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ABSTRACT

The electrical properties of the ternary ionic conducting glass system xAgl-(1 - x)[0.67Ag,0-0.33B,03],
where x=0.4, 0.5, 0.6, 0.7 and 0.8, were studied for emphasizing the influence of silver iodide concen-
tration on the transport properties in the based borate glasses. The glasses were prepared by melt
quenching technique and characterized using X-ray diffraction (XRD), FT-IR spectra and differential ther-
mal analysis (DTA). XRD confirmed a glassy nature for all investigated compositions. Electrical conductiv-
ity (o), dielectric constant (¢'), dielectric loss (¢”) and impedance spectra (Z'-Z") were studied for all
samples at a frequency range of 0-10° Hz and over a temperature range of 303-413 K. Changes of con-
ductivity and dielectric properties with composition, temperature and frequency were analyzed and dis-
cussed. A silver iodine battery using glassy electrolyte sample with the highest ionic conductivity (x = 0.6)
was studied.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The understanding of ion diffusion process in super ionic
glasses is of both practical and academic interest. These materials
are currently under investigation for technical application as solid
electrolytes in electrochemical devices such as batteries, sensors
and electrochromic displays. due to their high ionic conductivity,
high stability and large available composition ranges [1]. It is also
interesting in the academic level to understand the nature of ion
diffusion in these materials. Many oxide glasses consisting of dif-
ferent glass former (B,03, P20s, V505, AgPO3, TeO,, Bi;O3, MoO;
and others), a metal oxide M,0 (M = Ag, Li, Na and K) and a doping
salt MX (X =1, Cl, Br and F) were investigated [2-8].

A particularly interesting class of fast ion conductors is the Agl -
doped silver borate glasses [1]. Several attempts were performed
using different methods to modify and improve the ionic conduc-
tivity (a;) of silver borate glasses. One of these methods is the dop-
ant concentration change to produce high ionic conductivity at a
definite concentration of doping materials. In the present work,
we study the influence of Agl concentration upon silver ion con-
duction in the glass system of Agl-Ag,0-B,03. Application of these
glasses as solid electrolytes in solid batteries is one of our targets.
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2. Experimental

Glass samples with a general formula of xAgl-(1 - x)[0.67Ag,0-0.33B,05],
where x = 0.4, 0.5, 0.6, 0.7 and 0.8 were prepared by melt quenching technique. Stoi-
chiometric quantities of silver iodide, silver oxide and boron oxide were used to get
the required composition then mixed and ground to obtain a homogeneous mix-
ture. The mixtures were melted at 1223 K in a porcelain crucible for 30 min and
then rapidly quenched onto a stainless steel plate maintained at room temperature.
All samples were characterized using X-ray diffraction by means of a Phillips X-ray
diffractometer (Model PW 1710).

Differential thermal analysis (DTA) was performed in a static air atmosphere
with a constant heating rate of 10 K/min in a temperature range of 298-873 K using
Shimadzu DT-50. FT-IR spectra were recorded using KBr pellet technique on IR-
Brucker, Vector 22, Germany. Electrical measurements were carried out for samples
with thickness of ~1 mm using two probe method at a constant voltage (1 V) using
a programmable automatic LCR bridge (model RM 6306 Phillips bridge). The mea-
surements were performed over a temperature range of 303-413 K and frequencies
between 0 and 10° Hz.

3. Results and discussion

XRD spectra of xAgl—(1 - x)[0.67Ag,0-0.33B,03], where x = 0.4,
0.5 and 0.6, showed amorphous nature, Fig. 1, and confirmed that
these samples are glassy in nature. Samples with a composition of
x=0.7 and 0.8 showed an amorphous structure with some patterns
characteristic to o and p-Agl crystals [1].

The main IR-bands of investigated glasses, Table 1, showed
vibration bands characteristic for the presence of BO3; and BO4
groups and B-0 bonds in borate triangles found in glasses below
the meta borate stoichiometry [9]. A band at a range of
900-874 cm™! is also observed in all glasses and assigned to the
bending of B-O-B linkages in the borate networks. Generally, the
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Fig. 1. XRD for xAgl-(1 - x)[0.67Ag,0-0.33B,03], where x = 0.4, 0.5, 0.6, 0.7 and 0.8.

observed shifts of the main bands referred to affecting the glass
structure with composition change. Thermal analyses showed
DTA-thermograms with endothermic peaks observed between
360 and 377 K for samples with a composition of x > 0.6 due to
the B o Agl phase transition [1], Table 2. The thermograms show
also a glass transition temperature (Tg) for each sample followed
by an endothermic peak due to melting of the glass. T, decreased
with Agl increasing. This refers to that the glass becomes more
soften and the glass network becomes more opened with increas-
ing the amount of Agl in the samples.

Density and molar volume values of the glassy system changed
with Agl concentration, Table 2. The change of molar volume
shows an opposite trend to that observed for the density behavior.
This behavior refers to a formation of more opened network glass
with Agl increasing. This trend goes in parallel way with decreas-
ing the intensities of B-O~ and BO, bands observed in IR-spectra.

The temperature dependence of dc-conductivity (o4c) for the
glassy system has been studied over a temperature range between
303 and 413 K. The plots of Inggyc vs. 1/T, for all samples, show a
continuous increasing of conductivity with temperature. The sam-
ple with x = 0.8 shows a kink in the temperature dependence curve,
Fig. 2. For all temperature ranges, a semiconducting behavior is ob-
served and characterized by Arrhenius dependence

Odc = 0o €Xp(—Eac/kT) (1)

where o, is a constant, Eg4. is the activation energy, k is the Boltz-
mann constant and T is the absolute temperature. The conductivity

Table 1
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Fig. 2. Temperature dependence of dc-conductivity for investigated glassy sam-
ples: &, A, A, ® and * for samples with x = 0.4, 0.5, 0.6, 0.7 and 0.8 respectively.

data are calculated and listed in Table 3. The composition depen-
dence of dc-conductivity value at room temperature (g4c) changes
according to the following order:

Oac(X=0.6) > 0gc(x=0.5) > G4c(X = 0.4) > G4c(x =0.7) > Gac (x=0.8)

This trend goes in a parallel way with molar volume increase,
which causes an easily motion of silver ions (charge carriers) with-
in the glass matrix.

The mobility of charge carriers (u in the glassy samples is calcu-
lated from:

Ogc = nejl 2)

where n is the charge carrier concentration and e is the electronic
charge. The results obtained are listed in Table 3 and showed that
density of charge carriers (n) changes with concentration of Agl
by factor of ~2.5, whereas the mobility changes by factor of
~3.4 x 10% This means that Agl not only supplies mobile Ag* ions
but also facilitates their motion in the I~ containing environment.
Such environment, in which stronger covalent bonding is replaced
by a weaker ionic one is a decisive factor of high ionic conductivity
of the best silver ion conductors like a-Agl [10] .The activation of
dc-conductivity (o4c) with temperature increasing can be inter-
preted by the Minami structure model [11]. This model suggested

Main IR-bands in the glass system xAgl-(1 - x) [0.67Ag,0-0.33 B,0s], [x = 0.4, 0.5, 0.6, 0.7 and 0.8].

Structural groups and chemical bonds

Wave number (cm™')

0.4 0.5 0.6 0.7 0.8
Vibration of BO3 group 720 715 710 703 701
Vibration of BO, 855 845 841 838 836
B-0-B bending 900 897 891 888 874
Vibration of B-O network 1027 1021 1018 1013 1004
B-O stretching vibration of BO3 1320 1327 1321 1329 1332
BO; stretching vibration Of B-O-B network 1376 1371 1374 1369 1361

Table 2

Thermal and density data for the glass system xAgl-(1 - x) [0.67Ag,0-0.33 B,03], [x = 0.4, 0.5, 0.6, 0.7 and 0.8].

x(Ag]) B — o transition (K) Tg (K) Tin (K) Density (g/cm?) Molar volume (cm?/mol)
0.4 - 491 536 6.25 321
0.5 - 470 516 6.19 333
0.6 - 430 489 6.21 341
0.7 377 425 470 7.02 31.0
0.8 360 420 452 7.32 30.5
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Table 3
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Conductivity data for glass system: xAgl-(1 - x) [0.67Ag,0-0.33B,05], [x = 0.4, 0.5, 0.6, 0.7 and 0.8].

X(Agl) Temp. range (K) Edc (ev) Gge x 10 (@1 em™) oy x 105°(Q ' cm™) nx 1072! (cm®) wu(cm?Vv2st
04 303-413 0.29 0.91 1.12 4.05 1.4 x 1077
0.5 303-413 0.32 2.11 412 2.61 5.1 x1077
0.6 303-413 0.31 6.73 9.21 1.88 22x10°°
0.7 303-413 0.35 1.01 x 1072 5.0 x 1072 2.1 3.1x107°
- 0.24
0.8 303-393 414 x 107 7.0 x 1073 4.07 6.4 x 107!
393-413 1.12
Odc; Ob; N and p are calculated at 303 K.
4
Table 4

24 2.6 2.8 3 3.2 3.4
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Fig. 3. Effect of temperature on ac-electrical conductivity of (Agl)ys[0.67Ag,0-
0.33B,03]05: M, O, %, A, ® and ¢ for 5 x 104, 1 x 10° 2.5 x 10°,5 x 10°, 7 x 10° and
1 x 10° Hz, respectively.

the occurrence of three Ag” ions with different mobility (i) Ag" ions
bonded to the oxygen atoms of the network, (ii) Ag* ions interact
weakly with the network oxygen atoms, (iii) Ag* ions surrounded
by I” ions only. Silver ions of the last type have a maximum mobil-
ity and contribute mostly to an ionic conduction. When the temper-
ature increases, Ag" ions (which interact weakly to the oxygen
atoms of the network) may release and contribute in conduction
with Ag” ions, which surrounded by I~ ions, and this will lead to in-
crease the concentration of mobile Ag" ions.

The ac-conductivity (o), dielectric constant (¢’), dielectric loss
(¢") and complex impedance (Z*) were studied for the glassy sys-
tem at a temperature range of 303-413 K and frequencies between
10% and 10° Hz.

The effect of temperature on the ac-conductivity (Ing, vs. 1/T)
shows a behavior in which o, increases with temperature increas-
ing. Typical plots are represented in Fig. 3. The ac-conductivity data
of the investigated system comply to a large extent with the fol-
lowing equation:

Oac = Go exp-(—Eac/kT) (3)

where E,. represents the activation energy of the conduction mech-
anism. The values of E,, over a different range of temperature, were
calculated at different frequencies for each composition. The con-
ductivity data are listed in Table 4.

The temperature influence of ac-conductivity has been ex-
plained by considering the mobility of charge carriers is responsi-
ble for hopping. As a temperature increases, the mobility of
hopping ions also increases and thereby contributing in conductiv-
ity increase [12]. It is known that, for the dc-conductivity, the
charge carriers choose the easiest path between the ions. These

Ac-conductivity data for glass system: xAgl-(1 - x) [0.67Ag,0-0.33B,05], [x = 0.4, 0.5,
0.6, 0.7 and 0.8].

x(Agl) Temperature range (K) E,c (eV) W, (eV)
50kHz 500kHz 1000 kHz

0.4 303-353 0.26 0.25 0.24 0.36
363-413 0.13 0.14 0.14 0.36

0.5 303-363 0.25 0.25 0.23 0.38
373-413 0.12 0.12 0.12 0.38

0.6 303-413 0.18 0.09 0.13 0.41

0.7 303-413 0.17 0.10 0.11 0.44

0.8 303-323 0.14 0.13 0.14 0.21
333-373 0.03 0.003 0.02 0.76
383-413 1.70 1.50 1.60 0.08

paths will include some jumps for which R, the distance between
the ions, is large. This is not so important in the ac-conduction
which in turn lowers the activation energy for conduction process.
The difference between activation energies of g4. and o, may be
also attributed to the effective drop of the electric field within
the bulk due to the presence of space charge accumulations at
the electrodes in dc-measurements [13].

Fig. 4 shows a typical ac-conductivity behavior at different tem-
peratures. The sample exhibited the high frequency dispersion and
a frequency-independent conductivity at low frequencies. The fre-
quency dispersion of the conductivity is due to the fact that inho-
mogenities in the glasses may be of a microscopic in nature with
the distribution of relaxation processes through distribution of en-
ergy barriers [14].

The dependence of g, upon @ can be estimated at different
temperatures according to equation [15]:

Oac = A’ 4)

The behavior of s with temperature can be taken as a criterion of
the conduction mechanism [15,16]. For all samples, our results
show that the exponent s values lie in the range of 0.1-0.7 and de-
crease with increasing the temperature referring to a translational
hopping motion. The results can be also explained according to the
unified site relaxation model and diffusion controlled relaxation
(DCR) models [17,18]. The variation of s as a function of tempera-
ture can be directly related to the existence of a range of relaxation
processes and an ion diffusion mechanism in the glass matrix and
the magnitude of s contributes to the measured ac-conductivity.

The temperature and frequency dependence of dielectric con-
stant (¢') shows a similar trend for all investigated compositions,
typical plot is shown in Fig. 5. It shows that dispersion of dielectric
constant is high at lower frequencies. This is because when an elec-
trical stimulus is applied, the flow of charge carriers agglomerates
across the electrode-electrolyte interface creating space charge
layers. This leads to a high value of a capacitance at the interfaces,
which decreases with frequency increasing. The low frequency
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Fig. 4. Effect of frequency on ac-electrical conductivity of (Agl)o5[0.67Ag,0-0.33B,05]o 5 at different temperatures.
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Fig. 5. Effect of temperature and frequency on dielectric constant of (Agl)y5[0.67-
Ag,0-0.33B,03]05, <, W, A, ¢, * and @ for 5 x 10% 1 x 10°, 2.5 x 10%, 5 x 10°,
7 x 10° and 1 x 10° Hz, respectively.
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Fig. 6. Effect of temperature and frequency on dielectric loss for (Agl)o5[0.67Ag,0-
0.33B,03]05. A, O, A, 4, “and @ for 5 x 10%, 1 x 10, 2.5 x 105, 5 x 10°, 7 x 10° and
1 x 10° Hz, respectively.

dispersion (LFD, at high frequencies) behavior is related to the ex-
tended motion of charge carriers and may be associated with either
volume or interfacial phenomena [19]. It may be possible to distin-
guish between the two mechanisms such as volume and interfacial

processes. In general, if the real part (¢') and the imaginary part (¢")
remain parallel over a large frequency range, then LFD can be asso-
ciated to a volume process, otherwise it corresponds to an interfa-
cial process [20]. In our system, ¢ deviates to a great extent with
frequency, Fig. 5, which corresponds to an interfacial process. Gen-
erally, the high value of dielectric constant at low frequencies is
attributed to the interfacial ionic polarizations due to localized
Ag" ion motion within the glass network [21].

The temperature dependence of ¢ shows an increase of ¢-value
with temperature increase, Fig. 5. As with raising temperature, the
glass network relaxes and the ionic motion becomes more easily.
The increase of (¢') is more pronounced at low frequency range, be-
cause the ions have more time to participate in the motion.

The change of dielectric loss (¢’) with frequency at different
temperatures is shown in Fig. 6. The variation in ¢’ with frequency
is large at higher temperatures. The experimental results of ¢’ ob-
tained in the present study can be explained by Stevel’s model [22].
According to this model, the conductivity in the solid electrolyte is
visualized as a series of jumps by ions along the lattice sites. If all
sites are equivalent, the ions spend equal amount of time at each
site during the conduction process. This is not the case when the
sites are not equal. Thus, the charge carriers tend to pile up at high
free energy barriers resulting in an increase of capacitance at low
frequency. Therefore, the variation of ¢’ at lower frequencies is
due to the long range diffusion of Ag® ions involving a series of
jumps over barriers of varying height. At higher frequencies, the
periodic reversal of field takes place so rapidly that there are no ex-
cess ionic jumps in the field direction. It can be observed that
dielectric loss increases with temperature due to the orientation
of dipoles which facilitate the increase of permittivity at higher
temperatures [23,24].

The temperature dependence of dielectric loss at fixed frequen-
cies for the glassy system shows that dielectric loss (&) increases
with temperature, Fig. 6. The decrease in dielectric loss value with
increasing the frequency can be attributed to the decrease in the
diffusion rate of silver ions in the glass matrix with frequency
increasing. Consequently, there is a phase lag between the applied
field and the polarization of the glass. This, in turn, leads to an en-
ergy absorbed from the electric field to the dielectric material.

The dielectric loss can be expressed as [25]:

& =Aw™ (5)

where m = —4kT/W,,. The values of A, m and activation energy (Wy,)
are obtained using least squares fitting and given in Table 4. The ob-
tained values of Wy, are higher than the activation energies ob-
tained using dc-conductivity for all samples except for x=0.8.
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Fig. 7. Impedance spectra at 323 K for glassy samples with x = 0.6, 0.7 and 0.8.

This can be attributed to the contribution of some localized defects
present in the glass system in the relaxation process.

The complex impedance analysis method was also used to test
the effect of glass composition on type of conduction. The imped-
ance was measured at 303 K over a frequency range of 10%-
10° Hz and analyzed to a real part (Z) and imaginary part (Z’) on
the complex plane, Fig. 7. The impedance spectrum exhibits a
behavior depends on composition of the sample. The spectra for
samples with x=0.4-0.6 consist of high frequency semicircles
and low frequency spur, which exhibits some bending. This refers
to the behavior predominates for ionic conducting transport. The
formation of the inclined straight line at the low frequency region
represents the capacitance effect at the electrode and electrolyte
interface, and this is called the double layer capacitance effect.
The impedance spectrum for the sample with a composition of
x = 0.7 exhibits a semicircle at high frequencies with tail at low fre-
quency side. The tail represents Warburg impedance and comes
from a distribution of relaxation times in the sample as a result
of inhomogenity in the glassy sample. On the other hand, the
impedance spectrum for the sample with a composition of x = 0.8
consists of a large semicircle at high frequencies followed with a
second small one at low frequency end, representing the bulk
and grain boundary responses to the applied voltage. The

Volt
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4
0.5—M00000 ¢,
0.4 "
0.3
0.2 1

0.1 -

0 T T . T T . . .
0 50 100 150 200 250 300 350 400

Time (h)

Fig. 8. Discharge characteristic for solid cell using 0.6Agl—0.4 [0.67Ag,0-0.33B,03]
glassy electrolyte (T =303 K, current density 10 pA/cm?).

equivalent circuit of each glass has been suggested and given also
in Fig. 7. The bulk conductivity value (o},) obtained are listed in
Table 3. It shows that ogy-values change with the composition in
the same order of that obtained from dc-measurements.

A charge-discharge characteristic of solid state cell consists of
Ag powder + electrolyte/electrolyte/l, + C + electrolyte has been
studied. The glassy electrolyte used is 0.6Agl-0.4 [0.67Ag,0-
0.33B,05], which exhibits the highest ionic conductivity in our
samples. The assembly cell had an effective area of 0.25 cm?, thick-
ness of 0.22 cm and weight of 1.3 g. The anode was made of
67 wt.% glass and 33 wt.% silver powder. The composition of cath-
ode was 30 wt.% carbon and 70 wt.% iodine. Anode, electrolyte and
cathode were pressed together under 4.5 tonn/cm?. The discharge
curve is shown in Fig. 8. It corresponds to a load resistance of
45 k Ohm and a current density of 10 pA/cm?. The plateau of the
discharge curve is 0.51 V. Under comparable discharge conditions,
the life time of the battery using the glass electrolyte is 20% less
than with RbAgyls (320 against 400 h) [26].

5. Conclusions

Ternary ionic conducting glass system with a composition of
xAgl-(1 - x)[0.67Ag,0-0.33B,03], where x =0.4, 0.5, 0.6, 0.7 and
0.8 was prepared using melt-quenching technique. The glass tran-
sition temperature (Tg) changes with silver iodide concentration
increasing reflecting the formation of the most opened network
structure at x=0.6. The conductivity of the glassy system was
found to depend on concentration of dopant Agl. The sample with
a composition of x = 0.6 showed the highest value of dc-conductiv-
ity (64c=6.73 x 10-4 Q" 'cm™', at 303 K). The dc-electrical con-
ductivities (oq4c) for borate system increase according to: ogqc
(x=0.6)>0g4c (x=0.5)>0g4. (x=0.4)>04. (x=0.7)>04c (x=0.8).
The bulk conductivities showed a parallel matching with values
of 4. at 303 K. Values of dielectric constant and dielectric loss
change markedly with silver iodide concentration. Study of charg-
ing and discharging of the solid electrolyte showed that it is possi-
ble to use borate system with x = 0.6 as a solid electrolyte in solid
battery.
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