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Chapter 4 Lithium Borophosphate Glass (LBP) series 

4.1 Introduction to the Glass Series 

Fast ionic conductors or electrolytes based on lithium have been extensively studied and 

utilized in various technologies due to their high ionic conductivity and stability. These 

properties make them ideal for use in lithium-ion batteries, which are widely used in 

portable electronic devices such as laptops, smartphones, tablets, in timers and coulometers 

for accurate timekeeping, in solid-state display (electrochromic) devices, and gas sensors, 

which detect the presence of specific gases in the environment [1], [2], [3]. They can be 

used as solid electrolytes in solid-state batteries because they are chemically and 

electrochemically stable over a wide range. These glasses, which transport lithium ions, can 

have good electrochemical properties and are being researched as potential electrolytes in 

"all-solid-state" batteries. These batteries are a type of rechargeable battery that uses a solid-

state electrolyte instead of a liquid or gel electrolyte. In an all-solid-state battery, lithium 

intercalation compounds can be used as the cathode, which is the negative electrode where 

the lithium ions are stored during charging, and a positive electrode or anode can be made 

from a variety of materials including lithium metal, lithium-ion insertion compounds, or 

transition metal oxides [3], [4]. Due to the light weight and highly electropositive nature of 

lithium metal, electrochemical cells employing lithium ion conducting electrolytes generate 

high voltage and a specific energy density. It is anticipated that solid electrolytes that 

conduct lithium ions will play a key role as materials for improved batteries [3]. As a solid 

electrolyte, one of the most significant features of such glass is that it can change its 

composition over a wide range. Intriguingly, the mutual interaction of two glass-forming 

oxides, 𝐵ଶ𝑂ଷ and 𝑃ଶ𝑂ହ, in the binary system results only in the crystalline compound 𝐵𝑃𝑂ସ, 

not glass. The tetrahedra of 𝐵𝑂ସ, and 𝑃𝑂ସ, make up its structure. The lithium-ion-

conducting borophosphate glasses are a promising candidate for solid-state batteries due to 

their exceptional ionic conductivity, thermal stability, and electrochemical stability. In the 

lithium borophosphate glass system, the presence of 𝐵𝑂ସ tetrahedra causes the creation of 

𝐵 − 𝑂 − 𝑃 bridges, which results in the random branching and compacting of the 

borophosphate glass network [5]. The structural investigation of the lithium borophosphate 

glass system with composition [60𝐿𝑖ଶO: (8𝐵ଶ𝑂ଷ + 32𝑃ଶ𝑂ହ)] uncovers the presence of 

ionic conductivity-enhancing structural groups like 𝐵𝑃𝑂ସ and 𝐵𝑂ସ. In addition, the 

observed variation in glass transition temperature 𝑇௚ with composition suggests that there 

is a correlation between the observed variation in glass transition temperature (𝑇௚) and the 

composition of the glass. Specifically, this correlation has been linked to structural 
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modifications in the glass network, particularly with regard to the borate components of the 

network former [6]. According to Mizerakova, in the lithium borophosphate ternary glass 

system, the weakening of Coulombic interactions leads to the lowest activation energy and 

the highest conductivity for lithium ions 𝐿𝑖ା [7]. By reducing the strength of Coulombic 

interactions, the activation energy required for the movement of lithium ions decreases. This 

lower activation energy allows for easier movement of the ions within the glass structure, 

resulting in higher lithium ion conductivity. Katiyar et al.; [2] evaluated lithium cation 

conductivity since the glass system comprises lithium orthophosphate, diphosphate, and 

boric acid. According to Dirk Larink [8], the formation of the 𝐵 − 𝑂 − 𝑃 link in the lithium 

glass system reveals a strong preference for heteroatomic 𝐵 − 𝑂 − 𝑃 linkages over 

homoatomic 𝑃 − 𝑂 − 𝑃 or 𝐵 − 𝑂 − 𝐵 couplings.  

From the literature review, we can say that the transport mechanisms of 𝐿𝑖, 𝑁𝑎, and 𝐴𝑔 ions 

in the 𝑀ଶ𝑂 − 𝐵ଶ𝑂ଷ − 𝑃ଶ𝑂ହ; (𝑀𝑒𝑡𝑎𝑙 (𝑀): 𝐿𝑖, 𝑁𝑎 𝑎𝑛𝑑 𝐴𝑔) glass system have received scant 

attention to date in terms of ion conductivity and relaxation mechanisms in the metal iodide 

(𝑀𝐼) doped borophosphate glass system. 

Lithium is considered a hard acid because it has a small atomic radius and a high charge 

density, which means it polarizes electrons strongly. Iodine, on the other hand, is a soft base 

because it has a large atomic radius and a low charge density, which makes it easy to 

polarize. When a strong acid like lithium interacts with a weak base like iodine, the resulting 

bond is often more covalent than ionic. This is because the high charge density of lithium 

allows it to polarize the electrons of the iodine atom, creating a partially covalent bond. This 

covalent character can lead to unique properties in the resulting compound, such as 

enhanced conductivity and relaxation mechanisms. In the modified borophosphate glass 

system doped with 𝐿𝑖𝐼, the softness of the iodine atom may make it easier for 𝐿𝑖 ions to 

move through the glass structure, increasing its conductivity. Understanding the 

conductivity and relaxation mechanism in this system can have important implications for 

the development of new materials for energy storage and other applications. The structural 

changes made to the glass network as a result of replacing lithium iodide with 

[𝐿𝑖ଶ𝑂 − (𝐵ଶ𝑂ଷ − 𝑃ଶ𝑂ହ)] may be advantageous for the transport of lithium ions. Given that 

the lithium oxide concentration is maintained at a consistent level throughout the entire 

series, the variation of 𝐿𝑖𝐼 in the structural units of glass and their impact on the mobility of 

lithium ions are directly related to the observed conductivity changes.  
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In this regard, the current chapter focuses on the glass system with the chemical compound 

𝑥(𝐿𝑖𝐼): (100 − 𝑥)[60𝐿𝑖ଶ𝑂: (8𝐵ଶ𝑂ଷ + 32𝑃ଶ𝑂ହ)], in which 𝐿𝑖𝐼 is gradually increased from 

undoped to weight per cent as 5, 10, 15, 20 and 25. The composition of each sample is 

symbolized as 𝐿𝐵𝑃𝑥, where 𝑥 represents the 𝑤𝑡. % of lithium iodide salt doped in the 

sample. In order to get a thorough understanding of the 𝐿𝑖ା ion transport mechanisms 

involved in the above glass, it is necessary to investigate the relationship between 

composition, structure, and ionic conductivity, as well as dielectric and modulus studies. 

4.2 Experimental  

4.2.1 Materials used 

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

𝑁𝐻ସ𝐻ଶ𝑃𝑂ସ), lithium oxide (𝐿𝑖ଶ𝑂) and lithium iodide (𝐿𝑖𝐼) were used for preparation of 

electrolyte materials.  

4.2.2 Preparation method 

In the present study, composition for the glass samples with 𝑥 ranging from 0 to 25 𝑤𝑡. % 

in the glass series 𝑥(𝐿𝑖𝐼): (100 − 𝑥)[60𝐿𝑖ଶ𝑂: (8𝐵ଶ𝑂ଷ + 32𝑃ଶ𝑂ହ)] were prepared using 

conventional melt quench method. 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 1000℃ − 1080℃ for nine hours then being cooled 

between two pre-cooled copper blocks. For all glass compositions, the created glass 

specimens were milky 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 at a temperature of 150℃ for a duration of half an hour. The Table 

4.1 contains a list of the solid electrolyte samples that vary in the concentration of the 

additive halide-𝐿𝑖𝐼 while maintaining the equal ratio of glass former to the modifier. 

4.3 Results and discussion 

4.3.1 Physical Characterization 

Table 4.1 lists the physical specifications of the presented glasses. The density (𝜌) 

increases from 2.46 𝑔/𝑐𝑐 to 2.50 𝑔/𝑐𝑐 when the 𝐿𝑖𝐼 salt content increases from 

0 to 25 𝑤𝑡. %. This may be related to the rise in iodide ion molecular weight 
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(126.9045 𝑔/𝑚𝑜𝑙𝑒) in 𝐿𝑖𝐼. Confirming the expansion of the glass structure, as depicted in 

Fig. 4.1(a), the molar volume (𝑉௠) increases from 41.2346 𝑐𝑐/𝑚𝑜𝑙𝑒 to 43.8829 𝑐𝑐/𝑚𝑜𝑙𝑒 

when the concentration of lithium salt increases. The structure is also accompanied by a 

decrease in oxygen packing density (𝑂𝑃𝐷) from 59.1736 𝑚𝑜𝑙/𝑙 to 42.2038 𝑚𝑜𝑙/𝑙 while 

oxygen molar volume (𝑉ை) increases from 16.90 to 23.70 𝑐𝑐/𝑚𝑜𝑙𝑒, meaning volume 

expansion of the glass upon addition of 𝐿𝑖𝐼. However, the modifier oxide does not release 

as many 𝐿𝑖ାas the additive halide as shown in Fig. 4.1(b). The net number of cations 

released for conduction steadily increases, which may lead to an increase in conductivity, 

Fig. 4.1(b). Furthermore, the sample code LBP25 has the highest proportion of cations at 

the Fermi energy level (𝐸௙), as shown by Fig. 4.1(c), which suggests an increase in defect 

energy states or free charge carriers [1]. As the carrier concentration and mobility of mobile 

ions affect ionic conductivity, it increases the mobility of the charge carriers with the lowest 

activation energy for ion migration.  

4.3.2 Thermal Characterization 

Based on the provided information, it appears that the migration of mobile ions in FIC (Fast 

Ion Conductor) glasses is attributed to cation dissociation from the rigid glass network [9]. 

The glass transition temperature (𝑇௚) is a key parameter that can help determine the 

decoupling index. 

The composition of the glasses is directly linked to the glass transition temperature (𝑇௚). In 

the current system, the addition of 𝐿𝑖𝐼 (Lithium Iodide) results in a slight decrease in the 

glass transition temperature from 1063.5 𝐾 to 1061.1 𝐾. Table 4.1 shows that as the 

concentration of 𝐿𝑖𝐼 increases, the total cation concentration also increases. This increase 

in cation concentration is expected to enhance ion conductivity.  

 

Furthermore, Fig. 4.1(d) illustrates that the addition of salt (𝐿𝑖𝐼) causes a decrease in the 

glass transition temperature by up to 25 𝑤𝑡. %. This decrease suggests that charge carriers 

have been released from the glass, leading to an expansion of the glass structure and 

increased softness.  

 

Therefore, it can be concluded that the value of the glass transition temperature (𝑇௚) in the 

present system is composition-dependent, meaning it varies with the composition and 

concentration of 𝐿𝑖𝐼 [10]. 
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4.3.3 Structural Characterization 

a) X-ray Diffraction study

The X-ray diffraction (XRD) pattern of the LBP series with varying quantities of added 

halide salt shows (Fig. 4.1(e)) that the samples are completely amorphous and glassy. This 

is indicated by the broad and dispersed humps visible in the XRD pattern at roughly 30଴ 

and 50଴. The broadening of these humps with increasing salt concentration suggests that 

the prepared system becomes increasingly amorphous. Amorphous materials are 

characterized by a lack of long-range order, which means that the atoms or molecules in 

the material are not arranged in a regular repeating pattern. This lack of order can lead to 

increased mobility of the backbone structure, which can enhance ionic conductivity. The 

results of the XRD study suggest that the addition of halide salt to the LBP series leads to 

the formation of increasingly amorphous materials with enhanced ionic conductivity. This 

is a promising finding for the development of new materials for use in energy storage and 

other applications.  

 Table 4.1: Physical parameters of Lithium borophosphate (LBP) glass electrolyte system. 
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𝑳𝑩𝑷𝟎 40 60 0 2.46 41.23 59.17 16.90 8.76 - 8.76 - 

𝑳𝑩𝑷𝟓 38 57 5 2.46 41.89 55.34 18.07 8.20 0.72 8.92 1.60 

𝑳𝑩𝑷𝟏𝟎 36 54 10 2.47 42.36 51.84 19.29 7.68 1.42 9.10 3.20 

𝑳𝑩𝑷𝟏𝟓 34 51 15 2.48 42.90 48.34 20.69 7.16 2.11 9.27 4.78 

𝑳𝑩𝑷𝟐𝟎 32 48 20 2.48 43.50 44.88 22.28 6.65 2.77 9.42 7.31 

𝑳𝑩𝑷𝟐𝟓 30 45 25 2.50 43.88 42.20 23.69 6.25 3.43 9.68 9.24 
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(a)  (b) 

(c) (d) 

(e) 

Figure 4.1: (a) Density and molar volume as a function of 𝐿𝑖𝐼 additive concentration, (b)Variation 
of number of charges as a function of modifier oxide and additive halide, (c) Cation concentration 
at Fermi energy level as a function of glass composition, (d) Glass transition temperature of LBP 
glass series, and (e) X-ray diffraction pattern for NBP glass series compositions. 

𝟐𝜽 
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b) Fourier Transform Infrared (FT-IR) Spectroscopy study 

Several absorption bands of the LBP glass system are seen in the recorded IR spectra shown 

in Fig. 4.2. The band positions and their assignments are present in Table 4.2. The 

absorption bands at the wavenumbers 768 𝑐𝑚ିଵ,1103 𝑐𝑚ିଵ,1116 𝑐𝑚ିଵ,1240 𝑐𝑚ିଵ, 

1283 𝑐𝑚ିଵ,1334 𝑐𝑚ିଵ,1383 𝑐𝑚ିଵ, 1400 𝑐𝑚ିଵ,  and 1640 𝑐𝑚ିଵ have been identified to 

study the present glass system.  

The different absorption bands, which are related to the stretching and bending vibrations 

of the bonds between different atoms or groups of atoms are given below: 

 The absorption band at 768 𝑐𝑚ିଵ corresponds to the 𝐵 − 𝑂 − 𝐵 linkage bending in 

borate network structure [10]–[16]. 
 The characteristic peak at 1103 𝑐𝑚ିଵ confirms the presence of 𝑃𝑂ଶ units in the 

pyro- and meta- phosphate group [16], [17]. 
 In the lithium borophosphate glass series, 𝑃 − 𝑂 − 𝐵 linkages have a signature peak 

at 1116 𝑐𝑚ିଵ wave number [18]. 
 The asymmetric stretching vibration of the 𝑃 − 𝑂 − 𝑃 bond is observed at 

1240 𝑐𝑚ିଵ [19], [20], while the asymmetric stretching vibration of 𝐵 − 𝑂 bonds of 

𝐵𝑂ଷ unit shows the characteristic peak at 1283 𝑐𝑚ିଵ [21]–[23]. 
 A characteristic peak near about 1334 𝑐𝑚ିଵ reveals the presence of borate units in 

pyro- and ortho- borate group [16]. 
The manifestation of bridging oxygen molecules between triangular borate unit and the 

tetragonal borate unit are observed and given below.  

 The vibration mode at 1383 𝑐𝑚ିଵ is likely due to bridging oxygen molecules 

between triangular borate units and tetragonal borate units [16].  

 The vibration at 1384 𝑐𝑚ିଵmay be attributed to the 𝑃 = 𝑂 bond and asymmetric 

vibration modes of the 𝑃 − 𝑂 − 𝑃 link [11], [24].  

 The vibration at 1400 𝑐𝑚ିଵ is associated with the 𝐵 − 𝑂 bond and non-bridging 

oxygen atoms in penta-, ortho-, and pyro- borate groups [16], [18], [25]. 

 Finally, the peak at 1640 𝑐𝑚ିଵ is related to the asymmetric stretching mode of 

relaxation vibration in 𝐵 − 𝑂 bonds present in trigonal 𝐵𝑂ଷ units [23].  
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Figure 4.2: FTIR absorption spectra of the samples of LBP glass series between 400 𝑐𝑚ିଵ to 
2000 𝑐𝑚ିଵ wave number. 

The addition of 𝐿𝑖𝐼 to lithium oxide modified boro-phosphate glass can lead to a continuous 

breakdown of the borate ring structure. This breakdown can result in the polymerization of 

the borate network. This process can be observed through the shifting of the wave number 

from 768 𝑐𝑚ିଵ to 780 𝑐𝑚ିଵ for the LBP25 sample. This shift corresponds to the 𝐵 − 𝑂 

stretching of 𝐵𝑂ସ units. Similar observations have been reported by H. Tunt et al; [15], and 

N.J. Kim [20], and T. Q. Leo et al; [16] have reported that the conversion from 𝐵𝑂ଷ to 𝐵𝑂ସ 

unit ultimately polymerises the borate network in the  glass structure. Form pure LBP 

sample to LBP25 sample the band at 1103 𝑐𝑚ିଵ goes broadened signifies the formation 

of  tetragonal borate unit.  

The absorption band at 1116 𝑐𝑚ିଵ is believed to shift to approximately 1096 𝑐𝑚ିଵ in the 

lithium oxide modified boro-phosphate glass. This shift may be attributed to the weakening 

of the double bond character in 𝑃𝑂ସ polyhedra. This finding is consistent with the results 

of previous research work conducted by Kabi and Ghosh [18]. The band at 1240 𝑐𝑚ିଵ 

appears for LBP10 sample and till 25 𝑤𝑡. % 𝐿𝑖𝐼 addition in the sample exhibits the 

broadening of this band can be ascribed to the changes in 𝑃 − 𝑂 − 𝑃 linkage due to 

formation of cross linking through 𝑃 − 𝑂 − 𝐵 bond formation. The 𝑃 − 𝑂 − 𝑃 linkage is 

a type of chemical bond that occurs between two phosphate groups. This bond is 

responsible for the strength and flexibility of the phosphate backbone. The addition of 𝐿𝑖𝐼 

to the LBP series leads to the formation of cross links between the phosphate groups. These 
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cross links make the backbone more rigid and less flexible. This is reflected in the 

broadening of the 𝑃 − 𝑂 − 𝑃 band in the IR spectrum. The blur peak at 1383 𝑐𝑚ିଵ is seen 

in pure LBP glass, which is shifting to the lower wavenumber 1357 𝑐𝑚ିଵ for LBP25 

sample, which confirms the elongation of 𝐵𝑂ଷ units and eventually converting to tetragonal 

borate group as 𝐵𝑂ସ  [17], [24].  

Table 4.2:Band positions and assignments of IR bands of the LBP glass system. 

Wavenumber 
(Cm-1)  

Mode of 
Vibration 

Assignment of IR band Reference 

~ 755 − 770 (𝝂𝒔) 

 P-O-P in rings of the Bridging Oxygen atoms. 
Transformation of borate units from BO3 to BO4. 

 B-O-B linkages bending in borate network. 

[10], [11], 
[13], [15], 
[16], [19], 
[25]–[28] 

~1100 − 1150 
(𝝂𝒂𝒔) 
(𝝂𝒔) 

 

 P-O-P of poly-meta chain of (PO3
-) unit. 

 NBO from terminal P-O bond and PO3 unit. 

 B-O stretching of  BO4units in various borate 
rings (di-, tri-, tetra-, penta borate groups). 

[16], [19], 
[21], [22], [29] 

~1225 − 1240 (𝝂𝒂𝒔) 

 B-O stretching vibrations of BO3
- units in penta-, 

ortho-, pyro- and meta- borate groups. 

 Metaphosphate (PO2)- group.  

 P=O in PO4 structural unit with one NBO and 
change in 𝑃 − 𝑂 − 𝑃 linkage due to formation of  
𝑃 − 𝑂 − 𝐵 (cross) link. 

[13], [19]–
[21], [23], [30] 

1283 (𝝂𝒂𝒔)  𝐵 − 𝑂 bonds of 𝐵𝑂ଷ unit. [21]–[23] 

~1334 − 1383 (𝝂𝒔) 

 Borate unit in pyro- and ortho- borate group. 

 BO between BOଷ and BO4 group.  

 P=O in NBO atom of phosphate chain PO2 of 
NBO in a phosphate chain. 

[11], [17], 
[23], [24], [26] 

~1400 − 1404 (𝝂𝒂𝒔)* 

 Borate triangle unit (BO-). 

 B-O bonds associated with NBO in penta-, ortho-
and pyro- borate group. 

[16], [18], 
[21], [23], [25] 

1627 (𝝂𝒂𝒔)  B–O bond present in trigonal BO3 units. [23] 

Where, 𝛿௦, 𝜈௦ and 𝜈௔௦ are the bending, symmetric and asymmetric stretching, and *antisymmetric 
stretching mode of vibrations, respectively. 

The wavenumber at 1400 𝑐𝑚ିଵ for the non-bridging oxygen bonded with 𝐵 − 𝑂 link 

remains unchanged with 𝐿𝑖𝐼 addition. This suggests that the non-bridging oxygen atoms 

are not involved in the formation of cross links between the phosphate groups. The 

wavenumber at 1640 𝑐𝑚ିଵ is observed for LBP0 sample and gradually moves towards 

1627 𝑐𝑚ିଵ for 25 𝑤𝑡. % addition of 𝐿𝑖𝐼. This suggests that the trigonal 𝐵𝑂ଷ units are 

disappearing and being replaced by tetragonal 𝐵𝑂ସ units. The decrease in the wavenumber 

of the 𝐵𝑂ଷ unit is due to the elongation of the unit. This elongation is caused by the 

formation of cross links between the phosphate groups. The gradual increase in 
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𝐿𝑖𝐼 concentration leads to the expansion of the glass structure which is due to the 

polymerisation of the borate and depolymerisation of phosphate network. 

4.3.4 Electrical Characterization / Impedance Spectroscopy 

The impedance spectra of the LBP glass series electrolyte samples were studied using the 

impedance formalism technique. The effect of increasing amounts of 𝐿𝑖𝐼 on the impedance 

response of the host glass system, 𝐿𝑖ଶ𝑂 − 𝐵ଶ𝑂ଷ − 𝑃ଶ𝑂ହ, is illustrated. The impedance plots 

for all LBP series compositions over the temperature range of 303 𝐾 to 413 𝐾, the complex 

impedance spectra of glasses were measured using the Solartron-1260A for the frequency 

range of 1 𝐻𝑧 𝑡𝑜 32 𝑀𝐻𝑧. 

a) DC conductivity

Fig. 4.3(a-f) depicts the Nyquist plot for all the glass samples and an equivalent circuit for 

the LBP25 glass at a temperature of 373 𝐾 is shown in Fig. 4.3(g). The Nyquist plot given 

in Fig. 4.3(a-f) shows two semicircles, which is indicative of a kinetically controlled charge 

transfer mechanism. The diameter of the high-frequency region semicircle gives the bulk 

(electrolyte) resistance, while the lower-frequency semicircle is caused by the ion diffusion, 

or "mass transfer resistance," of the electrolyte and the interface between the electrode and 

the electrolyte [32]. The second semicircle begins to form as the salt (𝐿𝑖𝐼) content in the 

glass rises and its bulk resistance at high frequencies lowers. This is because the addition 

of 𝐿𝑖𝐼 increases the ionic conductivity of the glass, which allows for more ions to participate 

in the charge transfer process. In the studied frequency range, it is noticed that the thermally 

stimulated cations contribute to ionic conductivity at high temperatures. This is because the 

thermal energy at high temperatures allows the cations to overcome the activation energy 

barrier and move more freely. The results of the Nyquist plot analysis suggest that the 

addition of 𝐿𝑖𝐼 to the LBP series leads to the following:  

i) Increased ionic conductivity, ii) Reduced bulk resistance, and iii) Increased contribution

of thermally stimulated cations to ionic conductivity at high temperatures.  

These changes in the ionic conductivity can be expected to affect the properties of the LBP 

series, such as their electrochemical performance [31]. The dc conductivity is determined 

by the following Eq. (4.1). Where,  𝜎ௗ௖ is the dc conductivity, 𝑡 is the thickness and 𝐴 is 

the cross section area of the sample under investigation. 

𝜎௕ =  
𝑡

𝑅௕𝐴
… . . (4.1)
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(a) (b) 

(c) (d) 

(e) (f) 

Figure 4.3: (a-f) Nyquist plots for LBP series samples for undoped, 5, 10, 15, 20 and 25 (wt.%) of 
𝐿𝑖𝐼 addition in the lithium boro-phosphate glass system respectively.  

An analogous circuit model, as shown in Fig. 4.3(g), was utilized to fit Nyquist plots in 

order to better understand electrochemical impedance spectroscopy profiles. The fitted 

model circuit is a helpful tool for understanding the components of the circuit, the time 

constant, and the dispersion-diffusion processes involved in the Nyquist plot. By analyzing 

the circuit, various parameters and phenomena can be better understood. The bulk 

resistance of the specimen (𝑅௕) can be determined by examining the intercept of an arc 

with the real axis (𝑍ᇱ). This bulk resistance represents the resistance of the overall system 

or sample being analyzed.  
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(g) (h) 

Figure 4.3: (g) Nyquist plot and the equivalent circuit (inset) for LBP25 sample at 373 𝐾 (solid 
line is a guide for eyes), (h) Nyquist plot of glassy electrolytes with 𝑥𝐿𝑖𝐼 in the LBP glass system 
(𝑥 = 0 𝑡𝑜 25 𝑤𝑡. %) at 373 𝐾 temperature. 

When observing a Nyquist plot, the presence of two semicircle arcs on the impedance plot 

can be explained by a series of two parallel lumped resistances, diffusion coefficients of 

the ions, constant phase element (CPE) combinations, and a Warburg element. The parallel 

lumped resistances represent different resistive elements in the system that contribute to 

the overall impedance. The diffusion coefficients of the ions are associated with the 

movement of ions within the system, and they influence the transport properties. The 

constant phase element (CPE) is used to account for non-ideal behavior in the system, such 

as the presence of capacitance or double-layer effects. It is often used to model the behavior 

of electrodes or interfaces. The Warburg element is a diffusion-related phenomenon that 

appears as a linear tail at high frequencies in the Nyquist plot. It represents the impedance 

associated with diffusion processes occurring within the system. By fitting the experimental 

data to the model circuit, the parameters of the circuit can be determined, providing 

valuable insights into the underlying mechanisms and processes occurring in the system 

under study. The Warburg element is a diffusion element that accounts for the slow 

diffusion of ions through the electrolyte. The Warburg element is inversely proportional to 

the square root of frequency. The electrode-electrolyte interface is represented by the CPE 

element in an equivalent circuit, as shown by inset of Fig. 4.3(g), which stands for the 

distribution of glass characteristics and is also known as double-layer capacitance effects 

(CDL). The CPE element is the capacitance that exists between the electrode and the 

electrolyte. The equivalent circuit model is a powerful tool that can be used to understand 

the electrochemical impedance spectroscopy (EIS) profiles of materials. The Nyquist plots 
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of all the series samples show that the arc at high frequency decreases in diameter and tends 

to migrate towards the origin of the graph, indicating that the impedance value lowers with 

increasing temperature. Other glass compositions exhibit these temperature-related 

changes as well. The complex plots show that the semi-circle at the higher frequency is 

bigger than the arc at the lower frequency. According to the glass compositions at 373 𝐾, 

the larger and smaller semicircles in Fig. 4.3(h) changed with variations in the 

corresponding frequency regimes. This is because the larger semicircle is associated with 

the bulk resistance of the material, while the smaller semicircle is associated with the 

electrode-electrolyte interface. 

Jonscher [34] has shown that glasses are isotropic materials with negligible grain boundary 

capacitance and resistance. This means that the bulk conductivity of a superionic material 

is unaffected by the size of its grains. The results of the EIS study suggest that the addition 

of 𝐿𝑖𝐼 to the LBP series leads to increased ionic conductivity, reduced bulk resistance, and  

also increased contribution of thermally stimulated cations to ionic conductivity at high 

temperatures but isotropic behaviour with negligible grain boundary capacitance and 

resistance [32]. The centres of the obtained impedance semicircles are below the real axis 

of the complex impedance plot. The angle between the complex plane origin and the centre 

of the semicircle explains the degree of asymmetry between the electrode and electrolyte 

interfaces that may lead to distortion. Fig. 4.4(a) illustrates the variation in ionic 

conductivities as a function of temperature. It is the log 𝜎ௗ௖ vs 1000/𝑇 curve for different 

𝐿𝑖𝐼 concentrations in various system compositions.  

𝜎ௗ௖(𝑇) = 𝜎଴ 𝑒𝑥𝑝 ൬
−𝐸௔

𝑘𝑇
൰      … . . (4.2) 

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

the activation energy of 𝐿𝑖ା ions, and 𝜎଴ is the pre exponential factor. The activation energy 

(𝐸௔) necessary for the conduction process is computed using the slope of the dc 

conductivity curve fitted with the Arrhenius relation, Eq. (4.2), shown in Fig. 4.4(a). The 

goodness of the linear fit ranges from 0.97532 to 0.99819. Fig. 4.4(b) depicts the dc 

conductivity and activation energy plot for various salt concentrations.  

The addition of 𝐿𝑖𝐼 to a borate network lowers the activation energy for ion conduction. 

This is due to the following factors: (i) 𝐿𝑖𝐼 is a smaller ion than 𝐿𝑖ଶ𝑂, which creates more 

space for ions to move through the network (ii) 𝐿𝑖𝐼 is a more polarizable ion than 𝐿𝑖ଶ𝑂, 

which makes it easier for ions to interact with the network (iii) 𝐿𝑖𝐼 is a more ionic compound 
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than 𝐿𝑖ଶ𝑂, which makes it easier for ions to move through the network. The decrease in 

activation energy leads to an increase in ionic conductivity.  

(a) (b) 

(c) 

Figure 4.4: (a) 𝑙𝑜𝑔 𝜎ௗ௖ vs. 1000/𝑇 plot of all glass samples (Sphere indicate the data point and 
the straight line reflects linear fitting of the trend- a guide to the eyes),(b) Variation of 𝜎ௗ௖ with 
activation energy 𝐸ఙ for LBP glass compositions,(c) Decoupling index (𝑅ఛ) at various 
temperatures for LBP glass series compositions. 

This is because ions can move more easily through the network, which allows for faster 

charge transport. As seen in Table 4.3, the addition of 𝐿𝑖𝐼 leads to a decrease in activation 

energy. This reduction in activation energy implies that less electrostatic binding energy 

and strain energy are required for the passage of lithium and silver ions. This suggests that 

the presence of 𝐿𝑖𝐼 facilitates the movement of ions within the system. Although there is 

only a small variation in the glass transition temperature (𝑇௚), it is possible that this 

variation is connected to the rigid structure of the borate network. The addition of 𝐿𝑖𝐼 may 

affect the overall structure of the glass, causing slight changes in 𝑇௚. As the concentration 

of 𝐿𝑖𝐼 increases, the activation energy for the conduction pathway decreases. This 

activation energy is associated with the trap level beneath the conduction band [33]. 

Lowering the activation energy indicates that it becomes easier for ions to move through 

the conduction pathway. The steady decrease in 𝐿𝑖ା ion jump distance, along with the 

114



Chapter 4 Lithium Borophosphate Glass (LBP) series 

increase in molar volume (𝑉௠) measurements, supports and confirms the modification of 

activation energy and conductivity. These observations suggest that the addition of 𝐿𝑖𝐼 

affects the behavior of ions in the system, resulting in changes in activation energy and 

conductivity.  

At various temperatures and/or salt concentrations, the increase in conductivity is linked to 

the number of charge carriers and/or their mobility that are stimulated thermally. The 

network former (𝐵ଶ𝑂ଷ − 𝑃ଶ𝑂ହ) creates tetrahedral sites, into which the salt is introduced 

at interstitial places and causes the formation of non-bridging oxygen (NBO). The 

triangular borate units are then changed into tetrahedral borate units by formed NBO.  

According to theory, a lower degree of cross-linking the glass network results from the 

activation energy decreasing and conductivity rising with increased 𝐿𝑖𝐼 content. In turn, this 

causes the electrostatic binding energy to drop. The decoupling index  𝑅ఛ൫𝑇௚൯ represents 

the extent to which the motion of conducting ions within a glassy matrix can be separated 

or dissociated from the viscous motion of the matrix itself at the glass transition temperature 

(𝑇௚). It is calculated as the ratio of 𝜏௦(𝑇௚)/𝜏௠(𝑇௚), where 𝜏௦(𝑇௚) represents the average 

structural relaxation time at 𝑇௚, and 𝜏௠(𝑇௚) represents the average conductivity relaxation 

time at 𝑇௚. The structural relaxation time (𝜏௦) characterizes the time it takes for the glassy 

matrix to undergo structural rearrangements or relaxation. This relaxation process is related 

to the movement of atoms or molecules within the glassy material, which can contribute to 

its overall viscosity. On the other hand, the conductivity relaxation time (𝜏௠) refers to the 

time it takes for the conducting ions to migrate or diffuse within the glassy matrix. This 

process is associated with the ionic conductivity of the material. By comparing the two 

relaxation times at 𝑇௚, the decoupling index 𝑅ఛ൫𝑇௚൯ [37] provides information about the 

degree to which the motion of the conducting ions is decoupled from the viscous motion of 

the glassy matrix.  

A higher value of  𝑅ఛ indicates a greater ability to dissociate the motion of the conducting 

ions from the viscosity of the matrix, suggesting a higher degree of ion mobility or 

conductivity independent of the structural relaxation of the glassy material. 

As seen in Fig. 4.4(c), the decoupling index of the current system, 𝑅ఛ, given in Table 4.3, 

rises as temperature and the amount of 𝐿𝑖𝐼 in the system both rise. It indicates that the 

conductivity will continue to increase because the motion of the conducting 𝐿𝑖ା ions in the 
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glassy matrix is becoming decoupled from the viscous motion of the glassy matrix at 𝑇௚ as 

the composition and temperature vary. 

Table 4.3: Various studied physical parameters of the LBP glass system. 
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𝒂
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𝒆
𝑽

)  
Calculated at 373 K 

Cation [𝑳𝒊ା] concentration 
 𝒙 𝟏𝟎𝟐𝟏/𝒄𝒄 

Conductivity 
𝝈𝒅𝒄𝒙 𝟏𝟎ି𝟗

( 𝑺 𝒄𝒎ି𝟏) 

Decoupling 
index 

𝑹𝝉  𝒙 𝟏𝟎𝟔 

𝑵𝟏(𝑳𝒊ା)  
Dissociated 

from 
𝑳𝒊𝟐𝑶 

𝑵𝟐(𝑳𝒊ା) 
Dissociated 

from 
𝑳𝒊𝑰 

𝑵𝒊(𝑳𝒊ା)
Total 
no. of 
[𝑳𝒊ା] 

𝑳𝑩𝑷𝟎 1.12 26.01 5.19 8.76 - 8.76 

𝑳𝑩𝑷𝟓 1.08 341.48 28.86 8.20 0.72 8.92 

𝑳𝑩𝑷𝟏𝟎 1.06 438.02 68.13 7.68 1.42 9.10 

𝑳𝑩𝑷𝟏𝟓 1.05 912.74 87.39 7.16 2.11 9.27 

𝑳𝑩𝑷𝟐𝟎 0.91 1113.67 222.20 6.65 2.77 9.42 

𝑳𝑩𝑷𝟐𝟓 0.89 1967.11 392.49 6.25 3.43 9.68 

b) Frequency dependent conductivity

The ac conductivity of glass samples has been recorded and measured for all LBP glass 

compositions from 303 𝐾 to 413 𝐾 temperature and 1 𝐻𝑧 to 32 𝑀𝐻𝑧 frequency range.  

Fig. 4.5(a-f) and 4.6(a) refer to figures related to the ac conductivity. The ac conductivity 

depends on both temperature and composition: The study shows that the electrical 

conductivity of the material(s) under investigation is influenced by two factors: temperature 

and composition. This means that changes in temperature and the composition of the 

material(s) have an impact on the conductivity. It is obvious that  the frequency-dependent 

conductivity, denoted as (𝜎 ′
(ఠ)). This refers to the conductivity of the material(s) at 

different frequencies. The symbol 𝜔 represents the angular frequency. When increasing the 

𝐿𝑖𝐼 content within the studied range of frequencies, the frequency-dependent conductivity 

(𝜎 ′
(ఠ)) shows consistent behavior. This behavior is observed at a specific frequency range 

associated with the relaxation phenomenon. The study findings are consistent with similar 

results obtained by Meenakshi Dult et al;[33] in borosilicate glasses, and in lithium bismuth 

borate glasses by Mahmoud et al; [34]. This suggests that the observed behavior of ac 

conductivity with respect to temperature and composition is not unique to the material 

investigated in this particular study, but has also been observed in other types of glasses. 

Fig. 4.5 depicts the frequency-dependent conductivity of LBP glass electrolyte samples at 

various temperatures. 
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(a) (b) 

(c) (d) 

(e) (f) 

Figure 4.5: (a-f) The plots of 𝜎ᇱvs frequency at various temperatures for 𝑥 =  0, 5, 10, 15, 20 
and 25 𝑤𝑡. % of  𝐿𝑖𝐼 in the borophosphate glass, respectively (straight line represents the JPL 
fitting and guide to eyes). 

In Fig. 4.5(a-f) and 4.6(a), the frequency-dependent conductivity (𝜎ᇱ
ఠ) displays two key 

regions: plateau and dispersion. At low frequencies, there is a plateau region where the 

conductivity remains constant and is independent of frequency. This behavior arises due to 

the random distribution of charge carriers through activated hopping, which means the 

charge carriers move by hopping from one localized state to another. Within the plateau 

region, the conductivity is frequency-independent. This means that regardless of the 
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frequency of the applied electric field, the conductivity of material remains the same. The 

conductivity value observed in this region is referred to as the dc conductivity (𝜎ௗ௖). At 

higher frequencies, beyond the plateau region, a dispersion region is observed. In this 

region, the conductivity (denoted as 𝜎ᇱ
(ఠ)) continues to increase as the frequency (𝜔) 

increases. This indicates a frequency dependency of conductivity. The temperature has an 

effect on the frequency range spread within the plateau region. As the temperature increases, 

the dispersion region becomes narrower, meaning that the range of frequencies over which 

the conductivity deviates from the plateau value decreases. As the frequency increases 

further into the dispersion region, the conductivity spectra become more dispersed. This 

dispersion means that the conductivity values at different frequencies become more spread 

out, indicating a broader range of conductivity values at higher frequencies. At very high 

frequencies, the conductivity spectra may appear to merge or converge. This suggests that 

at extremely high frequencies, the conductivity becomes less dependent on the frequency 

and may approach a limiting value. 

The samples from LBP15 (Fig. 4.5(d)) begin to exhibit a second dip in the lower frequency 

range as a result of charge accumulation due to polarization. As the temperature rises, the 

conductivity transition shifts to a greater frequency as the mobile ions acquire thermal 

energy and overcome the barrier potential more easily. The frequency-dependent ac 

conductivity is usually formulated and fitted by Jonscher's universal power law [10], [35], 

as shown in Fig. 4.5(a-f) and 4.6(a).  

𝜎௔௖ =  𝜎ௗ௖ +  𝐴(𝜔)௡   … . . (4.3) 

where 𝐴 is the characteristic parameter, 𝜔 is the radial frequency, and 𝑛 is the temperature- 

and frequency-dependent power exponent (usually denoted as 𝑛(𝑇)). The values of 𝜎ௗ௖, A, 

and 𝑛 are derived from the experimentally determined frequency-dependent conductivity 

(𝜎ᇱ
(ఠ)

) at various temperatures. The observed increase in conductivity in the current glass 

samples can be attributed to two factors: the increase in the thermally activated total number 

of cations and/or their drift velocity as the temperature rises. Research conducted by M. 

Gabr et al., P. V. Rao et al., and other research teams in various glass systems [38]–[40] 

have reported similar findings.  

Table 4.3 shows that the total number of cations 𝑁௜(𝐿𝑖ା) in the current glass system, 

specifically 𝐿𝑖ା ions, increases from 8.764 𝑥 10ଶଵ /𝑐𝑐 for LBP0 sample to LBP25 sample 

with 9.682 𝑥 10ଶଵ /𝑐𝑐. This increase in the number of cations contributes to a higher 

concentration of charge carriers available for conduction.  
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(a) (b) 

(c) (d) 

(e) (f) 

Figure 4.6: (a-f) For all the glass samples of LBP series (a) Variation of ac conductivity (straight 
line shows JPL fitting) as a function of log frequency at 373 K, (b) Frequency exponent (𝑛) as a 
function of temperature, (c) Theoretical and experimentally obtained value of power exponent, (d) 
Mobile ion concentration 𝐾’ as a function of temperature, (e) Enthalpy for migration (𝐻௙) 

estimated using hopping frequency vs inverse of temperature trend, (f) Total enthalpy (𝐻) derived 
from the slope of linear fitted 𝑙𝑜𝑔 (𝜎ௗ௖  𝑇) vs. inverse of temperature plot (solid lines are the guide 
to the eyes). 

The conductivity at room temperature also varies accordingly, ranging from 10ି଼ 𝑆/𝑐𝑚 

for the LBP0 sample to 10ି଺ 𝑆/𝑐𝑚  for the LBP25 sample. The conductivity values 

demonstrate an increase in the ability of the glass samples to conduct electric current, which 

is consistent with the higher number of cations available for conduction. Therefore, the 
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increase in conductivity in the current glass samples can be attributed to the rise in the 

thermally activated total number of cations (specifically 𝐿𝑖ା ions) and/or their drift velocity 

with increasing temperature. 

 Conductivity scaling 

The Summerfield and Roling scaling are mathematical expressions that describe the 

relationship between the ac (alternating current) conductivity and the dc (direct current) 

conductivity of a material. These scaling laws provide a way to relate the conductivity at 

different frequencies and temperatures using a universal function. The mathematical 

explanation of the Summerfield scaling in its most elementary version. 

𝜎ᇱ

𝜎଴
= 𝐹 ൬

𝑓

𝜎଴𝑇
 𝑥൰ … ..     (𝑆𝑢𝑚𝑚𝑒𝑟𝑓𝑖𝑒𝑙𝑑 𝑐𝑎𝑛𝑜𝑛𝑖𝑐𝑎𝑙 𝑠𝑐𝑎𝑙𝑖𝑛𝑔) 

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 𝜎ᇱ(𝜔) = 2𝜎ௗ௖. 

The Roling scaling assumes that the charge carriers in the material are constant with 

temperature and that the plasma frequency (𝜔௣) is thermally activated with the same quanta 

of energy as the product of dc conductivity (𝜎ௗ௖) and temperature (𝑇). It relates the ac 

conductivity (σ') to the dc conductivity (𝜎ௗ௖) through the universal function F, which 

depends on the frequency (f), dc conductivity (𝜎ௗ௖), and temperature (𝑇). 

𝜎ᇱ

𝜎଴
= 𝐹 ൬

𝑓

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

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, 

allowing for a simpler mathematical description of the relationship between ac and dc 

conductivities in materials. The universal function 𝐹 encapsulates the underlying physics 

and provides a way to characterize ion dynamics across. As illustrated in Fig. 4.6(g-l), the 

ac conductivity (𝜎ᇱ) data is scaled by dc conductivity (𝜎ௗ௖), while the parameters 𝜎ௗ௖𝑇 or 

say 𝜔௣ (Summerfield) [36], and 𝜎ௗ௖𝑇௫ (Roling) [37], [38], are respectively utilised to 

normalise the frequency axis. 
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(g) (h) 

(i) (j) 

(k) (l) 

Figure 4.6: Plots of normalized conductivity spectra with frequency using (g-i) Summerfield 
formalism, (j-l) Roling model formalism; respectively for LBP20, LBP25 at various temperatures 
and for all the samples at 373 K temperature. 

The ac conductivity spectra, depicted in Fig. 4.6(g-h and j-k), exhibit a nearly perfect 

merging into a single master curve for different temperatures. This behavior indicates the 

presence of a phenomenon called Time-Temperature Superposition (TTS), suggesting that 

there is a temperature-independent conduction mechanism at play. This phenomenon was 

first described by Sidebottom [44] and is also known as canonical scaling. However, it is 

important to note that the merging of spectra into a master curve is not observed at very low 
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frequencies near the polarization region, as shown in Fig. 4.6(g-h and j-k). In the present 

investigated system, the lack of merging in this frequency range can be attributed to changes 

in the concentration of 𝐿𝑖ା ions and slightly varied ion transport behavior within the glass 

at a specific temperature. Fig. 4.6(i and l) shows the scaling of ac spectra with frequency 

scaling using the Summerfield and Roling formulations, respectively, for different 

concentrations of 𝐿𝑖𝐼 at a temperature of 373 K. This analysis demonstrates the impact of 

the mobile ion concentration (𝐿𝑖ା) and modifications in the glass structure. The statement 

suggests that while the electrical conductivity spectra for different 𝐿𝑖𝐼 concentrations do not 

show a complete overlap, the scaling formulations put forth by Roling and Summerfield, 

though different, provide reasonable agreement with the experimental data for the system 

being studied. This indicates that these scaling formulations capture the effects of mobile 

ion concentration and modifications in the glass structure to a certain extent.  

Based on the description provided, it appears that Fig. 4.6(d) shows the concentration of 

mobile ions (represented as 𝐾′) as a function of the quantity of 𝐿𝑖𝐼 in the LBP25 specimen. 

The graph shows an upward trend, indicating that as the amount of 𝐿𝑖𝐼 increases, the 

concentration of mobile ions also increases. This upward trend continues until it reaches its 

maximum level in the LBP25 specimen. According to the findings of Roling, significant 

variation in ion concentration have a considerable impact on the relaxation of ions. In the 

context of the study or experiment being described, it suggests that the variations in mobile 

ion concentration, specifically the concentration of 𝐾′ affect the relaxation behavior of ions. 

The statement also mentions that the phenomenon of scaling with respect to composition is 

commonly observed in glasses that exhibit significant fluctuations in mobile ion 

concentration. In other words, when there are substantial changes in the composition of the 

glass, there tends to be considerable variation in the concentration of mobile ions. This 

variation is known to be dependent on changes in the glass composition.  

Eq. (4.4) and (4.5) are used to calculate the density of states, 𝑁൫𝐸௙൯, and the average 

distance between two cations, 𝑅′, in the context of thermally induced electron hopping at 

the Fermi level (𝐸௙) and cation concentration and its transport phenomenon in a system 

[31], [33]. 

𝑁൫𝐸௙൯ =
3

4𝜋𝑅ᇱయ
𝐸௔

… . . (4.4), 𝑎𝑛𝑑 𝑅′ = ∛(1/𝑁)   … . . (4.5)

These equations are derived to understand the transport phenomena and cation behavior. In 

Eq. (4.4), N(𝐸௙) represents the number of energy states available at the Fermi level. It is 
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determined by two factors: the volume of the system (4𝜋𝑅ᇱయ
), and the activation energy 

(𝐸௔). The equation suggests that as the volume between cations decreases (smaller 𝑅′), and 

the activation energy increases, the number of energy states at the Fermi level increases. 

Eq. (4.5) describes the relationship between the average distance between two cations, 𝑅′, 

and the number of cations, 𝑁௜. The term ∛(1/𝑁) represents the inverse of the cube root of 

the cation density. As the cation concentration increases (larger 𝑁௜), the average distance 

between cations (𝑅′) decreases. From Table 4.4, it is observed that the value of 𝑁(𝐸௙) 

increases from 1.60 𝑥10ଶ଴𝑒𝑉ିଵ𝑐𝑚ିଷ to 9.24 𝑥10ଶ଴𝑒𝑉ିଵ𝑐𝑚ିଷ in the glass network of 

LBP5 to LBP25 samples. This indicates that the number of defect energy states or free 

charge carriers has increased. Moreover, the average distance between lithium ions (𝑅௅௜ூ
ᇱ ) 

becomes smaller over time, implying easier movement or migration of ions. These 

observations suggest changes in the cation concentration and transport phenomena in the 

examined samples. The frequency power exponent (𝑛(𝑇)) has been incorporated into the 

discussion in order to comprehend the interaction between the ion and the network. A 

smaller value of 𝑛(𝑇) represents a higher degree of network modification [10], [33], [34]. 

The conduction mechanism in the system under study is determined by analyzing the power 

exponent, 𝑛(𝑇). The obtained values of 𝑛(𝑇) are used to understand the conduction 

mechanism [39].  

In this particular system, the analysis of 𝑛(𝑇) supports the hopping mechanism for 

conductivity. The behavior of 𝑛(𝑇) for all the samples at different temperatures is depicted 

in Fig. 4.6(b). It is mentioned that there is a drop in the value of 𝑛(𝑇) within the temperature 

range being studied. This decrease in 𝑛(𝑇) is believed to be connected to the Correlated 

Barrier Hopping (CBH) process of conduction [33], [34], which is a type of hopping 

mechanism where the charge carriers are correlated, meaning that they are more likely to 

jump to sites that are close to each other. The decrease in 𝑛(𝑇) with increasing temperature 

is due to the fact that the thermal energy of the charge carriers increases. As the thermal 

energy increases, the charge carriers are more likely to have enough energy to jump over 

the barriers that separate the localized sites. This results in an increase in the conductivity 

of the material. Fig. 4.6(c) illustrates the experimentally measured values of 𝑛(𝑇) 

(represented by spheres) and the theoretically anticipated values (represented by a line) as 

both decreasing with temperature. The error bar in the figure indicates the difference 

between the observed value and the expected value of 𝑛(𝑇).  
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Eq. (4.6) represents the mathematical expression for the fraction of total mobile charge 

carriers (𝑛ᇱ) in a conduction process that occurs through a defect mechanism.  

𝑛ᇱ =  𝑁𝑒
൬

షಸ೑

ೖ೅
൰

= 𝑁𝑒
൬

ೄ೑

ೖ
൰
. 𝑁𝑒

൬
షಹ೑

ೖ೅
൰

  … . . (4.6) 

 The above equation is an exponential function that involves both the formation energy and 

enthalpy of the defect, as well as the temperature. The negative sign in the exponent 

indicates an inverse relationship between the fraction of mobile charge carriers and the 

energy/temperature factors. A higher formation energy or enthalpy, or lower temperature 

would result in a lower fraction of mobile charge carriers. Conversely, a lower formation 

energy or enthalpy, or higher temperature, would lead to a higher fraction of mobile charge 

carriers. The mobile ion concentration factor 𝐾′ mentioned earlier influences the behavior 

of conductivity, shown in Fig. 4.6(d), as suggested by the rising trend of charge carrier 

concentration from the LBP5 to the LBP25 sample. The values of 𝐾′ are likely affected by 

factors such as hopping frequency, temperature, and dc conductivity, as mentioned. It's 

worth noting that while Eq. (4.6) provides a mathematical expression to describe the 

fraction of mobile charge carriers (𝑛ᇱ) in a defect mechanism, the specific values of the 

formation energy, enthalpy, and other parameters would depend on the material system and 

the defects involved. 

𝜔௣ =  𝜔଴ 𝑒
ቀ

ೄ೘
ೖ

ቁ
. 𝑒

ቀ
షಹ೘

ೖ೅
ቁ

  … . . (4.7) 

𝜎ௗ௖ =
𝑁𝑍ଶ𝑒ଶ𝑑ଶ𝛾𝜔଴
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𝑒
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൰
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൬ି
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ೖ೅
൰

  … . . (4.8) 

According to Eq. (4.6), the parameters associated with the dissociation of cations from their 

original sites adjacent to the charge compensation center are 𝑁, the total charge carriers, 

entropy (𝑆௙), enthalpy (𝐻௙), and free energy (𝐺௙). The cross over (hopping) frequency 

 (𝜔௣) is given by Eq. (4.7), and the dc conductivity is given in the form of a dissociation 

process by Eq. (4.8). In these equations, a frequency of attempts is denoted by 𝜔଴; ion 

migration related parameter including entropy (𝑆௠) and enthalpy (𝐻௠); the geometric and 

correlation constant is denoted by 𝛾, the jump distance is given as 𝑑. The analysis of 

conductivity versus the inverse of temperature plot in relation to the conduction mechanism 

in ionic glasses has been done. According to Jain and Mundy [46], this plot can be used to 

explain the behavior of conductivity in such materials. The total enthalpy in the system 

consists of two main components: the free energy (𝐻௙) and the migration energy (𝐻௠), 

which describes the dissociation of cations from their initial positions near the charge 
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compensating center [36]. To further analyze the system, logarithmic plots of the hopping 

frequency (log 𝜔௣) and the product of dc conductivity and temperature (log (𝜎ௗ௖ 𝑇)) versus 

1/𝑇 are created using Eq. (4.7) and (4.8) respectively. The plots correspond to these 

functions are displayed in Fig. 4.6 (e and f). In the current system, the value of 𝐻௠ is 

determined by performing linear fitting of the logarithm of hopping frequency against the 

inverse of temperature graph shown in Fig. 4.6(e). The range of goodness of fit for this 

linear regression is between 0.9854 and 0.9990. Similarly, to determine the value of 

enthalpy with respect to the reciprocal of temperature, a linear fit is performed on the 

logarithm of  (𝜎ௗ௖ 𝑇) versus 1/𝑇 plot shown in Fig. 4.6(f). The goodness of fit for this linear 

regression ranges from 0.98564 to 0.99888.  

Table 4.4: Experimentally obtained data for LBP glass series. 
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𝑳𝑩𝑷𝟎 - 0.14 7.42 59.22 - 0.88 0.32 1.20 

𝑳𝑩𝑷𝟓 1.60 0.49 4.95 79.11 11.16 1.05 0.06 1.11 

𝑳𝑩𝑷𝟏𝟎 3.20 0.58 3.16 1.27 8.89 1.05 0.04 1.09 

𝑳𝑩𝑷𝟏𝟓 4.78 1.18 3.06 98.05 7.80 1.06 0.03 1.09 

𝑳𝑩𝑷𝟐𝟎 7.31 1.32 2.30 1.46 7.12 0.93 0.02 0.95 

𝑳𝑩𝑷𝟐𝟓 9.24 2.25 2.03 1.52 6.63 0.90 0.02 0.92 

For the temperature of 373 K, the values of 𝜔௣ are displayed in Table 4.4, which shows that 

the hopping frequency shifts from 0.14 𝑀𝐻𝑧 to 2.25 𝑀𝐻𝑧 with the addition of lithium salt. 

Using the slopes of linearly fitted plots, the values of the enthalpy for migration 𝐻௠ and the 

total enthalpy (𝐻 = 𝐻௙ +  𝐻௠) are computed and displayed in Table 4.4 for LBP series 

samples. According to this, the value of 𝐻௙ is found to be greater than zero in case of current 

system under investigation. It indicates that at a particular time, the total number of charge 

carriers exceeds the total number of mobile charge carriers. Hence, it is obvious that the 

conductivity of the current glass system increases with 𝐿𝑖𝐼 content due to both the 

concentration and mobility of charge carriers [33]. 
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 Ion transport model  

According to several conduction mechanism models, the variation of 𝑛(𝑇) with temperature 

in the applied ac field varies in different ways. Various models describe the behavior of the 

exponent 𝑛(𝑇) in different conduction mechanisms as a function of temperature. Each 

mechanism exhibits a distinct pattern of variation, indicating the different physical 

processes at play in each case.   

1.  Overlapping Large Polaron Tunneling (OLPT) conduction process [47]: 

 As temperature rises, the exponent 𝑛(𝑇)  initially drops. 

 It reaches a minimum value at a particular temperature. 

 After reaching the minimum, it starts increasing again. 

2. Quantum Mechanical Tunneling (QMT) conduction mechanism [48]: 

 The exponent 𝑛(𝑇) is approximately equal to 0.8. 

 It either slightly increases with rising temperature or remains temperature 

independent. 

3. Non-Overlapping Small Polaron Tunneling (NSPT) conduction process [49]: 

 The exponent 𝑛(𝑇) rises with temperature. 

4. Correlated Barrier Hopping (CBH) conduction process [36], [49]– [53]: 

 The value of 𝑛(𝑇) follows a decreasing trend as temperature rises. 

According to the CBH model, the empirical expression for the power exponent (𝑛(𝑇)) is 

given in Eq. 4.9.  

𝑛(𝑇) = 1 −
6𝑘𝑇

𝑈ெ + 𝑘𝑇 ln(𝜔𝜏଴)
  … . . (4.9) 

If the maximum barrier height at a given temperature is given as 𝑈ெ ≫ 𝑘𝑇 and 𝜔𝜏଴~1, 

where 𝜏଴ is the downward jump time constant. When the field is applied, the modified 

values of the frequency dependent power exponent and hopping distance, 𝑅௠௜௡൫Å൯, can be 

expressed as Eq. 4.10. 

𝑛(𝑇) = 1 −
6𝑘𝑇

𝑈ெ
 … . . (4.10) 

The calculated values of maximum barrier height (𝑈ெ), effective barrier height (𝑈ு), and 

frequency-dependent hopping distance (𝑅௠௜௡) are also given in Table 4.4. 

𝑅௠௜௡ =
𝑒ଶ

𝜋𝜀ᇱ𝜀଴𝑈ெ
  … . . (4.11) 

 

126



Chapter 4 Lithium Borophosphate Glass (LBP) series  

 

In this case, the Eq. (4.12) describes how the Coulomb wells of neighboring sites affect the 

effective barrier height (𝑈ு) when a charge carrier (𝑒) moves through hopping between 

these sites. The equation is expressed as:  

𝑈ு = 𝑈ெ −
𝑒ଶ

4𝜋𝜀ᇱ𝜀଴𝑅
  … . . (4.12) 

where, 𝑒 denotes the charge carrier, 𝜀ᇱ the dielectric constant of a substance, and 𝜀଴ the 

permittivity of open space. Eq. 4.12 suggests that the effective barrier height (𝑈ு) is reduced 

from 𝑈ெ (the energy needed to remove the electron entirely from the site) due to the 

overlapping of the Coulomb wells of neighboring sites separated by the distance 𝑅(௅௜ି௅௜).  

The extent of reduction depends on the distance between the sites (𝑅) and the properties of 

the medium through which the charge carrier moves (characterized by the dielectric 

constant 𝜀′). The Coulomb interaction between the charge carriers in the wells affects the 

energy required for the carrier to traverse the barrier. Additionally, the R-finite separation 

                                                                  

 

 

(f)  

Figure 4.7: (a) At various temperature, the max barrier height (𝑈ெ) for LBP25 glass 
composition. (inset: 𝑈ெ as a function of temperature for all the glass compositions), (b-e) The 
minimum hopping distance (𝑅௠௜௡) vs Temperature at various frequencies, (f) The variation of  
minimum hopping distance (𝑅௠௜௡) for all glass composition at different temperatures at 1 MHz 
frequency. 
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between two neighboring hopping sites (Å), and the characteristic relaxation time (𝜏଴) 

having a typical value of 10ିଵଷ 𝑠𝑒𝑐 is comparable to the vibrational period of an atom. 

According to the CBH model, the AC conductivity can be calculated as follows: 

𝜎௔௖ =
𝜋ଷ

12
𝑁ଶ𝜀ᇱ𝜀଴𝜔𝑅ఠ

଺   … . . (4.13) 

where, 𝑁 is the number of sites in a pair and 𝑅ఠ is the hopping distance at a certain 

frequency (𝜔 = 2𝜋𝑓), and it can be expressed as Eq. (4.14). 

𝑅ఠ =
2𝑒ଶ

𝜋𝜀ᇱ𝜀଴{𝑈ெ + 𝑘𝑇 𝑙𝑛 (𝜔𝜏଴)}
  … . . (4.14) 

 

It is evident from inset of Fig.4.7 (a), that the value of maximum barrier height (𝑈ெ) 

declines with temperature and the amount of 𝐿𝑖𝐼 in the lithium boro-phosphate glass 

skeleton, while Fig. 4.7(a-e) shows that 𝑅௠௜௡ decreases with temperature at various 

frequencies. For all the glass compositions presented in Fig. 4.7(f), 𝑅௠௜௡ likewise exhibits 

the temperature-decreasing trend, Eq. (4.11), which is suggestive of the CBH process. As a 

result, it may be assumed that the CBH model of conduction mechanism for ion transport 

holds true for all glass samples of LBP glass series.  

c) Dielectric Study 

The investigation of frequency-dependent dielectric relaxation contributes to comprehend 

the ion transport mechanism in ion-conducting materials. In the present glass system, a 

study of the dielectric parameters as a function of frequency and temperature has been 

conducted. The complex dielectric function 𝜀∗, which is related to complex impedance and 

conductivity values, can be expressed as Eq. (4.15). 

𝜀∗ =  
1

𝑖𝜔𝐶଴𝑍∗
=

𝜎∗(𝜔)

𝑖𝜔𝜀଴
 =  𝜀ᇱ(𝜔) − 𝑖𝜀"(𝜔) … . . (4.15) 

According to this definition, the dielectric constant, denoted as 𝜀′, represents the real part 

of permittivity and is related to the static permittivity (εᇱ = εୱ). It arises from the 

accumulation of charge carriers (ions) and the alignment of dipoles induced by an electric 

field. Essentially, it describes how much the material can store electric energy when 

subjected to an electric field. On the other hand, the dielectric loss, denoted as 𝜀", represents 

the imaginary part of permittivity. It accounts for the energy dissipation in the system due 

to both dipole alignment and ion mobility. When an electrical field is applied to the 

material, the motion of mobile ions can be described using the dielectric loss.
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However, due to their high inertia, mobile ions respond slowly to rapidly changing electric 

fields. As a result, a loss peak is observed at high frequencies in the dielectric loss spectrum. 

This peak indicates the energy dissipated in the system during the alignment of dipoles and 

the mobility of ions. The loss tangent (tan 𝛿) is a ratio that expresses the energy dissipation 

(𝜀") to the energy stored (𝜀ᇱ)  in the system. It is often defined at the peak of field-induced 

polarization and provides valuable information about the efficiency of energy transfer and 

dissipation in the material [40]. For various samples of the lithium borophosphate glass 

system, the temperature-dependent dielectric constant and dielectric loss graphs at various 

frequencies are shown in Fig. 4.8(a-c) and (d-f) respectively. It has been found that the ε′ 

and ε" steadily rise as temperature increases. It is well known that the behavior of the 

dielectric parameters ε′ and ε" is with respect to frequency. It states that at lower 

frequencies, both ε′ and ε" have higher values, but as the frequency increases, they follow 

a downward trend. At a specific frequency called the "dispersion frequency," the values of 

ε′ and ε" become almost constant, regardless of the frequency. This behavior can be 

observed marginally for the LBP25 sample in Fig. 4.8(c) for ε′ and Fig. 4.8(f) for ε". The 

dielectric parameters ε′ and ε" provide information about the dielectric properties of a 

material. In this case, the values of ε′ and ε" show a particular trend in the spectra.  

They are higher in the low-frequency range and gradually decrease in the mid-frequency 

dispersive region. Fig. 4.8(a-f) depicts the rapid increase in the dielectric constant (ε′) and 

dielectric loss (𝜀") at a low frequency (~1 𝑘𝐻𝑧). The saturation plateau is eventually seen 

at the high frequency and is seen in Fig. 4.9(a-b) [41], [42] at an arbitrary temperature. 

According to figures, the high-frequency saturation plateau is clearly visible for glass 

compositions with 𝑥 =  0 to 25 𝑤𝑡% of 𝐿𝑖𝐼, but lower-frequency plateau (𝜺𝒔) appears to 

have combined with that due to polarization effects and cannot be distinguished.  

It is the result of a phenomenon known as the "electron polarization effect," occurs when 

mobile cations are obstructed at the interface between a glass sample and an electrode. This 

obstruction prevents the transfer of mobile ions into external circuits through metallic 

electrodes [58]. As a result of this obstruction, lithium mobile ions begin to accumulate near 

the electrodes, leading to bulk polarization of the sample. The accumulation of these ions 

causes a polarization effect throughout the material. In high-frequency regions, specifically 

above the dispersion frequency, the applied electric field quickly reverses. 
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(a) (b) 

(c) (d) 

(e) (f) 

Figure 4.8: Frequency dependent dielectric parameters for various LBP glass samples, (a-c) 
Dielectric constant (𝜀ᇱ) as a function of temperature, (d-f) Dielectric loss (𝜀") as a function of 
temperature. 

During this reversal, the ions do not move significantly or hop between positions due to the 

high energy barrier. As a result, polarization is lost on the side opposite to the high energy 

barrier. 
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(a) (b) 

(c)   

(d) (e) 

Figure 4.9:(a) Dielectric constant, (b) dielectric loss, (c) 𝑡𝑎𝑛 𝛿 as a function of frequency at 373 K 
temperature, (d) Dielectric relaxation strength (∆𝜀) variation with temperature, and (e) trend line 
for dielectric constant at 100 𝑘𝐻𝑧 frequency and conductivity at 373 K temperature, for all the 
glass compositions. 
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Additionally, the value of the real part of the dielectric constant (𝜀ᇱ) saturates or reaches a 

maximum due to the accumulation of mobile ions near the electrodes and the inability of 

the ions to respond effectively to the quickly reversing electric field. Many other research 

groups have noticed and reported similar characteristics of dielectric dispersion [41], [42].  

Various observations and relationships related to the addition of 𝐿𝑖𝐼 to a lithium boro-

phosphate glass system can be described. Fig. 4.9(c) shows the peak of field-induced 

polarization. By analyzing the shifts in the peak frequency of the loss spectra, it is possible 

to distinguish between different samples. The addition of 𝐿𝑖𝐼 affects the peak frequency, 

causing it to shift from the lower frequency side to the higher frequency side. The 

frequency-dependent variation in dielectric permittivity (∆𝜀 = 𝜀௦ − 𝜀ஶ) provides insights 

into dielectric polarization. Fig. 4.9(d) illustrates the temperature versus "dielectric 

relaxation strength" (∆𝜀) plot, which represents multiple relaxation processes. It indicates 

that both temperature (thermal activation) and LiI concentration contribute to a progressive 

increase in the dielectric strength. Fig. 4.9(e) presents the relationship between conductivity 

and the dielectric constant of the glass system under investigation. The graph clearly 

demonstrates that the addition of 𝐿𝑖𝐼 enhances both the frequency-dependent dielectric 

constant and the temperature-dependent conductivity. 

The dielectric constant, loss and loss tangent as a function of frequency are also evident 

from the Fig. 4.10(a-f). The discussion highlights that the increase in the peak loss value 

with the increase in 𝐿𝑖𝐼 salt concentration is due to the migration of 𝐿𝑖𝐼 ions into the glass 

matrix. This migration leads to conduction losses and dipolar relaxation losses, collectively 

known as ion migration losses, which contribute to the dielectric loss. However, it is 

mentioned that in the studied frequency range, no loss peak is observed. 

This implies that the frequency range under consideration may not be suitable for observing 

the loss peak or that the loss peak occurs at a higher frequency range. Further investigations 

may be required to explore the frequency dependence of the dielectric loss and to determine 

the frequency range at which the loss peak occurs.  

Overall, the discussion provides valuable insights into the effect of 𝐿𝑖𝐼 salt concentration 

on the dielectric loss spectra of LBP glass and highlights the importance of understanding 

the underlying mechanisms of ion migration losses in such systems. 
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(a) (b) 

(c) (e) 

(c) (c) 

Figure 4.10:(a, d) dielectric constant, (b, e) dielectric loss, and (c, f) loss tangent, as a function of 
frequency for LBP0 and LBP25 glass samples respectively. 

Fig. 4.10(c and f) exhibits the tan 𝛿 plot wherein, the rise in temperature causes the shift in 

peak frequency towards higher frequency regime and explains the dielectric relaxation 

phenomenon for the glass samples. The frequency dependent dielectric study reveals that 

the strength of the dielectric relaxation increases progressively with both temperature and 

the addition of 𝐿𝑖𝐼 in the studied LBP glass system. The presence of 𝐿𝑖𝐼 in the glass matrix 

leads to an enhancement in both the dielectric constant and conductivity parameters. This 

suggests that the addition of 𝐿𝑖𝐼 improves the overall electrical properties of the glass. The 
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migration of 𝐿𝑖ା ions into the glass matrix contributes to an increase in the dielectric loss 

as the salt content rises. This indicates that the presence of 𝐿𝑖𝐼 facilitates the movement of 

charge carriers, resulting in higher energy dissipation through the dielectric relaxation 

process. Among the investigated glassy electrolyte samples, the 25 𝑤𝑡. % 𝐿𝑖𝐼-added 

sample exhibited the most significant improvements in conductivity and dielectric 

properties. This suggests that the optimal composition for enhanced electrical performance 

in the LBP glass system is achieved with the addition of 25 𝑤𝑡. % 𝐿𝑖𝐼. 

Overall, the inclusion of 𝐿𝑖𝐼 in the glass composition leads to improved conductivity and 

dielectric properties, as demonstrated by the frequency dependent dielectric study in the 

studied LBP glass system. 

d) Electric Modulus Study 

The modulus formalism has the advantage of excluding frequency-dependent dielectric 

conductivity data caused by electrode polarization at contact or interfaces, Maxwell-

Wagner effects, or a high dielectric constant. The "Modulus Formalism" introduced by 

Macedo et al. [59] is a novel approach to analyze relaxation spectra and overcome the 

challenges associated with distinguishing between relaxation behavior and polarization 

effects when separating the dc conductivity from total conductivities.  

In traditional analysis techniques, such as frequency-dependent conductivity (𝜎(ఠ)
ᇱ ), it can 

be difficult to separate relaxation behavior and polarization effects due to the large 

experimental error. However, the modulus formalism offers a solution by transforming the 

continuously varying frequency-dependent conductivity (𝜎(ఠ)
ᇱ ) into a representation where 

a peak is observed in the modulus 𝑀(ఠ)
ᇱ . The modulus formalism allows for a clearer 

distinction between relaxation behavior and polarization effects by focusing on the peak in 

the modulus representation. This peak provides valuable information about the relaxation 

processes occurring in the material under investigation. By using the modulus formalism, 

researchers can enhance their understanding of relaxation phenomena and obtain more 

accurate and reliable results in the analysis of relaxation spectra. This formalism provides a 

valuable tool for characterizing the behavior of materials and can be applied in various 

fields, such as solid-state physics, materials science, and electrochemistry. The data is more 

apparent when it is presented using modulus scaling approach (discussed under the next 

heading).  

134



Chapter 4 Lithium Borophosphate Glass (LBP) series  

(a) (b) 

(c) (d) 

(e) (f) 

Figure 4.11:(a-f) The plot of 𝑀(ఠ)
ᇱ  as a function of frequency for 𝑥𝐿𝑖𝐼 addition in lithium 

borophosphate glass system, where 𝑥 =  0, 5, 10, 15, 20, 25 𝑤𝑡. % respectively. 

Fig. 4.11(a) depicts the real component of the modulus spectrum, 𝑀(ఠ)
ᇱ , for a pure LBP 

glass sample at various temperatures. Similarly, all other samples exhibit identical behavior 

when 𝑥 =  5 𝑡𝑜 25 (𝑤𝑡. %) 𝐿𝑖𝐼 salt is added to lithium borophosphate glass, as shown in 

Fig. 4.11(b–f).   
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The figure illustrates that: 𝑀ᇱ tends towards zero at lower frequencies: This suggests that 

the real part of the complex modulus, 𝑀ᇱ, decreases as the frequency decreases. It indicates 

that electrode polarization has a minimal impact on the overall behavior of the system at 

lower frequencies. Impact of electrode polarization on 𝑀∗ is insignificant. The complex 

modulus, 𝑀∗, is the combination of both the real part (𝑀ᇱ) and the imaginary part (𝑀"). 

The statement implies that the effect of electrode polarization on the overall magnitude of 

𝑀ᇱ is negligible. Dispersion refers to the frequency dependence response of a material. In 

this case, the dispersion is mainly due to conductivity relaxation. This means that the 

electrical conductivity of the material changes as a function of frequency. As the frequency 

increases, the real part of the complex modulus, 𝑀ᇱ, reaches a maximum value represented 

by 𝑀ஶ. This maximum value is equal to 1 divided by the dielectric constant at infinite 

frequency (1/𝜀ஶ). Relaxation phenomena become saturated at higher frequencies. At 

elevated values of 𝑀ᇱ (real part of complex modulus), the relaxation processes within the 

material become saturated. This means that the relaxation processes reach their maximum 

extent and cannot contribute further to changes in the behavior of the material at even higher 

frequencies. The relaxation processes are dispersed over a range of frequencies.  

Fig. 4.12(a-f) depicts the variation of the imaginary component of modulus, 𝑀", as a 

function of frequency at different temperatures for 𝐿𝑖𝐼 concentrations ranging from 

0 𝑡𝑜 25 𝑤𝑡. % in the LBP glass system. The plots depicting 𝑀"vs log 𝑓 exhibit a prolonged 

tail at lower frequencies, which can be attributed to the presence of significant capacitance 

associated with the electrodes. The spectral shape remains invariant; however, the 

frequency associated with the maximum modulus, 𝑀௠௔௫
" , undergoes a shift towards higher 

frequency regions as the temperature increases. The spectra of 𝑀"exhibit analogous 

behavior across all samples. The aforementioned facts suggest that the current glass systems 

can be regarded as feasible solid electrolytes that can be modelled using lumped R-C circuits 

(depicted in Fig. 4.3(g)). Comparable findings have been documented in other glasses that 

conduct ions [10], [43].  

Fig. 4.13(a) describes the composition dependence of the 𝑀" spectra (loss factor spectra) 

for an investigated system at a temperature of 373 𝐾. The 𝑀" spectra represent the 

imaginary part of the complex modulus, which is a measure of the energy dissipation or 

loss in a material. According to the observed trend, as the conductivity of the system 

increases due to the incorporation of 𝐿𝑖𝐼 dopant salt, the maximum value of 𝑀௠௔௫
"  shifts 

towards higher frequencies. 
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(a) (b) 

(c) (d) 

(e) (f) 

Figure 4.12:(a-f) The plot of 𝑀(ఠ)
" as a function of frequency for 𝑥𝐿𝑖𝐼 addition in lithium 

borophosphate glass system, where 𝑥 =  0, 5, 10, 15, 20, 25 𝑤𝑡. % respectively.  

This suggests that the energy dissipation or loss in the material occurs at higher frequencies 

with increased conductivity. Additionally, the increase in dopant content is accompanied by 

a noticeable increase in the full width at half maxima (FWHM) for all LBP glass samples 

in the studied frequency range. The FWHM is a measure of the spectral bandwidth or spread 

of the energy dissipation peaks. Therefore, the broader FWHM indicates a broader range of 
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frequencies at which energy dissipation occurs. Furthermore, the statement mentions that 

many researchers have reported that the 𝑀௠௔௫
"  for all compositions is independent of 

temperature. This means that the position of the maximum value of 𝑀" on the frequency 

axis remains constant with temperature variations. However, the researchers have also noted 

that the 𝑀௠௔௫
"  increases with an increase in the lithium salt content [10], [44], [45]. The 

model proposed by Macedo is capable of predicting the low and high frequency variations 

of 𝑀′ and 𝑀"[46]. As per this model, 𝑀′ and 𝑀" exhibit a tendency towards zero means that 

when the product of angular frequency (𝜔) and the relaxation time (𝜏ఙ) is significantly less 

than one (𝜔𝜏ఙ  <<  1), both 𝑀′ and 𝑀" tend to approach zero. This behavior suggests that 

the system has a dominant capacitive response. 

On the other hand, when 𝜔𝜏ఙ is significantly less than one (𝜔𝜏ఙ <<  1), 𝑀′ reaches the 

value of (𝑀௦). This indicates that the system exhibits a dominant inductive response. The 

behavior described above is consistent with the model proposed by Macedo, and the 

observed outcomes in the current system align with the expectations based on the model. 

Regarding the frequency at which the maximum of 𝑀" is observed, denoted by 𝜔஼, its 

occurrence signifies the transition from short-range to long-range mobility as the frequency 

decreases. This transition is governed by the condition 𝜔஼𝜏஼ = 1, where 𝜏஼ represents the 

characteristic relaxation time associated with the transition. In summary, the occurrence of 

the maximum of 𝑀′ at 𝜔஼ indicates the transition from short-range to long-range mobility, 

with the specific frequency governed by the condition 𝜔஼𝜏஼ = 1 [44], [47].  

Fig. 4.13(b) illustrates the logarithmic relationship between 𝜏஼ (or 𝑓௠௔௫ = 1/𝜏஼), plotted 

against the reciprocal of temperature for various glass samples, in accordance with the 

concepts of Arrhenius law. The impedance spectrum (𝐸ఙ) is indicative of long-range charge 

transport, while the modulus spectrum (𝐸ఛ) provides insight into short-range migration 

through the activation energy. Our findings reveal that these two values are comparable in 

magnitude, as shown in Fig. 4.13(c), suggesting that lithium ion transport in the current 

system occurs via hopping mechanisms, regardless of whether the migration is long or short 

range [44]. 

The results suggest that as the amount of dopant salt increases, the full width at half 

maximum (FWHM) also increases. The FWHM values obtained for the LBP0 to LBP25 

samples range from approximately 1.21 to 2.36 decades, respectively. It is worth noting 

that these values exceed the expected range of 1.14 decades for ideal Debye behavior. The 

deviation from the expected Debye behavior is often interpreted as an indication of the 
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distribution of relaxation times during the conduction mechanism. In other words, it 

suggests that the system exhibits a range of relaxation times rather than a single 

characteristic time. Furthermore, there is a known relationship between the distribution of 

relaxation times and the distribution of free energy barriers for ionic jumps. This 

relationship implies that variations in the energy barriers experienced by ions in the material 

contribute to the observed distribution of relaxation times. The distribution of relaxation 

times and the distribution of free energy barriers for ionic jumps are connected because the 

energy barriers influence the rates at which ions can transition between different states or 

positions. Variations in the energy barriers result in ions experiencing different relaxation 

times, leading to a broadened distribution. 

In the context of the distribution of free energy barriers and the conduction process, different 

researchers have proposed different explanations. Hasz [48] suggests that the distribution 

of free energy barriers increases with increasing disorder in the system. On the other hand, 

Grant [49] argues that the distribution of free energy barriers reflects the cooperative nature 

of the conduction process. The Kohlrausch relaxation function, also known as the stretched 

exponential function, is attributed to the cooperative behavior of charge carriers in 

conductivity relaxation, as explained by Ngai and Martin [50]. This function describes the 

non-symmetric relaxation behavior often observed in complex systems. The non-symmetric 

modulus plot resulting from the behavior of the electrical function can be accurately 

described by the KWW (Kohlrausch-Williams-Watts) exponential function. This function 

incorporates the Kohlrausch exponent, denoted as 𝛽, and the conductivity relaxation 

parameter, denoted by 𝜏. The Kohlrausch exponent, 𝛽, determines the shape of the 

relaxation function and describes the degree of asymmetry or stretched behavior.  

A value of 𝛽 closer to 1 indicates a more symmetric or exponential relaxation, while a 

smaller 𝛽 value indicates a more stretched or non-exponential relaxation. The conductivity 

relaxation parameter, 𝜏, represents the characteristic relaxation time associated with the 

conduction process. It influences the time scale at which the relaxation behavior occurs. 

The current system, Fig. 4.13(d), has determined that the 𝛽 is at its minimum value when a 

25 𝑤𝑡. % addition of 𝐿𝑖𝐼 is incorporated into the host lithium borophosphate glass. The 

function deviating from the linear exponential behavior suggests that the relaxation process 

in the system does not follow a simple exponential decay. The concept of collaborative 

movements within a glass, which describes the behavior of charge carriers, was initially 

proposed by Jonscher [68], [69]. 
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(a) (b) 

(c) (d) 

(e) (f) 

Figure 4.13:(a) At 373 K temperature, the plot of composition dependence  𝑀(ఠ)
"  spectra., (b) 

Arrhenius behavior of modulus relaxation time, (c) Comparison of activation energy obtained from 
conductivity, dielectric and electric modulus study, (d) 𝛽, stretching parameter as a function of 
temperature, inset: room temperature trend of  𝛽  for all samples, (e) Primitive activation energy 
according to Ngai model, for glass samples at various temperatures, and  (f) coupling parameter 
as a function of reciprocal of temperature for all the series samples. 

According to this concept, the movement of a mobile ion within a glass cannot be 

considered an independent occurrence. When an ion transitions from one equilibrium state 

to another, it induces a temporary displacement of other charged particles in its vicinity. 

This displacement leads to additional relaxation of the external electric field. In other words, 

the movement of one charge carrier triggers cooperative effects that influence the behavior 
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of other charge carriers in the system. This cooperative behavior results in a non-linear 

relaxation process and is often characterized by a stretched exponential or non-exponential 

relaxation function. The stretching parameter 𝛽, which lies as 0 <  𝛽 <  1, is inversely 

proportional to the degree of charge carrier cooperation. A smaller value of 𝛽 indicates a 

higher degree of cooperation among charge carriers, leading to a more stretched or non-

exponential relaxation behavior [51]. This concept provides insights into the complex 

dynamics and cooperative behavior observed in glassy materials, contributing to our 

understanding of conductivity relaxation and the collective motion of charge carriers within 

these systems. Multiple research investigations have been conducted to examine the 

correlation between the 𝛽 and ∆𝐸ఙ parameters and the alkali oxide content in oxide glasses. 

The findings of these studies indicate that the 𝛽 and ∆𝐸ఙ values exhibit a simultaneous 

decrease with an increase in the concentration of alkali oxide, as reported by Martin et al; 

and Balzer et al; [52]–[54]. A comparable outcome has been achieved in the case of 

presently investigated oxide glasses, which pertains to the concentration of lithium salt in 

the oxide glass. Ngai has made a significant contribution by establishing a correlation 

between the activation energy (∆𝐸ఙ) and the Kohlrausch exponent (𝛽) for a substantial 

number of oxide glasses. This correlation aligns with the coupling model of relaxation. This 

finding is consistent with previous research conducted by Ingram [55] and Ngai [56].  

In his work, Ngai (1989) introduced the concept of a "primitive" activation energy, denoted 

as ∆𝐸௔, which is expressed as (1 − 𝑛) ∆𝐸ఙ. Here, ∆𝐸ఙ represents the activation energy 

associated with macroscopic conductivity, and n is the coupling parameter, where 𝑛 = 1 −

𝛽 [50]. The coupling parameter n is derived from the Kohlrausch exponent β. The primitive 

activation energy, ∆𝐸௔, represents the energy barrier experienced by the population of 

mobile ions. This barrier arises from two main factors: The Coulombic forces acting on the 

charged ion and the strain force resulting from volume constraints in the conduction 

transition state between sites. This description of the energy barrier is supported by the 

Anderson-Stuart model [57].  

The coupling model of relaxation suggests that the degree of cooperation among charge 

carriers, as indicated by the Kohlrausch exponent β, is related to the activation energy (∆𝐸ఙ) 

and the primitive activation energy (∆𝐸௔). The correlation established by Ngai between 

∆𝐸ఙ and β further supports the connection between the energy barriers experienced by 

charge carriers and their cooperative behavior in relaxation processes. Overall, these 

concepts contribute to our understanding of the relationship between activation energy, the 
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Kohlrausch exponent, and the cooperative dynamics of charge carriers in oxide glasses. 

They provide insights into the mechanisms underlying the relaxation processes in these 

materials. 

The primitive activation energy at various temperatures for different glass samples is 

presented in Fig. 4.13(e). In this study, the coupling parameter (𝑛) is introduced as a model 

parameter that characterizes the degree of non-exponential behavior and the extent to which 

mobile ions are linked during conduction. The findings of the study are consistent with 

previous research [50], which suggests that the research focuses on studying the correlation 

between the activation enthalpy and the Kohlrausch exponent for ionic conductivity in alkali 

alumino-germanate glasses. The activation enthalpy represents the energy barrier that needs 

to be overcome for ion migration. The Kohlrausch exponent is a parameter that describes 

the shape of the relaxation process in the conductivity of a material. As the concentration 

of mobile ions increases, the coupling between charge carriers becomes more pronounced. 

This increased coupling leads to a relaxation process that follows a stretched exponential 

distribution with  𝛽 value less than unity, as illustrated in Fig. 4.13(f). It is important to note 

that the 𝛽 value and the ∆𝐸ఙ parameters are determined experimentally and independently 

from each other. This implies that the non-exponential behavior of relaxation observed in 

the study is influenced by factors other than just the activation energy. Fig. 4.14(a) depicts 

the variation of 𝛽 as a function of ∆𝐸ఙ for the investigated 𝐿𝑖ା ion conducting glass.  

It can be described that the characteristic curve of a system, which exhibits two distinct 

domains. The first region corresponds to values of ∆𝐸ఙ (activation enthalpy) ranging from 

0.88 𝑒𝑉 to 1.02 𝑒𝑉. In this region, regardless of the specific ∆𝐸ఙ value, the 𝛽 value 

(Kohlrausch exponent) remains constant. In the second region, characterized by high ∆𝐸ఙ 

values (> 1.02 𝑒𝑉), the 𝛽 value increases rapidly as ∆𝐸ఙ increases. This indicates that there 

is a lack of linear correlation between ∆𝐸ఙ and the degree of non-exponentially (as 

represented by the β value). In the first region, the 𝛽 value does not change significantly as 

the activation enthalpy varies. However, in the second region with higher activation 

enthalpies, the β value increases rapidly. This suggests that the relationship between the 

activation enthalpy ∆𝐸ఙ) and the degree of non-exponentiality (as indicated by the 𝛽 value) 

is not a simple linear correlation. Fig. 4.14(b) illustrates the relationship between the beta 

parameter and the average distance between 𝐿𝑖ା − 𝐿𝑖ା in 𝐿𝑖ା ion conducting LBP glass. 
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(a) (b) 

 (c) (d) 

                              (e) 

Figure 4.14: (a) Stretching parameter as a function of macroscopic conduction activation energy, 
(b) KWW component as a function of average distance between Li +ions at room temperature, (c) 
Both stretching and coupling parameters as a function of average distance between cations, (d-e) 
for LBP25 sample and at 373K temperature, imaginary part of impedance and modulus and real 
and imaginary part of modulus as a function of frequency, respectively. 

The experimentally obtained data are observed to be distributed on either side of a dotted 

line. This observation indicates that the 𝛽 parameter in the Kohlrausch relaxation function 

exhibits a strong correlation with the separation distance between 𝐿𝑖ା ions in the 𝐿𝑖ା 

borophosphate glass under consideration. This finding provides compelling evidence in 
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support of the hypothesis that the conductivity dispersion in frequency is a result of ion-ion 

coupling [58]. Fig. 4.14(c)  explains the variation of beta parameter and the 𝑛(𝑇) as a 

function of  𝑅௅௜ି௅௜
ᇱ .  It can be described that the impedance and modulus spectra presented 

in Fig. 4.14(d) in order to understand the non-Debye characteristics of the current glass 

system. The occurrence of 𝑍௠௔௫
"  (imaginary part of impedance) and 𝑀௠௔௫

"  (imaginary part 

of modulus) at different frequencies indicates the presence of a broad distribution of 

relaxation times within the system. This suggests that there is not a single dominant 

relaxation process, but rather multiple relaxation processes occurring simultaneously.  

West et al; [59] suggested that previous research has established that the expansion of the 

𝑀" spectra at higher frequencies is associated with the presence of a distribution of 

relaxation times. This expansion indicates that there are different relaxation processes 

happening at different time scales within the system. On the other hand, the significant 

amplification in the broadening of the 𝑍" spectra at lower frequencies is attributed mainly 

to electrode polarization. Electrode polarization occurs when there is a buildup of charge at 

the electrode-electrolyte interface, leading to deviations in the electrical response of the 

system at low frequencies. Notably, from Fig. 4.14 (e),the relaxation peak of the imaginary 

component of the modulus aligns with the corresponding dispersion region of the real part 

of the modulus spectra for 5 𝑤𝑡. % addition of 𝐿𝑖𝐼 in the host glass at 373 K temperature. 

 Modulus Scaling 

The passage explains the formalization of modulus measurement, which involves assessing 

both the real (𝑀ᇱ) and imaginary (𝑀") components. The 𝑀" component specifically 

reflects the dissipation of energy within the material, providing information about the 

relaxation processes occurring in the material. The 𝑀" spectrum is found to be independent 

of temperature, indicating that the ionic mechanism responsible for relaxation is not 

influenced by temperature variations. This phenomenon is known as time-temperature 

superposition (TTS). TTS allows for the superimposition of relaxation processes occurring 

at different temperatures onto a single master curve by appropriately scaling the spectra. 

The influence of glass composition on the shape of the 𝑀" spectrum is highlighted as 

noteworthy. It is observed that the width of the 𝑀" spectrum increases with a higher 

concentration of ions in the glass. This observation suggests that the overall concentration 

of mobile ions in the glass has an impact on the relaxation mechanism. 
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(a) (b) 

 (c) (d) 

(e) (f) 

Figure 4.15: (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. 

The implication of this statement is that by modifying the concentration of mobile ions in 

the glass through compositional changes, the relaxation behavior and energy dissipation 

within the material can be adjusted. This finding highlights the importance of considering 

the composition of the glass when studying and designing materials with desired relaxation 

properties. 
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(a) (b) 

 (c) (d) 

(e) (f) 

Figure 4.16: At various temperature, normalized plots of the imaginary part of the modulus (M’’) 
as a function of scaled frequency using (a-c) Ghosh formalism and (d-f) Roling formalism, for all 
the series samples. 

The utilization of the Taylor-Isard-Scaling (T-I-S) formalism [60], [61] in the current glass 

system to scale the real component of modulus has been used. This is achieved by applying 

the function 𝑓/𝜎ௗ௖, where 𝑓 represents the frequency and 𝜎ௗ௖  denotes the direct current 

(dc) conductivity. This scaling allows for the comparison of the real component of modulus 

at different frequencies while taking into account the conductivity of the system. 
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Figure 4.17: For all the glass compositions, the normalized frequency of imaginary part of the 
modulus as a function of scaled frequency using (a) Ghosh, (b) Roling and (c) Isard formalisms, 
(d-e) the real and imaginary part of modulus formalism as a function of scaled frequency according 
to T-I-S formulation, respectively. 

Furthermore, the 𝑀" spectrum is scaled using the Roling formalism [62], [63]. This 

formalism involves utilizing 𝑀௠௔௫
"  (the maximum value of the imaginary component of 

modulus) and its corresponding maximum frequency, 𝑓௠௔௫. The scaling of 𝑀" with respect 

(a) (b) 

(c) (d) 

                             (e) 

147



Chapter 4 Lithium Borophosphate Glass (LBP) series  

to frequency is performed using either the Ghosh model, with log(𝑓/𝑓௣) as the scaling 

parameter, or the Roling model, with log(𝑓/𝜎ௗ௖ 𝑇) as the scaling parameter. 

Fig. 4.15(a-f) displays the scaling of 𝑀′ vs log(𝑓/𝜎ௗ௖), showing the relationship between 

the real component of modulus and the scaled frequency. Fig. 4.16(a-c) illustrates the 

scaling of 𝑀"/𝑀௠௔௫
"  with log(𝑓/𝑓௣) (Ghosh model), while Fig. 4.16(d-f) demonstrate the 

scaling with log(𝑓/𝜎ௗ௖ 𝑇) (Roling model). These figures present the results of the scaling 

analysis at different temperatures for all glass compositions. 

The presence of curves across various temperatures implies that the dynamic phenomenon 

occurring at distinct frequencies remains unaffected by changes in temperature. Moreover, 

it has been discovered that the 𝑀′ and 𝑀"spectra obtained at varying temperatures can be 

consolidated into a unified master curve through the corresponding utilization of T-I-S and 

Roling scaling formulations. The curve obtained indicates that various dynamic processes 

taking place at distinct time scales exhibited identical activation energy and that the 

temperature-independent relaxation time distribution was present. The Ghosh formalism 

illustrates that the normalized modulus function, 𝑀"/𝑀௠௔௫
" , exhibits a singular master curve 

when logarithmically scaled with log൫𝑓 𝑓௣⁄ ൯, as shown in Fig. 4.17(a-c).  

Several scaling formalisms [36], [37], [61], [64], [65] were employed in multiple attempts 

and the resultant curves are integrated into a single master curve.  

However, Fig. 4.17(d-e), the real and/or imaginary component of the modulus failed to 

converge into a singular master curve. This was particularly evident in the dispersive 

frequency region, suggesting that the relaxation mechanism is influenced by the glass 

compositions. The suggestion is made that various dynamic processes occurring at distinct 

time scales demonstrate identical activation energy and that the dispersed relaxation time 

remains unaffected by temperature.  

4.4 Conclusion 

It can be attributed that the [60𝐿𝑖ଶ𝑂: (8 𝐵ଶ𝑂ଷ + 32 𝑃ଶ𝑂ହ )] glass system upon the addition 

of lithium iodide (𝐿𝑖𝐼) transforms the glass into an ionic conductor, where the 𝐿𝑖ା ions 

dissociate from 𝐿𝑖𝐼 that hop and conduct within the glass structure according to the 

Correlated Barrier Hopping (CBH) model. The addition of LiI leads to an increased 

openness of the glass structure, without major structural modifications or significant 
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changes in the glass transition temperature. The depolymerization of the phosphate chain 

network and polymerization of the borate chain network are observed, resulting in the 

transformation from ring-type structures of 𝐵𝑂ଷ units to 𝐵𝑂ସ units in the glass. This 

structural change facilitates the transport of 𝐿𝑖ା ions by opening up the glass network. The 

conductivity of the glass samples follows the Jonscher power law, indicating a frequency-

dependent conductivity. The variation of the parameter 𝑛(𝑇), obtained experimentally, and 

the calculated theoretical values of 𝑛(𝑇) using 𝑅௠௜௡ and 𝑈ெ values, show the same trend. 

 This suggests that in the present glass system, the transport of 𝐿𝑖ା ions occur through 

the Correlated Barrier Hopping (CBH) mechanism. Furthermore, the conductivity 

and modulus functions have been scaled using various formalisms proposed by 

Ghosh, Roling, Summerfield, and Taylor-Isard. These scaling formalisms likely 

allow for a better understanding of the frequency and temperature dependence of the 

conductivity and modulus properties in the glass system. 

In addition to that, the study  highlights several important findings regarding the 𝐿𝑖ା  ion 

migration and conductivity relaxation in lithium borophosphate glasses doped with 𝐿𝑖𝐼. 

 First, the activation energy obtained from both impedance and modulus spectra is 

very close, indicating that the migration of 𝐿𝑖ା ions in the glass occurs through a 

hopping mechanism. This suggests that the ions move by jumping from one location 

to another within the glass structure. The relaxation of conductivity in the glass 

system is well described by the Kohlrausch-Williams-Watts (KWW) function, 

which is a stretched exponential function commonly used to describe relaxation 

processes. 

 The Coupling model proposed by Ngai is employed to analyze the variation of the 

stretching parameter (𝛽) and the coupling parameter (n) with the 𝐿𝑖𝐼 content in the 

glass. The results confirm the validity of this model for describing the conduction 

of 𝐿𝑖ା ions in lithium borophosphate glasses.  

 The variation of 𝛽 and 𝑛(𝑇) indicates a strong ion-ion coupling between the charge 

carriers and a significant decoupling between the 𝐿𝑖ା ion conducting motions and 

the viscous motions of the glass framework. This suggests that the conductivity 

enhancement in borophosphate glasses with high 𝐿𝑖𝐼 content is associated with both 

increased ion-ion coupling and reduced coupling between the 𝐿𝑖ା  ions and the glass 

matrix.  
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Overall, these findings provide insights into the conduction mechanism and behavior of 

lithium borophosphate glasses doped with LiI, emphasizing the importance of ion-ion 

coupling and the influence of 𝐿𝑖𝐼 content on the conductivity and relaxation properties 

of the glass system. 
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