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Abstract:  Three systems of lithium borosilicate (LBS) glasses 

namely SI 42.5Li2O: (57.5-x) B2O3: xSiO2, SII 42.5Li2O: 

xB2O3 :( 57.5-x) SiO2 where x=0, 5, 10, 20, and 30, and SIII 

(100-2x) Li2O: xB2O3: xSiO2 where x=30, 28.75, 27.5, 25, and 

22.5, are prepared using conventional melt quenching 

technique. Functional dependence of conductivity on 

temperature in the range from 523- 673K and frequency in the 

range from 10Hz to 13 MHz is studied.  In order to analyze 

electrical conductivity the microscopic parameters such as 

ionic jump distance and barrier height are necessary.  These 

parameters can be understood properly on the basis of the 

models proposed by Almond and Elliott. As   frequency 

increases from 1MHz to 13MHz, the Tmin shifts towards low 

temperature side. According to this model the charge transfer 

is a thermally activated process and provides a correlation 

between the barrier height (W) and the hopping length (R). 

The fitting of conductivity data into Almond-West type power 

law behavior σ = σ(o) + Aω
s 

 yielded power law exponent(s).   

Electrical conductivity data fitted well in Elliott’s model, which 

is true only for amorphous materials. The temperature 

dependence of frequency exponent s exhibits a minimum  (smin) 

at a particular temperature (Tmin) .  . From the scaling behavior 

of the ac conductivity it is seen that all the curves scaled better, 

suggesting that s is temperature independent. It is observed 

that  smin  shifts to lower temperature, which shows that 

electrical conductivity of glassy solid electrolytes is the 

manifestation of ionic dynamic processes. The superposition of 

the reduced conductivity at all temperatures shows relaxation 

mechanism is temperature independent. Analysis of modulus 

formalism with a distribution of relaxation times using KWW 

stretched exponential function, the stretching exponent, β, is 

depend on temperature. The analysis of the temperature 

variation of the M″ peak indicates the relaxation process is 

thermally activated.  

Keywords: Borate glasses; AC conductivity; Scaling; 

Dielectric relaxation; Li
+
 conduction 

II. Introduction 

The ionic conductivity of glasses has been widely investigated 
[1,2]

. The use of glasses both as electrolyte and electrode material 

has given a boost to its study regarding ion transport and search 

for new glass materials. Lithium borates are classical glass 

forming systems, which have been extensively studied in the 

literature 
[3, 4, 5]

.  The ability of boron to exit in both three and 

four coordinated environments and high strength of the covalent 

B-O  

 

 

 

bonds, imparts borates, the ability to form stable glasses. The 

mechanism of electrical conductivity in ion conducting glasses is  

a challenging problem. The conductivity is generally studied as a 

function of temperature, and it may also depend on the structural 

changes in the material. This point of view is interesting because 

of conductivity of vitreous materials caused by least two 

different contributions. First one is thermal activation. The 

conductivity increases with temperature according to the 

Arrhenius law. The second one is structural change of the glass 

with composition, which also varies the conductivity 
[6,7]

. 

Therefore it is interesting to understand the dynamics of the 

mobile ions in solid ion conductors by interpreting the frequency 

dependent features in their dielectric response 
[8,9]

. Lithium 

borate glasses containing transition metal ions such as 

manganese, nickel silicate are know as electrode materials. In 

the literature, I find that these glasses have not been studied 

extensively. In an effort to understand the conductivity behavior 
and to find some universality in them, Lithium-borosilicate glass 

system has been taken up for investigation. Here, I reports both 

dc and ac conductivity studies of Lithium-borosilicate glass 

system over different range of composition, temperatures and 

frequency. Interestingly, it is found that the conductivities are 

dominated by lithium ions and the structure of borate glass. The 

scaling analysis exhibits excellent conductivity and dielectric 

modules (M”) suggesting a common transport mechanism in this 

glass system.  
The electrical conductivity of ionic glasses may be increased by 

dissolving halides or other salts in the glass structure 
[10,,11]

 or by 

mixing a second glass former in an originally binary glass 

constituted by glass-former and glass modifier. In fact, the non-

additive increase in electrical conductivity, observed when a 

second glass-former is added to a binary glass, is known as 

mixed former effect 
[1]

. The most classical and remarkable 

example of the mixed former effect was found at the 

borophosphate system 
[12]

 in which the conductivity of the most 

conductive ternary compositions are two orders of magnitude 

higher than that of the binary glasses. The mixed-former effect 

has also been found in other glass systems such as: silver 

borophosphate
[13]

,  lithium borotelurate 
[14]

, lithium silicatelurate 
[15]

 and lithium selenoborate 
[16]

. However, if both binary glasses 

at the given system present very different electrical 

conductivities, a monotonic change (when the first former is 

substituted by the second one) of electrical conductivity with no 

maximum, may not be considered a mixed former effect. Otto 
[17]

. Although those results show an increase in electrical 

conductivity when SiO2 is added to the Li2O.B2O3 glasses, Otto 

did not present data for the entire glass system, precluding 

conclusions about the existence or absence of a mixed former 

effect. The basic borosilicate glass network structure consists of 
interconnected BO4 tetrahedra. Addition of Li2O into the 

borosilicate glass system introduces coordinated defects along 
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with non-bridging oxygen ions, and also acts as network 

modifier and breaks B–O–B and Si-O-Si linkages. Generally, Li
+
 

ions sit in the vicinity of these non-bridging oxygen sites and 

ionic conductivity is believed to arise from non-random hopping 

of Li
+
 ion between these sites under the influence of an external 

field. It is well recognized that the variation in the conductivity 

is due to the structural change of the glass with composition; 

consequently it is attractive to be aware of the movement of 

mobile ions in the glasses by interpreting the frequency and 

temperature dependent features in their dielectric response. 

Detailed structural studies of the present investigation of 

Lithium-borosilicate glasses were studied using Impedance 

spectroscopy, to measure the electrical conductivity. Electrical 

conductivity, relaxation frequency, activation energy and the 

pre-exponential factor of the Arrehnius equations of both 

properties were investigated as a function of the composition, 

i.e., the addition of the first glass former by the second one.  

 

2. Experimental 

In the present work fifteen glasses have been synthesized using 

high purity from Aldrich grade chemicals (Li2CO3), (B2O3) and 

(SiO2) Mixtures of these materials in appropriate proportions 

were thoroughly ground under acetone in an agate mortar to 

achieve a homogenous powder.  The glasses have been 

synthesized by the familiar melt quenching method. All the 

samples were annealed below their transition temperature.  

The amorphous state of the glasses was checked by the X-ray 

diffraction method. The Differential Scanning Calorimetric 

(DSC) thermograms of all samples showed the glass transition 

temperature Tg. The accuracy in the measurement of Tg is ±1K.  

Electrical conductivity measurements were carried out on a 

Hewlett Packard HP 4192 A impedance analyzer, has a built in 

capability to measure real and imaginary parts of impedance 

gain phase analyzer from 10 Hz to 13MHz in the temperature 

range of 523-673 K. A programmable signal level allows 

applying voltage less than decomposition potential of solid 

electrolyte. The Keithley 7001 main frame system preinstalled 

with 6001 referred. Switchboard facilitates selection of 10 

samples as per operator’s choice. Both these instruments have 

built in remote operation capability via IEEE-488 interface bus.  

The furnace with power pack is used for heating and cooling 

procedures. Home-made GUI (graphic user interface) computer 

software was used to acquire the data and subsequent analysis. A 

home built cell assembly (6-terminal capacitor configuration and 

spring loaded silver electrodes) was used for all measurements. 

A sample temperature was measured by using a Pt-Rh 

thermocouple positioned very close to the sample. Annealed 

circular glass pieces were, spirited by spiriting unit on both sides, 

to serve as electrodes for electrical measurements.  

 

3. Results and discussion  
Compositions of the glasses studied and their corresponding 

codes along with their conductivities are listed in Table 1. It is 

observed that the glass sample LBS.4 have maximum 

conductivity 7.5318 * 10 
-3

 Scm
-1

 at 623 
o
K. In the present work 

its further study is taken in continuation. The impedance plots of 

LBS.4 glass at different temperatures is shown in Figure 1. 

 
Figure 1 Typical impedance plots for LBS4 glass at different temperature. 

  The impedance data of an ionic glass plotted in a Nyquist 

diagram results in a single semicircle (Figure1). Shift of 

impedance semicircles to lower and lower Z’ values are due to 

the Increasing in temperature in 
o
C.  

To calculate the bulk conductivity of all the glass samples as a 

function of temperature, one can use the intersection points of 

the imaginary impedance onto the real axis of semicircles to use 

equation (1) the conductivity (σ) is then calculated by the 

relation:  

       σ = t/RA                                       

where t/A is the geometrical factor, t is the thickness and A the 

area of the electrode. 
   Table 1 Details of the compositions of the glasses prepared, along with  

                  code and their corresponding σ dc S/cm, with Edc at 623 K . 

 

Glass 

Code 

Composition in mol% 
σ dc S/cm Edc 

Li2O B2O3 SiO2 

LBS1 42.5 57.5 0 4.6547 10 -3 0.54 

LBS2 42.5 52.5 5 3.1167 10 -3 0.24 

LBS3 42.5 42.5 10 2.5438 10 -3 0.23 

LBS4 42.5 37.5 20 7.5318 10 -3 0.27 

LBS5 42.5 27.5 30 1.5638 10-3 0.32 

LBS6 42.5 0 57.5 2.2656 10 -3 0.63 

LBS7 42.5 5 52.5 1.5000 10 -3 0.51 

LBS8 42.5 10 42.5 2.1712 10 -3 0.34 

LBS9 42.5 20 37.5 1.1081 10 -3 0.68 

LBS10 42.5 30 27.5 1.9182 10 -3 0.51 

LBS11 42.5 28.75 28.75 2.3275 10 -3 0.55 

LBS12 40 30 30 2.8701 10 -3 0.62 

LBS13 45 27.5 27.5 7.0355 10 -4 0.63 

LBS14 50 25 25 1.3203 10 -4 0.57 

LBS15 55 22.5 22.5 3.7462 10 -3 0.52 
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      Figure 2. Variation of log σ as a function of 103/T for LBS.4   

                      sample At different temperatures; the variation of   

                      activation energy with composition of boron oxide. 

 

The highest conductivity is achieved by the LBS4 sample (σ = 

7.5318×10
−3

 Scm
-1

, The bulk conductivities calculated from the 

analysed impedance data obtained at different temperatures for 

all the glasses are shown in Figure 2 (shown as log σ versus 

10
3
/T). 

The composition dependence of activation energy (Ea) at 623 K 

is shown in the inset of Figure 3. It is observed that the 

activation energy is found to be the minimum for highest 

conducting glass sample (LBS.4). Since the composition 

dependence of activation energy does not show the non linear 

behaviour of conductivity; suggests that the conductivity 

enhancement is directly related to the increasing mobility of the 

charge carriers 
[18]

. 

5. AC conductivity 

The dependence of the electrical conductivity with the frequency 

can be analyzed by the power law equation 

σ(ac) = σ(0) + Aω
s
, 

where σ (0) is the conductivity at zero frequency, which is 

normally termed the dc conductivity; and the second term is 

purely dispersive component of the c conductivity, depending on 

the frequency ω (ω = 2πf is the angular frequency) in a 

characteristic power law fashion. A and s are power law fit 

parameters (0 < s < 1).  The power law exponent s has been 

found to be material dependent 
[19]

. Typical ac conductivity fit to 

Almond-West type power law. Plots of ac conductivity as a 

function of frequency at 673 K for all glass samples are 

presented in Figure 4. for LBS  glass system.. At low 

frequencies, random distribution of the ionic charge carriers via 

activated hopping gives rise to a frequency independent 

conductivity. At higher frequencies, conductivity exhibits 

dispersion, increasing roughly in a power law fashion. Another 

interesting feature observed is that the values of σo obtained 

from the Almond-West type power law
 [19,20,,21]

 fit are similar in 

magnitude to the dc conductivities (σdc) obtained from the 

impedance plots 

 

 
 

Figure 4. Plots of log(σT) as a function of log(ω) for all samples of  

                     Lithium-borosilicate system measured at 673 K. 

From Figure 4 the frequency exponent ‘s’ is obtained from the 

slop of curve. The variation of slop (s) with temperature for 

glass systems is shown in Figures 5. These figures revel that the 

values of ‘s’ are higher at low temperatures and vice versa 

showing a minimum, in higher temperature region, indicating 

the presence of least modification in the network structure. The 

lowest ‘s’ value (i.e.Smin) gives minimum temperature (Tmin). 

Such type of behavior is most interesting, important and rare, as 

very few theories for ac losses. The overlapping is due to very 

small shift in the temperature probably resulting from close 

molar ratios of compositions in the glasses.  

 

 
Figure 5. Plots of the variation of characteristic parameters ‘s’ with   

                 temperatures. 

The ac conductivities for the highest conducting glass sample 

LBS4 at different temperatures are shown in Figure 6. The 

values of σ(dc), σ(ac),  s, β ,Edc(ev) ,Eac(ev) are tabulated in Table 

2. 
Table 2 σdc, σac S/cm, E(dc), E(ac), S,  β. For LBS.4  at 623 oK 

 

σ dc S-Cm
-

1
 

σ ac S-Cm
-

1
 

E(dc) 

in eV 

E(ac) 

in eV 
S β 

5.6547 e
-3

 2.6418 e
-3

 0.576 0.651 0.14 0.86 

4.1167 e
-3

 1.8518 e
-3

 0.587 0.657 0.145 0.855 

4.5438 e
-3

 1.5031 e
-3

 0. 717 0.729 0.135 0.865 

7.5318 e
-3

 4.1572 e
-3

 0. 706 0.715 0.168 0.832 

6.5638 e
-3

 3.6272 e
-3

 0.755 0.769 0.15 0.85 
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Figure 6 Plots of log(σT) as a function of log(f) for highest conducting   

                sample, LBS4 , at temperatures 523–673 K. 

 

6.  Dielectric Relaxation 

The dielectric response of these glasses has been examined by 

measuring both real and imaginary part of dielectric constants 

and moduli. The variation of real (Є') and imaginary (Є") parts 

of dielectric constant with frequency  at different temperatures 

for LBS4 glass system are as shown in Figure 7 (a,b). The 

glasses investigated are ion conducting and observed to show 

zero slope dispersion at low frequency, this low frequency 

dispersion is attributed due to electrode-sample interface 

polarization effect and it is suppressed in ac conductivity duo to 

frequency independent conductivity σ(0). where as at the higher 

frequency, slope is non zero (having finite value) is due to the 

symmetric stretching and bending motion of the ions,  

 

 

 

 
Figure 7. Plots of variation of (a) real (ε’) and (b) imaginary (ε”) part of  

                  dielectric constants with frequency at different temperatures. 

 

The real (M') and imaginary (M") parts of dielectric module as a 

function of temperature and frequency for LBS4 is shown in 

Figure 8(a,b) respectively. The behavior of dielectric constant 

and dielectric modulus are qualitatively similar for all the glasses 

examined. 

 

 

 

 
Figure 8 Plots of variation dielectric modulus at different temperatures  

                 (a) Real (M’) parts of dielectric modulus with frequencies and  

                (b) Imaginary (M”) parts of dielectric modulus with   

                      Frequencies 

 

It is evident from Figure 9(b) that M" values exhibit 

characteristically asymmetric peaks. The asymmetric M” peak 

originates from the nature of relaxation behavior. The center of 

relaxation peak is characterized by fo. It can also been seen that, 

the M” is found to be different (M”max) and peaks systematically 

shifts towards higher frequencies, with increase of temperature 

.M” peaks are reasonably well fitted using Kohlrausch-

Williams-Watts (KWW) or stretched exponential functions 
[22,23,24]

 for relaxation; 

0 exp
t



 


  
   

   

 

where τ is the characteristic relaxation time and β is the stretched 

exponent and its value lies between 0 and 1.The relaxation time 

τr was calculated using the relaxation frequency (ωp); τr =1/ωp . 

The relaxation time also systematically shifts to higher values 

with increase of temperature. The variation of log(τr) versus 

(10
3
/T) k

-1
 for LBS.4 glass follow Arrhenius behavior shown in 

Figure 10. 
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               Figure 9: Relaxation time (r) verses 103/T (K-1) 

The characteristic relaxation time r is given by the relation, 

0 expr

Eac

KT
 

 
  

 
 

Interestingly, the values of activation energy Eac [Tabulated in 

table 2] determined from the slop of this graph are found to more 

than the activation energy obtained from conductivity (Eac> Edc). 

The values of the parameters Tmin, Smin, Eac obtained, are in 

accordance with Ellott’s model. These Tmin, Smin, Eac parameters 

explains together, the large polaron transport in amorphous 

semiconductors. 

Full width at half maximum (FWHM) values of M” peaks are 

inversely correlated to the values of β. Using plots of β verses 

FWHM 
[25,26]

.  β values have been evaluated for all the glasses at 

various temperatures and are plotted in Figure 10 as a function 

of temperature. The β values investigated for all the glasses are 

essentially temperature insensitive. Thus it concludes  that the 

values ‘s’ are less temperature dependant than those of β 
indicating that β and ‘s’ are not equal but are in accordance with 

equation  β + s = 1  
[27]

.  

  

 

Figure 10 Variation of the stretched exponent β with temperature. 

7.Normalized plots of conductivity and dielectric modulus It 

is a fact that the mechanism of ion transport, glasses, changes 

slowly due to the variation in composition and temperature. 

Normalized plots of conductivity and imaginary part of 

dielectric modulus have studied using reduced plots. The typical 

reduced plots of conductivity log (σ/σ0) versus frequency (log 

f/f0) for LBS system are shown in Figure 11.From Figure 11, it 

is observed that all the curves observed at different temperatures 

suggests that the present glass samples show evidence of the 

temperature dependent conduction transport mechanism. 

 

Figure11. Plot of log(f/f0) versus log(σ/σ0) for all the glass                                      

                   samples at different temperatures. 

                     

The deduced imaginary part of dielectric modulus 

(M”/M”max) has been plotted as a function of log(f/f0) ; were 

M”max is the maximum value of M”, The variation of 

(M”/M”max) versus  log(f/f0) for all glass series for a given range 

of temperatures is shown in Figure 12. From Figure 12, it is 

observed that all the curves observed at different temperatures, 

for the dynamical processes are temperature dependent 

conduction transport mechanism. 

 

 

Figure12. Normalized plots of dielectric modulus against normalized  

                  frequency for all glass samples at different temperatures. 

 

8. Conclusions: 
The systematic investigations of impedance reveals that 

spectra of systems have comparable ionic and electronic 

contributions help to understand the phenomenon of mixed 

conduction and eventually coupling between fluxes of mobile 

species.The impedance spectra of mixed electronic-ionic glassy 

conductors in some Li2O:B2O3:SiO2 systems under study shows 

characteristic pseudo-Warburg inclined linear segments, at very 

low frequencies exhibiting dc conduction and ac conduction at 

high frequencies.  

The conductivity studies of Lithium-borosilicate glass 

system have been carried out over the vide range of frequency 

and temperature. AC conductivity data has been fitted to a single 

power law equation. The power law exponent s is found to give 

smin . The stretched exponent factor β is found to be almost 

constant and it is independent of temperature. Scaling analysis of 

conductivity and dielectric modulus suggests that the present 
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glass samples show evidence of the temperature dependent 

conduction transport mechanism.  

The frequency-dependent conductivity at different temperatures 

has been analysed using Jonscher's power law approach. The 

exponent s is ∼0.9 and slightly depends on temperature, while 

the superposition of the reduced conductivity at all temperatures 

shows that the relaxation mechanism is temperature independent. 

Data have been analyzed in the modulus formalism with a 

distribution of relaxation times using KWW stretched 

exponential function. The stretching exponent, β, is found to 

depend on temperature. The analysis of the temperature variation 

of the M″ peak indicates that the observed relaxation process is 

thermally activated. from conductivity and modulus analysis 

suggest that the ion transport in the investigated materials 

follows the hopping mechanism. 
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