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Abstract: The melt-quenching technique was used to synthesize tellurite glasses of the chemical
composition 80TeO;-(20-x) ZnO-xV;,0s. X-ray diffraction (XRD) patterns indicate the amorphous
nature of the prepared glasses. Raman and FTIR measurements demonstrate a progressive substi-
tution of the Te-O-Te linkages by the Te-O-V bridges and the formation of VO4 and VOs units by a
change of the vanadium coordination due to the higher number of oxygens incorporated by further
addition of V,0s. The AC conductivity was investigated in the frequency range of 40 Hz to 107
Hz between 473 K to 573 K. A good coherence of the AC conductivity was found using a model
correlating the barrier hopping (CPH) and the dominant conduction process changes from ionic to
polaronic with the addition of V,0s. The dielectric constant exhibits high values in the range of lower
and medium frequencies. Both variations of the electric modulus and the dielectric loss parameters
with frequency and temperature showed a relaxation character mainly assigned to the vanadate
phases. The electric modulus displays a non-Debye dielectric dispersion and a relaxation process.
The present results open the door to future zinc-tellurite glasses-doped vanadium exploitation as a
potential electrolyte-based material for solid-state batteries.

Keywords: tellurite glasses; ionic conduction; polaronic hopping; high dielectric constant; dielectric
loss; modulus

1. Introduction

Zinc-tellurite glass is extensively known to have good chemical durability and trans-
mission capability, high dielectric constant and refractive indices, perfect infrared trans-
mission, and low melting points. This kind of glass has been widely applied in industry in
memory devices, micro-structured optical fibers, and switching due to its good semicon-
ducting properties [1-3]. Recently, zinc-tellurite glass doped with heavy metal oxides has
received great scientific interest due to the major role that such oxides play in improving
optical and electrical properties of these glasses [4-7].

In earlier studies [8,9], we showed that structural, optical, electrical, and dielectric
properties of glass are extremely dependent on the glass composition. Particularly, the
addition of V05 to the glassy network highly contributes in reducing dielectric losses
through the activation of the conduction mechanism by providing V4* and V°* ions in the
valence state, which favors the hopping of small polaron [8,10]. Thus far, the structural,
vibrational, electrical, dielectric, and modulus properties of tellurite glass doped using
various amounts of V,O5 need further investigations and correlations between all the results
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to understand the key rules of vanadate ions in glass structure and its conduction process.
This will identify the vanadate ions’ impact on the modification of the network structure
and consequently will define the conduction mechanism and dielectric constant of the glass
through V;,0s. Such a find will advance energy storage and nonlinear optical applications.

To the best of our knowledge, only a few studies so far considered the effect of
V705 on the structural, thermal, vibrational, electrical, and dielectric properties of zinc-
tellurite glass. Herein, we investigate all these properties on (80-x)TeO, + 20ZnO + xV,0s5
glasses with various concentrations of V,0s5 (x = 0, 5, 10, and 15 mol %). The electrical
conductivity and dielectric studies cover a wide frequency region (40 Hz to 107 Hz) and a
wide temperature range varying from 423 K to 523 K. This elucidates the changes of the
conduction mechanism in response to the variation of the frequency and V,0Os composition.
Furthermore, the dependency of the dielectric constant and dielectric loss as a function of
frequency, temperature, and V,0Os5 content are determined. The suitability of the present
glass for devices application is provided.

2. Experimental

Vanadium-doped zin-tellurite glasses with the chemical composition (80-x)
TeO; + 20 ZnO + xV,05 (x =0, 5, 10, and 15 mol %) were prepared using the traditional
melt-quenching method. The prepared samples are denoted as TZV0, TZV5, TZV10, and
TZV15. Commercial reagents in the form of TeO;, ZnO, and V,05 powders with 99.99%
purity were well-mixed in appropriate proportions in a tungsten crucible and melted in
an electric furnace at 900 °C for 2 h. To avoid the thermal chocs and release the remnant
mechanical stress, we first rapidly quenched the melt by dropping into a stainless-steel
plate maintained at 200 °C; then, immediately after quenching, the as-prepared samples
were annealed at 300 °C (<Tg: glass transition temperature) for 2 h to be later placed at
room temperature to cool down slowly. Therefore, the glass was polished using a fine
emery paper to prepare disk-shape samples (of a diameter (d = 12 &= 0.1 mm) at a thickness
(e =2 £ 0.1 mm)) suitable for the optical and electrical characterization.

X-ray diffraction (XRD) patterns were recorded at room temperature using a Philips
X'pert diffractometer (Philips, Amsterdam, The Netherland) equipped with Cu X-ray
tube (A = 1.54 A°), at 40 kV and 100 mA. For thermal measurements, differential scan-
ning calorimetry (DSC) technique (Melter Toldo DSC823e) was used (Mettler Toledo AG,
Switzerland). The DSC scans were performed on 20 mg glass powder at a heating rate
of 10 °C/min in N, atmosphere using platinum pans. Raman spectra were measured
using Labram HR spectrometer (Horiba Scientific, Irvine, CA, USA) and He-Ne laser
(A = 632 nm) as the excitation source. The structures of all the glass samples were exam-
ined via Perkin-Elmer (FTIR 2000, Waltham, MA, USA) spectrometer, and all IR transmit-
tance spectra were collected in the range of 400-1200 cm~! with a resolution of 4 cm~!.
An Agilent 4294A (Santa Clara, CA, USA) impedance analyzer was utilized to measure
the complex impedance versus the frequency (40 Hz-10” Hz) at different temperatures
(240 °C-360 °C).

3. Results and Analysis
3.1. DSC, XRD, Raman, and FTIR Analysis

From the DSC curves (Figure 1), the glass transition temperature Tg was estimated
to 332 °C and 386 °C for the samples TZV0 and TZV15, respectively, with an accuracy of
£3 °C. The tendency of Tg is to increase with the added amount of V,05, which contributes
to the good thermal stability of the TZV glasses.
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Figure 1. DSC curves of the as synthesized glasses.

Figure 2 represents a typical XRD pattern relative to the TZV5 glass after thermal
treatment at 300 °C. A broad scattering at lower angles was the only observed signature of
disordered structure. This evidenced the amorphous nature of the prepared glasses.
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Figure 2. X-ray diffraction pattern of the TZV5 glass.

The Raman spectra of the glasses are illustrated in Figure 3. The band appearing at low
frequencies (around 115 cm ™) is relative to the Boson vibration. This latest development
is defined as the collective motions of atoms” acoustic phonons within the medium-range
of glasses that characterize the disorder and the amorphous structures [6]. The Raman
band at 210 cm~! corresponds to the vibrations of trigonal pyramidal (tp) TeO3 groups
overlapped with bands originated by V-O-V and/or V-O-Te vibrations [11]. On the other
hand, the band at 424 cm ™! is ascribed to both the bending and stretching vibrations of
Te-O in Te-O-Te or O-Te-O linkages, where oxygen is alternatively in an axial or equatorial
position [5]. The large Raman band at 665 cm ™! is relative to Te-O stretching vibration in
the (TeOy) tbp units [5,12]. Brovelli et al. [13] suggested that this band is relative to the
crystalline phase o-TeO,. The shoulder appearing at about 740 cm ! is reported to be due
to the presence of non-bridging oxygen (NBO) in some tellurium structural units [5,14].
The band situated around 915 cm ™! is ascribed to the V-O stretching vibration in (VOy)
units [15]. As the V,05 content increases from 0 to 15 mol %, the Raman bands slightly
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shifted to a higher frequency, while their intensities decreased owing to the generation of
NBOs at both the equatorial and axial positions, which leads to the formation of new bonds
of Te-¢qO-V*, Te-5xO-V™, and also Te=0.
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Raman shift (cm")

Figure 3. The Raman spectra of the TZV glasses.

The shoulder appearing at higher frequencies (1000 cm~!) for 15 mol % of V,Os is
explained from the contribution of the new vibrations V=0 (relative to the (VOs) units)
and V-NBO [16]. The spectral recovery between all the Vanadyl vibrations results in the
observed shoulder. The presence of both (VO,) and (VOs) units evidences the existence of
the V4* and V°* ions in the glassy network.

Thus, the evolution of vanadate vibrations underlines the destruction of Te-O-Te
chains and the tendency of V,0Os to act as network former with creation of V4, V5% jons,
and NBO defects.

The FTIR spectrum of the TZV0 sample showed principally three peaks located at 470,
670, and 920 cm ™! (see Figure 4). The band located at around 470 cm ™! is assigned to the
bending vibrations of Te-O-Te or O-Te-O linkages [5]. The broader band positioned between
600 and 750 cm ! is an overlapping of two bands: the first, centered at 670 cm !, is related
to the stretching vibration of equatorial and axial Te-O bonds in the (TeOj) trigonal bi-
pyramid units (bridging oxygen (BO)) [11]. The second band that appears above 700 cm~!
is ascribed to the Te-O vibration in (TeO3) trigonal pyramid units (tp) with non-bridging
oxygen (NBO) [5]. At a lower amount of V,Os, the vanadate ions enter the glass network
by breaking up the Te-O-Te, bonds resulting in dangling bonds (Te-O-V) that decrease TeOs
units by forming (TeOy) ones [14]. The variation of the intensity depends highly on the
increase of the number of TeO3/TeO3,; units at the expense of the number of (TeO4) units.
The appearance of a new band centered at around 920 cm ™! is related to the stretching
vibrations of V=0 linkages in the pentahedral (VOs) units [15].

In conclusion, both Raman and FTIR analyses revealed a partial transformation of
VOy4 units to VOs by a change of the vanadium coordination due to the higher number of
oxygens incorporated by the addition of V,0Os.
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Figure 4. The FTIR spectra of the TZV glasses.

3.2. Impedance Spectroscopy
3.2.1. Nyquist Spectra

Figure 5 shows a complex impedance Cole—Cole plots for the different glass samples,
ie., TZVO, TZV5, TZV10, and TZV15, at the temperature T = 340 °C. The inset figure
represents the suggested equivalent circuit to investigate the electrical properties of the
glasses. In these semi-circles, a slight degree of decentralization can be detected since
their centers are located below the axis of the real part Z’ of the impedance. The result
shows a non-Debye-type relaxation for all samples. The deviation to a Debye profile in the
current system could be attributed to the formation of macroscopic dipole groups and/or
the formation of non-polar clusters [17].
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Figure 5. Cole-Cole plot of the TZV glass samples at 340 °C.
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In this regard, we may consider each semicircle equal to a circuit composed of two
parallel RC elements connected in series. As the semicircle is dissymmetric, and its center is
below the real axis, we used a constant phase element (CPE) instead of the ideal capacitor.
The total impedance of the equivalent circuit is given by:

1 1\ 1 1\
rerr o) )
/ Ry Zcpg, Rint ~ Zcpg,, @
where Z' and Z” designed the real and imaginary parts of the total impedance.
The impedance of the CPE is defined via [18]:

1
where j is the imaginary unit (> = —1) and w the angular frequency (w = 2nf, f the

frequency), with A being a constant independent of frequency [19]. 7 is an exponent index
measuring the arc depression ranging between zero and unity and determines the degree
of deviation from an exact semicircle.

In Equation (2), when the constant n = 1, we are in the case of a typical Debye behavior
where the CPE behaves as an ideal capacitor with a value A = C, and it acts as a pure resistor
in case n = 0 and takes the value R = 1/A. More calculation details of the parameter n were
given in our previous work [19].

The semicircles were well-fitted based on the expressions of both Z’ and Z":

. Ry*(14RyxApxw" xcos( Fny))
T 142%Rp* Aprw™ *cos(%n1)+(Rb*Ab*w"1 )2 ®)
+ Rint* (14 Rippx Ajyprc”2 *COS(%HZ))
1425 Ry Ay x w2 *cos( z nz) +(RippAjpprw"2 )2

_Z//
- Ry2x Apxw™ xsin( Fny )
142+ Rg+ Agxw™ *cos(%nl)-‘r RgxAgxw™ )2 (4)
Rgbz*Agb*w"Z xsin( 51y
1425 R % Ajpp ™2 *cos(%n2)+(R,-nt*A,-,,,*w”2)2

where R, and A, designed the resistive and capacitive components of the bulk region,
respectively. R;,; and A;;; are the resistive and capacitive components of the interfacial
impedance that correspondingly determine the space charge polarization [17]. The parame-
ters 11 and n, are the exponential indexes relatives to the bulk region and the interface.

A good agreement between the experimental and theoretical values is obtained for
TZV5 at 280 °C (see Figure 6). This demonstrates the suitability of the equivalent circuit in
well-describing the electrical properties of the glasses. The resulting parameters A and n
indicate a non-ideal Debye-like behavior since the arc plot (Z" vs. Z’) is depressed for all
the V,05 content, and its center is below the real axis [20,21]. We attribute the deviation
from the Debye profile to the formation of macroscopic dipole groups and/or nonpolar
clusters [22].

The parameters of the equivalent circuit model are obtained based on the complex
impedance Z* formula for sample TZV5 at different temperatures (see Figure 7).
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Figure 6. Experimental and theoretical impedance diagrams of the sample TZV5 at the temperature
T =280 °C.
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Figure 7. Experimental and theoretical impedance diagrams of the sample TZV5. Inset is the
corresponding equivalent circuit at different temperatures.

The refinement results and comparisons with other works are listed in Table 1 [8,9,14].
The calculation demonstrates a gradual decrease with increasing temperature for the
interfacial resistance R;;; and bulk resistance R;,. The diminution of R;;; is assigned to the
ionic absorption [23], which favors the ionic conductivity. On the other hand, the decrease in
Ry leads to an increase of the polaronic conductivity [15]. Indeed, both processes contribute
to the total conductivity. Hence, the particular decrease of the radius of the semicircle in the
Nyquist diagram observed for the TZV5 at 340 °C and its shift to high frequencies could be
assigned to the low value of R, compared to the other samples. Thus, the conductivity is
remarkably increased at this temperature. On the other hand, the higher the value of R;;; is,
the less the hopping of the charge carriers with polaron occurs.
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Table 1. The best-fitting values of equivalent circuit elements in Figure 7 for different temperatures.

Bulk Region Interfacial Impedance

T m R A mo AT R @

240 0.90 6.03 x 10710 2.14 x 10° 0.67 3.4 x 107 6.83 x 10°

260 0.85 9.03 x 10710 1.38 x 10° 0.68 1x107° 6.4 x 10°

280 0.85 1.91 x 10~ 0.83 x 10° 0.79 32 x10°° 6.0 x 10°

300 0.85 1.03 x 10~° 0.42 x 100 0.81 6.5 x 107 5.63 x 10°

320 0.84 1.34 x 107° 0.24 x 10° 0.79 31 x 1075 4.82 x 10°

340 0.83 153 x 107° 0.24 x 10° 0.82 11 x 107° 2.74 x 10°
LPMg [15] 0.84 1.35 x 10710 0.13 x 100

NPZV10 [21] 0.86 1.774 x 10712 0.136 x 10° 0.87 484 x 1071 0.54 x 10°

PVB2.25[18] 0.89 415 x 10711 45 x 10° 0.87 2.7 x 10712 2.3 x 10°

3.2.2. Electrical Conductivity
The DC conductivity is expressed as follows:
e
Odc = Sin (5)

S is the area, and e is the thickness of the sample. R} is the bulk resistance defined in

the previous section.

Figure 8 illustrates the Arrhenius behavior of the DC conductivity:

oacT = opexp(

a
KBT>

(6)

where o is the pre-exponential factor, E, is the activation energy for conduction, Kp is the

Boltzmann constant, and T represents the absolute temperature.
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Figure 8. Arrhenius plots of electric dc conductivity of the TZV glasses.
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E, could be calculated using the fitted curves opcT against reciprocal temperature
(1000/T) as listed in Table 2 and compared to other glasses [18,24,25]. The highest and the
lowest values of E; were founded for the TZV10 and TZV15 glasses, correspondingly.

Table 2. Activation energies of the prepared samples and comparison with bibliography.

Host Materials E, (eV) References

TZV0 1.02 Present work

TZV5 0.78 Present work

TZV10 1.13 Present work

TZV15 0.62 Present work
NPZV20 0.92 [21]
90TeO,-10V,05 0.428 [25]
10V;05-5Sb15-90TeO, 0.334 [26]
NPM5 0.91 [27]

The curves describing the variations of E; and opc (at 300 °C) with V,0s5 content show
a competition between two conduction mechanisms (see Figure 9).

‘ 1.0x10°
20 | |—m— . . ‘
= Ea Ionic dominant : Electronic dominant
< regime ‘ regime
> ] | & N
—a— 8.0x10

° Onc :
© |
w45 1 ~
> ! 6.0x10° =
[@)] | !
_ ! w
o ; =~
c ‘ o
(-} 1 4.0x10° O
£ 10 | ©
Q- !
il I
g " | 2.0x10°
5 !

I
< . - :

05 | = : 0.0
|
0 5 10 15

V205 Concentration (mol %)

Figure 9. Variation of the activation energy Ea and the conductivity opc at 573 K with the V,05
content in zinc-tellurite glass samples.

Indeed, two independent paths of conduction mechanisms exist so far. The first is
due to the exchange interaction of V4*-O-V>* chains, while the second corresponds to
ionic conductivity described through the migration position of non-bridging oxygen along
the network-former chains [27]. The electronic conduction is explained using polaron
hopping between V** and V*° [28]. Moreover, further addition of vanadium generates
larger columbic attraction force between ions and polarons, which reduces the electronic
and ionic mobility [29]. This leads to incompatible changes in bulk domain resistance
and interfacial contribution, raising a challenge between the polaron and ionic conduction
domination. Therefore, both electrons and holes could be associated with the local defects.
Consequently, the activation energy may also include an energy to liberate the charge
carrier from its position next to the defect [30].

Stambouli et al. [14] demonstrated the incorporation impact of a modified oxide in
the tellurium network. Indeed, an important increase of the number of non-bridging
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oxygens was found through a gradual replacement of trigonal bipyramids (TeO,) units
with trigonal pyramids (TeO3) through (TeOs,;). Thus, new units emerged in the glassy
host with a high ability in switching conductivity from ionic to electronic with the V,05
amount. The ionic conductivity dominated the conduction mechanism up to 10 mol%
of V,0s., while the electronic conductivity was predominant above 10 mol %. In fact,
polarons were formed from holes in the valence band, where charge carriers induce strong,
localized lattice distortions forming a “small” polarons conduction [21,31]. The weak
value of the activation energy observed for TZV5 could be explained by the governance
of the ionic conduction, while the predominance of polaronic mechanism is assigned to
the rising of the polaronic population. Hence, local structural deformation may be due
to phonons and electrons transfer through hopping from lower to higher valence state.
This effect is assigned to the dominance of the activation energy value associated with
the predominance of electronic conduction illustrated through the formation of VO4 and
VOs structural units in the glassy network, as it was concluded from Raman analysis.
Indeed, Raman spectra reveal the increase of the NBO with the V,0Os5 content since the
intensity bands around ~210 cm ! increase with a maximum for 10% mol V,Os. This could
also explain the higher value of the activation energy for this sample. The co-existence of
both ionic and polaronic mechanisms remains of important interest for electrochemical
devices [31]. Similar behaviors related to the change of conduction process have been
reported. The change of conduction mechanism has been detected for vanado-phosphate
and vanado-tellurite glasses [4,32,33].

The nonlinear behavior of the isothermal opc within the V,Os5 composition could be
explained by the ion—small polaron correlation process (Figure 10), where the cation—-small
polaron displays a similar motion that is identical to a neutral entity without affecting the
conductivity [28,30].

5.0x10° Gac260 TZV5
—— 6,280
4.0x103 Oac300
—— 6,320
~ AT
€ 3.0x10°
2}
Q
<
9
2.0x10°®
1.0x10°®
0.0
10° 10* 10° 108

f(Hz)

Figure 10. Variation versus frequency of the AC conductivity (cac) of TZV5 glass at different temperatures.
The AC conductivity o ac is calculated using the expression [34]:

e z!
Oagc = —

—— 7
A (Z/Z + Z//Z) @)

opc remains unchanged in the range of lower frequencies, which corresponds to
the DC conductivity (see Figure 10). However, in the range of high frequencies, the
curves demonstrate dispersion where the slope changes to higher values with increasing
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temperature. This consequently changes the conductivity from the regime of frequency
independence to the regime of frequency dependence, highlighting the conductivity re-
laxation phenomenon [35]. Hence, the necessary energy for the charge mobility at high
frequencies over a short range is more important than the needed energy at low frequencies
over a long range. The increase of oac within the frequency sustains the hypothesis of the
dominance of the hopping process in the conduction mechanism [21]. Eventually, thermally
activated electrical conduction is defined as charge carriers hopping from a localized site to
another with increasing temperature.

The nature and the mechanism of the conductivity dispersion in solids are generally
analyzed using Jonscher’s power law [36,37]:

c=05+Ad° (8)

where opc is the dc conductivity, and A w?® represents the AC conductivity. The parameter A
determines the polarizability strength [5], and the exponent s (0 < s < 1) provides the interaction
degree between the mobile charges and the lattice [38]. A and s are temperature-dependent.
Herein, “s” was found to slightly decrease from 0.77 to 0.71 with increasing tempera-
ture from 260 °C to 320 °C. This is due to the slight disorientation of the electric dipoles
with increasing the thermal agitation [39]. Thus, the ionic conduction replaces the polaronic
process, while the AC conductivity is explained through the correlated barrier hopping

(CBH) model given by Elliot et al. [40]. In this model, the exponent s is written as:

_ 6KpT

=1
s Wm

©)
where W, is designated as the energy barrier.

3.2.3. Analysis of Dielectric Constant

The real and imaginary parts ¢’ and €” of the dielectric constant are expressed as [41,42]:

¢ = —7"wC, (Z’Z T z”z) (10)

¢ = Z'wCo(2% + 27) (11)

where Cj is designated as the void capacitance (Cy = €9S/¢, S and e are the surface area and
the sample thickness, respectively).

Figure 11a shows a decrease of the dielectric constant ¢’ relative to TZV15 with the
applied frequency while it increases with temperature. This is assigned to the electron hop-
ping between two different sites [43]. The high values of ¢’ in the range of low frequencies
(Figure 11b) are related to charges accumulation at the interfaces between the electrodes
and the glass, e.g., interfacial polarization [44]. The behavior of dielectric permittivity with
frequency is related to the polarizability loss of some species since the hopping carriers
are unable to follow the applied field [42], and their oscillations vanish with time. The
relatively high values of ¢ relative to the TZV5 glass in the regions of low and medium
frequencies make of it an appropriate material for optical devices [42].

The variation of the imaginary part ¢” for the TZV15 glass versus the frequency at
different temperatures is given by Figure 12a. Here, ¢” decreases gradually with the fre-
quency up to 10 Hz and then reaches a constant value &” (c0), revealing the weak dielectric
loss in the range of medium and higher frequencies. Indeed, the dielectric loss usually
varies with charge polarization, ionic transport, and energy diversion. Thus, the behavior
of ¢” with the variation of the frequency could be ascribed to the fast polarization process
occurring in the glass host under the applied field in addition to the dipoles generated by
the electrode-electrode interface owing to the charge carriers accumulations [39,45].
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Figure 11. Frequency dependence of dielectric constant of (a) TZV15 glass sample at different
temperatures and (b) different glass samples at T = 340 °C.

Figure 12b shows the variation of the dielectric loss ¢” with the logarithmic frequency
for all glass samples at 340 °C. ¢” increases with the V,0Os5 content till 10 mol % and then
falls. The lowest value of €” is obtained for the TZV15 sample due to the formation of new
phases related to vanadate (as shown from the Raman analysis), which acts as a barrier
and limits the ions diffusion in the glassy host to contribute to the large reduction of the
dielectric loss. It indicates the suitability of this glass for applications in photonics as
electro-optic devices and nonlinear optical material.

The study of electric modulus is needed to provide deep insights into the processes of
charge transport, such as relaxation phenomenon and ion dynamics. The electric modulus
can be expressed as:

M* =M (w) +j M”(w) (12)

where
M (w) = wCpZ” (13)
M”(w) = wCoZ' (14)

Here, Cy is the vacuum capacitance of the cell.
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Figure 12. Frequency dependence of loss factor of (a) TZV15 glass sample at different temperatures
(b) all TZV glass samples at T = 340 °C.

The very small value of M’ in the region of lower frequencies indicates the suppression
of the electrode polarization and the absence of long-range conduction (see Figure 13). The
continuous dispersion of M’ with increasing frequency and for all the temperatures informs
that the conduction process is assured through short-range mobility of charge carriers in all
the glasses. This process is related to the weak restoring force in the glasses that governs
the mobility of charge carriers under the influence of the applied electric field [39].
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Figure 13. The frequency dependence of M’ for TZV15 at different temperatures.

The imaginary part M” represents a maximum peak M” ¢ within the frequency (see
Figure 14a). In the frequency region below the M” peak, the polarons drift to long distances,
whereas, for the frequency range above the peak, the polarons are confined to potential
wells where they are free to move. Therefore, the peak frequency represents the transition
from long- to short-range mobility [46]. The asymmetric curve of M” and its variation
within the frequency at each temperature suggested a spread of the relaxation times, which
can be related to a process of coupling of the individual relaxation: one site needs to relax
before the other can be done [8]. On the other hand, the shift towards higher frequencies of
the relaxation peak with increasing temperature indicates the dependance of the relaxation
process on temperature.

Figure 14b displays the M” curves versus frequency, at T = 340 °C, for all the V,05
compositions. The peak position is very sensitive to the V,05 content. The band relative
to x = 10 mol % is importantly shifted to the high-frequencies range. This is related to
the polarization effects of mobile ions hopping, which suggests that the relaxation time of
this glass sample is lowest compared to the other glass samples. Moreover, the curve of
M”(w) confirms a large relaxation peak for the distribution, which informs again about a
non-Debye model for the studied glasses.

Further information about the relaxation process can be obtained by analyzing the
Nyquist curves (see, Figure 15). Since these curves are semicircles, and their centers are
below the horizontal axis, the relationship is of a non-Debye model (single relaxation time)
and corresponds to an electric relaxation and intercorrelated activation energy [24].

As shown in Figure 16, the plot of the relaxation time 7 versus 1/T suggests the

activation law [42]:
E
T=T1 exp(— KBYT> (15)




Materials 2022, 15, 7659 15 of 19

0.012

240 °C

0.010 +

0.008

A o4 > on

Mll

0.006 ~

0.004 ~

0.002

0.000

T ML | ML | HLLEL L | ML | T
100 1000 10000 100000 1000000
Log(Fr(Hz))

VO (b) 340°C
V5

V10
V15

0.012

0.010

4 >onm

0.008 ~

0.006 ~

M"

> b > oo d

0.004

0.002 ~

0.000

-0.002

T T

T T T
102 10° 10* 10° 10° 107
Fr(Hz)
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glass samples at T = 340 °C.
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Figure 16. Variation of relaxation time versus 1000/ T for TZV15 sample.

From a linear fitting, the relaxation energy is estimated to E, = 0.51 eV. This value
is quite different from the calculated activation energy (E, = 0.61 eV) using Equation (6).
Hence, the incompatibility between the two energies indicates that the barrier height
differences between the long and short distances travelled by charge carriers are not
noticeable, as is highlighted by Macedo et al. [45]. Thus, the non-statistic distribution of the
dipoles informs us about the arbitrary nature of conductivity. Hence, dipoles relaxation is
manifested as arbitrary [9,46].

4. Conclusions

TeO,-ZnO glass systems doped with different amounts of V,0O5 were prepared via
the melt-quenching method. The present study clearly shows an altering of the structural,
electrical, and dielectric properties of TeO,-ZnO glasses from addition of V,0s. The main
conclusions can be mentioned as follows:
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- The glass transition temperature Tg was found to increase with the V,0O5 content in
the glass.

- Both IR and Raman studies revealed a depolymerization of the glass network with
rising the V05 concentration. A progressive change of the (VO,) groups to (VOs)
units was shown when V,05 composition was more than 10% by a change of the
vanadium coordination due to the higher amount of NBO.

- The conductivity of the glass is assured by a mixed ionic-polaronic process with
a dominance of the ionic contribution up to 10% of V,0Os5, whereas the polaronic
component becomes the more significant above this concentration due to the exchange
of polarons between V4" and V°*.

- Variations of electric modulus and the dielectric loss with frequency and temperature
exhibited dipolar relaxation effects mainly caused by the vanadate phases. In addition,
the electric modulus variation shows a non-Debye dielectric dispersion.

- The decrease of the exponent “s” with temperature is consistent with the CBH process.

The good dielectric performances of the glass, such as the relatively higher dielectric
constant and the low dielectric losses, are attractive for applications in optoelectronics,
energy storage, and nonlinear optics.

Author Contributions: Conceptualization, LM. and H.E.; Data curation, LM., A.B.G.T.,, FH.A. and
S.N.; Formal analysis, LM., A.B.G.T., EH.A. and S.N.; Investigation, LM., A.B.G.T., FH.A., S.N. and
H.E.; Methodology, LM., A.B.G.T., EH.A. and S.N.; Supervision, H.E.; Writing—original draft, .M.
and A.B.G.T.; Writing—review & editing, LM., A.B.G.T., EH.A., S.N. and H.E. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by Princess Nourah bint Abdulrahman University Researchers
Supporting Project number (PNURSP2022R223), Princess Nourah bint Abdulrahman University,
Riyadh, Saudi Arabia.

Acknowledgments: The authors express their gratitude to Princess Nourah bint Abdulrahman
University Researchers Supporting Project number (PNURSP2022R223), Princess Nourah bint Abdul-
rahman University, Riyadh, Saudi Arabia.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kilig, G; Issever, U.G,; Ilik, E. The synthesis and characterization of zinc-tellurite semiconducting oxide glasses containing TayOs.
Mater. Res. Express 2019, 6, 6. [CrossRef]

2. Mallawany, R. Tellurite Glass Smart Materials: Application in Optics and Beyong, 1st ed.; Springer International Publishing AG:
Cham, Switzerland, 2018; p. 297.

3.  Tagiara, N; Palles, D.; Simandiras, E.; Psycharis, V.; Kyritsis, A.; Kamitsos, E. Synthesis, thermal and structural properties of pure
TeO, glass and zinc-tellurite glasses. |. Non-Crystalline Solids 2017, 457, 116-125. [CrossRef]

4. McDonald, L Siligardi, C.; Vacchi, M.; Zieser, A.; Affatigato, M. Tellurium Vanadate Glasses: V4* colorimetric Measure and Its
Effect on Conductivity. Front. Mater. 2020, 7, 103. [CrossRef]

5. Fares, H,; Jlassi, L; Elhouichet, H.; Férid, M. Investigations of thermal, structural and optical properties of tellurite glass with
WOj; adding. J. Non-Crystalline Solids 2014, 396-397, 1-7. [CrossRef]

6. Kaky, K.M.; Lakshminarayana, G.; Baki, S.; Kityk, I; Taufig-Yap, Y.; Mahdi, M. Structural, thermal and optical absorption features
of heavy metal oxides doped tellurite rich glasses. Results Phys. 2017, 7, 166-174. [CrossRef]

7. Aromadki, I; Shestopalova, I; Ponte, R.; Annurakshita, S.; Bautista, G.; Othmani, A.; Elhouichet, H.; Petit, L. (INVITED)Transparent
Er3+ doped Ag20 containing tellurite glass-ceramics. Opt. Mater. X 2022, 15, 100164. [CrossRef]

8.  Saad, M.; Stambouli, W.; Sdiri, N.; Elhouichet, H. Effect of mixed sodium and vanadium on the electric and dielectric properties
of zinc phosphate glass. Mater. Res. Bull. 2017, 89, 224-231. [CrossRef]

9.  Jlassi, I; Sdiri, N.; Elhouichet, H. Electrical conductivity and dielectric properties of MgO doped lithium phosphate glasses. .
Non-Crystalline Solids 2017, 466—467, 45-51. [CrossRef]

10. Arya, S.K,; Danewalia, S.S.; Arora, M.; Singh, K. Effect of Variable Oxidation States of Vanadium on the Structural, Optical, and
Dielectric Properties of ByO3-Li;O-ZnO-V,0s5 Glasses. J. Phys. Chem. B 2017, 120, 12168-12176. [CrossRef]

11. Pavani, P.G,; Suresh, S.; Mouli, V.C. Studies on boro cadmium tellurite glasses. Opt. Mater. 2011, 34, 215-220. [CrossRef]

12. Issever, U.G.; Kilic, G.; Peker, M.; Unaldi, T.; Aybek, A.S. Effect of low ratio V5+ doping on structural and optical properties of

borotellurite semiconducting oxide glasses. J. Mater. Sci. Mater. Electron 2019, 30, 15156-15167. [CrossRef]


http://doi.org/10.1088/2053-1591/ab0b1e
http://doi.org/10.1016/j.jnoncrysol.2016.11.033
http://doi.org/10.3389/fmats.2020.00103
http://doi.org/10.1016/j.jnoncrysol.2014.04.012
http://doi.org/10.1016/j.rinp.2016.12.013
http://doi.org/10.1016/j.omx.2022.100164
http://doi.org/10.1016/j.materresbull.2017.01.043
http://doi.org/10.1016/j.jnoncrysol.2017.03.042
http://doi.org/10.1021/acs.jpcb.6b08285
http://doi.org/10.1016/j.optmat.2011.08.016
http://doi.org/10.1007/s10854-019-01889-7

Materials 2022, 15, 7659 18 of 19

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

Brovelli, S.; Galli, A.; Lorenzi, R.; Meinardji, F.; Spinolo, G.; Tavazzi, S.; Sigaev, V.; Sukhov, S.; Pernice, P.; Aronne, A ; et al. Efficient
1.53 um erbium light emission in heavily Er-doped titania-modified aluminium tellurite glasses. J. Non. Cryst. Solids 2007, 353,
2150-2156. [CrossRef]

Stambouli, W.; Elhouichet, H.; Ferid, M. Study of thermal, structural and optical properties of tellurite glass with different TiO,
composition. J. Mol. Struct. 2012, 1028, 39-43. [CrossRef]

Hirdesh; Khanna, A.; Fabian, M.; Dippel, A.-C.; Gotowski, O. Structure of lithium tellurite and vanadium lithium tellurite glasses
by high-energy X-ray and neutron diffraction. Acta Crystallogr. Sect. B Struct. Sci. Cryst. Eng. Mater. 2021, 77, 275-286. [CrossRef]
Yahia, I.S.; Saddeek, Y.B.; Sakr, G.B.; Knoff, W.; Story, T.; Romcevic, N.; Dobrowolski, W. Spectroscopic analysis and magnetic
susceptibility of CuO-TeO,-V,05 glasses. . Magn. Magn. Mat. 2009, 321, 4039-4044. [CrossRef]

Abed, C.; Trabelsi, A.B.G.; Alkallas, FH.; Fernandez, S.; Elhouichet, H. Transport Mechanisms and Dielectric Features of
Mg-Doped ZnO Nanocrystals for Device Applications. Materials 2022, 15, 2265. [CrossRef] [PubMed]

Ben Ali, M.; Elhouichet, H. Electrical and dielectric properties of Ni doped Zn,;SnO, nanoparticles. Ceram. Int. 2000, 46,
28686—28692. [CrossRef]

Sdiri, N.; Elhouichet, H.; Elakermi, E.; Dhifallah, A.; Ferid, M. Structural investigation of amorphous NapO-P,O5-B,O3 correlated
with its ionic conductivity. J. Non Crystalline Solids 2015, 409, 34—42. [CrossRef]

Nasser, R.; Othmen, W.B.H.; Elhouichet, H. Effect of Sb doping on the electrical and dielectric properties of ZnO nanocrystals.
Ceram. Int. 2019, 45, 8000-8007. [CrossRef]

Langar, A.; Sdiri, N.; Elhouichet, H.; Ferid, M. Conductivity and dielectric behavior of NaPO3;-ZnO-V,05 glasses. J. Alloy.
Compds 2014, 590, 380-387. [CrossRef]

Amara, S.F.C.B.; Hammami, H. Effect of iron oxide on the electrical conductivity of soda-lime silicate glasses by dielectric
spectroscopy. J. Mater. Sci. Mater. Electron. 2019, 30, 13543-13555. [CrossRef]

Saeed, M.A.M.; Abdullah, O.G. Effect of Structural Features on Ionic Conductivity and Dielectric Response of PVA Proton
Conductor-Based Solid Polymer Electrolytes. . Electron. Mater. 2020, 50, 432-442. [CrossRef]

Sujatha, B.; Viswanatha, R.; Chethana, B.K.; Bhushana, N.; Reddy, C.N. Electrical conductivity and dielectric relaxation studies on
microwave synthesized Na;SO4-NaPO3-MoOj glasses. Ionics 2015, 22, 563-571. [CrossRef]

Sankarappa, T.; Kumar, M.P,; Devidas, G.B.; Nagaraja, N.; Ramakrishnareddy, R. AC conductivity and dielectric studies in
V,05-TeO; and V,05—CoO-TeO; glasses. ]. Molecular Struct. 2008, 889, 308-315. [CrossRef]

Souri, D.; Ghasemi, R.; Shiravand, M. The study of high-dc electric field effect on the conduction of V,05-Sb-TeO, glasses and
the applicability of an electrothermal model. J. Mater. Sci. 2015, 50, 2554-2560. [CrossRef]

Calahoo, C.; Wondraczek, L. Ionic glasses: Structure, properties and classification. J. Non-Cryst. Solids. X 2020, 8, 100054.
[CrossRef]

Desoky, M.M.E.L. Small polaron transport in V,O5-NiO-TeO; glasses. |. Mater. Sci. Mater. Electron. 2003, 14, 215. [CrossRef]
El-Desoky, M.M. Characterization and transport properties of V,Os-Fe;O3-TeO, glasses. J. Non. Cryst. Solids 2005, 351, 3139.
[CrossRef]

Moawad, HM.M,; Jain, H.; Ramadan, T.; El-Mallawany, R.; El-Sharbiny, M. Electrical Conductivity of Silver Vanadium Tellurite
Glasses. J. Am. Ceram. Soc. 2002, 85, 2655-2659. [CrossRef]

Watthaisong, P.; Jungthawan, S.; Hirunsit, P.; Suthirakun, S. Transport properties of electron small polarons in a V,0Os5 cathode of
Li-ion batteries: A computational study. RSC Adv. 2019, 9, 19483-19494. [CrossRef]

HSidek, A.A.; Rosmawati, S.; Talib, Z.A.; Halimah, M.K.; Halim, S.A. Effect of Zinc on the Elastic Behaviour of (TeO,) 99 (AlF3)10.x
(ZnO) Glass System. Int. |. Basic Appl. Sci. 2009, 90, 41-44.

Abdel-Khalek, E.; Ali, I.O. Structural, AC conductivity and dielectric properties of vanado-tellurite glasses containing BaTiO3. J.
Non-Crystalline Solids 2014, 390, 31-36. [CrossRef]

Mohamed, S.N.; Halimah, M.K,; Subban, R.H.Y.; Yahya, A K. AC conductivity and dielectric properties in mixed ionic—electronic
20Nap; O-20CaO—(60-x)BpO3-xV20s glasses. Phys. B Condens. Matter 2020, 602, 412480. [CrossRef]

Kao, K.C. Electric Polarization and Relaxation in Dielectric Phenomena in Solids; Elsevier: Amsterdam, The Netherlands, 2004;
pp- 41-114.

Bruce, P. High and low frequency Jonscher behaviour of an ionically conducting glass. Solid State Ionics 1985, 15, 247-251.
[CrossRef]

Murugaraj, R. Ac conductivity and its scaling behavior in borate and bismuthate glasses. J. Mater. Sci. 2007, 42, 10065-10073.
[CrossRef]

Prezas, PR.; Soares, M.].; Freire, EN.A.; Graca, M.P.E. Structural, electrical and dielectric characterization of TeO,-WO3-Y203-
EryO3-Yb,O3 glasses. Mater. Res. Bull. 2015, 68, 314-319. [CrossRef]

Othmen, W.B.H.; Sdiri, N.; Elhouichet, H.; Férid, M. Study of charge transport in Fe-doped SnO, nanoparticles prepared by
hydrothermal method. Mat. Sci. Semicon. Proc. 2016, 52, 46-54. [CrossRef]

Elliott, S.R. A theory of a.c. conduction in chalcogenide glasses. Philos. Mag. A |. Theor. Exp. Appl. Phys. 2017, 36, 8. [CrossRef]
Cole, K.S.; Cole, R.H. Dispersion and absorption in dielectrics: II. Direct current characteristics. Chem. Phys. 1942, 10, 98-105.
[CrossRef]

Bouslama, W.; Ben Ali, M.; Sdiri, N.; Elhouichet, H. Conduction mechanisms and dielectric constant features of Fe doped ZnO
nanocrystals. Ceram. Int. 2021, 47, 19106-19114. [CrossRef]


http://doi.org/10.1016/j.jnoncrysol.2007.02.052
http://doi.org/10.1016/j.molstruc.2012.06.027
http://doi.org/10.1107/S2052520621002274
http://doi.org/10.1016/j.jmmm.2009.07.084
http://doi.org/10.3390/ma15062265
http://www.ncbi.nlm.nih.gov/pubmed/35329717
http://doi.org/10.1016/j.ceramint.2020.08.028
http://doi.org/10.1016/j.jnoncrysol.2014.11.009
http://doi.org/10.1016/j.ceramint.2018.12.089
http://doi.org/10.1016/j.jallcom.2013.12.130
http://doi.org/10.1007/s10854-019-01722-1
http://doi.org/10.1007/s11664-020-08577-x
http://doi.org/10.1007/s11581-015-1580-2
http://doi.org/10.1016/j.molstruc.2008.02.009
http://doi.org/10.1007/s10853-015-8815-5
http://doi.org/10.1016/j.nocx.2020.100054
http://doi.org/10.1023/A:1022981929472
http://doi.org/10.1016/j.jnoncrysol.2005.08.004
http://doi.org/10.1111/j.1151-2916.2002.tb00511.x
http://doi.org/10.1039/C9RA02923K
http://doi.org/10.1016/j.jnoncrysol.2014.02.014
http://doi.org/10.1016/j.physb.2020.412480
http://doi.org/10.1016/0167-2738(85)90010-4
http://doi.org/10.1007/s10853-007-2052-5
http://doi.org/10.1016/j.materresbull.2015.02.031
http://doi.org/10.1016/j.mssp.2016.05.010
http://doi.org/10.1080/14786437708238517
http://doi.org/10.1063/1.1723677
http://doi.org/10.1016/j.ceramint.2021.03.257

Materials 2022, 15, 7659 19 of 19

43. Moynihan, C.T. Analysis of electrical relaxation in glasses and melts with large concentrations of mobile ions. J. Non-Crystalline
Solids 1994, 172, 1395-1407. [CrossRef]

44. Rayssi, C.; el Kossi, S.; Dhahri, J.; Khirouni, K. Frequency and temperature-dependence of dielectric permittivity and electric
modulus studies of the solid solution Cag g5Erg 1 Ti1-xC045 /303 (0 < x < 0.1). RSC Adv. 2018, 8, 17139-17150. [CrossRef] [PubMed]

45. Macedo, P.B.; Moynihan, C.T; Bose, R. Role of ionic diffusion in polarization in vitreous ionic conductors. Phys. Chem. Glas. 1973,
13,171-179.

46. Tabib, A,; Sdiri, N.; Elhouichet, H.; Férid, M. Investigations on electrical conductivity and dielectric properties of Na doped ZnO
synthesized from sol gel method. J. Alloy. Compd. 2015, 622, 687-694. [CrossRef]


http://doi.org/10.1016/0022-3093(94)90668-8
http://doi.org/10.1039/C8RA00794B
http://www.ncbi.nlm.nih.gov/pubmed/35539242
http://doi.org/10.1016/j.jallcom.2014.10.092

	Introduction 
	Experimental 
	Results and Analysis 
	DSC, XRD, Raman, and FTIR Analysis 
	Impedance Spectroscopy 
	Nyquist Spectra 
	Electrical Conductivity 
	Analysis of Dielectric Constant 


	Conclusions 
	References

