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ABSTRACT KEYWORDS

Different xPbO-(1-x)B, 0, glasses were prepared by conventional melt- borate; glasses; dielectric
ing method. They were investigated by differential scanning calorimetry properties; IR spectroscopy
(DSC), Raman and IR spectroscopy. The glasse’s structure and the PbO

role to the formation of the borate units in the framework is investi-

gated. The dielectric constant and dielectric loss were measured at dif-

ferent frequencies and as a function of the temperature. The electrical

measurements carried out showed semiconductor behavior of the con-

ductivity as a function of temperature. The activation energies (Ea) for

the conduction process indicated a thermally activated hopping mech-

anism. The calculated Ea values are typically 0.67-2.46 eV.

1. Introduction

In the last few years, there has been an enormous amount of research on improving the phys-
ical properties of borate glasses by introducing a number of glass formers and modifiers such
as TiO,, V,0s, AL O3, M0O3, Ta, 03, Sb, 03, As,Oj5 etc., into B, 05 glass network. The investi-
gation on the physical properties of glass containing a glass former B,O; along with modifiers
(alkali oxides) is an extremely interesting subject of study. The large interest concerning this
material is motivated by their high ionic conductivity and numerous applications such as:
biomaterials with antibacterial and antimicrobial effects, biomaterials for cancer, chemical
sensors, electrochromic display devices and solid batteries [1-11].

The basic units of pure borate glasses are trigonal BO; groups, the addition of a modifier to
borate networks has different effects. In borate network, some studies prove that the addition
of a PbO could act both as a glass network former and as modifier depending on its concen-
tration in the glasses [3,7]. Raman studies on some ternary lead borate glasses suggest that
PbO may get incorporated into the network in four coordinated positions since the boron
atoms in these glasses are both three (BO;) and four coordinated (BO,) [12]. A variety of
anionic borate species such as penta-, tri-, tetra-, di-, pyro-, ortho-borate besides structural
entities like boroxol ring have been identified in glasses containing B,O3 and PbO [12,13]. Of
course the concentration of these borate species in the glass structure is given by the nature
and concentration of modifier oxide.
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In the present work, we propose to add PbO to B,O; for establish aspects related to the
preparation conditions and structure of PbO-B,0O; glasses by means of two complementary
spectroscopic methods: infrared absorption and Raman scattering. These two powerful meth-
ods provide useful information concerning the short-range order in these glasses.

2. Experimental procedure

For this study we have chosen the following composition xPbO-(1-x)B,0O; with x ranging
from 0,3 to 0,9 (in mol %). Analytical grade reagents of H;BO; and PbO powders in appro-
priate amounts were thoroughly mixed in an agate mortar, heated at about 200°C for 24 h
in a platinum crucible. The mixtures were annealed progressively to 500°C. The resulting
compound is ground again and melted (between 750 and 900°C, depending of PbO con-
tent) and then cooled on a metal plate preheated at 200°C. The obtained glasses are homoge-
nous and transparent. The amorphous state of the samples and the products of crystallization
were characterized by XRD technique (Siemens D500 X-ray diffractometer employing Cu Ko
radiation).

Thermal studies were carried out using a differential scanning calorimetry (DSC) type
SETARAM 121 under argon atmosphere at a flow of 50 ml/min.. The measurements were
conducted at heating rate 10°C/min) using about 20 mg of glass powder in a Pt crucible. The
variation in the amount of sample used for crystallization studies was within & 0, 1 mg.

The infrared spectra of glasses were recorded at room temperature using KBr disc tech-
nique. A Tensor 27 FTIR Bruker spectrometer was used to obtain the spectra in the wave
number range 400 and 4000 cm™".

Raman spectra were measured at room temperature with a Renishaw micro-Raman spec-
trometer (RM1000) equipped with a CCD detector, a 1800 gr/mm grating and an external
Leica DMLM confocal microscope. The excitation source is a He-Ne laser (19mW) oper-
ating at 632.8nm. The laser spot was focused on the sample surface using either 50x or 100x
objectives. Raman spectra were collected on numerous spots on the sample and recorded with
Peltier cooled CCD Camera. The spectra were measured between 100 and 2000 cm ™.

The electrical measurements on the glass samples were carried out using a specially
designed vacuum cell. Two silver electrodes were deposited onto the samples, the flat surfaces
of the glass samples were painted with silver paste. The different electrical measurements were
performed using a LCR meter type HP 4284A opering from 20 Hz to IMHz.

3. Results and discussion

XRD analysis was used in to ensure that no crystallization occurred during the solidification
of the elaborated samples. The results confirmed that the samples were free of crystals as evi-
denced in Figure 1.

3.1. Thermal analysis

The DSC curves from the different samples at heating rate b = 10°C.min " were indicated in
Figures 2 and 3. Values of characteristic temperatures are summarized in Table 1. T, was the
inflection temperature of glass transition, T, was the crystallization temperature and T¢ was
the peak point of endothermic peak for melting. The observation of glass transition temper-
ature Ty by DSC and the amorphous state by XRD confirmed the glassy nature of the sam-
ples. When the content of 50 < PbO < 70 mol%, both exothermic and endothermic peaks
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Figure 1. XRD patterns of xPbO-(1-x)B,0; (0.3 < x< 0.9) glasses.
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Figure 2. DSC curves for xPbO-(1-x)B,0; (0.3< x< 0.4) glasses at heating rate b = 10°C.min™"

Figure 3. DSC curves of xPbO-(1-x)B,0;, (0.5< x< 0.9) glasses at heating rate b = 10°C.min~"

—X=0.
/_/\_/—Y\_’_l | x- o.
= X=0.
—Y L — —— X=0.
_/\ a — x=o0.

\ e

—
200 400 500 800
TC)




MOL. CRYST.LIQ. CRYST. (&) 109

Table 1. Thermal parameters of xPbO—-(1-x)B, 03 glass system.

composition Ty O T.(°0) T (°Q)
x=03 478 623 777
x=04 453 599 674
x=0,5 428 —- —
x=0,6 373 — —
x=0,7 360 — —
x=08 376 — 496
x=09 383 — 496

are not observed, which is due to the crystallization during cooling process. It is well known
that crystallized glasses, relatively stabilized, have no exothermal and endothermal changes
during heating treatments. In the region of PbO = 80 mol%, there is no any exothermic
peak observed, indicating that glasses in this composition region are stable on heating against
crystallization [1,2].

The compositional dependence of glass transition temperature is shown in Figure 4. It
is observed that glass transition temperature varies non-linearly with x. The T, is found to
decrease from x = 0.3 up to x = 0.7 and after this composition, T, increases. The T, behaviour
with x mol% is described in the following, based on the network modifications evidenced from
IR and Raman spectroscopy.

The increase in the T, in general may be due to small decrease in the number of non-
bridging oxygen ions and is also associated with the formation and minor variation of BO,
tetrahedral which serve to cross-link the network by covalent B-O bonds [1,3,5]. In the present
study the non-linear variation of T, with x is due to the creation and variation in the number
of BO; triangular units, BO, tetrahedral units and to some extent bridging and non-bridging
oxygen ions[4,11].

3.2. Infrared spectroscopy

The infrared spectra of xPbO-(1-x)B, 05 borate glasses are shown in Figure 5. Table 2 reportes
FTIR results for all studied glasses. For lead borate glasses, the main peaks and assigned
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Figure 4. Variation of the glass transition Tg for xPbO-(1-x)B,0, (0.3< x< 0.9) glasses at heating rate b =
10°C.min~"
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Figure 5. Infrared absorption spectra of xPbO-(1-x)B,0, (0.3< x< 0.9) glasses.

vibration types can be summarized v,s B-O stretching in BO; groups at1400-1380 cm™*

[4,6,7], stretching vibrations of oxygens bridging trigonal borons at 1230-1160 cm™*[5-7],
B-O stretching modes of BO, groups at 1080-1000 cm™' and 890-840 cm™'[8,9], bending
of B-O-B in BO; groups at 710-680 cm™! [7, 21] and bending vibration frequency of Pb-
O at 480-460 cm™! [1,10,11]. With the introduction of PbO up to 0.9 mol%, the intensity
of the band due to BO, units is observed to increase while that of BO3 units is observed to
decrease. The band due to tetrahedral PbO, units is observed for the glasses 0.5PbO-0.5B,05
to 0.9PbO-0.1B,0; and the intensity of this band is also increased with the concentration
PbO.

It is well known that the effect of introduction of modifier ions into B,O; glass converts
sp2 planar BO; units into more stable sp3 tetrahedral BO, units and may also create non
bridging oxygens. Each BO, unit is linked to two such other units and one oxygen from each
unit with a metal ion and the structure leads to the formation of long tetrahedron chains
[9,18]. PbO is in general a glass modifier and enters the glass network, by breaking up the B—
O-B bonds (normally the oxygen’s of PbO break the local symmetry while Pb** ions occupy
interstitial positions) and introduces coordinated defects known as dangling bonds along with
non-bridging oxygen ions. In this case Pb** is tetrahedral coordinated [8,11]. PbO may also
participate in the glass network with PbO, structural units when lead ion is linked to four
oxygens in a covalency bond configuration. In such a case the network structure is considered
to build up from PbO, units [10, 12] and alternate with BO, structural units and may form

Table 2. Observed and attribution of IR absorption bands in PbO-B,05 glass system.

Glass v, B-0[BO3]in

sample  §sPb-O[PbO4] §B-0O-B[BO3] v, B-O[BO4] v, B-0[BO4] boroxol ring v, B-0[B0O3]
X=03 —_ 685 955 1075 1235 1324 1386
X=04 —_ 692 947 1076 1221 1316 1386
X=0.5 463 695 974 1226 1323 1386
X=0.6 465 696 915 1034 1223 1321 1386
X=07 468 700 910 1021 1239 1317 1386
X=028 472 702 886 983 1227 1289 1386

X=0.9 476 704 873 994 1221 — 1386
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Figure 6. Raman spectra of xPbO-(1-x)B,0; (0.3 < x< 0.6) glasses.

the linkages of the type Pb—O-B. The presence of such PbO, units is evident from the band

in the IR spectra at above 475 cm™".

3.3. Raman spectroscopy

The Raman spectra of xPbO-(1-x)B,0; borate glass system with x = 0.3, 0.4, 0.5 and
0.6 mol%, are shown in Figure 6. The analysis of the Raman spectra reveals the following
points:

v/ The bands in the range of 1410-1592 cm ™! are due to the B—O stretching vibrations
in various configurations of borate groups [12].

+/ The peak at 920 cm™" is due to pentaborate and tetraborate groups [12-13].

+/ The peak at 760 cm™! which appears for x = 0.3 and 0.4 due to ring breathing vibration
of six membered ring containing both BO; triangles [17].

/ Broad peaks in the range of 619-708 cm ™! are assigned to metaborate and diborate
units, that is, ring typed metaborate peaking at 619 cm™' [13-14] and chain typed
metaborate at 708 cm ™! [16-18].

+/ The peaks at 462 cm ™' due to isolated diborate groups, Pb-O bond vibrations [15-16].

+/ The peak about 316 cm ™, is assigned to B-O-Pb vibrational modes in different borate
surroundings [14,17]

+/ The peak at 120 cm™!, which is assigned to Pb-O vibrations either in PbO, square
pyramids or in PbOj; trigonal pyramids [17,18,23].

It is evident that with an increase in x both the “borate” parts of the network are changing
significantly. It is clearly observed for x = 0.6 that has more bands to other simples.

The bands in the range of 1410-1592 cm™' are due to the B—O stretching vibra-
tions in various configurations of borate groups [12]. We observed in this region the
peak positions for the simples were shifted to the high wavenumbers with a rise of PbO
concentration.

In the region 120-500 cm ™! we observed three bands due to Pb-O vibrations. The band at
125 cm™! present for all simples, which is assigned to Pb-O vibrations either in PbO, square
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Figure 7. Variation of dielectric constant ¢’ with temperature at 10 Hz of xPbO-(1-x)B,0, (0.3 < x< 0.9)
glasses.

pyramids or in PbOj; trigonal pyramids [17,18,23], We can see the intensity of this band
increased with increasing in PbO content up to 60 mol%. The bands at 316 and 462 cm™*
only for x = 0.6 which are assigned respectively to the B-O-Pb vibrational modes in dif-
ferent borate surroundings [14-17]. And to the isolated diborate groups, Pb-O bond vibra-
tions [15-16]. The peak at 760 cm-1 which appears for x = 0.3 and 0.4 due to ring breath-
ing vibration of six membered ring containing both BO; triangles [17]. The absence of this
peak in the simples x = 0.5 and x = 0.6 give in return three bands at 619 and 708 cm™*
which assigned to metaborate and diborate units, that is, ring typed metaborate peaking
at 619 cm™' [13-14] and chain typed metaborate at 708 cm-1 [16-18], and the band at
920 cm™! due to pentaborate and tetraborate group [12-13]. These results obtained from
Raman spectroscopy indicate that with the increase in the concentration of PbO in the
glass matrix, B,O; network convert the sp2 planar BO; into more stable sp3 tetrahedral
BOy, in agreement with the results of infrared spectroscopy, confirms the network structure
of the glass is led to be broken with the addition of PbO and characterized by the borate
anions.

3.4. Electrical measurements

The dielectric constant (¢), and conductivity (o ,.) were calculated using the following expres-
sions: & = Cd/e,S (1), 0 () = we’e, tand (2) where C measured capacitance of the sample
(F), d thickness of the sample (m), ¢, permittivity of free space equals 8.85.10-'> Em~!, S
the sample surface area (m?), w the angular frequency, tan § the dielectric losses which is
obtained directly from the instrument. The activation energies (Ea) were obtained by using
the Arrhenius expression o,. = oyexp(-Ea/kT) (3) [20,33].

Ea is the activation energy, k is the Boltzmann’s constant, T is the absolute temperature and
0 is the temperature dependent pre-exponential factor.
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Figure 8. Variation of dielectric constant ¢’ with temperature at different frequencies of 0.3Pb0-0.7B,0,
glass.

3.3.1. Dielectric constant and dielectric loss

Figure 7 represents the temperature dependence of dielectric constant &” at 10 kHz of xPbO-
(1—x) B,O; glasses and the dependence of ¢}, with temperature at different frequencies for the
0.3PbO-0.7B,0; glass is shown in Figure 8. It is observed that the dielectric constants of the
present glasses decrease lightly with an increase of frequency and The value of ¢, exhibits a
considerable increase at higher temperatures; the rate of increase of ¢, with temperature at any
frequency is found to increase with the concentration of Pb** ions up to 0.7 mol% PbO and
then decrease for 0.8 and 0.9 PbO mol% in the glass. The observed variation of dielectric con-
stant ¢’ with temperature indicate that the present glasses are charge transfer type insulators
in nature and that considerable tuning of dielectric properties could be achieved by adapta-
tion the Pb** concentration in the glass matrix. [19,21,34]. The basis for this argument can be
cited from the results of IR and Tg studies, which have indicated that the effect may be due to
the reduction in the degree of disorder of the glass network when the concentration of Pb**
ion increases from 0.7 to 0.9 PbO mol%.
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Figure 9. The comparison plot of variation of tan with temperature at 100 kHz for xPbO-(1-x)B,0; (0.3 <
X< 0.9) glasses.
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Figure 10. The comparison plot of variation of tan§ with temperature at different frequencies for 0.7PbO-30
B,0; glass.

The variation of the dielectric loss, tand, with temperature, measured at a frequency of
100 kHz for xPbO-(1—x)B,0; glasses and the temperature dependence of tans of 0.7PbO-
30B,0; glass at different frequencies are presented in Figures 9 and 10. The values of tand,.x
and the temperature region of relaxation are listed in Table 3.

From these figures we can see that the variation of the dielectric loss with temperature is the
same as the variation of constant dielectric, i.e. the dielectric loss, tang, of the present glasses
decreases slightly with an increase of frequency and also it increases with the concentration
of Pb** ions up to 0.7 mol% PbO and then decreases for 0.8 and 0.9 PbO mol% in the glass.

The curves have exhibited distinct maxima; with increasing frequency, the temperature
maximum shifts towards higher temperature and with increasing temperature the frequency
maximum shifts towards higher frequency, indicating the dielectric relaxation character of
dielectric losses of these glasses[23-25]. The relaxation effects in the studied glasses can be
attributed to the Pb?* complexes that possess net dipole moment [26, 27].

Table 3. Temperature region of relaxation and tandmay for xPbO—(1-x)B,03 (0.3 < x< 0.9) glasses.

tand, . Temp. region of relaxation(£1)°C
Sample 10kHZ 100kHZ 1MHZ 10kHZ 100kHZ 1MHZ
X=03 0.0373 0.0321 0.0287 170-310 170-310 170-310
X=04 0.0513 0.0460 0.0394 150-290 150-290 150-290
X=0.5 0.0520 0.0468 0.0415 140-280 140-280 140-280
X=0.6 0.0537 0.0484 0.0419 110-240 110-240 110-240
X=0.7 0.0591 0.0540 0.0476 90-230 91-232 92-231
X=028 0.0494 0.0445 0.0377 120-250 120-251 122-250

X=0.9 0.0500 0.0448 0.0379 130-260 131-259 132-261
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Figure 11. Variation of ac conductivity with 1000/T (K) at 1 MHz for xPbO-(1-x)B,0; (0.3 < x< 0.9) glasses.

3.3.2. ACconductivity (o ,.) and activation energy (Ea)

Figure 11 shows the AC conductivity plots of xPbO-(1—x)B,0;5 (0.3< x< 0.9) glass sam-
ples at 1 MHz. The conductivity AC is found to increase considerably with increase in the
concentration of PbO at any given frequency and temperature up to 0.7 mol% PbO and then
decreases for 0.8 and 0.9 PbO mol% doped glass. From these plots, the activation energy Ea
for the conduction in the high temperature region over which a near linear dependence of log
0 4 With 1000/T could be observed in figure 12. This observation suggests the conductivity
enhancement is directly related to the increasing mobility of the charge carriers in the high
temperature region [28-31]. Further, the high temperature conductivity decreases in the con-
centration of PbO (from 0.7 to 0.9 mol %) and increases in the region (from 0.3 to 0.7 mol
%). The decreasing trend of conductivity up to 0.9 mol% suggests that the conductivity is

5 1 MHz

X=0.3
X=0,4
8 X=0,5
B X=06
X=07 —
X=0,8 *-o
X=0,9 I

13 14 15 16

1000/T(K)

Figure 12. Variation of logo,. conductivity with 1000/T (K) at 1 MHz for xPbO-(1-x)B,0; (0.3 < x< 0.9)
glasses.
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Figure 13. Variation of activation energy for xPbO-(1-x)B,0, (0.3< x< 0.9) at 10 kHZ.

related to ionic motion, whereas in the other region, the conductivity seems to be related with
electronic motion [22,30,32].

The variation of the activation energy as a function of the composition of PbO mol% is
shown in Figure 13. The activation energy is found to decrease with increase of PbO con-
tent up to 0.7 PbO mol% and then increases for 0.8 and 0.9 PbO mol% doped glasses. One of
the possible explanations for such a behavior is that the entry of Pb*" ions into the network
forming tetrahedral positions reduces the concentration of dangling bonds in the glass net-
work since some of BO, structural units cross-link with PbO, and BO, units [28]. Because
of increasing concentration of Pb** ions; these ions act as modifiers and generate bonding
defects. The defects thus produced create easy pathways for the migration of charges that
would build up space charge polarization leading to an increase in the dielectric parameters
[30-31]. The most values of the dielectric parameters observed for glass x = 0.7 is obviously
owing to the presence of Pb** that create disorder in the glass network. The increase of acti-
vation energy 0.8 and 0.9 PbO mol% may be attributed to association of Pb*" ions with a
pair of BO,4 groups (which exhibit the vibrational bands in the high frequency side of borate
vibrational region) [22-30]. This observation suggests that the conductivity enhancement
is directly related to the increasing mobility of the charge carriers in the high-temperature
region.

We can note that the variation of the activation energy exhibit the same behavior that the
variation of the glass temperature (Tg) versus the composition. This effect confirms that PbO
content take the same role on the stability and on the conduction mode in the glasses.

4, Conclusion

In this paper, lead borate glasses have been synthesized and characterized along the series
xPbO-(1-x)B,05 (0.3 < x< 0.9). Thermal, spectroscopic and electrical properties of the
glasses are reported. AC electrical conductivity and in activation energy was calculated.
The summary of conclusions drawn from the study of various properties of PbO-B,05
glasses is as follows:
»/ Homogeneous glasses of xPbO-(1-x)B,05 (0.3 < x< 0.9). glass system have been pre-
pared by melt quench technique. The amorphous state of the prepared glasses was
confirmed by X-ray diffraction.
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»/ DSC measurements were carried out to determine the glass transition temperature

(Tg) of the glass samples. Tg is found to decrease with x depicting a minimum at x =
0.7 mol% and there-after increases for 0.8 and 0.9 PbO mol%.

»/ The Raman and IR spectral investigations indicate that with the increase in the con-

centration of PbO in the glass matrix, B,O; network convert the sp2 planar BO; into
more stable sp3 tetrahedral BO,.

»/ The dielectric parameters ¢, tan § and o, are found to increase with temperature;

while the dielectric breakdown strength and the activation energy for AC. Conduction
are found to decrease with the increase in PbO concentration from 0.3 to 0.7 mol% and
then increase for 0.8 and 0.9 PbO mol% indicating an increase in the concentration of
Pb** ions that act as modifiers.
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