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ABSTRACT 

	In this paper, we report the bulk density, structure and temperature dependent ionic conductivity in B2O3(1-x) – (Li2O1/2 + Na2O1/2) x mixed-alkali glass systems. The non-crystalline nature of the melt-quenched glass samples has been established by XRD studies. The compositional dependence of density was found to be non-linear. FT-IR studies revealed the formation of BO3 to BO4groups with the addition of alkali content. The DC conductivity of the present samples in the temperature range from 313K to 473K was measured by two-probe method. The ionic conductivity decreased with increase in alkali content up to x=0.30 and it increased for further doping of alkali content. The activation energy at high temperature region is found to increase initially and attained maxima at x = 0.3 and decreased for further doping. The ionic conductivity and activation energy have respectively attained a minima and maxima at x = 0.30 of alkali. This kind of behavior has been ascribed to the occurrence of mixed alkali effect in the present glass systems.
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1. INTRODUCTION 

Alkali doped borate glasses are considered to be an important class of materials in optical fibers, microelectronics, optics, electrolytes in solid state batteries, cathode in electrochemical cells, due to their scientific and technological aspects (Singh et al., 1988; Rao et al.,2004; Pisarski, et al., 2005). By incorporating the suitable network modifier to the glass former (B2O3) their physical and electrical properties can be altered (Kenmotsu et al.,1999). The ionic conduction in these glasses is reported to be due to the migration ions within the glass matrix (Schaeffer et al., 1984) It was reported that the borate glasses doped with alkali oxides exhibit a non-linear behavior in terms of the physical properties when alkali oxide doping concentration was gradually increased (Yasser et al., 2004; Doweidar, 1990). The addition of alkali oxides to borate results in transformation of BO3 triangle to BO4 tetrahedra. This happens in a continuous manner in binary R2O/ B2O3systems nearly up to R2O/ B2O3=0.5 (R2O = Li, Na, K, Rb, Cs) (Zhong et al.,1988). Mixed alkali effect (MAE), an anomalous phenomenon which may occur in glasses containing two dissimilar sized ions (Lorosch et al., 1984) This MAE is long–time problem for understanding the conduction mechanism which still attracts attention to the researchers (Yasser et al., 2004; Verhoef et al., 1995). The last few decades, MAE was observed to occurring in mixed crystals, cations and anions conducting glasses and also in the glasses containing two glass formers (Verhoef et al., 1995). This anomalous effect has been explained using few theoretical models based on both structural and electrodynamic aspects (Berg et al.,1994; Van Ass et al.,1974). However, no single model adequately explains the mixed alkali effect in these different systems. Nevertheless, MAE is still an open task in the field of oxide glasses.
Studies have revealed that the borate-based glasses show rich structural chemistry in terms of their structure (Matustia et al., 1980). The formation of complex 3-dimensional network comprising of boron and oxygen in large structural units is usually the characteristic structure of alkali doped borate glasses. The incorporation of several alkali modifiers, R2O to the borate glasses fetches drastic variations in the structural units (Krogh, 1969). The incorporated modifier can act in two ways, (Padmaja et al.,2009): by creating four-coordinated boron (BO4 -)
2(BO3)  2(BO4 -)	+2+											(1)
and by creating nonbridging oxygen (NBO) 
2(BO3)  2(BO3 -) +2											(2)

In equation (1), all oxygen atoms are bridged to boron atoms. Similarly, in equation (2), one of the oxygen atoms in each of the (BO3-) units is nonbridging. The concentration of four-coordinated boron in modified borate networks is dominant below 30% added modifier and equation (1) plays a dynamic role in this region. When the added modifier content is above 30% then equation (2) is dominant and formation of NBO is more than four coordinated boron’s in the glass network (Padmaja et al.,2009).
A number of reports on MAE in borate, phosphate, telluride and silicate glasses containing alkali or alkaline oxides have been published (Isard,1969; Vyas et al., 1974, Day, 1976; Cramer et al., 2005), have observed that the with the increasing difference in size or mass of the involved alkali ions, the magnitude or strength of MAE increases. (Bunde et al., 1994) formulated a theoretical model based on the ionic migration in glasses known as dynamic structural model (DSM).
In the present paper, we report the outcome of investigations of bulk density at room temperature, effect of replacing B2O3  (glass former) by Li2O and Na2O (glass modifier) structural analysis using FT-IR spectra and dc conductivity in function of temperature in the glass system;(1-x) (B2O3) – (Li2O1/2 - Na2O1/2) x x=0.20, 0.25, 0.30, 0.35 and 0.40 labelled as BLN1, BLN2, BLN3, BLN4 and BLN5. The objective of the present investigation is to study the ionic conductivity in a glass system wherein two different alkali ions in equal concentrations are doped and to check the possibility of occurrence of MAE. To the best of our knowledge, there are no reports on physical, structural and dc conductivity studies on borate glasses doped in equal concentrations of lithium and sodium oxides.

2. experimental details 

Glass series with general formula (1-x) (B2O3) – (Li2O1/2 - Na2O1/2) x, where x=0.20, 0.25, 0.30, 0.35 and 0.40, were prepared by melt-quenching method. Analytical grade chemicals of H3BO3., Li2CO3 and N2CO3 were procured from Himedia Chemicals. The chemical quantities in required weight ratios were taken in porcelain crucibles and the composition was thoroughly mixed in order to get the homogeneity. These porcelain crucibles are placed into the electrical muffle furnace and melted between the temperature ranges from 1213K to 1233K for different glass compositions. After confirming that the melt was transparent, it was quickly quenched at room temperature by pouring the melt on to a stainless-steel plate and covering it with another stainless-steel plate. The transparent samples of different size and shape were collected. The collected samples were then annealed at 473K in order to remove thermal strains, if any, in them. As prepared samples were subjected to XRD to confirm their non-crystalline nature. Room temperature density of these samples were determined by Archimedes principle, taking toluene as an immersion liquid. The weight of the samples in air was measured by electrical single pan balance of SCALE-TECH digital balance. The sample density measurements were repeated four times in order to obtain an average density value. The overall accuracy in the density measurement was estimated to ± 0.03. The density of the samples was determined by Archimedes principle using the below expression (Ibrahim et al., 2014),
											(3)
where, is the weight of the samples in air,  is the weight of the sample in toluene and is the density of toluene (0.87g/mol). The molar volume () of the prepared glass samples was calculated using the expression (Mansour, 2011),
													(4)
where, xi is the molar fraction, Mi is the molecular weight of ith component and D is the density of the glass.  
The FT-IR spectra of the various powdered glass samples were recorded at room temperature in the range 650-4000 cm-1using a spectrometer (Nicolet IS-10 Mid). These measurements were made on powdered glass sample distributed in KBr pellets.

The prepared samples were cut into a suitable rectangular shape of size of about 1.33 cm2 in cross–sectional area and 2.2 mm in thickness. Silver electrodes were applied on both faces of the samples. Electrical conductivity for the present samples was measured using two-probe technique between the temperature 313K and 473K. A constant voltage, V, was maintained across the sample and the current, I, flowing through it was measured. The voltage and current were measured by digital voltmeter and digital picometer, respectively (Make - SES Instruments). Temperature of the samples was measured by a chromel alumel thermocouple to an accuracy of ± 1K. The conductivity of the glass samples were calculated using   where ρ is the resistivity given by , where, ‘R’ is the resistance, ‘A’ is the cross-sectional area and ‘d’ is the thickness of the glass sample.

3. results and discussion

3.1 XRD
The X-Ray diffraction pattern for all the samples were depicted in Fig. 1. The broad humps observed in the 2θ range devoid of sharp peaks, affirm the non-crystalline characteristics of the present glass samples. 
.


Fig 1.  X-ray diffraction pattern of BLN glass samples.

3.2 Density and Molar Volume
The density (D), of the prepared glass were measured to be in the range from 1.187 g/cm3 to 1.857 g/cm3 (Table I). These density values are comparable with reported bulk density values of similar type of glasses (Edukondalu et al.,2014). The measurement of density for glasses is certainly one of the most important physical properties. The variation of density, D, and molar volume, VM with (Li+Na) concentration in the present glasses has been depicted in Fig. 2. The figure illustrates that the density increases up to 0.30 mole fraction of (Li+Na) content hinting at the glass network becoming tightly packed. For further doping of (Li+Na) content, the density has shown decreasing trend which is indicative of the network becoming loosely packed. The kind of variation in density D, and molar volume, VM reveals that there is a substantial change in the topology of glass structure.


Fig 2. Plots of density, D, molar volume, VM, as a function of (Li2O+ Na2O) mole fractions for BLN glasses.

3.3 FT-IR studies
Fig.3 represents the FT-IR absorption spectra of BLN glasses. The observed FT-IR spectra of these glasses are determined to arise largely due to the modified borate networks (Edukondalu et al., 2014), and are mainly active in the spectral range 650-2500 cm-1; therefore, the spectra are shown in 650-2500 cm-1 range for better clarity. The FT-IR spectra of the present glasses show 3-4 absorption peaks. All the glass compositions show absorption peaks at 741 cm-1, 913 cm-1, 1348 cm-1and 2345 cm-1. 

The broad band at ~1348 cm-1is assigned to the B-O- stretching vibrations of BO3 units in metaborates, pyroborates and orthoborates (Sharma et al.,2006). The broadening of this peak indicates the formation of pyroborate at the cost of metaborate which in turn cause a decrease in non-bridging oxygen’s (NBO). This behavior can be compared with the decrease in density values around 0.30 mole fraction of alkali oxides. The broad band ~913 cm-1 may be attributed to the stretching vibrations of B-O bonds in tetrahedral BO4 units. The absorption band ~741 cm-1 specifies B-O-B bending vibrations of borate network (Sharma et al.,2006) and the vibration of bridged oxygen, which joins two trigonal boron atoms (France et al., 1986).


 Fig 3.  FTIR absorption spectra of present BLN glasses.

3.4 DC Conductivity
The conductivity in the present glasses is due to the movement of ions. The conductivity measured over temperature range 313K to 473K was found to be in the range of 10-4 Ω-1m-1 to 10-8 Ω-1m-1. These values are comparable with the literature (Bunde et al., 1994; Ibrahim et al., 2014). As the temperature increased; the electrical conductivity (σ) is observed to increase. Fig.4 shows the dc conductivity plots of ln(σ) versus 1000/T for all the samples of BLN series. The temperature variation of conductivity has been analyzed using the following Arrhenius relation (Srinivas Rao et al., 2007),
												(5)
where,  is the activation energy,  is the Boltzmann’s constant,  is the absolute temperature and  is the temperature dependent pre-exponential factor.

The linear lines were fit to the data at high temperature. Using the slope of linear fits, the activation energy, Edc, has been calculated. The high temperature activation energy, Edc, values are listed in Table II. The best fit of ln(σ) versus (1000/T) plot gave the 0.9991 to 0.9998 (r= correlation coefficient). These Edc values are in close agreement with that of reported values for other similar glass systems (Gao et al., 2005; Swenson et al.,2003).

Fig.5 represents the plot of dc conductivity (σ) versus composition curves of (Li+Na) for BLN glasses at three different temperatures473K, 453K and 433K. It can be observed that the conductivity decreased with increase in (Li+Na) content and reaches minimum around 0.30 mole fraction. For further addition of (Li+Na) content, the conductivity has increased. This isa typical feature of MAE to be occurring at around 0.30 mole fractions of (Li+Na) in the present glass systems. The observed minima in terms of dc conductivity at an intermediate composition is ascribed to the ionic size difference between the Li+ and Na+ ions. The atomic radii of glass modifiers Li and Na are 1.52 Å and 1.86 Å and their average bond distance of Li-O and Na-O are 2.05 Å and 2.50 Å respectively (Swenson et al., 2001). Hence, the order of mismatch among Li-O and Na-O is nearly 0.5 Å. The strength of mixed alkali effect in terms of dc conductivity becomes less pronounced with increase of temperature in the present glasses (Fig.5). 

The variation of activation energy, Edc, as a function of mole fraction of (Li+Na) is depicted in Fig.5 (inset). From Fig. 5, it is observed that the conductivity decreases with increase in (Li+Na) content and attains minima at x=0.3 and for x > 0.3, the conductivity is observed to be increasing. On the other hand, the Edc increases with increase in (Li+Na) content and reaches maximum at around x=0.30 and it decreases for further increase of (Li+Na) content. Around x=0.30 mole fraction, the dc activation energy (inset of Fig.5) passing maximum and dc conductivity attaining minimum in the present series of glass systems. This kind variation can be understood in terms of the structural changes that may be taking place in the present glasses due to the compositional variation. A band at ~1348 cm-1 is broadened because of the formation of pyroborate at the cost of metaborate which in turn causes a decrease in the non-bridging oxygen’s (NBO) at x=0.30 mole fraction resulting in less availability of vacancies. Hence a decrease in conductivity was noticed. 


Fig 4. The plot of ln(σ) versus (1000/T) of BLN glasses.



Fig 5. Compositional dependence of dc conductivity at three different temperatures of BLN glasses. Lines drawn are the guides to eye.


	Glass Code
	Composition of Glass
	D
(gm/cm3)
	VM
(cm3/mol)

	
	(1-x) (B2O3)
	(Li2O) x
	(Na2O)x
	
	

	BLN1
	0.8
	0.1
	0.1
	1.187
	61.377

	BLN2
	0.75
	0.125
	0.125
	1.262
	74.231

	BLN3
	0.7
	0.15
	0.15
	1.856
	20.527

	BLN4
	0.65
	0.175
	0.175
	1.686
	33.562

	BLN5
	0.6
	0.2
	0.2
	1.382
	29.931
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Glass code
	σat433
(Ω-1m-1)
	σat453
(Ω-1m-1)
	σat475
(Ω-1m-1)
	Edc
(eV)

	BLN1
	1.217x10-6
	7.147 x10-7
	2.916 x10-7
	1.085

	BLN2
	2.425 x10-7
	1.858 x10-7
	3.343 x10-8
	1.091

	BLN3
	3.184 x10-8
	9.618 x10-9
	3.067 x10-9
	1.093

	BLN4
	3.343 x10-7
	1.713 x10-7
	6.125 x10-8
	1.017

	BLN5
	4.313 x10-6
	1.662 x10-6
	6.941 x10-7
	0.969



4. CONCLUSIONS
A series of transparent borate glasses doped with Li2O andNa2O ions were prepared by melt quenching. The non-crystallinity of the as-quenched samples was confirmed by XRD-studies. The room temperature bulk density, molar volume and temperature dependence of dc conductivity have been measured. The bulk density attains maximum value and molar volume reaches minimum value at around x= 0.30 mole fraction of (Li+Na). This may be due to the composition dependent structural variations occurring in the glass network. FT-IR spectra of these glasses have been analyzed to recognize the spectral influence of each component on the structure and to see the behavior of alkali as a modifier of the glass network. The FT-IR studies showed the presence of BO3 and BO4 units in the structure of present glasses. 
The electrical conductivity slightly decreased and activation energy increased at around 0.30mole fraction of alkali content and further doping of alkali content, conductivity sharply increased and activation energy decreased. This drop in dc conductivity and increase in activation energy around 0.30 mole fraction is due to availability of less vacancies for alkali oxide ions. Based on these results, it may be concluded that the mixed alkali effect is taking place at x = 0.3 in present glass systems.
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