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Chapter 5 Sodium Borophosphate Glass (NBP) series 

5.1 Introduction to the Glass Series      

In addition to the halide salt 𝐿𝑖𝐼 concentration discussed in chapter 4 for lithium 

borophosphate glasses, doping sodium halide salt into sodium borophosphate glasses can 

be a promising strategy for tailoring the electrical, thermal, and mechanical properties of 

these glasses, which could be useful in various applications such as in solid-state batteries, 

electrochemical sensors, and optoelectronic devices.  

Sodium borophosphate glass has been chosen for the study because it outperforms sodium 

borate and phosphate glasses in terms of its properties. Sodium phosphate glass is known 

for its low chemical durability due to its hygroscopic nature, while sodium borate glass has 

a low thermal expansion coefficient [1], [2]. The investigation of the effect of halide dopant 

concentration on the glass structure is important because it can affect the properties of glass 

such as its electrochemical, optical, and electrical properties. The study of sodium ion 

mobility and electrical conductivity is also significant because it can provide insights into 

the potential use of glass in electronic and electrochemical applications. 

The chosen study aims to provide a better understanding of the properties of the glass 

system with the composition 𝑁𝑎𝐼 − 𝑁𝑎ଶ𝑂 − (𝐵ଶ𝑂ଷ: 𝑃ଶ𝑂ହ) and its potential applications in 

various fields. In summary, the use of mixed glass formers in the composition of a glass 

skeleton can lead to improved cationic diffusion and result in properties such as high ionic 

conductivity and superior thermal stability. Specifically, sodium ion conducting 

borophosphate glasses have demonstrated excellent ionic conductivity, thermal stability, 

and electrochemical stability, making them a promising material for use in solid-state 

batteries [3]–[6].  

In the sodium borophosphate glass system, the presence of 𝐵𝑂ସ tetrahedral causes the 

formation of 𝐵 − 𝑂 − 𝑃 bridges, which finally yields the borophosphate glass network 

branches out randomly and makes it more compact [7]. The structural analysis of the 

sodium borophosphate glass system with composition 𝑁𝑎ଶ𝑂 − (𝐵ଶ𝑂ଷ: 𝑃ଶ𝑂ହ) indicates the 

presence of several structural groups, including 𝐵𝑃𝑂ସ and 𝐵𝑂ସ, which are advantageous 

for ionic conduction. Moreover, the structural alteration of the network, specifically as a 

function of the borate component of the network former, has been associated with the 

observed variation in glass transition temperature with composition [8]. In the sodium 

borophosphate ternary glass system, the coulombic interactions between the ions are weak, 

it becomes easier for the sodium ions to move through the glass structure, which results in 

an increase in the ionic conductivity of the glass and the activation energy required for the 
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movement of sodium ions is also reduced which means it becomes easier for the sodium 

ions to move through the glass structure, which contributes to the increase in ionic 

conductivity. According to Mizerakova, the activation energy of the sodium borophosphate 

ternary glass system is at its lowest when the coulombic contact between ions is at its 

weakest [9]. This suggests that the conductivity of the system is influenced by the strength 

of the coulombic interactions between the ions. Additionally, Eichinger studied the sodium 

cation conductivity in a glass system composed of sodium ortho- and di-phosphate, and 

boric acid, which likely provides further insight into the factors that influence the 

conductivity of the sodium borophosphate ternary glass system [10]. Furthermore, the 

presence of 𝑁𝑎𝐶𝑙 additives in sodium borate glasses has been reported to affect the ion 

conduction mechanism. This suggests that the conductivity of the glass system can be 

influenced by the presence of other compounds in the system, and that the composition of 

the glass can be optimized to achieve desired conductivity properties [1].  

The glass system 𝑃ଶ𝑂ହ − 𝐵ଶ𝑂ଷ − 𝑁𝑎ଶ𝑂 is evaluated in terms of increasing 𝐵ଶ𝑂ଷ content 

and lowering 𝑁𝑎ଶ𝑂, which exhibits increasing thermal stability and bond strength due to 

the creation of 𝐵 − 𝑂 − 𝑃 bonds (cross-linking) but decreases its hygroscopic nature [11]. 

The coulomb trapping effects of the charges are associated with the various glass-forming 

units, which play the determining role in comprehending the Mixed Glass Former Effect 

(MGFE) in 𝑁𝑎ଶ𝑂 − 𝑃ଶ𝑂ହ − 𝐵ଶ𝑂ଷ glass system [12]. The formation of the 𝐵 − 𝑂 − 𝑃 link 

in the 𝑀ଶ𝑂 − 𝑃ଶ𝑂ହ − 𝐵ଶ𝑂ଷ; 𝑀 = 𝐿𝑖/𝑁𝑎/𝐶𝑠 glass system indicates the strong preference 

for heteroatomic 𝐵 − 𝑂 − 𝑃 links compare to homoatomic 𝑃 − 𝑂 − 𝑃 and 𝐵 − 𝑂 − 𝐵 

couplings, according to Dirk Larink [13]. The gradual replacement of 𝑁𝑎ଶ𝑂 with 𝑁𝑎ଶ𝑆𝑂ସ 

in sodium sulfo-borophosphate glass causes structural changes that lead to the formation of 

non-bridging oxygen (NBO) sites at the expense of bridging oxygen (BO) sites. This, in 

turn, causes depolymerization of the phosphate network from 3-dimensional 𝑃𝑂ସ tetrahedra 

to trigonal 𝑃𝑂ଷ units in a linear chain [14], [15]. However, the literature survey indicates 

that there has been limited investigation into the ion conductivity and relaxation mechanism 

in halide-doped Boro-Phosphate glass systems. Therefore, further research may be 

necessary to better understand the effects of 𝑁𝑎ଶ𝑆𝑂ସ and other additives on the conductivity 

and relaxation behavior of these glasses.  

Therefore, a research study that aims to investigate the electrical conductivity and 

relaxation mechanisms of a borophosphate glass system that has been modified with 

sodium oxide (𝑁𝑎ଶ𝑂) and doped with sodium iodide (𝑁𝑎𝐼). The study likely involves 
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measuring the electrical properties of the glass using various experimental techniques, such 

as impedance spectroscopy, to understand how the addition of 𝑁𝑎ଶ𝑂 and 𝑁𝑎𝐼 affects the 

flow of sodium ions within the glass. The goal of the study may be to improve our 

understanding of how glass conductivity can be tailored for specific applications, such as 

in energy storage devices or optoelectronics.  

Present chapter focuses on sodium borophosphate glasses with varying compositions, where 

the amount of 𝑁𝑎𝐼 is progressively increased by 𝑥 (𝑤𝑡. % ) = 1, 2.5, 4, 5, 10, 15 and 20 in 

a composition 𝑥(𝑁𝑎𝐼): (100 − 𝑥)[30𝑁𝑎ଶ𝑂: (56𝐵ଶ𝑂ଷ + 14𝑃ଶ𝑂ହ)]. The composition of 

each sample is denoted as 𝑁𝐵𝑃𝑥, where 𝑥 represents the weight percentage of 𝑁𝑎𝐼 in the 

sample. The samples were prepared and subjected to electrical characterization to 

understand the relationship between composition and electrical properties. To design new 

materials with desirable properties, it is crucial to have a comprehensive understanding of 

the relationships between the composition, structure, and properties of the material. This 

requires a deep understanding of the mechanisms involved in the formation and behavior 

of the material. Therefore, the study aims to provide a systematic understanding of the 

properties of sodium borophosphate glasses and their dependence on the amount of 𝑁𝑎𝐼 in 

the composition.   

5.2. Experimental 

5.2.1 Materials used 

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

𝑁𝐻ସ𝐻ଶ𝑃𝑂ସ), sodium bicarbonate (𝑁𝑎ଶ𝐶𝑂ଷ) and sodium iodide (𝑁𝑎𝐼) were used for 

preparation of electrolyte materials.  

5.2.2 Preparation method 

The conventional process of melt quenching is employed for the preparation of glass 

electrolyte samples. The samples of ionic glass series were prepared initially by taking an 

adequate quantity of the chemicals and thoroughly mixing them within an agate mortar 

pestle. Following this, the mixture was kept in the preheated furnace (450℃) for two hours 

to eliminate 𝑁𝐻ଷ and 𝐶𝑂ଶ gas from it. Subsequently, the mixture was allowed to melt at 

temperatures ranging from 900℃ − 950℃ for eight hours then being cooled between two 

pre-cooled copper blocks. For all glass compositions, the created glass specimens were 

nearly transparent. In order to eliminate any thermal stresses that may have been present in 

the glass as a result of rapid cooling (quenching), I had placed the glass samples in a furnace 
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at a temperature of 150℃ for a duration of half an hour. The Table 5.1 contains a list of the 

solid electrolyte samples that vary in the concentration of the additive halide-𝑁𝑎𝐼 while 

maintaining the equal ratio of glass former to the modifier. 

5.3 Results and discussion 

5.3.1 Physical Characterization 

The Archimedes principle was used for density measurement of each glass sample 

(described in chapter 3, section 3.3.1). The molar volume 𝑉, oxygen packing 

density (𝑂𝑃𝐷), oxygen molar volume 𝑉, cation concentration from modifier oxide 𝑁௫ௗ 

and iodide 𝑁ௗௗ, and the cations at the Fermi energy (𝐸) level that will participate in 

the conduction process have been computed from the density and are listed in Table 5.1. 

Table 5.1: Physical parameters of Sodium borophosphate (NBP) glass electrolyte system 
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69.3 29.7 1 2.4888 52.2136 61.4322 16.2781 4.5680 0.1154 4.6833 28.59 

𝑵
𝑩

𝑷
𝟐

.𝟓
 

68.25 29.25 2.5 2.4818 52.3232 60.3746 16.5632 4.4893 0.2878 4.7771 28.93 

𝑵
𝑩

𝑷
𝟒

 

67.2 28.8 4 2.4790 52.5063 59.2385 16.8808 4.4049 0.4588 4.8637 29.17 

𝑵
𝑩

𝑷
𝟓

 

66.5 28.5 5 2.4739 52.6986 58.4075 17.1210 4.3431 0.5715 4.9145 28.79 

𝑵
𝑩

𝑷
𝟏

𝟎
 

63 27 10 2.4790 52.2617 55.7960 17.9224 4.1489 1.1525 5.3014 28.58 

𝑵
𝑩

𝑷
𝟏

𝟓
 

59.5 25.5 15 2.4959 53.0573 51.9061 19.2655 3.8596 1.7028 5.5624 28.37 

𝑵
𝑩

𝑷
𝟐

𝟎
 

56 24 20 2.5017 53.3450 48.5893 20.5806 3.6130 2.2581 5.8711 27.95 

The measured density values slightly decrease with the increase of 𝑁𝑎𝐼 given in Table 5.1 

and seen in Fig. 5.1 (a). The molar volume of the glass samples increases slightly up to 
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NBP5 with the addition of 𝑁𝑎𝐼 and then decreases, which further starts increasing after 

NBP10 giving an anomaly in the mobility of cations [16]. The changes in oxygen packing 

density, oxygen molar volume, and cation concentration suggest that the addition of a 

modifier oxide (which causes the formation of NBOs) and 𝑁𝑎𝐼 concentration have caused 

structural changes in the glass system. The decrease in oxygen packing density 

61.4322 (𝑚𝑜𝑙𝑒/𝑙) to 48.5893 (𝑚𝑜𝑙𝑒/𝑙), suggests that the addition of the modifier oxide 

has caused the glass structure to open up, resulting in the formation of NBOs. The increase 

in oxygen molar volume from 16.2781 (𝑐𝑐/𝑚𝑜𝑙𝑒) to 20.5806 (𝑐𝑐/𝑚𝑜𝑙𝑒) further supports 

this conclusion, as it indicates that there is more space available for oxygen molecules in 

the glass system. The changes in cation concentration also suggest structural changes in the 

glass system. The decrease in 𝑁௫ௗ concentration and the increase in 𝑁ௗௗ 

concentration indicate that the total cation concentration has increased with the addition of 

𝑁𝑎𝐼 concentration from 4.6833 𝑥10ଶଵ/𝑐𝑐 to  5.8711 𝑥10ଶଵ/𝑐𝑐, Fig. 5.1 (b), in the glass 

system. The total cation concentration rises with increasing 𝑁𝑎𝐼 concentration, as seen in 

Table 5.1. Since the additive halide releases more 𝑁𝑎ା ions than the modifier oxide. For a 

sample code, NBP4, which has been found to have the highest percentage of cation 

concentration at the Fermi energy level (Fig. 5.1 (c)). This observation suggests an increase 

in defect energy states or free charge carriers [17], which could result in an increase in the 

mobility of charge carriers with low activation energy for ion transport. This, in turn, can 

lead to an enhancement of the ionic conductivity of the glass sample. 

5.3.2 Thermal Characterization 

The FIC glasses are viewed as decoupled systems in which the motion of mobile ions is due 

to their decoupling from the rigid glass network [18]. The decoupling index of the glass 

system can be determined solely using the glass transition temperature. TGA scans were 

recorded from ambient temperature to 1000 ℃, to investigate the thermal behavior of the 

glass systems in terms of the glass transition temperature, as shown in the Fig. 5.2. It appears 

that the addition of salt to the material caused a decrease in 𝑇 up to 4 𝑤𝑡. % of 𝑁𝑎𝐼 salt, 

after which 𝑇 increased linearly with increasing salt concentration. This suggests that the 

addition of salt affected the mobility of the molecules, of the material, in a non-linear way. 

At low salt concentrations, it seems that the addition of salt caused charge carriers to be 

liberated from the glass, which in turn caused the material to become softer and more 

mobile, leading to a decrease in 𝑇. 
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Figure 5.1: (a) Density and molar volume as a function of 𝑁𝑎𝐼 additive concentration, (b) variation 
of number of charges as a function of glass composition, (c) cation concentration at Fermi energy 
level as a function of glass composition. 

Figure 5.2: DTA thermographs for glass transition temperature of NBP glass system. 

However, at higher salt concentrations, the effect of the added salt on the material's mobility 

changed, causing the material to become stiffer and more ordered, which led to an increase 

in 𝑇 [19]. 

(a) (b) 

          (c) 
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5.3.3 Structural Characterization 

a) X-ray Diffraction study

It is well-established in the literature that adding salt to a system can have an effect on the 

amorphosity of the system and enhance the mobility of ions. The X-ray diffraction profile 

of NBP series samples, as shown in Fig. 5.3, exhibits broad and diffused humps at around 

30° −  50°, which continuously widen with increasing salt concentration. This indicates 

that the full width at half maximum (FWHM) of peak increases with increasing salt 

concentration. The broadening of the XRD peaks is attributed to the increased disorder in 

the system due to the addition of salt. As the salt concentration increases, the ions become 

more mobile and disorder is introduced in the system, leading to a broadening of the 

diffraction peaks. This increased disorder is indicative of a higher degree of amorphousness 

in the system. It demonstrates that a study on the effect of salt concentration on the 

amorphosity and ionic conductivity of a prepared system.  

Figure 5.3: X-ray diffraction pattern for NBP glass series compositions. 

As the salt concentration increases, the system becomes more amorphous, which is likely 

due to an increase in the mobility of the backbone structure. This, in turn, is expected to 

improve the ionic conductivity. However, there is a hump in intensity that reduces above a 

salt concentration of 4 𝑤𝑡. %. The produced samples are entirely amorphous and glassy, as 

evidenced by the sharp peak-free XRD pattern, which indicates that no crystallization 

process has occurred. The non-crystallinity of the glass samples was also confirmed 

through thermal characterization. 
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b) Fourier Transform Infrared (FT-IR) Spectroscopy study

Infrared (IR) spectroscopy is a powerful technique used to study the vibrational properties 

of molecules. When a molecule absorbs infrared radiation, it undergoes a change in its 

vibrational energy, resulting in a characteristic absorption spectrum that is unique to that 

molecule. In glassy substances, the vibrational absorption bands are usually wider and more 

overlapped than in their crystalline counterparts. This is because of the random structure, 

with a dispersed distribution and a lack of long-range order. The IR transmission spectra 

depicted in Fig. 5.4 can provide important information about the vibrational properties of 

the glassy substances under study. The important peaks are also listed in Table 5.2. By 

analyzing the spectra, researchers can identify the various vibrational modes of the 

molecules within the glass and obtain information about their frequencies, intensities, and 

shapes. Changing the doping concentration while holding the modifier-to-former ratio 

constant can cause structural grouping rearrangements of vibrational spectra in the NBP 

glass series, which can be analyzed using Fourier transform infrared spectroscopy (FTIR). 

The resulting spectrum provides information about the vibrational modes of the sample, and 

changes in the spectrum can reveal changes in the molecular structure of the sample.  

In the current system, the glass-forming compounds are 𝐵ଶ𝑂ଷ and 𝑃ଶ𝑂ହ. The 

examination of FTIR spectra revealed the presence of borate (𝐵𝑂ଷ, 𝐵𝑂ସ), phosphate 

(𝑃𝑂ଷ, 𝑃𝑂ସ), and borophosphate (𝐵 − 𝑂 − 𝑃) structural units in the present glasses. 

When 𝑁𝑎ଶ𝑂 incorporates into the matrix of borophosphate glass, it changes trigonal 

borate structural clusters to stable tetragonal borate units, while the phosphate chain 

depolymerizes and is also responsible for NBO formation. The incorporation of 

𝑁𝑎𝐼 halide additive in deformed borophosphate glass system can have different effects on 

ion migration, depending on the concentration and specific conditions of the system.  

In general, the addition of 𝑁𝑎𝐼 halide can enhance ion migration in borophosphate glass, 

especially for alkali ions such as sodium (𝑁𝑎ା). This is because the halide ions (𝐼ି) can 

form ion pairs with the alkali ions, which reduces the effective charge of the alkali ions and 

lowers their activation energy for diffusion. Therefore, the addition of 𝑁𝑎𝐼 can promote ion 

conduction and improve the ionic conductivity of the glass. However, at higher 

concentrations of 𝑁𝑎𝐼, the opposite effect can occur, where the ion migration is hindered 

instead of encouraged. This is due to the formation of 𝑁𝑎𝐼 clusters, which can act as barriers 

to ion migration and impede the movement of ions through the glass matrix. Additionally, 
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the formation of these clusters can lead to phase separation and the formation of a less 

homogeneous glass structure, which further reduces the ionic conductivity.  

The first band in the far-infrared region is seen at the 460 𝑐𝑚ିଵ band, whose intensity 

increases with increasing sodium iodide content, may be assigned to vibration due to cation 

motion [20]. 𝑃 − 𝑂 − 𝑃 bending peak at 530 𝑐𝑚ିଵ, does not show any observable change 

with the addition of 𝑁𝑎𝐼, while 𝐵 − 𝑂 − 𝐵 bending peak gradually shifts from 711 𝑐𝑚ିଵ 

to 684 𝑐𝑚ିଵ till 4 𝑤𝑡. % addition of 𝑁𝑎𝐼 salt, suggestive of increases the bond length of a 

characteristic band. However, it remains unchanged at 706 𝑐𝑚ିଵ for 𝑁𝐵𝑃5, 𝑁𝐵𝑃10,

𝑁𝐵𝑃15 and 𝑁𝐵𝑃20 samples. 

Figure 5.4: FT-IR spectra of NBP glass compositions between 400 𝑐𝑚ିଵ to 4000 𝑐𝑚ିଵ wave 
number. 

It appears that the addition of 𝑁𝑎𝐼 has an effect on the absorption peaks in the NBP samples. 

Initially, the NBP2.5 sample has a broad and less intense absorption peak, which evolves 

into a more intense peak at 850 𝑐𝑚ିଵ with further addition of 𝑁𝑎𝐼. The increase in intensity 

and shift in peak position to 850 𝑐𝑚ିଵ with 𝑁𝑎𝐼 addition suggests that the boron-oxygen 

network is accommodating the larger size of the (𝐼ି) anions by forming diborate clusters. 

This may be indicated by the relative strength of the absorption band at 850 𝑐𝑚ିଵ. 

However, beyond the NBP5 sample, the peak intensity of the 𝐵 − 𝑂 bonds in 𝐵𝑂ସ decreases 

and disappears altogether in the NBP20 sample. This could indicate that the boron-oxygen 

network is changing or breaking down, possibly due to the formation of new structures or 

compounds [21].   
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Table 5.2: Band positions and assignments of IR bands of present glass system. 
Wavenumber 

(𝒄𝒎ି𝟏) 
Mode of 

Vibration 
Assignment of IR band Reference 

~530 (𝛿௦)  O=P-O bond due to deformation mode of
PO- unit.

[22]–[24] 

684 − 720 (𝛿௦) 

(𝜈௦) 

 𝐵 − 𝑂 − 𝐵 bridges of boron-oxygen
network & 𝑂ଷ𝐵 − 𝑂 − 𝐵𝑂ଷ linkage in
various borate unit.

 𝑃 − 𝑂 − 𝑃 linkage bridge.

[14], [25] 

835 − 850 (𝜈௦)  𝐵 − 𝑂 bonds in 𝐵𝑂ସ tetrahedra from
diborate group.

[21], [26], [27] 

~900 (𝜈௦)  The bridging 𝑃 − 𝑂 − 𝑃 groups. [28] 

1130 − 1160 (𝜈௦)  BO3
- of penta borate unit. [24], [29], [30] 

940 − 1080 (𝜈௦)  𝑃 − 𝑂 − 𝑃 bonds in 𝑃𝑂ସ
ଷି (ortho-chain

like) and 𝑃𝑂ଷ
ି (meta-ring type) phosphate

units.

[11], [31], [32] 

1080 − 1090 (𝜈௦)  𝑃 − 𝑂ି bond structure. [24], [28], [30] 
~1102 (𝜈௦)  𝐵 − 𝑂 bond of 𝐵𝑂ସ tetrahedra units in

various borate (di-, tri-, tetra-, penta-)
rings.

[11], [17], [33]–[35] 

1130 − 1160 (𝜈௦)  BO3
- of penta borate unit. [24], [29], [30] 

~1250 (𝜈௦)  The cross-linked 𝐵 − 𝑂 − 𝑃 bond. [17], [23], [25], [28], 
[29], [33], [36] 

1350 − 1370 (𝜈௦)  pyro- and ortho- borate groups of the 𝐵𝑂ଷ

molecule.
[17], [33], [37] 

~1630 (𝜈௦)  𝐵 − 𝑂 in trigonal 𝐵𝑂ଷ unit. [17], [36] 

Where, 𝛿௦, 𝜈௦ and 𝜈௦ are the bending, symmetric stretching and asymmetric stretching mode of 
vibrations, respectively. 

The observed pattern of variation in the intensity of infrared bands in 940 − 1080 𝑐𝑚ିଵ 

region attributes to the asymmetric stretching mode of 𝑃𝑂ସ
ଷି. The depolymerization of the 

phosphate network is evident when the chain-like unit (𝑃𝑂ସ
ଷି) transforms to the ring-type 

(𝑃𝑂ଷ
ି) with the alkali halide salt amount. The band associated with the 𝑃 − 𝑂 − 𝑃 (𝜈௦ ) 

bond appears at a wavenumber of 935  𝑐𝑚ିଵcm, and its strength increases up to 5 𝑤𝑡. %  

addition of 𝑁𝑎𝐼 in the sample. In contrast, the absorption band for the 𝑃 − 𝑂 − 𝑃 (𝜈௦ )  bond 

is at a wavenumber of 700 − 750  𝑐𝑚ିଵ with decreasing intensity [11], [38]. 

With ≥ 5 𝑤𝑡. % 𝑁𝑎𝐼 addition, the phosphate groups restore from meta- to ortho- phosphate 

structural units and exhibit a lower intensity at 1078 𝑐𝑚ିଵ wavenumber [39]. It seems 

likely that the electrostatic interactions between the positively charged 𝑁𝑎ା ions and the 

negatively charged phosphate groups occur due to the Coulombic attraction between 

opposite charges. This attraction can cause the 𝑁𝑎ା ions to bind to the phosphate groups, 

creating a bridge between adjacent chains. As more and more 𝑁𝑎ା ions bind to the chains, 

the cross-linking between them becomes stronger, leading to an increase in the strength of 

the overall structure [31]. Maximum peak intensity recorded at the wavenumber of 

168



Chapter 5 Sodium Borophosphate Glass (NBP) series 

1056 𝑐𝑚ିଵ, identified for the symmetric stretching vibration of 𝐵 − 𝑂 in 𝐵𝑂ସ units, is with 

4 𝑤𝑡. % halide salt doping. For the rest samples, their wavenumbers show the shifting to a 

higher side, and the intensity of the band recorded is low. The band at 1063– 1075 𝑐𝑚ିଵ 

is ascribed to the 𝐵 − 𝑂 stretching vibration of the 𝐵𝑂ସ units [20], it shows the broadened 

and intense band for the 𝑁𝑎𝐼 addition up to 4 𝑤𝑡. % while the band shows flatness with the 

less intensity afterwards. The peak intensity for the absorption band the wavenumber 

1080 − 1090 𝑐𝑚ିଵ increases till 𝑁𝐵𝑃4 sample and after that it decreases and showing 

insignificant peak for 𝑃 − 𝑂ି symmetric stretching mode of vibration. In general, the bond 

between 𝑃 − 𝑂 − 𝑃 at 900𝑐𝑚ିଵ replace with 𝐵 − 𝑂 − 𝑃 bonds at 1250 𝑐𝑚ିଵ, resulting in 

an increase in the 𝑇 and a highly cross-linked structure in the borophosphate glasses (on 

formation of tetrahedral 𝐵𝑃𝑂ସ units) [28]. Through 𝐵 − 𝑂 − 𝑃 linkages, structural 

networks are becoming more interconnected and show an effect on the 𝑇 value. On the 

other hand, at 1250 𝑐𝑚ିଵ wavenumber, the higher intensity of the 𝐵 − 𝑂 − 𝑃 bond leads 

to a highly cross-linked structure, while the band for the 𝑃 − 𝑂 − 𝑃 bond is less intense, 

which altogether changes the ion conductivity and the glass transition temperature [28], 

[32], [40]. The wavenumber at 1258  𝑐𝑚ିଵ begins to evolve from the NBP5 sample, which 

displays strong interactions between the two network formers, boron oxide and phosphorus 

oxide, leading to the predominance of 𝐵 − 𝑂 − 𝑃 connections. Increased network 

phosphorous polymerization correlates with a considerable rise in glass transition 

temperature [41]. The peak between 1350 − 1370 𝑐𝑚ିଵ corresponds to the symmetric 

stretching of the pyro- and ortho- borate groups of the 𝐵𝑂ଷ molecule, which shifts abruptly 

at 1340 𝑐𝑚ିଵ for the 𝑁𝐵𝑃4 sample, increases the pyro- and ortho-borate bond lengths of 

the borate group correspondingly, which is consistent with the results of the thermal 

investigation. The trigonal 𝐵𝑂ଷ unit exhibits a distinctive band at the wavenumber 

1630  𝑐𝑚ିଵ for 𝑥 =  1, 2.5, and 4 𝑤𝑡. % 𝑁𝑎𝐼 in the studied glass system. It transits to a 

higher wavenumber with a more intense peak for the remaining samples, indicating the 

structural changes in trigonal borate by the 𝐵 − 𝑂 bond of 𝐵𝑂ଷ units [36], and so does the 

rigidity of a structure. At 1076 𝑐𝑚ିଵ, the broadband is seen in NBP which corresponds to 

the vibration of stretching of 𝐵 − 𝑂 − 𝐵 bond of tetra-borate groups of 𝐵𝑂ସ [42]. The 

structure of oxide glasses, such as borophosphate glasses, is dependent on the packing of 

the glass network. The cross-linking of the network in borophosphate glasses can lead to an 

increase in the glass transition temperature, which is a measure of the thermal stability of a 

glass. The presence of mixed glass-formers can also contribute to the thermal stability of 
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the glass network. Therefore, changes in the composition of the glass can affect the glass 

transition temperature, making it an important parameter to consider when designing new 

glass compositions with specific properties  [8]. It is true that the presence of multiple glass-

forming oxides in a network can increase the number of structural units in a glass, which 

can lead to the emergence of new vibrational bands in the infrared spectra of the material. 

In the case of borophosphate glasses, the addition of borate and phosphate units to the basic 

borophosphate network can result in the formation of new structural units that exhibit 

distinct vibrational modes in the infrared spectra. Researchers have indeed studied the 

infrared spectra of borophosphate glasses and have identified the presence of new borate, 

borophosphate, and phosphate units in the network. These units can connect to the existing 

borate groups in the network and form new structural motifs that contribute to the overall 

vibrational spectrum of the material. The identification of these new structural units and 

their vibrational modes can provide valuable insights into the atomic-scale structure of 

borophosphate glasses and can help researchers understand the factors that govern their 

properties, such as mechanical strength, thermal stability, and chemical durability [8]. In 

the examined system, the FTIR spectra of all samples exhibit dominant 𝐵𝑂ଷ structures 

centered at 1355 𝑐𝑚ିଵ and 700 𝑐𝑚ିଵ. For low amount of salt, the peak shifts to lower 

wavenumbers and shows that the 𝐵𝑂ସ structural units predominate, which is explained by 

the high peak intensity at wavenumbers about 1055 𝑐𝑚ିଵ and 949 𝑐𝑚ିଵ. FTIR spectra of 

the present study conclude that the following are the primary bonds which play a crucial 

role in comprehending the effect of 𝑁𝑎𝐼 addition to the sodium borophosphate glass system. 

(i) Borate (trigonal and tetragonal) unit: The FTIR spectra show changes in the vibrational 

modes of the borate units, indicating changes in the borate network structure upon the 

addition of 𝑁𝑎𝐼. The frequency and intensity of the characteristic borate bands are altered, 

indicating the breaking and formation of borate bonds in the glass structure. (ii) Phosphate 

(poly and depolymerized) unit: The vibrational modes of the phosphate units, indicates that 

the addition of 𝑁𝑎𝐼 affects the phosphate network structure pointing out the breaking and 

formation of phosphate bonds in the glass structure. (iii) 𝑃 − 𝑂 − 𝑃 and 𝐵 − 𝑂 − 𝑃 bond 

formation and show changes in the intensity and frequency of  𝑃 − 𝑂 − 𝑃 and  𝐵 − 𝑂 − 𝑃 

bands, indicating the formation and transformation of these bonds in the glass structure. The 

changes in these bands suggest the reorganization of the glass network due to the addition 

of 𝑁𝑎𝐼. 
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5.3.4 Electrical Characterization / Impedance Spectroscopy 

The impedance spectra of the NBP glass series electro material, depicted in Fig. 5.5(a-g), 

were studied using the impedance formalism technique. It illustrates the effect of increasing 

amounts of 𝑁𝑎𝐼 on the impedance response of the host glass system, 𝑁𝑎ଶ𝑂 − 𝐵ଶ𝑂ଷ − 𝑃ଶ𝑂ହ. 

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

to 410 𝐾, the complex impedance spectra of glasses were measured using the Solartron-

1260A for the frequency range of 1 𝐻𝑧 𝑡𝑜 32 𝑀𝐻𝑧. As seen in impedance spectra, a small 

semicircle appears in the high-frequency regime, because of net ion displacement and the 

relaxation of mobile ions (long-range ion migration), which occurs before ions accumulate 

at the electrode-electrolyte interface.  However, a larger semicircle in the lower-frequency 

region of the impedance spectrum is likely due to the presence of this immobile layer of 

ions, which creates a kind of "barrier" to the flow of current in the material. As the frequency 

of the electric field increases, this barrier becomes less effective, and the impedance 

decreases accordingly [43]. The semi-circular arc represents bulk conduction, while the spur 

results from the polarization of the electrode. In the studied frequency range, it is noticed 

from Fig. 5.5(f) that the appearance of the spike in the high-temperature zone is consistent 

with ion mobility being thermally stimulated [44]. Nyquist plot and the equivalent circuit 

for the NBP glass sample at different temperatures wherein the bulk resistance of the 

specimen (𝑅) is determined using the intercept of an arc with the real axis (𝑍′).  

a) DC conductivity

The knowledge of the physical dimensions of the test samples and the value of bulk 

resistance (𝑅) from the Nyquist plot allow to determine the dc conductivity of the material 

using Eq. (5.1).  

𝜎ௗ =
𝑡

𝑅𝐴
… . . (5.1)

Where,  𝜎ௗ is the dc conductivity, 𝑡 is the thickness and 𝐴 is the cross section area of the 

test sample. In the case of Nyquist plots with two semicircles, as shown in Fig. 5.5(a-g), 

the bulk resistance of the electrolyte is given by the diameter of the semicircle at a higher 

frequency. The higher-frequency semicircle is typically associated with a kinetically 

controlled charge transfer mechanism, such as a redox reaction at the electrode surface.  

The diameter of this semicircle provides information about the rate of the charge transfer 

reaction, as well as the resistance associated with the electrolyte solution.  
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The larger the diameter of the semicircle, the slower the rate of the charge transfer reaction, 

and the higher the resistance of the electrolyte. The lower-frequency semicircle, on the 

other hand, is typically associated with the ion diffusion or "mass transfer resistance" of the 

electrolyte. This semicircle provides information about the transport of ions within the 

electrolyte solution, and the resistance associated with this transport. The size of the 

semicircle is related to the diffusion coefficient of the ions in the electrolyte, as well as the 

distance between the electrode and the electrolyte. 

(a) (b) 

(c) (d) 

  (e) 

Figure 5.5: (a-e) Nyquist plots for NBP series samples for 1, 2.5 , 4, 5 and 10 𝑤𝑡. % of 𝑁𝑎𝐼 
addition in the sodium Boro-phosphate glass system. 
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In addition to the ion diffusion, the lower-frequency semicircle can also be influenced by 

the interface between the electrode and the electrolyte. This interface can introduce 

additional resistance to the electrochemical system, particularly if it is not well-defined or 

if there is a large interfacial area between the electrode and the electrolyte [45]. To better 

comprehend electrochemical impedance spectroscopy profiles, an equivalent circuit model 

was used to fit Nyquist plots. When a Nyquist plot exhibits two semicircular arcs, it is often 

due to a series combination of two parallel lumped components, one being a resistor (𝑅) 

and the other being a Constant Phase Element (CPE) as depicted in Fig. 5.5(h). The two 

semicircles in the Nyquist plot are associated with different relaxation times or time 

constants, which can provide information about the different processes occurring in the 

system. The high-frequency semicircle corresponds to a shorter relaxation time and 

represents the behavior of the system at higher frequencies. The low-frequency semicircle 

corresponds to a longer relaxation time and represents the behavior of the system at lower 

(f) (g) 

         (h) 

Figure 5.5:(f-g) Nyquist plots for NBP series samples for 15 and 20 𝑤𝑡. % 𝑁𝑎𝐼 addition in the 
sodium Boro-phosphate glass system respectively, (h) Nyquist plot fitting with the equivalent 
circuit for NBP4 sample at 373 𝐾 temperature, inset: the model circuit elements (red points are 
the original data and green line is the fit result- guide to eyes). 
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frequencies. By fitting an equivalent circuit model to the Nyquist plot, it is possible to 

extract quantitative information about the system, such as the values of the resistance and 

capacitance components, as well as the time constants associated with the relaxation 

processes. The CPE element in an equivalent circuit (inset of Fig. 5.5(h)) signifies the 

distribution of glass properties, representing the electrode-electrolyte interface and known 

as double-layer capacitance effects (CDL). It can be seen from the Nyquist plots (refer Fig. 

5.5(a-g)) that the arc at high frequency decreases in diameter and tends to move toward the 

origin of the graph, which indicates a decrease in overall impedance value with rising 

temperature. These temperature-related fluctuations are seen for other glass compositions 

as well. It is seen from the complex plots that the semi-circle in the higher frequency is 

larger than the low-frequency arc. The larger and smaller semi-circles evolved with the 

variation in the respective frequency regimes, according to the glass compositions depicted 

in Fig. 5.5(a-g).  

Glasses are isotropic solids with negligible magnitudes of grain boundary resistance and 

capacitance [46]. The grain size of super ion-conducting glassy materials does not have an 

impact on their bulk conductivity. This finding was reported by Satyanarayan et al; [47] in 

a previous publication. The impedance semicircles obtained from the materials exhibit a 

center below the real axis of the complex plot. The presence of an asymmetry between the 

electrode and electrolyte interfaces may be responsible for this deviation. The angle 

between the complex plane origin and the center of the semicircle is around (~20 °). The 

slope of the low-frequency spike in the impedance plot also indicates the presence of 

distortion or deviation, possibly due to the aforementioned asymmetry. Additionally, the 

introduction of sodium salt of 20 𝑤𝑡. % in the glass composition leads to the manifestation 

of a polarization spike at high temperatures (Fig. 5.5(g)).  

Fig. 5.6(a) demonstrates the temperature-dependent change in ionic conductivities. It is the 

curve of log 𝜎ௗvs 1000/𝑇 for various 𝑁𝑎𝐼 concentrations in system compositions. In 

accordance with Arrhenius (fitting) type behavior the conductivity of all samples increases 

linearly in a plot of log 𝜎ௗ vs 1000/𝑇. 

𝜎ௗ(𝑇) = 𝜎 𝑒𝑥𝑝 ൬
−𝐸

𝑘𝑇
൰      … . . (5.2) 

Where 𝜎ௗ is the ionic conductivity of direct current, 𝑇 is the temperature in Kelvin, 𝐸 is 

the activation energy of 𝑁𝑎ା ions, and 𝜎 is the pre exponential factor or say ionic 

conductivity at 0 𝐾 temperature.  
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The activation energy necessary for the migration of 𝑁𝑎ା ions in the glassy matrix was 

calculated by fitting dc conductivity graphs with the Arrhenius equation, as shown in Eq. 

(5.2). Fig. 5.6(b) displays the activation energy and room temperature conductivity of the 

glass system. The value of  𝜎ௗ consistently rises with sodium iodide content, peaking at 

1.18883𝑥 10ି଼ 𝑆/𝑐𝑚 for 𝑥 =  4 𝑤𝑡. % of the 𝑁𝑎𝐼 concentration. While the 𝐸 value, 

which is activation energy follows the reverse trend as expected. The activation energy 

(𝐸) follows a countertrend to the ionic conductivity, as expected from Eq. (5.2). For the 

studied system, the activation energy is 80.62364 𝑘𝐽/𝑚𝑜𝑙𝑒 at 𝑥 = 1 𝑤𝑡. % 𝑁𝑎𝐼, which 

drops to 78.99935 𝑘𝐽/𝑚𝑜𝑙𝑒 at 𝑥 = 4% and then increases from 𝑥 = 5 𝑡𝑜 𝑥 = 20 𝑤𝑡. % 

of 𝑁𝑎𝐼 and peaks at the highest value of 82.44797 𝑘𝐽/𝑚𝑜𝑙𝑒 at x=20% of 𝑁𝑎𝐼. Another 

way to obtain dc conductivity is by using the frequency-independent plateau portion of the 

conductivity spectrum (discussed in the next section). 

The Weak Electrolyte Model is a model used to explain the behavior of weak electrolytes, 

which are substances that only partially dissociate into ions in solution. This model predicts 

that the concentration of stoichiometric ions, which are the ions predicted by the balanced 

chemical equation of the electrolyte, will be higher than the effective concentration of 

cations, such as sodium ions (𝑁𝑎ା), due to the ion-pairing phenomenon. The conductivity 

and activation energy variations in the system under investigation can be explained by this 

model, as the effective concentration of cations will affect the ion transport and conductivity 

of the solution. In addition, the Ravaine-Souquet (R-S) model can be used to understand the 

transport phenomenon in weak electrolytes, as it considers the effects of ion pairing and 

dissociation on ion transport. With increasing 𝑁𝑎𝐼 concentration in the studied system, the 

(a) (b) 

Figure 5.6:(a) Variation of 𝑹𝝉 with temperature as a function of compositions of NBP glass 
series. (b) Variation of dc conductivity (𝝈𝒅𝒄) and its corresponding activation energy  (𝑬𝒂) for 

NBP series samples. 
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total number of cations according to stoichiometry will rise, as more 𝑁𝑎𝐼 molecules will 

dissociate into their constituent ions in solution. However, the effective concentration of 

cations may not increase proportionally, as some of the ions may form ion pairs with counter 

ions, leading to a decrease in the mobility of the ions and the conductivity of the glass. 

However, the number of cations present at 𝐸 (for conduction) is less than expected based 

on stoichiometry. The data in Table 5.3 displays the 𝑁𝑎ା cation concentration as determined 

by the stoichiometric calculation and the interpretation of experimental data. According to 

the R-S model, two kinds of carrier ion populations, "mobile" and "immobile," are assumed 

to be present. The measured activation energy 𝐸 is the quanta of energy needed to convert 

a population of immobile ions into a mobile state [48]. 

In our study, the 𝑁𝑎𝐼 amount increases the conductivity (peak at 𝑥 = 4 𝑤𝑡. %) of sodium 

boro-phosphate glasses. The higher conductivity causes due to either the 𝑁𝑎ା charge 

carriers or the carrier mobility according to Eq. (5.3).  

𝜎ௗ = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡  [𝑁𝑎ା]   … … (5.3), 𝑎𝑛𝑑  𝜇 =
𝜎ௗ

[𝑁𝑎ା] 𝑧 𝑒
   … …   (5.4) 

The constant is defined by the Eq. (5.4) which is in terms mobility, atomic number and the 

charge of the carrier. Where, 𝜇 is the mobility of charge carriers (𝑚ଶ𝑉ିଵ𝑠ିଵ), [𝑁𝑎ା] is the 

cation concentration (𝑎𝑡𝑜𝑚𝑠/𝑐𝑐), 𝑧 is the atomic number and 𝑒 is the charge on carrier. 

Isard et al; have proposed the assumptions that the mobility of the 𝑁𝑎ା ion is unaffected by 

the composition and structure of the glass and defined the energy of activation, as expressed 

by Eq. (5.5). Since ionic conductivity is a result of equilibrium, it is not dependent on the 

thermodynamic activities of the alkali oxide [49], [50]. 

𝐸 =
∆𝐻

2
+  𝐸 … … (5.5) 

Where 𝐸 is the energy quanta for ion conduction, ∆𝐻 is the dissociation enthalpy and 𝐸 

is the true migration barrier, (all the energies are in 𝑒𝑉).  

Fig. 5.7(a) shows the percentage of cation concentration at the Fermi energy (𝐸) level and 

mobility of them for all the prepared samples of the present glass system. While, Fig. 5.7(b) 

is the amount of 𝑁𝑎ା ions in all the materials increases until 𝑥 = 20 𝑤𝑡. % of 𝑁𝑎𝐼, seen 

from the plot. The charge carrier density as well as their mobility at (𝐸) level are highest 

in sample NBP4, though. The simple explanation for conductivity reduction in the studied 

system was based on the assumption that all alkali ions were equally mobile. 
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Figure 5.7: As a function of NBP glass compositions, (a) % of 𝑁𝑎ା ions at Fermi energy level and 
mobility of carrier ions, (b) Concentration of 𝑁𝑎ା ions calculated using empirical equation and 
from the experimental analysis, (c) The true migration barrier height for sodium oxide and iodide 
compound as a function of iodide salt, and (d) Decoupling Index profile for various temperatures 
for NBP series samples.  

However, the observed variations in the direct current conductivity (𝜎ௗ) are not solely due 

to the concentration of charge carriers, but rather due to ion mobility and the net number of 

charge carriers having energy equivalent to the Fermi energy [51]. The strong 

electrolyte/cationic interaction paradigm assumes that in a solution or a solid electrolyte, 

the mobile ions are primarily responsible for electrical conduction. The variations in 

conductivity are due to two factors: ion mobility and the net number of charge carriers 

having energy equivalent to the Fermi energy. Ion mobility refers to the ability of ions to 

move in response to an applied electric field. The statement suggests that not all alkali ions 

have the same mobility, which contributes to the observed variations in conductivity. The 

net number of charge carriers having energy equivalent to the Fermi energy refers to the 

number of ions in the system that have energy levels equivalent to the Fermi energy, which 

is a measure of the energy required for an ion to move freely in the system. Martin and 

Christensen noted that the novel interpretation of 𝑁𝑎ା ion conduction in the mixed glass 

(a) (b) 

(c) (d) 
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former is that, according to the 'Weak Electrolyte' theory, only dissociated/decoupled ions 

give rise to conduction. Dissociation makes conduction more efficient by making mobile 

carriers available for conduction [52], [53]. Observed in Fig. 5.7(b) is that, consistent with 

stoichiometry, the experimental data show that the cation concentration rises with 𝑁𝑎𝐼. Ions 

in a solid can be mobile and conductive only when they are dissociated from the crystal 

lattice and free to move. This dissociation process requires energy, which is known as 

dissociation enthalpy. Until this energy is supplied to the system, the ions will remain 

immobile and unable to conduct electricity. In addition to the dissociation enthalpy, there 

is also a true barrier height that must be considered in the conduction process. The true 

barrier height represents the energy required for an ion to move from one site to another in 

the solid lattice. This energy barrier is the result of the interactions between the ion and the 

lattice, such as the electrostatic forces and the structural constraints of the lattice. The 

relationship between the activation energy and the true barrier height is important because 

it provides insight into the nature of the conduction process. This energy is related to the 

true barrier height, which represents the energy required to reach the transition state between 

two lattice sites, shown by Fig. 5.7(c).  

Table 5.3: The characteristics parameter of conductivity and its derivatives. 

In the present investigation, the sample NBP4 has a low effective barrier height, indicating 

low activation energy and a high concentration of dissociated (decoupled) ions possessing 

the energy equivalent to Fermi Energy (𝐸) (refer Fig. 5.1(c)). By referring to a scientific 
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or technical articles, Fig. 5.7(d) and Table 5.3 are describing the behavior of certain glass 

compositions with varying 𝑁𝑎𝐼 salt content. In an ion conducting glass system, the 

decoupling index, 𝑅ఛ, measures how strongly mobile ions are getting decoupled from the 

glass matrix [24], [54], and practically it is explained by the ratio between the average 

relaxation times of the structural (𝜏௦) and the conductivity (𝜏) mechanism. Fig. 5.7(d) 

shows that the 𝑅ఛ values increase steadily with increasing 𝑁𝑎𝐼 content up to 4 𝑤𝑡. % 

sodium salt in the glass composition. The increase in the decoupling index (𝑥 𝑤𝑡. %) shows 

that the structural changes in glass offer a low migration barrier and supports a high 

concentration of free mobile cations with Fermi-level equivalent energy. The characteristic 

conductivity parameter and its derivatives are listed in Table 5.3 for the NBP series samples 

by considering the 𝑥 𝑤𝑡. % variation of 𝑁𝑎𝐼 salt.  

b) Frequency dependent conductivity

One way to study the ion transport phenomena is by analyzing the impedance spectrum. 

Impedance spectroscopy measures the electrical response of a material to an applied 

alternating current over a range of frequencies. By analyzing the impedance spectrum, one 

can extract information about the ion transport behavior in the material, such as the ion 

concentration, mobility, and diffusion coefficient. The theoretical explanation of the 

frequency-dependent conductivity in terms of the distribution of ion migration through 

hopping probabilities between randomly dispersed energy sites was first proposed by 

Pollak and Geballe [55]. This model assumes that the ions hop between localized energy 

states with different energies, and the probability of hopping between these states depends 

on the energy difference and the distance between the states. The frequency dependence of 

electrical conductivity in solid electrolytes as the result of the distribution of relaxation 

times was typically studied by Jonscher [56] and Ngai [57]. This model assumes that the 

relaxation process of the ions is non-exponential, and the relaxation time distribution is 

broad. The non-exponential relaxation can be attributed to the presence of multiple 

relaxation mechanisms, such as ion hopping, ion diffusion, and electrode polarization.  

The proposed idea of Jonscher [56], who suggested that dispersion is a universal property 

of dielectric materials, was supported by the microscopic theories by Ngai [57], Dissado 

and Hill [58], wherein they demonstrated that dispersion is an inevitable consequence of 

dominating many-body interactions between charge carrier species. The coulombian 

interactions between the charge carrier particles are correlated to the phenomenon called 

"Hopping", in which the mobility of charge carriers is greatly influenced by surrounding 
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(local) relaxation events. The charge carriers (cations) occupy energetically favorable 

locations associated with negatively charged atoms in the material. They can hop from their 

initial site to the neighboring site in a process that satisfies the equilibrium condition. 

However, if a charge carrier fails to jump consistently, the screening effect caused by the 

charge carrier affects the other charge carriers and results in a non-equilibrium situation. 

This leads to a slow relaxation process of the local environment, which can result in a 

correlated sequence of forward and backward hopping. If the backward jump does not 

occur before the screening charge relaxation is completed, the hop is successful and results 

in diffusion. At low frequencies, only successful hops contribute to the conductivity, 

resulting in a constant value at dc (plateau region).  

However, at higher frequencies, unsuccessful jumps contribute to the dispersive 

conductivity, which changes the conductivity trend from a constant value at low frequency 

to a power law dependent behavior. This mechanism of charge carrier diffusion in 

disordered materials has important implications for the electrical properties of glasses and 

other disordered materials. Fig. 5.8(a-g) displays the frequency-dependent conductivity 

spectra obtained for the 𝑥𝑁𝑎𝐼 doped glass composition under study at various temperatures 

(𝑥 = 1, 2.5, 4, 5, 10, 15, and 20 𝑤𝑡. %). It is seen from the plots that the conductivity 

improves as the temperature rises. The conductivity spectrum exhibits two regions (i) a 

dispersion region at high frequency, and (ii) a frequency-independent plateau region 

corresponding to dc conductivity at low frequency. Fig. 5.8(h) displays the conductivity 

versus the log of frequency curve for all compositions of the glass system for the 

temperature of 373 𝐾. Conductivity gradually improves as 𝑁𝑎𝐼 weight percentage rises to 

the 4 𝑤𝑡. % iodide salt addition. The 𝑁𝐵𝑃4 sample exhibits the highest conductivity may 

be due to electrode effects and is usually seen in highly conducting substances [59].  

In the studied frequency range, due to the high resistivity of the sample, nearly low-

frequency dispersion is unable to see for 𝑥 =  5, 10, 15, and 20 𝑤𝑡. % of dopant content. 

However, for 𝑥 =  1, 2.5 𝑤𝑡. % of 𝑁𝑎𝐼, a hazy picture of low-frequency dispersion is 

exhibited. Electrode polarization is a phenomenon in which a voltage is applied across an 

electrode-electrolyte interface, charges begin to accumulate at the interface due to the 

movement of ions in the electrolyte solution. These charges create an electric field that 

opposes the applied voltage and can limit the current flow through the interface. This is 

known as electrode polarization indicated by the low-frequency dispersion observed in Fig. 

5.8(a-h). 
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(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 

Figure 5.8:(a-g)The plots of 𝜎ᇱ vs frequency at various temperatures for 𝑥 = 1, 2.5, 4, 5, 10, 15,

20 𝑤𝑡. %, respectively, (h) The plots of 𝜎ᇱvs frequency at  373 K  for all the glass compositions 
(straight line represents the JPL fitting and guide to eyes). 
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The electrode polarization can occur when the time intervals available to mobile ions at 

frequencies below 10 𝑘𝐻𝑧 are sufficiently long that they can perform successful 

translational hops to nearby sites. The low-frequency plateau region observed in the 

dispersion plots indicates that the electrode polarization effect is dominant in this frequency 

range. As the frequency increases, the time intervals available for ion movement become 

shorter, which  causes the low-frequency plateau region to shift towards higher frequencies 

[60], [61]. From Fig. 5.8(c), the polarization behaviour is observable and follows a plateau 

and high-frequency dispersion regions afterwards. The power law variation observed in 

these compositions has been extensively studied, and a significant dispersive trend at low 

temperatures in the high-frequency region is associated with the influence of many-body 

interactions [46].  

In the studied system, the electrical conductivity is influenced by the motion of charged 

particles (such as electrons or ions) within the material. At low temperatures, the movement 

of these particles is limited, resulting in a lower electrical conductivity. As the temperature 

increases, the particles gain more thermal energy and move more freely, leading to an 

increase in conductivity. The frequency dependence of the electrical properties can also 

change with temperature. At low temperatures, the conductivity may be dominated by low-

frequency processes, such as the hopping of charges between localized states. As the 

temperature increases, the charges can overcome larger energy barriers and start to move 

more freely, leading to a shift in the dominant frequency range towards higher frequencies. 

The jump frequency of charge carriers, as described by Ingram [62], is likely related to the 

rate at which charges move between localized states.  

As the temperature increases, the charges are more likely to overcome energy barriers and 

jump between states, leading to an increase in the jump frequency. The power law exponent 

has been used to analyse the fluctuation in conductivity with frequency.  

𝜎 = 𝜎ௗ + 𝐴(𝜔) … . . (5.6) 

Where, 𝜎 = 𝜎(ఠ) is the ac conductivity, 𝜎ௗ=𝜎 is the dc conductivity at zero frequency,𝜔 

is the radial frequency, 𝐴 is the characteristic parameter, and 𝑛 is the parameter dependent 

on temperature and frequency.  

The power law of ac conductivity has been observed in many systems. Jonscher referred to 

this phenomenon as "Universal Behavior", also known as Jonscher power law (JPL). Since 

the power law Eq. (5.6) is accepted universally for determining the sample conductivity, 

hopping rate, and frequency dependence of conductivity.   
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(i) (j) 

Figure 5.8 :(i) Power law exponent (𝑛) as a function of glass composition (inset: the behavior 
of 𝑛(𝑇) for all glass compositions), (j) The plot of 𝜎ᇱ vs frequency for NBP4 sample at various 
temperature, the arrow show the hopping frequency (𝜔: changeover),𝜔 < 𝜔 lower frequency 

and 𝜔 > 𝜔-higher frequency. 

From the investigation, the values of 𝜎ௗ, 𝐴, and 𝑛 parameters have been acquired by fitting 

experimental data of frequency-dependent conductivity (𝜎) at different temperatures. 

The characteristic parameter 𝐴 increases with temperature, while the power law exponent 

𝑛(𝑇) increases with temperature and demonstrates a value between 0.67 −  0.95.  Jonscher 

has demonstrated that a non-zero value of ′𝑛′ in the dispersive region of conductivity results 

from the storage of energy during short-range collective carrier motion [63]. A higher value 

of ′𝑛′ indicates that the cooperative carrier motion stores more energy. To comprehend the 

interaction between the ion and the network, frequency, exponent (𝑛), has been discussed. 

In the current system, 𝑛(𝑇) increases as the temperature increases depicted in Fig. 5.8(i). 

However, the 𝑁𝐵𝑃4 sample shows the lowest value of power exponent (at ≥ 323K, shown 

in inset of Fig. 5.8(i)), indicating a higher degree of modification in the network [24], [64], 

[65]. In the current system, analysis of the power exponent 𝑛(𝑇) confirms the hopping 

mechanism involved in conductivity [66]. The value of 𝑛(𝑇) explains the mechanism of 

conduction when the system is under the influence of an alternating current field. In the 

temperature range studied, 𝑛(𝑇) rises, which may attribute to the Non-Overlapping Small 

Polaron Tunnelling (NSPT) Model [64], [67]. According to NSPT model, at lower 

frequencies, a simultaneous decrease in 𝜎(𝜔) is most likely caused by charge carrier 

polarisation at the electrode-electrolyte interface, followed by charge accumulation. Nearly 

frequency-independent conductivity is observed in the lower frequency regions ൫𝜔 < 𝜔൯, 

where the ion successfully hops to nearby unoccupied sites, resulting in dc conductivity 
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[24]. The conductivity relaxation phenomenon, as depicted in Fig. 5.8(j) is what causes the 

changeover region where frequency-independent conductivity transforms into dispersive 

conductivity. Based on the jump relaxation model, the frequency-dependent conductivity 

of the glass system can be analysed further [68], [69]. The extended time interval associated 

with lower frequencies contributes to dc conductivity, resulting in a plateau region where 

ions can successfully hop to an unoccupied site nearby.  

When an ion makes its "initial hop" to a nearby point, it can either hop back to its original 

position (correlated forward-backward hopping) or stay in its new position while the ion 

cloud around it adjusts to the new configuration (cage relaxation). The probability of each 

of these processes occurring is influenced by the frequency and duration of the applied 

electric field. At higher frequencies, there is a greater probability of correlated forward-

backward hopping occurring, which contributes to the high-frequency dispersion observed 

in ac conductivity spectra. This is because the ions have less time to relax in their new 

positions before the electric field changes direction, so there is a higher likelihood that they 

will hop back to their original positions. On the other hand, at lower frequencies, the cage 

potential around the ions has more time to relax, which can lead to a decrease in 

conductivity. This is because the ions are more likely to remain in their new positions as the 

cage potential adjusts, rather than hopping back to their original positions. 

Hopping frequency 

Fig. 5.8(a-g) shows that when the temperature rises, the onset frequency of dispersion shifts 

to the higher frequency side. The frequency at which the relaxation effect begins to 

dominate and shows the transition from frequency-independent (plateau) conductivity to 

frequency-dependent conductivity behaviour is known as the hopping frequency. In the 

case of the NBP glass sample containing 4 𝑤𝑡. % 𝑁𝑎𝐼 salt, the solid arrow line in Fig. 5.8(j) 

represents the hopping frequency of mobile cations. According to Jonscher power law, the 

hopping frequency of ions and the carrier concentration have been estimated from ac 

conductivity spectra. Almond and West [70]–[72] have developed formalisms based on 

universal power law [73], using the mathematical expression. Following is the equation of 

the universal power law representation according to A-W formalism.   

𝜎ᇱ(𝜔) ∝ 𝜔 ቈ൬
𝜔

𝜔
൰



+ ൬
𝜔

𝜔
൰

ିଵ

 … ..     (5.7) 
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Where, 𝜔 is the characteristic frequency, 𝜔 is hopping frequency and K is a constant, 

𝑎 = −1 and 𝑏 = 𝑛. 

𝜎ᇱ(𝜔) = K𝜔 ቆ
𝜔

𝜔
ቇ

ିଵ

+ ቆ
𝜔

𝜔
ቇ

ିଵ

൩ … ..     (5.8) 

𝜎ᇱ(𝜔) = K𝜔 + K𝜔
ଵି𝜔 … ..     (5.9) 

By comparing power law equation (6) with the above equation (5.9), 

𝜎ᇱ(𝜔) = 𝜎ௗ + 𝐴𝜔 … ..     (5.10) 

∴ 𝜎ௗ =  K𝜔 … ..     (5.11), and 𝐴 = K𝜔
ଵି … ..     (5.12) 

From the above Eq. (5.11) and (5.12) 𝜎ௗ = 𝐴𝜔
 or 𝐴 = 𝜎ௗ 𝜔

⁄ . Hence, the frequency 

dependent conductivity can be modified as,  

𝜎ᇱ(𝜔) = 𝜎ௗ ቈ1 + ቆ
𝜔

𝜔
ቇ



 … ..     (5.13) 

From the above equation, when frequency which is corresponding to the hopping 

frequency,  𝜔 = 𝜔, the ac conductivity is given as, 

𝜎ᇱ(𝜔) = 2𝜎ௗ … ..     (5.14)

According to the Eq. (5.14), the hopping frequency is the specific frequency at which ac 

conductivity becomes twice that of the direct current conductivity. Substituting equation 

(above) into the universal power law yields the hopping frequency as, 

𝜔 = ቀ
𝜎ௗ

𝐴
ቁ

భ


… ..     (5.15)

The hopping frequency (𝜔) against the inverse of temperature (1000 𝑇⁄ ) for each of the 

glass composition is shown in Fig. 5.8(k). The rate at which ions attempt to hop from one 

site to the nearby accessible site increases with an increase in temperature. It confirms the 

ion migration through the thermally stimulated ion hopping mechanism.  

For frequencies above (𝜔 > 𝜔), ion conduction improves with increasing 𝜔. As depicted 

in Fig. 5.8(l), the hopping frequency ൫𝜔൯ derived from an empirical relationship of the 

NSPT model and experimentally obtained data is nearly comparable. In addition, the 

activation energies for ion conduction and hopping are depicted in the inset of Fig. 5.8(l). 

Across all samples, the activation energy for ion hopping is modest compared to that of the 

ion conduction process. The inset of Fig. 5.8(l) depicts the glass composition-dependent 

hopping frequency for ion migration. 
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(k) (l) 

(m) (n) 

(o) (p) 

Figure 5.8: For all the glass compositions of NBP series,(k) The plot of 𝜔 vs 1000/ 𝑇 exhibits the 

Arrhenius trend with the activation energy for conduction, (l) Hopping frequency 𝜔 by employing 

empirical formula of NSPT model and the experimental data. The activation energies for ion 
conduction and hopping process (inset), (m) Arrhenius behavior of relaxation time when plotted as 
a function of inverse of temperature and as a function of glass composition the relaxation time is 
shown in inset, (n) The mobile carrier concentration 𝐾ᇱat various temperature and as a function of  
temperature for 𝑥 𝑤𝑡. % 𝑜𝑓 𝑁𝑎𝐼 (inset), (o) Comparative study of dc conductivity and hopping 
frequency as a function of inverse of temperature for the highly conductive sample of the glass 
series, and (p) Conductivity variations at various frequencies for the glass compositions containing 
4 𝑤𝑡. % of 𝑁𝑎𝐼. 
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The hopping frequency is found to be almost reliant on the presence of 𝑁𝑎𝐼 in the host 

glass system and follows the compositional variation of bulk conductivity. Fig. 5.8(l) 

illustrates the fluctuation in activation energies for ion conduction and hopping, and reveals 

that activation energies for the hopping of ions are lower than those of the conduction 

process for all samples, suggesting that ions involved in the conduction process probably 

experience a distinct potential barrier due to the localized electrons of the amorphous 

matrix. The glass sample with a 4 𝑤𝑡. % addition of 𝑁𝑎𝐼 has the lowest activation energy 

for both conduction and relaxation, obtained using Fig. 5.8(m), suggesting higher 

conductivity in short time intervals for the relaxation phenomenon.  

The mobile ion concentration (𝐾′) is one of the determinants of conductivity, calculated 

from the hopping frequency and the dc conductivity. The relationship between the mobile 

ion concentration (𝐾ᇱ) with dc conductivity (𝜎ௗ), temperature (𝑇) and hopping rate 

൫𝜏 = 1/𝜔൯, as given by Almond et al; [74], is as follows (Eq. 5.16). 

𝐾ᇱ =  
𝜎ௗ 𝑇

𝜔
… . . (5.16) 

As shown in Fig. 5.8(n), the plots of 𝐾ᇱ versus 𝑁𝑎𝐼 content and as a function of temperature, 

inset of Fig. 5.8(n), respectively, demonstrate that mobile carrier density increases with 

𝑁𝑎𝐼 concentration and also exhibits temperature-dependent behaviour.  

The increase in mobile ion concentration 𝐾ᇱ is attributed to the increase in conductivity that 

occurs with the addition of dopant salt. The carrier concentration rate significantly increased 

for the composition with 4 𝑤𝑡. % 𝑁𝑎𝐼 added, but the fluctuation of the mobile carrier 

concentration 𝐾ᇱ with temperature is insignificant for the other compositions, except for 

NBP4 which is thermally activated. However, the temperature-dependent hopping rate of 

mobile ions may still cause some variation in conductivity for all compositions. As the 

hopping rate increases with temperature as shown in Fig. 5.8(o), the conductivity of the 

present glass system increases as expected. It is intriguing to note from Fig. 5.8(p) that, at 

various frequencies, the conductivity of the 𝑁𝑎𝐼-doped NBP glass system follows 

Arrhenius behaviour.  

The activation energy determined from the frequency-dependent Arrhenius plots agrees 

well with the conductivity plot calculated during impedance analysis. This characteristic is 

consistent with the Jonscher power law analysis of ac conduction conductivity. 
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Conductivity scaling 

The scaling of conductivity parameters is a useful tool for understanding the ion conduction 

mechanism in glass systems. The conductivity of a material is typically affected by its 

composition and temperature. By scaling the conductivity spectra, researchers can more 

easily compare the behavior of different glass systems and gain insight into the underlying 

physical mechanisms responsible for their conductive properties [75]–[81]. Summerfield 

[79] was the first to attempt scaling of the sigma spectra for semiconducting materials. Since 

then, many researchers have developed distinct scaling formulas for the ac conductivity 

spectra of various ion-conducting glass systems. One of the most widely used scaling 

approaches was developed by Roling et al. [80], [82], and modified by other researchers 

[82]–[84]. This method involves scaling the frequency and magnitude of the conductivity 

spectra using a characteristic frequency and a characteristic conductivity value. Following 

Eq. (5.17) is an explanation of the Summerfield scaling in its most elementary version.  

𝜎ᇱ

𝜎
= 𝐹 ൬

𝑓

𝜎𝑇
 𝑥൰ … ..     (5.17) 

Where, 𝑓 is the frequency, 𝜎 is the conductivity at a given temperature, 𝑇 is the absolute 

temperature, 𝑥 is concentration (of dopant) factor. At 𝜔 = 𝜔, the ac conductivity can be 

equated with dc conductivity as given in Eq. (5.14). The scaling formalism, Eq. (5.18), 

given by Roling in which the consideration of the simplest case where charge carriers 

remain constant with temperature and hence from Eq. (5.16), one can write it as 𝜔 is 

thermally activated factor with the same quanta of energy as 𝜎ௗ𝑇. 

𝜎ᇱ

𝜎
= 𝐹 ൬

𝑓

𝜎ௗ𝑇
൰ … ..     (5.18) 

The universal function 𝐹, which is indifferent to changes in temperature and chemical 

composition, describes the ion dynamics in this equation. The most significant benefit of 

such scaling law is that it uses the quantities that are already available as scaling parameters. 

As illustrated in Fig. 5.9(a-f) and (g-l), the ac conductivity (𝜎ᇱ) data is scaled by dc 

conductivity (𝜎ௗ), while the parameters 𝜎ௗ𝑇 or say 𝜔 (Eq. 5.17), and 𝜎ௗ𝑇௫ (Eq. 5.18), 

are respectively utilised to normalise the frequency axis. The ac conductivity spectra, as 

shown in Fig. 5.9(a-l), for different temperatures, are almost perfectly merged into a single 

master curve, indicating the presence of a Time-Temperature Superposition (TTS) and a 

temperature-independent conduction mechanism, also known as canonical scaling by 

Sidebottom [84].  
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Figure 5.9:(a-f) Plots of normalized conductivity spectra with frequency using Summerfield 
formulation at different temperatures for various glass compositions. 

However, the spectra do not merge and fall into a master curve at very low frequencies near 

the polarization region, as shown in Fig. 5.9(a-l), due to a change in the 𝑁𝑎ା ion 

concentration and slightly varied ion transport behaviour in the glass at a specific 

temperature. 

(a) (b) 

(c) (d) 

(e) (f) 
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(g) (h) 

(i) (j) 

(k) (l) 

Figure 5.9:(g-l) Plots of normalized conductivity spectra with frequency using Roling formulation 
at different temperature for various glass compositions. 

Canonical scaling is a principle that predicts the behavior of the frequency-dependent 

electrical conductivity of a material as a function of temperature, frequency, and ion 

concentration. According to this principle, when the temperature is changed, but the ion 

concentration and material structure remain constant, the shape of the ac conductivity 

spectrum is preserved. This means that the conductivity spectrum can be scaled by a 

characteristic frequency and temperature, and the behavior of the spectrum can be predicted 

by studying its behavior at a single frequency and temperature [82], [85]–[87].  
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Figure 5.9: (m-n) Plots of normalized conductivity spectra with frequency using Summerfield and 
Roling formulation at 373K for various glass compositions. 

However, in some materials such as disordered glasses and crystals that conduct electricity 

through single ions, the temperature-dependent conductivity spectrum does not follow 

canonical scaling. Instead, these materials exhibit a phenomenon known as temperature-

time superposition (TTS). TTS means that the conductivity spectra measured at different 

temperatures can be shifted and scaled to coincide at high frequencies, indicating that the 

material's relaxation dynamics are temperature-independent at high frequencies. The TTS 

behavior in disordered glasses is attributed to the large distribution of energies associated 

with the ion sites and barrier heights, which causes a broad distribution of jump rates of the 

ions. These jumps are governed by Coulombic interactions between the ions, which are 

affected by the potential energy landscape of the material.[88], [89].  

Fig. 5.9(m-n) depict the scaling of ac spectra as a function of frequency scaling using the 

Summerfield and Roling formulations, respectively, for various 𝑁𝑎𝐼 concentrations at a 

temperature 373 K to demonstrate the effect of the mobile ion concentration (𝑁𝑎ା) and 

modification in the glass structure.The sigma spectra for various compositions do not 

superimpose on a single master curve. However, the scaling formulation suggested by 

Roling nearly agrees with the data of the investigated system as compared to the 

Summerfield formalism. As demonstrated in Fig.5.8(n), the concentration of mobile ions, 

denoted by 𝐾′, increases with the 𝑁𝑎𝐼 amount, eventually reaching its highest value in the 

NBP4 sample. According to Roling [80], ion concentration variation substantially affects 

the ion relaxation phenomenon. As a result, scaling as a function of composition is typically 

observed in glasses with significant variations in mobile ion concentration that change with 

glass composition, suggesting that the compositional range under study may not have 

probably homogenous 𝑁𝑎ା ion conduction. 

(m) (n) 
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c) Dielectric Study

Dielectric analysis is a useful technique for investigating the properties of materials that 

conduct electricity, particularly ion-conducting materials. In these materials, the 

polarization process (which arises from the reorientation of local ions) and the conduction 

process (which involves the movement of ions) are intimately linked, making it difficult to 

distinguish between them [90]. Dielectric formalisms of impedance spectroscopy can be 

used to study the dipolar relaxation in both solids and liquids. In this process, the 

reorientation of permanent dipoles produces frequency-dependent dielectric permittivity 

characteristics. By analyzing these characteristics, researchers can gain insight into the 

underlying mechanisms of ion transport in ion-conducting materials [83]. 

The following is the Eq. (5.19-5.21) for the complex dielectric formalism 𝜀∗, which is 

related to complex impedance and complex conductivity functions and is given in detail in 

Chapter 3. 

𝜀∗(𝜔) =
1

𝑖𝜔𝐶
൬

1

𝑍∗
൰ … ..     (5.19) 

𝜀∗(𝜔) =
𝜎∗(𝜔)

𝑖𝜔𝜀
… ..     (5.20)

𝜀∗(𝜔) = 𝜀ᇱ(𝜔) − 𝑖𝜀"(𝜔) … ..     (5.21) 

Where, 𝜔 = 2𝜋𝑓 is the radial frequency, 𝜀 is the permittivity of free space, and the 

parameter 𝐶 = 𝜀(𝑎/𝑡) that depends on cross section (𝑎) are and the thickness (𝑡)  of the 

specimen. 

It is a common fact that many liquids and solids have strong frequency dependence on their 

dielectric constants. 𝜀, a static value at low frequencies, is generally found to be the 

dependence, which decreases to 𝜀ஶ, a smaller limiting value, at higher frequencies. Two 

characteristic phenomena, dispersion and absorption, occur in an inhomogeneous dielectric 

medium. The complex dielectric constant explains why there is an "absorption 

conductivity" in the transition area of anomalous dispersion (Eq. 5.21) [90].  

Debye's theory explains that the dipole polarization of the molecules is responsible for the 

difference between ε' and ε". In an alternating current field, the dipole polarization of the 

molecules is opposed by thermal motion and other factors such as chemical interactions. 

This results in viscous damping, which is the dissipation of energy due to the frictional 

forces between the molecules. Debye treated the molecules as spheres in a continuous liquid 

with macroscopic viscosity, which lead to derive a mathematical model for the dielectric. 
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The real and imaginary parts of the Complex dielectric function (𝜀∗) are given as follows. 

𝜀ᇱ =  
−1

𝜔𝐶
ቆ

𝑍ᇱᇱ

𝑍ᇱଶ + 𝑍ᇱᇱଶቇ …   (5.22), 𝑎𝑛𝑑   𝜀ᇱᇱ =
−1

𝜔𝐶
ቆ

𝑍ᇱ

𝑍ᇱଶ + 𝑍ᇱᇱଶቇ …   (5.23) 

For an ideal Debye system, the real part, 𝜀ᇱ, corresponds to the dielectric constant, and it 

changes in steps from a lower to a higher frequency, with two plateau regions. The lower 

frequency plateau region is called 𝜀௦, and the higher frequency plateau region is called 𝜀ஶ. 

At a low-frequency regime, the 𝜀ᇱ(𝜔) plot enables the determination of the static dielectric 

constant, also known as the low-frequency permittivity value (𝜀௦). At higher frequencies, 

the periodic reversal of the applied electric field happens quickly, and therefore no extra 

ionic jump in the field direction occurs. In the meantime, the polarization due to the 

accumulated concentration of mobile ions at high energy barrier sites disappears, and the 

measured value of 𝜀ᇱ saturates at 𝜀ஶ. Furthermore, ∆𝜀 = 𝜀௦ + 𝜀ஶ represents the change in 

dielectric permittivity, indicating dielectric strength, and is the result of all relaxation 

processes [91]. 

The manifestation of the movement of mobile ions due to the application of an electric field 

across a material corresponds to dielectric loss, 𝜀", which is an imaginary part of dielectric 

formalism. Due to their significant inertia, the mobile ions are incapable of responding to 

the abrupt reversal of the applied electric field. And they lag in responding to the applied 

electric field, which causes a loss peak on the high-frequency side. 

The resulting 𝜀ᇱ spectra, shown in the Fig. 5.10(a-f), have three distinctive regions: a low-

frequency plateau (𝜀௦), a mid-frequency dispersion, and a high-frequency saturation 

plateau (𝜀ஶ). For all the glass compositions, the mid-frequency dispersion and high-

frequency saturation are clear, while the low-frequency plateau is evident for 𝑁𝑎𝐼 

concentration 𝑥 = 1 to 5 𝑤𝑡. % from 303 𝐾 to 373 𝐾.  At higher temperatures, polarization 

caused the low-frequency plateau to merge with the dispersive region in all compositions 

of glass, making it difficult to distinguish them in all samples. From Fig. 5.10(a-f), it is seen 

that the dielectric constant (𝜀ᇱ), particularly at low frequencies (50 𝐻𝑧– 1 𝑘𝐻𝑧), increases 

with temperature in all glass compositions. As the temperature rises, a similar change 

accompanied by an increase in the 𝜀ᇱ value is observed. These results are consistent with 

what earlier researchers observed [59], [92]–[94]. All of these systems are observed to have 

rather high 𝜀ᇱ values. Such high values are a result of the high ionic conductivity of the 

material. It has been noted that most solid electrolytes have a high dielectric constant [95]–

[97].  
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(a) (b) 

(c) (d) 

(e) (f) 

Figure 5.10:(a-f) Plots of dielectric constant (𝜀ᇱ) spectra with frequency at different temperature 
for various glass compositions. 

The phenomenon of electrode polarization can occur when an electrical potential is applied 

across an electrode-electrolyte interface [98]. In this case, the mobile ions in the electrolyte 

are blocked by the electrode and accumulate at the interface, resulting in a charge separation 

and an electric field. This can affect the behavior of the ions and the overall performance 

of the system.  
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Figure 5.11:(a-f) Plots of dielectric loss (𝜀") spectra with frequency at different temperature for 
various glass compositions. 

The accumulation of mobile cations at the interface can be related to the free energy barriers 

that prevent ion motion in the glassy sub-lattice. These barriers can vary in size and shape, 

resulting in a distribution of relaxation times, which is characteristic of the Stevels model 

of dielectric relaxation in glasses [60]. Thus, the change in 𝜀ᇱ at lower frequencies is caused 

by the long-distance diffusion of 𝑁𝑎ା ions, which involves a series of jumps over barriers 

of variable heights. The periodic reversal of the field occurs so quickly at higher frequencies 

that there are no extra ionic jumps in the field direction.  

(a) (b) 

(d) (e) 

(f) (g) 
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As observed in the current system, the polarization caused by charge accumulation at high-

frequency barrier sites disappears, the contribution of mobile ions to dielectric 𝜀ᇱdecreases 

to 𝜀ஶ, and an increase in conductivity is anticipated. Fig. 5.11(a-f) depicts the imaginary 

component of permittivity 𝜀"as a function of frequency at various temperatures for the NBP 

glass system to analyze the influence of sodium iodide dopant salt on the dielectric loss 

spectrum (𝜀"). 

𝜀", or dielectric losses, have no peak unless the dc conductance is eliminated, which is only 

conceivable for low-conducting materials. It suggests that the behavior of dielectric losses 

with respect to temperature is not the only factor affecting their behavior. The presence of 

dc conductance can also impact the behavior of dielectric losses. The elimination of dc 

conductance is not always possible, especially in materials that are highly conductive. 

Similar properties have been observed in other glasses that conduct 𝐴𝑔ା ions, suggests that 

the behavior of dielectric losses is not limited to a particular type of material. Other glasses 

that conduct ions have also exhibited similar behavior in terms of variations in ε' and ε". 

These variations suggest a Non-Debye trend, which is characterized by the presence of 

space charge regions and their behavior with respect to frequency [99], [100].  

As previously stated, conductivity is thermally stimulated and rises with increasing 

temperature. No loss peak is observed for any of the glass samples in the examined 

frequency range. The high dielectric loss in materials confirms to the characteristics of all 

high ionic conducting materials. The high value of the dielectric constant is attributed 

primarily to the high ionic conductivity and significantly less to the electronic conductivity 

[97]. In such materials, the dielectric loss is roughly two orders of magnitude more than the 

dielectric constant. Fig. 5.12(a-b) show the temperature dependence of the real and 

imaginary part of permittivity for various frequencies within the interval of 10 𝐻𝑧 to 1 𝑀𝐻𝑧 

for 1 𝑤𝑡. % of 𝑁𝑎𝐼 in the NBP glass system. At lower frequencies, between 10 𝐻𝑧 and 

10 𝐾𝐻𝑧, both 𝜀ᇱ and 𝜀"increase as the temperature rises. Increases in 𝜀ᇱ and 𝜀"are much less 

pronounced at frequencies above 10 𝐾𝐻𝑧 compared to lower frequencies. At low 

frequencies, as the temperature rises, the mobile ions are free to hop parallel to the applied 

field, resulting in an increase in permittivity components. For higher frequencies in the 

given temperature range, the charge carriers are insufficiently free to follow the changing 

electric field; therefore, the real and imaginary components (𝜀ᇱand 𝜀") of permittivity are 

almost constant. The similar trends of 𝜀ᇱ and 𝜀" also can be observed for 1 𝑀𝐻𝑧 frequency 

plots for the glass sample, as shown in Fig. 5.12(c-d).  
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Figure 5.12: Plots of temperature dependence of the dielectric constant (𝜀ᇱ) and the dielectric loss 

( 𝜀"), (a-b)  for several values of  frequencies, (c-d) At 1𝑀𝐻𝑧 frequency for all the samples. The 
dielectric strength (∆𝜀), (e) as a function of temperature for all compositions of glass series, and 
(f) as a function of 𝑥 𝑤𝑡. % of 𝑁𝑎𝐼 at 303 𝐾 temperature. 

At lower frequencies, the polarization of an ionic medium is mainly determined by the 

movement of mobile ions in the direction of the applied electric field. When the frequency 

of the applied electric field is low enough, mobile ions such as sodium ions (𝑁𝑎ା) can 

easily escape from sites with low energy barriers in the direction of the electric field, leading 

to a relatively high polarization magnitude or dielectric relaxation strength (∆𝜀) of the 

(a) (b) 

(c) (d) 

(e) (f) 
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medium. However, at high frequencies, the motion of the mobile ions is impeded by the 

high energy barriers encountered at certain sites in the medium, causing them to accumulate 

at those sites. This results in a lower polarization magnitude or dielectric relaxation strength 

(∆𝜀) of the medium. The dielectric relaxation strength as a function of glass composition 

and temperature are shown in Fig. 5.12(e-f) respectively. The dielectric relaxation strength 

(∆𝜀) is thermally caused and exhibits a progressive increment with temperature, as seen in 

the figures. The resulting polarization is caused by microscopic events and is influenced by 

the concentration of mobile ions as well as the hopping distance. 

Typically, the so-called loss tangent (tan 𝛿) or dielectric loss angle of a system defines the 

ratio of the energy dissipated per radian in the material to the stored energy at the point of 

polarization peak, given by Eq. 5.24. 

tan 𝛿 =
𝜀(ఠ)

"

𝜀(ఠ)
ᇱ  … … … . … (5.24) 

From the plot of 𝑡𝑎𝑛 𝛿 versus 𝑙𝑜𝑔 𝑓 is shown in Fig. 5.13(a-f) for all NBP glass 

compositions at various temperatures, it can be observed that the value of tan 𝛿 is nearly 

constant or temperature independent at lower frequencies and rapidly decreases at higher 

frequencies until it appears to flatten at ~ 10 𝐻𝑧 and above. When the temperature rises, 

the tan 𝛿 plot shows that the frequency disperses toward higher frequencies.   

Furthermore, it seems that as the temperature increases, the tan 𝛿 plot shifts towards higher 

frequencies, which is known as frequency dispersion. This behavior is often observed in 

materials with a relaxation process, where the relaxation time decreases as the temperature 

increases, leading to a shift in the frequency of the maximum loss (or peak) towards higher 

frequencies. The inset of Fig. 5.13(f) illustrates the relationship between tan 𝛿 and log 𝑓 for 

various dopant concentrations at ambient temperature.  

When the dopant concentration increases, the dispersion region shifts to higher frequencies, 

as shown in the graph. Additionally, the rapid drops in tan 𝛿, followed by a constant value 

at higher frequencies, demonstrate that tan 𝛿 is inversely proportional to some frequency 

power. Fig. 5.13(g) shows the plot of dielectric relaxation time and conductivity relaxation 

time versus inverse of temperature for 4 𝑤𝑡. % of 𝑁𝑎𝐼 in the sodium oxide borophosphate 

glass structure. 
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(a) (b) 

(c) (d) 

(e) (f) 

 (g) 

Figure 5.13:(a-f) Plots of 𝑡𝑎𝑛 𝛿 spectra with frequency at different temperature for various glass 
compositions (Inset of Fig. f: 𝑡𝑎𝑛 𝛿 spectra vs log f  for NBP series samples), (g) Conductivity and 
Dielectric Relaxation time (𝜏) versus 1000/𝑇 plot  for the NBP4 glass system. 
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The activation energy (𝐸) obtained from the relaxation plot (𝜏) is nearly the same as that 

obtained from the corresponding conductivity plots, which suggest that the relaxation 

time is determined by the flow of charge carriers. Thus, it is possible to say that the 

motion of mobile charge carriers, 𝑁𝑎ା ions in the present case are possible for both 

conductivity and relaxation effect. 

d) Electric Modulus Study

The modulus is termed as complex electrical modulus, 𝑀∗ which is related to complex 

dielectric constant 𝜀∗ and complex impedance by the given Eq. 5.25.  

𝑀∗ =
1

𝜀∗
= 𝑗𝜔𝐶𝑍∗ 

𝑀∗ = 𝑀ᇱ + 𝑖𝑀" 

  = ቆ
𝜀ᇱ

𝜀ᇱଶ + 𝜀"ଶቇ + 𝑖 ቆ
𝜀"

𝜀ᇱଶ + 𝜀"ଶቇ … ..     (5.25) 

The advantage of using the modulus formalism is that it eliminates such frequency-

dependent dielectric conductivity data that arises due to inevitable electrode polarization 

(contact or interfaces), Maxwell-Wagner effects, or a high dielectric constant. 

The Modulus Formalism is a mathematical technique used to analyze relaxation spectra 

[101] in order to better understand the behavior of materials under varying conditions. It 

was first introduced by Macedo et al. [60] as a way to distinguish between relaxation and 

polarization effects in the context of conductivity measurements. The technique involves 

transforming the frequency-dependent conductivity, 𝜎(ఠ)
ᇱ , into a representation that exhibits

a peak in the modulus of the complex conductivity 𝑀(ఠ)
ᇱ  by taking the absolute value of the 

complex conductivity and differentiating it with respect to frequency. This transformation 

allows for a clearer separation of relaxation behavior from polarization effects, which can 

be difficult to distinguish using traditional conductivity measurements. The scaling 

behavior of the data is more evident in the modulus representation. When the concentration 

of dopant salt 𝑁𝑎𝐼 is varied against the host glass former, the frequency-dependent actual 

component of the modulus, 𝑀(ఠ)
ᇱ , for all compositions of the NBP glass series are in Fig. 

5.14(a-f) at different temperatures. The figures display that the 𝑀(ఠ)
ᇱ  spectra disperse up to 

2 𝑀𝐻𝑧. While the real part of modulus spectra tends to saturate to zero at lower frequencies, 

showing that the electrode polarization contributes negligibly to 𝑀∗ and that the dispersion 

is primarily due to conductivity relaxation. 
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(a)  (b)  

(c) (d) 

(e) (f) 

Figure 5.14:(a-f) Real part of modulus spectra vs 𝑙𝑜𝑔 𝑓 for NBP series samples at various 
temperatures. 

At higher frequencies, 𝑀(ఠ)
ᇱ  achieves a stable maximum value. 𝑀(ఠ)

ᇱ  levels out at higher 

frequencies at higher temperatures because the relaxation process spreads over a range of 

frequencies. High-frequency saturation is observed in all the glass compositions. A low-

frequency plateau is indicative of suppression of polarization effects. It is also apparent that 

the beginning frequency of dispersion shifts towards higher frequencies as the 𝑁𝑎𝐼 
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concentration increases up to 𝑥 = 4 𝑤𝑡. %. It indicates that as the concentration of mobile 

ions increases, the mobile 𝑁𝑎ା ion may spend the least time at its relaxing sites.  

The absence of high-frequency saturation in these compositions suggests that it may occur 

beyond the upper frequency limit of the measured range. As the temperature rises, the onset 

frequency of dispersion moves towards higher frequencies, indicating that thermal 

activation is involved in this event, and the same effect is observed across all glass 

compositions. Sample NBP4 shows the plateau and saturation effects of both the lower and 

the higher frequency regimes, respectively. 

Fig. 5.15(a-f) depicts the variation of the imaginary component of modulus 𝑀"against 

frequency (often referred to as the modulus spectrum) for all series samples at various 

temperatures. In contrast to the 𝑀ᇱ curve, the 𝑀" shape typically has an asymmetric peak. 

Due to the enormous capacitance associated with the electrodes, the spectra have an 

extended tail at low frequencies. With an increase in temperature, the shape of the curve 

remains unchanged, but the peak frequency of the modulus 𝑀௫
"  shifts to the higher 

frequency side.  

In addition, neither the peak shape nor the peak height i.e. 𝑀௫
"  appear to change with 

temperature variations. The frequency at which the maximum in 𝑀" occurs, 𝑓௫ or 𝜔, 

indicates the shift from short-range to long-range mobility at decreasing frequency. The 

𝑓௫ notably shifts towards higher frequency with increasing temperature, indicating 

thermally induced relaxation of mobile sodium ions. In the frequency regime below 𝑀௫
" , 

the charge carriers are mobile over long distances and contribute to dc conductivity. 

However, on the higher side of 𝑓௫, mobile charge carriers are constrained by their 

potential wells and can only make short distance hops. The conductivity relaxation time is 

related to the peak frequency of relaxation, 𝑓௫, using the following equation [59], [102], 

[103]. 

𝜔𝜏 = 1  … (5.26) 

Where, 𝜔 is the peak frequency of 𝑀" spectra also known as 𝑀௫
" , or 𝑓௫ and relaxation 

time is given as 𝜏 (𝜏 occurs at peak frequency). Fig. 5.16(a) depicts the frequency 

corresponding to 𝑀௫
" , log 𝑓௫or log 𝜏versus reciprocal temperature plot for all the glass 

samples, which follows the Arrhenius law.  
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(a)  (b)  

(c)  (d)  

(e)  (f)  

Figure 5.15: (a-f) Imaginary part of modulus spectra vs 𝑙𝑜𝑔 𝑓 for NBP series samples at various 
temperatures. 

The value obtained from the impedance spectrum (𝐸ఙ) for long-range charge transport and 

the activation energy derived from the modulus spectrum (𝐸ఛ) for short-range migration 

are comparable and found to be almost the same in magnitude. Since the values of 𝐸ఛ and 

𝐸ఙ are the same, this implies that the sodium ion transport in the current system, as shown 

in Fig. 5.16(b), is through hopping mechanisms, regardless of whether the carriers are 

migrating for long- or short-range.  
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(a) (b) 

                  (c)  
 

(d)  (e) 

Figure 5.16:(a) Arrhenius behavior of electric modulus relaxation time, (b) Comparison of 
activation energy obtained from conductivity, dielectric and electric modulus study, (c) Stretching 
parameter as a function of temperature (inset: Room temperature trend of 𝛽 for all glass 
samples),(d) Imaginary part of impedance and modulus as a function of frequency at 343 K for 
NBP4 sample, (e) Real and imaginary part of modulus at 323 K for NBP1 sample. 

The full width at half maxima (FWHM) increases with the dopant amount ranging from 

𝑥 = 1 𝑡𝑜 4 𝑤𝑡. % is quite visible in the Fig. 5.15(a-f). According to the ideal Debye 

function, the full width at half maximum (FWHM) demonstrates 1.14 decades of 
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magnitude. In the current system, the FWHM value is greater than 1.14 decades, indicating 

a distribution of conduction process relaxation time [102]. According to Hasz [104], the 

distribution of relaxation time is caused by the distribution of free energy barriers for ionic 

jumps, in which the distribution increases with increasing disorder. However, Grant 

proposed that the distribution of relaxation times is not a result of the disordered structure 

of glasses but rather of the cooperative nature of the conduction process [105]. The plot of 

the normalized modulus is asymmetric, which is consistent with the non-exponential 

behavior of the electrical function. Moynihan describes the modulus function using the 

KWW exponential function [106]–[108]. 𝛽 is a parameter that is derived from fitting the 

𝑀" spectra to the KWW equation and is known as the stretching parameter. In most solid 

electrolytes, 𝛽 is typically less than one and it appears that the investigated system exhibits 

a 𝛽 value ranging from 0.59 to 0.81 at room temperature. Additionally, the behavior of 𝛽 

appears to be temperature-independent within the studied temperature range, as shown in 

Fig. 5.16(c) and its inset. The significance of 𝛽 is that it characterizes the degree of non-

exponentially of the relaxation process in the system. A value of 𝛽 less than one indicates 

a non-exponential relaxation process, which is often observed in disordered materials or 

materials with structural heterogeneity. The KWW equation is a common empirical 

equation used to describe such non-exponential relaxation processes. 

According to Ngai [109], it seems that the 𝛽 value is related to the degree of cooperation 

between charge carriers during conduction processes in a glass system. A smaller value of 

𝛽 suggests that there is more extensive cooperation between the mobile ions, meaning that 

when an ion jumps from one equilibrium position to another, it triggers a time-dependent 

movement of other charge carriers in the surroundings, which results in a further relaxation 

of the applied electric field. It is noted that the 𝛽 value varies among different samples, and 

for all temperatures and among all samples, the obtained value of 𝛽 for NBP4 is the lowest. 

This suggests that in the case of NBP4, there is more extensive cooperation between the 

charge carriers during conduction processes compared to other samples.  

Additionally, Jonscher's concept of "universal behavior" [56] suggests that there is a 

harmonious motion of carriers in a glass, which may be related to the cooperative behavior 

of charge carriers described by the β value. Finally, Elliot's findings indicate that the jump 

of a mobile ion in a glass system is not an isolated event, and that it triggers a time-

dependent movement of other charge carriers in the surroundings. which results in a further 

relaxation of the applied electric field. Hence, a smaller value of 𝛽 results in more extensive 
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cooperation between charge carriers [110]. A single parallel 𝑅𝐶 element and a single 

Maxwell time constant, which Macedo defines as the conductivity relaxation times, are 

representations of ideal solid electrolytes [60]. In ideal solid electrolytes, 𝑍"and 𝑀" peak at 

the same frequency and have the same shape as predicted by the Debye theory for dielectric 

loss, according to 𝜔௫ 𝑅𝐶 =  1 [105]. A series of 𝑅𝐶 elements are taken into account in 

the case of practical solid electrolytes. 

To comprehend the non-Debye behavior of the present system, the impedance and modulus 

spectra have been displayed at room temperature as shown in Fig. 5.16(d) 𝑍௫
"  and 

𝑀௫
" do not occur at the same frequency, showing the wide distribution of relaxation times 

(not obeying mono relaxation time approach), as seen in the graph. West et al;[111] 

demonstrated that the broadening of the 𝑀"spectra at high frequencies is due to the 

spreading of relaxation times, but the substantial increase in the broadening of the 𝑍" 

spectra at low frequencies is primarily due to electrode polarization. Fig. 5.16(e) shows the 

actual and imaginary parts of the modulus at 323 𝐾 temperature and a concentration of 

𝑥 =  1 𝑤𝑡. % 𝑁𝑎𝐼 of the glass composition, in which the relaxation peak of the 

𝑀"spectrum coincides with the corresponding dispersion area in the 𝑀ᇱ spectra. 

 Modulus Scaling 

The modulus formalism involves the measurement of the real (𝑀ᇱ ) and imaginary (𝑀")  

components. The 𝑀" component is related to the energy dissipation in the material and is 

therefore a measure of the relaxation processes occurring in the material. The findings of 

such an investigation indicate that the shape of the 𝑀"spectra does not vary with temperature 

variations. This finding suggests that the ionic relaxation mechanism is temperature 

independent, and that a process known as time-temperature superposition (TTS) holds. TTS 

is a phenomenon where the relaxation processes occurring at different temperatures can be 

superimposed onto a single master curve by an appropriate scaling of the 𝑀" spectra.  

The TTS concept has been widely used in the study of glassy materials and other amorphous 

solids. It has been widely observed that the shape of the 𝑀" spectra is sensitive to variations 

in the glass composition, and shape of spectra generally increases in width with increasing 

ion concentration. It supports the hypothesis that the total mobile ion concentration in the 

glass influences the ion relaxation mechanism.  
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(a)  (b)  

(c)   (d)  

(e) (f) 

Figure 5.17: (a-f) Normalized plots of the real part of the modulus (M’) as a function of scaled 
frequency using Taylor-Isard-Scaling (T-I-S) formalism for all the series samples. 

According to the Taylor-Isard-Scaling (T-I-S) formalism [91], [112], the real component of 

the modulus is scaled in the current system using the function 𝑓/𝜎ௗ, while the 𝑀" spectrum 

is scaled using Roling formulation [98], [113] with 𝑀௫
"  and its corresponding maximum 

frequency, 𝑓௫. Fig. 5.17(a-f) represent the M’ vs log(𝑓/𝜎ௗ) scaling and Fig. 5.18(a-f) 

depict 𝑀"/𝑀௫
"   vs. log(𝑓/𝜎ௗ 𝑇) at various temperatures for all glass compositions.  
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(a)  (b)  

(c)  (d)  

(e) (f) 

Figure 5.18: (a-f) Normalized plots of the imaginary part of the modulus (M’’) as a function of 
scaled frequency using Roling formalism for all the series samples. 

The overlap of the modulus curves at all temperatures suggests that the dynamic processes 

occurring at different frequencies are not affected by temperature. Furthermore, it is found 

that the 𝑀ᇱand 𝑀"spectra for different temperatures could be integrated into a single "master 

curve" using T-I-S and Roling formalisms of scaling, respectively, Fig. 5.17(a-f) and Fig. 

5.18(a-f).  
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(a)  (b)  

(c)  (d)  

(e) (f) 

Figure 5.19: Scaling of imaginary component of modulus for all the glass samples at 373 K 
temperature using various model formalisms given by (a) Ghosh, (b) Taylor-Isard, (c) Roling and 

(d) Summerfield. Taylor-Isard formalisms used for (e) imaginary part of modulus (𝑀"), and (f) for 
real part of modulus (𝑀ᇱ). 

This implies that all dynamic processes occurring at different time scales had the same 

activation energy and that the distribution of relaxation time was temperature independent.  

The normalized modulus function, 𝑀"/𝑀௫
" , demonstrates a single master curve when 

scaled with log  ൫𝑓 𝑓⁄ ൯, according to Ghosh formalism, as depicted in Fig. 5.19(a). After 

numerous attempts using various scaling formalisms [79]–[81], [112], [114], however, 

209



Chapter 5 Sodium Borophosphate Glass (NBP) series     

from Fig. 5.19(b) onward, the imaginary and/or real parts of the modulus do not collapse 

into a single master curve, particularly at the dispersive frequency region, implying that the 

relaxation mechanism is affected by changes in glass electrolyte compositions. It also 

suggests that all dynamic processes occurring at different time scales exhibit the same 

activation energy and that the distributed relaxation time is independent of temperature. 

5.4 Conclusion 

In the present study, 𝒙(𝑵𝒂𝑰): (𝟏𝟎𝟎 − 𝒙)[𝟑𝟎 𝑵𝒂𝟐𝑶: (𝟓𝟔 𝑩𝟐𝑶𝟑 + 𝟏𝟒 𝑷𝟐𝑶𝟓)] glassy 

electrolyte, prepared by a rapid melt quench method, the ionic conductivity considerably 

increases with the addition of 𝑁𝑎𝐼 up to 4 𝑤𝑡. % giving a maximum ionic conductivity 

1.18883𝑥 10ି଼ 𝑆/𝑐𝑚 at room temperature. The present borophosphate glass system 

describes the behavior of borophosphate glasses as electrolytes, specifically their sodium 

ion conduction mechanism and the nature of their relaxation times as follows. 

 The NBP glass system defines the behaviour of borophosphate glasses as 

electrolytes, in particular the nature of their 𝑁𝑎ାion conduction mechanism and 

their relaxation durations as the Weak Electrolyte model, as established by Ravaine-

Souquet. 

 The decoupling index is influenced by the occurrence of trapping effect in NBP 

glass systems due to relatively smaller size of cations, resulting in an effectively 

lower concentration of decoupled 𝑁𝑎ା ions at a given temperature. 

 The polarisation of an ionic medium at lower frequencies is predominantly 

governed by the displacement of mobile ions in the direction of the electric field 

that is applied, seen in the studied range of 𝑁𝑎𝐼 doped NBP glass samples. The 

reduction in the magnitude of polarisation or dielectric relaxation strength (∆𝜀) of 

the medium is a consequence. The dielectric relaxation strength exhibits 

dependence on both the temperature and glass composition. The observed increase 

in dielectric relaxation strength (∆𝜀) is attributed to thermal effects and is found to 

be a gradual function of temperature. The observed polarisation is a result of 

microscopic phenomena and is susceptible to the effects of mobile ion concentration 

and hopping distance. 

 The electric modulus study confirms that the relaxation times are distributed and 

non-Debye in nature, with a stretching parameter β that indicates deviation from 

ideal Debye behaviour. The cooperative nature of the conduction process is 
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responsible for the distribution of relaxation times in the disordered structure of 

NBP glasses. A lower value of 𝛽 in the glass composition indicates greater 

cooperation among the mobile ions. This means that when an ion moves from one 

equilibrium position to another, it causes other charge carriers in the vicinity to 

move in a time-dependent manner, leading to a further relaxation of the applied 

electric field. 

➢ Additionally, the scaling of conductivity and electric modulus suggests that all 

dynamic processes in the system have activation energies that are essentially the 

same. This indicates that the energy required for the system to transition from one 

state to another is consistent across different timescales. The distribution of 

relaxation times is also found to be independent of temperature, but is influenced 

by the glass compositions.  

Overall, these findings provide insights into the ion migration process due to presence of 

varying amount of 𝑁𝑎𝐼 in disordered structure of sodium borophosphate glass system, 

emphasizing the importance of cooperative nature of the conduction process which is 

responsible for the distribution of relaxation times. This suggests that the structure and 

composition of the glass play a significant role in determining the properties of the 

electrolyte system. 
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