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Abstract

Objectives: To synthesise a unique set of borosilicate glasses of composition,
xLi;O + 0.15Si0; + 0.45B,03 + 0.05Zn0 + (0.35 - x) WO3; (0.25 < x < 0.34) and
to investigate conduction mechanisms. Methods: Glasses were synthesized by
melt quenching technique. From the XRD spectra samples were conformed
to be non-crystalline in nature. Density has been measured by following
Archimedes principle and is found to decrease with Li,O mole fractions in the
range 2.900 gm/cm3 - 2.495 gm/cm3. DC-conductivity was measured for the
temperature range 303K - 525 K using two probe technique. Findings: It was
found that these glasses behave like semiconductors in terms conductivity
variation with temperature. Conductivity decreased with Li,O content up to
0.33 mole fractions and increases for higher mole fractions. High temperature
conductivity variation i.e., above ®p/2 (®p = Debye’s temperature) is found to
follow the Mott's small polaron hopping (SPH) model. Activation energy for
conduction above ®p/2 is found to be in the range 0.282 eV-0.702 eV. Decrease
of conductivity and activation energy with increase of Li,O content has been
explained in terms of dynamic nature of network and formation of cation-
polaron neutral entities. The conductivity below @p/2 has been found to follow
Mott's variable range hopping (VRH) models. The density of states at Fermi level
derived from Mott's VRH are found to be of the order of 1023 eV-'cm™3 which
are in close agreement with reported ranges for transition metal oxides doped
glasses. Novelty: A unique set of mixed conducting borosilicate glasses have
been prepared and investigated thoroughly for conduction mechanisms.
Keywords: Borosilicate glasses; Density; Conductivity; Activation energy;
Density of states

1 Introduction

Glasses are the oldest materials known to us. They vary in composition, homogeneity,
and versatility for diverse applications. Borosilicate glasses, combining B,O3 and SiO»,
feature low thermal expansion, high softening temperature and mechanical strength
useful for photovoltaic cells and displays. Doping borosilicate glasses with alkali oxides
such as Li;O improves network compactness and provides moisture resistance.
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Transition metal ions in glasses induce conductivity which is crucial for high energy density solid-state batteries %)

ZnO when present in lower proportions in the glasses, it serves as a dynamic network modifier. It also reduces melt viscosity
and actively reinforces network integrity while regulating crystallization dynamics®). The incorporation of tungsten oxide,
WOs3 in borosilicate glasses enhances conductivity and dielectric characteristics significantly. Tungsten ions influence glasses’
physical properties because of their existence in different valence states such as W**, W>* and W®*. The electron hopping
between the ions of different valence states i.e., lower to higher valence states produces electrical. This feature makes 3d-
transition metal ion-doped glasses very interesting due to their unique electrical and spectroscopic properties ®7).

The mixed electronic-ionic conducting glasses have become very important in scientific and technological fields due to
their potential applications in solid state batteries, cathode materials, optoelectronic devices etc. Electronic conduction in these
glasses arises due to the presence of transition metal oxide content and ionic conductivity is because of alkali ion concentration.
Incorporation of transition metal oxides such V,0s, Fe;O3, MnO, WOj3 etc into glass network produces semiconduction and
alkali oxides such as NayO, Li; O, K, O etc produces ionic conduction. The simultaneous presence of TMO and alkali oxides in
glasses makes electronic and ionic conductions compete with each. The predominance of each of these conductions prevails
in different compositional domains of the glasses. The network modifiers such as alkali oxides reduce melting temperature of
the glasses and influences electrical properties (). In borosilicate glasses, alkali oxides tend to convert three coordinated boron
[BO3] trigonal units into four coordinated boron [BO4]" tetrahedral units. In the case of borate glasses, it was hinted that if
Li,O content exceeds 25%, non-bridging oxygens (NBO) can be achieved ® leading to decrease in glass network connectivity.
In either case, mobile jons are produced and allowed to move which affects ionic conductivity.

The influence of alkali and alkaline earth oxides on borosilicate glasses has been investigated and found that there exist
optimum compositions of the glass for which excellent thermal properties and coeflicient of thermal expansion (CTE) can
be achieved®. CTE depends on the strength of Si-O bonds which can be varied with alkali content. Recent studies have
investigated the impact of different transition metal oxides on the formation, thermal, electrical etc properties of TiO,-
borosilicate glasses and glass ceramics. The findings revealed that they greatly enhance electrical conductivity and ZnO in
particular has notable impact on conductivity!?). AC conductivity through dielectric properties has been probed thoroughly
for V205 and WO3 doped lithium borosilicate glasses”). It was reported that ac conductivity increased with increase of
WO3 content up to 8 mol % and then decreased for further amounts of WO3. Activation energy behaved opposite to that
of WO3 content. Optical band gap behaved exactly the similar way as that of activation energy for conduction. However, it is to
be noted that in these studies, the effect increase of WO3 at the cost of V,Os5 has been the main focus. Dielectric studies were
reported for zinc-boro-tellurite glasses containing Li» O and WO3 but the data analysis was not extended up to ac conductivity .

The aim of this study is to investigate influence of alkali and transition metal oxides on the structure, physical and electrical
properties of borosilicate glasses; LiO @ SiO; @ B,O3  ZnO e WOs3. This offers a unique opportunity to understand conduction
mechanisms in borosilicate glasses having both alkali and transition metal oxides. We tried to analyze the conductivity variation
with increase of transition metal oxide (polaron producer) content at the expense of alkali oxide (ions producer) content. That
makes these glasses special and unique. We determined the activation energy for dc conduction, Debye’s temperature, and
density of states at Fermi level that throw light on fundamental properties of the glasses. There are no research articles offering
data on the glasses of the present composition.

2 Methodology

The glasses in the composition batch of x LiO + 0.15 SiOy + 0.45B,03 + 0.05ZnO + (0.35 - x)WOs3; x = 0.25, 0.26, 0.28,
0.30, 0.33, 0.34, were prepared by standard melt-quenching technique and labelled as BSZWL1, BSZWL2, BSZWL3, BSZWL4,
BSZWL5 and BSZWL6 respectively. The AR grade chemicals from Himedia, Lithium carbonate (LiCO3), Silicon dioxide
(Si02), Boric acid (H3BO3), zinc oxide (ZnO), and Tunstic acid (HyWO4) were used as starting materials. The appropriate
mole fractions of individual chemicals were weighed, mixed and taken in silica crucibles. It was melted in a muffle furnace at
1273K. The melt was quenched to room temperature between two stainless steel plates. The samples were annealed at 450K for
24 hours. Powdered samples were subjected to XRD and their phases were confirmed. XRD experiments were carried out in a
Rigaku make diffractometer with Cu-Ko radiation in the Bragg’s angle range 10°-80°.

Density, D of the samples was measured using Vibra (Essae) make HT - series analytical balance by applying Archimedes
principle. According to this, the buoyancy equals the weight of the displaced fluid. Xylene (= 0.865 g/cm?) was used as an
immersion liquid. Density was estimated using the expression (!,

D = 2-XDy,

Where, W is the weight of the sample in air, W, weight of the sample in liquid and Dy, the density of a buoyant liquid.

For dc conductivity measurement, the samples of thickness 3 to 4 mm and cross-sectional areas in the range 46 mm? - 61.5

mm? sizes were selected. Silver paint was applied on two major surfaces of the samples to form electrodes. The conductivity
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measurements were done using two probe method in the temperature range 300 K-525 K. A fixed voltage (V) of 10V from a
constant voltage source was applied across the sample and the current (I) flowing through was measured using a high precession
pico ammeter. The temperature of the samples was measured using a Chromel (Cr)-Alumel(Al) thermocouple and micro volt
meter. Resistance, R was determined as (V/I) and from which the resistivity, p was estimated as, p = % (%) with A being
cross-sectional area, and t the thickness of the glass sample. The conductivity was determined as o = (1/p) within error limit

of 2 to 3 %.

Table 1. Formulae used to calculate physical parameters of BSZWL glasses

Parameter Formula Description
1. Molar Volume Vi = Myy/D Myy = average molecular weight
2. Density of TMIs N=2[{p(mz o +mwo,)/ (Mzn0 + Myo,)} Nal mz,o & mwyp,= mole fractions,

Mz,0& Mwyo,= Molecular weight, Ny
= Avogadros number

3. Small polaron radius = 0.5(7/6N)/3 N = Density of TMI
4. Mean Spacing between TMIs R = (1/N)113

3 Results and Discussion
3.1 XRD

XRD pattern collected for the present samples are displayed in Figure 1. XRD pattern shows no sharp peaks which indicate
amorphous nature of the samples. However small peak cantered at 42.46° is commonly observed for all samples. The crystallite
sizes corresponding to this peak were determined using Debye-Scherrer’s formulae to be varying from 0.063 nm to 0.079 nm.
So, the present samples can be considered as glass-nanocomposites. The nano-crystallites were reported previously for alkali
oxides doped zinc-boro-phosphate glasses 1.

w BSFWLE
N BSZWLS

N BSZWL4
N BSZWL3

w BSZWL2
h‘%—u—\,“_ﬁ_ BSZWL1

1 I I 1 I I 1 1
10 20 30 40 50 60 70 80 90
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Fig 1. XRD patterns of BSZWL Glasses
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3.2 Density and Molar volume

Density D of the present glasses is found in the range 2.900 gm/cm? - 2.495 gm/cm?. Molar volume V, obtained is in the range
38.680cm?/mol- 44.569cm?/mol. Density is found decreasing and molar volume increasing monotonously with increasing Li, O
content (Figure 2). This informs that network is going loose packed continuously with increase of mole fractions of Li>O. Mean
spacing between transition metal ions, R, transition metal ion density, N and small polaron radius r, wereestimated using the
expressions given in13). The N values are found increasing and R and r,decreasing with increase of mole fractions of Li>O (see
Table 2). These density and molar volume values are comparable with reported values of lithium doped borosilicate glasses (1412,
The decrease in r,can be understood from the fact that the concentration of polaron hopping centres increases with increase
in transition metal oxide concentration, N. The N, R and r,, values are comparable with Dy,03-Li;O-B,03-§iO; glasses (13),
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Fig 2. Variation of density (D) and molar volume (Vy,) with mole fractions of Li, O

Table 2. Physical parameters of BSZWL glasses

Sample Mole Fractions Density, D Molar volume, Density of TMI, Mean spacing Small polaron

of Li,O (gm/cm®) + Vm (cm®/mole) Nx1021 (cm->) between TMIs, radius, rp (nm)
0.005 +0.004 R (nm)

BSZWL 1 0.25 2.9003 38.68 7.7855 0.5045 0.4362

BSZWL 2 0.26 2.8526 39.037 7.0182 0.5223 0.4515

BSZWL 3 0.28 2.7572 40.924 8.7045 0.4861 0.4202

BSZWL 4 0.3 2.6744 41.2745 9.3481 0.4747 0.4104

BSZWL 5 0.33 2.5067 43.9258 10.156 0.4617 0.3992

BSZWL 6 0.34 2.4954 44.5691 12.01 0.4366 0.3775

3.3 DC Conductivity

The electrical conductivity is observed to increase with increasing temperature revealing semiconducting nature. The
conductivity variations for the measured range of temperature are found to lie in the range from 10 to 10->(Qm)!. The plots
of conductivity, o versus temperature, T, for all BSZWL glasses are shown in Figure 3. A close look at the conductivity variation
reveals that most of the glasses had no measurable conductivity at least up to 400K and increases after that. That is why the
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conductivity data for temperature above 400K has been subjected to further analysis.
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Fig 3. Conductivity (o) versus temperature (T) of BSZWL glasses

Mott’s small polaron hopping model has been applied to understand conductivity behaviour with temperature. According
to this model, o is expressed as (16),

0 = (0,/T) exp (-W/KgT)

Where, W is the activation energy and o,the pre-exponential factor.

The plots of In(o'T) versus (1/T) for all the samples were drawn and shown in Figure 4. Linear lines were fit to the data. From
the fits it can be observed that the fit lines are deviating from the data below certain temperature, Tp. This means that above
Tp, SPH model is adequate to explain conductivity changes with temperature. Using Tp, Debye’s temperature 6p has been
estimated as, O p=2Tp and recorded in Table 3. The 6p increases with increase of Li;O up to 0.30 mole fractions and decreases
for higher mole fractions. From the slope of the fit liner lines, the activation energy for dc conduction, W for each sample has
been determined. It is found to lie in the range 0.282 eV to 0.703 eV. These W values closely agree with Fe;O3 doped sodium-
borosilicate glasses .

To understand the behavior of conductivity and activation energy with Li»O content, Conductivity at 490K and activation
energy, W are recorded in Table 3. It can be seen that conductivity and activation energy both decreasing in a zigzag form up
to 0.30 mole fractions and increases later. It is known that the present glasses are mixed conducting type having both ionic
and polaronic parts. The total conductivity at any temperature of interest can be expressed as, 6r= 0; + G, where ¢; and
G, represent ionic and polaronic contributions to total conductivity, 67. From Table 2, it is clear that transition metal ion
densities, N increases and inter spacing between transition metal ions, R decreases with increase of Li;O content. This means
that polaronic contribution, 6, can be expected to increase. At the same time ionic contribution, o; should also increase with
increase of LiO content because more and more number of ions are added to the glass matrix. Therefore, o must increase
with Li;O concentration. But data displayed in Table 3 indicates contrary to that. This behaviour of conductivity and activation
energy can be attributed to the dynamic nature of structural variations in the glass network by way of producing bridging
oxygens (BOs) and non-bridging oxygens (NBOs).

Another possible reason one can offer for the decrease of conductivity with increase of Li; O content is that with increase of
Li>O content, there will be the production of some cation-small polaron neutral entities. This decreases ionic conductivity and
hence over all conductivity. At the same time, the polaron hopping of the left out polarons may become easy hence decrease
in their activation energy for conduction. Similar explanation was provided for simultaneous decrease of conductivity and
activation energy!”). Generally, in most glasses, conductivity and activation energy behaves opposite to one another >%,
A switch over conduction mechanisms from ionic to electronic, for a particular composition, has been observed in mixed
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Fig 4. Plots of In(c'T) versus (1/T) for all BSZWL glasses

Table 3. Activation energy (W), conductivity (o) at 490K and N(Eg) values obtained from VRH and GVRH model fits at low

temperature
Sample Activation Energy o x 10% at Tp (K) Bp (K) Mott’s VRH Greaves VRH
W (eV) 490K Model N(Eg) x Model N(Eg) x
1083ev-iem3 10¥ev-icm3
BSZWL1 0.435 2.448 433 866 0.603 0.237
BSZWL2 0.664 2.735 463 926 0.307 0.243
BSZWL3 0.702 0.899 468 936 7.480 0.154
BSZWL4 0.336 1.104 473 946 1.245 0.292
BSZWL5 0.282 0.539 458 916 6.008 0.360
BSZWL6 0.330 2.105 443 886 8.418 0.358

conducting glasses 1®). No such transition is evident in the present glasses.

The changes in conductivity with temperature below Tp have been looked into in view of variable range hopping models
due to Mott and Greaves. As per Mott’s model, the conductivity is given by (19,

o = A exp(-B/T"V4)

Where, A = [e2/2(87)"2] vo[N(Er)/akgT]V? and B = 4[20>/97kgN(EF)] V4

The Mott’s VRH plots of In(c) versus (T°14) are shown in Figure 5. The linear lines were fit as shown in the figure and
constants A and B were extracted. Using constant B, the density states per unit volume at Fermi level, N(Er)were determined
by taking & = 2x101°.

Conductivity at low temperature as per Greave’s VRH model is expressed as %,

(0TV?) = A exp (-B/T"1/4)

Where, A and B are constant. The greave’s VRH Plots of In(6'T"2) versus (T-V/4) are shown in Figure 6. The linear lines were
fit the data and constants A, B were determined. Using the value of B, N(Er) was determined using the equation,

_ a3
B=21 [W(EF)

N(EFr) obtained from both Mott’s and Greave’s (VRH) model fits are tabulated in Table 3. It is notable that N(Ex) values from
Mott’s VRH fit are in the range of 10?*> V! cm™3, whereas from the GVRH model fit, N(Er) values are in the order of 10> eV~
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m. The regression coefficients obtained for Mott’s VRH fits are better than those for GVRH fits. Therefore, the MVRH model
can be considered suitable for explaining conductivity behavior at low temperatures. The N(Ef) values from the MVRH model
are comparable to those of MoO3-SeO,-ZnO glasses 1) and CdO-V,05-ZnO glasses ).
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Fig 6. Greave’s plots of In(c T 172y yersus T-1/4 for all BSZWL glasses
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4 Conclusion

A unit set of supposedly mechanically and thermally stable borosilicate glass nanocomposites in the composition, xLiO +
0.155i07 + 0.45B,03 + 0.05ZnO + (0.35 - x)WO3: (Where x = 0.25, 0.26, 0.28, 0.30, 0.33, 0.34) have been synthesized.

The samples are found transparent, stable and bubble free.

The XRD spectra revealed nano-crystalline glassy phase of the samples. Crystallite sizes arefound to be the fraction of a
nano meter.

Density decreased from 2.9003 gm/cc to 2.4954 gm/cc and molar volume increase from 38.680 cm?/mol to 44.569
cm?®/mol with increase in Li,O.

Glasses behaved like semiconductors in terms of conductivity variation with temperature. Conductivity varied in the
range 10 (Qm)! - 10~ (Qm)! within temperature range of interest. It decreased decrease with increase in Li,O mole
fractions up to 0.33 and increased for higher mole fractions.

Conductivity behaviour, for temperature above ®p/2, is found to be consistent with Mott’s SPH model. Activation energy
derived from SPH model fits is in the range 0.282 eV - 0.702 eV and was found to decrease with increase in LiO mole
fractions up to 0.33 and increased for higher mole fractions.

Decrease of conductivity and activation energy with LioO mole fractions has been attributed to dynamic nature of network
and the formation of cation-polaron neutral entities.

Low temperature conductivity, for below ®p/2, is found to vary in accordance with Mott's VRH model and, the density
of states at Fermi level derived from this model fits are of the order of 10>* eV-!cm™ which agree with literature.
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