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lonic transport studies of the glassy silver
vanadomolybdate system
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lonic conductivity of the Ag,0-Mo0O;-V, Oy system has been studied over a wide range of
frequency, temperature and composition. A narrower glass forming region has been found in
comparison to the corresponding Ag,0-MoQO;-P, 05 and Ag,0-B,0,;-P,0; systems. The
highest conductivity at room temperature, g, = 3.21 x 107°Q 'em™ (d.c.) with an activation
energy, £,,. of 0.466 eV, was observed for the glass former’s ratio of unity. Further, it reached
a maximum value of 2.2 x 10 2Q'ecm™ with £,, = 0.153 eV when the oxide-base glass was
dissolved with Agl. D.c. conductivity, hopping rate and relaxation time in the present system

have been found to be characterized by the same activation energy.

1. Introduction

Inorganic oxide glasses are of commercial importance
due to their structural versatility and, among them,
fast ion conducting glasses have been of scientific
interest for many years as solid electrolytes. The struc-
tural modifications in the oxide glass formers such as
P,0;, B,0;, V,0, etc., are known to induce notable
changes in physical properties of the glasses. Recently
more complex glasses have been synthesized by dis-
solved mineral salts in oxide-base glasses [1-4]. With
the aim of exploring the effect of mixed glass formers
on ionic transport, an investigation of the thermal,
electrical and electrochemical properties of undoped
and Agl-doped Ag,0-MoO;-V,0; system has been
undertaken. As both V,0, and MoO; are conditional
glass formers and hence their glass forming ability
with Ag,O is very limited, the studies on this mixed
glass forming system will be of great interest. The
results obtained from these studies are reported here.

2. Synthesis and characterization of
glasses
2.1. Preparation
The glasses are obtained by direct synthesis from
mixtures of appropriate proportions of NH,VO;,
AgNO;, MoO, and Agl taken in mol %. The mixtures
were crushed into powder, placed in a platinum cru-
cible and melted in the temperature range 1173 o
1573 K. The melt was then quenched by quickly pour-
ing into a mould to yield 13 mm diameter and 1 mm
thick samples. Glasses of various compositions are
labelled by the following parameters

x = (Agh/l(AgD + (Ag0)]

y = (V05)/[(V;05) + (M0O3)]
and

n = [(V;05) + (M00,)]/(Ag,0)
For example, glass G3 labelled » = I, y = 0.5 is
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realized by taking (0.499) x (molecular weight of
Ag,0) grams of Ag,0, (0.249) x (molecular weight
of MoQ,) grams of MoO; and (0.249) x (molecular
weight of V,0;) grams of V,0;. It is labelled
n =1,y = 0.5, because (0.249 + 0.249)/0.499 = 1,
and 0.249/(0.249 + 0.249) = 0.5, respectively. All
the glasses were transparent, but dark brown in
colour.

2.2. Glass transformation temperature (7,)
The glass transition temperature was determined by
using a Perkin—Elmer DSC-4 differential scanning
calorimeter.

A sample weighing 10 to 20 mg was crimped in an
aluminium sample pan and scanned using a heating
rate of 20° Cmin~". Fig. 1a shows the vitreous domain
in the undoped ternary system. As shown in Table I,
T, is found to increase when MoO; is systematically
replaced by V,O; in the range y = 0.2t0 0.6. A further
increase in y seems to cause a slight reduction in 7. A
narrow glass forming region was found in the Ag,0—
MoO;-V,0; system in comparison to the boro-
phosphate [5] and molybdophosphate [6] systems. As
will be evident later, G3 has the highest conductivity
at room temperature and hence it is doped with Agl to
enhance it further. Fig. 1b represents the glass forming
region when G3 (n = 1, y = 0.5) is systematically
doped with Agl. As can be seen from Fig. Ic and
Table I, T, decreases drastically as more and more Agl
is incorporated into the glassy matrix. Drastic changes
in the Agl-doped system compared to that system
which contains glass modifier (Ag,0) alone, could be
explained by the fact that Agl plays the role of a
plasticizer facilitating the co-operative chain move-
ment [7]. The crystallization temperature (7,) was
found to vary with both the heating rate and com-
position. T, was found to be higher in G10 (0.23
Ag,0-0.115 Mo0O,;-0.115 V,0,-0.538 Agl (mol %))
compared to the corresponding highly conducting
silveriodomolybdate glass [8].
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Figure 1 (a) Vitreous domain in the Ag,0-MoQ,;-V,O; ternary system. (®) Glassy, (O) partially/fully crystallized. (b) Vitreous domain in
the Agl-doped system. (c) DTA curves for (1) G6, (2) G8, (3) G10 with scan rate 20°C min~' and (4) G10 with scan rate 40° Cmin~". For

actual composition refer to Table 1.

3. Electrical properties

3.1. Experimental procedure

In order to have blocking electrodes, the polished flat
surfaces of the samples were gold coated by thermal
evaporation. The sample was spring loaded between
the electrodes and the electrical conductivity was
measured by the complex impedance technique using
an HP 3575A gain-phase meter interfaced to an Apple
Ile computer. The signal applied across the sample
was 50mV at any frequency. The frequency was
varied from 10Hz to 2MHz over the temperature
range 123 to 420 K. Further experimental details were
published elsewhere [9, 10].

3.2. Conductivity results and analysis

A typical complex impedance diagram for a range of
temperatures is shown in Fig. 2 for G6. It is evident
that at each temperature the data are represented by a
nearly perfect semicircular arc in the high-frequency
region. The arc in the high-frequency region is known
to arise due to the ionic migration in the bulk of the
electrolyte [11]. The abscissa of the intersection of the
low-frequency extrapolation of the semicircular arc
(equals ohmic resistance) with the real axis has
been used to calculate d.c. conductivity. The spikes
observed at low frequencies arise from the interfacial
capacitance. The small departure of the high-
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Figure 2 Impedance data for G6 at 1 (x) 313K, 2 (0) 333K and 3 (a) 353K.
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Figure 3 Plots of log ¢ against 1000/T for 1 (x) G3, 2 (0) G6, 3 () G8, 4 (®) G10, 5 (O) G11, and 6 G13.

frequency arc from the semicircular nature could be
attributed to the multiple relaxation behaviour [12].
The bulk capacitance can be calculated using the
expression wRC = 1 at Z;, where R is the bulk
resistance and C is the bulk capacitance. The capac-
itance (C) is found to be ~ 68pF at 353K for G6.
This larger capacitance could be attributed to the
compactness of the glass.

The temperature dependence of the conductivity is
shown in the Arrehenius form in Fig. 3. Linear least-
square fits give the activation energy (E,,) and the
pre-exponential factor (o,) in the Arrhenius equation
for both the undoped and the Agl-doped systems. As
is evident from Table I, ionic conductivity is found to
vary with glass former ratio. The maximum ionic

conductivity, o, = 3.21 x 107°Q~'cm™', has been

obtained when the glass former ratio is unity. This
appears to be one order smaller in comparison to the
corresponding borophosphate system [5]. This implies
that the borophosphate glassy network is conveniently
more modifiable than vanadomolybdate system by
Ag,0O to give higher conductivity. Further, o,
increases by four orders of magnitude when doped
systematically with Agl. Additional doping with Agl
(x > 0.7) results in the partial crystallization of the
sample with lower conductivity and higher activation
energy in comparison to the corresponding values in
G10. In comparison to the silver iodomolybdate glass
(G13), a slight increase in o,, has been observed with
lower activation energy and higher glass transition
temperature. The lower activation energy may be due
to the dissociation of solute Agl by an equilibrium
type Agl = Ag* + I in the glass matrix [13], similar

to an electrolyte weakly dissociated in a solvent.
Hence x = 0.7 may be the limiting value for doping
in G3 to reach a maximum conductivity (2.2 x
1072Q~'ecm™"), which is comparable with the other
silver-ion conducting glass systems studied so far [14].

The frequency-dependant conductivity has been
calculated using the formula ¢ = weye” and the
results for G6 at different temperatures are shown in
Fig. 4. It can be seen that the low-temperature plots
are characterized by a frequency-independent region
in the low-frequency domain and a high conductivity
dispersion in the high-frequency domain. The obser-
vation seen here could be explained by using
Jonscher’s universal expression [15]. Making use of
the expression K’ = ¢T/w,, defined by Almond et al.
[16], the mobile ion concentration factor has been
determined at various temperatures and com-
positions. The factor K’ has been found to increase
with Agl content and the hopping rate (w,) has been
found to be thermally activated. E,, calculated from
the Arrhenius plots of the characteristic frequencies
(w,, shown in Fig. 4) are given in Table I. The K’
factor has also been found to be nearly invariant in the
temperature range studied for all compositions, as
observed in other systems [17, 18].

3.3. Modulus analysis

The absence of a dielectric loss peak in the audio
frequency range in the present doped glassy system,
when measured at low temperatures, has led us to the
complex electric modulus formalism for analysing the
above data. Normalized modulus spectra obtained
in the temperature range 113 to 123K are shown in
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Figure 4 Plots of conductivity against frequency for G6 at 1 (x) 253K, 2 (0) 240K, 3 (a) 223K, 4 () 213K, 5(®) 203K and 6 (+) 193K.

Fig. 5. Even though the characteristics such as width
and the non-Debye nature of the modulus spectrum
remains constant, the frequency corresponding to the
peak of M” increases with increase in temperature
following the ionic glassy trend [19-21]. The acti-
vation energies calculated from the modulus data are
given in Table I. Defining the relaxation time of the

system (. = 1/2znf.) where f, is the frequency of the
M” peak maxima, it can be seen at that at constant
temperature, the relaxation time t, appears to be lower
for higher Agl doping and vice versa. The values of £,
and , for the Agl-doped glasses were plotted in an
Arrhenius fashion and shown in Fig. 6. D.c. conduc-
tivity, hopping rate and relaxation time are found
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Figure 5 Normalized modulus spectrum for G8 at 1 (x) 193K, 2 (0) 203K, 3 (a) 213K and 4 (O) 223K.
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Figure 6 Plots of relaxation parameters against temperature for different compositions. Hopping rate (w,,) for 2 (0) G6, 3 (T1) G8 and 6 (a)
G10. Modulus peak frequencies (f,) for 1 (x) G6, 4 (a) G8 and 5 (®) G10.

to have the same activation energy, which compares
favourably with the values obtained for other Agl-
based systems [22, 23].

4. Cell properties

The concept of an all-solid-state battery has been very
promising and these batteries have been extensively
investigated because of their advantages, ¢.g. long-
shelf life, wide temperature range of operation,
miniaturization, etc. Crystalline or glassy solid
electrolyte-based electrochemical cells of Ag* ions
have been studied in detail [24]. In the following sec-
tion, the cell construction process and the discharge
properties of an electrochemical cell using one of
the presently investigated glasses (G10) as the solid
electrolyte will be discussed.

0.7+
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g
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4.1. Open circuit voltage

The open circuit voltages (OCV) were measured by
using the cell configuration Agjglassy electrolyte|l,, C.
The anode (silver powder), electrolyte (thin layer) and
cathode [mixture of I, and carbon black (4:1 weight
ratio)] were pressed together to form a pellet of 10 mm
diameter. The cell was then sealed with epoxy resin.
The OCV was measured by a high-impedance elec-
trometer model 617 (Keithley). The transport number
of Ag™ ions measured by the e.m.f. method was found
to be practically unity. The OCV was always found to
be stable at 687 mV for more than 6 weeks.

4.2. Discharge curves
The discharge curve under a constant load resistance
is shown in Fig. 7a. It is clear from the figure that the

Cell Voitage (V)

1 I : I |
100 300 500 700

(b) Time ( min )

Figure 7 (a) Polarization, (b) discharge (load resistor 2.15K) characteristics for G10 at room temperature.
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TABLE II Cell parameters

Cell weight 1.05¢
Electrolyte thickness 0.10cm
Electrolyte diameter 1.00cm
Power density* 0.18Wkg™!
Energy density* 1.37Whkg™!

*With load resistor 2.15k€).

battery voltage remains constant during the initial
period of 450min and thereafter the voltage drops
significantly. A typical cell polarization curve is shown
in Fig. 7b. The voltage shown in the figure was
measured after 60 sec discharge at each current den-
sity. The decrease of voltage at higher current densities
could be explained by the anodic and cathodic polar-
ization [25]. The cell parameters are summarized in
Table II.

The characteristic performance of the present cell
follows the other Agl-based silver electrochemical
cells [24-26]. In spite of the high cost of silver—iodine
batteries and modest energy values achievable, it is
desirable to research further utilizing the advantages
of the glassy nature of the solid electrolyte.

5. Conclusion

A glass forming region was found in the undoped and
Agl-doped ternary system Ag,0-MoO,;-V,0;. The
electrical conductivity of these undoped glasses was
investigated with different glass former ratios, and the
highest conductivity, 6,, = 3.21 x 10°°Q 'cm~! was
observed when the glass former ratio was unity. The
g, of the vanadomolybdate glasses increases upon
addition of Agl to a maximum value of 2.2 x
1072Q 'em ', Although the conductivity of the
present glass (G10) remains favourably in the same
order, an increase in T, has been observed in com-
parison to the 75Agl 25Ag,Mo00, (mol %) glassy
system. The activation energies calculated from the
Arrhenius plots for the highly conducting undoped
and Agl-doped system were found to be 0.466¢V,
0.153 eV, respectively. The ion hopping rate and relax-
ation time (derived from modulus peaks) were found
to be thermally activated and composition dependent.
Finally, the applicability of the highly conducting
Agl-doped system as a solid electrolyte in an elec-
trochemical cell was investigated. The cell parameters
have been tabulated.
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