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A B S T R A C T   

Glasses with the composition xV2O5-(15-x) Li2O-70B2O3-15ZnO, for x varies from 0 to 4 mol. %, were synthe-
sized using standard quenching technique. The amorphous nature for selected samples (x= 0, 1 and 4 mol. %) 
was ensured from X-ray diffraction (XRD) measurements. The samples were found to compose mainly from BO3 
and BO4 basic structural units as inferred from Fourier transform infrared (FTIR) data. The number of BO4 (BO3) 
structural units was found to decrease (increase) with increasing the number of NBOs. These structural modi-
fications within the glass network are responsible for the here observed composition dependence optical energy 
gap (Eotp) and Urbach band tail (ΔE). The electron spin resonance (ESR) results revealed a tetragonal 
compression for VO2+ ions present in octahedral coordination, with distinct optical transitions in the visible 
spectral regime.   

1. Introduction 

Borate glasses doped with Transition metal (TM) ions are gaining 
much attention due to their distinguished optical, electrical, and lumi-
nescent properties suitable for multiple potential applications [1–6]. 
They possess several attractive features including costless and ease of 
preparation as well as high chemical durability [7]. Vanadium oxide 
(V2O5), in particular, with its pyramidal VO5 structural units within 
glass networks, offers high electrical conductivity stemming from 
mutual electronic hopping between V4+ and V5+ ions [8–12]. 

These properties make borate glasses containing V2O5 oxides highly 
suitable for many applications, such as memory and switching devices. 
In additions, the presence of lithium oxide in high quantities within glass 
networks renders these glasses as efficient ionic conductors and can, 
therefore, be integrated in solid-state batteries as promising electrolyte 
materials [13–15]. 

Within glasses network, V2O5 can act as a conditional glass former 
depending on the initial glass constituents [16]. Likewise, zinc oxide 
(ZnO) in borate glasses can simultaneously act as glass former and 
modifier. Glass modifiers generally introduce coordinated defects and 
NBO atoms as they break up the B-O-B bonds. In the case of ZnO mod-
ifier, this leads to octahedral coordination for Zn2+ ions [16,17]. 
Alternatively, when Zn is tetrahedrally bonded to oxygen ions, the glass 
network is composed from pyramidal ZnO4 structural units linked to 

BO4 units through B-O-Zn bonds all over the entire glass network [18]. 
These zinc-contained borate glasses are often characterized by high 
thermal stability and insulating strength as well as good optical trans-
parency over a wide wavelength range [19–21]. Electron spin resonance 
(ESR) spectroscopy of TM ions in amorphous materials is an interesting 
and ongoing research subject as it provides a simple route to explore the 
materials structure. It gives valuable knowledge about the TM ions 
valence state and local environment (i.e., the ligand field). TM ions are 
distinguished by their outer d electrons orbital with uniquely broad 
radial distributions and high sensitivity to crystal fields and are, there-
fore, considered as efficient glass structure probe [22]. In this context, 
Vanadyl ion is often used as an efficient probe for glasses structure, 
because of its highly featured ESR spectra that exhibits well resolved 
hyperfine structure (rhs) at room temperature, arising from unpaired 
electrons (3d1) with 51V isotope (nuclear spin 7/2). Although vanadium 
offers two oxidation states, namely diamagnetic and paramagnetic V5+

and V4+, respectively, the ESR spectra exclusively originates from V4+

ions [23]. Nonetheless, it is also possible that V5+ are partially converted 
into V4+ ions during the melting process. While V5+ ions participate 
structural units in network forming positions in the form of trigonal 
bipyramidal VO5, the modifiers V4+ ions form VO2+ complexes that 
distort the glass network [24]. 

In order to combined the high thermal stability and optical trans-
parency offered by ZnO, with the multivalency and optical and 
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hyperfine characteristics of V2O5, the composition xV2O5-(15-x) Li2O- 
70B2O3-15ZnO has been selected as the glass system. The presence of co- 
doped zinc and vanadium ions in the lithium borate glasses may find 
potential applications in optical devices and optoelectronic devices. 

The present work subjected to study the modification introduced to 
the borate network by the addition of a fixed amount of ZnO and vari-
able concentrations of vanadium oxide. The structural changes, partic-
ularly those affecting the borate structural units, were inferred from 
density, molar volume, and FTIR investigations, while the optical 
properties and oxidation states were obtained from optical spectroscopy 
and ESR studies. 

2. Experimental details 

Glass samples of molar composition xV2O5-(15-x) Li2O-70B2O3- 
15ZnO], where x = 0, 0.5, 1, 2 and 4 mol. %, were synthesized by melt 
quenching technique. The samples were synthesized from reagent grade 
H3BO3, V2O5, ZnO and Li2CO3. The chemical powders with the desired 
composition were all melted in a porcelain crucible heated to 
900–1000◦C for one hour, using an electric furnace. The molten was 
quenched between two brass plates to form discs of reduced thickness 
~0.2 cm. The undoped glasses have been found to be colorless, while 
samples containing V2O5 exhibit light yellow color, gradually getting 
darker with increasingV2O5 content from 0.5 to 4 mol. %. X-ray 
diffraction (XRD) data were collected by a Shimadzu XD3A diffrac-
tometer. The FTIR spectra of the samples were recorded in the range 
(2000–400 cm-1) by a Perkin Elmer IR spectrophotometer, using KBr 
pellets. The optical absorption spectra of the glass samples were recor-
ded in the 190-1100 nm range using a JASCO V670 spectrophotometer 
with ±1 nm resolution. The electron spin resonance (ESR) data were 
collected by X-band frequency (ν= 9.154 GHz) EMX spectrometer 
(Bruker, Germany). The spectra have been normalized by dividing the 
ESR signal by the mass of the measured powder. All measurements were 
carried out at room temperature. 

3. Results and discussion 

3.1. X-Ray diffraction (XRD) 

Fig. 1 presents typical XRD patterns, specifically, for x = 0, 1, and 4 
mol.% samples. The absence of discrete sharp peaks over a wide range of 
diffraction angles justifies the amorphous nature of the samples. 

3.2. FT-IR studies 

The FTIR absorption spectra for all glass samples are shown in Fig. 2. 
All spectra feature three broad bands originated from borate structural 
units. The bands centered at ~ 1400 cm− 1 and ~1000 cm− 1 are due BO3 
and BO4 units, respectively, while the third band at ~700 cm− 1 belongs 
to B-O-B linkages of BO3 units [25]. The broadening of these bands is 
resulting from the overlap between several individual peaks. Therefore, 
in order to quantify the presence of individual structural groups within 
the glass host, a detailed deconvolution of the FTIR spectra is compul-
sory. Fig. 3 shows such a deconvolution process applied to the spectrum 
of x = 0.5 mol.% sample, as an example. The deconvolution peaks were 
assumed to be of Gaussian type. The parameters obtained from such 
deconvolution process are the individual peak centers (C), as finger-
prints of the vibration modes associated with a specific structural group 
with the corresponding bands assignment listed in Table 1, and the 
relative area (A), which reflects the concentration of structural units. 
The bands in the range 1220-1615 cm-1 belong to symmetric B-O 
stretching of the BO3 groups [26,29,30]. The weak small absorption 
band at 815 cm− 1 is due to V-O-V chains or V=O stretching mode 
[31–33]. Absorption bands in the range 881-1103 cm-1 are assigned as 
B-O stretching modes within BO4 units. The band at ~881 cm− 1 cor-
responds to the stretching of non-bridging oxygen’s (NBOs) of BO4 units 
[26,28]. 

It is also noticed that the intensity of these bands decreases, and their 
position shifts towards higher wave numbers with the gradual addition 
of V2O5. This indicates that the number of BO3 units increase at the 
expense of BO4 with increasing number of NBOs. The fraction of BO4 
units (N4) deduced from the relative areas as BO4/(BO3+BO4) [25–27], 
was found to decrease with increasing V2O5 content, as displayed in 
Fig. 4. This indicates the conversion of the structural units from BO4 to 
BO3. Consequently, the NBOs would start to form and randomize the 
glass structure. Therefore, the incorporation of V2O5 into the glass 
network breaks the regularity of the borate rings structure and causes 
the formation of ortho-borate groups. 

Fig. 1. X-ray diffraction patterns of selected glass samples.  Fig. 2. FTIR spectra for all glass samples of different V2O5 concentrations.  
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3.3. Density and molar volume 

In oxide glasses, density measurement is a powerful tool that can 
easily detect any micro-structural changes in glass network. It is affected 
by the structural softening or compactness. Generally, the density (ρ) 

and molar volume (VM) of a glassy system follow an inverse trend, which 
is clearly observed in this work [34]. The measured density and esti-
mated molar volume are presented in Table 1, and are plotted in Fig. 5 
for all glass samples as a function of vanadium concentration. It is clear 
that the density decreases, whereas VM increases, with increasing the 
concentrations of vanadium content. The overall increase in VM is likely 
due to the larger ionic radii of V2O5 compared to Li+ ions, which can 
result in the formation of excess free volume. As V2O5 content increases, 
there is a shift in boron’s coordination (conversion of BO3 into BO4 
units) due to the availability of more oxygen from V2O5. Since the mo-
lecular mass of V2O5 is higher than Li2O, an increase in the molar vol-
ume is expected. The increase in VM may also indicate that the number 
of NBO produced by the addition of V2O5 is greater than that produced 
by an equivalent quantity of Li2O. The increased VM of the molecular 
mass, thus, causes a decrease in its density [35,36], in agreement with 
FTIR results discussed above. 

3.4. Optical properties 

The optical absorption spectra for all glass samples are shown in 
Fig. 6. The spectra are composed of an absorption edge and a strong UV- 
Vis absorption band, both gradually shifting towards higher wavelength 
(i.e., red shift) with increasing V2O5 content. For glass samples con-
taining V2O5, the UV absorption band is found to be highly broadened 

Fig. 3. Example highlighting the deconvolution process applied to the infrared 
bands for x= 0.5 mol.%. 

Table 1 
Band assignments of FTIR spectra for xV2O5-(15-x) Li2O-70B2O3- 15ZnO glasses.  

Band center c 
(cm− 1) / 
Relative area A     

Band assignments 

x =0 x 
=0.5 

x =1 x =2 x =4  

685 682 673 685 685 Bending vibrations of B-O-B 
linkages in borate network 

4.1 10.6 3.73 5.8 3.7  
881 885 956 899 1007 Stretching vibrations of the 

non-bridging oxygen’s 
(NBOs) of BO4 groups and is 
merged with V=O stretching 
mode or V-O-V chains. 

10.4 16.84 5.6 15.6 6.2  
996 996 975 1026 1033 B-O stretching in BO4 units 

from tri, tetra and 
pentaborate groups. 

15.1 19.5 16.5 14 9.5  
1102 1100 1095 1104 1103  
7.4 13.7 3.1 4.7 2.1  
1220 1217 1240 1228 1222 B-O stretching vibrations of 

trigonal BO3 units involving 
mainly the linkage oxygen 
connecting different groups. 

4.4 4.88 8.1 7.9 3.7  
1274 1257 1356 1328 1361 linkage of boron atom with 

three oxygen atoms. 
10.4 10.31 16.8 26.2 4.5        

1369 1352 1356 1346 1334        

16.2 27.9 10.2 24.2 17.1  
1459 1457 1469 1462 1461 Stretching vibrations of the 

B-O of trigonal (BO3)3− units 
in metaborates, pyroborates. 

4.3 4.6 4.5 4.8 4.7  
1542 1577 1606 1615 1615 B-O asymmetric stretching 

vibrations of BO3 units. 
28.19 28 13 4 10   

Fig. 4. Variation of N4 with V2O5 content.  

Fig. 5. Density and molar volume for all V2O5 doped glass samples.  
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and extended into the longer wavelength spanning from 361 to 436 nm 
(i.e., red-shifted) with increasing x mol. %. This shift reflects changes in 
boron coordination (BO4 to BO3) and N4 values, consistent with FTIR 
results. A careful inspection of optical spectra allows the affirmation that 
VO2+ ions are present in octahedral sites with tetragonal-distortion. This 
remark is based on the identification of an intense absorption band 
characteristic for 2B2g → 2A1g transition of VO2+ ions [37–40]. 

The absorption coefficient (α) is the main factor in determining the 
parameters (αhν)0.5 and ln(α) for high and low absorption, respectively. 
The size of optical band gap (Eopt) is estimated from the following 
equation [41,42] 

αhν = B
(
hν − Eg

)n  

where hν is the incident photon energy and B is a constant. As shown in 
Fig. 7, the n = 2 value yields the best fit to absorption edge, as expected 

for most glassy systems with allowed indirect band transition. The op-
tical band gap Eopt was found to decrease with increasing vanadium 
contents, as displayed in Fig. 8. This due to large overlap between the 
localized electrons from V4+ (3d1) and V3+(3d2) sites with V5+ (3d0) 
sites, facilitated by the creation of many donor centers at higher V4+ and 
V3+ ions concentration [33]. In addition, the increase in the network 
modifier enhances the NBOs concentration, thereby shifting the valance 
band minimum to higher energies and reduces the optical band gap 
[43]. Thus, the addition of V2O5 causes the breaking of the regular 
structure of the rings (borate and boroxol) and the appearance of 
orthoborate groups [8]. For the sake of completeness, it should be noted 
that the optical transitions from vanadium are close in energy to the 
absorption edge and could, therefore, lead to large underestimation of 
the gap size as reported earlier for TM doped glasses [44–46]. The en-
ergy dependence of ln(α) parameter facilitates the investigation of the 
width of the localized states (Urbach energy, ΔE) using the following 
formula [47] 

α(ν) = C exp hν
ΔE  

where C is a constant. The values (ΔE) were calculated following the 
standard recipe, i.e., by acting on the linear portion of ln(α) vs hν curves 
and constructing the reciprocals of their slopes. The ΔE values are dis-
played in Fig. 8 for all samples. While the optical band gap undergoes 
size reduction with V2O5 contents, the reduced number of bridging ox-
ygen’s and rigidity both increase the number of localized states (i.e., the 
donor centers) within the glass network and cause a red-shift of the edge 
[43]. For non-crystalline materials the typical values of ΔE lie within the 
range 0.045 to 0.66 [48]. In the present samples the ΔE values have been 
found to lie within and almost at the center of the reported range. The 
relation between the refractive index (n) and Eopt can be estimated using 
the relation [49] 

n2 − 1
n2 + 1

= 1 −

̅̅̅̅̅
Eg

20

√

The linear refractive index (n) was found to increase gradually with 
the vanadium ratio as shown Fig. 9, in agreement with earlier literature 
[43,50]. 

The nonlinear refractive index, as estimated from its dependence on 
the static index, was found to linearly increase by a factor of ~2.6 (from 
5.96 to 15.44 × 10− 11 esu) suggesting possible applications for the 
highest doped samples in nonlinear optics. 

Fig. 6. Optical absorption spectra of all samples.  

Fig. 7. Tauc’s plots of the investigated samples.  
Fig. 8. Dependence of the optical band gap (Eopt) and Urbach energy (ΔE) on 
V2O5 content. 
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3.5. ESR studies 

For the sake of gaining deep insight into vanadium ions incorporated 
within different systems, the glass samples were investigated by means 
of ESR. Fig. 10 shows the room temperature ESR spectra for all samples. 
No ESR signal is observed for the spectrum of the pristine sample (i.e., 
free-vanadium) reflecting the absence of unpaired electrons. When va-
nadium contents are gradually added, the intensity and resolving-power 
of developed vanadium characteristic signals were greatly enhanced. 
The increased signal intensity indicates an increase of vanadium ions in 
the tetravalent V4+ state within the glass network, which in turn reveals 
predominant contribution from vanadium ions in tetravalent state with 
possible V5+ traces. This assures the multivalency of V ions and its 
correlation with the different glass colors here obtained. 

The spectra exhibit fine structures composed of eight signals char-
acteristic for the nuclear magnetic quantum numbers: MI =±7/2, ±5/2, 
±3/2, ±1/2 following the spin selection rules ΔMI = 0 and ΔMs = ±1). 
Such hyperfine interaction is known to originate from unpaired 3d1 

electron due to dipole-dipole interactions between the magnetic and 
electronic moments of the nucleus with the electrons of paramagnetic 
V4+ ions [8,23]. 

The axial spin-Hamiltonians could be used to analyze ESR signals for 
VO2+ions in glasses. The solutions to such Hamiltonian for the parallel 

and perpendicular hyperfine orientations are given as [23,24,30,51,52]: 

H‖(mI) = H‖(0) − A‖(mI) −

{
63
4
− m2

I

}(
A2
⊥

2H⊥(0)

)

H⊥(mI)

= H⊥(0) − A⊥(mI) −

{
63
4
− m2

I

}(( A2
⊥ + A2

‖

)

4H⊥(0)

)

The spin-Hamiltonian parameters for VO2+ ions present in the glass 
samples were determined from the following known relation, and are 
listed in Table 2: 

H‖(0) =
(

hν
βg‖

)

And H⊥(0) =
(

hν
βg⊥

)

Here, ν is the microwave frequency and H|| positions for a given mI 
were taken at the first derivative maximum of the parallel hfs, while 
those of H⊥ were enclosed between the first derivative perpendicular 
peak and its zero. The values of A|| and A⊥, as tabulated in Table 2, 
follows from the equation: 

A‖ =
1
7

(

H‖

(

−
7
2

)

− H‖

(
7
2

))

A⊥ =
1
7

(

H⊥

(

−
7
2

)

− H⊥

(
7
2

))

The analysis of the spectra yields A||> A⊥ and indicates that VO2+

ions exist in octahedral site symmetry. Since g||˂ g⊥˂ge (where ge =

2.0023 for free electron value) this symmetry exhibits an additional 
tetragonal compression, [33], which is clearly reflected in the quantity 
Δg||/Δg⊥. It is observed that Δg||/Δg⊥ increases with increasing vana-
dium content which, rather likely, indicating larger tetragonal distor-
tions within the glass [8,43]. 

3.5.1. Spin density (N) 
The density N for spins participating in resonance (V4+ ion concen-

trations) can be estimated from the area under the absorption curve 
relative to the standard-known concentration as the following formula 
[24,51]: 

N =
Ax(Pstd)

1/2
(Scanx)

2Gstd(Hm)std (gstd)
2
[S(s + 1)]std

Astd(Px)
1/2

(Scanstd)
2Gx(Hm)x (gx)

2
[S(s + 1)]x

[Std]

The calculated spin density (N) is tabulated in Table 2. Clearly, the 
density of spins increases as a result of replacing Li2O by V2O5 content, 
strictly following the same behavior of the resonance intensity, rather 
likely due to an increased V4+ ratio. 

3.5.2. Paramagnetic susceptibility (χ) 
The paramagnetic susceptibility (χ) as estimated from ESR parame-

ters can be obtained using the equation [23,51]: 

χ =
Ng2β2J(J + 1)

3KB(T)

while the g factor is obtained as g = (g|| + 2g⊥)/3. Table 2 reports the 
increasing of (χ) for higher V2O5 contents. 

4. Conclusions 

In the present work, TM-doped glass samples of composition 
xV2O5–(15–x) Li2O–70B2O3– 15ZnO, with x gradually varies from 0 to 4 
mol. %, were prepared. XRD patterns confirmed the amorphous char-
acter of the prepared glasses. FTIR spectroscopy revealed that incorpo-
ration of vanadium content into this glass network facilitates the 
conversion of the BO4 structural units into BO3. The optical band gap 
energy is decreased and both the refractive index (n) and Urbach energy 
(ΔE) are increased with increasing V2O5 content, indicating more 
disordered glasses. ESR data revealed the coexistence of both V4+ and 

Fig. 9. The variation of the refractive index (n) with V2O5 content. The error 
bars refer to deviations from the linear fitting. 

Fig. 10. Room temperature ESR spectra of spin-active V2+ ions embedded 
within the glass system. 
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V5+ within the glass samples. Analysis of ESR spectra showed that g||˂ 
g⊥˂ge and A||> A⊥, indicating a tetragonal compression of the octahe-
drally coordinated VO2+ ions. The increased value of Δg||/Δg⊥ ratio, 
with vanadium content, reflects higher degree of octahedral symmetry 
around the vanadyl ions. 
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Table 2 
Spin Hamiltonian parameters, the number of spin density (N), and the paramagnetic susceptibility (χ) of the present glass system.  

x mol% g|| g⊥ A|| x10− 4 (cm− 1) A⊥ x10− 4 (cm− 1) Δg|| Δg⊥ Δ||/Δg⊥ N × 1021 (ions/cm3) χ × 10− 3 (m3/kg) 

0 - - - - - - - - - 
0.5 1.872 1.883 177.7 70.1 0.1303 0.1193 1.092 3.37 0.585 
1 1.874 1.885 176.7 70.4 0.1283 0.1173 1.093 3.93 0.684 
2 1.874 1.887 176.5 71.1 0.1283 0.1153 1.113 8.87 1.543 
4 1.876 1.891 176.3 72.0 0.1263 0.1113 1.135 12.73 2.224  
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