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Part I 
Fundamentals of Metal Oxide Glass 

Composites



Chapter 1 
Fundamentals of Lithium-Ion 
Containing Glassy Systems 

Amartya Acharya, Chandan Kr Ghosh, and Sanjib Bhattacharya 

Abstract An increasing interest in amorphous solids has grown not only due to 
their various technological applications in electronic, electrochemical, magnetic, 
and optical devices, but also from the point of view of their complexity in structure. 
Glasses are formed as an amorphous (non-crystalline) solid having short-range order; 
i.e., there is no periodic arrangement of its molecular constituents. The most important 
aspect of glass transition is the relaxation process that occurs as the supercooled liquid 
cools. The configurational changes cause the relaxation of the supercooled liquid and 
become increasingly slow with decreasing temperature, until at a given temperature 
(glass transition temperature) the material behaves as a solid. Various structural 
investigations such as SEM, TEM, XRD, FTIR, and FESEM and optical study such 
as UV–visible have been carried out on different types of glass nanocomposites to 
explore their various properties. 

Keywords Disordered solids–amorphous materials · Glass and glass 
nanocomposites · Glass transition · Characterization techniques for glass 
microstructure · Correlation between structure and properties 

1.1 Glass 

Glass is termed as non-crystalline solid formed by the supercooling of a liquid. 
A glass is described as an inorganic fusion product that has cooled to a rigid 
condition without crystallizing. It is an amorphous solid that exhibits a glass 
transition [1]. Amorphous substances are isotropic like gases and liquids and are 
characterized by short-range order. According to Turnbull [2] and Owen [3], glass 
is a supercooled liquid having the same structure as that of the liquid from which 
it is frozen. According to McKenzie, any isotopic material, whether inorganic
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or organic, lacking a three-dimensional atomic periodicity and whose viscosity 
exceeds about 1014 poise can be described as glass [4]. The main features of a 
glass in contrast to crystalline compounds are as follows: 

1.1.1 It is characterized by a local order that disappears quickly for a long-range 
disorder giving isotropic property. It is much easier to have a glass with 
a great homogeneity. “Impurities” are diluted in the matrix “digested” and 
finally takes place in the framework. 

1.1.2 They are characterized by very large compositional possibilities. For 
example, in the case of oxide glasses, there are many oxide formers such 
as SiO2, B2O3, V2O5, and P2O5 and oxide modifiers, Li2O, CdO, ZnO, and 
CaO etc. In fact, there are hundreds of thousands of possible glasses. 

1.1.3 The verity in the composition is expected to be beneficial for getting various 
properties of a glassy system such as conductivity, dielectric properties, 
and mobility of charge carriers. They are characterized by the absence of 
sharp melting point. The viscosity decreases steadily with a rise in temper-
ature providing possibilities to handle this type of materials. The glass 
transition (T g) point may be identified using their high viscous properties 
(~1013 poise). 

1.2 Nanocomposites and Glass Nanocomposites 

When in a composite of two or many phases, at least one phase is of the order of 
nanometer (10−9 m) dimension, and the composite material is called a nanocomposite 
[5]. The precipitation of metals or the formation of cluster in a glass matrix gives 
birth to glass nanocomposite. The composite thus obtained containing nanoclusters 
shows different physical properties from those of free atoms and bulk solids having 
similar chemical composition. Behavior of nanocomposites is sometimes dominated 
by interphasic interaction and sometimes by the quantum effect associated with the 
nanostructure. Nanostructured materials are having considerable attention because of 
their novel physical properties exhibited by matter having nano-dimensional structure 
[1, 6]. Oxide super-ionic glasses have a random network structure with physical 
void spaces and, therefore, can be exploited as nano-templates in which distributed 
nanostructured particles can be generated. These types of oxide glasses containing the 
distribution of nanoparticles or nanoclusters are designated as glass nanocomposites. 
The resultant glass nanocomposites exhibit a difference in the electrical conductivity 
and activation energy as well as mechanical behavior like micro-hardness from that 
of the host glass matrix.
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1.2.1 Classification of Glass Nanocomposites 

Assimilation of glass nanocomposite (GNC) properly needs its hierarchical relation-
ships of different types of glasses, which is shown in Fig. 1.1. It shows that glass 
may be divided into two classes (mainly): inorganic and organic glasses, depending 
on their chemical and structural composition. Inorganic glasses can be classified into 
two types depending upon their origin mainly: natural (obsidian or pechsteins) and 
synthetic (manmade or artificial) glasses. These glasses are used for general purposes 
in our daily life (e.g., windows, tumblers, bottles, lamps, spectacles, mirrors, etc.) 
which is collectively known as common glasses. 

Metal–glass nanocomposites (MGNCs) consist of nanometal embedded in glass 
matrix [1, 5, 6]. The nanometal may be silver (Ag), gold (Au), copper (Cu), plat-
inum (Pt), palladium (Pd), etc., or bimetallic alloys (e.g., Ag–Au, Au–Cu, Ag–Pt, 
etc.) or core–shell nanostructures. The matric glass may persist in the uncrystal-
lized or crystallized state, and the metallic nanostructures may exist encapsulated 
in uncrystallized and crystallized glassy matrix of the NCs. Similarly, the metallic 
nanostructures may also be in the amorphous or crystallized state in the MGNCs. 
The glass is an excellent encapsulating medium owing to its wide range of optical 
transmission from 0.2 to 20 μm depending on the nature of glassy matrix, which are 
supposed to be formed by a definite thermodynamic process. 

The semiconductor glass nanocomposites (SGNCs) consist of different kinds of 
semiconductors of the nanometric dimensions as the dispersed phase in different 
classes of glass matrices [5, 7]. The inorganic semiconductor may be either pure 
element or the compound. Silicon (Si) and germanium (Ge) are the well-known 
elemental semiconductors. Compound semiconductors [5, 7] are the compounds of 
the elements of groups II and VI (e.g., ZnO, ZnS, etc.), groups III and V (e.g., 
BN, AlN, GaAs, etc.), groups IV and VI (e.g., SnO2, PbS, PbSe, etc.), and group IV 
(e.g., SiC, SiGe, etc.). Inorganic semiconductor-doped glasses possess interesting and 
important optical and electronic properties useful for diverse technologies. Quantum-
confined semiconductors or quantum dots (QDs) [5, 8] provide an added dimension to

Fig. 1.1 Hierarchical relationships of different types of glasses and glass nanocomposites
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the highly active area of “band gap engineering,” which deals with the manipulation 
of the semiconductor band gap and is used for highly efficient and compact solid-state 
lasers.

Glass–ceramic nanocomposites (GCNCs) are those in which nanocrystals are 
formed and dispersed in the glassy matrices [5, 9]. Owing to this reason, it may also 
be regarded as crystal glass nanocomposite (CGNC). The major advantage of these 
GCNCs is that the nanocrystals can be produced in the glass matrix by applying 
controlled heat treatment processing. To get it in practice, the temperature and time 
schedule are to be adjusted very preciously, keeping in mind the information of their 
compositions, stability, and structures. 

The following features of the CGNCs have been found to undergo significant 
improvements in comparison with that of the conventional composites: 

i. Mechanical properties (e.g., modulus, strength, and dimensional stability) 
ii. Thermal properties (e.g., conductivity, stability, and heat distortion tempera-

ture) 
iii. Electrical properties (e.g., conductivity (resistivity) and capacitance) 
iv. Optical properties (e.g., absorption or transmission, scattering, and photolumi-

nescence) 
v. Chemical properties (e.g., acid–alkali resistance, corrosion, and durability) 
vi. Surface properties (e.g., appearance- and surface-enhanced properties). 

1.3 Classification of Ionic Glasses 

The precipitation of metals or the formation of cluster in a glassy matrix may be the 
outcomes of the formation of glass nanocomposites [5]. The resultant glass nanocom-
posites have been shown to exhibit a difference in the electrical conductivity and acti-
vation energy from that of the host matrix. The understanding of the structure and 
the transport properties of glass and glass nanocomposites require the recognition of 
the following aspects: 

(a) Physical structure, which describes the arrangement of atoms with respect to 
each other. 

(b) Chemical structure, which describes the nature of bonding between three 
different species. 

(c) Bonding energy structure, which describes the strength of various bonds. 
(d) Electrical properties, that is conductivity, current–voltage characteristics, etc. 

1.3.1 Molybdate Glass Nanocomposites 

The structure of molybdate glass nanocomposites [10] is derived from several asym-
metrical units, mainly MoO4

−2 tetrahedral and Mo2O7
−2 ions. Most of the glass 

nanocomposites containing MoO3 exhibits absorption peaks near 875, 780, and
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320 cm−1 (ν1, ν2, and ν3 modes of MoO4
−2 tetrahedral ions) which are confirmed 

from the Fourier transform infrared (FTIR) study. Ionically, conducting glasses 
and glass nanocomposites containing MoO3 have attracted much attention because 
of their potential application in many electrochemical devices such as solid-state 
batteries, electro-chromic displays, and chemical sensors [11]. 

1.3.2 Selenite Glass Nanocomposites 

The idea of synthesizing selenite glass nanocomposites belongs to Rawson and Stan-
worth [12] who obtained these in the K2O–SeO2 and SeO2–TeO2–PbO systems. 
Dimitriev et al. [13] obtained stable homogeneous glasses with high content of SeO2 

in combination with other non-traditional network formers, viz. V2O5, TeO2, and 
Bi2O3. IR spectra show the independence of SeO3 pyramids at νs = 860–810 cm−1 

and νd = 720–710 cm−1, participated in the network when the SeO2 concentration is 
low. As the SeO2 content increases, SeO3 groups became associated into chains [14], 
which contain isolated Se==O bonds with a vibration frequency at 900–880 cm−1. 

1.4 Li-Conducting Glasses 

For Li+-conducting glasses, as the radius of Li+ is small, their mobility is higher than 
that of other ions because of their easy passage through channels, which makes glass– 
ceramic an ideal candidate for solid-state electrolyte [15]. Ionic conducting glasses 
normally consist of a network former, a network modifier, and sometimes a doping 
salt [16]. Network formers are covalent sulfide or oxides that compose the network 
[17]. The oxygen or sulfur linking network former polyhedra together is known as 
bridging oxygen (BO) or bridging sulfur (BS). Network modifiers, when added, break 
the covalent oxygen or sulfur bridges, creating non-bridging oxygen (NBO) ions or 
sulfurs (NBS), and each molecule of the modifier introduces mobile ions [18]. Adding 
network modifiers is expected to decrease the average length of network linkage and 
makes the glass less rigid, usually decreasing the glass transition temperature [19, 
20]. It is predicted that the mechanism of ion conduction in glassy systems involves 
successive jumps of the lithium-ion between energetically most stable positions near 
a charge-compensating network pathways [21]. This discussion may conclude that 
the ionic conductivity in such glassy system depends on the concentration of charge 
carriers, nature of ions, and mobility of mobile ions.
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1.4.1 Brief Review of Some Previous Works 

Lithium is considered to be one of the most promising components of rechargeable 
batteries, which may be a part of various electronic devices such as electric vehi-
cles, smart phones and mobile computers [22, 23]. Lu et al. [24] has pointed out 
successfully on inconvenience of traditional lithium-ion batteries because of some 
safety issues, arising due to mixing of highly flammable organic liquid electrolytes 
or polymer electrolytes. For this reason, traditional organic liquid electrolytes have 
been replaced by inorganic solid electrolytes that have high thermal stability, high 
energy density, and better electrochemical stability [25]. Lithium is indispensable to 
every glass–ceramic, because of its responsibility for the products’ zero expansion, 
ensuring their use in high-temperature ranges without voltage breakage [26]. Effect 
of silver ion concentration on dielectric properties of Li2O-doped glassy system [27] 
has been studied extensively, which reveals remarkable contribution of space charge 
polarization. Attempts have been made to improve the electrochemical performance 
of lithium-rich oxide layer material with Mg and La co-doping [28]. Highly resistive 
lithium-depleted layer [29] has been found in the lithium-conducting composites due 
to the very low mobile-ion concentration. The interfaces in these nanocomposites 
have been found to exert a significant control over the ion transport phenomena and 
other physical properties of materials. All these properties have ensured the Li+ ion 
conductor to be developed in glassy forms, as new scopes are revealed in the near 
future [26]. Relevant works by other researchers reveal the conduction mechanism 
of other glassy systems, which are as follow. 

Gómez-Serrano et al. [30] have shown that the electrical conductivity is strongly 
dependent on the number of effective electrical contacts established between the 
sample particles which determine the number of channels or paths available for 
transport phenomenon of electric current. Under compression, the neighborhood 
particles are being forced to approach each other which increases the number of 
electrical contacts and hence the conductivity of the compressed glass nanocomposite 
[31]. The electrical conductivity of the carbon glass nanocomposites is strongly 
influenced by the intrinsic conductivity, content, mean crystallite size, and chemical 
nature of the supported nanoparticles, which is actually dependent on the metal 
oxide precursor and the tesmperature of heat treatment. In this regard, it is seen that 
conductivity improves with temperature rise due to the increase in the crystallite size 
[30]. 

El-Desoky et al. [32] have observed that generally the maximum enhancement of 
conductivity is dependent on two reasons: 

(i) The increase of concentration of ion pairs during crystallization. 
(ii) The grain boundary effect: the numbers of grain boundaries are reciprocal 

to grain size [33]. It is observed in heat-treated sample that these boundaries 
are acting as traps to capture electrons and form potential barrier leading to 
low conductivity. Hence, it is examined that increase in heat treatment time 
minimizes the number of grain boundaries and electron scattering by increasing 
the average particle size which lead to the conductivity enhancement [32].
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Bhattacharya et al. [34] observed that the DC conductivity of some glass nanocom-
posite is having dependency on temperature and composition. It follows the Arrhenius 
law given as σ dc = σ 0exp(−Eσ /kBT ), where Eσ is the DC activation energy for glass 
nanocomposites, T is the absolute temperature, and k is the Boltzmann constant. 
It happens due to random movement of ion diffusion throughout the composite’s 
network and repeated hops between charge-compensating sites [34]. The AC conduc-
tivity, which depends on Almond–West formalism [35–38] given as σ (ω) = σ dc [1 
+ (ω/ωH)n] where σ dc = DC conductivity, ωH = hopping frequency, and n = dimen-
sionality, shows a dependency on frequency only at higher frequency region. The 
composition and temperature dependency are also observed like DC conductivity. 

Du et al. [35] have explained that amorphous materials have larger specific surface 
area with respect to their crystalline counterparts which shows better performance 
in electrical conductivity and be applicable in more fields. Mostly, the amorphous 
states consist of less structural confinement when inserting/exchanging large-sized 
ions than the crystalline counterparts. However, the complexity of understanding of 
amorphous material is much less than crystal ones as the state can be more easily 
identified than analyzed. The amorphization of materials also provides an exploration 
of electrodes for large-size ion storage [37]. 

Bhattacharya et al. [39] have observed that when a metal oxide glass nanocom-
posite is doped with other dopant, the electrical conductivity changes according to the 
nature of dopant. AC conductivity of different doped glassy ceramics shows disper-
sion at higher frequencies, which is governed by Jonscher’s universal power law [38, 
40]. This higher frequency conductivity corresponds to a sub-diffusive motion of 
ions, which strongly depends on inter-ionic interaction and also leads to change in 
power law exponent of doping oxides. It is also noted that base sample exhibits the 
higher AC conductivity than the doped one [39]. 

1.4.2 Applications 

• Li2O–SeO2–P2O5-doped glasses and their nanocomposites might be used as 
battery materials. 

• They may be used as optical sensors. 
• The above doped system can be used as cathode materials for Li-ion batteries. 

1.5 Mixed Former Effect of Li-Ion-Doped Glassy Systems 

A mixed glass former effect has been observed in the Li2S-doped glassy system 
[41], which exhibits a large enhancement of ionic conductivity. Here, the electrical 
conductivity has been correlated with glass transition temperature and the density 
of the system under study. Structural investigations have been carried out by Raman 
and SAXS techniques to explore remarkable structural changes, compared to those
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belonging to the limiting compositions rich in one of the two formers SiS2 or GeS2. 
Raman and SAXS data have pointed toward phase separation for glasses in the central 
region [41]. 

The DC conductivity at room temperature and corresponding activation energy for 
each glassy system are plotted with compositions in Fig. 1.2. Figure 1.3 describes the 
glass transition temperature (T g) and density (ρ) of glassy systems with compositions 
[41]. The estimated values of pre-exponential factor (σ 0) are found to be constant 
[41]. A sudden break in the curves corresponding to a large increase in conductivity 
of about 2 orders of magnitude, and a decrease in corresponding activation energy 
is noteworthy in Fig. 1.2. The change in the modifier Li2S (30  mol %) also shows  
similar nature of electrical characteristics for those glasses containing much larger 
amounts of modifier in the limiting binary systems [41], yLi2S − (1 − y)SiS2 (y = 
0.5, σ 25 °C = 1 × 10−4 Scm−1, Eσ = 0.32 eV) and yLi2S − (1 − y)GeS2 (y = 0.63, 
σ 25 °C = 1.5 × 10−4 Scm−1, Eσ = 0.34 eV). 

It is noted in Fig. 1.2 that glass system containing insulating GeS2 aggregates 
embedded in a phase close to Li2SiS3 might have a conductivity close to the most

Fig. 1.2 Variations of the 
conductivity at room 
temperature σ 25 °C and of the 
activation energy for 
conduction Eσ with 
compositions in the glassy 
system, 0.3Li2S − 0.7[(1 − 
x)SiS2 − xGeS2]. 
Republished with permission 
from Pradel et al. [41] 

Fig. 1.3 Variations of the 
glass transition temperature 
(Tg) and of the density (ρ) 
with composition for glassy 
system, 0.3Li2S − 0.7[(1 − 
x)SiS2 − xGeS2]. 
Republished with permission 
from Pradel et al. [41]
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conducting phase, i.e., 10−4 Scm−1 as it is observed for 0.5 < x < 0.64, if a percola-
tion threshold is reached [41–43]. In fact, the percolation must have occurred since 
the volume fraction of each phase is about 0.5 in the central region in Fig. 1.3 as 
F(Li2SiS3) ≈ 2.2 g cm−3 and F(GeS2) ≈ 2.8 g cm−3 [41]. The strong increase in 
T g is also in favor of a strong structural change with appearance of a more rigid 
phase and does not support the coexistence of the two limiting compositions in the 
glasses [41]. These results can be closely related to experimental data presented for 
lithium germanosilicate glasses, which are the oxide counterparts of the thioger-
manosilicates under study [41–43]. The germanosilicate glasses are of great interest 
because of their potential applications in fabrication of optical fibers [41–43]. It is 
also observed that lithium glasses should be attributed to a phase separation due 
to the Li+ tendency to form a Si-based tetrahedra rather than on Ge-based tetrahe-
dral [41–43]. It is also observed [41–43] that one of the resultant glassy “phases” 
may be the composition of a defined crystalline phase (lithium disilicate). On the 
other hand, for the system 0.33Li2O − 0.67[xSiO2 − (1 − x)GeO2], a composition 
which corresponds to lithiumdisilicate, homogeneous glasses have been formed with 
a statistical distribution of Li on Si- or Ge-based tetrahedral [41–43]. In the case of 
the lithium thiosilicate systems, a crystalline thiodisilicate phase does not exist, but 
the metathiosilicate Li2SiS3 phase does exist [44].

1.6 Key Objectives 

• To study the AC conductivity spectra of Li2O-doped different glassy ceramics in 
wide frequency and temperature regime 

• To study the compositional behavior of the Li2O-doped glassy ceramics 
• To check whether the glassy ceramics are suitable for Li-ion battery application, 

and how can improvements be done on the properties of the same in near future 
• To find a correlation between microstructure and conduction behavior of such 

glassy system 
• To find out thermal and optical properties of such glassy systems. 
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Chapter 2 
Lithium-Ion-Doped Glassy System 

Koyel Bhattacharya and Sanjib Bhattacharya 

Abstract An increasing interest in lithium-ion-doped glassy system has grown 
not only due to their various technological applications in electronics, solid-state 
batteries, sensors, optical devices, etc., but also from the point of view of academic 
interest. The conductivity spectra of such glassy systems have been studied in a 
wide frequency range from a few hertz to few terahertz. The nature of such conduc-
tivity spectra has been analyzed by considering a high-frequency vibrational motion 
as well as the hopping motion of the mobile ions in the DC conductivity plateau 
regime, the dispersive regime, and the high-frequency plateau regime, respectively. 
The redox stability of lithium-doped glassy systems has been determined by cyclic 
voltammetry and by Wagner polarization method. In case of Li2O-doped oxide glassy 
system containing transition metal ions, Li+ are in the intercalated structure in such 
a way that Li+ is dispersed in the voids of the glassy matrix in association with 
localized electron in the d orbitals of the transition metals. 

Keywords Lithium-ion-doped glassy system · High-frequency (THz) regime · DC 
conductivity plateau regime · Dispersive regime · Li2O-doped and other oxide 
glassy systems 

2.1 Introduction 

A solid-state electrolyte is a key material for constructing a solid-state battery, which 
can have higher electrical energy density without the leakage problem of liquid 
electrolytes [1]. New materials hold the key to fundamental advances in energy 
conversion and storage, both of which are vital in order to meet the challenge of global 
warming and the finite nature of fossil fuels [2]. Lithium batteries are the systems
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of choice, offering high energy density, flexible, lightweight design and longer life 
span than comparable battery technologies [3]. Since metallic lithium combines with 
an anode having negative redox potential and low equivalent weight. This anode 
combined with a cathode electrode material and rechargeable cell can be constructed 
[4]. Recent literature survey [5] reveals that the traditional Li+ ion batteries have 
been found to have issues relating to safety, due to organic liquid electrolytes, which 
are highly flammable. To avoid these issues, inorganic-solid electrolytes are used 
as replacement, due to their higher energy density and higher electrochemical and 
thermal stability [6]. The interfaces in these nanocomposites have been found to exert 
a significant control over the ion transport phenomena and other physical properties 
of materials. All these properties have ensured the Li+ ion-conductor to be developed 
in glassy forms, as new scopes are revealed in the near future [7]. 

2.2 Lithium-Ion-Doped Glassy System (Various Systems) 

Cramer et al. [8] studied and presented conductivity spectra of various fast ion-
conducting glassy system containing Li2O and halides. The conductivity spectra of 
these glassy systems [8] were studied in a wide frequency range from a few hertz 
to few terahertz. In their research [8], the nature of conductivity was analyzed into 
two distinguished directions, one was due to a high-frequency vibrational motion 
of mobile ions, and the other was due to the hopping motion of the mobile ions. 
The latter part consists of three regimes [8]: the DC conductivity plateau regime, 
the dispersive regime, and the high-frequency plateau regime. In their study [8], 
DC regime exhibited the dependency of the conductivity on glass composition. The 
complete spectra of the hopping motion was interpreted using “unified site relaxation 
model (USRM)” [8], which was based on the assumption that different types of ionic 
site in the glassy matrix were existing. In USRM [8], complete hop in the conductivity 
spectra was formed by a superposition of two types of contributions and the concept of 
mismatch and relaxation [9] were considered to be promising mechanism. Backward-
hop tendency [8, 9] might be more pronounced in these glassy systems with higher 
connectivity of the respective components [10, 11]. 

Ghosh et al. [12] presented the observations with the assimilation of the essential 
microscopic parameters and their roles in the macroscopic ion dynamics in different 
glassy systems such as CdI2–LiPO3 and LiI–LiPO3. The results of the characteristic 
length scales followed a direct correlation with the ionic conductivity [12]. They 
have beautifully shown the roles of the slight modifications of the glassy networks in 
the composition dependence of microscopic parameters. In their systematic exam-
ination on ion dynamics [12] in several single and mixed former glassy systems 
in wide composition and temperature ranges, they have successfully shown strong 
dependency of ionic conductivity of them on the dopant salt content as well as on 
the mixed former ratio. The characteristic lengths such as mean square displacement 
and spatial extent of sub-diffusive motion of lithium ions are supposed to be the key 
parameter to explain ion dynamics of such glassy systems. The correlation between
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both, ionic conductivity and the characteristic lengths with the modification of such 
glassy network structure, are the prime novelty of this work. 

Otto [13] reported glassy system with high Li+ conductivities at relatively low 
temperatures in the year 1966. Various compositions in the system, M2O–B2O2–SiO2 

(M = Li, Na, K) were reported by him [13], and still, they are considered to be the 
most promising compositions for Li+ conductors not only for various applications 
but also for academic interest. Li+-conducting borate glasses with 40 wt% lithium 
compound [13] exhibited highest conductivity (10−1 Ω−1 cm−1) at 350  °C. It is  
interestingly noted that activation energy of electrical conduction increases linearly 
with increasing Li2O content in the glassy system containing less than 25 wt% 
lithium compound [13]. It is also noted that replacing up to 50 wt% B2O3 by SiO2 

shows a small change in the value of activation energy for a given alkali content 
[13]. Lithium content of the glasses is further increased by incorporating lithium 
salts like Li2SO4, LiCI or LiF, and this helps in obtaining enhanced conductivities 
than in those containing Li2O alone. Tuller et al. [14] later verified the results of 
conductivity spectra by introducing complex impedance plots. These results on the 
borate system inducted interest to many researchers to study on crystalline fast ion-
conducting compositions with boracite structure [15, 16] even in the glassy form. In 
this regard, the works by Levasseur et al. [17, 18] are noteworthy. Ionic conductivity 
of such glassy system [17, 18] is found to be a strong function of polarizability of 
the anion, which may directly indicate that the conductivity must be a function of 
ionic radius of the anion. The high conductivity of such glassy system [14–18] has 
been suggested to be due to the salt-like structure with higher Li2X levels. Here, 
glass transition temperature shows dependence on heating and cooling rate during 
its measurement and also on the wt% of lithium compounds in the present glassy 
system. 

2.3 Advantage and Disadvantage Such Glassy System 

The total experimental conductivity spectrum of particular Li2O-doped glassy system 
[8, 9] has been presented in Fig. 2.1 at a particular temperature. Hop and vibration are 
clearly mentioned in Fig. 2.1. Hop conductivity [8, 9] is usually pronounced in terms 
of a high-frequency plateau, which is alike to those known to exist in crystalline 
ion conductors such as RbAg4I5 [10] and Na-β-alumina [11]. In Fig. 2.1, the high-
frequency plateaus [8, 9] are not appeared in the hop-frequency extremity due to the 
presence of broad vibrational peaks superimposing the high-frequency part of hop 
conductivity. In the vibrational frequency range [8, 9], the applied field is supposed 
to be changed its sign rapidly in such a manner that every hop or displacement may 
contribute to the conductivity. 

Ghosh et al. [12] studied structural vibrations form FT-IR spectra of different 
compositions of the LiI–LiPO3 glassy system as shown in Fig. 2.2. Here, the inten-
sity of the dominant P=O bond is found to decrease with LiI content due to the 
shortening of the phosphate chains, which may be the consequence of the increase
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Fig. 2.1 Total experimental 
conductivity spectrum of 
glassy B2O3·0.56 Li2O·0.45 
LiBr at 323 K (O) and 
spectrum obtained after 
removing vibrational 
contributions out of it (+). 
Republished with permission 
from Funke and Cramer [8] 

Fig. 2.2 FT-IR spectra for 
different compositions of 
xLiI − (1 − x)LiPO3 glassy 
system. Republished with 
permission from Shaw et al. 
[12] 

of pyrophosphate (P2O7 
4−) groups. It is also mentioned in this literature [12] that 

the electron density of the P=O bond in P2O7 
4− groups is redistributed to the oxygen 

at the chain end, which is may play important role decrease the intensity of P=O 
vibration. As the band of P–O− modes increases slightly with the increase of LiI 
content, the phosphate network is depolymerized due to the creation of the non-
bridging oxygen with the incorporation of LiI into LiPO3 glassy system [12]. They 
have correlated the depolymerization process which has been correlated with micro-
scopic parameters [10] for the present glassy system. But it needs more structural 
studies such as atomic absorption spectroscopy, Raman and FT-Raman spectroscopy, 
and positron annihilation spectroscopy to validate such results. 

The redox stability of lithium-doped glassy systems has been determined by cyclic 
voltammetry and by Wagner polarization method [19]. A typical voltagram obtained 
for such glassy system is depicted in Fig. 2.3. The cathodic and anodic limits are 
characterized, respectively, by a reversible peak at eo =−1.9 V and by a non-apparent 
reversible peak at eo =+1 V. The cathodic peak may be considered as a reduction of



2 Lithium-Ion-Doped Glassy System 17

Fig. 2.3 Cyclic 
voltammetry curve for a 
LiI–Li2S–P2S5 glass [19]. 
Republished with permission 
from Kulkarni et al. (1984) 

Li+, while on the return cycle, the oxidation peak may correspond to the dissolution 
of 80% of the deposited metal. In the anodic range, the electrochemical reaction 
relative to the oxidation wave is attributed to the sulfides strongly bonded to the 
glassy network. The discharge characteristics of a cell using LiI–P2Ss–Li2S glassy 
system has explored [19] at room temperature. An output curve obtained for the 
cell Li/glass/WO3 is presented in Fig. 2.4 [19]. It may be noted that the discharge 
at 25 °C at a current density of 20 pA shows the cell stability for nearly 4 h. But 
more works are required to explore electrochemical stability of such glassy systems. 
Use of lithium foil should have a chance to be oxidized, which needs globe box for 
performing this experiment. This arrangement makes this process quite costly. 

Fig. 2.4 Discharge 
characteristics of a 
LiI–Li2S-P2S5 in 
Li/Glass/WO3 cell [19]. 
Republished with permission 
from Kulkarni et al. (1984)
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2.4 Comparison of Lithium-Doped Glassy Systems 
with Other Oxide Glassy Systems 

The term “oxide glassy system” means traditional soda-lime silicate glassy system 
having network structures, made of SiO4 tetrahedral building blocks connected 
by mixed ionic-covalent bonding [20]. In search of various oxide glassy systems, 
metallic glasses are most important because of their icosahedral structural units with 
metallic bonding [20]. Organic polymeric glasses are made through the cross-linking 
of molecular chains involving van der Waals bonding between chains and covalent 
intra-molecular bonding [20]. Metal–organic framework glasses are newly developed 
with connected tetrahedral via coordination bonds [20]. 

Transition metal ions doped oxide glassy systems [21] are known to exhibit elec-
tronic/polaron conductivity. As the transition metal oxides do not easily form a glass 
alone, the stability of glassy phases can be improved by the addition of a conven-
tional network former such as SiO2, P2O5, or TeO2 [21]. In case of Li2O-doped oxide 
glassy system containing transition metal ions, Li+ are in the intercalated structure in 
such a way that Li+ are dispersed in the voids of the glassy matrix in association with 
localized electron in the d orbitals of the transition metals [22]. But electron displace-
ment may be interpreted due to disordered structures as per scheme of small-polaron 
model [21–23]. In some commercial purposes [24], SnO is reduced to metallic tin 
(Sn) and lithium forms Li2O during the first discharge in a Li2O–B2O3–P2O5 glassy 
system in such a manner that tin (Sn) reacts with further lithium to the composition 
limit to develop a specific anodic capacity of 991 vmAh g−1. 

Literature survey [25] reveals that the nature of the modifier cations is equally 
important as that of the former because the modifier may be considered as the major 
compositional component due to its cross-linking motif. Correlation between struc-
tures and electrical transport and ionic interactions cannot only be found in invert 
glasses (silicates, phosphates, and borates with more modifier than former), but also 
in other types of oxide glassy systems such as oxoanionic (nitrates, sulfates, carbon-
ates, and hydrates), halides (fluoride, chloride, bromide, and iodide), super-ionic (fast 
ion conductors or solid electrolytes, the specific conductivity (σ ) is usually within 
the range from about 10−3 to 10 Ω−1 cm−1) silver phosphates and lithium sulfides 
and combinations of these glass families [26–28]. 

2.5 Conclusion 

Lithium-ion-doped glassy systems and their various aspects related to electrical, 
structural, and optical properties have been extensively discussed. The conductivity 
spectra of such glassy systems have been analyzed in the directions of high-frequency 
vibrational motion as well as the hopping motion of the mobile ions. The later 
phenomena have been interpreted in three distinguished regions, namely DC conduc-
tivity plateau regime, the dispersive regime, and the high-frequency plateau regime,
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respectively. The redox stability of lithium-doped glassy systems has been deter-
mined by cyclic voltammetry and by Wagner polarization method. Li2O-doped oxide 
glassy system containing transition metal ions are supposed to be formed with an idea 
of Li+ intercalated structure for dispersion of Li+ in the voids of the glassy matrix. 
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Chapter 3 
Methods of Preparation of Lithium 
Ion-Doped Glassy Systems 

Koyel Bhattacharya and Sanjib Bhattacharya 

Abstract Li2O-doped glassy amorphous systems are supposed to be less thermody-
namically stable than the corresponding crystalline form (i.e., possesses greater free 
energy). Preparation of such glassy materials may be considered by adding excess 
free energy in some way to the crystalline polymorph. There are extensive selections 
of methods for the synthesis of such glassy systems like melt-quenching, sol–gel, 
chemical vapor deposition, sputtering, etc. Out of these, the melt-quenching tech-
nique and sol–gel process are very widespread, simple, and very easy to prepare 
different types of glassy materials, particularly on the laboratory scale. 

Keywords Melt-quenching · Sol–gel · Chemical vapor deposition · Sputtering 

3.1 Introduction 

Li2O-doped glassy systems and their nanocomposites are of significant attention in 
consequence of their microstructural features and distinctive properties [1, 2]. These 
materials are also subjects of great interest as they contain the characteristic features 
of disordered (amorphous) materials and some properties of crystalline materials. In 
fact, structure, composition, and the nature of the bonds of such glassy system and 
nanocomposites usually control the electrical properties [3, 4]. The slight variation 
in the bond length and bond angles disturbs the spatial periodicity of the structure 
[5] as they reveal short-range order rather than long-range order [5]. Studies on 
the spectroscopic properties, for instance, optical absorption, infrared spectra, and 
structural properties could be utilized as probes to elucidate the structural aspects of 
such glassy materials. The spectroscopic studies may facilitate for the explanation of 
the electrical conduction mechanism of the present glass nanocomposite materials.
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The prerequisite of classifications of the materials is to decide the amorphousness 
of the glassy nanocomposite samples with the occurrence of certain crystallinity. 
Unless one has the above structural information, a reasonable understanding of the 
electrical and dielectric behavior of the glassy systems under consideration would 
have been rather challenging. X-ray powder diffraction (XRD) technique is an indis-
pensable method of material exploration and characterization as XRD has many 
outstanding features and advantages that promote its extensive range use [6, 7]. XRD 
is a process employed to examine the crystallinity of the glassy systems, i.e., recog-
nition of the crystalline phases, the spacing between lattice planes, percentage crys-
tallinity of each phase, and the sizes of crystallites. Since every material has its exclu-
sive diffraction patterns, therefore, materials or compounds can be predicted consid-
ering the database of diffraction patterns. It has several applications to industrial and 
academic research that eventually enrich the growth and development of science 
and technology. Ultraviolet–visible spectroscopy (UV–Vis) describes absorption 
spectroscopy or reflection spectroscopy into nanocomposite samples in the ultra-
violet–visible spectral range [8, 9]. In the presence of UV–Vis electromagnetic spec-
trum, atoms and molecules adopt electronic transitions from the ground state to the 
excited state. The UV–Vis absorption spectrum can be utilized to compute the optical 
band gap energy of the semiconducting materials (allowed direct, allowed indirect, 
forbidden direct, and forbidden indirect transitions). Using UV–Vis spectroscopy of 
a compound, it is possible to find out Urbach Energy, which indicates the degree 
of defect states present in the compound. Fourier transform infrared spectroscopy 
(FT-IR) is a method for observing an infrared spectra of the absorption into a solid, 
liquid, or gas [10, 11]. A FT-IR spectrometer simultaneously accumulates data with 
high spectral resolution over an extended spectral range. The term Fourier transform 
infrared spectroscopy is stand on the point that Fourier transform is mandatory to 
convert the experimental data into the actual spectrum. Fourier transform infrared 
spectroscopy is utilized to categorize the existence of different bonds and binding 
transformations. Field emission scanning electron microscopy (FE-SEM) is an inves-
tigative technique to find very small topographic evidence in the surface, entire, or 
fractioned sample materials [12–14]. Executing this technique, researchers usually 
identify the structure of materials that may be as small as 10 nm. FE-SEM technique 
is applied to yield real space-magnified images of a surface displaying what it looks 
like. In general, FE-SEM microscopy refers to surface crystallography (i.e., how 
atoms are arranged on the surface), surface morphology (i.e., the form and size of 
topographic features that make up the surface), and surface composition (the elements 
and compounds from which the surface consists). Transmission electron microscopy 
(TEM) is a microscopic method wherein an electron beam passes through a sample to 
form an image instead of light used in a normal microscope [15, 16]. TEM uses high-
energy electrons to find morphological, composite, and crystallographic information 
of a sample, at a maximum magnification of 1 nm. TEM provides two-dimensional 
high-resolution images that allow an extensive range of educational, scientific, and 
industrial applications. Positron annihilation spectroscopy (PAS) is a non-destructive 
spectroscopic technique for investigating the existence of micro-voids and defects 
in amorphous or crystalline materials [17–19]. The coincidence Doppler broadening
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spectroscopic (CDBS) measurements establish the transformation of surroundings 
around the positron trapping defects. It also confirms the presence of vacancy-type 
defects arising from cation non-stoichiometry and the amorphous character of the 
glassy systems. 

3.2 Various Methods of Preparations of Lithium Ion-Doped 
Glassy Systems 

As the amorphous phase is less thermodynamically stable than the corresponding 
crystalline form (i.e., it possesses greater free energy), the preparation of Li2O-doped 
amorphous glassy materials can be regarded as the addition of excess free energy in 
some manner to the crystalline polymorph. Faster the rate of cooling (or deposition), 
further the amorphous material/solid lies from equilibrium. For a long time, it was 
thought that only a relatively restricted number of materials could be prepared in the 
form of amorphous solids, and it was common to refer to these ‘special’ substances 
(e.g., oxide glasses and organic polymers) as ‘glass forming solids’. It is now realized 
that ‘glass forming ability’ is almost a universal property of condensable matter. The 
correct viewpoint is: Nearly all materials can, if cooled fast enough and far enough, 
be prepared as amorphous solids. 

There are several methods by which the Li2O-doped glassy materials/solids can 
be prepared. Only the most important and widely followed methods are discussed 
here. 

3.2.1 Melt-Quenching Followed by Heat Treatment 

The oldest and one of the most popular and established methods is the quenching 
of melt. In this process, an amorphous material is cooled from the molten phase 
very quickly. The amorphous materials formed in this manner are often termed as 
‘glasses’; as they exhibit glass transition phenomenon. The distinguishing feature of 
the melt-quenching process of producing amorphous materials is that the amorphous 
solid is formed by the ‘continuous’ hardening (i.e., increase in viscosity) of the melt. 
In contrast, crystallization of the melt occurs as a discontinuous solidification, solid 
growth taking place only at the liquid–solid interface, with the result that crystallites 
grow in the body of the melt. 

The essential prerequisite for ‘glass’ formation from the melt, therefore, is that the 
cooling be sufficiently fast to preclude crystal nucleation and growth. The crystalline 
phase is thermodynamically more stable, and the crystal growth will always dominate 
over the formation of the amorphous phase. The condition for glass formation is that 
the nucleation rate should be less than a certain value, 10−6 cm−1 s−1.
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The most rapid melt-quench technique is the ‘splat-quenching method’, developed 
specially for metallic glass proposed by Duwez et al. [20] which achieved the cooling 
rate of 105–108 K. 

When the glasses are passed through a heat treatment above their glass transi-
tion temperatures, different nanophases are found to grow in the host glass matrix. 
Tatsumisago et al. [21] prepared the glass samples 70Li2S–30P2S5 and heated them 
at 240 °C for 2 h (glass transition temperature was found to be 210 °C) to obtain 
glass–ceramic samples. They found that the conductivity of the heat-treated samples 
was much greater than their glassy counterparts. The conductivity enhancement was 
assumed to be due to the precipitations of highly lithium ion-conducting crystals 
from the Li2S–P2S5 glasses. 

3.2.2 Gel Desiccation 

The technique for producing amorphous materials via the sol–gel process has consid-
erable technological promise [22]. The method has its greatest usefulness for those 
systems which give rise to very viscous melts near the melting point (and conse-
quently have considerable difficulty in achieving homogeneous mixing), or alter-
natively which have extremely high melting points and hence pose considerable 
technical problems in actually being able to make a glass by melt-quenching. 

Amorphous materials are prepared via a gel, using either aqueous solution or 
organic materials as the starting components:

• Destabilization of a sol (commonly of silica), with other components being added 
in the form of appropriate aqueous solutions.

• Hydrolysis and polymerization of mixture of organometallic compounds. 

In both methods, however, a multi-component ‘gel’ (the elastic solid product 
produced abruptly from a viscous liquid by process of continuing polymerization), 
being non-crystalline and homogeneous, is heated to remove volatile components 
and cause an initial densification, which is completed by a final process of sintering 
or fusion to produce the amorphous solid. 

The method employing aqueous components starts with a silica ‘sol’ of silicic 
acid, Si(OH)4 (a dispersion at the molecular level in aqueous solution) to which are 
added other components (e.g., metal salts in aqueous solution). The gelling process is 
influenced by several factors, e.g., pH of the medium, particle size, and temperature. 
The gel can be converted to an amorphous solid in one of three ways: heating at 
temperatures below the glass transition temperature, T g, resulting in chemical poly-
merization; sintering (with or without the application of pressure) at temperature 
above T g but much below the melting point; fusing the gel particulate to form a 
glass.
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3.2.3 Thermal Evaporation 

This technique is perhaps conceptually the most easy to understand and is possibly 
the most widely used method for producing amorphous thin films. It is one of several 
ways of producing amorphous solids by deposition from a vapor. In this technique, the 
starting compound is vaporized and the material is collected on a substrate. In general, 
this process is performed in vacuum. The starting compound is taken in a powdered 
form. It is heated either by taking it in a ‘boat’ and passing a high dc current (for 
low melting point compounds) or by hitting with the high-energy electron beam (for 
high melting point compounds). This process depends upon several factors, some of 
which can be controlled by the experimenter, but others can vary from one preparation 
to other. The substrate temperature is one of them. If the substrate temperature is 
suitably high, then it can lead to higher surface mobility which produces materials 
with considerably fewer structural defects. However, if the substrate temperature is 
too high, the material will crystallize. 

3.2.4 Sputtering 

This process consists of the bombardment by energetic ions from a low-pressure 
plasma, causing erosion of material, either atom by atom or as clusters of atoms, and 
subsequent deposition of a film on the substrate. Sputtering is significantly superior 
to evaporation for the production of multi-component systems. As the sputtering 
rates do not vary widely for different components, so for a multi-component target, 
the sputtered films tend to preserve the stoichiometry of the starting material. 

A further option is offered by sputtering in the use of gas other than Ar which 
chemically reacts with the target, resulting in ‘reactive sputtering’. This can signif-
icantly increase the sputtering rate, as well as incorporate chosen additives into the 
films. 

3.2.5 Chemical Route 

This approach involves selecting suitable precursor chemicals, which was subjected 
to heat treatment under different atmospheric conditions. Huber et al. [23] used the  
pressure injection technique for preparing nanowire arrays of metals (In, Sn, and 
Al) and semiconductors (Se, Te, GaSb, and Bi2Te3) within the channels of anodic 
alumina membranes. A novel method for surfactant-assisted growth of crystalline 
copper sulfide nanowires was reported by Wang et al. [24].
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3.2.6 Template Assisted Growth 

The electrodeposition inside nanoporous membrane templates has provided a versa-
tile approach to prepare nanowires of metals, semiconductors, and polymers [25]. 
In comparison to other procedures, template methods are generally inexpensive, 
allowing deposition of a wide range of nanowire materials and presenting the ability 
to create very thin wires (5 nm–10 µm), with aspect ratios (length over diameter) as 
high as 1000 [26, 27]. Another important advantage of the template method is that the 
nanowires can be diameter-controllable and well defined (i.e., the template provides 
an effective control over the uniformity, dimensions, and shape). In particular, porous 
anodic aluminum oxide (AAO) has nanometer-size channels (about 5–250 nm in 
diameter), with high pore densities (up to 1011 pores/cm2), and controllable channel 
lengths (a few nanometers to hundreds of micrometers). For this reason, AAO can 
serve as an ideal template for the growth of monodispersive nanowires [28, 29]. The 
diameter and density of the pores are controlled by varying the anodization condi-
tions of high-purity aluminum. In addition, the AAO templates are especially suited 
for use at higher temperatures (thermally stable up to 1000 °C) [29]. 

3.2.7 Other Techniques 

Beside the above described techniques, there are many other techniques for the 
preparation of amorphous materials. 

‘Glow-discharge decomposition’ technique is such a technique for the preparation 
of amorphous thin films. In this technique, amorphous thin film can be produced by 
glow-discharge decomposition in the vapor phase. This technique, like sputtering, 
relies on the production of a plasma in a low-pressure gas, but instead of ions from 
the plasma ejecting (sputtering) materials from a target, chemical decomposition of 
the gas itself takes place, leading to deposition of a solid film on a substrate placed 
in the plasma. The plasma is produced by application of an r.f. field. 

Another remarkable technique for the preparation of amorphous system is ‘chem-
ical vapor deposition’. This technique is quite similar to glow-discharge method. The 
difference is that the chemical vapor deposition process relies on thermal energy for 
the decomposition, and the applied r.f. field (if used) simply serves to heat up the 
substrate upon which the vapor decomposed. Temperatures of the order of 1000 K 
are commonly used. 

There are also a few other techniques like electrolytic deposition, irradiation, 
shock-wave transformation, etc. through which amorphous materials can be prepared 
in bulk or thin film form.
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3.3 Some Advantages and Disadvantages of Various 
Methods (Cost-Effective, Usefulness, etc.) 

Indeed, the vast majority of glasses are prepared by the melt-quenching method [3]. 
In this process, the batch of the assortment of weighed reagent grade materials and 
the assortment melts in the temperature ranges contingent on the composition. After 
casting, the liquefied is properly equilibrated near the glass transition temperature 
of the respective glasses to remove the residual thermal stresses. After that, the melt 
suddenly cools down to room temperature, and liquefied have been quenched quickly 
between two aluminum plates. The obtained glasses are called the as-prepared glass 
nanocomposites. The batch is prepared by proper selection of the raw materials 
followed by chemical calculation, weighing, and mixing. The homogenization of the 
glass melt is confirmed by intermittent agitation of the molten mass by a platinum 
or silica glass rod. The glass-melting crucible may be made of fused silica (SiO2) 
or alumina (Al2O3). Sometimes, twin-roller process is used to get thin flake-shaped 
samples instead of quenching of melts by aluminum plates due to the fact that forma-
tion of glassy samples may require lower amount of exposed surface. The technique 
for preparing lithium glassy materials (amorphous) via the sol–gel process has the 
considerable technological promise [22]. The method is very useful for making very 
viscous melts near the melting point. But, it has considerable difficulty in achieving 
homogeneous mixing. The gel can be converted to an amorphous solid in one of three 
ways: heating at temperatures below the glass transition temperature (T g) resulting 
in chemical polymerization; sintering (with or without the application of pressure) at 
temperatures above T g but much below the melting point; fusing the gel particulate 
to form a glass. The electrodeposition inside nanoporous membrane templates has 
provided an adaptable methodology preparing nanophases of metals, semiconduc-
tors, and polymers [25, 29]. In comparison to other procedures, template-assisted 
growth methods are usually cheap, allowing deposition of a wide range of nanowire 
materials and offering the ability to create very thin wires (5 nm–10 µm) with aspect 
ratios (length over diameter) as high as 1000 [26, 27]. Another remarkable advan-
tage of the template method provides effective control over uniformity, size, and 
shape of various nanophases. In particular, porous anode alumina has nanometer 
channels (diameter about 5–250 nm), high pore density (up to 1011 pores/cm2), and 
controllable channel lengths (several nanometers to hundreds of micrometers). For 
this reason, porous anode alumina can serve as an ideal template for the growth 
of monodisperse nanoelement [28, 29]. But, porous anode alumina templates are 
particularly suitable for use at higher temperatures (heat stable up to 1000 °C) [29]. 
Melt-quenching technique and sol–gel process are very widespread and cost-effective 
methods.
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3.4 Conclusion 

The development of Li2O-doped glassy systems and their various preparation route 
are discussed. In this regards, melt-quenching, sol–gel, chemical vapor deposition, 
sputtering, thermal evaporation, template-assisted growth, and other processes have 
been mentioned. Out of these, the melt-quenching technique and sol–gel process are 
very widespread, simple, and very easy to prepare different types of glassy materials, 
particularly on the laboratory scale. Some advantages and disadvantages of various 
methods have also been discussed. 
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Chapter 4 
Features of Lithium-Ion Doped Glassy 
Systems 

Sanjib Bhattacharya 

Abstract Glass formation principle is discussed using rapid quenching method. 
Thermal and elastic properties of some lithium-doped glassy systems have been 
discussed and analyzed. Structural basis, mainly molybdate and selenite, has been 
mentioned with suitable glassy systems to explore their roles in glass formation 
processes. Technological applications of various lithium-doped glass nanocompos-
ites have been discussed. 

Keywords Glass formation principle · Melt-quenching route · Structural basis ·
Technological applications 

4.1 Introduction 

In general, lithium oxide-doped glassy systems are supposed to be non-crystalline 
solids (NCS) with lacking of long range positional order [1, 2]. Customarily, such a 
network, is considered as a set of vertices (representing centers of atoms) connected 
by strong short-range (i.e., covalent) bonds so that a path of bonds exists between any 
two vertices. According to this view, weakly bonded systems do not possess network 
structure [3]. Networks can be crystalline (having translational periodicity which 
is a special form of positional long-range order), quasi-crystalline (having long-
range positional order without translational periodicity) or non-crystalline (lacking 
long-range positional order). For most solids, the crystalline state is the natural one 
since the energy of the ordered atomic arrangement is lower than that of an irregular 
packing of atoms [3]. However, when the atoms are not given an opportunity to 
arrange themselves properly, by inhibiting their mobility, amorphous materials may 
be formed; an example is amorphous carbon formed as a decomposition product 
at low temperatures. Certain polymers are composed of very large and irregular 
molecules, and in such cases, a crystalline packing is not easily obtained [3]. In 
other cases, the solid state may correspond to a supercooled liquid in which the
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molecular arrangement of the liquid state is frozen in; because of rapid cooling and 
high viscosity of liquid, crystals may not have had enough time to grow and a glassy 
material results [3]. Randomness can occur in several forms, of which topological, 
spin, substitutional, and vibrational disorders are the most important [3]. Disorder is 
not a unique property; it must be compared to some standard and that standard is the 
perfect crystal [1, 2]. 

An increasing interest in amorphous solids has grown not only due to their 
various technological applications in electronic, electrochemical, magnetic, and 
optical devices [1–6], but also from the point of view of their complexity in structure. 
The study of amorphous materials started much later, compared to crystalline mate-
rials and in spite of a large number of investigations already made [1, 2, 7, 8], the 
glass formation ability and physical properties of these materials are not well under-
stood. This is because of the complicated theories and models needed to explain the 
non-periodic potential to the electrons in the amorphous materials, in sharp contrast 
to the well-known band theory for the crystalline materials [9]. 

From the technological point of view, the advantages of the amorphous materials 
over their crystalline counterparts are manifold. Firstly, large area homogeneous 
thin films of amorphous nature are easy to prepare. Nowadays, a-Si semiconductors 
are in huge commercial use as solar cells, photosensors, flat screen displays, etc. 
Secondly, bulk glasses can be readily formed from the melt by slow quenching and 
the materials remain workable (i.e., the viscosity is relatively low) over a range of 
temperatures. This particular property allows the materials to be easily fashioned 
into various shapes, specifically drawn into long thin fibers, which has been the key 
issue for the recent progress in optical communication [1, 2]. Moreover, as a result 
of their structural homogeneity, the physical properties of the amorphous materials 
are isotropic, unlike crystalline materials for which the intrinsic behavior of single 
crystal may be anisotropic and the presence of grain boundaries in polycrystalline 
samples may dominate the overall behavior. Furthermore, amorphous phases can 
be formed in mixed—component systems over wide range of compositions, which 
allows their properties to continuously vary with composition [1, 2]. 

The study of amorphous materials started much latter, compared to crystalline 
materials, and in spite of a large number of investigations already made [8, 9], the glass 
formation ability and physical properties of these materials are not well understood. 
This is because of the complicated theories and models needed to explain the non-
periodic potential to the electrons in the amorphous materials, in sharp contrast to 
the well-known band theory for the crystalline materials [9]. 

4.2 Glass Formation Principles 

In general, a glass is neither a liquid nor a solid; rather, it has a distinctly different 
structure with properties of both liquids and solids. It would be convenient if one 
could conclude that glassy materials change from being a supercooled liquid to an 
amorphous solid at the “glass transition temperature.” Thus, one can define glass
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more generally as, “glasses are amorphous materials, which exhibit glass transition 
phenomenon.” 

The glass transition is a phenomenon, in which a solid amorphous phase exhibits a 
more or less abrupt change in derivative thermodynamic properties (such as specific 
heat and thermal expansion coefficient) from “crystal-like” to “liquid-like” values 
with the change in temperature. This definition has an advantage that the term glassy 
is confined to those materials, which can be obtained in a reproducible state, since 
the materials can be in a state of internal equilibrium above the glass transition. 
These changes can be observed readily by monitoring the volume as a function 
of temperature (using a dilatometer). A typical result is shown in Fig. 4.1. It can  
be observed that the liquid ↔ crystal transformation is characterized by an abrupt 
change of slope in volume at the melting or freezing temperature (T f). 

On the other hand, the liquid ↔ glass transformation exhibits a gradual break in 
slope and the region over which such change of slope occurs is termed as “glass transi-
tion temperature” T g. As the glass transition temperature is not well defined, another 
temperature called the fictive temperature, which is obtained by the intersection of 
the extrapolated liquid and glass curves is defined. 

The nature of glass transition is very complex and is even now poorly under-
stood. Many attempts have been made toward its understanding [1, 2, 8, 9]. During 
glass transition, both the specific heat and thermal expansion coefficient change in a 
narrow temperature range from a low-value characteristic of crystal to a high-value 
characteristic of liquid. Thus, from the thermodynamic aspects of glass transition 
this behavior is very close to that expected for a second-order phase transition. It is 
worthwhile to mention that a second-order phase transition involves a discontinuity 
in the specific heat, heat capacity, etc., which are the second order of the Gibbs 
function. However, these changes for glasses are not as sharp as they should be in 
a true second-order phase transition, but instead are diffuse occurring over a small 
temperature interval rather than at a sharply defined temperature. This is also the case

Fig. 4.1 Schematic 
illustration of the two 
cooling paths by which 
liquid may solidify. A very 
slow cooling rate leads to a 
discontinuous change in 
volume to a crystal state 
(curve 1). Rapids quench 
leads to a continuous change 
in volume (curve 2)
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for other thermo-dynamical variables such as entropy and enthalpy. This implies that 
at T g there should be a discontinuity in derivative variables, such as coefficient of 
thermal expansion αT = (∂lnV /∂T )P, compressibility κT = (∂lnV /∂P)T, and heat 
capacity CP = (∂H/∂T )P.

The kinetic aspects of the glass transition are also important. The glass transi-
tion temperature depends on cooling rate. This influence of the cooling rate on glass 
transition is the clearest proof that the glass transition differs from a strict thermo-
dynamic transition. The dependence of the glass transition temperature, understood 
in terms of interplay between the time scale of the experiment and the kinetic or 
molecular recovery, is the main manifestation of the kinetic dimension of the glass 
transition. However, there are other aspects, which bear materially on the question 
of an underlying thermodynamic phase transition. 

The most important aspect of glass transition is the relaxation process that occurs 
as the supercooled liquid cools. The configurational changes cause the relaxation of 
the supercooled liquid and become increasingly slow with decreasing temperature, 
until at a given temperature (glass transition temperature) the material behaves as 
a solid. For time of observation long compared with the structural relaxation time, 
the material appears liquid-like, while for time of observation shorter than structural 
relaxation time the material behaves a solid-like. A transition takes place if the 
values of liquid-like parameters differ significantly from solid-like ones. Thus, a glass 
transition occurs, when the time of observation is equal to the structural relaxation 
time. For temperatures below glass transition temperature, the structure tends to 
approach the equilibrium state of the supercooled liquid. This process can occur in 
times of the order of minutes for temperature near glass transition temperature, but 
may take years for temperature far below glass transition temperature. 

Another theory which concerns with certain aspects of glass transition and have 
many similarity with aspects of relaxation theory is the free volume theory. In this 
theory, total volume of a liquid is supposed to be divided into two parts: One part 
is occupied by the atoms or molecules, and the other part provides free space for 
them to move. The latter volume permitting diffusive motion is termed free volume. 
As the temperature of a liquid is lowered, both the occupied volume and the free 
volume are expected to contract. The glass transition occurs, when the free volume 
of the supercooled state decreases below some critical value. The redistribution of 
free volume no longer occurs; i.e., the free volume is frozen-in in the locations when 
the glass is formed. When percolation aspects are taken into consideration, the free 
volume theory predicts the glass transition to be more likely a first-order transition 
in contrast to thermodynamic theory. 

A study of the thermal properties of (70 − y)B2O3 − 30BaF2 − yLiX, where X 
= F, Cl, Br, indicated that initially (y ≤ 10 mol%) the halide adds to the network 
forming B–X–Li bonds with smaller-radii halides being more likely to add to the 
network, and then after y ≥ 10 mol%, halide atoms add interstitially as per study of 
El-Hofy and Hager [10]. This result is manifested in the variation of glass transition 
temperature with LiX as shown in Fig. 4.2 [11]. 

Figure 4.3 shows the variation of elastic moduli with LiX [11]. Surprisingly, all 
lithium halide salts are found to increase in density and elastic moduli [11]. In this
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Fig. 4.2 Glass transition 
temperature Tg as a function 
of lithium halide content in 
(70 − y)B2O3 − 30BaF2 − 
yLiX for X = F, Cl, Br. 
Republished with permission 
from Calahoo and 
Wondraczek [12] 

Fig. 4.3 Variation of elastic 
moduli with lithium halide 
content in (70 − y)B2O3 − 
30BaF2 − yLiX, where X = 
F, Cl, Br. Republished with 
permission from Calahoo 
and Wondraczek [12]

enhancement process, it is also interestingly noted that that chlorine and bromine 
should play vital role in increasing the elastic moduli more than fluorine, which can 
explained by differences in bond length, the stretching force constant between the 
bonds and the average cross-linking density [13, 14]. 
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4.3 Structural Basis for Glass Formation 

4.3.1 Molybdate Basis 

There are various structural basis/units of lithium-doped glassy systems and 
nanocomposites. Here, only two basis molybate and selenite are discussed. In some 
cases, other alkali-doped iodite glassy systems are included in this section, which is 
expected to be similar as LiI-doped glassy systems. 

The structure of molybdate glasses is constructed from several asymmetric units, 
mainly MoO4 

2− tetrahedral and Mo2O7 
2− ions [15]. Most of the glasses and glass 

nanocomposites containing MoO3 exhibits absorption peaks 875, 780, and 320 cm−1 

(ν1, ν2, and ν3 modes of MoO4 
2− tetrahedral ions) which are confirmed from the 

FT-IR study [15, 16]. 
Kawamura et al. [17] showed that the progressive change of activation energy 

observed in the molybdate glasses could be attributed to the order–disorder tran-
sition in the α-AgI crystal. The ionic conductivity of these glasses occurred due 
to the cooperative liquid-like motion of the mobile ions and the network struc-
ture of glasses probably cause the non-Arrhenius behavior in the rapidly quenched 
molybdate glasses. 

Eckert et al. [18] demonstrated the local structures of molybdenum species in the 
glassy system using near infrared Fourier transform (NIR-FT) Raman spectroscopy. 
They showed that in glasses with the Ag2O/MoO3 ratio of unity, the molybdenum 
species were present only as tetrahedral monomeric orthomolybdate ions, MoO4 

2−. 
On the other hand, in the glasses with Ag2O/MoO3 molar ratios less than unity, 
molybdenum species were present as tetrahedral orthomolybdate anions, MoO4 

2−. 
The preponderance of evidence from NMR and vibrational spectroscopy suggests 
that this unit contains linked MoO4 tetrahedra and MoO6 octahedra. They also showed 
that the structure of these units was probably similar to the chain ions present in 
crystalline Na2Mo2O7. Minami and Tanaka [15] showed that glasses with molar 
ratio Ag2O/MoO3 = 1 contained no condensed macroanions, but only discrete Ag+, 
I−, and MoO4 

2−. In their model, only a part of the silver ions were believed to 
participate in the conduction process. 

Recent report [19] on electrical properties of semiconducting tellurium molyb-
date glasses had adequately been explained using small polaron theory. This report 
also showed that the glass-forming oxide greatly affected the magnitude of the 
conductivity and the activation energy for hopping conduction. 

Ionically conducting glasses and glass nanocomposites containing MoO3 have 
attracted much attention because of their potential application in many electro-
chemical devices such as solid-state batteries, electrochromic displays, and chemical 
sensors [20]. In particular, silver ion-conducting glasses are at the focus of current 
interest, because of their high stability against humidity and their high electrical 
conductivity in the range of 10−1 S/cm at room temperature. Glassy system containing 
MoO3, first reported by Minami [15, 16], belong to this group of materials, and their
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glass-forming regions, electrical properties, glass-transition temperatures, and local 
structures have been examined extensively [15, 16, 20–23]. 

The glass-forming region of the superionic system containing MoO3 [18] and the 
structure of such glassy systems have been investigated by many researchers using 
IR [15, 16, 24], Raman [25], EXAFS [26], and neutron diffraction [27]. While many 
studies agree that the molybdenum species exist as tetrahedral orthomolybdate anion 
MoO4 

2− in these glasses [15, 16, 25, 26], and other reports have claimed octahedral 
molybdenum environment [27, 28]. Typical structural features in crystals with the 
dimolybdate stoichiometry have also been explored by a group of researchers [18, 24, 
25]. Comparatively, few studies have been carried out on glasses with composition 
ratio Ag2O/MoO3 < 1. In these glasses, two additional infrared absorption bands have 
been observed at 600 and 450 cm−1 [15, 16]. The structure of crystalline Na2Mo2O7 

[29] is based on infinite chains formed by MoO4 tetrahedra and MoO6 octahedra [30]. 
An interpretation of the IR spectra has been given by Caillet et al. [31]. Inspection 
of the crystal structures of other crystalline molybdates based on Mo2O7 

2− anionic 
units reveals a substantial structural variety. Infinite chains of interlinked MoO4 

and MoO6 units also exist in the compounds K2Mo2O7 [32] and (NH4)2Mo2O7 

[33]. Discrete dimeric bitetrahedral Mo2O7 
2− anions are known to be present in (n-

Bu4N)2Mo2O7 [34], (PPN)2Mo2O7 (PPN = [Ph3P = N = PPh3]+) [35], MgMo2O7 

[36], K2Mo2O7–KBr double salt [37], K2Mo2O7 melt [38], and (n-Bu4N)2Mo2O7– 
CH3CN solution [34]. The crystal structure of Ag2Mo2O7 consists of infinite chains 
formed by blocks of four edge-shared MoO6 octahedra joined by edge-sharing [39]. 
In principle, all of these arrangements provide possible explanations for the extra 
IR bands observed in glasses with Ag2O/MoO3 ratios < 1. Molybdate glasses and 
their nanocomposites are particularly interesting because of the growing evidence of 
anomalous in the structure as well as the intensive properties when compared with 
silver borate and silver phosphate glasses [39, 40]. Experimentally, considerable 
efforts have been made to establish a relation between the microscopic structure and 
fast ion conductivity in glasses and glass-nanocomposites. 

4.3.2 Selenite Basis 

The idea of synthesizing selenite glasses belongs to Rawson [41] and Stanworth [42] 
who obtained glasses in the K2O–SeO2 and SeO2–TeO2–PbO systems. Dimitriev 
et al. [43] obtained stable homogeneous glasses with high content of SeO2 in combi-
nation with other non-traditional network formers: V2O5, TeO2, Bi2O3. They showed 
from the IR spectra the independent SeO3 pyramids νs = 860 − 810 cm−1 and νd 

= 720 − 710 cm−1 participated in the network when the SeO2 concentration was 
low. As the SeO2 content was increased, SeO3 groups became associated into chains 
which contain isolated Se=O bonds with a vibration frequency at 900 − 880 cm−1. 

Satyanarayana et al. [44] studied the differential scanning calorimetry (DSC) for 
the AgI–Ag2O–SeO2–V2O5 glasses. They observed a decrease in T g with the increase 
in AgI content. They suggested that a larger number of bonds were destroyed within
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the glassy network in order to allow its rearrangement to form a more open-type 
thermodynamically stable phase. 

Venkateswarlu et al. [45] showed that the dc conductivity of AgI–Ag2O–SeO2– 
V2O5 system increases with the AgI content and exhibited highest conductivity (σ 
= 2.63 × 10−2 Ω−1 cm−1) for the 66.67%AgI–23.07%Ag2O–10.26%(0.8SeO2 + 
0.2V2O5) glass system with further increase of AgI content the conductivity was 
found to decrease. This type of decrement of conductivity was explained from their 
structural behavior. 

4.4 Steps of Manufacturing Such Glassy Systems 

The most accepted route for manufacturing glassy system is the melt-quenching 
route [46]. In this route, the molten form of the material is cooled quickly to stop 
the crystal growth [46]. Quenching rates play a significant role in the preparation of 
glassy solids. 

Many materials need sufficiently rapid quenching in order that the melt solidifies 
into glass. Rates of cooling required for glassy phase formation are different for 
different materials. In this technique, the chemicals in the definite proportions are 
mixed and melted and the melt is quickly quenched to room temperature. Normally, 
the crystalline phase is thermodynamically more stable than the amorphous phase. 
In order to form glassy state, it is necessary to maintain the rate of cooling of the 
melt to be sufficiently fast enough to prevent crystallization. When the glasses are 
passed through a heat treatment above their glass transition temperatures, different 
nanophases are found to grow in the host glass matrix. Tatsumisago et al. [14] 
prepared the glass samples 70Li2S–30P2S5 and heated them at 240 °C for 2 h (glass 
transition temperature was found to be 210 °C) to obtain glass–ceramic samples. 
They found that the conductivity of the heat-treated samples was much greater than 
their glassy counterparts. The conductivity enhancement was assumed to be due 
to the precipitations of highly lithium-ion-conducting crystals from the Li2S–P2S5 
glasses. 

4.5 Technological Approaches 

Lithium is considered to be one of the most promising components of rechargeable 
batteries, which may be applicable to electric vehicles, smart phones and mobile 
computers [47–49]. Some safety issues have been pointed out [49, 50], which may 
arise due to mixing of highly flammable electrolytes. For this reason, traditional 
electrolytes have been substituted by inorganic solid electrolytes with enough thermal 
stability, energy density and electrochemical stability [49, 51, 52]. Influence of silver 
ion concentration on dielectric properties of Li2O doped glassy system [49] has 
been studied extensively, which reveals remarkable contribution of space charge
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polarization. Attempts have been made to enhance the electrochemical performance 
of lithium-rich oxide layer material with Mg and La co-doping [49]. Highly resistive 
lithium-depleted layer [49] has been found in the lithium-conducting composites due 
to the very low mobile-ion concentration. Conductivity spectra [53] have been studied 
by many researchers. Besides these ionic systems containing Li+, polaron-hopping 
in semiconducting lithium-doped glass nanocomposites containing transition metal 
ions (TMI) are also very much interesting not only for academic interest but also 
for the application in optical switching, display devices, etc. As such, a thorough 
investigation of the electrical transport in both ion-conducting and semiconducting 
lithium-doped glasses and glass nanocomposites will be significant for the better 
understanding of the conduction and relaxation processes in these technical materials. 

4.6 Conclusion 

Slow and fast cooling processes for glass formation principle are discussed using 
graphical analysis. Nature of various lithium halides has been discussed to explore 
their thermal and elastic properties. Researchers have developed various structural 
basis such as molybdates and selenites to form various lithium glassy systems and to 
explore their roles in glass formation processes. Both ion-conducting and semicon-
ducting lithium-doped glasses and glass nanocomposites are of great interest for the 
better understanding of the conduction and relaxation processes in these technical 
materials. 
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Chapter 5 
Experimental Tools for Characterizations 
of Lithium-Ion Doped Glassy Systems 

Sanjib Bhattacharya 

Abstract Various methods for characterization of as-prepared glassy samples have 
been discussed, and different features of their application are mentioned. Density-
molar volume, FT-IR, FE-SEM, TEM, DSC, UV visible, and Raman spectroscopy are 
the different methods of material structural characterization. Among of them, infrared 
spectroscopy and Raman scattering are two important spectroscopic methods applied 
in the structural investigation of the local-order characterizing vitreous materials like 
oxide glasses. Electrical conductivity and modulus spectra are the key features of 
dielectric relaxation process. 

Keywords XRD · FT-IR · UV–Vis · Raman spectroscopy · Electrical and 
dielectric properties 

5.1 Introduction 

Oxide glassy materials containing lithium are a part of non-crystalline solid materials 
which show short-range order, and some crystallinity may appear in a small volume 
[1]. While there has been a great amount of experimental work that has taken place 
in the area of glass-nanocomposites, a consensus has not yet been reached on how 
nanosized inclusions affect mechanical properties [2, 3]. Several attempts have been 
done to improve their mechanical and electrical properties [4–6]. Several techniques, 
both microscopic and macroscopic, have been developed for the study of the structure 
and properties of such glassy systems [2–6]. By measuring the viscosity, density, 
and electrical conductivity of such glass system, one can get an insight into their 
structures [7, 8]. Structural studies have been carried out by several investigators [9], 
using electron spin resonance (ESR), nuclear magnetic resonance (NMR), Raman, 
IR and Mossbauer spectroscopy, and X-ray diffraction. 

Density-molar volume, FT-IR, FE-SEM, TEM, DSC, UV visible, and Raman 
spectroscopy are the different methods of material structural characterization. Among
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of them, infrared spectroscopy and Raman scattering are two important spectro-
scopic methods applied in the structural investigation of the local-order character-
izing vitreous materials like oxide glasses [10, 11]. Oxide is one of the most common 
glass formers and is present in almost all commercially important glasses. It is often 
used as a dielectric material, and nanocomposites glasses possess scientific interest 
due to their technological interest [10, 11]. In nanocomposites glasses, CuI, AgI, 
CdI2, MoO3 are the basic glass former because of their higher bond strength, lower 
cation size, and smaller heat of fusion, so the structural investigation of these glasses 
is one of the most attractive points of glass formation and related doped systems. LiI, 
Li2O, CuO, Se2O, Ag2O, MoO3, V2O5, and ZnO can enter the glass network both 
as a network former and also as a network modifier, and due to this, the structure 
of this glass is expected to be different from that of phosphate and silicate glasses. 
The relationship between the microstructure, mechanical properties, and electrical 
properties of such glassy systems is needed to develop a better fundamental under-
standing of the behavior and properties of them, which is essential to contribute to 
an area of significant current technological interest [12, 13]. 

5.2 Methods Used for Characterization and Features 
of Their Application for Glass Composite 
Characterization 

5.2.1 X-Ray Diffraction (XRD) 

To ensure the nature of the prepared samples, X-ray diffraction is carried out on the 
powdered glassy samples using a Rich-Seifert X-ray diffractometer (model 3000P) 
for recording the diffraction traces (2θ versus intensity) of the powdered samples 
(Fig. 5.1). In this instrument, Ni-filtered CuKα radiation operating at 35 kV and 25 mA 
in a step scan mode was used. The step size was taken to be of 0.02° in 2θ and a hold 
time of 2 s per step. The hardware of XRD 3000 systems comprises of the generator ID 
3000, the monitor, accessory controller C 3000, and the timer/counter hardware. The 
diffraction traces were recorded at room temperature. From the diffraction peaks of 
the XRD pattern, the average particle size of different nanoparticles was determined 
using Scherer formula [14] 

t = 0.89λ/(β cos θ ) (5.1) 

where t denotes the average grain size of the particles, λ stands for the X-ray wave-
length (1.54 Å), θ for the Bragg’s diffraction angle, and β is for the peak width in 
radians at half-height. 

Crystallite size and the lattice strain of the crystal can be evaluated separately 
from XRD study by Hall’s equation [15],
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Fig. 5.1 Experimental 
set-up for Rich-Seifert X-ray 
diffraction measurements 

βhkl cos θ/λ  = 2η sin θ/λ  + K /D (5.2) 

where βhkl is the full width half maximum of a given (hkl) diffraction peak, λ is the 
wavelength of the X-ray, D is the crystallite size, η is the measure of the heterogeneous 
lattice strain, θ is the Bragg’s angle, and K is a constant of 0.9. From the plots between 
βhklCosθ /λ and Sinθ /λ for the major (hkl) diffraction peaks of different nanocrystals 
in the samples, the values of βhkl were determined from the Gaussian function which 
was fitted to the major diffraction peaks. The values of η, the measure of lattice strain, 
were obtained from the slope of the plots. 

When the sample and the detector rotate, the strength of the reflected or diffracted 
X-rays is documented. When the geometry of the X-ray event is affected, the sample 
satisfies the Bragg’s equation, and constructive or destructive interference and peak 
intensity occur. The detector detects and develops this X-ray signal and translates the 
signal to read speed, which is then connected to output device [14, 15]. The X-ray 
diffractometer geometry is such that the sample moves along the X-ray-accumulated 
beam path at an angle, while the X-ray detector is attached to the armrest to accumu-
late diffraction X-rays and rotates at an angle of 2θ [14, 15]. The tool for supporting 
the angle and rotation of the sample is known as goniometer. For characteristic 
powder diffraction patterns, data at 2θ from angles ~5° to 80° are embedded in 
X-ray scanning [14, 15]. 

The identification of crystal structure of unknown materials has been performed 
usually with a powder XRD [14, 15]. Powder sample is made with fine grains with a 
single crystal/polycrystal structure, but oriented randomly, when exposed to X-rays, 
and hence, the diffraction intensity is assumed the sum of the X-rays reflected from
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all the fine grains. A standard database is maintained by the International Centre 
for Diffraction Data (ICDD) and Joint Committee on Powder Diffraction Standards 
(JCPDS) for the identification of inorganic and organic materials with a crystal 
structure. XRD patterns can be broadly employed for (i) identification of crystalline 
phases and their degree of crystallization, (ii) estimating crystallite size, and (iii) 
residual strain [14, 15]. A single crystal specimen in a XRD diffractometer would 
produce only one family of sharp peaks in the diffractogram. Amorphous glassy 
materials generally exhibit a broad “halo” near 20°, indicating no long-range order 
and are supposed to be macroscopically isotropic. In a mixture of amorphous and 
crystalline material (polycrystalline), the XRD pattern may exhibit both sharp and 
broad features, where the sharp peaks are due to the crystalline component/phase and 
the broad features are owing to the amorphous phase. Deconvolution of the mixture 
of XRD spectrum into separate XRD spectrum with sharp-only diffraction peaks 
and broad-only diffraction peaks may be taken into consideration for estimating 
the percentage of amorphous content in the compositions [15]. It is also noted by 
observing various diffraction peaks of different samples that the diffraction peak 
shape is found to be affected due to the size of crystallites [14, 15]. As the crystallite 
size is reduced, the diffraction peaks broaden to an extent to merge into each other 
to form a single broad diffraction peak. 

5.2.2 Field Emission Scanning Electron Microscopy 
(FE-SEM) and Energy-Dispersive X-Ray Spectroscopy 
(EDS) 

To explore the microstructure and surface morphology of the prepared glasses and 
glass-nanocomposites, field emission scanning electron micrographs (FE-SEM) of 
the polished surfaces of the samples were taken in a field emission scanning electron 
microscope (JEOL JSM-6700F) [16, 17]. A thin platinum coating (~150 Å) was 
deposited on the polished surfaces of the samples by vacuum evaporation technique 
for a conducting layer. The quantitative investigation of the final compositions has 
been done from EDS study of the corresponding FE-SEM image (Fig. 5.2). 

A tungsten filament is heated to generate the electron beam. FE-SEM beam of 
particles is generated by the incident electron in a column above the specimen 
chamber. Incident electrons’ energy can be as low as 100 eV or as high as 30 keV 
depending upon the purpose of the study. Electrons are concentrated in a small 
beam of electromagnetic lenses in the FE-SEM column beam. The scanning coils 
are placed on the edges of the column, and beam is centered directly on the sample 
of the surface. The electron beam is concentrated in one place and scanned along a 
line for X-ray analysis.
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Fig. 5.2 Experimental 
set-up for field emission 
scanning electron 
microscope (JEOL 
JSM-6700F) 

5.2.3 Transmission Electron Microscopy (TEM) 

To explore the microstructure of the prepared glasses, transmission electron micro-
graphs of the samples prepared in the form of thin films were taken in a transmission 
electron microscopic (JEOL JEM2010). The samples were first powdered in a mortar, 
then sonicated for 20 min in acetone to form very tiny particle. Thus, a very dilute 
colloidal solution in acetone is formed. Then, pouring a very small drop of that 
colloidal solution on carbon-coated grid (300 meshes), they were made suitable for 
transmission electron microscopy. The grids thus prepared were used to obtain the 
microstructure of the samples. Microstructure thus obtained shows nanocrystalline 
nature in some of the samples (Fig. 5.3). 

The electron beam in the electronic gun targets a small, thin, and coherent beam 
through a condenser lens [18, 19]. The beam at that time hits the sample on the grid, 
and parts of it are transmitted depending on the thickness and electron transparency 
of the sample [18, 19]. The objective lens focuses this ported part on a camera image 
with a phosphor screen or charger (CCD) [18–20]. Possible objective openings can 
be used to enhance contrast by blocking high angle diffraction electrons [21]. It then 
passes through the column using the intermediate projection lenses to enlarge the 
image [21]. Dark areas of the image are the sections of the sample in which fewer 
electrons are transmitted, and the lighter parts of the image areas are characterized 
by a sample of more electrons transmitted through [18, 19, 21]. Another aspect of 
TEM is to take selected area electron diffraction pattern (SAED) micrograph, which 
can be used to find out inter-planner spacing of the crystalline planes. Specimens 
under study with ~100 nm thick can allow the electrons of 100–400 keV through 
them easily.
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Fig. 5.3 Experimental 
set-up for transmission 
electron microscopy (JEOL 
JEM2010) 

5.2.4 Differential Scanning Calorimetry (DSC) 

To determine the thermodynamic properties such as glass transition tempera-
ture, crystallization temperature, and melting temperature, differential scanning 
calorimetry (DSC) of the powered glass samples is performed in a PerkinElmer. 
Differential scanning calorimeter (DSC 7) operates in the temperature range from − 
150 °C to 500 °C in nitrogen atmosphere. In these processes, fine powders of sample 
is taken in aluminum crucible. Pure Al2O3 in other crucible is used as a reference. 
The difference between the glass transition temperature T g and the crystallization 
temperature T c, which is considered as a measure of thermal stability against crystal-
lization, ranges from 35 °C to 40 °C for different compositions, and thus the glasses 
and glass-nanocomposites can be regarded as stable. 

5.2.5 Fourier Transform Infrared Spectroscopy (FT-IR) 

The FT-IR spectra of the powdered samples in KBr matrices in transmission mode 
were recorded in a Nicolate FT-IR spectrophotometer (Magna IR-750, Series II) in 
the wave number range of 400–4000 cm−1at a temperature 25 °C and humidity at 
50–60%. Each bonding in the sample has a characteristic frequency of vibration. 
When IR is transmitting through the sample, the frequency of the bonding of the
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Fig. 5.4 Experimental 
set-up for Nicolate FT-IR 
spectrophotometer 

sample is exactly matched with particular frequency of the IR region, then some 
peaks are found due to resonance of frequency (Fig. 5.4). 

5.2.6 Ultraviolet Visible Spectroscopy (UV–Vis) 

To explore the optical band gap of the prepared glasses and glass-nanocomposites, 
ultraviolet visible spectroscopy (UV–Vis) of the samples was taken in a spectrometer 
[22]. UV–Vis absorption studies were made in the reflection mode using PerkinElmer 
Lamda-750 spectrophotometer (Fig. 5.5). The colloidal suspensions using ethanol 
as solvent for the absorption studies were prepared with the help of an ultrasonic 
homogenizer (Takashi SK-500F). 

Fig. 5.5 Experimental 
set-up for UV–Vis. 
spectroscopy (PerkinElmer 
Lamda-750)
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5.2.7 Raman Spectroscopy 

Raman spectroscopy [20, 23] has great importance for exploring the molecular struc-
ture and composition of inorganic materials. The Raman scattering arises when 
monochromatic light irradiates a sample causing a small portion of the scattered 
radiation to exhibit shifted frequencies that are comparable to the sample’s vibra-
tion transitions. In molecular systems, wavelengths are mainly in ranges associated 
with transitions between rotational, vibrational, and electronic levels [20, 23]. The 
Raman effect is established in molecular distortions in the electric field persistent to 
molecular polarization (α). The laser beam is an oscillating electromagnetic wave 
with an electric vector interacting with the sample, and it prompts the electric dipole 
moment P = αE that deforms molecules. As an outcome of the periodic deformation, 
molecules begin to vibrate at a distinctive frequency. Specifically, monochromatic 
laser light often excites the molecules and converts them into oscillating dipoles. 
These oscillating dipoles release light from three different frequencies: 

(a) A molecule that does not use Raman active modes absorbs a photon frequently 
ν0. The agitated molecule yields the same fundamental vibratory state and 
radiates light with the same frequency ν0 as the source of excitation, which is 
known as elastic Rayleigh’s scattering [20, 23]. 

(b) Photon with frequency ν0 absorbs by the Raman active molecule, which is 
during the interaction in elemental vibrational state. Part of the photon energy 
is transmitted to Raman active mode, and consequently, frequency of scattered 
light decreases (Stokes lines) [20, 23]. 

(c) A photon frequency ν0 absorbs by a Raman active molecule that is already in an 
agitated vibrational state during the interaction. The excess energy is released 
from the excited active Raman mode, the molecule yields the fundamental 
vibrational state, and consequently, frequency of the scattered light increases 
(anti-Stokes lines) [20, 23]. 

5.2.8 Density and Molar Volume 

The densities of the prepared glass and glass-nanocomposite samples were measured 
by Archimedes’s principle using acetone as an immersion liquid. Molar volume of a 
substance is the volume of one mole of that substance. Molar volume of a substance 
is defined as the ratio of its molecular or atomic weight whichever is suitable to its 
density. The relationship between density and composition of an oxide glass system 
can be expressed in terms of an apparent molar volume of oxygen (VM) for the glass 
system, which can be obtained using the formula 

VM =
 ∑

xi Mi /ρ (5.3) 

where xi is the molar fraction and Mi is the molecular weight of the ith component.
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Fig. 5.6 Some polished 
glass-nanocomposite 
samples for hardness testing 

5.2.9 Microhardness Testing 

There are two types of microhardness testing process, namely Knoop and Vickers 
hardness test which have a very small diamond indenter of pyramidal geometry and 
forced into the surface of the specimen. Measuring methods and machines have 
been appropriately adapted to perform hardness measurements on very small objects 
(glass-nanocomposites), very thin ~1 mm thick [24, 25]. Micro-indentation hardness, 
also often called microhardness, means the determination of hardness values with low 
test forces. Compared to the macrohardness testing methods described previously, 
the test force range in microhardness testing is very small. Following the ASTM 
Standard Test Method for Micro-indentation Hardness of Materials (E 384), the 
range was between 1 and 200 gf (9.8 × 10−3 and 9.8 N), and the indentations were 
correspondingly very small. The hardness value that has already been described is in 
any case ascertained by dividing the test force by the remaining indentation surface 
area (Fig. 5.6). 

5.2.10 Electrical and Dielectric Property: Measurement 
Techniques 

The prepared glass and glass-nanocomposites were shaped rectangular or circular by 
cutting the samples with a diamond cutter. Silver paste was deposited on both surfaces 
of the polished samples as electrodes. The silver-pasted samples were then heated 
at 50–60 °C for two hours for the stabilization of the electrodes. Electrical proper-
ties of materials are determined through four fundamental parameters called dielec-
tric constant, tangent of dielectric loss angle, dielectric breakdown, and electrical 
conductivity [26]. 

The block diagram for the experimental set-up for electrical measurements is 
shown in Fig. 5.7. The sample is kept in the sample holder into the furnace (F).
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Fig. 5.7 Block diagram for the experimental set-up for electrical measurements 

The sample is connected to a LCR Meter Bridge (R) (Hioki made) through the two 
probes (as seen in the Fig. 5.8) coming out of the sample holder. A thermocouple TT is 
inserted in the chamber and kept near to the sample. The other end of the thermocouple 
is connected to the temperature controller (TC). Here, a personal computer (PC) 
is interfaced with the LCR Meter Bridge through GPIB card. So, the LCR Meter 
Bridge can be run with the instructions by the PC. Measurements such as capacitance 
and conductance can be carried out as a function of frequency of the sample at 
different temperatures. The AC measurements can be made in the frequency range 
42 Hz–5 MHz. 

The frequency-dependent AC conductivity σ /(ω) at frequency ω is determined 
from the following relation 

σ / (ω) = (t/A)G(ω) (5.4) 

The real part of the permittivity ε/(ω) can be related to the capacitance by 

ε/ (ω) = (C(ω)/ε0) × (t/ A) (5.5) 

and the imaginary part ε//(ω) of the permittivity was related to the real part of the 
conductivity 

ε// (ω) = tG(ω)/Aωε0 (5.6)
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Fig. 5.8 Experimental 
set-up for electrical 
measurements 

where ε0 is the free space permittivity having value of 8.8514 × 10–12 F/m. The real 
and imaginary parts of the electric modulus [M*(ω) = M /(ω) + iM //(ω)] are further 
calculated from the real and imaginary parts of the permittivity by the following 
relation 

M/ (ω) = ε/ (ω)/
{||ε/ (ω)

||2 + ||ε// (ω)
||2

}
(5.7) 

M// (ω) = ε// (ω)/
{||ε/ (ω)

||2 + ||ε// (ω)
||2

}
(5.8) 
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Chapter 6 
DC Electrical Conductivity as Major 
Electrical Characterization Tool 

Amartya Acharya, Koyel Bhattacharya, Chandan Kr Ghosh, 
and Sanjib Bhattacharya 

Abstract Various transport theories regarding transport process in glassy matrices 
have been discussed. Li2O-doped glassy ceramics have been prepared using melt-
quenching route, and their electrical DC conductivity has been studied in wide 
temperature regime. It is anticipated from the nature of composition that Li+ 

conduction mostly contributes to electrical conductivity at high temperature, and 
Mott’s variable-range hopping (VRH) model has been utilized to analyze low-
temperature DC conductivity data due to polaron hopping. Composition-dependent 
DC conductivity is also discussed. 

Keyword DC conductivity · Mott’s variable-range hopping (VRH) model ·
Anderson-Stuart model 

6.1 General Consideration 

Ionic transport processes in glasses and glass-nanocomposites have been a subject of 
deep scientific interest [1–3] for more than half a century, and to date, a large number 
of glass-forming systems had been investigated over a wide range of compositions 
with respect to the transport-related properties such as conductivity and its depen-
dence on temperature and frequency, radio tracer diffusion, NMR, electrical and 
mechanical relaxation, etc.
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The glasses possess certain advantage over their crystalline counterparts, which 
includes physical isotropy, the absence of grain boundaries, good workability and 
continuously variable composition. Moreover, the room temperature conductivity in 
these glasses can vary from as little as 10−15 to as much as 10−2Ω−1 cm−1, which 
makes them suitable for many electrochemical applications. The latter values of 
conductivity arise in fast-ion conductors in which the diffusing atoms are charged 
and carry electric current. This ionic contribution to the electric current exceeds 
the contribution from electrons. Various types of ions can diffuse in glasses which 
include the Li+ ion (the smallest) to Ag+ ion (the most deformable) having the highest 
conductivity [2, 3]. Some excellent review on the dynamic properties of the ions in 
the glasses can be found in the works of Ingram, Angell and Kahnt [3–5]. 

6.2 Transport Theory with Examples 

The discovery of fast-ion conduction in oxide glass [6] and the energy crisis of 
the early 1970s stimulated much interest in using glasses as solid-state electrolytes 
in advanced battery systems. The microscopic mechanisms responsible for ionic 
conduction in glasses, however, are still not well understood due to the difficulty in 
independently determining the carrier concentration and mobility. The DC and AC 
conductivities of the ionically conducting glasses have been studied extensively for 
traditional glass formers [7–9]. The DC conductivity for materials with one type of 
carrier is given by 

σdc = (Ze)n μ (6.1) 

where Ze is the charge of the carrier, n is the concentration of mobile carriers, and 
μ is the mobility. The concentration of mobile ions may be thermally activated and 
can be written as 

n = N0 exp(−Δ Gc/kBT ) 
= N0 exp(−Δ Sc/kB) exp(−Δ Hc/kBT ) 
= Ne exp(−Δ Hc/kBT ) (6.2) 

where Δ Gc is the free energy necessary to impart a carrier population, Δ Sc is the 
associated entropy, Δ Hc is the enthalpy, kB is the Boltzmann constant, T is the 
absolute temperature, and Ne is the effective infinite temperature ion concentration 
which includes the entropy term. The mobility is related to the diffusivity (D) through 
Nernst-Einstein relation 

μ = ZeD/kBT = Zeγ λ2 vH/kBT 

= (
Zeγ λ2 v0/kBT

)
exp(−Δ Gm/kBT )
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= (
Zeγ λ2 v0/kBT

)
exp(−Δ Sm/kB) exp(−Δ Hm/kBT ) 

= (
Zeγ λ2 ve/kBT

)
exp(−Δ Hm/kBT ) (6.3) 

whereΔ Gm is the free energy for ion migration,Δ Sm is the associated entropy,Δ Hm 

is the enthalpy, γ is the geometrical factor for ion hopping, λ is the average hop 
distance between the mobile ion sites, νH is the hopping frequency, ν0 is the jump 
attempt frequency of the ion, and νe is the effective jump attempt frequency including 
the entropy term. From the first law of thermodynamics under conditions of constant 
specimen volume and temperature, the enthalpy and energy state functions are equal. 
Thus, we replace Δ H by Δ E. Therefore, substituting Eqs. (6.2) and (6.3) to (6.1) 
yields 

σdc =
(
Ne(Ze)

2 γ λ2 ve/kBT
)
exp{−(Δ Ec + Δ Em)/kBT } (6.4) 

which agrees quite well with the experimental results in the limited temperature 
range. 

Any discussion regarding the mechanism of ion transport in glasses must focus 
on two themes. 

• Strong electrolyte theories (Anderson-Stuart model) 
• Weak electrolyte theories (Ravaine-Souquet model). 

6.2.1 Anderson-Stuart Model 

The Anderson-Stuart [9] model is a structural model which considers the activation 
energy as the energy required to overcome electrostatic forces (Δ EB) plus the energy 
required to open up “doorways” in the structure large enough for the ion to pass 
through (Δ ES). An atomic-level representation of this model by Martin and Angell 
[8] is shown in Fig. 6.1. 

According to Anderson-Stuart model, the activation energy is

Δ Eact = Δ EB + Δ ES (6.5) 

where the binding energy term is given as

Δ EB = 
Z Z0e2 

ε∞ 

[ 
1 

r + r0 
− 

2 

λ 

] 
(6.6) 

and the strain energy term is given as

Δ Es = π G Dλ(r − rD)2 /2 (6.7)
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Fig. 6.1 Representation of 
the energies of cation 
conduction process 
according to the 
Anderson-Stuart model as 
interpreted by Martin and 
Angell [8]. Republished with 
permission from Martin and 
Angell [8] 

In these equations, GD is the shear modulus of the glass, and rD, r and r0 are the 
interstitial window, the mobile cation and the non-bridging anion radii, respectively; 
λ is the average jump distance; Z and Z0 are the number of charges on the mobile 
cation and the anion; and e is the charge on the electron [10, 11]. 

To make the Anderson-Stuart model more realistic, minor changes to the strain 
term have been proposed by McElfresh and Howitt [10]. Elliott [11] has pointed out 
that the Anderson-Stuart model neglects specific polarization and repulsion terms 
and includes these terms in the overall Coulomb potential. Other models describing 
the activation energy have been suggested, but nearly all follow the general principles 
of the Anderson-Stuart model. 

The physical and structural parameters necessary to verify the validity of the 
Anderson-Stuart model and experimental methods for measuring these parameters 
are: 

• Δ Eact: determined from wide temperature-range ionic conductivity measurements 
• λ: approximated from NMR static linewidth measurements or density measure-

ments 
• G: determined from acoustic measurements 
• rD: the interstitial window radius determined from inert gas diffusion studies.
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To test the validity of the Nernst-Einstein derivation for pre-exponent term, the 
following additional parameters are needed: 

• σ0: determined from wide temperature-range ionic conductivity measurements 
• ν0: determined from the Far-IR ion vibrational frequency 
• γ : usually taken as approximately equal to 1/6. 

6.2.2 Ravaine-Souquet Model 

The correlation between ionic conductivity and thermodynamic activity is the basis 
of weak electrolyte or Ravaine-Souquet model [12]. In glasses, the addition of M2O 
or M2S typically results in the added anions, becoming part of the glass structure 
by covalently bonding to the glass-forming cations, while the added alkali cations 
reside in a local region supporting charge neutrality. Most of these alkali cations 
are unionized and immobile, but a small fraction may dissociate from these sites to 
form ionized or dissociated “mobile” cations. These ions are proposed to contribute 
to the ionic conduction. The formation of mobile cations M+ from associated oxide 
complex in a glass is taken analogous to the dissociation of modifier salt added to 
the glass [13]. 

M2O = M+ + OM− (6.8) 

and the concentration independent dissociation constant is given by 

K = 
[ 
M+][ 

OM−]
/[M2O] (6.9) 

From Eq. (6.8), the [M+] and [OM−] are equal, and the concentration of the free 
dissociated ion is, therefore, given by 

[ 
M+] = K 1/2 [M2O]

1/2 

= K 1/2
[ 
aM2O

]1/2 
(6.10) 

where aM2O is the thermodynamic activity equated to the M2O concentration. The 
equality is valid for very dilute solutions (Henry’s law). The ionic conductivity is 
proportional to the concentration of mobile ions, so that 

σ ∝ 
[ 
M+] = K 1/2

[ 
aM2O

]1/2 
(6.11) 

Ravaine and Souquet performed both ionic conductivity and concentration cell 
emf measurements for various sodium and potassium silicate glasses. They plotted 
conductivity ratio versus activity ratio for various pairs of glasses and showed that 
the slope was ½ for this log plot.
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6.3 DC Electrical Conductivity of Some Li Containing 
Glassy Systems Using Various Models 

Glassy ceramics xLi2O–(1−x) (0.8V2O5–0.2ZnO) with x = 0.1, 0.2 and 0.3 have 
been developed in the laboratory by solid-state reaction. Complex impedance plots 
for x = 0.1 are presented in Fig. 6.2a at various temperatures. The DC electrical 
conductivity (σ dc) has been computed from the semicircular portions of Fig. 6.2a. It 
is noted in Fig. 6.2a that grain boundary resistance as well as polarization effects are 
absent. Similar results are obtained for other samples. Yuan et al. [14] reveal that a 
small amount of doping is sensitive to the purity of the sample, which is reflected in 
the nature of the plot. Generally, the AC response of the system indicates a relation 
between the applied voltage and the current through the sample under consideration. 
The equivalent circuit containing ideal resistive and reactive components is presented 
in the inset of Fig. 6.2a. It may be proposed to explore AC response of the system.

Fig. 6.2 a Cole–Cole plot of resistivity and corresponding equivalent circuit for measurement b 
temperature dependency of DC conductivity; c fixed-temperature (473 K) DC conductivity and 
activation energy and d low-temperature DC conductivity plot using Mott’s model. Republished 
with permission from Acharya et al. [15]
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In the equivalent circuit (parallel RC), the overall AC impedance of the present 
circuit can be represented as [14]:

1 

z 
= 

1 

Z R 
+ 

1 

ZC 

=
(
1 

R 
+ j ωC

)−1 

= R 

1 + jωRC 

= R 

1 + (ωRC)2 
− j 

ωR2C 

1 + (ωRC)2
(6.12) 

where Z R and ZC are the resistive and reactive components. 
This result directly indicates the form of real (Z re) and imaginary (Z im) impedances 

of the parallel RC circuit as: 

Zre = R 

1 + (ω RC)2 

Z im = −  
ω R2C 

1 + (ωRC)2
(6.13) 

and the phase angle ϕ can be presented as: 

tan ϕ = −ω RC (6.14) 

At low frequency (ωRC << 1), Z re ≈ R and Z im ≈ 0. This result implies that this 
RC circuit acts as a resistor. On the other hand, at high frequency (ωRC >> 1), Z re 

≈ 0 and Z im ≈ 1/ωC, and the present circuit acts as a capacitor with time constant, 
equal to RC. 

Equations (6.12) and (6.13) yield

(
Zre − 

R 

2

)2 

+ Z2 
im =

(
R 

2

)2 

(6.15) 

Equation (6.15) indicates a half-circle in the complex plane, with a radius of R/2, 
which can be validated by Fig. 6.2a. 

Figure 6.2b shows the variation of DC conductivity with reciprocal temperatures, 
which demonstrates thermally activated nature. It may be anticipated from the nature 
of variation of DC conductivity with temperature in Fig. 6.2b that the present glassy 
system must contain both ionic and electronic components, which may cause the 
total conductivity. However, semiconducting properties may arise due to presence of 
a small percentage of transition metals (vanadium), via polaron hopping, from lower
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cationic valence state to higher valence state [16, 17]. Similarly, ionic conductivity 
may arise due to transport of lithium ions in present glassy matrix, which may impart 
electrical conductivity of the present system [18]. 

6.4 Study of Temperature and Composition Dependency 
of Conductivity 

It is also noteworthy from Fig. 6.2b that DC conductivity decreases with Li2O content 
in the compositions. It is quite clear from Fig. 6.2b that low-temperature DC conduc-
tivity data may arise due to polaron hopping process [19] and high-temperature DC 
conductivity data have been received mainly due to conduction of Li+ ions [20]. 
Here, the polaron conduction is achieved by the following conversion [21]: 

V +5 → V +6 + electron 

Here, ZnO acts as a stabilizer [22]. As the Li2O content increases in the composi-
tions (V2O5 decreases), more and more number of V+ ions are expected to take part 
into bonds of network, thereby contributing less number of polaron in the conduction 
process. As a consequence, conductivity drops down at low temperature. 

High-temperature DC conductivity data as shown in Fig. 6.2b are found to increase 
with temperature linearly, which may be analyzed using Arrhenius equation: 

σdc = σ0 exp(−Eσ /kT  ) (6.16) 

where Eσ is the DC activation energy for present glassy ceramics under investigation, 
T is the absolute temperature, and k is the Boltzman constant. Figure 6.2c depicts 
the variation of σ dc at 473 K with compositions. It is interestingly noted that the 
sample with x = 0.1 shows the highest DC conductivity. DC conductivity is found 
to decrease as the Li2O content increases in the compositions. Computed activation 
energy corresponding to σ dc, obtained from the slopes of the best-fitted straight 
lines of Fig. 6.2a, is also presented in Fig. 6.2c, which shows opposite nature of DC 
conductivity. 

To interpret DC conductivity data in low temperature ranges (below half of the 
Debye temperature), Mott’s variable-range hopping (VRH) model [23, 24] has been 
considered. 

Here, a charge carrier (polaron) hops from one localized state to another. It is 
also assumed here that the density of states is finite and localized at the Fermi level. 
Mott’s VRH conductivity [23, 24] may be expressed as: 

σdc = A exp 
[ 
−

(
T0

/
T

)0.25 
] 

(6.17)
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Table 6.1 Estimated values of density of states near Fermi level (N(EFM)) and fixed-temperature 
DC conductivity of xLi2O–(1−x)(0.5V2O5–0.5ZnO) glass–ceramics. Estimated errors of measure-
ments are mentioned 

x N(EFM) (eV−1 cm−3) (± 
0.01) 

log10[σ dc(Ω−1 cm−1)] at 
357 K (± 0.01) 

log10[σ /(Ω−1 cm−1)] at 
4.8 MHz (± 0.01) 

0.1 1.80 × 1049 −3.5 −2.7 

0.2 1.70 × 1049 −4.0 −3.0 

0.3 3.07 × 1047 −6.8 −4.2 

where A is pre-factor and T 0 is the characteristic temperature coefficient, which takes 
the form: 

T0 = 
16α3 

k N  (EFM) 
(6.18) 

Here, α−1 is the localization length, and N(EFM) is the density of states at the Fermi 
level. Low-temperature DC conductivity data with respect to T−0.25 are presented in 
Fig. 6.2d. The experimental data in Fig. 6.2d are  fitted to Eq.  (6.17). Here, α−1 is 
assumed to be 10 Å [25], which is relevant to the present glassy system with some 
localized states [25]. The slopes have been computed from the linear best-fit data as 
shown in Fig. 6.2d. The value of N(EFM) has been estimated from Eq. (6.18), which is 
presented in Table 6.1. The values of N(EFM) are found to decrease with composition 
(x), which show similar nature of DC conductivity. The above-mentioned outcomes 
convey the facts that decrement in V2O5 content in the compositions may be the most 
important factor for the conduction process in low temperature. 

6.5 Conclusion 

New Li2O-doped glassy ceramics have been prepared using melt-quenching route, 
and their electrical DC conductivity has been studied in wide temperature regime. It 
is anticipated from the nature of composition that Li+ conduction mostly contributes 
to electrical conductivity at high temperature, and Mott’s variable-range hopping 
(VRH) model has been utilized to analyze low-temperature DC conductivity data 
due to polaron hopping. 
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Chapter 7 
Frequency-Dependent AC Conductivity 
of Some Glassy Systems 

Sanjib Bhattacharya 

Abstract Electrical conductivity of new Li2O-doped glassy ceramics in wide 
frequency and temperature regime has been described not only for their applica-
bility in various fields like lithium ion conductors but also for academic interest. 
Here, this chapter presents “Jonscher’s power law model and Almond-West formal-
ism” to interpret mixed conduction process in the present system. It also points that 
the ratio of power law pre-factor to the exponent (−log10 A/S) indicates temperature 
independency and strongly composition dependency of present conductors. Based on 
the transport properties, these glassy ceramics can be treated as suitable candidates 
for lithium ion battery application with lower lithium content. 

Keywords Glass–ceramics · Electrical properties · Li+ ion migration · Hopping 
frequency · Frequency exponent 

7.1 Introduction 

Lithium is considered to be one of the most promising components of rechargeable 
batteries, which may be applicable to electric vehicles, smart phones and mobile 
computers [1, 2]. Zheng et al. [3] have pointed out some safety issues, which may 
arise due to mixing of highly flammable electrolytes. For this reason, traditional elec-
trolytes have been substituted by inorganic solid electrolytes with enough thermal 
stability, energy density and electrochemical stability [4, 5]. Influence of silver ion 
concentration on dielectric properties of Li2O-doped glassy system [6] has been 
studied extensively, which reveals remarkable contribution of space charge polar-
ization. Attempts have been made to enhance the electrochemical performance of 
lithium-rich oxide layer material with Mg and La co-doping [7]. Highly resistive 
lithium-depleted layer [8] has been found in the lithium conducting composites due 
to the very low mobile ion concentration.
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To shed some light on conductivity spectra and electrical relaxation mechanism 
in lithium ion conductor, Jonscher’s power law model [9, 10] can be employed. In 
this law, total conductivity of lithium ion conductor can be described as: 

σ (ω) = σ0 Aωs (7.1) 

where A is the pre-factor, S is the frequency exponent and σ o is the low frequency 
or DC conductivity. The conductivity spectra of them can be analysed at various 
temperatures using Almond-West formalism (power law model) [10], 

σ (ω) = σdc
[
1 + (ω/ωH)n

]
(7.2) 

which is the combination of the DC conductivity (σ dc), hopping frequency (ωH) 
and a fractional power law exponent (n). This model can be used to get much infor-
mation of conducting system [5], which makes it useful tool to interpret electrical 
conductivity data. A solid-state battery can be constructed from solid-state electrolyte 
with higher electrical energy density and zero leakage current [1]. 

New materials hold the key to fundamental advances in energy conversion and 
storage, both of which are vital in order to meet the challenge of global warming 
and the finite nature of fossil fuels [2]. Lithium batteries are the systems of choice, 
offering high energy density, flexible, lightweight design and longer lifespan than 
comparable battery technologies [3]. 

Electrical conduction of Li2O-doped glassy ceramics is expected to closely related 
to their structure. In the present work, electrical conduction behaviour of Li2O-doped 
new glassy ceramics is discussed to explore the scope of new features of lithium ion 
conductor. Present work is expected to be focused area for research community not 
only for technological applications but also for academic interest. 

7.2 Experimental 

Glassy ceramics, xLi2O–(1−x) (0.8V2O5–0.2ZnO) with x = 0.1, 0.2 and 0.3, have 
been developed by solid-state reaction. The precursor powders Li2O, V2O5 and 
ZnO have been thoroughly mixed in proper stoichiometry of the composition. The 
mixtures are then heated in an alumina crucible in an electric furnace in the temper-
ature range 600°–700 °C for 30 min. Next, the mixtures are allowed to pass through 
the process of slow cooling during 17 h. The final product is gently crushed to get fine 
powder. Using a pelletizer at a pressure of 90 kg/cm2, small pellets (diameter ~20 mm 
and thickness ~6 mm) of them have been formed. To perform electrical measurement, 
conducting silver paste has been painted on both sides of the pellets, which are acting 
as electrodes. The capacitance (C), conductance (G) and dielectric loss tangent (tan 
δ) of all as-prepared samples have been measured using programmable automatic 
high-precision LCR metre (HIOKI, model no. 3532-50) at various temperatures in
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the frequency range 42 Hz–5 MHz. The microstructure of the as-prepared samples 
is explored by transmission electron microscopic (TEM, JEOL model: JEM-2100 
HR) studies. The melting point of alumina is 2072 °C. In the temperature range 
600°–700 °C, alumina crucible should not be expected to cause alumina infiltration 
into the final glass ceramic product. Electron diffraction spectra of the final glass 
ceramic product also do not exhibit any signature of aluminium. 

7.3 Results and Discussion 

7.3.1 Microstructure 

The XRD patterns of the present glassy system are presented in Fig. 7.1a. It is note-
worthy from Fig. 7.1a that the XRD patterns of the glassy samples for x = 0.1 
and 0.2 do not show any sharp peaks; rather they exhibit small peaks, which may 
explore the nature of poly-crystallinity a little bit. But prominent crystallinity [11] 
over the amorphous glassy matrices is remarkably observed in the form of sharp 
peaks in the XRD pattern in Fig. 7.1a for  x = 0.3. Diffraction peaks in XRD repre-
sent the corresponding interplanar spacing (nanostructural periodicity), and sharp 
peaks represent better crystallinity over the amorphous glass matrices. In this regard, 
it may be concluded that the as-prepared sample with x = 0.3 should represent 
higher degree of crystallinity and the others, with x = 0.1 and 0.2 should exhibit 
less crystallinity. Formation of nanophases of lithium zinc vanadate (LiZnVO4) with 
rhombohedral structure has been confirmed from different peaks of Fig. 7.1a and 
ICDD file no. 38-1332. All the peak positions are indexed except 2θ = 31° and 
64°, because of unavailability of such datasheet. The crystallite size has been esti-
mated from the full width at half maxima (FWHM) of the single diffraction peak 
in Fig. 7.1a using the Scherer relation [12], dc = 0.89λ 

β cos θ where dc is the crystallite 

size, λ is the wavelength of X-ray (1.54 Å) radiation, β is the FWHM and θ is the 
Bragg’s diffraction angle. Average crystallite sizes of above-mentioned nanocrys-
tallites with composition (x) have been presented in Fig. 7.1b. It is revealed from 
Fig. 7.1b that crystallite size increases with composition. This result requires struc-
tural modifications of the present system. To validate the results obtained from XRD 
data, transmission electron micrograph (TEM) of glassy sample, x = 0.2 is illus-
trated in Fig. 7.1c. This micrograph clearly shows the distribution of nanocrystallites 
of different sizes dispersed in the glassy matrix, and average sizes of them have been 
estimated. It is also observed that sizes of grains/nanocrystallites dispersed in as-
prepared glassy matrices are similar to those obtained from XRD data. The selected 
area electron diffraction (SAED) pattern for x = 0.2 is also displayed Fig. 7.1d. The 
SAED pattern yields various diffused rings, which are the signatures of amorphous 
nature [13] of the samples. Superimposition of some shining spots over diffused rings 
[13] is also observed in Fig. 7.1d, which indicates the presence of certain crystalline 
plane surfaces of LiZnVO4 nanocrystallites.
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Fig. 7.1 a XRD spectra of as-prepared samples; b average crystallite sizes with compositions; c 
TEM image for x = 0.2 and d SAED for x = 0.2. Republished with permission from Acharya et al. 
[14] 

7.3.2 Power Law Model and Almond-West Model 

Jonscher’s power law model [9, 10] and Almond-West formalism (power law model) 
[10] have already introduced in the introduction section by Eqs. (7.1) and (7.2), 
respectively. To shed more light on the nature of conductivity spectra as shown 
in Fig. 7.2a for proper understanding of conduction mechanism due to electronic 
(polaron) as well as ionic contribution of the lithium-containing glass ceramics, 
Emin model [15] can be considered, which indicates that there are two sources of the 
frequency dependence for polaron hopping conductivities. Firstly, the jump rate for a 
polaron hop increases with applied frequency (except at exceptionally high temper-
atures) as per Eq. (94) and curve b of Fig. 7 in Ref. [15]. Secondly, the conductivity 
of carriers confined within spatial regions by disorder rises as the applied frequency 
is increased [15]. The second effect [15] generates the very low-temperature (<10 K) 
AC conductivity of charge carriers that hop between especially close pairs of impurity
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Fig. 7.2 a Conductivity spectra for all samples at a fixed temperature; temperature dependency of 
hopping frequency is shown in the inset; b Mobile charge carrier concentration at a fixed temperature; 
c (log10 A)/S with temperature and d (log10 A)/S with compositions. Republished with permission 
from Acharya et al. [14] 

states of very lightly doped compensated covalent semiconductors [16]. However, 
the major issue is to explain of such an effect, which should dominate the high-
temperature hopping of high densities of polarons in the present glassy system with 
x = 0.1 and 0.2. To shed some light on this issue, microstructural investigation of the 
as-prepared samples has been performed. XRD analysis (Fig. 7.1a and b) reveals that 
various number of small irregular grains of LiZnVO4 of sizes 8–20 nm (less crys-
tallinity) are distributed within the glassy matrix for x = 0.1 and 0.2. The smaller 
grains of LiZnVO4 tend to form agglomerates [17] within the glassy matrix, which 
should be treated as close pairs of impurity states, which is favourable for both the 
electron (polaron) transportation and Li+ penetration. 

But lightweight electron (polaron) transportation is expected to dominate over Li+ 

penetration for x = 0.1 and 0.2. The above-mentioned “second effect” can be realised 
here at high temperature due to formation of such agglomerated defect states. In 
addition to this, polaron conduction may be trapped in the small grains in the high-
frequency and high-temperature regions. As a consequence, frequency-dependent
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portion of the conductivity above the frequency-independent portion of the conduc-
tivity decreases with increasing Li2O content up to x = 0.2. Recent work [17] reveals 
that LiZnVO4 nanostructures have been composed of thin nanobelts in a restricted 
annealing route. LiZnVO4 nanostructures can be used as anode materials for Li+ 

intercalation, which exhibited excellent cyclic stability and high rate performance 
[17]. Figure 7.1a and c exhibits prominent LiZnVO4 nanostructures with irregular 
shapes for x = 0.3. These results indicate that as-prepared sample with x = 0.3 
does favour Li+ penetration mostly as diffusion due to short pathways as LiZnVO4 

nanostructures form a distributed and correlated structures as confirmed from TEM 
micrograph of Fig. 7.1c. Owing to the above-mentioned effect, AC conductivity is 
found to increase over frequency-dependent portion of the conductivity for x = 0.3. 

The conductivity spectra at 473 K of as-prepared samples are depicted in Fig. 7.2a. 
It is noted in Fig. 7.2a that lower frequency corresponds to plateau-shaped conduc-
tivity (DC conductivity), which is caused by diffusion of mixed charge carriers (Li+ 

ions and polaron) [18, 19]. It is also noteworthy from Fig. 7.2a that dispersion starts at 
higher frequencies, which may be described by a power law [18, 19] as mentioned in 
Eq. (7.1). Correlated motion [18] of mixed charge carriers may be the possible reason 
for this dispersion. Ion–polaron interaction may be expected for the outcomes of 
this correlated motion. The estimated values of power law exponent as mentioned in 
Eq. (7.1) may reveal the above-mentioned phenomena. Experimental data in Fig. 7.2a 
has been well-fitted by Eq. (7.2). The values of hopping frequency (ωH) of the present 
system have been computed from this fitting. Estimated hopping frequency (ωH) with 
reciprocal temperature is presented in the inset of Fig. 7.2a, which also shows ther-
mally activated nature. The values of activation energy for conduction of mixed 
charge carriers (EH ) corresponding to hopping frequency can be estimated from the 
linear fit data as shown by solid lines. The estimated values of EH are also presented 
in Table 7.1. It is remarkably noted from the inset in Fig. 7.2a that sample with x 
= 0.1 shows intermediate ωH. Samples with x = 0.2 and 0.3 illustrate highest and 
lowest ωH, respectively. To explain this anomalous nature of ωH, concentration of 
mobile charge carriers (Nc) has been calculated from Nernst–Einstein relation [20]. 
Composition dependent Nc at a fixed temperature has been presented in Fig. 7.2b, 
which shows that initially, Nc starts to increase with x and then decreases with x. Nc 

may be related with conductivity [21] as  σ dc = Ncqμ, where q is the charge carrier 
and μ is the mobility of charge carrier. σ dc is found to decrease with Li2O content 
in Fig. 7.1c and σ dc becomes highest for x = 0.1. But x = 0.1 corresponds to lower

Table 7.1 The estimated values of interplanar spacings (d values), activation energy corresponding 
to hopping frequency (EH) and fixed frequency AC conductivity of xLi2O–(1−x)(0.5V2O5– 
0.5ZnO) glass–ceramics. Estimated errors of measurements are mentioned 

x d (nm) (± 0.01) EH (eV) (± 0.001) log10[σ /(Ω−1 cm−1)] at 4.8 MHz (± 0.01) 
0.1 2.88 0.30 −2.7 

0.2 1.89 0.35 −3.0 

0.3 3.50, 2.68, 1.89 0.52 −4.2
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value of Nc as well as ωH. These results directly indicate higher values of mobility 
of charge carrier (μ) to validate the above-mentioned relation of σ dc. Since polaron 
is supposed to be lighter than lithium ion, highest σ dc for x = 0.1 can be anticipated 
mostly due to polaron hopping and partly due to conduction of Li+. In this context, it 
may be concluded that sample with x = 0.2 exhibits lower mobility of charge carrier 
(μ), because of mostly due to conduction of Li+ and partly due to polaron hopping. 
Conduction of Li+ dominates for x = 0.3 with lower μ.

Power law pre-factor (A) can be employed to explain temperature and composition 
dependency of lithium ion conductor [22, 23]. Pre-factor (A) can be estimated from 
Eq. (7.1) as:  A = σ dc × ωH

−S , which is already computed by another groups [22, 23] 
to establish composition dependency of −log10 A/S [9]. Variation of −log10 A/S of 
the present system has been presented in Fig. 7.2c with temperature, which exhibits a 
constant value for the entire temperature window. This result directly suggests that the 
temperature advancement of log10A is comparative to the temperature advancement 
of S and the conduction process may be anticipated as conduction of mixed charge 
carriers [18, 19]. But the present system is strongly composition dependent, which is 
observed from Fig. 7.2d. It is also noted from Table 7.1 that the values of n, obtained 
from Eq. (7.2) and the values of S, obtained from Eq. (7.1) are not same due to the 
presence of mixed charge carriers. Estimated values of S and n may be related to the 
three-dimensional [18, 19] motions of charge carriers. 

7.3.3 Others 

Our extensive study [24] on three glassy ceramics, 0.1Li2O–0.9(0.5 SeO2–0.5 P2O5) 
(base), 0.1Li2O–0.9 (0.4 SeO2–0.1Nd2O3–0.5 P2O5) (base doped with Nd2O3) and 
0.1Li2O–0.9 (0.4 SeO2–0.1MoO3–0.5 P2O5) (base doped with MoO3) revels that 
base sample exhibits highest AC conductivity and MoO3-doped as-prepared sample 
exhibits lowest AC conductivity, which is similar to the nature of variation of DC 
conductivity. As SeO2 in the composition actively participates in the bonding as 
well as in the formation of larger cluster nanoassembly [25], Li+ ions can easily 
migrate via cluster hopping. Doping of Nd2O3 in the base may partially transform 
SeO2 cluster nanoassembly into SeO2 chain structure [26]. Apart from that, Nd2O3 

may take part in the partial covalent bonding [26] of the resultant glassy ceramics. 
This may lead to decrease of conductivity level as the network of glass structure 
offers more resistive pathways for migration of Li+ ions. Nature of MoO3-doped 
glassy sample [27] exhibits thermodynamically stable MoO3 of orthorhombic struc-
ture with corner-shared MoO6 octahedra. Because of small ionic radius (1.52 Å), Li+ 

ions must be surrounded by the strong electronegative MoO4 
2− entities [27], which 

makes Li+ ions less mobile. Variation of conductivity may be explained from struc-
tural behaviour of as-prepared samples. For base sample (higher SeO2 content), the 
isolated Se = O bonds should form chain [28], which may oppose migration of Li+2 

ions. Likewise, Nd2O3-doped and MoO3-doped samples must exhibit higher conduc-
tivities, because they contain less amount of SeO2. But experimental evidence reveals
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different scenario. Base sample exhibits highest conductivity. This result directly 
indicates that P2O5 plays important role in this issue. Phosphorous is very reactive, 
which may form a variety of P–Se heterocycles [29] in the base sample. This process 
may finally release some complexes and polynuclear clusters of SeO3 and SeO4, 
which is favourable for conduction of Li+2 ions. As a consequent, conductivity of 
base sample is high. Phosphorous can adsorb neodymium [30] in the composition, 
which may resist more cluster formation of SeO3 and SeO4. So the  formation of  
chains of SeO3 and SeO4 in the Nd2O3-doped sample may be the possible reason 
for less electrical conductivity. In MoO3-doped sample, multiple bonding between 
transition metal (Mo) and phosphorus may form a distributed complexes [14], which 
is responsible for restricted ion motion in the composition. This may directly indicate 
the reason for very less electrical conductivity for MoO3-doped sample. 

7.4 Conclusion 

AC conductivity data of present glassy system containing Li2O reveals that Li+ 

conduction mostly contributes to electrical conductivity at high temperature. Power 
law pre-factor (A) has been employed to explain temperature and composition depen-
dency of lithium ion conductor. The power law exponent (S) is not observed to be 
same due to the presence of mixed charge carriers in the present system. It is remark-
ably noted that sample with x = 0.1 shows intermediate hopping frequency (ωH). 
Samples with x = 0.2 and 0.3 illustrate highest and lowest ωH, respectively. This 
anomalous nature of ωH has been described with the help of mobile charge carrier’s 
concentration. 

Acknowledgements The financial assistance for the work by the Council of Scientific and Indus-
trial Research (CSIR), India, via sanction No. 03(1411)/17/EMR-II is thankfully acknowledged. 
A. Acharya, C. K. Ghosh and K. Bhattacharya are also thankfully acknowledged for their research 
support. 

References 

1. K. Takada, J. Power Sources 394, 74 (2018) 
2. H. Pan, S. Zhang, J. Chen, M. Gao, Y. Liu, T. Zhu, Y. Jiang, Mol. Syst. Des. Eng. 3, 748 (2018) 
3. F. Zheng, M. Kotobuki, S. Song, M.O. Lai, L. Lu, J. Power Sources 389, 198 (2018) 
4. X. Yao, B. Huang, J. Yin, G. Peng, Z. Huang, C. Gao, D. Liu, X. Xu, Chin. Phys. B 25, 018802 

(2016) 
5. E. Zanotto, Am. Ceram. Soc. Bull. 89, 19 (2010) 
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Chapter 8 
Dielectric Properties and Analysis 
of Some Li-Doped Glassy Systems 

Amartya Acharya, Koyel Bhattacharya, Chandan Kr Ghosh, 
and Sanjib Bhattacharya 

Abstract A series of new glass–ceramic samples containing Li2O has been prepared 
to explore their dielectric properties in the frequency range 42 Hz–5 MHz and at 
several temperatures. XRD patterns and TEM micrographs of them reveal the forma-
tion of different types of nanocrystallites, dispersed in amorphous glassy matrices. 
The imaginary component of the electric modulus has been studied to reveal the 
temperature dependency of stretched coefficient (β). The present study also exhibits 
non-Debye type conductivity relaxation process. The estimated relaxation time (τ R) 
shows thermally activated nature. The values of relaxation activation energy (ER) 
of as-prepared samples indicate that the charge carriers must overcome the energy 
barrier during the relaxation process. Electric modulus scaling spectra indicate that 
the dynamical relaxation process in the present glassy system is independent of 
temperature, but depends on composition. 

Keywords Li+ ion-conducting glassy nanocomposites · Relaxation time · X-ray 
diffraction and TEM · Electric modulus · Li+ ion relaxation 

8.1 Introduction 

Glass nanocomposites containing lithium ions are of great interest due to their appli-
cations in various wings such as rechargeable batteries, sensors and electrolytes. [1, 
2]. To exploit their applications in such fields, some safety issues [3] should be taken 
into account because of mixing of highly flammable materials to reach the goal. This
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idea should compel us to replace traditional electrolytes by inorganic solid elec-
trolytes with enough thermal stability, energy density and electrochemical stability 
[4, 5]. Vanadium pentoxide (V2O5) has different valence states like V3+, V4+, V5+ and 
V2O5 has well-known structure consist of VO5 pyramids and VO4 tetrahedral as the 
main coordination for V-atoms [6], while zinc oxide (ZnO) has structure composed 
of ZnO4 tetrahedra and ZnO6 octahedra as the main coordination for Zn-atom [7]. 
The dielectric constant and dielectric loss are the most critical parameters to design 
microelectronic equipment [8]. Additionally, researchers are concerned about the 
microscopic mechanisms responsible for dielectric relaxation, as well as the study of 
dielectric loss factor as a function of temperature and frequency, which is identified 
as one of the most suitable and delicate methods of reviewing such glassy structure 
[9, 10]. 

To study dielectric properties of composite materials real (ε/) and imaginary (ε//) 
parts of complex dielectric permittivity (ε) are supposed to be essential. They may 
be represented as: 

ε/ = 
Ct  

ε0 A 
and ε// = ε/ tan δ (8.1) 

where ε0 is permittivity of free space, t and A are thickness and area of the glassy 
samples, respectively. 

Again imaginary part of complex permittivity (ε//) has been investigated as per 
Guintini’s model on charge carriers hopping over a potential barrier in the charged 
defect sites [10, 11]. The outcomes of this model [12] can be summarized as: 

ε// = Aωm (8.2) 

and, 

m = −4 ∗ KB T 

WM 
(8.3) 

where A is a constant, m is the temperature dependent frequency power parameter, 
and WM is the maximum barrier height that is the required energy to transport the 
electron from one site to the next. 

To explore dielectric relaxation behaviour of the present glassy system, elec-
trical modulus formalism [13, 14] has been employed. The reciprocal of complex 
permittivity has been designated as complex electric modulus [13, 14]: 

M∗ = 
1 

ε∗ = M/ + jM// = ε/

(
ε/

)2 + (
ε//

)2 + j 
ε//

(
ε/

)2 + (
ε//

)2 (8.4)
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where M /, M // and ε/, ε// are real and imaginary parts of complex electric modulus 
and dielectric permittivity, respectively. The advantage of considering it is to explore 
the microscopic property of relaxation phenomena [13, 14]. 

In this chapter, the dielectric properties have been addressed in terms of electrical 
modulus spectra of Li2O containing glassy nanocomposites. The results must open 
the way to the development, usage and study of significant dielectric properties of 
new type of glass nanocomposites not only for their unusual electrical properties for 
the purpose of various device applications, but also for academic interest. 

8.2 Experimental 

Glass nanocomposites, xLi2O–(1−x) (0.8V2O5–0.1ZnO) with x = 0.1, 0.2 and 0.3, 
have been developed from the 99% pure precursors; lithium oxide (Li2O), vanadium 
pentoxide (V2O5) and zinc oxide (ZnO) via melt quenching process [15]. The proper 
amounts of reagent grade chemicals have been stoichiometrically mixed and then 
melted in an electric furnace in the temperature window from 600° to 700 °C. For 
dielectric measurement, conducting silver paste has been painted on both sides of the 
samples, acting as an electrode. The capacitance (C), conductance (G) and dielectric 
loss tangent (tan δ) of the as-prepared samples have been measured using HIOKI 
(model no. 3532-50) made high-precision LCR meter at different temperatures in 
the frequency range 42 Hz–5 MHz. 

8.3 Results and Discussion 

8.3.1 Microstructure 

The XRD patterns of the present glassy system are presented in Fig. 8.1a. It is 
noteworthy from Fig. 8.1a that the XRD patterns of the glassy samples for x = 0.1 
and 0.2 do not show any sharp peaks; rather they exhibit small peaks. This nature 
of X-ray diffractograms may explore the nature of polycrystallinity. Crystallinity 
[16] over the amorphous glassy matrices are remarkably observed in Fig. 8.1a for  
x = 0.3. Different peaks in Fig. 8.1a exhibit the formation of lithium zinc vanadate 
(LiZnVO4) nanophases with rhombohedral structure, which has been confirmed from 
ICDD file no 38-1332. All the peak positions are properly indexed except 2θ = 
31° and 64°, because of unavailability of such datasheet. The average crystallite 
size has been estimated from the full width at half maxima (FWHM) of the single 
diffraction peak in Fig. 8.1a using the Scherer relation [17], dc = 0.89λ 

β cos θ where dc is 

the crystallite size, λ is the wavelength of X-ray (1.54 Å) radiation, β is the FWHM, 
and θ is the Bragg’s diffraction angle. Average crystallite sizes of above-mentioned 
nanocrystallites with composition (x) have been shown in Fig. 8.1b. Figure 8.1b
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Fig. 8.1 a XRD spectra of as-prepared samples; b average crystallite sizes with compositions; c 
TEM image for x = 0.2 with resolution 200 nm; selected area diffraction (SAED) pattern for x = 
0.2 in the inset and d HRTEM image for x = 0.2

clearly reveals that crystallite size increases with composition. This result requires 
structural alterations of the present system. To establish microstructural informations 
of XRD data, transmission electron micrographs (TEM) for x = 0.2 with different 
resolutions are presented in Fig. 8.1c and d, respectively. This micrograph clearly 
provides the information about the distribution of nanocrystallites of different sizes, 
dispersed in the glassy matrix, which are essentially helpful to estimate average sizes 
of crystallites. It is also observed that the estimated sizes of grains/nanocrystallites, 
dispersed in as-prepared glassy matrices are almost similar to those obtained from 
XRD data. The selected area electron diffraction (SAED) pattern for x = 0.2 is 
also included in the inset of Fig. 8.1c. The SAED pattern gives birth to various 
diffused rings, which are the signatures of amorphous nature [18] of the as-prepared 
samples. Some shining spots on the diffused rings [18] are also noted in SAED
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pattern, which indicate the existence of certain crystalline plane surfaces of LiZnVO4 

nanocrystallites.

8.3.2 Study of Dielectric Constant 

Experimental data on electrical measurements may impel to shed some light on 
electrical relaxation process [10, 13, 14]. The real and imaginary parts of complex 
dielectric permittivity (ε*) have been computed from Eq. (8.1). Figures 8.2a and b 
show the frequency dependent dielectric constant, ε/ and ε//, respectively, for x = 0.3 
at several temperatures. Figure 8.2a reveals gradual decrease in dielectric constant 
(ε/) with frequency, and finally, it would reach to the almost constant limiting value, 
which can be credited to oscillations of free dipoles in an alternating electric field 
[10, 13, 14]. Space charge polarization may be responsible for such distribution at 
lower frequencies for various temperatures [10, 13, 14]. As the frequency rises, the 
dipoles could not rotate as much in commencing to lag those of the electric field [10, 
13, 14]. As the frequency is further increased, the dipoles could not pursue the field 
completely, and this result may directly indicate to pause orientation polarization. In

Fig. 8.2 Frequency dependent dielectric constant, a ε/ and b ε//, respectively of the glassy 
composite, x = 0.3 at several temperatures
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Table 8.1 Maximum barrier height (Wm), dielectric loss (tan δ) at fixed frequency 3 MHz and at 
temperature 533 K and the activation energy (ER) associated with the relaxation process. The errors 
from fitting parameter are also included 

x tan δ (±0.01) Wm (±0.01) (eV) ER (±0.02) (eV) 

0.1 7.412 0.051 0.051 

0.2 8.211 0.072 0.071 

0.3 8.643 0.081 0.080 

consequence of the space charge effect or interfacial polarization, the ε/(ω) values 
are expected to drop to a constant value at higher frequencies [10, 13, 14]. The 
increase of real part of dielectric constant (ε/) with temperature may be related to 
the reduction in bond energies [19]. The above-mentioned results directly indicate 
thermally activated dipolar polarization, whose outcomes may be the deteriorations 
of inter-molecular forces to enhance in orientation vibrations and the formation of 
thermal agitation to give rise disturbance in orientation vibrations. As a consequence, 
ε/(ω) is found to be almost same. Figure 8.2b depicts that the dielectric constant (ε//) 
rises with temperature, similar to the phenomena seen in Fig. 8.2a. ε// is directly 
proportional to dielectric loss, which may be represented as tan δ = ε///ε/. Estimated 
values of tan δ (loss tangent) are presented in Table 8.1. Enhancement in temperature 
may directly lead to the consequent increase of conduction losses, which leads to 
increase of ε// with temperature. Figure 8.2b shows that ε// decreases with frequency. 
At lower frequencies, ε// increases owing to dipole polarization [10]. The migration 
of ions may be predicted as the foremost reason for such changes in ε// at the lower 
frequencies [10]. The ion vibrations in the present system may be collapsed at high 
frequency, which shows constant values of ε//.

Figure 8.3a depicts the frequency dependent ε// for x = 0.3 at various temperatures. 
The power parameter (m) has been computed from the slopes of straight line fits in 
Fig. 8.3a using  Eq. (8.3). Figure 8.3b exhibits the variation of m with temperature, 
which shows thermally activated nature. It is also observed from Fig. 8.3b that that 
m decreases with temperature for all values of x except x = 0.2 with an anomalous 
nature. It needs more study in the near future. From the slope of the plot in Fig. 8.3b 
and Eq. (8.3), the values of WM have been estimated and listed in Table 8.1. It is also  
noted that dielectric constant and dielectric loss of a material at lower frequency tend 
to increase with temperature. 

8.3.3 Study of Electric Modulus Spectra 

The complex electric modulus (M*), seen in Eq. (8.4), can be used to explore the 
phenomena of space charge relaxation [10, 13, 14]. The concept of complex electric 
modulus M*(ω) spectra as a function of AC conductivity been successfully applied
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Fig. 8.3 a Plot of log ε// versus log ω of the glassy sample, x = 0.3 at various temperatures; b 
variation of power parameter (m) with temperature 

here to explain dielectric relaxation of as-prepared samples as it explores the elec-
trical properties of a sample by suppressing the electrode polarization effects [10]. 
Figures 8.4a and b present the frequency dependent M / and M // values at various 
temperatures for x = 0.3, respectively. Similar nature is noticed for other samples 
under study. It is observed in Fig. 8.4a that at the lower frequency, M / approaches to 
zero due to lack of restoring forces of mobile ions [10, 13, 14]. At higher frequen-
cies, M / shows dispersion and finally attains a maximum value due to electrical 
relaxation of charge carriers, which corresponds to (M∞) = (ε∞)−1 [10, 13, 14]. 
This result suggests to the existence of relaxation time that goes along with a loss 
peak as shown in Fig. 8.4b. Decrement in M / with temperature may be inferred 
that the conduction mechanism in the present glassy system might be expected to 
happen due to short-range mobility of charge carriers [10, 13, 14]. Above discussion 
suggests that the molecular dipoles and the charge carrier orientation may be devel-
oped at higher temperatures, leading to the enhancement of charge carrier mobility 
with temperature. 

It is evident from Fig. 8.4b that at lower frequencies M // is low as large value of 
parallel capacitance has been developed due to contribution of electrode polariza-
tion effect [10, 13, 14] via accumulation of huge quantity of charge carriers at the
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Fig. 8.4 Frequency dependent a real part of electric modulus, M / and b imaginary part of electric 
modus, M // at various temperatures for x = 0.3 

electrode-glass interface [10, 13, 14]. It is clear from Fig. 8.4b that M // exhibits a 
distinct peak (ωmax), which has been developed due to relaxation dynamics of charge 
carriers [10, 13, 14]. This relaxation peak is shifted toward higher frequencies with 
temperature, which shows their thermal activated nature. The charge carriers are 
expected to move as they are activated thermally, which may reduce relaxation time 
and therefore, may increase the rate of relaxation frequency. Below the peak relax-
ation frequency, the conduction mechanism may be caused due to hopping of charge 
carriers over long distances. Moreover, above the peak relaxation frequency (i.e., 
above ωmax), the conduction mechanism may be interpreted by the localized motion 
of charge carriers over short distances. Thus, the relaxation peak signifies the change 
over from long-range hopping conduction to the short-range localized motion of 
charge carriers. M* can also be formulated as Fourier transform of relaxation function 
ϕ(t): 

M∗ = M∞
[
1 − 

∞ ∫
0 
exp(−ωt)

(
dϕ 
dt

)
dt

]
(8.5) 

Here, ϕ(t) is the time evolution function of the electric field inside the materials 
[10, 13, 14], usually known as the Kohlrausch–Williams–Watts (KWW) function:
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ϕ(t) = exp

[

−
(

t 

τm

)β
]

(8.6) 

where 0 < β < 1,  τ m represents conductivity relaxation time and the exponent β is 
KWW stretched coefficient [10, 13, 14]. Bergman [20] successfully modified KWW 
function to introduce new form of M // as per requirement of its nature as: 

M// = M// 
max 

(1 − β) + β 
1+β

[
β
(

ωmax 
ω

) +
(

ω 
ωmax

)β
] (8.7) 

where M // 
max is the maximum value of M // and ωmax represents equivalent maximum 

angular frequency and β is the KWW stretched coefficient. The values of β have 
been estimated from fitting of data in Fig. 8.4b using  Eq. (8.7). The variation of β 
with temperature has been presented in Fig. 8.5a, which exhibits decrease in β with 
temperature. It is observed from Fig. 8.5a that the estimated value of β is less than 1,

Fig. 8.5 a Variation of KWW stretched coefficient (β) with temperature of all as-prepared samples; 
b Rrelaxation time (τ R) with reciprocal temperature
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which confirms that the relaxation process is non-Debye type [10, 13, 14, 21]. The 
relaxation frequency (f max) corresponding to maximum value of M // in Fig. 8.4b has 
been obtained from the fitting using Eq. (8.7). In this approach, the relaxation time 
(τ R) has been computed from the relation [21]:

τR = 1 

2π fmax 
= 

1 

ωmax 
(8.8) 

The activation energy (ER) corresponding to τ R has been estimated using the 
relation [22]: 

τR = τ0 exp
(

− 
ER 

KBT

)
(8.9) 

where τ 0 is a pre-exponential factor, KB is the Boltzmann constant, ER is the corre-
sponding activation energy and T is the absolute temperature. The temperature depen-
dency of τ R is depicted in Fig. 8.5b. ER has been estimated from the best-fitted 
straight-line plots in Fig. 8.5b. Figure 8.5b also confirms that the relaxation time 
(τ R) decreases with temperature. Here, it is also noted from Fig. 8.5a that KWW 
stretched coefficient (β) [14, 15] increases with temperature, which may directly 
indicate that more electrical stress has been imposed to the present system. So, the 
electrical relaxation time increases with composition, which is evident from Fig. 8.5b. 
It is also observed from Table 8.1 that Wm and ER are comparable, which indicate 
that lithium ion in the present system can overcome potential barrier with electrical 
relaxation process alone. So, slight triggering by external reagent should change 
electrical relaxation greatly, which indicates strongly composition dependent nature. 

To explore the nature of electrical relaxation process of the present glassy system, 
scaling process of M // has been employed. Temperature scaling of M // [15] is  
presented in Fig. 8.6a at various temperatures for x = 0.1. In this scaling process [15], 
M // axis is divided by M // 

max, while the frequency axis is divided by the conductivity 
relaxation frequency (ωmax). A perfect overlap of all M // spectra at various temper-
atures is observed in Fig. 8.6a, which indicates temperature independent relaxation 
process. Composition scaling of M // spectra is presented in Fig. 8.6b at 433 K, 
which shows non-overlapping curves for all compositions. It may be concluded 
from the scaling phenomena that the electrical relaxation process is independent of 
temperature, but depends on composition. 

8.4 Conclusion 

Study of dielectric property of some lithium zinc vanadate glassy nanocomposites 
using electric modulus formalism in a wide range of temperature and frequency 
reveals that conductivity relaxation process is non-Debye type and the values of
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Fig. 8.6 a Temperature scaling of M // at various temperatures for x = 0.1; b the composition 
scaling spectra of M // at 433 K 

the relaxation time (τ R) decrease with temperature. The dielectric constant (ε/) and 
dielectric loss (ε//) values are found to decrease with frequency and finally attain 
a nearly constant value. ε/ and ε// are also show thermally activated nature. The 
maximum barrier height (WM) has been estimated at various temperatures. M // 

spectra have been fitted well using Bergman’s function, and stretched coefficient 
(β) values have been found to decrease with temperature. The values of relaxation 
activation energy (ER) suggest that the charge carriers must overcome the energy 
barrier during the relaxation process. Perfect overlap of temperature scaling spectra 
of M // of all the glass nanocomposites at various temperatures indicate temperature 
independent relaxation process. However, imperfect overlap of composition scaling 
of M // spectra at a fixed temperature reveal composition dependence of relaxation 
process of charge carriers. 
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Chapter 9 
Optical Properties of Some Li-Doped 
Glassy Systems 

Asmita Poddar, Madhab Roy, and Sanjib Bhattacharya 

Abstract Glasses are one of the most important optical materials created to be trans-
parent in the visible region. Most kinds of glassy system are prepared by the mixture 
of formers or intermediate oxides with other modifier oxides. Glasses containing 
rare earth ions are a subject of attention due to their many applications as laser 
materials, energy concentrators and luminescent materials. Different contents from 
lithium-doped glasses are prepared using the melt-quenching technique. The phys-
ical and structural properties of Li-doped glasses have been investigated in our work. 
Variations in the different physical parameters such as the density, molar volume, 
optical band gap, refractive index have been analysed and discussed in terms of the 
changes in the glass structure. The UV absorption spectra have been recorded at room 
temperature, and characteristics of optical energy band gap and Urbach Energy were 
determined for different glass systems. 

9.1 Introduction 

Glassy systems play an important role in the field of science, technology and industry 
[1]. In recent years, the development of glass–ceramics has extended the range of 
glass-based engineering materials [1]. They are important optical materials usually 
made to be transparent in the visible spectrum [1]. The structural, physical and optical 
characteristics of various glassy systems are greatly influenced by the composition 
and synthesis conditions [2]. Therefore, to accomplish high emission efficiency, most 
of the glassy system is activated using suitable transitional metals and/or rare earth
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elements [2]. The incorporation of rare earth ions to the different glassy systems led 
to an improvement in the optical properties, such as refractive index, optical band 
gaps energy and laser amplification [2]. These improvements in optical properties for 
glassy systems drove them to be a potential candidate for lasers, solar concentrate 
systems, optical detectors and waveguides and telecommunications optical fibres. 
Glasses doped with rare earth ions have been investigated intensively for photonics, 
optoelectronics and scintillating applications [2]. Borate glasses have specific proper-
ties like coordination geometry, high transparency, higher bond strength, low melting 
point and good rare earth ions solubility that make them beneficial for a wide tech-
nical application [2]. But, their chemical durability is relatively feeble, which limits 
their utility. It has been studied that the addition of oxides such as lithium oxide 
(Li2O) and aluminium oxide (Al2O3) can enhance the chemical durability and phys-
ical properties [3]. Moreover, adding metal oxides as modifiers to the host matrix 
raises the radiative parameters. Besides, glasses containing metals minimize phonon 
energy and lead to an increase in the luminescence quantum from excited rare earth 
ion states. Therefore, glasses doped with rare earth elements may be used because 
of their ion emission efficiencies. Due to their unique characteristics, glass systems 
doped with rare earth elements have been given considerable attention in recent 
decades. Luminescence, lasing and sensing properties of rare earth (RE) ions have 
drawn abundant interest among the researchers [3]. Rare earth-doped glasses have 
potential applications due to their emission efficiencies of electronic transitions in the 
RE ion [3]. These glasses are marvellous luminescent materials owing to the occur-
rence of sharp fluorescence in ultraviolet (UV), visible and infrared (IR) regions 
due to their shielding effects of the outer electron. Rare earth-doped glasses are 
potential candidates for laser hosts, waveguide, optical fibres, solar concentrators, 
plasma display panel, optical amplifiers, semiconductor light-emitting diodes, optical 
detectors and so forth. 

9.2 Experimental Results and Analysis 

Glasses obtained from a variety of nonlinear materials are widely used for multi-
facets applications in modern technology due to their unusual physical and optical 
properties. The investigation of the changes in the physical properties of glasses 
with controlled variation of chemical composition and dopants of transition metal 
ions is of considerable interest in the application point of view. Studies have shown 
that physical properties of the glass can be improved with the addition of Li, which 
increases humidity resistance and capacity to concentrate transition metal ions [4]. 

Following are the experimental results that have obtained when researches on 
some Li-doped glassy systems have been carried out:
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9.2.1 Studies on Density, Molar Volume, Coordination 
Number and Refractive Index 

It has been found that the density increases remarkably with addition of Li2O in  
the borate glass system [1]. The density is affected by the structural softening or 
compactness, change in coordination number, cross-link density and dimension of 
interstitial spaces of glass. In the lithium borate glass system (Li2O)x (B2O3)1−x, 
the tetrahedral BO4 groups that form at low lithium content are stronger bonded 
compared to the triangular BO3 groups and increase its density. Lithium oxide acts 
as modifier in the glassy network. When Li2O is added into glass network, transition 
from tetrahedral BO4 groups to triangular BO3 groups with non-bridging oxygen 
(NBO) occurs. The increase in density is due to increase in the number of non-
bridging oxygen (NBO) atoms. 

Molar volume decreases with content of Li2O, which is shown in Fig. 9.1, is  
because of the compact structure as well as due to the fact that Li2O occupies 
interstitial position in the network. 

In this ground, a study of refractive index of lithium borate glassy system has 
been carried out, and it has been found that the index increases with Li2O as shown  
in Fig. 9.2. It can be clearly seen that refractive index is inversely proportional to the 
molar volume. Thus, the refractive index increases with decreasing molar volume 
and which in turn increases the density. 

Again, the coordination number of lithium borate glass also leads to the incre-
ment in refractive index [20]. An addition of Li2O causes change in coordination 
number and creates more non-bridging oxygen. Thus, a higher average coordination

Fig. 9.1 Density and molar volume of (Li2O)x−(B2O3)1-x glassy system. Republished with 
permission from Halimah et al. [1]
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Fig. 9.2 Refractive index (Li2O)x−(B2O3)1−x glassy system. Republished with permission from 
Halimah et al. [1] 

number of studied glass may exhibit higher values of refractive index. The forma-
tion of non-bridging oxygen forms more ionic bonds, which manifest themselves 
in a large polarizability, thus results in a higher index value [1]. But, another study 
has been done on bismuth–silicate glasses containing lithium oxide, and this study 
shows some different results [5]. A glassy system having composition xLi2O·(85 − 
x)Bi2O3·15SiO2 (5 ≤ x ≤ 45 mol%) has been prepared, and density, molar volume 
and glass transition temperature for the samples are measured. The study on varia-
tions of density as well as the molar volume of all the samples is shown in Fig. 9.3. 
It can be seen clearly that the density values decreases with the increase in Li2O 
content. These data are expected because of the high mass of the heavy metal cation 
(Bi3+) [5]

Studies have been done on a glass system containing Cr3+-doped 19.9 ZnO + 
xLi2O + (30 − x) Na2O + 50B2O3 (5 ≤ x ≤ 25) [4]. With an increase in Li2O 
content, it can be seen that the above physical parameters vary prominently. 

Figure 9.4 shows the compositional dependence of density and refractive index of 
Cr3+-doped ZLNB glassy systems [4]. The density values reach a maximum value at 
x = 10 mol% from a minimum value at x = 5 mol% and then decrease and increase 
with increase of x mol%. 

Similarly, the refractive index values also decrease and increase with increase of 
x mol%, and the maximum value of refractive index is observed at x = 15 mol%.
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Fig. 9.3 Composition dependence of density and molar volume of lithium bismosilicate glasses. 
Republished with permission from Ahlawat et al. [5] 

Fig. 9.4 Correlation between density and refractive index of Cr3+-doped ZLNB glasses. Repub-
lished with permission from Rama Sundari et al. [4]
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9.2.2 Study on Optical Band Gap 

For understanding and developing the band structure and energy band gap (Eg) of  
crystalline and non-crystalline material structures, the analysis of optical absorption 
spectrum has been proved as one of the most productive tools [4]. There are two types 
of optical transitions that can occur at the fundamental absorption edge of crystalline 
and non-crystalline materials [4]. They are direct and indirect transitions. In the case 
of glasses, the conduction band is influenced by the anions, and the cations play an 
indirect but major role. 

Study on optical band gap of lithium borate glasses shows that the direct band 
gap values are larger than the indirect band gap, and both values decrease with 
the increase of Li2O content [1]. Figure 9.5 shows the optical band gap values for 
(Li2O)x(B2O3)1−x system vary between 0.1 and 2.3 eV for indirect transition and 
vary from 3.8 to 4.8 eV for direct band gap [1]. 

To study the nature of lithium borate glasses in more distinct way, chromium 
has been doped in it [4], and the optical band gap study has been done. From the 
band gap energy calculations, it can be inferred that the glass systems are direct 
semiconductors. The investigations show that absorption edge is more in this system 
when it is compared to divalent ions-doped ZLNB glasses [6–8].  This  may be due  
to incorporation of Cr3+ in to the host glass network. There are studies which show 
chromium-doped ZLNB glasses and show more absorption edge and optical band 
gap energies similar to other glass systems [9–11] too.

Fig. 9.5 Indirect and direct optical band gap of (Li2O)x−(B2O3)1−x glassy system. Republished 
with permission from Halimah et al. [1]
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The effect of optical band gap energy on bismuth–silicate glasses containing 
lithium oxide has been also studied [5]. And the studies show that with the increase 
of Li2O content, the optical band gap energy Eopt first increases and then decreases 
[5]. The increase in lithium ions causes structural change in the glass network [5]. 
The formation of non-bridging oxygen (NBO), which binds excited electrons less 
tightly than bridging oxygen, increases with Li2O which results in the decrease of 
optical energy band gap [5]

The optical transmission spectra of the samples are generally recorded at room 
temperature, and the effect of lithium oxide on the optical absorption edge can be 
evaluated. The effects that can be seen in bismosilicate glasses [5] are  shown in  
Fig. 9.6. It is observed that optical absorption edge is not sharply defined, which 
concludes that the samples are amorphous in nature. It is also observed that the cut-
off wavelength shifts towards longer wavelength as the content of Li2O increases 
beyond 35 mol%. This shift may be attributed to the increase in number of the 
non-bridging oxygen ions beyond a particular ratio of Bi2O3/Li2O [5].

Fig. 9.6 Optical absorption spectra for xLi2O·(85 − x)Bi2O3·15SiO2 glasses. Republished with 
permission from Ahlawat et al. [5]
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The optical band gap study shows that although the conduction band is mainly 
influenced by the glass-forming anions, the cations also play a significant role indi-
rectly. The variations in optical band gap (Eg) values with the alkali content may be 
because of indirect influence of Li2O on the band gap [12].

Study of optical band gap is also carried out on lithium halo borate glasses, 
prepared from appropriate mixtures of H3BO3, BaF2, LiF, LiCl and  LiBr, and  it  shows  
some interesting features [13]. When the relation between Eopt and LiX concentration 
of the samples is studied, it clearly shows that there is sharp decrease in Eopt in the 
range from 0 to 5mol% LiX as shown in Fig. 9.7. At concentrations more than 5mol%, 
the decreasing rate is much smaller than in the range 0–5 mol%. The reason of the 
sharp decrease in the range 0–5 mol% LiX may validate the fact that the halide ions 
substitutes oxygen so as to create more weaker BO4 and/or oxyhalide groups like 
BO2F, BO2F2,BOF3 and BO3F [14]. At LiX concentrations more than 5 mol%, halide 
ions occupy mainly interstitial positions, and the structural changes are gentler. The 
decrease in Eopt with LiX content can be understood in terms of the structural changes 
taking place in the glasses. According to research [15] when the concentration of LiX 
is zero, the number of borate rings is greater than the number of boroxol rings. In the 
pure borate group, there is boroxol ring oxygen breathing vibration involving a very 
little boron motion. When alkali ion is present in a small amount, there is an increase 
in the number of BO4 units against the number of BO3 units. With further addition 
of LiX, the six-membered borate rings with only one BO4 tetrahedron appear. 

Fig. 9.7 Variation of optical 
energy gap Eopt with 
composition of the studied 
glasses. Republished with 
permission from Hager [13]
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9.2.3 UV Absorption Spectra 

The lithium halo borate glasses have also undergone study of UV absorption spectra 
[13], and the results show that increasing LiX concentration shifts the UV absorption 
edge to lower energies (higher wavelengths) as shown in Fig. 9.8a, b for different 
systems. This shift occurs because of increment in the concentration of NBO ions 
with increasing LiX content in the glassy system. 

Fig. 9.8 a UV absorption 
spectra of B2O3–BaF2–LiF 
glass and b UV absorption 
spectra of B2O3–BaF2–LiX 
(X = Cl and Br) glasses. 
Republished with permission 
from Hager [14]
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Fig. 9.9 Urbach Energy of (Li2O)x−(B2O3)1-x glassy system. Republished with permission from 
Halimah et al. [1] 

9.2.4 Study of Urbach Energy 

The Urbach Energy is an important factor when to deal with glass systems [1]. It 
gives information on the disorder effects, and the research work shows that it also 
changes with Li2O content in the glassy system [1]. 

Urbach Energy corresponds to the width of localized states and is used to charac-
terize the degree of disorder in amorphous and crystalline systems. If the energy of 
the incident photon is less than the band gap, there is increase in absorption coeffi-
cient which is followed with an exponential decay of density of localized states into 
the gap [25], and the edge is known as the Urbach Energy. 

Materials with larger Urbach Energy would have greater tendency to convert weak 
bonds into defects [21]. Figure 9.9 shows that with increase of Li2O content, the 
Urbach Energy starts decreasing, and this decreasing trend suggests that the degree 
of disorder gets also decreased. Smaller is the value of Urbach Energy, greater is the 
structural stability of the glass system. 

9.2.5 Study of Infrared Spectra 

Infrared spectroscopy is one of the most useful experimental techniques available 
for easy structural studies of glasses [16]. This technique leads to structural aspects
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related to both the local units constituting the glass network and the anionic sites 
hosting the modifying metal cations. 

Infrared is a powerful tool for the structural studies of glasses modified by metal 
oxides. Thus, when the above-discussed Li-doped glass systems have undergone 
infrared transmission spectra study, it has revealed the most useful data of the 
prepared glass systems. 

In the study [5], the mid- and near-infrared spectra of the bismuth–silicate glasses 
containing lithium oxide glass system show some resemblance with the spectra 
usually obtained from the traditional silicate glasses and crystals [17]. But the posi-
tions of absorptions bands are different due to the abundance of the heavy metal 
bismuth oxide (Bi2O3) and modifying cation (Li2O). From the IR spectra study, it 
can be inferred that the broadband shifts towards longer wave number as bismuth 
decreases and Li2O content increases which suggests loosening of the glass network 
leading to decrease in glass transition temperature. This shifting with increment of 
Li2O content is related to the change of local symmetry, and the theory is accepted 
by various authors [18, 19]. It infers that the band shifting to higher wave number 
(471 cm−1) is due to the increase of the degree of distortion. When the Fourier 
transform infrared (FT-IR) study has been done on Cr3+-doped ZLNB glass system 
[4], it shows interesting features. The IR analysis exhibits four different structural 
information as shown in Fig. 9.10. 

The obtained absorption bands and their assignments can be summarized as: 

(i) In the region 600–800 cm−1, the bands are due to the bending vibrations of 
B–O–B linkages. 

(ii) In the region 800–1140 cm−1, the bands are identified due to the B–O 
symmetric stretching vibrations of BO4 units. 

(iii) Bands observed in the region 1200–1520 cm−1 are assigned to asymmetric 
stretching vibrations of B–O units in different borate groups. 

(iv) The vibrational band observed at around 1679 cm−1 is ascribed to the 
vibrational modes of hydroxyl or water groups present in the glass systems. 

Fig. 9.10 FT-IR spectra of 
Cr3+-doped ZLNB glassy 
systems. Republished with 
permission from Rama 
Sundari et al. [4]
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9.3 Review Works and Applications 

Lithium halo borate glasses have been prepared according to the formula (70 − y) 
B2O3–30BaF2–yLiX where y = 0, 5, 10, 15 and 20 mol% and X = F, Cl and Br 
[13]. The study shows that edge of the UV absorption spectra of lithium halo borate 
glass shifts to lower energy with increasing LiX concentration. Eopt gets decreased 
with increment of B–O bond length and the radius of the halogen ion. Increasing the 
number of interstitial halide ions and the creation of orthoborate groups raises the 
glass disorder and the Urbach Energy Etail. The optical energy band gap decreases 
with increase in LiX content due to the increase in NBO concentration. 

Bi2O3-based glasses are popular because of their wide applications in the field of 
glass ceramics, layers for optical and optoelectronic devices, thermal and mechanical 
sensors, reflecting windows, etc., [20]. When the studies have been done on Li2O-
doped borobismuthate glasses having composition 25Li2O–(75–x) Bi2O3–x B2O3, 
it shows that bismuthate glasses containing alkali oxide act as ionic conductors and 
possess high conductivity compared to other heavy metal glasses [20]. 

The density of the glass decreases due to the lower atomic weight of B2O3. The  
average electronic oxide ion polarizability and optical basicity of the studied glasses 
have been estimated on the basis of refractive index and optical band gap [20]. The 
IR analysis of these glasses confirmed the decrease in the molar volume, which in 
turn explains how the refractive indices, polarizability and the optical basicity of 
them decrease with compositions. 

The optical absorption spectra of the glasses having composition (25+ x) Li2O·(65 
− x)P2O5·10Bi2O3 (0 ≤ x ≤ 25 mol%) were recorded in spectral range from 200 
to 3300 nm at room temperature [21]. The optical absorption edge, optical band 
gap and Urbach Energy were determined from the absorption spectra, and it has 
been shown that variation in these optical parameters has been associated with the 
structural changes occurring in these glasses with increase in Li2O: P2O5 ratio. 

The study of IR spectra of such glassy systems [21] has revealed that the optical 
band gap of the sample decreases with increase in Li2O and reaches up to semicon-
ductors’ range. The increase in density and decrease in molar volume with increase 
in Li2O:P2O5 ratio have been related to the changes in the glass structure [21]. Long 
chains of phosphate groups are disrupted by the introduction of Li2O into the glass 
matrix resulting in the lowering of glass transition temperature [21]. 

Study of Raman and IR spectra [5] has been done to investigate the structure 
of unconventional lithium bismuthate glasses over the wide range of alkali oxide 
and found that the structure of this unconventional binary glass system changes 
systematically with the increase of Li2O content. 

SiO2 is one of the most common glass formers, and its glass-forming range can 
be extended by addition of alkali oxide [5]. The oxygen in the Si–O–Si linkage is 
known as bridging oxygen (BO), and oxygen in Si–O − is known as non-bridging 
oxygen (NBO). The alkali ions (Li2O) locate themselves in the structure near the 
NBO’s [5]. The degradation of network is assumed to be systematic as the alkali 
concentration increases [5].
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Lithium–cesium borate glasses doped with chromium ions have been extensively 
studied by a group of workers [22]. This study [22] reveals that the optical band gap 
energy increases with compositions and reaches a minimum around x = 15 mol%, 
and thereafter, it increases. It is observed that the optical band gap energies vary 
from 2.20 to 2.76 eV for both the direct and indirect transitions [22]. It is evident 
that Urbach Energy (0.29 eV) is minimum for x = 5 mol% in the glass samples [22]. 

Mixed alkali bismuth borate glasses xLi2O–(30 − x) K2O–10Bi2O3–55 B2O3 (0 
< x < 30) doped with 5 mol% vanadium ions were prepared from the melts [23]. 
Optical absorption studies were carried out as a function of alkali content to look 
for mixed alkali effect on the spectral properties of these glasses. From the study of 
ultraviolet absorption edge, the optical band gap energies and Urbach Energies were 
evaluated. The average electronic polarizability of the oxide ion, optical basicity and 
the interaction parameters were also evaluated for all the glasses. Many of these 
parameters vary nonlinearly exhibiting a minima or maxima with increasing alkali 
concentration, indicating the mixed alkali effect. An attempt is made to interpret 
mixed alkali effect in this glass system in terms of its glass structure. 

Researchers have shown that glasses containing Cr2O3 have interesting optical 
properties due to the presence of chromium ions in two possible oxidation states: 
trivalent and hexavalent forms. So, studies on Cr3+-doped 19.9 ZnO + xLi2O + (30 
− x) Na2O + 50B2O3 (5 ≤ x ≤ 25) glassy system [4] have been done, and it reveals 
that FT-IR spectral analysis confirms the presence of BO3 and BO4 local structures in 
the concerned system. The optical absorption spectra confirm the distorted octahedral 
site symmetry for Cr3+ ions with partial covalency of ZLNB glasses. From optical 
absorption edges, optical band gap energies and Urbach Energies were evaluated, 
and the nonlinear behaviour is observed, which is in good agreement with theoretical 
values [4]. It also confirms the structural variations with x mol% of alkali ions. 

A study on structural and optical properties of lithium tetraborate glass has also 
been done [24]. The samples containing chromium and neodymium having formula 
99 Li2B4O7 − (1 − x) Cr2O3 –x Nd2O3 mol% (where x = 0, 0.25, 0.50, 0.75 and 
1 mol %) were prepared, and density, molar volume, oxygen packing density have 
been estimated for the system [24]. Neodymium is one of the important elements that 
has been used in a variety of host glasses in which laser action has been observed [24]. 
Studies have shown that these components are able to form a transparent glass suitable 
for optical applications. The FT-IR absorption spectra of the prepared samples [24] 
measured at room temperature show that the value of Eg decreases as the Nd content 
increases up to 0.75 mol% and then increases. The decrease of Eg can be related to 
the change of bridging oxygen to non-bridging oxygen, and these results agree with 
density and molar volume of the system. As the concentration of octahedral Cr3+ 

ions increases in the system, the concentration of non-bridging oxygen (NBO) also 
increases in the glassy matrix. This leads to an increase in the degree of localization 
of electrons and thus decreasing the donor centres in the glass matrix. The presence 
of larger concentration of these donor centres increases the optical band tail and 
shifts the absorption edge towards low wavelength.
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9.4 Conclusion 

Rare earth ions doped with different host glasses are used for various optical devices 
like colour displays, lasers, fibre amplifiers, solid-state lighting devices, etc. in the 
past years, and researches are going on to find out more dominant characteristics 
of these glass systems in the field of optics. The physical and optical properties of 
such glassy sample were dependent on the glass composition. From the studies, it is 
evident that the increment in density of Li2O content has great effects on the number 
of non-bridging oxygen. The molar volume and density of the glasses change since 
Li2O occupies interstitial position in the network. The formation of non-bridging 
oxygens results in the decreased value of optical energy band gap for both direct 
and indirect band gaps. This is because non-bridging oxygen binds excited electrons 
less tightly than bridging oxygen. Here, we have reported the physical parameters, 
FT-IR, Raman spectra, optical energy band gap, refractive index, optical basicity, 
electronic polarizability and luminescence properties related to various compositions 
of Li-doped glasses. Significant efforts have been made to explore the microstruc-
ture, glass-forming range and stability, humidity withstanding ability associated with 
chemical durability and transparency from UV to NIR range of Li2O-doped various 
glassy systems not only for their applications point of view but also for academic 
interest. 
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Chapter 10 
Mechanical Properties of Some Li-Doped 
Glassy Systems 

Ajit Mondal, Debasish Roy, Arun Kumar Bar, and Sanjib Bhattacharya 

Abstract The mechanical properties of lithium-doped glassy materials depend on 
various factors. We have also discussed the different types of lithium-doped materials 
such as Li2O–Al2O3–SiO2-based glass–ceramic, lithium aluminum silicate glass– 
ceramics, Li2O–ZnO–SiO2 glass–ceramics, Li2O–Na2O–K2O–ZnO–B2O3, lithium 
magnesium borate glass. The chemical composition, crystallinity, density (ρ), molar 
volume (Vm), residual stress, additives, nucleating agents, crystal size, elastic proper-
ties and microstructural analysis significantly play important role on the mechanical 
properties of lithium-doped glassy materials. 

Keywords Lithium-doped glassy materials · Mechanical properties · Lithium 
disilicates 

10.1 Introduction 

In recent years, some glassy materials are being applied in numerous industrial 
fields, such as bioactive implants [1], low thermal expansion materials [2] and dental 
applications [3]. It is also utilized in various types of glass–ceramics like silicates, 
alumino silicates and fluosilicates grouped by compositions [2]. Lithium disilicate 
(LS2) crystal-based glass–ceramics are commercially successful so far in dental 
applications due to their excellent mechanical properties [1–3]. Lithium disilicate 
was firstly classified as glass–ceramic material by Stookey in the year 1959 [4].
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It was developed by Beall in the year 1971 [5] and Freiman and Henchin in the 
year 1972 in multicomponent glass systems [6]. Structure of lithium disilicate glass 
and its corresponding crystal was well defined by the Hannon et al. in the year of 
1992 [7] and Soares Jr et al. in the year of 2003 [8]. Lithium disilicate glass–ceramics 
showed some the properties. Among them, mentioning few properties that are flexural 
strength varies between 300.00 MPa and 400.00 MPa, and the next property is fracture 
toughness that is between 2.80 MPa.

√
m and 3.50 MPa.

√
m. That is why they are 

currently used in the following fields [9–12]: 

(i) In the field of dental restorations 
(ii) In the field of space maintainers 
(iii) Application in replacement of tooth appliances 
(iv) Splints 
(v) Dental crowns 
(vi) Partial crowns 
(vii) To make dentures 
(viii) Posts 
(ix) To make inlays and on lays 
(x) To make laminate veneers 
(xi) In the application of implant abutments and the domain of restorations. 

10.2 General Consideration 

Lithium disilicates have good press ability. Injection molding helps it to be into 
refractory investment molds. In this process, lost wax technique is utilized. Lithium 
aluminum silicate (LAS) glass–ceramics bear a range of many useful properties such 
as high strength, proper resistance to mechanical and thermal shocks and worthy 
chemical durability [13]. As a result, LAS glass–ceramics show extensive appli-
cation in heat exchangers and cookware and also in the field of telescope mirror 
supports, etc. These high strength and high thermal expansion coefficient (TEC) 
glass–ceramics are utilized in hermetic sealing and also enameling with high TEC 
metals. To shortly tune the TEC and several thermo-mechanical properties, heat 
treatment schedule for crystallization must be seriously optimized [14–16]. Glass– 
ceramics have polycrystalline materials fabricated by limited crystallization of proper 
glasses according to a heat treatment process that facilitates nucleation and also 
crystal growth. The resulting materials are composed of one or various phases of crys-
talline impacted in a glassy matrix that firstly had enhanced wear resistance, secondly 
chemical resistance, thirdly flexural strength and hardness, fourthly fracture tough-
ness and also including dimensional stability compared with non-ceramic glasses 
[1–6]. Microstructure, composition, crystallinity, thermal history, kinetics, phase 
composition and additives are the several factors which determine the physical prop-
erties of glass–ceramics. The properties of brittle materials especially the mechanical 
properties depend upon some factors. One of them is the internal micromechanical 
stresses. Actually, elastic and thermal mismatch that occurs amid the constituent
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phases is reason of this internal micromechanical stress. All these occurrences in 
brittle materials take place on cooling [17, 18]. The optical properties rely on the 
crystal size, the differences in the refractive index of the glass matrix and also crys-
talline phase. As crystal size decreases, translucency increases. The glass matrix has 
the similar refractive index as the crystalline phase which leads to translucency to 
increase. In contrast, large crystals decrease the translucency but at the same time 
increase the mechanical properties of glass–ceramics [19]. 

10.3 Few Lithium-Doped Glassy Systems 

Bo et al. [20] developed the Li2O–Al2O3–SiO2-based glass–ceramic with a low soft-
ening point, which could be sintered below 900 °C. Arvind et al. [16] investigated 
the thermo-mechanical properties of lithium aluminum silicate glass–ceramics. The 
thermo-physical properties in Li2O–ZnO–SiO2 glass–ceramics were explored by 
Sharmaa et al. [21]. The effect of optical, structural, thermal and mechanical prop-
erties of Li2O–Na2O–K2O–ZnO–B2O3-based glassy system had been showed by 
Subhashini et al. [22]. The impact of physical and optical properties of lithium magne-
sium borate glassy system had been examined by Mhareb et al. [23]. Salman et al. 
[24] explored the effect of Al2O3, MgO and ZnO on the crystallization characteristics 
and properties of lithium calcium silicate glasses and glass–ceramics. 

10.4 Different Mechanical Properties of Some 
Lithium-Doped Glassy Systems (Literature Survey) 

The chemical composition, crystallinity, additives, residual stress, nucleating agents, 
aspect ratio, crystal size and morphologies greatly affect its mechanical properties— 
this had been shown in a considerable number of studies [25–28]. For example, Denry 
et al. [29] reviewed that high crystallinity and great aspect ratio crystalline grains 
generated interlocking microstructures that facilitated crack bridging and deflec-
tion in several lithium disilicate glass–ceramics. Buchner et al. [30] showed that 
the densification and crystallization under high pressure and temperature enhance 
the mechanical properties of lithium disilicate glass–ceramics. Goharian et al. [31] 
had observed three-point flexural strength of 280 MPa for a lithium disilicate glass– 
ceramics sample. Hölland et al. [32] practiced the microstructure and properties of 
different dental glass–ceramics and indicated a moderate fracture toughness value 
for lithium disilicate glass–ceramics. The mechanical properties of lithium disilicate 
glass–ceramic had been explored by Sang-Chun [33] and indicated a fracture tough-
ness and flexural strength values of about 3.2 MPa and about 334 MPa, respectively. 
The elastic constants, fracture toughness and Vickers hardness of lithium disilicate 
glass–ceramic had been investigated by Denry and Holloway [34].
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10.4.1 Mechanical Testing 

Li et al. [26] used the plate-shaped glass–ceramic specimens for three-point bending 
tests (guidelines of ISO 6872) [35]. The tests had done by the screw-driven 
SUNS CMT4204 testing machine at a constant cross-head displacement rate of 
0.50 mm/min. The flexural strength (σ ) had been determined by the following 
relation: 

σ = 
3Pl 

2wb2 
(10.1) 

where 

P breaking load, 
l test span (15 mm), 
w and b width and thickness of the specimens, respectively. 

The fracture toughness (K IC) is defined as ability of a crack to propagate within 
the materials taking side by side the applied load. The fracture toughness (K IC) could 
be calculated by a certain which was given by Anstiset al. [36] 

KIC =
/(

E 

H

)(
P √
C3

)
(10.2) 

where 

K IC is measured in MPa, 
E Young’s modulus (GPa), 
H Vickers hardness (GPa) as determined by hardness, 
P applied load (4.90 N), 
C half crack length (μm) as measured. 

Modulus of elasticity of the polycomponent system was determined with the help 
of model (theoretical) given by Makishima and Mackenzie [37]: 

E = 83.60 Vt

 ∑
i 

Gi Xi (10.3) 

where, Gi = dissociation energy density of oxide constituents, Xi = mole fraction 
corresponding to the ith component, Vt = atomic packing fraction, which was studied 
by Swarnakar et al. [38] 

Vt = ρ
 ∑

i Vi Xi ∑
i Mi Xi 

(10.4)
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where 

Mi molar weight (ith component). 

The volume of the ions (ith component) had been given by Vi. This is for  a  
compound Mp Nq given by 

Vi = 
4 

3 
π

(
pR3 

M + qR3 
N

)
NA (10.5) 

where 

MP and Nq metal oxides, 
R radii of corresponding M and N ions, 
NA Avogadro’s number. 

Crack initiation and propagation was influenced by another factor that is index of 
brittleness. The brittleness of the prepared glasses sample had been calculated by the 
relation including the determined Vickers hardness Hυ, and the calculated fracture 
toughness K IC as introduced by Lawn and Marshall [39] had determined by, 

B = 
Hυ 

KIC 
(10.6) 

Poisson’s ratio (σ ) and Young’s modulus (E) of as-prepared glassy sample had 
been determined by using the relation [40] which was connected by the Poisson’s 
ratio to the calculated packing density (Vt) of the prepared glass samples which was 
determined by 

σ = 0.5 − 1 

7.5Vt 
(10.7) 

Shear modulus (S) and bulk modulus (K) were evaluated by the equation, 

S = E 

2(1 + σ ) 
(10.8) 

K = 1.2Vt E (10.9) 

10.4.2 Density (P) and Molar Volume (Vm) 

The changes in the glass structure can be determined with the help of density. It 
was found in the experiment that density was increased to a smaller amount with 
respect to the increase in the content of Fe2O3 [22]. It can be caused due to the Fe2O3
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(159.69 g/mol) addition instead of relatively lesser molecular mass of zinc oxide 
(81.408 g/mol). The molar volume (Vm) was calculated by following formula: 

Vm = MT/ρ (10.10) 

It was seen that there was a slight increase in Vm with increasing in the Fe3+ 

content. This in turn increases ion’s number available per unit volume resulting in 
increment of Vm [22]. Oxygen packing density (OPD) is defined as the number of 
oxygen atoms per formula unit had been explored by the following relation: 

OPD = (ρ × total number of oxygen atoms)/MT (10.11) 

There had a slight increase in the OPD with increasing in Fe2O3 content. This 
clearly showed the presence of compact packing of the oxide network [22]. 

10.4.3 Microstructural Analysis 

Li et al. [26] explored and marked the structures of the glass–ceramic specimens 
by the XRD method directly on the wider lateral surfaces. The diffraction peaks 
were examined by scanning in a 2θ-range from 10° to 80° in steps of 0.033°. The 
microstructures had figured by the scanning electron microscopic (SEM) observa-
tions on the same surfaces. The observed surfaces had etched with 5% hydroflu-
oric acid solution for 4 min and sputtered with Pt. Zhang et al. [41] examined the 
impact of heat treatment on microstructure of lithium disilicate glass–ceramics. The 
microstructural features of glass–ceramics heated at the temperature of 650 °C for 
different gripping times are shown in Fig. 10.1 which had been explored in their 
investigation. When the glass was etched by HF, lithium metasilicate (Li2SiO3) is  
more easily dissolved in 5 vol. % HF solution. All samples of lithium metasilicate 
crystals were shaped like dendritic. When the holding time had increased, then the 
dimension of crystals would be changed. At the second stage, Fig. 10.1 represents 
the microstructure of samples under same heat treatment at 830 °C for 3 h. Same 
microstructure had been observed in other samples with a slight variation of the mean 
size of lithium disilicate (Li2Si2O5) crystals. Some lithium disilicate crystals in G72 
had been relatively coarser and non-uniform shape. 

10.4.4 Elastic Properties 

Wallace et al. [42] in the year 1972 explored that the elastic properties made out of 
a material that pass-through stress and recovered to its original shape after releasing 
stress. These properties play avital part in providing important information about the 
bonding behavior between an isotropic nature of the bonding and structural stability
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Fig. 10.1 SEM micrographs of etched surfaces of samples after the first stage treatment: a G3, b 
G6, c G12, d G24, e G48 and f G72. Republished with permission from Zhang et al. [41] 

Fig. 10.2 A SEM  image  
showing the representative 
particle sizes of the fine 
glass–ceramic powders for 
microresidual stress analysis 
by the XRD method. 
Republished with permission 
from Li et al. [26]

and adjacent atomic planes. There were about 21 independent elastic constants Cij, 
but the viability of orthorhombic crystal reduced to only nine independent elastic 
constants mentioned (C11, C22, C33, C44, C55, C66, C12, C13 and C23). The elastic 
constants were proportional to the second-order coefficient in a polynomial fit of the 
total energy as a function of the distortion parameter δ. Watt et al.  [43] investigated 
that the elastic constants had been recognized, and the other mechanical parameters
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would be calculated, such as Young’s modulus E (GPa), shear modulus G (GPa) and 
Poisson’s ratio ν, using the following relations:

G = 
1 

2 
(GV + GR) (10.12) 

GR = 15 

4(S11 + S22 + S33) − 4(S12 + S13 + S23) + 3(S44 + S55 + S66) 
(10.13) 

GV = 
1 

15 
(C11 + C22 + C33 − C12 − C13 − C23) + 

1 

5 
(C44 + C55 + C66) (10.14) 

E = 9BG 

3B + G 
(10.15) 

υ = 
3B − 2G 
2(3B + G) 

(10.16) 

In the above-mentioned relations, the subscript V represents the Voigt approxi-
mation and R represents the Reuss approximation. In Eq. (10.13), the Sij is the elastic 
compliance constants. 

10.4.5 Effect of Residual Stress 

Mastelaro et al. [44], in their investigation, they had used XRD measurements tech-
nique to elaborate the residual stresses of glass–ceramics. They have mentioned 
that residual stresses both tensile and compressive and also microstructure of glass– 
ceramics had relied on mechanical properties of glass–ceramics. Above stresses were 
created for the duration of the cooling from the glass transition temperature (T g) to  
room temperature and were the impact of the elastic and thermal mismatch between 
the glass crystalline phases and glass matrix. These investigators also calculated the 
coefficient of linear thermal expansion for glass–ceramics which was αg = 12.8 × 
10–6/°C and for fully glass crystallized specimens was αc = 10.8 × 10–6/°C, indi-
cating that the impacted isotropic glass crystals should be within compressive stress. 
XRD measurement clearly pointed out that αc was anisotropic and relies on the 
glass–ceramic crystal’s crystallographic orientation. For αc > αg, it could be told 
that the embedded crystals in the glass matrix remain under tension, and for αc < 
αg, it remains under compression. As reported by these researchers, the anisotropy 
of the coefficients of thermal expansion as well as the elastic constants of silicate 
crystals should be appreciating to adequately compute the residual stresses of glass– 
ceramics. The compressive residual stresses or tensile residual stresses in lithium 
disilicate glass–ceramics could be occurred, and this totally depends upon the direc-
tion of crystallographic. Soares et al. [45] utilized the indentation method to compute 
the residual stress of lithium disilicate glass–ceramics. The researchers had shown
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the experimental glass at temperature of 600 °C for various annealing process dura-
tions and observed that the residual stress level in the glass–ceramics near the crystal 
was high or larger, and with distance from the crystal, it gets decreased (Fig. 10.2). 
Residual stress could be treated as a purpose of distance from the crystal surface. 
When experimental specimens were heat treated for 90–120 min, then it was seen that 
the residual stresses declined from ~20 × 106 Pa to ~0 with the raising distance from 
the surface of crystal. The residual stress of ~ 50 × 106 Pa near the surface of crystal 
was determined when the specimen is heat treated for 240 min. The residual stresses 
of glass–ceramic crystals were focused in a zone, which is less than 100 μm from the  
surfaces of crystal. The residual stresses were minimalistic or small at larger distances 
of crystal surface. Residual stresses of glass–ceramic depend on the distance from the 
surface of crystals as well as on size of crystal which parameter was not mentioned 
that in this experiment. Li et al. [26], in their experiment, they have shown that the 
prepared glass–ceramic samples had both macro- and microresidual stresses. The 
macroresidual stresses impacted from the temperature gradients over the cooling 
that showed allocations across the samples’ sections. The macroresidual stress had 
been evaluated by the XRD technique in steps of about 0.008°. The microresidual 
stresses of prepared samples precipitated by TEC mismatch had also taken into view 
by the XRD technique in steps of about 0.008°. By the SEM observations, it can be 
said that the particle sizes of the attained glass–ceramic powders had been calculated 
to be smaller than 1.5 μm. In the glass–ceramics powdered samples, the interac-
tivity between the glass matrix and crystalline phase had been decreased, and the 
side-by-side microresidual stresses had assumed to be negligible. [26]. 

10.4.6 Effect of Additives 

Several authors studied the effect of zirconium oxide on crystallization in lithium 
disilicate-based glasses. Apel et al. and their group [46] explored the changes that take 
place on the physical properties of lithium glass–ceramics caused by the consequence 
of zirconium oxide. The content of zirconium oxide varied from 0.00 to 2.010 wt.%, 
2.910 and 4.050 wt.%. Viscosity of the lithium glass–ceramics increased with using 
maximum zirconium oxide content. For this reason, crystal growth of lithium glass 
has been changed and microstructure of glass–ceramics has been affected. The 
mobility of ions has been prevented using high viscosity of glass–ceramic and thus 
decreased the reaction rate of solid state on crystal-phase precipitation. There was 
no satisfactory relationship between content of zirconia and mechanical properties 
of the experimental samples. Huang et al. [47] explored the change that takes place 
on the properties of possible of zirconia-toughened lithium disilicate glass–ceramics 
when the zirconia oxide was imposed on it. Here, a hot-pressing method is utilized 
where the temperature is kept at 800 °C and operates within a pressure of about 
30X106 Pa. The time taken for this is nearly 1 h, and the operation is done in vacuum 
condition. The main phases that were seen were as follows:
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• Lithium disilicate 
• Lithium metasilicate 
• Tetragonal zirconium oxide (t-ZrO2). 

Investigations have been done where the characteristics of lithium disilicate glass– 
ceramics under the possible effect of the content of zirconium oxide are observed by a 
handful number of investigators. The formation of glass–ceramics as well as reaction 
mechanism of glass–ceramics have been influenced by the micro- and macrocrystals 
of zirconium oxide, ZrSiO4 and precipitations of zirconium oxide-rich crystals of 
Li2ZrSiO6O15. Hugo R. et al. [48], they have shown that in their experiment that 
chemical durability, densification and mechanical strength were improved by the 
addition of K2O and Al2O3. The mechanical strength could attain up to 201.00 MPa. 
Nucleating agents (TiO2 and P2O5) were used for formation of fine-grained inter-
locking microstructure in glass–ceramics, and mechanical strength was improved. 
This experimental investigation was done by Khater et al. [49]. The effect of the 
magnesium oxide additive on the properties of lithium disilicate glass–ceramics had 
been explored by Monmaturapoj et al. [50]. The coefficient of thermal expansion 
and viscosity of the molten (melting) glass are stimulated by the magnesium oxide. 
Phase formation and microstructure of lithium disilicate glass–ceramics were not 
influenced by magnesium oxide. The effects of Al2O3 and K2O on the properties of 
lithium disilicate glass–ceramics had been explored by Fernandes et al. [51]. 

10.4.7 Effect of Heat Treatment 

The experiment on heat treatment effect on the characteristic of lithium disilicate 
glass–ceramics had been explored by Zhang et al. [41]. To prepare glass–ceramics, 
three heat stages were used. The lithium metasilicate phase dominated in all spec-
imens, but in case of G72, which contained small amounts of silica and lithium 
disilicate phase after the first stage, it was an exceptional. The crystallinity of the 
specimens was not affected by the heating time strongly. When heat treatment was 
processed for 72 h, then crystallinity was increased. The shape of the lithium metasil-
icate crystals was a dendritic one, and the heating time affected the size. The lithium 
metasilicate crystals which were about 12.39 μm were observed to be the longest 
in G48 and 7.56 μm in G72 to be the shortest. Metasilicate phase of lithium was 
absent in all specimen after the second stage of heating. The crystals of lithium 
disilicate resembled alike a rod shape in a closed packed and more than one direc-
tional interlocking microstructure. The mean length was found to decrease slightly 
from 0.4330 μm of sample G3 to 0.3220 μm of sample G48 and a small increase 
to 0.3960 μm of sample G72. Few crystals of lithium disilicate were coarser and 
eccentric shaped in G72. The lithium disilicate grain size depended on the lithium 
metasilicate crystals grain size. As the lithium metasilicate crystals are produced in a
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larger manner, lithium disilicate crystals will be finer because these lithium metasili-
cate crystals are provided the platform of more nucleation sites for lithium disilicate 
crystals. 

After heat treatment in the second stage, the flexural strength was decreased 
continually. 

The maximum mechanical strength (392 ± 27 MPa) was founded in sample 
of G3, and the minimum mechanical strength (242 ± 31 MPa) was founded in 
sample of G72. Then, the heat treatment at third stage. At 550 °C for 3 h, the 
bending strength was immensely upgraded that was varied from 562 ± 32 MPa 
to 611 ± 27 MPa. Internal stresses as well as micro-cracks were produced later the 
crystallization processed. For this reason, coefficient of thermal expansion as well as 
dissimilarity density was shown between the crystalline phase and the glass–ceramic 
matrix. The bending strength was reduced because of these thermal stresses and 
micro-cracks. In the third heat treatment, the bending strength was improved by these 
micro-cracks and internal stresses. Borom et al. [52] examined the results of different 
heating directions on the microstructure of Li2O–Al2 O3–SiO2–B2O3–K2O–P2O5 

arrangement. Then, crystal size abided adequately constant with increased in growth 
time. Zheng et al. [53] in their experiment used one-stage and two-stage treatments 
on Li2O–SiO2–ZnO–K2O–P2O5 glassy system. Two-stage treatment [54] had been 
preferable for the growth of stable lithium disilicate crystals. SiO2–Li2O–Al2O3– 
K2O–P2O5–B2O3 glassy system had heat treated for a sufficient time period. Burgner 
et al. [55] explored that the 34.5Li2O–65.6SiO2 (mol%) glass had been heated for 
over 100 h. 

10.4.8 Effect of Crystal Size 

The impact of crystal size on the mechanical properties of lithium disilicate glass– 
ceramics had been examined by Li et al. [26]. Two heating steps had been utilized 
for the arrangement of lithium disilicate glass–ceramics. At a constant temperature 
of 610 °C, the first crystallization was executed and to facilitate the crystallization of 
the lithium metasilicate phase. The second crystallization steps were represented at 
various temperatures such as 755 °C (G1), 799 °C (G2), 843 °C (G3) and 900 °C (G4) 
to generate the lithium disilicate phase. Figure 10.3 shows SEM images of the glass– 
ceramic samples: (a) G1, (b) G2, (c) G3 and (d) G4, respectively. The lithium disil-
icate phase exhibited a rod-like morphology which forms interlocking microstruc-
tures. The sizes of the lithium disilicate crystals were contrasting. As the annealing 
temperature raised, the average diameter of the crystals gets raised and the average 
length of the crystals raised more accurately. Therefore, the average aspect ratio of 
the crystals noticeably gets increased from about approx. 4 to approx. 10. Thus, it can 
be concluded that with the higher annealing temperature, inhibit the lithium disili-
cate crystals with larger aspect ratios in the glass–ceramic. Figure 10.4 represents the 
reliability of the flexural strength on the annealing temperature where the error bars 
display the standard deviations of the data. The sample G1 with smaller-sized lithium
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Fig. 10.3 SEM images of the glass–ceramic samples: a G1, b G2, c G3 and d G4. Republished 
with permission from Li et al. [26] 

Fig. 10.4 Flexural strength 
(σ ) of the glass–ceramic on 
the annealing temperature. 
Republished with permission 
from Li et al. [26]



10 Mechanical Properties of Some Li-Doped Glassy Systems 115

Fig. 10.5 Three-point 
flexural strength and fracture 
toughness of lithium 
disilicate glass–ceramics 
with different lithium 
disilicate contents. 
Republished with permission 
from Zhao et al. [56] 

disilicate crystals represented lower flexural strength, which nevertheless, sample G4 
with larger-sized lithium disilicate crystals also manifested lower flexural strength. 
There was a strength hump in the present annealing temperature range which corre-
sponded to the precipitation of the lithium disilicate crystals with medium sizes. The 
flexural strength of the glass–ceramic sample did not monotonously increased with 
increased in the crystal size.

Zhao et al. [55] in their experiment showed that the highest crystallinity of 68.58% 
had been attained for the specimens of M1S2, but the minimum flexural strength and 
fracture toughness had seen (Fig. 10.5). High porosity nearly of about 6.02% is 
obtained from the inadequate glass phase. The fracture toughness as well as flexural 
strength of the Li2Si2O5 glass–ceramics with the LD glass incorporation had been 
strongly enhanced (Fig. 10.5). 

10.4.9 Translucency Effect 

Zhang et al. [41] explored the effect of translucency of lithium disilicate glass– 
ceramics. In their experiment, they had investigated that in Fig. 10.6, the real in-line 
transmission (RIT) of all the glass–ceramics was shown after the third treatment 
stage. They had also shown that the real in-line transmission of all glass–ceramics at 
a wave length of 300–1100 nm showed a same changing tendency, but wavelength 
had increased drastically. There was a great difference at noticeable wavelengths 
within all the samples. The samples of G48 exhibited the maximum transmission, 
and its real in-line transmission at the wavelength of 650.00 nm was 29%, but in case 
of G3 samples, it only attained 10%.
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Fig. 10.6 Real in-line transmission spectra of all samples. Republished with permission from Zhang 
et al. [41] 

10.5 Conclusion 

According to this study, we have concluded that the different properties of various 
lithium-doped glassy materials depend on different parameters. Different types of 
mechanical test have been done by the following relation, like flexural strength, frac-
ture toughness, Young’s modulus, atomic packing fraction, brittleness, Poisson’s 
ratio. With the help of microstructure, we could easily find the flexural tough-
ness, flexural strength, elastic modulus and optical properties. Various factors such 
as chemical composition, additives, nucleating agent and heat treatment processes 
control the microstructure of lithium glassy materials. The residual stresses in lithium 
disilicate glass–ceramics can be compressive or tensile that depends on the crystallo-
graphic direction. In case of three stages of heat treatment process, the sample is heat 
treated for 48 h at the first stage and finally allowed a perfect bending strength of 581 
± 25 MPa and a highest real in-line transmission of 29% at 650 nm. Few amounts of 
Li2Si2O5 and SiO2 crystals may precipitate at the first stage, which would slightly 
reduce the bending strength and the translucency of finally formed glass–ceramics 
by the excessive extension of holding time (72 h). The chemical durability, densi-
fication and mechanical strength, which can reach up to 201 MPa, could improve 
on the addition of Al2O3 and K2O. TiO2 and P2O5 were used as efficient nucleating 
agents to contribute to a fine-grained interlocking microstructure in GCs, which could 
lead to a high mechanical strength. The crystal size accomplishes two effects on the 
flexural strength of the glass–ceramic such as interlocking effect and microresidual
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stress effect. The nano-indentation hardness depends on the microresidual stress 
effect. The effect of different heating routes on the microstructure of Li2O–Al2 O3– 
SiO2–B2O3–K2O–P2O5 system got that LD content, and crystal size remained fairly 
constant with increased in growth time. One-stage and two-stage heat treatments were 
used on Li2O–SiO2–ZnO–K2O–P2O5 glass. Two-stage treatment was preferable for 
the growth of stable lithium disilicate crystals. 
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Chapter 11 
Thermal Properties of Some Li-Doped 
Glassy Systems 

Shayeri Das and Sanjib Bhattacharya 

Abstract In the present review, the recent progress in unfolding the complexities 
of thermal properties of all types of Li-doped glassy composites has been compre-
hensively examined. The effectiveness of thermal properties for the intrinsic char-
acterization of glassy systems and their composites was clearly demonstrated in this 
research. Furthermore, the utility of the thermogravimetric analysis employed for 
thermal characterization that has been reported by various researchers was exhaus-
tively analyzed in this paper. This research primarily focused on the analyses of 
several good articles concerned with Li-doped glassy systems to assess its effect 
on the thermal properties of its corresponding composites. Such systematic analysis 
of previous literatures divulged a direction to the researchers about the solution of 
upgraded interfacial properties. This current research has suggested that the presence 
of the Li causing changes in thermal properties. The potential applications, current 
challenges and future perspectives pertaining to these systems have been ostenta-
tiously discussed in the current study with regard to the promising developments of 
the glassy systems. 

11.1 General Consideration 

A glassy state is a classic instance of non-equilibrium metastable one [1]. Transition 
of glass from supercoiled liquid to a glassy state is viewed as a variation of relaxation 
phenomena [1]. During the relaxation processes, a physical quantity is contingent 
on time or frequency [1]. For the purpose of experimental studies of the relaxation, 
complex dielectric constants have been thoroughly studied. However, it has been 
found that the dielectric relaxation relates only to polar atomic motions. Elastic 
constants have been also studied in various kinds of glass-forming materials, while
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the elastic relaxation relates only to density fluctuations. Concerning to lithium-doped 
glasses, in particular, it is quite challenging to execute the experiment of dielectric 
relaxation because of the ionic conductivity of lithium ion of the system. 

Variable glasses have attracted the attention of various researchers in the recent 
times due to their wide application range [2–6]. Lithium-doped glasses containing 
rare earth ions are used as proficient lasing materials [7]. On introduction of alkali 
halides into the glass structure, they demonstrate their presence by altering the glass 
structure [8–11], which has been verified with the help of a number of experimental 
techniques. Differential scanning calorimetry (DSC) is one of the important tech-
niques to study the glass-forming ability of a melt which in turn be governed by 
the cooling rate. The difference in the glass transition temperature (T g) and crystal-
lization temperature (T c) is associated with the stability of the glass structure [12]. 
T g is dependent upon the coordination number of the network forming ions which 
are a part of network forming atoms and the number of non-bridging oxygen atoms 
(NBOs) [13]. Consequently, a variation in T g is always accredited to the variations 
befalling in the glass structure. A diminution in T g specifies the decrease in oxygen 
packing density and that the structure becomes slackly packed [14]. Intended for the 
preparation of glass–ceramic materials, the knowledge of thermal behavior of parent 
glasses, and the mechanism of crystallization is very valuable. Some basic thermal 
parameters as glass transition temperature, dilatation softening temperature, thermal 
expansion coefficient, crystallization temperature, etc., are useful to know nucleation 
rate under controlled heat treatment. 

Similarly, the impact of Li2O and ZnO oxides in multiple component-based 
tellurite glasses has been investigated in different systems like: xLi2O–(100−x) 
[0.25ZnO–0.15B2O3–0.60TeO2] x = 0, 5, 10, 15 and 20 [15], (80−x) TeO2–xLi2O– 
20ZnO with x = 0, 5 and 10 (in mol %) [16] and 60TeO2–15V2O5–(25–x) ZnO–  
xLi2O [17]. For these opuses, both oxides undertake the responsibility of network 
modifier. This feature escalates the glass-forming range, but is a shortcoming in 
optical properties: The optical absorption edge (band gap) formed between HOMO– 
LUMO layers, and refractive index can decrease with the addition of these oxides 
for the aforesaid systems. Correspondingly, the change in refractive index has direct 
relation with the dielectric constant of the system. The dielectric constant is a key 
parameter in designing of the electronic devices. In addition, it plays an important 
role to understand the behavior of charge carriers, dopants, defects and impurities in 
insulators and semiconductors [18]. 

An update on the research pertaining to glassy systems, dealing extensively with 
the thermal properties of Li+-doped glassy systems, has been discussed in this study. 
The study mainly focuses on the fundamental properties of glassy systems and its 
diverse properties including thermal conductivity, coefficient of thermal expansion, 
etc. Additionally, various researchers have abridged research outcomes of recent 
experimental studies conducted on Li-based glassy systems for the evaluation of 
thermal properties. The aforementioned properties of hybrid composites have also 
been amalgamated and conferred in brief. Research gaps have been well identified 
as best as possible, and directions for future work are also provided. Concluding data
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has been presented in this research to illustrate the fabrication processes of glassy 
systems for the thermal properties of the systems. 

11.2 Different Thermal Properties of Some Chalcogenide 
Glassy Systems (Literature Survey) 

DSC thermograms for the various samples are depicted in Fig. 11.1 [19]. The 
researchers have observed two glass transition temperatures T g1 and T g2 for indi-
vidual samples [19–21]. These transitions have been reported to be moderately weak 
as compared to the conventional transitions reported till date [20]. Hence, the reported 
glasses [19] have been categorized as “soft glasses.” It has also been observed a 
continuous increase in the value of T g1 with initiation and then escalation in the 
concentration of Bi2O3 except for a particular sample with x = 15. The decline in 
T g1 has been attributed to the glass-forming behavior of the sample. It not only acted 
as a modifier, but also as a glass former. According to Arora et al. [19], Bi2O3 after 
entering in the glass matrix induces new species to be molded due to change in 
oxygen packing density. The new species includes BO2F units whose formation is 
reported earlier by the same group of researchers [21] using the technology of FT-IR 
spectroscopy. The process seems to make the structure relatively strongly packed, 
thus increasing the value of T g1. Alternatively, small changes in the values of T g2 

have been noted with increase in Bi2O3 concentration.

Fig. 11.1 DSC of glasses 
with Bi2O3 with Li dopants. 
Republished with permission 
from Arora et al. [19]
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Karunakaranet al. [22] have reported that DSC thermograms of all lithium flurobo-
rate glasses doped with Dy3+ as shown in Fig. 11.2. The glass samples were subjected 
to heat treatment in nitrogen environment at 10 °C/min in the temperature range of 30– 
1200 °C. The smooth and broader exothermic peaks and the next endothermic peaks 
in the DSC thermograms designate crystallization temperature (T c) and melting 
temperature (Tm) [23]. The deficiency of sharp endothermic and exothermic peaks 
designates the homogeneous formation of the glasses [24]. From the DSC profile 
of the Dy3+-doped lithium fluroborate glasses, the glass transition temperature (T g), 
crystallization temperature (T c) and melting temperature (Tm) [22] had been iden-
tified. In addition to these values, the glass stability factor (S) and Hruby’s param-
eter (HR) have also estimated and analyzed by the group of researchers [22–24]. 
Glasses exhibiting a high thermal stability (T c − T g) and low-temperature interval 
(Tm − T c) have come up as the best candidates for the fiber fabrication due to the 
compatibly small chance of crystallization problems [25]. The pertinent parameter 
that summarizes both these characteristics is the Hruby parameter (HR) defined as 
(T c − T g)/(Tm − T c) [24]. It is anticipated for a glassy host to have S as large as 
possible to accomplish a large viable range of temperature during glass sample fiber 
drawing [25]. For all such glasses, the approximate glass thermal stability is higher 
than 100 °C, and hence, these glasses are suitable for fiber drawing.

Sreenivasulu et al. [26] have designed stoichiometric mixture of TeO2 (sigma 
Aldrich-99þ purity), ZnO (merck-99% purity), CdO (merck-99% purity) and Li2O 
(merck-99.9% purity) chemicals, which have been made by melt quenching tech-
nique. DSC has been performed on the prepared glassy sample from the aforemen-
tioned mixture. DSC thermogram, shown in Fig. 11.3, demonstrates three steps in the

Fig. 11.2 DSC curves of the Dy3+-doped lithium fluroborate glasses. Republished with permission 
from Karunakaran et al. [22]
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Fig. 11.3 DSC of lithium cadmium zinc tellurite glass system 

graph analogous to the glass transition temperature (T g), the onset crystalline temper-
ature (T o) and crystallization temperature (T p), respectively [26]. These values are 
have been further analyzed by them, and it has been observed from Fig. 11.3 that 
T g has decreased from 326 to 255 °C with the addition of Li2O content from 0 to 
20 mol%. The decline in T g is attributed to a decrease in density and OPD of the 
glass network [26]. In accordance with literature [27, 28], it is well acknowledged 
that (T o − T g) is a measure of thermal stability (Δ   T ) of such glasses. These values 
have been determined and noted that thermal stability of glasses has increased with 
increase of Li2O content, and it specifies that the process of crystallization is delayed 
in comparison with CdO content, thereby resulting in increase of the thermal stability 
of the present glasses.

Novatski et al. [29] have developed a glassy system, (100–X–Y ) TeO2–XLi2O– 
YZnO with X = 10, 15 and 20, Y = 0, 5, 10, 15, 20, 25 and have performed DSC scans 
for all compositions. One such DSC scan for 30 mol% is presented in Fig. 11.4. From  
the observed experimental data, the calculation of the glass transition temperature 
(T g) and the inception crystallization (T x) [29] was conducted by the intersection 
point amid baseline and tangent line in inflection point at the first change in this 
reference point for (T g) and the inflection point of endothermic peaks for (T x). 
These values have been computed, and it has been observed that T g has the similar 
pattern for the three groups of samples and residues constant with the substitution of 
TeO2 for ZnO [30]. It is well recognized that the addition of ZnO reduces T g values 
due to the creation of non-bridging oxygens (NBO), which is a factor that delineates 
the ZnO as a modifier network oxide [31]. Nevertheless, for the TeO2–Li2O–ZnO
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Fig. 11.4 DSC scans of samples: a GL10, b GL15 and c GL20. Tg values remain constant for each 
group. Comparing the three groups, GL20 presents the lowest Tg values (average). Δ   T increases 
up to TeO2 = 65 mol% for the three groups. Republished with permission from Novatski et al. [29] 

system, this is not perceived, due to the influence of Li2O [29]. However, the addition 
of Li2O creates a substantial amount of NBOs due to the breaking of TeO4 linkage 
[31], and it could be suggested that the ZnO addition inhibits the effects of Li2O. 
Associating the three groups of samples, it has been cleared that the GL20 portrays 
the average lowest T g values accentuating the role of Li2O as a network modifier on 
the studied system [31]. Additionally, this behavior occurs to samples in which Li2O 
contented is higher than ZnO, reinforcing the statement that ZnO addition escalates 
the network connectivity. 

Further studies have been conducted by various other researchers [16, 32–35] on  
melting temperature, glass transition temperature, thermal conductivity and thermal 
expansion coefficient of other glass–nanocomposites containing Li2O for assimila-
tion of thermal properties of them, which is expected to become a pivotal role for 
proper understanding of their structure. 

11.3 Conclusions 

The thermal properties of Li-doped glassy systems have been thoroughly reviewed. 
The entire discussion of the thermal properties has revealed that Li+ plays an impor-
tant role in the overall properties of glassy systems. It has been observed repeat-
edly that some clusters with decreasing content also decrease density and molar 
volume [29]. Similarly, it has also been perceived that the thermal stability of glasses
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increased with the increase in Li2O content [26]. Calorimetric T g and the width of 
the glass transition region have been resoluted as a function of Li2O. They illustrate 
the remarkable changes with the increase of composition. This additive effect of 
has led to the structural change of the glass system and prompts the increase of the 
fragility markedly, which correlated the width of glass transition region [1]. This 
review contains an analysis on the research investigations which have been exhaus-
tively performed for assessing the thermal properties of glassy systems which shows 
the scope for further research. 
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Chapter 12 
Comparison Between Some Glassy 
Systems and Their Heat-Treated 
Counterparts 

Aditi Sengupta, Chandan Kr Ghosh, and Sanjib Bhattacharya 

Abstract Li2O-doped glass-nanocomposites and crystalline counterparts have 
been developed. Microstructural study reveals the distribution of Li2Zn2(MoO4)3, 
ZnMoO4, Zn(MoO2)2, Li2Mo6O7 and Li2MoO3 nanorods in the glassy matrices. 
Crystalline counterparts exhibit enhancement in crystallites sizes. The ionic conduc-
tivity is found to be function of frequency and temperature. Flat conductivity at a 
low-frequency regime indicates the diffusional motion of Li+, whereas the “higher 
frequency dispersion” may correspond to a correlated and sub-diffusive motion. As 
the crystalline counterpart is formed by controlled heating, ZnSeO3 chain structure 
is expected to break by increasing dimensions of molybdate rod-like structures. 

Keywords Amorphous materials · Ceramic composites · Electrical properties ·
Microstructure 

12.1 Introduction 

Physical and electrical properties of nanophased materials are of great scientific 
interest in present time [1]. The improved electrical properties of nanophased mate-
rials in comparison with the bulk counter parts are main reason of the present work. 
Comparing the electrical and mechanical properties of the conventional materials 
so far available, efforts would be made towards the evolution of a better material 
suitable for engineering practice [2]. Comparative study on electrical properties like
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ionic conduction of some oxide glassy nanocomposites with their crystalline counter-
parts is the key interest of this chapter, which must contain the information about the 
most likely migration pathways [1–3]. This can be achieved by exploring the struc-
tural differences of them, which may cause to change in ion dynamics in present 
glassy systems and their crystalline counterparts. The difficulties to characterize the 
structure (specially the defects in the structure) of an amorphous material create 
challenges in understanding them than that of a crystalline material [3]. 

12.2 General Consideration 

Lithium is supposed to be one of the most promising candidates of rechargeable 
battery electrolytes for its role in electric vehicles, mobile computers, etc., as well 
as for academic interest [1]. Some short falls of conventional lithium-ion batteries 
[1]have been already identified due to highly flammable nature of organic liquid 
electrolytes or polymer electrolytes. Researchers instigate some safety issues to 
develop “solid electrolytes” for their high thermal stability, high energy density 
and better electrochemical stability [2]. “Se” may consist of long polymeric chains 
with ring fragments as a mixture of Sen chains and Se8 rings [3]. So, the change 
in microstructure of Li2O-doped glassy ceramics and their crystalline counterparts 
may play important role in conduction process. 

To understand the mechanism of conductivity spectra and relaxation process in 
lithium ion conductor, Jonscher’s power law model [4–6] should be unique in general, 
which describes the total conductivity as: 

σ (ω) = σo + AωS (12.1) 

where A is the prefactor, S is the frequency exponent and σ o is the low-frequency 
conductivity. In particular, the theoretical form of conductivity spectra is proposed 
by Almond-West formalism [4–6], 

s(w) = sdc[1 + (w/wH)n] (12.2) 

which is the combination of the DC conductivity (σ dc), hopping frequency (ωH) and 
a fractional power law exponent (n). To acquire sufficient information regarding AC 
conduction [4–6], this model can be successfully exploited to fit the experimental 
data. 

Investigation of electrical transport [7] of Li2O-doped glass ceramics and heat-
treated counterparts is expected to reveal structural information, which is essential 
for the assimilation of conduction mechanism. A comparison of conduction behavior 
of Li2O-doped new glass ceramics and crystalline counterparts has been studied to 
explore new features. The effect of Li2O doping in the glassy ceramics and crystalline 
counterparts is expected to be interesting not only for technological applications but 
also for academic interest.
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12.3 Various Cases 

12.3.1 Laboratory Experiment and Measurement 
of As-Prepared Glassy Samples 

A series of glass-nanocomposites, xLi2O–(1−x) (0.05ZnO–0.475MoO3– 
0.475SeO2) with x = 0.1 and 0.3 are prepared by melt quenching at ~700 °C 
for 30 min. Second set of samples (mixtures) are allowed to pass through a slow 
cooling during 17 h. The final product is obtained in the form of a solid sample 
(crystalline) without quenching. The electrical measurements of them are performed 
using a high-precision LCR meter (HIOKI, model no. 3532–50) in a wide temper-
atures and frequencies (42–5 MHz) ranges. Scanning electron microscopic (SEM) 
pictures and X-ray diffractograms are analyzed to get microstructures. 

12.3.2 Results and Discussion 

The XRD patterns of the present glassy system and crystalline counterparts are 
presented in Fig. 12.1a, which exhibits more crystallinity for x = 0.3 due to 
formation of sharp peaks [7]. Formation of ZnSeO3, Li10Zn4O9, Li2Zn2(MoO4)3, 
Li10Zn4O9, ZnMoO4, Zn(MoO2)2, Li2Mo6O7, Li2MoO3 and Li10Zn4O9 nanophases 
[7] is confirmed from XRD study. Average crystallite sizes estimated from Scherer 
relation [7] are presented in Fig. 12.1b. Crystallite sizes are found to increase for 
glassy system as well as crystalline counterparts. This result requires structural modi-
fications of the present system. Figures 12.1c, d exhibit SEM micrographs for x = 0.1 
and crystalline counterpart, which shows surface morphology with small irregular 
grains as well as rod-like structures. As molybdenum tends to form a rod-like struc-
ture [7], Li2Zn2(MoO4)3, ZnMoO4, Zn(MoO2)2, Li2Mo6O7 and Li2MoO3 nanorods 
of average length 5 μm and breadth 50 nm are formed in glassy matrices for x = 0.1. 
The dimensions of such nanorods are found to increase in crystalline counterparts as 
illustrated in Fig. 12.1d. As the selenite compounds are found to associate with the 
formation of disorder in the SeO3 chains by suitable modifier [7], ZnSeO3 nanos-
tructures in the form of interconnected chains are expected to develop in the present 
system. In the crystalline counterparts, preferred heat treatments may lead to break 
this chain structure by increasing the length and breadth of molybdate rod-like struc-
tures as exhibited in Fig. 12.1d. Formation of more voids (defects) with trapping of 
Li+ ions may be the possible outcomes of these results. In addition, Li2Zn2(MoO4)3 
crystal-melt is formed from MoO3 and Li2MoO4–ZnMoO4 [7], where MoO3 acts 
as a solvent with higher volatility is compared to Li2O and ZnO. Transformation 
of Li2MoO3 phase [7] from layered into disordered cubic structure is expected to 
favorable in conduction process. 

DC electrical conductivity can be extracted from the complex impedance plots [5– 
7], which are shown in Fig. 12.2a for 473 K. All the semicircular arcs show different
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Fig. 12.1 a XRD of glassy system and crystalline counterparts; b average crystallite sizes with 
composition; c SEM micrographs for glassy system; d crystalline counterpart for x = 0.1 

diameters, which are essentially related to DC resistivity. Figure 12.2a also shows  
null grain boundary effect [7]. Higher diameter for x = 0.1 (crystalline) indicates 
larger DC resistivity than that for x = 0.1 (glassy). Small arc in the lower frequency 
region (spur) is associated with polarization effect [7]. Here, parallel RC equivalent 
circuit may be included as the schematic circuit model for proper understanding of 
Li+ motion. 

Arrhenius relation of DC conductivity is: 

σDC = σ0e
−( Eσ 

KT ) (12.3) 

where Eσ is the activation energy, T is the absolute temperature and k is the Boltzmann 
constant. DC conductivity data has been analyzed using Eq. (12.3), which shows 
thermally activated nature. DC conductivity decreases in the crystalline counterparts 
due to trapping of Li+ ions in the extended voids (defects). Eσ has been estimated 
from the best fitted straight line fits. Figure 12.2b projects DC conductivity and Eσ 
with composition, which shows gradual reduction in DC conductivity. This result
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Fig. 12.2 a Complex impedance plots of glassy system and crystalline counterparts at 473 K. 
Equivalent circuit is in the inset; b DC conductivity and corresponding activation energy; c conduc-
tivity spectra at a temperature. Complex impedance plots and crystalline counterpart for x = 0.1 
are included in the inset; d activation energy for hopping frequency and fixed temperature hopping 
frequency with compositions 

suggests that larger sized nanophases are developed in the voids, where Li+ ions are 
also expected to be trapped. 

AC conductivity spectra are presented at a temperature in Fig. 12.2c, which can 
be analyzed [5–7] using  Eq. (12.2). It is found to decrease with Li2O content in 
a similar manner of DC conductivity. Complex impedance plots for x = 0.1 are 
included in the inset. It is noted that flat conductivity at low frequency is similar 
to the DC conductivity. This may lead to the diffusion motion of Li+ ions [7]. At 
higher frequencies, AC conductivity shows dispersion and follows a power law as 
presented in Eq. (12.1). This may correspond to a nonrandom, correlated and sub-
diffusive interionic interaction [7] of Li+ ions with an outcome of uniform change in 
power law exponent. 

Understanding the conductivity process in Fig. 12.2c, attempts [8] have been made 
with a proposition of playing key role in the conduction of two types of frequency 
dependency. Firstly, the jump rate for hopping of charge carriers increases with 
applied frequency (except at very high temperatures) as per Eq. (94) and curve b of
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Fig. 7 in Ref. [8]. Secondly, the carrier conductivity confined within spatial regions by 
disorder goes up with applied frequency [8]. The second effect [8] has to develop the 
very low-temperature (<10 K) AC conductivity of charge carriers that hop between 
especially close pairs of impurity states of very lightly doped compensated systems 
[9]. The prime issue is to interpret of such an effect, which should dominate the 
high-temperature hopping of high densities of charge carriers in the present glassy 
system, particularly for x = 0.1 and 0.3 glassy system. XRD and SEM studies reveal 
that various nanorods of definite dimensions are formed and present system has 
a tendency to break the ZnSeO3 chain structure as the Li2O content increases or 
to form crystalline counterparts by controlled heating. Consequently, more voids 
(defects) are expected to be formed. Since lithium ions are trapped in the voids near 
the high frequency and high-temperature region, frequency-dependent portion of the 
conductivity above the frequency-independent portion of the conductivity decreases 
with temperature. 

Hopping frequency (ωH) and a fractional power law exponent (n) have been esti-
mated from the fitting of experimental conductivity spectra using Eq. (12.2). It is 
found that frequency exponent n is less than unity and depends significantly on 
composition due to some differences in structure. Scientific woks [7] show that n 
values are the indicators of the dimensionality of conduction pathways. n ~ 2/3  [7] 
may anticipate composition as well as temperature independency nature of three-
dimensional motion of Li+ ions. Two-dimensional ion motion in Na β-alumina and 
one-dimensional ion motion in hollandite [7] indicate smaller exponents, n = 0.58 
± 0.05 and n = 0.3 ± 0.l. So, AC conductivity is expected to be influenced by the 
dimensionality of the ion conduction space, which is manifested by the frequency 
exponent [6, 7]. Papathanassiou et al. [10] successfully developed a model based 
on the aspect of the distribution of the length of conduction paths regarding the 
universal power law dispersive conductivity in case of polymer networks and, gener-
ally, in disordered matter. Larger values of power law exponent (>1) may indicate 
percolation of charge carriers within limited frequency range [7]. 

Temperature dependence of ωH exhibits thermally activated nature [7]. Fixed 
temperature hopping frequency (at 473 K) and corresponding activation energy 
are presented in Fig. 12.2d, which shows similar nature of DC conductivity and 
corresponding activation energy. 

12.4 Advantages and Disadvantages 

Some issues regarding advantages and disadvantage may be addressed for employing 
them in various cases. They are summarized as follows: 

(a) Amorphous glassy systems: 

i. The conductivity of amorphous glassy systems is found to be higher than 
the heat-treated counterparts due to less disorders and grain boundaries.
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ii. These systems show flexibility in wide range due to its structural and 
electrical properties. 

iii. The complexity understanding is easier with respect to its crystalline 
counterparts. 

iv. The main disadvantages of these glassy ceramics are their brittle nature 
which causes complexity in experimental setups. 

(b) Heat-treated counterparts: 

i. These systems exhibit lower conductivity due to structural defects as well 
as more grain boundaries. 

ii. Due to complexity in understanding, it is having less use than the 
amorphous glassy systems. 

iii. The advantage of these systems is its structural strength with make them 
less brittle and causes experimental ease. 

12.5 Conclusion 

Li2O-doped glass-nanocomposites and their crystalline counterparts have been devel-
oped. Formation of Li2Zn2(MoO4)3, ZnMoO4, Zn(MoO2)2, Li2Mo6O7 and Li2MoO3 

nanorods has been confirmed from XRD and SEM studies. Jonscher’s universal 
power law and Almond-West formalism have been employed to interpret electrical 
conductivity data. Low-frequency conductivity and high-frequency dispersion have 
been well explained on the light of a nonrandom, correlated and sub-diffusive motion 
of Li+. ZnSeO3 chain structure has been formed, and molybdate rod-like structures 
are found to be interpenetrating into them. More voids should be responsible to trap 
Li+. 
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Chapter 13 
Electrodes 

Asmita Poddar, Madhab Roy, and Sanjib Bhattacharya 

Abstract As efficient energy storage devices, batteries, including nickel–metal 
hydride (Ni-MH) batteries, lead acid batteries and lithium-ion batteries (LIBs) can 
be effectively combined with renewable energy sources such as solar energy, wind 
energy and hydrogen energy, and such batteries are expected to be advanced energy 
storage systems and reduce fossil fuel dependence. The lithium metal, used as a nega-
tive material in all solid-state battery systems, results in higher-energy density than 
what is currently available. Replacing liquid electrolytes with solid-state electrolytes 
(SSE) can also effectively inhibit the generation of SEI films and improve the cycle 
performance of batteries. Along with that, the size of the battery is reduced, and its 
application scope is expanded. Compared to liquid electrolytes, the most important 
property is that SSEs (e.g. inorganic ceramic electrolytes) do not leak and are non-
flammable. Thus, safety is significantly boosted. The use of solid-state electrolytes 
can not only overcome the liquid electrolyte durability problem, but also provide 
an important path for developing next-generation LIBs. Research areas for lithium-
ion batteries include extending lifetime, increasing energy density, improving safety, 
reducing cost and increasing charging speed, among others. 

13.1 Introduction 

Electrode, electric conductor, usually metal, used as either of the two terminals of 
an electrically conducting medium. It conducts current into and out of the medium, 
which may be an electrolytic solution as in a storage battery, or a solid, gas, or
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vacuum. The electrode from which electrons emerge is called the cathode and is 
designated as negative; the electrode that receives electrons is called the anode and is 
designated as positive [1]. Nowadays, rapid technology development is taking place 
in the fields of portable electronic devices or electric cars which requires novel, 
technologically mature, safe and economically affordable portable power sources 
[2]. One of the factors that has crucial influence on batteries’ performance is the 
electrical conductivity of their cathode materials. Therefore, it is very important to 
carry out researches on better cathode materials as well as methods to improve their 
properties [3]. In this context, the demand for more efficient and lighter Li-ion cells 
is growing extremely quickly. 

13.2 Advantages of Li-Doped Glass Composites 
as Electrodes 

A lithium-ion battery or Li-ion battery is a type of rechargeable battery where lithium 
ions move from the negative electrode through an electrolyte to the positive electrode 
during discharge and back when charging. Li-ion batteries use an intercalated lithium 
compound as the material at the positive electrode and typically graphite at the 
negative electrode. 

Lithium-ion batteries are commonly used for portable electronics and electric 
vehicles and are growing in popularity for military and aerospace applications [4]. 
Nowadays, rapid technology development in the fields of portable electronic devices 
or electric cars requires novel, technologically mature, safe and economically afford-
able portable power sources. Especially, the demand for more efficient and lighter 
Li-ion cells is growing extremely quickly. 

One of the factors that has crucial influence on batteries’ performance is the 
electrical conductivity of their cathode materials. Therefore, it is very important to 
carry out researches on better cathode materials as well as methods to improve their 
properties. 

British Chemist M. Stanley Whittingham first proposed the usage of lithium 
batteries, and he used titanium (IV) sulphide and lithium metal as the electrodes in his 
experiment [5]. But, this rechargeable lithium battery could never be made practical 
as titanium disulphide, even being synthesized under completely sealed conditions, 
when exposed to air, reacts to form hydrogen sulphide compounds, which have an 
unpleasant odour and are toxic to most animals. 

For this, and other reasons, the development of Whittingham’s lithium–titanium 
disulphide battery has been discontinued. The batteries with metallic lithium elec-
trodes presented safety issues, as lithium metal reacts with water, releasing flammable 
hydrogen gas [6]. Consequently, research moved to development of batteries in 
which, instead of metallic lithium, only lithium compounds are present, being capable 
of accepting and releasing lithium ions.
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13.3 Review Works on Li-Doped Glass Composites 
as Electrodes 

In the year of 1973, Adam Heller proposed the lithium thionyl chloride battery [7], 
which are still used in implanted medical devices and in defence systems where 
a greater than 20-year shelf life, high-energy density and/or tolerance for extreme 
operating temperatures are required. 

Basu, in 1977, demonstrated electrochemical intercalation of lithium in graphite 
at the University of Pennsylvania [8, 9]. This led to the remarkable development of a 
workable lithium intercalated graphite electrode at Bell Labs (LiC6) [10] to provide 
an alternative to the lithium metal electrode battery. 

Godshall et al. [11–13] and, shortly thereafter, Goodenough (Oxford University) 
and Koichi Mizushima (Tokyo University), worked in separate groups and demon-
strated a rechargeable lithium cell with voltage in the 4 V range using lithium cobalt 
dioxide (LiCoO2) as the positive electrode and lithium metal as the negative elec-
trode [14, 15]. This innovation provided the positive electrode material that enabled 
early commercial lithium batteries. 

LiCoO2 is a stable positive electrode material which acts as a donor of lithium 
ions and thus can be used with a negative electrode material other than lithium 
metal [16]. By enabling the use of stable and easy-to-handle negative electrode 
materials, LiCoO2 enabled novel rechargeable battery systems. Godshall et al. further 
identified few similar value of ternary compound lithium transition metal oxides such 
as the spinel LiMn2O4, Li2MnO3, LiMnO2, LiFeO2, LiFe5O8 and LiFe5O4 (and later 
lithium copper oxide and lithium nickel oxide cathode materials in 1985) [17]. 

In the year of 1980, Yazami validated the reversible electrochemical intercalation 
of lithium in graphite [18, 19] and invented the lithium graphite electrode (anode) 
[20, 21]. The organic electrolytes would decompose during charging with a graphite 
negative electrode. Yazami used a solid electrolyte to demonstrate that lithium could 
be reversibly intercalated in graphite through an electrochemical mechanism. As 
of 2011, Yazami’s graphite electrode was the most commonly used electrode in 
commercial lithium-ion batteries. 

The negative electrode has its origins in polyacenic semiconductive material (PAS) 
discovered by Yamabe and later by Yata in the early 1980s [22–25]. The seed of this 
technology was the discovery of conductive polymers by Professor Hideki Shirakawa 
and his group, and it could also be seen as having started from the polyacetylene 
lithium-ion battery developed by Alan MacDiarmid and Alan J. Heeger et al. [26] 

In 1982, Godshall et al. were awarded US Patent 4,340,652 [27] for the use of 
LiCoO2 as cathodes in lithium batteries, based on Godshall’s Stanford University 
Ph.D. dissertation and 1979 publications. 

In1983, Michael M. Thackeray, Peter Bruce, William David and John B. Good-
enough developed manganese spinel, Mn2O4, as a charged cathode material for 
lithium-ion batteries, and study has shown that two flat plateaus occur on discharge 
with lithium, one at 4 V, stoichiometry LiMn2O4 and one at 3 V with a final 
stoichiometry of Li2Mn2O4 [28].
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Akira Yoshino assembled a prototype cell using carbonaceous material in 1985, 
into which lithium ions could be inserted as one electrode and lithium cobalt oxide 
(LiCoO) as the other[29]. This histrionically improved safety. LiCoO facilitated 
industrial-scale production and initiated the usage of commercial lithium-ion battery. 

In the year of 1989, Manthiram and Goodenough discovered the polyanion class of 
cathodes [30, 31]. Their study has shown that positive electrodes containing polyan-
ions, e.g. sulphates, produce higher voltages than oxides due to the inductive effect of 
the polyanion. This polyanion class contains materials such as lithium iron phosphate 
[32]. 

From 1990, lithium-ion batteries are produced for commercialization, and 
advancements have been made for better performance and increased capacity of 
lithium-ion batteries. In the year of 1991, Sony and Asahi Kasei released the first 
commercial lithium-ion battery [33]. The Japanese team that successfully commer-
cialized the technology was led by Yoshio Nishi. In 1996 [34], Goodenough, Padhi 
and co-workers proposed lithium iron phosphate (LiFePO4) and other phospho-
olivines (lithium metal phosphates with the same structure as mineral olivine) as 
positive electrode materials [35]. 

Johnson et al. reported the discovery of the high capacity high-voltage lithium-rich 
NMC cathode materials in 1998 [36]. 

In 2001, Manthiram and co-workers discovered that the capacity limitations of 
layered oxide cathodes are a result of chemical instability that originates due to the 
relative positions of the metal 3d band relative to the top of the oxygen 2p band [37– 
39]. This discovery has had significant implications for the practically accessible 
compositional space of lithium-ion battery layered oxide cathodes, as well as their 
stability from a safety perspective. 

In the same year, Christopher, Thackeray et al., filed a patent [40, 41] for lithium 
nickel manganese cobalt oxide (NMC) lithium-rich cathodes based on a domain 
structure, whereas Lu and Dahn filed a patent [42] for the NMC class of positive 
electrode materials, which offers safety and energy density improvements over the 
widely used lithium cobalt oxide. 

In the year of 2002, Yet-Ming Chiang and his group at MIT showed a substan-
tial improvement in the performance of lithium batteries by boosting the material’s 
conductivity by doping it [43] with aluminium, niobium and zirconium. The exact 
mechanism causing the improvement became the subject of widespread debate [44]. 

In 2004, Yet-Ming Chiang again increased performance by utilizing lithium iron 
phosphate particles of less than 100 nanometres in diameter. This method decreased 
particle density almost one 100-fold, increased the positive electrode’s surface area 
and improved capacity and performance. Commercialization led to a rapid growth in 
the market for higher capacity lithium-ion batteries, as well as a patent infringement 
battle between Chiang and John Goodenough [44]. 

In 2005, Song et al. reported a new two-electron vanadium phosphate cathode 
material with high-energy density [45, 46]. 

In 2011, lithium nickel manganese cobalt oxide (NMC) cathodes, developed at 
Argonne National Laboratory, are manufactured commercially by BASF in Ohio
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[47]. In the same year, lithium-ion batteries accounted for 66% of all portable 
secondary (i.e. rechargeable) battery sales in Japan [48]. 

In the year of 2012, Goodenough, Yazami and Yoshino received the 2012 IEEE 
Medal for Environmental and Safety Technologies for developing the lithium-ion 
battery [21]. 

Goodenough, Nishi, Yazami and Yoshino were awarded the Charles Stark Draper 
Prize of the National Academy of Engineering for their pioneering efforts in the field 
in 2014 [49]. In the same year, commercial batteries from Amprius Corp. reached 
650 Wh/L (a 20% increase), using a silicon anode, and were delivered to customers 
[50]. 

In 2016, Koichi Mizushima and Akira Yoshino received the NIMS Award from the 
National Institute for Materials Science, for Mizushima’s discovery of the LiCoO2 

cathode material for the lithium-ion battery and Yoshino’s development of the 
lithium-ion battery [51]. In the same year, Qi and Koenig reported a scalable method 
to produce sub-micrometre-sized LiCoO2 using a template-based approach [52]. In 
2010, global lithium-ion battery production capacity was 20 gigawatt-hours [53]. By 
2016, it reached 28 GWh. 

13.4 Materials Acceptable for Application Parameters 

The study on effects of lithium oxide on the thermal properties of the ternary system 
glasses (Li2O3–B2O3–Al2O3) has been carried out [54]. The boric anhydride B2O3 

is used as the only trainer of network. It introduces many valuable properties on the 
glass system like improving the fusibility, increasing the mechanical resistance, high 
thermal resistance and a decrease in the surface tension and increases the chemical 
resistances [55, 56]. The study on physical properties show that the density of the 
samples increases with the addition of lithium oxide, which can be explained by 
filling the voids between the structural units by the network modifiers (Ion of Li+) 
[54]. Thus, the molar volume decreases and density increases. Lithium has applica-
tions in the field of optometry too. The study on optical properties of lithium borate 
glass (Li2O)x–(B2O3)1−x shows that the refractive index increases with decreasing 
molar volume and which in turn increases the density [57]. A series of (Li2O)x– 
(B2O3)1−xhas been synthesized, and the structure of the glass system was determined 
by FTIRand X-ray diffraction. An addition of Li2O causes change in coordination 
number, and the coordination number of lithium borate glass leads to the increase of 
refractive index and creates more non-bridging oxygen which results in the decrease 
of optical energy band gap for both direct and indirect band gap. It is used for detecting 
penetration of radiation which is applied in homeland security and non-proliferation. 
The main objectives of the present work were to study the refractive index and optical 
band gap with variation of lithium borate glass composition. The characterization 
and properties of lithium disilicate glass ceramic (Li2Si2O5) are studied in the SiO2– 
Li2O–K2O–Al2O3 system [58]. The experimental results and their discussion show



142 A. Poddar et al.

that it is found as one such all-ceramic system that is currently used in the fabrica-
tion of single and multiunit dental restorations. The area of applications is mainly 
for dental crowns, bridges and veneers because of its colour being similar to natural 
teeth and its excellent mechanical properties [59]. 

It is seen that unconventional bismuthate glassy samples containing lithium oxide 
have been prepared by a conventional melt quench technique [60]. The study of X-
ray diffraction, scanning electron microscopy and differential thermal analysis shows 
that stable binary glasses of composition xLi2O–(100–x)Bi2O3 can be achieved for 
x = 20 − 35 mol%. Differential thermal analysis and optical studies show that 
the strength of the glass network decreases with the increase of Li2O content in 
the glass matrix. A study on synthesis, thermal, structural and electrical properties 
of vanadium-doped lithium manganese borate glass and nanocomposites has been 
done [61]. A glassy sample with a nominal formula LiMn1−3x/2–VxBO3 (where x 
= 0.05) was synthesized, and dependencies of glass transition and crystallization 
temperatures on the heating rate in DTA experiments were determined. It is found 
that the highest conductivity at room temperature (2.6 × 10−9 Scm−1) was obtained 
for the sample nano-crystallized at 700 °C. This means conductivity increases by 
a factor of 2 × 106, which was also higher by three orders of magnitude than for 
lithium manganese borate glass without vanadium. 

The glass system Li2O–B2O3–ZnO (LBZ) prepared by melt quenched method 
has been studied [62]. The effect of adding alkali oxide Li2O on the variation of the 
structure and properties of the glass system (B2O3–ZnO) led to interesting results. It 
is noted that the density of glasses decreases with the decrease of lithium oxide and 
increase of boron oxide. The addition of the network modifying oxide Li2O content 
greater than 50% (by weight in %) in a system glass (B2O3–ZnO) contributes to the 
creation of the non-bridging oxygen and thus the reduction in the structural rigidity 
of vitreous network and weakening of the mechanical and thermal properties. 

Lithium has applications in food industry too. The lithium lanthanum titanate 
ceramics as sensitive material for pH-sensors have been carried out [63]. The high 
lithium conductivity of this oxide, at room temperature, would indicate a possible 
use of this material as a lithium-ion-selective electrode. This sensor can be used 
in industrial processes like milk fermentation, in control of cleaning of fermenters 
(cleaning in place), yoghurt fabrication and wastewater treatments. 

It has been studied that Co3O4 nanotubes, nano-rods and nanoparticles are used 
as the anode materials of lithium-ion batteries [64]. The results show that the Co3O4 

nanotubes, prepared by a porous alumina template method, display high discharge 
capacity and superior cycling reversibility. 

Studies show that the nanostructured silicon is promising for high capacity anodes 
in lithium batteries [65]. The specific capacity of silicon is an order of magni-
tude higher than that of conventional graphite anodes, but the large volume change 
of silicon during lithiation and delithiation and the resulting poor cyclability has 
prevented its commercial application. 

Frequency-dependent AC conductivity measurements were implied on the 
prepared silver-doped lithium tellurite borate glass system in the high-frequency 
range 5 Hz–35 MHz [66]. Lithium containing glasses show higher-order electrical
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conductivity or ionic conductivity and are widely used for electro-chemical devices 
like solid-state batteries, glass electrolytes and fuel cells. The four most predomi-
nant compounds formed from lithium reactions are lithium hydride (LiH), lithium 
oxide (Li20), lithium nitride (Li3N) and lithium hydroxide (LiOH). All are stable but 
extremely reactive and corrosive compounds [67–70]. No metal or refractory material 
can handle molten lithium hydroxide (LiOH) in high concentrations as LiOH, being 
enough corrosive. Li20 is highly reactive with water, carbon dioxide and refractory 
compounds. Li3N is also very reactive. No metal or ceramic has been found resistant 
to molten nitride. Being hygroscopic, it forms ammonia in the presence of water, 
whereas LiH reduces oxides, chlorides, sulphides readily and reacts with metals and 
ceramics at high temperatures. 

Apart from these applications, Li2O containing glasses are also used for various 
industrial applications as well as in the formation of dielectric materials for high-
speed transmission of signals. 

13.5 Conclusion 

Rechargeable batteries play a crucial role in portable electronics, transportation, 
backup power and load-levelling applications. Presently, lead acid and Li-ion 
chemistries are the most important categories of rechargeable batteries. The Li-ion 
chemistry is expected to play a superior role in the future due to its greater gravi-
metric and volumetric densities as compared to other battery chemistries. Moreover, 
the cost of Li-ion batteries continues to drop due to engineering progresses and mate-
rials developments. The nanocomposite materials are at the epicentre of the material 
advancements in cathode, anode, binder and separator of Li-ion batteries. The great 
advantage of nanocomposite materials is that they can improve the safety, cycle life, 
rate capability and specific capability of Li-ion batteries. 
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Chapter 14 
Photonic Glass Ceramics 

Swarupa Ojha, Madhab Roy, and Sanjib Bhattacharya 

Abstract This chapter deals with glass ceramics and their attracting properties 
which make them promising materials in various photonic applications like optical 
amplifiers, telecommunications, spectroscopy, solid-state lasers, light detectors, etc. 
A brief history on the development of ceramic glasses using different materials has 
been illustrated. A brief introduction about chalcogenide glasses along with their 
unique properties has been presented with the main focus on their optical properties 
for photonic applications. There is a small discussion on the materials, for making 
chalcogenide glasses, which have been accepted for various application param-
eters. Chalcogenide systems containing lithium ions are exceptionally promising 
candidates for various photonic applications. 

Keywords Glass ceramics · Photonic glass ceramics · Chalcogenide glasses ·
Optical properties and applications of chalcogenide glasses 

14.1 Photonic Glass Ceramics—What Is It? 

Glass ceramics are nanomaterials in which crystals, in the size range of nanometers to 
micrometres, are embedded in a glass matrix. Glass ceramic is a polycrystalline mate-
rial which can be formed by crystallizing base glass in controlled manner. Generally, 
crystallinity of these glasses lies between 30 and 70% [1]. This material exhibits prop-
erties of glasses (like simple fabrication, moulding, etc.) as well as ceramics (such 
as hardness, high thermal shock resistance). This material is having one amorphous
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Fig. 14.1 Schematic of 
two-dimensional structures: 
a glass b glass ceramics 

phase and one or more crystalline phases which enhance the need for controlled crys-
tallization during its production [1]. This property of glass ceramic makes it different 
from other glasses in which spontaneous crystallization is required. Some of the fasci-
nating properties of glass ceramics are zero void fraction (or porosity), high strength, 
hardiness, opacity, low thermal expansion (material’s tendency of changing its shape 
and density with temperature), fluorescence (property of a material to emit light 
in absorbing electromagnetic radiation), high-temperature stability, high chemical 
durability, low dielectric constant and loss, etc. [1]. In a glass ceramic, it is possible 
to modify these properties by varying its glass compositions and crystallizing it 
in controlled mode [1]. Figure 14.1a, b shows the schematic of two-dimensional 
structures of glass and glass ceramics, respectively. 

Glass ceramics are nanocomposite materials in which nanocrystals are embedded 
in a glass matrix. The properties of such materials are determined by their composi-
tions and the volume fractions of crystalline and amorphous phases in the materials. 
For the materials having confined structures, transparency is a vital property. 

The attracting properties of ceramic glasses have made these materials as one of the 
most promising materials in photonic (which is a technology to generate, control and 
detect photons across electromagnetic spectrum) applications like optical amplifiers, 
telecommunications, spectroscopy, solid-state lasers, light detectors, etc. [2]. In these 
glasses because of the presence of crystals in the size range of certain micrometres to 
nanometres and due to the small difference of refractive index between the crystalline 
and the amorphous phases, the high transparency is retained by the materials [2]. In 
glass ceramics, the amount of crystalline volume fraction may vary from 30 to 90%. 
They can also be used as luminescent materials as the addition of impurities plays a 
significant role in modification of transparency in glass ceramics [2]. 

14.2 Background 

The glass ceramics were discovered by a renowned American scientist S. Donald 
Stookey, who was associated with Corning Inc., in the year 1952 [3]. He discovered 
the first glass ceramic from a glass material named ‘Fotoform’ due to its overheating 
at 900 °C. Instead of getting an expected melted mess, he obtained an opaque white 
plate which was found to be much stronger than the glass material Fotoform [4]. After 
that, in the year 1958, he had also discovered two more glass ceramics. The first one
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Fig. 14.2 Ceramic glasses as a Missile Radome and b CorningWare Kitchenware 

was suitable as Radome in the nose core of missiles, and the second one was found 
as suited for consumer kitchenware. The glass ceramic which was found suitable 
in kitchenware was named as Pyroceram [5]. Some of the lucrative properties of 
Pyroceram were light in weight, high heat tolerance, durable, low thermal expansion, 
etc. The brand name of the products made from Pyroceram was CorningWare [5]. 
Ceramic glasses as Missile Radome and CorningWare Kitchenware are shown in 
Fig. 14.2a, b, respectively. 

The control of nucleation and crystallization in the base glass is the key to form 
a glass ceramic. In 1962, Corning Inc. developed a glass ceramic named ‘Chemcor’ 
which was stronger than Pyroceram. ‘Zerodur’—a transparent glass ceramic was 
developed by Schott AG in 1968. Its applications are found in very big telescope 
mirrors and as reference for testing the validity of new glass structural models 
[4]. Nippon Electric glass produced ‘FireLite’, which was also a transparent glass 
ceramic, in 1988 [6]. It was mainly used in safety products like fire rated doors. 
Some companies, like technical glass products, are manufacturing this glass ceramic 
even now [7]. Reports on development and studies on formation mechanisms of 
numerous ceramic glasses are available [8–17]. The study on properties, structures 
and applications of ceramic glasses have been reported by Holand and Beall [18]. 

With the advancement in the development of glass ceramics, their demand has 
been increased in various applications in many fields like health and medicines, 
energy fields (like nuclear industry for immobilizing waste and generation, trans-
portation and storage of electricity, rechargeable batteries), transport industries (as 
valves, oxygen sensors, catalysts, etc.) and communication technologies (in motors, 
filters, etc.) [19]. With the more development of glass ceramics, their applications 
in the optical and photonic devices have also been broadening. SiO2 glasses are the 
most available materials used in optical technology. The wide optical band gaps of 
ceramics glasses, which are insulating in nature, make them suitable for being used 
in optical devices [19]. The processing conditions of ceramic glasses can adapt trans-
parency because their response to light propagation is strongly structure dependent. 
Glass ceramics are having many advantages over single crystals. Simple fabrica-
tion steps are required in the production of glass ceramics. It is easy to produce 
large pieces of ceramics having arbitrary shape and size, which is quite impossible 
to obtain in single crystals. In single crystal, high impurity concentration doping
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is not possible, while in glass ceramics, the possibility of impurity doping helps in 
getting many properties which make these glasses very unique and attractive [19]. 
The properties of these glasses are mainly controlled by compositions. As compared 
to amorphous glasses, ceramics glasses have shown many advantageous properties 
like superior mechanical resistance, better toughness and hardness, high thermal and 
chemical stabilities, etc. Because of the excellent thermal and chemical stability, 
glass ceramics have proved their suitability in a wide range of applications from 
cooktops to large telescope mirrors. 

For preparing a ceramic glass melt, quenching method is generally used to form 
its glassy state followed by controlled heat treatment for partially crystallization. 
Due to no requirement of pressing or sintering during fabrication, these glasses 
contain no pores which make these glasses different from sintered ceramics. The 
first photonic application of glass ceramic was reported in 1995 by Tick et al. [20] 
in which utilization of oxyfluoride ceramic glass as optical amplifiers to be operated 
at 1300nm was mentioned. The suitability of photonics glass ceramics has also 
been found in waveguide applications like propagation of light and enhancement of 
luminescence in which transparency turns out to be vital [21]. In 1998, Tick et al. 
suggested some wide-ranging criteria for light propagation which includes crystallite 
size, particle distribution and clustering [22]. 

14.3 Chalcogenide Glassy Systems 

The glasses which are made from chalcogens, i.e. group 16 elements of periodic table, 
are called chalcogenide glasses. These glasses are formed by combining sulphur, sele-
nium and/or tellurium with some electropositive elements, like group 14 or group 15 
elements, of periodic table. These glasses generally consist of covalent bonds. The 
percentage of ionic conductivity in these glasses is around 9%. These glasses are 
different from oxide glasses (like SiO2) because of their diverse attractive properties. 
Chalcogenide glasses have proved their efficacy in many optical and photonic appli-
cations, spectral range of which is around 0.6–15 µm. These glasses, due to wide 
infrared transparency widow, have been found suitable in preparing many active 
devices (like laser fibre amplifiers and nonlinear components) as well as passive 
devices (such as windows, lenses) [23]. The reason of showing good transparency 
of these glasses, as compared to oxide glasses, in the mid-infrared spectrum is their 
low phonon energies [23]. These glasses exhibit extraordinary nonlinear properties 
because of the presence of polarizable atoms and lone electron pairs. Their linear 
refractive indices are very high, and they have the ability of hosting active rare earth 
dopants which leads to a superior efficiency of radioactive transitions. The higher 
refractive indices make these glasses a brilliant choice for near and mid-infrared (IR) 
applications. These glasses are easy to prepare in bulk as well as thin film forms. 
The flexibility of compositions permits the tuning of optical properties which makes 
them suitable for infrared photonics [23].
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14.4 Optical Properties of Chalcogenide Glasses 

As compared to oxide glasses, the interatomic bonds of chalcogenide glasses are 
weaker due to which their optical band gap energy lies in visible or near IR regions. 
The atoms of chalcogenide glasses are heavier than that of oxide glasses. Their 
bond vibration energy and phonon energy are lower than oxide glasses which 
makes possible excellent transparency in infrared region of electromagnetic spec-
trum. Though the weak bonding and heavy atoms of chalcogenide glasses make them 
superb for mid- and far-infrared (IR) applications, some other physical properties like 
glass transition temperature, strength, hardness, etc., are lower than oxide glasses. 
The high linear refractive indices (2 or 3) of these glasses are due to their high density 
and polarizability, which mainly depends on the composition of the glasses. 

Chalcogenide glasses have been attracting researchers for decades because of 
their higher Kerr nonlinearity than oxide glasses, like silica [24, 25], which can be 
derived from electronic processes having ultra-short lifetime (generally less than 
50 fs) [26] instead of free electrons having larger lifetime (usually in the orders 
of nanoseconds). In chalcogenide glasses, nonlinear absorption processes also take 
place. Multi-photon absorption is one of the examples of nonlinear absorption, in 
which electron–hole pairs can be created on the absorption of multiple photons. The 
structural flexibility and the presence of lone pairs in chalcogenide glasses make 
these glasses suitable to exhibit numerous photo-induced phenomena [25]. When 
a light, energy of which is equal to the band gap of a chalcogenide glass, is made 
to fall on the glass, a photo-induced change can be observed in its refractive index 
which leads to the change in the absorption of the light by the glass [27–30]. There 
are two mechanisms on which change in refractive indices of glasses is dependent: 
photodarkening and photo-volume expansion. Photodarkening increases refractive 
index, while photo-volume expansion mechanism decreases the index. 

14.5 Optical Losses in Chalcogenide Glasses 

As discussed earlier we know that the atoms of chalcogenide glasses are heavier 
than the atoms of oxide glasses. Also these glasses are having lower bond vibration 
energies and phonon energies as compared to oxide glasses. Due to these factors, 
chalcogenide glasses show outstanding transparency in infrared region of electro-
magnetic spectra. Investigation of loss mechanism in chalcogenide glasses is very 
essential for analysing the optical transparency completely. 

Chalcogenide glasses are having mainly three optical loss mechanisms, which are 
as follows: radioactive loss, roughness scattering and material attenuation. Radioac-
tive loss occurs due to coupling into substrate mode caused by bending of waveguide. 
To reduce this loss, device geometry should be selected properly. The roughness at 
sidewalls of optical devices causes scattering losses. Material attenuation is classified
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into two categories: extrinsic loss (occurs due to impurity absorption) and intrinsic 
loss (occurs due to electronic absorption by band tails). 

Over some decades, the third-order optical nonlinearity (TONL) [31]-based 
devices have been receiving attentions of researchers. The TONL property has been 
found maximum in chalcogenide glasses as compared to other optical glasses [31] 
because heavy chalcogen atoms form bonds having low phonon energy. These glasses 
are amorphous semiconductors, they have been found compatible with fibre telecom 
as well as silicon technologies, and hence, they can be used in infrared and photonic 
devices [31]. When chalcogenide glasses are interacted with electrons, X-rays and 
photons, these glasses can change their phases [32]. This property of these glasses 
makes them attractive for applications like non-volatile memory devices [32]. 

14.6 Materials Acceptable for Application and Parameters 

Several reports are available on the support of ability of chalcogenide glasses being 
used in photonic applications. Some of these reports are discussed below: 

Samson et al. [33] have reported the fitness of gallium lanthanum sulphide in 
nanophotonic devices because of its capability to provide switching and modulation 
functionality. Quemard et al. [34] have reported the studies of Ge–Se–As-based 
chalcogenide glasses to analyse its nonlinear optical properties. He observed that 
the nonlinearities of these glasses are 800 times higher than that of silica glasses. 
These glasses were found appropriate for telecommunication applications. The study 
on optical and thermal stability of Ge–As–Se-based chalcogenide glasses has been 
reported by Zhu et al. [35]. The increase of optical and thermal stability in the glasses 
has been observed with the addition of Ge in the glasses. The glasses are found to 
be promising for high stable photonic device applications. Dongol et al. [36] have  
reported the effect of sulphur addition on structural and optical properties of Ge– 
Se–S-based thin films of chalcogenide glasses. On adding sulphur in the glasses, 
the optical band gap and the single oscillator energy started increasing, while the 
refractive index and the dispersion energy started decreasing, which makes the thin 
films of these glasses a promising applicant for nonlinear optical designs. 

The high linear refractive index (which is 2.2–2.6 for sulphide, 2.4–3.0 for selenide 
and 2.6–3.5 for telluride), low phonon energy and high optical nonlinearity proper-
ties of chalcogenide glasses make these glasses a wonderful candidate for super-
continuum applications, reported by Goncalves et al. [37]. These glasses have also 
been found appropriate in various infrared optical applications as fibres and waveg-
uides because of their ability to extend optical transparency (range is from visible to 
10 µm, 12–14 µm and 20 µm for sulphides, selenides and tellurides, respectively) 
[37]. The other important property of chalcogenide glasses is their high viscoelas-
ticity because of which they can easily be shaped to reduce dimensions forming 
fibres and thin films that can be incorporated in photonic devices [37]. The optical 
properties of a chalcogenide glass can be engineered by tuning its compositions.
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In GeS2–In2S3–CsCl chalcogenide glasses, the modification of third-order optical 
nonlinearity with the help of nanocrystallization has been reported by Yang [31]. 
Nanocrystallization helps to modify the optical band gap in these glasses. With the 
appearance of nanocrystals in this glass, the nonlinear refraction coefficient as well as 
the nonlinear absorption coefficient of the glass is increased. The possibility of use of 
chalcogenide glasses in biomedical applications as sensitive evanescent wave optical 
sensors was reported by Bureau et al. [38]. They measured the infrared signatures of 
biomolecules present in human cells. Lezal et al. [23] prepared and investigated the 
optical properties of As2Se3, Ge–Se and Ge–Se–Te-based chalcogenide glasses. The 
main applications of clalcogenide glasses reported by them are laser power delivery 
systems, anti-reflection coating, fibre lasers and thermal imaging. The reports on 
the suitability of Ge–As–Se-based glasses on the manufacturing of buried channel, 
rib waveguides and nonlinear nanowires were made available by Gai et al. [39]. 
The production of single mode and multi-mode optical fibres from arsenic sulphide-
based chalcogenide glass and their possibility in different applications because of 
its technical and operating characteristics was reported by Shiryaev et al. [40]. Yang 
[41] reported the dependency of Ge–As–S chalcogenide glass on its composition in 
which density of the glass is found to correlate linearly with the sulphur content and 
the optical band gap is found to decrease with the decrease of content of sulphur in 
the glass. 

Many research works have been done on binary, ternary and quaternary chalco-
genide glasses [42–82]. The variations in the optical band gaps and refractive indexes 
of the glasses have been observed, and the dependence of tuning of their optical 
parameters on composition has been found. The decrease of optical band gap and the 
increase of refractive index on adding different elements like As, Ge, In, Sb, Bi, Pb, 
etc., to most of the chalcogenide glasses have been observed by many researchers 
[42–82]. 

14.7 Chalcogenide Glassy Composites Containing Lithium 
for Application in Photonic Devices 

The suitability of lithium containing chalcogenide glasses in photonic applications 
is reported by many researchers. A few of these reports are summarized below: 

Lin et al. [83] reported the fabrication of nano-crystalline IR transparent chalco-
genide GeS2–Ga2S3–LiI glass ceramics at temperature 403 °C for different durations. 
An increase of Li+ ionic conductivity was observed in the sample of the system heated 
for the duration less than 60 h. The obtained glass ceramics was found with supe-
rior thermo-mechanical properties, enhanced second-order optical nonlinearity and 
improved ionic conductivity. 

Rao et al. [84] reported the rib loading of thin films of lithium nibonate with chalco-
genide glassy system Ge23Sb7S70 to fabricate high-performance electro-optical
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devices (like micro-ring modulators and Mach–Zehnder modulators) on silicon 
substrate, which can be used for short reach optical interconnects. 

Yelisseyev et al. [85] reported that the transparency and photoluminescence of 
lithium thiogallate LiGaS2 (LGS) are affected by annealing in suitable atmosphere. 
Suitability of the use of LGS, with anion vacancies, as a tunable light emitting 
medium in solid-state lasers (because of its nonlinear susceptibility) and in various 
optoelectronic devices, was also reported by them. 

The heterogeneous integration of lithium nibonate and chalcogenide glass waveg-
uides on silicon substrate was reported by Honardoost et al. [86]. This can provide a 
proficient utilization of second- and third-order nonlinearities on a single chip which 
makes their suitability in various applications like stabilized optical combs. 

Zhang et al. [87] studied the optical properties of Li2ZnGeSe4 and Li2ZnSnSe4 
semiconductors. The optical band gap shown by these compounds was around 1.8 eV. 
A large range of their transparency windows was obtained which is 0.7–25 µm. 
The properties studied by them showed that these compounds are having immense 
potential to be used in various applications like tunable laser systems. 

14.8 Conclusion 

In this chapter, glass ceramics and their attractive properties have been discussed. 
Due to the presence of properties of both glass and ceramic in these materials, they 
have become popular in many photonic applications like optical amplifiers, telecom-
munications, spectroscopy, solid-state lasers, light detectors, etc. After that a brief 
discussion on chalcogenide glasses along with their unique and attractive proper-
ties has been given. Chalcogenide glasses have been found as more advantageous 
than oxide glasses in photonic applications. The use of different suitable materials 
by different researchers for making various chalcogenide glasses containing lithium 
ions for photonic applications has also been discussed in this chapter. 
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Chapter 15 
Battery Applications 

Prolay Halder and Sanjib Bhattacharya 

Abstract A lithium-ion battery is a type of rechargeable battery, which plays impor-
tant roles in growing up of electronics device technology. It is used mainly as a 
portable electronic appliance as a stationary energy storage. In Li-ion batteries, elec-
trolytes are important component for changing and discharging. Several types of elec-
trolytes are used such as the aqueous electrolytes, liquid electrolytes and solid glassy 
electrolytes. But in Li-ion batteries, the uses of aqueous electrolytes have advantages 
over liquid electrolytes, but there are many drawbacks such as smaller energy density 
and limited use due to smaller electrochemical window of stability of 1.023 eV. In 
case of liquid, electrolytes have high-energy density, no memory effect and low self-
discharge, but there are safety problems associated with flammable organic liquid 
electrolytes. There are many factors for evaluating a good electrolyte material used for 
lithium-ion battery. Now, the glassy electrolytes and lithium electrodes are suitable 
choice for Li-ion battery. Glass-based material is a solid-state battery. To improve 
the safety performance, non-flammable inorganic solid glassy electrolytes are used 
in the battery. And also the solid lithium-ion battery provides high-energy density 
in lightweight package. For more improvement for electric vehicles, we have to do 
further research and need advanced characterization technique. 

Keywords All-solid-state lithium-ion batteries · Inorganic lithium-ion 
conductivity · Glassy electrolytes: advantage and disadvantage 

15.1 Introduction 

We are essentially concerned about that global warming due to heavy uses of non-
renewable energy sources. In search of alternative energy source without pollution
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and also energy-saving storage for portable electronic appliances, we can introduce 
new technology of lithium-ion rechargeable secondary batteries. The lithium-ion 
battery industry has occupied a very important position in the world for a long time. 
Lithium-ion battery is one of the keys to grow up information technology [1]. For a 
long time, the starter-ignition-lighting (SLI) batteries are used in motor vehicles. The 
most important application of the rechargeable battery has taken place in portable 
electronics technology, i.e. laptop, smartphone, tablets, etc. The rapid growth of Li-
ion battery (EVs) has become more acceptable by people for vehicles. Therefore, 
in very short times it expands significantly in market. Most of the economically 
important things are due to its lightest property, excellent cycle performance and most 
highly reducing of metals. It confers to battery’s good specific density and volumetric 
energy density [1]. Apart from the large-scale utilization of the rechargeable battery, 
the Li-ion battery has dominated the maximum part of the fastest going market. 
The typical value of market share of rechargeable battery chemistries of year 2009 is 
written as follows [2]: lithium-ion battery: 49%, lead acid: 43%, nickel–metal hybrid 
(NiMH): 4%, nickel and cadmium (Ni–Cd): 3% and others: 1%. 

15.2 Advantages of Li-Doped Glass Composites for Battery 
Applications 

In the recent year, for the domestic uses perspective of lithium-ion battery application, 
the rapid growth of lithium batteries market share has been increased. In 2018, 
total global production of lithium-ion battery reached 17.05 GWh, with year-on-year 
growth of 15.12%. From 2005 to 2018, the global lithium battery market grew from 
$5.2 billion–$35 billion. The annual compound growth rate is 15.1% [3]. Graphical 
representation of lithium-ion battery market size is shown in Fig. 15.1, and also the 
same of lithium-ion production is shown in Fig. 15.2. 

Fig. 15.1 Global 
lithium-ion battery market 
size and forecast of 
2013–2020. Republished 
from “Chen Shen and 
Huaiguo Wang, Journal of 
Physics: Conference Edition, 
2019; IOP Publishing”
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Fig. 15.2 Global 
lithium-ion battery 
production and forecast of 
2013–2020. Republished 
from “Chen Shen and 
Huaiguo Wang, Journal of 
Physics: Conference Edition, 
2019; IOP Publishing”. 

15.3 Materials Acceptable for Application 

Traditional lithium-ion batteries uses organic electrolytes, which are volatile and 
highly flammable and polymer electrolytes, which have low thermal stability [1]. For 
this issue, it is easy to cause fire accident and explosion. To avoid this kind difficulty 
regarding safety issue in lithium-ion battery, liquid electrolytes can be replaced by 
inorganic non-flammable solid electrolytes [1]. The essential requirements for these 
solid electrolytes for their purposeful application are as follows:

• Possess high ionic conductivity (>10–4 Ω−1 cm−1).
• Negligible electronic conductivity.
• Wide electrochemical stability window as well as favourable transfer impedance 

between interfaces [4]. 

Here, two main categories are of great interest, which are crystalline elec-
trolytes and glass-based electrolytes. Several types of solid electrolytes such as 
perovskite, anti-perovskite, NASICON, garnet, LISICON, sulphide, argyrodite and 
glass–ceramic are of main focus of researchers for improving cell performance and 
enhancing electrical conductivity [5]. 

15.4 Comparison Between Li-Doped and Other Glassy 
Systems for Battery Applications 

There are two types of lithium-ion conductor, one of which is oxide type and another 
is sulphide-type lithium-ion conductor.
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15.4.1 Oxide-Type Conductor 

15.4.1.1 Perovskite Conductor 

Perovskite (ABO3)-type conductors have several structural forms. On the basis of 
optimal bulk Li+ conductivity with different types of solid electrolytes, A and B sites 
cation can be replaced with different ions after optimization. From the numerical 
studies, it is seen that the ionic conductivity can reach 10–3 S.cm−1 [6]. The general 
formula of perovskite-type lithium lanthanum titanate can be expressed as Li3xLa 
2/3−xTiO3(LLTO, 0.7 < x < 0.13) [4] with the activation energy ranging from 0.3 to 
0.4 eV. LLTO-based solid electrolytes have many importance applications in Li-ion 
battery uses. 

(i) Their appropriate electrical windows and high electrochemical stability 
(>8 V). 

(ii) Acceptable ionic conductivity and negligible electronic conductivity. 
(iii) Stability in dry and hydrated atmospheres. 
(iv) Stability in wide temperature ranging from 4 to 1600 K [7]. 

For high gain-boundary resistance and instability against Li metal anode, two 
major difficulties arise. It has reported that to introduce silica halide, LLZO is acting to 
reduce the gain-boundary of LLTO and doping of Al to achieve the high conductivity. 

15.4.1.2 Anti-Perovskite Conductors 

In anti-perovskite (LiRAPs) conductors, the ions in the corresponding lattice sites 
move electronic inversion with perovskite-type conductor, but the structures are 
similar to perovskite electrolytes. It is reported by the researcher that at the ambient 
temperature with activation energy of 0.2–0.3 eV, the ionic conductivity Of LiRAPs 
can reach greater than 10–3 S.cm−1[6], so that even under high temperature, LiRAPs 
possess good stability. Li+ with divalent cation, i.e. Mg2+, Ba2+and Ca2+, is to be  
replaced at the Li6O octahedral centre. So that the depletion of LiA can achieve 
superior conductivity in which the conductivity of Li3Ocl0.5Br0.5 can shift to 6.05 
× 10–3 S.cm−1 at room temperature [8]. The other type of anti-perovskite can be 
expressed as Li3-2xMxHalO, where M indicates the divalent cations (Mg2+,Ca2+ or 
Ba2+) and Hal for halides(cl−,I− or mixture). At 25 °C, LiRAPs can show the ultra-
fast ionic conduction, and its value is 25 mScm−1 [9]. On the basis of these advantages 
of glassy electrolytes, it is suitable for the application of higher valence dopants for 
using in future.
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15.4.1.3 NASICON Conductor 

NASICON is another type of Li-ion conductors with general formula, 
Na1+xZr2P3-xSixO12 [6]. They are promising fast ion conductors with high conduc-
tivity. Reported by the researcher, they are mentioned that there are three reasons 
in increasing the conductivity of Na1+xZr2P3-xSixO12, and these are to increase the 
mobility of Na+ ions in the structure, the higher density of sintered pellets and the 
Na+ ions migration through the 3D structure with enlarged tunnel size [10]. 

The iso-structural form of NASICON-type conductors is LiM2(PO4)3 where M 
stands for Zr, Ti, Hf, Ge and Sn (reported in 1977). They are classified into two ways: 
the first one is LiM2(PO4)3 with rhombohedral symmetry (M = Ti, Ge) and the last 
one is LiM2(PO4)3 with triclinic phase and lower symmetry (M = Zr, Hf and Sn) 
[6]. 

Researcher reported that due to the optimal size for conducting Li+ in LiTi2(PO4)3, 
it has better conductive performance other than LiM2(PO4)3, where M stands 
for Zr, Hf and Sn. And also mentioned that by partial replacing Ti4+ cations in 
Li1+xRxTi2(PO4)3 with trivalent cations such as Al3+, Sc3+, Ga3+, In3+ and Cr3+ can 
give higher the conductivity. Li1.3Al0.3Ti1.7(PO4)3 shows the conductivity of 7 × 
10–4 S.cm−1 [11]. 

15.4.1.4 Garnet-Type Oxide 

The nominal composition of garnet-type oxides is Li5La3M2O12 (M = Tb, Nb) [6], 
and it shows that lithium-ion conductivity is of the order of 10−6 S.cm−1 at 25 °C 
temperature [12]. Ortho silicates garnets possess the general formula A3 

¡¡B2 
¡¡¡(SiO4)3 

[6], where A and B are cations, A coordinated with eight oxygen atoms and B 
coordinated with six oxygen atoms in the structure. 

The advantages of garnet-type oxides are that contribution gain boundaries resis-
tance is much smaller than NASICON phosphates and perovskite-type oxides. It 
also has compatibility with lithium anode. They have high ionic conductibility and 
excellent chemical stability. 

InLi5La3M2O12 is expected to enhance the conductivity level by partially 
replacing of Y or In at the M sites of it. For an example, at 50 °C the increased 
conductivity is 1.8 × 10−4 S.cm−1 [5] in Li5.5La3Nb1.75In0.25O12 with low activation 
energy. Another type garnet-like structure is cubic Li7La3Zr2O12 (LLZO) which has 
ionic conductivity ~ 3 × 10−4 S.cm−1.
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15.4.2 Sulphide-Type Li-Ion Conductors 

15.4.2.1 Thio-LISICONs 

Due to increase of electrochemical performance as compared with LISICONs family, 
the tho-LICOCONs have suggested that a sulphide-type Li-ion conductors constitute 
a family with the nominal composition of Li4-xM1-xM’yS, where M stands for AL, Zn 
and Ga at 25 °C and ionic conductivity of Li4-xGe1-xPxS4 is 2.2 × 10–3 S.cm−1 [6]. As 
the ionic conductivity depends on the ionic radius of the corresponding ions and its 
polarizability and the interactions between L+ and S−2are found to be much weaker 
than the interaction between O−2 and L+, by replacing O with S, the interaction 
between L+ in the sub-lattice can be decreased to enhance the concentration of 
mobile Li+ so that the conductivity increases in S-doped LISICON [5]. 

As crystalline sulphide Li-ion conductor (Li10GeP2S12) electrolytes have excellent 
electrochemical properties, better conductivity and wide range of potential windows, 
they can be used as an electrolyte in Li-ion batteries, where LicoO2 is used as a 
cathode and Li-In alloy is used as an anode to improve the better cell performance 
[13]. 

15.4.2.2 LGPS–Family 

Li10GeP2S12 (LGPS) was first proposed in 2011 [6]. In solid electrolytes, the Li-
ion conduction of Li10GeP2S12 type crystalline sulphides is much better than the 
organic liquid electrolytes, used in lithium-ion batteries. The typical value of ionic 
conductivity shows over 10−4 S.cm−1 [5]. However, for the low abundance and high 
cost of Ge in electrolytes, new type LGPS materials are necessary to introduce for 
the application of batteries. The LGPS type family is classified into two groups [14]. 
The first one is Ge-free electrolytes (Li10GeP2S12), and the last one is Ge-doped 
electrolytes (Li7GeP2S8) on the basis of this Ge4+ being substituted with Sn4+ or Si4+ 

such as Li10SnP2S12 and Li11Si2PS12, respectively. The researchers reported that 
Sn4+ substitution can deliver the bottleneck of Li + diffusion along the z-direction. 
As a result, Li9.5Si1.74P1.44S11.7cl0.3 performs an excellent high conductivity up to 
2.5 × 10–2 S.cm−1 [15], and also it shows the highest conductivity ever reported 
for Lithium-ion conductor. Li9.6P3S12 has excellent electrochemical stability, and 
under extreme cell operation condition, it has longer lifespans. The dual doping of 
Sn and Si with adjusting ratio Sn/Si in original LGPS materials may increase the 
ionic conductivity level of 1.1 × 10–2 S.cm−1 [6].
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Table 15.1 Ionic 
conductivities of 
representative crystalline 
inorganic solid Li-ion 
conductors at room 
temperature 

Electrolyte Ionic conductivity (S cm−1) References 

Li3xLa(213)-xTi03 10−3 [6] 

LiRAP 10−3 [6, 8] 

LiM2(P04)3 10−3–10−4 [11] 

LisLa 3M2012 l0−4–10−6 [5] 

Li4-xMl-„ 10−2–10−3 [6] 

LGPS l.lx 10–10−4 [5, 15, 16] 

Li6PSsX 10−2–10−3 [17] 

15.4.2.3 Argyrodites 

The general formula of Li-ion conducting argyrodites family is expressed as Li6PS5X, 
where X stands for halides Cl, Br, I. Li6PS5Br shows room temperature ionic conduc-
tivities, which applies the process of solid-state sintering [16] in argyrodite. We can 
express Li2S sintered with Li6PS5Cl and Li6PS5Br, which are showing the ionic 
conductivity of 1.8 × 10–3 S.cm−1 and 1.3 × 10–3 S.cm−1at room temperature 
[17]. In several batteries, Li6PS5Br is usually employed as a solid electrolytes. 
The Cu-Li2S/Li2PS5Br/In battery shows high initial charge and discharge capaci-
ties of 500 mAhg−1 and 445 mAhg−1, respectively [18]. At room temperature, the 
conductivity of crystalline inorganic solid Li-ion conductors is given in Table 15.1. 

15.5 Advantages and Disadvantages of Inorganic 
Lithium-Ion Conductor for Battery Application 

Different types of inorganic Li-ion conductors are used as a solid electrolyte in all-
solid-state Li-ion battery. They have some advantages and limitations, which are 
mentioned below:

• Perovskite type of solid electrolytes has high electrochemical stability and stability 
at high temperature. But they have two major difficulties, its grain boundaries 
resistance is high and prepares with very harsh condition [6].

• Anti-perovskite types (LiRAPs) of solid electrolytes can reach higher ionic 
conductivity at ambient temperature. LiRAPs (Li3-xMxHal) can show ultra-fast 
ionic conductivity in glassy electrolytes and also process good stability. But its 
disadvantages is that these types of material are attracting and holding water from 
surrounding. This is the reason why it had prepared in inert atmosphere [4].

• NASICON type of Li-ion conductors in solid electrolytes shows fast ionic 
conductions, but its grain-boundary resistances are high and the NASICON-type 
electrolytes solid-state batteries are expensive [19].

• Sulphides-doped Li-ion conductor solid-state electrolytes have much better ionic 
conductivity compared to oxide-type solid electrolytes in Li-ion batteries. But its
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limitation is that this type of material reacts with moisture, so they have instability 
in ambient atmosphere [20].

• LISICON-type solid electrolytes in solid-state battery have good electrochemical 
stability and wide potential window voltage. But its ionic conductivity is much 
lower than the other oxides-type solid electrolytes [5].

• Argyrodite type of solid electrolytes has high ionic conductivity, but they have 
instability in ambient temperature. 

15.6 Parameters for Various Issues 

15.6.1 Electrolytes 

Lithium-ion battery is a type of rechargeable secondary battery which can be charged 
and discharged. A solid lithium-ion battery is composed of three major components 
which are an anode, a cathode and a solid electrolyte.

• Ionic conductivity of the glasses: Lithium conducting glasses exhibit high ionic 
conductivity than corresponding crystal because of the large amount of free 
volume of the glasses due to open structure [21]. The structure of SiO2 glass 
and crystal is shown in Fig. 15.3.

• Single cation conduction: Inorganic glassy materials produce single cation 
conduction and which results in very wide electrochemical windows. For the 
single cation conduction, the inorganic glassy system shows that process in which 
the mode of ion conduction relaxation is decoupled from the mode of structural 
relaxation [22]. This system has decoupling property, which generates the higher 
single ion conduction. 

Fig. 15.3 Schematic of 
structure of sio2: a glass and 
b crystal. Republished from 
“Can Cao, Zhuo-Bin Li, 
Xiao-Liang Wang, Frontiers 
Energy 2 (2014) 1”
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Fig. 15.4 Volume changes 
from glass to crystal with 
increasing temperature. 
Republished from “Courtney 
Calahoo, Lothar 
Wondraczek, Journal of 
Non-Crystalline Solids: X 8 
(2020) 100,054” 

• Formation of super-ionic metastable phase in glassy materials: Metastable phase 
is formed by inorganic glassy material [8]. Metastable phase is not thermody-
namically stable at a given temperature. If we heat the glass at glass transition 
temperature, then its conductivity will decrease with crystallization. The varia-
tion of volume with temperature is depicted in Fig. 15.4 in the glass-based solid 
electrolytes using in lithium-ion battery.

• Several ways of increasing conductivity: There are several process for increasing 
the conductivity of glassy electrodes, i.e. mixed an ion effect, mixed glass former 
or network former or modifier effect. 

At room temperature, Li2O-B2O3 glass electrode increases the ionic conductivity 
from 1.2 × 10−8 to 8 × 10−7 S cm−1 by the addition of network former for modifier 
SeO2 [23]. 

Another way to increase the ionic conductivity of 67Li2S.33P2S5 glass at room 
temperature, from 10−4 to 10−3 S cm−1, is to add 45 mol% of LiI [24]. 

In order to maximize the conductivity of the glass, electrode is mixed with sulphide 
and oxide, and this is known as mixed former effect [25]. 

15.6.2 Various Features 

Here, discussion is made about different types of approaches to develop the high ionic 
conductivity, optimizing electrolyte/electrode interface and better cell performance
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in solid-state lithium-ion battery for glass–ceramic xLi2S-(1−x)P2S5 as a electrolyte 
[7]. Crystallizing the precursor glass, glass–ceramic electrolytes can be produced. 
Like the case of glassy electrolytes, we can classify glass–ceramics into oxide and 
sulphides. Sulphide ion has more ionic radius and high polarizability than oxide 
ion, so the ionic conductivity of sulphide glass–ceramic is higher than that of oxide 
glass–ceramic [25]. 

At room temperature, the conductivity of Li2S-P2S5glass–ceramic can be 
10−3 S cm−1 [7]. It is shown in Fig. 15.5 that optimization condition of heat treat-
ment decreases the gain-boundary resistance and by which the densification process 
enhances the overall conductivity of a glass–ceramic conductor, but this is not done 
by enhancing the ionic conductivity in the bulk [26]. By optimized heat treatment, 
typical value of ionic conductivity of Li2S-P2S5 is found to be 1.7 × 10–2 S.cm−1 at 
room temperature [27]. 

The crystallization of glass has lower conductivity, but the formation of glass– 
ceramic and the conductivity will increase by different process like heat treatment 
and single-step ball milling process [27]. Composition dependency of conductivity 
of oxide and sulphide glass-based material is shown in Fig. 15.6. It is clear that Li2S-
P2S5 glasses enhance the ionic conductivity by heating, and its ionic conductivity is 
much higher than the precipitated crystalline phases of Li2S-SiS2 glasses. 

Application of Li2S-P2S5 must arise to all types of solid-state secondary batteries 
using typical active materials such as LiCoO2 and Li4Ti5O12 as a positive electrode. 
Laboratory-scale all-solid-state cell using LiCoO2 as a positive electrode and Li2S-
P2S5 glass–ceramic as an electrolyte [28] (In/Li2S-P2S5 glass–ceramic/LiCoO2) is  
shown in Fig. 15.7. 

Basically, this cell is made of three layers. The first layer is a negative electrode 
(SnS-P2S5 glass). The second layer is a solid electrolyte, Li2S-P2S5 glass–ceramics 
powder. The third layer is a positive electrode which is composed of LiCoO2, solid 
electrolyte (SE) and AB with a weight ratio of 20:30:3. The composite electrode is 
a mixture of three kinds of these fine powders. This cell provides several advantages

Fig. 15.5 Temperature 
dependency of the bulk and 
grain-boundary resistances 
of the cold-pressed 
glass–ceramic material. 
Republished from “Can Cao, 
Zhuo-Bin Li, Xiao-Liang 
Wang, Frontiers Energy 2 
(2014) 1”
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Fig. 15.6 Composition 
dependence of conductivity 
at 25°c for oxide and 
sulphide glass-based 
materials with high 
concentration of Li+ ions. 
Republished from “Jonathan 
Lau, Ryan H. DeBlock, 
Danielle M. Butts, David S. 
Ashby, Christopher S. Choi, 
Bruce S. Dunn, Advanced 
Energy Materials 8 (2018) 
1,800,933” 

Fig. 15.7 Schematic of 
laboratory-scale 
all-solid-state cell, In/Li2S-
P2S5glass-CeramicLiCoO2 

like it has exhibited excellent cycle performance without loss of any capacity up 
to 500 cycle numbers [28]. Through solid electrolytes, conducting active materials 
show the ionic and electronic conduction, which are indicating excellent battery 
performance.

Laboratory-scale for all-solid-state cell using Li4Ti5O12 as a positive electrode 
and Li2S-P2S5 glass–ceramic as an electrolyte (In-Li/70Li2S·29P2S5·1P2S3 glass– 
ceramic/Li4Ti5O12) is shown in Fig. 15.8.
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Fig. 15.8 Schematic of a laboratory-scale all-solid-state cell, In-Li/70Li2S 29P2S5 1P2S3 glass– 
ceramic/Li4Ti5O12. Republished from “Masahiro Tatsumisago, Akitoshi Hayashi, Solid State Ionics 
225 (2012) 342” 

Basically, this cell is a three-layered system, out of which the first one is a nega-
tive electrode (mainly Li-alloy is used), the second layer is solid electrolyte, the 
70Li2S·29P2S5·1P2S3 glass–ceramic powder, and the last one is a positive electrode, 
a composite of Li4Ti5O12, 70Li2S·29P2S5·1P2S3 glass–ceramic and vapour grown 
carbon fibre [25]. The charge–discharge curves and cell performance of this cell are 
shown in Fig. 15.9. 

As the charge–discharge capacity is 140 m Ah−1 without any degradation up 
to 700 cycle under a voltage-controlled condition between 0.2 and 1.8 at its high-
current density, it works reversibility (over 100 mA.cm−2). This cell is performed

Fig. 15.9 Battery performance of the all-solid-state cell, In-Li/70Li2S 29P2S5 1P2S3 glass– 
ceramic/Li4Ti5O12. Republished from “Masahiro Tatsumisago, Akitoshi Hayashi, Solid State Ionics 
225 (2012) 342”
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Fig. 15.10 
Charge–discharge curves for 
the all-solid-state cells 
In–Li/80Li2S 20P2S5 
glass–ceramic/S–Cu–SE 
composites, In–Li/80Li2S 
20P2S5 
glass–ceramic/S–C–SE 
composites and In/80Li2S 
20P2S5 
glass–ceramic/LiCoO2 as the 
active material. Republished 
from “Masahiro 
Tatsumisago, Akitoshi 
Hayashi, Solid State Ionics 
225 (2012) 342” 

with negligible volume change during cycling. It exhibits excellent cell performances 
and long life cycle which is very necessary for solid-state battery.

The charge–discharge curves for all-solid-state cell are shown in Fig. 15.10. 

15.6.3 Advancement of Materials 

Lithium-ion conducting glassy solid electrolytes, used for all solid-state battery, have 
certain merits over other such systems. These are mentioned below:

• To improve the safety performance such as to avoid thermal runaway as well as 
electronic combustion in lithium-ion battery, solid-state glassy materials are used 
as non-flammable electrolytes instead of liquid electrolytes.

• Glass can be prepared in a wide range of composition. Due to these kinds of 
characteristics, glass gives batter control over its properties.

• The glassy solid electrolytes have certain advantages over crystalline materials. 

(I) Isotropic conduction properties. 
(II) Absence of grain-boundaries resistance. 
(III) Flexibility of safe and size with satisfactory cost.

• Glassy solid electrolytes have wide range of electrochemical stability in compar-
ison with liquid electrolytes.

• Glassy materials have higher ionic conductivity and higher-energy density.
• Glass–ceramic electrolytes exhibit excellent cell performance and long life cycle.
• The formation of super-ionic metastable phase is the most remarkable advantage 

of glass–ceramic solid electrolytes.
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• In solid-state batteries, in order to make good contract with the electrodes, the 
glasses need to be grounded into fine powders by mechanical milling techniques. 
This easy process of synthesis can be performed in room temperature.

• This type of composite materials is easy for film formation.
• In the absence of crystalline pathway in the material, the conduction pathway of 

sulphide glasses is isotropic. 

15.7 Conclusion 

Lithium-ion rechargeable batteries have been more attracting for a wide range 
of uses of portable electronic vehicles (EVs) and PHEVs technology. For using 
of liquid organic electrolytes and polymer electrolytes in lithium-ion batteries, 
several safety issues should be realized. To avoid these kinds of thing and 
improve lithium-ion rechargeable battery, inorganic Li-ion conducting solid mate-
rials have been introduced. Inorganic lithium-ion conductors like perovskite-type, 
anti-perovskite, garnet-type, NASICON-type, thio-LISICONs, LGPS family and 
glass-based composite material are used in all-solid-state Li-ion rechargeable battery. 
There are several advantages such as non-flammable safety, reliability and energy 
density, non-leakage problem rather than liquid organic electrolytes. These may lead 
to ionic conductivity in the order of 10–4–10–2 S.cm−1. Although among these types 
of Li-ion conductor, the glass-based composite electrolytes are most suitable of all 
these for solid-state Li-ion battery. Glass-based materials have excellent cell perfor-
mance. Sulphide-type glassy electrolytes have high ionic conductivity, negligible 
electronic conductivity, low boundary resistances and wide range of stability. Li2-
S2P5 glass–ceramic electrolytes show better charge–discharge capacity with higher 
cycle number. Li-ion conduction is very smooth between electrode and electrolytes. 
These are necessary for good battery performance. So glassy electrolytes are the best 
choice for all-solid-state lithium-ion battery. 

References 

1. W. Zhang, X. Zhang, Z. Huang, H.-W. Li, M. Gao, H. Pan, Y. Liu, Adv. Energy Sustain. Res. 
2100073, 1 (2021) 

2. D.E. Demirocak, S.S. Srinivasan, E.K. Stefanako, Appl. Sci. 7(7), 731 (2017) 
3. C. Shen, H. Wang, Conf. Ser. 1347, 012087 (2019) 
4. F. Zheng, M. Kotobuki, S. Song, M.O. Lai, L. Lu, J. Power Sources 389, 198 (2018) 
5. C. Cao, Z.B. Li, X.L. Wang, X.B. Zhao, W.Q. Han, Frontiers in Energy. Research 2, 25 (2014) 
6. W. Zhao, J. Yi, P. He, H. Zhou, Electrochem. Energy Rev. 2(4), 574 (2019) 
7. O. Bohnke, Solid State Ionics 179(1–6), 9 (2008) 
8. Y. Zhao, L.L. Daemen, J. Am. Chem. Soc. 134(36), 15042 (2012) 
9. M.H. Braga, J.A. Ferreira, V. Stockhausen, J.E. Oliveira, A. El-Azab, J. Mater. Chem. A 2(15), 

5470(2014) 
10. H. Aono, E. Sugimoto, Y. Sadaoka, N. Imanaka, G.Y. Adachi, J. Electrochem. Soc. 140(7), 

1827 (1993)



15 Battery Applications 173

11. R. Kahlaoui, K. Arbi, I. Sobrados, R. Jimenez, J. Sanz, R. Ternane, Inorg. Chem. 56(3), 1216 
(2017) 

12. V. Thangadurai, H. Kaack, W.J. Weppner, J. Am. Ceram. Soc. 86(3), 437 (2003) 
13. N. Kamaya, K. Homma, Y. Yamakawa, M. Hirayama, R. Kanno, M. Yonemura, T. Kamiyama, 

Y. Kato, S. Hama, K. Kawamoto, A. Mitsui, Nat. Mater. 10(9), 682 (2011) 
14. A. Kuhn, V. Duppel, B.V. Lotsch, Energy Environ. Sci. 6(12), 3548 (2013) 
15. Y. Kato, S. Hori, T. Saito, K. Suzuki, M. Hirayama, A. Mitsui, M. Yonemura, H. Iba, R. Kanno, 

Nat. Energy 1(4), 1 (2016) 
16. H.J. Deiseroth, S.T. Kong, H. Eckert, J. Vannahme, C. Reiner, T. Zaiß, M. Schlosser, Angew. 

Chem. 120(4), 767 (2008) 
17. H. Schneider, H. Du, T. Kelley, K. Leitner, J. ter Maat, C. Scordilis-Kelley, R. Sanchez-Carrera, 

I. Kovalev, A. Mudalige, J. Kulisch, M.N. Safont-Sempere, J. Power Sources 366, 151(2017) 
18. M. Chen, R.P. Rao, S. Adams, Solid State Ionics 262, 83(2014) 
19. H. Aono, E. Sugimoto, Y. Sadaoka, N. Imanaka, G.-Y. Adachi, Solid State Ionics 47, 257 (1991) 
20. M. Tatsumisago, A. Hayashi, Int. J. Appl. Glas. Sci. 5(3), 226 (2014) 
21. M. Tatsumisago, Solid State Ionics 175(1–4), 13 (2004) 
22. C.A. Angell, Chem. Rev. 90(3), 523 (1990) 
23. R. Chen, R. Yang, B. Durand, A. Pradel, M. Ribes, Solid State Ionics 53, 1194 (1992) 
24. R. Mercier, J.P. Malugani, B. Fahys, G. Robert, Solid State Ionics 5, 663(1981) 
25. M. Tatsumisago, A. Hayashi, Solid State Ionics 225, 342 (2012) 
26. N. Machida, T. Shigematsu, Chem. Lett. 33(4), 376 (2004) 
27. F. Mizuno, A. Hayashi, K. Tadanaga, M. Tatsumisago, Adv. Mater. 17(7), 918 (2005) 
28. H. Wada, M. Menetrier, A. Levasseur, P. Hagenmuller, Mater. Res. Bull 18, 189 (1983) 
29. A. Hayashi, M. Tatsumisago, Electron. Mater. Lett. 8(2), 199 (2012)



Chapter 16 
Electrochemical Applications 

Amartya Acharya, Koyel Bhattacharya, Chandan Kr Ghosh, 
and Sanjib Bhattacharya 

Abstract A lithium-ion battery is a type of rechargeable battery, which plays impor-
tant roles in growing up of electronics device technology. It is used mainly as 
a portable electronic appliance as a stationary energy storage. In Li-ion batteries, 
electrolytes are important components for changing and discharging. Several types 
of electrolytes are used such as the aqueous electrolytes, liquid electrolytes and 
solid glassy electrolytes. But in Li-ion batteries, the uses of aqueous electrolytes 
have advantages over liquid electrolytes, but there are many drawbacks such as 
smaller energy density and limited use due to smaller electrochemical window of 
stability of 1.023 eV. In case of liquid, electrolytes have high-energy density, no 
memory effect and low self-discharge, but there are safety problem associated with 
flammable organic liquid electrolytes. There are many factors for evaluating a good 
electrolyte material used for lithium-ion battery. Now, the glassy electrolytes and 
lithium electrodes are suitable choice for Li-ion battery. Glass-based material is 
a solid-state battery. To improve the safety performance, non-flammable inorganic 
solid glassy electrolytes are used in the battery. And also the solid lithium-ion battery 
provides high-energy density in lightweight package. For more improvement for 
electric vehicles, we have to do further research and need advanced characterization 
technique. 
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16.1 Introduction 

Electrochemistry is a powerful tool [1] to focus on reactions involving transference 
of electrons, due to chemical changes. Usually, these chemical changes comprise 
oxidation or reduction of metal or metal-related complex ions. To understand the 
difference between a chemical reduction and an electrochemical reduction, consider 
the example of the reduction of ferrocenium, [Fe(Cp)2]+ (Cp = cyclopentadienyl), 
abbreviated as Fc+, to ferrocene [Fe(Cp)2], abbreviated as Fc:

• Through a chemical reducing agent: Fc+ + [Co(Cp*)2] . Fc + [Co(Cp*)2]+
• At an electrode: Fc+ + e– . Fc. 

In the first case, electron transfers from Co(Cp*)2 to Fc+ are due to difference in 
energy between the molecular orbitals of the two ions. The transfer of electron in 
such a process is found to be thermodynamically favourable. 

In the second case, Fc+ is reduced via heterogeneous electron transfer from an 
electrode. An electrode is an electrical conductor, typically platinum, gold, mercury 
or glassy carbon. Voltage is applied to the electrode, by means of an external energy 
source like a potentiostat, to modulate the energy of said electrons. As the electron 
energies in the electrode become higher than the energies in the LUMO of the Fc+ 

ions, the electron gets transferred. Thus similar to the first case, the energy differ-
ence of the electrons is the driving force of the process. The difference is changing 
the driving force of a chemical reduction and requires changing the identity of the 
molecule used as the reductant [2], which becomes easier in the electrochemical 
reduction process. 

16.2 Materials 

A series of glass–ceramics [3], xLi2O–(1−x) (0.5ZnO–0.5P2O5) with x = 0.1, 0.2, 
0.3, 0.4 and 0.5 has been prepared using familiar melt quenching technique with high 
purity (~ 99%) precursors Li2O, ZnO and P2O5. These chemicals have been weighed 
properly, and the mixture has been taken in alumina crucible. It was melted in a high-
temperature electric muffle furnace in the temperature range 800–850 K depending on 
the concentration of Li2O(x). The melts have been equilibrated by stirring to ensure 
homogeneous mixing. The homogeneous melts have been then instantly quenched 
at room temperature (300 K) by pouring it in between two aluminium plates. As a 
consequence, glassy ceramics of thickness ~ 1 mm have been formed. 

Glassy ceramics [4], xLi2O–(1−x) (0.8V2O5–0.2ZnO) with x = 0.1, 0.2 and 0.3 
have been developed by solid-state reaction. The precursor powders Li2O, V2O5 

and ZnO have been thoroughly mixed in proper stoichiometry of the composition. 
The mixtures are then heated in an alumina crucible in an electric furnace in the 
temperature range 600–700 °C for 30 min. Next the mixtures are allowed to pass 
through the process of slow cooling for 17 h. The final product is gently crushed to



16 Electrochemical Applications 177

get fine powder. Using a pelletizer at a pressure of 90 kg/cm2, small pellets (diameter 
~ 20 mm and thickness ~ 6 mm) of them have been formed. 

To check electrochemical stability of the resultant composite, cyclic voltammetry 
study has been conducted in the 0–2 V window (Model: CHI700E). Here, a three-
electrode set-up has been used with a glassy carbon as working electrode, a platinum 
wire as a counter electrode and a ferrocenium/ferrocene (Fcþ/Fc) as pseudo-reference 
electrode. While the current flowed between the working and counter electrodes, 
the reference electrode has been used to accurately measure the applied potential 
relative to a stable reference reaction. In case of present experiment, the used solvent 
is Aceto-Nitryl, which has an electrochemical stability of 0–2 V window. 

16.3 Properties 

16.3.1 Experimental Evidence 

The traces of cyclic voltammograms for x = 0.2 and 0.4 are shown in Fig. 16.1a, 
b, respectively. Each trace contains an arrow indicating the direction in which the 
potential is scanned to record the data. The arrow indicates the beginning and sweep 
direction of the first segment [5]. It is observed from Fig. 16.1a, b that the apparent 
oxidation of the samples with x = 0.2 and 0.4 starts at about 1.0 V. The subsequent 
cathodic scan indicates that the oxidation reaction is not observed in the traces of 
higher scans as no oxidation peaks are observed in the higher cycle. The maximum 
current of ~ 25 mA in Fig. 16.1a indicates that large amount of sample is oxidized, 
but maximum current of ~ 9 mA in Fig. 16.1b indicates that a small amount of sample 
is oxidized. So, it can be concluded that electrochemical stability may be disturbed 
as the lithium content of the resultant composite decreases. 

Cyclic voltammograms of another systems for x = 0.1 and 0.3 have been traced 
out in Fig. 16.2a, b, respectively. Here, arrowheads indicate the direction for scanning 
of potential to record the data as well as the beginning and sweep direction of the 
first segment [5]. It is observed from Fig. 16.2a, b that the apparent oxidation of the 
samples with x = 0.1 and 0.3 starts at about 1.0 V. Figure 16.2a clearly indicates 
that the apparent oxidation of the samples with x = 0.1 starts at about 1.0 V, and it 
exists up to 1.4 V. But apparent oxidation of the samples with x = 0.3 starts at about 
1.0 V, and it exists up to 1.7 V. The subsequent cathodic scan points out that the 
oxidation reaction is not observed prominently in the traces of higher scans as any 
separate oxidation peaks are not observed there. The maximum current of ~ 35 µA 
in Fig. 16.2a indicates that only a small amount of sample is oxidized for x = 0.1, but 
maximum current of ~ 40 µA in Fig.  16.2b indicates that a large amount of sample 
is oxidized for x = 0.3. So, it can be concluded that electrochemical stability of the 
present system may be disturbed as the lithium content of the resultant composite is 
higher. It is clear from CV studies that the present system shows well electrochemical 
stability with lower lithium content.
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Fig. 16.1 Traces of cyclic voltammograms for a x = 0.2 and b x = 0.4, respectively. Republished 
from “Sanjib Bhattacharya et al, Journal of Alloys and Compounds 786 (2019) 707” 

16.3.2 Background Behind Cyclic Voltammetry 

16.3.2.1 The Nernst Equation 

The Nernst equation relates the potential of an electrochemical cell (E) to the standard 
potential of a species (E0) and the relative activities [6] of the oxidized (OX) and 
reduced (Red) analyte in the system at equilibrium. In the equation, F is Faraday’s 
constant, R is the universal gas constant, n is the number of electrons, and T is the 
temperature as follows:
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Fig. 16.2 Traces of cyclic 
voltammograms for a x = 
0.1 and b x = 0.3, 
respectively. Down arrow 
heads indicate oxidation. 
Republished from “Sanjib 
Bhattacharya et al, Materials 
Science and Engineering: B 
260 (2020) 114,612” 
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The Nernst equation provides a powerful way to predict how a system will respond 
to a change of concentration of species in solution or a change in the electrode poten-
tial. When a potential is scanned during a CV experiment, the ionic concentration of 
the solution near the electrode changes with respect to the Nernst equation. 

16.3.2.2 Electrolyte Solution 

As electron transfer occurs during a CV experiment, electrical neutrality is main-
tained via migration of ions in solution. As electrons transfer from the electrode 
to the analyte, ions move in solution to compensate the charge and close the elec-
trical circuit. A salt, called a supporting electrolyte, is dissolved in the solvent to
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help decrease the solution resistance. The mixture of the solvent and supporting 
electrolyte is commonly termed the “electrolyte solution”. 

Large supporting electrolyte concentrations are necessary to increase solution 
conductivity. As electron transfers occur at the electrodes, the supporting electrolyte 
will migrate to balance the charge and complete the electrical circuit. The conduc-
tivity of the solution is dependent on the concentrations of the dissolved salt. Without 
the electrolyte available to achieve charge balance, the solution will be resistive to 
charge transfer. High absolute electrolyte concentrations are thus necessary. 

16.3.2.3 Electrode Set-Up (Reference and Counter Electrode) 

To conduct the experiment, a three-electrode set-up has been used having a glassy 
carbon working electrode, a platinum wire used as a counter electrode and a 
ferrocenium/ferrocene (Fc+/Fc) pseudo-reference electrode. While the current flows 
between the working and counter electrodes, the reference electrode is used to accu-
rately measure the applied potential relative to a stable reference reaction. A reference 
electrode has a well-defined and stable equilibrium potential. It is used as a reference 
point against which the potential of other electrodes can be measured in an elec-
trochemical cell. The applied potential is thus typically reported as “vs” a specific 
reference. In this case, the reference electrode utilized is also a platinum wire. The 
reduction potentials should be referenced to an internal reference compound with 
a known E0’. Ferrocene is commonly included in all measurements as an internal 
standard, and researchers are encouraged to reference reported potentials versus the 
ferrocene couple at 0 V versus Fc + /Fc. 

When a potential is applied to the working electrode such that reduction (or oxida-
tion) of the analyte can occur, current begins to flow. The purpose of the counter 
electrode is to complete the electrical circuit. Current is recorded as electrons flow 
between the working electrode (WE) and counter electrode (CE). To ensure that the 
kinetics of the reaction occurring at the counter electrode do not inhibit those occur-
ring at the working electrode, the surface area of the counter electrode is greater than 
the surface area of the working electrode. A platinum wire or disc is typically used 
as a counter electrode, though carbon-based counter electrodes are also available. 
When studying a reduction at the working electrode (WE), an oxidation occurs at the 
control electrode (CE). 

Applications 

Recent work [7] shows a prominent oxidation and reduction peaks of Li2MnO3 at 
2.98 V and 2.81 V, respectively, with high sweep rate of 500 mV s−1. Li-ion diffusion 
coefficient value is found to be 1.6 × 10−14 cm2 s−1 and 2.56 × 10−14 cm2 s−1 

before and after the cycling, respectively. This Li2MnO3 thin films can be utilized as 
a promising cathode layer in all-solid thin-film battery fabrication. 

A high lithium conductive glassy electrolyte has been used to develop the assembly 
of solid components under isostatic pressure [8]. This cell is advantageous because 
of their good storage stability and ability to operate until 200 °C. More promising
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are the thin films solid-state micro-batteries realized by successive depositions of 
electrodes and electrolyte [xxx]. The low resistance of the electrolyte amorphous 
layer allows cycling at temperatures as low as −10 °C. This approach indicates 
the way of commercialization of lithium-ion batteries (LIBs) for the development 
of portable devices. However, the excessive costs and geographical constraints of 
lithium resources made it impossible for LIBs to sustain and meet the growing 
demands of rechargeable batteries. 
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Chapter 17 
Other Applications 

Prithik Saha and Sanjib Bhattacharya 

Abstract Various glassy samples containing lithium can be used as solid-state 
batteries of low-power densities due to the low ionic conductivities of solid elec-
trolytes. The nanostructured silicon is promising for high capacity anodes in lithium 
batteries. The specific capacity of silicon is an order of magnitude higher than that of 
conventional graphite anodes, but the large volume change of silicon during lithia-
tion and delithiation and the resulting poor cyclability have prevented its commercial 
application. This challenge could potentially be overcome by silicon nanostructures 
that can provide facile strain relaxation to prevent electrode pulverization, maintain 
effective electrical contact, and have the additional benefits of short lithium diffusion 
distances and enhanced mass transport. 

Keywords Solid state battery · Specific capacity · Short lithium diffusion 

17.1 Materials 

The four most predominant compounds [1–3] formed from lithium reactions are 
lithium hydride (LiH), lithium oxide (Li2O), lithium nitride (Li3N), and lithium 
hydroxide (LiOH). Table 17.1 shows some properties and discretions of this 
compound. All are stable but extremely reactive and corrosive compounds. 

LiOH: Corrosive; no metal or refractory material can handle molten lithium 
hydroxide in high concentrations. 

Li2O: Highly reactive with water, carbon dioxide, and refractory compounds.
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Table 17.1 Properties of lithium compounds 

Formula LiOH (s) Li2O (s) Li3N (s) LiH (S) 

Molecular weight 23.95 29.88 34.82 7.95 

Density (g/cm3) at 15–20°c 2.54 2.01 1.38 0.78 

Melting point (°c) 471.1 1427 840–850 
275 

688 

Boiling point (°C) 925 1527 – –

Δ G° (kcal/mole) at 25 °C) −48.99 −133.96 −37.30 −16.72

Δ H° (kcal/mole) at 25 °C −48.70 −142.65 −47.50 −21.61 

Li3N: Very reactive; no metal or ceramic has been found resistant to molten nitride. 
The hygroscopic forms ammonia in the presence of water. 

LiH: Reduces oxides, chlorides, sulphides readily; reacts with metals and ceramics 
at high temperatures. 

17.2 Experimental 

17.2.1 Studies in Lithium Oxide Systems: Lithium Phosphate 
Compounds (Li2O-P2O5) 

In the system Li2O-P2O5, the three compounds Li3PO4, Li4P2O7, and LiPO3 melt 
congruently, and therefore, the pyrophosphate exists in two polymorphic forms [4]. 
This behaviour is analogous to it within the system MgO-P2O5 which has three 
congruently melting ortho-, pyro-, and metaphosphate compounds and a rapid, 
reversible inversion within the pyrophosphate compound around 68°C6.The system 
does not seem to resemble the system Na2O-P2O5 in sight of the inorganic polymor-
phic behaviour of the sodium phosphate compounds reported by an excellent group of 
investigators. Chemically pure lithium carbonate and dibasic ammonium orthophos-
phate were used to prepare the compounds and several compositions between the 
compound compositions1. Some of the mixtures obtained by solid-state reactions 
were melted in a platinum crucible at about 1000 °C. To minimize the vaporization 
of the components and the deterioration of the platinum crucible, the melting time 
was confined to 5 min. After melting, the outside of the crucible was quenched in 
water. Lithium orthophosphate (Li3P04) was easily formed by solid-state reaction 
or crystallization from the melt. The congruent melting point was 1225 °C as deter-
mined by differential thermal analysis. No glass could be formed by quenching, so 
the melting point was taken as the temperature at which the charge changed its shape 
in the quench packet. Lithium pyrophosphate compound did not form a glass on 
quenching. The congruent melting point was determined by the differential thermal 
analysis method. Lithium metaphosphate (LiPO3) melted congruently at 688 ± 5 °C
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as determined by the quenching method. The melting point determined by differential 
thermal analysis was 665 °C. 

17.2.2 Lithium Oxide Effect on the Thermal and Physical 
Properties of the Ternary System Glasses 
(Li2O3-B2O3-Al2O3) 

These glassy systems have been prepared from the subsequent chemical raw mate-
rials: orthoboric acid, lithium carbonate, and aluminium oxide [5]. The finely crushed 
mixture is then placed in a platinum crucible, which is placed to an electric furnace 
at temperature ranging 1450 °C with a stage for 1 h. The liquid is then cast in an 
exceedingly graphite mould preheated to approximately 250 °C to limit the thermal 
shocks during hardening. The samples have been annealed at 250 °C for 1 h. The 
compositions of studied glasses are given in Table 17.2. To check the system-glass 
B2O3-Al2O3-Li2O3, five variants are chosen. 

The expansion curves of samples have been determined employing a dilatometer 
DIL 402 °C (Materials Mineral Composite Laboratory (MMCL-Boumerdes-Algeria) 
at a mean speed of heating of 5 K min−1. The densities are determined out using 
Archimedes’ method with xylene as an immersion fluid. The relative error in these 
measurements is about ± 0.03 g cm−3, and also the molar volume Vm is estimated 
from the molecular weight M and the density ρ according to the relation: Vm = M/ρ. 
Molar volume samples are determined by the following formula: Vm = Pm /MV 
(molecular weight of glass/density) in mol /cm3. 

By studying this technique, it is noted that with the addition of lithium oxide (10 
and 15% Li2O3), there is a suppression of phase separation, but at 20% of Li2O3 

has recurred. Then 25% of Li2O3 glass is completely transparent, so the lithium 
oxide has a great influence on the structural configuration of the glasses studied, 
and according Li2O3/B2O3 report, the structure changes. The properties of glassy 
systems are expected to change according to the structural condition. Generally, 
good properties are shown in glasses having a high glass transition temperature. 

Table 17.2 Chemical 
compositions of studied 
glasses (B2O3-Al2O3-Li2O3) 

Glass B2O3 (%wt) Li2O3 (%wt) Al2O3 (%wt) 

G1 90.00 05.00 05.00 

G2 85.00 10.00 05.00 

G3 80.00 15.00 05.00 

G4 75.00 20.00 05.00 

G5 70.00 25.00 05.00
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17.2.3 Optical Properties of Lithium Borate Glass 
(Li2O)x(B2O3)1-x 

A series of (Li2O)x(B2O3)1−xhas been synthesized with mole fraction x = 0.10, 
0.15, 0.20, 0.25, and 0.30 using melt quenching method [4]. The structure of the 
glass system was determined by FTIR and X-ray diffraction. It is used for detecting 
penetration of radiation which is applied in homeland security and non-proliferation. 
The main objectives of the present work were to study the refractive index and optical 
band gap with variation of lithium borate glass composition. 

17.2.4 Characterization and Properties of Lithium Disilicate 
Glass–Ceramics in the SiO2-Li2O-K2O-Al2O3 System 
for Dental Applications 

Glass batches [6] were prepared by mixing appropriate amounts of SiO2, Li2CO3, 
MgCO3 (Sigma Aldrich Company, Belgium), Al2O3 (Fluka Analytical, Germany), 
P2O5 (Acros organics, USA), K2CO3 (Fluka chemika, France), and CaF2 (Merck 
chemicals, Germany). A two-stage heat treatment schedule was performed in which 
the glasses were heated to a nucleating temperature of 500 °C with a heating rate of 
5 °C/min, held for 2 h, and then ramped up to various crystal growth temperatures 
(e.g. 700 °C). The heating rate was 5 °C/min, and samples were held for 2 h followed 
by furnace cooling with 5 °C/min to room temperature. Phase analyses of the glasses 
and glass–ceramics were performed by X-ray diffraction (XRD, Rigaku TTRAX III) 
operating from 10° to 70° 2θ at a scan speed of 2° 2θ/min and a step size of 0.02° 
2θ with CuKα radiation (Kα = 1.5406 nm) at 300 mA and 50 kV. Identification 
of phases was achieved by comparing the result diffraction patterns with the ICDD 
(JCPDS) standard. 

The SiO2-Li2O-K2O-Al2O3 [6] system was prepared to investigate the effect 
of glass compositions on their crystal formations, microstructures, and properties 
through the conventional glass melting process. P2O5 and CaF2 as nucleating agents 
were introduced to induce heterogeneous nucleation and then produce a fine-grained 
interlocking microstructure after heat treatment. MgO was added in the glass system 
to increase the viscous properties, and, finally, the SiO2:Li2O ratio in the glass compo-
sition was increased. The experimental results and their discussion are addressed 
as concerns the crystallization behaviour of the glasses, the microstructures, and 
properties of the glass–ceramics with the potential to be used as dental restorations.
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17.2.5 Properties of Unconventional Lithium Bismuthate 
Glasses 

Glassy samples of compositions xLi2O–(100−x) Bi2O3 (x = 520, 25, 30, 35 mol 
%) were prepared using reagent-grade chemicals Bi2O3 and Li2CO3 [4, 5]. The 
mixtures of these chemicals taken in alumina crucibles were calcined at 450 °C for 
2 h and then melted at 900–1000 °C for 30 min in an electric furnace. Glassy samples 
were obtained by quenching the melts using two copper plates. All samples were 
transparent and yellow in colour and showed hygroscopic nature. X-ray diffraction 
patterns of the as-prepared samples and heat-treated samples at different temperatures 
for different durations of time were recorded in an X-ray diffractometer ~ Seifert, 
model XRD 3000 P. The scanning electron micrographs of the polished surfaces of 
the prepared as well as the heat-treated samples were taken in a scanning electron 
microscope ~ Hitachi, model S-415A. A thick ~ 150 Å gold coating on the polished 
surface of the sample was done by vacuum evaporation for the conducting layer 
function before taking the micrographs. The density of the as-prepared samples was 
measured at room temperature by the liquid displacement method. 

17.2.6 Effect of Li2O and  Na2O on Structure and Properties 
of Glass System (B2O3-ZnO) 

Two glass systems were studied [7]: Li2O–B2O3–ZnO (LBZ) and Na2O–B2O3–ZnO 
(NBZ). The glasses selected were prepared starting from the following chemical 
raw materials, lithium carbonate, sodium carbonate, orthoboric acid, and zirconium 
oxide. The finely crushed mixture was then placed in a platinum crucible and intro-
duced to an electric furnace at temperature ranging 1000 °C with a bearing for one 
(01) h. The liquid was then cast in a graphite mould preheated to approximately 
250 °C to limit the thermal shocks during hardening. A decrease in the surface 
tension of the samples is observed as a result of the addition of the boron oxide B2O3 

which is known by its influence on the reduction of the surface tension of the glass 
baths. 

17.2.7 Crystallization Characteristics and Properties 
of Lithium Germanosilicate Glass–Ceramics Doped 
with Some Rare Earth Oxides 

The parent glass samples were prepared by the conventional melt quenching tech-
nique [8]. Preparation of 40 g powder of glass batches was performed by mixing 
high purity (purity > 99%) chemical grade of purified quartz SiO2, Li2CO3, and 
GeO2, with Y2O3, La2O3, In2O3, or CeO2 powders which were chosen as the
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raw materials according to the designed molar compositions of the studied glassy 
systems. Glass–ceramic materials based on the 33.60 Li2O–66.40 SiO2 composition 
of lithium disilicate-Li2Si2O5modified by partial GeO2/SiO2 replacement (5 mol%) 
were investigated. Also, the glass–ceramics containing Y2O3, La2O3 or CeO2 rare 
earth oxides as well In2O3 were successfully prepared and characterized. Varieties 
of crystalline phases were detected in the developed glass–ceramics through the heat 
treatment process including lithium di- and meta-silicate solid solutions with GeO2 

[Li2(Ge,Si)2O5 and Li2(Ge,Si)O3], lithium disilicate, di-yttrium disilicate, lanthanum 
disilicate, lithium indium silicate of pyroxene family, lithium germanate, and cerium 
dioxide phases. The density of glass–ceramics ranged from 2.38 to 3.14 g/cc, while 
the microhardness ranged between 4150 and 5585 MPa. The addition of In2O3 in 
the investigated LG glass greatly decreases the leachability of the corresponding 
crystalline sample (e.g. LGn), i.e. the chemical durability was highly improved. This 
may be due to the crystallization of the most durable LiInSi2O6 phase of pyroxene 
family [8] The obtained materials with such properties are promising for different 
applications as a new type of electrolyte in solid oxide fuel cells (SOFCs), catalytic 
converters, or biomedical, as well as dental restorative applications. 

17.2.8 Thermal, Mechanical, and Electrical Properties 
of Lithium Phosphate Glasses Doped with Copper 
Oxide 

Lithium oxide was obtained from lithium carbonate (Li2CO3), and phosphorous 
pentoxide was obtained from ammonium dihydrogen phosphate (NH4H2PO4). 
Copper oxide (CuO) was correspondingly introduced from 10–20 g/100 g of the 
lithium phosphate glass. Every batch was accurately weighted, thoroughly mixed 
and added in a porcelain crucible, and melted in an electrical furnace at 1100zC for  
2 h [9, 10]. Rotation for every 30 min was performed for complete homogenization. 
The melts were cast into preheated stainless steel moulds. The prepared glass samples 
were immediately transferred to a muffle furnace regulated at 300°C for annealing. 
The muffle containing the prepared samples after 1 h was switched off and left to 
cool to room temperature at a rate of 30 C h−1. As the CuO content increased, the 
colour of the transparent glass changed from light to dark green due to the pres-
ence of Cu2 + ions. IR spectroscopy is usually used to study the arrangement of 
the structural units of the studied glasses. The IR absorption spectra were recorded 
in the range of 4000–400 cm−1 as presented in Fig. 1. Phosphate glasses contain 
phosphate units which appear in the range of 1400–400 cm−1. H2O molecules or 
P–O–H vibrations appear at 3450, 2926, and 2855 cm−1 [9, 10]. It is important to 
highlight that the low-frequency region had no measurable effect on the activation 
energy of AC conductivity. On other hand, a further increase in the frequency led to 
a considerable decrease in their values.
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17.3 Properties 

17.3.1 Lithium Oxide Effect on the Thermal and Physical 
Properties of the Ternary System Glasses 
(Li2O3-B2O3-Al2O3) 

The borate glasses are known by their structural units made of triangles and tetrahe-
drons boron in different configurations depending on the percentage of B2O3 in the 
glass chemical composition. The boric anhydride B2O3 is sometimes used in many 
applications such as improving the fusibility; increasing the mechanical resistance, 
high thermal resistance; a decrease in the surface tension and increases the chemical 
resistances [3, 4]. For this, the work aim is to study the ternary glass system B2O3-
Al2O3-Li2O3, after its preparation and determination of some properties depending 
on the chemical composition (influence of composition chemical on the properties 
of glass) and its structure. 

17.3.1.1 Physical Properties 

It is noted that the density of the samples increased with the addition of lithium oxide, 
which is explained by filling the voids between the structural units (silica tetrahedra, 
boron, boron triangles) by the network modifiers (Ion of Li+), thus decrease the molar 
volume and density increase [4]. 

17.3.2 Optical Properties of Lithium Borate Glass 
(Li2O)x(B2O3)1−x 

The refractive index increases with decreasing molar volume and which in turn 
increases the density [4, 5]. The coordination number of lithium borate glass also 
leads to the increase of refractive index. An addition of Li2O causes changed in 
coordination number and creates more non-bridging oxygen. Thus, it has a higher 
average coordination number of studied glass which results in the increase of the 
refractive index. The formation of non-bridging oxygen forms more ionic bonds, 
which manifest themselves in a large polarizability, thus results in a higher index 
value. The molar volume decreased as a result from Li2O occupied interstitial position 
in the network. The formation of non-bridging oxygen increased with Li2O resulted in 
the decreased of optical energy band gap for both direct and indirect band gap. This 
is because non-bridging oxygen binds excited electrons less tightly than bridging 
oxygen. The decreased in Urbach Energy is owing to the decrease of degree of 
disorder in glass structure with Li2O.
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17.3.3 Characterization and Properties of Lithium Disilicate 
Glass–Ceramics in the SiO2-Li2O-K2O-Al2O3 System 
for Dental Applications 

Lithium disilicate glass ceramic (Li2Si2O5) is one such all-ceramic system, currently 
used in the fabrication of single and multiunit dental restorations mainly for dental 
crowns, bridges, and veneers because of its colour being similar to natural teeth 
and its excellent mechanical properties [2]. Mechanical properties: the IFT values 
of the glass–ceramics LD1–LD4 at different temperatures; XRD pattern of LD3 
indicated the more numbers of lithium aluminium silicate: virgilite crystals with a 
high intensity compared to that of other glasses, particularly at 800 °C and 850 °C. 
Therefore, the thermal expansion mismatch between Li2Si2O5 and virgilite resulted 
in residual stresses or microcracks on cooling, which create crack tip shielding and 
enhanced toughness of LD3 at 800 °C. 

17.3.4 Properties of Unconventional Lithium Bismuthate 
Glasses 

Unconventional bismuthate glasses containing lithium oxide have been prepared 
by a conventional melt quench technique. X-ray diffraction, scanning electron 
microscopy, and differential thermal analysis show that stable binary glasses of 
composition xLi2O–(100−x)Bi2O3 can be achieved for x = 20–35 mol% [4, 5]. 
Systematic variation of the glass transition temperature, density, and molar volume 
observed in these glasses indicates no significant structural change with composition. 
Differential thermal analysis and optical studies show that the strength of the glass 
network decreases with the increase of Li2O content in the glass matrix with a small 
deviation for the extra stable 30Li2O-70Bi2O3 glass composition. Electrical conduc-
tivity: The AC loss and dielectric value of all the glass samples have been measured 
in the wide frequency range at high temperatures. A high dielectric constant has 
been observed for all glass compositions similar to copper bismuthate glasses [4–7] 
which may be due to the high polarizability of the unconventional network former 
Bi2O3. The DC conductivity of the samples has been estimated from an AC complex 
impedance plot (Table 17.3).
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Table 17.3 Crystalline phases developed and properties of the prepared glass–ceramics 

Sample Heat treatment 
(zC/h) 

Crystalline 
phases 
developed 

Density 
(g/cm3) 

Hardness 
(MPa) 

Weight loss % (g) 

LS 480/5–615/10 Li2Si2O5 
(LS2) 

2.38 4150 2.05 

LG 475/5–600/10 LS2 ss [Li2 (Ge 
Si)2O5] 

2.45 4455 1.85 

LGy 530/5–785/10 Li2 (Ge Si)O3, 
Y2Si2O7 

2.88 4670 1.19 

LGl 510/5–775/10 La2Si2O7, Li2 
(Ge Si)O3 

3.14 5585 1.31 

LGn 500/5–750/10 Li2 (Ge Si)O3, 
LiInSi2O6 

3.08 4560 0.98 

LGc 485/5–615/10 Li2Si2O5, 
Li6Ge8O19, 
CeO2 

2.51 5050 1.06 

17.3.5 Thermal, Mechanical, and Electrical Properties 
of Lithium Phosphate Glasses Doped with Copper 
Oxide 

Due to the numerous unique properties of phosphate glasses, they have diverse tech-
nological applications [1]. Phosphate glasses including copper have special interest 
due to their several properties. Optical, magnetic, and electrical properties of copper-
doped phosphate glasses permit a wide range of applications in solid-state lasers, 
super-ionic conductors, colour filters, and radiation sensors [2]. Lithium phosphate 
glass has low melting and low glass transition temperature. It also has high thermal 
expansion coefficient and high electrical conductivity which qualify glass to be used 
in laser host matrices, lithium micro-batteries, and electro-optical systems [2, 3]. 
Many authors had studied the electrical properties of modified phosphate glasses 
[2, 3]. It has been noticed that ionic conductivity can be reached in many glass 
systems when different oxides are substituted or added instead of network formers. 
Also, ionic conductivity increases when any ionic conducting salt or alkali oxide is 
drugged in the glass matrix [11, 12]. The attention to the ion conduction of phos-
phate glasses is developed due to many properties of these glasses like high thermal 
expansion coefficient, low glass transition, and softening temperatures [13, 14]. In 
order to explore the abilities of phosphate glasses to be successfully applicable in 
various industrial fields, their properties should be tailored via modifying the compo-
sition and inserting beneficial elements within the amorphous network [2, 3]. One 
promising way to modify the composition of phosphate glasses is by doping with 
metal oxides. Generally, such doping with metal oxides breaks P–O–P linkages and 
consequently creates non-bridging oxygen atom. It is extremely important to note that 
the ionic cross-linking between the non-bridging oxygens of two phosphate chains is
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granted by modifying cations, which effectively improve the mechanical strength and 
chemical durability. It is well known that the conductivity of the materials is greatly 
affected by their structure. Both mobile ions and their concentrations are expected 
to play an increasingly important role in the occurrence of this effect. It is important 
to highlight that an increase in temperature and the concentration of mobile ions is 
responsible for more enhancement of the conductivity of the material [15]. There-
fore, DC conductivity of the 50Li2O − 50P2O5 glass sample with different CuO 
contents was measured at different temperatures. FTIR showed different absorption 
bands due to phosphate groups and copper oxide. XRD confirmed the amorphicity 
of the prepared samples. Both thermal expansion and mass density increased with 
increasing the addition of CuO. The formation of P–O–Cu bonds increased the cross-
link density in the glass network and therefore increased the glass transition temper-
ature (Tg). Based on the variations in the Tg via structural modification, the glasses 
revealed to be basically ionic conductors. The mechanical properties of glass samples 
increased with an increase in CuO. Electrical conductivity in contrast to activation 
energy significantly increased with increasing the CuO content. These increases may 
be attributed to the possibility of ionic contribution to the electrical conductivity. 

17.4 Applications: 

17.4.1 Progress in Solid Electrolytes Towards Realizing 
Solid-State Lithium Batteries 

Most of the innovations have been made after the emergence and spread of lithium-
ion batteries, as overviewed in this paper [3]. Studies on solid-state batteries had been 
focused on the enhancement of ionic transport in solid electrolytes in the twentieth 
century, because solid-state batteries were suffering from the low-power densities 
due to the low ionic conductivities of solid electrolytes. Development of solid elec-
trolytes with the conductivities of the order of 10−3 S cm−1 has chased the ionic 
transport in bulk out of the rate-determining steps to leave the transport at inter-
faces still highly resistive, which is a new topic in the development of solid-state 
lithium batteries. The high resistance at the cathode interface in sulphide-electrolyte 
systems had been the last hurdle for practical power densities and has been overcome 
by a unique interface design. On the other hand, high grain-boundary resistance in 
oxide-electrolyte systems is still left, and its reduction is a big challenge in realizing 
chemically stable solid-state batteries.
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17.4.2 Charge Carrier Transport and Electrochemical 
Stability of Li2O-Doped Glassy Ceramics 

New Li2O-doped glassy ceramics [13] have been prepared using melt quenching 
route, and their electrical conductivity has been studied in wide frequency and 
temperature regime. It is revealed from AC conductivity data that mixed conduc-
tion process is responsible for their electrical transport. It is anticipated from the 
nature of composition that Li + conduction mostly contributes to electrical conduc-
tivity at high temperature, and Mott’s variable range hopping (VRH) model has been 
utilized to analyse low-temperature DC conductivity data due to polar on hopping. 
The traces of cyclic voltammograms reveal the existence of oxidation and the nature 
of electrochemical stability of the present system, which is expected to be good 
candidates for lithium-ion battery application. 

17.4.3 PH Sensors with Lithium Lanthanum Titanate 
Sensitive Material: Applications in Food Industry 

The lithium lanthanum titanate ceramics [14] as sensitive material for pH sensors have 
been carried out. The high lithium conductivity of this oxide, at room temperature, 
would indicate a possible use of this material as a lithium-ion-selective electrode. 
However, a strong interference in aqueous medium leads to a linear response of the 
electrode potential as a function of the pH of the solutions and not as a function of the 
Liþ concentration. Two electrode configurations have been used: a membrane one 
with an aqueous internal reference and an “all-solid-state” one with metallic titanium 
internal reference. Linear relationships E = ref ¼ a pH þ b are found although sub-
Nerstian responses are observed in both cases. This sensor can be used in industrial 
processes like milk fermentation, in situ control of cleaning of fermentors (cleaning 
in place), yoghurt fabrication, and wastewater treatments for examples. The sensor 
is not sensitive to the variations of the redox potential of the solutions. A chemical 
stability of the ceramic at high temperature (up to 1000 °C) and high pressure and a 
good mechanical resistance makes these ceramics valuable for the use as sensitive 
materials in industrial pH sensors. 

17.4.4 Co3O4 Nanomaterials in Lithium-Ion Batteries 
and Gas Sensor 

The cyclic voltammograms (CVs) of electrodes [15] made from Co3O4nanotubes, 
nanorods, and nanoparticles at a scan rate of 0.5 mVs−1 and a temperature of 20 °C 
exhibit excellent sensitivity to H2 and alcohol.
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17.4.5 Nanostructured Silicon for High Capacity Lithium 
Battery Anodes 

The nanostructured silicon [11] is promising for high capacity anodes in lithium 
batteries. The specific capacity of silicon is an order of magnitude higher than that of 
conventional graphite anodes, but the large volume change of silicon during lithiation 
and delithiation and the resulting poor cyclability have prevented its commercial 
application. This challenge could potentially be overcome by silicon nanostructures 
that can provide facile strain relaxation to prevent electrode pulverization, maintain 
effective electrical contact, and have the additional benefits of short lithium diffusion 
distances and enhanced mass transport. 

17.4.6 Dielectric Studies of Silver-Doped Lithium Tellurite 
Borate Glasses for Fast Ionic Battery Applications 

Frequency-dependent AC conductivity measurements were implied on the prepared 
glass system in the high-frequency range 5 Hz–35 MHz [12]. AC conductivity 
measurements were recorded from room temperature to 350 °C for all the samples. 
Presence of two ionic network modifiers such as Ag2O and Li2O plays a signif-
icant role in the electrical transport properties like real dielectric permittivity(E /) 
and loss tangent (tan δ). Addition of Ag2O causes breaking of base glass former 
B2O3 structural units with the creation of non-bridging oxygens (NBOs) in the 
glass network. Dielectric properties of the glass system show inconsistency in the 
results from room temperature to 100 °C due to non-uniform charge carrier moments 
up to certain temperatures. Tangent loss and dielectric permittivity (E /) decreased 
with increase of frequency and getting saturation at higher frequencies. Lithium 
containing glasses show higher-order electrical conductivity, i.e. ionic conductivity. 
Lithium containing glasses are widely used for electrochemical devices like solid-
state batteries, glass electrolytes, and fuel cells. Apart from these applications, Li2O 
containing glasses are also used for various industrial applications as well as in the 
formation of dielectric materials for high-speed transmission of signals. 
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