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Abstract: Glasses within the B2O3-Li2(O, Cl2, I2) system were fabricated using the conventional melt-quenching 

technique. Subsequently, an assessment was conducted to determine the conductivity of the molten and glassy states of 

these compositions. X-ray diffractometry (XRD) and simultaneous thermal analysis (STA) were employed to investigate 

the thermal and crystallization properties of the glasses. The measurement of electrical conductivity in the molten state 

was conducted within a temperature range of 863 to 973 K. Subsequently, the activation energy associated with the 

conductivity of the samples was calculated based on the data acquired from ionic conduction. The computed activation 

energy was found to be around 32 kcal/mol. Electrical conductivity measurements were also conducted in glassy states. 

The electrochemical impedance spectroscopy (EIS) method was employed to determine this particular characteristic. The 

influence of temperature on ionic conductivity was significant in the molten state, but at lower temperatures, additional 

factors like mixing different anions, known as the “mixed anions effect,” became important. The experimental findings 

indicate that the introduction of LiI and LiCl into the B2O3-Li2O base glass system (with a composition of 75 mol% B2O3, 

10 mol% Li2O, 7.5 mol% LiI, and 7.5 mol% LiCl) leads to a significant enhancement in the ionic conductivity of the 

glass. Specifically, the measured ionic conductivity at 300 K increases from 3.2×10-8 S.cm-1 to 1.4×10-7 S.cm-1. 

Keywords: Ion conduction in glass melts, Ionic conduction activation energy, Mixed anion effect, Electrochemical 

impedance spectroscopy, All-solid-state electrolyte. 

 

1. INTRODUCTION 

The growing demand for energy storage systems 

that are both renewable and cost-effective has 

prompted extensive research efforts aimed at 

enhancing battery technology. Batteries serve as 

the primary energy source for a wide range of 

electronic devices, including cell phones, laptops, 

and medical equipment. The search for of battery 

materials with high energy density, extended 

cycling life, and enhanced safety is of great 

importance. Currently, the lithium-ion battery 

stands as the most energy-dense battery, although 

the conventional lead-acid battery remains cost-

effective. Despite the economic viability of 

lithium batteries, they provide a prospective fire 

risk as a result of metallic lithium dendrite shorts 

occurring within the liquid electrolyte, spanning 

from the anode to the cathode [1-5]. Solid 

electrolytes have the potential to provide a 

resolution to this problem. Moreover, the 

utilization of a solid-state electrolyte has the 

potential to significantly enhance the energy 

density. Nevertheless, an important obstacle lies 

in identifying solid electrolytes that possess 

sufficient alkali-ion conductivities. Fast ion-

conducting glasses have the potential to serve as 

a solid-state electrolyte in advanced battery 

technologies of the future [6-11]. Binary lithium 

borate glasses and other fast-ion conductive oxide 

glasses with conductivities of ~10-8 or 10-9 S/cm 

are not adequately conductive for commercial use 

[12-16]. The rise in ionic conductivity can be 

attributed to several factors. Firstly, a higher 

concentration of alkali ions has been observed to 

enhance the conductivity. Secondly, the process 

of quick quenching has been found to have a 

positive effect on conductivity. Additionally, the 

use of mixed glass formers and the addition of 

alkali halide salts (known as the mixed anion 

effect) have also been shown to contribute to an 

increase in ionic conductivity [17-24]. In this 

study, the latter factor has been investigated. Also, 

more information about ion conduction behavior 

can be obtained from the molten state. Studying 

the ion conductivity in the molten state will give 

insight into the relationships between the molten 

and glassy structures. It has been observed that a 

molten sample shows a higher conductivity  

and lower activation energy for conductivity 

compared to its solid-state counterpart [25, 26]. It 

means that during the solidification process, a 
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drastic drop in conductivity occurs. Since glass 

generally obtains its structure from the rapid 

cooling of its melt, its structure is highly similar 

to its melt; thus, conductivity is a structure-related 

property, and the conductivity of the glass entirely 

depends on the conductivity of the melt [27-29]. 

On the other hand, ion conduction in the molten 

state has specific applications like high-

temperature liquid electrolytes and high-

temperature batteries for geothermal and oil and 

gas borehole applications [30-32].  

This paper provides a framework for 

comprehending the effects of mixed anion effects 

and temperature on the electrical conductivity of 

the molten and glassy Li2(O, Cl2, I2)-B2O3 system. 

In summary, the following are the significant 

contributions of this study: (i) The ion conduction 

in the molten state of the Li2(O, Cl2, I2)-B2O3 

system was measured with a customized set-up, 

and (ii) The activation energy of ionic conduction 

associated with every specimen was calculated. 

(iii) The distinction between ionic conductivity at 

elevated temperatures (molten state) and ambient 

temperatures (glassy state) was examined. 

2. EXPERIMENTAL PROCEDURES 

2.1. Materials and Methods 

Table 1 displays the glass compositions 

formulated for this study. The mole ratio of 

lithium-ion, the primary charge carrier, remained 

constant across all samples, whereas the amounts 

of anions, i.e., O2-, Cl-, and I-, varied among the 

samples. 

The thermal behavior of the glass batches was 

studied using an STA (BaHR503) so that the 

probable evaporation of the glass batches could 

be studied. To synthesize the glasses, Sigma-

Aldrich sources like lithium carbonate (554-13-2, 

purity ≥98%), lithium chloride (7447-41-8, purity 

≥99%), lithium iodide (10377-51-2, purity 

≥99%), and boric acid (10043-35-3, purity ≥99%) 

were used. 

Using coaxial cylindrical electrodes, the electrical 

conductivity of the base composition, which 

included 17.5 Li2O and 82.5 B2O3 (mol%), was 

assessed in the molten state between 973 K and a 

temperature just below its glass transition 

temperature (833 K). The method described by 

Schiefelbein et al. [33, 34] was used to measure 

the specific resistivity. At 1023 K, the glass 

batches were melted. Using a stepper motor, 

coaxial cylindrical electrodes were then inserted 

into the melt at a predetermined depth. During the 

experiment, an alternating voltage was given to 

the electrodes while maintaining a constant 

temperature, and the current flowing through the 

melt was measured. The heating current was 

temporarily cut off throughout each test to 

eliminate induction noise from the furnace. For 

the lower temperatures and other batches, the 

same procedure was performed. It is important to 

note that to prevent the vitalization of raw 

materials, it is advisable to conduct measurements 

promptly. Figure 1 illustrates the setup used to 

measure the conductivity of the melts. 

Then, the melt was cast into a cylindrical mold 

with a diameter of 20 mm and depth of 2 mm and 

quenched to room temperature. The glass samples 

were transparent and showed no visual signs of 

crystallization. The phase analysis of the samples 

was determined by X-ray powder diffraction 

(XRD, Bourevestnik, DRON-8), using CuKα 

radiation. The patterns were scanned in the 2θ 

range of 10-80°. 

2.2. Ionic Conductivity of the Glasses 

The glass spices with a diameter of 20 mm and 

thickness of 2 mm were polished to optical 

transparency and sputtered with gold electrodes 

with a diameter of 20 mm and they were loaded 

into a puck-like, sealed sample holder. The 

complex impedance spectrum was measured 

using a Princeton Parstat2273 impedance 

spectrometer from 1 mHz to 1 MHz. To prevent 

polarization, the DC conductivity was determined 

from AC measurements over a range of 

frequencies. The DC conductivities in this 

research were determined by fitting the complex 

impedance arc using Equation 1. 

Table 1. Chemical composition of the prepared glasses (mol.%) 

Sample code Li2O LiCl LiI B2O3 
B75 O10Cl15 10 15 - 75 
B75 O10I15 10 - 15 75 

B75O10Cl7.5I7.5 10 7.5 7.5 75 
B82.5 O17.5 17.5 - - 82.5 
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Fig. 1. Schematic of the setup assembly used to measure the conductivity of the samples in the molten state. 

In this equation, a resistor in parallel with a 

constant phase element, Q, is used as the 

equivalent circuit to model the impedance, Z, 

where i is √-1, ω is the angular frequency, and ո 

is an exponent that ranges from 0 to 1. Once the 

bulk resistance is determined, the DC 

conductivity, σDC, can be determined with the 

sample thickness, τ, and electrode area, A, using 

Equation 2. 

Z =
R

1+RQ(iω)n `                        (1) 

σDC =
1

R
×

τ

A
                           (2) 

3. RESULTS AND DISCUSSION 

3.1. Thermal Analysis of the Glass Batches 

Before preparing the melt and measuring its 

conductivity, it is necessary to know the weight 

loss associated with the evaporation of the 

elements present in the glass batches. This weight 

loss can be determined by conducting a 

thermogravimetric analysis (TGA) on the glass 

batches. It is also required to identify the melting 

range and possibility of thermal phase transition 

in the batch. Therefore, the thermal behavior of 

the batches was studied by the STA (Figure 2). It 

was observed that there was approximately 4 

wt.% loss after melting the samples (~450°C) up 

to 800°C, this weight loss may be due to the 

evaporation of some constituents of the batches 

and can change the glass composition. Two 

endothermic peaks are observed in the STA 

thermographs of the base glass batch, i.e., B82.5 

O17.5.  

 
Fig. 2. STA thermographs of the prepared glass 

batches 

The sharp peak with a considerable weight loss at 

the temperature range of 170°C to 220°C was 

attributed to the melting and dehydration of acid 
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boric, which is associated with the evaporation of 

its O-H groups [35]. The other result of this 

reaction is the formation of boron oxide, which 

melts at approximately 450°C. Thus, the second 

peak at approximately 435°C was attributed to the 

melting of B2O3, which depending on the batch 

composition has occurred in the temperature 

range of 420°C to 445°C in other thermographs. 

There is another endothermic peak in the batch 

sample B82.5 O17.5, which contained the highest 

amount of lithium carbonate, at approximately 

680°C. It was attributed to the melting and/or 

dissolving of lithium carbonate in the borate glass 

phase. 

3.2. Phase Analysis 

The absence of distinct diffraction peaks observed 

in the X-ray diffraction (XRD) patterns suggests 

that the examined glasses exhibit an amorphous 

phase at the point of XRD view, as depicted in 

Figure 3.  

 
Fig. 3. XRD pattern of the prepared glass sample 

This lack of sharp peaks implies the absence of a 

well-defined long-range atomic arrangement. 

Based on the data presented in Figure 3, it can be 

noted that the X-ray diffraction (XRD) patterns of 

the four glass samples have a notable similarity. 

Additionally, two distinct broad humps are 

prominently evident. The initial prominent  

peak was observed within the region of  

15° <  2θ <  30°, providing robust evidence for the 

amorphous characteristics (namely, short-range 

order) shown by all the glass specimens. The 

determination of medium-range order can be 

achieved by analyzing X-ray diffraction (XRD) 

patterns, which may display either a pre-hump on 

the low-angle side of the primary peak or a more 

pronounced first diffraction peak [36]. Hence, an 

additional wide band exhibiting reduced intensity 

was detected within the angular span of 40–50°, 

indicating the existence of another phase 

characterized by medium-range structural 

organization. The presence of two distinct broad 

bands in sodium borate glasses has also been 

observed [37, 38]. 

3.3. Electrical Conductivity Measurement  

3.3.1. Molten-state electrical conductivity 

As shown in Figure 4, Figure 5, Figure 6, and 

Figure 7, with increasing the temperature from 

823 to 973 K, the electrical conductivity of the 

samples increases exponentially, as was expected. 

This suggests that the molten-state conductivity 

of the composition is thermally activated, and 

may be attributed to the mobility of charge 

carriers within the material. It is known that the 

electrical conductivity of a glass melt obeys the 

following Arrhenius’ law: 

σ =  σ˳ exp (−
∆E

RT
)                     (3) 

Where σ˳ is a constant corresponding to the 

expected value of electrical conductivity at 

temperature tending to infinity, T is the absolute 

temperature, R gas constant, and ∆E is the 

activation energy of ionic conduction describing 

the height of potential barriers between two 

adjacent possible positions of current carriers in a 

liquid or glass.  

 
Fig. 4. The measured ionic conductivity of the molten 

glass B82.5 O17.5, which nominally contained 17.5Li2O 

+82B2O3 (mol%) with temperature. curve (A) shows 

the conductivity as a function of temperature, where 

the experimental errors are evolving. The data in the 

curve (B) are the logarithmic specific resistivity with 

temperature 
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As mentioned for all samples, the conductivity 

increases in a linear fashion over a log(σ) vs. 1/T 

plot, following an Arrhenius-type behavior, so the 

activation energy, ∆E, of glass melts is calculated 

using equation 3 and illustrated in Error! 

Reference source not found.. 

 
Fig. 5. The measured ionic conductivity for the 

molten glass composition is 10% Li2O + 15% LiCl + 

75% B2O3. Curve (A) shows the conductivity plotted 

concerning temperature, where the experimental 

errors are evolving. The data in the curve (B) are the 

logarithmic special resistivity concerning temperature 

 
Fig. 6. The measured ionic conductivity for the 

molten glass composition is 10% Li2O + 15% LiI + 

75% B2O3. Curve (A) shows the conductivity plotted 

concerning temperature, where the experimental 

errors are evolving. The data in the curve (B) are the 

logarithmic special resistivity concerning temperature 

Temperature increases the mobility of ions 

through more dilation in the glass structure and 

the expansion of conduction channels in the 

structure. On the other hand, the temperature 

increases the length of bonding links and reduces 

the bonding energy between the floating ions and 

their sites. So, the reduction in electrostatic 

bonding energy ultimately increases electrical 

conductivity. Also, by increasing the temperature, 

the viscosity of the glass melts is reduced 

exponentially, and as a result, the strain energy 

needed for the motion of ions is reduced and helps 

to improve electrical conductivity. 

 
Fig. 7. The measured ionic conductivity for the 

molten glass composition is 10% Li2O 7.5% LiCl + 

7.5% LiI + 75% B2O3. Curve (A) shows the 

conductivity plotted concerning temperature, where 

the experimental errors are evolving. The data in the 

curve (B) are the logarithmic special resistivity 

concerning temperature 

 
Fig. 8. The calculated activation energy, ΔE, of the 

molten glass batches. 

3.3.2. Glassy-state electrical conductivity 

measurement 

The complex impedance fitting arcs of the 

samples are shown in Error! Reference source not 

found.. The direct current (DC) conductivity of 

each glass sample at 300 K was found by fitting 

 [
 D

O
I:

 1
0.

22
06

8/
ijm

se
.3

30
0 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 c
eh

sa
t.i

us
t.a

c.
ir

 o
n 

20
24

-0
7-

16
 ]

 

                               5 / 9

http://dx.doi.org/10.22068/ijmse.3300
http://cehsat.iust.ac.ir/ijmse/article-1-3300-en.html


Bijan Eftekhari Yekta et al. 

6 

the complex impedance arc using Equation 1. The 

resistance of the sample is found through an AC 

experiment using the Nyquist plot, where the real 

and imaginary parts of the impedance were 

plotted on the x and y axes, respectively. For a 

parallel R-C circuit, semicircular arcs are 

expected. In equation 1, the constant phase 

element (CPE) explains these semicircular arcs' 

recession. Frequency dispersion in the glass 

samples is the direct explanation of this recession 

[39, 40]. The arcs in the Nyquist plot (see Error! 

Reference source not found.) are due to the bulk 

response of the resistive (R) and capacitive (C) 

behavior of the glass samples, and the 

polarization “tail” at low frequency arises from 

the space charge polarization, where the Li+ ions 

can accumulate on the blocking electrodes and 

balance the bias voltage. Once the bulk resistance 

is determined, the DC conductivity, σDC, can be 

calculated using equation 2 which represents the 

DC conductivity (σDC) of each sample. According 

to the Anderson-Stuart Model [20] in the glassy 

state, conductivity is controlled by the activation 

energy. This physical quantity is interpreted as the 

energy barrier that must be overcome for an ionic 

charge carrier to jump to an adjoining site. The 

activation energy is a summation of the energy 

barrier related to squeezing pathways (∆Eb) and 

energy to move through a doorway between 

adjacent charge-compensating sites ( ∆Es ), the 

combination of these two energy barriers yields 

activation energy of ionic co described (∆Ea= ∆Eb 

+ ∆Es). 

This model further suggested that by using 

equation 4, the binding energy can be 

approximated, where β is the finite displacement 

factor, ∆Ec is the columbic energy, γ is the 

covalency parameter and is equal to the dielectric 

constant, r0 is the radius of the anion (Cl-, I- and 

O2-), r is the radius of the cation (Li+), z0 and z are 

the valence of the anion and cation respectively. 

Likewise, using equation 5, the strain energy was 

approximated, where rD is the doorway radius, r is 

the radius of the cation, and G is the shear 

modulus. Although many authors have proposed 

modifications and variations to improve the 

Anderson-Stuart model [16, 21], the concept of 

activation energy consisting of binding and strain 

energies has remained constant. 

∆Eb = ∆Ec~
βzz0e2

γ(r+r0)
                     (4) 

∆Es = 4πGrD(r − rD)2                  (5) 

The Anderson-Stuart model suggests that 

substituting the larger anion for a smaller one will 

increase the doorway radius. Additionally, as the 

anion's radius grows, its effective nuclear charge 

drops, lowering the energy barrier associated with 

passing through a doorway ( ∆Es ). These two 

parameters improve ion conduction, therefore 

replacing LiCl or LiI with Li2O in the base glass 

system (17.5% Li2O- 82.5% B2O3), where they 

have larger anion radii than O2- in Li2O, increased 

electrical conductivity (in sample O10Cl15-B75 or 

O10I15-B75, respectively). note that the mole ratio 

of the charge carrier (Li+) remained constant for 

all samples, on the other hand, the addition of 

LiCl and LiI simultaneously not only resulted in 

the replacement of bigger radius anions with 

smaller ones but also existing different kinds of 

anions helped site polarization which increased 

the ion conduction in sample O10Cl7.5I7.5-B75. 

 
Fig. 9. Nyquist plot of the complex impedance for 

different glass samples at 300 K. 

Table 2. The conductivity of the glass samples at 

300 K calculated from EIS 

conductivity at 300 K) S.cm-1( Sample 

4.933×10-8 O10Cl15-B75 

8.670×10-8 O10I15-B75 

1.443×10-7 O10Cl7.5I7.5-B75 

3.220×10-8 O17.5-B82.5 

4. CONCLUSIONS 

The conductivity in the molten state, due to its 

structural relationship and its high similarity to 

the structure of the glass, is important, and 

temperature is a key factor in the electrical 

conductivity in the glass and its melt, and with 

increasing temperature, conductivity increases 
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exponentially. The present investigation involved 

the measurement of ionic conductivity in the 

Li2(O, Cl2, I2)-B2O3 system throughout a broad 

temperature range (ranging from 863 K to 973 K) 

with a specifically designed experimental setup. 

Following this, the conduction activation energy 

was calculated to be approximately 32 kcal/mol 

based on the data collected from the ionic 

conductivity of the melts. The research revealed a 

notable disparity in ionic conductivity between 

the molten and glassy states at room temperature, 

with the former exhibiting considerably greater 

levels. This implies that the temperature-

dependent mobility of charged particles, 

specifically ions, results in enhanced ionic 

conductivity when the substance is in a molten 

state. Moreover, this discovery holds significant 

ramifications for applications that necessitate 

conductivity at elevated temperatures, such as in 

the field of solid-state batteries or molten salt 

reactors. It has been observed that the 

conductivity and activation energy of different 

anions in molten samples are approximately 

consistent at high temperatures. This factor has a 

limited influence on the control of ion conduction. 

However, at lower temperatures, this factor can 

significantly enhance performance. Furthermore, 

in the glassy state, the incorporation of LiI salt 

exhibits a higher enhancement in conductivity 

compared to LiCl. Moreover, the simultaneous 

addition of both LiCl and LiI salts demonstrates 

the highest level of conduction. More specifically, 

the inclusion of LiI, LiCl, and the combination of 

LiCl and LiI together increased the ionic 

conductivity of the glassy state. The conductivity 

values were measured to be 3.220×10-8, 

8.670×10-8, 3.220×10-8, and 1.443×10-7, 

respectively. 
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