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Ion transport study for the lithium iodide doped Lithium Borophosphate (LBP) glass electrolyte
X(LiI) : [(100 —x).(60Liz0 : 8B203 : 32P,05)] has been carried out over a range of composition (x=0 to 25 wt.%).
The electrical conductivity has been measured by complex impedance spectroscopy from 303 K to 423 K tem-
perature. The physical parameter and conductivity study indicate to obey the Arrhenius relationship and the
frequency dependent conductivity is in consonance with Jonscher’s universal power law. The Correlated Barrier
Hopping (CBH) model for ion transport is observed to follow in the present glass system. Further investigation of
the conductivity has also been carried out to calculate the hopping frequency (w, ), relaxation time (z), power-law
exponent (n) and decoupling index (R;). The enthalpy for migration and free energy have been estimated using
the frequency-dependent power-law exponent (n) behaviour. Charge dynamics between local states due to the
activated hopping process has been discussed according to Anderson- Drago and Elliot’s model. To reinforce the
Lithium ion transport study, several physical parameters such as density (p), molar volume (Vy), oxygen packing
density (OPD), cation concentration (Ny;), the mean distance between cations (R’Lil) and the total number of
energy states per unit volume at Fermi level N(E;) have been calculated using various empirical formulae to

discuss the present LBP ionic glass system.

1. Introduction

Pure phosphate glass exhibits numerous applications in the working
area of fast ion conductors, waveguides, optical switches, fibres and
many more [1]. However, pure phosphate glass is hygroscopic in nature
and shows deficient chemical durability [1]. Alkali borates have been
widely studied because of the significant evolution with composition of
both structure and physical properties [2]. Nevertheless, the pure borate
glass is normally not useful for any application in the pure form because
of the issue with chemical durability and high affinity for water.
Therefore, it is used in combination with other oxides which leads to
improved chemical durability [3].

Solids containing mobile lithium ions are very significant since they
are at the peak of scientific interest in the quest for an efficient energy
storage system. There is a requirement for a high degree of disorderli-
ness to have fast ion diffusion in the ionic glass. The fast ion conducting
solids containing H, Li*, F~are usually rich in chemical structural or
morphological defects and used for energy storage device application

* Corresponding author.

[4]. Alkali oxide glass compositions have been widely studied because of
the significant evolution in both structural and physical properties [2,5].
With this background, among all alkali cations, lithium appears to be the
most advantageous for electrochemical applications because of its small
size, low mass and high electropositivity [2,6-8]. According to Ingram
et al; superionic conductors are the compounds (glassy/ crystalline) in
which the highest conductivity can be envisaged when the lithium ha-
lides added to the parent system [9]. The system containing lithium
halides such as Lil, LiCl, LiBr showed the highest conductivity and can be
treated as superionic compounds [10]. Among all the lithium halide
compounds, the Lil (hard acid-soft base compound) loosened up Li*
cations very easily and shows ion transport in a glass system. Takada et
al; [11] has also reported that the Lithium iodide based solid electrolytes
are known for the highest ambient conductivity. Several research arti-
cles on lithium iodide doped solid electrolytes are reported,
LigPO4—LipS —SiS, lithium ion conducting sulphide glass has been
elucidated by Shiego Kondo and Takada et.al., [11], such as Lil—Li;WO4
solid electrolyte has been studied by Arofet.al; [12] and Lil —AgI —B03
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mixed with V,0s has been analysed by Mogus et.al. [13].

Usually, the network former is the building block of a glassy elec-
trolyte. The addition of metal oxide modifies / alters the parent network
and a result, Non-Bridging Oxygen (NBOs) are produced. Furthermore,
the dopant is added to acquire mobile ions (cation) for ionic conduction
[12]. Alkali ions and/or transition metal ions doped oxide glasses have
been extensively investigated for their electrical properties due to easy
preparation and wide applications [1,12,14]. The silicate, borate,
phosphate, tellurite, boro-vanadate and boro-phosphate glasses have
been studied largely by worldwide researchers [1,4,10-20]. With the
addition of modifier oxide into the borate and phosphate network, the
borate network gets polymerised and changes from trigonal BO3 to
tetrahedral BO4 while the phosphate network gets depolymerised, and
chain like structure turn into the tetra and trigonal units. When the
modifier oxides are added to the network, the positive charge of modi-
fier cations compensates the negatively charged non-bridging oxygen
sites of the parent framework [15,16]. Several studies of the mixed glass
formers (Boro-phosphate) with alkali metal oxide (Li;O, Naz0, K;0)
have been reported in the literature so far [10,20].

Lithium and its compounds have several industrial applications,
including heat-resistant glass and ceramics, lithium batteries, and
lithium-ion batteries. Therefore, there is still a scope to investigate the
details related to conduction mechanism study in lithium iodide doped
borophosphate glass (LBP) Lil doped borophosphate glass can also be
termed as solid electrolyte glass system. The cause of the change in elec-
trical conductivity (as a function of Lil concentration) of the present
glass electrolyte is either the mobile charge carrier concentration and/or
its mobility. Analysis of electrical conductivity and its Li"cation trans-
port mechanism using experimental and calculated from empirical re-
lations data is the highlight in the present study. It is significant to
understand conductivity using impedance spectroscopy, and subse-
quently, activation energy for ion conduction, hopping frequency (wj),
decoupled ion index (R;), and the number of energy states at the Fermi
level N(Ey) were analysed to understand the theoretical model related to
the present glass electrolyte system.

Therefore, it is interesting to study systematic variations of Lil
salt in an otherwise very rigid boro-phosphate glassy system. In the
present system, we have varied the ionic salt Lil in
Xx(LiI) : [(100 —x).(60Li»O : 8B303 : 32P,05)] to understand how ionic
conduction occurs in a rigid lithium boro-phosphate glass system.

NOVELITY:

e Study of Charge / ion transport mechanism due to Lil in a lithium
boro-phosphate glass system

e Temperature and composition dependency on charge transport
through the glass matrix.

e Confirmation of Correlated Barrier Hopping (CBH) mechanism by
simulating theoretical and experimental parameters in the present
glass system.

2. Experimental Procedure

In the present study, composition for the glass samples of
x(LiI) : [(100 —x).(60Li>O : 8B2053 : 32P,05)] with x ranging fromx =
0 to 25 wt.%, were prepared using melt quench method, wherein
analytical grade reagents likeHsBO3 NH4H,PO4 LioO, and Lil chem-
icals were used [21,22]. The amorphous nature of samples had been
examined by X-rays diffraction technique (XRD) in Cu —Ka radiation
using the Bruker Discovery-8 X-ray machine. The absence of any single
sharp peak in the XRD signifies the formation of a homogeneous Lithium
borophosphate glass even after an addition of Lil.The vibrational modes
of various molecular bond and their structural study were carried out by
employing Infrared spectroscopy. The Infrared spectrum was recorded
using JASCO FTIR-4000 machine in the wavenumber range of 400 —
2000 cm'at a resolution of 4 cm~! by using the standard KBr method.
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For the KBr method, the IR grad KBr and sample specs in a proportion of
100 : 1 were used for a pellet (~ 0.5 —1 mm thick) preparation. For
electrical conductivity measurement, as a part of electrode preparation,
the glass beads were cut and polished in rectangular shape and then
coated by the silver paste. Solartron-1260A (frequency response
impedance analyser) was used to measure conductivity over a wide
frequency range from 1 Hz to 32 MHz and the temperature range from
303 Kto 413 K.

A complex non-linear least square (CNLLSQ) fitting model was used
to analyse impedance spectra using soft tools such as Z-plot, origin8.1
and electrochemical impedance analyser (EIS). The density (p) value of
glasses, obtained by Archimedes’ principle, were used to calculate the
various physical parameters such as molar volume (V;,), lithium-ion
concentration (N;), the mean spacing between cations (Rj;),0xygen
packing density (OPD) and oxygen molar volume (Vo).

3. Results and Discussion
3.1. Fourier Transform Infrared Spectroscopy (FTIR) Study

Several absorption bands of the LBP glass system are seen in the
recorded IR spectra shown in Fig. 1. The band positions and their as-
signments are present in Table 1. Absorption bands at the wave-
numbers 768 cm™!, 1103 cm™!, 1116 cm!,1240 cm™!, 1283 cm™!,
1334 cm~1,1383 cm™!, 1400 cm~! and 1640 cm~! have been observed
in the IR spectra to study the present glass system. The absorption band
at 768 cm~! corresponding to the B — O — B linkage bending in borate
network structure [20,22-27]. The characteristic peak at 1103 cm™!
confirms the presence of PO, units in the pyro- and metaphosphate
group [27,30]. In the lithium borophosphate glass series, P— O — B
linkages have signature peak at 1116 cm~! wavenumber [38]. The
asymmetric stretching vibration of the P — O — P bond is observed at
1240 cm™! [20,31] while asymmetric stretching vibration of B — O
bonds of BO3; unit shows the characteristic peak at 1283 cm~! [32,33,
36]. A characteristic peak near about 1334 cm™! reveals the presence of
borate units in pyro- and ortho- borate group [27]. The manifestation of
bridging oxygen molecules between triangular borate unit and the
tetragonal borate unit is observed at 1383 cm~! [27].The 1384 cm™! is
observed probably due to P = O bond and the asymmetric vibration
modes of P — O — P link [23,37]. The stretching vibration at 1400 cm!
is associated with the B — O bond with the non-bridging oxygen atoms in
penta-, ortho-, pyro- borate groups [27,29,38]. The peak appears at
1640 cm™! attributed to the asymmetric stretching mode of relaxation
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Fig. 1. FTIR absorption spectra of all glass samples between 400 cm-1 to 2000
cm-1 wave number.
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Table 1
Band positions and assignments of IR bands of present glass system.
Wavenumber Mode Of Assignment Of IR Band Reference
(Cm™) Vibration
~ 755-770 Symmetric P — O — P in rings of the [12,22,23,
stretching (vs) bridging oxygen atoms 25-30]
Transformation of borate units
from BO3 to BO4
B — O — B linkages bending in
borate network
~1100-1150 Asymmetric P— O —P of polymeta chainof  [27,31,32,
stretching (Vas) (PO*") unit 33,34]
Symmetric Non-bridging oxygen from
stretching (vs) terminal P — O bond and
POsunit
B-O stretching of BO4 units in
various borate rings (di-, tri-,
tetra-, penta borate groups)
~1225-1240 Asymmetric B — O stretching vibrations [20,25,31,
stretching (Vas) ofBO® units in penta-, ortho-, ~ 32,35,36]
pyro- and metaborate groups
Metaphosphate (PO2)~ group
P = O in POg4structural unit
with one Non-bridging oxygen
and changein P— O —
Plinkage due to formation of
P— 0 - Blink
1283 Asymmetric B — O bonds of BO3 unit [32,33,36]
stretching (Vas)
~1334-1383 Symmetric Borate unit in pyro- and ortho-  [12,23, 27,
stretching (vs) borate group. 30,36,37]
Bridging oxygen between BO3
and BO4 group
P = O in NBO atom of
phosphate chain
PO,of non-bridging oxygen in
a phosphate chain
~1400-1404 Asymmetric Borate triangle unit (BO™). [27, 29, 32,
stretching (Vas) B — O bonds associated with 36, 38]
Anti- NBO in penta, ortho, pyro
symmetric borate group
stretching
1627 Asymmetric B — O bond present in [36]

stretching (Vas) trigonalBO3units

vibration in B-O bond present in trigonal BO3 units [36].

Upon Lil addition in the lithium oxide modified boro-phosphate
glass, the continuous breakdown of the borate ring type structure
resulting into polymerisation of borate network can be envisaged as the
wavenumber shifting from 768 cm™! to 780 cm™! for LBP25 sample,
corresponding to B — O stretching of BO4 units. Similar observations
have been reported by H. Tunt et al; [26] and N.J. Kim [20] and T. Q.
Leo et al; [27] have reported that the conversion from BO3 to BO4 unit
ultimately polymerises the borate network in the glass structure. From
pure LBP sample to LBP25 sample the band at 1103 cm™! goes broad-
ened signifies the formation of tetragonal borate unit. The absorption
band at 1116 cm™! shows shift to ~ 1096 cm~! possibly due to weak-
ening of the double bond character in PO4 polyhedra, which concurs
with reported research work by Kabi and Ghosh [38]. With the addition
of Lil, the band at 1240 cm~! appears in LBP10 sample broadens grad-
ually till LBP25 and is ascribed the changes in P — O — P linkage due to
formation of cross linking through P — O — B bond formation. The blur
peak at 1383 cm™! is seen in pure LBP glass, which is shifting to the
lower wavenumber 1357 cm~! for LBP25 sample, which confirms the
elongation of BO3 units and eventually converting to tetragonal borate
group as BO4 [27,36]. The peak at 1400 cm~! wavenumber is assigned
to the non-bridging oxygen bonded with B— O link and remains un-
changed even with addition of Lil. The wave number 1640 cm™!
observed for LBPO sample gradually shifts towards 1627 cm~! for
LBP25, suggests disappearance of the trigonal BO3 units. It is interesting
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to note that the peak at 1640 cm '[36] wave number shifts to lower
wave number side i.e., at 1627 cm~! with the addition of Lil, indicating
the gradual structural changes in the trigonal borate units.

With the gradual increase in Lil concentration, the frequency of most
of the units of glass formers shifts to the lower wave number side
attributing the expansion of the glass structure due to the polymeriza-
tion of borate and phosphate network. A transformation from BOs to BO4
units due to polymerisation of borate network and depolymerisation of
phosphate network from POs units to PO4 units in the structure is
expected.

3.2. Physical Properties

The physical parameters of the present glasses are given in Table 2. It
is observed that the density (p) increases from 2.46 g/cc to 2.50 g/cc with
the addition of Lil salt content from 0 to 25 wt.%. This could be due to
increase in molecular weight of iodide ion (Molecular Weight.
126.9045) in Lil. The molar volume (V,,;) increases from 41.2346 cc/
mole to 43.8829 cc/mole with Lithium salt concentration confirming the
expansion of the glass structure. It is also observed that the structure is
accompanied by a decreasing oxygen packing density (OPD) from
59.1736 (mol/D to 42.2038 (mol/Dwhile oxygen molar volume (Vo)
increases from 16.90 to 23.70 means volume expansion of the glass with
the addition of Lil. The glass transition temperature (Tg) is directly
related to the composition of glasses. In the present system, the glass
transition temperature decreases (not significantly) from 1063.5 K to
1061.1 K with Lil addition. It is clearly observed from FTIR that the more
number of tetragonal borate unit (BO4) units are formed with Lithium
salt addition.

3.3. Conductivity Analysis

The impedance spectra shown in Fig. 2(a-f) of the LBP glass series
exhibit a semi-circle at the high frequency corresponding to the bulk
conduction and the inclined spike observed at the low frequency region
due to electrode polarization phenomena. As we increase the salt con-
centration in the glass, second semicircle starts building up and the bulk
resistance of the semicircle at high frequency decreases. At high tem-
perature, the thermally stimulated cations contribute to ionic conduc-
tivity [13]. The semicircle arc corresponds to the bulk conduction
whereas the spur is due to the electrode polarization in Fig. 2(a-f). The
presence of the spur at higher amount of Lil points to the blocking of Li
ions at the electrodes. It should be noted that the spur appears in the
high temperature region suggesting the thermally stimulated mobility of
ions. Fig. 3 shows the Nyquist plot and fitted equivalent circuit for the
LBP25 glass at 373 K temperature. DC Conductivity is calculated using
the following equation.

t

op = m (€]
The enhancement of conductivity may be due to the increasing ionic
contribution with the concentration of Lil [13]. Fig. 4 illustrates the dc
conductivity as a function of the inverse temperature for all the samples.
The activation energy required for the conduction process is obtained
using the slope of the DC conductivity plot given in Fig. 4, the linear fit
has the goodness of fitting ranging from 0.97532 -0.99819. The dc
conductivity and activation energy plot is shown for different salt con-
centrations in Fig. 5. The activation energy (E,) required for the con-
duction process is calculated using the Arrhenius relation. With the
addition of Lil, as given in Table 2, the value of activation energy seems
to decrease. The decrease in activation energy means decrease in the
electrostatic binding energy as well as the strain energy needed for the
easy passage to the lithium and silver ions. The slight change in glass
transition temperature (Tg) is observed which may be due presence of
rigid framework borate structure. The continuous decrement in the jump
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Table 2

Various physical parameters of the Lil-Li,O-B;03:P5,05 glasses.

Physical
parameter (with
uncertainty using
standard
deviation)

LBPO

LBP5

LBP10

LBP15

LBP20

LBP25

LiI concentration
(x in wt.%)

Density: (gm/cc)
with uncertainty
+0.02

Molar Volume: Vy,
(cc/mole) with
uncertainty +
0.4

Oxygen Packing
density:OPD
(mol/Dwith
uncertainty +
0.3

Oxygen Molar
volume: Vg (cc/
mol) with
uncertainty +
0.1

Glass transition
temperature: Ty
X

No. of cations from
Li>O: N; (x
10! /ec)with
uncertainty +
0.05

No. of cations from
Lil: N (x 102!/
cc)with
uncertainty +
0.005

Total number of
cation: N; (x
10%'/cc)with
uncertainty +
0.09

Uy at 373K: +
0.01 (eV)

Ruin (1MHz) at
373K (A) with
uncertainty +
0.6

Mean distance
between cations:
R’z (A)with
uncertainty +
0.03

N(Ep x10%°
(eV)™/cc with
uncertainty +
0.02

Activation energy
for conduction:
E, (eV)with
uncertainty +
0.008

Hopping freq. at
373 K: wp (x10°
Hz) with
uncertainty +
0.01

Total Enthalpy:
H=H,, + Hi(eV)
with uncertainty
+ 0.008

Enthalpy of
migration: Hy,
(eV) with

2.46

41.23

59.17

16.90

1063.5

8.76

8.76

7.42

59.22

1.12

0.14

1.20

0.88

2.46

41.89

55.34

18.07

1063.1

8.20

0.72

8.92

4.95

79.11

11.16

1.60

1.08

0.49

111

1.05

10

2.47

42.36

51.84

19.29

1062.9

7.68

1.42

9.10

3.165

1.27

8.89

3.20

1.06

0.58

1.09

1.05

15

2.48

42.90

48.34

20.69

1062.7

7.16

211

9.27

3.065

98.05

7.80

4.78

1.05

1.18

1.08

1.06

20

2.48

43.50

44.88

22.28

1061.6

6.65

2.77

9.42

2.30

1.46

7.12

7.31

0.91

1.32

0.95

0.93

25

2.50

43.88

42.20

23.69

1061.1

6.25

3.43

9.68

2.03

1.52

6.63

9.24

0.89

2.25

0.92

0.90
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Table 2 (continued)

Physical LBPO LBPS
parameter (with

uncertainty using

standard

deviation)

LBP10 LBP15 LBP20 LBP25

uncertainty +
0.008
Enthalpy of free 0.32 0.06 0.04 0.03 0.02 0.02
energy: He (eV)
with uncertainty
+ 0.002

distance of Li ions, and increase in the molar volume (V,,) values also
confirm and acknowledge the variation of activation energy and
conductivity.

The conductivity enhancement at various temperature/ salt con-
centration is related to the number of charge carriers and/or the
mobility of the thermally stimulated charge carriers. Tetrahedral sites
are formed by the network former (B203-P205), into which the added
salt enters at interstitial positions and induces the formation of non-
bridging oxygen (NBO). And the resulting NBO converts the triangular
borate units into a tetrahedral borate unit. The decrease in activation
energy and increase in conductivity with increasing Lil content is
probably causes a weaker degree of cross-linking the glass network.
This, in turn, leads to a decrease in the electrostatic binding energy.

The ratio of 74(Ty)/7m(Ty) measures the decoupling indexR.(T) of
the ions in the host matrix, where 7,(T;) and 7,,(T;) arethe average
structural and the conductivity relaxation times at the glass transition
temperature T, respectively. It is to be noted that R;(Tg), which describes
the extent to which the motion of the conducting ions in the glassy
matrix, can be decoupled from the viscous motion of the glassy matrix at
T¢[39].According to Fig. 6, in the present system, the decoupling index,
R, increases with the increase of Lil content as well as with temperature.
It means, motion of the conducting Li ions in the glassy matrix is getting
decoupled from the viscous motion of the glassy matrix at T, with
composition as well as with temperature, hence continuous rise in
conductivity can be expected.

3.4. Frequency dependent conductivity

The ac conductivity of glass samples with all compositions have been
recorded and calculated for the temperature range 303 K-413 K and
frequency range 1 Hz-32 MHz. It is evident from Fig. 7(a) and 7(b) that
the ac conductivity shows its dependency not only on temperature but
also on composition. For the studied frequency range, it is observed that
with Lil content, frequency dependent conductivity ¢ (@) shows a con-
stant behaviour at frequency and then starts increasing depicting its
relaxation region. Meenakshi Dult et.al., in boro-silicate and Mahmoud
et.al,, in lithium-bismuth borate glasses observed the similar observa-
tions [40,41]. Frequency dependent conductivity at an arbitrary tem-
perature value is shown in Fig. 7(a). Two significant regions namely
plateau and dispersion are present in the frequency dependent con-
ductivity (¢ (»)) in shown Fig. 7(a & b).At low frequencies the plateau
region is observed, where the random distribution of the charge carriers
by activated hopping results in frequency-independent conductivity. In
the plateau region, the frequency range width increases with tempera-
ture. When the curve is seen flat in the low frequency region, its cor-
responding conductivity value can be approximated as the dc
conductivity (o4 ), whereas, the dispersion region is observed at high
frequency. The conductivity ¢ (w) goes on increasing with an increase in
frequency (), which shows high dependence on frequency. The con-
ductivity spectra become more dispersive with the increase in frequency
and seems to merge in high frequency region. When the temperature
rises, the width of the dispersive region decreases. The samples from
LBP15 starts showing another dip at lower frequency region attributing
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Fig. 2. (a-f) Nyquist plot of all glassy electrolytes with xLil in the LBP glass system (x=0-25 wt.%) at 373 K temperature.
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ac conductivity of LBP25 as a function of log frequency at different temperatures. (Solid straight line shows the JPL fitting).

to building up of polarisation. The changeover of conductivity shifts to
the higher frequency as the temperature increases, because the mobile
ions acquire thermal energy and hence cross the barrier potential more
easily. In general, the frequency dependent ac conductivity is given by
Jonscher’s power law [22].

Cue = 04c +A()" ()]

where A is the characteristic parameter, @ is the radial frequency
(0= 2zf) and n is the power exponent which depends on the tempera-
ture(commonly known as n(T)) and the frequency. The fitting of the
experimentally measured data of frequency dependent conductivity o4
at different temperatures, gets the values of 64, A and n.

Fig. 7(a) shows the plot of ac conductivity fitted with Jonscher’s
universal power law for all the glass samples at 373K and Fig. 7(b) de-
picts the frequency response of ac conductivity for the glass composition
LBP25 at different temperatures. The increase in the thermally activated
cations (total number) and/or their drift velocity is observed with rising
in the temperature is responsible for the observed rise in conductivity in
the present glass samples. M. Gabr et al., P. V. Rao et al; and other
research groups have also reported the similar observations in different
glass systems [41-44]. In the present glass system, from LBPO to LBP25
sample, the total number of cations N;(Li*) (due to Li,O and /or Lil) is
raised from 8.764x102!/cc to 9.682x102! /ccas mentioned in Table 2.
The room temperature conductivity ranges from 10~ to10° S /cm for
LBPO to LBP25 samples respectively. The straight line variation of dc
conductivity (o4 )with the inverse of temperature (1 /T) confirms the
Arrhenius relation (Eq. 3).

64.(T) = ope (;i") 3)

Here o is the material dependent pre-exponent factor, E, is the acti-
vation energy for conduction, k is the Boltzmann constant, and T is the
temperature (in Kelvin).Fig. 4 shows the variation of log (o4, ) versus
1000/T for the present glass series. From its linear fit, activation energy
(Eq) has beencalculated andis shown in Table 2 for all the samples. The
activation energy for the conduction process decreases with the increase
in Lil concentration. This activation energy corresponds to the trap level
located below the conduction band [40].The following relations Eq. 4 &
(5) are applied to calculate the density of states N(E;) of thermally
activated electron hopping at the Fermi level (Ef) and mean distance

between two cations (R') [13,40].
3

N(E) = pp (4

R = /(1/N) ®)

where N(E;) is the density of energy states at Fermi level, R’ is the mean
distance between two Li-cations, N; is the concentration of cations and
E,is the activation energy. From Table 2, the glass network of LBP5 to
LBP25 sample, the value of N(Ey) reasonably increases from 1.60 x 1 0%
eVl em3 to 9.24 x 10%° ev Iiem 3 which is indicative of the
augmentation of defect energy states or free charge carriers. The mean
distance between lithium cations (R;;) gradually decreases (Table 2),
which manifests the ease of movement for ion transportation.

In order to understand the interaction between the ion and the
network, frequency power exponent (n), has been included into dis-
cussion. The smaller value of n(T) signifies the higher degree of modi-
fication in the network [22,40,42]. In the present system, analysis of the
power exponent n(T)confirms the hopping mechanism involved in
conductivity. When an AC field is applied to the system, the value of n(T)
is used to determine the mechanism of conduction [45]. In the studied
temperature region, a decrease in n(T) value is observed, which is
assumed to be associated with the Correlated Barrier Hopping mecha-
nism for conduction [40,42]. The n(T) behaviour of all the samples at
different temperatures is depicted in Fig. 8, where the error bar reflects
the error analysis using the standard deviation source method. The
mobile ion concentration factor K’ is an important factor in conductiv-
ity. Furthermore, looking into the total charge carrier concentration(K')

0.98-

0.96 1
0.94 4

0.924

0.904—°—LBPO
—0— LBP5
0.884—>—LBP10
{—o—LBP15
0.86d—— LBP20
—0— | BP25

340

Power Exponent (n)

0.84

360 380 400

Temperature (K)
Fig. 8. Frequency exponent (n) as a function of temperature for all the glass

compositions. (Standard deviation is used as the error source which is repre-
sented by error bar).
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(Fig. 9), the rising trend of the charge carrier concentration (K') from
LBP5 to LBP25 sample is consistent with the conductivity behaviour.
With respect to temperature the deviation in K value for each glass
sample is shown in Fig. 9 using error bar. K is dependent on the values
hopping frequency, temperature and dc conductivity. A fraction of the
total number of charge carriers (n') is mobile when the conduction
process occurs via a defect mechanism, which is given by mathematical
expression,

(#) (8 ()
n = Ne = Ne .Ne 6)

The parameters associated with the dissociation of cations from their
original sites next to the charge compensation centre are N, the total
charge carriers, entropy (Sy), enthalpy (Hy), and free energy (Gy), as
mentioned in Eq. (6). The cross over (hopping) frequency (w,) given by
Eq. (7) and the DC conductivity, in the form of dissociation process, is
given by Eq. (8)

k kT
W, = W e e 7

Sp+5m Hyy Hm
szezdzng k T (8)
Cge = —————
E k¢ ¢
Enthalpy for migration (H )
7 @ LBPO
@ LBPS
@ LBP10
— @ LBPI5
o @ LBP20
S @ LBP25
S
=5
4 - LBPO LBP5 LBP10 LBP15 LBP20 LBP25
Adj. R-Square 0.9854 0.9976 0.9972 0.9935 0.9990 0.9936

24 25 26 27 28 29 3.0
1000/T (K-1)
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Here, an attempt frequency is called wy, the parameters related to
migration are entropy (S,,) along with enthalpy (H,,), the geometric and
correlation constant shown as y, while jump distance appears as d. Ac-
cording to Jain and Mundy [46], the explanation of the conduction
mechanism in ionic glasses can be through the conductivity versus an
inverse of the temperature plot. The total enthalpy incorporates mainly
two components such as free energy (Hy) and migration (Hy), which
elucidate the dissociation of the cations from their original site next to
the charge compensating centre [40]. In the present system, the value
estimated using the linear fitting (with the goodness of fit range
0.9854-0.9990) of the logarithmic function of hopping frequency versus
the inverse of a temperature graph shown in Fig. 10(a). Using Eq. (7) and
(8), the log w, and log (o4 T) versus 1/T are plotted and shown in
Fig. 10(a & b).The value of log (64.T) is fitted linearly (Fig. 10(b)) with
the value of Adj. R-square ranging from 0.98564-0.99888 in order to
obtain the value of enthalpy with respect to the reciprocal of tempera-
ture. The values of w, are shown for the temperature 373 K in According
to Table 2, the values of w,, for the temperature 373 K, increase from
0.13809 MHz to 2.24675 MHz with the lithium salt addition. The values
of total enthalpy Hy,H,, and the enthalpy for migration (H,) are esti-
mated using slops of linearly fitted plots (Table 2). The data presented in
Table 2 shows the calculated values of H, H; and H,, for all the glass
samples. For the current system, the value of H; is higher than zero as
given in Table 2. It means that the total number of charge carriers ex-
ceeds the total number of mobile charge carriers at a given instance. It is
clear that with Lil content, the conductivity of the present glass system
increases not only due to the mobility of charge carriers but also due to
their concentration [40].

3.5. Ion transport Model

Under AC field, the variation of n(T) with temperature varies
differently under different conduction mechanism models. In the
overlapping-large polaron tunnelling (OLPT) conduction mechanism
[47], the exponent n(T) decreases with increasing temperature to a
minimum value at a certain temperature and then begins to increase
with increasing temperature. In the quantum mechanical tunnelling
(QMT) [48]conduction mechanism, the exponent n(T) is almost equal to
0.8 and increases slightly with increasing temperature or is independent
of temperature. In the non-overlapping small polaron tunnelling (NSPT)
conduction mechanism, the exponent n(T) increases with increasing
temperature [49]. While, the value of n(T) decreases with the increase in
temperature in the correlated barrier hopping (CBH) conduction
mechanism [40,50-54]. According to CBH model, the n(T) can be
expressed as Eq. (9).

-1 =
Enthalpy (H)=H_+H,
2
34
—~ -4
HO
o -5+
~ gd —Q@—LBPO
o)) —Q—LBP5
O .74-9-LBP10
-@-LBP15
-84 -9-LBP20
—Q@—LBP25
‘9 - LBPO LBPS LBP10 LBP15 LBP20 LBP25
Adj. R-Square 0.98564 0.99787 0.99682 0.99371 0.99888 0.99526
-10

24 Ok "HeE g GR HG a0
1000/T (K1)

Fig. 10. (a) Enthalpy for migration (Hg) estimated using hopping frequency log(«wp) vs. inverse of temperature(1/T) graph. (Goodness of linear fitting is shown in the
table given as Adj. R-Square and the straight line is the guide for the eyes). (b) Total enthalpy (H) derived from the slope of linear fitted log (4. T) vs. inverse of
temperature (1/T) plot. (Goodness of linear fitting is shown in the table given as Adj. R-Square and the straight line is the guide for the eyes).
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6kT

" Uy + kT In(wro) ©)

n(T)=1

If the maximum barrier height at a given temperature is given as
U>kT, wtg ~ 1, where 7, is the time constant for downward jump.
Now, the modified values of the frequency dependent power exponent
n(T) and frequency dependent hopping distance (Rynin A), when the
field is applied, can be given as;

n(T)=1-— (10)

The calculated values of maximum barrier height (Uy), effective
barrier height (Uy), and frequency-dependent hopping distance (Rpy)
are also given in Table 2.

eZ

Ryin = ——+ 11
ne egUy an
Here the overlapping of the Coulomb well of the neighbouring sites
separated by R (Li-Li distance), results in the lowering of the effective
barrier height from Uy, to a value Uy, when a charge carrier hops be-
tween site pairs over the potential barrier separating them, it is given by

62

Uy =Uy ——— 12
" M 4n€ eR (12

where, e - charge of the carrier, ¢ - dielectric constant of a material, -
free space permittivity, R—finite separation between two neighbouring
hopping sites (A) and 7o is characteristic relaxation time, its typical
value 7o (= 10713sec) is of the order of vibrational period of an atom.

For neighbouring sites at a separation R, the coulomb wells overlap,
resulting in lowering of the effective barrier height from Uy, to a value
Uy which is given by Eq. 12, where Uy is the energy required to remove
the electron completely from the site with n = 1 for single-electron
hopping and n = 2 for two-electron CBH model.

As per CBH model, ac conductivity is given by

P SR
0, = —N>¢ gowR®

5 13)

where N is the concentration of a pair of sites, and R,is the hopping
distanceat a particular frequency (@) can be given by Eq. 14
_ 2e%
“ " ne eo{Uy + kT In(wro)}

(14)

Fig. 11 depicts the value of n(T) as predicted theoretically (line) and
as measured empirically (sphere), both decreasing with temperature,
with the difference from the measured value displayed by the error bar.

0.98 a (Experimental value and its deviation from the theoretical value shown by using deviation bar)
0.96-
0.944
E 1
T 0929—e—LBPO
1-o—LBP5
0.909_o_1.BP10
1-e—LBP15
0884 o LBP20
1-e—LBP25
0.86 . ’ T :
340 360 380 400

Temperature (K)

Fig. 11. Comparison of Power exponent (n) value using theoritical equation
and experimental data.(The error bar symbolizes the deviation from the
experimentally obtain data).
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Fig. 12. At various temperature the effective barrier height (Uy) for LBP glass
compositions.

Also, It is clear from Fig. 12, that due to an increase in temperature and
Lil amount in lithium boro-phosphate glass skeleton, the value of barrier
height (Uy) decreases, whereas Ry, decreases with temperature at
different frequencies shown in Fig. 13(a) to (d). Ry, also shows the
decreasing trend with temperature (Eq. 11) for all glass compositions
shown in Fig. 13(e) which is suggestive of CBH mechanism. Hence, it can
be ascribed that all the glass samples follow the CBH model of conduc-
tion mechanism for ion transport.

4. Conclusion

The addition of Lithium iodide in (60Li;O : 8B203 : 32P,05) glass
system has been characterised through various physical, structural and
conductivity study. It is interesting to note that the addition of Lil in the
glass structure makes it an ionic conductor as the Li ion dissociated from
LiI hops and conducts in the glass structure as per CBH model. The glass
structure opens more with the addition of Lil content. No major struc-
tural modifications of the network and almost no change in glass tran-
sition temperature are visible due to the addition of Lil
Depolymerisation of the phosphate chain network and polymerisation of
borate network i.e., transformation from ring type structures of BO3
units of borate chains to BO4 units in the glass, facilitate the transport of
Li ions due to the opening up of the glass network. The glass samples
follow the Jonscher’s power law for frequency dependent conductivity.
The variation of n(T) obtained experimentally and the values of n(T)
calculated theoretically by using Ry, and Uy values follow the same
trend and suggests that in the present glass system, Li* ion transport
occurs according to Correlated Barrier Hopping (CBH) mechanism.
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