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Detailed investigation of the temperature
dependence of ionic transport parameters of a new
composite electrolyte system (1 — x)
(0.75Agl:0.25AgCl): xSnO,
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Detailed investigations of a new Ag *-ion-conducting two-phase composite electrolyte
system (1—x) (0.75Agl:0.25AgCl): xSnO, are reported, where 0 < x < 50 in weight per cent.
A “quenched-and-annealed (0.75Agl:0.25AgCl) mixed system-solid solution’ was used as
the first phase instead of the commonly used host matrix salt Agl. Micron-sized particles
(about 10 um) of SnO, were dispersed in the first (matrix) phase. The composition
0.8(0.75Agl:0.25AgCl):0.25n0; exhibited conductivity enhancements of more than eight
times over the annealed host and about three times over the quenched host at room
temperature and has been referred to as ““optimum composition”. The existence of two
separate phases has been ascertained by X-ray diffraction and differential thermal thermal
analysis techniques. The temperature dependence of the electrical conductivity, o, ionic
mobility, n, mobile ion concentration, n, ionic transference number, t,,, and ionic drift
velocity, v4, are also reported. The enhancement in the conductivity in this two-phase
composite electrolyte has been attributed to the increase in ionic mobility at room

temperature.

1. Introduction

Room-temperature enhancements of approximately
one to three orders of magnitude have been reported
in many heterogeneously doped two-phase Ag*-ion-
conducting composite electrolyte systems [1-7].
These systems are fabricated simply by controlled
dispersion of ultrafine particles of an insulating and
chemically inert material, namely, Al,O5 or SiO, or
Fe, O3 or fly-ash (referred to as second-phase disper-
soids), into the moderately ionic conducting silver
halide, namely, Agl or AgBr or AgCl (referred to as
the first-phase host matrix). The mechanism of con-
ductivity enhancements in these systems can be under-
stood on the basis of the increased mobile ion
concentration at the host—dispersoid interface region
and/or increased ionic mobility due to the creation of
highly conducting paths interconnecting these regions
[8-17]. The volume fraction of the second-phase
dispersoid and its particle size are critical factors
which decide optimum conductivity in these systems
[1-4, 6].

The majority of the fast-silver-ion-conducting
composite systems are prepared using Agl as the
first-phase host matrix, in general. In a recent invest-
igation, we suggested an alternative compound: “a
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quenched-and-annealed (0.75Agl:0.25AgCl) mixed
system”, in place of the conventional host Agl [18, 197,
exhibiting many transport properties superior to Agl.
We have also reported that the new host yields much
better composite electrolyte [20,217] and glass systems
[22-24]. In this paper, we report the preparation and
transport property studies on a new Ag*-ion-
conducting two-phase composite system: (1 — x)
(0.75Ag1:0.25AgCl): xSnO,, where x = 0.1, 0.15, 0.2,
0.25,0.3,0.4 and 0.5 in weight fraction. The chemically
inert and insoluble SnO, was used as the second-
phase dispersoid. For direct comparison of room-
temperature conductivity, the composite systems
(1 — x)Agl:xSnO, were also prepared in an identical
manner using the conventional host Agl. Various ex-
perimental studies carried out on the new composite
system are outlined below.

1. Compositional variation in room-temperature
conductivity, o, will enable us to determine the opti-
mum conducting composition.

2. X-ray diffraction (XRD) and differential thermal
analysis (DTA) studies on the optimum composition
will allow us to identify the existence of two separate
phases.
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3. The temperature dependences of the electrical
conductivity, ionic mobility, x, mobile ion concentra-
tion, n, ionic transference number, t;,,, and ionic drift
velocity, vg, will permit us to evaluate the energies
involved in different thermally activated processes and
to give plausible reasons to explain the ion transport
mechanism in this system.

2. Experimental procedure

Commercially available pre-dried chemicals Agl (pu-
rity, greater than 98%), AgCl (purity, greater than
99%) (Reidel (India) Chemicals) and SnO, (purity,
greater than 99%; particle size, about 10 pm) (CDH,
India) were used, without further purification, for the
preparation of the composite systems (1 — x) (0.75
Agl:0.25AgCl): xSnO,, where 0 < x < 50 in weight
per cent or 0 < x <0.5 in weight fraction. Several
sample preparation sequences were adopted, as also
described in an earlier paper [21]. Various routes of
sample preparation attempted in the present study are
given below.

Route 1: homogeneous mixtures of (quenched-and-
annealed (0.75Agl:0.25AgCl) 4+ SnO,) in different
weight fractions, in separate silica tubes were heated
above 600 °C for 15 min (i.e., soaking time) and then
quenched rapidly with a cooling rate of about
102 Ks™ 1,

Route 2: (annealed (0.75Agl:0.25AgCl) 4+ SnO,) in
different weight fractions were heated to about 600 °C
for 15 min and then annealed at about 200 °C for 24 h.

Route 3: simple physical mixture of (quenched
(0.75Ag1:0.25AgCl) + SnO,) in different weight frac-
tions were used.

Route  4: physical mixture of (annealed
(0.75Agl:0.25AgCl) + SnO,) in different weight frac-
tions were annealed at 200 °C for 24 h.

Samples of the composite system (1 — x)Agl:xSnO,
were also prepared by route 1 using the conventional
host Agl. The finished products were finely ground
and pressed (about 2 ton.cm ~?) to pellets 0.75-2 mm
in thickness and about 1.185 cm in diameter. Colloidal
silver paint was applied onto both surfaces of the
pellets as electrodes for conductivity measurements.
Phase identification and material characterization
studies were carried out by XRD and DTA tech-
niques. The temperature dependences of various
transport properties, namely, the electrical conductiv-
ity, o, ionic mobility, p, mobile ion concentration, n,
ionic transference number, t;,,, and ionic drift velocity,
v4, were studied using different techniques as discussed
by us in our earlier papers [18-24].

3. Results and discussion
3.1. Electrical conductivity as a function of
composition and temperature: effect of
preparation route and soaking time
Fig. 1 shows the compositional variation of room-
temperature conductivity for the composite system
(I —x) (0.75Agl:0.25AgCl): xSnO, fabricated via
routes 1-4, mentioned in Section 2, where x = 0, 10,
15, 20, 25, 30, 40, 50 in weight per cent. A similar plot
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Figure 1 log o versus x plots at about 300 K for the composite
electrolyte systems (1 — x)(0.75Agl:0.25AgCl):xSnO, and (1 — x)
Agl:xSnO,. The numbers 1-4 correspond to the different prepara-
tion routes (see text).

for the system (1 — x)Agl:xSnQO,, prepared by route
1, is also drawn in Fig. 1 for direct comparison. The
o—x variations for both the systems followed the usual
behaviour of most composite electrolytes [1-6], i.e.,
o increased initially with increasing x, attained a peak
value and then decreased. Some of the noteworthy
features of this study are as follows.

1. Conductivity enhancements have been achieved
in both composite systems; however, the new host
resulted in a better solid electrolyte system because it
has superior transport properties to those of Agl.

2. No marked preparation route dependence of
conductivity was observed in the new composite sys-
tem; however, the majority of the compositions pre-
pared by route 1 exhibited a little higher o values.

3. Conductivity enhancements of more than eight
times from the annealed host and about three times
from the quenched host were obtained for the com-
position 0.8(0.75Agl:0.25AgC1):0.2SnO,, which we
refer to as the “optimum composition”.

In an earlier study [21], we reported that the
conductivity of the optimum composition varies
with the soaking time. We carried out a similar
study on the samples of optimum composition,
0.8(0.75AgI:0.25AgCl1):0.2Sn0,, prepared at different
soaking times, namely, 5 min, 10 min, 15 min, 30 min
and 24 h. We observed, as before [21], that the sample
with the 15 min soaking time attained the highest
c value. Lower and higher soaking times resulted in
samples of decreased conductivity; the reason for this
has already been discussed in our earlier paper [21].

Fig.2 shows the temperature variation in the
logarithm of the conductivity, o, for different com-
positions of (1 — x)(0.75Agl:0.25AgCl): xSnO,, inclu-
ding the pure (annealed-and-quenched) host
(0.75Agl:0.25AgCl). Table 1 lists the values of
room-temperature conductivity, G, pre-exponential
factor, oy, and activation energy, E,, computed from
the log o versus 1/T Arrhenius plots in Fig. 2 in the
temperature region 27-110°C for different x. The



variation in E, with x is shown as an inset in Fig. 2. As
noted earlier in Fig. 1 and as is also obvious from Fig. 2
and Table I, the room-temperature conductivity in-
creased up to x = 0.2 and then decreased for higher
SnO, concentrations. The E, versus x variation in the
above temperature region followed the usual behaviour
of most solid electrolyte systems, i.e., the increase or
decrease in conductivity with increasing concentration
of dispersoid particles is accompanied by a decrease or
increase in activation energy. An activation energy
minima (E, ~ 0.147 eV) was obtained for the optimum
composition 0.8(0.75Agl:0.25AgCl):0.2Sn0,, indic-
ating relatively easy ion transport at this composition.
The enhancement in the room-temperature conductivity
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Figure 2 log o versus 1/T plots for different compositions of the
composite electrolyte system (1 — x)(0.75Agl:0.25AgCl):xSnO,
prepared by route 1. (O), pure annealed host; (A), pure quenched
host; (x), x =10wt %; (V), x = 15wt %; (@), x =20 wt %; (A)
x = 25wt %; (), x = 30wt %; (V), x = 40wt %. The inset shows
the variation in activation energy, E, as a function of x in the
temperature region 27-110 °C.

may be attributed to the increased mobile ion concen-
tration in the host—dispersoid interface region and/or
increased ionic mobility, as mentioned earlier in the
introduction. Hence, for the present system, the rea-
sons could be clearly understood on the basis of our
mobility, i, and mobile ion concentration, n, measure-
ments, discussed below in Section 3.3.

3.2. Phase identification by X-ray diffraction

and differential thermal analysis
The coexistence of separate phases is one of the essen-
tial requirements of two-phase composite systems.
This indicates that the dispersion of second-phase
particles has not introduced any chemical and/or
structural changes into either of the phases. XRD and
DTA techniques were used by us to identify the exist-
ence of two separate phases of the composite system:
0.8(0.75Agl:0.25AgC1):0.2 SnO,.

Figs 3a,b,c and d show the XRD patterns for the
optimum composition prepared with an annealed
host, the optimum composition prepared with a quen-
ched host, a pure annealed host and a pure quenched
host, respectively. The full circles in Figs 3a and b cor-
respond to SnO, reflections. On comparing the reflec-
tion peaks, it can very well be inferred that firstly no
structural and chemical changes occurred in the host
compound by the dispersion of SnO, particles and the
two phases coexist separately in the composite system,
and secondly almost identical reflection peaks occur-
red in the patterns in both Fig. 3a and Fig. 3b. This is
indicative of the fact that the composite system pre-
pared using an annealed and/or quenched host result-
ed in a similar optimum composition.

The above results were further supported by our
DTA studies. Figs 4a and b show DTA curves for the
pure quenched host and the optimum conducting
composition, respectively. We note that the endother-
mic peak at about 135°C, which corresponds to
a characteristic B — a-like transition temperature of
the quenched host [18], remained unaffected in the
composite system. This is again indicative of the fact
that no chemical reaction and/or compound forma-
tion occurred during the sample preparation and the
host exists as a separate phase in the system. In the
interpretation of our XRD and DTA results, we com-
pared the plots of the composite system with that of

TABLE 1 Room-temperature conductivities, pre-exponential factors and activation energy values for various x of the composite system

(1 —x)(0.75Ag1:0.25AgCl): xSnO, (temperature range, 27-110 °C)

X Conductivity Pre-exponential factor Activation energy
(Wt %) G27°c (Sem ™) Go (Scm™1) E, (eV)
0 1.0x107# 1.78 0.243

(pure annealed host)
0 31x107# 3.22 0.234
(pure quenched host)
10 4.7x107% 0.66 0.190
15 69x107% 0.30 0.159
20 8.4x10~* 0.25 0.147
25 6.7x107% 0.33 0.161
30 6.0x107% 0.28 0.163
40 47x107% 0.50 0.181
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Figure 3 XRD patterns: (a) optimum composition 0.8(0.75Agl:
0.25AgC1):0.2Sn0, prepared with the annealed host; (b) optimum
composition prepared with the quenched host; (c) pure annealed
host; (d) pure quenched host. (@), SnO, peaks.
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Figure 4 DTA curves: (a) pure quenched host (0.75Agl:0.25AgCl);
(b) optimum composition 0.8(0.75Agl:0.25AgC1):0.2Sn0O,.

the quenched host. This is because the composite
systems prepared by route 1 (see Section 2) would
contain a quenched host because of rapid cooling of
the host—dispersoid mixture.

3.3. lonic mobility and mobile ion
concentration measurements

The conductivity of a solid ion-conducting com-

posite electrolyte system is related to the mobile ion

3330

concentration, n, and ionic mobility, 1, in the follow-
ing way:

G =nqp (1)
where ¢ is the charge on the mobile ion. When
o, 1 and n are temperature dependent, the variation
in these ionic parameters with temperature are gov-
erned by the following Arrhenius-type equations

[21, 22, 25]:
c =0, exp( — f}) )
H=Ho eXP< + f—;) A3)
n=ng, exp( F f}) 4)

where oy, [o and no are pre-exponential factors
and E,, E, and E; are the conductivity activation
energy, the energy of migration and the energy of
formation, respectively, which are related to each
other as follows:

Ea:iEmiEf (5)

The positive and negative signs in the argument of the
above exponentials indicate the decrease and increase,
respectively, in the factors on the left-hand side of the
equations with increasing temperature. It is obvious
from Equation 1 that the increase in ¢ involves an
increase in either n or p or both. For the two-phase
composite system the reasons for conductivity
enhancement in the first-phase host matrix could
be assigned appropriately if p and n values of both
composite and host systems could be measured
independently.

The direct determination of the Ag* ion mobility,
K, in the composite system 0.8(0.75Agl:0.25AgCl):
0.2SnO, was done by the transient ionic current tech-
nique [25-27]. The details of the experimental proced-
ure have already appeared elsewhere in our recent
papers [18-25]. However, the ionic mobility at any
fixed temperature can be calculated using the follow-
ing formula:

2

H=—

Ve (cm?V~1s™1) (6)

where 1 is the time taken by the Ag™ ion to cross the
thickness d of the sample pellet after the polarity of the
direct-current (d.c.) potential, V, applied across the
pellet sandwiched between two blocking (graphite)
electrodes, has been reversed.

The mobile Ag* ion concentration, n, was cal-
culated with the help of  and p values using Equation
(1). Table II lists the room-temperature values of o,
p and n for the optimum conducting composition
0.8(0.75Agl:0.25AgCl1):0.2Sn0O, together with the
values for pure annealed and pure quenched hosts. It
can obviously be noted from Table II that the n value
for the composite system is extremely close to the
values for both pure annealed and pure quenched
hosts obtained ecarlier by us [18]. However, an in-
crease of approximately one order of magnitude in



TABLE II Room-temperature conductivities, ionic mobilities and mobile ion concentrations of pure (annealed-and-quenched) hosts and

optimum composition

Material Conductivity

Ga7oc (Sem™)

Mobile ion concentration
-3
ny7ec (em™?)

Mobility
Ha7oc em* V™ is™h)

Host compound

(0.75Ag1:0.25AgCl) (annealed) 1.0x10°#
(0.75Ag1:0.25AgCl) (quenched) 3.1x107%
Composite system:

0.8(0.75AgI:0.25AgC1):0.2Sn0O, 84x107%

(15 + 1)x 1072 40x10'6
24+ 1)x 1072 8.0x 1016
(14 +1)x1071 3.7x 1016

pn was obtained for the composite system compared
with the p values of pure hosts.

Hence, on the basis of these studies it can be safely
concluded that the increase in ionic mobility is respon-
sible for the conductivity enhancement in the present
composite system 0.8(0.75Agl:0.25AgCl):0.2Sn0,.
However, as mentioned earlier, the mobility increase
in the two-phase composite system is directly asso-
ciated with the creation of highly conducting inter-
grain paths. It has been reported in the literature [28]
that SnO, introduces porosity in sintered ZnO pellets.
A similar phenomenon is presumably occurring in our
system during sample preparation. The creation of
porosity increases the intergrain connectivity, which
in turn results in enhanced ionic mobility. In a recent
study by Shaju and Chandra [17] on a SnO,-
dispersed, highly conducting glass matrix (Agl +
Ag,0 + B,0;) system, where the SnO, remained as
a separate phase, the enhancement in the room-tem-
perature conductivity reported was also due to the
enhancement in the Ag* ion mobility in the space-
charge region. They proposed a space-charge model
for this enhanced mobility involving the concept of
a mobile ion concentration gradient near or at the
interface in the space-charge region [17]. According to
their hypothesis, the migrating ions emanating from
the host salt and falling inside or near the space-
charge region find a relatively free migration pathway.
Hence, near the surface of the host salt inside the
space-charge region, the mobile ions can move with
relative ease, involving a relatively lower migration
energy.

The p and n measurements were also carried out on
the optimum composition 0.8(0.75Agl:0.25AgCl):
0.2Sn0O, at different temperatures. Fig. 5 shows the
log p versus 1/T and log n versus 1/T plots together
with the log  versus 1/T plot of Fig. 2 for the opti-
mum composition which is redrawn to enable direct
comparison. These variations follow the thermally
activated type of behaviour in both temperature re-
gions (regions I and II) and can be expressed by the
Arrhenius-type Equations (2—4). Some interesting ob-
servations of this study can be noted as follows.

1. o increased steadily with increasing temperature
in region I, followed by an abrupt jump (about 10?) at
approximately 135°C (i.e., the p — o transition tem-
perature of the host [18]) and then remained almost
constant in region II.

2. n and n also increased with increasing temper-
ature in region I, similar to o, but with a relatively
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Figure 5 log p versus 1/T (A) and log n versus 1/T (OJ) Arrhenius
plots for the optimum composition 0.8(0.75Agl:0.25AgCl):
0.2Sn0,. The log & versus 1/T (O) plot of Fig. 2 for this composi-
tion is redrawn.

slower rate. The abrupt decrease in | and increase in
n occurs at about 100°C, and then both become al-
most independent of temperature in region II.

We obtained almost similar variations in c, u and
n with increasing temperature earlier for the host and
Al,O3-dispersed composite system [18,21]. The on-
sets of the abrupt changes in p and n in the present
system well below the transition temperature (about
135°C) are attributed to pre-transition effects, as be-
fore. Following the line of arguments given in our
recent papers [18,21], the decrease in p (in region II)
is due to the structural space narrowing of the o-
like phase of the host as well as to the blocking effect
of dispersoid particles. The abrupt increase in n (in
region II) is due to the availability of a large number of
equi-energetic mobile Ag™ ions in the a-like phase of
the host. Table 111 lists the values of the pre-exponen-
tial factors, o, o and ny, and energies, E,, E,, and E;
computed from the Arrhenius plots in Fig. 5. It can be
obviously seen from Table III that the values of E,,
E,, and E; satisfy Equation (5) very well in both the
temperature regions (regions I and II).

3.4. Temperature dependence of the ionic
transference number, .., and drift
velocity, vy

The above experimental measurements on p and n are

well supported by the temperature dependence studies

of the ionic transference number, t;,,, using Wagner’s
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TABLE 111 Pre-exponential factors, 6, [t and n, and energies, E,, E,, and E;, calculated from the plots in Fig. 5

Temperature 6 =0, exp(— E,/kT) W= po exp(F E/kT) n=ny exp(F E;/kT)
region
Go E, Ho E no E;

eV) (eV) (eV)
I 0.25 0.147 1.1x10*! 0.111 1.5x 107 0.036
11 0.67 0.052 1.7x107# 0.010 2.5 x 1022 0.042
d.c. polarization method. The transference number is _

. . . . . Region | Region Il
the quantitative measure of the ionic and electronic -
contributions to the total conductivity of the system. 6r . 200 C
For experimental details, reference may be made to 10770 I, (207 °c>{o/"_\ =
our recent papers [18, 21, 227]. A d.c. potential (about I, (187 °c)// 0
187 °C) | (167 °C) 20 120 220

0.5 V) is applied across the sample pellet sandwiched
between blocking (graphite) and non-blocking (silver
metal) electrodes and the current (in arbitrary units) is
monitored as a function of time. Fig. 6 shows the
current versus time plots for the sample pellets of
optimum composition kept at various temperatures,
namely 27, 47, 67, 87 and 107 °C (region I) and 167,
187 and 207 °C (region II). Some of the significant
observations of this study are the following.

1. The values of total current decreased to zero at
all temperatures. This is indicative of the fact that the
system remained purely ionic (i.e., t;,, ~ 1) throughout
the temperature range of operation, as also shown in
the inset of Fig. 6.

2. The value of the initial current, I, as marked in
Fig. 6 increased with increase in temperature, which in
turn indicated an increase in n. This supports well our
earlier results on log n versus 1/T variation.

3. The polarizing time (i.e., the time for which
the total current approached zero) increased with
increasing sample temperature. This looks logical.
At higher temperatures the mobile ions are relatively
more thermally agitated than at lower temperatures;
hence, longer time durations would be required
for them to become polarized at a constant fixed
potential.

Using the value of the initial current, I+, the ionic
drift velocity, vq (in arbitrary units), as a function of
temperature, was evaluated with the help of the fol-
lowing equation [22]:

~ Ang

Ugq

where A is the area of the sample pellet, g is the charge
on a mobile ion and n is the number of charge carriers
obtained from the log n versus 1/T variation in Fig. 5.
Fig. 7 shows the log vq versus 1/T plot for the opti-
mum composition 0.8(0.75Agl:0.25AgCl1):0.2Sn0,.
The Arrhenius equations, governing this variation in
the two temperature regions, can be expressed as

0.126
- -1 _ ;
vg =1.8x10 exp< T > region I
vg=71x10"7 exp< — %) region 11
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Figure 6 Current versus time plots at various temperatures (given
in parentheses) for the measurement of the ionic transference number,
tion,» ON the optimum composition 0.8(0.75AgI:0.25AgCl):0.2Sn0O,.
The inset shows t;,, as a function of temperature.
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Figure 7 log vq versus 1/T Arrhenius plot for the optimum com-
position: 0.8(0.75Agl:0.25AgCl):0.2Sn0,.

where 0.126 eV and 0.008 eV are the energies, Eq,
involved in the above thermally activated process.
Since, at a fixed value of d.c. polarizing potential (i.e.,
about 0.5 V in the present case), the ionic drift velocity
is directly proportional to the ionic mobility at all
temperatures. Hence, the log v4 versus 1/T variation
should be identical to the log p versus 1/T variation.
One can obviously note from Figs 5 and 7 that these
variations are almost identical. Also, the E4 values



0f 0.126 eV (region I) and 0.008 eV (region II) obtained
above are reasonably close to the E, values of
0.111 eV (region I) and 0.01 eV (region II), respective-
ly, obtained earlier. The small deviation is due to our
experimental limitations in measuring the initial cur-
rent, I, accurately at t =~ 0.

4. Conclusions

Conductivity enhancements in a two-phase composite
electrolyte system 0.8(0.75Agl:0.25AgCl): 0.2SnO, are
reported at room temperature. The conventional first-
phase host matrix Agl has been replaced by an alter-
native compound “a  quenched-and-annealed
(0.75Ag1:0.25AgCl) mixed system”. On the basis of
various experimental studies performed on the present
composite system, the following conclusions can be
drawn.

1. The conductivity enhancement at room temper-
ature is predominantly due to the increased ionic
mobility as a result of ‘porosity’ introduced in the
system by second-phase dispersoid SnO, during
sample preparation, which in turn increased the inter-
grain connectivity.

2. The increase in conductivity, o, with increasing
temperature in region I is due to the increase in the
mobility, p, as well as in the mobile ion concentration,
n. Whereas o, p and n remained almost constant in
region II. The large increase in n after the transition
region not only compensated the sharp decrease in p
well but also gave rise to a net increase in o during the
transition from region I to region II.

3. The system remained purely ionic as revealed by
the temperature dependence of the ionic transference
number. The ionic drift velocities at different temper-
atures were determined from these measurements.
This study supported our above results on p and
n measurements well.
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