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A B S T R A C T   

The silver borophosphate glass system has been investigated using AgI as an additive halide. Electrochemical 
properties of the prepared glass electrolyte system x.AgI:(100-x).

[(
30Ag2O:(56B2O3-14P2O5))

]
has been pre

pared using conventional melt quenching technique. Structural characterization has been employed using XRD 
diffraction pattern to confirm the amorphous nature of the samples, FT-IR analysis is carried out to study the 
nature of the chemical bonding and different vibrational modes of structural units present in the composition. 
The glass transition (Tg) has been measured using TG/DTA technique. Electrical conductivity measurements have 
been carried out in the temperature range from 303 K to 373 K using complex impedance spectroscopy (CIS). The 
modulus formalisms along with stretching parameter (β) and decoupling index (Rτ) are calculated. The con
ductivity and modulus scaling of the prepared system using different models are studied. The present paper 
discusses the conduction mechanism and physical parameters of conductivity.   

1. Introduction 

Fast ion conducting (FIC) glasses are the materials that exhibit 
electrical conductivity by means of the motion of ions (cations/anions) 
in an amorphous phase. Generally, FIC glasses exhibit much higher ionic 
conductivity and isotropic property due to lack of long-range order 
compare to their crystalline counterparts. The developments of ion- 
conducting glassy electrolytes have been gradually increased due to 
wide range composition which gives better control over properties. Fast 
ion (silver) conducting glasses was first reported by Kunze [1] and it is 
considered as one of the most promising candidate for application in 
various electrochemical devices such as gas sensors, fuel cells, super
capacitors, solar cells. Apart from this, it has also been widely applied for 
battery materials as a solid-state electrolyte in a solid-state battery [2–6] 
where physical properties can be tuned by varying chemical 
composition. 

The key constituents in an ion conducting glass are the glass former, 
glass modifier and additive salt as well. The glass former provides a 
frozen skeleton, whereas the metal oxide modifies a network linkage and 
produces Non-Bridging Oxygen (NBO). It is found that the simultaneous 
presence of two glass formers [7–10] enhance the ion conducting 
properties. The phosphate glasses can be used as fast ion conductors, 
optical waveguides and fibres, etc. However, the applications of these 
glasses are often limited due to their low chemical durability [11]. It is 

observed that such chemical durability can be enhanced either by 
replacing of P2O5 by B2O3 or mixing both which transforms the struc
ture of borophosphate glasses from linear-chain structure of meta
phosphate glass into three-dimensional structure of borophosphate glass 
[12]. The additive salt like MX (metal halide) provides cationic con
duction in a tailored glass structure. Amongst all the metal halides AgI is 
the model material in which Ag+ ions surrounded by I− are responsible 
for high conductivity especially when it is in α–AgI phase [13,14]. 
Suresh Kumar et al. [14], have reported the ionic conductivity of the 
order of 10-6 Ω− 1 cm− 1 at 293 K for silver oxysalt such as Ag2O-V2O5 

doped with CuI. It is also a well established fact that AgI has a charac
teristic disordered structure in alpha phase, shows an abrupt increase in 
conductivity more than three orders of magnitude during solid to solid 
phase transformation at around 420 K temperature. It is interesting to 
note that the glasses which are suitable to house α–AgI phase at room 
temperature being by virtue of low activation barrier for ion migration 
results into high ionic conductivity. According to hard and soft (Lewis) 
acids and bases (HSAB) theory, AgI compound composed of soft Lewis 
acid (Ag+) and soft base (I− ) in which the iodide ion has much larger 
ionic radius than the silver cation. Between two iodide ionic spheres, 
relatively larger chinks have been formed since the silver ion is some
what soft due to large polarizibility [15]. In AgI doped ionic glass, Ag+

possess shallow potential well and is loosely bound with iodide which, in 
turn, softens the host glassy matrix. This high decoupling of ions 
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supports the movement of ions. According to Deshpande et al.; [16], 
dopant salts such as LiCl to the lithium borate and lithium borosilicate 
glasses, the decoupled charge carriers (Li+) go on successive jumps from 
one NBO to the another to give rise to conduction. Consequently, silver 
ions from AgI can be decoupled which can easily migrate and diffuse 
through the openings formed by anionic spheres in the glassy amor
phous structure, allowing fast cationic conduction even with the lower 
concentration of AgI [1,13,17]. Various Research groups have reported 
conduction mechanism in different glass systems wherein AgI as an 
additive salt is used. Minami et al.;[18], studied AgX − Ag2O − B2O3 
glass system, discussed the temperature and composition dependent 
behaviour of ionic conductivity, and reported the room temperature 
ionic conductivity of the order of 10-2 Ω− 1 cm− 1. While the maximum 
conductivity at 303 K for silver borophosphate glass is about 10-5 Ω− 1 

cm− 1 [19]. P. Sharma et al; have reported the increase in ionic con
ductivity with the concentration of AgI salt in AgI − Ag2O − V2O5 −

TeO2 glass system [20]. Principally, the ionic conductivity in glassy 
electrolytes is governed by the number of NBOs’ (of the host matrix) and 

the number of mobile charge species. 
Therefore, it is interesting and novelty to study systematic variations 

of AgI salt in an otherwise very rigid boro-phosphate glassy system. In 
the present system, we have varied the ionic salt AgI in 
x.AgI:[(100-x).(30Ag2O:70(B2O3-P2O5))] to understand how ionic con
duction occurs in a rigid silver boro-phosphate glass system. 

2. Experimental 

The basic materials such as Boric Acid (H3BO3) from BDH, India, 
Ammonium dihydrogen phosphate (ADP-NH4H2PO4) from HiMedia 
Laboratory, Silver Oxide (Ag2O) from Qualigens Fine Chemicals, and 
Silver Iodide (AgI) from National Chemicals were procured. The ionic 
glass samples were prepared by taking appropriate amount of the 
chemicals, thoroughly mixed them in agate mortar pestle and then pre 
heated at about 450◦

C for 2 h to remove the gases from the chemicals. 
Subsequently, the mixture was melted at around 800◦

C for 6 h and then 
quenched between two pre cooled copper blocks [20]. The glass samples 
were transparent to pale yellow and then to orange colour depending 
upon the concentration of AgI in a glass composition. These samples 
were kept in a furnace for an hour at 150◦

C temperature for annealing to 
remove thermal stress [20,21]. The solid glassy electrolyte samples with 
variation in AgI concentration are listed in the Table 1. 

3. Characterization 

We have measured the density using Archimedes principle, X-ray 
diffraction (XRD) pattern to confirm amorphous nature of the 

Table 1 
Various amounts of AgI in silver borophosphate glass electrolyte system.  

Sample 
code 

Glass former (wt.%) 
(B2O3-P2O5) 

Glass modifier (wt.%) 
(Ag2O) 

Additive (wt.%) 
(AgI) 

ABP0 70 30 0 
ABP1 69.3 29.7 1 
ABP3 67.9 29.1 3 
ABP5 66.5 28.5 5 
ABP7 65.1 27.9 7  

Fig. 1. X-ray diffraction pattern of different glassy electrolyte samples from ABP0 to ABP7.  
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electrolyte. Fourier Transform Infrared spectroscopy (FT-IR) for any 
change in molecular bonds, thermal analysis for glass transition tem
perature (Tg) and complex impedance spectroscopy (CIS) for the con
ductivity and related parameters to understand the silver ion motion 
hence conduction in silver boro-phosphate glass system. 

3.1. Density measurement 

The density of the glassy electrolytes was determined by Archimedes 
principle. Acetone (being volatile in nature) was used as a reference 
liquid, which has the density of 0.791 g/cc. From the density mea
surements, molar volume, cation concentration and inter atomic dis
tance have been measured [9]. 

3.2. X-ray diffraction 

X-ray diffraction, a powerful non-destructive technique, provides the 
information about crystallinity and the structural changes in a sample. 
The structure of prepared glassy electrolyte samples is examined by 
means of X-ray diffraction analysis. XRD patterns deduced with the help 
of “D8-Discovery high-temp Bruker” machine using Cu-Kα X-rays with 
λ = 0.154056 nm operating over the 2θ range from 20◦-70◦ in the step of 
0.05◦ . 

3.3. FTIR spectroscopy 

FT-IR spectra were taken on pellets of KBr and glass samples using 
FTIR-4100 JASCO model over the range of wave number of 400 cm− 1 to 
1700 cm− 1 with the scanning rate of 2 mm/sec. 

3.4. Thermogravimetry-Differential Thermal Analysis (TG-DTA) 

Thermal analysis in terms of glass transition temperature (Tg) of all 
the samples was obtained using TG-DTA with the model NETZSCH STA 
449F3, by the heating rate of 2.3 (Kelvin per min) over the temperature 
range of 303 K to 1273 K. 

3.5. Complex Impedance Spectroscopy (CIS) 

The ionic conductivity of the glassy electrolyte is measured by a high 
precision Solartron-1260A impedance analyser in the frequency range 1 

Hz-32 MHz at various temperatures between 303 K to 373 K. To measure 
impedance at different frequencies, silver painted glassy samples of 
certain shape and width were sandwiched between two blocking (silver) 
electrodes placed in a sample holder. This assembly was then kept in a 
furnace for measuring the impedance as a function of temperature and 
frequency. The bulk conductivity [22,23] of each glassy sample was 
calculated using the Equation (1). 

σb =
t

Rb.A
(1)  

where t is the thickness of the samples, Rb is the bulk resistance, A is the 
area of the electrolyte - electrode contact. 

4. Results and discussion 

4.1. Structural Analysis 

The XRD patterns of all glassy electrolytes shown in Fig. 1 depict a 
broad hump at about at 2θ ∼ 29◦ and no crystalline peak anywhere in 
the spectra suggesting a complete amorphous nature of prepared elec
trolyte samples. The addition of AgI does not show any new peak or 
phase in any sample but a slight shift of peak between 2θ ∼ 27◦ − 28◦ in 
ABP5. No sharp peak in any of the spectra confirms a complete disso
lution of AgI in an amorphous phase. Thermal analysis is shown in Fig. 2, 
indicates that the values of Tg decrease from 423 K to 412 K when an 
amount of AgI varies from 0 to 5 wt% respectively. It also upholds the 
result described by Angell that the gradual decreases in Tg with the 
addition of AgI due to rupturing of glass structure, cations to modify the 
structure as well [24]. After that Tg increases to 420 K for ABP7 sample. 
The shift of the Tg in the present system towards low temperature side 
can be attributed to decrease of rigidity of the glass structure and in
crease in non-bridging oxygen in the structure. While, at 7 wt% of AgI, 
the rigidity of the structure increases may be due to increase in glass 
transition temperature. J. Shelby also showed that the structure is 
modified by not only modifier but additive AgI also participates in 
modifying the glass [25]. This produces more number of non-bridging 
oxygen (NBOs) into the structure and higher number of NBOs, in turn, 
lowers the viscosity (softening) of the glass. The decoupling index pro
file as a function of temperature and glass composition is shown in 
Fig. 3. The decoupling index is an indicative of number of decoupled 
ions from the parent glassy matrix. In the present study, the decoupling 
index increases up to 5 wt% of AgI addition in a glass composition and 

Fig. 2. DTA thermograms for glass transition temperature (Tg) of all glassy 
electrolytes. 

Fig. 3. Variation of decoupling index (Rτ) with composition at various 
temperature. 
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then after decreases beyond this [18]. 

4.2. Fourier Transform Infrared spectroscopy (FTIR) study 

FTIR spectrum has been analysed to study any change observed in 
vibrational bond lengths of molecular structure which oscillates only at 
certain quantized frequency. The spectra reveal the molecular structure 
and detect the presence of functional groups in it. In the present study, 
the FT-IR absorption spectra is recorded for the wave number from 400 
cm− 1-1700 cm− 1 as shown in Fig. 4. The wave number of the peaks, their 
corresponding vibrational modes and respective IR band assignments 

are listed in Table 2. 
The intensity of peaks observed at 430 cm− 1 and 470 cm− 1 decreases 

with addition of AgI in the system. P-O-P bending peak at 530 cm− 1, 
does not show any significant change with addition of AgI, while, B-O-B 
bending peak [29] gradually shifts from 703 cm− 1 to 670 cm− 1 [32]. 
With addition of AgI which suggests increase the bending motion of 
B-O-B bond. The peak intensity of the wavenumber in the range 1080 
cm− 1-1090 cm− 1 corresponds to P-O- symmetric stretching [34,35] 
which increases till 5 wt% but for ABP7 sample, the peak intensity re
duces. An increase in peak intensity suggests increase in number of PO- 

molecules and a new absorption peak at 1225 cm− 1 emerges for AgI up 
to 3 wt% which corresponds to asymmetric vibration of PO2 group [34]. 
The IR band corresponding to asymmetric vibration of P = O [26] in 
phosphate chain is observed at around 1385 cm− 1 for ABP0 sample 
which shifts gradually towards lower frequency up to 1349 cm− 1 for 
ABP7. Intensity of this peak also decreases with AgI concentration. Ag+

ions from AgI, when added in the system interstitially, starts influencing 
this P = O bond and the bond length starts increasing. It means the P =

O bond gets stretched and a shift in IR frequency towards lower wave 
number is expected. The absorption band at 1410 cm− 1 [30] which 
belongs to asymmetric stretching of trigonal borate unit, remains un
affected in all the glass samples. The vibration of P-O-H bond [26,27] 
appears at around 1638 cm− 1, for ABP0 which also shifts gradually with 
the addition of AgI in the glass structure. This peak is attributed to the 
water content absorbed while preparing KBr pellets for IR 
measurements. 

The broadened band in the range 800 cm− 1-1200 cm− 1 and 1300 
cm− 1-1500 cm− 1 of IR spectrum have been deconvoluted to understand 
the peaks or polyhedra of B2O3 and P2O5 which combined to give the 
broadened peak in IR spectra. 

Deconvolution spectra between the wavenumber range 800 cm− 1- 
1200 cm− 1 for all the glass samples are shown in Fig. 5. The peak at 924 
cm− 1 corresponding to asymmetric vibration of PO3−

4 [26,27,31] re
mains nearly constant with increasing intensity with AgI and is not 
observed at 7 wt% of AgI sample. Asymmetric vibration of BO4 [32] and 
PO4 [34] units at around 1030 cm− 1 and at ≈1098 cm− 1 [33] respec
tively are observed whereas peak at ≈1143 cm− 1 [28,30] belonging to 
BO−

3 also show increasing intensity with the addition of silver salt. 
IR spectrum, deconvoluted for the wavenumber ranging from 1300 

cm− 1–1500 cm− 1 shown in Fig. 6, reveal four absorption bands. Peak at 
around 1369 cm− 1 [18] belongs to symmetric stretching of pyro and 
ortho borate group of BO3 molecule which suddenly shifts to 1339 cm− 1 

at 7 wt% of AgI. The asymmetric vibration of borate triangle unit shows 
absorption peak at ≈1411 cm− 1 [30]. The intensity of this peak en
hances with the addition of AgI. Asymmetric stretching bands observed 
at approximately 1460 cm− 1 [30] corresponding to BO−

3 and BO−
2 units 

respectively do not change. Hence, it can be concluded from FTIR 
spectra that an increase in B-O bond length of BO4 and BO−

3 units, for
mation of asymmetric PO3−

4 molecules and P-O-B linkages units are 
formed with the addition of AgI in the structure. 

4.3. Conductivity analysis 

Complex impedance spectroscopy (CIS) of electro material has been 
analysed using impedance formalism technique. The conductivity study 
is done over the temperature range from 303 K to 373 K and the fre
quency ranges from 1 Hz to 32 MHz. The real (Z’

) and imaginary (Z"
) of 

the impedance for all the compositions at 318 K temperature are shown 
in the form of Nyquist plot in Fig. 7(a). The depressed semi-circle of the 
plot suggests that the sample consists of parallel combination of resistive 
(R), capacitive (C) and Warburg (W) components distributed inhomo
geneously. The observed plot of silver borophosphate glass electrolyte 
containing 5 wt% AgI is fitted with the equivalent circuit as shown in 
Fig. 7(b). The semicircle in high frequency region in Z’ Vs. Z" plot cor
responds to the kinetic controlled charge transfer mechanism, whereas, 

Fig. 4. FTIR absorption spectra of all glass samples between 400 cm− 1 to 1700 
cm− 1 wave number. 

Table 2 
Summary of FTIR Absorption features and their assignments for various func
tional groups present in the present glass system.  

Wavenumber 
(cm− 1) 

Mode Of 
Vibration 

Assignment Of IR Band Reference 

~430–470 Bending (δs) O-P-O bonds (of PO3-
4 

group) and O-B-O bond  
[26] 

530 Bending (δs) O = P-O bonds due to 
deformation mode of PO-  

[26,27] 

~670–730 Bending (δs) 
Symmetric (νs) 

B-O-B linkage in various 
borate unit 
P-O-P bridge  

[28-31] 

~924 Symmetric 
stretching (νs) 

P-O-P chain of PO3-
4 

group  
[26,27,31] 

~1020–1030 Asymmetric 
stretching (νas) 
Symmetric 
stretching (νs) 

B-O bond of BO3-
4 

tetrahedron unit 
PO3 unit  

[18,27,32–34] 

~1090–1120 Asymmetric 
stretching (νas) 

P-O-group of 
orthophosphate (PO3-

4 )  
[27,33,34] 

~1130–1160 Asymmetric 
stretching (νas) 

BO−
3 of penta borate unit  [28,30] 

~1225 Asymmetric 
stretching (νas) 

Metaphosphate (PO2)
−

group  
[27,31] 

~1330–1360 Symmetric 
stretching (νs) 

pyro and ortho borate 
groups in BO3 unit  

[18,30] 

~1385–1339 Asymmetric 
stretching (νas) 

P = O in NBO atom of 
phosphate chain  

[26] 

~1410–1420 Asymmetric 
stretching (νas) 

Borate triangle unit 
(BO-).  

[30] 

~1450–1460 Asymmetric 
stretching (νas) 

B-O stretching of triangle 
BO−

3 and BO−
2 unit  

[30] 

~1620–1640 ————— P-O-H bond  [26,27] 
~1700 Asymmetric 

stretching (νas) 
B-O-B in BO3 triangles  [32]  
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Fig. 5. (a-e) Deconvoluted FTIR spectra in the wavenumber range from 800 cm− 1 to 1200 cm− 1 for ABP0 to ABP7 samples.  
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Fig. 6. (a-e) Deconvoluted FTIR spectra in the wavenumber range from 1300 cm− 1 to 1500 cm− 1 for ABP0 to ABP7 samples.  
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the low frequency region spike is because of the double layer formation 
(Cdl) which is a result of accumulation of charges at the electro
lyte–electrode interface [2]. It is clear from Fig. 7(a) that the intercept of 
the plots on the real axis (Z’) decreases as the concentration of AgI in
creases. From the Nyquist plot, bulk resistance (Rb), and hence, the 

conductivity of glassy electrolyte material is calculated and listed in 
Table 3. It is seen from the Table 3 that the bulk conductivity of 
AgI-Ag2O-B2O3-P2O5 glassy electrolyte system increases upon addition 
of AgI till 5 wt%. and decreases for 7 wt% of AgI in the glass. The 
conductivity of 8.35 × 10− 5 (Ω cm) − 1 has been observed for lithium 
phosphate system [23]. Two ion transport models namely (i) Arrhenius 
behaviour and (ii) Nonlinear behaviour are generally being used for 
temperature dependent ionic conductivity in disordered systems [36]. 
Ion hopping mechanism for conduction shows Arrhenius behaviour as 
given in Equation 2. 

σdc = σ0 exp( − Eσ/KBT) (2) 

The plot of log of σdc vs. 1000/T is typically linear depicted in Fig. 8. 
It is noted that the activation energy Eσ which was calculated using the 
slope of the plots [36] given in Fig. 8. For ABP0, the activation energy is 
observed to be 0.84 eV and with the addition of AgI, it decreases to 0.49 
eV for ABP5, however, it increases to 0.52 eV for 7 wt% AgI sample as 
given in Table 3. The variation of σdc at 323 K and activation energy (Eσ) 
for AgI-Ag2O-B2O3-P2O5 glassy electrolyte system are shown in Fig. 9 (a 
and b) which show increase in conductivity while activation energy 
follows the reverse behaviour as expected [36] till 5 wt% of AgI. Silver 
(Ag) and iodine both are known as soft acid and base and are easily 
dissociated into Ag+ and I− ions in AgI. Silver ions from AgI act as a 
modifier and encourage the formation of apparently more non-bridging 
oxygen groups in the structural network till 5 wt% of AgI as is evident 
from FTIR study. 

The cause of reduction in activation energy and increase in con
ductivity may be understood on the basis of the Anderson-Stuart (A-S) 

Fig. 7. (a) Nyquist plot of all glassy electrolytes at 318 K temperature, (b) Nyquist plot fitting and its equivalent circuit for ABP5 sample at room temperature.  

Table 3 
Activation energy (Eσ), dc conductivity (σdc), decoupling index (Rτ), carrier concentration (K’), hopping frequency (ωp), relaxation time (τc), stretching component (β) 
of the AgI doped silver borophosphate glass system.  

Sample 
Code 

Activation energy 
Eσ (eV) 

Calculated at 303 K 

Conductivity σdc (S 
cm− 1)  

Decoupling 
index Rτ 

Hopping frequency 
ωp (Hz) 

Carrier concentration K’ (Ω− 1 

cm− 1 Hz− 1 K) 
Relaxation time τc 

(second)  
Stretching 

component β 

ABP0  0.84 2.42 × 10− 7 4.84 × 107 4.75 × 105 1.09 × 10− 11 2.11 × 10− 6  0.452 
ABP1  0.69 5.86 × 10− 7 1.17 × 108 6.01 × 105 3.28 × 10− 11 1.66 × 10− 6  0.453 
ABP3  0.56 7.19 × 10− 6 1.44 × 109 5.95 × 106 1.39 × 10− 10 1.68 × 10− 7  0.564 
ABP5  0.49 6.24 × 10− 5 1.25 × 1010 3.06 × 107 1.15 × 10− 9 3.27 × 10− 8  0.728 
ABP7  0.52 4.12 × 10− 5 8.24 × 109 1.32 × 107 6.17 × 10− 10 7.56 × 10− 8  0.796  

Fig. 8. Log of dc conductivity vs. 1000/T plot of all glass samples.  
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model of ion conduction in glasses [37–39]. According to the Anderson- 
Stuart model of ion conduction, the total activation energy Eσ for a 
successful hop of an ion may be considered to be a sum of two fractions: 
Eσ ¼ Eb þ ES. Here, Eb is the binding energy which is the mean energy 
that a cation needs to leave its site and the other one is ES, the elastic 
strain energy. The elastic strain energy is the mean kinetic energy that a 
cation needs to open a ‘doorway’ in the structure of the glass to pass 
through, which involves the energy to overcome the electrostatic forces 
between Ag+ ions, the neighbouring oxygen and iodide ions. It is 

reported by Ghosh et.al.; [34], that hopping of positive alkali ions occurs 
between different types of borate and phosphate sites present in the 
borophosphate glass skeleton. Hence, amongst all the preferable anionic 
sites such as PO4

-3, PO-2, BO4
-3 which are being formed with the addition 

of AgI in the glass structure, if the silver ions are trapped in a shallow 
potential well (requires less activation energy) and may increase the 
pathways for the migration of mobile cationic species and enhances the 
conductivity up to 5 wt% of AgI. Beyond this, Ag ions start changing 
their local coordination from exclusively oxygen to entirely I−

Fig. 9. (a-d): (a) Variation of σdc, (b) Activation energy (Eσ), and (c) Decoupling index (Rτ) with AgI concentration (d) Plot of relaxation time (τc) vs. reciprocal of 
temperature for all glass compositions. 

Fig. 10. (a) Variation of ac conductivity as a function of log frequency of all glass samples with at 323 K, (b) Variation of log ac conductivity of ABP5 as a function of 
log frequency at different temperatures. 
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environment to induce a reduction in the conductivity or an increase in 
activation energy, Eσ. 

The variation in conductivity with composition is also confirmed by 
the decoupling index Rτ values plotted in Fig. 9(c). Decoupling index, Rτ, 
in an ionically conducting glass system, is a measure of how strongly the 
mobile ions are decoupled from the glass matrix [24]. It is defined as the 
ratio of the average structural relaxation time τs at Tg to the average 
conductivity relaxation time τc at Tg. Generally, τs = 200 s at Tg [40], 
while the τc at Tg values were determined by extrapolating the logτc → 
1000/T graph to Tg shown in Fig. 9(d). One may also note from Table 3 
that with increasing AgI content, Rτ values steadily increase till 5 wt% 
amount of AgI in the glass composition. This rise in decoupling index 
suggests that the viscosity of the glass structure network must be 
reducing which favours the migration of Ag+ ions. Hence, because of the 
rise in decoupling index with AgI, the motion of Ag+ ions are becoming 
easier, because they get more and more decoupled or free from the glass 
matrix for transport. 

4.4. Frequency dependent conductivity 

The Fig. 10(a) shows the variation of ac conductivity (σac) as a 
function of frequency for different amount of AgI in ABP glass com
positions at 323 K while Fig. 10(b) shows the variation of ac conduc
tivity (σac) as a function of frequency at different temperatures for 
ABP5. There are generally three crossover regions present; one 
appearing in the lower frequency region, occurs due to polarization ef
fects at the electrodes, while the another in the mid frequency region 
shows frequency independent plateau and the last is dispersion region in 
the high frequency region where conductivity increases rapidly with 
frequency. The plateau region, where σ(f) is zero, is extrapolated to find 
out the σdc value [22,23]. The frequency dependent conductivity data 
were analysed using Jonscher’s universal power law using Equation (3), 

σ’(ω) = σac = (σdc + Aωn) (3)  

where A is a constant, ω is the radial frequency and n is the frequency 
dependent exponent factor. The frequency response of conductivity in 
glasses may be entirely due to the translational and localized hopping of 
ions [41]. The translational hopping gives rise to long range electrical 
transport at 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 which is involved in 
the long range diffusion of ions. The hopping frequency (ωP) is the 
frequency at which the relaxation effects begin to appear and it was 
found to shift towards higher frequency side with increase in tempera
ture and can be calculated using Equation 4 and values are given in 
Table 3. 

ωP = [σdc/A]
1
/n (4)  

where ωP is assumed to be present at σac equal to 2σdc as depicted in 
Fig. 10(a) for all glass samples at 323 K temperature. The variation of 
power law exponent ‘n’ with temperature for different glass composi
tions is shown in Fig. 11. It is observed that the value of exponent ‘n’ 
ranges from 0.51 to 0.73. Degree of interaction between mobile ions and 
the host frame work is explained by frequency exponent (n). In the 
present study, it is found that, value of ‘n’ increases with temperature, 
associated with Non-Overlapping Small Polaron Tunnelling Model 
(NSPT) [42,43]. It is elsewhere reported by Dult et al.; [43] that the 
smaller value of power exponent parameter signifies the high degree of 
modification in the network. It is observed from Fig. 11 that, the value of 
‘n’ is the lowest in case of ABP5 sample at all temperatures suggesting 
high degree of interaction between mobile ions and the frame work. 

Due to accumulation of more charges at electrode–electrolyte po
larization, a simultaneous sharp decrease in σ’(ω) at lower frequency 
region is observed. At intermediate frequency regime (ω < ωp), the 
conductivity is almost frequency independent. This is because the ions 
travel much faster and can jump from one site to the another unoccupied 
sites as S. Murugavel et al.; [44] also reported same observation. The dc 
conductivity is a result of the successful hop of ion to a neighbouring 
vacant site. When the frequency is higher than that of the hopping fre
quency (ω > ωp), the ionic conductivity starts increasing with the fre
quency. The conductivity relaxation phenomena occur when the 
frequency independent conductivity changes to dispersive conductivity. 
The observed frequency dependence of conductivity in the present glass 
systems can be understood on the basis of jump relaxation model 
[45,46]. According to this model, at lower frequencies, ion can suc
cessfully hop to its neighbouring vacant site due to long time periods 
available at these frequencies contributing to dc conductivity which 
results into plateau region. Once an ion has completed its “initial hop” 
from initial site to the neighbouring site, two relaxation processes may 
be visualized: first, the ion may hop back to its initial position known as 
correlated forward–backward hopping and second, the surrounding 

Fig. 11. Frequency exponent (n) as a function of glass compositions at various 
temperatures. 

Fig. 12. Variation of mobile ion concentration (K’) as function of temperature 
for ABP glass compositions. 
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Fig. 13. (a-e) Plots of Scaled conductivity spectra with frequency using Roling formulation at different temperatures and (f) plot of scaled conductivity spectra of all 
glass samples with frequency at 323 K. 
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(neighbouring) ion cloud will relax with respect to its new position 
thereby shifting its cage potential. At higher frequencies, the probability 
for the ion to go back again to its initial site increases due to the short 
time intervals. This increased probability of correlated forward–back
ward hopping at higher frequencies along with relaxation of the cage 
potential leads to the observed high frequency conductivity dispersion 
in ac conductivity spectra. The mobile ion concentration factor K’ [47] is 
also an important factor in conductivity. It is calculated using Equation 5 
and its values are given in Table 3. 

K’ =
σdcT
ωP

(5) 

The variation of mobile ion concentration factor as a function of 
temperature in glass samples, is shown in Fig. 12. It is observed that the 
mobile ion concentration (K’) increases slightly upto ABP3 with 
changing temperature, while a larger increase is observed for ABP5 and 
ABP7 in the glass samples. The inset of Fig. 12 describes that the charge 
carrier concentration factor varies almost linearly with increasing AgI 

up to 5 wt% and then decreases for ABP7 glass sample at room 
temperature. 

Scaling is an important tool to understand the ac conductivity 
behaviour of ionically conducting glasses. It merges the different data 
sets to a single master curve, which indicates that the processes can be 
described by a common physical mechanism on thermodynamic scales 
or composition [48]. Different methods of scaling approaches have been 
used by many workers [48-54]. The first ever scaling of σ’ spectra was 
attempted by Summerfield [50] in semiconductors and this approach 
has been widely utilized by Roling et al.; [48] and its modified version 
by others [49] for scaling different relaxation spectra of ionically con
ducting glass systems. In its simplest form, the Summerfield scaling is 
given as in Equation 6, 

σ’

σdc
= F

(
f

σdc T
.x
)

...(Summerfield formulation) (6)  

where f = frequency, σdc= conductivity at given temperature, T =

Fig. 14. (a-d) Plots of M’ (real part of modulus) vs. logarithmic function of frequency (log f) for ABP1 to ABP7 samples at different temperatures.  
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Fig. 15. (a-e) Plots of M“ (imaginary part) vs. logarithmic function of frequency (log f) for all glass samples at different temperatures.  
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absolute temperature, x = concentration factor. If it is assumed that 
charge carrier concentration remains constant with temperature, the 
scaling law may be presented in the form of Equation 7, 

σ’

σdc
= F

(
f

σdc T

)

...(Roling formalism) (7) 

Here, ac conductivity data scaled by dc conductivity σdc, and the 
frequency axis scaled by different parameters, e.g. (σdcT) or (ωP), where 
ωP is the hopping frequency and T is absolute temperature [49]. In the 
present study, the Roling’s scaling model has been found most appro
priate for scaling of the conductivity versus frequency curves [48]. 

The scaled conductivity spectra for the ABP0 to ABP7 glasses at 

different temperatures are shown in Fig. 13 (a-e). All conductivity 
spectra, at different temperatures in Fig. 13, merge near perfectly into a 
single master curve which indicates the existence of a time temperature 
superposition (TTS) and a temperature independent conduction mech
anism. Fig. 13 (f) shows the scaled conductivity spectra of all the glass 
compositions at 323 K, which also nearly merge in to a single curve 
indicating composition independence of ionic conductivity. All the 
spectra however do not merge at very low frequencies near polarization 
region. This may be due to change in mobile Ag+ ion concentration and/ 
or slightly different ion transport behaviour in the glass at a given 
temperature. According to Dyre et al. [52], TTS is observed in single ion 
conducting glasses and crystals with structural disorder, because the 

Fig. 16. (a-b) Variation in Z” (imaginary part of impedance) and M“ (imginary part of electric modulus) for ABP3 samples at 323 K, (b) Variation of stretching 
parameter β vs. temperature for all glass samples. (c) Comparison of activation energies Eσ and Eτ obtained from conductivity and modulation relaxation time studies 
respectively. 
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disorder of the glass matrix leads to a broad distribution of ion site en
ergies and barrier heights and thus to a broad distribution of jump rates 
[53,54] and the Coulombic interactions cause a significant spread in the 
potential energies of the ions. 

The scaling approach used here suggests that the conductivity 
relaxation is a time–temperature and composition independent process 
in these glasses, in a wide frequency range except at low frequency re
gion, i.e. it depends on the mobile ion concentration [48]. Sidebottom 
[51] named such scaling as canonical scaling where shape of the ac 
conductivity spectra is preserved with changing temperature and ion 
concentration remains invariant. 

4.5. Electric modulus study 

Frequency independent to frequency dependent conductivity pro
vides the onset of a relaxation phenomenon, which can be discussed in 
terms of the electrical modulus. In the modulus formalism, the polari
zation effects are suppressed which are produced due to the electro
de–electrolyte interface. Macedo et al.; [55] reported that the Modulus 
formalism can represent the relaxation processes occurring due to the 
motion of ions in superionic glasses. 

Several models have been discussed by various researchers [48,56- 
62] to understand ion relaxation and its behaviour as a function of 
temperature and/ or frequency for ionic conducting systems (glass/ 
polymer). 

According to Macedo et al [55]; the electrical modulus is obtained by 
reciprocating the complex dielectric permittivity ε* is as follows 

M* =
1
ε0

= M
′

+ iM′′ (8)  

where M’ and M" are the real and imaginary components of electric 
modulus. 

While Moynihan et al.; [62] introduced the Kohlrausch-Williams- 
Watts (KWW) relaxation function in an empirical manner to represents 
the width of the M" peaks which is often associated with a stretching 
exponent β. They proposed 

∅(t) = e(− t/τ)β
(9) 

The values of β typically found to be 0 < β < 1 (Non-Debye),which is 
obtained by fitting the frequency dependent plots of imaginary part of 
the electric modulus (M"). 

Ngai and Kannert [63] have derived the ’coupling model’ which 
shows connection between these two approaches. They have anticipated 
that the power-law variation of the conductivity is associated with the 
KWW relaxation mechanism, then Equation (9) can be written as 

σkww = B exp( − Ea/KBT)ω1− β (10) 

The activation energy (Ea ) related to activation energy for dc con
duction (Eσ ) and the stretching parameter (β), which is derived from a 
relaxation process. 

Ea/Eσ = β (11) 

In the present study, the frequency dependent real part of the 
modulus (M’) shows dispersion which reaches to maximum and shifts 
towards higher frequency depicted in Fig. 14(a-d). A long and flat tail 
starting from the low frequency up to the intermediate frequency region 
is observed in the plots of frequency dependent imaginary part of the 
modulus (M˝) curve shown in Fig. 15(a-e). Large capacitance associated 
with the electrodes is the main reason for such nature. The value of the 
modulus starts increasing and reaches to a maximum value termed as 
peak of M˝ at higher frequencies which may be due to the bulk effect. It 
is noted that the M˝ peak shifts towards the higher frequency side with 
temperature, with different peak heights. At all the temperatures, the 
shapes of M˝ curves look alike but differ only by their peak position and 
FWHM (Full Width at Half Maximum) values as well. 

The conductivity relaxation frequency ωc corresponding to M˝
max 

gives the average or characteristic relaxation time by the condition that 
ωcτc = 1 [64]. The frequency range below M˝

max determines the range 
where charge carriers are mobile over long distances while the fre
quency range above M˝

max is the frequency range where the charge 
carriers are confined to potential wells and are mobile over short ranges 
only. The continuous shift in the fmax position with rise of temperature is 
attributed to the distribution of frequencies for the barrier cross-over. 
The width of the M′′ curves is interpreted in terms of the distribution 
of relaxation times which is connected with a distribution of free energy 
barriers for ionic jumps, in which distribution is increased with 
increasing disorder or due to the cooperative nature of the conduction 
process. This temperature dependent behaviour of M′′ can be explained 
on the basis that the charge carriers get thermally activated with an 
increase in the temperature and hence acquire a rapid movement which 
leads to a decrease in the relaxation time. Thus, the shifting of the 
relaxation peak towards higher frequency with temperature suggests the 
occurrence of temperature dependent relaxation processes in the present 
glass system. The Ag+ ions are mobile over long distances in the fre
quency range below M˝

max while frequency range above M˝
max (f > fp), 

the ions are confined in a narrow dimensional potential-well and free to 
move over short distances only. The region of the peak therefore is 
indicative of the transition from long range to short range mobility. 

A plot of values of M′′ and Z˝ with frequency has been shown in 
Fig. 16(a). It can be seen that there is a mismatch between the peaks of 
plots of M′′ and Z˝ versus frequency which confirms the relaxation 
process in the present glasses due to the localized movement of charge 
carriers. The obtained M′′ data were fitted to the stretched exponential 
KWW function [62]. The stretching parameter (β), which corresponds to 
FWHM of M′′ curve, is plotted against temperature for all the glass 
compositions shown in Fig. 16(b). It increases with increase in tem
perature and composition as well. We note that the frequency exponent 
’n’ does not obey Ngai’s relation β = 1 − n [65,66] given in Equation 
(10). The value of frequency exponent (n) is to be estimated from the 
high frequency region of the conductivity spectra, while the value of 
stretching parameter (β) is between the shoulders of the electric 
modulus peak. The plots of imaginary part of electric modulus are not 
perfectly fitted in the high frequency regime affects the value of β. The 
qualitative changes in the values of ’β’ and ’n’ are in conformity with the 
fact that both parameters represent the interaction between the ions 
[65]. The Fig. 9(d) shows the reciprocal temperature dependence of the 
relaxation time for all the glass compositions and it closely fits to the 
following Arrhenius relation [67,68] 

τc = τ0exp[Eτ/kT] (12)  

where τc is the characteristic relaxation time, τ0 is the pre-exponential 
factor and Eτ is the activation energy for τc. The activation energy Eσ , 
obtained from the dc conductivity processes found to be 0.84–0.52 eV, 
which is the activation energy for long range charge transport and Eτ 
from the relaxation processes, which corresponds to the short distance 
transport found to be 0.64–0.29 eV, are appear to be different as 
depicted in the Fig. 16(c). It suggests that the dc conduction process and 
the conductivity relaxation processes, both are activated by slightly 
different mechanisms [67,68]. 

To understand dielectric mechanism, scaling of modulus spectra 
have been suggested by various workers [65,69-75]. The Ac universality 
was first recognized by Taylor (1956–59), shown dielectric loss for 
different ionic glass composition fell on a single plot against scaled 
frequency. Later, Isard (1961) [76] relabelled Taylor’s axis by plotting 
dielectric loss against logarithmic function of product of frequency (f)
and dc resistivity (σdc) known as Taylor-Isard formulation. The constant 
(C) is proportional to the inverse of temperature. 

σ =
σ(ω)

σ0
= F

(

c
ω
σ0

)

...(Taylor − Isard formulation) (13) 
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Fig. 17. (a-e) Scaled modulus spectra (M˝/M˝
max) plotted against normalized frequency (f/fP) at different temperatures, (f) Scaled modulus spectra (M˝/M˝

max) plotted 
against normalized frequency (f/fP) for all glass samples at 323 K. 
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Based on AC universality (disorder solids), it is always possible to 
scale measurements of the frequency dependent parameter at a different 
temperature/ for various glass compositions into a single master curve 
by various workers [40,48,56,77-81]. 

The normalized value of imaginary part of modulus scaled with the 
frequency, dc conductivity, temperature and carrier concentration was 
initially suggested by Summerfield and it is modified by Roling [74], 

M"
M"

p
= F

(
f

σdcT

)

...(Roling model formalism) (14) 

The empirical formula for modulus scaling was suggested by Ghosh 
[66], where both the axis are normalized with its peak values. 

M"
M"

p
= F

(
f
fp

)

...(Ghosh model formalism) (15) 

To warrant a better insight of the relaxation processes for ion con
ducting materials like glasses and polymer systems, we have tried to 
attempt the scaling of imaginary component of modulus  (M˝) with 
frequency and temperature using all probable alternative functions. 
However, Roling and Ghosh Models had nearly successfully scaled the 
Modulus values. Hence, we have chosen the horizontal axis scaled with 
the normalized frequency (f/fp) and for imaginary part of modulus at 
different temperatures scaled with normalized Modulus (M’’/M’’

max)

shown in Fig. 17 (a to e) which exhibit the scaling of the M˝ curves by 
Ghosh Model (M’’/M’’

max)→log(f/fmax), for all the compositions at 
different temperatures. The data for different temperatures are found to 
merge near perfectly into a single master curve, which suggests that all 
the dynamic processes occurring at different time scales exhibit the same 
activation energy and the distribution of relaxation times is independent 
of temperature or the ionic relaxation mechanism is temperature inde
pendent or a Time Temperature Superposition (TTS) holds. It can be 
seen from Fig. 17(f) that the scaling of M˝ curve at any particular 
temperature for all the samples also results into a single master curve, 
which implies that the conductivity relaxation is also independent of the 
composition of the glass. Thus, it is attributed that the relaxation process 
in the 

[
Ag2O: (B2O3-P2O5)

]
glass system mixed with AgI do not depend 

on temperature as well as composition. 

5. Conclusion 

In the present glassy electrolyte x. AgI: (100-x).
[
Ag2O: (B2O3-P2O5)

]
prepared by a rapid melt quench method, the ionic conductivity 

considerably increases with the addition of AgI up to 5 wt% giving a 
maximum ionic conductivity 6.24x10-5 S/cm at room temperature. The 
present borophosphate glass system follows the silver ion conduction 
mechanism according to Anderson-Stuart (A-S) model. The electric 
modulus study confirms the distributed relaxation time and non-Debye 
nature of glassy electrolytes as well. The values of stretching param
eter ’β’ indicate the deviation from the ideal Debye nature. The scaling 
of conductivity and electric modulus confirmed that all the dynamic 
processes occurring at different time scales exhibit the slightly different 
activation energy and the distribution of relaxation times is independent 
of temperature as well as the composition of the glass. Such glasses may 
be a good candidate for solid state batteries or as a supercapacitor. 
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