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Transport property and battery discharge 
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xAI203 composite electrolyte system 

R. C. A G R A W A L * ,  R. K. GUPTA 
Solid State Ionics Research Laboratory, School of Studies in Physics; Pt. Ravishankar Shukla 
University, Raipur 492 010, India 

Various experimental studies on a new fast Ag + ion-conducting composite electrolyte 
system: (1 - x) (0.75Agl: 0.25AgCl):xAIzOa are reported. Undried AI203 particles of size 
< 10 gm were used. The conventional matrix material Agl has been replaced by a new 

mixed 0.75AgI:0.25AgCI quenched and/or annealed host compound. Conductivity 
enhancements ~10f rom the annealed host and ~3 times from the quenched host obtained 
for the composition 0.7(0.75AgI:0.25AgCl):0.3AI203, can be explained on the basis of the 
space charge interface mechanism. Direct measurements of ionic mobility ~t as a function of 
temperature together with the conductivity cr were carried out for the best composition. 
Subsequently, the mobile ion concentration n values were calculated from la and c~ data. The 
value of heat of ion transport q* obtained from the plot of thermoelectric power 0 versus 1/T 
supports Rice and Roth's free ion theory for superionic conductors. Using the best 
composition as an electrolyte various solid state batteries were fabricated and studied at 
room temperature with different cathode preparations and load conditions. 

1. Introduction 
Heterogeneous composite electrolytes are a new class 
of high ionically conducting materials which have 
attracted considerable attention in recent years due to 
their potential technological applications. These ma- 
terials are multiphase, mostly two phase, systems 
where a significant conductivity enhancement is 
achieved simply by the dispersion of ultrafine (submic- 
ron size) particles of inert and insoluble second phase 
(such as AlzO3, SiO2, Fe203, fly-ash etc.) into the first 
phase host matrix (such as AgI, AgBr, AgC1, LiI, CuC1, 
CaF2 etc.) [1-9]. Though the conductivity enhance- 
ment in the two phase system was known for about 75 
years [10], the systematic investigations started only 
after 1973 when C. C. Liang reported ~50 times 
enhancement of Li + ion conduction in the LiI:A1203 
dispersed system [11]. Since then a large number of 
two phase composite electrolyte systems with Ag +, 
Li +, Cu +, F-  etc. ion conduction have been reported 
with conductivity one to three orders of magnitude 
higher than the constituent phases. Many phenom- 
enological models have been proposed to explain the 
conductivity enhancement in these electrolyte systems 
[1-6, 12-16]. The central feature of the majority of 
these models is the increase in the mobile ion concen- 
tration at the interfacial space charge region of the 
host matrix/dispersoid. Moreover, a well-connectivity 
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of these interracial regions creating highly conducting 
paths would be necessary to facilitate high ionic 
motion. The volume fraction and the particle size of 
the second phase dispersoid play crucial roles in the 
conductivity enhancement. In addition to this, the 
dispersion of the submicron size particles of the inert 
second phase may also change the chemistry and 
microstructure of the host matrix which might control 
the transport mechanism in these systems. The con- 
ductivity enhancements in different composite systems 
(made of different matrix materials, different composi- 
tions, following different preparation routes etc.) can- 
not be understood by any single mechanism [5]. 
Hence, the present day goal is to search for a unified 
model explaining the greatly enhanced carrier concen- 
trations or mobitities in these systems. 

In the present paper, we report the preparation of 
a new fast Ag § ion conducting composite electrolyte 
system: (1 - x)(0.75AgI:0.25AgC1):xA1203, where 
the conventional host matrix AgI is replaced by a new 
host, a quenched and/or annealed 0.75AgI:0.25AgC1 
mixed system. The detailed investigations related to 
the new host material appear elsewhere in the litera- 
ture [17]. The electrical conductivity cr of the com- 
posites were measured as a function of molar concen- 
tration x, routes of preparation, temperature etc. 
whereas the direct measurement of ionic mobility 
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g and thermoelectric power 0 at various temperatures 
were performed only on the best composition. Sub- 
sequently, the mobile ion concentration n and heat of 
ion transport were evaluated. Using the best composi- 
tion as an electrolyte, solid state batteries were fab- 
ricated and the discharge characteristics were studied 
at different load conditions and with various cathode 
preparations. 

2. Experimental procedure 
2.1. Sample preparation 
Extra pure chemicals AgI, AgC1 and A120 3 (particle 
size < 10 ~tm) were used as supplied. Composite elec- 
trolyte systems (1 - x) (0.75AgI:0.25AgC1):xA1203, 
where x is mol wt %, were synthesized following dif- 
ferent preparatory routes as given below: 

1. (Quenched/Annealed host + A1203)~hea ted  
at ~700 ~ for 15 min (soaking time) then quenched 
at ~ 10 ~ 

2. (Quenched host + A1203)~ physical mixture; 
3. (Annealed host + A1203) ~ heated at ~700 ~ 

then annealed at ~ 200 ~ for 24 h; 
4. (Annealed host + A1203)~physical  mixture 

annealed at ~200 ~ for 24 h. 

Further, composite electrolyte systems (1 - x) 
AgI:xA1203 were also prepared following route (1) 
using the conventional host Ag! for direct comparison 
of the room temperature conductivity values with that 
of the new composite systems. 

The samples were ground to fine powder then 
pressed at ~1.5 t to form pellets of dimensions 
2 - 3 m m  in thickness and ~1 .185cm in diameter. 
Colloidal silver paint was used as electrodes for con- 
ductivity measurements. 

2.2. Transport property measurements 
The electrical conductivity was measured as a function 
of temperature by an impedance spectroscopic tech- 
nique in the frequency range 40 Hz-100 kHz. The true 
bulk conductivity was computed from Z ' - Z "  impe- 
dance plot with the help of a computer controlled 
LCR bridge (Hioki, Model 3520-01). 

The ionic mobility as a function of temperature and 
transference number were measured for the best com- 
position only using the transient ionic current tech- 
nique [18 21] and Wagner's d.c. polarization method 
respectively. A Graphtec x - y  t recorder (model WX 
2300-1L) was used in both the measurements. 

The thermoelectric power (TEP) 0 measurements at 
different temperatures were carried out for the best 
composition with the help of digital multimeters 
(Philips model 2518). The sample pellet was placed 
between two Ag-metal  electrodes. The ambient tem- 
perature was controlled by an external heater and 
a temperature gradient AT ~10  15 ~ between the 
two faces of the pellet across the thickness was main- 
tained by an auxiliary heater fitted to the upper elec- 
trode of the sample holder. Sufficient intervals 
( ~ 2  3 h) were given for recording each stabilized 
thermo-e.m.f, values. 

2.3. Solid state battery fabrication 
Solid state batteries were fabricated using the best 
composition as an electrolyte in the following cell 
configuration 

A . /Ag + ion conducting / . . . .  
nofle / / t~amoae 

/ composite electrolyte / 

Silver metal was used as anode whereas different 
cathode preparations such as C + I2, C + KI3, 
C + (CH3)r C + (C2Hs)4NI3, etc. in 1:1 wt ra- 
tio were used as cathodes for the discharge character- 
istic studies at different load conditions. Chelated 
iodines were prepared by heating the mixture of 
KI + I2, ( C H 3 ) 4 N I  + 12 and ( C 2 H s ) 4 N I  + I2 in 
a 1:1 mol wt ratio in separate sealed silica tubes at 

150 ~ for 24 h. A Philips digital multimeter was 
employed for cell potential measurements. The bat- 
teries were sealed with epoxy resin to inhibit the sur- 
face diffusion of iodine. All the measurements were 
performed in a desiccator to avoid the effect o f  
moisture. 

3. Results and discussion 
3.1. Compositional variation of room 

temperature conductivity: influence of 
preparation routes and soaking time 

Fig. 1 shows the variation of room temperature con- 
ductivity of (1 - x) (0.75AgI:0.25AgC1):xA1203 
composite systems as a function of tool wt ratio x fol- 
lowing various preparation routes (1-4), as mentioned 
in Section 2.1. Similar variation (curve 5), for the 
composite system: (1 - x) AgI: xA1203, prepared fol- 
lowing route (I), is also included in Fig. 1 for direct 
comparison. One can note a much larger conductivity 
enhancement in the composite system using the new 
host as compared to that using AgI as host, even with 
the dispersion of much bigger particles (size < 10 gin) 
of second phase A1203. One may expect more en- 
hancement in the conductivity for the new composite 
system if the particle size is further reduced. Shahi and 
Wagner [-8] reported very little conductivity enhance- 
ment in the (1 - x)AgI:xAl203 composite system us- 
ing A1203 particles of size ~8  lain. Their and the 
present results are qualitatively similar. However, they 
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Figure 1 Log cr versus x plots for composite systems ( 1 -  x) 
(0.75AgI: 0.25AgC1): xA1203, prepared by following different routes: 
Curves (1-4) correspond to preparation routes (1-4) (See text sec- 
tion 2.1); Curve (5) is similar plot for the composite system (1 - x) 
AgI:xAl203, prepared following route (1). All at 27 ~ 
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Figure 2 Room temperature conductivity as a function of soaking 
time for the best composition, 0.7(0.75AgI:0.25AgC1):0.3AlzO3 
(prepared by route 1). Soaking temperature ----- 700 ~ 

differ quantitatively due to the different purities of 
starting materials used in our studies. The maxima in 
the conductivity vary with the preparation routes. 
However, the conductivity increases effectively in all 
cases with the increase in x, attains a peak value, then 
decreases. This is a well-known phenomenon gener- 
ally observed in composite systems and can be ex- 
plained in the light of percolation approach [13]. We 
obtained, the highest conductivity enhancement, ~ 10 
and ,-~ 3 times from the annealed and quenched host 
0.75AgI:0.25AgC1 respectively, for the composition 
0.7(0.75AgI:0.25AgC1):0.3AlzO3 prepared following 
route (1) with soaking time - 15 min. 

Soaking time, for which the sample is heated 
at ~700~  during the preparation, affects the 
physical property of the composite system. To 
examine the influence of soaking time on the conduc- 
tivity, samples of the best composition: 
0.7(0.75AgI:0.25AgC1):0.3A1203 were prepared fol- 
lowing route (1) but for different soaking times. Fig. 2 
gives the variation of room temperature conductivity 
with soaking times. It is clear from the figure that the 
highest conductivity value resulted for the 15 min 
soaking time. The decreased values of conductivity for 
lower and higher soaking times are probably due to 
the incomplete dispersion reaction and change in the 
stoichiometry due to possible liberation of iodine, 
respectively. 

3.2. Ionic transference number and 
temperature dependence of c~, ~ and n 

Ionic transference number (tion) was measured for the 
best composition only using Wagner's d.c. polariza- 
tion method as mentioned in Section 2.2. A d.c. poten- 
tial (V ~ 0.5 V), with the polarity shown below was 
applied across the sample pellet in the following con- 
figuration 

( - ) A g  / / C ( + )  
(non-blocking/0 .7  (0.75 AgI: 0.25 AgC1): / (blocking 

electrode) / 0.3 AlzO3 /e lec t rode)  

The total current was monitored with time. From the 
current versus time plot, we obtained tion ~ 1. This 
indicates that the Ag § ions are the sole charge carriers 
in this system. This result is also confirmed by an 
alternate method discussed below in Section 3.4. 
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lIT plot for composite system ( 1 -  x) 
(0.75AgI:0.25AgC1):xA1203 prepared by route (1). (a) x = 0 (pure 
annealed host); (b)x = 0 (pure quenched host); (2)x = 0.05; 
(3) x = 0.15; (4) x = 0.25; (5) x = 0.30; (6) x = 0.40. Inset: Activa- 
tion energy (Ea) as a function of x for the above compositions in the 
temperature range 27 120~ 

Fig. 3 shows log cy versus 1/T plots for the 
different compositions of the composite system: 
(1 - x) (0.75AgI:0.25AgC1):xA1203 prepared follow- 
ing route (1) where x = 0.05, 0.15, 0.25, 0.30 and 0.40 
(curves 2-6). Similar plots [curves l(a) and (b)] for 
annealed and quenched host system (0.75AgI: 
0.25AgC1) are also shown in Fig. 3. The room temper- 
ature conductivity increases up to x = 0.3 then de- 
creases for higher concentrations, as discussed above 
in section 3.1. The conductivity enhancements may be 
attributed to the increased mobile ion concentration 
and/or  mobility at the interfacial space charge region. 
The enhancement by dispersion of A1203 particles is 
accompanied by decrease in activation energy, as is 
usual for most high ionically conducting systems. This 
is also true for the above composite systems. The 
activation energy values, computed from the slopes of 
log cr versus lIT plots, for the annealed host, the 
quenched host and the composite systems are given in 
Table I together with the room temperature conduct- 
ivity values and pre-exponential factors. The Ea versus 
x variation is shown as an inset in Fig. 3. The activa- 
tion energy for the best conductivity composition is 
very small ( ~ 0.074 eV) which indicates an easy ion 
migration in this system. 

The Ag + ion mobility as a function of temperature 
was calculated using the transient ionic current 
(TIC) technique, as mentioned in Section 2.2. In this 
technique a d.c. potential V ~ 0.5 V is applied across 
the sample which is sandwiched between two blocking 
(graphite) electrodes. The cell is first polarized com- 
pletely, then the polarity is reversed and the current is 
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TABLE I Various transport parameters for the composite electrolyte system (1 - x) (0.75 AgI: 0.25 AgC1): xA120> prepared by route (1) 
together with annealed and quenched host 

x Conductivity Ionic mobility Mobile ion Pre-exp A c t i v a t i o n  Temperature 
m/o cr bt concentration n factor % energy Ea range 

(s cm -1) (cm z V 1 s-l) (cm-3) (eV) (~ 
at 27 ~ at 27 ~ at 27 ~ 

0.00 1.26 x 10 -4 (1.5 4- 1) x 10 -2 4 • 1016 1.78 0.243 27-120 
(Annealed) 
3.14 x 10-'* (2.4 4- 1) x 10 -2 8 x 1016 3.22 0.234 27-120 
(Quenched) 

0.05 4.80x 10 4 _ _ 1.01 0.194 27-120 
0.15 6.10 x 10 -4 - - 0.19 0.145 27-120 
0.25 7.06 x 10 -4 - - 0.12 0.133 27-120 
0.30 9.20x 10 -4 (2.4 4- 1) x 10 -2 2.4x 1017 0.016 0.074 27-120 
0.40 4.30 x 10 -4 - - 1.191 0.203 27-120 

recorded with time. The moment  the polarized ion 
cloud reaches the other end of the sample, a peak 
occurs in the current versus time plot. This peak 
corresponds to the time r taken by the ions to cross 
the thickness d of the sample. The ionic mobility can 
be calculated by following equation 

II -= d2/VT,  ( c m  2 V - 1  s - 1 )  (1) 

Using the conductivity ((~) and mobility (g) data, the 
mobile ion concentration (n) at different temperatures 
can be calculated by the well-known expression 

n = cy/q g(cm -3) (2) 

The room temperature values of bt and n for the 
annealed host, the quenched host and the best com- 
position are given in Table I. The bt values practically 
remained unaltered whereas n increases ~ 3-6  fold 
from that of the quenched-annealed hosts, respec- 
tively. These results clearly indicate that the reason 
for the conductivity enhancement in the composite 
system at room temperature is the increase in mobile 
ion concentration. 

Fig. 4 shows plots of log g versus 1 / T  and logn 
versus 1 / T  for the best composition. The mobility 
bt increases as the temperature is increased to 

100 ~ (Region I), then decreases sharply (Region 
II). Whereas there is a little decrease in the mobile ion 
concentration n at the beginning, it then increases 
abruptly after ,-~ 100 ~ The increase in bt with tem- 
perature is a well-known phenomenon,  but the reason 
for small decrease in n is not clear. However, this 
decrease in n is well-compensated for by the increase 
in bt and the overall conductivity increases. We ob- 
tained almost identical g and n variations with the 
temperature for the quenched host [17]. The onsets of 
the changes in the Region I well ahead of the 
transition region may be attributed to pretransition 
effects. The decrease in the mobility (in Region II) is 
attributed to the structural volume contraction of the 
host compound resulting into space narrowing for ion 
migration as well as to the blocking effect of A1203 
particles. The abrupt  increase in n (in Region II) is due 
to the fact that the host acquires an entirely new 
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Figure 4 Log bt versus l I T  (Q) and Log n versus l I T  (x) plots for 
the best composition: 0.7 (0.75AgI:0.25AgC1):0.3AIzO3. 

structure (a-like phase of AgI) where a large number  of 
equienergetic Ag + ions become available for conduc- 
tion. Table I I  gives the Arrhenius equations governing 
the temperature variation of c~ (curve 5 of Fig. 3), 

and n along with the values of pre-exponential 
factors, conductivity activation energy (Ea), energy of 
m i g r a t i o n  (Era) and energy of formation (Ee). These 
energy values satisfy very well the following equation 
in the two Regions (I and II) [-21-23] 

g a ~- Jr E m -}- E f  (3) 

The ( + ) and ( - ) signs in the Arrhenius equations of 
Table I I  indicate the decrease and increase, respec- 
tively, of the quantities (or, g and n) with the increase in 
temperature. 

3.3. Thermoelectric power (TEP) 
measurements 

Thermoelectric power (TEP) studies provide further 
insight into understanding the ion transport  mecha- 
nism in these high ionically conducting systems. When 
a temperature gradient (A T) exists across the sample 
in the following cell configuration: 

T /Ag  § ion conducting / 
Ag(  ) /  solid electrolyte / A g ( T  + AT) 
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T A B L E  II Pre-exponential factors, conductivity activation energy (Ea) , energy of migration (Era) and energy of formation (Er) for the best 
composition: 0.7 (0.75 AgI: 0.25 AgC1): 0.3 A1203 (preparation route 1) 

Region c~ = ~0exp( -- EJkT) bt = g0exp( -T-/E~JkT) n = noexp( 7+ Er/kT) Temp. range 
(oc) 

~o Ea go Em no Er 
(eV) (eV) (eV) 

I 0.016 0.074 100.5 0.219 9.8 x 1014 - 0.145 27-100 
II 0.135 0.024 9.3 x 10 -5 - 0.129 9.4 x 1021 0.154 180 215 

a voltage (A V) appears across the two faces of the 1 
sample due to the Ag + ions' flow from the hot to the 
cold end. The TEP  0 can be calculated by following 
equation [24] 0.8 

0 = A V / A T  (4) ~-- 
> 

Theoretically, the thermoelectric power has been cal- E 
culated as [25] y o.6 

- - 0  = ( q * g + / e T )  --  H (5) 

where q* is the heat of Ag + ion transport, e is the 0.4 
2 charge on the mobile ion and H is a correction term 

for the electrode contact potential effects. For  the 
reversible electrodes, such as the silver metal elec- 
trodes in the above thermocell, H is constant. Hence, 
a plot of 0 versus 1 / T  would be a straight line and the 
value of the heat of ion transport q* in eV can be 
calculated from the slope of the line. 

Fig. 5 shows the variation of TEP  0 with the recip- 0.7, 
focal of temperature in (K) for the best composition, o.6 
0 decreases with the increasing temperature in Region 
I, followed by a drop in the transition region then -a 0.5 

' .~  

remains practically unchanged in Region II. The de- ~ 0.4 
crease in 0 with temperature is a typical behaviour 

0.3 exhibited by fast ion-conducting solids and is in ac- 
cordance with theory [25]. The heats of ion transport ~ 0.2 
equal to ~0.07 and ~0 .02eV calculated from the 

0.1 
slopes of the straight lines in Region I and Region II 
respectively, are in excellent agreement with the con- 0 
ductivity activation energy values: 0.074 and 0.024 eV 
listed in Table II. These results receive direct support 
from Rice and Roth's free ion theory [26] for 
superionic solids, according to which the heat of ion 
transport is very close to the conductivity activation 
energy for solids possessing an average structure and 
free-ion like state. 

3.4. Solid state battery applications and 
transference number by cell potential 
method 

Fig, 6 shows the variations of cell potential with time 
at different load conditions, namely 1 MfL 226 kfL 
22 kf~ for the solid state batteries fabricated with the 
best composition in the cell configuration mentioned 
in Section 2.3. using (C + I2) cathode. The open cir- 
cuit voltage (OCV) ~0.685 V was obtained for all the 
batteries. The cell potential remained practically con- 
stant ( ~  0.550-0.525 V), except for an initial drop 
from the OCV values for over 50 h with 1 MFt and 
226 kf~ loads, whereas it dropped to ~ 0.090 V with- 
in a short time ( ~30  rain) for a 22-kf~ load. The drop 
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Figure 5 Thermoelectric power (TEP) 0 versus 1 / T plot for the best 
composition: 0.7 (0.75AgI: 0.25AgC1): 0.3A1203. 
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Figure 6 Variation of cell potential with time through different 
loads for solid state batteries in the configuration Ag [Anode] /Ag + 
ion conducting composite/(C + Iz) [-Cathode]. Dotted vertical bars 
indicate the plateau region. O 1 Mf~; x 226 kf~; �9 22 kf2. 

in the cell potential is due to the build up of polariza- 
tion and the formation of low conducting AgI at the 
electrolyte/cathode interface which are very fast in the 
case of low loads or at high current drains. 

To examine the influence of different cathodes on 
the cell performance, we fabricated several batteries in 
the same cell configuration using different cathode 
preparations, namely KI3 + C, (CH3)~NI3 + C, 
(C2Hs)4NI3 + C as mentioned in Section 2.3. Fig. 7 
gives the variation of cell potential with time through 
1 Mf~ load. The discharge curve of Fig. 6 for a 1-Mf~ 
load is redrawn in Fig. 7 for direct comparison. It is 
normally expected that the use of a chelated iodine 
cathode improves the performance and shelf-life of the 
battery, since chelation reduces the activity and tar- 
nishing action of the elemental iodine towards the 



electrolyte and metal electrodes [27, 28]. However, the 
batteries using chelated iodine cathodes discharged 
more rapidly as compared to those with elemental 
iodine as cathode. It is obvious from these experi- 
mental results that batteries fabricated with (C + I2) 
cathodes have better performance specially with low 
drain load currents. Some of the typical cell para- 
meters calculated in the plateau region of the dis- 
charge characteristic curves of Fig. 6 are listed in 
Table III. 

The ionic transference number (lion) , determined 
earlier in Section 3.2 using Wagner's d.c. polarization 
method, can also be evaluated by electrochemical 
cell potential method using following equation 
[27,29] 

E' 
r i o  n - -  (6) 

E 

where E '  and E are the measured and theoretical 
values of OCV respectively. We obtained 
E '  ~ 0.685 V, whereas the theoretical value of OCV, 
involved in the cell reaction Ag § + I = AgI at the 
electrolyte/cathode interface with elemental iodine as 
cathode, E ~ 0.687 V [27]. We obtained lion ~ 0.997 
which is extremely close to the value obtained earlier. 
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Figure 7 Variation of cell potential with time for the solid 
state batteries in the above cell configuration with different 
cathode preparations. Load 1 M~;  @ Ag/0.7(0.75AgI:0.25AgC1) 
0.3AizO3/(I2 + C) OCV ~ 685 mV; �9 Ag/0.7(0.75AgI:0.25AgC1) 
0.3AlzO3/(KI3 + C) OCV ~ 590 mV; [] Ag/0.7(0.75AgI: 
0.25Age1) 0.3AlzO3/(CH3)4NI3 + C OCV ~ 550 mV; 
A Ag/0.7(0.75AgI:0.25AgCI) 0.3A1203/(C2Hs)~NI3 + C OCV 

590 mV. 

4. Conclusion 
A new fast Ag + ion-conducting composite electrolyte 
system 0.7 (0.75Ag1:0.25AgC1):0.3AlzO3 has been in- 
vestigated. The conventional host compound AgI is 
replaced by a new matrix material, a quenched and/or 
annealed 0.75AgI:0.25AgC1 mixed system. Conduct- 
ivity enhancement ( ~ 10) from the annealed host was 
achieved at room temperature even by dispersing 
a much larger size ( < 10 gm) of A1203 particles. The 
enhancement in the conductivity is attributed to the 
increased mobile ion concentration at the matrix/ 
dispersoid interface region. Detailed studies on pre- 
paration methods, transport properties and solid 
state battery applications are reported. The batteries 
fabricated with a C + I2 cathode give better per- 
formance and are suitable for low current drain 
applications. 
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