glass, contributing to increased conductivity [2]. The incorporation of 𝐴𝑔𝐼 

into the glass matrix has been observed to primarily enhance the electrical characteristics of 

the glass. The properties of 𝐴𝑔𝐼-doped silver borophosphate glass is achievable by tuning 

the concentration of 𝐴𝑔𝐼 dopant and/or the composition of the glass system. Due to the fact 

that solid electrolytes are a type of material that exhibits a characteristic where the anionic 

or cationic constituents are not restricted to specific lattice sites but rather possess the ability 

to move freely throughout the structure [3]. The silver borophosphate glass system doped 

with 𝐴𝑔𝐼 exhibits significant potential for utilisation in diverse applications, such as 

electrochromic-based sensor devices and as solid electrolyte for supercapacitors and/or 

batteries. This chapter focuses on studying the effect of silver iodide (𝐴𝑔𝐼) doping in silver 

borophosphate glass systems to investigate the migration of 𝐴𝑔ା ions within the glass. An 

interesting observation has been noted that when the binary system consisting of two glass-

forming oxides, 𝐵ଶ𝑂ଷ and 𝑃ଶ𝑂ହ, is used, it does not result in the formation of a glassy 

material. Instead, it leads to the formation of a crystalline compound called 𝐵𝑃𝑂ସ. The 

structure of the 𝐵𝑃𝑂ସ compound is composed of tetrahedra of 𝐵𝑂ଷ and 𝑃𝑂ସ. This crystalline 

structure differs from the amorphous structure typically associated with glasses. It is 

important to note this distinction because it indicates that the formation of glassy materials 

in the specific binary system is not feasible. However, the authors highlight that 

borophosphate glasses, when doped with silver ions, exhibit exceptional ionic conductivity 
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along with thermal and electrochemical stability. This suggests that the introduction of 

silver ions into the borophosphate glass matrix enhances its ability to conduct ions, making 

it a promising option for solid-state batteries. The silver borophosphate glass system is 

characterized by the emergence of 𝐵𝑂ସ tetrahedra, which leads to the formation of  cross 

linking 𝐵 − 𝑂 − 𝑃 bridges. This ultimately results in the branching out of the 

borophosphate glass network in random manner, thereby rendering it more compact [4].  

The present study involves the examination of the silver borophosphate glass system, 

characterized by 𝑥(𝐴𝑔𝐼): (100 − x)[30𝐴𝑔ଶ 𝑂: (56𝐵ଶ𝑂ଷ + 14𝑃ଶ𝑂ହ)] composition. The 

analysis mentioned in the statement reveals the presence of different structural groups, 

specifically 𝐵𝑃𝑂ସ and 𝐵𝑂ସ, within the material being studied. These structural groups 

possess favorable properties for ionic conduction, indicating their potential role in 

facilitating the movement of ions through the material. The structure of the glass skeleton, 

particularly influenced by the borate component of the network former, has been found to 

impact the fluctuations observed in the glass transition temperature with changing 

composition [5]. The borate constituent plays a significant role in modifying the structural 

arrangement of the glass, which in turn affects the glass transition temperature. In the 

specific case of the ternary glass system composed of silver borophosphate, the interactions 

between ions (coulombic interactions) are reduced. This reduction in coulombic interactions 

leads to the attainment of the lowest activation energy and the highest conductivity for the 

𝐴𝑔ା ions within the material. Reference [6] supports this finding by stating that the ternary 

glass system of silver borophosphate exhibits its minimum activation energy when the ionic 

coulombic interaction is at its lowest. This suggests that the reduced coulombic interactions 

contribute to enhanced ionic conductivity in this particular glass system. The formation of 

the 𝐵 − 𝑂 − 𝑃 link in the 𝑀ଶ𝑂 − 𝐵ଶ𝑂ଷ − 𝑃ଶ𝑂ହ; (𝑀 =  𝐿𝑖/𝑁𝑎 /𝐴𝑔),  glass system reveals 

a considerable preference for heteroatomic 𝐵 − 𝑂 − 𝑃 connections over homoatomic 𝑃 −

𝑂 − 𝑃 or 𝐵 − 𝑂 − 𝐵 bond formation [7]. According to the literature review, the ion 

conductivity and relaxation mechanism in the 𝑀ଶ𝐼 doped borophosphate glass system has 

received scant attention to date in order to understand the transport mechanisms of 𝐿𝑖, 𝑁𝑎, 

and 𝐴𝑔 (monovalent) ions in the metal oxide modified borophosphate glass system. 

The research conducted by Suresh Kumar et al. [8] has reported an ionic conductivity on 

the order of 10ି଺ S cmିଵ for silver oxysalts doped with 𝐶𝑢𝐼. The specific material 

investigated in their study is not mentioned, but it is implied that the presence of 𝐶𝑢𝐼 as a 

dopant enhances the conductivity of the silver oxysalts. 𝐴𝑔𝐼 is considered a prototypical 
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material among metal halides. In 𝐴𝑔𝐼, the 𝐴𝑔ା ions are surrounded by 𝐼ି ions, which 

contributes to its high conductivity, particularly in the 𝛼 − 𝐴𝑔𝐼 phase [8], [9]. The 𝛼 − 𝐴𝑔𝐼 

phase is known for its significant conductivity due to the arrangement of ions within the 

crystal structure. 𝐴𝑔𝐼 exhibits a solid-to-solid phase transition at approximately 

420 𝐾 (147 °𝐶). This transition is accompanied by a rapid increase in conductivity of more 

than three orders of magnitude. This behavior indicates a notable change in the mobility of 

ions, resulting in a substantial enhancement of conductivity. 

It is worth noting that glasses that can accommodate the 𝐴𝑔𝐼 phase at ambient temperature 

demonstrate strong ionic conductivity. This is attributed to the presence of low activation 

barriers for ion migration within these glasses. The ability to maintain the 𝐴𝑔𝐼 phase in the 

glass structure even at room temperature allows for favorable ion mobility, leading to 

enhanced ionic conductivity. The hard and soft (Lewis) acids and bases (HSAB) theory is 

a chemical theory that helps to predict the reactivity of chemical species. The theory divides 

chemical species into two categories: hard acids-bases, and soft acids-bases. Hard acids and 

bases are those that are relatively small, have high charge densities, and are polarizable. 

Soft acids and bases are those that are relatively large, have low charge densities, and are 

not polarizable. The HSAB theory predicts that soft acids and bases will interact more 

strongly with each other than hard acids and bases. This is because soft acids and bases have 

similar properties, such as their size and charge density. In the case of 𝐴𝑔𝐼, the silver ion 

interacts more strongly with the iodide ion than it would with a smaller, more highly charged 

ion. This stronger interaction leads to the formation of a shallow potential well, which 

makes it easier for the silver ion to move through the glass. The addition of dopant salts, 

such as 𝐿𝑖𝐶𝑙, to 𝐴𝑔𝐼-doped ionic glasses further enhances the ionic conductivity of the glass. 

This is because the dopant salts provide additional ions that can move through the glass. 

The dopant ions also help to break up the network of the glass, which makes it easier for 

the silver ions to move [10]. 𝐴𝑔ା has a shallow potential well and is loosely associated with 

iodide in 𝐴𝑔𝐼 doped ionic glass, which softens the host glassy matrix and ion movement is 

supported by the high (cat-) ion decoupling. Deshpande et al;[11] illustrated that adding 

dopant salts like 𝐿𝑖𝐶𝑙 to lithium borate and lithium borosilicate glasses causes the 

decoupling charge carriers (𝐿𝑖ା) to move from one NBO to the next in order to produce 

conduction. As a result, silver ions from 𝐴𝑔𝐼 can be decoupled, allowing them to quickly 

conduct cationic current even at low concentrations of 𝐴𝑔𝐼 through the openings created by 

anionic spheres in the glassy amorphous structure [9], [12], [13]. When 𝐴𝑔𝐼 is added to a 
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glass composition, it can influence the ionic conductivity of the material. In the study 

conducted by Minami et al; [14], they investigated the behavior of ionic conductivity in the 

𝐴𝑔𝑋⎼𝐴𝑔ଶ𝑂⎼𝐵ଶ𝑂ଷ glass system. According to their findings, the ionic conductivity in this 

glass system was reported to be approximately 10ିଶ 𝑆 𝑐𝑚ିଵ at ambient temperature. This 

indicates that the glass exhibits relatively high conductivity, allowing for the movement of 

ions through the material. In the case of silver borophosphate glass, the maximum 

conductivity was observed at a temperature of 303 𝐾 (~30℃), and it was approximately 

10ିହ 𝑆 𝑐𝑚ିଵ[1]. According to P. Sharma et al., the concentration of 𝐴𝑔𝐼 salt in the 

AgI⎼AgଶO⎼VଶOହ⎼TeOଶ glass system increased ionic conductivity [15]. In glassy 

electrolytes, the number of NBOs (of the host matrix) and the number of mobile charge 

species mostly determine the ionic conductivity.   

In the current system, the ionic salt 𝐴𝑔𝐼 has been varied within the composition of 

𝑥(𝐴𝑔𝐼): {(100 − 𝑥)[30 𝐴𝑔ଶ𝑂: (56 𝐵ଶ𝑂ଷ + 14 𝑃ଶ𝑂ହ)]}, where 𝑥 = 0, 1, 3, 5 and 7 𝑤𝑡. %.  

Hence, investigating the systematic variations of 𝐴𝑔𝐼 salt in a highly firm borophosphate 

glassy system is an interesting and novel field of scope. The purpose of this study is to 

investigate the mechanism of ionic conduction in a silver-borophosphate glass system with 

a fixed ratio of glass former to modifier. 

6.2 Experimental 

6.2.1 Materials used 

Raw materials such as boric acid (𝐻ଷ𝐵𝑂ଷ), ammonium dihydrogen phosphate (𝐴𝐷𝑃 −

𝑁𝐻ସ𝐻ଶ𝑃𝑂ସ), silver oxide (𝐴𝑔ଶ𝑂) and silver iodide (𝐴𝑔𝐼) were used for preparation of 

electrolyte materials.  

6.2.2 Preparation method 

In the present study, the glass sample composition with 𝑥 ranging from 0 to 7 𝑤𝑡. % in the 

glass series 𝑥(𝐴𝑔𝐼): (100 − x)[30𝐴𝑔ଶ 𝑂: (56𝐵ଶ𝑂ଷ + 14𝑃ଶ𝑂ହ)] were prepared using 

conventional melt quench method. The ionic glass samples were made by taking the 

required amount of chemicals, properly mixing them in an agate mortar and pestle, and 

then preheating them at 450°C for 2 hours to eliminate the gases from the chemicals. The 

mixture was then heated at roughly 800°C for 6 hours before being quenched between two 

pre-cooled copper blocks. Depending on the proportion of 𝐴𝑔𝐼 in a glass composition, the 
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color of the prepared glass samples from transparent to pale yellow to orange. These 

samples were annealed in a furnace for an hour at 150°C to reduce thermal stress. 

6.3 Results and discussion 

6.3.1 Physical Characterization 

Table 6.1 lists the physical data of glass system under consideration. Fig. 6.1(a) describes 

that density (𝜌) increases from 3.99 𝑔/𝑐𝑐 to 4.74 𝑔/𝑐𝑐 when the 𝐴𝑔𝐼 salt content increases 

from 0 to 7 𝑤𝑡. %. This may be related to the rise in iodide ion molecular weight 

(126.9045 𝑔/𝑚𝑜𝑙𝑒) in 𝐴𝑔𝐼. In the study, the molar volume (𝑉௠) of the glass structure, as 

shown in Fig. 6.1(a), was investigated, specifically in relation to the addition of 𝐴𝑔𝐼 (silver 

iodide). The researchers observed that initially, as the concentration of 𝐴𝑔𝐼 increased, the 

molar volume of the glass increased from 32.1647 𝑐𝑐/𝑚𝑜𝑙𝑒 to 40.8892 𝑐𝑐/𝑚𝑜𝑙𝑒. This 

indicates that the addition of 𝐴𝑔𝐼 led to an expansion or increased spacing within the glass 

structure. However, beyond a certain point, when the glass contained 3, 5, and 7 𝑤𝑡. % of 

𝐴𝑔𝐼, the molar volume started to decrease. This suggests that further addition of 𝐴𝑔𝐼 caused 

a compaction or reduction in the spacing between atoms or molecules within the glass 

structure. Additionally, the study also investigated the oxygen packing density (OPD) of 

the glass samples. OPD refers to the density or arrangement of oxygen atoms within the 

glass structure. For the ABP5 sample, the addition of 𝐴𝑔𝐼 resulted in a decrease in OPD 

from 83.3210 𝑚𝑜𝑙/𝑙 to 67.2836 𝑚𝑜𝑙/𝑙, indicating a reduction in the packing density of 

oxygen atoms. On the other hand, for the sample labeled ABP7, the addition of 𝐴𝑔𝐼 caused 

an increase in OPD, implying an enhancement in the packing density of oxygen atoms. 

Regarding the molar volume of oxygen (𝑉ை), the study observed that for the undoped 

sample (without 𝐴𝑔𝐼) and up to 1 𝑤𝑡. % doped sample, the molar volume increased. 

However, for the subsequent samples, the molar volume of oxygen gradually decreased. It 

is noted that the presence of modifier oxide and additive halide facilitates the liberation of 

𝐴𝑔ା ions. This can be observed in Fig. 6.1(b), where there is a gradual increase in the 

effective count of cations released for conduction. This increase in the number of cations 

available for conduction has the potential to enhance the overall conductivity of the glass.  

Furthermore, Fig. 6.1(c) shows that the ABP5 sample code has the highest concentration of 

cations at the Fermi energy level (𝐸௙). The Fermi energy level represents the highest 

occupied energy state at absolute zero temperature and is an indicator of the availability of 

charge carriers. In this case, the higher concentration of cations at the Fermi energy level 
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suggests an increase in either defect energy states or free charge carriers within the glass 

structure. The rise in defect energy states can be attributed to the incorporation of 𝐴𝑔ା ions 

and the interaction between the modifier oxide and additive halide. These defects or energy 

states can act as additional sites for charge carriers, contributing to the overall conductivity 

of the glass.  

Alternatively, the increase in free charge carriers can be a result of the liberated 𝐴𝑔ା ions, 

which can act as mobile charge carriers within the glass structure. The presence of a higher 

concentration of cations at the Fermi energy level implies a larger number of mobile charge 

carriers, which can enhance the conductivity of the glass as previously reported [16]. The 

ionic conductivity is influenced by the carrier concentration and mobility of mobile ions, 

which results in a boost in the mobility of the charge carriers possessing the minimum 

activation energy for ion migration. 

Table 6.1: Physical parameters of the silver borophosphate glass system doped with 𝐴𝑔𝐼. 

6.3.2 Thermal Characterization 

The phenomenon of mobile ion migration in FIC glasses is attributed to the dissociation of 

cations from the rigid glass network. In other words, the presence of mobile ions in the glass 

is a result of cations becoming detached from the structural framework of the glass [17]. To 

determine the decoupling index, which indicates the degree of dissociation between mobile 
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ions and the glass network, knowledge of the glass transition temperature (𝑇௚) is sufficient 

[18]. The glass transition temperature is a critical parameter that is directly influenced by 

the composition of glasses. In the specific system being studied, the incorporation of 𝐴𝑔𝐼 

into the glass composition leads to a slight decrease in the glass transition temperature. 

Initially, the 𝑇௚ falls from 423 𝐾 to 412 𝐾 with the addition of 𝐴𝑔𝐼 up to 5 𝑤𝑡. %. However, 

for the ABP7 sample, there is an upward trend, and the glass transition temperature 

increases to 420 𝐾. The current study supports the result previously reported by Angell 

[18], indicating that the introduction of 𝐴𝑔𝐼 causes a gradual reduction in the glass transition 

temperature. This suggests that the incorporation of 𝐴𝑔𝐼 affects the mobility and 

dissociation of cations within the glass structure, leading to changes in the glass transition 

behavior  [18]. This phenomenon is attributed to the disruption of the glass structure and 

the consequent modification of the structure by cations. Subsequently, the glass transition 

temperature experiences an elevation to 420 𝐾 in the case of the ABP7 specimen. The 

displacement of the 𝑇௚, as depicted in Fig. 6.1(d), in the current system towards the lower 

temperature range can be explained by a reduction in the rigidity of the glass structure and 

an increase in the presence of non-bridging oxygen within the structure.  

At a concentration of 7 𝑤𝑡. % of 𝐴𝑔𝐼, it is possible that the observed increase in structural 

rigidity is attributable to an elevation in the glass transition temperature. J Shelby 

demonstrated that the glass structure is altered not only by modifiers but also by the 

involvement of additive 𝐴𝑔𝐼 [19]. It is observed that the introduction of a higher number of 

non-bridging oxygen (NBO) species within the glass structure leads to a decrease in the 

viscosity of the glass. Non-bridging oxygen atoms are oxygen atoms that are not bonded to 

two network-forming atoms, resulting in the disruption of the glass network and increased 

mobility. Fig. 6.1(e) illustrates the profile of the decoupling index with respect to 

temperature and glass composition. The decoupling index is a parameter that indicates the 

concentration of ions that have been decoupled or dissociated from the parent glass matrix. 

In other words, it represents the degree of mobility and dissociation of ions within the glass. 

The study suggests that as the number of NBOs increases, the decoupling index also 

increases, indicating a higher concentration of ions that have been decoupled from the glass 

matrix. This is likely due to the disruption of the glass network by the NBOs, enabling 

greater ion mobility within the glass structure.  
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(a) (b)  

                          (c) 

(d) (e) 

Figure 6.1: (a) 𝜌 𝑎𝑛𝑑 𝑀௩, (b) 𝑁௢௫௜ௗ௘ and 𝑁௜௢ௗ௜ௗ௘ (c) % 𝑜𝑓 𝑁௧௢௧௔௟ 𝑎𝑡 𝐸௙, (d) 𝑇௚, and (e) 𝑅ఛ (inset: 

𝑅ఛ vs temperature), as a function of LBP glass series samples. 

The current investigation reveals that the decoupling index experiences an increase up to 

5 𝑤𝑡. % of 𝐴𝑔𝐼 incorporation in a glass composition, followed by a subsequent decrease 

beyond this threshold [14].  
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6.3.3 Structural Characterization 

a) X-ray Diffraction study 

The X-ray diffraction patterns of the prepared glassy electrolytes, depicted in Fig. 6.2(a-e), 

exhibit a wide peak at approximately 2𝜃 ~ 29° and absence of discernible crystalline peaks 

throughout the spectra, indicating the fully amorphous character of the electrolyte samples 

that were prepared. The incorporation of 𝐴𝑔𝐼 into the samples did not result in the 

emergence of any novel peak or phase. However, a marginal displacement of the peak was 

observed in ABP5 within the range of 2𝜃 ~ 27° − 28°. The absence of a distinct peak in 

the spectra indicates that 𝐴𝑔𝐼 has been fully dissolved into an amorphous phase. 

b) Fourier Transform Infrared (FT-IR) Spectroscopy study 

The effect of 𝐴𝑔𝐼 salt on the vibrational bond lengths and molecular structure is analyzed 

using Fourier Transform Infrared (FTIR) spectroscopy which is a technique that measures 

the absorption of infrared light by a sample, providing information about the molecular 

composition and functional groups present. The FTIR absorption spectra were recorded 

within the wave number range of 400 𝑐𝑚ିଵ– 1700 𝑐𝑚ିଵ, as shown in Fig. 6.3. The wave 

number represents the reciprocal of the wavelength of the infrared light and is measured in 

units of 𝑐𝑚ିଵ. This range of wave numbers corresponds to specific quantized frequencies 

at which the molecular structure undergoes oscillation. Table 6.2, provided in the study, 

Figure 6.2:(a-e) X-ray diffraction patterns of all glassy electrolyte samples from ABP0 to ABP7, 
respectively. 
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presents the wave number of the peaks observed in the FTIR spectrum, along with their 

corresponding vibrational modes and assigned infrared (IR) bands. Vibrational modes refer 

to the specific types of molecular vibrations that occur within the compound.  

In the mentioned study, the researchers analyzed the FTIR spectrum and observed specific 

peaks at various wave numbers. The behavior of these peaks was studied in relation to the 

addition of 𝐴𝑔𝐼 in the system. Here are the observations made regarding the peak intensities 

and their corresponding wave numbers: 

1. Peaks at 430 𝑐𝑚ିଵ and 470 𝑐𝑚ିଵ: The intensity of these peaks decreases with the 

addition of 𝐴𝑔𝐼 in the system. The specific vibrational modes or bond assignments 

for these peaks are not mentioned. 

2. P-O-P bending peak at 530 𝑐𝑚ିଵ: This peak does not show any significant change 

with the addition of 𝐴𝑔𝐼. 

3. B-O-B bending peak: This peak gradually shifts from 703 𝑐𝑚ିଵ to 670 𝑐𝑚ିଵ with 

the addition of 𝐴𝑔𝐼. The shift indicates an increase in the angular displacement of 

the B-O-B bond. [20], [21], [21].  

4. Symmetric stretching of 𝑃 − 𝑂ି: The peak intensity associated with the 

wavenumber range of 1080  𝑐𝑚ିଵ– 1090  𝑐𝑚ିଵ as reported by Kabi et al; and Rao 

et al; [22], [23] increases with the addition of 𝐴𝑔𝐼 up to 5 𝑤𝑡. %. However, for the 

ABP7 sample, a reduction in peak intensity is observed. 

5. Emergence of a new absorption peak at 1225 𝑐𝑚ିଵ: The presence of this peak for 

𝐴𝑔𝐼 up to 3 wt.% indicates an increase in the number of 𝑃 − 𝑂ି molecules and an 

increase in peak intensity. This peak corresponds to the asymmetric vibration of the 

𝑃𝑂ଶ group. 

6. Infrared band attributed to the asymmetric vibration of 𝑃 = 𝑂: This band, observed 

at approximately 1385 𝑐𝑚ିଵ in the ABP0 sample, experiences a gradual redshift 

and reaches 1349  𝑐𝑚ିଵ for the ABP7 sample. This shift in wave number indicates 

a change in the vibrational behavior of the 𝑃 = 𝑂 [24] bond within the phosphate 

chain. 

These observations provide insights into the changes in peak intensities and wave numbers 

associated with specific vibrational modes and bond types within the glass system as a result 

of the addition of 𝐴𝑔𝐼. They help in understanding the modifications in the molecular 

structure and bonding induced by 𝐴𝑔𝐼 incorporation.  
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Figure 6.3: FTIR spectra of LBP glass series between 400 cm-1 to 1700 cm-1 wave number. 

The concentration of 𝐴𝑔𝐼 is observed to have a decreasing effect on the intensity of the 

mentioned peak. The introduction of 𝐴𝑔ା ions derived from 𝐴𝑔𝐼 through interstitial means 

has been observed to have an influence on the 𝑃 = 𝑂 bond within the system, resulting in 

an increase in bond length. The stretching of the 𝑃 = 𝑂 bond is anticipated to result in a 

shift towards a lower wave number in the IR frequency. The absorption band located at 

1410  𝑐𝑚ିଵ in all of the glass specimens pertains to the asymmetric stretching of the 

trigonal borate unit [25]. This band remains unaltered in all of the glass specimens, 

indicating that the structure of the trigonal borate unit is not affected by the addition of 𝐴𝑔𝐼. 

The vibrational frequency of the 𝑃 − 𝑂 − 𝐻 bond is observed to occur at approximately 

1638  𝑐𝑚ିଵ in ABP0 [24], [26]. This peak is ascribed to the presence of water absorbed 

during the preparation of 𝐾𝐵𝑟 pellets for infrared spectroscopy measurements. The 

presence of water in the glass structure is not surprising, as water is a common impurity in 

glass. The frequency of the 𝑃 − 𝑂 − 𝐻 bond is also subject to gradual shifts upon the 

incorporation of 𝐴𝑔𝐼 into the glass structure. This shift is likely due to the interaction of 

the 𝐴𝑔𝐼 with the water molecules in the glass structure.  

The interaction of 𝐴𝑔𝐼 with water molecules can cause the water molecules to become 

more tightly bound to the glass structure, which can lead to a decrease in the vibrational 

frequency of the 𝑃 − 𝑂 − 𝐻 bond. 
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Table 6.2: Band positions and assignments of IR bands of present glass system. 

Wavenumber 
(𝒄𝒎ି𝟏) 

Mode of 
Vibration 

Assignment of IR band Reference 

~430 −  470 (𝛿௦) 
O-P-O bonds (of PO4

3- group)  and O-B-O 
bending bond 

[24] 

~530 (𝛿௦) O=P-O bonds due to deformation mode of PO- [24], [26] 

~670 − 730 
(𝛿௦) 
(𝜈௦) 

B-O-B linkage in various borate unit and P-O-P 
bridge 

[20], [25], [28] 

~924 (𝜈௦) P-O-P chain of PO4
3- group [24], [26], [27] 

~1020
−  1030 

(𝜈௔௦) 
(𝜈௦) 

B-O bond of BO4
3- tetrahedron unit and PO3 unit 

[14], [21], [26], 
[29], [30] 

~1090 − 1120 (𝜈௔௦) P-O-group of orthophosphate (PO4
3-) [26], [29], [30] 

~1130 − 1160 (𝜈௔௦) BO3
- of penta borate unit [25], [28] 

~1225 (𝜈௔௦) Metaphosphate (PO2)- group [26], [27] 

~1330 − 1360 (𝜈௦) pyro and ortho borate groups in 𝐵𝑂ଷunit [14], [25] 

~1385 − 1339 (𝜈௔௦) P=O in NBO atom of  phosphate chain [24] 

~1410 − 1420 (𝜈௔௦) Borate triangle unit (BO-) [25] 

~1450 − 1460 (𝜈௔௦) B-O stretching of triangle BO3
- and BO2

-unit [25] 

~1620 − 1640 ------- P-O-H bond [24], [26] 

~1700 (𝜈௔௦) B-O-B in 𝐵𝑂ଷ triangles [21] 

(𝛿௦) Bending, (𝜈௦) Symmetric stretching and (𝜈௔௦) Asymmetric stretching mode of vibration. 

The broadened bands (extended peaks) are observed in the wavenumber ranges between 

800  𝑐𝑚ିଵ − 1200  𝑐𝑚ିଵ and 1300  𝑐𝑚ିଵ − 1500  𝑐𝑚ିଵ, which arise due to the 

existence of 𝐵ଶ𝑂ଷ and 𝑃ଶ𝑂ହ polyhedra. Therefore, IR spectrum in the range of 800  𝑐𝑚ିଵ 

− 1200  𝑐𝑚ିଵ has been deconvoluted for all the glass samples. Fig. 6.4(a-e) illustrates 

the deconvolution spectra for this range. In the spectra, several peaks are observed at 

specific wavenumbers, indicating the presence of different vibrational modes and 

molecular groups within the samples. 

One prominent peak appears at 924  𝑐𝑚ିଵ, which is attributed to the asymmetric vibration 

of the 𝑃𝑂ସ
ଷି group [24], [26], [27]. This peak becomes more pronounced with the addition 

of 𝐴𝑔𝐼, indicating an increase in the concentration of the 𝑃𝑂ସ
ଷି group. However, it is worth 

noting that this peak is not observed in the sample containing 7 𝑤𝑡. % of 𝐴𝑔𝐼. This absence 

suggests that the concentration of the (𝑃𝑂ସ
ଷି) group may be lower in this particular sample. 
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Figure 6.4:(a-e) Deconvoluted FTIR spectra in the wavenumber range from 800 cm-1 to 1200 
cm-1 for ABP0 to ABP7 samples. 

Another set of peaks is observed at around 1030  𝑐𝑚ିଵ and at 1098  𝑐𝑚ିଵ, which 

correspond to the asymmetric vibrations of the 𝐵𝑂ସ and 𝑃𝑂ସ units units, respectively. These 

peaks indicate the presence of these molecular groups in the glass samples. 
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Figure 6.5:(a-e) Deconvoluted FTIR spectra in the wavenumber range from 1300 cm-1 to 1500 
cm-1 for ABP0 to ABP7 samples. 

Additionally, the intensity of the peak at 1143 𝑐𝑚ିଵ, associated with the 𝐵𝑂ଷ group, is 

seen to increase with the addition of silver salt [25], [28]. This suggests that the 

concentration of the 𝐵𝑂ଷ group is influenced by the amount of silver salt added to the 

samples. 
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Furthermore, the IR spectrum deconvolution reveals the presence of four absorption bands in 

the range of 1300  𝑐𝑚ିଵ to 1500  𝑐𝑚ିଵin Fig.6.5(a-e). These bands may be associated with 

specific molecular vibrations or functional groups present in the glass samples. However, 

further analysis and characterization would be required to determine the exact nature of these 

bands and their corresponding molecular species. Based on the IR information, the FTIR 

spectra analysis suggests the following changes upon the addition of 𝐴𝑔𝐼: 

1. Symmetric Stretching of Pyro and Ortho Borate Groups:

 Peak at around 1369  𝑐𝑚ିଵ: This peak corresponds to the symmetric stretching of the

pyro and ortho borate groups in the 𝐵𝑂ଷ molecule [14].

 Abrupt switch to 1339  𝑐𝑚ିଵ at 7 𝑤𝑡. % of 𝐴𝑔𝐼: The addition of 𝐴𝑔𝐼 causes a shift

in the peak position from 1369  𝑐𝑚ିଵ to 1339  𝑐𝑚ିଵ, indicating a change in the

symmetric stretching behavior of the borate groups.

2. Asymmetric Vibration of Borate Triangle Unit:

 Peak at 1411  𝑐𝑚ିଵ: This peak corresponds to the asymmetric vibration of the borate

triangle unit [25].

 Increase in peak intensity: The presence of 𝐴𝑔𝐼 leads to an increase in the intensity

of this peak, indicating a change in the vibrational behavior of the borate triangle unit.

3. Asymmetric Stretching Bands of 𝐵𝑂ଷ
ି  and 𝐵𝑂ଶ

ି Units:

 Peaks at around 1460  𝑐𝑚ିଵ: These peaks correspond to the asymmetric stretching

bands of 𝐵𝑂ଷ
ି and 𝐵𝑂ଶ

ି units [25].

 No change observed: The addition of 𝐴𝑔𝐼 does not cause any noticeable change in

the position or intensity of these peaks, indicating that the asymmetric stretching

behavior of these units remains unchanged.

Based on the FTIR spectra analysis, the addition of 𝐴𝑔𝐼 in the system leads to the following 

observations: 

 Increase in 𝐵 − 𝑂 bond length of 𝐵𝑂ସ  and 𝐵𝑂ଷ
ି units.

 Formation of asymmetric 𝑃𝑂ସ
ଷିmolecules.

 Formation of 𝑃 − 𝑂 − 𝐵 like bridging units.

These changes suggest structural modifications and interactions occurring between the 

borate and 𝐴𝑔𝐼 species in the system, leading to alterations in the vibrational behavior of 

the molecular units. 
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6.3.4 Electrical Characterization / Impedance Spectroscopy 

Complex impedance spectroscopy (CIS) of ABP glass series electrolyte samples has been 

analyzed using impedance formalism technique. The effect of increasing amounts of 𝐴𝑔𝐼 

on the impedance response of the host glass system, 𝐴𝑔ଶ𝑂 − 𝐵ଶ𝑂ଷ − 𝑃ଶ𝑂ହ, is illustrated. 

The impedance plots for all ABP series compositions over the temperature range of 303 𝐾 

to 373 𝐾, the complex impedance spectra of glasses were measured using the Solartron-

1260A for the frequency range of 1 𝐻𝑧 𝑡𝑜 32 𝑀𝐻𝑧. 

a) DC conductivity 

The Nyquist plot in Fig. 6.6(a-f) shows the impedance characteristics of the silver 

borophosphate glass electrolyte at different temperatures and compositions. The presence 

of a depressed semi-circle in the Nyquist plot indicates that the sample consists of a 

combination of resistive (𝑅), capacitive (𝐶), and Warburg (𝑊) elements, suggesting an 

inhomogeneous distribution within the system. To analyze the experimental results obtained 

for the silver borophosphate glass electrolyte infused with 5 𝑤𝑡. % of 𝐴𝑔𝐼, an equivalent 

circuit, as illustrated in Fig. 6.7(a), is used. The high-frequency region of the Nyquist plot 

exhibits a semi-circular feature, which indicates a kinetic-controlled charge transfer 

mechanism. On the other hand, a spike in the low-frequency region is attributed to the 

formation of the double layer (𝐶ௗ௟) at the interface between the electrolyte and electrode, 

resulting from charge accumulation [31].  

Fig. 6.6(f) demonstrates that the intercept (𝑍′) on the real axis of the Nyquist plot exhibits 

a decreasing trend as the concentration of 𝐴𝑔𝐼 increases. This intercept value can be used 

to determine the bulk resistance (𝑅௕) and bulk conductivity (𝜎ௗ௖) of the glassy electrolyte. 

To determine the bulk resistance (𝑅௕) and bulk conductivity (𝜎ௗ௖), one can use the 

relationships given in Eq. (6.1): 

1. Bulk Resistance (𝑅௕): 𝑅௕= (𝑍′)/𝐴; where (𝑍′) is the intercept on the real axis and 𝐴 is 

the area of the electrode/electrolyte interface [32]. 

2. Bulk Conductivity (𝜎ௗ௖): 𝜎ௗ௖ = 𝑡 𝑅௕A⁄    …..(6.1)  

Where, 𝑡 is the thickness of the sample. By analyzing the Nyquist plot and using the 

intercept (𝑍′) on the real axis, one can calculate the bulk resistance (𝑅௕) and subsequently 

determine the bulk conductivity (𝜎ௗ௖) of the silver borophosphate glass electrolyte. 
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Figure 6.6: Nyquist plots,(a-e) of all glassy electrolytes at various temperatures and (f) for all the 
samples at 318 𝐾 temperature. 

Table 6.3 demonstrates that the bulk conductivity of the glassy electrolyte system 

comprising 𝐴𝑔𝐼 − 𝐴𝑔ଶ𝑂 − 𝐵ଶ𝑂ଷ − 𝑃ଶ𝑂ହ exhibits an increase upon the inclusion of 𝐴𝑔𝐼 up 

to a concentration of 5 𝑤𝑡. %, followed by a decrease at 7 𝑤𝑡. % 𝑜𝑓 𝐴𝑔𝐼 in the glass.  

(a) (b) 

(c) (d) 

(e) (f) 
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The temperature-dependent ionic conductivity in disordered systems is typically modelled 

using two ion transport models: (i) The Arrhenius behavior, and (ii) the nonlinear behavior 

[33]. Eq. (6.2) demonstrates that the conduction mechanism of ion hopping exhibits 

Arrhenius behavior. 

𝜎ௗ௖ = 𝜎଴𝐸𝑥𝑝(−𝐸ఙ/𝐾஻𝑇)    … (6.2) 

where, 𝜎଴ is the conductivity prefactor and appears to be quite insensitive to the 

composition [31]. Fig. 6.7(b) illustrates the linear representation of the plot of the logarithm 

of 𝜎ௗ௖ against the reciprocal of temperature (1000/𝑇). The determination of the activation 

energy 𝐸ఙ was based on the slope of the plots [33]. The activation energy for ABP0 is 

reported as 0.84 𝑒𝑉. Upon the introduction of 𝐴𝑔𝐼, this value decreases to 0.49 𝑒𝑉 till 

ABP5 sample. However, for the 7 𝑤𝑡. % 𝐴𝑔𝐼 doped sample, the activation energy increases 

to 0.52 𝑒𝑉, as presented in Table 6.3. 

In the present system, 𝐴𝑔𝐼 − 𝐴𝑔ଶ𝑂 − 𝐵ଶ𝑂ଷ − 𝑃ଶ𝑂ହ glassy electrolyte, the conductivity 

(𝜎ௗ௖) at a temperature of 323 𝐾 and the activation energy (𝐸௔) were investigated. The 

results, as shown in Fig. 6.7(c), indicate that the conductivity increases while the activation 

energy decreases with the addition of 𝐴𝑔𝐼 up to a concentration of 5 𝑤𝑡. %.  𝐴𝑔𝐼 is a 

compound composed of silver (𝐴𝑔) and iodine (𝐼), both of which have specific properties. 

Silver is considered a soft base, while iodine is a soft acid. In the 𝐴𝑔𝐼 compound, the silver 

readily dissociates into 𝐴𝑔ା ions and iodine into 𝐼ି ions. Many researchers conducted an 

investigation using Fourier Transform Infrared Spectroscopy (FTIR) to analyse the 

structural properties of the glassy electrolyte system. They found that the silver ions (𝐴𝑔ା) 

from 𝐴𝑔𝐼 act as modifiers in the system. The presence of 𝐴𝑔ା ions promotes the formation 

of non-bridging oxygen groups within the structural network of the glassy electrolyte. The 

increase in non-bridging oxygen groups is observed up to a concentration of  5 𝑤𝑡. % 𝐴𝑔𝐼. 

The phenomenon of reduced activation energy and increased conductivity can be 

comprehended from the perspective of the Anderson-Stuart (A-S) model of ion conduction 

in glasses, as reported in literatures [34]–[38].  

The Anderson-Stuart theoretical framework provides a way to understand ion conduction 

in terms of activation energy components. According to this framework, the total activation 

energy (𝐸ఙ) required for an ion to move can be broken down into two main components: 

𝐸௕ and 𝐸௦. 𝐸௕ represents the binding energy, which is the average energy required for a 

cation to leave its designated site. 

242



Chapter 6 Silver Borophosphate Glass (ABP) series   

Table 6.3: Activation energy(𝐸ఙ), dc conductivity(𝜎ௗ௖), decoupling index (𝑅ఛ), carrier 
concentration (𝐾ᇱ), hopping frequency (𝜔௣), relaxation time (𝜏௖), stretching component (𝛽) of the 

AgI doped silver borophosphate glass system. 

In other words, it quantifies the energy barrier that needs to be overcome for an ion to 

detach from its original position and become mobile. 𝐸௦, on the other hand, corresponds to 

the elastic strain energy. This component takes into account the energy required to 

overcome various interactions in the 𝐴𝑔𝐼 − 𝐴𝑔ଶ𝑂 − 𝐵ଶ𝑂ଷ − 𝑃ଶ𝑂ହ glassy electrolyte 

system, these interactions include the electrostatic interactions between 𝐴𝑔ା ions, nearby 

oxygen species, and iodide ions. 𝐸௦ can be thought of as the mean kinetic energy that a 

cation needs to create a "doorway" or a temporary opening in the structure of the glass, 

allowing it to move through the network of ions and species. 

This process involves overcoming the electrostatic forces holding the ions in their 

respective positions. According to Ghosh et al.; [29], the borophosphate glass skeleton 

contains different types of borate and phosphate sites that facilitate the hopping of positive 

alkali ions. When 𝐴𝑔𝐼 is introduced into the glass framework, it creates desirable anionic 

sites, including 𝑃𝑂ସ
ଷି, 𝑃𝑂ଶି, and 𝐵𝑂ସ

ଷି. The presence of these sites allows the 𝐴𝑔ା ions to 

be confined within a low-energy potential well. This confinement of 𝐴𝑔ା ions to a low-

energy potential well reduces the activation energy required for their movement. As a 

result, the conductive channels for the motion of mobile cations, such as 𝐴𝑔ା ions, are 

enhanced. This enhancement leads to an increase in conductivity up to a concentration of 

5 𝑤𝑡. % of 𝐴𝑔𝐼. 
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𝑨𝑩𝑷𝟓 0.49 624 1250 306 115 3.27 0.728 

𝑨𝑩𝑷𝟕 0.52 412 824 132 61.7 7.56 0.796 
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Figure 6.7: (a) Nyquist plot fitting and its equivalent circuit for ABP5 for 318 K temperature, (b) 
the Arrhenius behavior of 𝑙𝑜𝑔 𝜎ௗ௖ conductivity vs reciprocal of temperature plot, (c) variation of 
dc conductivity and the activation energy as a function of 𝐴𝑔𝐼 content, (d) plot of concentration of 
decoupled silver ions as a function of glass composition, (e) plot of the conductivity relaxation time 
vs reciprocal of temperature.  

a)  (b) 

(c) (d) 

                          (e)     
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Furthermore, the introduction of 𝐴𝑔ା ions causes a transition in their local coordination 

environment. Initially, the coordination environment is predominantly oxygen-exclusive. 

However, with the addition of 𝐴𝑔𝐼, the coordination environment shifts to a completely 

iodide (𝐼ି) environment. This transition in the local coordination environment can result in 

a reduction in conductivity or an increase in the activation energy (𝐸ఙ) required for ion 

hopping. Overall, the incorporation of 𝐴𝑔𝐼 into the borophosphate glassy electrolyte system 

modifies the anionic sites, confines 𝐴𝑔ା ions to low-energy potential wells, and alters their 

local coordination environment. These changes contribute to the observed increase in 

conductivity up to a certain concentration of 𝐴𝑔𝐼, while higher concentrations may result 

in a reduction in conductivity or an increase in activation energy. In the study, the 

relationship between conductivity and composition is further supported by the decoupling 

index 𝑅ఛ, as shown in Fig. 6.7(d). The decoupling index (𝑅ఛ) is a measure used in ionically 

conducting glass systems to quantify the degree to which mobile ions are decoupled from 

the glass matrix [18]. The decoupling index is defined as the ratio of the average structural 

relaxation time (𝜏௦) to the mean conductivity relaxation time (𝜏௖) at the glass transition 

temperature (𝑇௚). The structural relaxation time (𝜏௦) represents the time it takes for the 

glassy structure to undergo structural rearrangements, while the conductivity relaxation 

time (𝜏௖) represents the time scale for ionic motion contributing to conductivity. In the 

study, the value of 𝜏௦ at 𝑇௚ is reported to be 200 seconds [39]. On the other hand, the values 

of 𝜏௖ at 𝑇௚ are determined by extrapolating the log 𝜏௖ versus 1000/𝑇 graph to the glass 

transition temperature (𝑇௚), as illustrated in Fig. 6.7(e). By comparing the values of 𝜏௦ and 

𝜏௖, the decoupling index (𝑅ఛ) provides insights into the extent to which the mobile ions are 

decoupled from the glass matrix. A higher decoupling index indicates a greater degree of 

decoupling, suggesting that the mobile ions can move more freely within the glassy 

structure. The plotted decoupling index (𝑅ఛ) in Fig. 6.7(d) confirms the relationship 

between conductivity and composition. As the conductivity increases with the addition of 

𝐴𝑔𝐼 up to a certain concentration, it is expected that the decoupling index (𝑅ఛ) will also 

show a corresponding increase, indicating a higher degree of decoupling between mobile 

ions and the glass matrix. 

As indicated in Table 6.3, that 𝑅ఛ values show a consistent increase as the 𝐴𝑔𝐼 content in 

the glass composition increases. This suggests that the presence of 𝐴𝑔𝐼 has an effect on the 

measured parameter, resulting in higher values. The upward trend in 𝑅ఛ values continues 

until a specific threshold of 5 wt.% of 𝐴𝑔𝐼 is reached. Beyond this point, the relationship 
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may change or plateau, indicating a potential limit or saturation in the influence of 𝐴𝑔𝐼 on 

the parameter being measured. The decoupling index is a measure of the degree to which 

𝐴𝑔ା ions, become detached or separated from the glass matrix. An increase in the 

decoupling index indicates a decrease in the viscosity of the glass network structure. The 

decrease in glass viscosity due to the addition of 𝐴𝑔𝐼 promotes the migration or movement 

of 𝐴𝑔ା ions within the glass structure. The increased decoupling index suggests that 𝐴𝑔ା 

ions are becoming more liberated or detached from the glass matrix. As the decoupling 

index increases in correlation with the 𝐴𝑔𝐼 content, it allows for more efficient transport of 

𝐴𝑔ା ions.  

b) Frequency dependent conductivity 

Fig. 6.8(a-e) displays the frequency-dependent behaviour of ac conductivity (𝜎ᇱ) for 

various concentrations of 𝐴𝑔𝐼 in ABP glass compositions at various temperatures. 

Meanwhile, Fig. 6.8(f) illustrates the frequency-dependent behaviour of ac conductivity for 

all the samples at 323 𝐾 temperature. Typically, three crossover regions can be observed in 

the system under consideration. First crossover region is located in the lower frequency 

range and is attributed to polarization effects occurring at the electrodes. When an electric 

field is applied, the polarization of the material at the electrode interfaces can affect the 

conductivity measurements. This region may show deviations or changes in the 

conductivity behavior due to electrode polarization phenomena. Second crossover region is 

observed in the mid frequency range and exhibits a frequency independent plateau. This 

means that within this frequency range, the conductivity remains relatively constant 

regardless of the applied frequency. The plateau indicates a frequency-independent 

behavior and suggests that certain processes or mechanisms are dominant within this 

frequency range, Fig. 6.8(e). Third crossover region is located in the high frequency range 

and is characterized by a rapid increase in conductivity with frequency. In this region, the 

conductivity of the system significantly increases as the frequency of the applied electric 

field increases. This behavior indicates the presence of specific conduction mechanisms or 

processes that become more significant at higher frequencies [32], [40]. Additionally, the 

statement mentions the extrapolation of the region of the plateau, characterized by a zero 

value of 𝜎(𝜔), for the purpose of determining the value of 𝜎ௗ௖ . This extrapolation involves 

extending the frequency-independent region to determine the value of dc conductivity (𝜎ௗ௖ ) 

at zero frequency.  
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The data pertaining to the conductivity that varies with frequency was subjected to analysis 

utilising Jonscher's universal power law. 

    𝜎ᇱ(𝜔) =  σac=(𝜎ௗ௖ + 𝐴𝜔௡)  … (6.3) 

where, symbol 𝐴 represents a constant value, while 𝜔 denotes the radial frequency, and 𝑛 

represents the frequency dependent power exponent factor.  

It was stated that the conductivity frequency response observed in glasses can be explained 

by the translational and localized hopping of ions. These mechanisms are responsible for 

the electrical transport in glasses at different frequency ranges as stated in the previous study 

[39]. Translational hopping refers to the movement of ions over long distances, allowing 

for electrical transport at low frequencies. This means that at low frequencies, the ions in 

the glass can move and contribute to the conductivity over relatively large distances. This 

mechanism is associated with the long-range diffusion of ions, enabling electrical 

conduction to occur.  

On the other hand, high frequency dispersion in glass conductivity can be attributed to the 

forward-backward hopping of ions. In this case, the ions move in a more localized manner, 

requiring less energy compared to the long-range diffusion observed at low frequencies. 

The forward-backward hopping mechanism allows the ions to move within a limited region, 

without traveling long distances. This localized hopping contributes to the conductivity 

response at high frequencies.  

The hopping frequency, denoted as 𝜔௣, represents the frequency at which the relaxation 

effects become noticeable. At frequencies below 𝜔௣, the translational hopping mechanism 

dominates, and electrical transport occurs over long distances. At frequencies above 𝜔௣, the 

forward-backward hopping mechanism becomes more significant, leading to high 

frequency dispersion in the conductivity response. It has been observed that the value of 𝜔௣ 

increases with temperature, as indicated by the shift towards the higher frequency side, as 

depicted in Fig. 6.8(f). The calculation of 𝜔௣ can be performed using Eq. 6.4, and the 

corresponding values are presented in Table 6.3.  

𝜔௣=ቀ(𝜎ௗ௖/𝐴)
ଵ

௡ൗ ቁ … (6.4) 

where, 𝜔௣ is assumed to be present at  σac = 2σdc  (Fig. 6.8(f)) for all samples at 323 𝐾  
temperature. 
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Figure 6.8: (a-e) The plots of 𝜎ᇱvs frequency at various temperatures for 𝑥 =  0, 1, 3, 5 and 7 𝑤𝑡. % 
of 𝐴𝑔𝐼 in the borophosphate glass respectively, (f) at 323 K temperature, JPL fitting for all the 
samples exhibiting the hopping frequency (straight line represents the JPL fitting and guide to 
eyes). 

 

 

 

(a) (b) 

(c) (d) 

(e)     (f) 
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 Ion transport model 

Fig. 6.9(a) illustrates the relationship between the power law exponent (𝑛 ) and temperature 

for various glass compositions. The exponent (n) in the range of 0.51 to 0.73 has been 

observed in studies examining the conductivity frequency response in glasses. This 

exponent is used to characterize the level of interaction between mobile ions and the host 

framework. 

In the context of the Non-Overlapping Small Polaron Tunneling Model (NSPT) [41], [42], 

the value of the exponent (n) has been found to exhibit an increase in correlation with 

temperature. This means that as temperature increases, the value of (n) tends to increase as 

well, indicating a stronger interaction between the mobile ions and the glass framework. 

According to the findings of M. Dult et al; [42], a decrease in the value of the exponent (n) 

suggests a higher degree of interaction between the ions and the glass framework. This 

higher degree of interaction can lead to modifications in the network structure of the glass. 

Fig. 6.9 (a) illustrates that the ABP5 sample exhibits the lowest value of (𝑛) across all 

temperatures, indicating a significant level of interaction between the mobile ions and the 

framework. The inset of Fig. 6.9 (a) describes the variation of the power exponent factor as 

a function of temperature for ABP5 sample. In the lower frequency region, a sharp decrease 

in the derivative of conductivity with respect to frequency (𝜎ᇱ(𝜔)) is observed in glasses. 

This phenomenon is attributed to the accumulation of a higher number of charges at the 

electrode-electrolyte polarization interface. In other words, at lower frequencies, there is a 

build-up of charges near the electrode-electrolyte interface, leading to a decrease in the 

conductivity derivative. In the intermediate frequency range, specifically at frequencies 

lower than the peak frequency (𝜔 < 𝜔௣), the conductivity exhibits a nearly constant 

behavior with respect to frequency. This means that within this frequency range, the 

conductivity does not show significant changes as the frequency varies. The observed nearly 

constant behavior of conductivity in this frequency range can be explained by the higher 

velocity of ions in the glass. The higher ion velocity enables them to transit between 

unoccupied sites more readily, resulting in a relatively stable conductivity response. This 

finding is consistent with the results reported by S. Murugavel et al; in their study [43].  

In the present glass systems, the direct current conductivity (𝜎ௗ௖) results from the successful 

hopping of an ion to an adjacent vacant site. When the frequency surpasses the hopping 

frequency (𝜔 > 𝜔௣), the ionic conductivity starts to increase as the frequency rises.  
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The phenomenon of conductivity 

relaxation occurs due to the transition 

from a frequency-independent 

conductivity to dispersive 

conductivity. The jump relaxation 

model [44], [45] can explain the 

observed frequency dependence of 

conductivity in these glass systems.  

According to the theoretical 

framework of the jump relaxation 

model, at low frequencies, the mobile 

ion has sufficient time intervals to 

effectively migrate to an adjacent 

unoccupied site. This migration 

contributes to the direct current 

conductivity (𝜎ௗ௖), leading to the 

appearance of a plateau region in the 

conductivity response.  

Figure 6.9: (a) frequency power exponent (𝑛) as a function of glass composition at various

temperatures-inset: for ABP5 sample the temperature dependent variation of power exponent, (b) 
variation of mobile ion concentration (𝐾ᇱ) as a function of temperature for all glass compositions- 
inset: 𝐾ᇱ for all the compositions at room temperature. 

After an ion completes its initial movement from one site to a neighboring site, two 

relaxation processes can be observed. The first process involves the ion returning to its 

initial position, which is known as correlated forward-backward hopping. The second 

process involves the relaxation and shifting of the neighboring cage potential of ion cloud 

with respect to its new position. These relaxation processes and the associated changes in 

the ion positions contribute to the dispersive conductivity behavior observed at frequencies 

higher than the hopping frequency (𝜔 > 𝜔௣). At higher frequencies, the time intervals 

available for the ion to return to its original location become reduced. This leads to an 

increased probability of the ion undergoing correlated forward-backward hopping, where it 

(a) 

(b) 
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returns to its initial position after hopping to a neighboring site. The increased probability 

of this process, along with the relaxation of the cage potential of the neighboring ion cloud, 

contributes to the observed high frequency conductivity dispersion in alternating current 

(ac) conductivity spectra.  

The mobile ion concentration factor, denoted as 𝐾ᇱ [46], plays a significant role in 

influencing conductivity. This factor represents the concentration of mobile ions in the 

material. The mobile ion concentration factor, 𝐾ᇱ, can influence conductivity through its 

impact on various processes, such as ion hopping and relaxation of the cage potential. A 

higher concentration of mobile ions increases the likelihood of ion hopping events and 

correlated forward-backward hopping, thereby affecting conductivity. The calculation is 

derived from Eq.  6.5, and the corresponding numerical values are presented in Table 6.3. 

Κ'=
σdc.T

ωP
  … (6.5) 

The variation of 𝐾ᇱ that is as a function of temperature for the glass samples, is shown in 

Fig. 6.9(b). It is observed that the 𝐾ᇱ increases slightly up to ABP3 with changing 

temperature, while a larger increase is observed for ABP5 and ABP7 samples. The inset of 

Fig. 6.9(b) describes that the charge carrier concentration factor varies almost linearly with 

increasing 𝐴𝑔𝐼 up to 5 𝑤𝑡. % and then decreases for ABP7 glass sample at room 

temperature. 

 Conductivity scaling 

The scaling laws, such as the Summerfield scaling [47], Roling scaling [48], and Ghosh 

scaling [49], are mathematical equations used to describe the conductivity behavior of 

semiconducting materials in relation to various parameters. These scaling laws allow for 

the prediction and analysis of conductivity based on existing quantities and scaling 

parameters. In the Summerfield canonical scaling, the ratio of the complex conductivity 

(𝜎ᇱ) to the dc conductivity (𝜎ௗ௖) is expressed as a function of frequency (𝑓), the dc 

conductivity at a given temperature (𝜎ௗ௖), the absolute temperature (𝑇), and the dopant 

concentration (𝑥). The equation suggests that the conductivity ratio depends on the 

frequency, temperature, and dopant concentration. 

𝜎ᇱ

𝜎ௗ௖
= 𝐹 ൬

𝑓

𝜎ௗ௖𝑇
 𝑥൰ … ..     (𝑆𝑢𝑚𝑚𝑒𝑟𝑓𝑖𝑒𝑙𝑑 𝑐𝑎𝑛𝑜𝑛𝑖𝑐𝑎𝑙 𝑠𝑐𝑎𝑙𝑖𝑛𝑔) 

where, 𝑓 is the frequency, 𝜎଴ = 𝜎ௗ௖ is the conductivity at a given temperature, 𝑇 is the 

absolute temperature, 𝑥 is dopant concentration. At 𝜔 = 𝜔௣, 𝜎ᇱ(𝜔) = 2𝜎ௗ௖.  
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(a) (b) 

(c) (d) 

Figure 6.10: Plots of scaled conductivity spectra with frequency using Roling formulation (a-c) at 
different temperatures, (d) at 323 K for all the glass samples.  

The Roling canonical scaling assumes that charge carriers are independent of temperature, 

and the frequency (𝜔௣) is a thermally activated factor with the same energy as 𝜎ௗ௖𝑇. In this 

scaling law, the ratio of 𝜎ᇱ to 𝜎ௗ௖ is expressed as a function of frequency (𝑓) and the dc 

conductivity at a given temperature (𝜎ௗ௖).  The Ghosh scaling also considers the ratio of σ' 

to 𝜎ௗ௖, but it expresses it as a function of frequency (𝑓) and the plasma frequency (𝑓௣).  

𝜎ᇱ

𝜎ௗ௖
= 𝐹 ൬

𝑓

𝜎ௗ௖𝑇
൰  … . . (𝑅𝑜𝑙𝑖𝑛𝑔 𝑐𝑎𝑛𝑜𝑛𝑖𝑐𝑎𝑙 𝑠𝑐𝑎𝑙𝑖𝑛𝑔) 

𝜎ᇱ

𝜎ௗ௖
= 𝐹 ቆ

𝑓

𝑓௣
ቇ   … . . (𝐺ℎ𝑜𝑠ℎ 𝑐𝑎𝑛𝑜𝑛𝑖𝑐𝑎𝑙 𝑠𝑐𝑎𝑙𝑖𝑛𝑔)  

The ion dynamics are described by the universal function 𝐹, which remains unaffected by 

variations in temperature and chemical composition. The advantage of using these scaling 

laws is that they provide a way to relate conductivity behavior to existing quantities, such 

as frequency, dc conductivity, temperature, and dopant concentration. This allows for the 

characterization and prediction of conductivity based on known parameters, making it a 

valuable tool in the study of semiconducting materials. 
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Figure 6.10: Plots of normalized conductivity spectra with frequency using (e-f) Ghosh model of 
scaling, and (g-h) Summerfield formalism.  

In Fig. 6.10 (a-d), the data presented demonstrates the scaling of ac conductivity (𝜎ᇱ(𝜔))  

with respect to dc conductivity (𝜎ௗ௖) using different formalisms, such as the Roling [48], 

Ghosh [49] (Fig. 6.10(e-f)), and Summerfield [47] (Fig. 6.10(g-h)) formalisms, to normalize 

the frequency axis for all the glasses at various temperatures.  

According to Sidebottom [53], the scaling method used in this context is referred to as 

canonical scaling. Canonical scaling preserves the shape of the ac conductivity spectrum 

as temperature changes, while maintaining the invariance of the ion concentration.  

The near-perfect merging of all conductivity spectra at various temperatures into a single 

master curve suggests both a time-temperature superposition (TTS) and a temperature-

independent conduction mechanism. This merging indicates that the conductivity response 

can be scaled and shifted along the frequency axis to align with the temperature. The scaled 

conductivity spectra of each glass composition at 323 𝐾 are shown in Fig. 6.10(d), and they 

converge into a single curve. This convergence demonstrates the composition 

(e) (f) 

(g) (h) 
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independence of ionic conductivity, indicating that the nature of ion transport is not 

strongly influenced by the specific composition of the glass.  

However, it is noted that at very low frequencies, particularly close to the polarization 

region, none of the spectra merge completely. This discrepancy might be attributed to a 

change in the concentration of mobile 𝐴𝑔ା ions or a slightly different ion transport behavior 

in the glass at that specific temperature. It suggests that at extremely low frequencies, there 

may be factors that affect the conductivity response and prevent a complete merging of the 

spectra.  

According to Dyre et al; [50], the TTS phenomenon is observed in single-ion conducting 

glasses and crystals with structural disorder. It arises due to the disorder in the glass matrix, 

which leads to a wide range of potential energies for the ions. As a result, there is a variation 

in the ion site energies and barrier heights [51], [52].  

The Rolling formulation is considered the most suitable among other formulations used in 

the current glass series for conductivity scaling. Conductivity scaling refers to a method 

used to analyze the behavior of conductivity in different conditions. In this case, the scaling 

method employed suggests that conductivity relaxation in the glass series is independent 

of time, temperature, and composition, except at low frequencies where it depends on the 

concentration of mobile ions [48]. 

c) Dielectric Study 

The dielectric relaxation spectra provide information about the dynamic and relaxation 

characteristics of the electric dipoles present in a system. It helps to understand how these 

dipoles respond to an alternating electric field and how they relax back to their original state 

after each cycle. The real part of permittivity, denoted as 𝜀ᇱ, is similar to the conventional 

dielectric constant of a material. It represents the quantification of electric potential energy 

stored within a specific volume of the material under the influence of an alternating electric 

field. This energy is released back into the field at the end of each cycle and is observed as 

induced polarization [54]. The dielectric loss factor, represented by 𝜀", indicates the degree 

of energy absorption by the material. When subjected to an alternating electric field, a 

fraction of electrical energy is converted into heat. The application of an external electrical 

field leads to charge transfer, increasing the energy losses experienced by the dielectric 

material. The dielectric loss tangent, denoted as tan 𝛿, is a parameter that quantifies the 

dielectric losses. It is calculated as the ratio of the dielectric loss factor (𝜀") to the real part 
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of permittivity (𝜀ᇱ). It provides information about the efficiency of energy conversion from 

electrical to heat energy in the material. In summary, it highlights the concepts of dielectric 

relaxation, permittivity, dielectric loss factor, and the calculation of dielectric losses using 

the dielectric loss tangent.  

 Complex Permittivity:  

The complex permittivity, denoted as 𝜀∗ = 𝜀ᇱ − 𝑖𝜀", is a useful tool for understanding the 

frequency dependence of dielectric absorption. It consists of a real part (𝜀ᇱ) and an 

imaginary part (𝜀"), which represent the storage and dissipation of electrical energy, 

respectively. The behavior of dielectric losses is influenced by specific characteristics of 

the physical mechanisms governing the dispersion of electrical energy in a dielectric 

material. Both frequency and temperature play a role in this dependence. At frequencies 

below 10ଷ 𝐻𝑧, there are mechanisms that cause a delay in the migration of polarization. 

These mechanisms impact the dielectric losses and contribute to the frequency dependence 

observed in this range. Within the frequency range of 10ଷ − 10଼ 𝐻𝑧, there is a delay in 

thermally activated polarization. This mechanism also affects dielectric losses and 

contributes to the frequency dependence observed in this range.  

The retardation of polarization, caused by the aforementioned mechanisms, leads to a 

decrease in the value of 𝜀ᇱ(𝜔)  as the frequency increases. This reduction is associated with 

the peak observed in the loss factor 𝜀"(𝜔). In summary, the passage highlights the 

importance of the complex permittivity for characterizing dielectric absorption and its 

frequency dependence. It also discusses the specific mechanisms, such as the delay of 

migration mechanisms of polarization and thermally activated polarization, that contribute 

to the frequency and temperature dependence of dielectric losses. However, without the 

specific reference provided as [54], it is not possible to provide further context or details 

from that particular study.  

Fig. 6.11 (a-e) represents variation of dielectric constant log 𝜀ᇱ(𝜔) with log 𝑓 for the present 

series samples. Upon analyzing the data pertaining to dielectric properties, it is evident that 

the dielectric constant 𝜀ᇱ(𝜔) exhibits a negative correlation with frequency, ultimately 

reaching a saturation point at higher frequencies by converging towards the limiting value 

of 𝜀(∞). This phenomenon can be attributed to the occurrence of rapid polarization within 

the glass material [55]. The disappearance of the capacitive effect at sites with high free 

energy barriers is observed at higher frequencies, leading to a decrease in the dielectric 
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constant. These findings are consistent with the observations reported by previous 

researchers [56]–[60]. All the samples exhibit analogous characteristics in their dielectric 

dispersion spectra.  

Increasing the temperature leads to a shift of the frequency dispersion towards higher 

frequencies in the dielectric constant. This means that the behavior of the dielectric constant 

changes with temperature, with a greater impact on higher frequency ranges.  

In the case of silver-borophosphate glass, the observed frequency dispersion can be 

attributed to several factors:  

a. This refers to the polarization occurring at the interfaces between different phases or 

regions within the material. It can arise due to variations in composition, structure, or 

other properties at the interfaces.  

b. This is due to the lack of uniformity or variation in the structure of the material. 

Variations in the arrangement of atoms or ions can cause differences in the dielectric 

response at different frequencies.  

c. Space charges can form within the material due to the presence of mobile charges or 

defects. These charges contribute to the dielectric behavior and can result in frequency 

dispersion.  

In order to understand  dielectric relaxation in vitreous ionic conductors accurately, it is 

important to subtract the contribution of direct current (dc) conductivity (𝜎ௗ௖/𝜔𝜀଴) from the 

complex dielectric permittivity (𝜀∗). This is because the presence of mobile charges in the 

material can suppress dielectric relaxation peaks. The remaining portion of the complex 

permittivity (𝜀∗) after subtracting the dc conductivity contribution can be expressed as: 

𝜀∗ = 𝜀 ′ − 𝑗𝜀௖௢௥௥௘௖௧௘ௗ
" = 𝜀 ′ − 𝑗 ൤𝜀" −

𝜎ௗ௖

𝜔𝜀଴
൨  … . . (6.6) 

Here, 𝜀 ′ represents the real part of the permittivity, 𝜀" represents the imaginary (loss) part 

of the permittivity, 𝜀௖௢௥௥௘௖௧௘ௗ
"  represents the dielectric loss value for a single frequency 

relaxation process (such as a Debye model), 𝜎ௗ௖ is the dc conductivity, ω is the angular 

frequency, and 𝜀଴ is the vacuum permittivity. The experimental findings indicate that the 

complex permittivity (𝜀∗) manifests across a wider frequency spectrum. This can be 

attributed to the distribution of relaxation times, meaning that the relaxation processes 

occur at different rates or timescales within the material. It is mentioned that the current 

system lacks polar molecules but still exhibits direct current conductivity.  
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Figure 6.11: (a-e) Plots of dielectric constant spectra (𝜀ᇱ) with frequency for all the glass samples, 
(f) Dielectric strength(∆𝜀 = 𝜀௦ − 𝜀ஶ) for all the glass samples at various temperature (inset: at  
303 K temperature), the variation of net polarization as a function of glass compositions. 

Dielectric relaxation caused by ionic motion in the material is referred to as "migration 

losses" [59], [60]. This suggests that the ionic species within the material contribute to the 

dielectric behavior and relaxation processes. 

(a) (b) 

(c) (d) 

(e)   (f) 
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In ionic crystals, the free energy barriers for ion movement are uniform throughout the 

lattice. However, in glassy materials, there is variation in the free energy barriers between 

different sites. The conduction in these materials can be described as ions jumping along 

lattice sites. At low frequencies, the 𝐴𝑔ା ions migrate from sites with low energy barriers 

in the direction of the electric field. As they move, they accumulate at sites with high energy 

barriers. This accumulation leads to a net polarization or dielectric strength (∆𝜀 = 𝜀௦ − 𝜀ஶ) 

of the ionic medium, which can be obtained from the plot of the real part of the dielectric 

constant (𝜀ᇱ) as shown in Fig. 6.11(f & inset). The frequency-dependent variation of 𝜀ᇱ in 

the studied glass systems is attributed to the long-range diffusion of 𝐴𝑔ା ions. This 

diffusion involves multiple jumps over barriers of different heights. At high frequencies, 

the electric field reverses its direction rapidly enough that excess ionic jumps in the field 

direction do not occur. As a result, the polarization caused by the accumulation of charges 

at high free energy barrier sites disappears. This leads to a decrease in the observed value 

of 𝜀ᇱ towards 𝜀ஶ, which represents the dielectric constant at very high frequencies. This 

transition occurs when the frequency (𝜔) of the applied field is much larger than the inverse 

of the characteristic jump time (1/𝜏) out of low-free energy barrier sites.  

The dielectric loss spectrum (𝜀") of the ABP glass system was analyzed by studying the 

influence of sodium iodide dopant salt on the imaginary component of permittivity (𝜀") as 

a function of frequency at various temperatures, as depicted in Fig. 6.12(a-e). The variations 

in 𝜀 ′ and 𝜀" indicate the occurrence of the Non-Debye phenomenon. This phenomenon 

suggests that the frequency-dependent space charge regions arise from ion diffusion and 

the formation of a space charge region at the electrode-electrolyte interface [61], [62]. As 

mentioned earlier, the conductivity of the glass samples increases with temperature due to 

thermal stimulation.  

However, no significant loss peak is observed in any of the glass samples across the 

analysed frequency range. High dielectric loss is typically observed in materials with high 

ionic conductivity. In this case, the high dielectric constant is primarily attributed to 

significant ionic conductivity, with electronic conductivity playing a minor role, as 

mentioned in reference [63]. 

It's worth noting that the dielectric loss in these materials is approximately 100 times greater 

than the dielectric constant. This indicates that the dissipation of energy in the material due 

to the dielectric loss is much higher than the energy storage capacity represented by the 

dielectric constant. 
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Figure 6.12:(a-e) Plots of dielectric loss (𝜀") spectra with frequency at different temperature for 
various glass compositions. 

Fig. 6.13(a-e) shows the frequency-dependent behavior of log[𝜀" − (𝜎ௗ௖/𝜔𝜀଴)] for 

samples with different concentrations of silver iodide salt, 𝐴𝑔𝐼 (𝑥 = 0, 1, 3, 5, 7 𝑤𝑡. %), at 

various temperatures. Fig. 6.13(f) displays log[𝜀" − (𝜎ௗ௖/𝜔𝜀଴)] as a function of 𝑙𝑜𝑔 𝑓 for 

all the samples at a temperature of 323 𝐾. The plots indicate an inverse relationship 

between 𝜀"and frequency (1/𝜔), as well as a decrease in 𝜀" with increasing temperature. 

(a) (b) 

(c) (d) 

                              (e)   
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Similar observations have been reported by researchers worldwide  [56], [58], [64] for other 

glasses that conduct 𝐴𝑔ା ions. The dielectric relaxation loss in the radio frequency range 

is a combination of dipole relaxation and conduction, and these combined losses are often 

referred to as migration losses.  

(a) (b) 

(c) (d) 

(e)   (f) 

Figure 6.13: Plot of 𝑙𝑜𝑔[𝜀" − (𝜎ௗ௖/𝜔𝜀଴)] with log f for all the glass compositions.(a-e) at various 
temperatures, and (f) at 323 K temperature. 

260



Chapter 6 Silver Borophosphate Glass (ABP) series   

The magnitude of conduction losses is influenced by the direct current conductivity, 

denoted as 𝜎ௗ௖, which can be calculated using formula (6.7): 

𝜀ఙ೏೎
" =

𝜎ௗ௖

𝜔𝜀଴
  … . . (6.7) 

These losses occur due to the effect of an electric force. The mobile ions move through the 

amorphous structure, dissipating a portion of the energy acquired from the electrical force 

into the structure as thermal energy. As the temperature increases, the conduction loss also 

increases due to the corresponding increase in 𝜎ௗ௖ and its shift towards lower frequencies 

at lower temperatures. The corrected value of dielectric loss (𝜀௖௢௥௥௘௖௧௘ௗ
" ) at different 

frequencies and temperatures can be calculated using the following expression, based on 

the known value of dc conductivity (𝜎ௗ௖). Therefore, it is important to subtract 𝜎ௗ௖ 𝜔𝜀଴⁄  

for 𝑥 = 0, 1, 3, 5 and 7 𝑤𝑡. % from 𝜀" in order to distinguish between the effects of 

conduction losses and migration losses. Fig. 6.13 (a-f) show a peak after eliminating the dc 

contribution, the maximum of which shifts to higher frequencies as the temperature rises. 

The corrected 𝜀" value shows a significant reduction in comparison to the 𝜀"value, 

indicating the clear contribution of dipole relaxation.  

Fig. 6.14(a) and (b) show the temperature dependence of the real and imaginary 

components of dielectric permittivity for a concentration of 5 𝑤𝑡. % of 𝐴𝑔𝐼 in the ABP 

glass system, at different frequencies ranging from 10 𝐻𝑧 to 1 𝑀𝐻𝑧. In the frequency range 

of 10 𝐻𝑧 to 10 𝑘𝐻𝑧, both the real (𝜀ᇱ) and the imaginary component (𝜀") of the dielectric 

constant exhibit an increasing trend with rising temperature. This behavior is observed at 

lower frequencies because as the temperature increases, the mobility of ions within the 

glass matrix also increases. This enhanced mobility allows the ions to move in parallel with 

the applied electric field, resulting in an elevation of the permittivity components. However, 

as the frequency surpasses 10 𝑘𝐻𝑧, the magnitudes of 𝜀ᇱ and 𝜀" exhibit a reduced level of 

enhancement with increasing temperature. This is because, at higher frequencies, the 

charge carriers (ions) experience limited mobility in response to the rapidly varying electric 

field. As a result, the real and imaginary components of permittivity remain relatively stable 

in the specified temperature range. For 1 𝑀𝐻𝑧 frequency range, the comparable patterns of 

the real (𝜀 ′) and imaginary (𝜀") components of dielectric permittivity can also be observed 

in the glass specimen, as shown in Fig. 6.14(c) and (d). At lower frequencies, the mobility 

of ions, specifically silver ions (𝐴𝑔ା), is facilitated as they can easily escape from sites 

with low energy barriers in response to the applied electric field.  
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Figure 6.14:(a) 𝑙𝑜𝑔 𝜀ᇱ and (b)  𝑙𝑜𝑔 𝜀" for ABP5 sample for various frequency values, (c) and (d) 

are 𝑙𝑜𝑔 𝜀ᇱ and  𝑙𝑜𝑔 𝜀"respectively for all the glass samples as a function of temperature for the 
frequency 1 𝑀𝐻𝑧.  

However, these ions tend to accumulate at sites with high energy barriers, resulting in the 

manifestation of a dielectric relaxation strength (∆𝜀 = 𝜀௦ − 𝜀∞). This strength represents 

the net polarization magnitude of the ionic medium, as depicted in Fig. 6.11(f). The 

phenomenon of dielectric relaxation strength (∆𝜀) is primarily attributed to thermal effects. 

From Fig. 6.11(f and inset), it is observed to gradually increase with rising temperature. 

The polarization that occurs is a result of microscopic phenomena and is influenced by 

factors such as the concentration of mobile ions and the hopping distance they can traverse. 

As per Eq. 6.8, the loss tangent-tan 𝛿, also known as the dielectric loss angle, of a system 

is indicative of the correlation between the energy dissipated per radian in the material and 

the energy stored at the point of polarization peak. 

tan 𝛿 =
𝜀(ఠ)

"

𝜀(ఠ)
ᇱ   … (6.8) 

 

(a) (b) 

(c) (d) 
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Figure 6.15: Plots of  𝑡𝑎𝑛 𝛿 spectra with frequency, (a-e) at different temperature for ABP0, ABP1, 
ABP3, ABP5 and ABP7 glass compositions, (f) for various glass samples at 343 K. 

Fig. 6.15(a-e) depict the plot of the tangent of the loss angle (tan 𝛿)  versus the logarithm 

of frequency (log 𝑓) for all ABP glass compositions at various temperatures. These graphs 

demonstrate that the tan δ value is more dependent on temperature in the high-frequency 

regime compared to the low-frequency regime. As the frequency increases, tan 𝛿  rapidly 

drops until it appears to flatten at frequencies above 100 𝑀𝐻𝑧. 

(a) (b) 

(c) (d) 

(e)   (f) 
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Figure 6.16: (a) Dielectric Relaxation time (𝜏) vs inverse of temperature for all the glass 
compositions, (b) Comparison of conductivity and dielectric relaxation time for ABP glass series, 
(c) Similarity between the activation energy obtained from dielectric study and conductivity study 
for various dopant concentrations in the host glass system.  

The tan 𝛿  plot indicates that the frequency dispersion shifts towards higher frequencies as 

the temperature rises. This means that the peak in the loss angle occurs at higher frequencies 

at higher temperatures. This behavior is observed across different compositions of the ABP 

glass system. Fig. 6.15(f) shows the relationship between tan 𝛿 and 𝑙𝑜𝑔 𝑓 for different 

dopant concentrations at a temperature of 343 𝐾. The loss peak (tan 𝛿)  is at a minimum 

for the ABP5 sample, which is also evident from Fig. 6.15(d). As depicted in the graph, the 

dispersion region shifts to higher frequencies as the dopant concentration increases. 

Additionally, the sudden decrease in tan 𝛿, followed by a consistent value at higher 

frequencies, indicates an inverse proportionality between tan 𝛿 and a certain power of 

frequency. The graphical representation in Fig. 6.16(a) illustrates the correlation between 

the dielectric relaxation time and the reciprocal of temperature for various concentrations 

of AgI, while Fig. 6.16(b) displays the correlation between the dielectric relaxation time 

               (a)  

(b) (c) 
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and conductivity relaxation time with the glass compositions and finds the similar trend. 

The activation energy Eୟ derived from the relaxation plot (τ) is comparable to that obtained 

from the corresponding conductivity plots (σ), Fig. 6.16(c), indicating that the flow of 

charge carriers determines the relaxation time. The motion of mobile charge carriers, 

specifically Agା ions, contributes to both- the conductivity and the relaxation effects. 

d) Electric Modulus Study 

The analysis of relaxation events in terms of the electrical modulus provides insights into 

the transition from frequency-independent conductivity to frequency-dependent 

conductivity, while also accounting for polarization effects at the electrode-electrolyte 

interface. The modulus formalism, as proposed by Macedo et al. [64], captures relaxation 

processes driven by ion mobility in superionic glasses. To understand ion relaxation and its 

behavior with respect to temperature and/or frequency in ionic conducting systems such as 

glasses or polymers, several models have been proposed by researchers [48], [65]–[71].  

According to the findings of Macedo et al. [64], the electrical modulus (𝑀′) can be obtained 

by taking the reciprocal of the complex dielectric permittivity (𝜀′), and can be represented 

as follows: 

𝑀∗ =
1

𝜀଴
 = 𝑀′ + 𝑖𝑀"   … . . (6.9) 

Here, 𝑀′ and 𝑀" denote the real and imaginary components of the electric modulus, 

respectively.  

The electrical modulus provides a convenient way to analyze the relaxation behavior of 

ions in ionic conducting systems and is a useful tool for understanding the dynamics of ion 

motion as a function of temperature and frequency.   

Moynihan et al; [71] introduced the Kohlrausch-Williams-Watts (KWW) relaxation 

function empirically to describe the width of the 𝑀" peaks, which are commonly associated 

with a stretching exponent 𝛽. The equation proposed by them is: 

∅(𝑡) = 𝑒
ቀି

೟

ഓ
ቁ

ഁ

  … . . (6.10)     

The stretching parameter β is typically found to be between 0 and 1 (Non-Debye) by fitting 

frequency-dependent plots of the imaginary part of the electric modulus (𝑀").  
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(a)  (b)  

(c)  (d)  

(e)  (f)  

Figure 6.17: Plots of 𝑀′ vs. logarithmic function of frequency, (a-e) respectively for ABP0 to ABP7 
samples at different temperatures, (f) all the glass samples at 323 K. 

The coupling model, formulated by Ngai and Kannert [72], illustrates the relationship 

between the power-law dependence of conductivity and the KWW relaxation mechanism. 

According to this model, Eq. 6.10 can be expressed as: 

𝜎௞௪௪ = 𝐵 𝑒𝑥𝑝 ൬−
𝐸௔ 

𝐾஻𝑇
൰ 𝜔ଵିఉ    … . . (6.11) 
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Here, 𝜎௞௪௪ represents the conductivity described by the KWW relaxation mechanism, 𝐵 

is a pre-exponential factor, 𝐸௔  is the activation energy for the relaxation process, 𝐾஻ is the 

Boltzmann constant, T is the temperature, ω is the angular frequency, and 𝛽 is the stretching 

parameter. The relationship between the activation energy for direct current conduction 

(𝐸ఙ ) and the activation energy (𝐸௔ ) can be established through the stretching parameter 𝛽, 

as given by: 

𝐸௔ / 𝐸ఙ = 𝛽     … . . (6.12) 

This relationship allows for the connection between the activation energy for relaxation 

processes and the activation energy for direct current conduction, providing insights into 

the dynamics of ion motion and conductivity in the material. In this current study, the real 

part of the modulus (𝑀′) demonstrates dispersion, reaching its maximum and shifting 

towards higher frequencies, as depicted in Fig. 6.17(a-f). 

Fig. 6.18(a-f) illustrates the frequency-dependent imaginary part of the modulus (𝑀"). The 

𝑀" curve exhibits a prolonged and flat tail, extending from the low frequency range to the 

intermediate frequency range. This behavior is primarily attributed to the capacitance 

associated with the electrodes. At higher frequencies, the modulus starts to increase due to 

the bulk effect and reaches its maximum value or peak. It has been observed that the peak 

of M'' shifts towards higher frequencies with increasing temperature, accompanied by 

varying peak heights. Regardless of temperature, the 𝑀" curves exhibit the same shape, 

differing only in terms of peak position and Full Width at Half Maximum (FWHM) values. 

The average relaxation time can be determined by the conductivity relaxation frequency 

ωcthat corresponds to 𝑀௠௔௫
" , under the condition that ωcτc=1 [73]. The frequency ranges 

below 𝑀௠௔௫
" is associated with long-range mobility of charge carriers, while the frequency 

range above 𝑀௠௔௫
" is associated with short-range mobility due to confinement of charge 

carriers within potential wells. The temperature-dependent shift in 𝑓௠௔௫ position is 

explained by the frequency distribution of barrier cross-over. The 𝑀″ curves width is linked 

to the relaxation times distribution, which is associated with the distribution of free energy 

barriers for ionic jumps. This distribution increases with greater disorder or due to the 

cooperative nature of the conduction process. The temperature dependence of 𝑀″ can be 

attributed to the thermal activation of charge carriers, resulting in increased mobility and 

decreased relaxation time. 
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(a)  (b)  

(c)  (d)  

(e)  (f)  

Figure 6.18: Plots of M” vs. logarithmic function of frequency, (a-d) respectively for ABP0 to ABP7 
samples at different temperatures, (f) all the glass samples at 323 K. 

The observed shift of the relaxation peak towards higher frequency with increasing 

temperature indicates the presence of temperature-dependent relaxation processes in the 

glass system under investigation. 𝐴𝑔ା ions exhibit long-range mobility in the frequency 

range below 𝑀௠௔௫
" , but are restricted to short-range movement in a narrow dimensional 

potential well in the frequency range above 𝑀௠௔௫
" (𝑓 > 𝑓௣). The peak region indicates the 

shift from long to short range mobility of ions. Fig. 6.19(a) displays a plot of 𝑀″and 𝑍" 
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values as a function of frequency. The observed discrepancy between the frequency peaks 

of 𝑀″ and 𝑍" plots confirms the relaxation process in the glasses studied, which is attributed 

to the localized movement of charge carriers.  The 𝑀″ data were fitted to the KWW function 

[71], which is a stretched exponential.  

The plot in Fig. 6.19(b) displays the relationship between activation energy for conduction 

and the stretching parameter [67], [74], while inset shows the trend of stretching parameter 

(𝛽) as a function of temperature, which is equivalent to the full width at half maximum 

(FWHM) of the 𝑀″ curve, for all of the glass compositions. It exhibits a positive correlation 

with both temperature and composition.  The frequency exponent 'n' does not comply with 

Ngai's relation,  𝛽 = 1 − 𝑛, [75], [76] as stated in Eq. 6.11.  

The frequency exponent (𝑛) is estimated from the high frequency region of the 

conductivity spectra, and the stretching parameter (𝛽) is determined between the shoulders 

of the electric modulus peak. The imperfect fit of the imaginary part of the electric modulus 

plots at high frequencies impacts the 𝛽 value. The observed variations in the values of 𝛽 

and 𝑛 are consistent with the notion that these parameters reflect ion interaction [77].  

Fig. 6.19(c) displays the reciprocal temperature dependence of the modulus relaxation time 

for all glass compositions, fitting closely to the Arrhenius relation [78]–[80]. 

τc=τ0𝑒𝑥𝑝 ൬
𝐸ఛ 

𝐾஻𝑇
൰  … . . (6.13) 

The symbol τc represents the characteristic relaxation time, while τ0 denotes the pre-

exponential factor. Additionally, 𝐸ఛ  signifies the activation energy for τc.  

The activation energy values obtained from the dc conductivity processes are denoted as 

𝐸ఙ and range from 0.84 − 0.52 𝑒𝑉, representing the activation energy for long-range 

charge transport. On the other hand, the activation energy values obtained from the 

relaxation processes denoted as 𝐸ఛ , correspond to short-distance transport and range from 

0.64 − 0.29 𝑒𝑉. These values appear to differ, as illustrated in Fig. 6.19(d).  

According to Bhattacharya et al; and Dutta et al; [78], [80], the obtained results indicate 

that the dc conduction process and the conductivity relaxation processes are activated by 

distinct mechanisms. In Fig. 6.19(e), the plot against 𝑙𝑜𝑔 𝑓, the relaxation peak of the 

𝑀"spectrum concurs with the corresponding dispersion area in the 𝑀ᇱ spectra. 
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 (a) (b) 

(c) (d) 

                            (e) 

Figure 6.19:(a) Peak of 𝑀"and 𝑍"for ABP3 sample at 323 K temperature, (b) 𝛽 as a function of 
activation energy at various temperature points, (inset) as a function of temperature for all the 
glass samples, (c) Modulus relaxation time as a function of reciprocal of temperature- Arrhenius 
trend for all the glass samples, (d) Activation energy deduced from the conductivity, dielectric and 
modulus study for all the ABP series samples, (e) The peak of real and imaginary part of modulus 
as a function of frequency for ABP5 sample at 323 K temperature. 

 

 

270



Chapter 6 Silver Borophosphate Glass (ABP) series   

 Modulus Scaling 

To understand the dielectric mechanism [4], [77], [81]–[86], several researchers have 

proposed scaling modulus spectra. The concept of Ac universality was initially identified 

by Taylor, who demonstrated that the dielectric loss of various ionic glass compositions 

could be plotted on a single graph against scaled frequency. Subsequently, Isard [87] 

renamed Taylor's axis the Taylor-Isard formulation, which involves plotting the dielectric 

loss against the logarithmic function of the product of frequency (𝑓) and dc 

conductivity𝜎ௗ௖ (Eq. 6.14). The constant 𝐶 exhibits a proportionality relationship with the 

inverse of temperature.  

σ=
σ(ω)

σ0
=F ൬𝑐

𝜔

𝜎଴
൰  … . . (6.14) 

AC universality in disordered solids allows for the scaling of frequency-dependent 

parameter measurements across different temperatures and glass compositions into a single 

master curve, as demonstrated by various studies [39], [48], [88]–[92]. Summerfield 

originally proposed a normalized value for the imaginary part of the modulus, which was 

later modified by Roling [85] to account for scaling with frequency, dc conductivity, 

temperature, and carrier concentration.  

 M"

Mp
"

=F ൬
𝑓

𝜎ௗ௖𝑇 
൰      …..(6.15) 

Ghosh [76] proposed the empirical formula for modulus scaling, which involves 

normalizing both axes by their respective peak values. 

 M"

Mp
"

=F ቆ
𝑓

𝑓௣
ቇ …..(6.16) 

In the investigation of relaxation mechanisms in ion-conducting materials, such as glasses 

and polymer systems, the use of scaling aspects has proven to be advantageous. Scaling 

allows for a more comprehensive understanding of the behavior of these materials by 

relating various properties and parameters through appropriate functions.  

In this particular study, the focus is on scaling the modulus functions (𝑀ᇱand 𝑀″), which 

represent the real and imaginary parts of the modulus, respectively. To achieve scaling, 

different models and their corresponding formalisms are being considered: T-I-S (Taylor-

Isard-Scaling), Ghosh, Roling, and Summerfield. These models provide frameworks for 

understanding the relationships between various factors influencing the relaxation 

mechanisms in ion-conducting materials. In the T-I-S framework, as mentioned in 

references [65] and [87], the scaling of the actual and imaginary parts of the modulus is  
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Figure 6.20:(a-e)Scaled modulus spectra (𝑀ᇱ)plotted against 𝑙𝑜𝑔(𝑓/𝜎ௗ௖) at different 
temperatures, (f) at 323 K temperature, the real component of modulus(𝑀ᇱ) vs the scaled 
frequency𝑙𝑜𝑔(𝑓/𝜎ௗ௖) (T-I-S model) for all the glass samples. 

performed with respect to the function 𝑓/𝜎ௗ௖. Here, 𝑓 represents the frequency of the 

applied electric field, and 𝜎ௗ௖ represents the direct current (dc) conductivity of the material. 

By scaling the modulus functions with this ratio, the researchers aim to establish a 

relationship between the frequency-dependent response and the dc conductivity of the 

material. In Fig. 6.20 (a-e) of the study, the scaling of 𝑀ᇱ (real part of the modulus) is 

depicted as a function of log(𝑓/𝜎ௗ௖) for different samples at varying temperatures. This 

(a) (b) 

(c) (d) 

(e) (f) 
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scaling approach allows for the comparison of the frequency-dependent response of the 

samples, taking into account the ratio of the applied electric field frequency (𝑓) to the direct 

current conductivity (𝜎ௗ௖). In Fig. 6.20 (f), the scaling of 𝑀ᇱ is shown for multiple glass 

samples at a specific temperature of 323 𝐾. This figure provides insights into the behavior 

of the glass samples and their relaxation mechanisms at that particular temperature. For the 

𝑀" spectrum (imaginary part of the modulus), additional scaling is performed by 

considering different x-axis parameters: 

 Ghosh model: The 𝑀" spectrum is scaled using the normalized frequency (𝑓/𝑓௣), 

where 𝑓௣ represents the peak frequency. This scaling approach, based on the Ghosh 

model, allows for a more comprehensive understanding of the relaxation behavior 

of the material. 

 Roling model: The 𝑀" spectrum is scaled using the parameter log (𝑓/𝜎ௗ௖𝑇), where 

𝑇 represents temperature. This scaling approach, based on the Roling model, takes 

into account the combined influence of frequency, dc conductivity, and temperature 

on the relaxation mechanisms. 

 Summerfield model: The 𝑀" spectrum, which is scaled using the parameter 

log ((𝑓/𝜎ௗ௖𝑇)𝑥), where x is a scaling factor. This approach, based on the 

Summerfield model, further extends the understanding of the relaxation behavior by 

introducing an additional scaling parameter. 

In addition, the study attempts to scale the normalized modulus function 𝑀"/𝑀௠௔௫
"  as a 

function of its corresponding normalized frequency 𝑓/𝑓௠௔௫. This approach, mentioned in 

references [85] and [93], provides valuable insights into the relative magnitude of the 

imaginary part of the modulus and its variation with frequency.  

Among all the formalisms considered, the study found that the T-I-S, Roling, and 

Summerfield models resulted in almost successful scaling spectra. These models provided 

useful frameworks for understanding and characterizing the relaxation mechanisms present 

in the ion-conducting materials, including glasses and polymer systems.   

In Fig. 6.21 (a-b) of the study, the formalism of the T-I-S (Taylor-Isard-Scaling) model is 

illustrated. This model provides a framework for scaling the modulus functions and relating 

them to the function 𝑓/𝜎ௗ௖, as mentioned earlier. The figure helps visualize the application 

of the T-I-S model in the scaling analysis. In Fig. 6.21 (c-d), the scaling based on the Ghosh 

formalism is demonstrated. The figure provides insights into how the Ghosh model is 

applied to scale and analyze the behavior of the material. 
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Figure 6.21: The imaginary part of modulus (𝑀") is plotted against the scaled frequency by 
using, (a-b) T-I-S formulation, (c-d) Ghosh formalism, (e) Roling model, and (f) Summerfield 
model of scaling. 

Fig. 6.21 (e-f) depict the impact of temperature and dopant concentration on scaling, 

utilizing the Roling and Summerfield models, respectively, for the imaginary part of the 

modulus function (𝑀"). These figures demonstrate how the Roling and Summerfield 

formalisms are employed to understand the influence of temperature and dopant 

concentration on the relaxation mechanisms in the material. 

(a) (b) 

(c) (d) 

(e) (f) 
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(a) (b) 

(c) (d) 

(e) (f) 

Figure 6.22: The normalized modulus function𝑀" 𝑀௠௔௫
"⁄  is plotted against the scaled frequency by 

using, (a-b) T-I-S formulation, (c-d) Ghosh formalism, (e) Roling model, and (f) Summerfield model 
of scaling. 

Moving on to Fig. 6.22 (a-f), the scaling of the normalized value of the modulus is illustrated 

as a function of frequency, dc conductivity, normalized frequency, temperature, and salt 

concentration. These scaling analyses are performed for a specific sample at various 

temperatures and for all samples at a temperature of 323 𝐾. The figures provide a 

comprehensive understanding of the relationship between these parameters and the 

behavior of the material. The study suggests that the dynamic processes occurring at 
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different frequencies are independent of temperature. This conclusion is based on the 

observation that the modulus curves overlap at all temperatures, indicating a consistent 

behavior across the temperature range. The integration of the 𝑀ᇱ and 𝑀" spectra into a 

unified master curve using the T-I-S, Roling, and Summerfield formalisms of scaling, as 

depicted in Fig. 6.20 (a-f) and 6.21 (e-f), further supports this assertion.  

Additionally, the study suggests that the activation energy for all dynamic processes 

occurring at different time scales is uniform, and temperature does not significantly affect 

the distribution of relaxation time in the material. This finding implies that the relaxation 

mechanisms remain consistent despite changes in temperature, providing valuable insights 

into the underlying behavior of ion-conducting materials. 

Based on the observed information, there are several key observations and implications 

regarding the behavior of dynamic processes in the system under study: 

(a) Constant Activation Energy: The data suggests that the activation energy, which is the 

energy barrier that needs to be overcome for a dynamic process to occur, remains 

constant across different time scales. This implies that the underlying mechanism 

driving these processes does not change significantly with time. 

(b) Temperature Independence: The distribution of relaxation times, which refers to the 

timescales associated with the relaxation of certain properties in the system, is not 

affected by temperature. This suggests that the mechanism of ionic relaxation, at least 

in the context of the studied system, is not influenced by temperature. Alternatively, 

this behavior could indicate that the principle of Time Temperature Superposition 

(TTS) holds, which allows for the prediction of material behavior at different 

temperatures based on data obtained at a reference temperature. 

(c) Unified Master Curve: The data obtained at various temperatures can be integrated into 

a single master curve. This implies that there is a common underlying behavior 

governing the dynamic processes across different temperatures. The M' curve scaling, 

which refers to the real part of the modulus, shows this integration, indicating that the 

measured property exhibits a consistent response across different temperatures. 

(d) Dispersion in Imaginary Modulus: Unlike the real part of the modulus, the imaginary 

part of the modulus (as observed in Fig. 21(b-d) and Fig. 22(b-d)) does not collapse 

into a single master curve, particularly in the dispersive frequency region. This suggests 
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that the behavior of the system at higher frequencies differs from that at lower and mid 

frequencies. 

(e) Composition Independence: The observed master curves for the lower and mid 

frequency regions, regardless of the specific glass composition, imply that the 

conductivity relaxation in the system is independent of the composition of the glass. 

This suggests that the underlying dynamic processes associated with conductivity 

relaxation are not influenced by changes in the glass composition. 

Overall, these findings suggest that the dynamic processes in the studied system exhibit 

consistent behavior across different time scales, temperatures, and glass compositions, 

except for the higher frequency range where some differences are observed. The constant 

activation energy and distribution of relaxation times indicate a certain level of robustness 

and independence of these processes from external factors, providing valuable insights into 

the fundamental behavior of the system. 

6.4 Conclusion 

The provided information describes the investigation of ionic conductivity in a vitreous 

electrolyte system composed of 𝑥(𝐴𝑔𝐼): (100 − x)[30𝐴𝑔ଶ 𝑂: (56𝐵ଶ𝑂ଷ + 14𝑃ଶ𝑂ହ)] glass 

framework, where 𝑥 represents the weight percentage of 𝐴𝑔𝐼. Here are the key findings: 

The addition of 𝐴𝑔𝐼 up to 5 𝑤𝑡. % in the ABP glass series leads to a significant increase in 

ionic conductivity. The maximum ionic conductivity achieved is 6.24x10-5 S/cm at room 

temperature. This suggests that 𝐴𝑔𝐼 plays a crucial role in facilitating the migration of 𝐴𝑔ା 

ions within the glass structure, resulting in enhanced ionic conductivity.  

 The temperature-dependent ion conduction mechanism in the borophosphate glass 

system follows the Anderson-Stuart (A-S) model. The A-S model describes the 

temperature dependence of ion conduction, which suggests that the mobility of Ag+ 

ions increases with temperature. 

 The frequency-dependent ion migration in the glass system is illustrated by the Jump 

Relaxation Model. This model implies that the movement of 𝐴𝑔ା ions occurs in a 

stepwise manner, with jumps between energy minima. The frequency-dependent 

behavior suggests that the dynamics of ion migration are influenced by the 

frequency of the applied electric field. 

 The investigation of the electric modulus confirms that the relaxation time is 

distributed, indicating that multiple relaxation processes occur in the vitreous 

277



Chapter 6 Silver Borophosphate Glass (ABP) series   

electrolytes. This suggests that the glass system exhibits a complex dynamic 

behavior, with various timescales associated with the relaxation of different 

properties. 

 The values of the stretching parameter (𝛽) indicate a deviation from the ideal Debye 

nature of relaxation processes. This implies that the relaxation behavior in the 

vitreous electrolytes is non-Debye, indicating more complex relaxation dynamics 

than those described by the Debye model. 

 The scaling analysis confirms that dynamic processes occurring at different time 

scales have slightly different activation energies. This indicates that the underlying 

mechanisms driving these processes may vary slightly depending on the timescale. 

Additionally, the distribution of relaxation times is found to be independent of both 

temperature and glass composition, suggesting that it is a characteristic intrinsic to 

the vitreous electrolyte system. 
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