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ABSTRACT 

A superionic mixed metal iodide glass system [(PbI2 –CuI ) - Ag2O- V2O5- B2O3] has been prepared by splat quenching 
technique. The prepared glass samples are characterized by X-ray diffraction (XRD) and differential scanning calo- 
rimetry (DSC). The effect of mixed metal iodide salts concentration on electrical properties has been investigated by the 
complex impedance spectroscopy (CIS). AC conductivity analysis is carried out in the frequency range of 2MHz-1Hz at 
different temperatures and an enhancement in the conductivity with iodide salts is the main feature of the observed re- 
sults with an anomaly at 20 mole % of PbI2 –CuI. 
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1. Introduction 

Super-ionic solids are known as potential candidates for 
application to electrochemical devices and solid state 
batteries. Electrical properties of silver oxy-salt based 
solid super ionic electrolytes with different glass modify- 
ers and formers have been widely reported in the past 
[1-3]. Some reports on the replacement of Ag+ ion with 
other feasible cation like CdI2, PbI2, CuI in the glass 
electrolytes are also available in literature [3-5]. Many 
interesting results have been obtained regarding the na- 
ture of electrical conductivity of these glasses. Instead of 
directly doping pure AgI in a host glass, some different 
routes by doping with a suitable MIn type salt in an Ag2O 
containing glass and thereby forming AgI as a result of 
exchange reaction between the two, based on Lewis 
HSAB (Hard and Soft Acids and Bases) principle [6], 
where a hard acid ion prefers to co-ordinate to a hard 
base ion and vice-versa are reported to have a favorable 
effect by increasing the electrical conductivity. Accord- 
ing to the HSAB theory, Pb+2 ion is a borderline acid and 
I- is a soft base while Ag+ is a soft acid and O–2 is a bor- 
derline base, hence an exchange reaction between PbI2 
and Ag2O takes place as per the following equation 

2
I oPb 2 Ag+ +é ù éê ú êë û ë+ ùúû …… ùúû     (1) 2

I2 Ag Pb+ +é ù éê ú êë û ë+

From the above reaction we see that for one molecule 
of PbI2 and one molecule of Ag2O, as a result of the ex- 
change reaction, two AgI and one PbO molecules are 
formed in the glass network. Damravi et. al. reported the 
more open volume are created by PbI2 based glass sys- 
tem than by AgI [7]. However, many reports are avail- 
able on PbI2 and CuI based glasses, but up to author’s 
knowledge no report is available on mixed iodide salts in 
literature. In the presently investigated system, an at- 
tempt is made to observe the effect of varying mixed 
metal iodide salts concentration on electrical properties 
in a silver-vanado-borate glass system. 

2. Experimental 

Sample preparation: 
PbI2 and CuI doped Silver-Vanado-Borate glasses in 

the composition of  

x [(PbI2 – CuI) – (100-x) {2Ag2O:3 (0.7V2O5 – 0.3B2O3}] 

where 10 ≤ x ≤ 30, in steps of 5, were prepared by the 
melt-quenching process. Required quantities of materials 
were weighed according to their molecular weight per-
centage and mixed thoroughly by wet grinding method. 
The mixer is then taken in an alumina crucible in a con-
trolled electrical furnace and then the furnace tempera-
ture was raised gradually up to 873 K and kept for 2 o
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hours to melt the mixture. Then the obtained homogene-
ous melt was quenched by pouring in between two Copper 
block plates to form the glass at room temperature. The 
obtained solid material was used for conductivity and 
other studies.  

Characterization: 
The as quenched glass samples were ground into fine 

powder and were characterized by X-ray diffraction (XRD) 
and differential scanning calorimetric (DSC) techniques.  
X-ray diffraction patterns of the powdered samples were 
recorded by X-ray diffractometer (Schimadzu) using Cu- 
Kα radiation for 2θ values between 10 and 80 degree at 2 
deg/min scan rate. Differential scanning calorimetry is 
considered as a sensitive recorder to examine the thermal 
stability of the prepared samples. DSC analysis was per- 
formed in the temperature range 323 K - 673 K using dif- 
ferential scanning calorimeter (SII EXSTAR-6000) with 
a heating rate of 10K per min.  

The electrical conductivity measurements of the glasses 
were carried out at various temperatures by complex im- 
pedance method. For this, the glass samples of about 1 
mm thickness were used and the measurements were ma- 
de by the two-probe method. The sample inside the sam-
ple holder is kept in contact with two polished, cleaned 
and spring-loaded copper electrodes. The complex im-
pedance measurements were carried out using Solartron 
1260 Impedance analyzer interfaced with computer in the 
frequency range of 1 Hz to 2MHz at various temperatures. 

3. Results and Discussion 

All the samples were examined by X-ray diffraction (XRD) 
technique to confirm their glassy nature. Figure 1 shows 
X-ray diffraction pattern for x = 15 mol% and 20mol% 
glass samples. These patterns show a broad halo at 2θ ∼ 
300, beyond that no further oscillations are observed. The 
peak free pattern reveals the glass/amorphous nature of 
the samples. Figure 2 represents the DSC thermogram of 
x = 10 mol% and 15 mol% glass sample which shows an 
endothermic peak of glass transition temperature (Tg) fol- 
lowed by two exothermic peaks corresponding to multi- 
ple crystallization. Presence of glass transition tempera- 
ture is a signature of glassy nature of the prepared sam- 
ples. N.H. Ray reported that the glass transition tem- 
perature depends on the density of covalent cross-linking, 
the number and strength of the cross links between oxy-
gen and the cation and the oxygen density of the network 
[8]. In presently investigated system, Tg values are ob-
served to increase with mixed iodide salt concentration 
which may be linked to lowering of the energy barrier for 
migration of the mobile Ag+ ions. 

Complex Impedance measurements were carried out to 
determine the electrical conductivity and the ac behavior 
of glasses over a range of temperature and frequencies.  
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Figure 1. XRD patterns, for x = 15 and 20 mol%. 
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Figure 2. DSC thermogram for x = 10 mol% and 15 mol%. 
 
Figure 3 shows the impedance plot ( z′(ω) vs. z″(ω)) for all 
the prepared glass samples which consists of one arc and a 
spur at low frequencies. The observed spur at low fre- 
quencies shows the appearance of ionic conductivity in 
presently investigated system. The value of the bulk re- 
sistance of the sample was estimated from the low fre- 
quency intercept of the complex impedance plot using 
this resistance value, the dc conductivity is estimated [9]. 
Figure 4 and 5 represents the temperature dependence 
and compositional variation of dc conductivity, respect- 
tively. Log  vs. inverse of temperature plot shows a 
straight line indicating a thermally activated Arrhenius 
behavior. Similar behavior with different values is ob- 
served for other compositions too. More than one order 
enhancement in conductivity is observed by increasing 
the concentration of iodide salts. The increase in conduc- 
tivity values is in consistent with reports based on iodide  
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Figure 3. Complex impedance plots of (PbI2–CuI-Ag2O 
-V2O5-B2O3) glass series at 303K. 
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Figure 4. log  vs. inverse temperature plot for x-10 mol%. 
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Figure 5. Composition-wise variation of dc conductivity at 
ambient temperature. 
 
salts [3-6]. In the presently investigated system, the Ag+ 
ions bonded to the non-bridging oxygen have less free- 
dom to move and are expected to be less mobile com- 
pared to the Ag+ ions in an iodine environment. The dif- 
fusion path model [10] requires that the different anion 

potentials are formed by the interaction of a mobile ca- 
tion, Ag+, with anions I- and O-. The potentials made 
with I- ions by Ag+ are smaller than those made with O- 
ions. The Ag+ ions in the shallow iodide potential are 
more mobile than Ag+ ions in deep oxide potentials. The 
increase in AgI content increases the number of Ag + ions 
in the shallow iodide potential and simultaneously de- 
creases the number of Ag+ ions in the Oxy-Anion poten- 
tials. When these potentials are connected for a long pe- 
riod, they form a favorable path for ion transport known 
as diffusion path. Thus, the increase in (PbI2 –CuI) con- 
centration creates more and more diffusion paths increase- 
ing the conductivity. In the present case, Cu+, a transition 
metal cation is expected to be a soft acid, does not under- 
go exchange reaction under HSAB whereas, AgI, which 
is formed by the ion exchange reaction between PbI2 and 
Ag2O by the Hard and Soft Acids and Bases (HSAB) 
principle, participates in the conduction process. Since, 
PbI2 is a heavy metal salt which is reported to behave as 
modifier as well as former, the increase in concentration 
may produce structural alteration and formation of inho- 
mogeneous ionic clusters [3,4,11]. It is also known that 
borate glass is assumed to consist of a random three- 
dimensional network of nearly flat BO3 triangles with a 
comparatively high fraction of six member boroxol rings 
[12]. In the borate glass systems, addition of glass modi- 
fier oxide changes the coordination numbers of boron 
polyhedral i.e., the boron polyhedral changes from BO3 
to BO4 [12] and borate functional groups are reported to 
exist in bridging and non-bridging oxygen configurations 
[13,14]. This change in boron structure might be redu-
ceing the pathways for the migration of mobile cationic 
species and reduces the conductivity at 20 mol%. Beyond  
20 mol% of iodide salt, the local environment of the Ag+ 
ions changes to induce an enhancement in the conductiv- 
ity. More thoroughly research in this direction is under 
progress. Same type of conductivity behavior in AgI-ba- 
sed glass system is reported in literature [15,16].  

AC conductivity plots were analyzed and fitted ac- 
cording to Jonscher’s universal power [17] law () = 0 

+ An, where () is frequency dependent conductivity, 
0 is dc conductivity, A is a constant and  is the angular 
frequency and n is the frequency exponent (usually 0 < n 
< 1). Figure 6 shows the frequency dependent conduc- 
tivity plot at different temperatures for a sample x = 10 
mol%. The plots exhibit double relaxations which merge 
into single one as can be observed from the high tem- 
perature.  

The conductivity exhibits a typical frequency indepen- 
dent plateau at lower frequencies and a crossover or a 
dispersive region at higher frequencies. Similar behavior 
is observed for other compositions also. The frequency 
response of conductivity in glasses may be entirely due 
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Figure 6. Frequency dependence of ac conductivity for x = 
10 mol% sample. 
 
to the translational and localized hopping of ions [18,19]. 
The translational hopping gives rise to long range elec- 
trical transport at very low frequencies, while the high 
frequency dispersion may be correlated to the forward– 
backward hopping of the ions at high frequencies which 
requires only a fraction of energy that is involved in the 
Long-Range diffusion of ions. The frequency independ-
ent plateau at low frequency region arises due to contri-
bution of DC conductivity and the switch over of the 
frequency independent region to frequency dependent 
region at higher frequencies implies the onset of conduc-
tivity relaxation [20]. The onset frequency of conductiv-
ity relaxation shifts towards higher values with increasing 
temperature, as shown in Figure 5. 

4. Conclusions 

The enhancement in conductivity with mixed metal io- 
dide salts PbI2 and CuI content is observed with an ano- 
maly at x = 20 mol%. PbI2 is responsible for enhance- 
ment of conductivity due to the formation of AgI by ex- 
change reaction between Ag2O and PbI2. In copper io- 
dide salt, Cu+, a transition metal cation, is expected to be 
a soft acid, does not undergo exchange reaction under 
HSAB. The increase in conductivity is due to Ag+ ions in 
the shallow iodide potential which create more and more 
diffusion path ways for mobile cations. A sudden decrea- 
se in conductivity at 20 mol % of iodide salts is attributed 
to change in structure due to boron anomaly which is not 
favorable for migration of mobile cationic species. 
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