
ORIGINAL PAPER

Electrical conductivity and dielectric relaxation studies
on microwave synthesized Na2SO4·NaPO3·MoO3 glasses

B. Sujatha1 & R. Viswanatha2 & B. K. Chethana2 & H. Nagabhushana3 &

C. Narayana Reddy4

Abstract Electrical conductivity and dielectric relaxation
studies on SO4

2− doped modified molybdo-phosphate glasses
have been carried out over a wide range of composition, tem-
perature and frequency. The d.c. conductivities which have
been measured by both digital electrometer (four-probe
method) and impedance analyser are comparable. The relaxa-
tion phenomenon has been rationalized using electrical modu-
lus formalism. The use of modulus representation in dielectric
relaxation studies has inherent advantages viz., experimental
errors arising from the contributions of electrode-electrolyte
interface capacitances are minimized. The relaxation observed
in the present study is non-Debye type. The activation energies
for relaxation were determined using imaginary parts of elec-
trical modulus peaks which were close to those of the d.c.
conductivity implying the involvement of similar energy bar-
riers in both the processes. The enhanced conductivity in these
glasses can be attributed to the migration of Na+, in expanded
structures due to the introduction of SO4

2− ions.
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Introduction

The need for electrolytes suitable for battery applications has
spurred investigations into a number of silver/alkali ion
conducting glasses [1–9]. The quest for such inorganic vit-
reous electrolytes with exceptional thermal and electrical
properties has opened up a new generation of superionic
glasses. It is apparent that two strategies have been used to
design fast ion conducting (FIC) electrolytes. The first is to
combine two anionic species, which has been known to
give enhanced conductivity and is called the mixed anionic
effect [1]. The second strategy is to dissolve highly ionic
salts such as Li2SO4/Na2SO4/Ag2SO4 and alkali halides
[10–15]. Conductivity enhancement can also be achieved
by the addition of more than one glass former to the mod-
ifier oxide. Incorporation of large anions such as SO4

2−, S2−,
SO3

2−, Cl−, and Br− etc. results in Bloosening^ of the intersti-
tial glass structure. As a consequence, activation energy de-
creases, whereas the conductivity itself increases [10, 11].

The use of microwaves for the synthesis of inorganic com-
pounds has gained great importance in the recent years [16].
They include sintering of ceramics [17, 18], microwave-
assisted precipitations [19], sol-gel [20] and hydrothermal
[21] processes. Relatively fewer reports have appeared on
microwave-assisted solid synthesis [22]. This method is ex-
tensively used to prepare nanomaterials [23–26]. To our
knowledge, there have been no reports of microwave-
assisted solid state synthesis of alkali salt doped glasses in
literature. Microwave method offers several advantages over
conventional melt quench technique, the most important of
them being reduced reaction time and energy efficiency. This
fast process reduces volatilization of ingredients and also
limits the diffusion of elements from crucible to the melt.
One of the important requirements of this method is that at
least one of the reactants should be a microwave susceptor. In
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this paper, we report conductivity and dielectric relaxation of
glasses prepared by simple microwave method, which con-
tains up to 25 mol% of Na2SO4 and less than 20 mol% of
MoO3 content in a phosphate host matrix. Also, an attempt
has been made to obtain activation energies using ab initio
density functional calculations.

Experimental

Glasses in the systemxNa2SO4·(100− x)[0.8NaPO3:0.2MoO3]
(where 5 ≤ × ≤ 25) were prepared by employing a simple
energy-efficient microwave heating method. Reagent (AR)
grade sodium sulphate (Na2SO4), sodium dihydrogen ortho-
phosphate (NaH2PO4·2H2O) and molybdenum trioxide
(MoO3) were used as starting materials. In the synthesized
glass system, both MoO3 and NaH2PO4·2H2O are microwave
susceptors [27]. Appropriate amounts of starting materials
were thoroughly ground to homogenize the mixture and kept
in a clean silica crucible on a fire brick inside a domestic
microwave oven (LG-1291 HE model) operating at 2.4 GHz
and a tuneable power level up to a maximum of 850 W; mi-
crowaves were switched on, and within 2 to 3 min of expo-
sure, complete decomposition of NaH2PO4·2H2O to NaPO3

and water vapour was achieved. A good homogenous melt,
which was obtained after 6 to 7 min (which is only a fraction
of time required in conventional glass preparation methods),
was quenched between preheated (60 °C) brass plates. The
silica crucible was found to remain clean and unaffected dur-
ing the short duration of melting. The glass was annealed in a
muffle furnace for 2 h at 200 °C to remove thermal strains that
could have developed during quenching. The samples were
preserved in a sealed desiccator containing CaCl2.

The density of the samples was measured by the Archime-

des’ liquid displacement method ρ ¼ W 1
W 1−W 2

ρL where W1 and

W2 are the weights of the sample in air and liquid, respectively,
ρL is the density of the immersion liquid. Molar volume Mv

was calculated using Mv= M
ρ , where M is the molecular

weight of the sample. The relative error in the measurement
of density was about ±0.005 g cm−3. Vickers hardness was
measured using TTS unlimited, Inc. Japan, HWMMT-model,
with a Vickers indenter. The surface of the glass sample was
cleaned using 10%HF aqueous solution, and the applied load
and loading time were 0.245 N and 30 s, respectively. The
indentation of the glass sample was observed using a micro-
scope at room temperature.

The samples were crushed in a mortar to a fine powder and
tested for the amorphous nature of glass using a powder dif-
fractometer (model: Rigaku DMAX-IC employing Cu-Kα ra-
diation). Glass transition temperature (Tg) of the samples were
recorded using a differential scanning calorimeter (Perkin

Elmer DSC-2): random pieces of glass samples (15 mg) were
placed in a platinum crucible and heated up to 900 K in an
argon medium at a heating rate of 2 K/min. Alumina powder
was used as reference material and the accuracy in the mea-
surement of Tg was ±2 K.

The annealed samples were thoroughly polished and coat-
ed with silver paste on both sides, which serve as electrodes
having a thickness of about 0.1 cm and a diameter of about
0.8 cm for electrical measurements. Resistance of the samples
were calculated by measuring the applied voltage (2 V) and
current through the sample (using a digital electrometer ECIL
EA-5600). The temperature was measured using a chromel-
alumel thermocouple placed very close to the sample. Im-
pedance measurements were also carried out for all the
investigated glasses using Hewlett-Packard HP 4192A
impedance-gain phase analyser from 10 Hz to 10 MHz in
the temperature range 300–380 K. A home-built cell assem-
bly (having two terminal capacitor configurations and spring-
loaded silver electrodes) was used for the measurements. The
temperature was controlled using PID temperature controller
(Heatcon, Bangalore 560090, India) with an accuracy of ±1K,
in the entire range of measurements. The temperature of the
sample was measured using Pt-Rh thermocouple positioned
very close to the electrode.

The glass structures were optimized by density functional
theory (DFT) employing B3LYP functional using Gaussian
09 suite [28]. The LANL2DZ [29] effective core potentials
were used for the molybdenum, and 6-311++g (d) [30] basis
set was used for the H, O, Si and Na atoms. Energy was
calculated for the stationary points and characterized as true
minima. Transition state structures were analysed by the pres-
ence of an imaginary frequency and confirmed by intrinsic
reaction coordinate (IRC) calculations and the energies are
listed in Table 1.

Results and discussion

Codes of the samples, composition, molar volume, Vickers
hardness, glass transition temperature, activation energies
(Edc and Eac) and glass transition width are listed in Table 1.
XRD patterns exhibit only a broad hump-like feature in the
low-angle region, characteristic of an amorphous nature. Fur-
ther, the observation of characteristic glass transition temper-
ature extracted from DSC thermograms also confirms the
glassy nature of the sample.

Physical and thermal properties

A typical modulated DSC thermogram shown in Fig. 1 is used
to extract glass transition temperature (Tg) and glass transition
width (ΔTg) = Tl − Tg, where Tl is the liquidus temperature. As
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can be seen from Table 1, both Tg and Hv (Vickers hardness)
decrease with increasing Na2SO4 mol% [31]. The structure-
sensitive parameter, Tg mainly depends on the bond strength,
cross-link density and effective packing of structural species
[32]. It has been suggested that addition of Na2SO4 makes the
glass structure less rigid by expanding the network
isotropically. A similar observation was made by Button
et al. [33] in LiCl-containing glasses. They have reported that
the network is systematically weakened and expanded as the
halide is accommodated in the glass matrix.

Physical and thermal properties of the investigated glasses

are strongly dependent on composition. In NaPO3 glass,
Na2O
P2O5

¼ 1 and consists of long phosphate chains. The metaphos-
phate chains can also give rise to closed rings. The presence of
such chains and rings has been reported in chromatograph
studies [34], hence, truncated chains, in which phosphate tet-
rahedra possess three unshared oxygen corners [1]. The mod-
ification of such network implies breaking of bonds by the
added oxygen ions while MoO3 remains in the structure as
[MoOO5/2]

−. These units are attached to [POO2/2O]
− units

(discussed in Bd.c. conductivity and activation energy^) since

the electronegativity of [POO3/2]
0 is greater than [MoOO5/2]

−.
The added Na2SO4 salt is dissolved (Na2SO4→ 2Na+ +SO4

2−)
in the molybdo-phosphate glass matrix. However, SO4

2− ions
and metaphosphate units appear to interact weakly, resulting in
a dynamic concentration of dithiophosphate [DTP] units. This
dynamical character of DTP was suggested as capable of
assisting alkali ion transport as well [34].

The variation of glass transition temperature as a function
of Na2SO4 concentration is consistent with the free volume
model of glass transition [35]. The free volume available in
the molten phase is more effectively utilized for transport by
discrete anions along with the cations. The excess free volume
frozen in glass would be due to the isotropic dissolution of
Na2SO4, which causes a volume increasing effect. Conse-
quently, density, Vickers hardness, structural rigidity and
Tg decrease with increasing concentration of sodium salt.
Examination of the specific heat capacity versus tempera-
ture reveals that the width of the glass transition, ΔT, was
found to be 13.1–12.8 K, suggesting that the investigated
glasses were fragile. Moynihan et al. reported that glasses
displaying widths ΔT > 30 K are strong [36].

d.c. conductivity and activation energy

The d.c. conductivities of the same glass composition but
prepared in different batches showed agreement within 5 %
error. Figure 2 shows the variation of log (σ) as a function of
inverse temperature for different MoO3 concentrations. It can
be inferred from Fig. 2, conductivity values of NPM5 glass lie
in the range 7.447 × 10−6 to 5.584 × 10−4 S/cm when the
temperature varied from 300 to 380 K. Also, it is seen from
Fig. 2 that all the investigated samples follow Arrhenius law,
and the solid line represents the linear least square fits of linear
regression used to obtain the activation energy (Edc). The
values of Edc lie in the range of 0.534–0.666 eVand are listed
in Table 1.

Cole–Cole plots at five different temperatures for the
NPM1 glass are presented in Fig. 3. The plots for all the
investigated glass samples were found to be good semicircles
with a spur. The semicircles of the impedance plot, −Z″ versus

Table 1 Code, composition, ρ, Mv, Tg, Hv, ΔTg, Edc and Eac of the investigated glasses

Code Composition (mol%) ρ ± 0.005 g cm−3 Mv ± 0.5 cm3 Tg ± 1 K Hv

(kgmm−2)
Edc ± 0.002 eV Eac ± 0.002 eV ΔTg,K Eac ± 0.002

(DFT)(eV)
Na2SO4 Na2O P2O5 MoO3

NPM1 05 38 38 19 3.215 35.211 541 412 0.666 0.642 13.1 0.73

NPM2 10 36 36 18 3.125 36.292 533 404 0.630 0.621 13.0 0.71

NPM3 15 34 34 17 3.039 36.639 520 386 0.620 0.601 12.93 0.68

NPM4 20 32 32 16 2.939 41.115 512 384 0.591 0.553 12.89 0.65

NPM5 25 30 30 15 2.854 41.654 505 362 0.534 0.531 12.80 0.61

055005054

100

120

140

160

180

200

ΔT=T
l
 - T

g

ΔC
p
=C

p

l

 - C
p

g

ΔC
p

C
p

g

C
p

l

ΔT

T
g

T
l

H
e
a
t 
c
a
p
a
c
it
y
 (
J
/K
/m
o
l)

Temperature (K)

Fig. 1 Modulated DSC thermogram of NPM5 glass
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Z′, were used to determine the bulk resistance. The intersec-
tion point of the low frequency end of the high frequency arc
gives resistance and was used for calculating d.c. conductivi-
ties. A characteristic spur at low frequencies points to
blocking of Na+ ions at the silver electrodes. Besides, the
centre of the semicircle is depressed below the real axis, sug-
gesting an associated relaxation of ions that is non-Debye type
[37]. Arrhenius plot of log(σ) versus (1000/T), and the regres-
sion data is shown in Fig. 3 (inset). The activation energy
obtained from this plot using linear regression is 0.65 eV,
which is in close agreement with Edc values listed in Table 1.
Also, σdc, an increase with increase in concentration of
Na2SO4, is two orders of magnitude for an increase of Na2SO4

from 5 to 25 mol%.
Real and imaginary parts of complex impedance contain

information on the kinetics of electrical relaxation in bulk
glassy material. The asymmetric variation in the broadening

of Z′′ suggests that there is a spread in relaxation time, i.e. the
existence of a temperature-dependant electrical relaxation
phenomenon in the material [38]. A number of literature
reports are available on models developed for explaining
the conduction process in solid electrolytes [39–43]. These
reports emphasize the role of various factors such as com-
position, structure, conductivity and diffusion process in
the development of the models. However, the model pro-
posed by Dyre et al. [39, 43] is found to be commonly
employed to describe ion conduction mechanism. Besides
this, the other commonly used models include molecular dy-
namic simulation approach based on diffusion [41], dynamic
structure model [42] and weak electrolyte theory [44]. The
weak electrolyte theory was developed by Ravaine et al.
[44] based on the thermodynamic approach developed for
liquid electrolyte systems with different dopants, such as al-
kali halides and alkali oxysalts [45, 46]. According to the
above model, the conductivity enhancement depends on con-
centrations of mobile ions.

Figure 4 and its inset illustrate the real and imaginary parts
of impedance (Z′ and Z″) with frequency at different temper-
atures. As can be seen from Fig. 4, Z′ gives a dip prior to
merger at high frequency and decreases with increasing tem-
perature. However, Z″ values increase with frequency and
reach a maximum, and the peak (Z″max) shifts to higher
frequencies with increasing temperature. The asymmetric
nature of Z″ with frequency suggests a spread in relaxation
process of conduction [9]. The effect on relaxation time, τ0,
is discussed later.

In order to examine the variations observed in both conduc-
tivity and activation energy of alkali (Na2O) modified
molybdo-phosphate glasses, it is necessary to consider the ef-
fect of network modification, which reveals the nature and con-
centration of structural units. Besides network modification,
isotropic dissolution of Na2SO4 plays a crucial role because
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SO4
2− ions occupy the interstitial positions. The basic structure

of molybdo-phosphate glass containing octahedral [MoO6/2]
0

units and tetrahedral [POO3/2]
0 units by corner sharing through

oxygen is shown in Scheme 1.
Hence, the basic structure of molybdo-phosphate glass

consists of Mo-O-Mo, Mo-O-P and P-O-P linkages. Every
[POO3/2]

0 tetrahedron provides three corners for the oxygen
sharing and a molecule of P2O5 creates three such tetrahedra,
and the connectivities are in accordance with the proportion of
glass-forming oxides. The network modification requires the
oxide ion (O2−) of the modifier to reach the site where bond
breaking takes place. Since the oxide ion carries a negative
charge of two units, they drift towards a linkage where the
columbic interaction is energetically favourable. The bond
energies are such that EMo-O-Mo < EMo-O-P < EP-O-P [47].
The effect of modifier oxide is to break various linkages,
and the order of easiness of bond breaking is Mo-O-
Mo > Mo-O-P > P-O-P sequentially. The bond breaking
results in the formation of non-bridging oxygens when
Na2O is added to the molybdo-phosphate network. The mod-
ification can be represented as 30Na2O + 30P2O5 +
15MoO3 ≡ 60 Na+ + 30O2−+60[POO3 / 2 ]

0 + 15
[MoO6/2]

0 → 60 Na+ + 15[MoOO5/2]
− + 45 [POO2/2O]

– +
15[POO3/2]

0. The resultant structural units are listed in Table 2.
The modifier role of Na2O is the most dominant factor, fol-
lows the well-known successive degradation of the network
[48] and results in the formation of anionic species. The alkali
salt (Na2SO4) dissolves in a polymeric sodium-molybdo-
phosphate network, as SO4

2− ions occupy interstitial posi-
tions. There have been suggestions of SO4

2− ions being

incorporated into the network [49]. Currents passed in con-
ductivity experiments are usually in nanoamperes and cause
very insignificant electrolysis. We intend to emphasize the fact
that introduction of SO4

2− ions increases the effective mobility
of Na+ ions leading to greater conductivity. The concentra-
tions of Na+ and SO4

2− ions are calculated by the method
given by Sathyanarayana et al. [50] and are listed in Table 2.
It is evident from above that as the concentration of Na2SO4

increases, the population of both Na+ and SO4
2− ions in the

network increases; further, the concentration of [SO4
2−] in-

creases the network volume. Consequently, conductivity in-
creases while activation energy decreases. Further, Na+ ions
are present in the columbic wells surrounded by sulphatic
oxygens, are expected to be shallow and therefore are charac-
terized by a lower activation barrier for Na+ ion transport.
Such Na+ ions are likely to dominate the conduction process
[1]. Glasses containing transition metal ions (TMI) are
present in more than one valence state, and hopping of
electrons via aliovalent states is responsible for conduc-
tion. The addition of Na2O to molybdophosphate network
breaks the Mo5+–O–Mo6+ linkages along with Mo–O–P,
P–O–P and forms the structural defects. When the MoO3

content is less than 30 mol% in the glass system, ionic
conductivity dominates [51].

Ab initio calculations were performed to gain further
molecular-level understanding of the activation energy for
ion transport inmolybdophosphate glasses and comparedwith
the experimental activation energies. Based on experimental
and theoretical studies, it has been suggested that the hopping/
transfer of Na+ to the neighbouring oxygen leads to the

Scheme 1 The structural model used for the ab initio calculations
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conductivity in the glass system. Here, we simulated the trans-
fer mechanism of Na+ to the neighbouring oxygen atom co-
ordinated to the phosphate, as depicted in Scheme 1. The
energies of intermediates and transition states were deter-
mined and are presented in Table 1. The calculated activation
energies are consistent with the experimental values [28–30].

Dielectric response of these glasses has been examined
by measuring both real and imaginary parts of the dielec-
tric constants and electrical moduli. The real part of per-
mittivity (ε′) represents polarizability while the imaginary
part (ε′′) represents the energy loss due to polarization.
Saltas et al. [52] and Kohr et al. [53] reported that dielec-
tric materials have polarization mechanisms, viz. electron-
ic, atomic orientation and interfacial effects. Figure 5 rep-
resents the variation of ε′ with log(f) for NPM1 glass at
different temperatures. Since the glasses investigated are
ion conducting, low-frequency dispersion is quite high,
which is generally attributed to electrode polarization
[54] and is associated with the decrease in bond energies
[55]. Dipolar polarization occurs with increase in temper-
ature, which (i) weakens the inter-molecular forces, (ii)
enhances the orientational vibrations and (iii) increases
the thermal agitations. The polarizability contribution from
ionic and orientation sources decrease at higher frequen-
cies and disappear due to inertia of the ions.

The dielectric moduli (M″) as a function of frequency at
different temperatures are shown in Fig. 6. The dielectric
constants and dielectric moduli of the investigated glasses
are qualitatively similar for all the investigated glasses. It is
evident from Fig. 6 that M″ exhibits characteristically
asymmetric peaks, which originate from the nature of the
relaxation behaviour. As can be seen from Fig. 6, the fre-
quency corresponding to relaxation peak is ‘f0’ and the
peaks shifted towards higher frequencies as the tempera-
ture was increased, which is in agreement with a thermally
activated behaviour. The shape of the electrical relaxation
does not depend on the temperature and composition. The
variation of M″ with frequency is well fitted using
Kohlrausch–Williams–Watts (KWW) or stretched expo-
nential function for relaxation. The values of stretched ex-
ponent (β) were calculated assuming that M″ variation in
frequency domain is due to a stretched exponential nature

of relaxation φ tð Þ ¼ φ 0ð Þ exp� t
τ

� �β
in time domain,

using the empirical relation between β and full width at
half maximum (FWHM) values of M″ peaks [54, 55].
The stretched exponent (β) extracted for all the glass and
the values appear to be unaffected by the temperature.
Temperature dependence of the imaginary part of the com-
plex electrical modulus M*(ω), measured as a function of
frequency for NPM5 glass is shown in Fig. 6. The plots
show features typical of relaxation. The temperature
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Table 2 Code, network modification and concentration of [Na+] and [SO4
2−] ions

Code Network modification [Na+] ions/mol [SO4
2−] ions/mol

NPM1 19[MoOO5/2]
−, 57[POO2/2O]

−, 19[POO3/2]
0, 86Na+, 5SO4

2− 1.471 × 1022 0.34 × 1022

NPM2 18[MoOO5/2]
−, 54[POO2/2O]

−, 18[POO3/2]
0, 92Na+, 10SO4

2− 1.54 × 1022 0.67 × 1022

NPM3 17[MoOO5/2]
−, 51[POO2/2O]

−, 17[POO3/2]
0, 98Na+, 15SO4

2− 1.59 × 1022 0.979 × 1022

NPM4 16[MoOO5/2]
−, 48[POO2/2O]

−, 16[POO3/2]
0, 104Na+, 20SO4

2− 1.62 × 1022 1.167 × 1022

NPM5 15[MoOO5/2]
−, 45[POO2/2O]

−, 15[POO3/2]
0, 110Na+, 25SO4

2− 1.65 × 1022 1.428 × 1022
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dependence of the M″ peak, at which a resonance phenome-
non occurs between the applied frequency and fluctuation of
complex modulusM*(ω), increases with increasing frequency.
The relation between the modulus and the relaxation function
is given by [56, 57]

M* ωð Þ ¼ Ms 1� ∫0∞exp iωtð Þ � dφ tð Þ
dt

� �
dt

� �

where Ms(=1/ε∞) is the electrical modulus value for t = ∞,
where φ(t) is a constant, is equal to zero, and hence is itself
a constant. The calculation ofmodulus involves Laplace trans-
form of the negative time derivative of the relaxation function
φ(t). Laplace transform does not exist for negative derivative
of the KWW functionmentioned above, except for β values of
1.0 to 0.5 [58]. Therefore, relation for φ(t) has to be solved
only by approximate methods for other values of β. One of the
widely used methods is to expand the function as a series of
exponential terms [49]. The microscopic origin of the KWW
expression has been discussed by Ngai [59] in his coupling
model, in which inter-ionic interactions cause a stretching of
the relaxation time τc, which is defined as the most probable
conductivity relaxation time and β is the stretched exponent.
The smaller the value of β, the larger the deviation from
Debye-type relaxation (β = 1). The β values extracted at
300 K are found to be 0.588, 0.589, 0.595, 0.610 and 0.612
when Na2SO4 varied from 5 to 25 mol%.

It is clear from Fig. 6 that Mmax of the asymmetric peak
shifts towards higher frequencies as the temperature is in-
creased. The frequency corresponding to Mmax will satisfy the
condition 4πf0τc=1, where τc is the most probable conductivity
relaxation time. Further, the electrical modulus behaviour of
the present work is rationalized by invoking modified KWW
function suggested by Bergman [60]. According to the modi-
fied KWW function, electrical modulus M′′ can be written as

M ″ ¼ M ″
max

1−βð Þþ β
1−β β ωmax

ωð Þþ ω
ωmaxð Þβ

� 	 ; where M″max is the peak val-

ue of M″ and ωmax is the corresponding frequency. A theoret-
ical fit of the above equation to the experimental data is shown
in Fig. 7 as the solid line. It is seen from Fig. 7 that the exper-
imental data is well fitted to this model except in the high-
frequency regime and the β values are found to be temperature
dependent [61, 62]. Figure 8 shows the reciprocal temperature
dependence of the conductivity relaxation time, which obeys

the Arrhenius relation, τ c ¼ τ0 e
Eac
kT ; where τ0 is the pre-

exponential factor (τ0=3.07 × 10−16s) and Eac is the activation
energy for conductivity relaxation. The activation (Eac) energy
is calculated by regression analysis and values are in the range
0.531 to 0.622 eV. These values compare well with the activa-
tion energy for the d.c. conductivity, which may be due to the
fact that an ion has to overcome the same barrier while
conducting as well as relaxing. In the process, M'' are scaled

by M
0 0
max, while the frequency axis is scaled by the relaxation
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theoretical fits
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frequency f0. Hence, it is evident from Fig. 9 that the superpo-
sition of all data points of NPM1 andNPM3 glasses at different
temperatures is satisfactory.

Conclusions

Molybdo-phosphate glasses containing Na+ and SO4
2− ions

are prepared by an environment-friendly and energy-efficient
microwave method. The amorphous nature was confirmed by
X-ray diffraction and DSC studies. Thermal, electrical and
dielectric properties of these glasses as a function of Na2SO4

content have been investigated. Isotropic dissolution of alkali
salt in the glass network results in volume increasing effect.
Consequently, density, Vickers hardness and Tg decrease with
increasing concentration of Na2SO4. Impedance and electrical
modulus investigations show the relaxation phenomenon with
non-Debye type nature was confirmed. The activation energy,
Edc, for each glass was determined from the slopes extracted
from log σdc versus 1000

T plots. The activation energies lie in
the range 0.534 to 0.667 eV. These values are comparable
with the conductivity measurements carried out using dig-
ital electrometer. The variation of dielectric constant as a
function of frequency may be attributed to interfacial po-
larization. The dielectric data has been analysed using elec-
trical modulus formalism and stretched exponential functionφ

tð Þ ¼ φ 0ð Þ exp� t
τ

� �β
; the conductivity relaxation time de-

termined from modulus spectra was found to have activation
energy (Eac) close to those of Edc, indicating migration of Na+

ion through vacancies, which is responsible for both the ionic
conduction as well as relaxation process. The activation ener-
gies calculated by ab initio method is comparable with the
experimental values. Furthermore, the scaling ofmodulus data
showed an excellent collapse on to a single master curve in-
dicating that there is a good time–temperature superposition,
and the conduction mechanism remains unchanged.
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