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In this study, glass systems with chemical composition (40-x)Li20—10Y203-50Si02:xV20s were prepared
using melt-quenching method. The XRD patterns of the prepared samples conform to the glassy nature. Optical
absorption spectra exhibit two absorption bands at around roughly 630 nm and 1030 nm, identified as the transitions
due to 2B>—?B1 and ?B>—?E transitions of [VO]?" ions. The intensities of these identified peaks are observed to
grow with a slightly red shift with the V205 content in the glass matrix. The direct and indirect optical band gaps,
evaluated using Davis-Mott theory, decreased with increasing V20s concentration, while the Urbach energy
obtained from the Urbach rule increased. IR spectral analysis revealed that the glass samples exhibit various
structural units via., Si — O — Si asymmetric and symmetric stretching Si — O — Y linkages, V=0, Si—0 —V
linkages and Li — O; it appeared that the intensity of asymmetric linkages was observed to increase by the expense
of symmetric linkages with a gradual increase in the content of V20s. The optical absorption spectra of the
investigated glasses suggest the coexistence of V4" and V' ionic species. The observed evolution of the
characteristic vanadyl absorption bands with increasing V20s concentration indicates a possible shift in the V4*/V>*

equilibrium within the glass network.
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Introduction

Alkali silicate glasses like lithium silicate glasses
exhibit remarkable thermal stability, enhanced ion
changeability, exceptional chemical durability, optical
transparency over electric wavelength, and compositional
dependent tunable refractive index rendering them
particularly advantageous for ion exchange glasses like
phone screens, photovoltaic cells, short distance data
busses. When certain sesquioxide (e.g., Sb,Os3, AlOs,
Y,0s3, Lay03, Sc,03, etc.,) are combined with alkali silicate
glasses, their optical/ luminescence, mechanical,
electrical, chemical and thermal - physical properties will
be enhanced significantly with composition [1-12]. When
Y:0;3 is added to the alkali-silicate glass systems, it
broadness the spectral transparency, improves the
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refractive index, and decreases phonon energies [8-10].

Yttrium oxide is a sesquioxide, when it used as an
additive in glass admixture, helps to improve various
properties like physical, chemical, optical, and thermal
properties. The concentration of yttrium particularly in
silicate glasses changes the durability by changing the
network connectivity by the broader range of atomic
environments [11]. Yttrium can act as a network modifier
or former, as first one it breaks the network and reduces
the number of non-bridging oxygens (NBOs) [12], as later
one it forms bonds with oxygen and contributes to the
rigidity of the glass network [13]. The literature study [14-
21] strongly proved that properties like hardness, elastic
modulus, glass stability, thermal expansion coefficient,
and sealing behavior were enhanced by the yttrium ions in
the various glass compositions.
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A vanadate-based glass exhibits desirable properties
with tunable features such as good electrical
conductivities from insulating to semi-conducting range,
chemical durability in aggressive mediums like acids, and
bases and also possesses low crystallization tendency
during solidification [22-30]. Because of these
characteristics; vanadate glasses could be used in cathode
materials for solid-state devices and optical fibers as well
as in electrical threshold, threshold switching, memory
switching, and optical switching devices [31-37]. V,0s is
mentioned as a conditional glass former since it rapidly
forms glass only when combined with a modifier, such as
an alkali, alkaline earth, transition metal oxides (TMOs),
or another glass former [25, 38-40].

Vanadium ions exist in glass matrix in two distinct
valence states, V4" and V°*, thus vanadate glasses are
categorized as amorphous oxide semiconductors [41]. A
3d1 unpaired electron migrating from a V#" site to a V>*
site causes lattice polarization, which in turn produces a
polaron, which is the phenomena known as electrical
conductivity [42-46].

In the present paper, we have synthesized (40-x)Li,O—
10Y203-50Si0,: xV,0s and the structural modifications
that occur as a result of the diverse oxidation states of
vanadium ions, as examined through optical absorption
and infrared spectral analyses which were very important
for the selection of material for various above-mentioned
applications such as optical fibers, modulators, electrodes
in solid-state batteries.

1. Materials and Methods

The flow chart illustrating the procedure adopted for
the preparation of the glass samples is presented in Figure
1. The detailed methodology used for sample preparation
is similar to that reported in our previous studies [47, 48].
The compositional details of the investigated glass
samples are presented in Table 1. Details of the
instruments used for obtaining the experimental data are
presented in Table 2.

Table 1.
Compositional details (all in mol %)
Sample code | Composition in mol%
LYSVy 40.0 Li,0-10Y203-50Si0,
LYSV, 39.8 Li,0—10Y203-50Si05: 0.2 V,0s
LYSVy 39.6 Li,0-10Y,05-50Si02: 0.4 V,0s
LYSVs 39.4 Li,0-10Y,03—50Si0,: 0.6 V205
LYSVs 39.2 Li,0-10Y203-50S105: 0.8 V,0s
LYSVig 39.0 Li,0-10Y>03-50Si0>: 1.0 V,0s5
Table 2.
Details of the instruments
Study Details of the instrument used
XRD Xpert PRO diffractometer
UV-Vis JASCO Model V-670 UV-Vis-
absorption NIR spectrometer
IR Transmission | JASCO-FT/IR-5300
spectra spectrophotometer by utilizing
300 mg of KBr pellets containing
ground up material
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AR grade chemicals (LiCO;, Y,0,,
Si0, and V,05 )weighted (all in mol%)
based composition using Essce Vibra
HT digital weighting balance

Finally the samples were polished to
dimensions of 2cm x 2 ¢cm x 0.2 c¢m size

!

Grinding of chemicals with agate
mortar
to obtain Homogeneous mixture

1

Melting the chemical mixer in
platinum crucible at 1400 °C for 1 Hr
until to get bubble free liquid

1

Melt was quenched and are annealed
at 430°C for 3 Hrs and then cooled to
room temp.

]

Bubble free Melt poured on the
reactangular brass mould to obtain
glass

=

Fig. 1. Flow chart of various steps involved in preparation
of (40-x)Li,0—10Y,03— 50Si10,: xV,0s glass samples.

II. Results and Discussion

Figure = 2  displays = XRD  patterns  of
(40-x)Li,0-10Y203-508102:xV20s samples. It indicates
that there are no distinct sharp peaks in the XRD patterns
of the prepared samples, revealing that the materials
possess an amorphous nature.

Intensity( arb. Units)

0 10 20 30 40 50 60

20 (degrees)

Fig. 2. XRD Patterns of (40-x)Li,O-10Y>03-50Si0;:
x V105 glass samples.

Figure 3 (a) illustrates the optical absorption spectra
(OA) of (40-x)Li,0-10Y203-50Si10,:xV,0s glasses. For
pure glass (LYSVy) the absorption edge is found at
340 nm and when the concentration of V,Os increases, it
is seen to progressively shift towards higher wavelengths.
Furthermore, two absorption bands at 650 nm and
1080 nm which correspond to 2B,—’B; and 2B,—’E
transitions of VO?' ions were visible in the spectra of
glasses doped with 0.2 mol% of V205 [49];

Absorption coefficient (cm!)

300 400 500 600 700 800

‘Wavenumber (nm)
Fig. 3(a). Optical absorption spectra of (40-x)Li,O-
10Y203-50S10,: xV,0s5 glass samples.
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Fig. 3(b). Schematic energy levels of V4" in an octahedral
field with tetragonal distortion.

Vanadium is a transition metal placed in group 5 with
ground state electronic configuration [Ar]3d34s?. Among
3d*4s? valence electrons, 3d electrons play a dynamic role
in vanadium chemical behavior due to existence in
multiple oxidation states. Hence vanadium ions likely to
be exist primarily in the V>* state in the vanadium-doped
lithium yttrium silicate glasses. However, during melting,
and annealing it might be undergone equilibrium redox
reaction as follows [50]:

2V5* + 077 ———2V* +-0,1

Here the d' configuration of the V*" ion has %D as its
ground state. The 2D state splits into *t
(|dxy) 1dsz),|dy2)) and 26, (|dy2_y2),|d,2) ) when a
pure octahedral crystal field is present, while the t, level
further splits into °E, (double degenerate, |d,,), |dyz)) and
2B, (non-degenerate, |dxy)) when an octahedral field with
tetragonal distortion (compression/elongation along the z-
axis) is present; the 2B, state will be the ground state of
these. Additionally 2e, level splits into 2Ai|d,2) and
?Bi|d,2_,2). The schematic energy levels for V4* ion in
the octahedral field with tetragonal distortion are shown in
Fig 3(b). Therefore, for the vanadyl ions, we can anticipate
three bands corresponding to transitions 2B,—’B,
(dyy— dy2_y2), ’B,—’E (dyy— dyzyz) and By —2%A
(dxy — d,2) [S1].

However, only the first two bands are visible in the

present investigated glasses, this might be due to multiple
reasons like the same spin multiplicity, parity forbidden
same d—d transition and weaker intensity of degree of
distortion. The appearance of these absorption bands,
commonly attributed to the 2B, —’B; and *B,—’E
transitions of VO?" species reported in the literature [49,
51], provides indirect spectroscopic evidence for the
presence of V" ions in the investigated glass samples. In
addition, the half-width and peak height of these bands are
observed to increase and shift towards a somewhat higher
wavelength as the concentration of V,Os is increased up
to 1.0 mol %. The octahedral crystal field splitting
parameters (Dq) and tetragonal crystal field parameters (Ds
and Dy) satisfy the standard relations:

2B,~2B, = 10D,
2BZ_ 2E = _3DS + 5Dt
2B, 24, = 10D, — 4D, — 5D,

Table 3 shows the Dq values that were evaluated from
’B,— 2B, transition that was observed with an increase in
V105 content. The details of the cut-off wavelengths and
the corresponding band positions were also presented in
Table 3.

It should be noted that the oxidation state assignment
presented in this work is based on optical spectroscopic
signatures reported in the literature. Therefore, the
conclusions regarding the coexistence of V4" and V°*
species should be considered qualitative rather than
quantitative. A definitive determination of the V*+/V**
ratio would require complementary techniques such as
ESR or EPR etc.

According to Davis and Mott’s theory [52, 53], the
optical edge of non-crystalline materials can be expressed
by the equation:

aht = A (RS — Eopy)”

Where o, absorption coefficient, A proportionality
constant, hv, photon energy, Eop, optical band gap energy,
r = 2(allowed indirect), %5 (allowed direct), 3 (forbidden
indirect), and 1/3 (forbidden direct) transitions
respectively. The direct and indirect optical band gaps

Table 3.
Data on Optical absorption spectra of (40-x)Li,0—-10Y,03—50Si0,: xV,0s Glass samples
Sample LYSVo | LYSV, | LYSV, | LYSV3 | LYSV4 | LYSVs
Conc. of V,0s mol% 0 0.2 0.4 0.6 0.8 1.0
Cutoff wavelength, nm 330 340 351 357 366 375
Band position , nm ’B,—?B; | - 642 649 655 665 668
’B,—’E | - 1068 1077 1081 1099 1104
Crystal field splitting parameter Dq, 1158 1141 1127 1504 1497
(cm)
Optical band gap, eV r=2 3.38 3.12 2.94 2.84 2.78 2.70
r=3 3.42 3.18 3.4 2.92 2.86 2.76
r=1/2 2.72 2.58 2.48 2.40 2.36 2.28
r=1/3 2.42 1.88 1.80 1.68 1.46 1.40
Urbach Energy, eV 0.40 0.60 0.81 0.95 0.91 1.13
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were  estimated by  extrapolations  of  the
(ah9)"vs h9 curves at  (ah9)” =0. Plots of
(ah9)"vs h as a function of energy along with the
extrapolations for the (40-x)Li,0-10Y>03-50S10,: x V,05
glasses ( x=0 -1.0 mol%) are systematically presented in
Fig. 4 (a-d). The estimated direct, indirect allowed as well
as forbidden energy bands are presented in Table 3
showing a decrease in the value of the band gap (both
direct and indirect) E, with the increase in the
concentration of V,0s.

In amorphous oxide glasses, the absence of long-
range periodicity results in the formation of localized
electronic states near the band edges, commonly referred
to as band-tail states. Consequently, the optical absorption
process cannot always be described by a single transition
mechanism. Within the Davis-Mott’s formalism, different
values of the exponent ‘r’ are employed to investigate
various possible electronic transitions occurring between
extended and localized states. The allowed direct and
allowed indirect transition models are generally associated
with the fundamental absorption processes and provide
estimates of the mobility gap of the glass. In contrast, the
forbidden direct and forbidden indirect transition models
are particularly sensitive to localized defect states,
structural imperfections, and disorder-induced electronic
levels within the amorphous network. Therefore, the
simultaneous analysis of all four transition models enables
a more comprehensive assessment of the electronic
structure, degree of of disorder, and defect-related
modifications induced by V,0Os incorporation.
Furthermore, comparison of the trends obtained from
different transitions models provides additional
confidence in the observed evolution of the optical band
gap and its correlation with structural changes in the glass
matrix.

According to the Urbach rule [54], the absorption

12

10

(ah9)"2 (eVicm)12

2 21 22 Z‘.j 24 25 26 27 28 2.9 3 31 32 33 34 35 36 3.7 38
b8 (eV)

Fig 4(a). (ahv)"? vs hv plots of

(40-x)Li,0—10Y,03—50Si0;,: xV,0s glass samples.
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coefficient (o) near the band edge follows an exponential
dependence on photon energy (E):

Where, Eo, characteristic energy; AE, Urbach energy;
0o, constant;

The Urbach rule serves as a diagnostic tool for
assessing disorder, temperature dependency and
electronic transitions in solid-state materials especially
disordered ones. Hence, the degree of disorder in prepared
glasses was characterized using Urbach energy calculated
from the reciprocal slope of the linear portion of band
edges of the In(a) vs hv plots. Urbach plots for the current
studied glass samples were presented in Figure 4(e). These
estimated Urbach energies are presented in Table 3. From
these pertained values, it is observed that the Urbach
energy increases with the concentration of V,0s.

The observed decrease in the optical band gap with a
rise in V,0s concentration can be explicated as follows;
the excited states of localized electrons that were initially
trapped on VO?** sites start to overlap with the vacant 3d
states on the nearby V> sites, as result of increment of
vanadyl ion concentration in the glass. As a result, the
impurity band consequently extends farther into the main
band gap. This change may have caused the absorption
edge to move to the lower energy, resulting in notable
band gap shrinkage. Whereas, the increase in Urbach
energy with an increase in the concentration of V»,Os,
indicates the increase in the degree of disordered-ness in
glass samples. Summing the observed increase broadness
of the mentioned peaking in the OA spectra and the
increase in the Urbach energy suggested that the
distribution of energy levels due to the increase in the
degree of disorder.

E-E,
AE

a(E) = agexp (
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Fig. 4(b). (ahv)? vs hv plots of

(40-x)Li,0—10Y203—50Si0,: xV»0s glass samples.
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Fig. 4(c). (ahv)'? vs hy plots of
(40-x)Li,0—10Y203—50S10;: xV,0s glass samples.

1 12 14 16 18 2

22 26 28
8 (eV)

Fig. 4(e). Ina vs hv plots of (40-x)Li0—10Y,03—50Si0;:
x V105 glass samples.

3 32 34 36 38

Silica glass is well-known glass former with
fundamental structural units of SiO4 tetrahedral, forming
a continuous random network using bridging oxygens.
Typically, the bond length of Si—O is 1.6 "A [55]; The
0O-Si—O bond angle is around 109.5°; Si—O-Si bond
angles vary from 120" to 180" with variable tendency due
to the amorphous nature as well as leading to flexibility in
the network. In pure silica glass, all oxygen atoms are
bridging oxygens [56]. However, the introduction of
modifiers or impurities can lead to breaking the bonding
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Fig. 4(d). (ahv)? vs hy plots of
(40-x)Li,0—10Y203—50S10;: xV»0s glass samples.

of oxygen and form NBOs [57]. Figure 5 displays infrared
transmission spectra (IR) of LixO-Y203-Si0,:V,0:s
glasses. The spectra showed a typical vibrational band
caused by Si—O—Si asymmetric vibrations at around
1083 cm! and Si—O—Si symmetric vibrations at 787 cm™.

With the addition of Y,Os into SiO; glasses, the
structure of the SiO, alters significantly by acting as a
network modifier, disrupting the Si—O—Si network that
forms NBOs. With the relatively large size and charge of
the Y** ions, Si*" creates local distortions and increases the
free volume within the glass network.

Adding the Li,O to the Y,03—SiO,, NBOs as well
reduce the viscosity of the glass melt and increases the
ionic conductivity due to the small size and high charge
density of Li* ions. The combined addition of Y,0; and
LiO can have synergistic effects on the glass structure
with enhanced depolymerization compared to the
individual effects. By carefully adjusting the ratio of
Lix0-Y>0s3, it becomes a promising material with tailored
material of viscosity, thermal expansion and chemical
durability, for specific applications.

These spectra also show the octahedral band of
yttrium ions (YOg) at roughly 482 cm™ [58,59] In this area
the band resulting from Si-O-Si rocking motion is also
predicted [60, 61]. With the addition of V,Os, there is an
extra band at 970 cm™! from V-0 stretching of the V=0
group, a band at 815 cm™! from V-O—V stretching and at
600 cm’! due to V-O—V bending vibrations [62]. The
bands seen in the glass Vi spectrum at 980 cm and
800 cm™ may be regarded as typical vibrational modes of
Si—O-V stretching. Bands resulting from asymmetrical
vibrations of silicate and other structural units are seen to
expand at the expense of symmetrical bands as the
concentrations of V,0s in the glass samples are
progressively increased. Table 4 displays the pertinent
information about the infrared transmission spectra of
glasses.
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Table 4.

Data on Infrared Spectra (40-x)Li,0O-10Y>03-50Si0,: xV,0s glasses recorded at Room Temperature (Assignment
of Band Positions in cm™)

Assignment LYSVy |LYSV, |LYSVs | LYSVe | LYSVs | LYSVI,
Si—O-Si asymmetric/ Si-O-Y 1079 1065 1057 1050 1043 1034
V=0 - 975 970 967 953 950
Si—O-Si symmetric/V-O-V chains 784 805 821 834 841 851
V-0-V bendings - 611 604 606 598 590
Si—0-Si rocking motions/ YOs units 465 471 463 460 467 469
melt—quenching technique. The XRD analysis confirmed
o $1-0-S1 rocking the amorphous nature of the glass samples. The broad
oy onons! YOg absorption bands observed in the optical absorption
. S$-0-Si  bendings lLYSYs spectra were assigned to 2B,—?B; and B,—E transitions

V-O-V chamns \

V=0 bonds

Si—0-Si asymmetric/ Si-0-Y \

\

LYSV,

LYSV,

=

LYSV,

Transmittance %
b3

LYSV,

w

1400 1200 1000 800 600 400

Wavenumber (cm!)

Fig. 5. IR spectra of (40-x)Li,0-10Y203-50S102: xV20s5
glass samples.

The gradual shift of the Si—O-Si asymmetric
stretching vibration towards lower wavenumbers with
increasing V,0s concentration indicates modifications in
the silicate network. The incorporation of vanadium ions
promotes the formation of Si-O—V bonds and generates
additional non-bridging oxygen sites, leading to partial
depolymerization of the glass network. Such structural
rearrangements decrease the average network connectivity
and increase the structural disorder of the glass matrix.
The appearance and growth of V=0 and V-O-V
vibrational bands further confirm the participation of
vanadium structural units in the glass network. These
structural modifications are consistent with the observed
reduction in optical band gap and increase in Urbach
energy.

Conclusion

(40-x)Li,0-10Y205-50Si0;: xV20s (x =0, 0.2, 0.4,
0.6, 0.8 &1.0) were successfully prepared using the

of [VO*] ions in an octahedral field with tetragonal
distortion. The octahedral crystal-field splitting parameter
(Dq) was evaluated. Based on Davis and Mott’s theory,
allowed direct, allowed indirect optical band gaps were
primarily analyzed, while forbidden direct, and forbidden
indirect optical band gaps were additionally examined to
gain insight into localized electronic states associated with
structural disorder. The optical band gaps values were
found to decrease, whereas the Urbach energy increased
with increasing V,0Os concentration. This behaviour
indicates an increase in structural disorder and the
formation of localized states within the glass network
upon V,0s incorporation.

FTIR spectral analysis revealed the presence of
various structural units involving Si—-O-Si, Si—-O-Y, Si—
O-V, V=0, and V-O-V linkages; the asymmetric
vibrational bands were observed to broaden at the expense
of the corresponding symmetric bands with increasing
V1,05 concentration. Analysis of the optical absorption and
FTIR spectra suggests the coexistence of V4" and V** ionic
species in the investigated glasses. The evolution of the
characteristic vanadyl absorption bands with increasing
V,0s concentration indicates possible changes in the
V#/V3* equilibrium.
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dDoTouyTauBi gociaigkeHHs crexkod (40-x)Liz0-10Y20:-50Si0:,
JeroBaHux V:0s

! Kagpeopa ¢pisuxu, Inocenepna wxona Benazanyodi Pamaxpiwnu Ciooxapmxu, Axademia Cidoxapmxu (yuieepcumem 3i
cmamycom deemed to be university), Bioscassaoa, Anoxpa-Ilpadew, Inois, nareshp6@rediffmail.com,
2 Kagpeopa gpizuxu, Ynisepcumem Kpiwnu, Konedowe nicnaounnommoi oceimu Dr. MRAR, Hys6io, Anoxpa-Ilpadews, Indis;
3 Kagpeopa ximii, Inocenepnuii xonedc RVR & JC (aemonomnuii), Yoyoasapam, I'vumyp, Anoxpa-Ilpadew, Indis;
4 Jleporcasnuii koneoc, Haxana, okpye Yimmyp, Anoxpa-Ilpadew, Inois

VY JociipKeHHI CKIISHI cHCTeMH XiMiuHoro ckiamy (40-x)Li20-10Y203-50Si02:xV20s Oynu oTpumai
METOJIOM IUIABJICHHS 3 HACTYIHHM 3arapTyBaHHAM. Pentrenomu¢pakmiiini (XRD) mocimipkeHHS iITBEpIT
amoppHy HPHPOAY CHHTe30BaHUX 3pas3kiB. CHEKTpH ONTHYHOIO IIOTJIMHAHHS JEMOHCTPYIOTh IBI CMYTH
noruHaHHA pubau3Ho mpu 630 HM Ta 1030 HM, sKi ineHTH(IKOBaHO SK mepexoan B.—?B: ta ?B>—?E ioHiB
[VOJ** BinmnoBinHO. [HTEHCHBHICTB IIMX CMYT 3pOCTa€ Ta CYMPOBOJPKYETHCS HE3HAYHUM YEPBOHUM 3MIIIEHHSM 31
30inbLIeHHsM BMicTy V20s y ckiistHii Matpuwi. [IpsiMa Ta HenpsiMa ONTHYHI ITHPUHY 3a00pOHEHOT 30HH, BU3HAYEHI
3a Teopieto JleBica—MOTTa, 3MEHIIYIOThCS 31 3pOCTaHHAM KoHIeHTpamii V20s, Toxmi sk eHepris YpOaxa,
po3paxoBaHa 3a TpaBWIOM Ypbaxa, 30ibinyeTbes. AHami3 [U-crekTpiB mokasaB HasBHICTh y 3pa3Kax pi3HHX
CTPYKTYpPHHX OAWHHIIb, 30KpEMa aCHMETPHUYHHX Ta CUMETPUYHHUX BaJICHTHUX KoimuBaHb Si—O—Si, 3B’ s13kiB Si—O—
Y, V=0, Si—O-V Ta Li—-O. BcTaHOBICHO, 10 IHTCHCHBHICTh ACHMETPUYHHUX 3B’SI3KIB 3pOCTA€ 32 PaxXyHOK
CHMETPHYHUX 31 301blIeHHsM BMiCTY V20s. CIeKTpH ONTHYHOTO MOTJIMHAHHS JOCIIIXKYBaHUX CTEKOJI CBiI4aTh
Mpo CIIiBiICHYyBaHHS 10HHUX cTaHiB V*' Ta V°'. CmocrepexyBaHa €BOJIOIIS XapaKTEPHUX CMYT HOTJIHMHAHHS
BaHamWTy 31 30iMbpIIeHHsM KoHueHTpamii V2Os Bkadye Ha MOXJIMBE 3MillleHHs piBHOBark V#/V*" y ckisHoMy
CepeIOBHILII.

Kuarwouosi cioBa: ontrude nornmuHaHHsA, FTIR, 3MinmaHi myHi CTeKIa, CHITIKaTHI CTEKIIA.
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