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Abstract Structural and electrical properties of the ternary
ionic—electronic conducting glass system xAgl—(1—
x)[0.67Ag,0-0.33V,05], where x=0.4, 0.5, 0.6, 0.7, and 0.8
were studied for emphasizing the influence of silver iodide
concentration on the transport properties of the based vanadate
glasses. The glasses were prepared by melt quenching tech-
nique and characterized using X-ray diffraction (XRD), FTIR
spectra, and differential thermal analysis (DTA). Electrical
conductivity (o), dielectric constant (¢"), dielectric loss (g"),
and impedance spectra (Z'-Z") were studied for all samples.
All glasses showed a mixed ionic—electronic conductance
with a high ionic conductivity for the sample with x=0.7.
The electronic contribution to the total conductivity and the
ionic (#) and electronic transport numbers (z,) were deter-
mined for each glass sample using Wagner’s DC polarization
technique. The variation in electrical properties with each of
composition, temperature, and frequency was analyzed and
discussed.

Keywords Amorphous materials - Glasses - Electrical
properties

Introduction

Electrical properties of glasses have been studied extensively
for a number of years due to their potential use in solid-state
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devices. Electrical conduction in glasses occurs through dif-
ferent mechanisms as ionic, electronic, or mixed type. The
ionic conduction is found to be predominated in Agl-based
glasses [1-4]. These glasses are the most widely ionic
conducting materials received more attention for their differ-
ent applications. However, the addition of transition metal
oxide makes them electronic or mixed electronic—ionic con-
ductors, which are of potential interest as cathode materials for
solid-state battery [5-9]. In order to understand the conduction
mechanism in these glasses, it is essential to know their
structural properties and the environment around the mobile
ion. The present work was designed to study the influence of
Agl concentration upon the electrical conduction properties of
the system, xAgl—(1—x)[0.67Ag,0-0.33V,05], where x=0.4,
0.5, 0.6, 0.7, and 0.8. In this system, V,Os5 works as a glass
network, Ag,O as a modifier, and Agl as a dopant responsible
for high Ag" conductivity.

Experimental

Reagent grades Agl, Ag,O, and V,05 were used to prepare
glass samples with a general formula of xAgl—(1—
x)[0.67Ag,0-0.33V,05], where x=0.4, 0.5, 0.6, 0.7, and
0.8, using melt quenching technique. The appropriate
amounts were mixed together and ground to obtain homoge-
neous mixtures. The mixtures were then melted at 1,223 K ina
porcelain crucible for 30 min. The homogeneous melt was
rapidly quenched onto a stainless steel plate maintained at
room temperature.

The prepared samples were characterized by X-ray diffrac-
tion method using a Phillips X-ray diffractometer (Model PW
1710). Density of the glasses was measured by Archimedes’s
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method using toluene as an immersion liquid. The thermal
stability of the samples was studied in a static air atmosphere
at a constant heating rate of 10 K/min over a temperature
range of 303—603 K using Shimadzu DT-40. Fourier trans-
form infrared (FTIR) spectra were recorded using KBr pellet
on IR-Bruker, Vector 22, Germany.

For electrical measurements, the quenched samples pre-
pared as rectangular plates were polished using SiC paper up
to 1,200 grit. Aluminum was evaporated onto opposite sides
to form electrodes for conductivity experiment. Linear -V
characteristics confirmed that electrodes provide an ohmic
(non-Schottky type) contact for electronic conduction.
Typical thickness and area of the samples were in the range
of 0.7-1.5 mm and 6-8 mm?, respectively. Samples of 5 mm
were also prepared to investigate the effect of contact resis-
tance on the conductivity results for glasses with high con-
ductivity, and the difference was found to be negligible.
Electrical properties were obtained by measuring complex
impedance using a programmable automatic LCR bridge
(model RM 6306 Phillips Bridge) over a frequency range
from 10? Hz to 1 MHz and in a temperature range from 303
to 413 K. The dc electrical measurement was carried out by
means of the four-point method [10] using a Keithley 487
picoamperemeter.

Results and discussion

Figure 1 shows X-ray diffraction (XRD) spectra for xAgl—(1—
x)[0.67Ag,0-0.33V,05] samples, where x=0.4, 0.5, 0.6, 0.7,
and 0.8. The figure shows amorphous structure for all com-
positions; except sample with x=0.8 that showed amorphous
structure with some peaks characteristic to «- and (3-Agl
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Fig. 1 XRD for xAgl—(1—x)[0.67Ag,0-0.33V,0s] glasses, where x=
0.4,0.5,0.6,0.7, and 0.8
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crystals [11] present in the sample. This may be attributed to
the limited solubility of Agl in this glass matrix.

The FTIR spectra of the studied glasses are shown in Fig. 2.
The spectra exhibit marked absorption bands at about 498,
665, 891, 919, and 961 cm ! for all samples. The bands at
891, 919, and 961 cm™" correspond to the VOj3 terminal
stretching of pyrovanadate ions, and 498 cm ' correspond to
V-0O-V anti-symmetric stretching modes [12]. For all sam-
ples, a transmission band at 690 cm™' was observed. This is
assigned to VO, stretching mode. Dimitriev et al. [13]
reported that the band at ~1,000 cm™' in Ag,0-V,0s5 glassy
system is due to bonding of Ag" ions with the unbridged
double-bonded oxygen.

The band appearing at 665 cm ™' is attributed to the sym-
metric V-O-V vibrations [14]. The characteristic vibrational
bands for the isolated vanadium—oxygen bonds are appearing
in the range 536-560 cm ' [15]. This is attributed to the
vibrations of VO, groups of the VO,>~ polyhedral [14].

Generally, the IR results indicated the formation of V,0,*
and VO4>~ groups in these compounds and the presence of
interaction between Ag' ions and the non-bridging oxygen.
More analysis for IR spectra shows that IR band positions are
changing with Agl content in the vanadate glasses. This
suggests that vanadate glass network is changing with the
Agl content, referring to that the glass is composed of ionic
clusters of vanadate, silver, and iodine.

Figure 3 shows differential thermal analysis (DTA) ther-
mograms of the investigated samples. For each sample, a glass
transition temperature (1) was observed and followed by an
endothermic peak due to melting of the sample. The glass
transition temperature (7,) was found to decrease with Agl
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Fig. 2 FTIR for xAgl—(1—x)[0.67Ag,0-0.33V,0s] glasses, where x=
0.4,0.5,0.6,0.7, and 0.8
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Fig. 3 DTA for xAgl-(1— 60
x)[0.67Ag,0-0.33V,05] glasses,
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content increase in the glass, except for the sample with x=0.8
that showed also an endothermic peak at 375 K, due to f —«
phase transition of Agl [11]. The glass transition is a measure
of strength of the glass, and the decrease in 7, with Agl
content increase suggests that a larger number of bonds are
destroyed within the glassy network, in order to allow its
rearrangement to form a more open type with thermodynam-

ically stable phase [11]. The thermal data are listed in Table 1.

The glass density decreases with Agl increase up to x=0.7
before starting to increase again at x=0.8 (Table 1). The
density decrease can be attributed to the formation of more
opened network structure with Agl content increasing in the
sample due to destruction of bonds in the glass network. The
abnormal behavior for sample with x=0.8 may be attributed to
the presence of some crystallites of Agl confirmed by XRD
results.

The complex impedance analysis method was used to test
the effect of glass composition on the type of conduction.
Figure 4 represents impedance/admittance spectra for samples
with different compositions at 303 K. The spectra of the
glasses show semicircular arcs attributable to bulk and surface
effects behavior. Depressed semicircles and inclined spike

Table 1 Density Molar volume and thermal analyses data for the glass
system xAgl—1-x)[0.67Ag,0-0.33V,05] (x=0.4, 0.5, 0.6, 0.7, and 0.8

xAgl Phase T, T Density Molar volume
transition (K)  (K) (K)  (gem®)  (cm*/mol)

0.4 - 452 487 592 31.2

0.5 - 444 495 582 33.5

0.6 - 431 509 573 35.4

0.7 - 420 502 565 37.1

0.8 375 435 494 633 345

T, glass transition temperature, 7,, melting point

T (K)

[16] refer to the blocking electrode behavior for all glass
samples. The left-hand admittance semicircles correspond to
the polarization, and the starting position of the semicircle is a
direct measure of the electronic conductivity. The formation of
an inclined straight line at the low-frequency region represents
the capacitance effect at the electrode and electrolyte inter-
faces, and this is called the double-layer capacitance effect.
The corresponding equivalent electric circuit is shown in
Fig. 4: R. and R; are the resistances related to the electronic
(e) and ionic (i) components of the total electric conductivity,
and CPE, and CPEy, are constant phase elements representing
the geometric and double-layer capacitance of the system,
respectively.

The glasses investigated in the present study contain a
vanadium transition element. Vanadium ions are expect-
ed to exist mainly in V" states in the glass matrix.
However, during the melting of the glasses at higher
temperatures, there is ever possibility for the following
redox equilibrium to take place:

5 _ 1
PAVARNNEY ¢ Caii) AVASHRE 7027 (1)

These pairs of aliovalent vanadium ions are responsible for
the electronic conduction in our system. Therefore, it is ex-
pected that the electronic transfer in the investigated glasses
occurred by electron hopping along V*"—0—V>" bonds
[17]. This electronic part was determined quantitatively by a
transport number measurement through Wagner polarization
technique. In this technique, the same samples used in imped-
ance spectroscopy were also used for this purpose with
sputtered gold electrodes blocking for the Ag" ions. On ap-
plication of DC voltage (100 mV) to this configuration, an
instantaneous initial current, Iy, is produced. After a long
interval of 48 h, the cell is completely polarized and delivers
a steady current, /. A decrease in the polarization

@ Springer
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Fig. 4 Impedance (Z) and admittance (Y) spectra at 303 K for glassy samples with x=0.4 (a), x=0.6 (b), and x=0.8 (c)

current is attributed to migration of ions due to applied
field and is balanced by diffusion due to concentration
gradient. The ionic contribution is evaluated through the
following equation [18]

tizl—ls/]() (2)

where £ is the ionic transference number. Each of ionic
conductivity (o), electronic conductivity (o), and ionic trans-
fer number are calculated at room temperature and given in
Table 2. From which it can be seen that the ionic conductivity
increases with increasing the content of Agl in the glass

@ Springer

matrix, except for the sample with x=0.8. This is explained
according to the electrical conductivity (o) expressed as

3)

where 7 is the number of charge carriers, e is the charge,
and p is the mobility. By increasing Agl content in the glass,
the number of charge carrier (Ag") increases and the glass
network is changed to be more open, causing an increase in
the mobility of Ag". The decrease in ionic conductivity for the
sample with x=0.8 may be attributed to the formation of Agl
crystallites in the glass texture of the sample (as confirmed

0 = nejy



Ionics (2015) 21:1095-1103 1099
Table 2 Electrical conductivity data for the glass system xAgl—(1—x)[0.67Ag,0-0.33V,05] (x=0.4, 0.5, 0.6, 0.7, and 0.8)

xAgl Epc (eV) opex10* ohm™ cm™ W,, (eV) 0:x10* ohm™! em™! 0.x10% ohm ! em™! t
0.4 0.58 23x%1072 0.45 0.8x1072 1.5%x1072 0.35
0.5 0.40 6.1x1072 0.35 2.9x1072 2.8x1072 0.51
0.6 0.30 1.5 0.27 1.05 0.45 0.70
0.7 0.32 4.85 0.25 3.75 1.0 0.79
0.8 3.2 (for 7<380 K) 1.52 (for 7>380 K) 0.27 0.49 0.16 0.1 0.61

opc, 0;, and o, are calculated at 303 K

from XRD and DTA), which may hinder the motion of Ag"
ions in the glass matrix.

The temperature dependence of DC electrical conductivity
(opc) for the investigated system shows an Arrhenius type
according to Eq. 4 (Fig. 5):

opc = Uo/T exp.(—Ea/kT) (4)

where oy is the pre-exponential factor, E, is the activation
energy, k is the Boltzmann constant, and 7 is the absolute
temperature. The E, values were obtained from the linear fit of
the data from Eq. 4, and the results obtained are listed in
Table 2. At room temperature, opc was found to change with
the composition of the samples, according to the following
order:

(TDc(X = 07) > G'Dc(x = 06) > opc ()C = 08)
> OpC (x = 05) > Opc (X = 04)

This indicates that the conductivity increases with Agl
concentration, except for the sample with x=0.8. This can be
explained on the basis that Agl not only supplies mobile Ag"
ions to the glassy samples but also facilitates their motion in
the I lattice environment. This environment, in which stron-
ger covalent bonding is replaced by weaker ionic one, is a
decisive factor for high ionic conductivity of the best silver ion
conductors like o-Agl [19]. The activation of DC conductivity
(opc) with temperature increasing can be interpreted accord-
ing to Minami’s structural model [20], which refers to the
presence of three types of Ag” with different mobilities in the
Agl-based ionic glasses: (i) Ag" ions bonded to the oxygen
atoms of the network, (ii) Ag" ions weakly interact with the
network oxygen atoms, (iii) Ag" ions surrounded by I" ions
only. Silver ions of the last type have a maximum mobility and
contribute mostly to ionic conduction. By increasing the
temperature, the conductivity increases because the Ag"
ions (which interact weakly to the oxygen atoms of the
network) may release and contribute in conduction with
the Ag" ions (which surrounded by I" ions), and this
will lead to increase the concentration of mobile Ag"
ions. It should be mentioned here that the formation of
more open glassy structure with increasing Agl content
(as mentioned before in thermal analysis results) can

facilitate the transport of Ag" in the glass. The abnor-
mal trend for the sample with x=0.8, i.e., the decrease
in opc with the concentration of Agl increasing may be
attributed to the formation of Agl crystallites in the
glass texture of the sample, as mentioned above.

In order to give information on the type of polarization
present in the samples, the AC electrical conductivity (oac),
dielectric constant (¢), and dielectric loss (¢”) at temperatures
between 303 and 413 K and a frequency range of 10°~10° Hz
were studied. The AC conductivity oac(w) was calculated by
subtracting the measured DC conductivity (opc) from the
measured total frequency-dependent conductivity o(w) such
that

oac(w) = ow) = opc (5)

In Fig. 6a, isotherms of AC conductivity are plotted for the
glass with a composition of x=0.5 whereas in Fig. 6b, AC
conductivity is presented as a function of inverse temperature
at different frequencies for the same glass. The frequency
dependence of AC conductivity at a given temperature
showed almost two regions [21], where at low-frequency
region, the conductivity is slightly dependent on frequency
and represents the long-range transport of the ions. It should
be noted that the dispersion starts at a higher frequency with
temperature increasing. However, at low temperature and
frequency, the leveling-off of the conductivity is sufficiently
distinct. Other glasses also showed similar behavior. The
switch over from the lower frequency region slightly depen-
dent on the frequency-dependent region signs the onset
of conductivity relaxation (dispersion), which shifts to-
ward higher frequencies with temperature. The increase
of conductivity with temperature is due to the existence
of different kinds of inhomogenities in the solids, i.e., a
strong frequency dispersion of the conductivity is ob-
served only in disordered solids. The inhomogenities in
the solid material may be of microscopic in nature with
the distribution of relaxation processes occurring in
disordered solids. There are several approaches in the
literature to explain this behavior [22-26]. Also, one
possible explanation is given by Funke [27].

The variation of conductivity with frequency may be
expressed to the well-known power law of AC behavior which

@ Springer
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Fig. 5 Temperature dependence -4
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Table 3 AC conductivity data for the glass system xAgl—(1—
x)[0.67Ag,0-0.33V,0s] (x=0.4, 0.5, 0.6, 0.7, and 0.8)

xAgl Temperature range (K) Exc (eV)
50 KHz 500 KHz 1 MHz
0.4 303-353 0.23 0.20 0.17
363413 0.36 0.32 0.31
0.5 303-363 0.19 0.14 0.11
373413 0.35 0.33 0.29
0.6 303-363 0.17 0.13 0.10
373413 0.32 0.30 0.27
0.7 303-363 0.16 0.13 0.10
373413 0.29 0.27 0.25
0.8 303-373 0.19 0.15 0.12
383413 0.32 0.26 0.22

line. Since the calculated values of exponent s lie in the range
0.06-0.36, the correlation motion is sub-diffusive and indi-
cates a preference on the part of ions that has hopped away to

return to where it started.

From the plots of log oac versus 1/7 (Fig. 6b), we have
evaluated the activation energy Eac using Arrhenius law. The

Fig. 7 Effect of temperature and
frequency on dielectric constant
of (Agl)o 5[0.67Ag,0—
0.33V,0s5]05

results obtained are listed in Table 3. The increase in
oac With temperature can be also explained on the basis
that the temperature rising causes more structure relax-
ation and releasing more of Ag’ ions attached to the
non-bridging oxygen to become more mobilized. This
may be also due to the drift mobility and hopping
frequency increasing of charge carriers.

Generally, our results can be also explained according to
the unified site relaxation model. This model contains the
essentials of both the jump relaxation model [28] and the
dynamic structure model [31]. Accordingly, it accounts for
the two different kinds of site relaxation introduced in the two
models (Coulomb relaxation and network relaxation). The
Coulomb relaxation is performed by correlated hops of neigh-
boring ions; it is much faster than any restructuring of the
surrounding glassy network which may be necessary to ac-
commodate a mobile ion after a hop. According to the unified
site relaxation model, the frequency-independent conductivity
(at high temperatures) may be attributed to the long-range
transport of mobile silver ions in response to the applied
electric field.

The complex permittivity e¢*(w) can be expressed as a
complex number: e*(w)=¢'(w)—je"(w), where ¢'(w) and
€"(w) are the real part known as dielectric constant and
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imaginary part known as dielectric loss of the complex per-
mittivity. It was observed that at each constant temperature
and frequency, the dielectric parameters increase with the Agl
content in the glass.

The dielectric constant dispersion, ¢'(w), at various tem-
peratures for the glass sample with x=0.5 is depicted in
Fig. 7a, whereas in Fig. 7b, variation of ¢'(w) with tempera-
ture for the same glass sample is presented. At high frequency,
¢'(w) approaches to a constant value, ¢',(w), which is prob-
ably attributed to a rapid polarization process with no ionic
movement contribution (the frequency is too high, and the
ions can only oscillate without reaching the sample—elec-
trode interface) [32]. With frequency decreasing, dielectric
constant shows a high value, €¢'(w). This can be attributed
to the formation of a thin depletion layer of Ag" near the
positive electrode together with the interfacial polarization
present in the sample [33]. The temperature dependence of
¢’ (Fig. 7b) shows an increase in ¢ with the temperature
rising. This is explained on the basis that as the temper-
ature increases, the thermal energy librates more localized
dipoles and the field tries to align them in its direction.
This occurs either by rotational or orientation motion
contributing to an increase in ¢'. The variation of dielectric
constant with temperature and frequency for all other
glasses has demonstrated similar behavior. Interestingly,

the dispersion of dielectric loss, €”, with frequency and
temperature is also found to be similar. Typical plot is
shown in Fig. 8a, b, for the sample with a composition of
x=0.5. The high value obtained for dielectric loss is
considered to be a contribution mainly from high ionic
conductivity and much less from electronic conductivity.
Generally, the high ¢” value is a characteristic feature for
all high ionic conducting materials [34].

The frequency dependence of ¢” for all investigated sam-
ples shows two dispersion regions: a low frequency region
below ~10* Hz and a high one at more than 10* Hz. The low-
frequency dispersion of ¢” may be partly due to the intrinsic
DC conductivity of the sample. The high frequency depen-
dence, on the other hand, may be attributed due to presence of
some clusters such as Agl in the glass matrix. Generally, the
decrease in ¢” with frequency can be expressed by the follow-
ing relation [35]:
e"(w) =4 " (7)

where m=(—4kT/W,,), W,, being the energy required to
liberate a carrier that hops in localized sites. The 1, values
are obtained using the least squares fitting of Eq. 7 and given
in Table 2. The values of W, are lower than Epc (the activa-
tion energies obtained from DC conductivity data) for all the

Fig. 8 Effect of temperature and (a) 4 © 303K
frequency on dielectric loss for
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investigated samples. This can be attributed to the remarkable
contribution of the localized electrons of the amorphous ma-
trix in the conduction process. Also, it is noticed that the 7,
value for sample with x=0.8 is higher than that of other ones.
This can be attributed to the presence of larger amounts of
crystallite Agl in addition to the structure rigidity and less door
ways for the glassy system [36].

Conclusions

Ternary ionic conducting glass system, xAgl—(1-—
x)[0.67Ag,0-0.33V,05], where x=0.4, 0.5, 0.6, 0.7, and
0.8, were prepared using melt quenching technique. The shifts
of FTIR bands and glass transition temperature, T, with silver
iodide concentration increasing refer to the influence of Agl in
the formation of more opened network structure. The higher
the amount of Agl, the lower the cross-link density and the
lower T, value, except for the sample with a composition of
x=0.8. The electrical properties of the studied glasses change
with concentration of silver iodide. The analysis of the con-
ductivity results for all glass compositions showed a mixed
ionic—electronic conduction with high ionic conductivity val-
ue for the sample with x=0.7. Each of ionic transfer number
and DC conductivity (opc) for vanadate system increases, at
room temperature, in the order of opc (x=0.7) > opc (x=0.6)
> opc (x=0.8) > opc (x=0.5) > opc (x=0.4). The correlated
barrier-hopping (CBH) model is found to be appropriate for
explaining the AC conductivity as a function of frequency and
temperature.
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