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SYNOPSIS

Liquid lead and Lead- Bismuth Eutectic (LBE) alloys are considered as
spallation target as well as coolant in Accelerator Driven Systems (ADS). Because of
their low reactivity towards air and water/steam, they are also considered as candidate
coolants for fast breeder reactors [1]. However, these coolants are chemically
incompatible with structural steels because of the high solubility of alloying elements
of steels in them which leads to severe corrosion. Among the alloying components of
steels, nickel has very high solubility in both liquid Pb and LBE. Hence, nickel free
structural steels with optimum levels of Cr, Mo, Si, etc are being considered for Pb
and LBE service. Solubility of Fe, Cr and Mo in these heavy metals is still significant
and can lead to heavy corrosion effects. This corrosion and mass transport can be
minimized by forming a protective oxide layer over the surface of the structural steels
by careful control of oxygen concentration in the liquid metal coolant [2, 3]. To
understandthe stability and formation of this protective oxide film, the study of the
thermochemical aspects of the interaction of alloying components of steel with Pb
and Bi in the presence of dissolved oxygen is important. Towards this direction, data
on the ternary phase diagrams of Pb-M-O and Bi-M-O (M=alloying elements in
steels) systems and thermochemical properties of relevant ternary oxides in these
systems are required. Systematic studies on the phased diagrams of Pb-Fe-O, Pb-Cr-
O, Bi-Fe-O and Bi-Cr-O systems and the determination of thermochemical data of
relevant ternary compounds present in these systems were carried out by Sahu et al.
[4-9] and Meera et al. [10- 11]. In the present work, studies onBi-Mo-O and Pb-Mo-O

systems have been carried out.
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The thesis also involves works related to the development of high temperature
piezoelectric material to be used in liquid metals. High temperature ultrasonic
transducers are employed for the inspection of components immersed in liquid metal
systems. The piezoelectric materials, which are used in these ultrasonic transducers,
must possess high Curie temperature and favorable piezoelectric properties. Presently,
lead zirconate titanate (PZT) based ultra sonic transducers are used. Since the Curie
temperature of PZT is only 623 K, it cannot be employed for high temperature
applications. Piezoelectric materials such as lithium niobate, bismuth titanate, lead
metaniobate and gallium orthophosphate etc possess high Curie temperature and are
promising candidates. Among them, bismuth titanate has a Curie temperature of 948 K
but it possesses highly anisotropic electrical conductivity with the maximum value
along the plane of polarization. For piezoelectric applications, a low electrical
conductivity is essential as it causes difficulty in poling [12] as well as during
transducer application. Thus it is crucial to prepare bismuth titanate crystals with
reduced electrical conductivity. In the present study, experiments were carried out to
optimize the preparation conditions with niobium as the dopant to obtain highly
resistive bismuth titanate crystals suitable for high temperature piezoelectric
applications.

The objectives set for the present thesis work are

(1) Determination of ternary phase diagrams of Bi-Mo-O and Pb-Mo-O systems.

(2) Measurement of thermochemical properties such asGibbs energy of formation,
enthalpy of formation and the heat capacity of the ternary compounds in these
systems.

(3) Development of bismuth titanate based piezoelectric material to be used at high

temperatures.
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2. Organization of the thesis

The thesis consists ofseven chapters. Chapter 1 contains the introduction to

the present work. Experimental methods and techniques used in the present study are

described in Chapter 2. Chapter 3 describes studies carried out on Bi-Mo-O ternary

system and Chapter 4 describes the studies conducted on Pb-Mo-O ternary system.

Chapter 5 discusses the preparation and characterization studies carried out towards

the development of bismuth titanate based high temperature piezoelectric material.

Chapter 6 provides the summary of the results and conclusions drawn from the

present work. Chapter 7 presents the scope for future studies.
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Chapter 1
Introduction

1.1 Use of liquid metals as coolant

Advanced nuclear systems use liquid metals as coolants for the effective heat
removal from the reactor core. During the early stages of nuclear reactor
development, liquid sodium as well as heavy liquid metals such as Lead and Lead-
Bismuth Eutectic (LBE) were proposed and investigated as coolants for the Fast
Breeder Reactors (FBRs) [1-5]. Superior heat transfer characteristics, low density,
low neutron absorption cross section, inherent compatibility with structural materials
and relatively low cost, made liquid sodium to be the preferred choice as coolant in
FBRs in all countries. LBE was investigated as the primary coolant in Alpha
submarine in Russia [6, 7]. Although liquid sodium is still the coolant of choice for
fast reactors, its high chemical reactivity with air and water/steam and consequent
hazards is a matter of concern. Any accidental failure of structural materials at the
secondary heat exchanger of a fast breeder reactor can lead to violent and explosive
reaction of liquid sodium with high pressure steam. This would form highly corrosive
NaOH which would propagate the failure and costly shut down of the reactor.
Because of very low chemical reactivity of liquid Pb and LBE with air and
water/steam, they are being reconsidered as coolants for the secondary circuits of the
fast reactors [1, 2]. In fact, Pb or LBE cooled fast reactors is one of the four types
proposed for investigation by the Generation IV International Forum [8]. These heavy
liquid metal coolants are the primary candidates for spallation neutron targets and
coolants in Accelerator Driven Systems (ADS) because of their high spallation

neutron yield, low neutron moderation, very high boiling point and low chemical



reactivity [6, 9-11]. Selected thermo physical properties of Na, Pb, LBE and water at
773 K (typical operating temperature of fast reactor) are compared in Table 1.1.

Table 1.1 Comparison of thermophysical properties of liquid metal coolants and
water [12, 13]

Property Sodium Lead LBE H,O
Melting point (K) 371 600.6 398 273
Boiling point (K) 1155 2021 1927 373
Density at 773 K (kg m™) 832 10452 10066 990 (at 323 K)
Thermal conductivity at 140 17.70 14.41 0.67 (at 323 K)
773 K (Wm' K™
Specific heat at 773 K 1264 144.82 141.05 |  1.339 (at 323 K)
(J ke'K™
Vapor pressure at 773 K | 5.51 x 10* | 2.12x10° | 2.61 x 107 | 101325 (at 373 K)
(Pa)

Viscosity at 773 K (PaS) | 2.36 x 10* | 1.81x 10 | 1.31 x 10” 0.89 (at 298 K)
Surface tension at 773 K 0.1563 0.4386 0.3867 71.99 (at 298 K)
(Nm™)

1.2 Lead-Bismuth Eutectic (LBE) system

The phase diagram of Pb-Bi binary system is shown in Fig. 1.1 [14]. Lead and
bismuth form a eutectic between them at 398.5 K and at 45 at% Pb. The terminal
solid solubility of Bi in Pb is 22 at% at 460 K while maximum solid solubility of Pb
in Bi is 0.5 at% at 398.5 K. It also shows the presence of an intermetallic phase
designated as € in the composition range of 27.5 to 40 at% Bi. The € phase is a non-
stoichiometric phase which melts peritectically at 460 K. Above the melting point of

Pb, complete miscibility in liquid phase is observed in the entire composition range.
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Fig. 1.1 Phase diagram of Pb-Bi system [14]

1.3 Accelerator Driven Systems (ADS) and use of liquid lead andLBE

Accelerator driven systems (ADS) are developed for the incineration of
nuclear wastes which are generated in the conventional nuclear reactors. ADS can be
considered as a better option for the transmutation of long lived radio isotopes into
short lived radioactive or inert isotopes and thus serving in the safe disposal of
nuclear wastes. The schematic diagram of ADS is shown in Fig. 1.2 [15]. In ADS, a
superconducting linear accelerator is connected with a subcritical fast reactor. A high
energy proton beam (~1.5 GeV) is generated by the accelerator and is injected on to
the target. Spallation reactions take place when the high energy proton beam
impinges on the target and as a result, neutrons are generated in the sub critical
reactor core comprising of long lived minor actinides such as Am, Np, Cm, etc as the
fuel along with U, Pu and Th. A heavy metal is preferred as the target to increase the
yield of spallation neutrons. Use of heavy liquid metal as targets has additional

advantages as the issues with respect to removal of heat from the reactor core and



radiation damages can be more easily solved. Liquid Pb and LBE are considered as
the candidate material for both the subcritical reactor coolant as well as for the

spallation target in ADS.
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Fig. 1.2 Schematic diagram of accelerator driven system [15]
1.4 Compatibility issues of liquid lead and LBE with structural steels

The critical challenge in the use of liquid Pb and LBE in nuclear systems is to
minimize the corrosion of the containment and structural materials in contact with
them [16]. The corrosion occurs mainly because of the high solubility of the alloying
components of steel in these heavy liquid metals. Since the solubility of components
of the steel is different from each other, selective dissolution occurs. This causes
compositional and micro structural changes which could lead to material failure. The
data on solubility of Fe, Cr, Ni and Mo in liquid Pb, Bi and LBE are presented in
Table 1.2. Figures 1.3 to 1.5 show the variation of these solubility values with

temperature.



Table 1.2 Solubility data of structural steel components in liquid Pb, Bi

and LBE
Metal | Liquid | Solubility (log (at%)) | Temperature Reference
range (K)
Fe Pb 1.68-3006/T 800-1300 [17]
Bi 2.75-3980/T 973-1173 [17]
LBE 0.5719 -4398.6 /T 399-1173 [18]
Cr Pb 430-6720/T 1173-1473 [19]
Bi 2.94-3610/T 658-901 [20]
LBE -0.2757 -3056.1 /T 500-1100 [18]
Ni Pb 2.89 -2189/T 773-1073 [21]
Bi 1.06-616/T 755-1283 [22]
LBE 2.8717-29359/T 528-742 [18]
Mo Pb 1.6 -6000/T 1073-1473 [12]
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It can be seen that solubility is a function of temperature and increases sharply
with increase in temperature. As a result, mass transport occurs by the dissolution of
the components of the steels at high temperature sections followed by the transfer and
deposition of the corrosion products at the low temperature sections. The deposition
of the corrosion products at low temperature sections can ultimately cause the
clogging of the coolant pipes and reduce the heat transfer characteristics. Since the
solubility of Ni in the heavy metals is much higher than those of Fe, Cr and Mo,

nickel free steels are considered as structural materials for Pb and LBE systems.
1.5 Mitigation of corrosion in liquid lead and LBE systems

Different methods have been suggested for minimizing the corrosion of
structural steels in liquid Pb and LBE. Corrosion can be minimized either by using
the structural steels which have high corrosion resistance or by the addition of
corrosion inhibitors. As mentioned earlier, because of solubility of Ni in liquid Pb and
LBE is very high compared to those of other components of steels, Ni free ferritic
steels with optimum concentrations of Cr, Mo, Si, etc are considered as candidate
structural materials. However, the solubilities of other components are not low and
are significantly high. Corrosion and mass transfer that would occur under high flow
velocities over long periods of operation would still not be in acceptable range.
Different methods adopted for the mitigation of corrosion of the structural steels in
heavy liquid metal coolants are described in the following sections.

1.5.1 Use of corrosion resistant structural materials

One of the methods to minimize corrosion in liquid Pb and LBE systems
would be to use metals with very low solubility. Examples of these metals are W and
Mo whose solubility values at 1473 K are <0.0056 at% and <0.011 at%, respectively

[23]. Mo has been reported to be highly corrosion resistant even after prolonged



exposures at 1273 K [4].The investigation by Cathcart and Manly [24] on the relative
resistances of 24 metals and alloys with respect to corrosion and mass transfer in
liquid Pb showed that only Mo and Nb possess high degree of corrosion resistance.
Certain alloys of these metals such as Nb-1Zr also exhibited considerable resistance
to mass transfer and thus can be used as container materials for liquid Pb target.
Experimental results on the compatibility studies of various steels indicated that
alloys with high Ni content such as Ni-Cr-Fe alloy and 347-stainless steel showed
lower resistance to corrosion by liquid Pb.Experiments have also shown that when
structural steels are alloyed with appropriate concentrations of Al and Si, stable
protective oxide scales would be formed on the surface by reaction with the dissolved
oxygen in the heavy metal coolant. Very low corrosion rates were observed with Fe-
Cr alloys containing 8 at% Al which had a protective alumina scale even at low
oxygen potentials [24].

Cygan [25] has studied the compatibility of various steel alloys with LBE and
observed that low carbon steels could be useful containers for LBE up to 727 K. The
studies of Romano et al. [26] have shown that Croloy 1-1/4 (Fe-0.15C-1.25Cr-0.5Mo)
steel exhibited corrosion resistance up to 5000 h in LBE at 623 to 923K. Other ferritic
steels suggested for structural materials are 2-1/4Cr-1Mo, modified 9Cr-1Mo and
12Cr-1Mo [27].

1.5.2 Corrosion resistant coatings

It has been demonstrated that the corrosion resistance of the structural steels in
heavy liquid metals can be enhanced by coating their surface with metals like Mo, W,
Nb or their alloys [28]. These metals themselves have very low solubility in the
coolants and are stable in LBE at low oxygen potentials and can protect the steels

against the attack by LBE. Superalloys like MCrAlY (M = Fe, Ni, Co or NiCo)



exhibit corrosion resistance because of the alumina layers formed on their surface by
selective oxidation and have gained interest because of the self healing properties of
the oxide layer.Oxide, carbide and nitride coatings are also investigated as they can
isolate the metals from the coolant [12]. Attempts have also been made to coat the
structural materials with nitrides and borides of Ti and Zr, carbides of W, Al-Mg
spinel [29] and ZrO, + Y,03 [4]. However, these coatings were not dense enough to
protect the steel from the diffusion of alloying components through them and do not
possess any self healing ability [12]. They can crack during installation or operation
due to their weak adherence. Failure during thermal cycling is also anticipated
because of the difference in the coefficient of thermal expansions of the base metal
and the coating. These failures can lead to the direct dissolution attack by Pb and
LBE.

Films of carbides and nitrides such as ZrN, TiN, or TiN+TiC can be formed
on the surfaces of steels by the addition of Ti and Zr (about 50 to 500 ppm) into the
heavy liquid metal. These elements react with carbon and nitrogen present in the steel
to form the film and protect the steels from direct contact with the coolant [30].
Again, it is difficult to ensure uniform formation of the film on the surface of steels.
The integrity of the films also cannot be ascertained as they are brittle and tend to
spall off.

1.5.3 Active oxygen control

It is found that by the careful control of dissolved oxygen concentration in the
coolant, a protective oxide film can be formed on the steel surface, which can
effectively separate the steel surface from the coolant. In order to promote the
formation of a stable protective oxide layer, it is to be ensured that the oxygen

potential in the liquid metal is above that needed for the formation of the film on the



structural material but below that required for the formation of the oxides of Pb or Bi.
Once the passive oxide film is formed on the steel surface, direct dissolution of the
structural material becomes negligible because of the very low diffusion coefficients
of the alloying components of steel in the oxide layer [2].

The corrosion behavior of two different types of austenitic steels as a function
of oxygen concentration in flowing Pb at 823 K after 3000 h of exposure is presented
in Fig. 1.6 [31]. When oxygen concentration was below 107 at% in liquid Pb,
corrosion rate increased significantly with decreasing oxygen concentration.
Corrosion under these conditions was determined by the direct dissolution of the alloy
components as there would be no protective oxide layer on the surface. When the
oxygen concentration was higher than 10”7 at%, but below 10 at%, oxide films that
prevent the direct dissolution of alloy components were formed on the surfaces of
steels. When the oxygen concentration increases beyond 10 at%, corrosion depth
was found to increase presumably because the surface oxide layer formed was no

longer passive.

1.6 Thermodynamic basis for the protective oxide layer formation
and active oxygen control

The formation and stability of the protective oxide layer over the structural
steel surface are determined by the thermochemical properties of the oxide layer
formed. The Ellingham diagram given in Fig. 1.7 shows the variation of oxygen
potentials of metal-metal oxide equilibria corresponding to those of the components
of steel along with those of Pb-PbO, Bi-BiO;, AI-Al,O; and Si-SiO, with
temperature. Using the data on activity, and solubility of oxygen in Pb and LBE,
given in Tables 1.3 to 1.5 [32], and Gibbs energy of formation of PbO and Bi,03, the

oxygen potentials in the liquid metal at different dissolved oxygen levels were

10



calculated. These oxygen potentials are also shown in Fig. 1.7. It can be seen from the
plot that the oxides of steel components, Al and Si are more stable than the oxides of
Pb and Bi. Thus, when the oxygen potential in the liquid metal coolant is lower than
that required for the formation of PbO and Bi,03, either the oxides of the alloying
elements of steel or the ternary oxides of Pb-M-O and Bi-M-O (where M = Fe, Cr,
Mo, etc) systems could be formed at the steel-liquid metal interface which can act as

the protective oxide layer.

| Il | T T 1 I
I 1
— Liquid metal | } Oxidation
= corrosion | '
E I - |
= 150+ Transition Optimum oxygen 7
S tzone ! ( concentration for
% g ! minimum corrosion
o I |
c 100+ ; — ! <
% i N [
g N
. /%8
50 + ' ! ] J
o 15CrA1NI- | I\ 16Cr-11Ni-3Mo
T -3Si- A\ |
0 1 \l - =7 I ] 1

1E-8 1E-7 1E-6 1E-5 1E-4 1E-3
Oxygen content in lead [at%)]

Fig. 1.6 Oxygen concentration effects on the corrosion behavior of steels in
flowing liquid Pb after 3000 h at 823 K [31]

The protective oxide film formed can effectively separate the steel surface
from undergoing direct dissolution. As the diffusion coefficients of the alloying
components of steel through the oxide layer would be low, rate of dissolution of the
steel components would also be suppressed. Knowledge on the thermochemical
properties of the Pb-M-O and Bi-M-O systems is essential to understand the
composition of the oxide films on the steel surface. Diffusion coefficients of oxygen
and metal through the oxide layer would also be required to predict the film growth

rate as well as the rate of corrosion.

11



Fig.

Temperature / °C

-100
-200-.‘ Lol
-300-___
-400-._ -
-500..:__:.' <
-GOD-.-

-700 =

RT In pO, / kJ mol”

-800 o
-900

-1000 =

-1100 . ' . T . r . T
500 600 700 800 900

Temperature / K

1000

1.7Ellingham diagram showing the oxygen potentials
metal/metaloxide equilibria
Table 1.3 Diffusion coefficient of oxygen [32]
Diffusivity of oxygen Temperature
range
Pb: log(D%’ /em®s™) = —2.554-2384/T 818-1061 K
811-980 K

LBE: log(D* /em®s™)=-0.813-3612/T

Table 1.4 Standard Gibbs energy of dissolution of oxygen [32]

LBE: G, =-127389 +27.9387 J (g atom)'

Standard Gibbs energy of dissolution of | Temperature

oxygen range

Pb: G}y, =—121349 +16.906T J (g atom)”’ 815-1090 K
812-1012 K

Table 1.5 Solubility of oxygen [32]

Solubility of oxygen Temperature
range

Pb: log (S / at% O) =-=5100/T +4.32 815-1090 K

LBE: log (S / at% O)=—-4287/T +3.53 812-1012 K
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1.7 Characteristics of the oxide layer-from corrosion tests on
steels

In order to understand the characteristics of the protective oxide film formed
on the steel surface, corrosion tests have been performed on a number of steels
exposed to flowing and static liquid Pb and LBE [33-40]. The experimental studies on
different types of martensitic and austenitic steels indicated that they would be
susceptible to dissolution in LBE even at a temperature as low as 673 K if the oxygen
concentration in the coolant is <107 at%. However, the dissolution rate of austenitic
steels was found to be lower than that of martensitic steels. For oxygen concentrations
above 107 at%, formation of oxide layer was observed on the surfaces of both steels
in the temperature range of 573-743 K. This thin protective oxide layer acted as a
barrier against the direct dissolution of steel components into the coolant. Studies of
Barbier et al. [33] showed that the thickness of the protective oxide film increased
with increasing temperature and exposure time and the thickness of the layer formed
depended upon the composition of the steel. It had been observed that martensitic
steels form very thick oxide film and generally consisted of two layers with a porous
outer layer of magnetite (Fe;O4) and a compact inner layer of Fe-Cr spinel ((Fe,
Cr);04). However, these thick oxide layers are found to be not protective and thus
such steels cannot be used for long term applications. For austenitic steel, very thin
oxide layer mainly composed of Fe-Cr spinel is formed at lower temperatures and this

thin oxide layer was reported to be protective.
1.8 Kinetics of oxide layer formation [2]

The rate of formation of oxide layer over the steel surface can be represented

by the following equation:

§=Kt" = Aexp(~E, | RT)t" (1.1)
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0 = thickness of oxide film
= time
K = oxidation rate constant (depends upon the composition of steel and operating
conditions)
A = constant (depends on materials and environments)
E, = activation energy for the process
n = constant (depends on the oxidation mechanism)
It is found that for temperatures below 773 K, value of n is !4 for steels in

"2 and hence, the growth of

LBE. Thus the oxidation rate equation becomes o = K¢
the oxide layer follows a parabolic law. However, with increasing temperature, value
of n varies due to the complex kinetics of oxide layer formation. The oxidation
kinetics of different steels in flowing Pb at 823 K was studied by Gorynin et al. [31]

and shown in Fig. 1.8. The value of n obtained for different steels lies in the range of

0.317 to 0.813.

Oxide thickness [um)]

0 L 2 [ :
0 3000 6000 9000 12000
Time [hours]

Fig. 1.8 Oxidation kinetics of different steels tested at 823 K in flowing Pb[31]
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The parabolic rate constant of steels in flowing LBE can be calculated by the

following equation:

k=[" ((xm +¥Jd[lnPoz ] (1.2)

Plo
? M

where P'o,and P?o, are the oxygen partial pressures at oxide/metal and oxide/liquid

metal interface, respectively, M and O denotes the metal and oxygen, respectively, D
is the diffusion coefficient, f'is the correlation factor or correction factor for the self

diffusion mechanism and is of the order unity and a is the molar ratio of oxygen to
metal in the oxide. P'o, would be determined by the equilibrium established at the
metal-oxide interface, i.e. binary M-O and ternary Pb-M-O and Bi-M-O systems.
P?o, would be equal to oxygen partial pressure due to dissolved oxygen in the liquid

metal.

Discussions on active oxygen control and kinetics of the formation of the
protective oxide film show that for a better understanding of the nature of the
protective oxide film, it is necessary to have a comprehensive knowledge on the
chemical interaction of the components of structural steel with LBE
containingdissolved oxygen. In this context, studies on phase diagrams of Bi-M-O
and Pb-M-O (M=Fe, Cr, Mo, etc) systems are important and thermochemical data on
the relevant ternary compounds in these systems are required. A systematic study on
Pb-Fe-O and Pb-Cr-O systems was carried out by Sahu et al. [41-46]. Meera et al.
[47, 48] established the phase diagrams of Bi-Fe-O and Bi-Cr-O systems and studied
the thermochemical properties of the ternary compounds present in these systems.
However, the interaction of Pb and Bi with Mo metal in the presence of dissolved

oxygen has not been studied. Although, several studies on the pseudo binary phase
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diagrams of Bi,03;-Mo0O; and PbO-MoOs systems have been carried out, data on the
ternary phase diagrams are not available. Thermochemical data of the compounds
present in these systems are scanty. In this thesis work, detailed studies on Bi-Mo-O
and Pb-Mo-O systems have been carried out to establish the ternary phase diagrams
and to determine the thermochemical properties of the ternary compounds in these

systems.
1.9 Use of piezoelectric materials [49, 50]

High temperature ultrasonic transducers are employed for the inspection of
components immersed in liquid metal systems. The piezoelectric materials, which are
used in these ultrasonic transducers, must possess high Curie temperature and
favorable piezoelectric properties. Ultrasonic transducers using pure and doped lead
zirconate titanate (PZT) are widely usedbut the Curie temperature of these materials
range between 623 and 653 K only. Hence, they cannot be employed for high
temperature applications. Piezoelectric materials such as lithium niobate (Li,NbOs3),
bismuth titanate (Bi4Ti;0;,), lead metaniobate (PbNb,Og) and gallium orthophosphate
(GaPOy) etc possess high Curie temperatures and are promising candidates. Among
them, bismuth titanate has a Curie temperature of 948 K but it possesses highly
anisotropic electrical conductivity with the maximum value along the plane of
polarization. For piezoelectric applications, a low electrical conductivity is essential
which otherwisewould cause difficulty in poling [51-54] as well as during transducer
application. In the present study, experiments were carried out to optimize the
preparation conditions with niobium as the dopant to obtain highly resistive bismuth

titanate crystals suitable for high temperature piezoelectric applications.
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1.10 Aim

In the present thesis, towards the application of Pb and LBE as a potential
liquid metal coolant, the following aspects are explored.

1. Determination of ternary phase diagrams of Bi-Mo-O and Pb-Mo-O systems.

2. Experimental determination of thermochemical properties such as molar Gibbs
energy of formation, enthalpy of formation and heat capacity of ternary
compounds present in the Bi-Mo-O and Pb-Mo-O systems by employing solid
oxide electrolyte based emf cells, solution calorimetry and differential scanning
calorimetry.

3. Development of high temperature bismuth titanate based piezoelectric material

for use in liquid metal coolants.

The experimental methods and techniques used in the present study are
described in Chapter 2 of this thesis. The studies carried out on Bi-Mo-O and Pb-Mo-
O systems are described in Chapters 3 and 4, respectively. Chapter 5 deals with the
studies carried out towards the development of the high temperature piezoelectric
material. The summary of the results and conclusions are given in Chapter 6, and
Chapter 7 presents the scope for future studies.
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Chapter 2
Experimental Methods

The experimental methods involved in the thesisare discussed in this chapter.
It includes discussion on the preparation of various compounds present in the Bi-Mo-
O and Pb-Mo-O ternary systems, different preparatory methods adopted for the
synthesis of bismuth titanate ceramics, long term phase equilibration studies carried
out to establish the ternary phase diagrams, X-ray diffraction studies carried out for
structural characterization of the samples, electron microscopy studies used for the
morphological characterization of the samples and electrical conductivity
measurements using impedance spectroscopy. Details of determination of
thermochemical properties of the ternary oxygen compounds by emf and calorimetric

measurements are also discussed in detail.
2.1 Preparation of the compounds

All the ternary compounds present in the Bi-Mo-O and Pb-Mo-O ternary
systems were prepared by the solid state reaction between the constituent oxides. In
addition to the solid state reaction method, coprecipitation and molten salt synthesis
were also employed for the preparation of bismuth titanate ceramics. Details of
different preparatory methods used in the study are discussed below.

2.1.1 Solid state reaction method [1, 2]

Solid state reaction method or the ceramic method is the most commonly used
method for the preparation of metal oxides and other solid materials. This method
involves the prolonged heating of the compacted pellets of a homogeneous mixture of
constituent oxides at a particular temperature. The solid state reaction between the

constituent components is initiated by the transport of reactants to the interface and
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phase boundary reaction at the point of contact between the components. A product
layer formed between the reacting particles acts as a barrier. This is followed by the
diffusion of constituents through the product layer. As the reaction progresses, the
diffusion paths become increasingly longer and the reaction rate becomes slower.
Both thermodynamic and kinetic factors are important in solid state reactions.
Thermodynamic factors determine the Gibbs energy changes associated with the
process and predict the feasibility of the reaction whereas kinetic factors determine
the rate at which the reaction occurs. Most of the solid state reaction methods require
relatively high temperatures, as the reactivity of solids at low temperatures is low. For
any solid state reaction, the reactants are thoroughly mixed together to increase the
homogeneity. Also, it is essential to have intimate contact between the reactant
components which can be facilitated by pressing the component mixture into pellets.
The rate of the reaction can also be increased to some extent by intermittent grinding
of the reactant mixture between the heating cycles for breaking the diffusion barrier
i.e. product layer, and thus improve the contact between the reactants.

In the present study, all the ternary compounds in the Pb-Mo-O and Bi-Mo-O
systems were prepared by this conventional method.
2.1.2 Co-precipitation method [1, 2]

In this method, the required metal cations, taken as soluble salts are co-
precipitated as hydroxides, carbonates, oxalates, formates or citrates followed by
heating to convert them to oxides. In general, the oxides or carbonates of the metals
are taken in the stoichiometric amount and digested with an acid to form a solution to
which the precipitating reagent is added. It is important that the solids formed upon
precipitation are insoluble in the mother liquor. The precipitated solid is then filtered

off, dried and calcined at a desired temperature. During calcination, the precipitates
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get converted into fine and reactive metal oxide powders which in turn react among
themselves to form the ternary or higher order oxides. This method can yield highly
homogeneous and small particles. It also requires much lower reaction temperatures
as compared to solid state reactions. However, this method cannot be used if
significant differencesexist in the solubilities of the products in the supernatant
solution.

In the present study, co-precipitation method was employed for the
preparation of bismuth titanate powders using bismuth nitrate and titanium
isopropoxide as the precursor materials. Bismuth and titanium were co-precipitated as
their oxalates using oxalic acid solution.

2.1.3 Molten salt method [3]

In this method, a low melting and non-reacting molten salt is used as the
medium for preparing complex oxides from the constituent oxides. The reactant
mixture is heated with the low melting salt (80-120 wt% of the reactant mixture) at
temperatures above the melting point of the salt. Typical salts used in molten salt
synthesis are generally binary or ternary eutectic chlorides and sulphates, for
example, 50 mol% NaCl-50 mol% KCI (eutectic temperature = 923 K) or 63.5 mol%
Li;S04-36.5 mol% Na,SOg(eutectic temperature = 867 K). At the reaction
temperature, the medium melts and acts as a solvent to facilitate the interaction of the
reactants. The formation of the product particles occur in two stages: the reaction
stage and the particle growth stage. In the reaction stage, the product particles are
formed in the presence of solid reactant particles. The reactant particles dissolve in
the molten salt and the product particles form. When all the reactant particles are

consumed, the particle growth stage starts.
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The formation of product particles in molten salt synthesis can occur either by
solution-precipitation process or by solution-diffusion process and the mechanism of
product formation is determined by the relative solubility of the reactants which is
further dependent upon the particle size and surface area of the reactants. When the
solubilities of both the reactants in the molten salt are comparable, both the reactants
dissolve in the molten salt and the product particles precipitate under a high degree of
supersaturation. This mechanism is termed as solution-precipitation mechanism. In
this case, particles formed will have rectangular and irregularly rounded shapes. As
the degree of supersaturation is high, it often results in the formation of aggregates
also. Typical examples are the formation of Bi;WO¢ from Bi,O; and WOs; using
Li;SO4-Na,;SO4 melt and TiZrO4 preparation from TiO, and ZrO, using KCI. When
the solubility of one of the reactants (A), is considerably higher than that of the other
(B), the product layer formation take place on the surface of B and the product layer
prevents the dissolution of B. As the solubility of A is high, large amount of A gets
dissolved in the molten salt, diffuses through the medium, reaches on the surface of B
and reacts with B. The reaction occurs by the diffusion of A from the molten salt-
product layer interface to the product layer-B interface andresults in an increase in the
thickness of the product layer. Once both the reactants are completely consumed,
product particles with almost the same shape as that of particle B are obtained. This
mechanism is known as solution—diffusion process. An example is the preparation of
LiFesOg from Li,CO; and Fe,O3 using Li;SO4-Na,SOy4 salt (solubility of Li,CO; in
Li,SO4-Na,SO4 melt is higher than that of Fe,O3).

The presence of molten salt increases the reaction rate. The increase in the
reaction rate is a consequence of an increasein the contact area of the reactant

particles and an increase in the mobility of the reactant species in the molten salt. In
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the case of solid state reaction, the product formation occurs only at the contact points
between the reactants and an increase in the product volume is caused by the material
transport through the product layer. Whereas in molten salt synthesis, the reactant
particles are covered with the melt and they become available to the reaction and the
mobility of the species is fairly larger than that in solid state reaction.

After the heat treatment, the product in the form of slurry is cooled to room
temperature and washed with appropriate solvent to remove the salt content. The
complex oxide powder is obtained upon drying. The powders obtained by this method
are found to be more homogeneous than those prepared by conventional methods.
The grain size of powder obtained by molten salt synthesis is smaller than that
obtained by solid state method. The shape of the particles formed by molten salt
synthesis is determined by factors such as the salt used, reaction temperature, duration
of heating and the powder characteristics of the reactants. Thus by proper control of
these factors, particles with desired morphology can be obtained. Hence, this method
is suitable for preparing highly textured ceramic powders and is widely used for the
preparation of ferroelectric and ferromagnetic materials, semiconductors,
photocatalysts, etc.

In the present study, molten salt method was used for the synthesis of bismuth
titanate powder.

2.2 Phase equilibration experiments [4, 5]

To establish the phase fields in the ternary Bi-Mo-O and Pb-Mo-O systems,
experiments involving equilibration of a mixture of phases, called henceforth as phase
equilibration experiments were carried out. In these experiments, a sample of known
composition and consisting of a mixture of different phases is made by

homogeneously mixing the starting components in the stoichiometric amounts

29



followed by their pelletization. The pellets are then enclosed in inert crucibles and
heated at a constant temperature until equilibrium is attained. When heating the
sample, contamination from the container must be avoided. In order to avoid the
volatilization and preserve the total composition as constant, sample pellet can be
buried with the powder of same composition within a closed container. Generally,
containers will have a temperature gradient. In such cases, hermetic sealing in low
volume containers is used to prevent volatilization or reaction with atmosphere. This
is useful when the volatility of the sample is not very high and time of equilibration is
short. To determine the attainment of equilibrium, the sample is generally quenched
to ambient conditions by rapidly cooling it into ice cold water or liquid nitrogen after
a period of equilibration. This is followed by crushing the pellets and analyzing the
phases by a combination of visual inspection, optical and electron microscopy and X-
ray diffraction (XRD). After thorough grinding, the powdered sample is repelletized
and subjected to heating underthe same conditions. Presence of same phases at the
end of both periods of equilibrations would indicate attainment of equilibrium. The
attainment of equilibrium can also be ensured when same final phases are obtained
with samples of identical composition but prepared from different phases. This
method has the advantages of experimental simplicity and straightforward
interpretation. The success of this method however, depends upon the preservation of
the phases under equilibrium at the equilibration temperature by quenching to room
temperature.
2.3 Techniques for materials characterization
2.3.1 X-ray Diffraction (XRD) [2, 6-9]

X-ray diffraction is the most important technique used for the characterization

of crystalline materials and determination of their crystal structures. It is based on the
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diffraction of characteristic X-ray beam on a crystalline solid. Crystalline solids
consist of regular arrays of atoms or ions with inter-planar spacing in the order of
angstrom. Because of the periodic nature of the internal structure, it is possible for the
crystals to act as three dimensional grating to radiation.Since the wavelength of X-
rays is of the same order as that of inter-planar spacing, diffraction of the radiation
occurs. The characteristic X-rays are used for diffraction experiments as they are very
narrow and have a FWHM less than 0.001 A with a very high intensity. The
characteristic K-lines of a metal are generated when electrons having sufficient
kinetic energy are made to strike the metal targets and knock out the electrons from
the inner K shell of atoms. This is followed by filling up of vacancy in the K shell by
the electrons from the outer shell with the emission of energy in the form of radiation
of definite wavelength. When the vacancy in the K shell is filled up by electrons from
the L and M shells, characteristic K, and Ky lines are formed, respectively. The K,
lines are generally used for XRD. The target metal most commonly used is copper
whose characteristic wavelength for K, radiation is 1.5418 A. Other metal targets
used in X-ray generating tubes include Cr (K, = 2.29 A), Fe (K, = 1.94 A), Co (K, =
1.79 A), and Mo (K, =0.71 A).

When X-ray beams interact with electrons in the sample, scattering occurs. In
order to satisfy the requirement for constructive interference, it is necessary that the
scattered waves originating from the individual atoms be in phase with one another.
The geometric condition to be satisfied for this to occur is given as Bragg’s law:
nA=2dsin @ (2.1)
wheren is order of diffraction, 4 is wavelength of the incident X-ray, d is inter-planar

spacing and 6 is angle of incidence.
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A typical X-ray diffractometer consists of a source of radiation, a sample
holder and a detector. Both single crystals and powders can be used as sample. X-rays
are collimated and directed to the sample. When the incident beam strikes the sample,
diffraction occurs in every possible orientation of 26. Diffracted beam can be detected
by a movable detector which is set to scan over a range of 20 values at a constant
angular velocity. The detector records and processes this diffracted X-ray signal and
converts the signal to a count rate which is then fed to a computer.

X-rays scattered by an atom are the resultant of the waves scattered by each
electron in the atom. Thus the scattering factor or form factor of an atom is
proportional to its atomic number and hence the intensity of the scattered X-rays is
proportional to the atomic number. As a result,while determining the structure of
crystals by XRD, location of light elements with less number of electrons is difficult
as the intensity of scattered X-rays would be very low.

The X-ray diffraction pattern obtained is characteristic of the atomic
arrangement within a given phase and acts as a fingerprint of that particular material.
It can be used to identify and quantify the contents of the sample as well as to
calculate the crystallite size, crystallinity and strain. Identification of different phases
present in an unknown mixture is possible by comparing the diffraction pattern with
the standard patterns known as Powder Diffraction Files (PDF) collected and
maintained by Joint Committee of Powder Diffraction Standards (JCPDS).

The insitu investigation of the structural changes happening in a crystalline
phase with changes in temperature can be carried out by using high temperature
XRD. High temperature XRD can be used for studying solid state reactions, phase

transitions, crystallite growth, thermal expansion, etc.
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In the present work, XRD was used for the identification of equilibrium
phases as well as to determine the phase purity of the prepared compounds. The
analysis was carried out using an X-ray diffractometer (M/s Inel, France) with Cu K,
radiation and graphite monochromator. Analyzed samples consisted of metals of Pb,
Bi, Mo and Ti, their oxides as well as ternary oxides. As these are heavy elements,
scattering factorsare high and hence no difficulty was encountered for the
identification of phases from the diffraction pattern of a mixture.

2.3.2 Scanning Electron Microscopy (SEM) [10, 11]

Scanning electron microscopy is widely used for studying the topology and
morphology of solid samples. It enables to observe and characterize materials on
nanometer to micrometer scale.

In SEM, the surface of the specimen is scanned under an accelerated electron
beam. When the electron beam interacts with the specimen, phenomena such as
absorption, reflection, backscattering, diffraction and emission of low energy
secondary electrons and X-rays occur. The emission of secondary electrons and
backscattered electrons is characteristic of the specimen under study and depends
upon its composition and topography. Electrons due to these effects are collected,
converted into electrical signals, amplified and displayed as modulations of
brightness on the cathode ray tube. The magnification of the resultant image is
determined by the ratio of the distance travelled by the recording beam in a given
time interval to that travelled by the synchronously deflected scanning beam in the
same time interval.

The elemental composition at the surface of the specimen can be determined
by SEM using Energy Dispersive X-ray Spectroscopy or EDS. When the incident

electron beam interacts with the surface atoms of the specimen, it causes the ejection
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of electrons from the inner shells of the atoms. The resultant vacancies in the inner
shells are filled up by electrons from the outer shells and this result in the emission of
the characteristic X-rays. By measuring the energy of the characteristic X-rays,
information about the elemental composition of the sample can be obtained. As the
penetration depth of the electron beam is very low, it can interact only with the
surface atoms and hence, the information obtained by this method corresponds to
very narrow surface dimensions.

In the present study, SEM analysis was performed to study the surface
morphology of bismuth titanate samples.

2.3.3 Impedance spectroscopy [12-14]

Impedance spectroscopy is a powerful technique for characterizing electrical

properties of the materials and their interfaces with electronically conducting
electrodes. It is a perturbation technique in which the system is perturbed by applying
a small amplitude sinusoidal alternating voltage as a function of frequency and the
response of the system is measured. The applied potential and the output current from
the system are given by equations:
E = E. sin(ax) (2.2)
I =1.sin(ax + @) (2.3)
whereg is the phase difference. The output current has the same angular frequency ®
but would differ in amplitude and phase from the voltage signal.

Impedance (Z) can be defined as the resistance to the flow of current and it
can be obtained as the ratio of applied voltage to the resultant current.

P _E_ Ecj sin(ax) _7 .sin(a)t) (2.4)
I Lsin(@+¢)  sin(ax+¢)

Using Euler’s relationship,
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exp(j@) =cos@+ jsin @ (2.5)

it is possible to express impedance as a complex function. The potential is described

as:
E = Eo eXp(]a)t) (26)
and the current response as
I =1, exp(jar —¢) 2.7)
Impedance can be then represented as a complex number,
Z(w) = N =Z.exp(j@) = Z.(cos@ + jsing)
= Z.cos¢— jZ.sing= 7 — jZ (2.8)

where Z' =Z.cos¢p, Z =Z.singand j =+/—1. Z and Z" are known as the real and

imaginary parts of the impedance. The phase difference (¢)is given by

o= tan™ (Z—J
z 2.9)

For a pure resistor, impedance is equal to its resistance R, i.e.
|z|=R (2.10)
There is no phase shift and the impedance value is independent of frequency.

Impedance of a capacitor (C) is 90° out of phase and it is given by:

|z|- =L
aC (2.11)

Impedance of a capacitor is dependent on frequency and it is larger for a lower
frequency.
Typical electrochemical systems consist of process elements that can be

described by various combinations of resistors, capacitors and inductors. Inductor is
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seldom manifested in an electrochemical system and electrochemical processes have
a behavior between a capacitor and a resistor. Further, the contributions of the
capacitive and resistive components change with frequency. Hence, impedance
measurements at a range of frequencies are performed and data thus obtained are used
to determine the components of the system.

For a circuit consisting of a resistor and a capacitor connected in parallel (RC

parallel), total impedance of the circuit can be obtained as follows:

L1 11 acC
Ztotal ZR ZC R - ] (2 12)
Thus Ztotal =i

WRC -] (2.13)

The above expression can be rearranged to get

_1-joR’C
ol 4+ @ RAC? (2.14)

From this equation, the real and imaginary parts of impedance can be separated and

hence,
R
Lot =T amian
l1+w"R°C (2.15)
_ RCow
Zimaginary 1  2p22
I+w°'R°C (2.16)

By rearranging the impedance resultsfor the RC parallel circuit, it can be shown that

R2

R 2 2
VA —) +Z imaginary = ——
( 2) ginary =~

real

(2.17)
which is an equation of a circle, with the center at (0,R/2) and the radius equal toR/2.
By plotting the real part of impedance along the x-axis and imaginary part

along the y-axis, we get a Nyquist plot or Argand diagram as shown in Fig. 2.1. As
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long as the axes are of equal scale, the appearance of the semicircle in the Nyquist
plot signifies the existence of a parallel RC circuit. It is to be noted that for ® — 0,
Z:es1 — R and for ® — infinity,Z,.,; — 0. The angular frequency corresponding to the
highest point in the imaginary axis is termed as the characteristic frequency or

relaxation frequency, @,and is givenby:

r=RC=—\ (2.18)
a)O

where 7 is the time constant.

The physical meaning of a resistor and capacitor connected in series or
parallel is that the phenomenon being represented has both resistive and capacitive
qualities. At the relaxation frequency, the phase difference between current and
voltage reaches a maximum. A semicircle is characteristic of a single time constant.
The value of the resistance R can be easily determined directly from the diameter of

the semicircle.

w=0

Zimaginar\/
<

argZ

0
Zreal R

Fig. 2.1 Typical representation of Nyquist plot
Another popular representation method is the "Bode plot". Here the

impedance is plotted with frequency on the X-axis and both the absolute value of the
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impedance (|Z] =Z.) and phase-shift on the Y-axis.Unlike the Nyquist plot, the Bode

plot explicitly exhibits the behavior of R and C components of a material as a
function of frequency. The frequency corresponding to the inflection point of the

Bode plot is the relaxation frequency, @,. A typical representation of Bode plot is

shown in Fig. 2.2.

183 o0d1  oh 4 10 100 1000
Frequency / kHz

(_____

Fig. 2.2 Typical representation of Bode plot

When ac voltage is applied, charge transfer across a sample occurs. This
consists of various processes at the electrode-sample interfaces and in the bulk of the
sample. Processes at the electrode-sample interface could involve adsorption,
diffusion and dissociation of adsorbed species and charge transfer to or from the
electrode. Charge transport across the bulk of a polycrystalline sample can be a
combination of transport through the grains and grain boundaries and could involve
different ions also. The charge transport processes individually would have different
time constants and hence, during the measurement of conductivity by ac methods,

they would get separated in the frequency domain. Theordering of the semicircles
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depends on their time constants. The circle with theshorter time constant will
appearon the left side of the Nyquist plot. Each arc in the measured impedance can be
correlated to various elementary processes occurring in the material and which can be
understood by means of equivalent electrical circuits. The equivalent electrical circuit
of a solid ionic conductor, consisting of a series combination of parallely connected
resistors (R) and capacitors (C), is shown in Fig. 2.3. The corresponding impedance
spectrum is shown in Fig. 2.4. The first arc (bulk) is usually observed at low and
medium temperatures and proportional to the sample length and density. It is
attributed to the bulk or grain interior process. The low frequency arc (interface) is
observed at high temperatures. This is inversely proportional to the electrode area and
is attributed to the electrode-sample interfacial process. The impedance due to this is
termed as Warburg impedance and is observed as a spike in the impedance spectrum.
The intermediate arc (grain boundary) which is observed at low and medium
temperatures is associated with the conductance and micro structural effects at the

grain boundary.

Rgi Rgb Re
~AWW— — MWWV —WWWW—

| | | | ||
| | [
Fig. 2.3 Equivalent electrical circuit of a solid ionic conductor, consisting of a
series combination of parallely connected resistors (R) and capacitors
©
(Cgi, Cgb and Ce are the capacitances and Rgi, Rgb and Re are the

resistances corresponding to the grain, grain boundary and electrode-
electrolyte interface)
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Fig. 2.4 Impedance spectrum of a solid ionic conductor

In the present study, the variation of conductivity with temperature for the
ternary bismuth molybdates and bismuth titanates (BigM0303;,Bi114M050s6,
BigM0,0;5, BiM0,0y, Bi;MoOgandpristine and Nb-doped BiyTi30;,) was followed
by impedance measurements using a conductivity cell,schematic of which isshown in
Fig. 2.5.The conductivity cell consisted of two platinum electrical leads which were
brazed to platinum pellets of identical dimension. The sintered sample pellet of
known dimension was mounted between the platinum pellets by a spring loading
arrangement. A K-type thermocouple was kept very close to the sample pellet, so that
sample temperature could be accurately measured. Entire assembly was kept inside a
quartz chamber which in turn was kept in a furnace for heating. Electrical
conductivity was measured using a frequency response analyzer (Model SI 1225,
Solartron, M/s Schlumberger, UK) coupled with an electrochemical interface (Model
1286, Solartron, M/s Schlumberger, UK) in the frequency range of 10 Hz to 1 MHz in
air.

The impedance data obtained at each temperature can be fitted using the
software Zview® [15]. The bulk resistance of the material can be obtained by fitting a
semicircle to the experimentally obtained Nyquist plot. By incorporating the

dimensions of the sample pellet, conductivity (o) of the sample at the
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experimentaltemperature (T) can be determined. Arrhenius plot for conductivity is
then obtained by plotting logo as a function of 1/T. Activation energy can be
calculated from the slope of the straight line. A change in the slope indicates the
difference in the conduction mechanism and / or a phase change with the phases

having different conductivities.

Gas inlelg— =3 Gas outlet
oo coupling

3 Quartz tube

~HeELACOUDIOe _——> Pt electrode
Sample pellet <€ I
Alumina spacers €—— Pt electrode
\‘x —— "'/

Fig. 2.5 Schematic of the conductivity cell

2.4 Oxygen potential measurements employing solid oxide
electrolytes [16, 17]

In ionic solids, electrical conduction is mainly due to the presence of point
defects such as vacancies, interstitials or impurities and the movement of these
defects under a potential gradient gives rise to conductivity. The total electrical

conductivity of the solid is the sum of contributions from ions, electrons and holes.

le.o, =0, +0,+0, (2.19)
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where 0 is the total electrical conductivity, o,is the conductivity due to ions, o,is
the conductivity due to electrons and 0, is the conductivity due to holes. lonic solids

with very high ionic conductivity (10°-10 Scm™) are termed as solid electrolytes. In
technologically useful solid electrolytes, the ratio of ionic conductivity to electronic
conductivity is 100 or greater.

Oxide solid electrolytes are the most commonly used solid electrolytes at

elevated temperatures. Most of them are solid solutions with the fluorite structureas

shown in Fig. 2.6.

\
\ |
-

u Oxygen @ Metal

Fig. 2.6 Fluorite structure
Fluorite structure is a face centered cubic arrangement of cations with the
anions occupying all the tetrahedral sites. In this structure, each metal cation is
surrounded by eight oxygen anions and each oxygen anion is tetrahedrally
coordinated by four metal cations. As the fluorite structure possesses large number of
octahedral interstitial voids, it can be considered as an open structure where fast
movement of oxide ions is possible from one lattice position to another. The most

commonly used oxide solid electrolytes are based on ZrO, and ThO,. ZrO, based
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solid electrolytes are used in the high oxygen partial pressure range while ThO, based

sold electrolytes is useful at low oxygen partial pressure range.

2.4.1 Defect equilibria and conduction mechanism in solid oxide electrolytes
Consider any ThO, based solid electrolyte with the fluorite structure.

Thepredominant intrinsic defects present in this solid electrolyte are oxygen

vacancies and oxygen interstitials. With these ionic defects, the electroneutrality in

ThO, requires that

p+2[V51=n+2[0,] (Using Kroger-Vink notation) (2.20)
wherep is the concentration of holes, ¥;"is the oxide ion vacancy, O, is the interstitial
oxide ion and 7 is the concentration of electrons.Considering only fully ionized
defects, the formation of anionic Frenkel defect in ThO, can be represented as:
O,V +0, (2.21)
where O,1s the oxygen in an anionic lattice site. The equilibrium constant

corresponding to the equilibrium 2.21 is

K, =[V510,] (2.22)

As the formation of one anionic vacancy is accompanied by the formation of one
interstitial,

V5 1=10/1= K;"? (2.23)
Any variations in the oxygen partial pressure in equilibrium with ThO, can change
the concentrations of ionic and electronic defects. Considering the case of high
oxygen pressures, where the predominant defects are interstitial anions and holes, the
defect equilibria can be represented as:

10,(g) & O +2h" (2.24)
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The corresponding equilibrium constant is given by

K,=[01p"/ P, (2.25)

where F, is the partial pressure of oxygen. With increase in the equilibrium oxygen
pressure, the hole concentration increases to preserve the electroneutrality as required

by equation (2.20). If [O; ]is large and essentially constant,
K, =Kp’ /P, *andhence p o< Py “which indicates aF,‘dependence of hole

conductivity at high oxygen partial pressures.
At very low oxygen partial pressures, the predominant defects in ThO, will be

oxygen vacancies and electrons, and the defect equilibria can be represented as:

o, =102(g)+V0" +2¢
2 (2.26)

Then the equilibrium constant is given by
_r7**1.2 pl/2

K=ok, (2.27)

If [V;"]is large and constant, n < P, 4

Thus at low oxygen partial pressures, the n-type electronic conductivity is

proportional to £, v

In the intermediate oxygen partial pressure range, the electrical conductivity is
independent of the oxygen pressure. This can be schematically illustrated by Fig. 2.7
which shows the variation of electrical conductivity of ThO, with oxygen pressure at

constant temperature. The diagram shows three regions: a low oxygen pressure region

where the conductivity is due to electrons and having a dependence of F;, V4 an
intermediate oxygen pressure region where the conductivity is independent of F, and

a high pressure region where the conductivity is due to holes and proportional to Polz/ ‘.
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Fig. 2.7 Variation of electrical conductivity with oxygen partial pressure
It is known that addition of impurities can increase the defect concentration.
For example, consider the addition of Y,03; in ThO,. Dissolution of yttria into the

fluorite phase of ThO, can be written as:

Y,0, — 2Y,, +30,+V;" (2.28)

Each addition of two yttrium ions creates one oxide ion vacancy. At a fixed oxygen
pressure, any increase in the oxide ion vacancy concentration must decrease the
concentration of oxygen interstitialsas given by equation (2.22), increase the hole
concentration (equation (2.25)) and decrease the electron concentration (equation
(2.27)). Thus as a result of addition of Y,03 in ThO,, the ionic conductivity and hole
conductivity increases whereas the electron conductivity decreases. This is illustrated
in Fig. 2.8.
2.4.2 Electrolytic domain

Most of the applications of solid electrolytes require that electronic
conduction to be negligible. The temperature and pressure region of the solid

electrolyte over which the electronic/hole conductivity is less than 1% is called the
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electrolytic domain. The electrolytic domains of ThO; (15 mol% Y,03) and ZrO, (15

mol% CaO) are shown in Fig. 2.9.

Larger YO, ; content

Log o

Small Y0, ; content

Pure ThO,

Log P2

Fig. 2.8 Schematic of the variation of electrical conductivity of ThO,and ThO,
(Y203) solid solutions with oxygen pressure at constant temperature
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Fig. 2.9 Electrolytic domain boundaries of calcia stabilized zirconia (CSZ) and
yttria doped thoria (YDT)
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The upper boundary line is known as the upper electrolytic domain boundary
and the lower boundary line is known asthe lower electrolytic domain boundary.At all
temperatures and pressures within the boundary line, thefraction of the ionic part in
the total conductivity is greater than 0.99. Above the upper electrolytic domain
boundary, p-type electronic conductivity will be greater than 1% and below the lower
electrolytic domain boundary, n-type electronic conductivity will be greater than 1%.
In the case of ZrO, (15 mol% CaO) the electrolytic domain boundary lies between

P, ~10” to ~10"* atm at 1273 K. For ThO, (15 mol% Y,03), the domain lies between
P, ~10° and ~10™* atm at 1273 K.

2.4.3 Application of solid electrolytes for emf measurements

Solid electrolytes are widely used for measuring thermochemical properties at
elevated temperatures. Solid electrolytes used for these applications should
predominantly conduct by ions and the ionic transference number should be greater
than 0.99, i.e. the measurements should be carried out within the electrolytic domain
boundaries of the solid electrolyte. It is also to be noted that different solid
electrolytes possess different electrolytic domain boundaries. The chemical
compatibility of the solid electrolyte with the electrode materials at the temperature
ranges of study is another concern.

Galvanic cells can be constructed using solid oxide electrolytes for emf

measurements. Any such cell can be represented as:

Pt,0, (U, )/ Solid oxide electrolyte / O, (1, ), Pt (2.29)

where ,u;)z and ,u;z are the chemical potentials of oxygen at the two electrodes. The

emf, E of the cell is given by
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Ho,

1
E=_ j oy, (2.30)

Ho,

where 4 represents the number of charges involved in the transport of one oxygen
molecule, F is the faraday constant and ¢, is the ionic transference number of the
solid electrolyte. When the measurements are carried out within the electrolytic

domain boundaries, ¢;,,~1 and thus

| e RT . Po,

E=— {t,,du,, Yok (2.31)
0,

4F ) won

Hoo

In the present study, yttria stabilized zirconia (YSZ) solid electrolyte was used

for constructing the galvanic cellsfor measuring the equilibrium oxygen potentials in
the different phase fields of Bi-Mo-O and Pb-Mo-O systems to deduce the standard
molar Gibbs energy of formation of ternary compounds. YSZ is compatible with both
bismuth and lead molybdates and the oxygen pressure ranges involved in these

studiesare within the electrolytic domain boundaries of YSZ.
2.5 Calorimetric techniques [18]

Calorimetry can be defined as the measurement of the heat absorbed or
generated by a substance under study when it undergoes a change from an initial state
to the final state. The change in state can result from chemical reaction, dissolution or
dilution or physical changes such as fusion, vaporization or sublimation. Calorimetry
can be classified into two categories based on the measurements on reacting and non-
reacting systems. Reaction calorimetry involves measurements on the heat of mixing,
dissolution and general chemical reactions. Non reaction calorimetry includes
measurements of heat capacities and phase transitions. Both static and dynamic

methods of measurements are possible in calorimetry. The static methods of
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calorimetry are classified into three categories based on the variables: - temperature
of the calorimeter T, temperature of the surroundings T and the heat Q produced per

unit time. They are:

1. Isothermal calorimetry, where T, = T = constant and only Q varies.
1. Adiabatic calorimetry, where T, = T but is not constant as Q varies.
1il. Isoperibol calorimetry, where T-T. = constant

The dynamic methods include differential scanning calorimetry (DSC), modulated
DSC, AC calorimetry, heat capacity spectroscopy and relaxation calorimetry.

In the present work, thermochemical measurements were carried out by
1soperibol calorimetry and DSC. Principles of these methods are detailed below.
2.5.1 Isoperibol calorimetry[19-21]

Isoperibol calorimetry is used for the determination of enthalpy of a reaction
or dissolution. The basic principle involves the determination of enthalpy of
dissolution of a substance AB by dissolving it in a suitable solvent. Corresponding
amounts of A and B are also dissolved in the same solvent in separate experiments
and the enthalpies of dissolution of the individual components are determined. From
these data, standard molar enthalpy of formation of AB can be determined.

The choice of a suitable calorimetric solvent is very important in isoperibol
calorimetry. The solvent must be able to dissolve the solutes in a reasonable time and
it must have a low vapor pressure to avoid any evaporation losses. Also, the
dissolution in the solvent must release moderate heat so as to minimize errors.
Generally, aqueous mineral acids and bases such as hydrochloric acid, hydrofluoric
acid, sodium hydroxide, etc are used as solvents. It is impossible to predict the

suitability of any solvent to a particular compound and hence, preliminary trials
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should be made to test the solvent. Non aqueous solvents such as ammonia are also
used for measuring the heat of solution. The use of liquid metals such as mercury for
the dissolution of alloys of lead with tin, zinc, bismuth, etc has also been reported
[19].

During the process of reaction, the temperature in the calorimeter rises or falls
until the process of dissolution is complete. From the temperature change and the
value of the energy equivalent of the calorimeter, the enthalpy of the process can be
calculated. The energy equivalent of the calorimeter can be determined by carrying
out insitu electrical calibration before and after the sample dissolution. In order to
evaluate the evolution or absorption of the heat in the calorimeter, a correction must
be made for the exchange of heat between the calorimeter and its surroundings [19,
20]. This is done by applying Newton’s law of cooling:

Tk -T) (2.32)

whereT, and T are the temperatures of the calorimeter and surroundings respectively,
t is time and k is the cooling constant. Error due to this correction can be made small
by having a small value of the cooling constant, which can be made possible by
evacuating the annular gap of the calorimeter vessel (Dewar) placed in the constant
temperature environment and by silvering both walls of the gap.

The isoperibol calorimeter used in this work essentially consists of a double
walled glass Dewar of 200 ml capacity with a round bottom and with an evacuated
inner space (Fig. 2.10). The top of the vessel is attached to a Teflon flange by means
of a silicone gasket. This flange is attached to a stainless steel mating cover using a
Viton O-ring. The mating cover has leak tight fittings for introducing a stirrer, sample

bulb, heater and a thermistor. Provisions are given for submerging the entire
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calorimeter assembly into a water bath.The temperature of water in the bath is kept
constant within + 0.01 K. The sample container is made up of a glass tube of 6 mm
outer diameter with a thin walled bulb blown at the bottom of the tube. Sample is
taken in the glass bulb and a sharp glass push rod is kept sealed to the inner wall of
this sample tube using an O-ring. A stirrer, made up of PTFE and driven by a motor is
provided for the uniform stirring of the calorimetric solvent in the Dewar. The speed
of the stirrer is controlled by means of a controller and kept constant during the entire

period of the experiment.
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Fig. 2.10 Schematic diagram of the isoperibol calorimeter
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The calibration of the calorimeter is performed by electrical method. The
electrical heater is made up of a PTFE coated manganin wire with very low
temperature coefficient of resistance so that the change of resistance would be
negligible during the calibration. The resistance of the heater is 17.425 + 0.005 Q.
The heater is kept immersed in silicone oil taken in a glass tube to enable conduction
of heat from the heater to the calorimetric solvent. The electrical calibration is
performed by applying a constantcurrent using a stable power source, for a known
period of time. Current passed is measured across a precision resistor connected in
series. A thermistor (M/s Toshniwal Brothers Delhi Private Limited, Bangalore,
India) is provided to measure the temperature as a function of time and which is
connected to a data acquisition system, interfaced to a personal computer.

The chemical -calibration of the calorimeter is performed by using
tris(hydroxyl methyl) aminomethane (TRIS). The calorimetric solvent used for this
calibration is0.1 mol’kg HCI. In order to perform the chemical calibration, the
required amount of the sample is accurately weighed and transferred into the sample
bulb. The dissolution can be performed in 100 ml of the calorimetric solvent taken
inside the Dewar flask. The sample bulb along with the othercomponents is allowed
to equilibrate at the bath temperature. A steady temperature signal is obtained once
the calorimeter attains thermal equilibrium with the surrounding water bath. The
sample bulb is then broken by pushing the glass rod and the sample is allowed to
dissolve in the calorimetric solvent. The consequent variation in the temperature
signal is monitored. Electrical calibration is performed insitu before and after of each
of these experiments. Typical temperature-time curves obtained for an exothermic

process are shown in Figs. 2.11a-c. The type of the curve depends upon the initial

52



temperature of the calorimeter with respect to the constant temperature surroundings

(09).
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Fig. 2.11(c) Temperature-time curve for exothermic process in isoperibol calorimeter
(final temperature is below the temperature of the surroundings) [19]

Figure 2.11a shows the temperature versus time plot when the initial
temperature is higher than the surrounding temperature. Figure 2.11b shows the
temperature variation when the temperature of the surroundings lies between the
initial and final temperatures. Figure 2.11c shows the corresponding plot when the
final temperatures lie below the temperature of the surroundings.

The determination of temperature change (AT) and the corrected temperature
change (ATc) from the temperature-time plot of sample dissolution are illustrated in
Figs. 2.12 and 2.13 [19]. In Fig. 2.12, AB and CD represent the time dependence of
temperature of the calorimeter before and after the sample dissolution. The line BC
represents the increment in temperature due to the dissolution of the sample. The
initial and final temperatures T; and T, corresponding to the commencement and
ending of the reaction can be determined by extrapolating the lines AB and DC as BE

and CF, respectively. The temperature change is then obtained as AT = T,- T;. The
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mean temperature is then calculated as T, = T + (0.63xAT) as shown in Fig. 2.13. A
vertical line passing through Ty, is then drawn. The meeting point of the vertical line
at AE and DF will give the corrected temperatures T¢; and Tcp. The corrected

temperature change ATc is given by AT¢= Te, - Ter.
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Fig. 2.12 Illustration of determination of AT during the sample dissolution
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In the present work, standard molar enthalpies of formation of the ternary
compounds, PbMoQy4, Pb,M00Os, PbsMoOs, Bi,M030;,, Bi;MoOg, BigM0,0;s and
BigMo0O,, were determined by solution calorimetry. 125 ml of 2.02 mol kg'1 NaOH
solution was used as the calorimetric solvent for the dissolution of lead molybdates
while a mixture of 100 ml of 3 mol kg NaOH and 25 ml of triethanolamine was
employed for the dissolution of bismuth molybdates.

2.5.2 Differential scanning calorimetry (DSC) [18, 22, 23]

In Differential Scanning Calorimetry (DSC), the heat flow rate to the sample
is measured as a function of time or temperature. Here both the sample and the
reference materials are heated in a programmed way. The temperature of the sample
and reference are maintained the same throughout the experiment and the difference
in the amount of heat required to raise the temperature of the sample and reference
are measured. DSC can be used for determining the heat capacity and for studying
phenomena such as phase transitions, chemical reactions, adsorption, etc occurring on
materials. Two designs of DSC are available: heat flux DSC and power compensating
DSC.
2.5.2.1 Heat flux DSC

In heat flux DSC (Fig. 2.14), the difference in heat flow into the sample and
reference is measured while the sample temperature is changed at the constant rate.
The characteristic feature of this measuring system is that the main heat flow from the
furnace to the samples passes symmetrically through a disk made of a material of
good thermal conductivity [23]. The sample and reference pans are positioned on this
disk symmetrical to the centre of the furnace. The temperature sensors are integrated
into the disk. When the furnace is heated, heat flows through the disk to the samples.

When the arrangement of sample and reference pans is ideally symmetrical (identical

56



with respect to the mass, material and position or arrangement), equal amount of heat
flows into the pans. Then the differential temperature signal would be zero. However,
if this steady state equilibrium is disturbed by any transition occurring in the sample,
a differential signal is generated which is proportional to the difference between the
heat flow rates to the sample and to the reference material.

Disks with high thermal conductivity

/ A
/ \

Sample Reference Furnace

e\

“——\T —>

F—— MAMWAMMAN,

Single Heat Source

Fig. 2.14 Schematic of the heat flux DSC

2.5.2.2 Power compensation DSC

Power compensating DSC (Fig. 2.15) consists of two microfurnaces of the
same type, each of which contains a temperature sensor and a heating resistor. Both
the microfurnaces are thermally decoupled from each other and are positioned in a
silver block of constant temperature. During heating, same heating power is supplied
to both the furnaces by means of a control circuit. When the thermal symmetry is
ideal, the temperature of both microfurnaces would be the same. When an asymmetry
occurs as a result of any thermal event in the sample, a temperature difference arises
between the microfurnaces. This temperature difference is both the measurement

signal and the input signal of a second control circuit. This second control circuit tries
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to compensate the reaction heat flow rate through proportional control by increasing
or decreasing an additional heating power. The compensating heating power is
proportional to the temperature difference. The time integral over the compensating

heating power is proportional to the heat which was released or consumed by the

sample.
Micro furnace Micro furnace
Pt Sensors [
| ‘\ | | I' |
Sample Reference
TIYYTYYYYYY Ao AdLd _\ TITTYYYTYYYYYYYY i

Individual Heaters

Fig. 2.15 Schematic of the power compensation DSC

2.5.3 Calibration of DSC

DSC is not an absolute heat and temperature measuring device. Hence, the
relative data obtained by DSC must be correlated to absolute values by calibration.
The calibration procedure involves temperature calibration, heat calibration and heat
flow rate calibration (in case of heat flux DSC).
2.5.3.1 Temperature calibration

Temperature calibration involves the explicit assignment of the temperature
indicated by the instrument to the true temperature. It is accomplished by using
melting points of high purity metals. The thermodynamically defined transition
temperature is always the equilibrium temperature whereas DSC measurements are
dynamic. Therefore, DSC calibration results must be extrapolated to equilibrium

conditions to ensure a temperature calibration, which is independent of the heating
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rate used. This is carried out by measuring the melting points of reference materials
such as In, Sn, Pb and Zn as a function of heating rate and extrapolating the obtained
values to zero heating rates.

2.5.3.2 Heat calibration

Heat calibration involves the determination of the proportionality factor
between the exchanged heat measured by the instrument and the actual heat
exchanged by the sample due to any thermal event in the sample. The heat calibration
can be carried out by using the enthalpy of melting of NBS standards such as In, Sn,
Pb and Zn.
2.5.3.3 Heatflow rate calibration

The heat flow rate -calibration involves the determination of the
proportionality factor between the measured heat flow rate and the true heat flow rate
(released or consumed) by the sample. It can be performed with a sample of known
heat capacity. The materials used for heat flow rate calibration should not undergo
any phase transition in the temperature range of study. Sapphire (a-Al,O3) is
generally used for heat flow rate calibration.

2.5.4 Heat capacity measurement using a heat flux DSC

A three step procedure is generally adopted for the measurement of heat
capacity. The three steps are: 1) blank run, ii) calibration run and iii) sample run and
these are illustrated in Figs. 2.16 and 2.17.

At each step, the temperature program used for the measurement consisted of
three segments: an isothermal segment at the initial temperature with a fixed dwelling
period, followed by a dynamic segment at a defined heating rateand finally another
prefixed isothermal segment at the final temperature. At the isothermal segment, the

heat flow rate from the furnace to the sample is close to zero whereas during the
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dynamic heating segment, an exponential endothermic effect is observed due to the
flow of heat from the furnace to the sample and it is proportional to the heat capacity
of the sample. The slope of the line during the dynamic segment indicates the
variation of heat capacity of the sample with temperature. Generally aluminium pans
are used for the sample and reference and are hermetically sealed with a pin hole on
the lid to ensure that the entire sample is at a uniform temperature when the

measurements are carried out.

Blank run: Empty pan on both reference and
sample side

Calibration run: Sapphire disc in the pan on the
sample side and reference side with empty pan

Sample run: Sample in the form of pellet on the
sample side and reference side with empty pan

11

Fig. 2.16Three step procedure for measuring heat capacity

Heat flow
Endothermic —>

Time

Fig. 2.17 Typical DSC run for blank, sample and reference
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1) Blank run: In the blank run, the heat flow rate is determined (®y) using empty
aluminium pans of equal mass in the sample and reference sides.

2) Calibration run: In the calibration run, a calibration substance of known heat
capacity such as sapphire is placed in to the sample pan whereas the reference
side is unchanged and the heat flow rate is measured as in the case of blank run.

The following expression is valid:

Croi Mg B = KO(T)( Dy — D) (2.33)
whereCr,s is heat capacity of the reference material, § is heating rate, mpg.is the mass
of the reference material, @r.s and @, are the heat flow rates for the reference run and
the blank run respectively, K@(T) is the temperature dependant calibration factor.

3) Sample run: During the sample run, sapphire in the sample pan is replaced with

the sample and the heat flow rate is measured. Thus

Csmgff = KO(T) (P, —D,) (2.34)
whereCiis the heat capacity of the sample, m; is the mass of the sample and @y is the
heat flow rate for the sample run.

Based on the above two equations, heat capacity of the sample can be
determined as below:

_ CRef (D _(I)O)mRef
((I)Rcf _(I)O)ms

(2.35)

N

In order to have good thermal contact between the pan and the sample and to
eliminate any possible errors due to the temperature gradient within the sample, heat
capacity measurements are generally carried out with sample taken in the form of a

disc similar to that of the reference material.
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In the present work, molar heat capacities of the ternary compounds in the Bi-

Mo-O and Pb-Mo-O systems were measured using a heat flux DSC (M/s Mettler

Toledo-Model No.DSC827¢, Switzerland).
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Chapter 3

Thermochemical studies on Bi-Mo-O system

3.1 Introduction

As discussed in chapter 1, the heavy corrosion and mass transport effects due
to high dissolution of structural steel components in liquid Pb and LBE can be
minimized by the insitu formation of a passive oxide layer over the steel surface by
the careful control of oxygen concentration in the coolant. To understand the
formation and stability of the passive oxide film, the interaction of alloying
components of steel with Pb and Bi in the presence of dissolved oxygen has to be
studied. In this context, a detailed knowledge on the phase diagrams of Bi-M-O and
Pb-M-O (M = Fe, Cr, Mo, etc) systems as well as thermochemical data of relevant
ternary compounds in these systems are required. Studies carried out on Bi-Mo-O

system are described in this chapter.

3.2 Literature survey
3.2.1 Bi-Mo system

Data on Bi-Mo system has been reviewed by Brewer [1] and by Elliott [2].
The binary phase diagram of Bi-Mo system is shown in Fig. 3.1 [3]. No intermetallic
phases exist in the system. Horsely and Maskreg [4] attempted to determine the
solubility of Mo in Bi over a range of temperatures and concluded that the solubility
is below the limits of analytical detection (1 ppm) up to 1303 K.
3.2.2 Bi-O system

The Bi-O phase diagram at 1 bar total pressure is shown in Fig. 3.2. The data
on Bi-O system has been reviewed by Risold et al. [S]. Bismuth, which exists in the

rhombohedral form, has a melting point of 544 K. The solubility of oxygen in
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bismuth is 5 at% at 1400 K and it increases to 30 at% at 1650 K. Ganesan et al. [6]

have reported the solubility of oxygen in liquid bismuth and is given by the following

expressions:

log(S/at%0)=—4476/T K~ + 4.05 (T : 753—988K)

log(S/at%0)=—-3786/T K~ +3.36 (T : 988—1020K)
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Fig. 3.1 Phase diagram of Bi-Mo- system [3]
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Fig. 3.2 Phase diagram of Bi-O system [4]
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The only stable compound in the Bi-O system is Bi,Os;, which exhibits
polymorphism with four modifications: a, f3, v and 8-Bi,O3. Among which, o and 6
phases are the stable phases while f and y phases are metastable phases. The low
temperature 0-BiO3; has a monoclinic structure and the high temperature 0-Bi,O; has
fce structure. a phase is stable up to 1002 K and where it transforms to the & phase,
which melts at 1098 K. The § and y phases are having tetragonal and bcc structure,
respectively. These metastable phases are formed upon cooling the 6 phase. The
formation temperatures of B and y phases are reported to be ~920 and ~910 K,
respectively. The P to o transition take place at temperatures between 920 and 700 K
while the y phase can be preserved at room temperature. The liquid exhibits
miscibility gap between Bi and Bi,O3; from 1061 K and complete miscibility in liquid
phase occurs at temperatures above 1650 K.

3.2.3 Mo-O system
The binary phase diagram of Mo-O system is presented in Fig. 3.3. A detailed

review on this system has been given in ref 7.
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Fig. 3.3 Phase diagram of Mo-O system [6]
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The various oxides of Mo reported to be present are MoO;, M04O11, M0gO»3,
MoyOy6 and MoOs;. The melting points of MoO3; and MoQ; are determined to be 1073
+ 5 K and 2873 £ 5 K, respectively. Mo4O;undergoes disproportionation into MoO,
and liquid at 1091 K.

The standard molar Gibbs energy of formation of MoO, (s) has been reported
by several investigators [8-23]. Both emf and gas equilibrations techniques were used
by these investigators. However, there is considerable differences exist among the
reported data. The summary of the literature data on the Gibbs energy of formation of
MoO, (s) and the experimental techniques employed are given in Table 3.1. The

graphical comparison of the literature data is shown in Fig. 3.4.
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Fig. 3.4 Comparison of literature data on Gibbs energy of formation of MoO; (s)

The data reported by Gleiser and Chipman [10], O’Neill [20], Rapp [11] and
Jacob et al. [21, 23] are in good agreement in the temperature range of 925 to 1500 K
and are shown separately in Fig. 3.5. It is to be noted that these closely agreeing

results are obtained by a variety of techniques.
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Gleiser and Chipman [10] used the gas equilibration method, Rapp [11] used
the emf method with Ni/NiO and Fe/FeO as the reference electrodes, O’Neill [20]
used the emf method with Fe/FeO reference elctrodes while Jacob et al. [21, 23] used
pure oxygen gas as reference. The data reported by Tonosaki [8], Vassilev et al. [14]

and Barbi [12] are significantly more positive.
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Fig. 3.5 Selected data on Gibbs energy of formation of MoQO, (s)reported in
literature

3.2.4 Bi03-Mo0QO; system

The Bi,03-Mo00O; pseudo binary system has been studied by several groups
and it is characterized by the presence of several compounds and solid solutions.
Extensive studies on thermal stabilities, oxide ion conductivities and catalytic
properties of bismuth molybdates have been reported in literature. Spectroscopic
investigations of several bismuth molybdates have been carried out in the past to
unravel the mechanisms of their catalytic activities [24-26]. MoOsrich section of this
system in the composition range of 0 to 50 mol% Bi,O3 consists of three ternary
compounds, namely, Bi,Mo030;,, Bi,M0,09 and Bi;,M0QOg. These compounds exhibit

significant oxide ion conductivity and are known to catalyze selective oxidation of
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several organic compounds and ammoxidation of olefins [27-29]. However, the Bi,O3
rich section of the system (Bi,03/MoOs > 1) is rather complicated due to the presence
of several ternary compounds and solid solutions. The temperature ranges of
stabilities of most of the compounds in this composition range are not well
established. All the reported ternary compounds in this system are labeled and
presented in Fig. 3.6. The literature data concerning the existence and stabilities of
bismuth molybdates and solid solutions are described below and the salient features

are given in Table 3.2.

1- Bi,Mo;0,,
2- Bi,Mo,0,
3- Bi,MoO,
4-BiyMo0,,0¢,
5-BizMo;0,,
6-Bi,;;Mo;0;
7-BigMo,0,;
8-Bi,,Mo0,0,,
9-Bi,MoO,
10-Bi;zMo,0,;
11-Bi;MoO,,
12-Bi,,M00,,
13-Bi,,Mo0O,,

Bi

Mo

Fig. 3.6 Compounds reported in the Bi,O3-Mo0O; pseudo binary system

a. Bi20M0033

The existence of this BiO3 rich compound was first reported by Sillen and
Lundborg [30] based on the studies involving XRD. The presence of this compound
was indicated in the later studies by Kohlmuller and Badaud also [31]. However,
Egashira et al. [32] carried out a detailed analysis of the data reported by Sillen and

Lundborg [30] and showed that the XRD pattern attributed to Bi;)MoO33 was that of
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a mixture of the XRD patterns of Bi,O; and Bi;sMo00Oy4 and thus ruled out the
existence of Bi)gMo0QOs3.

b. Bi14M0024

Egashira et al. [32] showed the existence of this Bi;O3 rich compound, during
their investigation of the phase diagram of Bi;O3-MoO; system. Structural
characterization of this compound was later carried out by Ling et al. [33]. The
formation of an eutectoid between Bi,O3; and Bi;sMo00O,4 at ~998 K to form the solid
solution ¢ (73-100 mol% Bi,03) was suggested by Tomasi et al. [34].

C. Bi6M0012

Belyaev and Smolyaninov [35] reported this compound and according to
them, itforms continuous series of solid solutions with Bi,O; as well as with
Bi;M00Og¢.The phase diagrams of Bi;03-MoO; system which were later reported by
Bleijenberg et al. [36] and Vitting [37] showed the presence of BisMoO, while that
reported by Kohlmuller and Badaud [31] did not include it. Kohlmuller and Badaud
[31] reported the composition corresponding to BigMoO; to be falling within a solid
solution with a composition of ~75 to 85 mol% Bi,03; and melting congruently at
1253 K.

d. Bi4M009

The presence of BisMoOy was first indicated by Gattow [38] based on their
studies involving XRD and DTA. During their studies on Bi,03-MoO;3 system,
Belyaev and Smolyaninov [35] observed the existence of a solid solution between
BigMo0O;, and Bi;MoQOg with a minimum at 33.3 mol% MoO; at 1203 K. They
showed this corresponded to the composition of BisMoOg and hence ruled out the

existence of this compound.
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€. Bi3sM07O7s

Investigations of the Bi,Os-rich section of the system by Buttrey et al.
[39]using XRD and high resolution electron microscopy showed the presence of a
new phase of composition BissMo07;075 with a defective fluorite structure. They
determined its lattice parameters and ascribed it to be the same phase as described
previously as BigMoOj,. It is to be pointed out that Buttrey et al. [39] prepared
Bi3sMo07075 by solid state reaction between Bi,Os; and MoO; at 1123 K in air while
the earlier investigators [32, 36] prepared BisMoO;, by the reaction between the
oxides at 873 K in air. BizsMo07073 was structurally characterized by Spinolo and
Tomasi [40] and Sharma et al. [41]. Based on the studies involving DTA and
impedance spectroscopy, Tomasi et al. [34] suggested an eutectoid reaction between
Bi1sMo00O,4 and BizgMo;073at ~1063 K to form the solid solution 6 (73-100 mol%
Bi,03). Tomasi et al. [34] also indicated the existence of a wide non stoichiometry in
BizgsM0707s.

f. Bi10M03024

The existence of Bij)Mo030y4 was reported by Vila et al. [42] and their work
showed it to be appearing as stable phase at 823 K and decomposing to BizsMo0707s
and a high temperature solid solution at 1093 K. The structural characterization of
this compound was later carried out by Galy et al. [43].

g. BigMo0,05

Based on the studies involving growth of single crystals and their
characterization, Miyazawa et al. [44] reported a new compound of composition
BigMo0,0;5 belonging to the monoclinic system and melting congruently at 1243 + 5

K. Egashira et al. [32] also reported this compound and indicated the formation of an
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eutectic between it and BigMoO,at 1223 K. They also suggested this compound to be
undergoing a phase transition at around 1023 K. Boon and Metselaar [45] reported
the phase transition temperature to be between 973 and 1073 K. Vila et al. [46]
studied the polymorphism and electrical properties of BisMo0,0,s. They observed the
transition of BigMo0,0;5 to a [Bi;,014] based columnar structured phase which belong
to the high temperature solid solution at around 973 K. This solid solution was also
reported to undergo an irreversible transition into another columnar type solid
solution phase at ~1133 K.

h. BisM03021 and Bi14M05036

The presence of these two compounds was observed by Vila et al. [47]. Their
investigations showed these compounds to be appearing as stable phases at
temperatures close to 853 K. They found these compounds transformed to the high
temperature solid solution at temperatures higher than 923 K.

i. BixMoOs

Zemann [48] reported this compound belonging to orthorhombic system.
Although, subsequent investigators reported it to be congruently melting [31, 35, and
36], studies by Erman et al. [49] and Chen and Smith [50] showed it to be
peritectically decomposing to liquid rich in MoOs and the solid solution with
composition 1.26:1 Bi;03:MoOsat ~1220 K. A high temperature modification of this
compound was first reported by Blasse [51]. Later work by Erman et al. [52] showed
three polymorphic forms of this compound to be present: i) y- the low temperature
phase (orthorhombic structure), ii) y’’- the intermediate phase (tetragonal structure)

and iii) y’- the high temperature phase (monoclinic structure).
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Several studies have been carried out on the polymorphic transformations of
Bi;MoO¢ [32, 49, 52-56], but the reported transition temperatures are in
disagreement. Erman et al. [52] reported a reversible transition of y to vy’ at
temperatures between 593 K and 793 K and an irreversible transition of y’’ to y’ at
temperatures between 823 K and 913 K based on high temperature X-ray diffraction
studies whereas Lim et al. [55] reported 533 and 918 K as the corresponding
transition temperatures. Polymorphism of the compound was not observed in the
studies of Bleijenberg et al. [36] and Chen and Smith [50]. They observed only the y
phase of Bi;MoQg. Egashira et al. [32] observed only the y and vy’ phases of Bi,MoOg
with a transition temperature ~873 K. Studies by Watanabe and Kodama [53, 54]
showed the y to y’’ transition (877 K) to be reversible while vy’ to y’ transition (913
K) to be irreversible and reported the corresponding enthalpies of transitions as 0.42
kJ mol™ and 13.4 kJ mol respectively. Buttrey et al. [56] also reported the y to y”’
transition to be reversible and occurring at ~ 840 K and the y’’ to y’ transition to be
irreversible and occurring at ~ 880 K.

j. BizMOzOg

Erman et al. [57] reported the existence of Bi,M0,0y which was formed by
the peritectic reaction between MoOj rich liquid and Bi,MoOg at 923 K. Structure of
this compound was established by them in their later study [58]. They showed that
Bi,Mo0,0y formed an eutectic with Bi,Mo0301, at 909 K with a eutectic composition of
72.5 mol% MoOs. Erman et al. [49] reported that the peritectic decomposition of
Bi,Mo0,09 was erroneously considered as the eutectic between Bi,Mo3;O;, and
Bi,MoOg in the studies reported in references 31, 35, and 36 and did not include the

presence of Bi;Mo0,0q in the phase diagrams reported in these works. Later studies by
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Chen and Smith [50] confirmed the results of Erman et al. [49]. Results of the studies
made by Egashira et al. [32] were also similar except for small differences in the
eutectic and peritectic temperatures. Investigations by Batist et al. [59] and
Grzybowska et al. [60] on thermal stability of Bi,M0,09 showed it to be decomposing
to Bi;Mo03;0;; and Bi;MoQOg below 823 K. Investigations by Egashira et al. [32]
showed Bi;Mo0,09 to be stable in a very narrow range of temperature viz., 813 to 938
K and it disproportionated to form Bi;Mo30;, and Bi;Mo0Og at 813 K.

k. Bi2M03012

Zambonini et al. [61] reported the presence of this compound and structurally
characterized it. Later, several authors [32, 35-37, 44, 49, 50, 57, 62] have studied this
compound and showed it to be congruently melting at ~930 K. Erman et al. [57]
reported an eutectic to be formed between Bi;M030;, and MoOs and this has been
supported by the later works of Bleijenberg et al. [36], Egashira et al. [32] and Chen
[62].

I.  Solid solutions in the Bi,O3-MoO3 system

Many investigators have observed the presence of solid solutions in the Bi,O3
rich part of the system [32, 34-36, 49, 50]. Erman et al. [49] reported the presence of
five solid solutions above 773 K in the composition ranges of a) 40 to 60 mol%
Bi,03, b) 60 to ~70 mol% Bi,03, ¢) ~70 to 75 mol% Bi,0;, d) ~80 to ~90 mol%
Bi,03 and e) a high temperature phase with 60 to ~97 mol% Bi,0Os. Studies by Chen
and Smith [50] also showed the presence of the solid solution at around 56.5 mol%
Bi,0s. Erman et al. [49] also reported that the high temperature phase with ~75 mol%
Bi,03 had a melting point maximum and that with ~67 mol% Bi,Oshad the minimum.

They suggested that these compositions corresponded to the compositions of
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BigMo0O;; and Bi4sMoOy reported by Belyaev and Smolyaninov [35] and Gattow [38],
respectively. Studies by Tomasi et al. [34] also showed the existence of a high
temperature solid solution with the composition ranging from ~73 to 100 mol% Bi,0;
and with a defective fluorite structure. They observed that a lens shaped biphasic
region separated this sold solution field from the liquid phase. They also reported that
both Bi;sMo00O»4 and BizsMo07;075 were stable below this solid solution field.

Vannier et al. [63, 64] observed the domain of a solid solution around
BixMo;¢Og9 (x = 25.75 to 27.75) with a structure based on [Bi;,014] columns, which
was reported earlier by Erman et al. [49] and Chen & Smith [50]. The composition of
the parent compound of this solid solution field was formulated as Bi;sMo019Og9. They
also observed that the structure of compositions within this solid solution field to be
monoclinic. These results were later confirmed by Buttrey et al. [65]. However,
Enjalbert et al. [66] disputed the stoichiometry range of the solid solution and based
on crystallographic investigations, they proposed its composition as with x = 28.6 to
35.0. Huve et al. [67] carried out structural analysis of the family of the compounds
belonging to the [Bi;»014]columns and confirmed the solid solution field to be limited
within the range of x = 26 to 28.

Phase diagrams of the Bi;03-MoO; system and the liquidus boundaries are
reported in references [31, 32, 34-36, 49, 50]. It is to be pointed out that in the course
of the investigations of the system by employing various techniques, new compounds
and solid solutions have been identified. Hence, phase diagrams reported by earlier
investigators were not complete. Buttrey [68] in 2008 proposed a phase diagram of
this system by taking into account of the data available in literature. Although it
shows the presence of Bi;Mo030;, Bi,M0,09, Bi;M0Og, BisM0303;, BijsMo05036,

Bi6M02015, Bi10M03024, Bi38MO7078 and Bi14M0024, presence of Bi6M0012 had not
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been considered. Presence of high temperature solid solutions such as & phase (with
composition BixMo;¢Og9 With x = 26 to 28) and € phase (with composition of ~82-87
mol% Bi1,03) are also indicated. It is to be pointed out that the Bi,O3 rich portion of
the phase diagram by Buttrey [68] is considerably different from those reported by
earlier investigators. Tomasi et al. [34] had reported the presence of an eutectoid
between Bi,O3 and Bi;jsMoO»y4 at ~998 K and another eutectoid between BijsMoOo4
and Bi3;sMo07075 at ~1063 K and these are not indicated in the phase diagram
proposed by Buttery [68]. Also, the presence of the high temperature solid solution at
~73 to 100 mol% Bi,0; and the lens shaped biphasic region above this solid solution
field suggested by Tomasi et al. [34] had not been considered. The temperatures
above which the compounds BisMo03;0;; and Bi;4Mos034 appear as stable phases and
the invariant reactions that would involve the appearance of these compounds in this
system have not yet been established. Phase diagram of Bi,03;-MoO; system which
was adapted from that reported by Buttrey et al. [68] is shown in Fig. 3.7.

BigMo,0,, BiyMo1104 solidselution

L
A r_L"\ MoOy mol % —

B0 5 2 MoO,
oo 1 T 1 T 3
Bi,,Mo 2‘1-&‘, /.
% :
BiuMO, O goof £ \ |21
F‘1 .I I\ 11:,.f ()
-~ W
£F ™ =
L= SR Y
E PT R o ‘. "
B . .
g 1;(’4)
BigMoO,,. £ | 5
S 45
o4 .
BiggMoOy <. _.
1 1 A
o s o 1 e o 1o
) Rl :nﬂ ] e -
B0, 193 148 26M L Moy

Mo Atomic %
Fig. 3.7 Bi,03-MoQ; pseudo binary phase diagram adapted from ref. 68 showing

the composition of the compounds and solid solutions [In ref. 68,
existence of BigMo0Q; is not considered]
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It is clear from the literature data that MoOj rich section of the system consists
of only three ternary compounds, namely, Bi,M030,, Bi,M0,09 and Bi;Mo0QOg¢. The
Bi,0s rich section of the system is not well established. Although several compounds
were reported in the past, subsequent studies have shown the presence of the
following compounds in this part of the system: BisMo030;;, Bi;aM05036, BigM0,0;s5,
Bi1oM030y4, Bi3sM07075, BigM0O1, and Bi1sMo00O,4. It is known that a solid solution
BixMo0;¢Og9 (x = 26 to 28) exists at high temperatures. This solid solution will be
designated as ‘BiysMo01oOg9’ further in the discussions. BisMo030;;, BijsMo0s5036 and
BigMo0,0;5 appear as stable phases at temperatures between 773 and 873 K and they
transform to ‘BiysMo10Ogo’ at higher temperatures although the exact transformation
temperatures are not known. The exact temperatures at which these ternary
compounds appear as stable phases and the corresponding invariant reactions at these
temperatures are also not known. Since, the phase diagram reported by Buttrey [68]
does not include the presence of BisMoO,, existence of this compound also need to
be studied.

Although the pseudo binary phase diagram of Bi,03-MoOs system has been
investigated by several authors, no data exist on the ternary Bi-Mo-O system and the

thermochemical properties of the ternary compounds of the system are not available.
3.3 Experimental details

3.3.1 Materials

Bi,03 powder (99.99% purity on metal basis, M/s Alfa Aesar, USA), Bi
powder (99.9% purity on metal basis, M/s Alfa Aesar, USA) and Mo powder (99.9%
purity on metal basis, M/s Alfa Aesar, USA) were used. Bi,0O3; powder was calcined
at 1023 K in air for about 6 h to remove any carbonate impurity and adsorbed

moisture present in it. The calcined powder was stored in a desiccator. MoO3; powder
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was prepared by heating ammonium heptamolybdate tetrahydrate (99.96% purity on
metal basis, M/s Sigma-Aldrich, USA) at 723 K in air for 24 h. MoO, was prepared
by the reduction of MoO; at 823 K for 16 h under flowing hydrogen gas saturated
with water vapour. All the compounds were characterized by an X-ray diffractometer
(M/s Inel, France) with Cu K, radiation and graphite monochromator. The XRD
patterns were matched with the corresponding PCPDF patterns.
3.3.2 Preparation of ternary compounds

The ternary compounds reported to be present in the Bi,O3-MoO; pseudo
binary system were prepared by the solid state reaction between Bi,Os; and MoOj; in
air. For this, stoichiometric amounts of Bi,O3; and MoQOs were homogeneously mixed
and made into pellets. The pellets were placed in alumina crucibles and heated at
different chosen temperatures. The pellets were ground at the end of half the total
duration of heating. The powders were homogenized, repelletized and heated again.
The samples were quenched to room temperature and the phases in them were
characterized by XRD. Although the mass loss of the samples while heating in open
crucibles were very low (~0.01 to 0.03%), the ternary compounds were also prepared
under vacuum by placing the alumina crucibles containing the sample pellets in small
volume (~20 ml) evacuated and sealed quartz ampoules. The ampoules were kept
inside a constant temperature zone of the furnace and heated at the chosen
temperature. The experimental details are given in Table 3.3.
3.3.3 Phase equilibration studies

3.3.3.1 Equilibrations of samples with compositions in the Bi,03-Mo0QO; pseudo
binary line

To examine the possible existence of any new compound other than those

reported in the Bi,O3-MoO; pseudo binary system, samples with different molar
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ratios of Bi,0O3 and MoOs were prepared and equilibrated. The overall composition of
each sample was chosen such that it would correspond to a composition between
those of two reported adjacent ternary compounds. Initial mixture of Bi,O3 and MoOs
were thoroughly ground and made into pellets. The pellets were then kept inside
alumina crucibles and enclosed in quartz ampoules under vacuum. Samples were
equilibrated for prolonged periods at 773, 873 and 1023 K. After the equilibration,
samples were quenched to room temperature and the products formed were identified
by XRD. The details of these experiments are given in Table 3.4.

Table 3.3 Preparation of ternary compounds in the Bi;O3-Mo0QO; system

Compound | Molar ratios of | Temperature | Duration | Product
Bi,03; and MoO; of heating | formed*
Bi2M03012 1Bi203 . 3MOO3 873 K 48 h Bi2M03012
BizMOzOg 1Bi203 . 2MOO3 773 K 48 h Bi2M03012,
’Y-BizMOO6
(orthorhombic
phase)
873 K 48 h Bi1,M0,09
Bi,MoOg 1B1,05: IM0O; 773 K 48 h v-B1:MoOg
(orthorhombic
phase)
873K 48h | y-Bi,MoOg
(monoclinic
phase)
Bi6M02015 3Bi203 . 2MOO3 873 K 48 h Bi6M02O15
Bi10MO3024 5Bi203 . 3MOO3 1023 K 48 h Bi10M03024
Bi6MOO12 3Bi203 . 1MOO3 873 K 48 h Bi6MOO12
Bi38MO7078 19B1203 7MOO3 1023 K 48 h Bi38MO7078
Bi14M0024 7Bi2031 1M003 873 K 48 h Bi14M0024
Bi26M010069 13B1203 5MOO3 1023 K 48 h ‘Bi26M010069’

*Same phases were obtained at the end of 24 h of heating

As mentioned earlier, Buttrey et al. [39] considered BizsMo;075 to be the
same as the compound BigMoO),, although their compositions are significantly
different (3B1,03: 1MoOs in BigMo0O;,; and 2.71Bi;03: MoO; in BizgMo07;075) and

XRD patterns of the two compounds have marked difference. It is also to be pointed
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out that subsequent to the report by Buttrey et al. [39],no further data has been
reported in literature about these compounds. To verify the existence of BisgMoO),,
samples with different molar ratios of Bi,O; and MoO;, whose compositions lie
between those of Bi;)M030,4 and Bi;sMo00Oy4, were equilibrated. The sample mixtures
were thoroughly ground, made into pellets, kept in alumina crucibles and sealed in
evacuated quartz ampoules. The ampoules were equilibrated at 773, 873 and 1023 K
for prolonged duration. After the equilibration, samples were quenched to room
temperature. The details of the overall compositions chosen and the products
identified by XRD are given in Table 3.4.

3.3.3.2 Equilibrations of samples with compositions in the line joining Bi;O; and
MOOZ

Samples containing different molar ratios of Bi;Osand MoO, were
equilibrated for prolonged periods to examine the existence of any ternary compound
involving Bi,03; and MoQO,. For this, mixtures of Bi;O3; and MoO, were compacted
into pellets and taken in alumina crucibles. The crucibles were then kept enclosed in
evacuated quartz ampoules and subjected to long term equilibration at 773 and 1023
K. After the equilibrations, samples were quenched to room temperature and the
products were identified by XRD. The results obtained from these equilibration
experiments are given in Table 3.5.

3.3.3.3 Partial reduction of ternary compounds followed by long term
equilibrations

To obtain preliminary information on the coexisting phases in the Bi-Mo-O
system, the ternary compounds were subjected to partial reduction under flowing

hydrogen gas at 773 K for about 15 min.
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Table 3.5 Details of equilibrations of samples with Bi;O; and MoO;mixtures

No | Molar ratios of T/K Phases obtained after
oxides taken equilibration*

28 | 1:3Bi,03 : MoO;, 773K, 960h Bi, MoO,,
Bi,MoOg(orthorhombic phase)
1023K, 480h | Bi, MoO,,
Bi,MoO¢(monoclinic phase)
29 | 1:1 Bi03 : MoO, | 773K, 960h Bi, MoO,,
Bi;MoOg(orthorhombic phase)
1023K, 480h | Bi, MoO,,
Bi,MoOg(monoclinic phase)
30 3:1 Bi203 . MOOZ 773K, 960h Bi, Bi10M03024, Bi6M0012

1023K, 480h Bi, Bi10M03024,‘Bi38M07O78,
*Same phases were obtained at the end of 50% of the total duration of heating

The overall composition of the products obtained after this reduction was then
determined based on the final mass of the product by assuming the mass loss was
solely due to removal of oxygen (i.e. Bi to Mo ratio remained constant during
reduction). The products obtained were ground well and made into pellets, which
were then kept in alumina crucibles and sealed in low volume quartz ampoules under
vacuum. Different pellets of the samples were equilibrated at 773, 873 and 1023 K for
prolonged periods. After equilibration, they were quenched to room temperature and
the phases in the products were analyzed by XRD. The details of the samples are
given in Table 3.6.

3.3.3.4 Long term equilibrations of phase mixtures using different starting
components

To obtain information about the coexisting phases in the ternary Bi-Mo-O
system, experiments involving long term equilibrations were performed. For these
experiments, samples with different overall compositions were prepared using
different starting components. Samples prepared by taking appropriate molar ratios of

different starting components were thoroughly mixed and made into pellets. The
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pellets were then kept inside alumina crucibles and enclosed in small volume
evacuated quartz ampoules. The samples were equilibrated at 773, 873 and 1023 K.
At the end of about half the total duration of heating, the ampoules were quenched to
room temperature. Samples were retrieved, ground well and analyzed by XRD.
Samples were then repelletized and equilibration was continued in an identical
manner. Details of the samples and equilibration parameters are given in Table 3.7.

Table 3.6 Details of equilibrations of partially reduced ternary compounds

No | Starting Overall Temperature Phases obtained
compound | composition after | and duration of | after
partial reduction equilibration equilibration®

31 | BixMo3Oy, | Big.17M0¢2600 56 873K, 720h Bi, M0O,, Bi,M0Og
1023K, 480h Bi, M0O,, Bi,Mo0Og

32 | BiuM020Oy | Bip24Mo0 2400 52 873K, 720h Bi, M0O,, Bi,Mo0Og
1023K, 480h Bi, M0O,, Bi,M0Og

33 | BizMoOg Big 3sM00.1700 43 873K, 720h Bi, M0O,, Bi,Mo0Og
1023K, 480h Bi, M0O,, Bi,Mo0Og

34 | BisgMo0,0O;s | Bip33Mo0g.1100 56 773K, 960h Bi, M0O,, Bi,M0Og
873K, 720h Bi, M0O,, Bi,M0Og
1023K, 480h Bi, M0O,, Bi,Mo0Og

35 | BigMoO,2 | Big4sMo0g 0300 .43 773K, 960h Bi, M0O,, Bi,M0Og

36 | BiisMoOy | Big70M00.0500.29 773K, 960h Bi, M0O,, Bi,Mo0Og
873K, 720h Bi, M0O,, Bi,M0Og

Same phases were obtained at the end of 50% of the total duration of heating. At
773 K, orthorhombic phase of Bi,MoOgs was obtained. At 873 and 1023 K, monoclinic

phase of Bi,MoOgs was obtained.
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3.3.3.5 Long term equilibrations of phase mixtures in liquid bismuth

To confirm the phases that coexist with liquid bismuth, additional long term
equilibrations were carried out. For these experiments, pellets of the samples were
prepared by mixing different sets of starting components. Homogeneous mixture of
these phases was made as porous pellets. Excess bismuth metal taken in alumina
crucibles was melted in an argon atmosphere glove box. Each sample pellet was
forcefully immersed into the liquid metal using an alumina strip. The strip was tied to
the crucible by means of a binding wire. The crucible containing the sample was later
sealed under vacuum in quartz ampoule. Samples enclosed in quartz ampoules were
then subjected to long term equilibration at 773, 873 and 1023 K. After the
equilibration, samples were quenched to room temperature. Sample pellets were
retrieved after melting bismuth metal. The powdered samples were then characterized
by XRD. Details of these experiments are given in Table 3.8.

3.3.3.6 Equilibrations to determine the stability ranges of BisMo03;0;,
Bi14M050363nd Bi6M02015

To unravel the temperature ranges of stability of BigMo030;;, Bi;4Mo0s503¢ and
BigMo0,05s, pellets of these compounds were equilibrated at different temperatures for
prolonged periods. In the case of BigMo030,;, pellets of 6 mm diameter and 3 mm
thickness were made and taken in small quartz crucibles. They were in turn stacked at
precisely known heights in a 1 m long and one end closed 16 mm diameter quartz
tube wusing quartz spacers. Similarly, sample pellets of Bi;suMosO3s and
BigMo0,0;swere stacked in separate quartz tubes. About 15 samples were placed in
each of the quartz tubes. The quartz tubes were then placed in a vertical furnace
which provided an axial temperature gradient. The temperature within the furnace

was maintained between 748 and 1023 K.
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A stainless steel pipe of 45 mm OD and 1.5 m long was also kept additionally
in the furnace, surrounding the quartz tubes for providing radially uniform
temperature (Fig.1 in the Appendix). Size of the sample pellets was small such that
the temperature within each pellet would be constant throughout the period of
equilibration. Using a K-type thermocouple which could be moved very slowly (10
mm/min) from bottom to top of the furnace and close to the quartz tube with the help
of a motor, the temperature at which each sample pellet was equilibrated could be
measured. The samples were equilibrated for 600 h and quenched to room
temperature. The powdered samples were then analyzed by XRD. The details of
equilibrations are given in Table 3.9.

3.3.4 Electrical conductivity measurements
3.3.4.1 Conductivity measurements on BigMo030,1, Bi;4sMo0503¢ and BigM0,05

In order to determine the temperatures at which BigMo030,;, Bi;sMos0;¢ and
BigMo0,0;5 transform into the high temperature solid solution phase ‘BiysMo010Og9’,
conductivity measurements were carried out in air. For these measurements, sintered
pellets of the compounds were used.

In the case of BigMo030,;, conductivity measurements were carried out in the
temperature range of 773 to 943 K. The first measurement of conductivity was carried
out at 773 K followed by increasing the sample temperature by 10 K. After
maintaining the sample at that temperature for about 2 h, its conductivity was
measured at that temperature. This was continued till 943 K. For Bi;4MosOsg,
measurements were carried out in the temperature range of 748 to 990 K in a similar
way. The conductivity of BisMo0,0,5 was measured in the temperature range of 718 to

917 K.
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3.3.4.2 Conductivity measurements on Bi,Mo0,09

It is reported in literature that Bi,Mo0,0y is unstable at low temperatures and
decomposes to Bi;Mo030;, and Bi;MoQOg. The decomposition temperature has been
reported to be 813 K [32] as well as 823 K [59, 60]. In the present work, electrical
conductivity of Bi;M0,0O9 was measured by complex impedance spectroscopyto
determine its decomposition temperature. The Bi,M0,09 sample was prepared by the
solid state reaction between stoichiometric amounts of Bi,O; and MoOs at 873 K in
air for 48 h. A sintered pellet of Bi,M0,09 having 8 mm diameter and 3 mm thickness
was made and used for conductivity measurements. The pellet was sintered in air at
903 K for about 6 h. The conductivity measurements were carried out in air in the
temperature range of 905 to 754 K in the frequency range of 10 Hz to 1 MHz with an
applied perturbation potential of 500 mV.

First measurement of conductivity was made at 905 K after heating the sample
for 24 h at that temperature. This was followed by decreasing the sample temperature
by 10 K and maintaining at that temperature for about 2 h. Conductivity was then
measured at each temperature. This was continued till the final temperature of 754 K
was reached.
3.3.4.3 Conductivity measurements on Bi;Mo0QOs

Electrical conductivity of Bi;MoOgs was measured to determine the
temperature at which it undergoes phase transitions. For these measurements, sintered
pellets of both the orthorhombic and monoclinic phases of Bi,MoQOg were used. The
monoclinic phase of Bi;MoOs was prepared by the solid state reaction between
stoichiometric amounts of Bi,O3; and MoQO; at 873 K in air for 48 h whereas the
reaction at 773 K for 48 h yielded the orthorhombic phase of Bi,MoQOs. With the

orthorhombic phase as the sample pellet, measurements were carried out on heating it
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first from 700 to 963 K in steps of 10 K. The sample was maintained at the initial
temperature of 700 K for about 24 h and the conductivity was measured at that
temperature. This is followed by raising the sample temperature by 10 K and
maintaining at that temperature for about 2 h. The conductivity was then measured.
When the starting phase was the high temperature monoclinic phase, conductivity
was measured while cooling the sample in steps from 973 to 723 K.

All the conductivity experiments were carried out using the conductivity cell
described in chapter 2. The electrical conductivity was measured using a frequency
response analyzer (Model SI 1225, Solartron, M/s Schlumberger, UK) coupled with
an electrochemical interface (Model 1286, Solartron, M/s Schlumberger, UK). The
measurements were carried out in the frequency range of 10 Hz to 1 MHz with an
applied perturbation potential of 500 mV. The impedance data obtained at each
temperature was fitted using the software Zview®. The bulk resistance of the material
was obtained by fitting a semicircle to the experimentally obtained Nyquist plot. By
incorporating the dimensions of the pellet, the conductivity (o) of the sample at each
temperature (T) was determined. The Arrhenius plot for conductivity was obtained by

plotting log o as a function of 1/T. A change in the slope indicates the difference in

the conduction mechanism and / or a phase change. At the end of the conductivity
measurements, the sample pellets were retrieved, powdered and characterized by
XRD to establish any structural changes that had occurred during the measurement.

3.3.5 Simultaneous equilibration experiments to follow the structural changes
during conductivity measurements

The structural changes that could occur during conductivity measurements
were followed by performing separate equilibration experiments at different selected

temperatures falling within the temperature ranges of conductivity measurements. For
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these experiments, sample pellets of BigMo030,;, Bi;aMo05036, BisM0,0,5. Bi2M 0,0y,
and Bi;MoOg, were individually kept inside alumina crucibles and equilibrated in air
at different temperatures by following the temperature program used for conductivity
measurements.

For BigMo03;0,;, the equilibrations were carried out at 873, 898, 923, 948 and
973 K. The equilibration temperatures for Bi;sMos03¢ were 873, 923, 948 and 973 K
whereas for BigMo0,0;s, equilibrations were carried out at 873, 898 and 923 K,
respectively. In the case of Bi,Mo0,0y, equilibrations were carried out at 873, 823, 798
and 773 K and for the monoclinic phase of Bi,MoOs, equilibrations were performed
at 973, 873, 823 and 773 K.

The equilibration of all the compounds (Bi;Mo0,09, monoclinic phase of
Bi;,Mo00Og, BigMo030;;, Bi;4Mo0sO36 and BigMo0,0,5) were performed in such a way
that the first pellet of each sample was first equilibrated at the highest temperature for
24 h and then quenched to room temperature. The second pellet of each compound
was first equilibrated at the highest temperature for 24 h which was followed by
increasing the temperature by 10 K and maintained at that temperature for 2 h. This
was followed by quenching the sample to room temperature. Similarly, third pellet
was first equilibrated at the highest temperature for 24 h, followed by successively
raising its temperature by 10 K at a time and holding at each temperature for 2 h. This
is continued till equilibration at the desired final temperature is completed. After
equilibrating at the final temperature, the pellet was quenched to room temperature. In
order to check the low temperature stability of BisM030;; and Bi;4MosOs6, pellets of
these compounds were also heated at 788 and 773 K, respectively for 24 h followed

by quenching them to room temperature and XRD analysis.
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In the case of orthorhombic phase of Bi,MoQOg, equilibrations were carried out
at 773, 823, 843, 853, 873, 923 and 973 K in air by following the identical procedure
used for conductivity measurements. First pellet was equilibrated at the lowest
temperature for 24 h followed by quenching it to room temperature. Equilibration of
the next pellet started at the lowest temperature for 24 h followed by raising its
temperature by 10 K and maintaining at that temperature for 2 h. This raise of
temperature and dwelling at that temperature was continued till the desired
temperature of equilibration was reached and after which the sample was quenched to
room temperature. All the samples quenched to room temperature were powdered and
analyzed by XRD. Details of these experiments are given in Tables 3.10 and 3.11.

3.3.6 Oxygen potential measurements using yttria stabilized zirconia solid
electrolyte

To determine the Gibbs energy of formation of Bi,MoOg (s), a galvanic cell
based on yttria stabilized zirconia solid electrolyte was constructed (Fig. 3.8). The
galvanic cell can be represented as given below:

(-) W, Bi (1), MoO; (s), Bi;MoOs (s) | YSZ| (0,, 101.3 kPa), Pt (+).

The reference electrode for the cell was prepared by applying platinum paste (M/s
Eltecks Corporation, India) over the inner bottom surface of the solid electrolyte tube
and heating it in air at 1373 K for 2 h. This resulted in a uniform and porous platinum
coating over the electrolyte surface. A platinum wire, which had been spot welded to
platinum mesh was cofired with the platinum paste. This served as the electrical lead
for the reference electrode. A similar porous platinum electrode was formed at the
external bottom surface of the electrolyte tube. The solid electrolyte tube was then

fastened to a Veeco coupling by means of a high temperature epoxy seal.
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Fig. 3.8 Schematic of the experimental assembly of the galvanic cell
A K-type thermocouple was inserted through the stainless steel coupling and
kept very close to the electrode-electrolyte assembly for measuring the cell
temperature. The thermocouple used in the experiment was calibrated prior to the

actual measurements against a standard calibrated thermocouple supplied by National

The entire cell assembly was then kept enclosed in a one end closed quartz
tube and sealed using a Viton O-ring. Cell assembly had provisions for flowing gases
through the sample and reference compartments. The performance of the emf cell was
tested by measuring the null emf by maintaining identical oxygen pressures on both
sides of the electrolyte (air-air and oxygen-oxygen). Performance of the cell was also

checked by passing oxygen at one electrode and air at the other electrode. Later, the
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coated platinum electrode and the platinum lead present at the external surface of the
electrolyte tube were removed. A tungsten electrode fastened to the stainless steel
coupling through a thin alumina tube using high temperature epoxy seal served as the
electrical lead for the sample electrode. Tungsten was chosen as it is compatible with
liquid bismuth.

Two sample pellets whose composition falling within the Bi-Mo0O,-Bi,MoOg
phase field was used for emf measurement. Pellets of the sample electrodes were
made by compacting the homogeneous mixture of the constituent phases. The emf
cell was assembled inside the argon atmosphere glove box. Appropriate amount of
bismuth metal was taken in a recrystallized alumina crucible and melted. Sample
pellet was then kept immersed in liquid bismuth by placing the solid electrolyte tube
over it in such a way that the lower end of the tungsten wire dipped into liquid
bismuth. After cooling, the cell assembly was taken outside the glove box and placed
in the constant temperature zone of the furnace. A long hollow cylindrical stainless
steel block was also kept in the constant temperature zone of the furnace to further
enhance the uniformity of the temperature in the zone. During emf measurements,
high purity argon and oxygen gases were passed through the sample and reference
compartments, respectively. The cell emf was measured using a high impedance
electrometer (input impedance > 10" Q, M/s Keithley, Model 617) and the
thermocouple output was measured using a multimeter (M/s Agilent Technologies,
Malaysia, Model-34970A, data acquisition /switch unit). Data were recorded using a
computer interface.

Emf measurements were carried out in the temperature range of 773 to 1023
K. First measurement with each cell was carried out at high temperatures (1023 K for

cell-I and 936 K for cell-II) to enable faster equilibrium at the sample electrode-
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electrolyte interface. At each temperature, the readings were recorded when the cell
emf was stable within + 0.05 mV at least for four hours. The reproducibility of the
cell emf was confirmed by the emf data obtained during the random heating and
cooling cycles.

The thermo-emf between the two dissimilar electrical leads, i.e. tungsten and

platinum was measured in a separate experiment by forming a junction between the
two electrical leads followed by the measurement of the thermo-emf between them as
a function of temperature. Measured data were fitted to a polynomial expression of
order two and is given by:
E+0.16/mV =-1.56-7.97x10"T +1.84x107°T* [T:337-1076 K] (3.3)
The uncertainty expressed is the expanded uncertainty with 0.95 level of confidence.
The cell emf was then corrected using this thermo-emf data. At the end of the emf
measurements sample pellets were retrieved and analyzed by XRD to confirm the
coexisting phases.

3.3.7 Determination of standard molar enthalpies of formation of bismuth
molybdates by solution calorimetry

Enthalpies of dissolution of the ternary compounds, namely, Bi,Mo030, (s),
monoclinic and orthorhombic phases of Bi,MoOg (s), BisM0,0;5 (s) and BigMoOx(s)
were determined by using an isoperibol calorimeter as described in Chapter 2. The
calibration of the calorimeter was performed by both electrical and chemical methods.
The electrical calibration was performed by applying a constant current using a stable
power source, for a known period of time. 125 ml of 2 mol kg'1 NaOH solution was
used as the calorimetric solvent during electrical calibration. The current was
measured across a precision resistor connected in series. The temperature was

measured using a thermistor (M/s Toshniwal Brothers Delhi Private Limited,
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Bangalore, India) connected to a data acquisition system, interfaced to a personal
computer and was recorded as a function of time. Fig. 3.9 shows the plot of
temperature rise against energy supplied. The correlation between temperature rise
and energy in joules was found to be linear up to 500 J.
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Fig. 3.9 Correlation between temperature rise and electrical energy

The chemical calibration of the calorimeter was carried out by using
tris(hydroxyl methyl) aminomethane (s) (TRIS) (99.8% purity, M/s Merck, UK). The
calorimetric solvent used was 0.1mol kg' HCl. The sample required for the
calibration was accurately weighed and transferred into the sample bulb. 100 ml of
the calorimetric solvent was taken inside the Dewar flask.The sample bulb along with
the other components was allowed to equilibrate at the bath temperature. A steady
temperature signal was obtained once the calorimeter attained thermal equilibrium

with the surrounding water bath.The sample bulb was then broken by pushing the

glass rod and the sample was allowed to dissolve in the calorimetric solvent.The
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consequent variation in the temperature signal was monitored. Electrical calibration
was performed insitu before and after of each of these experiments.

Similar experiments were performed for the calorimetric measurements of
samples of ternary bismuth molybdates as well as for the binary oxides viz., Bi,Os (s)
and MoO;s (s). In each case the calorimetric solvent used was a mixture of 100 ml of 3
mol kg NaOH and 25 ml of triethanolamine. The volume of triethanolamine was
chosen in such a way that the molar ratio of metals to triethanolamine was maintained
at ~1:80 for the dissolution experiments. The current and duration of its passage for
the insitu electrical calibration was decided by the time taken for the sample to
dissolve completely under the experimental conditions and the weight of the sample
taken for each experiment. The maximum time taken for the dissolution of the
samples was around 4 min. The temperature change, AT, during the experiment with
the ternary compounds and starting components was also corrected for the heat
exchange between calorimeter and surroundings as explained in Chapter 2 and was
used for the evaluation of the enthalpy change for the reaction. Calorimetric
measurements were repeated several times to obtain the reproducible data.

3.3.8 Determination of molar heat capacities of bismuth molybdates by
differential scanning calorimetry

The heat capacity of bismuth molybdates were measured using a heat flux DSC
(Mettler Toledo-Model No.DSC827e, Switzerland). Temperature calibration was
carried out by measuring the melting points of high purity indium and zinc metals and
the standard uncertainty in the temperature measurement was found to be = 0.4 K. A
three step procedure was adopted for the measurement of heat capacity. The three
steps are 1) blank run, ii) calibration run and iii) sample run. In the blank run, the heat

flow rate is determined using empty aluminium pans of equal weight in the sample
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and reference sides. A disc of sapphire (NIST, USA) is used as the calibration
reference. In the calibration run, sapphire is placed into the sample pan while the
reference side is unchanged and the heat flow rate is measured as in the case of blank
run. During sample run, sapphire in the sample pan is replaced by the sample and the
heat flow rate is measured. In addition to the heat flow calibration by sapphire,
performance of DSC was also verified by measuring the heat capacity of MoOjs (s).
Sample pellets were prepared by compaction of the powders followed by sintering
them under vacuum. The sintered pellets (~110 mg) were then sealed in 40 mm’
aluminium pans and used for the measurement. For each sample, reproducibility was
checked by repeating the measurement atleast for five to six times. Measurements
were also repeated with two different pellets of the same sample. DSC measurements
were carried out under high purity argon atmosphere maintained at a flow rate of 50
ml min'upto a temperature of~800 K at a heating rate of 10 K min™'. The temperature
program used for the measurement consisted of three segments: an isothermal
segment at the initial temperature with a dwelling period of 10 min, followed by a
dynamic segment at a heating rate of 10 K min™ and finally an isothermal segment at
the final temperature for 10 min. Samples used for measurements were characterized
by XRD before and after the calorimetric runs. The weight loss of the samples after
DSC measurements was very low (~0.02-0.03%) indicating that vaporization losses
are negligible. The heat capacity data at each temperature was obtained by taking the

average of the calorimetric runs carried out with two sample pellets.

110



3.4 Results and discussion

3.4.1 Preparation and characterization of starting components and ternary

compounds

The starting components MoOs; and MoO, prepared in this study were

characterized by XRD and the XRD patterns matched with PCPDF file nos. 00-005-

0508 and 00-032-0671, respectively.

The solid state reactions leading to the formation of ternary bismuth

molybdates can be represented by the following equations:
Bi,0,(s) +3MoO, (s)—Z52 5 Bi. Mo,0,, (s)

Bi,0,(s) +2MoO, (s) —252" 5 Bi. Mo, O, (s)

Bi,0,(s) + MoO,(s) —Z252" Bi. MoO, (s) (Monoclinic phase)
Bi,0,(s) + MoO,(s) —Z52"— Bi, MoO, (s) (Orthorhombic phase)
4Bi,0,(s) +3MoO, (s) —52" 5 Bi Mo,0,,(s)

7Bi,0,(s) + 5MoO,(s) —2525" Bi. Mo, O, (s)

3Bi,0,(s) +2MoO, (s) —Z52" Bi Mo,0,,(s)

5Bi,0,(s) +3MoO, (s) —252" 5 Bi, Mo,0,,(s)

19Bi,0,(s) + TMoO, (s) —222" 5 Bi  M0,0.,(s)

3Bi,0,(s) + MoO, (s)—Z52"— Bi_ MoO,, (s)

7Bi,0,(s) + MoO, (s) —2£22 5 Bi. MoO,, (s)

13Bi,0,(s) +10MoO, (s) —258 5 Bi. Mo,,0,,'(s)

(3.4)

(3.5)

(3.6)

(3.7)

(3.8)

(3.9)

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)

XRD patterns of the ternary compounds matched with PCPDF file nos. 00-

021-0103, 00-033-0209, respectively for Bi,M030;, and Bi,M0,0. Preparation of

Bi;MoQOg at 773 K yielded the orthorhombic phase while the preparation at 873 K
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yielded the monoclinic phase. The XRD patterns of the above two phases matched
with PCPDF files 00-084-0787 and 04-009-3413, respectively. Similarly, XRD
patterns of the other ternary compounds prepared by the solid state reaction between
Bi,03 and MoO; matched with the PCPDF file nos. 01-082-3470, 00-059-0526, 00-
056-1473, 00-058-0668, 00-038-0249, 00-089-6667 and 00-050-1730, respectively
for BigMo0305;, Bi;4M05036, BisM0,015, Bi;oM03054, BizsM07075, Bi;1sM00O,4 and
‘BizsM019Og9’. The XRD pattern of the compound BigMoO;, matched with those
reported by Bleijenberg et al. [36].

3.4.2 Studies involving equilibrations of samples with compositions in the Bi,O3-
MoQO; pseudo binary line

Table 3.4 shows the details of equilibration experiments performed to find out
the presence of any ternary compound other than those reported by earlier
investigators in the Bi;03-MoO; pseudo binary system. The XRD patterns of the
products obtained after the long term equilibrations of different molar ratios of Bi;O3
and MoOs have shown the presence of either a mixture of two ternary compounds
reported in literature or that of a ternary compound and the metal oxide. It is to be
noted that the orthorhombic phase of Bi,MoOg was obtained when equilibration was
carried out at 773 K while the monoclinic phase was obtained when the equilibration
was at 873 and 1023 K. Presence of the intermediate phase (y’’) reported in literature
was not observed. Similarly presence of Bi;Mo0,O9 was not observed when
equilibration was carried out at 773 K whereas it was observed when equilibrations
were carried out at 873 K. This is in agreement with the data reported in
literature. The equilibration of sample no 21 given in Table 3.4, which had an overall
composition corresponding to the compound Bi)MoOs; reported by Sillen and

Lundborg [30] and Kohlmuller and Badaud [31] at 773 as well as at 873 K yielded a
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mixture of BijsMoO,4 and Bi,O; as products indicating the non existence of
Bi;0)Mo0Os3. This is in agreement with that reported by Bleijenberg et al. [36]. Also
the presence of BigMo0,0,5 was not observed at 1023 K, but it had transformed into
the high temperature polymorph belonging to the ‘BinsMo0;9Ogo’ solid solution. This
observation is in agreement with those reported by previous investigators [42, 46].

XRD patterns obtained for the equilibration of compositions 15 to 17 indicate
the presence of mixtures of BigMoO;, and Bij)Mo03O,4 at 773 and 873 K while
equilibrations at 1023 K yielded mixtures of BizsMo7075 and Bij)Mo030O,4. This
observation was further confirmed by results obtained for samples 22 to 27 given in
Table 3.4. The overall composition of the sample 23 exactly corresponded to 3:1
Bi,03:M00; and the XRD results have shown the presence of the compound
BigMo0O; at 773 and 873 K. Bi3sMo0;075 was present only after equilibration at 1023
K. Similarly the overall composition of the sample 26 corresponds to 2.71:1
Bi,03:M00; and results of the equilibrations were same as in the case of sample 23.
These results indicate that BizsMo70+5 is not stable at 773 and 873 K while it is stable
at 1023 K. At low temperatures, BisMoO; is stable. It is to be pointed out that no
other phase was found to be present along with BizgMo07;07s, and this indicates the
presence of a wide non-stoichiometry in BizsMo707s phase as suggested by Tomasi et
al. [34]. Hereafter in the text, the solid solution based on BizsMo7075 phase will be
designated as ‘BizsMo707g .

Thus based on the equilibration along the Bi;O03-MoO; pseudo binary line,
presence of ten ternary compounds, namely, Bi,Mo030;;, Bi;M0,09, Bi;M0Og,
BigMo030;;, Bi1sMo05036, BigM0,0;5, BijgM030,4, BizgMo07073, BigMo0O;, and
Bi;4M00O,4 along with the high temperature solid solution ‘BisMo0;¢Ogo’ are

confirmed.
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3.4.3 Studies involving equilibrations of samples with compositions in the line
joining Bi,O3; and MoQO,

The long term equilibrations of samples with different molar ratios of Bi,0O;
and MoQO, as starting materials have shown that there are no ternary compounds
involving Bi,0; and MoO, (Table 3.5). However, the results revealed the existence of
the phase fields Bi-Mo00O;,-Bi,MoOg at 773 and 1023 K, Bi-Bi;)M030,4-BigM00O; at
773 K and Bi-Bi;)M03024-BizgM07075 at 1023 K.

3.4.4 Studies involving partial reduction of ternary compounds followed by
long term equilibrations

The equilibrium phases obtained after the long term equilibrations of partially
reduced ternary compounds are given in Table 3.6. Upon partial reduction, the overall
composition of reduced samples has moved towards lower oxygen content. The XRD
analysis of these samples after long term equilibrations confirmed the existence of Bi-
Mo0,-Bi;M0Og phase field at 773 as well as at 1023 K.

3.4.5 Studies involving long term equilibrations of phase mixtures using
different starting components and equilibrations in liquid bismuth

In order to determine the coexisting phases in the ternary Bi-Mo-O system,
several long term equilibrations were performed by taking different starting
components. These equilibrations revealed the existence of different phase fields
(Table 3.7). The phase fields identified are: (1) Bi-Mo-MoO,, (2) Bi-M00O,-Bi,Mo0Og,
(3) BizM00Os-M00,-BinM03012, (4) Bi-Bi;M00Os-BigM0,015, (5) Bi-BijgM03Os-
BigM0Oj; (6) Bi-BigM00O,-Bi;aM0024 and(7) Bi-Bi;4M0024-Bi,Osat 773 K, (1) Bi-
Mo-MoO,, (2) Bi-Mo00,-BiMo0Og, (3) BizuM00Os-M00;-BiM0,09, (4) BizM0,0y-
Mo0O,-Bi;Mo030,and (5) Bi-Bi1;4M00,4-Bi,0sat 873 K and (1) Bi-Mo-MoO,, (2) Bi-
Mo0,-Bi;MoOg, (3)Bi-BizM0Og- BizsM019Og9’,(4)Bi-Bij¢)M03024-BizsM07075°, (5)

Bi-‘Bi3gM07078’-Bi14M0024 and (6) Bi-Bi14M0024-Bi203 at 1023 K.
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Further evidences for the presence of additional phase fields were obtained
from the results of several long term equilibrations in liquid bismuth. These
experiments also helped to confirm the existence of the phase fields which were
identified in the previous equilibration studies. The results are summarized in Table
3.8. The data in the table shows the existence of the following phase fields:(1) Bi-
Mo0;-Bi;Mo00Og, (2) Bi-Bi;M004-BigM0,0;5, (3) Bi-BigM0,0;5-Bi;0M030,4, (4) Bi-
Bi;0M03024-BigM0O15, (5) Bi-BigM0O,-Bi;4sM00,4 and (6) Bi-Bi;sM00,4-Bi,O3 at
773 K, (1) Bi-BixM00O¢BigMo030,;, (2) Bi-BisM030,;-Bi;sMo0sO36, (3) Bi-
Bi;4M05036-BigM 0,055, (4) Bi-BigM0,015-Bi;0M03024, (5) Bi-Bi;gM030,4-BigM00O;
and (6) Bi-BigMo00O,-Bi;sM00O,4 at 873 K and (1) Bi-Mo00O;,-Bi,MoQOg, (2) Bi-
‘BizsM0190g9’-Bi1gM03024, (3) Bi-BijoM03024-‘BisgM07075°, (4) Bi-‘BizgM07075’-
Bi;4sMo00O,4and (5) Bi-Bi;sM00,4-Bi,O3 at 1023 K.

Using these results, the partial phase diagrams of the ternary Bi-Mo-O system
valid at 773, 873 and 1023 K have been constructed and are shown in Figs. 3.10 to

3.12.
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Fig. 3.10 Partial phase diagram of Bi-Mo-O system at 773 K
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Fig. 3.11 Partial phase diagram of Bi-Mo-O system at 8§73 K
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Fig. 3.12 Partial phase diagram of Bi-Mo-O system at 1023 K

3.4.6 Investigation on the thermal stabilities of BisMo030;;, Bi;sMos5036 and
Bi6M02015

Experimental results obtained for the long term equilibrations of BigMo030,;
at different temperatures are given in Table 3.9. It can be seen that upon equilibration
at 771, 788 and 805 K, BisMo030;; has decomposed to give a mixture of Bi,MoO¢ and
BigMo0,0;5 phases. This indicates that BigMo030,; is not stable at temperatures below
805 K. However, for equilibrations in the temperature range of 841 to 912 K, the
BigMo030,; phase was retained which shows that BigMo3;O,; is stable at these
temperatures. Hence, BigMo3;O,; appears as a stable phase at temperature lying
between 805 and 841 K. The equilibration of BigMo03;0;; at temperatures between 931
and 1023 K has resulted in the formation of ‘Bi;sMo010Og9’ phase only which suggests
that BigMo03O;jundergoes transition into the high temperature polymorph belonging

to the solid solution phase at temperature falling between 912 and 931 K.
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The plot of electrical conductivity of BigMo030O,; as a function of reciprocal
temperature is shown in Fig. 3.13. The conductivity measurements were carried out
from 773 to 973 K. As seen from the plot, a slope change is observed at 917 £ 5 K.
XRD analysis of the sample retrieved after the conductivity measurements at 973 K
has shown the presence of ‘BiysMo19Og9’ phase. This indicates that at 917 = 5 K,

BigMo030,; would transform to the high temperature solid solution ‘Bi;sMo0;9Ogo’.
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Fig. 3.13 Variation of electrical conductivity of BigMo03;0;; as a function of
temperature

The results based on the XRD patterns of the products obtained after the
simultaneous equilibrations of BisM030,; at different temperatures in air are given in
Table 3.10. The data indicates that upon equilibrations at 873 and 898 K, the
BigMo030;; phase was retained while equilibrations at 923, 948 and 973 K had led to
the formation of the ‘BiMo09O¢y’ phase. This supports the conclusion based on
electrical conductivity measurement. The activation energy determined from the

Arrhenius plot is found to be 1.13 eV for the temperature range of 773 to 917 K
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indicating the conductivity due to oxide ions as reported in reference [47]. Results
obtained from the long term equilibrations of BisMo03O;;samplesat different
temperatures clearly show that BigMo30,; is unstable at temperatures below 805 K
and it decomposes to give a mixture of Bi;MoOgs and BigMo0,0;s phases.
Equilibration at 788 K for 24 h (Table 3.10) also supports this. However, in the
electrical conductivity measurements, no slope change corresponding to the
decomposition was observed. This can be attributed to the structural similarities of
BigMo03;0,;, Bi;M0oOg and BigMo0,0;5 as all of them crystallize in the monoclinic
system and hence they could possess similar conductivity values.

Results obtained for the long term equilibrations of Bi;sMosOs¢ at different
temperatures are given in Table 3.9. It is seen that the equilibration of Bi;sMos034 at
temperatures 766, 782 and 798 K has given a mixture of Bi,MoOg and BigMo0,0;5
phases. This indicates that Bi;sMosOs is unstable at these temperatures and
undergoes decomposition at temperatures below 798 K. Equilibrations at 817, 838
and 883 K has resulted in a mixture of Bi;MoOg and BigMo0,0;s along with
Bi;4Mo0s5036. It shows that Bi;4MosOs¢ is stable at these temperatures and it is
appearing to be as a stable phase at temperatures between 798 and 817 K. Single
phase of Bi;sMosOs¢ was present after equilibrations at temperatures between 883
and 947 K whereas equilibrations between 968 and 1023 K had yielded the
‘BizgM019Og9” phase. This shows the temperature at which Bi;sMosO36 would
undergo transformation in to the high temperature solid solution phase lies between
947 and 968 K.

Variation of logarithm of electrical conductivity of BijsMosOsswith
reciprocal temperature obtained is shown in Fig. 3.14. Conductivity had been

measured in the temperature range of 748 to 990 K and a change in slope is seen at
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963 + 5 K corresponding to the transition of Bi;4Mo0sOs6 to ‘BixsM019Og9’ phase. This
observation is in accordance with the results obtained from the simultaneous
equilibration experiments (Table 3.10). Bi;sMosO3¢ was retained on equilibrations at
873, 923 and 948 K whereas on equilibration at 973 K it transformed to
‘BizsM010Ogo’. Further, XRD analysis of the pellet retrieved after the conductivity
measurements at 990 K has shown the presence of ‘BiysMo0;9gO¢’ phase only.
Activation energy determined from the Arrhenius plot is found to bel.39 eV for the
temperature range of 748 to 963 K. As in the case of BigMo03;0,;, long term
equilibration experiments at different temperatures (Table 3.9) along with
equilibration at 773 K for 24 h (Table 3.10) had shown that Bi;4Mos0O3¢ is unstable at
temperatures below 817 K and it had partially decomposed to BiMoOs and
BigMo0,0;5 phases. However, we could not observe any slope change corresponding
to this decomposition in the Arrhenius plot of conductivity. Since all the three ternary
compounds involved in this disproportionation reaction have monoclinic structure,

they are expected to have similar conductivities and hence this behavior.
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Fig. 3.14 Variation of electrical conductivity of BijsMo05036 as a function of
temperature
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Equilibration of BigMo0,0;5 at different temperatures between 745 and 901
K for prolonged duration has shown that BisMo0,0s is stable at these temperatures.
The XRD patterns have shown the presence of single phase of BisMo0,0,s only (Table
3.9). However, upon equilibrations at temperatures between 928 and 998 K,
‘BizsMo010Og9’ phase was obtained. This indicates the transition of BigM0,0;5 to the
high temperature solid solution phase occurs at a temperature falling between 901 and
928 K.

The plot of variation of electrical conductivity of BigMo0,0;5 with
temperature, as presented in Fig. 3.15, showed a slope change at 891 + 5 K. These
observations were further verified by carrying out simultaneous equilibration
experiments (Table 3.10).
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Fig. 3.15 Variation of electrical conductivity of BigMo0,0;5 as a function of
temperature

It can be seen that upon equilibration at 873 K, BigM0,0;s phase remains
unaltered whereas after equilibrations at 898 and 923 K, ‘Bi,sM0,90¢y’ was formed.

Further, XRD analysis of the pellet retrieved from the conductivity cell after
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measurement at 917 K showed the presence of ‘BisMo0;9gO¢o’ phase. Activation
energy determined from the Arrhenius plot is found to bel.16 eV for the temperature
range of 718 to 891 K.
3.4.7 Investigation of thermal stability of Bi;Mo0,09

To identify the temperature above which Bi,Mo0,0y is stable, its electrical
conductivity as a function of temperature was measured.

The variation of conductivity with temperature as log ¢ Vs 1/T is shown in
Fig. 3.16. As seen from the figure, a slope change is observed at 817 £ 5 K. The XRD
analysis of the sample retrieved after the conductivity measurements (sample
quenched to room temperature from 754 K) has shown the presence of Bi;MoOg
(orthorhombic phase) and Bi;Mo03O;, phases.The results of simultaneous
equilibration of Bi,Mo0,0y at different temperatures in air (Table 3.11) also show that
Bi,Mo0,0y is stable at 823 and 873 K but undergoes decomposition at 773 and 798 K.
Consideration of conductivity data in conjunction with these XRD data indicates that
Bi;M0,09 would decompose to form Bi;MoOg¢ and Bi;Mo3;0;, at 817 = 5 K. The
activation energies determined from the Arrhenius plot are found to be 1.19 eV and
1.44 eV, respectively for the temperature ranges of 753 to 817 K and 817 to 913 K.
Hartmanova et al. [69] have also measured electrical conductivity of Bi;M0,0q in the
temperature range of 454 to 713 K and reported the activation energy as 1.15 eV
which is in good agreement with the present value of 1.19 eV obtained for conduction

in the low temperature regime.
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Fig. 3.16 Variation of electrical conductivity of Bi;Mo0,0¢ as a function of
temperature (Below 817 K, the phases present are Bi;Mo03;0;, and
Bi,MoOg)
3.4.8 Investigation on the polymorphic transformations of Bi;Mo0Oj
The variation of conductivity of the orthorhombic phase of Bi,MoOs with
temperature is shown in Fig. 3.17. Conductivities were measured during a heating
cycle from 700 to 963 K. It can be seen that at temperatures between 868 and 871 K a
sharp drop in conductivity occurred. Further increase in the temperature resulted in
the steady increase in conductivity. The XRD analysis of the samples equilibrated at
773, 823, 843 and 853 K (Table 3.11) had shown the presence of orthorhombic phase
of Bi,MoQOg while the equilibrations at 873, 923 and 973 K had shown the presence of
the monoclinic phase. Hence, the drop in conductivity is due to the transformation of
orthorhombic phase to monoclinic phase at ~870 K. The presence of an intermediate
phase (y’”) has been reported in literature in the temperature range of ~840 to 877 K.
However, in samples after equilibration at 843 and 853 K, we could observe only the

orthorhombic phase of Bi;MoOg.Intermediate y’’ phase could not be observed in
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samples from both conductivity and equilibration experiments. The activation
energies for conductivity deduced from the plot are 1.85 eV and 1.97 eV, respectively
for the temperature ranges of 763 to 868 K and 872 to 963 K corresponding to the
orthorhombic and monoclinic phases of Bi;MoOg. Arrhenius plot obtained for the
electrical conductivity measurements carried out while cooling the monoclinic phase
of Bi;MoOgis also shown in Fig. 3.17. No change in slope is observed in the
conductivity plot suggesting that the compound had not undergone any phase
transition at low temperatures and this is in agreement with the irreversible nature of
the orthorhombic to monoclinic phase transition reported in literature. This is also
supported by the results of the equilibration experiments with the monoclinic phase of
BixMoOeggiven in Table 3.11. XRD analysis of the samples obtained after
equilibration at all temperatures (773, 823, 873 and 973 K) showed the presence of

monoclinic phase of Bi;MoOgonly.
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Fig. 3.17 Variation of electrical conductivity of orthorhombic and monoclinic
phases of Bi;Mo0Qj as a function of temperature

124



3.4.9 Oxygen potential measurements
3.4.9.1 Standard molar Gibbs energy of formation of Bi,MoOQg (s)

The XRD analysis of the sample pellets retrieved at the end of emf
measurements showed the presence of Bi, MoO; and Bi;MoQOg phases. Monoclinic
phase of Bi,MoQOgs was observed to be present. As mentioned earlier, first temperature
of operation in each cell was in the temperature range of 1023 K for cell-I and 936 K
for cell-1I, where the monoclinic phase of Bi,MoQOgs is stable. It is known that the
transition of Bi;MoOg¢ from the orthorhombic phase to monoclinic phase is
irreversible and the electrical conductivity measurements have shown that the
transformation occurring at ~868 K. The monoclinic form of Bi;,Mo0OQyg is known to be
metastable at room temperature. Hence, the phase that was present during emf
measurements was the monoclinic form of Bi,Mo0Qs.

The emf values measured as a function of temperature in the case of sample
with composition within the Bi-Mo00O,-Bi,MoOg phase field are given in Table 3.12.
The variation of cell emf with temperature is shown in Fig. 3.18 and can be expressed
by the following least squares fitted expression:

E+0.7/mV =1039.7 - 0.4358 (T/K) (T: 772-1023 K) (3.16)
The error indicated is the expanded uncertainty with 0.95 level of confidence.

The chemical equilibrium at the sample electrode is represented as below:

2Bi(l) + MoO, (s) +20,(g) < Bi,MoO,(s) (3.17)
A,G, <Bi,MoO; > = A,G, <MoO, >+2RTIn p;, (3.18)

where pJ, is the partial pressure of oxygen at the sample electrode.
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Table 3.12 Variation of EMF with temperature inthe Bi-MoO,-Bi,M0QO; phase

field
Sample 1 Sample 2
Temperature / K Emf/ mV Temperature / K Emf/ mV
1022.7 5954 936.3 631.8
921.5 638.2 911.6 642.5
823.9 680.9 886.5 653.6
998.5 605.3 873.7 659.5
899.1 648.3 861.1 664.6
947.0 627.2 1014.3 597.6
849.0 670.0 911.2 641.2
1010.5 599.7 936.9 630.2
985.4 610.2 864.3 662.3
961.0 620.9 962.1 619.3
- - 987.9 608.3
- - 772.6 703.3
- - 799.2 691.7
720
| © W, Bi (1, MoO, (s), Bi,MoO, (s) [YSZ| (O,, 101.3 kPa), Pt (+)
700 4
680
5 660 - A Celll
= ® C(Cell2
% 640
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Fig. 3.18 Variation of emf with temperature with Bi- MoO,-Bi,Mo0QOg as sample
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The cell emf is given by

E="
AF P,

(3.19)

where E is the electromotive force in volts, R is the universal gas constant (8.314 J K
"'mol™), F is the Faraday constant (96485 C mol™) and PX is the partial pressure of

oxygen in the reference electrode.Equation (3.19) can be written as

4FE=RTInPS —RTIn P}, (3.20)
Since P, =1 atm, RT In p}, = - 4FE

Thus the standard molar Gibbs energy of formation of the monoclinic phase of

Bi;MoQg(s) can be obtained from the measured emf values as given below:

A,G, <Bi,MoO; > = A ,G, < MoO, >- 8FE (3.21)
By substituting the emf data given by expression (3.16) and using the following data
on molar Gibbs energy of formation of MoO; (s) from ref. 23

A,G <MoO, >+ 0.6 /kJmol™ = —=579.8+0.1700(T / K) (T : 925-1533K)(3.22)

The standard molar Gibbs energy of formation of monoclinic phase of

Bi,MoOg(s)was derived and is given below:

A,G" < Bi,MoO, > + 0.8 / kJ mol™ = 13823+ 0.5064 (T / K) (T : 772 ~1023K) (3.23)

To determine the uncertainties introduced in the Gibbs energy of formation of
Bi;MoOg (s) due to variation in the total local atmospheric pressure of the site,
atmospheric pressure during the experimental period was continuously monitored.
The variation was found to be + 0.008 atm.

The uncertainties introduced due to this variation are calculated as below:
The standard molar Gibbs energy of formation of Bi,MoOg (s) is deduced from the

following equation:

127



A,G, <Bi,MoO; >=A,G, < MoO, >+2RT In P, - 8FE (3.24)
When Pofi = 1 atm, the expression (3.24) could be written as:

A,G, <Bi,MoO; >=A,G, <MoO, >- 8FE

At the maximum temperature of emf measurement (T = 1023 K),

A,G, < Bi,MoO, >=-864.3 + 0.8 kJ mol .
When there is deviation in POR2 from 1 atm, i.e. P0R2= 1 £ 0.008 atm, the errors

introduced at the maximum temperature of 1023 K is calculated as below:

At T=1023 K and P = 1.008 atm,

2RT In 1.008 = 0.136 kJ mol

And when P =0.992 atm,

2RT In 0.992 = -0.136 kJ mol

Hence, the error due to the variation of reference pressure = + 0.136 kJ mol™.

Therefore,
A,G, <Bi,MoO, >=A,G, <MoO, >+ 2RTInPy - 8FE = -864.3 + 0.136 kJ mol’'

at 1023 K.
This error is negligible compared to the uncertainty reported for the Gibbs energy
of formation of Bi,MoOg (s) (+ 0.8 kJ mol™).
3.4.10 Standard molar enthalpies of formation of bismuth molybdates

The experimental results obtained for the enthalpy of dissolution of TRIS are
given in Table 3.13. The molar enthalpy of solution of TRIS obtained in the present
work is (-29.62 + 0.44) kJ mol™ which is in good agreement with the reported value
of (-29.770 + 0.032) kJ mol™ [70]. Thus it ensures the suitability of the experimental

set up for calorimetric measurements.
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Table 3.13 Enthalpy of solution (A ,H. ) of TRIS  in 0.10 = 0.01mol / kg HCI

(mass of solvent =99.52 £+ 0.01 g) at 298.15 K®and 0.1 MPa®
(Molar mass of TRIS = 121.1g mol™)

Run | Weight of TRIS | Experimental Molar enthalpy of solution
w/g'’ enthalpy change | (A  H°/kJ mol™)
(AH /J)

1 0.2354 -57.73 -29.70
2 0.2313 -57.07 -29.87
3 0.2295 -55.71 -29.40
4 0.2295 -56.15 -29.63
5 0.2161 -52.62 -29.48

Average: (-29.62 £ 0.44)"

“Tris(hydroxylmethyl)aminomethane (s), “Temperature stability inside the
calorimeter prior to start of experiment was within + 0.001 K. “ Standard
uncertainty, u, are u(P) = 0.8 kPa and u(w) = 0.001, bExpanded uncertainty U(

A H.) is calculated as 20 of the mean with 0.95 level of confidence.

Uncertainty from calibration was also included into the final uncertainty of the
dissolution enthalpies.

In the present study, the standard molar enthalpies of formation of bismuth
molybdates were determined by measuring their enthalpies of dissolution. A suitable
solvent which can dissolve the ternary bismuth molybdates as well as the component
oxides, Bi,03 (s) and MoOs (s) has to be used for the dissolution experiments. Also
the samples should dissolve in the solvent in a reasonable period of time. Several
mineral acids and alkalis were tried for the solubility experiments and the bismuth
molybdates were found to be insoluble in all of them.

It is known from literature that triethanolamine (TEA) is a versatile ligand and
can readily form coordination complexes with almost all metal ions and behave as N
and O-donor ligands [71]. TEA can form complexes with Bi** and Mo®" ions as well.
The complexes of TEA with Bi find its application in medical fields. For the
preparation of medically relevant Bi-TEA complexes, the ratio of Bi to TEA used was

reported to be ranging from 1:2.6 to 1:5.2 [72]. Miller described the conditions for the
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formation of complexes of TEA with bismuth and reported that TEA forms 1:1
complex with bismuth ions [72]. Based on differential pulse polarography
experiments,Hancock et al. [73] determined the formation constant (log K) of this 1:1
complex and it is found to be 9.2. The complexation of molybdenum ions with TEA
was studied by Szalontai et al. [74].Under alkaline pH, the mononuclear molybdate
anion exists in the tetrahedral form while upon chelation with triethanolamine, it
forms soluble oxomolybdate (VI) complexes which exist in the octahedral or
distorted octahedral configuration. It is also reported that water soluble complexes of
Mo-TEA could form when the ratio of Mo to TEA is 1:3 [74]. In the present
experiments, the ratio of metals to TEA was maintained as 1:80, so as to maintain a
large excess of TEA. The final solution obtained after the dissolution of bismuth
molybdates as well as the component oxides were clear and there were no perceptible
precipitates. Based on the reports in literature, it is clear that both bismuth and
molybdenum salts can form water soluble complexes with triethanolamine under
alkaline conditions. This fact has been employed in the present study. The solubility
of ternary bismuth molybdates along with that of Bi,O; (s) and MoOj (s)was checked
in a mixture of triethanolamine and NaOH solution. It was observed that all the
ternary bismuth molybdates as well as the component oxides were soluble in the
solvent and the maximum time taken for the dissolution was found to be ~4 min
under the chosen experimental conditions.

The experimental results obtained for the measurement of enthalpy of solution
of the starting components, Bi,Os (s) and MoOs (s) and that for ternary components

are given in Tables 3.14 and 3.15, respectively.
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Table 3.14 Experimentally determined values of enthalpies of dissolution (AH)
and molar enthalpies of dissolution (A ,H ) of Bi,O;3 (s) and MoO;

(s) in a mixture of 100 ml of 3 mol kg'1 NaOH and 25 ml of
triethanolamine at 298.15 K~ and 0.1 MPa®

Sample Weight of Experimental | Molar enthalpy of
sample enthalpy solution
w/g’ change (A, HS /' kJ mol™)
(AH /J)
Bi,03 (s) 0.6923 -62.34 -41.96
(molar mass = 0.4020 -36.97 -42.86
465.96 gmol™) [ 0.4400 -39.84 -42.18
0.4388 -41.00 -43.54
0.2650 -24.52 -43.11
0.3645 -33.37 -42.66
0.2002 -18.87 -43.93
0.3152 -28.30 -41.83
0.2568 -23.45 -42.56
Average: (-42.74 £ 0.77)"
MoO:s (s) 0.3239 -178.67 -79.39
(molar mass = 0.2459 -136.19 -79.72
143.9382 gmol” | 0.2699 -150.62 -80.32
) 0.2392 -131.89 -79.36
0.2450 -136.71 -80.32
Average: (-79.82 £ 1.19)°

“Temperature stability inside the calorimeter prior to start of experiment was
within + 0.001 K. “ Standard uncertainties, u, are u(P) = 0.8 kPa and u(w) =

0.0001 g ."Expanded uncertainty, U(A_,H v), is calculated as 20 of the mean

with 0.95 level of confidence. Uncertainty from calibration was also included
into the final uncertainty of the dissolution enthalpies.

sol

The molar enthalpies of solution, A, H, of Bi,O; (s), MoOjs(s), Bi,M03;01,

sol
(s), orthorhombic-Bi,MoO¢ (s), monoclinic-Bi,MoOgs (s), BigM0,O¢5 (s), and
BigMoOy; (s), obtained are (-42.74+ 0.77), (-79.82 £ 1.19), (-172.72 + 2.69), (-31.28
+ 0.98), (-52.79 + 1.24), (-145.40 + 2.55) and (-60.15 + 1.08) kJ mol ™, respectively.

The molar enthalpy of formation of the ternary compounds from the component

elements were obtained by considering suitable thermochemical reaction schemes
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presented in Tables 3.16 to 3.20. For the calculation of enthalpies of formation from

elements, values of enthalpies of formation of binary oxides were taken from

references 74 and 75. The calculated enthalpies of formation from elements, A  H 2os »

are (-2915.8 £5.7), (-1407.2 £+ 3.8), (-1385.7 £ 3.9), (-3345.0 £ 10.9) and (-2605.2 +
10.4) kJ mol'l, respectively for Bi,Mo030; (s), orthorhombic Bi;MoQOs (s), monoclinic
Bi;MoOg (s), BigM0,0;5 (s) and BigMoO1; (s).

3.4.11 Heat capacity measurements

3.4.11.1 Molar heat capacity of MoO; (s)

The performance of the differential scanning calorimeter was verified by
measuring the heat capacity of MoOs (s) in the temperature range of 318 to 763 K and
shown in Fig. 3.19 and the selected values are given in Table 3.21. The measured data
given in Table 3.21 is the mean of ten measurements. The experimental heat capacity
is compared with the literature data [77]. It is seen that the measured C, values are in
good agreement with the reported C, values at temperatures between 428 and 703 K.
Deviations from the literature data are observed at temperatures below and above this
range. The maximum deviation is found to be 3%.

The combined expanded uncertainty associated with the heat capacity
measurements of the samples were calculated by incorporating the relative
uncertainties of experimental data and the relative uncertainty attributed to the
instrument. The relative uncertainty of the instrument was determined from the
measured C, values of MoOs(s) (Table 3.21). The relative uncertainty in the
measured heat capacity of the samples were calculated as Ax/x where Ax is the

maximum standard uncertainty observed and x is the smallest measured C, value.
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Table3.15 Experimentally determined values of enthalpies of dissolution (AH)
and molar enthalpies of dissolution (A ,H.) of Bi;Mo3O1(s),
orthorhombic Bi;Mo0QOg (s), monoclinic BiMo0QOg (s), BigM0,0;5 (5)

and BigMoOq; (s) in a mixture of 100 ml of 3 mol kg'1 NaOH and 25
ml of triethanolamineat 298.15 K* and 0.1 MPa®

Sample Weight of | Experimental | Molar enthalpy of solution
sample enthalpy A, HC (k] mol™)
(w/g)? change AH (J)
Bi:M0302(s) 0.4921 -94.11 -171.69
(molar mass = 0.5156 -99.64 -173.49
897.7728 gmol™) [0.5338 -103.83 -174.63
0.5340 -102.63 -172.54
0.5442 -103.81 -171.26
Average: (-172.72 £ 2.69)"
Bi,MoOj (s)- 0.3043 -15.76 -31.59
orthorhombic 0.2758 -14.71 -32.53
phase 0.2392 -11.94 -30.44
(molar mass = 0.2204 -10.89 -30.14
609.8964 gmol™) [0.2952 -15.35 -31.71
Average: (-31.28 + 0.98)"
Bi,MoOj (s)- 0.4308 -38.62 -54.68
monoclinic phase | 0.3217 -27.46 -52.06
(molar mass = 0.3745 -31.57 -51.42
609.8964 gmol™)  [0.3240 2757 51.89
0.4677 -41.13 -53.63
0.5418 -47.12 -53.04
Average: (-52.79 + 1.24)"
BigMo0,05 (s)- 0.3892 -32.11 -142.76
(molar mass = 0.3556 -29.68 -144.80
1685.7534 gmol™) [10.1739 215.06 2145.98
0.4455 -38.96 -147.42
0.2834 -24.55 -146.06
Average: (-145.40 + 2.55)"
BigMoO1; (s)- 0.2653 -10.25 -59.61
(molar mass = 0.3770 -14.79 -60.48
1541.8152 gmol™) [ 0.2108 -8.29 -60.66
0.4186 -16.53 -60.91
0.4363 -16.72 -59.10
Average: (-60.15 £ 1.08)"

“Temperature stability inside the calorimeter prior to start of experiment was within + 0.001
K.“Standard uncertainties, u, are u(P) = 0.8 kPa and u(w) = 0.0001 g."Expanded uncertainty,

U(A

calibration was also included into the final uncertainty of the dissolution enthalpies.

H? ), is calculated as 20 of the mean with 0.95 level of confidence. Uncertainty from

sol
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Using these relative uncertainties, the combined expanded uncertainty was
calculated by multiplying with the highest value of the measured heat capacity and is

given in the fitted expressions of heat capacities of bismuth molybdates.
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Fig. 3.19 Variation of molar heat capacity of MoOj (s) with temperature

Table 3.21 Heat capacity of MoOQs (s) at P = 0.1MPa*

T/K C,/J K" mol Observed deviation from the
Measured | Reported values [77]° | reported values /J K mol™
data”

318 74.9 76.9 2.0
353 7.7 79.7 2.0
403 81.8 82.9 1.1
453 85.1 85.7 0.6
503 87.7 88.1 0.4
553 89.8 90.4 0.6
603 91.9 92.4 0.5
653 93.9 94.4 0.5
703 95.7 96.4 0.7
753 96.7 98.2 1.5
763 96.8 98.6 1.8

“ Standard uncertainties, u, are u(T) = 0.4 K and u(P) = 0.8 kPa. "Maximum
relative uncertainty is 0.03 with 0.95 level of confidence. “Barin [77]
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3.4.11.2 Molar heat capacity of Bi;Mo030;; (s)

The XRD patterns of the Bi,Mo3O,(s) samples retrieved after heat capacity
measurements  were identical to their XRD  patterns before the
measurementsindicating that the compound had not undergone any changes during
the measurements. Fig. 3.20 represents the experimental heat capacity of Bi,Mo030,
(s) as a function of temperature over the range of 328 to 818 K. The data can be fitted
to the following least squares expression:

Cpo+164/JK" ' mol'=416.7-7.1x10° T-88x 10°T?; T=328-818 K (3.25)
The error given in the expression is the combined expanded uncertainty with 0.95

level of confidence.
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Fig. 3.20 Variation of molar heat capacity of Bi;Mo030;;, (s) with temperature

The measured heat capacity values of Bi;Mo03;0;; (s) along with the fitted
values for the selected temperatures are given in Table 3.22. The heat capacity of
Bi;Mo030;; (s) was also computed by Neumann-Kopp’s rule (NKR) using the heat

capacity data for Bi,Os (s) and MoOjs (s) [78], and is compared with the measured
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data in Fig. 3.20. The comparison plot reveals that the experimental heat capacity is

lower than the estimated data and the percentage deviation is ~ 3% at 573 K, which is

the mean temperature of the measurement.

Table 3.22 Thermodynamic functions of Bi;Mo030y; (s) at P = 0.1 MPa®

T/K CP/JK-I mol’ Hp _H;98 S; —(G; _H;98)/T
Measured | Fitted /3 mol'® /TK mol® /K" mol™®
data values

298.15 | - 3156 |0 3582+1.4 3585+ 1.4

328 329.9 332.6 | 9687.0 +£489.5 389.1+1.6 3599+22

353 344.4 343.6 | 18144.8+899.5 414.0+2.8 362.9+3.8

403 359.5 359.7 | 35754.6+1719.5 | 460.6 4.9 3722+6.5

453 371.0 370.6 | 54029.6 +2539.5 503.3+6.9 384.4+8.9

503 379.4 378.3 | 72766.3 + 3359.5 542.6 £8.6 398.2+10.9

553 384.5 384.0 | 91834.6 +4179.5 578.7+10.1 413.0+12.6

603 388.1 388.2 | 111147.8+4999.5 | 612.1+£11.6 4282+ 14.2

653 390.6 391.4 | 130645.6 +5819.5 | 643.2+12.9 4435+ 15.6

703 392.1 393.9 | 150284.8 + 6639.5 | 672.2 + 14.1 458.7+16.9

753 395.0 395.8 | 170033.8 +7459.5 | 699.3+15.2 4739+ 18.1

798 399.5 397.2 | 187882.0+8197.5 | 722.3 £ 16.1 487.2 +19.1

818 401.6 397.7 | 195833.3 +8525.5 | 732.1£16.6 493.1 +19.6

“Standard uncertainties, u, are u(T) = 0.4 K and u(P) = 0.8 kPa. The reported
uncertainties are the combined expanded uncertainties The combined expanded
uncertainty, U,, is U, (C,) = 16.4 JK ! mol.

As no thermochemical data are available for Bi,Mo0301; (s), the S;98 value

of Bi,Mo030; (s) was computed by NKR using the S;% values of Bi,0; (s) and MoOs;
(s) [78]. Since the experimental value of Cpof Bi;M03Oy> (s) at 298.15 K is 6.9%

lower than that obtained by the NKR estimation, it is assumed that the S,,, value of

Bi,Mo0301; (s) will also be 6.9% lower than the estimated S;98 value. Similar

assumption has been made in the earlier works [79-81]. Based on this assumption, the
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S;% value computed for Bi,Mo3O;, (s) is 358.2 J K mol™. Using this value, other

thermodynamic functions of Bi,Mo030;, (s) were computed and are given in Table
3.22.
3.4.11.3 Molar heat capacity of monoclinic phase of Bi,Mo0Og(s)

XRD pattern of the monoclinic phase of Bi;MoOg(s) pellets after the heat
capacity measurements were identical to the initial pattern, indicating that no changes
had happened to the compound during the calorimetric runs. The temperature
dependence of heat capacity of Bi,MoO¢ (s) obtained by measurement over the
temperature range of 318 to 818 K is shown in Fig. 3.21 and can be represented by

the least squares fitted expression:

C,+8.8/JK ' 'mol™ =221.4-1.5x10"T-3.9x10°T~ (T :318—818K) (3.26)

The error given in the expression is the combined expanded uncertainty with 0.95

level of confidence.
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Fig. 3.21 Variation of molar heat capacity of monoclinic-Bi;MoOg with
temperature
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The measured heat capacity values of Bi;MoOg (s) along with the fitted values
for the selected temperatures are given in Table 3.23. Each measured data is the mean
of sixteen measurements obtained by measuring the C,, using two sample pellets. The
heat capacity of Bi,MoOg (s) was also computed by Neumann-Kopp’s rule (NKR)
using the heat capacity data for Bi,O; (s) and MoOs(s) [78], and is compared with the
measured data in Fig. 3.21.

Table 3.23 Thermodynamic functions of monoclinic-Bi;MoQg (s)at P = 0.1MPa”

T/K* | Cp/J K mol’ Hy —Hoog Sy ~(Gr —H )/ T
Measured | Fitted / J mol™ /IK " mol' |/J K" mol™
data values 1b

298.15 | - 177.1 |0 2143+05 [2143+0.5

318 | 1832 182.4 |3569.1 + 174.7 2258+0.6 |214.7+0.8

328 | 185.1 184.7 | 5404.4 +262.7 2315408 [215.1+12

353 [ 1893 189.6 | 10084.5+482.7 [2452+15 |216.7+2.0

403 [195.7 196.8 [ 19755.4+922.7 [2708+27 [221.9+35

453 [201.4 201.7 [297252+1362.7 [294.1+3.7 [228.6+428

503  |204.9 205.2 [39903.5+1802.7 |3154+46 |2362+58

553 [208.2 207.8 |50232.9+22427 |[3349+54 [2442+628

603 [210.2 209.8 | 60674.8£2682.7 [353.0+£62 |2525+7.6

653 | 211.0 2113 |71202.4+3122.7 [369.7+6.9 |260.9+8.4

703 | 2122 2125 |81796.8+3562.7 |3854+75 [2692+9.1

753 [ 2132 213.4 | 924438 +4002.7 [400.0+82 [277.4+9.7

818  [214.2 2143 | 106346.7+4574.7 [417.7+89 [287.8+10.5

“ Standard uncertainties, u, are u(T) = 0.4 K and u(P) = 0.8 kPa. The reported
uncertainties are the combined expanded uncertainties. The combined expanded
uncertainty, U, is U. (C,) = 8.8 JK ! mol”’

As seen in the figure, the experimental heat capacity is lower than the

estimated data and the percentage deviation is ~ 3.1% at 568 K, which is the mean

temperature of the measurement.As no thermochemical data of Bi;MoQOg (s) are

o o

available, its S5, value was computed by Neumann-Kopp Rule (NKR) using the S5
values of Bi,O; (s) and MoOj (s) [78]. Based on this assumption, the S5, value
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computed for Bi,MoOg (s) is 208.8 J K mol™. Using this value, the thermodynamic
functions of Bi;Mo0Og (s) were computed and given in Table 3.23.
3.4.11.4 Molar heat capacity of BisMo0,0;s (s)

The XRD pattern of BigMo0,0;s5(s) retrieved after DSC measurements was
identical to the initial pattern indicating that no changes had happened to the
compound during the calorimetric runs. The variation of molar heat capacity of
BigMo0,05(s) obtained is shown in Fig. 3.22 and the fitted expression is given below:

C,+234/JK " 'mol™ =529.8—67.9x107°T —6.3x10°T~ (T :318 —808K) (3.27)

The error given in the expression is the combined expanded uncertainty with 0.95

level of confidence.
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Fig. 3.22 Variation of heat capacity of BigMo0,015(s) with temperature

The thermodynamic functions of BigMo0,0;5(s) were calculated based on the
measured heat capacity data and presented in Table 3.24. Fig.3.22 also shows the
comparison of experimentally obtained heat capacities and those estimated by NKR.

It is found that the measured heat capacities are lower than the estimated heat
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capacities and the percentage deviation is ~1.5 % at the mean temperature of
measurement (563 K).

Table 3.24 Thermodynamic functions of BigMo0,0;5 (s)at P = 0.1MPa*

T/K* | C,/JK" mol' Hy — Higg s, —(Gy —Higg)/ T
Measured | Fitted / J mol™ JIK " mol™ |/ J K" mol™
data values

298.15 | - 479.1 |0 545.0+ 1.1 545.0+ 1.1

318 489.1 489.0 | 9610.8 £464.5 5762+ 1.5 5459+2.1

343 499.5 499.5 |21970.9 +£1049.5 613.6+3.3 549.5+4.5

401 517.9 517.8 | 51504.5 +2406.7 693.1+6.9 564.6+9.2

451 529.4 529.4 | 77697.6 £3576.7 754.6 £9.7 582.3+12.5

500 538.7 538.5 | 103870.4+4723.3 | 809.7+12.1 |602.0+ 153

550 546.4 546.3 | 130997.5+5893.3 | 861.4+143 |623.2+17.9

600 553.1 553.1 | 158485.8+7063.3 |909.2+164 |645.1+20.2

650 559.1 559.1 | 186291.3+8233.3 | 953.8+18.2 |667.2+22.2

700 564.5 564.5 |214382.3+9403.3 |995.4+20.0 | 689.1+24.1

750 569.6 569.6 | 242735.8+10573.3 | 1034.5+21.6 | 7109+ 25.8

800 5743 5743 | 2713344+11743.3 | 1071.4+£23.1 | 732.3+274

808 575.0 575.1 | 275932.0+11930.5 | 1077.1 £23.3 | 735.6 +27.6

“Standard uncertainties, u, are u(T) = 0.4 K and u(P) = 0.8 kPa."The reported
uncertainties are the combined expanded uncertainties. The combined expanded

uncertainty, U,, is U. (C,) = 23.4 JK ! mol”

3.4.12 Consistency of the measured thermodynamic data

The consistency between the standard enthalpy of formation of Bi;MoOk(s)

determined by solution calorimetry experiments, with the standard enthalpy of

formation at the mid temperature of emf measurements is determined as follows:

3.4.12.1 Monoclinic Bi;MoOg (s)

The standard molar Gibbs energy of formation of monoclinic Bi;MoOg (s) obtained

by emf method is given by the expression (3.23);
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A,G’ <Bi,MoO, >+ 0.8 / kJ mol™ = —1382.3+0.5064(T / K) (T': 772 —1023K) (3.23)

The mid temperature of this measurement is 898 K. By expressing the standard Gibbs
energy of formation as AG = AH — TAS, the enthalpy of formation of Bi;MoQOg(s) at
898 K can be deduced as

A Hyy < Bi,MoO; > = —1382.3kJ mol™

This can be related to the standard molar enthalpy of formation of Bi;MoOc(s) at

298.15 K as below:

544 . 898
o . _ o i | _ Bl
AfH298K < Ble006 >_AfH898K < Ble006 > [2£8ACPdT 2AHqul.0n +5i4ACPdT] (3.28)

where AC, is the difference in the heat capacities of BixMoOs(s) and its constituent

elements Bi (solid / liquid), Mo and O, and AH

fusion

is the enthalpy of fusion of Bi

at 544 K. The second term of the equation (3.28) can be obtained as:

544 898 544
[AC,dT —2AH ], + [AC,dT = [[C)**% —2C)) + ) +3C® JdT —
298 . 544 298
898 ) '
ZAH}E‘ZZ'O”—’— J[CfleOO(, _(2C51(1) + C[A;/Io(s) +3C;?2(g) ]dT (329)

544
The data of heat capacity for Bi, Mo and O, were taken from ref [78] and that of
Bi,MoOg(s) from our experimental studies as given by equation (3.26) and are given

below:

C, <Bi,MoO; >/J K™ mol™ =221.4—-1.5x10"T -3.9x10°T (T:318-818K) 3 5¢)
Cp<Bi>/JK 'mol™ =28.033-24.267x107T +50.208x10°T* (T:298—-544K) (3.30)

CP{BZ'}/JK'171101'1 =23.359-9.736x107 T —0.280x10° 7> +3.238%x107°T (T:544-1835K)
(3.31)

C, <Mo>/JK mol™ =29.732+3.138x10° T +1.661x10°T 2 —=0.720x10~° T (T:298-2896K)
(3.32)
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C,(0,)/ JK'mol™ =29.154+6.477x107° T —0.184x10°T > =1.017x10~°T (T : 298—3200K)

(3.33)

By substituting the above values in equation (3.29), we get

544

[AC,dT -24H,

298

898
+ IAdeT= —5.24kJ mol™ and hence,

544

fusion

A, Hb < Bi,MoO, > =—1382.3+5.24 =-1377.1 kJ mol .

A H3y < Bi,MoO, >obtained by solution calorimetry experiment is -1385.7 kJ

mol™ and is found to be in agreement with the deduced value of -1377.1 kJ mol™.
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Chapter 3

Thermochemical studies on Bi-Mo-O system

3.1 Introduction

As discussed in chapter 1, the heavy corrosion and mass transport effects due
to high dissolution of structural steel components in liquid Pb and LBE can be
minimized by the insitu formation of a passive oxide layer over the steel surface by
the careful control of oxygen concentration in the coolant. To understand the
formation and stability of the passive oxide film, the interaction of alloying
components of steel with Pb and Bi in the presence of dissolved oxygen has to be
studied. In this context, a detailed knowledge on the phase diagrams of Bi-M-O and
Pb-M-O (M = Fe, Cr, Mo, etc) systems as well as thermochemical data of relevant
ternary compounds in these systems are required. Studies carried out on Bi-Mo-O

system are described in this chapter.

3.2 Literature survey
3.2.1 Bi-Mo system

Data on Bi-Mo system has been reviewed by Brewer [1] and by Elliott [2].
The binary phase diagram of Bi-Mo system is shown in Fig. 3.1 [3]. No intermetallic
phases exist in the system. Horsely and Maskreg [4] attempted to determine the
solubility of Mo in Bi over a range of temperatures and concluded that the solubility
is below the limits of analytical detection (1 ppm) up to 1303 K.
3.2.2 Bi-O system

The Bi-O phase diagram at 1 bar total pressure is shown in Fig. 3.2. The data
on Bi-O system has been reviewed by Risold et al. [S]. Bismuth, which exists in the

rhombohedral form, has a melting point of 544 K. The solubility of oxygen in

65



bismuth is 5 at% at 1400 K and it increases to 30 at% at 1650 K. Ganesan et al. [6]

have reported the solubility of oxygen in liquid bismuth and is given by the following

expressions:

log(S/at%0)=—4476/T K~ + 4.05 (T : 753—988K)

log(S/at%0)=—-3786/T K~ +3.36 (T : 988—1020K)
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Fig. 3.1 Phase diagram of Bi-Mo- system [3]
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Fig. 3.2 Phase diagram of Bi-O system [4]
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The only stable compound in the Bi-O system is Bi,Os;, which exhibits
polymorphism with four modifications: a, f3, v and 8-Bi,O3. Among which, o and 6
phases are the stable phases while f and y phases are metastable phases. The low
temperature 0-BiO3; has a monoclinic structure and the high temperature 0-Bi,O; has
fce structure. a phase is stable up to 1002 K and where it transforms to the & phase,
which melts at 1098 K. The § and y phases are having tetragonal and bcc structure,
respectively. These metastable phases are formed upon cooling the 6 phase. The
formation temperatures of B and y phases are reported to be ~920 and ~910 K,
respectively. The P to o transition take place at temperatures between 920 and 700 K
while the y phase can be preserved at room temperature. The liquid exhibits
miscibility gap between Bi and Bi,O3; from 1061 K and complete miscibility in liquid
phase occurs at temperatures above 1650 K.

3.2.3 Mo-O system
The binary phase diagram of Mo-O system is presented in Fig. 3.3. A detailed

review on this system has been given in ref 7.
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Fig. 3.3 Phase diagram of Mo-O system [6]
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The various oxides of Mo reported to be present are MoO;, M04O11, M0gO»3,
MoyOy6 and MoOs;. The melting points of MoO3; and MoQ; are determined to be 1073
+ 5 K and 2873 £ 5 K, respectively. Mo4O;undergoes disproportionation into MoO,
and liquid at 1091 K.

The standard molar Gibbs energy of formation of MoO, (s) has been reported
by several investigators [8-23]. Both emf and gas equilibrations techniques were used
by these investigators. However, there is considerable differences exist among the
reported data. The summary of the literature data on the Gibbs energy of formation of
MoO, (s) and the experimental techniques employed are given in Table 3.1. The

graphical comparison of the literature data is shown in Fig. 3.4.
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Fig. 3.4 Comparison of literature data on Gibbs energy of formation of MoO; (s)

The data reported by Gleiser and Chipman [10], O’Neill [20], Rapp [11] and
Jacob et al. [21, 23] are in good agreement in the temperature range of 925 to 1500 K
and are shown separately in Fig. 3.5. It is to be noted that these closely agreeing

results are obtained by a variety of techniques.
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Gleiser and Chipman [10] used the gas equilibration method, Rapp [11] used
the emf method with Ni/NiO and Fe/FeO as the reference electrodes, O’Neill [20]
used the emf method with Fe/FeO reference elctrodes while Jacob et al. [21, 23] used
pure oxygen gas as reference. The data reported by Tonosaki [8], Vassilev et al. [14]

and Barbi [12] are significantly more positive.
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Fig. 3.5 Selected data on Gibbs energy of formation of MoQO, (s)reported in
literature

3.2.4 Bi03-Mo0QO; system

The Bi,03-Mo00O; pseudo binary system has been studied by several groups
and it is characterized by the presence of several compounds and solid solutions.
Extensive studies on thermal stabilities, oxide ion conductivities and catalytic
properties of bismuth molybdates have been reported in literature. Spectroscopic
investigations of several bismuth molybdates have been carried out in the past to
unravel the mechanisms of their catalytic activities [24-26]. MoOsrich section of this
system in the composition range of 0 to 50 mol% Bi,O3 consists of three ternary
compounds, namely, Bi,Mo030;,, Bi,M0,09 and Bi;,M0QOg. These compounds exhibit

significant oxide ion conductivity and are known to catalyze selective oxidation of
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several organic compounds and ammoxidation of olefins [27-29]. However, the Bi,O3
rich section of the system (Bi,03/MoOs > 1) is rather complicated due to the presence
of several ternary compounds and solid solutions. The temperature ranges of
stabilities of most of the compounds in this composition range are not well
established. All the reported ternary compounds in this system are labeled and
presented in Fig. 3.6. The literature data concerning the existence and stabilities of
bismuth molybdates and solid solutions are described below and the salient features

are given in Table 3.2.

1- Bi,Mo;0,,
2- Bi,Mo,0,
3- Bi,MoO,
4-BiyMo0,,0¢,
5-BizMo;0,,
6-Bi,;;Mo;0;
7-BigMo,0,;
8-Bi,,Mo0,0,,
9-Bi,MoO,
10-Bi;zMo,0,;
11-Bi;MoO,,
12-Bi,,M00,,
13-Bi,,Mo0O,,

Bi

Mo

Fig. 3.6 Compounds reported in the Bi,O3-Mo0O; pseudo binary system

a. Bi20M0033

The existence of this BiO3 rich compound was first reported by Sillen and
Lundborg [30] based on the studies involving XRD. The presence of this compound
was indicated in the later studies by Kohlmuller and Badaud also [31]. However,
Egashira et al. [32] carried out a detailed analysis of the data reported by Sillen and

Lundborg [30] and showed that the XRD pattern attributed to Bi;)MoO33 was that of
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a mixture of the XRD patterns of Bi,O; and Bi;sMo00Oy4 and thus ruled out the
existence of Bi)gMo0QOs3.

b. Bi14M0024

Egashira et al. [32] showed the existence of this Bi;O3 rich compound, during
their investigation of the phase diagram of Bi;O3-MoO; system. Structural
characterization of this compound was later carried out by Ling et al. [33]. The
formation of an eutectoid between Bi,O3; and Bi;sMo00O,4 at ~998 K to form the solid
solution ¢ (73-100 mol% Bi,03) was suggested by Tomasi et al. [34].

C. Bi6M0012

Belyaev and Smolyaninov [35] reported this compound and according to
them, itforms continuous series of solid solutions with Bi,O; as well as with
Bi;M00Og¢.The phase diagrams of Bi;03-MoO; system which were later reported by
Bleijenberg et al. [36] and Vitting [37] showed the presence of BisMoO, while that
reported by Kohlmuller and Badaud [31] did not include it. Kohlmuller and Badaud
[31] reported the composition corresponding to BigMoO; to be falling within a solid
solution with a composition of ~75 to 85 mol% Bi,03; and melting congruently at
1253 K.

d. Bi4M009

The presence of BisMoOy was first indicated by Gattow [38] based on their
studies involving XRD and DTA. During their studies on Bi,03-MoO;3 system,
Belyaev and Smolyaninov [35] observed the existence of a solid solution between
BigMo0O;, and Bi;MoQOg with a minimum at 33.3 mol% MoO; at 1203 K. They
showed this corresponded to the composition of BisMoOg and hence ruled out the

existence of this compound.
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€. Bi3sM07O7s

Investigations of the Bi,Os-rich section of the system by Buttrey et al.
[39]using XRD and high resolution electron microscopy showed the presence of a
new phase of composition BissMo07;075 with a defective fluorite structure. They
determined its lattice parameters and ascribed it to be the same phase as described
previously as BigMoOj,. It is to be pointed out that Buttrey et al. [39] prepared
Bi3sMo07075 by solid state reaction between Bi,Os; and MoO; at 1123 K in air while
the earlier investigators [32, 36] prepared BisMoO;, by the reaction between the
oxides at 873 K in air. BizsMo07073 was structurally characterized by Spinolo and
Tomasi [40] and Sharma et al. [41]. Based on the studies involving DTA and
impedance spectroscopy, Tomasi et al. [34] suggested an eutectoid reaction between
Bi1sMo00O,4 and BizgMo;073at ~1063 K to form the solid solution 6 (73-100 mol%
Bi,03). Tomasi et al. [34] also indicated the existence of a wide non stoichiometry in
BizgsM0707s.

f. Bi10M03024

The existence of Bij)Mo030y4 was reported by Vila et al. [42] and their work
showed it to be appearing as stable phase at 823 K and decomposing to BizsMo0707s
and a high temperature solid solution at 1093 K. The structural characterization of
this compound was later carried out by Galy et al. [43].

g. BigMo0,05

Based on the studies involving growth of single crystals and their
characterization, Miyazawa et al. [44] reported a new compound of composition
BigMo0,0;5 belonging to the monoclinic system and melting congruently at 1243 + 5

K. Egashira et al. [32] also reported this compound and indicated the formation of an
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eutectic between it and BigMoO,at 1223 K. They also suggested this compound to be
undergoing a phase transition at around 1023 K. Boon and Metselaar [45] reported
the phase transition temperature to be between 973 and 1073 K. Vila et al. [46]
studied the polymorphism and electrical properties of BisMo0,0,s. They observed the
transition of BigMo0,0;5 to a [Bi;,014] based columnar structured phase which belong
to the high temperature solid solution at around 973 K. This solid solution was also
reported to undergo an irreversible transition into another columnar type solid
solution phase at ~1133 K.

h. BisM03021 and Bi14M05036

The presence of these two compounds was observed by Vila et al. [47]. Their
investigations showed these compounds to be appearing as stable phases at
temperatures close to 853 K. They found these compounds transformed to the high
temperature solid solution at temperatures higher than 923 K.

i. BixMoOs

Zemann [48] reported this compound belonging to orthorhombic system.
Although, subsequent investigators reported it to be congruently melting [31, 35, and
36], studies by Erman et al. [49] and Chen and Smith [50] showed it to be
peritectically decomposing to liquid rich in MoOs and the solid solution with
composition 1.26:1 Bi;03:MoOsat ~1220 K. A high temperature modification of this
compound was first reported by Blasse [51]. Later work by Erman et al. [52] showed
three polymorphic forms of this compound to be present: i) y- the low temperature
phase (orthorhombic structure), ii) y’’- the intermediate phase (tetragonal structure)

and iii) y’- the high temperature phase (monoclinic structure).
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Several studies have been carried out on the polymorphic transformations of
Bi;MoO¢ [32, 49, 52-56], but the reported transition temperatures are in
disagreement. Erman et al. [52] reported a reversible transition of y to vy’ at
temperatures between 593 K and 793 K and an irreversible transition of y’’ to y’ at
temperatures between 823 K and 913 K based on high temperature X-ray diffraction
studies whereas Lim et al. [55] reported 533 and 918 K as the corresponding
transition temperatures. Polymorphism of the compound was not observed in the
studies of Bleijenberg et al. [36] and Chen and Smith [50]. They observed only the y
phase of Bi;MoQg. Egashira et al. [32] observed only the y and vy’ phases of Bi,MoOg
with a transition temperature ~873 K. Studies by Watanabe and Kodama [53, 54]
showed the y to y’’ transition (877 K) to be reversible while vy’ to y’ transition (913
K) to be irreversible and reported the corresponding enthalpies of transitions as 0.42
kJ mol™ and 13.4 kJ mol respectively. Buttrey et al. [56] also reported the y to y”’
transition to be reversible and occurring at ~ 840 K and the y’’ to y’ transition to be
irreversible and occurring at ~ 880 K.

j. BizMOzOg

Erman et al. [57] reported the existence of Bi,M0,0y which was formed by
the peritectic reaction between MoOj rich liquid and Bi,MoOg at 923 K. Structure of
this compound was established by them in their later study [58]. They showed that
Bi,Mo0,0y formed an eutectic with Bi,Mo0301, at 909 K with a eutectic composition of
72.5 mol% MoOs. Erman et al. [49] reported that the peritectic decomposition of
Bi,Mo0,09 was erroneously considered as the eutectic between Bi,Mo3;O;, and
Bi,MoOg in the studies reported in references 31, 35, and 36 and did not include the

presence of Bi;Mo0,0q in the phase diagrams reported in these works. Later studies by
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Chen and Smith [50] confirmed the results of Erman et al. [49]. Results of the studies
made by Egashira et al. [32] were also similar except for small differences in the
eutectic and peritectic temperatures. Investigations by Batist et al. [59] and
Grzybowska et al. [60] on thermal stability of Bi,M0,09 showed it to be decomposing
to Bi;Mo03;0;; and Bi;MoQOg below 823 K. Investigations by Egashira et al. [32]
showed Bi;Mo0,09 to be stable in a very narrow range of temperature viz., 813 to 938
K and it disproportionated to form Bi;Mo30;, and Bi;Mo0Og at 813 K.

k. Bi2M03012

Zambonini et al. [61] reported the presence of this compound and structurally
characterized it. Later, several authors [32, 35-37, 44, 49, 50, 57, 62] have studied this
compound and showed it to be congruently melting at ~930 K. Erman et al. [57]
reported an eutectic to be formed between Bi;M030;, and MoOs and this has been
supported by the later works of Bleijenberg et al. [36], Egashira et al. [32] and Chen
[62].

I.  Solid solutions in the Bi,O3-MoO3 system

Many investigators have observed the presence of solid solutions in the Bi,O3
rich part of the system [32, 34-36, 49, 50]. Erman et al. [49] reported the presence of
five solid solutions above 773 K in the composition ranges of a) 40 to 60 mol%
Bi,03, b) 60 to ~70 mol% Bi,03, ¢) ~70 to 75 mol% Bi,0;, d) ~80 to ~90 mol%
Bi,03 and e) a high temperature phase with 60 to ~97 mol% Bi,0Os. Studies by Chen
and Smith [50] also showed the presence of the solid solution at around 56.5 mol%
Bi,0s. Erman et al. [49] also reported that the high temperature phase with ~75 mol%
Bi,03 had a melting point maximum and that with ~67 mol% Bi,Oshad the minimum.

They suggested that these compositions corresponded to the compositions of
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BigMo0O;; and Bi4sMoOy reported by Belyaev and Smolyaninov [35] and Gattow [38],
respectively. Studies by Tomasi et al. [34] also showed the existence of a high
temperature solid solution with the composition ranging from ~73 to 100 mol% Bi,0;
and with a defective fluorite structure. They observed that a lens shaped biphasic
region separated this sold solution field from the liquid phase. They also reported that
both Bi;sMo00O»4 and BizsMo07;075 were stable below this solid solution field.

Vannier et al. [63, 64] observed the domain of a solid solution around
BixMo;¢Og9 (x = 25.75 to 27.75) with a structure based on [Bi;,014] columns, which
was reported earlier by Erman et al. [49] and Chen & Smith [50]. The composition of
the parent compound of this solid solution field was formulated as Bi;sMo019Og9. They
also observed that the structure of compositions within this solid solution field to be
monoclinic. These results were later confirmed by Buttrey et al. [65]. However,
Enjalbert et al. [66] disputed the stoichiometry range of the solid solution and based
on crystallographic investigations, they proposed its composition as with x = 28.6 to
35.0. Huve et al. [67] carried out structural analysis of the family of the compounds
belonging to the [Bi;»014]columns and confirmed the solid solution field to be limited
within the range of x = 26 to 28.

Phase diagrams of the Bi;03-MoO; system and the liquidus boundaries are
reported in references [31, 32, 34-36, 49, 50]. It is to be pointed out that in the course
of the investigations of the system by employing various techniques, new compounds
and solid solutions have been identified. Hence, phase diagrams reported by earlier
investigators were not complete. Buttrey [68] in 2008 proposed a phase diagram of
this system by taking into account of the data available in literature. Although it
shows the presence of Bi;Mo030;, Bi,M0,09, Bi;M0Og, BisM0303;, BijsMo05036,

Bi6M02015, Bi10M03024, Bi38MO7078 and Bi14M0024, presence of Bi6M0012 had not
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been considered. Presence of high temperature solid solutions such as & phase (with
composition BixMo;¢Og9 With x = 26 to 28) and € phase (with composition of ~82-87
mol% Bi1,03) are also indicated. It is to be pointed out that the Bi,O3 rich portion of
the phase diagram by Buttrey [68] is considerably different from those reported by
earlier investigators. Tomasi et al. [34] had reported the presence of an eutectoid
between Bi,O3 and Bi;jsMoO»y4 at ~998 K and another eutectoid between BijsMoOo4
and Bi3;sMo07075 at ~1063 K and these are not indicated in the phase diagram
proposed by Buttery [68]. Also, the presence of the high temperature solid solution at
~73 to 100 mol% Bi,0; and the lens shaped biphasic region above this solid solution
field suggested by Tomasi et al. [34] had not been considered. The temperatures
above which the compounds BisMo03;0;; and Bi;4Mos034 appear as stable phases and
the invariant reactions that would involve the appearance of these compounds in this
system have not yet been established. Phase diagram of Bi,03;-MoO; system which
was adapted from that reported by Buttrey et al. [68] is shown in Fig. 3.7.

BigMo,0,, BiyMo1104 solidselution

L
A r_L"\ MoOy mol % —

B0 5 2 MoO,
oo 1 T 1 T 3
Bi,,Mo 2‘1-&‘, /.
% :
BiuMO, O goof £ \ |21
F‘1 .I I\ 11:,.f ()
-~ W
£F ™ =
L= SR Y
E PT R o ‘. "
B . .
g 1;(’4)
BigMoO,,. £ | 5
S 45
o4 .
BiggMoOy <. _.
1 1 A
o s o 1 e o 1o
) Rl :nﬂ ] e -
B0, 193 148 26M L Moy

Mo Atomic %
Fig. 3.7 Bi,03-MoQ; pseudo binary phase diagram adapted from ref. 68 showing

the composition of the compounds and solid solutions [In ref. 68,
existence of BigMo0Q; is not considered]
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It is clear from the literature data that MoOj rich section of the system consists
of only three ternary compounds, namely, Bi,M030,, Bi,M0,09 and Bi;Mo0QOg¢. The
Bi,0s rich section of the system is not well established. Although several compounds
were reported in the past, subsequent studies have shown the presence of the
following compounds in this part of the system: BisMo030;;, Bi;aM05036, BigM0,0;s5,
Bi1oM030y4, Bi3sM07075, BigM0O1, and Bi1sMo00O,4. It is known that a solid solution
BixMo0;¢Og9 (x = 26 to 28) exists at high temperatures. This solid solution will be
designated as ‘BiysMo01oOg9’ further in the discussions. BisMo030;;, BijsMo0s5036 and
BigMo0,0;5 appear as stable phases at temperatures between 773 and 873 K and they
transform to ‘BiysMo10Ogo’ at higher temperatures although the exact transformation
temperatures are not known. The exact temperatures at which these ternary
compounds appear as stable phases and the corresponding invariant reactions at these
temperatures are also not known. Since, the phase diagram reported by Buttrey [68]
does not include the presence of BisMoO,, existence of this compound also need to
be studied.

Although the pseudo binary phase diagram of Bi,03-MoOs system has been
investigated by several authors, no data exist on the ternary Bi-Mo-O system and the

thermochemical properties of the ternary compounds of the system are not available.
3.3 Experimental details

3.3.1 Materials

Bi,03 powder (99.99% purity on metal basis, M/s Alfa Aesar, USA), Bi
powder (99.9% purity on metal basis, M/s Alfa Aesar, USA) and Mo powder (99.9%
purity on metal basis, M/s Alfa Aesar, USA) were used. Bi,0O3; powder was calcined
at 1023 K in air for about 6 h to remove any carbonate impurity and adsorbed

moisture present in it. The calcined powder was stored in a desiccator. MoO3; powder
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was prepared by heating ammonium heptamolybdate tetrahydrate (99.96% purity on
metal basis, M/s Sigma-Aldrich, USA) at 723 K in air for 24 h. MoO, was prepared
by the reduction of MoO; at 823 K for 16 h under flowing hydrogen gas saturated
with water vapour. All the compounds were characterized by an X-ray diffractometer
(M/s Inel, France) with Cu K, radiation and graphite monochromator. The XRD
patterns were matched with the corresponding PCPDF patterns.
3.3.2 Preparation of ternary compounds

The ternary compounds reported to be present in the Bi,O3-MoO; pseudo
binary system were prepared by the solid state reaction between Bi,Os; and MoOj; in
air. For this, stoichiometric amounts of Bi,O3; and MoQOs were homogeneously mixed
and made into pellets. The pellets were placed in alumina crucibles and heated at
different chosen temperatures. The pellets were ground at the end of half the total
duration of heating. The powders were homogenized, repelletized and heated again.
The samples were quenched to room temperature and the phases in them were
characterized by XRD. Although the mass loss of the samples while heating in open
crucibles were very low (~0.01 to 0.03%), the ternary compounds were also prepared
under vacuum by placing the alumina crucibles containing the sample pellets in small
volume (~20 ml) evacuated and sealed quartz ampoules. The ampoules were kept
inside a constant temperature zone of the furnace and heated at the chosen
temperature. The experimental details are given in Table 3.3.
3.3.3 Phase equilibration studies

3.3.3.1 Equilibrations of samples with compositions in the Bi,03-Mo0QO; pseudo
binary line

To examine the possible existence of any new compound other than those

reported in the Bi,O3-MoO; pseudo binary system, samples with different molar
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ratios of Bi,0O3 and MoOs were prepared and equilibrated. The overall composition of
each sample was chosen such that it would correspond to a composition between
those of two reported adjacent ternary compounds. Initial mixture of Bi,O3 and MoOs
were thoroughly ground and made into pellets. The pellets were then kept inside
alumina crucibles and enclosed in quartz ampoules under vacuum. Samples were
equilibrated for prolonged periods at 773, 873 and 1023 K. After the equilibration,
samples were quenched to room temperature and the products formed were identified
by XRD. The details of these experiments are given in Table 3.4.

Table 3.3 Preparation of ternary compounds in the Bi;O3-Mo0QO; system

Compound | Molar ratios of | Temperature | Duration | Product
Bi,03; and MoO; of heating | formed*
Bi2M03012 1Bi203 . 3MOO3 873 K 48 h Bi2M03012
BizMOzOg 1Bi203 . 2MOO3 773 K 48 h Bi2M03012,
’Y-BizMOO6
(orthorhombic
phase)
873 K 48 h Bi1,M0,09
Bi,MoOg 1B1,05: IM0O; 773 K 48 h v-B1:MoOg
(orthorhombic
phase)
873K 48h | y-Bi,MoOg
(monoclinic
phase)
Bi6M02015 3Bi203 . 2MOO3 873 K 48 h Bi6M02O15
Bi10MO3024 5Bi203 . 3MOO3 1023 K 48 h Bi10M03024
Bi6MOO12 3Bi203 . 1MOO3 873 K 48 h Bi6MOO12
Bi38MO7078 19B1203 7MOO3 1023 K 48 h Bi38MO7078
Bi14M0024 7Bi2031 1M003 873 K 48 h Bi14M0024
Bi26M010069 13B1203 5MOO3 1023 K 48 h ‘Bi26M010069’

*Same phases were obtained at the end of 24 h of heating

As mentioned earlier, Buttrey et al. [39] considered BizsMo;075 to be the
same as the compound BigMoO),, although their compositions are significantly
different (3B1,03: 1MoOs in BigMo0O;,; and 2.71Bi;03: MoO; in BizgMo07;075) and

XRD patterns of the two compounds have marked difference. It is also to be pointed
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out that subsequent to the report by Buttrey et al. [39],no further data has been
reported in literature about these compounds. To verify the existence of BisgMoO),,
samples with different molar ratios of Bi,O; and MoO;, whose compositions lie
between those of Bi;)M030,4 and Bi;sMo00Oy4, were equilibrated. The sample mixtures
were thoroughly ground, made into pellets, kept in alumina crucibles and sealed in
evacuated quartz ampoules. The ampoules were equilibrated at 773, 873 and 1023 K
for prolonged duration. After the equilibration, samples were quenched to room
temperature. The details of the overall compositions chosen and the products
identified by XRD are given in Table 3.4.

3.3.3.2 Equilibrations of samples with compositions in the line joining Bi;O; and
MOOZ

Samples containing different molar ratios of Bi;Osand MoO, were
equilibrated for prolonged periods to examine the existence of any ternary compound
involving Bi,03; and MoQO,. For this, mixtures of Bi;O3; and MoO, were compacted
into pellets and taken in alumina crucibles. The crucibles were then kept enclosed in
evacuated quartz ampoules and subjected to long term equilibration at 773 and 1023
K. After the equilibrations, samples were quenched to room temperature and the
products were identified by XRD. The results obtained from these equilibration
experiments are given in Table 3.5.

3.3.3.3 Partial reduction of ternary compounds followed by long term
equilibrations

To obtain preliminary information on the coexisting phases in the Bi-Mo-O
system, the ternary compounds were subjected to partial reduction under flowing

hydrogen gas at 773 K for about 15 min.
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Table 3.5 Details of equilibrations of samples with Bi;O; and MoO;mixtures

No | Molar ratios of T/K Phases obtained after
oxides taken equilibration*

28 | 1:3Bi,03 : MoO;, 773K, 960h Bi, MoO,,
Bi,MoOg(orthorhombic phase)
1023K, 480h | Bi, MoO,,
Bi,MoO¢(monoclinic phase)
29 | 1:1 Bi03 : MoO, | 773K, 960h Bi, MoO,,
Bi;MoOg(orthorhombic phase)
1023K, 480h | Bi, MoO,,
Bi,MoOg(monoclinic phase)
30 3:1 Bi203 . MOOZ 773K, 960h Bi, Bi10M03024, Bi6M0012

1023K, 480h Bi, Bi10M03024,‘Bi38M07O78,
*Same phases were obtained at the end of 50% of the total duration of heating

The overall composition of the products obtained after this reduction was then
determined based on the final mass of the product by assuming the mass loss was
solely due to removal of oxygen (i.e. Bi to Mo ratio remained constant during
reduction). The products obtained were ground well and made into pellets, which
were then kept in alumina crucibles and sealed in low volume quartz ampoules under
vacuum. Different pellets of the samples were equilibrated at 773, 873 and 1023 K for
prolonged periods. After equilibration, they were quenched to room temperature and
the phases in the products were analyzed by XRD. The details of the samples are
given in Table 3.6.

3.3.3.4 Long term equilibrations of phase mixtures using different starting
components

To obtain information about the coexisting phases in the ternary Bi-Mo-O
system, experiments involving long term equilibrations were performed. For these
experiments, samples with different overall compositions were prepared using
different starting components. Samples prepared by taking appropriate molar ratios of

different starting components were thoroughly mixed and made into pellets. The
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pellets were then kept inside alumina crucibles and enclosed in small volume
evacuated quartz ampoules. The samples were equilibrated at 773, 873 and 1023 K.
At the end of about half the total duration of heating, the ampoules were quenched to
room temperature. Samples were retrieved, ground well and analyzed by XRD.
Samples were then repelletized and equilibration was continued in an identical
manner. Details of the samples and equilibration parameters are given in Table 3.7.

Table 3.6 Details of equilibrations of partially reduced ternary compounds

No | Starting Overall Temperature Phases obtained
compound | composition after | and duration of | after
partial reduction equilibration equilibration®

31 | BixMo3Oy, | Big.17M0¢2600 56 873K, 720h Bi, M0O,, Bi,M0Og
1023K, 480h Bi, M0O,, Bi,Mo0Og

32 | BiuM020Oy | Bip24Mo0 2400 52 873K, 720h Bi, M0O,, Bi,Mo0Og
1023K, 480h Bi, M0O,, Bi,M0Og

33 | BizMoOg Big 3sM00.1700 43 873K, 720h Bi, M0O,, Bi,Mo0Og
1023K, 480h Bi, M0O,, Bi,Mo0Og

34 | BisgMo0,0O;s | Bip33Mo0g.1100 56 773K, 960h Bi, M0O,, Bi,M0Og
873K, 720h Bi, M0O,, Bi,M0Og
1023K, 480h Bi, M0O,, Bi,Mo0Og

35 | BigMoO,2 | Big4sMo0g 0300 .43 773K, 960h Bi, M0O,, Bi,M0Og

36 | BiisMoOy | Big70M00.0500.29 773K, 960h Bi, M0O,, Bi,Mo0Og
873K, 720h Bi, M0O,, Bi,M0Og

Same phases were obtained at the end of 50% of the total duration of heating. At
773 K, orthorhombic phase of Bi,MoOgs was obtained. At 873 and 1023 K, monoclinic

phase of Bi,MoOgs was obtained.
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3.3.3.5 Long term equilibrations of phase mixtures in liquid bismuth

To confirm the phases that coexist with liquid bismuth, additional long term
equilibrations were carried out. For these experiments, pellets of the samples were
prepared by mixing different sets of starting components. Homogeneous mixture of
these phases was made as porous pellets. Excess bismuth metal taken in alumina
crucibles was melted in an argon atmosphere glove box. Each sample pellet was
forcefully immersed into the liquid metal using an alumina strip. The strip was tied to
the crucible by means of a binding wire. The crucible containing the sample was later
sealed under vacuum in quartz ampoule. Samples enclosed in quartz ampoules were
then subjected to long term equilibration at 773, 873 and 1023 K. After the
equilibration, samples were quenched to room temperature. Sample pellets were
retrieved after melting bismuth metal. The powdered samples were then characterized
by XRD. Details of these experiments are given in Table 3.8.

3.3.3.6 Equilibrations to determine the stability ranges of BisMo03;0;,
Bi14M050363nd Bi6M02015

To unravel the temperature ranges of stability of BigMo030;;, Bi;4Mo0s503¢ and
BigMo0,05s, pellets of these compounds were equilibrated at different temperatures for
prolonged periods. In the case of BigMo030,;, pellets of 6 mm diameter and 3 mm
thickness were made and taken in small quartz crucibles. They were in turn stacked at
precisely known heights in a 1 m long and one end closed 16 mm diameter quartz
tube wusing quartz spacers. Similarly, sample pellets of Bi;suMosO3s and
BigMo0,0;swere stacked in separate quartz tubes. About 15 samples were placed in
each of the quartz tubes. The quartz tubes were then placed in a vertical furnace
which provided an axial temperature gradient. The temperature within the furnace

was maintained between 748 and 1023 K.
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A stainless steel pipe of 45 mm OD and 1.5 m long was also kept additionally
in the furnace, surrounding the quartz tubes for providing radially uniform
temperature (Fig.1 in the Appendix). Size of the sample pellets was small such that
the temperature within each pellet would be constant throughout the period of
equilibration. Using a K-type thermocouple which could be moved very slowly (10
mm/min) from bottom to top of the furnace and close to the quartz tube with the help
of a motor, the temperature at which each sample pellet was equilibrated could be
measured. The samples were equilibrated for 600 h and quenched to room
temperature. The powdered samples were then analyzed by XRD. The details of
equilibrations are given in Table 3.9.

3.3.4 Electrical conductivity measurements
3.3.4.1 Conductivity measurements on BigMo030,1, Bi;4sMo0503¢ and BigM0,05

In order to determine the temperatures at which BigMo030,;, Bi;sMos0;¢ and
BigMo0,0;5 transform into the high temperature solid solution phase ‘BiysMo010Og9’,
conductivity measurements were carried out in air. For these measurements, sintered
pellets of the compounds were used.

In the case of BigMo030,;, conductivity measurements were carried out in the
temperature range of 773 to 943 K. The first measurement of conductivity was carried
out at 773 K followed by increasing the sample temperature by 10 K. After
maintaining the sample at that temperature for about 2 h, its conductivity was
measured at that temperature. This was continued till 943 K. For Bi;4MosOsg,
measurements were carried out in the temperature range of 748 to 990 K in a similar
way. The conductivity of BisMo0,0,5 was measured in the temperature range of 718 to

917 K.
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3.3.4.2 Conductivity measurements on Bi,Mo0,09

It is reported in literature that Bi,Mo0,0y is unstable at low temperatures and
decomposes to Bi;Mo030;, and Bi;MoQOg. The decomposition temperature has been
reported to be 813 K [32] as well as 823 K [59, 60]. In the present work, electrical
conductivity of Bi;M0,0O9 was measured by complex impedance spectroscopyto
determine its decomposition temperature. The Bi,M0,09 sample was prepared by the
solid state reaction between stoichiometric amounts of Bi,O; and MoOs at 873 K in
air for 48 h. A sintered pellet of Bi,M0,09 having 8 mm diameter and 3 mm thickness
was made and used for conductivity measurements. The pellet was sintered in air at
903 K for about 6 h. The conductivity measurements were carried out in air in the
temperature range of 905 to 754 K in the frequency range of 10 Hz to 1 MHz with an
applied perturbation potential of 500 mV.

First measurement of conductivity was made at 905 K after heating the sample
for 24 h at that temperature. This was followed by decreasing the sample temperature
by 10 K and maintaining at that temperature for about 2 h. Conductivity was then
measured at each temperature. This was continued till the final temperature of 754 K
was reached.
3.3.4.3 Conductivity measurements on Bi;Mo0QOs

Electrical conductivity of Bi;MoOgs was measured to determine the
temperature at which it undergoes phase transitions. For these measurements, sintered
pellets of both the orthorhombic and monoclinic phases of Bi,MoQOg were used. The
monoclinic phase of Bi;MoOs was prepared by the solid state reaction between
stoichiometric amounts of Bi,O3; and MoQO; at 873 K in air for 48 h whereas the
reaction at 773 K for 48 h yielded the orthorhombic phase of Bi,MoQOs. With the

orthorhombic phase as the sample pellet, measurements were carried out on heating it
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first from 700 to 963 K in steps of 10 K. The sample was maintained at the initial
temperature of 700 K for about 24 h and the conductivity was measured at that
temperature. This is followed by raising the sample temperature by 10 K and
maintaining at that temperature for about 2 h. The conductivity was then measured.
When the starting phase was the high temperature monoclinic phase, conductivity
was measured while cooling the sample in steps from 973 to 723 K.

All the conductivity experiments were carried out using the conductivity cell
described in chapter 2. The electrical conductivity was measured using a frequency
response analyzer (Model SI 1225, Solartron, M/s Schlumberger, UK) coupled with
an electrochemical interface (Model 1286, Solartron, M/s Schlumberger, UK). The
measurements were carried out in the frequency range of 10 Hz to 1 MHz with an
applied perturbation potential of 500 mV. The impedance data obtained at each
temperature was fitted using the software Zview®. The bulk resistance of the material
was obtained by fitting a semicircle to the experimentally obtained Nyquist plot. By
incorporating the dimensions of the pellet, the conductivity (o) of the sample at each
temperature (T) was determined. The Arrhenius plot for conductivity was obtained by

plotting log o as a function of 1/T. A change in the slope indicates the difference in

the conduction mechanism and / or a phase change. At the end of the conductivity
measurements, the sample pellets were retrieved, powdered and characterized by
XRD to establish any structural changes that had occurred during the measurement.

3.3.5 Simultaneous equilibration experiments to follow the structural changes
during conductivity measurements

The structural changes that could occur during conductivity measurements
were followed by performing separate equilibration experiments at different selected

temperatures falling within the temperature ranges of conductivity measurements. For
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these experiments, sample pellets of BigMo030,;, Bi;aMo05036, BisM0,0,5. Bi2M 0,0y,
and Bi;MoOg, were individually kept inside alumina crucibles and equilibrated in air
at different temperatures by following the temperature program used for conductivity
measurements.

For BigMo03;0,;, the equilibrations were carried out at 873, 898, 923, 948 and
973 K. The equilibration temperatures for Bi;sMos03¢ were 873, 923, 948 and 973 K
whereas for BigMo0,0;s, equilibrations were carried out at 873, 898 and 923 K,
respectively. In the case of Bi,Mo0,0y, equilibrations were carried out at 873, 823, 798
and 773 K and for the monoclinic phase of Bi,MoOs, equilibrations were performed
at 973, 873, 823 and 773 K.

The equilibration of all the compounds (Bi;Mo0,09, monoclinic phase of
Bi;,Mo00Og, BigMo030;;, Bi;4Mo0sO36 and BigMo0,0,5) were performed in such a way
that the first pellet of each sample was first equilibrated at the highest temperature for
24 h and then quenched to room temperature. The second pellet of each compound
was first equilibrated at the highest temperature for 24 h which was followed by
increasing the temperature by 10 K and maintained at that temperature for 2 h. This
was followed by quenching the sample to room temperature. Similarly, third pellet
was first equilibrated at the highest temperature for 24 h, followed by successively
raising its temperature by 10 K at a time and holding at each temperature for 2 h. This
is continued till equilibration at the desired final temperature is completed. After
equilibrating at the final temperature, the pellet was quenched to room temperature. In
order to check the low temperature stability of BisM030;; and Bi;4MosOs6, pellets of
these compounds were also heated at 788 and 773 K, respectively for 24 h followed

by quenching them to room temperature and XRD analysis.

101



In the case of orthorhombic phase of Bi,MoQOg, equilibrations were carried out
at 773, 823, 843, 853, 873, 923 and 973 K in air by following the identical procedure
used for conductivity measurements. First pellet was equilibrated at the lowest
temperature for 24 h followed by quenching it to room temperature. Equilibration of
the next pellet started at the lowest temperature for 24 h followed by raising its
temperature by 10 K and maintaining at that temperature for 2 h. This raise of
temperature and dwelling at that temperature was continued till the desired
temperature of equilibration was reached and after which the sample was quenched to
room temperature. All the samples quenched to room temperature were powdered and
analyzed by XRD. Details of these experiments are given in Tables 3.10 and 3.11.

3.3.6 Oxygen potential measurements using yttria stabilized zirconia solid
electrolyte

To determine the Gibbs energy of formation of Bi,MoOg (s), a galvanic cell
based on yttria stabilized zirconia solid electrolyte was constructed (Fig. 3.8). The
galvanic cell can be represented as given below:

(-) W, Bi (1), MoO; (s), Bi;MoOs (s) | YSZ| (0,, 101.3 kPa), Pt (+).

The reference electrode for the cell was prepared by applying platinum paste (M/s
Eltecks Corporation, India) over the inner bottom surface of the solid electrolyte tube
and heating it in air at 1373 K for 2 h. This resulted in a uniform and porous platinum
coating over the electrolyte surface. A platinum wire, which had been spot welded to
platinum mesh was cofired with the platinum paste. This served as the electrical lead
for the reference electrode. A similar porous platinum electrode was formed at the
external bottom surface of the electrolyte tube. The solid electrolyte tube was then

fastened to a Veeco coupling by means of a high temperature epoxy seal.
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Physical Laboratory, India.
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Fig. 3.8 Schematic of the experimental assembly of the galvanic cell
A K-type thermocouple was inserted through the stainless steel coupling and
kept very close to the electrode-electrolyte assembly for measuring the cell
temperature. The thermocouple used in the experiment was calibrated prior to the

actual measurements against a standard calibrated thermocouple supplied by National

The entire cell assembly was then kept enclosed in a one end closed quartz
tube and sealed using a Viton O-ring. Cell assembly had provisions for flowing gases
through the sample and reference compartments. The performance of the emf cell was
tested by measuring the null emf by maintaining identical oxygen pressures on both
sides of the electrolyte (air-air and oxygen-oxygen). Performance of the cell was also

checked by passing oxygen at one electrode and air at the other electrode. Later, the
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coated platinum electrode and the platinum lead present at the external surface of the
electrolyte tube were removed. A tungsten electrode fastened to the stainless steel
coupling through a thin alumina tube using high temperature epoxy seal served as the
electrical lead for the sample electrode. Tungsten was chosen as it is compatible with
liquid bismuth.

Two sample pellets whose composition falling within the Bi-Mo0O,-Bi,MoOg
phase field was used for emf measurement. Pellets of the sample electrodes were
made by compacting the homogeneous mixture of the constituent phases. The emf
cell was assembled inside the argon atmosphere glove box. Appropriate amount of
bismuth metal was taken in a recrystallized alumina crucible and melted. Sample
pellet was then kept immersed in liquid bismuth by placing the solid electrolyte tube
over it in such a way that the lower end of the tungsten wire dipped into liquid
bismuth. After cooling, the cell assembly was taken outside the glove box and placed
in the constant temperature zone of the furnace. A long hollow cylindrical stainless
steel block was also kept in the constant temperature zone of the furnace to further
enhance the uniformity of the temperature in the zone. During emf measurements,
high purity argon and oxygen gases were passed through the sample and reference
compartments, respectively. The cell emf was measured using a high impedance
electrometer (input impedance > 10" Q, M/s Keithley, Model 617) and the
thermocouple output was measured using a multimeter (M/s Agilent Technologies,
Malaysia, Model-34970A, data acquisition /switch unit). Data were recorded using a
computer interface.

Emf measurements were carried out in the temperature range of 773 to 1023
K. First measurement with each cell was carried out at high temperatures (1023 K for

cell-I and 936 K for cell-II) to enable faster equilibrium at the sample electrode-
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electrolyte interface. At each temperature, the readings were recorded when the cell
emf was stable within + 0.05 mV at least for four hours. The reproducibility of the
cell emf was confirmed by the emf data obtained during the random heating and
cooling cycles.

The thermo-emf between the two dissimilar electrical leads, i.e. tungsten and

platinum was measured in a separate experiment by forming a junction between the
two electrical leads followed by the measurement of the thermo-emf between them as
a function of temperature. Measured data were fitted to a polynomial expression of
order two and is given by:
E+0.16/mV =-1.56-7.97x10"T +1.84x107°T* [T:337-1076 K] (3.3)
The uncertainty expressed is the expanded uncertainty with 0.95 level of confidence.
The cell emf was then corrected using this thermo-emf data. At the end of the emf
measurements sample pellets were retrieved and analyzed by XRD to confirm the
coexisting phases.

3.3.7 Determination of standard molar enthalpies of formation of bismuth
molybdates by solution calorimetry

Enthalpies of dissolution of the ternary compounds, namely, Bi,Mo030, (s),
monoclinic and orthorhombic phases of Bi,MoOg (s), BisM0,0;5 (s) and BigMoOx(s)
were determined by using an isoperibol calorimeter as described in Chapter 2. The
calibration of the calorimeter was performed by both electrical and chemical methods.
The electrical calibration was performed by applying a constant current using a stable
power source, for a known period of time. 125 ml of 2 mol kg'1 NaOH solution was
used as the calorimetric solvent during electrical calibration. The current was
measured across a precision resistor connected in series. The temperature was

measured using a thermistor (M/s Toshniwal Brothers Delhi Private Limited,
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Bangalore, India) connected to a data acquisition system, interfaced to a personal
computer and was recorded as a function of time. Fig. 3.9 shows the plot of
temperature rise against energy supplied. The correlation between temperature rise
and energy in joules was found to be linear up to 500 J.
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Fig. 3.9 Correlation between temperature rise and electrical energy

The chemical calibration of the calorimeter was carried out by using
tris(hydroxyl methyl) aminomethane (s) (TRIS) (99.8% purity, M/s Merck, UK). The
calorimetric solvent used was 0.1mol kg' HCl. The sample required for the
calibration was accurately weighed and transferred into the sample bulb. 100 ml of
the calorimetric solvent was taken inside the Dewar flask.The sample bulb along with
the other components was allowed to equilibrate at the bath temperature. A steady
temperature signal was obtained once the calorimeter attained thermal equilibrium

with the surrounding water bath.The sample bulb was then broken by pushing the

glass rod and the sample was allowed to dissolve in the calorimetric solvent.The
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consequent variation in the temperature signal was monitored. Electrical calibration
was performed insitu before and after of each of these experiments.

Similar experiments were performed for the calorimetric measurements of
samples of ternary bismuth molybdates as well as for the binary oxides viz., Bi,Os (s)
and MoO;s (s). In each case the calorimetric solvent used was a mixture of 100 ml of 3
mol kg NaOH and 25 ml of triethanolamine. The volume of triethanolamine was
chosen in such a way that the molar ratio of metals to triethanolamine was maintained
at ~1:80 for the dissolution experiments. The current and duration of its passage for
the insitu electrical calibration was decided by the time taken for the sample to
dissolve completely under the experimental conditions and the weight of the sample
taken for each experiment. The maximum time taken for the dissolution of the
samples was around 4 min. The temperature change, AT, during the experiment with
the ternary compounds and starting components was also corrected for the heat
exchange between calorimeter and surroundings as explained in Chapter 2 and was
used for the evaluation of the enthalpy change for the reaction. Calorimetric
measurements were repeated several times to obtain the reproducible data.

3.3.8 Determination of molar heat capacities of bismuth molybdates by
differential scanning calorimetry

The heat capacity of bismuth molybdates were measured using a heat flux DSC
(Mettler Toledo-Model No.DSC827e, Switzerland). Temperature calibration was
carried out by measuring the melting points of high purity indium and zinc metals and
the standard uncertainty in the temperature measurement was found to be = 0.4 K. A
three step procedure was adopted for the measurement of heat capacity. The three
steps are 1) blank run, ii) calibration run and iii) sample run. In the blank run, the heat

flow rate is determined using empty aluminium pans of equal weight in the sample
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and reference sides. A disc of sapphire (NIST, USA) is used as the calibration
reference. In the calibration run, sapphire is placed into the sample pan while the
reference side is unchanged and the heat flow rate is measured as in the case of blank
run. During sample run, sapphire in the sample pan is replaced by the sample and the
heat flow rate is measured. In addition to the heat flow calibration by sapphire,
performance of DSC was also verified by measuring the heat capacity of MoOjs (s).
Sample pellets were prepared by compaction of the powders followed by sintering
them under vacuum. The sintered pellets (~110 mg) were then sealed in 40 mm’
aluminium pans and used for the measurement. For each sample, reproducibility was
checked by repeating the measurement atleast for five to six times. Measurements
were also repeated with two different pellets of the same sample. DSC measurements
were carried out under high purity argon atmosphere maintained at a flow rate of 50
ml min'upto a temperature of~800 K at a heating rate of 10 K min™'. The temperature
program used for the measurement consisted of three segments: an isothermal
segment at the initial temperature with a dwelling period of 10 min, followed by a
dynamic segment at a heating rate of 10 K min™ and finally an isothermal segment at
the final temperature for 10 min. Samples used for measurements were characterized
by XRD before and after the calorimetric runs. The weight loss of the samples after
DSC measurements was very low (~0.02-0.03%) indicating that vaporization losses
are negligible. The heat capacity data at each temperature was obtained by taking the

average of the calorimetric runs carried out with two sample pellets.
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3.4 Results and discussion

3.4.1 Preparation and characterization of starting components and ternary

compounds

The starting components MoOs; and MoO, prepared in this study were

characterized by XRD and the XRD patterns matched with PCPDF file nos. 00-005-

0508 and 00-032-0671, respectively.

The solid state reactions leading to the formation of ternary bismuth

molybdates can be represented by the following equations:
Bi,0,(s) +3MoO, (s)—Z52 5 Bi. Mo,0,, (s)

Bi,0,(s) +2MoO, (s) —252" 5 Bi. Mo, O, (s)

Bi,0,(s) + MoO,(s) —Z252" Bi. MoO, (s) (Monoclinic phase)
Bi,0,(s) + MoO,(s) —Z52"— Bi, MoO, (s) (Orthorhombic phase)
4Bi,0,(s) +3MoO, (s) —52" 5 Bi Mo,0,,(s)

7Bi,0,(s) + 5MoO,(s) —2525" Bi. Mo, O, (s)

3Bi,0,(s) +2MoO, (s) —Z52" Bi Mo,0,,(s)

5Bi,0,(s) +3MoO, (s) —252" 5 Bi, Mo,0,,(s)

19Bi,0,(s) + TMoO, (s) —222" 5 Bi  M0,0.,(s)

3Bi,0,(s) + MoO, (s)—Z52"— Bi_ MoO,, (s)

7Bi,0,(s) + MoO, (s) —2£22 5 Bi. MoO,, (s)

13Bi,0,(s) +10MoO, (s) —258 5 Bi. Mo,,0,,'(s)

(3.4)

(3.5)

(3.6)

(3.7)

(3.8)

(3.9)

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)

XRD patterns of the ternary compounds matched with PCPDF file nos. 00-

021-0103, 00-033-0209, respectively for Bi,M030;, and Bi,M0,0. Preparation of

Bi;MoQOg at 773 K yielded the orthorhombic phase while the preparation at 873 K
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yielded the monoclinic phase. The XRD patterns of the above two phases matched
with PCPDF files 00-084-0787 and 04-009-3413, respectively. Similarly, XRD
patterns of the other ternary compounds prepared by the solid state reaction between
Bi,03 and MoO; matched with the PCPDF file nos. 01-082-3470, 00-059-0526, 00-
056-1473, 00-058-0668, 00-038-0249, 00-089-6667 and 00-050-1730, respectively
for BigMo0305;, Bi;4M05036, BisM0,015, Bi;oM03054, BizsM07075, Bi;1sM00O,4 and
‘BizsM019Og9’. The XRD pattern of the compound BigMoO;, matched with those
reported by Bleijenberg et al. [36].

3.4.2 Studies involving equilibrations of samples with compositions in the Bi,O3-
MoQO; pseudo binary line

Table 3.4 shows the details of equilibration experiments performed to find out
the presence of any ternary compound other than those reported by earlier
investigators in the Bi;03-MoO; pseudo binary system. The XRD patterns of the
products obtained after the long term equilibrations of different molar ratios of Bi;O3
and MoOs have shown the presence of either a mixture of two ternary compounds
reported in literature or that of a ternary compound and the metal oxide. It is to be
noted that the orthorhombic phase of Bi,MoOg was obtained when equilibration was
carried out at 773 K while the monoclinic phase was obtained when the equilibration
was at 873 and 1023 K. Presence of the intermediate phase (y’’) reported in literature
was not observed. Similarly presence of Bi;Mo0,O9 was not observed when
equilibration was carried out at 773 K whereas it was observed when equilibrations
were carried out at 873 K. This is in agreement with the data reported in
literature. The equilibration of sample no 21 given in Table 3.4, which had an overall
composition corresponding to the compound Bi)MoOs; reported by Sillen and

Lundborg [30] and Kohlmuller and Badaud [31] at 773 as well as at 873 K yielded a

112



mixture of BijsMoO,4 and Bi,O; as products indicating the non existence of
Bi;0)Mo0Os3. This is in agreement with that reported by Bleijenberg et al. [36]. Also
the presence of BigMo0,0,5 was not observed at 1023 K, but it had transformed into
the high temperature polymorph belonging to the ‘BinsMo0;9Ogo’ solid solution. This
observation is in agreement with those reported by previous investigators [42, 46].

XRD patterns obtained for the equilibration of compositions 15 to 17 indicate
the presence of mixtures of BigMoO;, and Bij)Mo03O,4 at 773 and 873 K while
equilibrations at 1023 K yielded mixtures of BizsMo7075 and Bij)Mo030O,4. This
observation was further confirmed by results obtained for samples 22 to 27 given in
Table 3.4. The overall composition of the sample 23 exactly corresponded to 3:1
Bi,03:M00; and the XRD results have shown the presence of the compound
BigMo0O; at 773 and 873 K. Bi3sMo0;075 was present only after equilibration at 1023
K. Similarly the overall composition of the sample 26 corresponds to 2.71:1
Bi,03:M00; and results of the equilibrations were same as in the case of sample 23.
These results indicate that BizsMo70+5 is not stable at 773 and 873 K while it is stable
at 1023 K. At low temperatures, BisMoO; is stable. It is to be pointed out that no
other phase was found to be present along with BizgMo07;07s, and this indicates the
presence of a wide non-stoichiometry in BizsMo707s phase as suggested by Tomasi et
al. [34]. Hereafter in the text, the solid solution based on BizsMo7075 phase will be
designated as ‘BizsMo707g .

Thus based on the equilibration along the Bi;O03-MoO; pseudo binary line,
presence of ten ternary compounds, namely, Bi,Mo030;;, Bi;M0,09, Bi;M0Og,
BigMo030;;, Bi1sMo05036, BigM0,0;5, BijgM030,4, BizgMo07073, BigMo0O;, and
Bi;4M00O,4 along with the high temperature solid solution ‘BisMo0;¢Ogo’ are

confirmed.
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3.4.3 Studies involving equilibrations of samples with compositions in the line
joining Bi,O3; and MoQO,

The long term equilibrations of samples with different molar ratios of Bi,0O;
and MoQO, as starting materials have shown that there are no ternary compounds
involving Bi,0; and MoO, (Table 3.5). However, the results revealed the existence of
the phase fields Bi-Mo00O;,-Bi,MoOg at 773 and 1023 K, Bi-Bi;)M030,4-BigM00O; at
773 K and Bi-Bi;)M03024-BizgM07075 at 1023 K.

3.4.4 Studies involving partial reduction of ternary compounds followed by
long term equilibrations

The equilibrium phases obtained after the long term equilibrations of partially
reduced ternary compounds are given in Table 3.6. Upon partial reduction, the overall
composition of reduced samples has moved towards lower oxygen content. The XRD
analysis of these samples after long term equilibrations confirmed the existence of Bi-
Mo0,-Bi;M0Og phase field at 773 as well as at 1023 K.

3.4.5 Studies involving long term equilibrations of phase mixtures using
different starting components and equilibrations in liquid bismuth

In order to determine the coexisting phases in the ternary Bi-Mo-O system,
several long term equilibrations were performed by taking different starting
components. These equilibrations revealed the existence of different phase fields
(Table 3.7). The phase fields identified are: (1) Bi-Mo-MoO,, (2) Bi-M00O,-Bi,Mo0Og,
(3) BizM00Os-M00,-BinM03012, (4) Bi-Bi;M00Os-BigM0,015, (5) Bi-BijgM03Os-
BigM0Oj; (6) Bi-BigM00O,-Bi;aM0024 and(7) Bi-Bi;4M0024-Bi,Osat 773 K, (1) Bi-
Mo-MoO,, (2) Bi-Mo00,-BiMo0Og, (3) BizuM00Os-M00;-BiM0,09, (4) BizM0,0y-
Mo0O,-Bi;Mo030,and (5) Bi-Bi1;4M00,4-Bi,0sat 873 K and (1) Bi-Mo-MoO,, (2) Bi-
Mo0,-Bi;MoOg, (3)Bi-BizM0Og- BizsM019Og9’,(4)Bi-Bij¢)M03024-BizsM07075°, (5)

Bi-‘Bi3gM07078’-Bi14M0024 and (6) Bi-Bi14M0024-Bi203 at 1023 K.
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Further evidences for the presence of additional phase fields were obtained
from the results of several long term equilibrations in liquid bismuth. These
experiments also helped to confirm the existence of the phase fields which were
identified in the previous equilibration studies. The results are summarized in Table
3.8. The data in the table shows the existence of the following phase fields:(1) Bi-
Mo0;-Bi;Mo00Og, (2) Bi-Bi;M004-BigM0,0;5, (3) Bi-BigM0,0;5-Bi;0M030,4, (4) Bi-
Bi;0M03024-BigM0O15, (5) Bi-BigM0O,-Bi;4sM00,4 and (6) Bi-Bi;sM00,4-Bi,O3 at
773 K, (1) Bi-BixM00O¢BigMo030,;, (2) Bi-BisM030,;-Bi;sMo0sO36, (3) Bi-
Bi;4M05036-BigM 0,055, (4) Bi-BigM0,015-Bi;0M03024, (5) Bi-Bi;gM030,4-BigM00O;
and (6) Bi-BigMo00O,-Bi;sM00O,4 at 873 K and (1) Bi-Mo00O;,-Bi,MoQOg, (2) Bi-
‘BizsM0190g9’-Bi1gM03024, (3) Bi-BijoM03024-‘BisgM07075°, (4) Bi-‘BizgM07075’-
Bi;4sMo00O,4and (5) Bi-Bi;sM00,4-Bi,O3 at 1023 K.

Using these results, the partial phase diagrams of the ternary Bi-Mo-O system
valid at 773, 873 and 1023 K have been constructed and are shown in Figs. 3.10 to

3.12.
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Fig. 3.10 Partial phase diagram of Bi-Mo-O system at 773 K

a-Bi,Mo;0,,
b-Bi,Mo0,0,
c-Bi,MoO,
e-BizMo;0,,
f-Biy,Mo;0,,
8-BigMo0,05
h-Bi;,Mo;0,,
j-BigMoO,,
k-Bi;;Mo0O,,

Mo

Fig. 3.11 Partial phase diagram of Bi-Mo-O system at 8§73 K
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Fig. 3.12 Partial phase diagram of Bi-Mo-O system at 1023 K

3.4.6 Investigation on the thermal stabilities of BisMo030;;, Bi;sMos5036 and
Bi6M02015

Experimental results obtained for the long term equilibrations of BigMo030,;
at different temperatures are given in Table 3.9. It can be seen that upon equilibration
at 771, 788 and 805 K, BisMo030;; has decomposed to give a mixture of Bi,MoO¢ and
BigMo0,0;5 phases. This indicates that BigMo030,; is not stable at temperatures below
805 K. However, for equilibrations in the temperature range of 841 to 912 K, the
BigMo030,; phase was retained which shows that BigMo3;O,; is stable at these
temperatures. Hence, BigMo3;O,; appears as a stable phase at temperature lying
between 805 and 841 K. The equilibration of BigMo03;0;; at temperatures between 931
and 1023 K has resulted in the formation of ‘Bi;sMo010Og9’ phase only which suggests
that BigMo03O;jundergoes transition into the high temperature polymorph belonging

to the solid solution phase at temperature falling between 912 and 931 K.
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The plot of electrical conductivity of BigMo030O,; as a function of reciprocal
temperature is shown in Fig. 3.13. The conductivity measurements were carried out
from 773 to 973 K. As seen from the plot, a slope change is observed at 917 £ 5 K.
XRD analysis of the sample retrieved after the conductivity measurements at 973 K
has shown the presence of ‘BiysMo19Og9’ phase. This indicates that at 917 = 5 K,

BigMo030,; would transform to the high temperature solid solution ‘Bi;sMo0;9Ogo’.
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Fig. 3.13 Variation of electrical conductivity of BigMo03;0;; as a function of
temperature

The results based on the XRD patterns of the products obtained after the
simultaneous equilibrations of BisM030,; at different temperatures in air are given in
Table 3.10. The data indicates that upon equilibrations at 873 and 898 K, the
BigMo030;; phase was retained while equilibrations at 923, 948 and 973 K had led to
the formation of the ‘BiMo09O¢y’ phase. This supports the conclusion based on
electrical conductivity measurement. The activation energy determined from the

Arrhenius plot is found to be 1.13 eV for the temperature range of 773 to 917 K
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indicating the conductivity due to oxide ions as reported in reference [47]. Results
obtained from the long term equilibrations of BisMo03O;;samplesat different
temperatures clearly show that BigMo30,; is unstable at temperatures below 805 K
and it decomposes to give a mixture of Bi;MoOgs and BigMo0,0;s phases.
Equilibration at 788 K for 24 h (Table 3.10) also supports this. However, in the
electrical conductivity measurements, no slope change corresponding to the
decomposition was observed. This can be attributed to the structural similarities of
BigMo03;0,;, Bi;M0oOg and BigMo0,0;5 as all of them crystallize in the monoclinic
system and hence they could possess similar conductivity values.

Results obtained for the long term equilibrations of Bi;sMosOs¢ at different
temperatures are given in Table 3.9. It is seen that the equilibration of Bi;sMos034 at
temperatures 766, 782 and 798 K has given a mixture of Bi,MoOg and BigMo0,0;5
phases. This indicates that Bi;sMosOs is unstable at these temperatures and
undergoes decomposition at temperatures below 798 K. Equilibrations at 817, 838
and 883 K has resulted in a mixture of Bi;MoOg and BigMo0,0;s along with
Bi;4Mo0s5036. It shows that Bi;4MosOs¢ is stable at these temperatures and it is
appearing to be as a stable phase at temperatures between 798 and 817 K. Single
phase of Bi;sMosOs¢ was present after equilibrations at temperatures between 883
and 947 K whereas equilibrations between 968 and 1023 K had yielded the
‘BizgM019Og9” phase. This shows the temperature at which Bi;sMosO36 would
undergo transformation in to the high temperature solid solution phase lies between
947 and 968 K.

Variation of logarithm of electrical conductivity of BijsMosOsswith
reciprocal temperature obtained is shown in Fig. 3.14. Conductivity had been

measured in the temperature range of 748 to 990 K and a change in slope is seen at
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963 + 5 K corresponding to the transition of Bi;4Mo0sOs6 to ‘BixsM019Og9’ phase. This
observation is in accordance with the results obtained from the simultaneous
equilibration experiments (Table 3.10). Bi;sMosO3¢ was retained on equilibrations at
873, 923 and 948 K whereas on equilibration at 973 K it transformed to
‘BizsM010Ogo’. Further, XRD analysis of the pellet retrieved after the conductivity
measurements at 990 K has shown the presence of ‘BiysMo0;9gO¢’ phase only.
Activation energy determined from the Arrhenius plot is found to bel.39 eV for the
temperature range of 748 to 963 K. As in the case of BigMo03;0,;, long term
equilibration experiments at different temperatures (Table 3.9) along with
equilibration at 773 K for 24 h (Table 3.10) had shown that Bi;4Mos0O3¢ is unstable at
temperatures below 817 K and it had partially decomposed to BiMoOs and
BigMo0,0;5 phases. However, we could not observe any slope change corresponding
to this decomposition in the Arrhenius plot of conductivity. Since all the three ternary
compounds involved in this disproportionation reaction have monoclinic structure,

they are expected to have similar conductivities and hence this behavior.
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Fig. 3.14 Variation of electrical conductivity of BijsMo05036 as a function of
temperature
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Equilibration of BigMo0,0;5 at different temperatures between 745 and 901
K for prolonged duration has shown that BisMo0,0s is stable at these temperatures.
The XRD patterns have shown the presence of single phase of BisMo0,0,s only (Table
3.9). However, upon equilibrations at temperatures between 928 and 998 K,
‘BizsMo010Og9’ phase was obtained. This indicates the transition of BigM0,0;5 to the
high temperature solid solution phase occurs at a temperature falling between 901 and
928 K.

The plot of variation of electrical conductivity of BigMo0,0;5 with
temperature, as presented in Fig. 3.15, showed a slope change at 891 + 5 K. These
observations were further verified by carrying out simultaneous equilibration
experiments (Table 3.10).
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Fig. 3.15 Variation of electrical conductivity of BigMo0,0;5 as a function of
temperature

It can be seen that upon equilibration at 873 K, BigM0,0;s phase remains
unaltered whereas after equilibrations at 898 and 923 K, ‘Bi,sM0,90¢y’ was formed.

Further, XRD analysis of the pellet retrieved from the conductivity cell after
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measurement at 917 K showed the presence of ‘BisMo0;9gO¢o’ phase. Activation
energy determined from the Arrhenius plot is found to bel.16 eV for the temperature
range of 718 to 891 K.
3.4.7 Investigation of thermal stability of Bi;Mo0,09

To identify the temperature above which Bi,Mo0,0y is stable, its electrical
conductivity as a function of temperature was measured.

The variation of conductivity with temperature as log ¢ Vs 1/T is shown in
Fig. 3.16. As seen from the figure, a slope change is observed at 817 £ 5 K. The XRD
analysis of the sample retrieved after the conductivity measurements (sample
quenched to room temperature from 754 K) has shown the presence of Bi;MoOg
(orthorhombic phase) and Bi;Mo03O;, phases.The results of simultaneous
equilibration of Bi,Mo0,0y at different temperatures in air (Table 3.11) also show that
Bi,Mo0,0y is stable at 823 and 873 K but undergoes decomposition at 773 and 798 K.
Consideration of conductivity data in conjunction with these XRD data indicates that
Bi;M0,09 would decompose to form Bi;MoOg¢ and Bi;Mo3;0;, at 817 = 5 K. The
activation energies determined from the Arrhenius plot are found to be 1.19 eV and
1.44 eV, respectively for the temperature ranges of 753 to 817 K and 817 to 913 K.
Hartmanova et al. [69] have also measured electrical conductivity of Bi;M0,0q in the
temperature range of 454 to 713 K and reported the activation energy as 1.15 eV
which is in good agreement with the present value of 1.19 eV obtained for conduction

in the low temperature regime.
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Fig. 3.16 Variation of electrical conductivity of Bi;Mo0,0¢ as a function of
temperature (Below 817 K, the phases present are Bi;Mo03;0;, and
Bi,MoOg)
3.4.8 Investigation on the polymorphic transformations of Bi;Mo0Oj
The variation of conductivity of the orthorhombic phase of Bi,MoOs with
temperature is shown in Fig. 3.17. Conductivities were measured during a heating
cycle from 700 to 963 K. It can be seen that at temperatures between 868 and 871 K a
sharp drop in conductivity occurred. Further increase in the temperature resulted in
the steady increase in conductivity. The XRD analysis of the samples equilibrated at
773, 823, 843 and 853 K (Table 3.11) had shown the presence of orthorhombic phase
of Bi,MoQOg while the equilibrations at 873, 923 and 973 K had shown the presence of
the monoclinic phase. Hence, the drop in conductivity is due to the transformation of
orthorhombic phase to monoclinic phase at ~870 K. The presence of an intermediate
phase (y’”) has been reported in literature in the temperature range of ~840 to 877 K.
However, in samples after equilibration at 843 and 853 K, we could observe only the

orthorhombic phase of Bi;MoOg.Intermediate y’’ phase could not be observed in
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samples from both conductivity and equilibration experiments. The activation
energies for conductivity deduced from the plot are 1.85 eV and 1.97 eV, respectively
for the temperature ranges of 763 to 868 K and 872 to 963 K corresponding to the
orthorhombic and monoclinic phases of Bi;MoOg. Arrhenius plot obtained for the
electrical conductivity measurements carried out while cooling the monoclinic phase
of Bi;MoOgis also shown in Fig. 3.17. No change in slope is observed in the
conductivity plot suggesting that the compound had not undergone any phase
transition at low temperatures and this is in agreement with the irreversible nature of
the orthorhombic to monoclinic phase transition reported in literature. This is also
supported by the results of the equilibration experiments with the monoclinic phase of
BixMoOeggiven in Table 3.11. XRD analysis of the samples obtained after
equilibration at all temperatures (773, 823, 873 and 973 K) showed the presence of

monoclinic phase of Bi;MoOgonly.
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Fig. 3.17 Variation of electrical conductivity of orthorhombic and monoclinic
phases of Bi;Mo0Qj as a function of temperature
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3.4.9 Oxygen potential measurements
3.4.9.1 Standard molar Gibbs energy of formation of Bi,MoOQg (s)

The XRD analysis of the sample pellets retrieved at the end of emf
measurements showed the presence of Bi, MoO; and Bi;MoQOg phases. Monoclinic
phase of Bi,MoQOgs was observed to be present. As mentioned earlier, first temperature
of operation in each cell was in the temperature range of 1023 K for cell-I and 936 K
for cell-1I, where the monoclinic phase of Bi,MoQOgs is stable. It is known that the
transition of Bi;MoOg¢ from the orthorhombic phase to monoclinic phase is
irreversible and the electrical conductivity measurements have shown that the
transformation occurring at ~868 K. The monoclinic form of Bi;,Mo0OQyg is known to be
metastable at room temperature. Hence, the phase that was present during emf
measurements was the monoclinic form of Bi,Mo0Qs.

The emf values measured as a function of temperature in the case of sample
with composition within the Bi-Mo00O,-Bi,MoOg phase field are given in Table 3.12.
The variation of cell emf with temperature is shown in Fig. 3.18 and can be expressed
by the following least squares fitted expression:

E+0.7/mV =1039.7 - 0.4358 (T/K) (T: 772-1023 K) (3.16)
The error indicated is the expanded uncertainty with 0.95 level of confidence.

The chemical equilibrium at the sample electrode is represented as below:

2Bi(l) + MoO, (s) +20,(g) < Bi,MoO,(s) (3.17)
A,G, <Bi,MoO; > = A,G, <MoO, >+2RTIn p;, (3.18)

where pJ, is the partial pressure of oxygen at the sample electrode.
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Table 3.12 Variation of EMF with temperature inthe Bi-MoO,-Bi,M0QO; phase

field
Sample 1 Sample 2
Temperature / K Emf/ mV Temperature / K Emf/ mV
1022.7 5954 936.3 631.8
921.5 638.2 911.6 642.5
823.9 680.9 886.5 653.6
998.5 605.3 873.7 659.5
899.1 648.3 861.1 664.6
947.0 627.2 1014.3 597.6
849.0 670.0 911.2 641.2
1010.5 599.7 936.9 630.2
985.4 610.2 864.3 662.3
961.0 620.9 962.1 619.3
- - 987.9 608.3
- - 772.6 703.3
- - 799.2 691.7
720
| © W, Bi (1, MoO, (s), Bi,MoO, (s) [YSZ| (O,, 101.3 kPa), Pt (+)
700 4
680
5 660 - A Celll
= ® C(Cell2
% 640
=
620
600
E 0.7/ mV = 1039.7 - 0.4358(T/K) (T: 772 to 1023 K)
580 —
750 800 850 900 950 1000 1050

Temperature / K

Fig. 3.18 Variation of emf with temperature with Bi- MoO,-Bi,Mo0QOg as sample
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The cell emf is given by

E="
AF P,

(3.19)

where E is the electromotive force in volts, R is the universal gas constant (8.314 J K
"'mol™), F is the Faraday constant (96485 C mol™) and PX is the partial pressure of

oxygen in the reference electrode.Equation (3.19) can be written as

4FE=RTInPS —RTIn P}, (3.20)
Since P, =1 atm, RT In p}, = - 4FE

Thus the standard molar Gibbs energy of formation of the monoclinic phase of

Bi;MoQg(s) can be obtained from the measured emf values as given below:

A,G, <Bi,MoO; > = A ,G, < MoO, >- 8FE (3.21)
By substituting the emf data given by expression (3.16) and using the following data
on molar Gibbs energy of formation of MoO; (s) from ref. 23

A,G <MoO, >+ 0.6 /kJmol™ = —=579.8+0.1700(T / K) (T : 925-1533K)(3.22)

The standard molar Gibbs energy of formation of monoclinic phase of

Bi,MoOg(s)was derived and is given below:

A,G" < Bi,MoO, > + 0.8 / kJ mol™ = 13823+ 0.5064 (T / K) (T : 772 ~1023K) (3.23)

To determine the uncertainties introduced in the Gibbs energy of formation of
Bi;MoOg (s) due to variation in the total local atmospheric pressure of the site,
atmospheric pressure during the experimental period was continuously monitored.
The variation was found to be + 0.008 atm.

The uncertainties introduced due to this variation are calculated as below:
The standard molar Gibbs energy of formation of Bi,MoOg (s) is deduced from the

following equation:

127



A,G, <Bi,MoO; >=A,G, < MoO, >+2RT In P, - 8FE (3.24)
When Pofi = 1 atm, the expression (3.24) could be written as:

A,G, <Bi,MoO; >=A,G, <MoO, >- 8FE

At the maximum temperature of emf measurement (T = 1023 K),

A,G, < Bi,MoO, >=-864.3 + 0.8 kJ mol .
When there is deviation in POR2 from 1 atm, i.e. P0R2= 1 £ 0.008 atm, the errors

introduced at the maximum temperature of 1023 K is calculated as below:

At T=1023 K and P = 1.008 atm,

2RT In 1.008 = 0.136 kJ mol

And when P =0.992 atm,

2RT In 0.992 = -0.136 kJ mol

Hence, the error due to the variation of reference pressure = + 0.136 kJ mol™.

Therefore,
A,G, <Bi,MoO, >=A,G, <MoO, >+ 2RTInPy - 8FE = -864.3 + 0.136 kJ mol’'

at 1023 K.
This error is negligible compared to the uncertainty reported for the Gibbs energy
of formation of Bi,MoOg (s) (+ 0.8 kJ mol™).
3.4.10 Standard molar enthalpies of formation of bismuth molybdates

The experimental results obtained for the enthalpy of dissolution of TRIS are
given in Table 3.13. The molar enthalpy of solution of TRIS obtained in the present
work is (-29.62 + 0.44) kJ mol™ which is in good agreement with the reported value
of (-29.770 + 0.032) kJ mol™ [70]. Thus it ensures the suitability of the experimental

set up for calorimetric measurements.
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Table 3.13 Enthalpy of solution (A ,H. ) of TRIS  in 0.10 = 0.01mol / kg HCI

(mass of solvent =99.52 £+ 0.01 g) at 298.15 K®and 0.1 MPa®
(Molar mass of TRIS = 121.1g mol™)

Run | Weight of TRIS | Experimental Molar enthalpy of solution
w/g'’ enthalpy change | (A  H°/kJ mol™)
(AH /J)

1 0.2354 -57.73 -29.70
2 0.2313 -57.07 -29.87
3 0.2295 -55.71 -29.40
4 0.2295 -56.15 -29.63
5 0.2161 -52.62 -29.48

Average: (-29.62 £ 0.44)"

“Tris(hydroxylmethyl)aminomethane (s), “Temperature stability inside the
calorimeter prior to start of experiment was within + 0.001 K. “ Standard
uncertainty, u, are u(P) = 0.8 kPa and u(w) = 0.001, bExpanded uncertainty U(

A H.) is calculated as 20 of the mean with 0.95 level of confidence.

Uncertainty from calibration was also included into the final uncertainty of the
dissolution enthalpies.

In the present study, the standard molar enthalpies of formation of bismuth
molybdates were determined by measuring their enthalpies of dissolution. A suitable
solvent which can dissolve the ternary bismuth molybdates as well as the component
oxides, Bi,03 (s) and MoOs (s) has to be used for the dissolution experiments. Also
the samples should dissolve in the solvent in a reasonable period of time. Several
mineral acids and alkalis were tried for the solubility experiments and the bismuth
molybdates were found to be insoluble in all of them.

It is known from literature that triethanolamine (TEA) is a versatile ligand and
can readily form coordination complexes with almost all metal ions and behave as N
and O-donor ligands [71]. TEA can form complexes with Bi** and Mo®" ions as well.
The complexes of TEA with Bi find its application in medical fields. For the
preparation of medically relevant Bi-TEA complexes, the ratio of Bi to TEA used was

reported to be ranging from 1:2.6 to 1:5.2 [72]. Miller described the conditions for the

129



formation of complexes of TEA with bismuth and reported that TEA forms 1:1
complex with bismuth ions [72]. Based on differential pulse polarography
experiments,Hancock et al. [73] determined the formation constant (log K) of this 1:1
complex and it is found to be 9.2. The complexation of molybdenum ions with TEA
was studied by Szalontai et al. [74].Under alkaline pH, the mononuclear molybdate
anion exists in the tetrahedral form while upon chelation with triethanolamine, it
forms soluble oxomolybdate (VI) complexes which exist in the octahedral or
distorted octahedral configuration. It is also reported that water soluble complexes of
Mo-TEA could form when the ratio of Mo to TEA is 1:3 [74]. In the present
experiments, the ratio of metals to TEA was maintained as 1:80, so as to maintain a
large excess of TEA. The final solution obtained after the dissolution of bismuth
molybdates as well as the component oxides were clear and there were no perceptible
precipitates. Based on the reports in literature, it is clear that both bismuth and
molybdenum salts can form water soluble complexes with triethanolamine under
alkaline conditions. This fact has been employed in the present study. The solubility
of ternary bismuth molybdates along with that of Bi,O; (s) and MoOj (s)was checked
in a mixture of triethanolamine and NaOH solution. It was observed that all the
ternary bismuth molybdates as well as the component oxides were soluble in the
solvent and the maximum time taken for the dissolution was found to be ~4 min
under the chosen experimental conditions.

The experimental results obtained for the measurement of enthalpy of solution
of the starting components, Bi,Os (s) and MoOs (s) and that for ternary components

are given in Tables 3.14 and 3.15, respectively.
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Table 3.14 Experimentally determined values of enthalpies of dissolution (AH)
and molar enthalpies of dissolution (A ,H ) of Bi,O;3 (s) and MoO;

(s) in a mixture of 100 ml of 3 mol kg'1 NaOH and 25 ml of
triethanolamine at 298.15 K~ and 0.1 MPa®

Sample Weight of Experimental | Molar enthalpy of
sample enthalpy solution
w/g’ change (A, HS /' kJ mol™)
(AH /J)
Bi,03 (s) 0.6923 -62.34 -41.96
(molar mass = 0.4020 -36.97 -42.86
465.96 gmol™) [ 0.4400 -39.84 -42.18
0.4388 -41.00 -43.54
0.2650 -24.52 -43.11
0.3645 -33.37 -42.66
0.2002 -18.87 -43.93
0.3152 -28.30 -41.83
0.2568 -23.45 -42.56
Average: (-42.74 £ 0.77)"
MoO:s (s) 0.3239 -178.67 -79.39
(molar mass = 0.2459 -136.19 -79.72
143.9382 gmol” | 0.2699 -150.62 -80.32
) 0.2392 -131.89 -79.36
0.2450 -136.71 -80.32
Average: (-79.82 £ 1.19)°

“Temperature stability inside the calorimeter prior to start of experiment was
within + 0.001 K. “ Standard uncertainties, u, are u(P) = 0.8 kPa and u(w) =

0.0001 g ."Expanded uncertainty, U(A_,H v), is calculated as 20 of the mean

with 0.95 level of confidence. Uncertainty from calibration was also included
into the final uncertainty of the dissolution enthalpies.

sol

The molar enthalpies of solution, A, H, of Bi,O; (s), MoOjs(s), Bi,M03;01,

sol
(s), orthorhombic-Bi,MoO¢ (s), monoclinic-Bi,MoOgs (s), BigM0,O¢5 (s), and
BigMoOy; (s), obtained are (-42.74+ 0.77), (-79.82 £ 1.19), (-172.72 + 2.69), (-31.28
+ 0.98), (-52.79 + 1.24), (-145.40 + 2.55) and (-60.15 + 1.08) kJ mol ™, respectively.

The molar enthalpy of formation of the ternary compounds from the component

elements were obtained by considering suitable thermochemical reaction schemes
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presented in Tables 3.16 to 3.20. For the calculation of enthalpies of formation from

elements, values of enthalpies of formation of binary oxides were taken from

references 74 and 75. The calculated enthalpies of formation from elements, A  H 2os »

are (-2915.8 £5.7), (-1407.2 £+ 3.8), (-1385.7 £ 3.9), (-3345.0 £ 10.9) and (-2605.2 +
10.4) kJ mol'l, respectively for Bi,Mo030; (s), orthorhombic Bi;MoQOs (s), monoclinic
Bi;MoOg (s), BigM0,0;5 (s) and BigMoO1; (s).

3.4.11 Heat capacity measurements

3.4.11.1 Molar heat capacity of MoO; (s)

The performance of the differential scanning calorimeter was verified by
measuring the heat capacity of MoOs (s) in the temperature range of 318 to 763 K and
shown in Fig. 3.19 and the selected values are given in Table 3.21. The measured data
given in Table 3.21 is the mean of ten measurements. The experimental heat capacity
is compared with the literature data [77]. It is seen that the measured C, values are in
good agreement with the reported C, values at temperatures between 428 and 703 K.
Deviations from the literature data are observed at temperatures below and above this
range. The maximum deviation is found to be 3%.

The combined expanded uncertainty associated with the heat capacity
measurements of the samples were calculated by incorporating the relative
uncertainties of experimental data and the relative uncertainty attributed to the
instrument. The relative uncertainty of the instrument was determined from the
measured C, values of MoOs(s) (Table 3.21). The relative uncertainty in the
measured heat capacity of the samples were calculated as Ax/x where Ax is the

maximum standard uncertainty observed and x is the smallest measured C, value.
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Table3.15 Experimentally determined values of enthalpies of dissolution (AH)
and molar enthalpies of dissolution (A ,H.) of Bi;Mo3O1(s),
orthorhombic Bi;Mo0QOg (s), monoclinic BiMo0QOg (s), BigM0,0;5 (5)

and BigMoOq; (s) in a mixture of 100 ml of 3 mol kg'1 NaOH and 25
ml of triethanolamineat 298.15 K* and 0.1 MPa®

Sample Weight of | Experimental | Molar enthalpy of solution
sample enthalpy A, HC (k] mol™)
(w/g)? change AH (J)
Bi:M0302(s) 0.4921 -94.11 -171.69
(molar mass = 0.5156 -99.64 -173.49
897.7728 gmol™) [0.5338 -103.83 -174.63
0.5340 -102.63 -172.54
0.5442 -103.81 -171.26
Average: (-172.72 £ 2.69)"
Bi,MoOj (s)- 0.3043 -15.76 -31.59
orthorhombic 0.2758 -14.71 -32.53
phase 0.2392 -11.94 -30.44
(molar mass = 0.2204 -10.89 -30.14
609.8964 gmol™) [0.2952 -15.35 -31.71
Average: (-31.28 + 0.98)"
Bi,MoOj (s)- 0.4308 -38.62 -54.68
monoclinic phase | 0.3217 -27.46 -52.06
(molar mass = 0.3745 -31.57 -51.42
609.8964 gmol™)  [0.3240 2757 51.89
0.4677 -41.13 -53.63
0.5418 -47.12 -53.04
Average: (-52.79 + 1.24)"
BigMo0,05 (s)- 0.3892 -32.11 -142.76
(molar mass = 0.3556 -29.68 -144.80
1685.7534 gmol™) [10.1739 215.06 2145.98
0.4455 -38.96 -147.42
0.2834 -24.55 -146.06
Average: (-145.40 + 2.55)"
BigMoO1; (s)- 0.2653 -10.25 -59.61
(molar mass = 0.3770 -14.79 -60.48
1541.8152 gmol™) [ 0.2108 -8.29 -60.66
0.4186 -16.53 -60.91
0.4363 -16.72 -59.10
Average: (-60.15 £ 1.08)"

“Temperature stability inside the calorimeter prior to start of experiment was within + 0.001
K.“Standard uncertainties, u, are u(P) = 0.8 kPa and u(w) = 0.0001 g."Expanded uncertainty,

U(A

calibration was also included into the final uncertainty of the dissolution enthalpies.

H? ), is calculated as 20 of the mean with 0.95 level of confidence. Uncertainty from

sol
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Using these relative uncertainties, the combined expanded uncertainty was
calculated by multiplying with the highest value of the measured heat capacity and is

given in the fitted expressions of heat capacities of bismuth molybdates.
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Fig. 3.19 Variation of molar heat capacity of MoOj (s) with temperature

Table 3.21 Heat capacity of MoOQs (s) at P = 0.1MPa*

T/K C,/J K" mol Observed deviation from the
Measured | Reported values [77]° | reported values /J K mol™
data”

318 74.9 76.9 2.0
353 7.7 79.7 2.0
403 81.8 82.9 1.1
453 85.1 85.7 0.6
503 87.7 88.1 0.4
553 89.8 90.4 0.6
603 91.9 92.4 0.5
653 93.9 94.4 0.5
703 95.7 96.4 0.7
753 96.7 98.2 1.5
763 96.8 98.6 1.8

“ Standard uncertainties, u, are u(T) = 0.4 K and u(P) = 0.8 kPa. "Maximum
relative uncertainty is 0.03 with 0.95 level of confidence. “Barin [77]
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3.4.11.2 Molar heat capacity of Bi;Mo030;; (s)

The XRD patterns of the Bi,Mo3O,(s) samples retrieved after heat capacity
measurements  were identical to their XRD  patterns before the
measurementsindicating that the compound had not undergone any changes during
the measurements. Fig. 3.20 represents the experimental heat capacity of Bi,Mo030,
(s) as a function of temperature over the range of 328 to 818 K. The data can be fitted
to the following least squares expression:

Cpo+164/JK" ' mol'=416.7-7.1x10° T-88x 10°T?; T=328-818 K (3.25)
The error given in the expression is the combined expanded uncertainty with 0.95

level of confidence.
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Fig. 3.20 Variation of molar heat capacity of Bi;Mo030;;, (s) with temperature

The measured heat capacity values of Bi;Mo03;0;; (s) along with the fitted
values for the selected temperatures are given in Table 3.22. The heat capacity of
Bi;Mo030;; (s) was also computed by Neumann-Kopp’s rule (NKR) using the heat

capacity data for Bi,Os (s) and MoOjs (s) [78], and is compared with the measured
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data in Fig. 3.20. The comparison plot reveals that the experimental heat capacity is

lower than the estimated data and the percentage deviation is ~ 3% at 573 K, which is

the mean temperature of the measurement.

Table 3.22 Thermodynamic functions of Bi;Mo030y; (s) at P = 0.1 MPa®

T/K CP/JK-I mol’ Hp _H;98 S; —(G; _H;98)/T
Measured | Fitted /3 mol'® /TK mol® /K" mol™®
data values

298.15 | - 3156 |0 3582+1.4 3585+ 1.4

328 329.9 332.6 | 9687.0 +£489.5 389.1+1.6 3599+22

353 344.4 343.6 | 18144.8+899.5 414.0+2.8 362.9+3.8

403 359.5 359.7 | 35754.6+1719.5 | 460.6 4.9 3722+6.5

453 371.0 370.6 | 54029.6 +2539.5 503.3+6.9 384.4+8.9

503 379.4 378.3 | 72766.3 + 3359.5 542.6 £8.6 398.2+10.9

553 384.5 384.0 | 91834.6 +4179.5 578.7+10.1 413.0+12.6

603 388.1 388.2 | 111147.8+4999.5 | 612.1+£11.6 4282+ 14.2

653 390.6 391.4 | 130645.6 +5819.5 | 643.2+12.9 4435+ 15.6

703 392.1 393.9 | 150284.8 + 6639.5 | 672.2 + 14.1 458.7+16.9

753 395.0 395.8 | 170033.8 +7459.5 | 699.3+15.2 4739+ 18.1

798 399.5 397.2 | 187882.0+8197.5 | 722.3 £ 16.1 487.2 +19.1

818 401.6 397.7 | 195833.3 +8525.5 | 732.1£16.6 493.1 +19.6

“Standard uncertainties, u, are u(T) = 0.4 K and u(P) = 0.8 kPa. The reported
uncertainties are the combined expanded uncertainties The combined expanded
uncertainty, U,, is U, (C,) = 16.4 JK ! mol.

As no thermochemical data are available for Bi,Mo0301; (s), the S;98 value

of Bi,Mo030; (s) was computed by NKR using the S;% values of Bi,0; (s) and MoOs;
(s) [78]. Since the experimental value of Cpof Bi;M03Oy> (s) at 298.15 K is 6.9%

lower than that obtained by the NKR estimation, it is assumed that the S,,, value of

Bi,Mo0301; (s) will also be 6.9% lower than the estimated S;98 value. Similar

assumption has been made in the earlier works [79-81]. Based on this assumption, the
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S;% value computed for Bi,Mo3O;, (s) is 358.2 J K mol™. Using this value, other

thermodynamic functions of Bi,Mo030;, (s) were computed and are given in Table
3.22.
3.4.11.3 Molar heat capacity of monoclinic phase of Bi,Mo0Og(s)

XRD pattern of the monoclinic phase of Bi;MoOg(s) pellets after the heat
capacity measurements were identical to the initial pattern, indicating that no changes
had happened to the compound during the calorimetric runs. The temperature
dependence of heat capacity of Bi,MoO¢ (s) obtained by measurement over the
temperature range of 318 to 818 K is shown in Fig. 3.21 and can be represented by

the least squares fitted expression:

C,+8.8/JK ' 'mol™ =221.4-1.5x10"T-3.9x10°T~ (T :318—818K) (3.26)

The error given in the expression is the combined expanded uncertainty with 0.95

level of confidence.
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Fig. 3.21 Variation of molar heat capacity of monoclinic-Bi;MoOg with
temperature
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The measured heat capacity values of Bi;MoOg (s) along with the fitted values
for the selected temperatures are given in Table 3.23. Each measured data is the mean
of sixteen measurements obtained by measuring the C,, using two sample pellets. The
heat capacity of Bi,MoOg (s) was also computed by Neumann-Kopp’s rule (NKR)
using the heat capacity data for Bi,O; (s) and MoOs(s) [78], and is compared with the
measured data in Fig. 3.21.

Table 3.23 Thermodynamic functions of monoclinic-Bi;MoQg (s)at P = 0.1MPa”

T/K* | Cp/J K mol’ Hy —Hoog Sy ~(Gr —H )/ T
Measured | Fitted / J mol™ /IK " mol' |/J K" mol™
data values 1b

298.15 | - 177.1 |0 2143+05 [2143+0.5

318 | 1832 182.4 |3569.1 + 174.7 2258+0.6 |214.7+0.8

328 | 185.1 184.7 | 5404.4 +262.7 2315408 [215.1+12

353 [ 1893 189.6 | 10084.5+482.7 [2452+15 |216.7+2.0

403 [195.7 196.8 [ 19755.4+922.7 [2708+27 [221.9+35

453 [201.4 201.7 [297252+1362.7 [294.1+3.7 [228.6+428

503  |204.9 205.2 [39903.5+1802.7 |3154+46 |2362+58

553 [208.2 207.8 |50232.9+22427 |[3349+54 [2442+628

603 [210.2 209.8 | 60674.8£2682.7 [353.0+£62 |2525+7.6

653 | 211.0 2113 |71202.4+3122.7 [369.7+6.9 |260.9+8.4

703 | 2122 2125 |81796.8+3562.7 |3854+75 [2692+9.1

753 [ 2132 213.4 | 924438 +4002.7 [400.0+82 [277.4+9.7

818  [214.2 2143 | 106346.7+4574.7 [417.7+89 [287.8+10.5

“ Standard uncertainties, u, are u(T) = 0.4 K and u(P) = 0.8 kPa. The reported
uncertainties are the combined expanded uncertainties. The combined expanded
uncertainty, U, is U. (C,) = 8.8 JK ! mol”’

As seen in the figure, the experimental heat capacity is lower than the

estimated data and the percentage deviation is ~ 3.1% at 568 K, which is the mean

temperature of the measurement.As no thermochemical data of Bi;MoQOg (s) are

o o

available, its S5, value was computed by Neumann-Kopp Rule (NKR) using the S5
values of Bi,O; (s) and MoOj (s) [78]. Based on this assumption, the S5, value
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computed for Bi,MoOg (s) is 208.8 J K mol™. Using this value, the thermodynamic
functions of Bi;Mo0Og (s) were computed and given in Table 3.23.
3.4.11.4 Molar heat capacity of BisMo0,0;s (s)

The XRD pattern of BigMo0,0;s5(s) retrieved after DSC measurements was
identical to the initial pattern indicating that no changes had happened to the
compound during the calorimetric runs. The variation of molar heat capacity of
BigMo0,05(s) obtained is shown in Fig. 3.22 and the fitted expression is given below:

C,+234/JK " 'mol™ =529.8—67.9x107°T —6.3x10°T~ (T :318 —808K) (3.27)

The error given in the expression is the combined expanded uncertainty with 0.95

level of confidence.
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Fig. 3.22 Variation of heat capacity of BigMo0,015(s) with temperature

The thermodynamic functions of BigMo0,0;5(s) were calculated based on the
measured heat capacity data and presented in Table 3.24. Fig.3.22 also shows the
comparison of experimentally obtained heat capacities and those estimated by NKR.

It is found that the measured heat capacities are lower than the estimated heat
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capacities and the percentage deviation is ~1.5 % at the mean temperature of
measurement (563 K).

Table 3.24 Thermodynamic functions of BigMo0,0;5 (s)at P = 0.1MPa*

T/K* | C,/JK" mol' Hy — Higg s, —(Gy —Higg)/ T
Measured | Fitted / J mol™ JIK " mol™ |/ J K" mol™
data values

298.15 | - 479.1 |0 545.0+ 1.1 545.0+ 1.1

318 489.1 489.0 | 9610.8 £464.5 5762+ 1.5 5459+2.1

343 499.5 499.5 |21970.9 +£1049.5 613.6+3.3 549.5+4.5

401 517.9 517.8 | 51504.5 +2406.7 693.1+6.9 564.6+9.2

451 529.4 529.4 | 77697.6 £3576.7 754.6 £9.7 582.3+12.5

500 538.7 538.5 | 103870.4+4723.3 | 809.7+12.1 |602.0+ 153

550 546.4 546.3 | 130997.5+5893.3 | 861.4+143 |623.2+17.9

600 553.1 553.1 | 158485.8+7063.3 |909.2+164 |645.1+20.2

650 559.1 559.1 | 186291.3+8233.3 | 953.8+18.2 |667.2+22.2

700 564.5 564.5 |214382.3+9403.3 |995.4+20.0 | 689.1+24.1

750 569.6 569.6 | 242735.8+10573.3 | 1034.5+21.6 | 7109+ 25.8

800 5743 5743 | 2713344+11743.3 | 1071.4+£23.1 | 732.3+274

808 575.0 575.1 | 275932.0+11930.5 | 1077.1 £23.3 | 735.6 +27.6

“Standard uncertainties, u, are u(T) = 0.4 K and u(P) = 0.8 kPa."The reported
uncertainties are the combined expanded uncertainties. The combined expanded

uncertainty, U,, is U. (C,) = 23.4 JK ! mol”

3.4.12 Consistency of the measured thermodynamic data

The consistency between the standard enthalpy of formation of Bi;MoOk(s)

determined by solution calorimetry experiments, with the standard enthalpy of

formation at the mid temperature of emf measurements is determined as follows:

3.4.12.1 Monoclinic Bi;MoOg (s)

The standard molar Gibbs energy of formation of monoclinic Bi;MoOg (s) obtained

by emf method is given by the expression (3.23);
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A,G’ <Bi,MoO, >+ 0.8 / kJ mol™ = —1382.3+0.5064(T / K) (T': 772 —1023K) (3.23)

The mid temperature of this measurement is 898 K. By expressing the standard Gibbs
energy of formation as AG = AH — TAS, the enthalpy of formation of Bi;MoQOg(s) at
898 K can be deduced as

A Hyy < Bi,MoO; > = —1382.3kJ mol™

This can be related to the standard molar enthalpy of formation of Bi;MoOc(s) at

298.15 K as below:

544 . 898
o . _ o i | _ Bl
AfH298K < Ble006 >_AfH898K < Ble006 > [2£8ACPdT 2AHqul.0n +5i4ACPdT] (3.28)

where AC, is the difference in the heat capacities of BixMoOs(s) and its constituent

elements Bi (solid / liquid), Mo and O, and AH

fusion

is the enthalpy of fusion of Bi

at 544 K. The second term of the equation (3.28) can be obtained as:

544 898 544
[AC,dT —2AH ], + [AC,dT = [[C)**% —2C)) + ) +3C® JdT —
298 . 544 298
898 ) '
ZAH}E‘ZZ'O”—’— J[CfleOO(, _(2C51(1) + C[A;/Io(s) +3C;?2(g) ]dT (329)

544
The data of heat capacity for Bi, Mo and O, were taken from ref [78] and that of
Bi,MoOg(s) from our experimental studies as given by equation (3.26) and are given

below:

C, <Bi,MoO; >/J K™ mol™ =221.4—-1.5x10"T -3.9x10°T (T:318-818K) 3 5¢)
Cp<Bi>/JK 'mol™ =28.033-24.267x107T +50.208x10°T* (T:298—-544K) (3.30)

CP{BZ'}/JK'171101'1 =23.359-9.736x107 T —0.280x10° 7> +3.238%x107°T (T:544-1835K)
(3.31)

C, <Mo>/JK mol™ =29.732+3.138x10° T +1.661x10°T 2 —=0.720x10~° T (T:298-2896K)
(3.32)
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C,(0,)/ JK'mol™ =29.154+6.477x107° T —0.184x10°T > =1.017x10~°T (T : 298—3200K)

(3.33)

By substituting the above values in equation (3.29), we get

544

[AC,dT -24H,

298

898
+ IAdeT= —5.24kJ mol™ and hence,

544

fusion

A, Hb < Bi,MoO, > =—1382.3+5.24 =-1377.1 kJ mol .

A H3y < Bi,MoO, >obtained by solution calorimetry experiment is -1385.7 kJ

mol™ and is found to be in agreement with the deduced value of -1377.1 kJ mol™.
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Chapter 4
Thermochemical studies on Pb-Mo-O system

4.1. Introduction

Studies carried out towards the determination of phase diagram of ternary Pb-
Mo-O system and thermochemical data of ternary compounds in this system are

described in the present chapter.
4.2 Literature survey

4.2.1 Pb-Mo system

The binary phase diagram of Pb-Mo system is shown in Fig. 4.1 [1]. No
intermetallic compounds are formed between Pb and Mo. The melting point of Pb is
600.5 K. The solubility of Mo in liquid Pb is reported to be <10™ at% at 1143 K [2]
and <0.011 at% at 1479 K [3]. Solubility of Pb in Mo is nearly zero.
4.2.2 Pb-O system

The binary phase diagram of Pb-O system is shown in Fig. 4.2 [4]. The stable
oxides present in the system are PbO, Pb;O4, Pb;,0;7, Pb;,0;9 and PbO,. Among
these oxides, both PbO and Pb3;O4 exhibit polymorphism. PbO exists in the tetragonal
form up to 762 K and above this temperature it exists in the orthorhombic form up to
its melting point of 1160 K. Pb3;04 exists in orthorhombic and tetragonal form and the
transition from orthorhombic to tetragonal phase occurs at ~143 K. Ganesan et al. [5]
reported the solubility of oxygen in liquid lead and is given by the following
equation:

log(S/at% O)=—5100/T +4.32 (T : 815—1090 K) @0
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4.2.3 PbO-MoO; system

Several groups have studied the PbO-MoOs pseudo binary system in the past

[6-16] and salient aspects of these studies are given in Table 4.1. The first detailed

investigation was carried out by Jaeger and Germs [6] using thermal analysis and they

investigated the system in the composition range of 0-50 mol% MoOs;. They
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identified a new compound of composition Pb,MoOs between PbO and PbMoOs,.
Based on their experiments, the authors reported PbMoO, and Pb,MoOs to be
congruently melting at 1338 and 1224 K, respectively. They also reported Pb,MoOs
to be forming an eutectic with PbO at 1035 K and another eutectic with PbMoOj at
1206 K. Later, Belyaev and Smolyaninov [7] studied the system in the entire
composition range of PbO-MoOj; system as part of their investigation on the ternary
Bi,03-PbO-Mo00; system. Their results agreed with those reported by Jaeger and
Germs [6] between 0 to 50 mol% MoOs. They also reported that PbMoO,4 formed an
eutectic with MoOj at 953 K with the composition of eutectic as 17.5 mol% PbO-82.5
mol% MoOs.

Doyle and Forbes [8] employed diffuse reflectance measurements for the
identification of compounds formed by solid state reaction between PbO and MoO;.
They employed samples with different ratios of PbO and MoO3; which covered from 0
to 100 mol% PbO and equilibrated them in air at elevated temperatures. The

138\where R is the percentage

difference in the absorption function [the quantity (A/R)
reflectance and A = 100-R, is the percentage absorbance] of each sample before and
after the equilibration was measured and plotted against the respective composition
[9]. The compound formation was indicated by the presence of either a maximum or a
minimum in the plot. Based on these studies, they identified the existence of a new
compound of composition PbsMoOs in this binary system in addition to PbMoO, and
Pb,MoOs. Detailed structural investigation of this newly reported compound was
later carried out by Mentzen et al. [10] and Vassilev and Nihtianova [11]. The
presence of this eutectic between MoO; and PbMoO,4 was further confirmed by the

studies of Kunev et al. [12]. However, these authors reported the eutectic temperature

and melting point of PbMoO, as 943 K and 1336 K, respectively.Bukhalova et al.
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[13] studied the solid state reaction between PbO and MoO; using DTA and XRD.
Their observations are in agreement with those reported by Jaeger and Germs [6] and
Belyaev and Smolyaninov [7]. Similar conclusions were drawn by Lee et al. [14]
during their studies. However, it is to be pointed out that the presence of PbsMoQOg in
this system had not been identified in references [6], [7], and [12]- [14].

Eissa et al. [15] studied the reaction between PbO, and MoO; by
thermogravimetry in air. Based on mass loss characteristics, they identified all the
three ternary compounds, namely, PbMoO,s, Pb,M0oOs and PbsMoOg in the PbO-
MoOs system. They also reported the coexisting phases and the temperatures at which
the equilibrium oxygen partial pressure was 0.21 bar. The studies on the crystal
growth of PbsMoOg by Nihtianova et al. [16] have shown it to be incongruently
melting and its peritectic temperature to be 1036 K. They also investigated the PbO
rich portion of the PbO-MoO; system in detail and concluded that PbsMoOg formed
an eutectic with PbO at 1017 K. It is quite likely that Jaeger and Germs [6] and
Belyaev and Smolyaninov [7] misinterpreted the peritectic decomposition of
PbsMoOg reported by Nihtianova et al. [16] as eutectic between PbO and
Pb,MoOs.Similarly, the eutectic between PbO and PbsMoOg reported by Nihtianova
et al. [17] might have been misinterpreted as eutectic between PbO and Pb,MoOs by

Bukhalova et al. [13].
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Dronskowski and Simon [17] carried out structural studies of numerous
oxomolybdate species and identified a compound of composition PbMosOs. The
compound was synthesized at 1473 K and based on XRD investigation, its structure
was reported to be monoclinic. Later, Wang and Yeh [18] reported a new compound
of composition PbsMo,c0,4 and carried out single crystal XRD studies on this
compound. The compound was prepared at 1215 K under vacuum using a
stoichiometric mixture of Mo, MoO3 and PbMoO;.

Though the pseudo binary phase diagram of PbO-MoO; system has been
investigated in detail, the data available on the ternary Pb-Mo-O system is scanty.
Feja and Reichelt [19] investigated the ternary Pb-Mo-O system. The coexistence of
different phase fields in the system was identified by thermodynamic modeling in the
system and later confirmed by carrying out long term equilibration experiments.
Based on this work, they reported the ternary phase diagram of the system valid in the
temperature range of 773 to 1273 K. The phase diagram shows the existence of seven
phase fields namely, Pb-Mo-PbsMo0;s024, M0-M00O,-PbsMo0,c024, Pb-Mo0O;-
Pb3Mo06054, Pb-M00O,-PbMo00O4, Pb-PbMo00O4-Pb,Mo0Os, Pb-Pb,MoOs-PbsMoOg and
Pb-PbsMoOs-PbO.

To summarise, five ternary oxides viz., PbMoQO4, Pb,Mo0Os, PbsMoOs,
PbMos0g and PbsMo;60,4have been reported to exist in the Pb-Mo-O ternary system.
However, thermochemical data on these ternary compounds are limited.

Thermochemical properties of PbMoQO4(s) have been investigated by different
authors [20-28]. Data on the standard molar enthalpies of formation at 298.15 K and
molar heat capacity of PbMoO, (s) have been reported by various authors and are
listed in Table 4.2. Muldrow and Hepler [20] determined the heat of precipitation of

PbMoOQ, (s) by reacting crystalline lead nitrate with aqueous sodium molybdate.
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Using the enthalpy of formation of Pb(NOs), (s) and Na,MoOy (s) and literature data

on the enthalpies of formation of MoO,4” (aq) and NO;” (aq) ions, A H 205 0f PbM0Oy

(s) was deduced. Similar experiments were carried out to determine the heat of
precipitation of PbMoQy (s) from the heat of reaction of crystalline sodium molybdate

with aqueous lead nitrate. Based on these results, the authors reported a value of

(-1049.1 + 3.7) kJ mol™ for AH 205 0f PbMoOy (s). Using the data reported by

Muldrow and Hepler [20], O’Hare et al. [21] estimated the Gibbs energy of
dissociation of PbMoQ; (s)into Pb** (aq) and MoO,* (aq) ions. They also estimated
the same by using the solubility product data. The authors observed a difference of
about 16 kJ mol™ between their data and that of the data reported by Muldrow and
Hepler [20] and attributed it to the formation of polymolybdate species in the
experimental condition (acidic media) employed by Muldrow and Hepler [20] and the

associated uncertainties. In order to reconcile these two sources of data, O’Hare et al.

[21] suggested a value of -1025 kJ mol™ for the AH 205 Of PbM0Oy (s). Dellien et al.

[22] determined A H 205 0f PbM0Oy (s) by solution calorimetry using a mixture of
NaOH and Na4EDTA solution as the calorimetric solvent and with the data on
enthalpies of formation of PbO (s) and MoO; (s) from NBS tables [23]. Their
reported value for AfH;98 of PbMoOy (s) is (-1052.6 + 0.5) kJ mol™ and this is in
good agreement with the value reported by Muldrow and Hepler [20] as well as with
the NBS value [23] of -1051.9 kJ mol™. Dellien et al. [22] indicated the difficulties
associated with measuring the solubility of PbMoO4 (s) and associated large

uncertainties to be responsible for the deviation in the values reported by O’Hare et

al. [21]. Later, Bissengaliyeva [24] et al. reported a value of (-1051.2 + 4.3) kJ mol
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for the A fH;)S of PbMoO, (s) based on high temperature melt calorimetry

experiments using 2Pb0O.Bi,0; as the solvent. This value is in good agreement with
the earlier reported values.

Weller and Kelley [25] measured the low temperature heat capacity of
PbMoOy (s) (51 to 298 K) and reported a value of 119.7 J K™ mol ™ at 298.15 K. Barin
[26] has assessed all the available thermochemical data of PbMoOy (s) and estimated
its molar heat capacity from 298 to 1200 K. Using vacuum adiabatic calorimetry,
Bissengaliyeva et al. [27] measured the heat capacity of PbMoOs (s) in the
temperature range of 55 to 320 K and reported a value of (119.41 = 0.13) J K" mol™
at 298.15 K. They also estimated the heat capacity of PbMoOs (s) over the
temperature range of 0 to 55 K by means of a semi - empirical method. In a later
study, Bissengaliyeva et al. [28] measured the heat capacities of PbMoOy (s) in the
temperature range of 4.3 to 80 K and calculated the thermodynamic functions of
PbMoO4 (s) in the temperature range from 0 to 320 K.

From the experimentally obtained data on heat capacity, enthalpy of formation

and entropy of formation, Gibbs energy of formation of PbMoOu(s) at 298.15 K has

been deduced. A value of -951.4 kJ mol™ is reported in NBS table [23] for the AfG;g8

of PbMoO, (s) while Bissengaliyeva et al. [27] have reported a value of -949.1 kJ
mol ™ Bissengaliyeva et al. [27] also cited a value of -948.47 kJ mol” for the same
from the thermodynamic compilation of Naumov et al. [29]. Weller and Kelley [25]
reported a value of -944.3 kJ mol ' for the same. Barin [26] has estimated the variation
of Gibbs energy of formation of PbMoQ4(s) in the temperature range of 298 to 1200
K. Thermochemical data is available only for Pb,MoOs (g), reported by Kunkel et al.

[30] based on high temperature vaporization studies using mass spectrometric
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Knudsen-cell method. Thermochemical data on other ternary compounds are not

available.
4.3 Experimental details

4.3.1 Materials

The starting reagents used were Pb powder (99.95% purity on metal basis,
M/s Alfa Aesar, USA), Mo powder (99.9% purity on metal basis, M/s Alfa Aesar,
USA), PbO, MoO3; and MoO, powders. MoO; required for this work was prepared by
heating ammonium heptamolybdate tetrahydrate (99.96%,purity on metal basis, M/s
Sigma-Aldrich, USA) at 723 K in air for 24 h. MoO, was prepared by the reduction
of MoOs at 823 K under flowing hydrogen gas saturated with water vapour. During
this reduction process, the temperature was slowly increased to 823 K to avoid the
volatilization of MoQs. Pure orthorhombic phase of PbO (yellow PbO) was used in
the entire experimental studies and it was prepared by heating PbCOs (obtained by
the precipitation of Pb(NOs3), (99.999% purity on metal basis, M/s Alfa Aesar, USA)
and (NH4)>C0O3(99.999 % purity, M/s Alfa Aesar, USA) at 853 K as reported in ref.
[31]. The XRD patterns of the synthesized compounds, PbO, MoOsjand MoO,were
matched with the PCPDF patterns 00-038-1477,00-032-0671, and 00-05-0508,
respectively. No additional peaks were observed in the XRD patterns of the prepared

compounds, indicating the phase purity of the prepared compounds.
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4.3.2 Preparation of ternary compounds

The ternary compounds, namely, PbMoO,, Pb,MoOs and PbsMoOg were
prepared by compacting the mixtures of PbO and MoO; taken in appropriate molar
ratios and heating them in air for prolonged periods. PbMoO, and Pb,MoOs were
prepared by heating the compacts of the oxide mixtures at 873 K for 48 h while
PbsMoOg was prepared by heating at 1003 K for 192 h in platinum crucibles with one
intermediate grinding and repelletising followed by heating at the same temperature.
For the preparation of Pb3Mo;c04 compound, starting materials chosen were
PbMo00O,, MoO3 and Mo powders. The homogeneous mixture of these reactants in the
appropriate molar ratio was sealed in alumina crucibles under vacuum and heated at
1215 K for 10 days as reported in ref. [18]. Towards the preparation of PbMosOg
compound, sample pellets were made by using a mixture of stoichiometric amounts
of Mo, MoO; and Pb powders. The pellets were kept in alumina crucibles and
enclosed in evacuated quartz ampoules. The reactant mixture was heated at 1473 K
for about 7 days as reported in ref. [17]. The preparation of PbMosOg compound was
also carried out at 773 and 998 K using the same starting components. The resulting
products were characterized using X-ray diffractometer (M/s Inel, France) with Cu K,
radiation and graphite monochromator. The details of procedure adopted for the
preparation of PbsMo;s024 and PbMosOg and the observations made are given in

Table 4.3.
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4.3.3 Phase equilibration studies

4.3.3.1 Equilibrations of samples with compositions on the PbO-MoO;pseudo
binary line and the line joining PbO and MoO;

To examine the possible existence of any additional compound in the PbO-
MoO; pseudo binary system, samples with different molar ratios of PbO and MoOs; in
the form of pellets were equilibrated under vacuum at 773 K and at 998 K for
prolonged duration. Similar experiments were carried out with samples having
different molar ratios of PbO and MoO, for identifying the possible existence of any
ternary compound with composition falling between PbO and MoO,. In both the
cases, mixture of oxides were compacted into pellets and taken in alumina crucibles.
The crucibles were then hermetically sealed in quartz ampoules under vacuum and
subjected to long term equilibration at 773 K as well as at 998 K. The coexisting
phases were then identified by XRD after quenching the samples to room
temperature. Details of these experiments are given in Table 4.4.

4.3.3.2 Partial reduction of ternary compounds followed by long term
equilibrations

With a view to deduce preliminary information on the phase relations in this
ternary system, the three ternary compounds namely, PbMoO4, Pb.MoOs and
PbsMoOsg were subjected to partial reduction under flowing hydrogen gas at 773 K
followed by equilibration of products formed for prolonged periods at that
temperature. For these experiments, samples were taken in alumina crucibles and
heated slowly under a flow of hydrogen gas up to 773 K and held at that temperature

for about 5 min.
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Table 4.4 Equilibrations of samples with mixtures of (a) PbO and MoO;
and (b) PbO and MoO,

Sample | Molar ratio of
No oxides taken

Temperature and
duration of
equilibration

Phases obtained after
equilibration

(a) Experiments with PbO and MoQO;

1 1PbO : 3Mo0O; 773 K, 960 h PbMoO,4, MoO;3
998 K, 432 h PbMoO,, MoO;3
2 3PbO : 2MoO; 773 K, 960 h PbMoO,, Pb,MoOs
998 K, 432 h PbMoO,, Pb,MoOs
3 3PbO : 1MoO; 773 K, 960 h Pb,MoOs, PbO
998 K, 432 h szMOO5, PbsMOOg
4 14PbO : 1IMo0O; | 773 K, 960 h Pb,MoOs, PbO
998 K, 432 h PbsMoOs, PbO

(b) Experiments with PbO and MoO,

5 1PbO : 1MoO, 773 K, 960 h Pb, MoO,, PbMo0Oy,
998 K, 432 h Pb, MoO,, PbM00O4
6 1PbO : 3Mo0O, 773 K, 960 h Pb, MoO,, PbM00O4
998 K, 432 h Pb, MoO,, PbMo00O4
7 2PbO : 1MoO, 773 K, 960 h Pb, PbM0O4, Pb,Mo0Os
998 K, 432 h Pb, PbM0O4, Pb,MoOs
8 5PbO : 1MoO, 773 K, 960 h Pb, Pb,Mo0Os, PbO
998 K, 432 h Pb, Pb,M0Os, PbsMoOg
9 11PbO : IM0oO, | 773K, 960 h Pb, Pb,Mo0Os, PbO
998 K, 432 h Pb, PbsMoOg, PbO

*Same phases were obtained at the end of 480 h for equilibrations at 773 K and
at the end of 216 h for equilibrations at 998 K, indicating attainment of

equilibrium.

172




The overall composition of the products obtained by this reduction was then
determined based on the final mass of each sample assuming the mass loss was solely
due to removal of oxygen, i.e. Pb to Mo ratio remained constant during this partial
reduction. The products obtained were ground and compacted into pellets. These
pellets were kept inside alumina crucibles which in turn were hermetically sealed
inside quartz ampoules under vacuum and equilibrated at 773 K for prolonged
periods. Similar equilibrations were carried out at 998 K also. The details of the
samples (10 to 12) are given in Table 4.5 and the compositions are indicated in Fig.
4.3. After equilibration, samples were quenched to room temperature and the
resulting phases were analyzed by XRD.

Table 4.5 Equilibrations of partially reduced ternary compounds

No | Starting Overall Temperature Phases obtained
compound | composition and duration after equilibration
after partial of equilibration | (based on XRD
reduction analysis)
10 PbMOO4 PboAzoMO(),z()O()ﬁo 773K, 960h Pb, PbMOO4, MOOZ
998, 432h Pb, PbM00O4, M0oO,
11 Pb2M005 Pbo.28M0041400.58 773K, 960h Pb, szMOO5,
PbMOO4
998, 432h Pb, Pb,MoOs,
PbMOO4
12 Pb5MOOg Pbo.40M0040800.50 773K, 960h Pb szMOO5, PbO
998, 432h Pb, PbsMoOs,
PbgMOOs

*Same phases were obtained at the end of 480 h for equilibrations at 773 K and
at the end of 216 h for equilibrations at 998 K, indicating attainment of
equilibrium.
4.3.3.3 Additional equilibrations using different starting components
The coexisting phases identified in the preliminary experiments were further

confirmed by carrying out additional equilibrations. Samples of different overall

compositions with different starting materials, including metals, metal oxides and
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ternary compounds were prepared by thoroughly mixing them and compacting them
into pellets. Each of these sample pellets was then placed inside an alumina crucible
which was hermetically sealed in quartz tubes under vacuum. Each sample in the
sealed tube was equilibrated for a prolonged period at a chosen temperature. After
equilibration, samples were quenched to room temperature and the equilibrium
phases were analyzed by XRD. Details of the samples (13 to 27) and equilibration
parameters are given in Table 4.6 and the compositions of the samples are shown in
Fig. 4.3.Equilibrations were also performed to examine whether PbMosOg and
PbsMo;60,4 would coexist with liquid lead at 773 and 998 K. For these
equilibrations, samples of compositions lying within the region bound by Pb, Mo and

MoO, (samples 28 to 33) were prepared.

Pb Mo

Fig. 4.3 Compositions chosen for equilibrations, I-PbMoQy, II-Pb,Mo0Os,I11-PbsMo0Osg
10-12(N): Overall compositions of products obtained after partial reduction of ternary
compounds (Table 4.5), 13-27(0): Overall compositions of samples chosen for equilibration
using different starting components (Table 4.6), 34, 35(A): Compositions corresponding to’
PbMosOg’ and ‘PbsMo;s0,,” compounds.
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The starting phases were a mixture of PbO, Mo and MoO, of different overall
compositions and the equilibrations were carried out at both 773 and 998 K. The
details are given in Table 4.7 and the overall compositions of these samples are

shown in Fig. 4.4.

Mo

Pb

Fig. 4.4 Compositions chosen for equilibrations, I-PbMoOy, I1-Pb,Mo0Os, I11-
PbsMoOsg
28-33(A): Overall compositions of samples chosen for equilibration in the Pb-Mo-MoQO,
region (Table 4.7), 34, 35(A): Compositions corresponding to PbMosOs and Pb;Mo;s0,,
compounds, 36-39(8): Overall compositions chosen for equilibration with excess of liquid
Pb (Table 4.8), 40-42(Q): Overall compositions of samples (coated on alumina strips) used
for equilibration in excess of liquid lead (Table 4.9)
4.3.3.4 Equilibrations in liquid lead
Two sets of additional equilibration experiments were carried out for deducing
the phases that coexist in liquid lead. In one set of experiments, samples of chosen
composition with lead powder as one of the reactants were prepared in the form of
porous pellet. Each of the pellets was kept immersed in excess liquid lead contained

in an alumina crucible by forcing it down by an alumina strip which was later tied to

the crucible using a wire.
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Table 4.7 Details of equilibration of samples of composition falling within the

Pb-Mo-MoO); region

Sample | Composition Phases taken for | Temperatur | Phases
No chosen equilibration e and obtained after
duration of | equilibration
equilibration | (based on
* XRD analysis)
28 Pbo.24M0043800.38 PbO, MO, MOO3 773 K, 960 h Pb, MO, M002
998 K, 432 h | Pb, Mo, MoO,
29 Pb0A15M00.4400A41 PbO, MO, MOO3 773 K, 960 h Pb, MO, M002
998 K, 432 h | Pb, Mo, MoO,
30 Pb0A02M00,4000A58 PbO, MO, MOO3 773 K, 960 h Pb, MO, M002
998 K, 432 h | Pb, Mo, MoO,
31 Pbo.o3M0044900.48 PbO, MO, MOO3 773 K, 960 h Pb, MO, M002
998 K, 432 h | Pb, Mo, MoO,
32 Pb0A22M00,2900A49 PbO, MO, MOO3 773 K, 960 h Pb, MO, M002
998 K, 432 h | Pb, Mo, MoO,
33 Pbo.11M0043300.56 PbO, MO, MOO3 773 K, 960 h Pb, MO, M002
998 K, 432 h | Pb, Mo, MoO,

*Same phases were obtained at the end of 480 h for equilibrations at 773 K and at
the end of 216 h for equilibrations at 998 K, indicating attainment of equilibrium.

This crucible was hermetically sealed in a quartz tube undervacuum and

allowed for equilibration for prolonged periods. In the second set of experiments,

alumina strips were coated with molten mixture of the starting materials and kept

immersed in liquid lead taken in an alumina crucible.The crucible was later sealed

under vacuum in a quartz tube and allowed for equilibration at a chosen

temperature.Details of these samples (34 to 42) and equilibration parameters are

given in Tables 4.8 and 4.9 and the overall compositions of the samples chosen are

marked in Fig. 4.4. After equilibrations, sample pellets and alumina strips were

retrieved from lead metal and analyzed by XRD.
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In all the phase equilibration experiments, except during the experiments
which involve the immersion of sample pellets or strips in excess of liquid lead, the
sample pellets were retrieved from the quartz ampoules at the end of ca. 50% of
period of equilibration, ground well and analyzed by XRD. Samples were then
repelletised and equilibration was continued by sealing them in quartz ampoules
under vacuum.

Table 4.9 Details of samples coated on alumina strips and equilibrated
withexcess liquid lead

No | Composition Phases taken Temperature | Phases obtained after
chosen and time of equilibration (based on
equilibration XRD analysis)

40 Pb0.07M00_2100.72 PbO, MOO3 773 K, 960 h Pb, MOOz PbMOO4
998 K,432h | Pb, MoO, PbM0O4

41 Pb0‘21M00.1500.64 PbsMOOg, 773 K, 960 h Pb, PbMOO4, Pb2M005
MoOs 998 K, 432 h | Pb, PbM0QO4, Pb,M0Os
42 Pb0‘31M00.0900.60 PbsMOOg, 998K, 432h Pb, szMOOs,
MOO3 Pb5MOOg

4.3.3.5 Equilibrations to determine the temperature range of stability of
PbsMOOs

In order to determine the temperature range of existence of PbsMoQs, long
term equilibrations were carried out at different temperatures using three different
sets of starting components. In one set of experiments, PbsMoOg was taken as the
starting component whereas 1:3 mixtures of Pb,MoOs and PbO were used as the
starting components in the second set of experiments. The third set of experiments
was performed using a 5:1 mixture of PbO and MoOs as the starting components. For
these equilibration studies, homogeneous mixture of the starting components
weremade and compacted into pellets. The pellets were kept in alumina crucibles,
which in turn kept enclosed in evacuated small volume quartz ampoules. The samples

were subjected to long term equilibration at the chosen temperatures for prolonged
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duration. At the end of the reaction, samples were quenched to room temperature and
the resulting phases were analyzed by XRD. Details of these equilibrations are given
in Table 4.10.

Table 4.10 Details of long term equilibration experiments to
deduce the temperature range of stability of

PbsMoOg

a) Using PbsMoOQOs as the starting component
Sample | Temperature and Phases obtained (based on
No duration of heating | XRD analysis)
1 748 K /720 h Pb,MoOs, PbO
2 753K /720 h Pb,MoOs, PbO
3 773K /720 h Pb,MoOs, PbO
4 848 K /720 h Pb,MoOs, PbO
5 873K /720 h Pb,MoOs, PbO
6 898 K /720 h Pb,MoOs, PbO
7 918 K /720 h PbsMoOs
8 923 K /360 h PbsMoOg
9 998K / 432h PbsMoOs
10 1003 K /360 h PbsMoOg

b) Using 1:3 mixture of Pb,MoOs and PbO as the

starting component

11 773K /720 h Pb,MoOs, PbO
12 898 K /720 h Pb,MoOs, PbO
13 923 K /360 h PbsMoOs

¢) Using 5:1 mixture of PbO and MoO; as the starting

component

14 765K /840 h Pb,MoOs, PbO
15 867 K /840 h Pb,MoOs, PbO
16 920 K /840 h PbsMoOs
17 948 K/ 840 h PbsMoOg
18 956 K/ 840 h PbsMoOs
19 978 K/ 840 h PbsMoOg
20 981 K/ 840 h PbsMoOs
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4.3.4. Emf measurements

Three galvanic cells were constructed for the determination of Gibbs energy
of formation of PbMoOQ4(s),Pb,M0oOs(s) and PbsMoOg (s) which are represented
below:

(-) Kanthal, Ir, Pb (1), MoO; (s), PbMoOs (s) | YSZ| (0,, 101.3 kPa), Pt (+) (1)

(-) Kanthal, Ir, Pb (1), PbMoOj (s), PboMoOs (s) | YSZ| (02, 101.3 kPa), Pt (+) (II)

(-) Kanthal, Ir, Pb (1), Pb;MoOs (s), PbsMoOs (s) | YSZ| (0,, 101.3 kPa), Pt (+) (I1I)
The schematics of the experimental assembly of the galvanic cells are shown

in Fig. 4.5.
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Fig. 4.5 Schematic representation of the emf cell

One end closed yttria stabilized zirconia (YSZ) solid electrolyte tube with a
flat bottom (13 mm OD, 9 mm ID and 300 mm long, M/s Nikkato Corporation,

Japan) was used for constructing the galvanic cells. The reference electrode for the
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cells was prepared by applying platinum paste (M/s Eltecks Corporation, India) over
the inner bottom surface of the solid electrolyte tube and heating it in air at 1373 K
for 2 h. This resulted in a uniform and porous platinum coating over the electrolyte
surface. A platinum wire, which had been spot welded to platinum mesh was cofired
with the platinum paste. This served as the electrical lead for the reference electrode.
A similar porous platinum electrode was formed at the external bottom surface of the
electrolyte tube. The solid electrolyte tube was then fastened to a stainless steel KF
coupling by means of a high temperature epoxy seal. A K-type thermocouple was
inserted through the stainless steel coupling and kept very close to the electrode-
electrolyte assembly for measuring the cell temperature. This thermocouple used in
the experiment was calibrated prior to the actual measurements against a standard
calibrated thermocouple supplied by National Physical Laboratory, India.Uncertainty
in the temperature measurement is found to be + 1 K. The mating component of the
KF coupling was attached to a one end closed quartz tube using the epoxy seal. The
entire cell assembly was then kept enclosed in this one end closed quartz tube and
sealed using a viton O-ring and KF clamp. The cell assembly had provisions for
flowing gases through the sample and reference compartments.The performance of
the emf cell was tested by measuring the null emf as a function of temperature by
maintaining identical oxygen pressures on both sides of the electrolyte (air-air and
oxygen-oxygen). Data obtained for null emf measurement are given in Table 1 in the
Appendix. The performance of the cell was also checked at several temperatures by
passing oxygen at one electrode and air at the other electrode. Later, the Pt-electrode
and the Pt lead present at the external surface of the electrolyte tube were removed,
thoroughly cleaned and used for measurements with sample electrodes of cells (1),

(IT) and (III).
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Two sample pellets of different compositions falling within the phase field of
Pb-Mo00O,-PbMo004 were used for measurements with cell (I). Similarly two sets of
emf measurements were carried out with cell (II) using two sample electrodes of
different compositions and falling within Pb-PbMoQO4-Pb,M00Os phase field. Two
different sample pellets with composition falling within Pb-Pb,Mo0QOs-PbsMoOg were
used for cell (III). As iridium is compatible with Pb, a short iridium wire (0.5 mm
diameter and 35 mm long, M/s Goodfellow Cambridge Limited, England) spot
welded to kanthal wire was used as the electrical lead for the sample. Pellets of the
sample electrodes were made by compacting the homogeneous mixture of constituent
phases. Assembling of the emf cell was carried out inside an argon atmosphere glove
box. Appropriate amount of Pb metal was taken in a recrystallized alumina crucible
and melted. The sample pellet was then kept immersed in liquid Pb by placing the
solid electrolyte tube over it in such a way that the lower end of the iridium wire
dipped into liquid Pb. The cell assembly was cooled slowly and taken outside the
glove box and placed in the constant temperature zone of a furnace. A 55 mm long
hollow cylindrical stainless steel block was also kept in the constant temperature zone
of the furnace to further enhance the uniformity of the temperature in the zone. Any
a.c pick up in the emf signal was avoided by grounding the stainless steel block.
During emf measurements, high purity argon and oxygen gases were passed through
the sample and reference compartments, respectively. Cell emf was measured using a
high impedance electrometer (input impedance > 10'*Q, Keithley, Model 617) and
the thermocouple output was measured using a multimeter (M/s Agilent
Technologies, Malaysia, Model 34970A, data acquisition/switch unit). Data were

recorded using a computer interface.
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Emf measurements were carried out by performing several random heating
and cooling cycles. At each temperature, the readings were recorded when the cell
emf was stable within + 0.05 mV at least for four hours. The reproducibility of the
cell emf and attainment of equilibrium in the cell was checked by shorting the
electrical leads briefly. The cell emf restored to the pre—test emf value within five
minutes. The reproducibility of the cell emf was also confirmed by the emf data
obtained during the random heating and cooling cycles. The thermo-emf between the
two dissimilar electrical leads, i.e. kanthal and platinum was measured in a separate
experiment by forming a junction between the two electrical leads followed by the
measurement of the thermo-emf between them as a function of temperature. The cell
emf was corrected using this thermo emf data. As the junction between kanthal and
iridium was present at the constant temperature zone of the furnace along with the
sensor head, the thermo-emf due to this junction need not be considered. At the end
of the emf measurements, sample pellets were retrieved and analyzed by XRD to
confirm the coexisting phases.

4.3.5 Determination of enthalpies of formation of lead molybdates by solution
calorimetry

The enthalpies of dissolution of the ternary compounds were determined by
using a homemade version of the isoperibol calorimeter described in Chapter 2. The
chemical calibration of the calorimeter was carried out by using tris(hydroxyl methyl)
aminomethane (s) (TRIS) (99.8% purity, M/s Merck, UK). The calorimetric solvent
used was 0.1mol kg' HCIL. Calorimetric measurements of samples of ternary lead
molybdates as well as the binary oxides PbO (s) and MoOj (s) were performed using
125 ml of 2.02 mol kg NaOH as the calorimetric solvent. The current and duration

of its passage for the insitu electrical calibration were decided by the time taken for
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the sample to dissolve completely under the experimental conditions and the weight
of the sample taken for each experiment. The maximum time taken for the dissolution
of the samples was around 3 min. The temperature change, AT, during the experiment
with the ternary compounds and starting components was also corrected for the heat
exchange between calorimeter and surroundings and was used for the evaluation of
the enthalpy change for the reaction. Calorimetric measurements were repeated
several times to obtain the reproducible data.

4.3.6. Determination of molar heat capacities of lead molybdates by differential
scanning calorimetry

The heat capacity of PbMoO, (s) and Pb,MoOs (s) were measured using a
heat flux DSC (Mettler Toledo, Model No. HP DSC827¢, Switzerland). Temperature
calibration was carried out by measuring the melting points of high purity indium and
zinc metals. The classical three step procedure was adopted for the measurement of
heat capacity. The three steps are: 1) blank run, ii) calibration run and iii) sample run.
In the blank run, the heat flow rate is determined using empty aluminium pans of
equal weight in the sample and reference sides. A disc of sapphire (NIST, USA) is
used as the calibration reference. In the calibration run, sapphire is placed in the
sample pan while the reference side is unchanged and the heat flow rate is measured
as in the case of blank run. During the sample run, sapphire in the sample pan is
replaced by the sample and the heat flow rate is measured. In addition to the heat flow
calibration by sapphire, performance of the DSC was also verified by measuring the
heat capacity of MoOs (s). The sample pellets were prepared by compaction of the
powders followed by sintering them under vacuum. The sintered pellets were then
sealed in 40 mm’ aluminium pans and used for the measurement. For each sample,

the reproducibility was checked by repeating the measurementatleast for five to six
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times. Measurements were also repeated with two different pellets of the same
sample. The DSC measurements were carried out in high purity argon atmosphere at
a flow rate of 50 ml min™ over the temperature range of 300 to 800 K at a heating rate
of 10 K min™'. The temperature program used for the measurement consisted of three
segments: an isothermal segment at the initial temperature with a dwelling period of
10 min, followed by a dynamic segment at a heating rate of 10 K min™' and finally an
isothermal segment at the final temperature for 10 min. The samples used for
measurements were characterized by XRD before and after the calorimetric runs. The
heat capacity data at each temperature was obtained by taking the average of

calorimetric runs carried out with two sample pellets.
4.4 Results and discussion
4.4.1 Preparation of ternary compounds

The solid state reactions leading to the formation of three ternary compounds

existing on the PbO-MoOs line can be represented by the following equations:

PbO + MoO, —Z52 5 PhMoO, 4.2)
2PbO + MoO, —25E" 5 pp. MoO, (4.3)
5PbO + MoO, — 22512 5 ph_MoO, (4.4)

The XRD patterns of PbMoO4, Pb,M0Os and PbsMoOg prepared were
matched with PCPDF patterns viz., 00-044-1486, 04-010-3859, 04-011-4216,
respectively. The attempts to prepare PbsMo160,4 with Mo, MoO; and Pb as starting
components at 1215 K resulted only in the partial formation of the compound (XRD
pattern of partially formed Pb3Moc0,4 is matched with PCPDF pattern 00-080-2096)
even after prolonged heating (480 h). Upon heating the partially formed compound

along with the unreacted starting components at 773 K and 998 K, it decomposed to
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give PbMoO,4, Mo and MoO; mixture indicating that the compound is unstable at 773
and 998 K. The preparation of PbMosOg with a stoichiometric mixture of Pb, Mo and
MoO; at 1473 K was not successful and has not yielded the compound. XRD analysis
of the product obtained after the equilibration has shown the presence of Pb, Mo and
MoO,. Similar results were obtained in the case of preparation of PbMosOg at 773
and 998 K (Table 4.3).
4.4.2 Studies involving equilibrations using PbO-MoO3; and PbO-MoO;mixtures
Table 4.4 summarizes the results from equilibration studies carried out to
examine the possible existence of additional ternary compounds in the Pb-Mo-O
system. The XRD patterns of the equilibrium phases in samples with different molar
ratios of PbO and MoOs have shown the presence of either a mixture of two ternary
compounds or that of a ternary compound and the metal oxide. These results
conclusively indicated that only three ternary compounds, namely PbMoQO4, Pb,MoOs
and PbsMoOg, are present in the PbO-MoOs pseudo binary system. The results also
show that PbsMoQOg does not appear as equilibrium phase at 773 K (see sample nos. 3
and 4 in Table 4.4).

The long term equilibrations of samples with different molar ratios of PbO
and MoO; have shown that there are no additional ternary compounds involving PbO
and MoO,. However, the results revealed the existence of different phase fields, of
which Pb is found to be one of the coexisting phases. The phase fields identified to be
present at 773 K are (i) Pb-MoO,-PbMoQy (ii) Pb-PbMo00O4-Pb,MoOs and (iii) Pb-
Pb,MoOs-PbO. At 998 K, the phase fields identified are: (i) Pb-MoO,-PbMoQy (ii)
Pb-PbMo00O4-Pb,MoOs (iii) Pb-Pb,MoOs-PbsMoOg and (iv) Pb-PbsMoOg-PbO. The

results of these equilibrations also indicated that PbsMoOQOgs is not stable at 773 K.
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4.4.3 Studies involving partial reduction of ternary compounds followed by long
term equilibrations

The equilibrium phases obtained after the long term equilibration of the
products from partial reduction of the ternary compounds are given in Table 4.5. It
can be seen that upon partial reduction, the overall compositions of the samples,
namely, PbMoQO4, PboMoOs and PbsMoOg have moved towards lower oxygen
content (indicated as sample nos. 10, 11 and 12 in Fig. 4.3). The XRD analysis of
these samples after long term equilibration at 773 K and at 998 K has confirmed the
existence of the following phase fields at 773 K: (i) Pb-MoO,-PbMoO; (ii) Pb-
PbMo00O4-Pb,M0oOs and (iii) Pb-Pb,MoOs-PbO. The coexisting phase fields at 998 K
are: (i) Pb-MoO,-PbMo0O, (ii) Pb-PbMo00O4-Pb,MoOs and (iii)) Pb-Pb,MoOs-
PbsMoOs. The appearance of same phases at the end of first and second spells of
equilibrations confirmed the attainment of equilibrium in all these experiments.

4.4.4 Studies involving long term equilibrations wusing different
startingcomponents and equilibrations in liquid lead

Additional equilibrations using different starting components and
equilibrations in liquid Pb further confirmed the coexisting phase fields and the
summary of these results are given in Tables 4.6 to 4.9. In the ternary phase diagram
of Pb-Mo-O system reported by Feja and Reichelt [19], the existence of additional
three phase fields namely, Pb-Mo-PbsMo0;602, M0-M00O,-PbsMo0,c0,4 and Pb-
Mo0O;-PbsMo0;6024 have been reported. To examine the existence of these phase
fields, equilibrations were carried out using PbO, Mo and MoO; as the starting
materials (Table 4.7). Two samples with different overall compositions falling within
each reported phase fields were chosen for equilibration. Equilibrations were
performed at both 773 and 998 K and the results obtained after XRD analysis are

given in Table 4.7. If the phase fields reported in ref. [19] exist, the long term
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equilibration of the samples 28 and 29 would have given Pb, Mo and PbsMo0;60,4 as
the equilibrium phases and the equilibration of samples 30 and 31 would have given
Mo, MoQO; and Pb3Mo;6024. In both cases we observed the presence of only Pb, Mo
and MoO; as equilibrium phases. Similarly, the equilibration of samples 32 and 33
whose overall compositions fall in the proposed field of Pb-Mo-PbsMo,60,4 has also
resulted in a mixture of Pb, Mo and MoO,. These results conclusively indicate the
non existence of the three phase fields suggested by Feja and Reichelt [19]. Also our
experiments showed that PbsMo;60,4 was only partially formed at 1215 K but this
decomposed to Pb, Mo and MoO; on prolonged equilibration. It is also to be
mentioned that PbMosOg was not formed at 1473, 998 and 773 K in spite of
equilibration of Pb, Mo and MoO, for prolonged duration (Table 4.3). Hence we
conclude that the two compounds Pb3Mo;60,4 and PbMosOg are unstable at 773 K
and 998 K.

4.4.5 Studies involving long term equilibrations to determine the temperature
range of stability of PbsMoOg

Long term equilibrations were performed to identify the range of temperature
at which PbsMoOg compound is stable. The results are presented in Table 4.10. It can
be seen that when PbsMoOg was used as the starting component, it had undergone
decomposition to give a mixture of PbO and Pb,MoOs phases for equilibrations in the
temperature range of 748 to 898 K. However, the equilibration of PbsMoOg at
temperatures between 918 and 1003 K had shown the presence of PbsMoOg phase
only. Thus it is clear that PbsMoOg decomposes between 898 and 918 K. In the case
of equilibration experiments performed using a mixture of 1:3 Pb,MoOs:PbO, the
same phases were retained when equilibrations were performed at 773 and 898 K

even after heating for a duration of 720 h. However, the equilibration at 923 K has
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yielded the single phase of PbsMoOs. These results also indicate that PbsMoOg
appears as stable phase between 898 and 923 K. Equilibrations were also performed
to see the formation of PbsMoOg from a mixture of PbO and MoO; taken in the 5:1
molar ratio. While the equilibrations at 765 and 867 K have retained the two phases
even after heating for a duration of 840 h, the equilibrations in the temperature range
of 920-981 K resulted in the formation of PbsMoOyg single phase. Based on these
equilibration studies using different starting components, it is concluded that
PbsMoOg becomes thermodynamically stable phase only at temperatures above 898
K.

Based on the results obtained from the above series of long term phase
equilibration experiments, the existence of the following phase fields are deduced: At
773 K: (1) Pb-Mo-MoO; (2) Pb-Mo00O,-PbMo0Q, (3) Pb-PbMo00O4-Pb,MoOs (4) Pb-
Pb,Mo0Os-PbO. At 998 K (1) Pb-Mo-MoO; (2) Pb-Mo0O,-PbMo0Oy (3) Pb-PbMoO4-
Pb,MoOs (4) Pb-Pb,M0oOs-PbsMoOg and (5) Pb-PbsMoOs-PbO.

Based on these results, partial phase diagrams of Pb-Mo-O system valid at
773 and 998 K were constructed and are shown in Figs. 4.6 and 4.7. It can be seen
that upon increasing the oxygen concentration in liquid Pb coexisting with Mo metal,
MoO; would precipitate first. With further increase of oxygen concentration, PbMoO4
appears as stable phase with simultaneous disappearance of Mo metal.Further

increase in the oxygen content in liquid Pb would lead to the appearance of Pb,MoOs.
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Fig. 4.6 Isothermal section of Pb-Mo-O system at 773 K
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Pb# Mo

Fig. 4.7 Isothermal section of Pb-Mo-O system at 998 K
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4.4.6 Oxygen potential measurements
4.4.6.1 Standard molar Gibbs energy of formation of PbMoOj (s)

The emf values that were measured in cell (I) as a function of temperature are
given in Table 4.11. The variation of cell emf with temperature is shown in Fig. 4.8
and the data was fitted to the following expression:

E+1.1/mV =1166.8—-0.3508(T/K) (T:772—1017K)(4.5)

The uncertainty expressed is theexpanded uncertainty with 0.95 level of confidence.

Table 4.11 Variation of emf of cell (I) with temperature

Sample 1 Sample 2
Temperature / K Emf/ mV Temperature / K Emf/ mV
867.9 860.6 772.0 897.4
1017.7 810.4 917.8 845.1
821.3 878.4 924.4 842.7
994.5 817.2 970.7 826.5
898.1 851.0 957.1 831.0
800.5 886.6 846.6 868.4
805.7 884.9 785.0 892.4
952.1 832.5 905.0 848.7
986.8 819.9 885.1 854.2
- - 921.9 842.8
- - 1012.6 813.2
- - 972.2 826.8
- 947.7 835.1

The chemical equilibrium at the sample electrode is represented as below:

Pb (1) +MoO,(s)+0,(g) < PbMoO,(s)
A,G, < PbMoO, >=A,G, < MoO, >+RTIn p;, (4.6)
where pgz is the partial pressure of oxygen at the sample electrode. As discussed in

Chapter 3, the cell emf can be given as:
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RT . Do, (4.7)
n

where E is the electromotive force in volts, R is universal gas constant (8.314 J K™
mol™), F is the Faraday constant (96485 C mol™) and pgz is the partial pressure of

oxygen in the reference electrode.

9004 () Kanthal, Ir, Pb (1), MoO, (s), PbMoO, (s) |YSZ] (O,, 101.3 kPa), Pt (+)

890 +

880+ ® Sample 1

870-. A Sample 2

860
850

840

Emf/mV

830 +
820 +
810 <

E +1.1/mV =1166.8 - 0.3508(T/K) (T: 772 to 1017 K)
800

v |} v ) v |} v ) v I
750 800 850 9200 950 1000
Temperature / K

Fig. 4.8 Variation of emf with temperature in cell (I) for Pb-MoO,-PbMoO,
phase field

Equation (4.7) can be written as

4FE=RTInp, —RTInp;, (4.8)
Since p, =1 atm,

RTInp, =-4FE (4.9)

Thus the standard molar Gibbs energy of formation of PbMoO4(s) can be obtained

from the measured emf values as given below:

A,G, < PbMoO, >= A ,G, < MoO, > — 4FE (4.10)
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By substituting the emf data given by expression (4.5) and by using the literature data

for A, G, < MoO, > from ref. [33],

A,G, <MoO,>=* 0.6 /kJmol™ =—579.8+0.1700 (T/K) (T : 925-1533K) (4.11)
the standard molar Gibbs energy of formation of PbMoO, (s) was derived and is
given below:

A ,G’ < PbMoO, > +0.7/kJ mol™ = =1030.1+0.3054(T / K) (T:772~1017K)(4.12)

The error given in the expression is the combined expanded uncertainty with 0.95
level of confidence.

Figure4.9 compares the Gibbs energy of formation of PbMoQO4(s) obtained
from this work with that estimated by Barin [26]. It is seen that the values are in good
agreement. The A, G,y < PbM0O, > can be obtained by extrapolation of the data
given by equation (4.12) and this value is -939.0 kJ mol”. This value is compared

with the reported values and given in Table 4.12. The present value is found to be in

agreement with those reported by the previous investigators [23, 25-27, 29].

-650
-700
= 750+
£
=
~, -800
(=}
=
= -850
-
= . 1
C_ 900
= 900
1 . Barin [26]
-950 = This work (772 - 1017 K)
= = = This work (extrapolated to 298.15 K)
-1000

T L] T L] T
200 400 600 800 1000 1200

Temperature / K

Fig. 4.9 Comparison of A fG; < PbMoO, >from the present work and that
reported in ref. [26]
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Table 4.12 Comparison ofA, G,es < PbMoO, > reported in

literature and that obtained in the present

work
Reference A, G,y < PPM0O, >
/ kJ mol™

Wagman et al. [23] 951.4
Weller and Kelley [25] -944.3
Barin [26] -951.7
Bissengaliyeva et al. -949.1
[27]

Naumov et al. [29] 948.47
Present work -939.0

4.4.6.2 Standard molar Gibbs energy of formation of Pb,MoOs (s)

The emf values obtained as a function of temperature from cell (II) are given
in Table 4.13 and shown in Fig. 4.10. They can be represented by the following least
squares fitted expression:

E+1.5/mV =1129.5-0.4238(T/K) (T:741-1021K) (4.13)

The uncertainty expressed is the expandeduncertainty with 0.95 level of confidence.

Table 4.13 Variation of emf of cell (II) with temperature

Sample 1 Sample 2
Temperature / K Emf/ mV Temperature / K Emf/ mV

988.5 709.2 971.7 714.3
1006.8 704.5 1021.4 697.0
741.7 814.1 959.5 723.4
836.3 776.3 1009.6 702.3
920.6 737.7 933.6 731.9
756.6 807.9 911.0 742.1
881.6 756.6 961.6 722.1
898.5 750.0 811.9 786.8
868.3 763.2 862.2 766.3
823.6 781.4 788.7 794.2

- - 770.5 802.3

- - 946.8 729.3
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Fig. 4.10 Variation of emf with temperature in cell (II) for Pb-PbMoO,-
Pb,MoOs phase field

For cell (IT), the cell reaction can be represented as below:

Pb (I)+ PbMoO,(s)+1/20,(g) < Pb,MoO;(s)

The standard molar Gibbs energy of formation of Pb,MoOs(s) can be related to the

measured cell emf values by the following expression:

A,G, < Pb,MoO; >= A G, < PbMoO, >—2FE (4.14)
By incorporating the values of emf from equation (4.13) and using the value of
A,G, < PbMoO, >from expression (4.12) A ,G, < Pb,MoO; > could be obtained as:
AfGO < Pb,MoO, >+ 0.8 kJ mol™ = —1248.1+0.3872(T/K) (T: 741-1021K)(4.15)

The error given in the expression is the combined expanded uncertainty with 0.95

level of confidence.
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4.4.6.3 Standard molar Gibbs energy of formation of PbsMoOs (s)

As PbsMoOg is found to be stable only above 898 K, emf measurements were

carried out in the temperature range of 967 to 905 K. The emf values obtained as a

function of temperature from cell (III) are given in Table 4.14 and shown in Fig. 4.11.

Table 4.14 Variation of emf of cell (III) with temperature

Sample 1 Sample 2

Temperature / K | Emf/ mV | Temperature/ K | Emf/ mV
904.8 695.7 966.6 685.4
905.3 695.6 960.7 686.5
909.6 694.9 958.6 686.6
916.3 693.8 957.5 686.8
921.8 692.8 957.8 686.7
934.6 690.6 956.2 687.3
915.6 693.9 949.9 688.2
925.0 692.3 949.4 688.5
945.7 689.2

945.2 689.5

936.1 690.8

935.8 690.5

930.6 691.4

696 -

694

692 -

690

Emf/ mV

688 o

686 =

684

(-Kanthal, Ir, Pb (1), Pb,MoO_(s), Pb MoO_(s) [YSZ|(O,, 101.3 kPa), Pt(+)

E=0.2/mV =845.5- 0.1655(T/K) (T: 905 to 967 K)

B Sample 1
® Sample 2

Y T
900 910

T v T v T X T
920 930 940 950

Temperature / K

T y
960 970

Fig. 4.11 Variation of emf with temperature in cell (II) for Pb-Pb,MoOs-

PbsMoOg phase field
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They can be represented by the following least squares fitted expression:
E+0.2/mV =845.5-0.1655(T/K) (T :905-967K) (4.16)
The uncertainty expressed is the expanded uncertainty with 0.95 level of confidence.

For cell (IIT), the cell reaction can be represented as below:
3Pb (I)+ Pb,MoO;(s)+ %02 (g) © Pb;MoOy(s)

The standard molar Gibbs energy of formation of PbsMoOg(s) can be related to the

measured cell emf values by the following expression:
A,G, < Pb;MoO; > = A ,G, < Pb,MoO; > - 6FE (4.17)
By incorporating the values of emf from equation (4.16) and using the value of

AfG; < Pb,MoO; > from expression (4.15), the AfG; < Pb;MoOg > could be

obtained as

A,G, < Pb,MoO, >% 0.8/ kJmol™ = ~1737.6+0.4831(T/K) (T :884—967K)(4.18)

The error given in the expression is the combined expanded uncertainty with 0.95
level of confidence.

4.4.7 Standard molar enthalpies of formation of PbMoOy4 (s), Pb:MoOs (s)
andPbs;MoOg (s)

The experimental results obtained for the measurement of enthalpy of solution
of PbMoOy (s), PboMoOs (s) and PbsMoOg (s) along with the starting components
PbO (s) and MoOs (s) are given in Table 4.15.The molar enthalpies of solution of

PbMoO4(s), Pb,MoOs (s), PbsMoOs (s), PbO (s) and MoO;s (s), A, H, obtained are

sol
(21.87 £ 0.82), (35.04 = 0.84), (60.70 + 1.52), (15.36 £ 0.27) and (-90.61 + 1.93) kJ
mol™, respectively.The molar enthalpy of formation of the ternary compounds from

the component oxides and elements were obtained by considering suitable

thermochemical reaction schemes presented in Tables 4.16, 4.17 and 4.18 for
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PbMoOy4 (s), Pb,MoOs (s) and PbsMoOg (s), respectively. For the calculation of
enthalpies of formation from elements, values of enthalpies of formation of binary
oxides were taken from ref. [29].

Table 4.15 Experimentally determined values of enthalpies of dissolution (AH)
and molar enthalpies of dissolution (A ,H.) of PbMoOy (s),

Pb,MoOs (s), PbO (s) and MoO; (s) in 2.02 = 0.01 mol / kg NaOH
(mass of solvent = 134.08 + 0.01 g) at 298.15 K and 0.1 MPa*

Sample Weight | Experimental enthalpy | Molar enthalpy of solution
(w/g)?" | change (AH / J) (A, H® /kJ mol™)
PbMoOy 0.5065 | 30.07 21.80
(molar mass | 0.5004 | 29.88 21.92
=367.1376 | 0.5053 | 29.40 21.36
g mol™) 0.5005 | 30.76 22.57
0.5050 |29.60 21.52
0.4521 |27.36 22.22
0.4893 | 29.04 21.79
0.4358 |25.90 21.82
Average: (21.87 £ 0.82)"
Pb,MoOs 0.5052 |29.91 34.95
(molar mass | 0.5079 | 30.35 35.27
=590.335¢ |0.5004 |30.58 36.07
mol ™) 0.5014 | 31.25 36.79
0.5053 |29.37 34.31
0.4992 |29.17 34.50
0.5064 |29.38 34.25
0.4916 |29.71 35.67
0.4954 |28.17 33.57
Average: (35.04 + 0.84)"
PbO 0.4980 | 33.62 15.07
(molar mass | 0.4644 | 31.94 15.35
=223.191g |0.5645 |39.32 15.54
mol ™) 0.4812 | 33.32 15.45
0.4025 |27.80 15.41
Average: (15.36 + 0.27)"
MoO; 0.4743 | -304.45 -92.38
(molar mass | 0.4650 | -293.41 -90.82
=143.937g |0.5060 |-317.87 -90.42
mol ™) 0.4709 | -290.60 -88.82
Average: (-90.61 £ 1.93)"

"Temperature stability inside the calorimeter prior to start of experiment was within + 0.001
K. “Standard uncertainties, u, are u(P) = 0.8 kPa and u(w) = 0.0001g. "Expanded uncertainty

U(A

calibration was also included into the final uncertainty of the dissolution enthalpies.

H? ), is calculated as 20 of the mean with 0.95 level of confidence. Uncertainty from

sol
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The calculated enthalpies of formation from the corresponding oxides, A  H ;,298, for

PbMoOy (s), PboMoOs (s) and PbsMoOsg (s) are (-97.12 £ 2.11), (-94.93 + 2.17) and (-

74.51 + 2.80) kJ mol™ respectively, whereas the calculated enthalpies of formation

from elements AfH;)S, are (-1059.6 = 2.2), (-1274.7 + 2.3) and (-1906.2 + 3.2) kJ

mol'l, respectively. The enthalpy of formation of PbMoQy (s) obtained in the present
study is found to be in good agreement with values obtained by the previous
investigators [20-24] given in Table 4.2.

4.4.8 Heat capacity measurements

The performance of the differential scanning calorimeter was verified by
measuring the heat capacity of MoOs (s) as described in Chapter 3. The combined
expanded uncertainty associated with the heat capacity measurements of the lead
molybdates were calculated by incorporating the relative uncertainties of
experimental data and the relative uncertainty attributed to the instrument. The
relative uncertainty of the instrument was determined from the measured C,, values of
MoOs(s) (Table 3.21 and Fig. 3.19 in Chapter 3). The relative uncertainty in the
measured heat capacity of the samples were calculated as Ax/x where Ax is the
maximum standard uncertainty observed and x is the smallest measured C, value.
4.4.8.1 Molar heat capacity of PbMoOQj (s)

The XRD patterns of PbMoO, (s) samples retrieved after heat capacity
measurements were identical to their XRD patterns before measurement indicating
that the compound has not undergone any changes during the measurements. Figure
4.12 represents the experimental heat capacity of PbMoO, (s) as a function of

temperature over the range of 313 to 798 K.
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Fig. 4.12 Variation of molar heat capacity of PbMoOy (s) with temperature

The data can be fitted to the following least squares expression:
C, £4.1/JK 'mol™ =127.314+30.47x107°T =1.79x10°T 7 (T :313-798K) (4.19)

The error given in the expression is the combined expanded uncertainty with 0.95
level of confidence.

The measured heat capacity values of PbMoOQy (s) along with the fitted values
for the selected temperatures are given in Table 4.19. Each measured data is the mean
of twenty one measurements. The heat capacity of PbMoOy (s) was also computed by
Neumann-Kopp’s rule (NKR) using the heat capacity data for PbO (s) and MoOs (s)
[34], and is compared with the measured data in Fig 4.12. A small step at 762 K
present in the heat capacity data derived using NKR is due to the tetragonal to

orthorhombic transition of PbO (s). The comparison plot reveals that the
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experimental heat capacity is lower than the estimated data and the percentage
deviation is ~ 4% at 555 K, which is the mean temperature of the measurement.

The experimental heat capacity of PbMoOy (s) is compared with the reported
data of Weller and Kelley [25], Barin [26] and Bissengaliyeva et al. [27, 28] in Fig.
4.13. The C, of PbMoO; (s) at 298.15 K obtained in the present study is in good
agreement with the values reported by these authors. But deviation is observed at
higher temperatures.The S,,, of PbMoOy (s) has been estimated by many authors [25-
28]. Weller and Kelley [25] have given a value of (166.1 + 2.1) J K™ mol”. Barin
[26] also has mentioned the same value in his compilation. Bissengaliyeva et al. [27,

28] reported (168.33 + 2.06) and (161.5 = 0.3) J K™ mol” for S,,,0f PbMoOy (s)

based on their two different studies. Using the S,,, value of PbMoOj (s) reported by

Bissengaliyeva et al. [27], the thermodynamic functions of PbMoOs (s) were

estimated from the molar heat capacity measured in this work and are given in Table

4.19.
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Fig. 4.13 Comparison of measured heat capacity values of PbMoQOy4(s) with the
values reported in literature
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Table 4.19 Thermodynamic functions of PbMoQOy (s) at P = 0.1MPa”

T/K*

Cp/J K" mol” Hy ~Hagg S ~(Gy —Hisg)I T

Measured | Fitted /J mol™ /IK 'mol™ | /JK' mol?

data values
298.15 | - 1163 |0 161503 |161.5+03
313 118.2 118.6 |1744.0 +60.9 167.2+04 |161.6+0.4
353 123.8 123.7 | 6594.2+224.9 181.8+0.8 [ 163.1+1.0
403 128.7 128.6 |12906.5+429.9 [1985+13 |166.5+1.7
453 132.4 132.4 |19433.8+634.9 [213.8+1.7 [1709+22
503 135.4 135.6 |26134.7+839.9 [2278+22 |[175.8+2.7
553 137.9 138.3 [32982.9+ 10449 [2408+2.6 |181.1+3.2
603 140.6 140.8 [39960.5+1249.9 [2528+29 |186.6+3.6
653 142.9 143.0 | 47055.5+ 14549 |[2642+32 [192.1+3.9
703 145.0 145.1 |54259.0+1659.9 |2748+3.5 [197.6+4.2
753 146.9 147.1 |61564.5+1864.9 |284.8+3.8 [203.1+4.5
798 148.1 148.8 | 68222.7+2049.4 [293.4+4.0 [207.9+4.8

“Standard uncertainties, u, are u(T) = 0.4 K and u(P) = 0.8 kPa.The combined
expanded uncertainty, U,, is U.(C,) = 4.1 J K mol’. "The reported uncertainties are
the combined expanded uncertainties.

4.4.8.2 Molar heat capacity of Pb,MoOs (s)

The XRD pattern of the Pb,MoOs (s) pellets after the heat capacity
measurements was identical to the initial pattern, indicating that no changes had
happened to the compound during the calorimetric runs. The temperature dependence
of heat capacity of Pb,MoOs (s) obtained by measurement over the temperature range
of 308 to 798 K is shown in Fig. 4.14 and can be represented by the least squares
fitted expression:

C,16.2/JK 'mol™ =169.20+66.69x10°T —=1.99x10°T~ (T : 308 — 798 K) (4.20)

The error given in the expression is the combined expanded uncertainty with 0.95

level of confidence.
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Fig. 4.14Variation of molar heat capacity of Pb,MoOs (s) with temperature

The measured heat capacity data of Pb,MoOs(s) was compared with the data
estimated using the C,, values of PbO (s) and MoOs(s) by NKR and it is shown in Fig.
4.14. It can be seen that there is good agreement between the measured and estimated
C, data at low temperatures but there is deviation at temperatures higher than 550 K.
The experimental heat capacity is 0.6% higher than the estimated C, data at 553 K,
the mean temperature of measurement. The heat capacity of Pb,MoOs was also
estimated using the sum of the C, data of PbMoOu(s) and PbO (s) and shown in Fig.
4.14. The C, value estimated from the data of PbO (s) and PbMoOy(s) is lower than
the experimental value at all temperatures of measurement. At the mean temperature

of measurement (550 K), the deviation is found to be ~3.5%.

As no thermochemical data are available for Pb,MoOs (s), the S, value of
Pb,MoOs (s) was computed by NKR using the S,,, values of PbO (s) and MoOj (s)

[34]. Based on this data, the S,,, value computed for Pb,MoOs (s) is 208.8 J K™ mol’
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! Using this value, the thermodynamic functions of Pb,MoOs (s) were computed and

given in Table 4.20.

Table 4.20 Thermodynamic functions of Pb,Mo0Os (s) at P = 0.1MPa

T/K" | C,/JK' mol’ Hy —H o Sy —(Gy —Hyg) /1
Measured | Fitted / J mol'? /IK mol™? | /J K mol
data values b
298.15 - 166.7 0 208.8+0.2 | 208.8+0.3
308 169.3 168.8 16523 £ 61.1 2143+02 | 2089 +0.3
353 177.1 176.8 9434.5 + 340.1 2378+1.0| 211.1+14
403 183.9 183.8 | 18455.5+650.1 261.7+19| 2159+25
453 189.8 189.7 | 27797.6 + 960.1 283.6+2.6| 2222+33
503 194.6 194.9 | 37414.8 = 1270.1 303.7+3.2| 2293+4.1
553 199.0 199.6 | 47277.7 + 1580.1 3224+38| 2369+48
603 204 .4 203.9 | 57366.7 = 1890.1 3398 +44| 2447+54
653 209.0 208.1 | 67668.1 +2200.1 3563+49| 252.6+5.9
703 212.7 212.1 | 78172.1 £2510.1 371.8+53 | 260.6+64
753 215.6 215.9 | 88871.7 +2820.1 386.5+5.7| 268.4+6.9
798 218.2 219.3 | 98663.9 +3099.1 399.1+6.1 | 2754+72

“ Standard uncertainties, u, are u(T) = 0.4 K and u(P) = 0.8 kPa, The combined expanded
uncertainty, U, is U. (C)) = 6.2 J K ""mol’ * The reported uncertainties are the combined
expanded uncertainties

The temperature dependence of the enthalpies of formation of PbMoQO4(s)

from room temperature to the highest temperature of C, measurement was calculated

using the experimental values of enthalpy of formation of PbMoO4(s) and C, data of

PbMoOs(s) along with the C, data of elements (represented as AHfO,eXp). The

temperature dependence of the enthalpies of formation was also calculated using the

C, data of PbMoOy(s) estimated by NKR (represented as AHfO,NKR). These are plotted

against temperature and shown in Fig. 4.15-a. Similar calculations were carried out

for Pb,MoOs(s) also and presented in Fig. 4.15-b. The difference between AHfo,exp and

AHfO,NKR was then determined and plotted against temperature. These data are shown

in Fig. 4.15-c. It is seen that for PbMoO;, (s), the difference in the enthalpies of

formation increases steadily with increase in temperature. In the case of PboMoOs(s)
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this difference is close to zero up to 700 K and it is 0.5 kJ mol™ at 800 K. These
deviations are evident from the deviations of the estimated C,, data of the compounds

from those of the experimental data.

10529 4) PbMooO,
-1053 -
1054 -
-1055 -

-1056 <

-1057

AH’, / kJ mol”

-1058 <

-1059 - e
sy A% AHT,NKR

1060 aE A

T v T Y T y T , T ¥ T
300 400 500 600 700 800

Temperature / K

Fig. 4.15-a Temperature dependence of enthalpies of formation of PbMoOQj (s)

1266 4 b) Pb,MoO,_

-1268 +

1270 4
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-1272 -

-1274 -
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o
- AH T.Exp

-1276
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Fig. 4.15-b Temperature dependence of enthalpies of formation of Pb,MoOs(s)
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Fig. 4.15-c Difference in the temperature dependence of enthalpies of formation
of PbMo0QOy(s) and Pb,MoOs (s)

4.4.8.3 Deviations of C,from Neumann-Kopp’s rule (NKR)

The experimental heat capacities of PbMoOy4 (s) and Pb,MoOs (s) were
compared with the heat capacity values estimated by Neumann-Kopp’s rule in Figs
4.12 and 4.14. It can be seen that the measured heat capacity of PbMoOQy (s) is lower
than the estimated values at all temperatures whereas for Pb,MoOs (s), the
experimental and estimated heat capacities are in good agreement at low temperatures
and positive deviations are observed at high temperatures. In both cases, the
percentage deviation increases with increase in temperature.

The causes for the observed deviation in the measured heat capacities from the
estimated heat capacities by NKR have been described in ref 35. NKR is an empirical
method to predict the heat capacities of complex compounds from the heat capacities
of the constituent elements and binary components and it works well for those cases
in which the crystal structures of the compound as well as those of the constituent

components match. In the present cases of PbMoO; (s) and Pb,MoO:s (s), the crystal
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structures are tetragonal and monoclinic, respectively whereas the binary oxides, PbO
(s) and MoOs (s) crystallize in tetragonal and orthorhombic forms, respectively.
Several factors contribute to the molar heat capacity of a solid at constant pressure.
Thus C, can be expressed as

Cp = Cpn + Cait + Cothers (4.21)
where C,, represents contribution of lattice vibrations (phonons), Cgy is the
contribution from lattice dilatations and Cypes comprises of contributions from
conduction electrons, excitation of localized electrons, formation of vacancies, etc.
The contributions of localized and conduction electrons and excitations for pure ionic
crystals of PbMoOy (s) and Pb,MoOs (s) are expected to be low. Additionally, the

contribution due to the formation of vacancies such as V3* and V,, are also expected

to be low [36] in the temperature range of present measurement.

The phonon contribution C,p, can be expressed as the sum of heat capacities
described within harmonic crystal approximation Cp,, and an additional correction to
the anharmonicity of vibration modes, C,,,. Similarly for the dilatation term Cgj;, the
following expression is often applied.

Ca1=Cp,—C,=TVa’/p (4.22)

where C, is the molar heat capacity at constant volume, V is the molar volume, a is
the isobaric volume expansion and [ is the isothermal compressibility. At low
temperatures, only the contribution from harmonic phonon vibrations are important
while at high temperatures, the dilatation term and anharmonic correction terms
become particularly important and the harmonic part approaches the Dulong-Petit law
limit of 3NR, where N is the number of atoms per formula unit and R is the universal

gas constant. So at high temperatures, the C, can be expressed as
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Cp = Char + Canh + Cait = 3NR + Cy + TVa’/B (4.23)
Thus it is clear that at high temperatures the deviation from NKR prediction is
essentially determined by C,;n and Cg; terms. However, it is known from the
literature that the contribution of C,,, are significant at temperatures 1000 K and
above [36]. Thus in the present work, the observed experimental deviation in the
temperatures <800 K could be mainly due to Cgj. This would depend upon the
difference in molar volumes of oxides, their temperature coefficients of expansions,
and compressibility factors.

ACai/T = Vg (tas/Bas) — XAVA (0a"/Ba) - X5V (05°/Bb) (4.24)
where AB represents the ternary oxide formed from the constituent oxides A and B.
Thus according to equation (4.24), if there is an expansion during the formation of a
ternary oxide, it would result in an increase in the heat capacity. The reverse is
applicable if the compound formation is accompanied by a contraction in molar
volume. Table 4.21 gives the unit cell volumes of the ternary oxides calculated from
the component binary oxides. It is seen that the formation of PbMoOs4 (s) is
accompanied by contraction of molar volume while Pb,MoOs (s) formation results in
the expansion of the unit cell. Accordingly, the measured heat capacities of PbMoO4
(s) showed negative deviation and Pb,MoOs (s) showed positive deviations from the
heat capacities estimated by NKR. However, to calculate the dilatational contribution
exactly, it is necessary to have data on the cand [ parameters of the ternary
compounds and the constituent oxides, which are seldom available at elevated

temperatures.
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Table 4.21Unit cell volumes of ternary oxides and component oxides

Ternary | Unit cell volume / A Expansion/ | Percent | Source
oxide . Contraction | volume | of data*
Compound Co.nstltuent in volume change

oxides

PbMoO,; | 89.36 (PbO + Mo0s), | Contraction -1.12 % | PCPDF
90.38

Pb,MoOs | 135.81 (2PbO + Expansion 446 % | PCPDF
Mo0Os), 130.01

*Unit cell volumes were taken from JCPDS files 00-044-1486, 04-010-3859, 00-
005-0570 and 00-005-0508 respectively for PbMoQO,, Pb;MoOs, PbO and MoO:;.

4.4.9 Consistency of the measured thermodynamic data with the data reported
in literature

The consistency between the standard enthalpy of formation of PbMoO4(s)
and Pb,MoOs(s) determined by solution calorimetry experiments, with the standard
enthalpy of formation at the mid temperature of emf measurements is determined as
follows:

4.4.9.1 PbMoO (s)

The standard molar Gibbs energy of formation of PbMoQ4(s) obtained by emf
method is given by the expression (4.12) ;

A,G" < PbMoO, > 0.7/ kJ mol™ = —~1030.1+0.3054(T / K) (T:772-1017K)(4.12)

This can be related to the standard molar enthalpy of formation of PbMoQOu(s) at

298.15 K as below:

601 894
A, Hipy < PbMoO, >= A Hyy < PbMoO, > —[ [ ac,ar—am e + | AcpdT} (4.25)

298 601

213



where AC is the difference in the heat capacities of PbMoOs(s) and its constituent

elements Pb (solid / liquid), Mo and O, and AH %”

Sfusion

is the enthalpy of fusion of Pb at

601 K. The second term of the equation (4.25) can be obtained as:

601 894

[ac,dr-aH7,, + [AC,ar =

fusion
298 601

601

894
J‘[C;)bMom _(Cﬁb(s) + C;\/[o(s) +2C52(g)]dT— AH? + J'[C:bMom —(C/fb”) + Cf”(” +2sz(g)]dT (4.26)

fusion
298 601

The data of heat capacity for Pb, Mo and O, were taken from ref. [34] and that of
PbMoO; (s) from the present experimental studies (equation 4.19) and are given

below.

C,<PbMoO,>/J K ' mol'= 12731+ 30.47 x 10°T - 1.79 x 10°T"”
(T: 313-798 K) (4.19)

C,<Pb>/JK'mol'=24.221+8.711 x 10°T (I:298-601 K) 4.27)
C, {Pb} / TK "' mol'=36.112-9.736 x 10T - 0.280 x 10°T*+3.238 x 10°T°
(T: 601-1200 K) (4.28)

C,<Mo>/J K" mol'=29.732-5.699 x 10T~ 0.439 x 10°T*+4.665 x 10°T*
(T: 298-2896 K) (4.29)

C,(02)/TK ' mol'=29.154+6.477 x 10°T - 0.184 x 10°T*~ 1.017 x 10°°T*

(T: 298-3200 K) (4.30)

By substituting the above values in equation (4.26), the following relation is obtained:

601 894

[AC,dT —AH,, + [AC,dT = 6.7 ki mol” and hence

fusion
298 601

A H3 < PbMoO, >=-1030.1 - 6.7 =-1036.8 kJ mol™.
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A H i < PbMoO, > obtained by solution calorimetry experiment is -1059.6 kJ

mol™ and is found to be in fair agreement with the deduced value of -1036.8 kJ mol ™.
This deduced value of standard molar enthalpy of formation of PbMoOQOy(s) at 298.15
K is compared with the literature data and the good agreement between them is seen.
4.4.9.2 Pb,MoOs (s)

The standard Gibbs energy of formation of Pb,MoOs(s) obtained by emf

measurement is given by equation 4.15.

A, G, < Pb,MoO; >%0.8/kJ mol™ =—1248.1+0.3872T (T : 7411021 K) (4.15)

The mid temperature of the measurement is 881 K. As AG = AH — TAS, the enthalpy

of formation of Pb,MoO:s (s) at the mid temperature, A  Hg,, =-1248.1kJ mol ™.

A H g <PbMoOs> can be related to A H 5., <Pb,MoOs> by the following

expression:

601 881 (4.31)
A Hjyy < Pb,MoO; > = A Hy, — | [AC,dT —2AHT,,, + [AC,dT
298 601

where AC, is the difference in the heat capacities of Pb,MoOs(s) and its constituent

elements Pb (solid / liquid), Mo and O, and AH %”

fusion

is the enthalpy of fusion of Pb at

601 K. Thus the second term of equation (4.31) can be obtained as

601 881 601
0 K o(s 5 2
[AC,dT —28HT,,, + [AC,dT = [[C]""% 20" +C ) + > Co©)dT -

298 601 298

881
+ Loy — et sy +§c§2<g> )1dT (4.32)

601

2AH

fusion

The heat capacity of Pb,MoOs(s) has been measured in this work and is given by:

C, < Pb,MoO; >/ JK 'mol™ =169.20+66.69x10 T ~1.99x10° T (T :308~ 798 K) (4.20)
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By using equation (4.20) along with equations (4.27-4.301), we get

601 881

[ac,ar-2a7,, + [AC,dT =11.7 k] mol

fusion
298 601

By substituting the above value and A, Hg,, < Pb,MoO; >=-1248.1 kJ mol” in
equation (20), we get A H 7 < Pb,MoO; >=-1248.1 — 11.7=-1259.8 kJ mol .

A H 3 < Pb,MoO; > obtained by solution calorimetry experiment is -1274.7 kJ
mol™', which is in good agreement with the data deduced from emf experiments.
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Chapter 5
Development of piezoelectric material for high
temperature applications in liquid metals

5.1 Introduction

The opacity of liquid metal coolants hinders the visual inspection of in-
vessel components in liquid metal cooled nuclear systems by conventional methods.
High temperature ultrasonic transducers are employed for this purpose. Conventional
ultrasonic transducers consist of a piezoelectric element, a protection layer between
the medium under investigation and the piezoelectric element, and a damping
element attached to the back surface of the piezoelectric element [1]. Selection of a
suitable piezoelectric material is very important in the development of ultrasonic
transducers. The properties which decide the choice of a particular piezoelectric
material are its Curie temperature and piezoelectric coefficient. The chosen
piezoelectric material should have high Curie temperature and also should have high
piezoelectric coefficient. There are many piezoelectric materials that possess high
Curie temperatures. But the piezoelectric response of these materials is generally
poor. Lead zirconate titanate (PZT) based ceramics with favourable piezoelectric
properties are currently used in ultrasonic transducers. As the Curie temperature of
PZT is around 623 K, it can be used only at the low temperature ranges.However, the
operating temperature of the advanced nuclear systems is in the range of 823-873 K.
Thus different piezoelectric materials with high Curie temperature and favourable
piezoelectric properties have been examined and investigated for their piezoelectric

applications in the service condition at high temperatures.
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5.1.1 Overview of piezoelectric elements suitable for high temperature
applications

There are many piezoelectric materials which possess high Curie temperature.
However, their piezoelectric properties are generally poor in comparison to PZT
based materials. These piezoelectric materials belong to different crystalline
structures: perovskites, pyrochlores, tungsten-bronzes, illmenites, layered perovskites
and Aurivillius compounds. All these structures consist of an ion of small size and
high charge, inside an oxygen octahedron that shares corners to form oxygen-metal-
oxygen chains [2]. This favours the appearance of ferroelectricity in these structures.
A comparison of the piezoelectric properties of selected piezoelectric materials is
given in Table 5.1.

Table 5.1 Properties of selected piezoelectric materials

Compound Curie temperature / K | ds3/ pCN'1
BaTiO3 403| 190
PbTiOs 743| 51
Pb(ZrT1)Os (PZT) 403| 300
LazTi207 1773| 16
LiNbO; 1423| 68
SI‘szzO7 1573| 18
PbNb,O¢ 833| 85
Bi4T1304, 948| 8-25
Nay.sBi4.5T1301, 933| 18
SrBiyTi14015 803| 17
CaBiyTi40;5 1063 8
PbBi4Ti40;5 833| 12
Bi;TiNbOg 1213 5

The first widely used piezoelectric material was BaTiOs;, which possess a
Curie temperature of 403 K. Because of the superior piezoelectric properties and
higher operating temperature, PZT has largely replaced barium titanate. PZT has the

perovskite structure and it is a solid solution of tetragonal PbTiO3; and orthorhombic
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PbZrOs. It exhibits high values of electromechanical coupling coefficients and
electrical permittivity. Useful variations in the properties of PZT can be obtained by
compositional additives. Although its electrical resistivity remains quite high up to
633 K, its use is limited to below 473 K because of its tendency to age very rapidly
and leading to depoling [3]. Lead metaniobate (PbNb,Og) is another piezoelectric
material which belongs to the tungsten-bronze family. Because of its relatively high
ds3 value, it finds greatest applications. However, limitations are imposed by its high
conductivity above 573 K. Other problems associated with this material are its high
level of porosity and relatively low mechanical strength [3]. The piezoelectric lithium
niobate has the corundum structure and possesses a Curie temperature of 1423 K.
Only single crystals of lithium niobate are preferred because of the higher
piezoactivity and due to the difficulties encountered in conventional sintering of the
polycrystalline form [3]. The benefit of the high Curie temperature of lithium niobate
is thus offset by the difficulty of fabrication [4]. Perovskite layer structured
ferroelectrics such as SrpNb,O; and La,Ti;O; possess the highest known Curie
temperatures of 1615 and 1773 K, respectively. They have been proposed for use in
high temperature transducers. However, the cost of growing high quality single
crystals is expensive due to the high melting points of these compounds [3]. Bismuth
titanate based ferreoelectric materials are another category. The chemical stability of
bismuth titanate at high temperatures combined with its high Curie temperature make
it an ideal candidate for high temperature applications [4].

The important feature of ferroelectric materials is the presence of polarised
domains which induces strong coupling between electrical and mechanical properties.

However, in polycrystalline ferroelectrics, the individual domains are randomly
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oriented and cancel each other and hence, the net polarisation is zero. By the process
of poling, the bulk material is subjected to a high electric field at a temperature below
the Curie point, so that all the domains align themselves in the direction of the
applied field and the materials will have a net polarisation [5].
5.1.2 Bismuth titanate — structure and characteristic properties

Bismuth titanate (BisTi30,), a layered ferroelectric oxide and belonging to
the Aurivillius family, has attracted considerable interest for high temperature
piezoelectric applications due to its high Curie temperature (948 K), high dielectric
constant, large spontaneous polarization (50 pC/cm) and better piezoelectric
properties (ds;3-8 to 21 pC/N) [6-9]. The layered structure of bismuth titanate is
characterized by the perovskite-like (BizTigOlo)z' layers sandwiched between
(Bi,0,)*" layers along its crystallographic c-axis [10, 11]. An idealized structure of
bismuth titanate showing the bismuth oxide layers and pseudo perovskite units is
shown in Fig. 5.1.

It is well known that the preparation of bismuth titanate at high temperatures
is accompanied by the vaporization of Bi,O; along with the generation of bismuth

and oxide ion vacancies (V,,,V,;"), which largely affect the electrical properties of

bismuth titanate [12]. Upon cooling the product in air, majority of the oxide ion
vacancies get compensated by absorption of oxygen and the charge neutrality is
acquired by the generation of holes. A detailed structural analysis of bismuth titanate
showed that some of the bismuth ions in the perovskite layers are overbonded with a
valence state higher than 3+ [13] and the generation of holes in bismuth titanate is
associated with the oxidation of Bi*" to Bi*" [12, 14]. The measurements on Seebeck

coefficient of bismuth titanate by Kim et al. [15] also proved that the conduction to be
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of p-type.Takahashi et al. [16] showed the polycrystalline bismuth titanate ceramics
exhibited ionic and p-type mixed conduction and the ionic conduction dominated at
high temperatures. The dependence of the electrical conductivity of single crystals of
bismuth titanate on the oxygen pressure was also studied by Takahashi et al. [16].
They observed anisotropic conductivity along the a- and c axes with the maximum
value along the c-axis. p-type conduction was dominant along the c-axis whereas
ionic conduction was dominant along the a-axis of the crystal. They also suggested
that the defects responsible for the electrical conduction preferentially existed in the
perovskite layer. As the conductivity of bismuth titanate is relatively high, it is very
difficult to polarize polycrystalline bismuth titanate ceramics prepared by
conventional methods, which has been an obstacle for the piezoelectric applications
of bismuth titanate [12]. Conductivity of bismuth titanate along the c-axis can be
reduced by restricting the growth of the crystal along the c-axis and allowing its
growth along the a-b plane. It is also known from literature that a significant
reduction in the conductivity of bismuth titanate can be achieved by the substitution
at the Ti*" site by ions such as Nb>*, W', Ta™", etc [17-22].

Different methods have been adopted in the past for the synthesis of highly
homogeneous bismuth titanate powder. As mentioned above, synthesis by
conventional solid state methods leads to the vaporization of Bi,O; and causes
coarsening and agglomeration of particles resulting in poor microstructure and
structural/mechanical strength of the ceramic [23, 24].1t is also reported that use of
high temperatures for preparing bismuth titanate could result in the formation of an
additional pyrochlore phase of Bi,Ti,07 by the vaporization of Bi,Os from the parent

Bi4Ti30;, phase [16]. Different wet chemical methods such as co-precipitation,
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hydrothermal synthesis, etc can also be used for the synthesis of bismuth titanate
which will allow control over the size and morphology of the particles [25-28]. But
the subsequent heat treatment results in loss of Bi,O3 by vapourisation and the desired
reduction in the electrical conductivity of bismuth titanate could not be achieved by

these methods.

Fig. 5.1 Structure of bismuth titanate
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It is known from literature that highly textured and flake like structures can be
prepared by molten salt synthesis [29]. Here, the reactant mixture is heated with a low
melting salt at a temperature above the melting point of the salt. At the reaction
temperature, the medium melts and acts as a solvent to facilitate the interaction of the
reactants. The products formed by this method are found to be highly textured and
homogeneous. Also, as the reaction is mediated by the liquid, Bi,O3; vaporization
losses would be low.

Synthesis of bismuth titanate by molten salt method is reported in literature
[30-32]. Zaremba [30] and ChenlJie [31] employed molten salt method for the
synthesis of bismuth titanates with flake like structures using NaCI-KCl medium and
observed that both temperature and duration of heating can affect the shape and size
of the crystals. Kimura and Yamaguchi [32] investigated the effect of salt species on
the morphology and structure of bismuth titanate using chloride and sulphate fluxes.
They reported that the shape of the product particles formed depends upon the flux
species. As chlorides have a larger interaction with the oxide than the sulphates, it can
cause extensive imperfections, and resulting in a larger (001)-stabilizing effect. This
large (001)-stabilizing effect of the chloride flux would reduce the growth rate along
the (001) plane and resulting in the formation of plate-like product particles.

In the present work, highly textured and sufficiently resistive bismuth titanate
ceramics were prepared by molten salt synthesis and further reduction in the electrical
conductivity was achieved by doping with Nb>". The electrical conductivities of the
prepared ceramics were compared with those obtained by solid state reaction and co-

precipitation.
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5.2 Experimental details
5.2.1 Synthesis of bismuth titanate

Bismuth titanate was prepared by three different methods: i) solid state
reaction, ii) co-precipitation reaction and iii) reaction in molten salt medium.
5.2.1.1 Solid state reaction

The starting materials used were Bi,0O3 (99.99% purity on metal basis, M/s
Alfa Aesar, USA), TiO; (99.99% purity on metal basis, M/s Alfa Aesar, USA). The
Bi,03; powder used was calcined at 1023 K in air for about 6 h to remove any
carbonate impurities and moisture present in it. The TiO, powder was also subjected
to heating before use to remove any moisture content in it. For preparing bismuth
titanate, stoichiometric amounts of BiO; and TiO, were mixed well and pelletized.
The pellet was placed in alumina crucible and heated in air at 1073 K for 48 h. At the
end of 24 h of heating, the pellet was crushed and uniformly mixed. The powder was
repelletized and heated again for another 24 h. The resulting product was quenched to
room temperature, powdered and characterized by XRD. The powders were pelletized
and sintered in air at 1373 K for 2 h.
5.2.1.2 Co-precipitation reaction

Titanium butoxide (Ti(C4H90)4) (98+% purity on metal basis, M/s Alfa Aesar,
USA) and Bi(NO;);.5H,0 (prepared by dissolving high purity Bi metal (99.999 %
purity) in concentrated HNO3) were used as the precursors for Ti*" and Bi’" ions,
respectively. The trace impurities in the titanium butoxide were identified by ICP-
AES and the total amount of the impurities was determined to be ~140 ppm. They

were mixed in the stoichiometric ratio and then dispersed in isopropyl alcohol. The
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mixture thus obtained was precipitated as oxalate by the drop wise addition of the
dispersion in isopropyl alcohol into an excess of 0.3 mol kg oxalic acid solution
under constant stirring. A small amount of NH4OH solution was added at the end of
the precipitation process. The co-precipitate thus obtained was washed with isopropyl
alcohol. The amorphous powder obtained was dried and calcined at 1023 K for 1 h.
The calcined powder was thoroughly ground in isopropyl alcohol medium for about 2
h and made into pellets. The compacted pellets were then sintered at 1123 K for 2 h.
One of the sintered pellets was crushed, ground well and the ensuing sample was
characterized by XRD.
5.2.1.3 Reaction in molten salt medium

A homogeneous mixture of Bi;O3 and TiO; in the stoichiometric ratio was
prepared. 75 wt% of an eutectic mixture of 44 wt% NaCl (99.9% purity on metal
basis, M/s Sarabhai Chemicals, India) and 56 wt% KCI1 (99.98% purity on metal
basis, M/s Sarabhai Chemicals, India) was added to it and thoroughly ground in
acetone medium. The well ground mixture was taken in an alumina crucible, covered
with an alumina lid and sealed using alumina cement to prevent evaporation of the
constituents. The sample was heated at 1323 K for 2 h, which is above the eutectic
temperature of NaCl-KCl (923 K). The crucible was cooled and the product was
repeatedly washed with hot distilled water until all the alkali metal chlorides were
removed. The effluent was tested for any residual chlorides using silver nitrate
solution. The product was further repeatedly ultra sonicated under water and washed
to remove adsorbed or occluded impurities in it. The product thus obtained was dried
in an oven, compacted into pellets and sintered in air at 1373 K for 2 h. The sintered

samples were later characterized by XRD.
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5.2.2 Synthesis of Nb-doped bismuth titanates

Nb-doped bismuth titanates were synthesized both by solid state reaction
method and reaction in molten salt medium. The nominal composition employed was
Bi4Ti3.44Nby/s012 where x = 0.25, 0.5, 0.75, 1 and 1.25 and they are designated as
BITN-1, BITN-2, BITN-3, BITN-4 and BITN-5, respectively. Preparations were
carried out in a similar manner as mentioned in section 5.2.1.1 and 5.2.1.3 using
Nb,Os (99.9% purity on metal basis, M/s Alfa Aesar, USA) as the precursor. The
details of the various compositions chosen are given in Table. 5.2.
5.2.3 Structural and morphological characterizations

The samples of bismuth titanate prepared were characterized by X-ray
diffraction method (XRD) using a powder X-ray Diffractometer (M/s Inel, France)
operating with Cu K, radiation and graphite monochromator. Their surface
morphology was investigated by scanning electron microscopy (SEM) imaging using
Model XL 30, M/s Philips, Netherlands. The bulk density of the sintered pellets was
measured by Archimedes method.

Table 5.2 Composition of Nb doped bismuth titanates (BisTi3.,sNby5012)

Sample X Formula

BIT 0 Bi4T1;01»
BITN-1 0.25 Bi4Ti2.9375Nb0.05012
BITN-2 0.5 Bi4T1, 875Nbg 1012
BITN-3 0.75 BisTi8125Nbg.15012
BITN-4 1 BiyTi;75Nbg2012
BITN-5 1.25 Bi4T1; 60Nbg 25012

5.2.4 Conductivity measurements

The electrical conductivity of the samples was measured by complex

impedance spectroscopy. For these experiments, sintered sample pellets of pristine
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and doped bismuth titanates were used. The conductivity cell used for the
measurement is described in Chapter 2. The cell had consisted of two silver electrical
leads which were brazed to silver pellets of identical dimension (10 mm diameter).
The sample pellet of known diameter (<10 mm) and thickness was mounted between
the silver pellets by a spring loading arrangement. A K- type thermocouple was kept
close to the sample pellet, so that the sample temperature could be accurately
measured. Entire assembly was kept inside a quartz chamber, which in turn was kept
in a furnace for heating. The electrical conductivity was measured using a frequency
response analyzer (Model SI 1255, Solartron, M/s Schlumberger, UK) coupled with
an electrochemical interface (Model 1287, Solartron, M/s Schlumberger, UK). The
measurements were carried out in air in the temperature range of 700 to 1050 K in the
frequency range of 10 Hz to 1 MHz with an applied perturbation potential of 500 mV.
The impedance data obtained at each temperature was fitted using the software
Zview® [33]. The bulk resistance of the material was obtained by fitting a semicircle
to the experimentally obtained Nyquist plot. By incorporating the dimensions of the
sample pellet, the conductivity (o) of the sample at that temperature (T) was

determined. The Arrhenius plot for conductivity was obtained by plotting log o as a

function of 1/T. The activation energy was calculated from the slope of the Arrhenius
plot.
5.2.5 Piezoelectric characterization

Poling of the Nb-doped bismuth titanate samples was performed in silicone oil
bath at 448 K at an applied field of 30 kV/cm for 4 h using a dc poling unit (M/s
Marine, India). Piezoelectric sensitivity (ds;3) was measured using the direct

piezoelectric effect and for this a piezometer system (M/s Piezotest, UK) was used.
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Dynamic force was applied through a lead zirconate titanate (PZT) actuator, and a

quartz sensor was used as a reference.

5.3 Results and Discussion

5.3.1 Structural and morphological characterization of bismuth titanates

The comparison of XRD patterns of bismuth titanate samples synthesized by

solid state method and molten salt method is presented in Fig. 5.2.
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Fig. 5.2 Graphical comparison of XRD patterns of BisTi;O., a) PCPDF
patternb) prepared by solid state reaction method c¢) prepared by

reaction in molten salt medium

All the XRD patterns showed the presence of pure orthorhombic phase of

Bi4Ti30,,, which were indexed according to the PCPDF file # 35-0795 as shown in

Fig. 5.2a. There were no additional peaks, suggesting that the compounds formed are

phase pure. Bismuth titanate prepared by solid state method (Fig. 5.2b) exhibited the

highest intensity peak at 20 = 30.05, which is attributed to the diffraction at the (171)

232



plane of BisTi30;,. The intensities of other diffracted peaks are lower, indicating
predominant polycrystalline nature of the sample. In the case of bismuth titanate
prepared by molten salt method, the XRD pattern (Fig. 5.2¢) had shown increased
intensity along the (0kO) planes, viz., (060), (080) and (0 14 0), indicating the

preferential growth of the crystal along the b axis.

Figure 5.3a shows the XRD patterns obtained for bismuth titanate prepared by
oxalate coprecipitation method followed by calcination at 1023 K. The XRD pattern
is similar to the one prepared by solid state reaction with the highest intensity peak at
20 corresponding to 30.05". However, it is seen from Fig. 5.3b that after sintering at

1123 K, the intensity of the diffraction peaks along the (0k0) planes increased.
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Fig. 5.3 XRD patterns of BisTizO;, prepared by oxalate co-precipitation method
a) after calcination at 1023 K b) after sintering at 1123 K

The influence of Nb addition in bismuth titanate was also investigated by
XRD. The XRD profiles of bismuth titanate obtained before and after Nb doping by

both solid state reaction and by reaction in molten salt medium are shown in Figs.
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5.4and 5.5. The XRD patterns of pristine and Nb-doped bismuth titanates are similar.
All diffraction data showed the existence of a single orthorhombic phase, without any

detectable secondary phase.
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Fig. 5.5 Comparison of XRD patterns of Nb-doped bismuth titanate prepared by
the reaction in molten salt medium
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The relative densities of the sintered pellets of bismuth titanate synthesized by
various routes were determined by Archimedes method and found that all the
specimens had attained 95-98% of theoretical density.

The microstructures of pristine bismuth titanate samples prepared by both
solid state reaction and reaction in molten salt medium were followed by SEM
analysis. The morphological changes that occurred in the bismuth titanate samples
upon Nb doping were also studied by SEM imaging of the sintered specimens. Fig.
5.6 represents SEM images of bismuth titanate prepared by solid state reaction and

Fig. 5.7 shows those of bismuth titanate prepared by reaction in molten salt medium.

i:i‘“"[
BITN

Fig. 5.6 SEM images of pristine and Nb doped BIT prepared by solid state
method
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Fig. 5.7 SEM images of pristine and Nb doped BIT prepared by molten salt
method

The micrographs of bismuth titanate prepared by solid state reaction shows
the presence of small agglomerates of grains. Nb doping has resulted in an increase in
the agglomeration of particles. It is seen that the spherical agglomerates are randomly
scattered and the average size of the agglomerates ranges from 10-20 pm. The SEM
images of the samples prepared by reaction in molten salt medium showed the
presence of flake-like microstructures. The flake like structures arises due to the
restricted growth of the crystal along the c-axis. Doping with Nb has also modified
the appearance of the flakes. Instead of plane flakes as obtained for pristine bismuth
titanate, Nb-doped bismuth titanate showed the presence of a globule- like structure
within each flake. The incorporation of Nb has led to the evolution of microstructures
which is indicated by the increased flowering of the flakes with increase in the Nb

content.
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5.3.2 Electrical characterization of bismuth titanates
Figure 5.8 shows the variation of electrical conductivity with temperature for

pristine bismuth titanates prepared by three different methods.
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Fig. 5.8 Arrhenius plots of electrical conductivity of bismuth titanates prepared
by different methods

It is seen that bismuth titanate prepared by the reaction in molten salt medium
has shown the lowest conductivity. The observed reduction in electrical conductivity
can be attributed to two factors: 1) as the preparation by molten salt method is
mediated by the liquid, evaporation losses of Bi,O3 would be low. Thus formation of
bismuth and oxide ion vacancies is suppressed during the preparation itself. However,
Bi,03; losses can occur during the high temperature sintering of the specimen in air.
As the compound has already formed, activity of Bi,Os in the compound would be
less as it is in the bound state and consequently evaporation losses would be low and
hence, conductivity will be low. 2) It is evident from SEM images that the preparation
of bismuth titanate by reaction in molten salt medium had resulted in the formation of
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flake like structures which are indicative of the restricted growth of the crystal along
the c-axis (i.e. a-b plane oriented). As bismuth titanate shows maximum conductivity
along the c-axis, this component of conductivity would get reduced in the case of a-b
plane oriented crystal. During the preparation as well as sintering of bismuth titanate
by solid state reaction, bismuth and oxide ion vacancies will get generated due to the
evaporation of Bi;Os;. Even though majority of the oxide ion vacancies get
compensated by absorption of oxygen upon cooling, ionic conductivity can be still
there in the compound due to the presence of very low concentration of oxide ion
vacancies. In addition to this, for compensating the charge for the presence of
bismuth ion vacancies holes would be generated which results in p-type conductivity.
This is the reason for the high conductivity exhibited by bismuth titanates prepared by
solid state reaction. It is also to be noted that electrical conductivity of bismuth
titanate prepared by oxalate co-precipitation method is lower than that prepared by
solid state method and closer to that prepared by molten salt method. The XRD
pattern of the sintered specimen of bismuth titanate obtained by oxalate co-
precipitation method had also shown increased intensity of the diffracted peaks along
the (0kO) planes suggesting the growth of the crystal along the a-b plane. The
conductivity observed is lower and is in accordance with the XRD results. The
activation energies observed are 1.50, 1.35 and 1.29 eV, respectively for bismuth
titanates prepared by solid state method, oxalate co-precipitation method and molten
salt method.

The variation of electrical conductivity obtained after doping with Nb>" for

bismuth titanates prepared by solid state method is shown in Fig. 5.9.
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Fig. 5.9 Comparison of electrical conductivities of pristine and Nb-doped
bismuth titanates prepared by solid state method

It is observed that the conductivity of Nb-doped bismuth titanatesis lower than
that of the pristine bismuth titanate. The conductivity was significantly reduced with a
very small Nb content. However, the variation of electrical conductivity with increase
in Nb content is not much pronounced.

The conductivity measurements on Nb-doped bismuth titanates prepared by
molten salt method revealed that the incorporation of Nb has led to the lowering of
conductivity by two to three orders of magnitude in comparison with the pristine
bismuth titanates synthesized by the same method. The Arrhenius plots of
conductivity for all compositions of Nb-doped bismuth titanates are shown in Fig.
5.10. It 1s found that all compositions showed similar activation energies. However,

there is a drastic change in the conductivity values upon doping with Nb>",
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Fig. 5.10 Comparison of electrical conductivities of pristine and Nb-doped
bismuth titanates prepared by molten salt method

The conductivity values slightly increased for the lowest Nb concentration and
it continued to decrease until it reached the composition with x = 0.75 which
corresponds to BITN-3. After that, further increase in the Nb concentration has led to
an increase in the conductivity. A similar observation in the conductivity of Nb-doped
bismuth titanate was reported in the studies of Martin et al. [34].

The lowering of conductivity of bismuth titanate with increasing Nb content
can be explained on the basis of the defect structure of bismuth titanate. As discussed
earlier, bismuth titanate exhibit both ionic and p-type conduction. The introduction of
Nb>Os in bismuth titanate results in the substitution of Nb>* at the Ti*" site with the
generation of metal vacancy or by accommodating oxygen ion in the already existing
vacant oxygen sites.The filling up of vacant oxygen sites causes a reduction in the

ionic conductivity as expressed by equation 5.1.
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Nb,O, +V ;' ——2Nb,, +50[ (5.1

Once all the oxide ion vacancies are filled up, further substitution of
Nb,Oswill lead to the generation of electrons. These electrons neutralize the effect of
holes, which result in the reduction of conductivity. The conductivity will decrease
with Nb,Os doping to a minimum value until the concentration of the electrons equals
to the hole concentration. Further introduction of Nb,Os causes an increase in the
conductivity. This is evident from the electrical conductivity behavior of Nb-doped
bismuth titanates shown in Fig. 5.10. The Nb doped bismuth titanate of composition
BITN-3 with x = 0.75 has showed the lowest conductivity among the different
samples.However, the initial increment in the conductivity for the least concentration
of Nb in bismuth titanate could not be explained.

The variation of electrical conductivity as a function of Nb concentration has
been plotted and shown in Fig. 5.11. This shows that the behavior of samples is same

for all temperatures.
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Fig. 5.11 Variation of electrical conductivity as a function of Nb concentration
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Based on the experimental studies described so far, it is clear that a reduction
in electrical conductivity can be achieved by Nb doping by both solid state method and
molten salt method. However, compared to solid state method, highly textured and
sufficiently resistive bismuth titanates could be prepared by the reaction in molten salt
medium. A pronounced effect in conductivity was observed with Nb doping by this
method. The lowest electrical conductivity was obtained for the sample BITN-3 with
composition BigTig125Nbg.15012. The high electrical resistivity allows for applying
high poling fields, which is beneficial to polarize the ceramics and obtain high
piezoelectric properties.

5.3.3 Piezoelectric characterization of bismuth titanates

The Nb-doped bismuth titanate sample which exhibited the highest electrical

resistance, BITN-3 with composition BisTi;g125sNbyg.;sOowaspoled. The dj; value

obtained was found to be~16 pC/N.
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Chapter 6

Summary and Conclusions

The results reported in the chapters 3, 4 and 5 can be summarized as follows:
1) Partial phase diagram of ternary Bi-Mo-O system valid at 773, 873 and 1023
K has been established by phase equilibration studies. Existence of the following
phase fields were identified: (1) Bi-Mo-MoO,, (2) Bi-M00,-Bi,M00g, (3) Bi,M0Os-
Mo00;-Bi;M0301,, (4) Bi-BinM00Os-BigM0,015, (5) Bi-BigM0,015-Bi;oM03024, (6)
Bi-Bi1)M030,4-BigM00,, (7) Bi-BigM001,-Bi;1sM00,4 and (8) Bi-Bi;4M00,4-Bi,0;
at 773 K, (1) Bi-Mo-MoO», (2) Bi-M00;-Bi,Mo00Os, (3) Bi;M00Os-Mo00;-Bi,M0,0,
(4) Bi;M0,09-M00,-Bi;Mo03012, (5) Bi-Bi;M0O4-BigM030;;, (6) Bi-BigM030;;-
Bi14Mo05036, (7) Bi-Bi14M05036-BicM 0,015, (8) Bi-BigM0,0;5-BijgM03024, (9) Bi-
Bi;0M03024-BigM00O1, (10) Bi-BisgM00O;,-Bi;4sM00,4 and (11) Bi-Bi;4sM00,4-Bi,0;
at 873 K and (1) Bi-Mo-MoO;, (2) Bi-M00,-Bi;Mo0Og¢, (3) Bi-BixMo0Os-
‘Bi26M0100g9’, (4) Bi-‘BizgM0;90g9’-BijoM 03024, (5) Bi-BijgM03024-‘BizgMo07075’,

(6) Bi-‘Bi38MO7O78,-Bi14M0024 and (7) Bi-Bi14M0024-Bi203 at 1023 K.

The phase diagrams show that on increasing the dissolved oxygen
concentration in liquid bismuth in equilibrium with molybdenum metal, molybdenum
oxide (MoO,) would precipitate first as the coexisting phases. With further increase
in oxygen concentration, Bi,MoOgwould appear as the first ternary compound stable
in liquid bismuth.

Experiments were also carried out to determine the temperatures at which the
three ternary compounds, namely, BigMo030,;, Bi;sMo0s503¢ and BigMo0,0O5 undergo

transition into the high temperature solid solution phase ‘Bi;sMo019Ogo’. The
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corresponding transition temperatures are determined to be 917 + 5 K, 963 + 5 K and
891 + 5 K, respectively. Electrical conductivity measurements on Bi;M0,09 have
proved that at temperatures below 817 + 5 K it undergoes decomposition to
Bi;Mo03;0;; and Bi;MoOg phases. Studies carried out on the polymorphic
transformations of Bi,MoO¢ have revealed that the orthorhombic to monoclinic
transition of Bi,MoOQy is irreversible and occurs between 868 and 871 K.

The standard molar Gibbs energies of formation of monoclinic phase of
Bi;MoOg¢ (s) was determined by measuring the oxygen potentials in the relevant

ternary phase fields by solid oxide electrolyte based emf cell and is given as below.

A ,G"<Bi;MoOg> = 0.8 / kimol '= -1382.3+ 0.5064 (T / K)
(T: 772-1023K)  (3.23)

The standard molar enthalpies of formation of Bi,Mo030,(s), orthorhombic
and monoclinic phases of Bi;MoOg (s), BisgM0,0O;5 (s) and BigMoOj, (s) were
determined by solution calorimetry experiments and the valuesobtained are (-2915.8
+ 5.7), (-1407.2 £ 3.8), (-1385.7 + 3.9), (-3345.0 £ 10.9) and (-2605.2 + 10.2) kJ
mol’, respectively.

Molar heat capacities of Bi;Mo030;> (s), monoclinic-Bi,MoO¢ (s) and
BigMo0,0;5 (s) were determined by differential scanning calorimetry and are given

below:

C,<Bi;M0;012> /T K ' mol'=416.7-7.1 x 10° T - 8.8 x 10° T?
(T: 328-818 K) (3.25)

C,<Bi;MoOs> /T K ' mol'=221.4-1.5x 10° T~3.9 x 10° T*
(T: 318-818 K) (3.26)
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C,<BigM0,015> /T K mol'=529.8- 67.9 x 10° T - 6.3 x 10° T?
(T: 318-808 K) (3.27)

From the measured heat capacity data, thermodynamic functions such as
enthalpy increments, entropies and Gibbs energy functions were derived.
2) The partial phase diagram of the ternary Pb-Mo-O system has been
established at 773 and 998 K by phase equilibration studies. The following phase
fields were identified in the system: At 773 K: (1) Pb-Mo-MoO; (2) Pb-MoO,-
PbMoOs (3) Pb-PbMo00O4-PbMoOs (4) Pb-PboMoOs-PbO. At 998 K (1) Pb-Mo-
MoO; (2) Pb-M00O,-PbMo0O, (3) Pb-PbMo00O4-Pb,MoOs (4) Pb-Pb,MoOs-PbsMoOg

and (5) Pb-PbsMoOg-PbO.

The results have shown that in the Pb-Mo-O system, with increase in the
oxygen content in liquid lead that is coexisting with Mo metal, molybdenum oxide
(Mo0O;) would appear first followed by the ternary compounds.

The standard molar Gibbs energies of formation of PbMoOy (s), Pb,MoOs (s)
and PbsMoOg (s) were determined by using emf cells. The following results are

obtained:

A ,G"<PbMoO,>+ 0.7 / kJmol '= -1030.1+ 0.3054 (T / K)
(T: 772-1017 K) (4.12)

A ,G"<Pb;M0Os> = 0.8 / kimol '= -1248.1+ 0.3872 (T / K)
(T: 741-1021 K) (4.15)

A ;G <PbsMoOg>+ 0.8 / kJmol '= -1737.5+ 0.4830 (T / K)
(T: 884-967 K) (4.18)
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The standard molar enthalpies of formation of PbMoOQO, (s), Pb,MoOs (s) and
PbsMoOs (s) were determined by solution calorimetry using 2.02 mol kg™ NaOH as
the calorimetric solvent and results obtained are (-1059.6 + 2.2), (-1274.7 + 2.3) and
(-1906.2 + 3.2) kJ mol™". respectively.

The molar heat capacities of PbMoQOy (s) and Pb,MoOs (s) were determined

by differential scanning calorimetry and the results obtained are given below:

C,<PbMoO,>/J K" mol'=127.31+30.47 x 10° T - 1.79 x 10° T*
(T: 313-798 K) (4.19)

C, <Pb;MoOs>/J K™ mol'= 169.20+ 66.69 x 10° T — 1.99 x 10° T
(T: 308-798 K) (4.20)

3) Work towards the development of a high temperature piezoelectric material for
use in liquid metals was carried out. In this regard, highly textured and piezoelectric
bismuth titanate was prepared by reaction in molten salt medium. In order to achieve
sufficient resistivity for the material, doping has been carried out by the same method
using Nb as the dopant. A pronounced lowering in conductivity was observed with Nb
doping. The lowest electrical conductivity was obtained for the sample with
composition BisTi;8125Nbg.;sO12 (BITN-3). The material prepared was subjected to

poling and the d33 value was measured.

6.1 Prediction of the nature of passive oxide layer

The nature of the protective oxide layer formed at the steel-liquid Bi and steel-
liquid Pb interface can be predicted by using the results obtained onBi-Mo-O and Pb-
Mo-O systems along with the data on solubility of oxygen in liquid Bi and liquid Pb.

The threshold concentration of oxygen above which a ternary compound appears in
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the liquid metal system is determined by the thermodynamic stability of the
compound, chemical activity of the the structural steel components and the activity
and solubility of oxygen in the coolant. Studies by Sahu et al.. [1-3] carried out a
detailed study on Pb-Fe-O and Pb-Cr-O systems and predicted the nature of the
passive oxide layer formed on the steel-liquid Pb interface. Meera et al. [4, 5] studied
the Bi-Fe-O and Bi-Cr-O systems and used the data to predict the nature of the
passive oxide layer formed on the steel-Bi interface. Using the earlier reported data
along with the present data, further insights can be obtained on the nature of oxide

layer on the steel-liquid metal interface.

In order to understand the nature of the ternary compound formed on Bi-
stainless steel system and Pb- stainless steel system, equilibrium oxygen potentials of
various equilibria that would exist in these systems were computed. Based on the
studies on Bi-Mo-O and Pb-Mo-O systems, it is concluded that at low levels of
dissolved oxygen, only MoO,would coexist with liquid Bi in equilibrium with Mo
metal. Ternary compounds appear only at high oxygen concentrations. Similarly in
the case of liquid Pb coexisting with Mo metal only MoO, would coexist at low

oxygen concentrations.

The following equilibria were considered for computation of oxygen potentials:

X [M]steat + % 0, < M0y (6.1)

Bi + s [M]seel + % 0, < BiM.Oy, [M = Fe, Cr, Ni, Si, Mo] (6.2)
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Pb + s [M]aea + % 0, < PbM,O, , [M = Fe, Cr, Ni, Si, Mo] (6.3) Bi + % 0,

< [Bi20s]8; (6.4)

Pb + % 0, <> [PbOTpe 6.5)
[Bilse + S [M]gea + % 0, © BiM,0, , [M = Fe, Cr, Ni, Si, Mo] 6.6)
[Pbliss + 5 [M]geet + % 0, <> PbM,O, , [M = Fe, Cr, Ni, Si, Mo] (6.7)

In equilibria 6.2, 6.3, 6.6 and 6.7, the s and t can have different values for
different elements, viz., Fe, Cr, Ni, Si, Mo, etc. As PbO is more stable than Bi,O3 in
LBE, the equilibrium considered for computing oxygen potential with different levels

of dissolved oxygen concentration in LBE is:
1
[Pb]LsE + 5 O, < [PbO]sE (6.8)

For these computations, data on Gibbs energies of formation of bismuth
molybdates and lead molybdates from this work, MoO, from reference [6] were used.
Data on lead ferrates and chromates were from references 1 to 3 and data on bismuth
ferrates and chromates from references 4 and 5 were used. For oxides of Ni, Si and
Mo, the data from reference 7, for oxides of iron, data from references 8 and 9, and
for chromium sesquioxide, data from 10 were used. Oxygen potentials of the above
mentioned equilibria were calculated for 9Cr-1Mo steel. The chemical activity of the
alloying elements in steel was obtained by assuming the steel to be an ideal solid

solution obeying Raoults’ law.
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The oxygen potentials of the different equilibria in liquid Bi, liquid Pb and
LBE in 9Cr-1Mo steel are shown in Figs. 6.1 to 6.3. Fig. 6.1 shows the oxygen
potentials of different chemical equilibria in liquid Bi —“9Cr-1Mo steel system. The
oxygen potentials in liquid Bi containing different levels of dissolved oxygen
concentrations are also shown in the same figure. It can be seen from the figure that at
low oxygen concentrations, SiO, and Cr,O; layers would be formed on the steel
surface depending upon the amount of Si and Cr present in the steel. With increase in
the oxygen concentration,iron oxides and molybdenum oxides would be formed at the
steel — liquid Bi interface. If the oxygen concentration in the molten bismuth is
further increased, Bi,MoOgwould appear. Further increase in the oxygen
concentration can lead to the formation of BiFesO9 and BiCrisOgy ternary

compounds.

Fig. 6.2 shows the oxygen potentials in liquid Pb containing different
dissolved oxygen concentrations and chemical equilibria computed for 9Cr—1Mo
steel. As in the case of liquid Bi - 9Cr-1Mo steel, SiO, and Cr,Os layers would be
formed at low oxygen levels followed by the formation of molybdenum and iron
oxides with increase in the oxygen concentration. If the oxygen concentration in
liquid Pb is further increased, PbMoOswould appear. Further increase in the oxygen
concentration can lead to the formation of PbFesOgs and Pb,Fe,Os ternary

compounds.
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Fig. 6.1 Oxygen potentials in liquid Bi containing different oxygen concentrations
and with different chemical equilibria for 9Cr-1Mo steel
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Fig. 6.2 Oxygen potentials in liquid Pb containing different
oxygenconcentrations and with different chemical equilibria for 9Cr-

1Mo steel

Figure6.3show the oxygen potentials of different chemical equilibria in LBE
and 9Cr-1Mo steel. As in the previous cases, at lower oxygen concentrations, SiO,,

Cr,03 and MoO, layers could be formed at the LBE - steel interface. With increase in

254



the oxygen concentration, iron oxides would be formed at the steel-LBE interface. At

higher oxygen concentrations, the first ternary compound formed would be PbMoO,.

SiO
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Fig. 6.3 Oxygen potentials in LBE containing different oxygen concentrations
and with different chemical equilibria for 9Cr-1Mo steel
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Chapter 7

Scope for future studies

Based on the discussion in the preceding chapters it is clear that a
comprehensive knowledge on the composition and thermochemical data of the
passive oxide layer is required for the effective mitigation of corrosion in LBE-steel
systems. In this regard, the interaction of structural steel components with Pb and Bi
is important. A detailed study on Bi-M-O and Pb-M-O (M: Fe, Cr) systems has been
carried out by Sahu et al. [1-6] and Meera et al. [7, 8]. Bi-Mo-O and Pb-Mo-O

systems were studied in the present work.

In Bi-Mo-O ternary system, the Gibbs energy of formation of Bi,MoQOg(s) has
been determined in the present work. Gibbs energies of formation of other ternary
compounds which are coexisting with liquid Biare needed to be determined. Their

enthalpies of formation and heat capacities are also needed to be measured.

Interaction of other alloying components of steels with Pb and Bi in the
presence of dissolved oxygen deserves greater importance. Pb (Bi) —Ti-O systems and
Pb (Bi) —Si-O systems can be studied in this regard to understand and exploit the

corrosion protection phenomena in lead and LBE circuits.

In the present study, predominantly textured bismuth titanate ceramics were
prepared by molten salt method using Nb as the dopant. Further studies can be carried

out to modify the electrical properties of bismuth titanate using different dopants.
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Appendix

Table 1. Data of null emf measurements

Variation of emf with temperature for cell with oxygen gas on either side of the

electrolyte

Temperature / K Emf/ mV
1015.6 0.026
967.0 0.046
917.4 0.064
887.3 0.081
868.3 0.098
Variation of emf with temperature for cell with air on either side of the
electrolyte

Temperature / K Emf/ mV
1012.1 0.016
962.9 0.025
919.6 0.048
867.9 0.093
773.8 0.125

Fig.1. Schematic of the experimental set up used for long term equilibrations of
Bi8M03021, Bi14M05O36 and Bi6M02015

\/7% Thermocouple

Quartz tube, 8 mm dia,
450 mm long

Quter ss tube

Quartz tube, 16 mm dia,
1 m long

[
\

—— > Vertical furnace

Sample pellet

Quartz spacer

259



	01_title (1)
	02_certificate (1)
	03_prelim_pages (1)
	04_contents (1)
	05_abstract (1)
	06_tabfiglist
	07_chapter_1
	08_chapter_2
	09_chapter_3 (1)
	09_chapter_3
	10_chapter_4
	11_chapter_5
	12_chapter_6
	13_chapter_7

