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Preface

Energy plays a critical role in the developmental progression of
an emerging society. A high standard of living and an increasing
world population require more and more amounts of energy. At
the same time, the standard energy sources based on fossil fuels are
limited and pollute the environment, leading to climate change on
a global scale. In order to avoid an energy crisis, the research efforts
of many scientific centers around the globe are being directed
towards searching for new solutions and improving those already
existing in the energy sector. In parallel with the growth rate of
renewable energy, essential attention is being paid to the develop-
ment of advanced methods and materials for effective utilization of
energy resources. Technological advantages will help to overcome
energy-related difficulties. Among the main criteria for the viability
of new energetic techniques are efficiency, cost, usability and envi-
ronmental influence.

This book summarizes the current status of know-how in the
fields of advanced materials for energy-associated applications, in
particular, photovoltaics, efficient light sources, fuel cells, energy
saving technologies, nanostructured materials, etc. Tendencies for
future development are also discussed. A good understanding of
the excited state reactivity of photoactive materials would help to
prepare new materials and molecules capable of absorbing light
over a given wavelength range for use in driving electron trans-
fer. There has been scientifically and technologically well-equipped
materials science exploration into the possibility of developing
and optimizing charge separation in light-harvesting architectures.
However, it has yet to bear fruit due to the difficulty of transport-
ing electrons and holes to corresponding electrodes. Modeling
charge mobility in semiconductors is complicated due to the pres-
ence of bulk heterogeneity in the structure. The understanding of

XV
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the interface between the metal electrode and the active materials,
where charge collection takes place, is cven more intriguing.

The design and fabrication of molecular-bascd information pro-
cessing devices on conducting substrates have been keyv areas of
research in materials science. One particularly attractive applica-
tion in this area is the conversion of solar ¢nergy into fuel, which
is currently being proposed as a chcaper alternative for energy
conversion. Energy storage technologics are dealt with in some
chapters. High energy density capacitors arc of particular signifi-
cance, for example, in defense-related applications, where tasks in
remote areas without traditional energy resources demand novel
approaches to energy storage. Polymer nanocomposites offer
attractive, low-cost potential storage systems for high-cnergy den-
sity capacitors. Their tailored characteristics offer unique combina-
tions of properties which are expected to play a vital role in the
development of new technologies for encrgy storage applications.

Other chapters consider the aspects of solar ¢nergy. Rapid prog-
ress in photovoltaic science and technology during the last decades
isareason that solar cells came out of the laboratorics and are becom-
ing a part of our everyday life. And this is only the beginning of the
era of solar energy. The number of reports about new a pproaches
in this field is increasing dramatically. Among the reported topics
are nanostructure compositions, transparent conductors, inclusion
of metal oxide as well as metal-based thin films, light-trapping
schemes that enable increased conversation cfficiency, various con-
centrators and solar tracking systems, etc. Chapters two through
ten are devoted to consideration of innovative materials and tech-
niques for future nanoscale electronics. Two allotropic forms of
carbon, carbon nanotubes and graphene, are able to replace con-
ducting channels and silicon in elements of integrated circuits,
thereby opening a new era of carbon-based electronics which will
lead to denser, faster and more power-efficient circuitry. A possible
attractive alternative to the semiconductor components in digital
processing devices is chip-based molecular logic gates—molecules
possessing the property to perform logical operations where a
chemical or physical binary input to the molecules causes a binary
output. Surface-confined materials showing switching behavior
along with changes in physical properties (i.e., optical, orientation,
magnetism) make it possible to create integrated complex circuits
for massive networking systems. Significant attention is being paid
to the development of fuel cells—devices that convert chemical
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energy from a fuel into electricity through a chemical reaction with
oxygen or another oxidizing agent. Because there is no combustion
in the energy conversion process, fuel cells are efficient and envi-
ronmentally friendly. The fuel cell market is also growing at a fast
pace, and according to Pike Research, the stationary fuel cell market
is predicted to reach 50 GW by 2020. There is a chapter describing
the problems related to energy efficient lighting, In particular, van-
adate phosphors are considered—luminescent materials that have
excellent thermal and chemical stability. Phosphor layers provide
most of the light produced by fluorescent lamps, and are also used
to improve the balance of light produced by metal halide lamps.

Also discussed in the book is the role of materials engineering
in providing much needed support in the development of pho-
tovoltaic devices with new and fundamental research on novel
energy materials with tailor-made photonic properties. This book
1s written for a large readership, including university students and
researchers from diverse backgrounds such as chemistry, materials
science, physics, pharmacy, medical science and engineering. It can
be used not only as a textbook for both undergraduate and gradu-
ate students, but also as a review and reference book for researchers
in materials science, nanotechnology, photovoltaic device technol-
ogy and non-conventional energy. We hope the chapters herein
will provide readers with valuable insight into the state-of-the-
art of advanced and functional materials and cutting-edge energy
technologies. The main credit for this book must go to the authors
of the chapters who have summarized information in the field of
advanced energy-related materials.

Editors
Ashutosh Tiwari, Docent, PhD
Sergiy Valyukh, Docent, PhD
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Abstract

Solid electrolytes (SEs), commonly known as super ionic conductors (SICs)
or fast ionic conductors (FICs), form a special class of ionic solids that
offer high ionic conductivity, i.e., in the range of 0.01-0.1 S/cm. Japanese
researcher Takehiko Takahashi was one of the pioneers in the field who
pointed out the ionic conductivity of solid material Ag I WO, compara-
ble to liquid electrolytes. This compound has a silver ion conductivity of
0.047 S/cm at 25°C and activation energy of 3.6 kcal/mole for conduc-
tion between 20 and 293°C. Since then, this area has gained tremendous
attention due to the fascinating possibility of a wide range of applications
that include electrochemical devices like solid-state batteries, pacemakers,
solid-state gas sensors, etc.

The mobility of cation in the lattice of solids contributing to high
conductivity depends upon various parameters that include: number of
mobile cations, its size, mobility, lattice structure and defects, available
vacancy positions, conduction mechanism, etc. Depending upon various
factors, these materials have been classified in numerous ways. However,
the most general approach involves classification as (a) crystalline, (b)
non-crystalline and (c) composites. The majority of crystalline SEs possess
typical crystal structure in which a number of symmetrical vacant sites
are available for mobile cations which need to be energetically equivalent
for promoting migration of ions. Glassy and polymer SEs form extremely
disordered type non-crystalline materials. The ionic conductors contain-

ing dispersed second phase particles commonly form a class known as
composites.
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Various criteria which promote high ionic mobility, and in turn high
ionic conductivity, have been thoroughly studied. Different conduction
models which have been studied so far include Independent particle
model, single particle hopping model, continuous diffusion, free ion,
cooperative motion, lattice-gas model, fractals and Debye Huckel model,

etc.

A vast growth in the users of clectrochemical devices which employ
SEs has generated a need of miniaturization, corrosion free reversible
reactions, weight effectiveness, etc. Though this has been potentially con-
quered in the past few years, the hunt for an apt material is endless.

Keywords: Solid electrolytes, super ionic conductors, tast ionic conduc-
tors, solid-state batteries, electrochemical gas sensor

6.1 Introduction

In solids the atoms are rigidly fixed in their position except for a lit-
tle vibration. The properties of solids depend upon their structure.
In 1912 Laue first demonstrated X-ray diffraction of crystal. There
are forces which hold these atoms at fixed positions. There must be
several attractive forces counterbalanced by repulsive forces. Every
atom consists of a nucleus that is surrounded by electron cloud
(shells). A shell is more stable if closed. If not closed, it gains or
loses electron/s to obtain a number that makes it closed or stable.
According to bonding type, the types of solids can be specified as:
ionic bond, covalent bond, metallic bond, hydrogen bond, van der
Waals/molecular bond.

Atoms are bound together as electron when one atom is trans-
ferred to another, enabling both the status of “closed-shell” elec-
tronic structure. The formation of a pair of ions by transfer of
electron from one atom to another creates Coulombian attractive
force counterbalanced by repulsive force and gives a fixed distance
to the ionic bond.

The considered formation of MX bond is:

M-oSM +e (6.1a)
X+e — X~ (6.1b)

In the above process a certain energy is required. The process of
formation of cations (M*) is endothermic since some work has to be

SoLip ELECTROLYTES: PRINCIPLES AND APPLICATIONS 261

done against attraction between nuclei and electron. This is termed
as ionization energy (I, ). When an electron is added to X, energy is
released in anion formation. But for addition of more than one elec-
tron the process becomes endothermic due to repulsive interaction
by X-. The isolated ions M- and X approaching each other from
infinity acquire Coulombic attraction counterbalanced by repulsive
force at the bond length. The potential energy due to Coulombic
attraction between two ions is given by:

D, outomt: = ‘%_202 (6.2)
The short range repulsive energy is:
D, = —be™"" (6.3)
Dy =D, + DB coritomb (6.4)
Dy =— —Z'—%z(—: —be’” (6.5)
At equilibrium separation r = r,, it is minimum and, hence,
%@,ﬂ, -0 (6.6)
Thus at equilibrium separation (r =r,),
@l,=—é?£(l—p/rb) (6.7)
0

Therefore the net energy involved in formation of stable ionic bonds
per g-mol would be:

’ll

AH = IM _E.\» —No Z]ZZL’- ( _rﬁ) (68)
Q

where N is Avogadro’s number.

Energy evolved (negative value of AH) favors ionic bond
formation.

{e.g., AH = -80kcal/mole for NaCl, AH = -88kcal/mole for MgO}
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6.2 Ionic Solids

In solid-state ionics, fast ion conductors (FICs), also known as solid
electrolytes (SEs) and super-ionic conductors (SICs) [1], are mate-
rials that act as solid-state ion conductors and are used primarily
in solid oxide fuel cells, solid-state batteries, clectrochemical gas
sensors, etc. The solid electrolytes conduct due to the movement
of ions through voids, or empty crystallographic positions, in
their crystal lattice structure. The most commonly used solid elec-
trolyte is yttria-stabilized zirconia (YSZ). One component of the
structure, the cation or anion, is essentially free to move throughout
the structure, acting as a charge carrier.

Conduction through the space-charge layer of ionic crystals is
one of the fascinating phenomena that gives rise to high ionic con-
ductivity in solids. Such conduction was first predicted by Kurt
Lehovec [2]. As the space-charge layer has nanometer thickness, the
effect is directly related to nano-ionics. Lehovec’s effect is used as
a basis for developing nanomaterials for portable lithium batteries
and fuel cells.

Fast ion conductors are intermediate in nature between crystal-
line solids which possess a regular structure with immobile ions,
and liquid electrolytes which have no regular structure and fully
mobile ions. Solid electrolytes find use in all solid state super-
capacitors, batteries and fuel cells, and in various kinds of electro-
chemical sensors.

6.2.1 Bonds in Ionic Solids

The case of finding repulsive energy using the Coulombian equa-
tion for an isolated atom is quite easy, say 88 kcal/mole for MgO [3].
However, in crystal it may be calculated by summing up individual
effects. If the charge on i" and j" ion are ¢ and ¢, respectively, which
are separated by distance r,, the Coulombian interaction at i can be
given as: Ay

(D) eryora =~ 20— (6.92)

j,j=i Yij

( 0, ) crystal - Ne 2 (6.9b)

] ];’:1 1]
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By considering only the nearest neighboring interaction and
approximations, we can write:

R
(B t).y = N(tbe * —ae? / R) (6.10a)

Atypical plot of as a function of @_ , has been presented for arbi-
trary values of constants as shown in Figure 6.1. Following syntax
in Maple 14 can generate it with a choice of associated constants,
while Table 6.1 presents few worked out examples of Madelung
[3,4] constant.

0.7500000000

plotsuuphru‘)rlnl (q) = 3000000000(’—R - __R , R == 5 ..5, (¢

=-5..5,labels= [R,® ]) (6.10b)

(%)

where, ¢, =¢, =¢,r, = p,R = R, Madelung constant a = 2—’9—
ij

-
~
wid
Lo
w

R

Figure 6.1 A typical potential pot for (@ = N(nbe—; —ae’/R)

coul ) crystal
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Table 6.1 Lattice and Madelung Constant [4].

Sr No Lattice Madelung Constant («)
1 Zns 1.6381 )

2 NaCl 17476

3 TiO, 1816 :

4 CaF, 5.039

5 ALO, 25.031

The plus sign is taken for like charges and minus for unlike charges.

6.2.2 Structure of Ionic Solids

In 1974 Adams [5] explained most of what is known as ionic structure.

e Anions may be treated as charged, incompressible,
non-polarizable spheres.

¢ A polyhedron of anions will be formed around cations
and vice-versa.

¢ The coordination number will be the maximum deter-
mined by ionic radii.

* Around the ions (cations or anions) site electroneutral-
ity must be preserved.

¢ The coordinating ions are arranged so as to minimize
the electrostatic repulsive energy.

Most economical use of space is controlled by atomic size or ionic
radius. Moreover, some apparent trends observed by Greenwood
are worth mentioning.

e Cations are normally smaller than anions, the only
exception being Rb*, Cs*, Fr* and Ra*, which are larger
than smallest anion F~.

e Within the vertical group of the Periodic Table the
radius increases with the atomic number.

e Within each iso-electronic sequence in the PT the
radius decreases rapidly with increase in positive
charge, e.g., 0.75 A for Na* and 0.26 A for CI 7.

* Successive increase in valancy of cation progressively
decreases its radius.
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Table 6.2 Type of structural arrangement and radius ratio [3].

Coordination Symmetry of Anion Coordination ,

Arrangement around Cation Number P

Cubic Corners of cube 8 1-0.732

Octahedron Corners of regular 6 0.732-0.414
octahedron

Tetrahedron Corners of regular 4 0.414-0.225
tetrahedron

. Corners of equilateral

Trigonal Planar ; 3 0.225-0.155
triangle

Linear Linear 2 0.155-0

Crystal structure is determined by the number of anions while
it is possible to pack around the smaller cation. A different type of
coordination arrangement is obtained for different values of radius
ratio . Table 6.2 depicts a few examples.

¥

‘mtiun
P (6.11)

anion

/)":

6.3 Classification of Solid Electrolytes

The solid electrolytes are classified on the basis of various aspects,
a few of which are discussed below.

Based on the conducting ion species of the SE these materials
are classified as cationic SE and anionic SE. Further, depending
upon the number of charge carriers involved in the conduction
process, SE may be subclassified as unipolar and bipolar SE. If
the conducting carriers are more than one, and all are cations or
anions, the SE is categorized as unipolar SE. However, if the carri-
ers are mixed, i.e., cations and anions, then that material is catego-
rized as bipolar SE.

Factors responsible for conduction processes also influence the
classification scheme. One may refer to the kind of commonly stud-
ied defects, like Frenkel and Schottkey, for classification of SE such
as F-type and S-type SE. The kind of doping in the host material
also gives rise to classes like iso-valent, monovalent, di-valent, tri-
valent or in general alio-valent SE. As the nomenclature suggests,
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doping a system with singly charged cation, doubly charged cation,
and triply charged cation gives rise to monovalent, divalent and tri-
valent SE, respectively. When a mono-valent system is doped with
mono-valent system or di-valent system is doped with di-valent
system then the resultant system is iso-valent SE.

Based on the nature of the system, the materials are also classi-
fied into crystalline SE (single/poly), amorphous SE, composite SE,
polymer SE, glass SE, etc. This classification scheme may further
evolve with time as the materials research progresses into newer
regimes.

6.4 Criteria for High Ionic Conductivity
and Mobility

In a SE, ions can hop in solid, and thereby contribute to ionic con-
ductivity only if their immediate environment includes vacant site
which is energetically accessible. lon hopping depends upon:

e Number of available vacant sites in the immediate
vicinity of the ion.

e Modest energy barriers between the nearby vacant
site.

Moreover, the third condition for appreciable long-range motion of
the ions is that:

e There must be interconnected ion migration paths
through the lattice (hop without significant drift
avoided). This resembles the game of Chinese Checkers
in which one encounters a special condition wherein
the marble finds a long hopping path that leads to its
destination.

The expression for conductivity derived by considering the hop-
ping mechanism is a product of the fractional number of defects
and the hopping rate (hopping frequency):

E’ E"l
o=Avn, = A exp(—k TJexp(—k T) (6.12)
B B
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Here, E, and E  represent formation energy per defect and barrier
height for hopping (ion migration enthalpy), respectively.

In addition to the above considerations, fast ion transport in SE
results at the same time from microscopic properties connected
to chemical bonding in the material and its structural features.
Reviewing the characteristics of a number of SEs within the frame-
work of their structural aspects, Reau ¢t al. [6] have formulated the
following important criteria for high ionic conductivity /mobility
in solids:

1. Small ionic radius and charge on the mobile ion

2. High ionic polarizability of constituent ions

3. Weak binding energy between mobile and antagonist
ions

4. Low coordination number of mobile ions

5. Low melting point

The ionic conductivity in SE is related to concentration of charge
carriers () and their mobility () by a well-established relation:

G = nqu (6.13)

6.5 Electrical Characterization of
Solid Electrolyte

The electrical characterization of the SE is one of the prime char-
acterizations that can establish (/) whether the conductivity is
contributed by mobility of ions or electrons or both, and (ii) the
conductivity (S/cm) of the specimen is independent of its physical
dimensions.

6.5.1 DC Polarization

To establish whether the conductivity is due to ions or elec-
trons, the material being tested is obtained in the regular
geometry, placed between two electrodes and excited by a dc
source. The dc potential should be below the decomposition
potential as; (-)YM/MX/Inert electrode(+) (IID).
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Figure 6.2 Schematic diagram of ionic transport measurement setup.

The schematic diagram in Figure 6.2 represents the ionic trans-
port measurement setup. This setup is used to measure circuit cur-
rent as a function of time. The electronic resistance is unchanged
by the dc polarization potential, however, the ionic resistance
decreases with time as the polarization builds up. Danforth and
Bodine [7] and Vest and Tallan [8] have derived the following
formula:

t,=——— (6.14)

In the case where the conductor is a mixed one, i.e., the conductiv-

ity is contributed by ion transportation as well as electrons, we can
write:

=0 +0,
o,+0, 0. o,

1 = i e — _'+_‘ o ti + f" (6.15)
g G ag

where 0, 0,, are conductivity contributions of ion and electrons,
respectively, and ¢, t, represent the ionic and electronic transport
number.

Figure 6.3 represents a typical time-dependent plot of conductiv-
ity frequently reported in the literature [9] of SE. For a perfect elec-
tronic conductor, the conductivity will be independent of time, i.e.,
a line parallel to time axis. For a perfect mixed conductor, the ionic
and electronic transport number will be ¢, = ¢ = 0.5. It clearly shows
that with time the polarization grows, therelby squeezing the total
(ionic + electronic) conductivity to only electronic.

]
»
4
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Figure 6.3 Typical time-dependent conductivity plot.

6.5.2 Impedance Spectroscopy

The complex impedance spectroscopic study involves measurement
of real and imaginary parts of impedance as a parametric function
of a wide range of frequency. This technique has become a funda-
mental tool to determine physical parameters like ionic conductiv-
ity, electrode polarization and activation enthalpy for ion migration.

In usual representations, the voltage, current and impedance
may be represented as:

V(t) =V eiwt, I(t) = Imejmr—w

m

Z=2, —jZ,.,Z=,/Z,2+Zf,go=arc(tan%) (6.16)

The frequency-dependent impedance will be:
Z(=)=2(0)

Z(w)=Z(0)+
@ =2(0) 1+ (jar)’

(6.17)
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where Z(0) and Z(=) are limiting values of Z(m) when o varies from
minimum to maximum, T is relaxation time, and « is empirical mea-
sure of departure from ideal Debye model. During the non-linear
least square fitting (NLS) fitting the sum of squares is minimized by
unity weighing represented by:

S =(AR,) +(Al) (6.18)

where AR, and Al are the real and imaginary fitting residuals. The
presence of two overlapping depressed semicircular arcs is sugges-
tive of the occurrence of two prominent conduction mechanisms
simultaneously under the external perturbation ac signal. Various
interpretations can be made in the impedance analysis in a poly-
crystalline ion conducting specimen; however, an experimental
impedance obviously contains major contributions from inter-grain
and intra-grain ion migration [10,11]. In order to have a more mean-
ingful discussion, the voluminous impedance data obtained by fol-
lowing the above procedure are fitted into the equation:

-F..
fp = fﬂ" k1 (6.19)
The peak frequency of the complex impedance o, = 2nf,
1 1 g k',"‘
T RC o 1= e (6.20)

where 4 is the cationic mobility, E,, denotes the migration enthalpy,
U, 1s proportional to the jump attempt frequency, and k and T are the
Boltzmann constant and temperature in K. The frequency f, derived
from w,,_is an effective averaged hopping frequency of an ion. The
effective pre-factor f, depends on the defect charge carrier density, C.

The process of ion migration through the sample involves the acti-
vation energy for migration of ions across the grain boundaries, E,,
(obtained from the semicircle corresponding to high frequency), and
that for migration of ions within grain (intra-grain) ion migration, E,,
(obtained from the semicircle corresponding to low frequency).

In the complex impedance plot real and imaginary impedance
has been plotted as a parametric function of frequency and a trendy
behavior as shown in Figure 6.4. The low frequency intercept of the
arc on real axis represents bulk resistance.

Rbulk A

1 (6.21a)

Resistivity p=
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Figure 6.4 Complex impedance plot for pure Ag,SO, at 250°C (the dotted line
represents the best fit curve).

|
Rbulk A

Conductivity o (6.21b)

Such typical plots possess an equivalent electrical circuit as these
circuits yield similar plots. This has been extensively studied by
Pande ¢t al. and a tradition of depicting equivalent circuit for SE has
grown up as a way of describing features of the SE [12].

Figure 6.5 shows a typical complex impedance plot of real and
imaginary impedance as a parametric function of frequency (w).
The bulk resistance, constant phase element (CPE) and resistance
combinations for a typical equivalent circuit are also shown.

6.6 Ionic Conductivity and Temperature

The generalized perception of the Arrhenius theory of the tempera-
ture effect on the reaction rate (ion diffusion) originated from the
temperature effect on the equilibrium constant. It is known that:

din(K) H
1 ~ R (6.22)
d
T
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Figure 6.5 Complex impedance plot and typical equivalent circuit.

where K is an equilibrium constant, R is the gas constant, and H is

: — Y
the heat of reaction. The equilibrium constant is = —- , where k, andk,
are the rate constants for the forward and reverse reactions respec-
tively. Thus, we obtain:

din(k,) din(k,)  H (6.23)
dl d i| R
T T

Arrhenius recognized that the last equation could be conveniently
divided into two parts, each having the form of —

din(k) _ E 20
gl R '
T

where E is referred by Arrhenius as representing the energy differ-
ence between the reactants and an activated species. The term E is,

therefore, called the activation energy. Taking E as a constant the
last can be integrated to yield:

In(k)=In(A)—— (6.25)
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Figure 6.6 Arrhenius plot for SE (pure Ag SO, in ff hexagonal and orthorhombic
phase).

where [11(A) is the constant of integration and the last equation can
be converted to:

k = AeTET (6.26)

This form of Eq. 6.26 is the most widely adopted form of the
Arrhenius equation. The temperature-dependent ionic conduc-
tivity in all specimens as governed by Arrhenius equation can be
expressed as Eq. 6.27.

E(?
(6T) = (aT), exp(ZKTJ (6.27)

The pre-exponential factor (¢7), in the above equation (which is
appearing out of constant of integration) is related to the frequency
of ionic collisions in the collision theory and to the entropy term
in the transition state theory. The equation governs forward and
reverse reaction contributing to ionic conductivity (¢7) and pre-
domination of each other. Arrhenius plots for all the composi-
tions are found to obey the Arrhenius law (25) in both the a and

f phases (as an example, Figure 6.6 depicts this behavior for the
host Ag,SO ).
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The observed change in slope at 416°C with an order of mag-
nitude jump in conductivity in the case of pure Ag SO, accounts
for the orthorhombic ff to hexagonal « phase transition (Figure 6.6).
The magnitudes of the conductivities (2.22x10 " S/cm at 250°C and
3.4x102 S/cm at 440°C) and the transition temperature (416°C) are
in close agreement with earlier reports [13-16].

6.7 Concentration-Dependent Conductivity

The concentration of mobile charge carriers in a Frenkel type ionic
solid is given by:

(6.28)

where k, AS,, AS and E, are, respectively, the mass action con-
stant, thermal entropy, confxguratlonal entropy and defect forma-
tion enthalpy. If the system under consideration (solid solution of
Ag.SO, with Me,SO,) is assumed to be homogencous and isotropic,
then the term AS, remains invariant with respect to the distribu-
tion of cations and anions, whereas the immediate ions surround-
ing Me* will have a different vibrational frequency o from those at
regular undistorted sites v. The thermal entropy term AS, in the last
equation will be a consequence of the change in frequency of the
lattice vibration due to the distortion taking place. Considering the
Einstein model we may assume that in the doped crystal, each atom
nelghbormg Me* is equivalent to three harmonic oscillators each of
frequency v’ # v. Then one finds for the increase in thermal entropy
per Me* the expression,

AS, =1 2/</0g("—. ] (6.29)
N

substitution of which in last Eq. 6.13 leads to:

=k, (—v—) exp( 2kTJ (6.30)
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6.8 Ionic Conductivity in Composite SE

Composite materials are heterogeneous mixtures of solid phases.
The elaboration of composites offers a new degree of freedom in the
search for advanced functional materials, because specific proper-
ties can be tailored to a certain degree by mixing appropriate phases.
In the domain of solid-state ionics, two routes can lead to improved
solid ionic conductors: a search for new compounds and structures
sustaining high levels of ionic conductivity or a modification of
existing compounds by heterogeneous or homogeneous doping.
The latter involves homogenous dissolution of a certain amount of
aliovalent dopant in the bulk of the ionic conductor M*X" in order
to increase the concentration of mobile charge carriers according to
bulk defect equilibrium. One example is the creation of additional
vacancies by doping with cations of higher valence, such as D** in
substitution of M, written in KroEger-Vink nomenclature [17-26]:

DX, +2M,, — D}, +V;, +2MX (6.31)

Heterogeneous doping, on the contrary, involves mixing with a
second phase with very limited solid solubility and the formation
of defect concentration profiles in the proximity of interfaces. The
deviations from local electrical neutrality (space charges) are a con-
sequence of point defect equilibrium at interfaces [27]. Apart from
the improvement of the electrical properties, such as high conduc-
tivity and ionic transference number, the development of composite
materials can also lead to better mechanical properties, such as bet-
ter shock resistance or higher strength. Although composite materi-
als can in principle contain many different phases, literature in the
field of solid-state ionics deals primarily with two-phase mixtures.
In 1973, Liang [28] observed an enhancement of ionic conductivity
by a factor of almost 50 in a composite material made from lithium
iodide Lil, a compound with moderate Li ion conductivity at ambi-
ent temperature, and dispersed small alumina AlL,O, particles. The
maximum lay around 40 vol% alumina. After this m1t1al study, the
conductivity enhancement in heterogeneous materials was con-
firmed for numerous ceramic composites, including dispersions
of fine insulator particles in an ionic conductor matrix and mix-
tures of two different ionic conductors, with a major contribution
by J.B. Wagner and his group [29]. The majority of the study was
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conducted on monovalent cation conductors, such as lithium, silver
and copper halides, the largest group being lithium compounds,
given their importance in high energy density portable batteries.
Besides ALO,, other oxides, such as MgQO, SiO,, CeO,, TiO, and fer-
roelectric BaTiO,, were found to be effective second phases for ionic
conductivity improvements.
More recently, the composite effect was also observed in ceramic
anion conductors, such as lead or calcium tluoride, and even in
inorganic solids with trivalent cation conductivity, like aluminum
and rare-earths. The theory of ionic conductor composites, which
was developed in the first part, highlights the importance of phase
boundaries for the electrical properties. Boundaries can be transport
pathways or transport barriers, given their modified core structure
(core effects), and can effect the charge carrier distribution in the
adjacent regions (space charge effects). Local deviations from elec-
trical neutrality in the vicinity of interfaces were recognized a long
time ago in the electrochemistry of liquid clectrolytes or in colloidal
systems. Gouy [30] established the theory of the electrical double
layer at the electrode-electrolyte interface in 1903, and Overbeek
and coworkers [31] the electrostatic colloid theory in 1948, In 1953,
Lehovec [32] calculated the defect distribution at the surface of
ionic crystals and discussed the implications for ionic conduction.
In 1972, Wagner [33] used the space charge layer concept to explain
conductivity effects in two-phase materials with electronic con-
duction, such as metallic inclusions in a semiconducting oxide or
mixtures of two semiconducting oxides. After an attempt by Jow
and Wagner in 1979 [34], the space charge layer theory of heteroge-
neous ionic conductors was established by Maier [35,36] after 1984.
'50 far, ceramic composites, which are mixtures of two crystalline
Inorganic phases, represent the most important group in solid-state
lonics. However, a growing amount of work was recently devoted
to glass-ceramic composites obtained by partial crystallization of
a glassy matrix, and polymer-ceramic composites, where an inor-
ganic compound is dispersed in a polymer matrix. Agrawal and
Gupta [37] reviewed composite solid electrolytes and gave an
extensive list of systems reported in the literature.

Silver sulphate, a non-alkali metal sulphate, is also an excep-
tion which shows high cationic conductivity in spite of the bigger
size of Ag®. It undergoes a structural phase transition from the
high temperature highly conducting hexagonal o-phase to the
low temperature moderately conducting orthorhombic B-phase
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at 416°C. It attracted attention until its potential application in
SO _(x=2, 3) galvanic sensors was proved [38]. Ever since the con-
cept of using a metal/metal sulphate reference electrode in solid
electrochemical gas sensors has evolved, it has attracted a great
deal of attention. It exhibits many advantages over other sul-
phate-based [39] solid electrolytes in engineering SO, gas sensors
like: (i) coexistence of Ag—O-S phase in Ag/Ag. SO ; (ii) equilibra-
tion of antagonist SOT}' (solid) with SO,/SO, (gas); (iii) invariance

of high ionic conductivity over the SO_environment, etc. [40-49].

Figure 6.7 shows schematic grain boundary consisting of a pos-
itive core charge compensated by two adjacent space—charge lay-
ers. Values of x are defined such that x = 0 at the interface between
the space—charge layer and the grain boundary core, while far into
the grain interior v = . The dotted lines represent concentration
profiles in the space—charge layer for the protons and the acceptor
dopant under the Mott-Schottky approximation, while the unbro-
ken line represents the potential profile. The Schottky barrier height
potential difference is also indicated.

Interfaces play an important role for the transport properties
of polycrystalline and poly-phase (composite) materials. Given
the anisotropy of boundaries, one has to distinguish between
transport along and across interfaces. Enhanced ionic conduction
along interfaces can be observed for two reasons. First, the inter-
face core itself is a disordered region, where defect formation and
migration energies are generally notably reduced. This leads to

Potential/log concentration

A Grain boundary core

A
Grain interior Space charge layer *F Space charge layer Grain interior

eSS et s a s s e ——— seamasean
bl
..
.

A

Figure 6.7 Schematic grain boundary representation of potential and
concentration.
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enhanced ionic transport within the interface core (grain bound-
ary diffusion). However, core effects are generally small, given the
reduced interface area in conventional microcryvstalline materials.
Some studies established the role of grain boundary diffusion in
polycrystalline oxides, including NiO, Al.O, MgO [50] or ZnO
[51], but there seems to be no similar studyv in composite materials.
Second, point defect and dopant interactions with interfaces, for
example, accumulation in the interface core (intrinsic and extrin-
sic interfacial segregation), induce concentration profiles of point
defects in the regions adjacent to the interface in ionic materials
(space charge layers). Only few quantitative studies exist on grain
boundary segregation in oxides, including CaO-doped ZrO, [52],
TiO, [53] and CeO, [54], and similar studies on phase boundaries in
composite materials are even more difficult, from an experimental
as well as a theoretical point of view. The concentration profiles of
mobile charge carriers near interfaces are a consequence of thermo-
dynamic defect equilibrium.

6.9 Thermodynamics of Electrochemical System

The thermodynamics of electrochemical system deals with a dif-
ference in electric potential between two or more phases. Electric
forces, fields, potentials and potential energy are important not
only in the thermodynamics but throughout chemistry. The proper-
ties of an atom or a molecule are the result of electrical interactions.
To write a fundamental equation for such a microscopic system, say
the Schrodinger equation, we need to know the equation for the
potential energy of interaction between charges. Forces between
molecules are also electrical in nature. However, dipole moment
and polarizability determines properties.

In an electrochemical system, the phases normally have non-zero
net charges, and electric potential differences exist between phases.
These electric potential differences (PD) are typically a few volts or
less. How much transfer of charged matter between phases occurs
when PD of, say, 10V exists between phases? To get an order of
magnitude of the answer, we consider an isolated spherical phase
of radius 10 cm that is at an electric potential of @ = 10 V. Let Q be
the net charge on the phase. The electric potential at the edge of the
phase of radius r is given by @=Q/ 4me,r . and
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Q = 4ne,rD = 4n(8.85x 102 C*N™'m)(0.1m) (10V))
=1x107""C

(6.32)

Suppose this charge is due to an excess of Cu®** ions. We have
Q,=ZFn.And amount of excess Cu? is

L _Q __ 1x10™C

CZF =5x10"mol (6.3
" ZF 2x96485C /mol X mo (6.33)

which is a mere 3 x 10"* gm of Cu?. Thus, we conclude that the
net charges of phases of electrochemical systems are due to trans-
fers of amounts of matter far too small to be detected chemically.
However, a countable potential 10 V is worthwhile.!

The presence of PDs between phases affects the thermody-
namic equations because the internal energy of a charged species
depends on the electric potential of the phase it is in. When the
phases of an electrical system are brought together to form the sys-
tem, tiny amounts of charge transfer between the phases produce
PDs between phases. Imagine a hypothetical system in which these
charge transfers have not occurred, so that all the phases have an
electric potential of zero: @ = @’ = ... = 0. If we add db, moles of j
to phase o of this hypothetical system, the Gibbs equation gives the
change in internal energy phase o as:

dU" = TdS" — PdV* + ujdn; for @ =0 (6.34)
All terms carry usual meaning, dnj is function of T, P and composi-
tion of phase: ,u;‘ = Iu;'(T, P, x;‘,x;,,,),

Now consider the actual system in which charge transfers
between phases do occur to produce phases with electric potentials
@+D",.... As discussed earlier, these charge transfers correspond
to negligible amount of chemical species, so that we can consider
each phase of the actual electrochemical system to have the same

1 The effective species parameter Coulomb Per Mol (C/mol) is a unit in the category of Molar
electric charge. It is also known as coulombs/mol. Coulomb Per Mol (C/mol) has a dimension
of TN'I where T is time, N is amount of substance, and 1 is electric current. This unit is the
standard SI unit in this category.
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composition as the corresponding phase of the hvpothetical sys-
tem, with the electric potential equal to zero. Thus we can write,

dU" =TdS" - PdV"* + y'dn’ + Q°dQ"

dU" =TdS" - PdV* + 3 () + 2 FO")dn;

dU* =TdS"—PdV" +3 'dn} for ' =(u' + Z,FD")  (6.35)

The above equation shows that the presence of non-zero electric
- q p - (14
potential &* in the phase « causes the chemical potential ¢ to be

replaced by (ﬂ‘“ + Zi]:@") in Gibbs equation for (dU". This quantity

u= (,u,“ +Z,.F®") is known as electrochemical potential.

In a closed system, the equilibrium condition for two phases a
and f in contact is 4" = ;:" for each substance i present in both
phases. In closed electrochemical system, the reaction equilibrium
condition is Zvi a4, =0 . Here, v’s are stoichiometric coefficients of
reaction. i

6.10 Applications

Solid electrolytes (SE) have attracted a great deal of attention due to
their high potential for applications in various devices that include
sensors, batteries, thermal batteries, heart pacemakers, smart win-
dows, etc. Some of these applications will be discussed in this
section.

6.10.1 Solid-State Batteries

An electrochemical cell consists of two half-cells. Each half-cell con-
sists of an electrode, and an electrolyte. The two half-cells may use
the same electrolyte, or they may use different electrolytes. The
chemical reactions in the cell involve the electrolyte, the electrodes
or an external substance (as in fuel cells, which may use hydrogen
gasasareactant). In a full electrochemical cell, species from one half-
cell lose electrons (oxidation) to their electrode, while species from

SoLib ELECTROLYTES: PRINCIPLES AND APPLICATIONS 281

the other half-cell gain electrons (reduction) from their electrode. A
salt bridge (e.g., filter paper soaked in KNO,) is often employed to
provide ionic contact between two half-cells with different electro-
lytes, to prevent the solutions from mixing and causing unwanted
side reactions in most of the cells involving liquid electrolytes. As
electrons flow from one half-cell to the other, a difference in charge
is established. If no salt bridge was used, this charge difference
would prevent further flow of electrons. A salt bridge allows the
flow of ions to maintain a balance in charge between the oxidation
and reduction vessels, while keeping the contents of each separate.
Other devices for achieving separation of solutions are porous pots
and gelled solutions. A porous pot is used in the Bunsen cell.

Each half-cell has a characteristic voltage. Different choices of
substances for each half-cell give different potential differences.
Each reaction is undergoing an equilibrium reaction between dif-
ferent oxidation states of the ions: when equilibrium is reached, the
cell cannot provide further voltage. In the half-cell which is under-
going oxidation, the closer the equilibrium lies to the ion/atom
with the more positive oxidation state, the more potential this reac-
tion will provide. Similarly, in the reduction reaction, the closer the
equilibrium lies to the ion/atom with the more negative oxidation
state, the higher the potential.

The cell potential can be predicted through the use of electrode
potentials. These half-cell potentials are derived from the assign-
ment of 0 volts to the standard hydrogen electrode. The difference
in voltage between electrode potentials gives a prediction for the
potential measured. When calculating the difference in voltage, one
must first manipulate the half-cell reactions to obtain a balanced
oxidation-reduction equation.

1. Reverse the reduction reaction with the smallest
potential (to create an oxidation reaction/overall posi-
tive cell potential).

2. Half-reactions must be multiplied by integers to
achieve electron balance.

It is important to note that the cell potential does not change
when the reaction is multiplied.

Cell potentials have a possible range of about 0 to 6 volts. Cells
using water-based electrolytes are usually limited to cell potentials
less than about 2.5 volts, because the very powerful oxidizing and
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reducing agents which would be required to produce a higher cell
potential tend to react with the water.

6.10.1.1 Energy Issues

During operation of electrochemical cells, chemical energy is trans-
formed into electrical energy and is expressed mathematically as
the product of the cell’s emf and the electric charge transferred
through the external circuit.

Electrical Energy = E , C (6.36)

trans

where E_ is the cell potential measured in volts (V) and C,_ is
the cell current integrated over time and measured in coulombs
(©); C,,. can also be determined by multiplying the total num-
ber of electrons transferred (measured in moles) times Faraday’s
constant (F).

The emf of the cell at zero current is the maximum possible emf.
It is used to calculate the maximum possible electrical energy that
could be obtained from a chemical reaction. This energy is referred

to as electrical work and is expressed by the following equation:

w =W

max electrical

-nFE_, (6.37)

where work is defined as positive into the system.
Since the free energy is the maximum amount of work that can
be extracted from a system, one can write:

AG = -nFE,, (6.38)

A positive cell potential gives a negative change in Gibbs free
energy. This is consistent with the cell production of an electric cur-
rent from the cathode to the anode through the external circuit. If
the current is driven in the opposite direction by imposing an exter-
nal potential, then work is done on the cell to drive electrolysis.

A spontaneous electrochemical reaction (change in Gibbs free
energy less than zero) can be used to generate an electric current in
electrochemical cells. This is the basis of all batteries and fuel cells.
For example, gaseous oxygen (O,) and hydrogen (H,) can be com-
bined in a fuel cell to form water and energy, typicaily a combina-
tion of heat and electrical energy.
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Conversely, nonspontaneous electrochemical reactions can be
driven forward by the application of a current at sufficient voltage.
The electrolysis of water into gaseous oxygen and hydrogen is a
typical example.

The relation between the equilibrium constant, K, and the Gibbs
free energy for an electrochemical cell is expressed as follows:

AG" = —RTIn(k) = -nFEy, (6.39)

Rearranging to express the relation between standard potential and
equilibrium constant yields:

RT
nF
The previous equation can use Briggsian logarithm as shown below:
. |4
g =209V (6.41)

n

6.10.1.2 Nernst Equation

The standard potential of an electrochemical cell requires standard
conditions for all of the reactants. When reactant concentrations
differ from standard conditions, the cell potential will deviate from
the standard potential. In the 20th century, German chemist Walther
Nernst proposed a mathematical model to determine the effect of
reactant concentration on electrochemical cell potential.

In the late 19th century, Josiah Willard Gibbs formulated a theory
to predict whether a chemical reaction is spontaneous based on the
free energy:

AG = AG" + RTln(k) (6.42)

Gibbs’ key contribution was to formalize the understanding of
the effect of reactant concentration on spontaneity.

Based on Gibbs’ work, Nernst extended the theory to include the
contribution from electric potential on charged species. As shown
in the previous section, the change in Gibbs free energy for an elec-
trochemical cell can be related to the cell potential. Thus, Gibbs’
theory becomes:

nFAE = nFAE® — RTIn (k) (6.43)
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Here n is the number of electrons/mole product, F is the Faraday
constant (coulombs/mole), and AE is cell potential. Finally, Nernst
divided through by the amount of charge transferred to arrive ata
new equation which now bears his name:

AE=AE”—%1n(k) (6.44)

Assuming standard conditions (T = 25°C) and R = 8.3145 ] /(K-mol),
the equation above can be expressed as shown below:

05916
AE = ag? = 905916

log k) (6.45)
n

This form of Nernst equation is valid for eclectrolytes which are

even in solid state. And a similar form of equation may be extended

for solid batteries after accounting for the chemical/electrochemi-

cal potentials in the basic equations.

6.10.2 Sensors

According to the Nernst equation, all metal and hydrogen has a
tendency to pass into solution in the form of ions; e.g., zinc met-
als when immersed into pure water liberate Zn*' into water under
stress of solution pressure as:

Zn — Zn*t +2e” (6.46)

and the metal is left negatively charged due to loss of Zn*. As
these charges are massive, they do not move away from oppositely
charged metal, thus forming an electrical double layer at the junc-
tion of electrode and electrolytic solution. The layer builds up as
more and more positive charges go into the solution. Now, if one
considers a metal electrode dipped in the solution of its own salt,
the tendency of jons to pass into the solution is opposed by the
reverse tendency of ions to be deposited back on the electrode.
This backward reaction is attributed to osmotic pressure of ions in
the solution. Thus the potential difference between the metal and
the solution of its salt depends upon two facts, viz. (a) tendency
of metal ions to pass into solution (solution pressure) and (b) the
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tendency of metal ions in the solution to be deposited on electrode
(osmotic pressure). Thus depending upon relative magnitudes,
there are three possibilities:

a) Solution pressure > Osmotic Pressure

Tendency of ions to leave metal will be greater than
reverse tendency and metal will be left negatively
charged with respect to electrolyte solution, e.g., Zn,
Cd and alkali metals.

b) Solution pressure < Osmotic pressure

Tendency of ions to get deposited on metal will be
greater than reverse tendency and metal will gain pos-
itive charge with respect to electrolyte solution, e.g.,
Cu, Au, Ag and Hg.

) Solution pressure = Osmotic pressure

Both processes are balanced, no layer is formed and no
potential difference is developed between metal and
solution resulting in null electrode.

6.10.2.1 Nernst Equation

Consider a metal of valance n, P, and P, represents osmotic and
solution pressure respectively, and E represents actual potential dif-
ference between metal and solution. An electric current is passed
through electrode reversibly until 1g ions of metal are dissolved.
The quantity of electricity required for the dissolution of 1g of metal
ions will be nF Coulombs.

The electric workdone = nFE Volts-Coulombs  (6.47)

(where F = 96,500 coulombs). Now suppose that the solution is
diluted so that the osmotic pressure is reduced from P, to P, — dP,.
The corresponding difference of potential between the metal and
the solution is now changed from E, to say, dE.

Now, in order to cause dissolution of 1 g ions of metal, the elec-
trical work done or electrical energy to be expensed is (E — dE)nF
volt-coulomb.
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The difference between electrical energy =
nEF — (E —dEnF = dEnF (6.48)

The difference between electrical energy must be equal to the
osmotic work done in transferring 1 g of ions of the metal from P,
to P, —dP,.

The work done = Vi, (6.49)

here V is volume of the solvent. Therefore,

dEnF = VdP, (6.50)

RT:“IPI am L =y (6.51)

[)

dEnF =

Integrating and finding the constant of integration for equilibrium
condition at P, = P,, E = 0 one gets

RT P,
F=—— ’TF 1 }.’( P ] (652)

Now if two similar electrodes are dipped in two different solutions,
say A and B, the pd between the two electrodes will be:

RT P
E,—E, =———1 =l .53
1 2 - (?—J(PMJ (6.53a)

As osmotic pressure is directly proportional to concentration, we
can rewrite the above equation as:

E,—-Ez——[—{—zlog(g” ) (6.53b)
B2

6.10.3 SO, Sensor Kinetics and Thermodynamics

Sulphate-based solid electrolytes (SEs) have attracted a great deal of
attention [55] due to their high potential of applications in various
devices that include sensors, batteries, thermal batteries, heart pace-
makers, smart windows, etc. In the process of modernization and
industrialization that has developed around mankind to facilitate
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life, unwanted pollutants have grown up. Nowadays the pollutants
have created sizeable destruction. Detecting and monitoring the
pollutants have become an objective to support and sustain healthy
life on the planet. Sulpher dioxide (SO,) is one such harmful known
pollutant that has been counter-attacked by human beings for a
long time [56-58]. In earlier times it was detected by gas chroma-
tography. This methodology is obsolete and redundant now. In the
present context ot modernization, the detection techniques should
be fast, automatic and electronically compatible for PC interface.

In earlier stages of development, gaseous reference electrode was
used which was cumbersome to handle and measurements inter-
fering. The innovative solid reference electrode (Ag+Ag2504) [46]
has proved advantageous over reference gas electrode. The quality
performance of solid-state electrochemical gas sensor (SSEGS) in
terms of response time, thermodynamic stability, operating tem-
perature, gas sensing ability, sensitivity and concentration range
that is sensed has evoked in Test gas-cathode/solid electrolyte/ref-
erence anode cell assemblyterest [59]. The sensor configuration is
described below.

Test Gas Cathode/Solid Electrolyte/Reference Anode Cell Assembly

The cell with configuration Ag:Ag,5O,/SE/Pt, SO.(g), O,(g) was
fabricated by simultaneously pressing the reference electrode and
electrolyte. On the other side, Pt powder was sprinkled to derive
electrical contact. The sensor cell is embedded into graphite as
shown in Figure 6.8.

The half-cell reaction at the electrolyte gas interface is the equi-
librium ions in the sulphate electrolyte with the electrochemically
active S0, gas is:

50,(g)+5 0, +2¢” > 50} (6.54)

Platinum mesh

=

Figure 6.8 Cell assembly with isolation of reference electrode by embedding.
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The half-cell reaction encountered at electrode-electrolyte is:

2Ag — 2Ag +2¢ (6.55)
Thus the complete redox reaction for the cell contiguration,
Ag: Ag,SO,/Electrolyte/ Platinum (6.56)

can be obtained by combining reactions;
1
2Ag+S0,(g)+ 502 — Ag.SO,. (6.57)

The inlet SO, concentration which is causing the above reaction
can be calculated from the Nernst equation with knowledge of
thermodynamic data for SO,, SO, and Ag, SO, and oxygen partiar
pressure using Nernst equation.

Extending this analogy for gas sensors, with one reference gas ()
electrode and another test gas (”) electrode, one can arrive at SO,
gas sensor as:

RT P, P"();r

E=—"r]
nF S| Py, P

(6.58)

0y’
With the novel idea of using metal/metal sulphate solid reference
electrode, a lot of complexity in sensor fabrication has been removed
making it convenient for field application, as the inconvenient ref-
erence gas electrode has been replaced by Ag/Ag,SO, (metal/metal
sulphate) reference electrode [9,10],

Reformatting the above Nernst equation for solid reference
electrode,

P, P
E=E°+—1-z—17_;log( o ) (6.59)

here,

E° - emf due to free energy (Gibbs) of formation of Ag,SO,
R - is gas constant

P "303 - partial pressure of SO,gas
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P "
o] — partial pressure of O, gas

aAg,50, — activity coefficient of Ag,SO,

E (6.60)

—AG’(T)  RT P56, P
= +—log| —————
2F 2F

A 5¢.50,

Use of solid electrolytes in a galvanic electrochemical cell con-
figuration has been of great interest in the detection of gaseous
species; depending upon the characteristics, cell reaction delivers
open circuit voltage (OCV). It can be calibrated and further used
for manipulations for atomization of system. We shall deal with a
particular case of SO, detection using SSEGS.

A typical experimental setup used for characterization of gas
sensors using precomposed gas is shown in Figure 6.9. The known
gas concentration and sensor OCV can be used for calibration.

To gas vent Temperature
Keithley programmer
electrometer
SMU 236
IXTXXXIXIX
Gas N "_
mixing IXXIXXIIIX
chamber

Mas
flow
controller

cylinder

Figure 6.9 Schematic representation of the experimental setup for study of
sensor characteristics.
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The time dependence of emf toggling when SO, concentration
switched from 50 to 1000 ppm at various temperatures has been
depicted in Figure 6.10.

A sensor formed by utilizing (96.37)Ag SO ,:(3.63) Y (SO,), solid
solution offers a good sensor option. Sensor emf toggling between
520 mV to 240 mV was observed for shuffling of SO, gas concen-
tration from 50 ppm to 1000 ppm. A response time of 22 seconds is
observed. The prima-facie sensor characterization indicates promis-
ing sensor behavior. A typical calibration curve can be shown in the
Figure 6.10. A commercially available electrochemical gas sensor
for oxygen is depicted in Figure 6.11. A typical calibration curve for

600

500 (II!BI[IIIIrﬂf H;:_;g_::j_:_: j686848088084840acaddcdan)

[
300 [
R

200 T T T 1
0 50 100 150 200

emf (mV)

Figure 6.10 Variation of emf with time for swapping of SO, concentration from
50 to 1000 ppm.

Figure 6.11 A typical commercially available electrochemical oxygen sensor.
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Figure 6.12 EMF as a function of SO, partial pressure at 558°C by Jacob & Jacob
[60].

SO, sensor behavior observed by Jacob and Jacob [60] governed by
Nernst equation is presented in Figure 6.12.

6.12 Conclusion

Solid electrolytes form a class of solids that offer ionic conductivity
on par with liquid electrolytes. The solid form of the electrolytes
offers fascinating advantages, which widens the application area.
It also opens up a new domain for tailor-made suitable/desirable
materials.
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Abstract

The innovation and engineering of novel materials have always remained
an underlying challenge for harnessing electronics technology. For over 50
years, silicon has ruled electronics technology, with progress inexorably
following the prophetic statement from Gordon Moore, the co-founder of
Intel, that the number of transistors on a silicon chip would grow expo-
nentially with time, doubling every two years (Moore’s law). Now the
size limit of the building block of silicon technology is being approached,
namely, transistor with its 22 nm limitation, raising the imminent ques-
tion if Moore’s law still holds good. This growth cannot be maintained
forever, and so the search is on to find and use new materials which may
be able to produce higher performance and better functionality, especially
for electronics technology.

The authors of this chapter mainly focus on carbon-based electronics.
Carbon-based materials offer a number of exciting possibilities for both
new science and applications. Graphene possesses novel band structure,
by which solids mimic the properties of relativisitic fermions and which
offers the potential for high speed nanoscale electronics. Interesting prop-
erties have been investigated when sheets of graphene are rolled up to
make carbon nanotubes, for example, both semiconducting and metallic
nanotubes have been produced.

Keywords: Silicon, electronics, graphene, carbon nanotubes, CNT-FETs,
transistors
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