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NTIMONY doped sodium zinc borate glasses of composition [(65-x) B,0,-10ZnO-

25Na,0-x8b,0,] (where x = 0, 5, 10, 15 and 20 in mol%) were prepared by using the
conventional melt quenching technique. The characterization of the samples was done by
X-ray diffraction. XRD pattern revealed the amorphous nature of the prepared samples. Various
physical and optical parameters such as density, molar volume, oxygen molar volume, oxygen
packing density, optical bandgap energy and Urbach energy were evaluated. The opposite
trend between density and molar volume as well as the opposite behaviour between oxygen
molar volume and oxygen backing density revealed that the glass samples become less open.
FTIR spectra have been investigated at room temperature and used to estimate N, ratio and its
dependent on composition. FTIR analysis showed that antimony oxide acts as a modifier in the
borate glass doped with ZnO and Na,O. The observed data clearly suggests that the investigated
glass samples may be used for optical limiting applications.

Keywords: Optical properties; Borate glass; Sb,0, antimony oxide; Energy gap; FTIR; N,

ratio.
Introduction

Glassy materials exhibit an important and
fundamental role in science and modern
technology. Borate glass is one type of glasses
which find a wide range of applications. In
borate glasses, boron oxide is the fundamental
glass former which is characterised by its higher
field strength, lower cation size and small heat
of fusion. In borate glasses, boron atoms are
triangularly coordinated with either three or four
oxygen atoms forming trigonal BO, or tetrahedral
BO, structural units. These two bases units of
the borate glass can arbitrarily be combined to
form either superstructural units or different BO,
groups like boroxol ring, pentaborate, tetraborate
and diborate groups,.... etc. The fraction of these
structural units depends on the structure and
concentration of the added modifiers [1-5].

Antimony oxides, Sb O , have been known as
glass formers [6]. According to stoichiometries,
antimony is known to form three binary oxides
of the form Sb,O , where x = 3, 4, 5. Antimony
trioxide Sb,0, (Sb™), antimony tetroxide Sb,0O,,
and antimony pentoxide Sb,O, (Sb¥) are three

types of antimony oxides. Antimony trioxide
is a common oxide used as a former in many
borate glasses. It takes two crystalline forms:-
a-Sb,0, (senarmontite) and b-Sb,O, ( valentinite).
Senarmontite is the stable phase under circumstant
condition, while valentinite is observed at high
temperature and pressure. In the senarmontite
structure, covalently bonded Sb,O units are
closely packed in a face centred cubic. The
building blocks of these units are the pyramidal
SbO,. Valentinite form takes the same structure as
senarmontite form. Antimony tetroxide (Sb,0,)
exhibits the structural features of antimony tri
and pent oxide. Antimony tetroxide is a mixed
valency compound containing both Sb** and Sb>*
ions in equal proportions in its crystal lattice. It is
stable around 1000°C [7, 8].

Antimony oxide glasses was predicted by
Zachariasen [6] and confirmed by various authors
[9, 10]. Antimony containing glasses have
received considerable interest because of their
significant scientific and practical applications in
the field of optics and electronics as in the case of
many heavy metals such as Zn, Bi, Pb, Ba,...etc
[9, 11-15].

*Corresponding author:ahm04@fayoum.edu.eg
DOI :10.21608/ejphysics.2021.49672.1059
Received : 6/12/2020; accepted : 21/1/2021

©2022 National Information and Documentaion Center (NIDOC)



2 A. H. GHANEMA et al.

To our knowledge, the most recent antimony
glass publications focus on Sb,O, antimony
trioxide based glass. No structural work on
Zn0O-Na,0-B,0,-based glasses containing Sb,0,
oxide has been reported in the literature. Our
goal of this study is therefore to investigate the
effect of the addition of Sb,0, on the structural,
physical and optical properties of sodium zinc
borate glasses.

Experimental Procedures

Samples preparation

Borate glasses doped with Sb,O, of the
composition (65-x)% B,0,-10% Zn0O-25%Na,O-
x%S8b,0, (where x =0, 5, 10, 15, 20 mol%)
were prepared by using traditional method of
melt quenching. In powder form, the starting
materials were used, namely boric acid (H,BO,),
zinc oxide (ZnO), sodium carbonate (Na,CO,),
and antimony oxide (Sb,0,). The mixed powders
were melted in ceramic crucibles at 1000°C for
one hour, then the melt was shaken every 20
min to achieve homogenous melting. The melt
was poured into preheated copper rectangular
moulds. The glasses were annealed at 300°C for
four hours to remove the internal stresses from
the glass samples before leaving it to cool down
slowly to room temperature.

Measurements

X-ray measurements are performed on a fully
computerized X-ray diffractometer, Shimadzu
XRD-6000. XRD patterns in the range 4°< 20 <
90° were obtained at a scan rate of 2°/ min using
CuKal radiation source, a generator voltage of 40
kV and a current of 40 mA.

Archimedes method [16] was used to
determine the density of the glass samples at room
temperature using 4- digit microbalance (AnD,
HR200) with toluene as an immersion fluid with
the help of the following formula:-

p= W a/(W a-W b)Xp bceeecenvievvean (1)

where and are the weight of the glass samples
in air and in the toluene fluid respectively, is the
toluene density and is equal to 0.87g/cm’. The
corresponding molar volume V - for studying
the physical properties of the glass samples were
calculated using the relation [17-20].
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where M, is the total molecular weight of the
mixture.

The structural parameters, oxygen molar
volume (V) and oxygen packing density (OPD),
have been determined with the values of density
r and molar volume V_ using the following
equations [21, 22, 23]:

(3)

where x; is the molar fraction of each component
i and n, is the number of an oxygen atom in each
constituent oxide. Oxygen packing density (OPD)
was determined by the following equation:

OPD= 1000 XC(p/M)...ccocoseve s eee e (4)

where C is the number of oxygen atoms per each
composition and M is the molecular weight of the
glass sample.

The optical absorption spectra of the prepared
glass samples were recorded at room temperature
using UV-visible spectrophotometer model
(JASCO V-670 UV/VIS) in the wavelength range
from 200 nm to 1100 nm.

KBr pellet technique at room temperature in
the wavenumber range 400-4000 cm™ was used
to obtain the infrared spectra of the present glass
samples. The spectra were recorded by Fourier
transform  computerized spectrometer type
(Thermo Nicolet 200 spectrometer).

Results and Discussions

XRD patterns, of the prepared glass samples
listed in Table 1, are shown in Fig. 1. It reveals a
characteristic of the non-crystalline nature of the
prepared glass samples. This is most likely due
to the absence of long-range order, indicating the
glassy nature of the samples.

The key parameters for exhibiting physical
and structural properties, such as compactness
or softness, cross-linking and coordination
number....etc, of the prepared glass samples, are
density (p), molar volume (V| ), oxygen molar
volume (V) and oxygen packing density (OPD).
The values of these parameters are listed in
Table2.
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Fig. 1. X-ray diffraction patterns of (65-x) B,0,-10Zn0-25Na,0-xSb,0, glasses.

TABLE 1. Nominal composition (in mol %), of the prepared glass samples.

Samples Composition (mol % )
0 65 B,0, 0Sb,0, 10ZnO 25Na,0
5 60 B,O, 58b,0, 10ZnO 25Na0
10 55B,0, 10Sb,0, 10ZnO 25Na0
15 50 B,O, 155b,0, 10ZnO 25Na,0
20 45B,0, 20Sb,0, 10ZnO 25Na0

TABLE 2. Density (r), molar volume (V ), oxygen molar volume (V) and oxygen backing density (OPD) of the

glass samples.

Samples Densit); r(g/ Molar volume Vm (cm®/  Oxygen molar volume Vo O)fygen packing
cm?) mol) (cm?*/mol) density OPD (mol/L)
0 2.5 46.05 20.02 49.95
2.77 44.78 19.06 52.48
10 3.06 43.53 18.14 55.13
15 3.29 43.24 17.65 56.66
20 3.50 43.27 17.31 57.78

Table 2 shows that an increment and decrement
in the values of the density and of the molar
volume with the increase of Sb O, concentration.
The increment in density is due to the substitution
of the lower B,O, molecular weight (123.6 g/
mol) with the higher Sb,O, molecular weight
(289.99 g/mol.). While the decrement in the
molar volume may be due to the difference in the
volume of molecules between B,0, and Sb,0,.
The increment in the density and the decrement
in the molar volume with the addition of Sb,O

274
indicate the glass becomes less open [24]. A

small reduction in oxygen molar volume and the
increase in oxygen packing density confirm that
the glass becomes less open. This indicates that
the rate of producing the non-bridging oxygen
decreases with antimony content.

The structure of the glass samples was
analyzed by the optical absorption spectra at room
temperature using the UV spectrometer. The UV-
visible spectra of the glass samples are shown in
Fig. 2. Itis seen that the glass samples prepared are
optically transparent. For all wavelengths longer

Egypt. J. Phys. Vol. 50 (2022)



4 A. H. GHANEMA et al.

than 400 nm, it exhibits a strong transparency
window. The absorption edge is not sharply
defined and extends over a wide wavelength range
of 1200 nm, as shown in Fig.2. This is consistent
with verifying the glass character of the glass
samples studied in conjunction with the findings
of the XRD. Also, it shows that the edge of UV
absorption spectra shifted with increasing Sb,0,
concentration towards the longer wavelength, i.e.
red shift.

To study the optical properties of the glass
samples, it must determine the mechanism of
optical absorption and optical bandgap by using
the equation [25, 26].

a(v)= (B(hv-E_g))"V/hv......ccccce v vveeevec e (5)

where a(n) is the absorption coefficient as a
function of photon energy, B is constant and is

the optical bandgap. In amorphous systems, for
direct transition n = 1/2 and indirect transition n =
2. The optical bandgap for the direct and indirect
transition was estimated from the plot of (ahn)?
and (othn)!'? as a function of photon energy hn. It
is calculated by extrapolating the linear portion
of the plot to reach (othn)?> =0 and (othn)"?*=0. In
the non-crystalline system, the indirect transition
is the most probable absorption mechanism
due to the absence of translation symmetry.
Optical bandgap data for the indirect transition
of the present system (65-x)% B,0,-10% ZnO-
25%Na,0-x8b,0, mol% is shown in Fig. 3.

Band tail width of the localized states (Urbach
energy) can be calculated using the empirical
relation [27]:

a(N\)=0_(0) NWV/AE) ... oo eoeeve e oeeeeeve e oo (6)
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Fig. 2. Optical absorption spectra of the prepared glass samples with different Sb,O, concentrations.
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Fig. 3. Plots of (cchn)"? versus (hn) of the prepared glass samples with different Sb,0, concentrations.
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where a is a constant, DE is the Urbach energy
(E,) which indicates the width of the band tails of
the localized states and n is the frequency of the
radiation.

Urbach energy (E ) obtained from reciprocal
of the graph slope of logarithm of absorption
coefficient (Ina) versus the photon energy (hn)
[16, 26, 28]. Such a plot is shown in Fig. 4. The
deduced values of the optical bandgap and Urbach
energy versus Sb O, concentrations are shown in
Fig. 5. It is observed that the optical band gap of
indirect transitions follows the opposite trend to
the Urbach energy. The optical bandgap decreases
while Urbach energy increases. This behaviour
exhibiting structural changes in the glass network.
This is attributed to the increase of Sb,0O, content
increases both boron tetrahedral units BO, and
bridging oxygen. Due to the increase in Sb,0O,
concentrations, Sb™® and Sb* ions increases [29,
30] and due to the melting process Sb** transfer to
Sb** [31]. Therefore, the configurations of Sb,O,

mainly consist of SbO, octahedral geometry.
Hence, Sb** ions introduce into the glass as singly
positive SbO,. This is due to breaking Sb-O
bonds of SbO, and therefore, producing boron
tetrahedral BO, units and bridging oxygen [32,
33]. This results in a decrease in the optical band
gap and shifts the UV-visible absorption spectral
edge towards a high wavelength. This behaviour
exhibits good agreement with obtained IR spectra.

Infrared absorption spectra for the investigated
glass samples are shown in Fig.6. It shows that the
band at 806 cm™ which is assigned to the boroxol
ring in the borate glass network does not found
in the present glass samples. This indicates the
absence of a boroxol ring and hence the glass
system contains BO, and BO, groups [34,35]. This
is may be due to antimony oxide disrupted the
boroxol rings in the alkali borate glass structure.
This conclusion was confirmed with that reported
by Terashima et al. for binary antimony borate
glasses [32].

——0 mol % ShaOy
—— 5 mol % ShaOy
10 mol % Shy Oy
—— 15 mol % ShaOy
L 20 mol % ShyOy

25 4

2.0 -

20 2.5 30

3s 4.0 45

hv (eV)

Fig. 4. Plots of Ina versus hn of (65-x) B,0,-10Zn0-25Na,0-xSh,0, glass system.
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Fig. 5. Optical band gap and Urbach energy versus Sb,O, concentrations.
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Figure 6 shows also that the IR spectrum
of the present glass (65)% B,0,-10% ZnO-
25%Na,0-0%Sb,0,, was composed of mainly
four vibrational bands located at 600-800, 800-
1200, 1200-1600 and at 3250-3750 cm. In this
respect, a deconvolution of IR spectra for all
Sb,0, concentrations, to determine the ratio N,
and their assignments are shown in Table 3 and
Fig. 7.

The broadband appears within the ranges
800-1200 and 1200-1600 cm™ is composed
of several individual peaks at 939, 1089 cm!
and 1228, 1353, 1506 cm’, respectively.
These peaks are ascribed to the B-O stretching
vibrations of BO, tetrahedral units and BO,
trigonal units, respectively, as listed in Table 3
[36, 37]. While the small bands that appear in

the ranges 600-800 and 3250-3750 cm are
composed of individual peaks at 611, 701 cm
and 3500 cm! respectively. These peaks are due
to B-O-B bending vibration of BO, groups and
due to B-OH or water groups respectively [36-
38]. The presence of B-OH groups ascribe to the
KBr technique and also arise from the water in
H,BO,. As Sb,0, concentration increases from
x=5 mol% to x= 20 mol%, the intensity of these
bands in the whole regions increases and their
peak positions change as well as the appearance
of a new band around 500 cm!. Peaks in the
region 600-800 cm™ are shifted toward higher
wavenumbers 625, 716 cm’', while that in the
regions 800-1200 and 1200-1600 cm™ are shifted
to lower wavenumbers 903, 1056 cm™ and 1214,
1327, 1473 cm™, respectively.

Absorbance ( a.u)

——0 mol % $h,0,
——5 mol % $h,0,

=10 mol % $h,0,
——15 mol % S$h,0,
=20 mol % $h,0,

T
500 1000 1500 2000 2500 3000 3500 4000

Wavenumber cm

Fig. 6. FTIR spectra of all investigated glass samples.

TABLE 3. Assignments of absorption bands of the infrared spectra of the prepared glass samples.

Wavenumber (cm™)

Assignment

600-800

800-1200

1200-1600

2500-4000

Bending vibration of Sb-O-B in BO, trigonal units.
Stretching vibration of B-O bonds in BO,.
stretching vibrations of B-O of trigonal BO, units.

Hydrogen bonding of molecular water.

Egypt. J. Phys. Vol. 50 (2022)
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According to the concept of Tarte and Condrate
[39, 40] and applied by Dimitriev et al. [41 ] in the
interpretation of the observed FTIR spectra with
the aid of the deconvoluted spectra shown in Fig.
7, the increase in the intensity in the region 800-
1200 cm™! and their shifting beaks toward the lower
wavenumber when B,O, concentration decreases
are due to the increase in the stretching vibration of
BO, tetrahedral units. This is ascribed to breaking
Sb-O bonds of SbO, units with the addition of
Sb,0, to form 4-coordinated units (SbO,) and
provide a charge balance for the negative (BO,y
and producing the bridging oxygen [32,42,43].
This gives the conclusion that Sb** ions play an
important role in charge compensator in the present
glass samples as that predicted by Gangareddy et
al. [35] in Sb,0,-B,O, glass system. Whereas
the increase in the intensity in the region 1200-
1600 cm™ and shifting their beaks towards lower
wavenumbers is attributed to the increment of
stretching vibration of BO, structure units and non-
bridging oxygen [44]. This is may be due to the
bending vibration of pyramidal SbO, since Sb,0O,
consists of two equal amount of Sb** and Sb*
ions [29]. Also, the increase in the intensity of the
band in the region 600-800 cm™! is attributed to the
bending vibration of BO, [36-38]. This may be due
to the formation of asymmetric vibration of B—-O—
Sb bonds formed by merging of Sb—O-Sb bridges
with B-O-B linkages [45, 46]. This means that
the number of Sb-O-B bonds increases with the
decrease in the number of Sb-O-Sb and B-O-B
bonds. Thus the addition of Sb,O, to the present
glass samples gives extra oxygen atoms to build
up of SbO, and BO, tetrahedral units [47, 48, 49].
Furthermore, the appearance of a new band at 500
cm’! with the increase in Sb,O, content ascribed to
the bending vibrations of SbO, pyramids [50]. The

050

formation of this band deduces that an increase in
the concentration of BO, units and non-bridging
oxygen [51]. Therefore, the addition of Sb,0O, to
Zn0O-Na,0-B,O, glasses changing the structural
configuration of the studied glass samples by
enhancement the rate of producing BO, trigonal
units than tetrahedral BO, units with producing
non-bridging oxygen. Therefore, Sb,O, can be
considered as a modifier. Thus the creation of non-
bridging oxygen due to the incorporation of Sb,O,
in the glass samples enhancement the nonlinear
optical properties (NLO) [52, 53]. This result
is confirmed with the decrease in N, ratio. N, is
defined as [50, 51]:

(concentration  of  BO_4)/(concentration  of
(BO 4+BO 3))eeeovs oo (7)

The calculated values of the N, ratio are shown
in Fig. 8. It shows a common decrease in N, ratio
as Sb,O, concentration increases. This may be
attributed to the rate of increase of BO, units are
small concerning the symmetric vibration of BO,
units. The decrement in N, ratio in Sb,0,-B,0,-
ZnO-Na,O glasses indicates the glass becomes
less open and reflects the ability of Sb,0, to act
as modifier oxide in the borate network [32].
This result agrees with density (r), molar volume
(V,), oxygen molar volume (V, ), oxygen backing
density (OPD) and energy gap (Eg) calculations.

From the above argument, FTIR spectra
reveal clearly that the addition of antimony oxide
to Na,0-ZnO-B,0, glasses plays an important
role in charge compensator for (BO,)” and the
creation of the non-bridging oxygen and to act
as a modifier. Hence, with the addition of Sb,O,,
the structure and the properties of the prepared
glass alters [35]. Therefore, it enhancement the

nonlinear optical properties (NLO).

045 o

N4 Ratie

040 -

035

S

™~

T
L1 S

T . T . T
10 15 20

S5hy 04 concentrations

Fig. 8. N, ratio versus Sb,O, concentrations.
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Conclusion

Physical, optical properties and the structure
of the glassy system of the form (65-x)% B,O,-
10%Zn0-25%Na, 0-x%Sb,0, (where x =0, 5, 10,
15, 20mol%) have been carried out by density,
molar volume, oxygen molar volume, oxygen
backing density, x-ray diffraction, UV optical
absorption spectra and Fourier transformation
infrared spectroscopy (FTIR). X-ray diffraction
was revealed the non-crystalline nature of the
prepared glass samples. The optical band gap
(Eg) and Urbach energy (E) were evaluated
using optical UV-Visible spectral measurements.
Optical absorption spectra revealed that the
decrease in bandgap energy with the increase
of antimony concentration attributed to the
increase of boron tetrahedral units BO,. FTIR
analysis shows that the dependence of the number
of structural units of BO, and BO, on Sb,0,
concentrations. It supports the formation of Sb*
ions and confirms that antimony ions Sb* play
the role of charge compensation of (BO,) and
act as a modifier. This result is confirmed with
the increase of BO, tetrahedral units and non-
bridging oxygen. Therefore, the increase of BO,
units and the non-bridging oxygen enhancement
the nonlinear optical properties. The change of
density, molar volume, oxygen molar volume,
oxygen backing density and N, ratio agrees with
the FTIR data and reflect the ability of Sb,0, to
act as modifier oxide. The observed data clearly
suggests that the investigated glasses may be used
for optical limiting applications.
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