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1. Introduction

Recently, oxide glasses have captivated the interest of
experimenters and scientists because they exhibit im-
portant properties that have important uses in numerous
applications [1-9]. The selection of an appropriate glass
material for a particular application requires information
about its various properties [10, 11]. Oxide glasses are
traditionally clearly defined as networks composed of
components for example SiO,, B,Os, and modifiers like
alkaline oxides: Li2O or metal oxides: Bi,O3 [12, 13]. In
these glasses, metal oxide oxygen takes part of the co-
valent glass network and forms extra unfamiliar build-
ing blocks. The modifier oxide cations are usually lo-
cated near the non-bridging oxygen's (NBO) in the
glass structure. The extent of network modification
clearly relays on the concentration of the modifier oxide
exist in the glass. The glass network impacts different
physical properties, like density and molar volume.

B,0s-based glasses, known as borate glasses, have
paid the attention of many investigators because of their
important properties, low melting temperatures, ther-
mal stability, and transparency. The most practical uses
are in optical, laser, electrical, and photovoltaic de-
vices. Borosilicate glasses with hybrid network formers
received great attention during recent years because
they combine the stability of silicate glasses with the
higher solubility of transition metal ions in borate
glasses [14-17]. In addition, transition metal ion (TM)
glasses are valuable materials because of their im-
portant applications in solid-state lasers, phosphors, op-
tical fibers, memory devices, and photo-conductive de-
vices. (TM) ions are featured by partially filled d- shells
that can occur in many oxidation states, where electro-
optical conductivity can be generated by the transition
of electrons from lower energy levels to higher energy
levels. In addition to their beneficial applications in the
field of life, they are also used for glass structure iden-
tification because their outer d- orbital functions posses
a wide radial distribution and high echoes to neighbor-
ing cations [18, 19].

Depending on the kind of transition metal ion and
other variables, alkali borate and borosilicate glasses
containing transition metal ions have vivid colors. Un-
der normal circumstances, cobalt is more stable because
it is an anti-ferromagnetic substance [20]. The blue to
pink-colored glass is due to the presence of divalent co-
balt ions. Co?* ions have distinctive absorption bands in
the visible and near-infrared spectral areas and can be
found in tetrahedral and octahedral positions within the
amorphous network. It has been proposed that cobalt
ions be added to the glass network to enhance glass
properties for future technological applications, includ-
ing phosphors, fuel cells, gas sensors, and super capac-
itors [21, 22].

The most thorough and detailed method for learning
more about the surroundings of metal cations in the
presence of anions (ligands) is ligand field theory. A
group of variables known as ligand field parameters are
offered by ligand field theory. This habitat is studied
using these parameters. When a metal cation (M) is en-
compassed by anions (ligands), the anions generate an
electrostatic field that changes the energy of the (M)

cation's d orbitals. Due to the electrostatic field gener-
ated by the ligands, all d -orbitals increase in energy,
with the three higher energy orbitals (tog) rising above
the other two lower energy orbitals (eg). The energy that
separates the two orbital groups (tzg and eg) is named
the crystallographic or ligand field splitting (10Dq). B
and C represent determination of the inter-electron re-
pulsion between the 3D electrons in the d- shell of the
(M) cation (here, the Co*2 cation). When TM ions are
present in the glass matrix, these properties are readily
ascertained. The glass matrix under investigation con-
tained cobalt ions, which led to the computation of the
ligand field strength, 10 Dq, and Racah parameters (B
and C) based on the energy site of a particular optical
transition identified from the optical absorption spectrum
[22, 23].

Bi»Os3 is a transient glass network former due to the
high polarizability of this heavy metal ion (Bi®*) and its
capacity to reduce its coordination number from VI to 111
[24]. Therefore, in the existence of glassy network-form-
ing cations, such as, for example, P, Si**, B%*, and Ge**,
a significant structural effect occurs, as it can react as a
glass former that introduces pyramidal [BiOs] units or as
a modifier that produces so distorted octahedral [BiOg]
units, relying on the quantity of Bi®* ions present in the
glass structure [25, 26]. Bismuth oxide-based glasses are
well-defined for their remarkable optical properties and
their applications in optical and electronic devices [27,
28].

In this work, we will synthesize lithium bismuth borate
and lithium bismuth borosilicate from cobalt oxide and
study their structural and optical properties based on lig-
and field theory.

2. Experimental

Using the conventional melt quenching technique, lith-
ium bismuth borate and lithium bismuth borosilicate
glass systems doped with 1% of CoO were prepared.
High purity materials of [Li.COs, H3sBO3, CoO, SiO,,
and Bi»O3] were employed as starting materials. Table 1
lists the chemical composition (mol%) of the glass sys-
tems with the names BBLC and BBSLC, respectively.

Batches weighing roughly 15 g were completely mixed
and ground in an agate mortar before being melted in an
electrical muffle furnace in a porcelain crucible until
reaching 1100°C. The temperature was maintained at this
level for about 90 minutes to allow the melt to be com-
pletely homogenous and acquire the desired viscosity.
More uniformity was confirmed by repeatedly swirling
the molten substance. After that, the free-bubble melts
were rapidly cooled (quenched) at room temperature by
being poured between two copper plates that had been
heated beforehand (poured on a copper plate and another
copper plate was put on the first one, i.e., sandwiching)
to obtain thin disk-shaped glass samples with smooth and
flat surfaces for characterization. The residual parts of
the glasses were crushed into fine powder for FT-IR
spectral exploration and optical investigations. The use
of Pt crucibles and low melting temperatures are im-
portant features.
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Table (1) the chemical composition (in mol %) details of glass systems.

Sample No. ((59-x)B203-xBi203-40Li.0-1C00)

BBLCO 59B,0; 0SiO,  40Li,O 1CoO
BBLC5 54B,0;3 5 Bi:O; 0SiO, 40Li;O 1CoO
BBLC 10 49B,0; 10Bi,03 0SiO, 40Li;O 1CoO
BBLC 20 39B,0; 20Bi,0; 0SiO, 40Li;O 1CoO

((49-x)B203-xBi203-10Si02-40L i-0-1C00)

BBSLCO 49B,0; 10Si0, 40Li-O 1CoO
BBSLC5 44B,03 10Si0, 40Li-O 1CoO
BBSLC10 39B,0; 10Bi,O3 10SiO, 40Li;O 1CoO
BBSLC20 29B,0; 20Bi,0; 10SiO, 40Li,O 1Co0O

Using the KBr pellet approach, the FT-IR Nicolet (iS50
spectrometer ) from Thermo Fisher Scientific was used
to measure the FT-IR absorption spectra of all samples
in the (400-4000 cm™) range at room temperature (RT=
300 K), KBr ratio was 197mg to 3mg of the glass sam-
ple (this for all samples).

In the wavelength range of (200-2200 nm), the
optical absorption spectra of glasses were determined us-
ing a double beam (UV/VIS/NIR) spectrophotometer
(type JASCOCrop., V-670, Japan).

3. Results and discussion:
3.1 Density and molar volume

The most basic measurable physical property is the
density of a solid. It is also among the precise instruments
for differentiating structural differences within the glass
network. Any structural alterations to the glass network
are reflected in it. Using the Archimedes principal, the
produced glasses' density was determined. After weigh-
ing each sample in the air, it was placed in room-temper-
ature xylene. The following formula [29] was used to cal-
culate the sample densities:

P = o * P (2)
Where p represents the glass sample's density, Wa de-
notes its weight in air, W, denotes its weight in xylene,
and py is xylene's density (assuming xylene has a density
of 0.86 g/cm3). A sensitive single-pan digital electronic
balance with an accuracy of (0.0001) g was used for get-
ting the weight of the prepared samples [30].

The density of the BBLC and BBSLC glass systems is
shown in Fig. 1. It is evident that when the bismuth con-
tent rises successively, so does the sample density. The
primary cause of this increase is the substitution of heav-
ier Bi;Os molecules (MW = 465.96 g/mol) for lighter
B,03; molecules (MW=69.62g/mol)[28].

Since the molar volume expression shows the spatial
distribution of the ions that make up the structure, it is
also possible to understand the glass structure there. The
preceding structural alterations brought about by a

creation or modification process in the glass network are
illustrated by the fluctuation in the molar volume with
the molar composition of an oxide [14]. It also presents
a picture of the glass network's interstitial spacing [31,
32].The molar volume is determined according to the for-
mula:

Vi =M/p @)

Where M represents the sample's total molecular weight,
p is its density, and Vv stands for molar volume [33].

As Bi»03 grows in both systems, the molar volume of
the glass samples also increases. This can be attributed to
the greater bond length radii of Bi»O3 (1.03 A) compared
to B203(0.273 A), which causes an increment in free vol-
ume in the glass network. Non-bridging oxygen (NBO)
production causes the glass structure to become less
densely packed and more open as a result [34, 35].

3.2 FT-IR spectroscopy

An essential approach that provides crucial information
on the arrangement of the glasses' structural units is FT-
IR analysis. For both glass systems, the structural differ-
ences in the glass matrix caused by the substitution of
Bi»O3 for B,O3 are explained in figures. (3) and (4). We
focus on the mid-IR range (400-1600 cm™) because the
observed glass sample vibration modes are most notice-
able. For better clarity, the spectra are shown in this
range.

As can be seen, from figures (3)&(4)& table (2) of
bands assignment:

Borate glass's infrared spectra are divided into three
primary regimes. The first regime is associated with the
(B-O-B) bending vibration modes of (BOs) units and is
situated in the (600-800) cm™ range. The B-O bond
stretching in (BO4) units is responsible for the second re-
gime in the range (800-1200) cm™. The third regime,
which vibrates between (1200 and 1600) cm?, is associ-
ated with the B-O stretching in (BOs) units. Depending
on the glass system, these zones occasionally move to
higher or lower wave numbers [35-42].
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Table (2): FT-IR assignment of observed bands of studied glass systems

Band Positions

(cm) Suggested assignment References
1300-1500 B-O is stretching vibrations of trigonal BOs units. 38-42
800-1200 B-O is stretching vibrations of tetrahedral BO4 units. 38-41

600-800 Originating from bending vibrations of the borate network (B-O-B)& Si-O-B. 43-45
Avre generally correlated with Si-O-Si and -
400-505 and 600 ’ O-S%-O bending modes. 46 50"522’ o
770-820 Ave attributed to Si-O-Si symmetric stretching of bridging oxygen between tetrahedral. 59,53
910 Si-O-Si stretching of non-bridging oxygen atoms. 54,55

Avre related to Si-O-Si anti- symmetric stretching of non-bridging oxygen within tetra-

970-1095 60,52
1309 —1363 asymmetric stretching vibrations of Si-O-Si 61,62
454 The Li—O bond vibrations 66-68
522 Is allocated to Co®* -O bond vibrations. 21,22
485 Bending modes of B-O-B & or Bi—O bands vibrations in (BiOs). 57,58,50-52
635704 Bi —O bond symmetric stretching vibrations in [BiO3 ] units 59,57,52
850 Vibrations of [BiOg] octahedral. 52, 63,64
1289 Bi- O—non bridging oxygens (NBOs) in pyramidal [BiOs ] units. 42,56,65

In the glass system BBLC for x = (0, 5, 10, and 20):
Only at x = 0, there is a peak at (468) cm™ assigned to Li-
bending vibrations (Li-O-Li) due to the absence of Bi»0Os
[63- 65].

e As we add Bi2Os3, this peak becomes broader owing
to the existence of Bi-O band vibrations in (BiOg) [47,
49, 54, 55].

e At (x=0) there is a sharp peak at (703) cmattributed

to bending vibrations of the borate network (B-O-B),
and as B,0s is replaced by Bi,Os, this peak increases
(it belongs to Bi-O bond symmetric vibration in
[BiOs] units) till (x=10) mol%, and at (x=20) mol%
the intensity of this peak decreases [49, 54, 55].
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e At (800-1200) cm there is a large band owing to (B-
0) stretching vibrations of tetrahedral BO4 units ¢
%), And as Bi,Oj3 is added at (x = 5), this band be-
comes slightly sharp and slightly increases in inten-
sity due to the existence of vibrations of BiOg octahe-
dral [49, 60, 61] and at (x = 10), the intensity of this
band largely increases and the width of the band de-
creases. At (x = 20), the band becomes more broad.

e There is a shoulder that appears at about (1250) cm™*
from (x = 5), which is related to (Bi-O) non-bridging
oxygen in pyramidal (BiOs) units [39, 53, 62].

e At (1330-1500) cm there is a broad band attributed
to BOs stretching vibrations of triagonal BO3[35-39].

In the second glass system (mixed former BBLSC for x
=0, 5, 10, and 20) after doping SiO, there are a no-
table alterations in intensity and band position that
happen for all those vibrational modes.

e The band observed below (500) cm* which belongs
to the modifier, gains intensity after doping SiO re-
sulting from (Si-O-Si) and (O-Si-O) bending modes
of bridging oxygen's [43-46, 47-49, 54, 55].

e The BO, band region becomes broader because of the
formation of (Si-O-Si) and (B-O-Si) [40-42].

e Likewise, the BO3 band region becomes broader be-
cause of the existence of asymmetric stretching vibra-
tions of Si-O-Si [58, 59].

e At (1280) cm, there is a small shoulder that belongs
to Bi-O non-bridging oxygen (NBOs) in pyramidal
(BiOs) units [39, 53, 62].

It is evident from the explanation above that broad bands
exist in many glasses, possibly as a result of distinct
neighboring peaks overlapping. The IR spectra of
each glass sample was deconvoluted into distinct
peaks using the Gaussian distribution function and
the curve fit feature of Origin Pro 8.6 software to de-
termine the precise peak position of each band.

As an example figure, the deconvoluted FTIR spectrum
of a glass sample with x = 10 is shown in Figs. (5) &
(6) for both glass systems. The glass specimen has
many peaks, each identified by unique characteristic
features such as peak center (Xc), relative area (A),
and full width at half maximum (w). Similarly, the
residual compositions show the same behavior. The
relative area of each peak and its peak center indicate
the presence of a specified structural group concen-
tration in the glass matrix and a unique kind of vibra-
tion, respectively. For both glass systems, BBLC and
BBLSC, the proportion of four coordination boron at-
oms was calculated using deconvolution data and for-
mula (3) [66, 67]:

N4=A4/ (A4+A3) (3)

Where A4 and A; are the areas under the peaks of BO4
and BO3, respectively.

Because of the conversion of BO4 to BO3, the N4 values
decreased as the Bi»O3 content grew as indicated in
fig.7. This suggests that an NBO formation process
was occurring as bismuth oxide was added to the net-
work, making a loose glass network in both systems.
This is the intended outcome for the work's purpose.
In comparison to bismuth borate, the open network

performs better in the bismuth borosilicate system (in
the mixed former network).

1 [(B10) i

Absorbance(a.U)

T T T T T
400 600 800 1000 1200 i400 1600

wavenumber(cm™)

Fig. (5) The deconvoluted IR spectrum of the sample
that contains ((49)B203-10Bi203-40Li.0-1C00) as a
representative figure.
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Fig. (6) The deconvoluted IR spectrum of the sample
that contains ((39)B203-10Bi203-10SiO2-40Li20-
1Co0)as a representative figure.
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Fig. (7) Variation of N4 ratio vs. Bi2Os content for both
glass systems

3.3 Optical studies

UV-Visible absorption spectra

Fundamentally, optical investigation mostly provides
information about the band structure of the glass and
other related parameters. For every glass sample that was
prepared, the optical absorption spectrum was provided.
Fig. 8(a, b) represents a sample that is considered as a
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good example. The existence of the glass state in the pro-
duced specimens is shown by the absorption spectra's
disappearance of a prominent absorption edge
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near-infrared bands.
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Fig. (8 -a, b )UV- visible spectra for BBLC & BBLSC system.

Optical absorption spectra are utilized to determine Ur-
bach's energy values and the optical band gap. In the
electrical band structure of solids, the band gap com-
monly denotes the variation in energy between the top of
the valence band and bottom of the conduction band. The
energy desired to release an outer shell electron from its
orbit and produce a mobile charge carrier that may move
freely within the solid is known as the band gap value,
and it is used to determine the material's electrical con-
ductivity. Using formula (4), one may find the absorption

coefficient o near the edge of the absorption spectrum:
_ (2:303)4 @)

t
Where (t) is the thickness of the glass samples and A is
absorbance [21].
Mott and Davis theory introduced the relationship be-
tween o and photon.

| lBLC10

(ahV)*0.5(cm™.ev)*0.5

T T T
0 1 6 7

" hViev)

Energy hv indicated in formula (5) [69-71]
aiVB(AV — Eg)b (5)

Where hV is the photon energy, B is a constant, Eq(Eqp)
is the optical band energy, b is taken values (2, 1/2, 3,
and 2/3) depending on the type of electronic transition,
indirect allowed, direct allowed, indirect forbidden, di-
rect forbidden transition respectively.

Electronic structure theory indicated that, indirect al-
lowed transition is the most probable for glassy materi-
als. The values of the optical band gap energy can be es-
timated from drawing(ahV)Y? vs hV (Tauc's plot), and
extrapolating the linear of the curve to (ahV)Y?=0 as in-
dicated in Fig. (9-a,b).

~

(ahv)*0.5(cm™.ev)"0.5

[N

0

o 1 5hV(e:\/)é 5 7

Fig. (9- a, b) Tauc's plots for BBLC& BBLSC system to determine optical band gap values.

Itis evident from Fig. (10), that as the concentration of
Bi,O3 increases, the optical band gap Eg(Eqp) values de-
crease. The FT-IR spectra [73], which are associated
with the addition of Bi»O3, demonstrate that this reduc-
tion in Eqp: can be assigned to the increase of NBOs. Fur-
thermore, NBO ions increase the degree of disorder and
are less stable, which results in additional band gap de-
fects [24]. Thus, an increase in NBO ions raises the

energy of the valence band, which results in a decrease
in optical gap energy.

When the energy of the input photons is less than the
optical band gap energy, the region of the absorption
spectra is known as the Urbach region. The incident pho-
tons in that region are absorbed exponentially, creating
an exponential absorption tail known as an Urbach tail in



436

International Journal of Theoretical and Applied Research, 2024, 3(2)

amorphous materials. One clear indicator of the disorder
in the network is the curvature of such a regime. We look
up Urbach energy (E.) to determine the level of disorder
in the glass samples. Thus, in these energy gaps, there
will be extended or localized states, namely, Urbach en-
ergy. The transition from the occupied states of the va-
lence band to the empty tail states of the conduction band
results in the scale of band tail width known as Urbach
energy [74, 75]. The temperature and static atomic struc-
tural disorder determine that energy, or equivalently the
band tail width (Ey) [75, 76]. Using the Tauc and Urbach
formula (6) [77], this energy is computed:

hv
a = a,exp (H) (6)
Where E, is Urbach energy and oo is a constant. Urbach

energy Vvalues, acquired from the inverse slope of a linear
region of the plot [In (a) vs. (Av)] Fig. (11-a,b).
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41 . . —=—BBLC
334 —=—BBLSC| [*®
324 u F 3.2

Ege\i(BP LwC)
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Biy0g(mol%)

Fig. (10) the optical band gap (Eg) vs. Bi2Os content
for both glass systems.
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Fig. (11-a,b) Urbach’s Plot r for x=10 (mol %) in BBLC& BBLSC glass systems.

Table (3) Optical band gap energy (Eg) & Urbach energy (Eu) of BBLC&BBLSC glass systems.

Sample  Eg4(ev) Eu(ev)
mole%

Sample Egy(ev) Eu(ev)
mole%

BBLCO  3.225 0.341
BBLC5  3.402 0.375
BBLC10 2911 0.401
BBLC20 2.653 0.502

BBLSCO  3.350 0.322
BBLSC5  3.112 0.338
BBLSC10 2.914 0.405
BBLSC20 2.701 0.418

The increase in E, levels is most likely caused by an
increase in disorder degree during the production of
NBO and bond relaxing. Moreover, the rise in E, values
indicates a decline in the stability of the structure because
of glass matrix fault formation [78]. As a result, the band
gap energy drops and the rise in E, are consistent.

Based on the anticipated band positions of (v2 and vs)
fig(12-a,b) the predicted crystal field parameter [10Dq]
and Racah parameters [B & C] were determined. The en-
ergy levels of Co?* (d7) ions in the tetrahedral field are
separated into crystal fields by 10Dq, which is just the
(d®) electronic configuration in the octahedral field [79].
The TM ions Co?* exhibit coulomb repulsion in their d-
shell, as indicated by the B & C parameters. These pa-
rameters were computed using the formulas [24, 80]as
follows:

10Dq + 5B = 1/3(V, + V) @

B = —[7(V, +V3) + /49(V, + V3)*+,/680(V, = V)7 (8)

€ =463B+05 9)

Where v, and v3 are the energy position of optical transi-
tions.

As could be seen in Figure 13(a, b), 10 Dq increased,
but when Bi,Os increased, the Racah parameters (B and
C) decreased. Increases in 10 Dq values show a signifi-
cant delocalization of Co?* ion d-electrons, indicating a
high level of interaction between these ions and their lig-
ands [81]. The optical band gap was then reduced be-
cause of bonding flaws forming in the primary gap. Con-
versely, the weakening of the field intensity resulting
from the repulsion interaction of electrons in the d-shell
(i.e., the electrons dispersing over a large distance, reduc-
ing the electrostatic interaction) led to the reduction of
Racah parameters and the formation of highly covalent
bonds between the Co?* ions and their ligands [82, 83].
To guarantee that the inclusion of Bi»Os would enhance
the covalency effects on the network bond nature, all of
these coefficients were computed.
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Table (4 ): Ligand field strength (10 Dg), Racah parameters
(B and C)of BBLC& BBLSC glass systems.

Sample 10 Dg (cm™) B(cm™) C(cm™)
mole%

BBLCO 3289.144 9455541 4377.916
BBLC5 3310.449 939.8677 4351.587
BBLC10 3326.566 932.3248 4316.664
BBLC20 3352.603 927.6331 4294.941
BBLSCO 3277.115 939.7248 4350.926
BBLSC5 3295.428 935.1105 4329.561
BBLSC10  3324.673 929.9767 4305.792
BBLSC20 3344.1 923.9501 4277.889

4. Conclusion

Using the melt-quenching approach, co-ions-doped
bismuth borate and borosilicate glass samples were suc-
cessfully produced. The characteristics of the glasses un-
der study were impacted by the methodical replacement
of B20O3 with Bi»Os. By using density, FT-IR, and optical
absorption, the structure was examined. The decrease in
the calculation of N4 ratios indicated the transformation
from BO4 to BOs units based on FT-IR analysis and this
leads to the increase in (NBO) ratio. An increase in Ur-
bach energy (eV) correlates with a decrease in band gap

(eV), highlighting the significance of Bi»Os in modifying
the band gap and its localized states.

Deconvolution and optical spectrum focusing were
performed on the cobalt characteristic bands in order to
provide additional insight into the d-level splitting and
crystal field interaction. The lower binding strength of
CoO was identified as the cause of the observed decrease
in the optical gap energy. The borosilicate system has
less disorder than the borate system, as indicated by the
lower values of E, in the borosilicate system. Therefore,
ion mobility is more open in an open matrix than in a
borate system.
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