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Vanadium oxides impact on the ZNO-SB2O3-B2O3  
glasses dielectric and ac conduction mechanisms

Abstract. In the current study, we have looked into the glasses dielectric characteristics as a follow-up to 
our prior work on the influence of vanadium ions in spectral properties of ZnO-Sb2O3-B2O3 glasses. B2O3 
glasses have garnered interest as dielectric materials in addition to their uses as optical functional materials. 
Glasses of ZnO-Sb2O3-B2O3 that ranged in V2O5 concentration (from 0 to 1.0 mol %) were prepared using 
the standard melt and quench procedure. The densities were determined based on Archimedes’ principle. 
Using these densities, physical parameters such as molar volume (Vm), mean vanadium ion separation 
distance (ri) and vanadium ion concentration (Ni), polaron radius (rp), were determined and presented. It has 
been investigated how the samples dielectric constant (ε), dielectric loss (tan δ), and ac conductivity (σac) 
change with temperature at various frequencies between 102 Hz and 106 Hz. The results were examined in 
relation to the number of oxidation states of the vanadium ions.
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Introduction

In recent years, there has increased interest in the 
review of disordered materials hopping conductivity. 
The actual portion of the ac conductivity has a power 
law [1] frequency dependency, which is the main 
characteristic of hopping conduction. To explain the 
mechanism of conduction in those materials, they 
must look at the frequency-structured electric 
conductivity of amorphous compounds [2].This leads 
to flexible and complex fashions that make it possible 
to characterize the digital homes of various materials 
[3]. Knowing glasses electric conductivity is 
essential because it is required to act as an electrical 
insulator or conductor in many applications [4].The 
dielectric properties, which include the dielectric 
constant (ε), loss (tan δ) and ac conductivity (σac)
spanning a broad spectrum of frequencies and 
temperature, make it easier to determine how well 
they act as insulators.The magnificent ionic 
achieving glasses are extensively researched because 
of their use in powerful excessive power density 

batteries [5, 6] and in a few electrochemical devices 
[7, 8].

B2O3 glass structural model is coupled by BO3

building blocks have been suggested [9-11]. The 
boroxol rings split off as the transitional glass 
temperature approaches, resulting in a more open 
structure. Glasses behavior as a host material is 
significantly influenced by its open structure, 
allowing sites to accommodate host ions over a much 
greater range of size and coordination number.
Because they can be employed in a variety of solid 
state devices, borate glasses have drawn a lot of 
attention. These glasses all share the occurrence of
localized states in the mobility gap, which results 
from the lack of long-range order and other 
fundamental flaws.

Most of the literature studies [12-16] reveals that, 
the heavy metal oxide glasses like Sb2O3-B2O3

glasses are very important optical materials with 
potential applications in non-linear optics, fast 
reacting optical switches, optical amplifiers and 
strong radioactive shielding materials due to their 
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high transparency, high polarizability and high 
refractive index.

We looked into the impact of vanadium ions on 
the spectral characteristics of ZnO-Sb2O3-B2O3

glasses in our earlier research [17]. The findings were 
examined in relation to the number of oxidation states 
of vanadium ions in the glass materials. As a follow-
up to our prior research, we have looked at how the 
substitution of V2O5 affects the dielectric and ac 
conduction pathways in bulk amorphous ZnO-Sb2O3-
B2O3 glasses spanning the temperature range of 303-
523 K and frequency range of 102 to 106 Hz.

Materials and Methods

The present glass samples were synthesized by 
using the particular Analytic Reagent (AR) grade 
chemicals of ZnO (Merck, ≥99%), Sb2O3 (Merck, 
≥99%), H2BO3 (TM Media, 99.5%) and V2O5 (SRL, 
99.5%) in melt quenching process. The detailed 
composition was presented in the Table.1. The 
adapted procedure of glass synthesis was presented 
as a flow chart in Figure 1[17].

Figure 1 – Flow chart of various step involved in preparation of glass samples

Table1 – Composition of glass samples (all in mol%)

Sample Code ZnO Sb2O3 B2O3 V2O5

V0 10.0 20.0 70.0 …..
V2 10.0 19.8 70.0 0.2
V4 10.0 19.6 70.0 0.4
V6 10.0 19.4 70.0 0.6
V8 10.0 19.2 70.0 0.8
V10 10.0 19.0 70.0 1.0

The densities were determined based on
Archimedes’ principle, by measuring the weights of 
the sample in air as well as in O-xylene as a buoyant 
liquid [18]. Using these densities, the physical 
parameters viz., molar volume (Vm), mean vanadium 
ion separation distance (ri) and vanadium ion 
concentration (Ni) etc., was determined using the 
standard relation [18].

XRD patterns were recorded with help of a
SEIFERT X-pert PRO panalytical X-ray diffracto 
metre with CuΚα -radiation.The dielectric 
parameters capacitance (c) and dissipation factor (D) 
were measured in between silver electrodes by using
LCR Meter (model HP 4263B) by varying 
temperature systematically between 30-250oC and a 
frequency range of 102 to 105 Hz.
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Results 

From the measured weights of glass samples in 
air and buoyant liquid, densities were calculated, 
using these densities, the other physical parameters 
viz., dopant ion concentration, interionic distance, 
polaron radius and molar volume etc., were evaluated 
by using standard relation [18] and same were 
presented in table 2. 

Figure 2 depicts the XRD spectra of ZnO-Sb2O3-
B2O3: V2O5 glasses. The XRD pattern of sample V2

shows no sharp peaks, which suggest that the sample 
clearly shows amorphous nature. A broad peak at 
nearly about 20-30o confirms the glassy nature of the 

prepared samples [19]. All the other samples were 
also exhibit the similar behavior.

The variations of dielectric constant and dielectric 
loss of ZnO-Sb2O3-B2O3 glasses infused with different 
amounts of V2O5 with frequency at ambient 
temperature were presented in Figure 3 and 4.

For pure glass sample (ZnO-Sb2O3-B2O3), the 
value of dielectric constants was 6.47 and loss 
tangent was 0.005 at ambient temperature (30oC), at 
100 kHz respectively. At a particular temperature, the 
dielectric constant and loss decreases with increasing 
frequency. At a particular temperature and frequency, 
the measured dielectric constant as well as tangent 
loss increases with increasing dopant concentration 
(inset of Figure 3 & Figure 4).

Table 2 – Physical parameters of ZnO-Sb2O3-B2O3: V2O5 glasses

Glass Density d
(g/cm3)

Avg.Mol.

weight( M )

Conc.of V5+

ions Ni
(1020/cm3)

Inter ionic
distance ri (Ao)

Polaron
radius rp (Ao)

Molar Volume
(cc/mol) 

V0 4.051 140.96 - - - 34.796
V2 4.117 140.90 3.02 6.81 2.82 34.223
V4 4.197 140.82 4.91 5.19 2.43 33.552
V6 4.268 140.71 6.42 4.82 2.09 32.968
V8 4.386 140.63 8.46 4.03 1.90 32.063
V10 4.508 140.52 10.84 3.91 1.71 31.171

Figure 2 -XRD pattern of ZnO-Sb2O3-B2O3: V2O5 glasses
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Figure 3-Variation of dielectric constant with frequency at room temperature
of ZnO-Sb2O3-B2O3:V2O5 glasses. Inset represents the variation of ε' with the

concentration of V2O5 at 100 kHz.

Figure 4 – Variation of dielectric loss with frequency at room temperature of
ZnO-Sb2O3 -B2O3:V2O5 glasses. Inset represents the variation of tan δ with the

concentration of V2O5 at 100 kHz

Figure 5 depicts the temperature sensitivity of 
dielectric constant at various frequencies for glass 
V10. The value of dielectric constant is seen to grow 
along temperature, and this growth accelerates at low 
frequencies. The dependence of dielectric constant 
with temperature for other glasses also demonstrated 
the same trend.

A comparative plot of the temperature dependen-
ce at 1 kHz frequency for ZnO-Sb2O3-B2O3: V2O5

glasses were presented in Figure 6. The glass, doped 
with 1.0 mol% of V2O5 exhibits higher dielectric 
constant, maximum rate of growth of' dielectric 
constant with temperature.

Figure 7 displays a comparative plot of dielectric 
loss (tan δ ) change with temperature for ZnO-Sb2O3-
B2O3glasses infused with varying concentrations of 
V2O5 and recorded at 10 kHz. 



95N. Narasimha Rao et al.

International Journal of Mathematics and Physics 15, №1 (2024)                                         Int. j. math. phys. (Online)

Figure 5 – Variation of dielectric constant with temperature at different
frequencies of glass V10

Figure 6- A comparison plot of variation of dielectric constant with temperature
measured at 1 kHz for ZnO-Sb2O3 -B2O3: V2O5 glasses
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Figure 7- A comparison plot of variation of dielectric loss with temperature measured at
10 kHz for ZnO-Sb2O3-B2O3: V2O5 glasses

Discussion

Borate is well known glass former with possesses 
sp2 planar BO3 units and sp3 tetrahedral BO4 units. 
When Sb2O3, introduced in the borate glasses, Sb3+

ions exist as SbO3 pyramids due covalent character 
of Sb-O bonds [20, 21]. In borate glass network, these 
SbO3 units mainly act as a network former, through 
the formation of Sb-O-B bonds, BO3 units are 
replaces the BO4 units [22-25].

ZnO is, in general, a glass modifier and enters the 
glass network by breaking up the B-O-B, Sb-O-B
linkages forms B-O-Zn [26]. However, ZnO may 
also acts as the glass network with ZnO4 structural 
units [27]. Hence, ZnO-Sb2O3-B2O3:V2O5 glass 
community is an admixture of network formers, 
intermediate glass formers, and modifiers, however, 
the behavior of the ZnO and Sb2O3 strongly 
dependent on the composition of the glass samples.

With the addition of classic modifier oxide like 
V2O5 to the ZnO-Sb2O3-B2O3 glass community, the 
oxygens of such oxides typically, violate the local 
symmetry while cations occupies interstitial places 
by rupturing B-O-B, Sb-O-B and Zn-O-B links.

By comparing the pertained physical parameters 
data presented in Table 2, it has been observed that 
the density of glass increases from 4.051 to 4.508 
g/cm3 and molar volume decreases from 34.796 to 
31.171 cc/mol.Such changes have been expected due 
to the replacement of heavy metal oxide Sb2O3 with 

molecular weight 291.52 gm/mol by the V2O5 with 
molecular weight 181.88 gm/mol. The decrease in 
inter ionic distance; polaron radius and molar volume 
suggest that the ions in the samples becomes much 
closer with increasing the concentration of V2O5.

By recollecting the data of dielectric 
characteristics like dielectric constant and tangent 
loss of present studied ZnO-Sb2O3-B2O3: V2O5

glasses clearly point out, a slow increase of dielectric 
characteristics up to 1.0 mol% of V2O5 ( Inset of 
figures 3 and 4). This behavior of the glasses can be
understood as follows, the vanadium ions in the 
present glass network, are anticipated to primarily 
occur in V5+ state along with the V4+ state. However, 
there is a good chance that the following equilibrium 
could occur when the glasses melt at greater 
temperatures. These results anticipated the possibility 
of taking place redox equilibrium between the V5+

and V4+ state by following equation (1)

2 𝑉𝑉𝑉𝑉5+ +  𝑂𝑂𝑂𝑂2− ⇌ 2𝑉𝑉𝑉𝑉4+ +  1
2
𝑂𝑂𝑂𝑂2 ↑--- (1)

The V4+ ions create VO2+ complexes, which may 
function as modifiers and distort the network of glass, 
whereas the V5+ ions form locations with VO5

trigonal bipyramidal structural units. Vanadium ions 
typically reside in the V4+ state and occupy modifying 
sites with rise of V2O5 up to 1.0 mol%. Such an 
increase ostensibly indicates a serious degree of 
disarray in the glass V10 network, in another words,
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[28, 29] the vanadium ions are becoming more 
prevalent and actively taking the part of 
modifications of network with V2O5.

It is well known that, the polarizability in an
insulating material is due to the contribution of four 
types of polarizations viz., electronic, ionic, dipolar, 
and space charge polarisation. Among these first one 
is due to electric stain and rapid process, second one 
is due to displacements of ions from their equilibrium 
positons, slower than the first one, third one is due to 
alignment of dipoles towards the external electric 
field, takes more time than the first two, whereas last 
one is due to migration of ions towards the opposite 
polarity electrodes, slowest process among four.
From Figure 3 and 4, the frequency dependency of 
dielectric constant and dielectric loss at a room
temperature shows that higher value of ε’ and tanδ at 
lower frequency strongly confirms the contribution 
of space charge polarization in the glass samples.

In ZnO-Sb2O3-B2O3 glass (base sample), the 
dielectric loss (Tanδ) varies with temperature at any 
frequency exhibits a distinct peak at about 100oc
suggesting dipolar relaxation of dielectric loss in the 
samples. With the introduction of V2O5 in the glass 

matric, the intensity and half width of these 
relaxation peaks increases and shift towards lower 
temperature. Similar results observed with increasing 
the concentration of V2O5 in glass matrix. 
Traditionally, the dielectric relaxations are described 
at a stable temperature using a variable frequency. 
V4+ ions are responsible for the relaxation effects 
seen in the current glass samples.Vanadium ions may 
predominately present in V4+ sate get involved with 
glass altering positions as evidenced by expansion of 
breadth and depth of relaxation peaks and the 
lowering of activation energy in the samples from V2

to V10. Regarding different concentrations of V2O5,
Using these graphs, the effective activation energy 
(Wd) for the dipoles is computed using relation (2)

𝑓𝑓𝑓𝑓 = 𝑓𝑓𝑓𝑓0𝑒𝑒𝑒𝑒
�−𝑊𝑊𝑊𝑊𝑑𝑑𝑑𝑑

𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾� � ---                    (2)

Activation energy (Wd) for the dipoles is reported
in Table 3 along with other significant information on 
dielectric loss. Glass V10 is reported to posses lowest 
activation energy, which supports the V4+ due to the 
VO2+ behaves as modifier in the glass network.

Table 3 – Data on dielectric loss and Activation energy of ZnO-Sb2O3 -B2O3: V2O5 glasses

Glass Temp (oC) Dielectric loss A.E for 
dipoles(eV)1kHz 10kHz 100kHz

V0 30
100
250

0.008
0.009
0.045

0.007
0.008
0.030

0.005
0.006
0.027

2.8

V2 30
100
250

0.009
0.011
0.050

0.007
0.010
0.035

0.006
0.007
0.030

2.65

V4 30
100
250

0.011
0.014
0.080

0.010
0.011
0.045

0.007
0.009
0.040

2.54

V6 30
100
250

0.013
0.016
0.095

0.014
0.013
0.080

0.009
0.011
0.069

2.31

V8 30
100
250

0.014
0.018
0.139

0.010
0.015
0.124

0.009
0.012
0.110

2.20

V10 30
100
250

0.015
0.020
0.247

0.012
0.018
0.228

0.011
0.015
0.210

2.08
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The ac conductivity σac is calculated at different 
temperature by using relation (3).

𝜎𝜎𝜎𝜎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =  𝜔𝜔𝜔𝜔𝜀𝜀𝜀𝜀𝑜𝑜𝑜𝑜𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀---                  (3)

Where, 𝜀𝜀𝜀𝜀𝑜𝑜𝑜𝑜 is the vacuum dielectric constant at 
100 kHz frequency. Figure 8 shows the variation of
log σac against 1/T for glasses containing different 

concentration of V2O5 (measured at 100 kHz). The 
activation energy for conduction evaluates in the 
region of high temperatures (where it was possible to 
observe a nearly linear dependency of log σac with 
1/T) based on these graphs and presented in Table 4;
the activation energy is decrease linearly with 
conductivity; it is shown the lowest possible for the 
glass V10 (inset (a) of Figure. 8).

Figure 8 –Variation of ac conductivity with 1/T measured at 100 kHz for
ZnO-Sb2O3-B2O3 glasses doped with different concentrations of V2O5. Inset a)

represents variation of ac conductivity with activation energy, b) represents
variation of ac conductivity with concentration of V2O5.

Table 4 – Summary of data on ac conductivity of ZnO-Sb2O3-B2O3: V2O5 glasses

Glass
N(Ef) in 1021 eV-1/cm3

AE for conduction (eV)
Austin Butcher Pollack

V0 0.848 0.410 1.007 0.395
V2 1.259 0.525 1.278 0.351
V4 1.310 0.609 1.370 0.324
V6 1.561 0.641 1.484 0.286
V8 1.718 0.716 1.745 0.269
V10 1.907 0.813 1.891 0.240
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A connection that is almost linear is seen when 
log σac is depicted on a graph as a function of the 
activation energy for conduction (Figure 8). This 
finding demonstrates increased conductivity is 
directly owing to charge carriers thermally 
enhanced mobility in the high temperature zone 
[30]. At x = 1.0 mol%, the conductivity curve with 
respect toV2O5 concentration reaches its 
maximum (Figure 8). The energy of activation for 
conduction showed a minimum at x = 1.0 mol% 
(inset of Fig. 8). These data point to a change in \

conductivity (from 0 to 1.0 mol% of V2O5) from 
largely electronic to primarily ionic [31].The 
ionic conductions active centers, the non-bridging 
oxygen molecules, the ion modifier contents, and 
the ionic transport all gradually increase. The low 
temperature component of conductivity, which is 
taking part in the progression of switching from 
V5+ ⇔ V4+, can be interpreted using a quantum 
mechanical model [32]. It is discovered that the 
value of N (EF) calculated by using standard 
equation (4)[33],

 𝜎𝜎𝜎𝜎(𝜔𝜔𝜔𝜔) =  𝜆𝜆𝜆𝜆𝑒𝑒𝑒𝑒2𝐾𝐾𝐾𝐾𝐵𝐵𝐵𝐵𝑇𝑇𝑇𝑇[𝑁𝑁𝑁𝑁(𝐸𝐸𝐸𝐸𝐹𝐹𝐹𝐹)]2(𝛼𝛼𝛼𝛼′)−5𝜔𝜔𝜔𝜔 �𝑙𝑙𝑙𝑙𝜀𝜀𝜀𝜀 �𝜈𝜈𝜈𝜈𝑝𝑝𝑝𝑝ℎ 𝜔𝜔𝜔𝜔� ��
4

--- (4)

Where λ=π/3 for Austin, λ=3.66 (π2/6) for 
Butcher and λ=π4/96 for Pollack, whereas the 
symbols N (EF), σ, ω, e, KB, νph ( ~ 0.5Å–1), T having 
standard meanings. The value of N (EF) rises with 
rising V2O5 concentration up to 1.0 mol%, such 
changes are in line with past claims that vanadium 
ions predominately occur in the V4+ state and serve 
as modifiers in the samples. 

 
Conclusions

In conclusion, ZnO-Sb2O3-B2O3:V2O5 glasses were 
prepared by systematic replacement of Sb2O3 with V2O5

0.1 to 1.0 mol%. In relation to V2O5 concentration, 
various electric and dielectric properties were measured

and presented systematically. The perceived rise in 
dielectric constant (ε) and dielectric loss (tan δ) according 
to frequency and temperature, were explained 
contribution of space charge polarization in the glass 
sample and confirms the existence of equilibrium 
between V5+⇔V4+ ions in glass matrix. V4+ ions acts as a 
modifier in the glass samples. Among the studied glass 
samples, the glass with 1.0 mol% of V2O5 possess 
maximum ac conductivity, minimum activation energy 
for conductivity. Hence, V10 glass is better suited to 
accomplishing the desired electric conductivity in those 
glasses and these glasses have been used as electrode 
glass, optical amplifiers. This has been further confirmed 
with help of other studies like spectroscopic and non-
linear optics.
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