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Cerium dioxide (CeO,) containing materials have attracted much interest in recent
years owing to their broad range of applications in various fields, ranging from catalysis to
ceramics, fuel cell technologies, gas sensors, solid state electrolytes, ceramic biomaterials,
etc., in addition to the classical application of CeO, as an additive in the so-called three-
way catalysts (TWC) for automotive exhaust treatment. Particularly, the presence of CeO;
in various catalyst systems has been found to be effective in the promotion of catalytic
reactions for CO, activation, CO oxidation, CO/NO removal, and catalytic combustion of
CH,. Very recently, it has also been employed in the deNOx catalysis too. The most
important property that makes ceria as an excellent catalytic material is its oxygen storage
and release capacity (OSC) via the redox shift between Ce*" and Ce®* under oxidizing and
reducing conditions, respectively. Despite the widespread use and application, pure ceria
has poor thermal stability and known to sinter at high temperatures, which leads to
deactivation of the catalyst. Therefore, much effort has been devoted in recent years to
design suitable CeOj-based composite oxide systems, which can enhance the thermal
(textural) stability of ceria without diminishing its special features, such as its unique redox
properties and its high oxygen mobility. Moreover, the redox and catalytic properties of
ceria and its composite oxides are dependent upon some other factors, which include
particle size, phase modification, structural lattice defects, and chemical nonstoichiometry.
In addition, fine tuning of the particle size of a catalyst in nanometer scale results in
increasing the specific surface area and changing its morphology, thus providing a larger
number of more reactive edge sites as well as better catalytic performance. Ceria easily
forms solid solutions with other transitional-metals and rare-earth elements. Especially,
solid solutions of ceria with Group IV transitional-metals deserve particular attention for
their applicability in various technologically important catalytic processes. CeO,—ZrO,
solid solutions have been employed in various reactions which include three-way catalysis,
CO oxidation, methanol decomposition to syngas, steam reforming of ethanol, catalytic
combustion of hydrocarbons, catalytic wet oxidation of methane, alcohol dehydration, and
so on. Hafnia (HfO,) and zirconia (ZrO,) are called twin oxides because of their similar
chemical and physical properties. They are iso-structural in the bulk and this close
correlation in properties is due to the identical valence states and nearly identical ionic

radii for Hf and Zr. Hafnia-based materials can be used in solid electrolytes for fuel cells,
i
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oxygen gas sensors, refractories, coating for oxidation resistance, control rods for nuclear
reactor, and so on. Therefore, it was interesting to investigate the structural and catalytic

properties of novel nanosized ceria-hafnia composite oxides.

However, the unsupported oxides are susceptible to a fall in the surface area due to
sintering and it leads to a decrease in the stability of the structure during high temperature
applications thereby loosing its oxygen buffering capacity. In order to exploit them without
loosing their unique redox features, it is very essential to synthesize nanocomposites where
the active phase is stabilized over a stable inert support. Highly dispersed active oxides
deposited on the surface of an inert support have been intensively studied for many years,
mainly due to their applications as catalytic systems. The essential requirements of a better
support are nonreactivity with the dispersed phase and high specific surface area. The
catalytic performances of supported metal oxide catalysts are determined by many
parameters, the most important being the metal oxide loading, pretreatment conditions,
molecular structure, electronic structure, and support oxide type and composition.
Currently, ceria-based systems are usually supported on transition aluminas and titania,
with the aim of achieving better dispersion of the active phase and improvement of the
oxygen exchange rate. Silica is another most widely available supports with excellent
chemical resistance, thermal stability and high specific surface area, which can enhance
dispersion and thereby catalytic activity of the dispersed active oxides. In this present
investigation, ceria-hafnia and a series of catalytically important supported nanosized
ceria-hafnia [CeO—-HfO/M,Oy; (MxOy = SiO,, TiO,, and Al,O3)] composite oxides
possessing high specific surface area, better thermal stability, superior sintering resistance,
and desired redox properties have been synthesized. The thermal and structural stability of
the supported ceria-based solid solutions are strongly influenced by the synthetic
methodology. In this study, soft chemical routes namely coprecipitation and deposition
coprecipitation techniques were adopted for preparation of unsupported and supported
mixed oxides respectively. The prepared samples were further subjected to thermal
treatments from 773 to 1073 K in order to understand the nano-structural evolution and
physicochemical characteristics of these complex oxide systems. Various physicochemical

characterization techniques namely, thermal analysis (TG-DTA), X-ray diffraction (XRD),
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transmission electron microscopy (TEM), Laser Raman spectroscopy (LRS), UV-visible
diffuse reflectance spectroscopy (UV-vis DRS), X-ray photoelectron spectroscopy (XPS),
lon scattering spectroscopy (ISS), temperature programmed reduction (TPR), and BET
surface area (SA) were employed to investigate these oxide systems. All the synthesized
catalysts were evaluated for the potential oxygen storage capacity (OSC), CO oxidation
and soot oxidation reaction. A few of the catalytic systems were also evaluated for the
selective dehydration of 4-methylpentan-2-ol. The thesis has been organized into seven

individual chapters.

Chapter 1 comprised of a thorough literature survey on nanostructured metal oxides
with especial emphasis on cerium oxide and its composite oxides including structural,
redox properties, and potential applications in catalysis with relevant references. A short
introduction to the application of nanostructured metal oxides to different catalytic
processes is also included. Importance of supported ceria-based materials has been
discussed at length in this chapter. The main objectives and the scope of the present

investigation are also clearly outlined.

The experimental procedures and the techniques employed in this investigation are
descried in Chapter 2. The details pertaining to the preparative methodologies employed
to obtain the unsupported and supported ceria-hafnia composite oxides are presented with
appropriate references in this chapter. The experimental details related to BET SA, TG-
DTA, XRD, LRS, UV-vis DRS, XPS, ISS, and TPR are given with necessary theoretical
background. The experimental aspects of the potential OSC measurements, CO oxidation,
soot oxidation reaction, and selective dehydration of 4-methylpentan-2-ol are also
described in detail in this chapter. For comparison purpose unsupported ceria-zirconia was

also prepared and characterized by different techniques and used for catalytic evaluation.

Chapter 3 deals with the preparation and intensive characterization of nanosized
CeO,—HfO, composite oxide by various spectroscopic and non-spectroscopic techniques.
The CeO,—HfO, (8:2 mole ratio based on oxides) catalyst was prepared by an aqueous
coprecipitation method. The sample was subjected to heat treatments from 773 to 1073 K

to have information on its thermal stability. For the purpose of comparison, by adopting



Abstract

¢ 4

similar preparation method nanosized CeO,—ZrO, composite oxide was also synthesized
and calcined at different temperatures from 773 to 1073 K and characterized by different
techniques. The XRD results suggest that the CeO,—HfO, sample primarily consists of
nanocrystalline cubic Ce—Hf oxides with composition CegHf, 20, over all the calcination
temperatures. The samples are thermally quite stable and no phase segregation was
observed up to the calcination temperature of 1073 K. On the other hand CeO,-ZrO,
crystallizes as cubic Ceg75Zro250, and CeggZro40, depending on the calcination
temperatures. The Raman measurements revealed the existence of cubic ceria-hafnia and
ceria-zirconia phase and establish the generation of defects in the lattice leading to the
formation of oxygen vacancies. The XPS line shapes and the corresponding binding
energies indicated that the Ce is present in both 3+ and 4+ oxidation states and Hf and Zr
are in 4+ oxidation states, respectively. ISS measurements indicated surface enrichment of
cerium on the external surface of the composite oxide in the case of CeO,—HfO,, while
such surface enrichment of cerium is not observed for the CeO,—ZrO, sample. It could be
confirmed from the plot of intensity ratio of Hf/Ce and Zr/Ce versus number of scans,
which showed an increase with the number of scans in the former case, while a nominal
decrease of intensity ratio was observed in the latter case. The SEM measurements
conferred information on the external surface morphology of the catalysts. The TEM-
HREM results confirmed that both the series of Ce-Hf and Ce-Zr-oxide nanocrystals have
average particle dimension of ~4-5 nm when calcined at 773 K, and there was a nominal
increase in the particle size upon increase of thermal temperature of the catalyst systems to
1073 K. The experimental images revealed that both the Ce-Hf and Ce-Zr-oxides are
mainly in the cubic geometry. The UV-vis DRS measurements confer information about
Ce* « 0% and Ce* « O% charge transfer transitions. The TPR measurements were
performed using both CO and H, as reducing gas for both the catalysts to evaluate the
redox nature of the systems. The CO-TPR showed a remarkable lowering of the reduction
temperature of the Ce-Hf-oxide compared to pure ceria and Ce-Zr-oxides. On the other
hand H,-TPR showed higher degree of reduction in the case of Ce-Hf than Ce-Zr-oxides.
The thermogravimetric analysis under N, atmosphere gave information on the thermal

behavior of the catalyst systems. BET surface area results showed that the catalysts possess
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reasonably high specific surface area even up to highest calcination temperature 1073 K.
The results pertaining to the structural characteristic of the nanosized composite oxides of

Ce0,—HfO; and CeO,—ZrO, systems are complied in this chapter and described in detail.

Chapter 4 deals with the preparation and physicochemical characterization of CeOp—
HfO,/SiO, catalysts by various spectroscopic and non-spectroscopic techniques. The
Ce0,—HfO,/Si0O; (8:2:10 mole ratio based on oxides) was obtained by a modified aqueous
deposition coprecipitation method. These samples were subjected to various thermal
treatments in the temperature range from 773 to 1073 K. The addition of silica remarkably
enhances the surface area of the final catalyst. The use of silica in its preformed colloidal
form gave additional advantage to synthesize highly dispersed nanosized composite oxide
of Ce—HTf over silica surface. The XRD results suggest that the CeO,—HfO,/SiO, sample
primarily consists of nanocrystalline cubic Ce—-Hf oxides with composition CeygHf,,0;
over the amorphous SiO, surface at all the calcination temperatures investigated. However,
the peak widths of the nanosized materials are so large that it is not easy to draw an exact
statement whether small amounts of segregated phases are present or not. The Raman
measurements also revealed the existence of cubic ceria-hafnia phase and indicated the
formation of oxygen vacancies as a result of generation of lattice defects. The XPS patterns
indicated that the Ce is present in both 3+ and 4+ oxidation states and Hf in 4+ oxidation
state, respectively. However, stabilization of Ce®*" was observed at higher calcination
temperatures. The ISS measurements indicated surface enrichment of cerium on the
external surface of the composite oxide in the case of 773 K calcined sample, while such
surface enrichment of cerium is not observed for the 1073 K calcined sample. It could be
confirmed from the plot of intensity ratio of Hf/Ce versus number of scans, which showed
an increase with the number of scans in the former case, while a nominal decrease of
intensity ratio was observed in the latter case. The SEM measurements conferred
information on the external surface morphology of the catalysts. The TEM-HREM results
pertaining to CeO,—HfO,/SiO, indicated well-dispersed Ce—Hf oxide nanocrystals (~3 nm)
over the surface of amorphous SiO, matrix when treated at 773 K, and there was no
apparent increase in the crystallite size upon increasing the thermal treatment temperature

to 1073 K. The experimental images revealed that the Ce-Hf- oxides are mainly in the

\"
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cubic geometry and exhibit high thermal stability. The UV-vis DRS measurements
disclose information about Ce*" «— O* and Ce* « O charge transfer transitions. The
TPR (both CO and Hy) analyses indicated the interesting redox property of the catalyst
system. All the results in details pertaining to this catalyst system are compiled in this

chapter.

The preparation and structural evolution of CeO,—HfO,/TiO, system by various state-
of-the art sophisticated techniques are presented in detail in Chapter 5. The CeOo—
HfO,/TiO, composite oxide (8:2:10 mole ratio based on oxides) was obtained by a
deposition coprecipitation method using ultrahigh dilute aqueous solutions of the
corresponding metal salts. The addition of titania resulted into enhancement of surface area
of the final catalyst. In this case, the XRD results suggest that the composite oxide calcined
at 773 K primarily consists of poorly crystalline composite oxides of Ce-Hf and TiO,-
anatase phase and a better crystallization of these oxides occur with increasing calcination
temperature. At high temperatures especially at 1073 K, however, titania might not remain
as an inert carrier and form unfavorable compounds with ceria or hafnia. But the exact
identification of such unfavorable compounds could not be confirmed by XRD
measurements. Raman spectroscopy studies revealed the formation of cubic Ce-Hf-oxide
and TiO,-anatase phases along with the information about the oxygen vacancy formation
in the crystal lattice. From Raman (visible-Raman studies) results formation of unfavorable
rutile phase was observed. The XPS measurements indicated that the Ce is present in both
3+ and 4+ oxidation states and Hf in 4+ oxidation state, respectively. At higher
temperatures Ce>* was stabilized. The SEM measurements conferred information on the
external surface morphology of the catalysts. The TEM-HREM results ascertained the
formation of nanometer sized composite oxides of Ce-Hf with nominal increase in the
grain size at higher calcination temperature. UV-vis DRS measurements conferred
information on the lowering of crystal symmetry and consequent strain development at the
cerium sites along with the information on the ligand to metal charge transfer transitions.
The TPR analyses show the high reducibility of the catalyst system. The

thermogravimetric analysis under N, atmosphere gave information on the thermal stability

Vi
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of the catalyst system. More details on the nanostructural evolution of this interesting
catalytic system are presented in this chapter.

Chapter 6 deals with structural and redox characteristics of CeO,-HfO,/Al,O3
samples under the effect thermal treatments. The CeO,—-HfO,/Al,O; composite oxide
(8:2:10 mole ratio based on oxides) was obtained by a deposition coprecipitation method.
The addition of alumina resulted into remarkable stabilization of CexHf1_xO, nanocrystals
against thermal sintering at higher temperatures. Alumina remains as an inert carrier and
does not form any unfavorable inert compounds with ceria or hafnia with the temperature
range used in the present investigation. The XRD analysis of the sample calcined at 773 K
revealed the presence of a cubic phase with the composition CeggHfy20,. There is no
evidence for phase segregation up to the calcination temperature of 1073 K. The presence
of oxygen vacancies leading to the formation of defective fluorite structure is revealed by
Raman spectroscopic analysis. The XPS measurements revealed the presence of Ce in both
4+ and 3+ oxidation states and Hf in 4+ oxidation states, respectively. The predominance
of Ce® state at higher calcination temperature was observed. The SEM measurements
conferred information on the external surface morphology of the catalysts. The TEM-
HREM results ascertained the formation of nanometer sized composite oxides of Ce—Hf.
The grain size does not increase above 10 nm upon increasing the calcination temperature
from 773 to 1073 K. The UV-vis DRS measurements disclose information on the oxygen
to metal (Ce*"/Ce*) charge transfer transitions and the lowering of symmetry and
consequent strain development at the cerium sites. The redox behavior of the catalyst was
determined by TPR measurements. TG-DTA analysis was performed to evaluate the
thermal stability of the catalyst system, which showed that the catalyst is thermally quite
stable in the temperature of 1073 K. More details pertaining to this interesting catalytic

system are presented in this chapter.

Chapter 7 deals with the catalytic activity studies of the synthesized catalyst systems
for OSC, CO oxidation, soot oxidation, and selective dehydration of 4-methylpentan-2-ol,
respectively. The catalysts were very active for all the reactions. The unsupported ceria-
hafnia composite oxide is better in terms of OSC, CO oxidation, and soot oxidation ability

compared to well reported ceria-zirconia composite oxide. The redox behavior is quite
vii
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interesting for the ceria-hafnia system. Among the supported ceria-hafnia catalyst systems
alumina supported composite oxide showed higher activity for OSC, CO oxidation and
soot oxidation reaction, respectively. All the three catalytic properties are interrelated, as
observed from our experimental results and physicochemical characteristics of the
composite oxide systems. The fourth reaction studied was selective dehydration of 4-
methylpentan-2-ol, which is used as a test reaction to evaluate the acid-base character of
oxide catalysts. Among all the catalysts silica supported ceria-hafnia system showed

highest activity toward the dehydration of the 4-methylpentan-2-ol selectively.

On the whole, using soft chemical routes nanosized ceria-hafnia and different
supported ceria-hafnia composite oxides could be successfully synthesized.
Physicochemical characterization of all the catalyst systems showed that the catalysts are
thermally quite stable, and possess very high surface area. The catalytic activity studies
inferred that the catalysts are quite active for the reactions studied in the present

investigation.

viii



Chapter 1

This chapter comprised of a thorough literature survey on
nanostrucutred metal oxides with especial emphasis on cerium
oxide and its composite oxides including structural, redox
properties, and potential applications in catalysis with
relevant references.



Chapter 1 General introduction and literature overview

GENERAL INTRODUCTION AND LITERATURE OVERVIEW

1.1 General Introduction to Metal Oxides

Metal oxides play a very important role in many areas of chemistry, physics, and
materials science. The metal elements can form a large diversity of oxide compounds [1-
6]. These elements can adopt many structural geometries with an electronic structure that

can exhibit metallic, semiconductor, or insulator character.

1.1.1 Metal oxides and their Properties

Metal oxides represent one of the most important and widely employed classes of
solid catalysts, either as active phases or supports. Metal oxides are used both for their
acid-base and redox properties and constitute the largest family of catalysts in
heterogeneous catalysis [1-8]. The three key features of metal oxides, which are essential
for their application in catalysis, are (a) coordination environment of the surface atoms; (b)
redox properties of the oxide; (c) oxidation state of the surface. Surface coordination
environment can be controlled by the choice of crystal plane exposed and by the
preparation procedures employed, however, specification of redox properties is largely a
matter of choice of the oxide. The majority of oxide catalysts correspond to more or less
complex transition metal oxides containing cations of variable oxidation-state. These
cations introduce redox properties and, in addition, acid-base properties. The acid-base
properties of the oxides are usually interrelated to their redox behavior. Many attempts
were made in the literature to find correlations between acid-base and redox
characteristics and the catalytic properties. It is obvious that both characteristics are not
independent since cations are Lewis acids while lattice oxygen anions are basic and
hydroxyl groups could be either acidic (Brgnsted site) or basic. The acidic character of the
cations depends on their positive charge and size while the basic character of the lattice
oxygen anions depends on the ionic character of the metal-oxygen bonds [1,7,8].

Metal oxides are usually formed from their corresponding hydroxides, through
calcination. Electro-statically neutral oxide surfaces expose both cations as well as
oxygen atom anion sites, where as in the bulk the formal charge on oxygen can often be
considered to be equal to -2, this is not the case on metal or metal oxide surfaces. The

decreased Madelung energy on the surface makes charge transfer between cation and

1



Chapter 1 General introduction and literature overview

anion on the surface less favorable. This can give rise to reactive O™ sites, or in the case
of the adsorption of O,, O, anions which are known to be active in non-selective
combustion pathways for reacting hydrocarbons. Dehydrated surfaces possess both
Lewis acid cationic sites as well as Lewis base anionic sites. Water normally physisorbs at
low temperature and readily dissociates on non-polar surfaces. This occurs on reducible
as well as on non-reducible oxides. Protons attach to bridging oxygen sites and behave as
Bransted acids, where as the OH™ fragments adsorb to the cation sites and behave as
Brgnsted bases.

Oxides commonly studied as catalytic materials belong to the structural classes of
corundum, rocksalt, wurtzite, spinel, perovskite, rutile, and layer structure. These
structures are commonly reported for oxides prepared by normal methods under mild
conditions [1,7]. Many transition metal ions possess multiple stable oxidation states. The
easy oxidation and reduction (redox property), and the existence of cations of different
oxidation states in the intermediate oxides have been thought to be important factors for
these oxides to possess desirable properties in selective oxidation and related reactions.
In general terms, metal oxides are made up of metallic cations and oxygen anions. The
ionicity of the lattice, which is often less than that predicted by formal oxidation states,
results in the presence of charged adsorbate species and the common heterolytic
dissociative adsorption of molecules (i.e., a molecule AB is adsorbed as A" and B).
Surface exposed cations and anions form acidic and basic sites as well as acid-base pair
sites [1]. The fact that the cations often have a number of commonly obtainable oxidation
states has resulted in the ability of the oxides to undergo oxidation and reduction and the

possibility of the presence of rather high densities of cationic and anionic vacancies.

1.1.2 Nanostructured Metal Oxides and their Applications

Metal oxides are used in the fabrication of microelectronic circuits, sensors,
piezoelectric devices, fuel cells, coatings for the passivation of surfaces against corrosion,
and as catalysts. For example, almost all catalysts used in industrial applications involve
an oxide as active phase, promoter, or “support.” In the chemical and petrochemical
industries, products worth billions of dollars are generated every year through processes
that use oxide and metal/oxide catalysts [9]. For the control of environmental pollution,
catalysts or sorbents that contain oxides are employed to remove the CO, NOx and SOx

species formed during the combustion of fossil-derived fuels [10]. Furthermore, the most

2
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active areas of the semiconductor industry involve the use of oxides [11]. Thus, most of
the chips used in computers contain an oxide component. In the emerging field of
nanotechnology, a goal is to make nanostructures or nanoarrays with special properties
with respect to those of bulk or single-particle species [12—14]. Oxide nanoparticles can
exhibit unique physical and chemical properties due to their limited size and a high density
of corner or edge surface sites. Particle size is expected to influence three important
groups of properties in any material. The first one comprises the structural characteristics,
namely, the lattice symmetry and cell parameters [15]. Bulk oxides are usually robust and
stable systems with well-defined crystallographic structures. However, the growing
importance of surface-free energy and stress with decreasing particle size must be
considered: Changes in thermodynamic stability associated with size can induce
modification of cell parameters and/or structural transformations [16,17], and in extreme
cases, the nanoparticle can disappear because of interactions with its surrounding
environment and a high surface-free energy [18]. To display mechanical or structural
stability, a nanoparticle must have a low surface-free energy. As a consequence of this
requirement, phases that have a low stability in bulk materials can become very stable in
nanostructures. This structural phenomenon has been detected in TiO,, VOx, Al,Oz, or
MoOx oxides [6,18]. Size-induced structural distortions associated with changes in cell
parameters have been observed in nanoparticles of Al,O3, NiO, Fe,03, ZrO,, MoO3;, CeO,,
and Y,0; [6]. As the particle size decreases, the increasing number of surface and
interface atoms generates stress/strain and concomitant structural perturbations [19].
Beyond this “instrinsic” strain, there may be also “extrinsic” strain associated with a
particular synthesis method that may be partially relieved by annealing or calcination [6].
On the other hand, interactions with the substrate on which the nanoparticles are
supported can complicate the situation and induce structural perturbations or phases not
observed for the bulk state of the oxide [20]. The second important effect of size is related
to the electronic properties of the oxide. In any material, the nanostructure produces the
so-called quantum size or confinement effects, which essentially arise from the presence
of discrete, atom-like electronic states. From a solid-state point of view, these states can
be considered as being a superposition of bulk-like states with a concomitant increase in
oscillator strength [21]. Additional general electronic effects of quantum confinement
experimentally probed on oxides are related to the energy shift of excitation levels and
optical bandgap [22]. An important factor to consider when dealing with the electronic

properties of a bulk oxide surface are the long-range effects of the Madelung field, which
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are not present or limited in a nanostructured oxide [6,23]. Theoretical studies for oxides
show a redistribution of charge when going from large periodic structures to small clusters
or aggregates, which must be roughly considered to be relatively small for ionic solids
while significantly larger for covalent ones [24,25]. The degree of ionicity or covalency in a
metal-oxygen bond can, however, strongly depend on size in systems with partial ionic or
covalent character; an increase in the ionic component to the metal-oxygen bond in
parallel to the size decreasing has been proposed [6]. Structural and electronic properties
obviously drive the physical and chemical properties of the solid, and the third group of
properties is influenced by size in a simple classification. In their bulk state, many oxides
have wide band gaps and a low reactivity [26]. A decrease in the average size of an oxide
particle does in fact change the magnitude of the band gap [27], with strong influence on
the conductivity and chemical reactivity [28]. Surface properties are a somewhat particular
group included in this subject because of their importance in chemistry. Solid—gas or
solid—liquid chemical reactions can be mostly confined to the surface and/or subsurface
regions of the solid. As mentioned, the two-dimensional (2D) nature of surfaces has (1)
notable structural consequences, typically a rearrangement or reconstruction of bulk
geometries, and (2) electronic consequences, such as the presence of mid-gap states [6].
In the case of nanostructured oxides, surface properties are strongly modified with respect
to 2D-infinite surfaces, producing solids with unprecedented sorption or acid/base
characteristics [29]. Furthermore, the presence of under-coordinated atoms (like corners
or edges) or O vacancies in an oxide nanoparticle should produce specific geometrical
arrangements as well as occupied electronic states located above the valence band of the
corresponding bulk material, enhancing in this way the chemical activity of the system
[6,29-31].

1.2 Cerium Dioxide (CeO,, Ceria): Structure and Properties

The most stable oxide of cerium is cerium dioxide, CeQO,, also called ceria or ceric
oxide. When cerium salts are calcined in air or oxygen-containing environments, this
tetravalent Ce(lV) oxide is formed (the sesquioxide Ce,O; with trivalent Ce can be
prepared in strongly reducing conditions but is unstable in air, water, and the like, readily
converting to the dioxide). The color of CeO,, when pure, is very pale yellow probably due
to Ce(IV)-O(-ll) charge transfer transitions. The color of the oxide is sensitive not only to

stoichiometry but also to the presence of other lanthanides. Grossly, non-stoichiometric
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ceria samples are reported to be blue related to the Ce(IV)-Ce(lll) transitions. In addition,
as the oxide is usually produced by the calcination of a precursor salt, the observed color

depends on the extent of that calcination.

1.2.1 Abundance and Electronic Configuration of Cerium

Cerium is the most abundant member of the series of elements known as
lanthanides (Ln) or rare earths elements in the Periodic Table in which the inner 4f
electron shell is being filled. It is rated as the 25" most abundant element in the earth
crust (among all the periodic elements). Among rare earths, it occurs at 60 ppm crustal
abundance followed by lanthana at 30 ppm crustal abundance [32-34]. Nearly 50% of the
available rare earth raw material consists of cerium in its oxide form. Interestingly it is the
only rare earth element that can be easily separated from a mixture of other rare earth
elements by simple chemical methods. The naturally occurring element cerium is made up
of the isotopes '*°Ce 0.193%; '*®Ce 0.25%; "°Ce 88.58%, and '*’Ce 11.07%. A
radioactive alpha emitter "*?Ce has a half-life of 5 X 10"° years.

Cerium (atomic number 58, atomic weight 140.12) can be chemically present in
two stable valence states, Ce*" (ceric) and Ce* (cerous), and this property triggers
several technological uses. The ceric ion is a powerful oxidizing agent but when
associated with the strongly coordinating ligand oxygen, it is completely stabilized.
Therefore, cerium oxide (Ce**O,, also called ceria) is the form of cerium most widely used.
First isolated as an impure oxide in 1803, the element was named after the earliest
recognized asteroid ‘Ceres’ that in turn was named for the patron saint of Sicily, the roman
goddess of food plants. It is noteworthy that the recognition of cerium as a unique
element, and its relationship to other elements helped in the gradual development of the
Periodic Table concept. About one hundred years ago or so, the separation and
identification of all the individual 4f elements including cerium caused considerable
confusion but led eventually to the understanding of atomic structure.

The ground state of all the neutral Ln atoms is probably either [Xe]4f"5d'6s? or
[Xe]4f""'6s?, where the increase in n from 0 to 14 corresponds to the change from La
(Z=57) to Lu (Z=71). Cerium is the second and most reactive member of the Ln series. It
is very electro-positive and has predominantly ionic chemistry due to the low ionization
potential for the removal of the three most weakly bound electrons. The energetics are

such that for all lanthanides, the most stable state is a trivalent one (Ln*") with [Xe]4f"
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configuration; i.e. for Ce®, it is [Xe]4f'. The 4f electrons have well-shielded inner orbitals
which are not influenced by the external environment and hence the chemical behaviour
of all Ln*" ions, including ce®, is very similar. At the start of the Ln series, the 5d orbitals
are not much higher in energy than the 4f shell. However, in case of cerium a potential
4f-5d charge transition accounts for the absorption by Ce(lll) compounds in the UV region
just outside the visible region. The relative increased stability of empty 4f°, half-full 4f’, and
completely full 4f'* shells for certain elements can cause oxidation states other than three
also to be reasonably stable, in particular Ce** with a [Xe]4f° configuration.

Rare-earth minerals occur in a variety of geologic environments. Concentrations
exist in igneous, sedimentary, and metamorphic rocks. The rare-earths are constituents in
over 160 minerals [35], but only a few are recovered for commercial production. The more
important minerals containing cerium are allanite (also known as orthite), bastnasite,
cerite, and monazite [32,34,36,37]. Allanite, which is a silicate, containing rare earths,
aluminium, calcium, and iron is widely found in the United States, Germany, Greenland,
Madagascar, Russia, and Scandinavia. Bastnasite, which is essentially a rare earth
fluorocarbonate, is the second most important commercial source for cerium and other
light rare earths. The major deposit of bastnasite is found in Southern California. Cerite,
which is a calcium-iron-rare earth silicate, is principally found in Sweden. Although its rare
earth content is quite high, it is not abundant enough to be a primary source of the light
rare earths. Monazite, which is the principal source of cerium, is a phosphate containing
thorium and the light rare earths. The most important deposits are located in the United

States (Florida and ldaho), Australia, Brazil, India, and South Africa.
1.2.2 Structural Properties and Nonstoichiometric Behavior of CeO,

Ceria (Ce0Q,) is an interesting oxide with important applications in the areas of
catalysis, electrochemistry, photochemistry, and materials science [32,38]. It is well known
for its unique properties namely the ability to shift between reduced and oxidized states
(Ce* « Ce*") and to accommodate variable levels of bulk and surface oxygen vacancies.
These characteristics make it suitable for use as support as well as catalyst in processes
wherein reaction conditions fluctuate between oxidizing and reducing environments
[37,39].
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Figure 1.1: The crystal structure of CeO.: (a) unit cell as a ccp array of cerium atoms. The
ccp layers are parallel to the [111] planes of the f.c.c. unit cell. (b) and (c) are the same
structure redrawn as a primitive cubic array of oxygens.

Ceria has the fluorite (CaF;) structure, space group Fm3m (a = 0.541134 nm,
JCPDS 34-394) with 8-coordinate cations and 4-coordinate anions [34,39]. In other words,
each cerium cation is coordinated to eight equivalent nearest oxygen anions at the corner
of a cube, each anion being tetrahedrally coordinated by four cations. It can be visualized
as a cubic close-packed array of metal atoms with oxygens filling all the tetrahedral holes;
the structure-determining OCe, coordination tetrahedral thereby shares all edges in three
dimensions. The structure is illustrated in Fig 1.1. Extending this structure by drawing
cubes of oxygen ions at each corner reveals the eightfold cubic co-ordination of each
cerium, which alternately occupies the centre of the cube. It is therefore also possible to
move the origin and redraw the elementary cell as a primitive cubic array of oxygen ions,

Fig 1.1 (b, c), in which the eight coordination sites are alternately empty and occupied by
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a cation. This clearly shows that there are large vacant octahedral holes in the structure, a
feature, which will be significant when movement of ions through the defect structure is
considered. Ceria has only one crystallographic form throughout the range of
temperatures. It has a strong tendency to remain in the fluorite-structured lattice even
after loosing considerable amount of oxygen, thus stabilizing a structure with an elevated
number of oxygen vacancies [32].

Experiments of photoelectron spectroscopy and optical reflectivity measurements
show a strong hybridization of the metal and oxygen orbitals [40—42], and the valence
band, although dominated by O 2p character still contains a significant amount of metal
character [43,44]. Thus, the charge on the metal cations in ceria is probably much smaller
than the frequently assigned formal value of ‘4+’ [43,44], and cerium oxide is best
described as an ionocovalent compound or covalent insulator [42,44]. When treated in a
reducing atmosphere at elevated temperatures, CeO, forms a continuum of oxygen-
deficient, nonstoichiometric CeO,_, oxides (with 0 < x < 0.5) [45,46]. The ability of ceria to
be easily reduced to nonstoichiometric oxides is related to the properties of fluorite
structured mixed valence oxides to deviate from stoichiometry [32]. Even after CeO, loses
considerable quantities of oxygen from its lattice and forms several oxygen vacancies, it
retains the fluorite crystal structure and these suboxides are readily reoxidized to CeO,on
exposure to an oxidizing environment. Reduced ceria results from the removal of O ions
from the CeO, lattice, which generates an anion vacant site according to the following

scheme: (equation 1.1)

4Ce*+0" > 4Ce"+2e/1+050, >2Ce*+2Ce* +0+0.50, (1.1)

Where [J represents an empty position (anion-vacant site) originating from the removal of
0% from the lattice, here represented as an oxygen tetrahedral site (Ce,O). Electrostatic
balance is maintained by the reduction of two cerium cations from 4+ to 3+. Upon
reduction of Ce** ions to Ce™, the ceria lattice expands due to the disparity in the ionic
radii of Ce*" and Ce® ions (0.97 and 1.14 A respectively) [47].

1.2.3 Defects in CeO,

Defects in ceria lattice are the consequences of oxygen vacancy formation. Two

types of oxygen vacancies can be created in ceria namely, intrinsic and extrinsic. Intrinsic
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defects may be present because of thermal disorder or can be created by reaction
between the solid and the surrounding atmosphere (i.e. redox processes) whereas
extrinsic defects are formed by impurities or by the introduction of aliovalent dopants [32].
Thermally induced intrinsic defects can be broadly categorized into two, one cationic type
(AE = 11.11 eV) and the other anionic type (AE = 3.2 eV). From variation in AE, it is
evident that the predominant defect category is the anion type, which leads to the
formation of pairs of oxygen vacancies [48]. Generally, these defects are present in low
concentration and do not produce any deviation from stoichiometric composition. In ceria,
however, a high concentration of defects can be formed by exposure to high
temperatures, reducing gaseous atmospheres, or ultra high vacuum conditions. Upon
reduction, ceria has excess metal compared to its anion content, that is to say its
cation/anion ratio is greater than 0.5. There are, in principle, two ways in which CeO, can
accommodate variation in composition. In the first case, oxygen vacancies are assumed
to compensate the holes formed on reduction. When oxygen is removed, the crystal ends
up with an overall positive charge. Then it is necessary to introduce two electrons for
each oxygen ion removed in order to keep the crystal neutral. These electrons are
associated with two cerium atoms that will change charge from 4+ to 3+. The effective
charge of the anion vacancies is positive, thus neutralizing the negatively charged holes.

The process illustrated in Fig 1.2(a) is generally represented as:

CeO; <> Ce0yi + x/2 O, (9)
or
Ce0, &> 2x Ce* + (1-2x) Ce*" + (2-x) O + 0.5x Ox(g) (1.2)

The reaction implies that as x moles of atomic oxygen are removed from the lattice, the
corresponding quantity of O%" sites are occupied by oxygen vacancies, leaving 2-x moles
of O% anions in their original positions. On the cation side, 2x moles of Ce® are formed,
leaving 1-2x moles of Ce**.

The cationic defects may be formed by transfer of cerium cations located on the
surface to an interstitial position and by the removal of two anions to the gas phase for
each cerium interstitial formed. The process can be simply represented as in equation
(1.3):

(1+x) CeO, > Ce14xO; +x02(g)  (x<0.33) (1.3)
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Figure 1.2: Schematic representation of (a) an oxygen vacancy (V) and (b) a quadruply
ionised cerium interstitial (Ce;) in an idealised reduced CeO, surface. Ce®* cations are
shaded.

This situation is illustrated in Fig. 1.2(b), where one cerium(lV) cation is present in an
interstitial position with four neighboring Ce®" ions. From the above observations it is
concluded that the predominant type of defects in oxygen-deficient ceria are anion
vacancies and the lattice expands as a function of increasing defects. The cerium
sublattice is not strongly perturbed by the defects, which instead cause the formation of a
defective oxygen sublattice. The defective lattice is known to yield high oxygen vacancies
and high ionic mobility in turn leading to enhanced redox ability and thus enhanced

activity.

1.2.4 Transport Properties and Electrical Behavior of CeO,

Electrical properties and other transport properties of oxides, such as oxygen
diffusion, are mainly determined by the presence, concentration, and mobility of lattice
defects. Oxygen transport materials have long been used as oxidation and ammoxidation
catalysts, for which purpose the material must be susceptible to rapid reduction and
reoxidation by the incorporation of gaseous oxygen in the lattice [48,49]. Transport

properties of ceria play a key role in processes where the availability of oxidant from the
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gas phase is not constant. Provided the diffusion of anions is sufficiently fast, a continuous
supply of oxygen from the bulk to the surface guarantees a constant concentration of
active surface oxidation sites, thus enabling a fast surface catalytic reaction in the
absence of other kinetic limitations.

Ceria can be classified as a mixed conductor showing both electronic and ionic
conduction. Its electrical properties are strongly dependant upon temperature, oxygen
partial pressure and the presence of dopants. All these variables effect charge carrier
concentration, which ultimately, together with charge carrier mobility, determines electrical
conductivity. Generally electrons, holes and oxygen vacancies are the primary charge
carriers in CeO,_,. At high temperatures and low oxygen partial pressures, ceria behaves
as n-type semiconductor and electrons liberated following reduction are the primary
charge carriers [50,51]. Transition from n-type to p-type conduction is observed at lower
temperatures and higher oxygen partial pressures near stoichiometric composition, where

conductivity arises from holes introduced by impurities [52,53].
1.2.5 Oxygen Storage Capacity of CeO,

The definition of the oxygen storage capacity (OSC) is the capability to store and
release oxygen [39]. Equation (1.4) presents a very simplified picture of the redox

behavior of CeO,.

Ce0, «» Ce0yy + 2 Oy (1 4)

Ce** & Ce*”

According to equation (1.4), the oxygen storage is formally considered as the amount of
oxygen released (left to right) or stored (right to left) under the net reducing/net oxidizing
excursions as represented pictorially in Figure 1.3. From the thermodynamic point of view,
the standard potential for reduction of Ce** to Ce®" is 1.74 V in solution, which indicates
that Ce(IV) in solution is a strong oxidant [54]. In the solid state, the situation is different.
CeO;, crystallizes in the fluorite structure in which each cerium ion is co-ordinated by eight
oxygen neighbours. This coordination stabilizes the Ce** state and makes the reduction of
CeO, unfavorable. In fact, the fluorite structure of ceria is a direct result of the ionic nature
of ceria, and of the charge and size of the ions. Model calculations have shown that it is

formed when a sufficient number of CeO, units (about 50) are clustered together [55]. The

11



Chapter 1 General introduction and literature overview

ability of CeO, to undergo a relatively easy reduction compared to other oxides, can in
principle also be related to the general property of fluorite structure/mixed valence oxides
to strongly deviate from stoichiometry [56]. It is worth recalling that of the two processes
(reduction/oxidation), oxidation is fast [57], and occurs deep into the bulk even at room
temperature (RT), whereas reduction typically occurs above 473 K [58].

According to Cho [39], two types of oxygen vacancies can be created in ceria
namely, intrinsic and extrinsic. Intrinsic vacancies are created on reduction of ceria

according to the following process (equation 1.5).

CeO,+ 3R <> Ce0,5+ 3RO +38V, (1.5)
Extrinsic vacancies are defects that are formed by a charge-compensating mechanism
when a bivalent or trivalent cation M is introduced in to the CeO; lattice according to these
two mechanisms (equations 1.6 and 1.7), where &' and 8" are the created extrinsic oxygen

vacancies in the modified ceria:

(1-0() CeO, + 0.50 My03 < Ce1.;M,O5.95, + 8’ V, (1 6)

(1-0) CeO, + & MO <> Ce1.uMyOsq + 8" Vo (1.7)

The oxygen storage capacity of ceria can be benefited from either type of defect. Two
types of measurements of OSC were distinguished by Yao and Yu Yao [59]. The so-called
complete or ultimate oxygen storage capacity (total OSC), i.e. an oxygen storage
measured under thermodynamic control, and the kinetic oxygen storage, (dynamic OSC),
i.e. measured under kinetic control. The total OSC represents the widest ‘limiting’ amount
of oxygen transferable from the catalyst at a given temperature and generally is limited in
the case of CeO, by the formation of some non-stoichiometric CeO, , compounds. The
capability of CeO,-based materials to provide/abstract oxygen at the catalytic site is
perhaps a better description of this OSC functionality, where spillover properties, creation
and annihilation of oxygen vacancies and complex network of reaction/interactions play a
vital role. Oxygen diffusion in ceria and related systems is of interest for several reduction
and oxidation reactions. The rate of several catalytic oxidation reactions which occur
anaerobically, i.e. without oxygen from the gas phase, but using oxygen from the solid,

depends on oxygen diffusion parameter.
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Figure 1.3: A schematic representation of Ce**/Ce®* shifting with storage and release of
oxygen.

In addition, reduction of ceria, which is believed to involve two distinct steps

(surface and bulk reduction), may be dependent on the availability of bulk oxygen.

1.3 Catalytic Applications of Ceria-based Oxides

There are several emerging catalytic processes for which cerium oxide is being

actively investigated. Some of them are outlined below.
1.3.1 Automotive Three-way Catalysis

A major technological application of steadily growing importance for cerium is as
one of the catalytically active components used to remove pollutants from vehicle (auto-
exhaust) emissions [32,59]. This market currently consumes a significant portion of the
yearly production of cerium derivatives. The active form of cerium is the oxide that can be
formed in situ by calcinations of a soluble salt such as nitrate or by deposition of slurried

oxide. The most widely used exhaust control device consists of a ceramic monolith with a
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thin-walled rectangular honeycomb structure that offers little resistance to the flow of
gases (metallic monoliths are also possible). The accessible surface of this monolith
system is increased by applying a separate coating, a wash coat, of a high surface area
material such as gamma-alumina with the catalytically active species impregnated into

this washcoat. The catalyst needs

» to oxidize unburnt hydrocarbons,
> to convert CO to CO,, and
> to reduce NOy

and hence is termed as a ‘three-way’ catalyst (TWC).
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Figure 1.4: Conversion efficiency of NO,, CO and HC as a function of the air-fuel ratio in
a three-way catalytic converter.

The automotive three-way catalyst system operates under a certain range of air-to-
fuel (A/F) ratios, controlled by an electric fuel-injection system linked to an oxygen sensor
device. However, even the exhaust gases controlled by the system alternate between
slightly rich to slightly lean conditions with an inevitable time lag in the system as it adjusts
the ratio. Figure 1.4 shows the conversion efficiency of NO,, CO and HC as a function of
the air-fuel ratio in a three-way catalytic converter. The whole system forms a suitably
encased catalytic converter that is placed between the engine and the muffler/silencer
unit. In addition to platinum and other metals from the platinum group, the major active

component in the current complex multi-functional systems is cerium oxide. Current
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catalytic converters contain ~75 gms per converter of finely divided ceria dispersed within
the washcoat. Most of the details of catalyst production are proprietary knowledge and
patents only hint at the technology involved. Not only the chemical nature of the catalytic
participants is crucial but also their spatial distribution with respect to one another is also
important. Elucidation of the detailed behavior of cerium is difficult and complicated by the
presence of other additives such as lanthanum oxide that perform related functions. Ceria
plays several roles, namely

» as a stabilizer for the high surface area alumina,

» as a promoter of the water-gas shift reaction,
» as an oxygen storage component, and
>

as an enhancer of the NOx reduction capability.

Three-way catalytic
converter with monolith

/ " 0
|

\ 1 i

Mlacro mesOpores '\"n"llh active - |I|I

component {Pd, Pt, Rh)

Porous ceramic washcoat |
{(y=alumina) . |
—~— ——

2 Channel walls
(cordierite)

Figure 1.5: The structure of three-way catalytic converter.

The tendency of the high surface area gamma-alumina support to sinter and lose
that crucial area during high temperature operation is retarded by the intimate addition of
several per-cent of cerium oxide to that alumina. This function is also provided, probably
more efficiently, by lanthanum. The mechanism is still under debate but may involve a

surface Ln-aluminate species on the alumina. As already discussed, the term ‘oxygen
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storage component’ (OSC) is used to describe a material that stores oxygen under lean
operating conditions, i.e. fuel-poor/air-rich, and releases it under fuel-rich/air-poor
conditions to continue the oxidation of the unburnt hydrocarbons and the removal of
carbon monoxide even when there is insufficient gaseous oxygen available. CeO, will
readily provide elemental oxygen by going non-stoichiometric to CeO,_ in those air-poor
portions of the exhaust cycle and then re-oxidize to CeO,, i.e. store oxygen, during the air-
rich period. The role of cerium oxide however is more complex than just this oxygen
storage capability. The three precious metals, namely Pt, Pd, and Rh, present as
crystallites in auto exhaust catalysts, all interact with cerium oxide, boost the removal of
surface oxygen from ceria and provide a synergistic enhancement of the oxidative
properties of ceria. A typical diagram is presented in Figure 1.5 showing the structure of
three-way catalytic converter. Furthermore ceria maintains the active metal (like rhodium)
in a reducible form, a state that is best suited to catalyze the conversion of NOyx to
nitrogen. Overall the influence of ceria in auto exhaust catalysts is to provide better low-

temperature performance, especially in a reducing environment.

1.3.2 Combustion of Particulate Matter

The ability of cerium oxide to act as an oxidizing agent underlies the potential use
of various cerium derivatives as additives to aid combustion. During the combustion
process these derivatives probably decompose to extremely small oxide particles that
catalyze the low temperature oxidation of carbon. Diesel exhaust often contains
particulate matter (unburnt carbonaceous material) and, in order to reduce these particle
emissions, the exhaust can be passed through a ceramic trap, a closed honeycomb. The
exhaust gases flow through the walls of the porous ceramic and any particles present are
filtered out. These traps can eventually plug up and they need regular regeneration by
creating sufficiently high temperatures to burn off the deposits. In order to extend the
lifetime of these traps and to reduce the temperature needed for regeneration a cerium
carboxylate, in particular cerium naphthenate, is used as an additive to the fuel [60]. The
cerium compound, dissolved in the fuel at a concentration equivalent to around 25-50
ppm by weight cerium oxide, is transformed into CeO, within the engine that in turn
collects in the so-called trap oxidizer. This finely divided oxide, completely dispersed
throughout the traps, produces conditions under which continuous regeneration effectively

occurs; burn-off happens at a lower temperature because CeO, catalyzes the carbon
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combustion. Like tetraethyl lead, volatile cerium compounds can act as antiknock
additives in gasoline. In order to obtain the necessary volatilility and solubility, highly
substituted beta-diketonates are required. Patent describes that compounds such as
tetrakis (2,2,7 trimethyl-3,5-octanedionato) cerium is comparable to tetraethyl lead in

performance [61].

1.3.3 Fuel Cell Processes

Much attention has been paid to produce hydrogen more efficiently for fuel cell
applications. Hydrogen is usually produced by steam reforming, autothermal reforming or
partial oxidation of natural gas, light oil fractions, and alcohols [62-64]. Recent literature
on the production of hydrogen from renewable energy sources like natural gas and
ethanol reveal that the catalytic materials consisting of Ce-Zr mixed oxides have emerged
as key components in the catalytic formulations containing transition metal/metal oxides
[65-68].

Hydrogen is now produced by steam reforming of hydrocarbons, and in the future
natural gas predominantly composed of methane will be used more widely as the raw
hydrocarbon. Partial oxidation of methane is another candidate for the hydrogen process.
The development of processes that convert natural gas into liquid fuels such as gasoline
and diesel is the subject of research for several groups around the world. The gas to liquid
technology is the key route to convert natural gas into liquid fuels and then produce
hydrocarbons using Fischer—Tropsch synthesis [69-71]. The most traditional route to
convert natural gas into liquid fuels (gas to liquid — GTL) is to transform methane into
synthesis gas, and then produce hydrocarbons using Fischer—Tropsch synthesis [69-71].
However, the generation of the synthesis gas accounts for between 50 and 75% of the
total investment required [72]. Therefore, in order to make gas to liquid technology
economically viable, it is necessary to reduce these costs. Presently, the commercial
process to obtain synthesis gas is through steam reforming. This reaction is extremely
endothermic and produces a carbon monoxide to hydrogen ratio that is not adequate to
GTL process [73]. The partial oxidation of methane could be an alternative route to
produce synthesis gas at a lower price [74,75]. This reaction is moderately exothermic,
produces an adequate H,/CO ratio for the Fischer—Tropsch synthesis and if it is
associated to a technology that is able to separate oxygen from air, such as selective

membranes, it will be a good option to lower the production cost of synthesis gas [76]. In
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order to have a good performance for this reaction, the catalyst must have high activity,
selectivity, and stability since one of the biggest problems in this process is the catalyst
deactivation due to coke formation [77,78]. Mattos et al. investigated Pt/CeQO,, Pt/ZrO, and
Pt/CeZrO, samples for the partial oxidation of methane [79]. They verified that the sample
supported on the ceria—zirconia mixed oxide presented the best activity and stability for
this reaction and the good selectivity for synthesis gas.

Water-Gas Shift (WGS) reaction is a key step in applications such as on-board H,
production via reforming processes for fuel cell applications. In such applications, a
successful low-temperature WGS catalyst will have to possess high activity as well as
good structural stability under all reaction conditions. The WGS reaction is a side reaction

of CO that enriches the H2 content of the syngas enabling the fuel cell to use more H2

than supplied by the fuel.

CO +H,0 - CO, + H, (1.8)

The CeZrO, based oxide supports were found to be good candidates for gold nano
particles. These formulations were shown to be very active for the WGS reaction and
exhibited remarkable activity for low temperature water gas-shift (WGS) and generally
more stable than catalysts supported on Fe,O;[80].

Recently, Ni catalysts containing Ce-Zr mixed oxide exhibited excellent catalytic
activity when compared to that of catalysts containing either ceria or zirconia. A catalyst
Ni/Cey 25210 7502 exhibited highest H, production among all the catalytic formulations [81].

Considerable attention has been focused on carbon dioxide reforming of CH,
(CDR) for the production of synthesis gas owing to both environmental and commercial
reasons [53]. In this process, CH, and CO,, which are well known green house gases are

converted into valuable feed stock.
CO,+CH;, —-2CO+2H, (1.9)

The product mixture of this reaction has a low H,/CO ratio (1:1) that is desirable for
direct use as a feedstock for the Fisher-Tropsch reaction to produce liquid fuels. Ceria-
zirconia based catalysts have been shown to be suitable candidates for this reaction.

Ce.8Zro20,-NiO, catalyst exhibited best catalytic performance in the CO, reforming of
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methane, and the activity was maintained without loss during the reaction for 100 h [82].

Pt/Ce( 521050, catalyst exhibited good performance for CO, reforming of methane [83].

1.3.4 Catalytic Oxidation Processes

Selective CO removal from streams containing an excess of H, and significant
amounts of CO, and H,O is a current challenge in heterogeneous catalysis research
especially in the preparation of H, suitable for polymer electrolyte membrane fuel cells
(PEMFC) [84,85]. Typical effluents from hydrogen generated from hydrocarbons or
alcohols by steam/autothermal reforming followed by the water—gas shift (WGS) reaction
contain about 0.3—-1.0% of CO in a large excess of H, (40—-75%) and about 20-25% CO..
CO levels, however, have to be reduced to below 100 ppm and, preferably, below 10 ppm
for use in PEMFC. Methanation, after removal of CO, by pressure swing adsorption, the
conventional strategy used for CO removal in NH; or H, chemical plants, is impractical in
the fuel cell context, especially for “on-board” use in vehicles. Preferential oxidation of CO
to CO, without simultaneously oxidizing H, to H,O (PROX) is one of the solutions.
However, the latter oxidation is more exothermic and, hence, favored at high
temperatures. Selective catalysts active at low temperatures are needed.

Preferential (or selective) oxidation of CO has been recognized as one of the most
straightforward and cost-effective methods to achieve acceptable CO concentrations
(below ca. 100 ppm) [86,87]. After water-gas shift, to minimize the remaining CO content
in the H, stream in order to avoid poisoning of the fuel-cell catalyst, preferential oxidation
of CO is typically carried out. Increasing attention has been focused on the utilization of
ceria-based materials as supports for the noble metals such as Pt, Pd, Au, and CuO for
the preferential oxidation of CO [88-91].

CO+1/202 —)COZ and H2+1/202 —>H20 (110)

Most of the work done in fuel cells is concerned with the use of hydrogen as fuel due to
the mild characteristic of the oxidation product (water). Nevertheless, the main way to
obtain hydrogen is by hydrocarbon steam reforming, which involves many reactors
operating at different temperature conditions. The direct use of hydrocarbon in the fuel
cell, without the necessity of reforming and purification reactors, will improve the global

efficiency of the system. In this sense, among several different types of fuel cells currently
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under development, solid oxide fuel cells (SOFCs) present the most promising
characteristics in the direct use of fuels. The operation principle of these cells involves the
reduction of molecular oxygen in the cathode, the diffusion of oxygen anions through the
electrolyte, and the oxidation of the fuel by the oxygen anions in the anode [92]. This kind
of cells has special advantages as environmentally friendly operation, higher fuel to
electricity efficiency, and fuel flexibility [93]. Nevertheless, they currently operate at higher
temperatures and this high operating temperature causes the degradation of electrodes,
interfaces, cell performance, and limits the choice of materials and fabrication methods,
thus increasing the costs of the cells [94]. Therefore, substantial efforts have been
devoted in order to reduce the operating temperature. At present, ethanol and methane
(or natural gas) are regarded as the most appropriate fuels to be used in SOFCs [95]. The
first one, due to the natural availability of bio-ethanol and the second one, for its
accessibility (natural gas) and physical properties. In a recent research, S. Larrondo et al.
recognized the stable activity of Ce-Zr mixed oxides towards methane combustion below
1073 K without pre-treatment and no formation of carbonaceous deposits thereby
revealed about suitability of these oxides for the anode materials in the solid oxide fuel
cells [96].

Volatile organic compounds (VOCs) are considered as air pollutants as can cause
harm to human health directly or indirectly. There are many different techniques for VOC
removal such as adsorption, absorption, biofiltration, combustion, and catalytic oxidation.
The choice of the techniques to use depends on the characteristics of the effluent to be
treated such as VOCs nature, concentration, and waste gas flow rates. Catalytic oxidation
can be applied effectively and at a lower cost in a wide range of VOCs concentrations and
waste gas flow rates presenting an interesting solution for the VOC elimination [97]. Two
types of catalysts can be used for the catalytic oxidation: metal oxides and supported
noble metals. Recent investigations reveal that ceria based oxides exhibited good
catalytic activity for the VOC oxidation. The complete oxidation of volatile organic
compounds of different chemical natures, such as 1,2-dichloroethane, trichloroethylene
and n-hexane, over Ce—Zr mixed oxide catalysts has been studied in a conventional fixed
bed flow reactor and it was shown that, CeqsZry50, showed the highest combustion
activity for the abatement of chlorohydrocarbons, whereas pure ceria was found to be the

most active in the oxidation of the non-chlorinated compound [98].

20



Chapter 1 General introduction and literature overview

1.3.5 Fluid Cracking Catalysis

The demand for catalysts for converting crude oil to lower molecular-weight
fractions, such as gasoline blending stock is ever increasing. In a fluid catalytic cracking
(FCC) unit, although essentially only one type of catalyst, ion-exchanged zeolite, is used
there are a variety of catalyst compositions available many of which contain lanthanides
including cerium. FCC catalysts contain crystalline zeolites, the active component, and
additives embedded in an inert matrix. The zeolite, an aluminosilicate faujasite Y-type with
organic-molecule sized pores, requires cations within those pores for charge- neutrality, to
give catalytic reactivity in the reactor and to provide thermal stability in the regenerator.
Highly-charged ions, such as La** or Ce*, bound within those zeolite cages to negatively
charged [AlO,4] units, create a high electric field gradient strong enough to dissociate
adsorbed water and provide a high surface acidity. Protonation of the organic molecules
then produces the carbonium-ion intermediates that initiate the actual cracking reactions.
Lanthanide cations can be exchanged into the zeolites by immersion in mixed lanthanide
salt solutions. The Ln content can reach up 10% by weight of the zeolite. Cerium, because
of the potential availability of the Ce** state that tends to hydrolyze at the ion-exchange
pH's used, and because of the different catalyst production technologies practiced, is
often partially removed from the precursor solutions. Nevertheless, the production of FCC
catalysts accounts for significant amounts of the world’s consumption of this element. The
Ln's are used to give high cracking activity to FCC catalysts [99], especially to produce
low-octane fuel from heavy crude-oil feedstocks. Consumption of lanthanides, and hence
of cerium in FCC catalysts has altered during the decade of the 1980's because of
increased demand for high-octane fuels, greater feedstock availability of lighter crudes,

and changes in technology.
1.3.6 Removal of Sulfur Oxides

The control of sulfur oxide emissions, a source of acid rain, is becoming a very
important concern. In the refinery catalytic-cracking process (FCC), as mentioned earlier,
sulfur containing components in crude oils can give rise to sulfur oxide in the gases
emitted from under the oxidizing conditions in the high-temperature (~1023 K) catalyst
regenerator unit. An additive to the actual FCC-catalyst can capture this regenerator SOy

as sulphate and later release, in the cracking (hence reducing) region, a more easily
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trapped form of sulfur, H,S. Several catalyst additives containing cerium and/or
lanthanides can act as the SOx control agent. The properties required include the ready
formation of a stable sulfate that can, however, be reduced at the operating temperatures
of the riser reactor. Cerium oxide acts as a catalytic oxidizing agent in a spinel-based
additive [100] to aid the conversion of SO, to SO; and promote the required sulfate
formation. The mineral bastnasite is itself the most economical source of cerium and can
be used directly at ~1% as the capture additive [101]. Here, in addition to the oxidizing
role of cerium, all the lanthanides as oxides derived from the carbonate in the mineral are

acting as the capture agents.

1.3.7 Other Catalytic Applications

Cerium also has uses in other commercial catalysts where the element's role is
probably related to potential Ce(lll)/Ce(lV) redox chemistry [102]. The dominant catalyst
for the production of styrene from ethylbenzene is an alkali-promoted iron-oxide based
material. The addition of a few percent of cerium oxide to this system improves activity for
styrene formation presumably because of a beneficial interaction between the Fe(ll)/Fe(lll)
and Ce(lll)/Ce(lV) redox couples. The ammoxidation of propylene to produce acrylonitrile
is carried out over catalytically active complex molybdates. Cerium, a component of
several patented compositions [103], functions as an oxygen- and electron-transfer agent
through its (l11)/(IV) redox couple. The production of methanol by the reaction of CO and
H,, catalyzed by copper oxide, is a major industrial process. Some catalysts under
development are derived from cerium-copper intermetallics, e.g. 50% Ce / 50% Cu [104].
An initial activation step converts the metal to a highly active and selective catalyst
containing very finely divided copper on a ceria support.

Ceria and ceria based materials, mainly ceria-zirconia solid solutions act as
catalytic materials for many processes for the production of important chemicals. This
includes the conversion of coal or natural gas into i-C4 hydrocarbons from CO
hydrogenation, which is termed as isosynthesis [105], synthesis of dimethyl carbonate
(DMC) [106], and dehydration of 4-methylpentan-2-ol into 4-methylpent-1-ene [107], a
valuable monomer for plastics manufacture. In a recent study, it is reported that promotion
of Ce-Zr hydroxide gel with sulfate ions resulted into super acidity [108] and have opened
up a new class of solid superacids, which opens an array of potential applications in the

acid catalyzed organic synthesis.
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14 Non-catalytic Applications of Ceria-based Oxides

A number of other applications of ceria-based materials could be found in the open
literature [109-117]. Cerium oxide is the most efficient polishing agent for most glass
compositions [118]. This application consumes a significant portion of the cerium products
produced annually. A majoruse for cerium compounds is the decolourization of
glass. Glass can be decolorized by addition of Ce(lV) oxide to the glass melt. Economical
additions of cerium, as cerium concentrate or pure cerium oxide, convert iron to the low-
absorption Fe(ll) form [119]. Most damage caused by light to exposed materials is due to
UV radiation. Cerium(lV) in particular makes glass opaque to near UV-radiation but shows
no absorption in the visible region and cerium(lll) also shows UV absorbing behaviour but
somewhat less marked than for cerium(lV) [119]. The photo-stability of pigments can be
enhanced by addition of cerium oxide. It provides pigments with light fastness and
prevents clear polymers from darkening in sunlight. Television glass faceplates are
subjected to electron bombardment, which tends to cause browning of the glass due to
the creation of color centers. This effect is suppressed by the addition of cerium oxide.
When used in glass compositions (at a low weight percentage) along with comparable
amounts of titanium oxide, cerium oxide produces a deep yellow coloration [120]. Cerium
sulfides are used in glass and ceramics as colorants to replace toxic CdS [121]. Cerium
oxide has a high refractive index, and is an opacifying agent in enamel compositions [122]
used as protective coatings on metals. The addition of cerium oxide, for example, to
zirconia produces a material with exceptional toughness and good strength [123]. Cerium
oxide-doped zirconia is also used in thermal barrier spray coatings on metal surfaces
[124]. Cerium oxide-based ceramics find applications in various domains like ceramic
superconductors [125] and gas sensors [126]. Additionally, applications based on the
optical properties of ceria-thin film optical devices [127], and UV-blocking agents

(cosmetics) are also of significant interest [128].

1.5 Genesis of the Investigation

Ceria (Ce0O,) is an interesting oxide industrially, applied widely in catalysis,
material science, fuel cell processes and gas sensor technologies [6,32,38]. In recent
years, ceria and ceria-based composite oxides have been extensively investigated for

variety of reactions such as oxidation of CO [129,130], steam reforming of ethanol [65],

23



Chapter 1 General introduction and literature overview

synthesis of dimethylcarbonate from methanol and CO, [106], direct conversion of
methane to synthesis gas [131], iso-synthesis [105], dehydration of alcohols
[107,132—-134], oxidative dehydrogenation of ethylbenzene [135,136], removal of soot
from diesel engine exhaust [137], removal of organics from waste-waters [138], and low-
temperature water-gas shift reaction [32], apart from the conventional three-way catalytic
applications to reduce the emissions of noxious pollutants such as CO, NOx and
hydrocarbons from automobile exhausts [6,32,38,39,139,140]. The most important
property that makes the ceria remarkable is its oxygen storage and release capacity
(OSC) via the redox shift between Ce** and Ce®* under oxidizing and reducing conditions,
respectively [6,32,38]. It is well known that ceria can affect: (i) the thermal and structural
stability of the catalyst carriers [141], (ii) the dispersion of supported metal [142], (iii) the
oxidation and reduction of noble metals [143], (iv) the storage and release of oxygen in
ceria containing catalysts [144] and (v) the decrease of carbon formation on the catalyst
surface [145] etc. It is one of the most interesting oxides industrially because oxygen
vacancy defects can be rapidly formed and eliminated, giving it a high OSC. The OSC is a
result of the high reducibility of Ce**, which is a consequence of the high mobility of 0%
inside the ceria fluorite lattice [146]. However, pure ceria alone exhibits poor thermal
stability and susceptible to sintering at high temperatures leading to catalyst deactivation
[32]. Also, it is an established fact that ceria exhibits a cubic fluorite structure and sinters
equally three dimensionally. Therefore, many studies have been carried out in this
direction to increase the thermal stability and the OSC of ceria [32,139,147-149]. One of
the best approaches to overcome this problem is substitution of another metal/metal oxide
into the ceria lattice thereby facilitating the formation of composite oxides. Ceria easily
forms solid solutions with other rare earth elements and with elements belonging to the
transition-metal series. Literature reveals that mixed metal oxides play a very important
role in many areas of chemistry, physics, material science and geochemistry
[6,32,38,129,130,140]. Due to several reasons, the chemical behavior of mixed metal
oxides may differ from single metal oxides. The combination of two metals in an oxide can
lead to novel structural and electronic properties of the final oxide, consequently favoring
its catalytic activity and selectivity. In some cases, cations in a mixed metal oxide can also
cooperatively catalyze different steps of a chemical process. At a structural level, a dopant
facilitates defect formation within the oxide host by generating stress into the lattice. In
contrast, non-typical coordination modes of lattice host leading to deviation in dopant

chemical nature may also be possible. As a result, metal-metal or metal-oxygen-metal
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interactions in mixed metal oxides lead to perturbed electronic states compared to single
metal oxides. Replacement of cerium ions by cations of different size and/or charge
modifies ionic mobility inside the lattice resulting in the formation of a defective fluorite
structured solid solution. Such modifications in the structure of ceria confer new properties
to the catalysts, such as better resistance to sintering and high catalytic activity [39,150].
Most of the recent literature concerning alternative materials for TWC applications deals
with ceria-zirconia based systems, the redox properties and chemical activity of pure ceria
can be enhanced by introducing different types of metals (Ca, Cu, Tb, Mn, etc.) into the
oxide lattice other than zirconium [151-153]. However, it is not clear what type of second
metal is useful to improve both the stability at high temperature and the chemical activity
by introducing O vacancies in the ceria. Therefore, it is interesting to investigate the effect
of substitution of a new dopant to the ceria lattice.

As stated earlier, ceria based materials have the remarkable ability to regulate
oxygen storage and release properties and therefore these materials are now inevitable in
TWCs formulations. Under operating conditions, TWCs have to withstand very high
temperature and oscillating chemical environment. Most of the recent literature related to
the search of alternatives for use in TWC applications deals with ceria-zirconia based
systems. However, it is now well established that the redox properties and thermal stability
of ceria can be improved by incorporation of dopants other than Zr such as La, Hf, Pr, and
Tb [129,130,148,154,155]. The ability to substitute one cation for another in a particular
structure is dependent on several factors, such as the dimensions of the host/guest cation
and the structural features of the pure oxide. During the formation of mixed oxide phases,
the structural and energetic factors of the individual constituents are profoundly modified.
In the case of pure ceria, the change of Ce(lV) into Ce(lll) results in a volume increase,
which would restrict further change due to the increased stress energy. Till date
Ce0,—-ZrO; solid solutions have been largely employed in various reactions which include
three-way catalysis, CO oxidation, methanol decomposition to syngas, steam reforming of
ethanol, catalytic combustion of hydrocarbons, catalytic wet oxidation of methane, alcohol
dehydration, and so on. Hafnia (HfO,) and zirconia (ZrO,) are called twin oxides because
of their similar chemical and physical properties. They are iso-structural in the bulk and
this close correlation in properties is due to the identical valence states and nearly
identical ionic radii for Hf and Zr. Hafnia-based materials can be used in solid electrolytes
for fuel cells, oxygen gas sensors, refractories, coating for oxidation resistance, control

rods for nuclear reactor, and so on [156-159]. Therefore, it was interesting to investigate

25



Chapter 1 General introduction and literature overview

the structural and catalytic properties of novel nanosized ceria-hafnia composite oxides.
However, the unsupported oxides are susceptible to a fall in the surface area due to
sintering and it leads to a decrease in the stability of the structure during high temperature
applications thereby loosing its oxygen buffering capacity [160]. In order to exploit them
without loosing their unique redox features, it is very essential to synthesize
nanocomposites where the active phase is stabilized over a stable inert support. In
heterogeneous catalysis, catalytic activity scales with surface area. Hence, maximum
dispersion of the particles is of extraordinary importance which makes the production of
nanoscaled catalysts very tempting. The nanoparticle configurations are interesting from a
practical viewpoint also as most of the applications are surface-sensitive, and a high
surface-to-volume ratio in addition to improved redox properties, related to oxygen
vacancy generation, can be reached by using nanosized materials. Highly dispersed
active oxides deposited on the surface of an inert support have been intensively studied
for many years, mainly due to their applications as catalytic systems [160]. The essential
requirements of a better support are nonreactivity with the dispersed phase and high
specific surface area [161]. The catalytic performances of supported metal oxide catalysts
are determined by many parameters, the most important being the metal oxide loading,
pretreatment conditions, molecular structure, electronic structure, and support oxide type
and composition [162]. Currently, ceria-based systems are usually supported on transition
aluminas and titania, with the aim of achieving better dispersion of the active phase and
improvement of the oxygen exchange rate. Silica is another most widely available
supports with excellent chemical resistance, thermal stability and high specific surface
area, which can enhance dispersion and thereby catalytic activity of the dispersed active
oxides [161].

Motivated by the unique and favorable characteristics of ceria-based materials for
various catalytic applications, a systematic and comprehensive investigation was
undertaken against the above background. In this study, ceria-hafnia and a series of
catalytically important supported nanosized ceria-hafnia [CeO,—HfO,/M,Oy; (MO, = Al,O3,
SiO,, and TiO;)] composite oxides possessing high specific surface area, better thermal
stability, superior sintering resistance, and desired redox properties have been
synthesized. The thermal and structural stability of the supported ceria-based solid
solutions are strongly influenced by the synthetic methodology. In this study, soft chemical
routes namely coprecipitation and deposition coprecipitation techniques were adopted for

preparation of unsupported and supported mixed oxides respectively. Even though
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coprecipitation, surfactant assisted synthesis, and hydro thermally derived samples exhibit
high surface area, severe loss of surface area occurs during high temperature treatments.
Stabilization of nanoparticles of ceria-hafnia solid solutions on another oxide support such
as alumina, colloidal silica or titania could represent a suitable way to overcome the
drawbacks associated with unsupported mixed oxides. The prepared samples were
further subjected to thermal treatments from 773 to 1073 K in order to understand the
nano-structural evolution and physicochemical characteristics of these complex oxide
systems. Various physicochemical characterization techniques namely, thermal analysis
(TG-DTA), X-ray diffraction (XRD), transmission electron microscopy (TEM), Laser
Raman spectroscopy (LRS), UV-visible diffuse reflectance spectroscopy (UV-vis DRS), X-
ray photoelectron spectroscopy (XPS), lon scattering spectroscopy (ISS), temperature
programmed reduction (TPR), and BET surface area (SA) were employed to investigate
these oxide systems. All the synthesized catalysts were evaluated for the potential oxygen
storage capacity (OSC), soot oxidation and CO oxidation reaction. A few of the catalytic
systems were also evaluated for the selective dehydration of 4-methylpentan-2-ol. Thus,
the thesis primarily deals with the synthesis, characterization and activity of various
unsupported and supported ceria-hafnia composite oxides aiming at the enhancement of

performance in terms of thermal stability and catalytic point of view.

1.6 Objectives of the Thesis

® The primary objective of the present work was to prepare nanosized unsupported
ceria-hafnia and various supported ceria-hafnia mixed oxides possessing high
specific surface area, better thermal stability, superior sintering resistance, high

oxygen storage capacity and suitable redox properties.

O] The intensive physicochemical characterization of the prepared catalyst
formulations by employing various spectroscopic and non-spectroscopic
techniques namely, thermogravimetry (TG-DTA), X-ray diffraction (XRD),
temperature programmed reduction (TPR), scanning electron microscopy (SEM),
transmission and high resolution electron microscopy (TEM-HREM), UV-vis diffuse
reflectance spectroscopy (UV-vis DRS), Laser Raman spectroscopy (LRS), X-ray
photoelectron spectroscopy (XPS), lon scattering spectroscopy (ISS), and BET

surface area.
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To evaluate the oxygen storage-release properties (OSC) of the synthesized

catalysts.

To test the catalytic activity of the synthesized catalysts for different important
reactions namely, CO oxidation, soot oxidation, and dehydration of 4-

methylpentan-2-ol, respectively.
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Chapter 2

This chapter presents the experimental details pertaining to
the preparative methodologies employed to obtain the nanosized
composite oxides and the techniques related to BET surface
area, thermogravimetry, X-ray diffraction, Raman
spectroscopy, UV-vis diffuse reflectance spectroscopy, X-ray
photoelectron spectroscopy, ion scattering spectroscopy, and
temperature programmed reduction with necessary theoretical
background.



Chapter 2 Experimental Section

EXPERIMENTAL SECTION

2.1 Preparations

2.1.1 Preparation of Ceria-hafnia Nanocomposite oxide

Ceria—hafnia (CH, 8:2 mole ratio based on oxides) composite oxide was prepared
by adopting a coprecipitation method using ammonium cerium(lV) nitrate (Loba Chemie,
GR grade) and hafnium(lV) chloride (Aldrich, AR grade), respectively. The required
amounts of precursors were dissolved separately in deionised water under mild stirring
conditions and mixed together. Upon complete mixing, excess ammonium hydroxide was
added dropwise until the precipitation was complete (pH = ~8.5). The resulting slurry was
filtered off and thoroughly washed with distilled water until free from anion impurities. The
mixed hydroxide paste was allowed to dry overnight in a hood. It was then oven dried at
393 K for 12 h. Finally, it was calcined at 773 K for 5 h in air atmosphere to remove water
and any residual precursors remaining from the coprecipitation step. Some portions of the
catalyst were further calcined at 873, 973, and 1073 K, respectively for 5 h in air
atmosphere. After cooling, the solid residues were ground using a ceramic mortar and
pestle until fine powders were obtained. The rate of heating as well as cooling was always
maintained at 5 K min~' For comparison purpose, CeO,—ZrO, composite oxide was also
prepared from ammonium cerium(IV) nitrate (Loba Chemie, GR grade) and zirconium(IV)
nitrate (Fluka, AR grade) by similar precipitation method using dilute aqueous ammonia

solution and calcined at 773 to 1073 K for 5 h in air atmosphere.

2.1.2 Preparation of Supported Ceria-hafnia Nanocomposite Oxides

The following supported ceria-hafnia nanocomposite oxides were prepared in this

investigation:

Ce0O,—HfO,/SiO, (CHS)
Ce0,~HfO,/TiO, (CHT)
CeOQ—Hf02/A|203 (C HA)

36



Chapter 2 Experimental Section

The nanosized ceria-hafnia composite oxides over SiO, TiO,, and Al,O3; supports
(CeO,: HfO,: support oxide = 8:2:10 mole ratio based on oxides) were synthesized by a
deposition coprecipitation method using dilute agqueous ammonia solution as the
precipitating agent. The precursors employed were (NH,),Ce(NO3)s, HfCl4, colloidal SiO,
(Ludox, 40 wt.%, Aldrich), TiO,-anatase (EU consortium, SA 49 m? g'), and y-Al,O3
(Harshaw, SA 127 m? g™"), respectively. At first, cerium and hafnium precursors were
dissolved separately in deionized water and mixed together in an appropriate quantity.
The supporting oxides were dispersed separately in deionized water, stirred vigorously
and then mixed with the ceria-hafnia precursor solutions together. The mixture solution
was further diluted with deionized water and kept in stirring condition for another 1 h.
Aqueous NHj; solution was added dropwise to the mixture solution under vigorous stirring
until the pH reached ~8.5. The obtained precipitates were filtered off, washed with
deionized water until free from anion impurities and oven dried at 393 K for 12 h, and
subsequently calcined at 773 K for 5 h in air atmosphere to remove water and any
residual precursors remaining from the precipitation step. Some portions of the 773 K
calcined sample were further treated at 873, 973 and 1073 K for 5 h in air atmosphere.

The rate of heating as well as cooling was always maintained at 5 K min™".

2.2 Catalyst Characterization

In the present investigation the following spectroscopic and non-spectroscopic

techniques were employed to characterize various composite oxide catalysts:

Specific Surface Area by BET Method

Thermal Analysis (TGA/DTA)

X-ray Diffraction Studies (XRD)

Temperature Programmed Reduction (TPR)

Scanning Electron Microscopy (SEM)

Transmission Electron Microscopy (TEM)

UV-vis Diffuse Reflectance Spectroscopy (UV-vis DRS)
Laser Raman Spectroscopy (LRS)

X-ray Photoelectron Spectroscopy (XPS)

= © o N o o bk 0D~

0. lon Scattering Spectroscopy (ISS)
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2.2.1 Specific Surface Area: BET Method

The Brunauer-Emmett-Teller (BET) method is the most acceptable procedure for
measuring surface areas of various materials by physical adsorption of gases at their
boiling temperatures. In principle the amount of adsorbate (nitrogen) required to form a

monolayer of molecules over the surface of catalyst is given by the following BET
equation [1-3].

1 -1 P
P . L L & 2.1)

V, (P, - P) V,, C Vin € P,

Where,
P is the pressure,
Py is the saturation vapor pressure,
V, is the amount of gas adsorbed at the relative pressure P/P,,
Vn is the monolayer capacity, and
C is a BET constant.

A plot of P/V, (Po-P) versus relative pressure of P/Py is a straight line with a slope of (C—
1)/(VmC) and intercept of 1/(V,C), respectively. Knowing slope and intercept permits
calculation of V,,. Subsequently the specific surface area of the sample can be determined

by the following equation.

Vi X L X An

Specific Surface Area (m%g™") = (2.2)
W X V,

Where,
L is the Avagodro constant (6.023 X 10%* molecules mol™")
An is cross sectional area of adsorbate molecule, (N,) 0.162 nm? at 77 K
W is the weight of the sample
Vo is 22414 mL mol™
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In the present investigation, the BET surface areas were determined by N, adsorption
using a Micromeritics Gemini 2360 Instrument. Prior to analysis, the samples were oven
dried at 393 K for 12 h under vacuum and flushed with Argon gas for 2 h. All the BET

values in this study were measured within the precision of + 5%.

2.2.2 Thermal Analysis

When a substance is subjected to a programmed heating and cooling, it normally
undergoes physical, chemical or mechanical changes. The gain or loss in weight of a
sample as a function of temperature is measured by thermogravimetry (TG). It is a very
useful technique for the study of solid-gas systems. Most physical, chemical or
physicochemical phenomena are characterized by variations in the masses of reactive
samples when these samples are subjected to various environments, such as
temperature, atmosphere, vacuum, and pressure. As the main parameter is often the
temperature, thus the common name of thermogravimetry. The measuring instrument is
comprised of an ultra sensitive weighing device. The changes in the mass of the sample
clearly imply evolution or uptake of matter by the sample. This method works well for
compact samples [4]. All the TGA curves represented in this thesis were obtained on a
Mettler Toledo TGA/SDTA 851° instrument. The samples were heated from ambient
temperature to 1273 K under a nitrogen flow at flow rate of 20 mL min~' and heating rate
of 10 Kmin™.

2.2.3 X-ray Diffraction Studies

X-ray diffraction (XRD) was used to investigate the bulk phases present in the
sample and to determine the calcination induced solid-solid phase transformations if any.
X-rays are energetic enough to penetrate into the material and their wavelengths are of
the same order of magnitude as interatomic distances in solids. Thus, a collimated beam
of X-rays is diffracted by the crystalline phases in the sample according to Bragg’'s Law
[5-7]. Powder diffraction profiles are obtained by measuring the angles at which an X-ray
beam of wavelength 2 is diffracted by the sample. Position, intensity, shape and width of

the diffraction lines give information about the sample.
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The spacing between two planes (hkl) d is related to the diffraction angle 26 by the Bragg
law:
niA =2d sin 6 (2.3)

Where,
A is the wavelength of the X-rays,
d is the distance between two atomic planes in the crystalline phase,
n is the order of the diffraction, and

6 the incoming diffraction angle.

Phase identification is based on the comparison of the set of reflections of the
specimen with that of pure reference phases, or with a database. The powder diffraction
file (PDF) [8] distributed by the International Centre for Diffraction Data (ICDD) (formerly
ASTM then JCPDS) is the base most commonly used. It is a collection of single phase X-
ray powder diffraction patterns in the form of tables of characteristic interplanar spacings
and corresponding relative intensities along with crystallographic properties. All powder X-
ray diffraction (XRD) patterns presented in this thesis, were recorded on a Rigaku
Multiflex diffractometer using nickel-filtered Cu Ko (0.15418 nm) radiation source and a
scintillation counter detector. The intensity data were collected over a 26 range of 2-80°
with a 0.02° step size and using a counting time of 1 s per point. Diffraction patterns were
assigned using the PDF database supplied by the International Centre for Diffraction
Data.

Crystallite Size Determination

The average crystallite size in various samples was estimated with the help of
Scherrer equation using the XRD data of all prominent lines. Diffraction lines should, in
principle, be very narrow; however, when the crystallite size of a polycrystalline material
falls below 1000 A, broadening of the diffraction lines is observed. Instrumental limitations

and lattice strain can also cause line broadening.
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The relation between line broadening and crystallite size for a stress free material, is given

by Scherrer formula:

KL
<L> hkl = — (24)
Bhkl Cos 6
Where K is a constant that depends on the definition of § [FWHM value of a particular hkl
plane, in degrees (a Polar co-ordinate), needs to be converted into radians (a Cartesian
co-ordinate), since, crystallite size measures in length units] used and the crystal
geometry. The constant K varies from 0.98 to 1.39, but because of experimental

uncertainties, the constant is often set equal to 1. When B is defined as the integral

breadth, <L> is a volume average crystallite size [5].

Cell Parameter Estimation

The cell parameter 'a' was calculated by standard cubic indexation method using
the intensity of the most prominent XRD lines (111) of CeqgHfy20, and Ceg 75Zr0.2502
phases in respective samples. For calculation of the unit cell parameters, the cubic
relationship of dnq and the cell parameters was assumed for all the samples as per the

equation given below [9,10]:

1d? = (W + K2 + 1?) / @° (2.5)

2.2.4 Temperature Programmed Reduction

Temperature programmed reduction (TPR) using hydrogen (H,) or carbon
monoxide (CO) as reducing agent is a widely used technique for the characterization of
reducible solids and catalysts. In TPR, a reducible catalyst or catalyst precursor is
exposed to a flow of a reducing gas mixture (typically a few vol.% of H, or CO in an inert
gas) while the temperature is linearly increased. The rate of reduction is continuously
followed by measuring the composition (H, or CO content) of the reducing gas mixture at
the outlet of the reactor. The experiment permits the determination of the total amount of
H, or CO consumed, from which the degree of reduction and thus, the average oxidation

state of the solid after reduction can be calculated. A detailed description of the underlying
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physical principles of the TPR method is presented in pertinent reviews and papers [11-
15].

The present investigation involves the use of both CO and H, as reducing agent
for the TPR measurements. For the H,-TPR runs, about 100 mg of catalyst sample was
loaded in an isothermal zone of the reactor and heated at a rate of 10 K min™" to 473 K in
30 mL min™" helium gas which facilitated desorption of the physically adsorbed water.
After the sample was cooled to room temperature, the helium was switched to 20 mL
min~" of reducing gas consisting of 5% H,/Ar and the temperature was increased to 1073
K at heating rate of 5 K min™". The reactor effluent gas was passed through a molecular
sieve trap to remove the produced water and was analyzed by gas chromatograph (GC)
using a thermal conductivity detector (TCD). On the other hand for CO-TPR runs, the
concentration of CO, flow rate and the heating rate were balanced with the amount of
catalyst (100-150 mg) for TPR experiments as per literature. Measurements were made
using 9.98% CO/Ar gas mixture at a flow rate of 20 mL min™" and up to 873 K maximum
temperature with a heating rate of 5 K min~". Before measurements, the catalysts were
pretreated at 773 K for 1 h in 10.2% O./Ar gas mixture, using a heating rate of 10 K min™".
The oxidized sample was then purged in argon and cooled to the desired starting
temperature. The CO and CO, gas concentrations were measured using an Uras 14
infrared analyzer module, and the O, concentration was measured using a Magnos 16

analyzer (Hartmann & Braun).
2.2.5 Scanning Electron Microscopy

Because of its versatility and the wide range of information scanning electron
microscopy (SEM) can provide, the scanning electron microscope is often the preferred
starting tool for analytic microscopy. With SEM, a focused beam of high-energy electrons
is scanned over the surface of a material. The electron beam interacts with the material,
causing a variety of signals; secondary electrons, backscattered electrons, X-rays,
photons, etc. each of which may be used to characterize a material with respect to
specific properties. To study the surface topography and to assess the surface dispersion
of the active components, SEM analyses were carried out with a JEOL JSM 5410
microscope, operating with an accelerating voltage of 15 kV. SEM micrographs were

taken after coating by gold sputtering.
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2.2.6 Transmission Electron Microscopy

Heterogeneous catalysts usually consist of highly divided solid phases that are
closely interconnected and thus difficult to characterize. Transmission electron microscopy
(TEM) offers the unique advantage of allowing the direct observation of catalyst
morphology with a resolution tuneable in the range 10“-10""° m and of obtaining
structural information by lattice imaging and microdiffraction techniques. The technique of
high-resolution electron microscopy (HREM) is performed with axial illumination using an
objective aperture, which allows several diffracted beams to be combined with the axial
transmitted beam to form the image. The HREM images can be directly related with the
atomic structure of the material. From images it is possible to obtain data on the shape
and size of particles belonging to supports as well as active phases and to unravel how
they are distributed with respect to each other. Structural information such as symmetry
and unit cell parameters of crystallites, crystal orientations (e.g. epitaxial relationship
between support and active phase), lattice defects can be obtained by electron diffraction
and lattice imaging techniques [16—19]. Specimen preparation is a critical step in electron
microscopy because image quality is highly dependent on how the different solid phases
are dispersed on the microscope grid and on their thickness. The thickness of solid
phases should be less than 50-100 nm to allow sufficient transmittance. Thinner the
samples better the resolution and better contrast. Another important factor is the stability
of the preparation. Specimens have to be deposited on 2/3 mm diameter copper grids
(100400 mesh) covered with a thin amorphous carbon film. The easiest way is to
ultrasonically disperse a few milligram of the powder in a few milliliter of ethanol (EtOH),
take a drop of the suspension deposit it on a carbon coated grid and let the liquid
evaporate. In this study, the electron microscopic investigations were carried on a JEM-
2010 (JEOL) instrument equipped with a slow-scan CCD camera and at an accelerating
voltage of 200 kV.

2.2.7 UV-vis Diffuse Reflectance Spectroscopy

The absorption bands occurring in the visible and near-UV regions are used to
obtain information on the electronic structure of catalyst and support. Most heterogeneous
catalysts are opaque powdered samples from which light is reflected and not transmitted.

The radiation reflected from a powdered crystalline surface consists of two components:
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the specular component that is reflected from the surface without transmission (mirror
reflection) and the diffuse component that is absorbed into the material and reappears at
the surface after multiple scattering. Commercial spectrophotometers are designed to
minimize the specular component and the term reflectance is used for diffusely reflected
radiation [20-23].

In a diffuse reflectance spectrum (DRS), the ratio of the light scattered from a (2-3
mm) thick layer of sample and an ideal non-absorbing reference sample is measured as a
function of wavelength A (i.e. Fskmu(Ro) vs A in nm). The relation between the diffuse
reflectance of the sample (Rw), absorption (K), and scattering (S) coefficients are related
by the Schuster-Kubelka-Munk (SKM) remission function [21,22]:

FR.) = (1-R,)%2 R, = KIS (2.6)

The samples were diluted in a KBr matrix by pelletization. The spectra were
obtained over the wavelength range A = 200-800 nm using a GBS-Cintra 10e UV-Vis NIR
spectrophotometer with the integration sphere diffuse reflectance attachment. The
corresponding diluent (KBr) was used as baseline standard. The DRS spectra were
processed with SPECTRAL 1.70 software, consisting of calculation of F(R,) from the

absorbance.
2.2.8 Laser Raman Spectroscopy

Raman spectroscopy is one of the most useful techniques for characterization of
catalytic materials and to gather information on both M-O bond arrangement and lattice
defects. Raman spectra of the fluorite type oxides are dominated by oxygen lattice
vibrations, which are sensitive to the crystal symmetry, being thus a potential tool to obtain
additional structural information. It can discriminate between the different chemical states
of the metal oxides because each state possesses a unique vibrational spectrum that is
related to its structure. Therefore, Raman spectroscopy provides direct information about
the structure of each state. It is well reported in the literature that the intensity of Raman
bands may vary depending on the laser source used. Recently, a study was reported on
the investigation of the surface and bulk properties of fluorite-type oxide materials with

four different excitation lasers by Raman spectroscopy [24]. On the basis of the fact that
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the laser with shorter wavelength is closer to the electronic adsorption of samples, it is
reported that the Raman information detected by excitation laser with shorter wavelength

is more sensitive to the surface region of samples.

In the present investigation, the Raman spectra were recorded with two different
spectrometers. UV-RS were recorded with a LabRam HR800UV Raman spectrometer
(Horiba Jobin-Yvon) equipped with a confocal microscope and liquid-nitrogen cooled
charge-coupled device (CCD) detector. The emission line at 325 nm from He-Cd laser
(Melles Griot Laser) was focused on the sample under the microscope, with the diameter
of the analyzed spot being ~1 um. The vis-RS were recorded with a LabRam HR
spectrometer (Horiba Jobin-Yvon) equipped with a CCD detector. The emission line at
514.53 nm from an Ar’-Kr* ion RM2018 laser (Spectra Physics) was focused on the
sample under the microscope, with the diameter of the analyzed spot being ~1um. The
power of the incident beam on the sample was typically 0.5mW. The time of acquisition in
both the cases was adjusted according to the intensity of the Raman scattering. The wave
number values reported from the spectra are accurate to within 1 cm™. In order to
ascertain the homogeneity of the samples, spectra were recorded at various points and

compared. All samples were found to be highly homogeneous [25-27].

2.2.9 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a well-known surface technique, also
known as Electron Spectroscopy for Chemical Analysis (ESCA). It is now a widely used
analytical technique for investigating the chemical composition of solid surfaces with its
attenuation depth of 20 A. XPS is accompanied by irradiating a sample with
monoenergetic soft X-rays and energy analyzing the electrons emitted. Mg Ko (1253.6
eV) or Al Ka (1486.6 eV) X-rays are ordinarily used. These photons have limited
penetrating power in a solid, of the order of 1-10 micrometers. They interact with atoms in
this surface region by the photoelectric effect, causing electrons to be emitted. The

emitted electrons have kinetic energy (KE) given by:

KE = hv — BE - @s (2.7)
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Where,
hv is the energy of photon
BE is the binding energy of atomic orbital from which the electron originates

Qs is the spectrometer work function

The binding energy may be regarded as ionization energy of the atom for the particular
shell involved. Since there are a variety of possible ions from each type of atom, there is a

corresponding variety of kinetic energies of the emitted electrons.

The XP spectra of all the samples were recorded on a Shimadzu (ESCA 3400)
spectrometer by using Mg Ka (1253.6 eV) radiation as the excitation source. Charging of
catalyst samples was corrected by setting the binding energy of the adventitious carbon
(C 1s) at 284.6 eV. The XPS analysis was done at ambient temperature and pressures
typically in the order of less than 10™° Pa. Prior to analysis, the samples were out-gassed
in a vacuum oven overnight. All binding energies quoted in this study were measured
within a precision of £0.1 eV [28,29].

Atomic Ratio Estimations

Quantification of atomic ratios was achieved by determining the elemental peak
areas, following a Shirley background subtraction and correcting by using atomic

sensitivity factors supplied by the instrument manufacturer [28,29].

2.2.10 lon Scattering Spectroscopy

If a beam of ions is directed at a sample surface, then a certain number will be
elastically reflected. The intensity of the scattered ions as a function of emission provides
information regarding the surface crystallographic structure. The variation in the intensity
of the scattered beam is partly due to shadowing the substrate atoms. Bye use of
scattering theory, knowledge the sites that the surface atoms occupy can be derived. The
technique is called lon Scattering Spectroscopy (ISS) [30]. The term encompasses
actually several techniques depending on the energy of the primary ion beam. LEIS (Low
Energy lon Scattering) spectroscopy is referred to primary energies in the range of 100 eV

to 10 keV, Often the LEIS technique is called ISS. ISS provides information on the atomic

46



Chapter 2 Experimental Section

composition of the outer surface, when noble gas ions are used as projectiles. In ISS
experiments, low-energy noble gas ions are scattered by atoms in the exposed surface.
According to the laws of conservation of energy and momentum, the energy spectrum of
the backscattered ions is equivalent to the mass spectrum of the target atoms. The
information depth of ISS is limited to one atomic layer because of the high neutralization

probability of the noble gas ions.

The process can be considered as a series of elastic collisions with the atoms in
the top layers. In this (kilovolt) energy range one can assume that the collisions are binary
and the atoms are free, so that the ion-atom interaction is described by repulsion
interatomic potentials only. According to the classical mechanics, the energy of scattered

particle is given by

E1/Eo = {+(M-%-M,2sin®0)""? +M;c0s0+] / (M1+M,)}? (2.8)

(both signs hold for M;>M, and only the positive signs otherwise), where E, is the initial
energy, 01 is the scattering angle, M and M, are the ion and target atom mass
respectively [30,31]. This equation directly relates the energy of the scattered particle to
the mass of the target. It can be used also to evaluate the energy after two, three or more
collisions. Low energy ion scattering is attractive as a surface-specific technique. Spectra

are usually obtained using noble gas ion beams from 0.5 to 5 keV.

In the present investigation, IS spectra were measured in a Leybold surface
analysis system equipped with X-ray and ion sources and an EA 10/100 electron (ion)
analyzer with multichannel detection (Specs). The samples were pretreated in flowing
synthetic air (20% O,/N;) at 573 K for 30 min before they were introduced into the
spectrometer vacuum without further contact with the ambient humid atmosphere (in situ
treatment). The measurements were done with 3000 eV Ar® ions and recorded with the
analyzer in pass-energy mode (pass energy 84.5 eV). The surface charge was removed
with a flood gun. The source and the flood gun were allowed to stabilize with the sample
withdrawn from the measurement position. Signal intensities were estimated assuming the

background to be linear.
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2.3 Catalytic Activity Studies

The composite oxides prepared and characterized by different spectroscopic and
non-spectroscopic techniques in the present investigation were evaluated for their

usefulness in various catalytic reactions:

Potential Oxygen Storage Capacity (OSC)
CO Oxidation Reaction

Soot Oxidation Reaction

N =

Dehydration of 4-methylpentan-2-ol

2.3.1 Potential Oxygen Storage Capacity

Potential catalytic performance was tested by oxygen release characteristics of
powders under dry air at temperatures of 573-1073 K. The change of weight of the
sample was monitored by thermogravimetry (TG) measurement under cyclic heat
treatment in flowing air. TG/DTA analyzer (Netzsch, Luxx, Germany) was employed to
evaluate the oxygen storage characteristics of the investigated samples. The heat cycle
consisted of a first heating to 1073 K, cooling to 423 K, and a second heating to 1073 K.
All heating and cooling rates were 5 K min™'. The weight loss of samples in the second
heating TG data was used as a measure of oxygen release properties of the composite
powders between 573 and 1073 K. The heat treatment temperature maxima (1073 K)
correspond to the moderate thermal condition of practical automotive exhaust gases. This

technique of OSC evaluation is essentially similar to that described previously [32,33].

2.3.2 CO Oxidation Reaction

CO oxidation is one of the key steps in the overall process of the TWCs, and
therefore it has frequently been used as a probe reaction over ceria-based materials to
evaluate different catalyst formulations and investigate mechanistic issues [34-39]. The
catalytic activity was evaluated for oxidation of CO at normal atmospheric pressure and
temperatures in the range of 300-773 K in a fixed bed micro-reactor at a heating ramp of
5 K min~". About 100 mg catalyst sample (250-355 um sieve fraction) diluted with quartz

particles of the same sieve fraction was placed in a quartz reactor for evaluation.
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Temperature was measured directly at the catalyst bed, using a thermocouple placed in
the hollow shaft of the reactor. The following gases and gas mixtures were used (supplied
by Air Liquide): argon (>99.999% purity), 9.98% CO in argon (CO purity, >99.997%; argon
purity, >99.99%), and 10.2% O, in argon (oxygen purity, >99.995%). The total flow rates
maintained by three mass flow controllers were in the range of 50-100 NmL min™
(milliliters normalized to 273.15 K and 1 atm.). The CO and CO; gas concentrations were
measured using an Uras 14 infrared analyzer module, and the O, concentration was
measured using a Magnos 16 analyzer (Hartmann & Braun). Prior to oxidation of CO, the
catalysts were heated to 773 K in 10.2% O./Ar gas mixture, using a heating ramp of 10 K
min~", and kept at the final temperature for 1 h. The oxidized sample was then purged in
argon and cooled to the desired starting temperature. The CO/O, reactant feed ratio was

1, and partial pressures of CO and O, were in the range of 10 mbar.

Exhaust gas

Reactor

CO Oxidation set up

Figure 2.1: Simplified experimental set up for CO oxidation showing different gases used,
reactor and analyzer (FIC — Mass flow controllers).
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The simplified experimental set-up used for the oxidation of CO under normal atmospheric
pressure using 9.98 % CO/Ar and 10.2 % O,/Ar in the present study is presented in the
Figure 2.1.

The conversion of CO and O, and yield of CO, were calculated as follows:

[Co]in _ [CO]Out

Conversion of CO (%) = ' x 100
[Co]ln
[O2]" — [0
Conversion of O, (%) = - x 100
[02]|n
[CO,I™ - [CO,I"
Yield of CO; (%) = - x 100
[CO]In

where [CO]" is the inlet concentration of CO,
[COI*" is the outlet concentration of CO,
[02]‘“ is the inlet concentration of Oy,
[0,]°" is the outlet concentration of Oy,
[COz]in is the inlet concentration of CO,,

[CO,]°" is the outlet concentration of CO..

2.3.3 Soot Oxidation Reaction

The incomplete combustion that occurs in the diesel engines leads to huge
emissions of atmospheric pollutants as soot particulates and toxic gases. Among several
techniques that have been developed for reducing the emissions from diesel engines,
filtering followed by catalytic oxidation is one of the most promising options. This approach
is based on the application of a catalyst to achieve the onset of regeneration at a
significantly lower temperature [40]. Pertaining to the mechanism involved in the oxidation
of soot, several authors have pointed out the significance of redox properties of the
catalysts, and the use of cerium oxide materials which confer interesting properties to soot
combustion catalysts [40—42]. Catalysts typically employed for soot oxidation should
decrease the oxidation temperature (light-off temperature, T4,) and maintain a high

activity for longer working periods. The T4, strongly depends on the contact between the
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soot and the catalyst and on the specific surface area of the catalytic material [42,43]. The
growth of oxide particles (sintering) during soot oxidation is therefore detrimental to the
catalytic activity. It has been reported that gas phase O, replenishes the lattice oxygen of
ceria creating highly active oxygen, which reacts with soot [44,45]. Incorporation of La**
significantly improved the catalytic activity of CeO, for soot oxidation and this
improvement was correlated to an increase in the BET surface area and enhanced redox

properties.

In this present investigation soot oxidation measurements were carried out by
using thermogravimetry method. For the activity measurements in ‘loose contact’ (mixed
by spatula) condition with catalyst-soot mixtures in 4:1 wt/wt ratio, a Cahn TG/DTA
coupled with quadruple mass spectrometer (QMS) is used. On the other hand, the activity
measurements in ‘tight contact’ (ground in agate mortar) condition with catalyst-soot
mixtures in 4:1 wt/wt ratio is performed in a Mettler Toledo, TGA/SDTA 851° instrument
[41,46]. The model soot, Printex U, used in this work was provided by Degussa. A
weighed amount of the sample was placed in a TGA crucible and heated to 1,273 K in

60—100 mL min~" helium or air and the heating rate was 10 K min™".

2.3.4 Dehydration of 4-methylpentan-2-ol

The conversion of 4-methylpentan-2-ol produces mainly 4-methylpent-1-ene and
4-methylpent-2-ene with trace amounts of Cg alkenes as dehydration products. Besides
dehydration, dehydrogenation of the reactant alcohol gives rise to 4-methylpentan-2-one
and higher ketones (in very low amounts) [47-50]. The catalytic activity for vapor phase
dehydration of 4-methylpentan-2-ol was investigated in a down-flow fixed-bed
microreactor at different temperatures under normal atmospheric pressure. In a typical
experiment ca. 0.5 g catalyst was placed at the centre of the reactor between two plugs of
quartz wool (pyrex glass tube, 0.d. 1 cm and i.d. 0.8 cm), and above the catalyst bed filled
with glass chips in order to act as preheating zone. The reactor was placed vertically
inside a tubular furnace, which can be heated electrically. The reactor temperature was
monitored by a thermocouple with its tip located near the catalyst bed and connected to a
temperature indicator-controller. The catalyst was preheated using CO.-free airflow at 773

K for 5 h, prior to the reaction. The 4-methylpentan-2-ol was fed with N, stream, into the
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vaporizer at a flow rate of 1.5 mL h™" from a motorized syringe pump (Perfusor Secura FT,

Germany) into the vaporizer. The flow rate of dry N, was maintained at 60-70 mL min~".

\ 4

v

i
C

|

_ N

Figure 2.2: Simplified experimental set up for dehydration of 4-methylpentan-2-ol; A —
Nitrogen; B — Alcohol syringe pump; C — Filter; D — Mass flow controller; E — Saturator; F
— Reactor; G — Freezing trap; H — GC.

The liquid products were collected in ice-cold freezing traps and were analyzed by
a gas chromatograph with flame ionization detector (FID). The qualitative analysis of the
products was performed with the help of NMR and Mass spectrometry techniques. The
activity data was collected under steady state conditions. The conversions and product
selectivity were calculated as per the procedure described elsewhere [49,50]. The
condensed reaction products were analyzed with a CIC 2011 gas chromatograph

equipped with a flame ionization detector and a capillary column (BPX5, 50 m x 0.32mm).

The simplified experimental set-up used for the dehydration of 4-methylpentan-2-ol
under normal atmospheric pressure using nitrogen in this study is presented in the Figure
2.2. The main products obtained were 4-methylpent-1-ene, 4-methylpent-2-ene, and 4-
methylpentan-2-one, along with some traces of unidentified products. The activity data

was collected under steady state conditions.
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Chapter 3

This chapter presents the results and discussion pertaining to
the structural characteristics of the nanosized composite oxides
of CeO,—HfO, and CeO,—ZrO, systems by various
spectroscopic and non-spectroscopic techniques.



Chapter 3 Studies on CeO,-HfO, composite oxide catalyst

STUDIES on CeO,—HfO, COMPOSITE OXIDE CATALYST

3.1 Introduction

Ceria (CeO,) has attracted considerable interest in recent years due to its diverse
applications. It is a candidate material for a wide variety of applications ranging from
catalysis to ceramic biomaterials, fuel cell technologies, electrochemical applications,
optical glass-polishing, gas sensors, and so on. Although disagreements remain about the
mechanism that ceria plays in many of these applications, it is clear that redox properties
of ceria or doped ceria or ceria solid solutions are very important [1-5]. Owing to the facile
redox couple (Ce*/Ce®") and elevated oxygen ion migration ability, it has been used for
years as one of the components of catalytic automobile exhaust converters. Catalytic
converters, which convert the three primary pollutants in automobile exhaust-gas, namely,
CO, NOx, and hydrocarbons, into nontoxic products are referred to as three-way catalysts
(TWC). Improvements in such features are currently in demand for designing better
catalytic cartridges for new-generation cleaner cars [6]. The conversion efficiency of TWC
is highly dependent upon the air-to-fuel (A/F) ratio, which has to be maintained at the
stoichiometric level (~14.6) [7]. To maintain this level the catalyst must possess oxygen
storage capacity (OSC) so that it can provide oxygen to the gas mixture during fuel-rich
conditions and absorb oxygen in fuel-lean conditions. Hence, the redox chemistry of ceria
is a critical parameter in the efficiency of the multifunctional and multicomponent three-
way catalysts [8]. The release and uptake of oxygen in ceria occurs owing to the following

reversible reaction [9].
Ce0O; © Ce0, 4+ x/120, (0 = x<0.5)

However, for direct automotive applications, the OSC and thermal durability of
pure ceria are insufficient [10,11]. Also, it is an established fact that ceria exhibits a cubic
fluorite structure and sinters equally three dimensionally. Therefore, many studies have
been carried out in this direction to increase the thermal stability and the OSC of ceria
[12—15]. The mixed metal oxides have played an important role recently in many areas of
chemistry, physics, material science, and geochemistry. Obviously, the chemical behavior

of mixed metal oxides may differ from that of single metal oxides. The combination of two
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metal oxides in an oxide matrix can lead to novel structural and electronic properties of
the final oxide, favoring its catalytic activity. At structural levels, a dopant can facilitate
defect formation within the oxide host by generating stress into the lattice. On the
contrary, nontypical coordination modes of lattice host resulting in a deviation in the
dopant’s chemical nature may also be possible. As a result, metal-metal or metal-oxygen-
metal interactions in mixed metal oxides lead to perturbed electronic states compared to
single metal oxides. Although most of the recent literature concerning alternative materials
for TWC applications deals with ceria-zirconia based systems, the redox properties and
chemical activity of pure ceria can be enhanced by introducing different types of metals
(Ca, Cu, Tb, Mn, etc.) into the oxide lattice other than zirconium [16—18]. However, it is not
clear what type of second metal is useful to improve both the stability at high temperature
and the chemical activity by introducing O vacancies in the ceria. For example, Zr mixing
improved the thermal stability of ceria nanoparticles but showed no significant O
vacancies, whereas Ca mixing introduced a lot of O vacancies in the host structure, but
the mixed metal oxide bears a relatively low stability and phase segregation into CeO,
and CaO occurs at temperatures close to 973 K [19,20]. Therefore, it was interesting to
investigate the effect of substitution of a new dopant with a smaller ionic radius than

zirconium into the ceria lattice.

It is already realized in heterogeneous catalysis that catalytic activity scales with
surface area. Hence, maximum dispersion of the particles is of extraordinary importance,
which makes the production of nanoscaled catalysts very tempting. The nanoparticle
configurations are interesting from a practical viewpoint also as most of the applications
are surface-sensitive, and a high surface-to-volume ratio in addition to improved redox
properties, related to oxygen vacancy generation, can be reached by using nanosized
materials. In a recent communication, we have demonstrated the efficiency of Hf*" (ionic
radius 0.78 A) on the OSC and CO oxidation activity of ceria when incorporated even in
smaller quantities than Zr** (ionic radius 0.84 A) [21]. Against this background, an
extensive characterization of the ceria-hafnia solid solution was carried out and presented
here. The structural evolution has been investigated using thermal analysis (TG-DTA), X-
ray diffraction (XRD), temperature programmed reduction (TPR), scanning electron
microscopy (SEM), transmission electron microscopy TEM), UV-visible diffuse reflectance
spectroscopy (UV-vis DRS), Laser Raman spectroscopy (LRS), X-ray photoelectron
spectroscopy (XPS), ion scattering spectroscopy (ISS), and BET surface area (BET SA)
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techniques. Given the importance of ceria and particularly of ceria-zirconia solid solutions,
and further to help resolve some of the apparent discrepancies between the Ce-Hf and
Ce-Zr mixed oxides, a reference ceria-zirconia solid solution was also examined for

comparison purposes.
3.2 Experimental

The CeO,-HfO, (CH; 8:2 mole ratio based on oxides) composite oxide was
prepared by a modified coprecipitation method as per the procedure described in the
chapter 2. The obtained CeO,—-HfO, catalyst was subjected to thermal treatments from
773 to 1073 K in order to understand the thermal stability, and the physicochemical
properties of these materials. These effects have been investigated by means of TG-DTA,
BET SA, XRD, TPR, SEM, TEM, UV-vis DRS, LRS, XPS, ISS and other techniques. For
comparison purpose, Ce0,-ZrO, (CZ; 1:1 mole ratio based on oxides) composite oxide
was also prepared by similar procedure and characterized by various techniques

mentioned above.
3.3 Results and Discussion
3.3.1 Thermal Measurements

The CeO,—HfO, and CeO,-ZrO, composite oxide were subjected to TG-DTA
analysis before calcination. The thermograms obtained between ambient temperature and
1273 K are shown in Figures 3.1a and 3.1.b, respectively. The TG-DTA analysis provided
some evidence about the decomposition and sintering behavior of the composite oxides.
As presented in Figures 3.1a and 3.1.b, both the samples exhibited one major and two
minor weight loss peaks. The major low temperature peak in the range 309 — 473 K is
primarily due to the loss of non-dissociative adsorbed water as well as water held on the
surface by hydrogen bonding. The minor weight loss peaks at high temperatures are due
to loss of water held in the micropores of the gels and dehydroxylation of the surface,
respectively. The weight loss from ambient to 625 K is about 10% and from 625 to 840 K
is 1.5%. However, the weight loss between 840 and 1273 K is only about 0.5%. It
indicates that over the temperature range between 840 and 1273 K, the CeO,-HfO,

composite oxide is quite stable in terms of phases and chemical composition.
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Figure 3.1b: TGA profile of CeO,—ZrO, (CZ) sample before calcination.
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3.3.2 BET Surface Area Measurements

The N, BET surface area pertaining to CeO,-HfO, (CH) and CeO,-ZrO, (CZ)
samples calcined at different temperatures are presented in Table 3.1. The BET results
indicate reasonably high specific surface areas for both the samples. The CH and CZ
samples calcined at 773 K bear a specific surface area of 78 and 84 m?g ™", respectively.
Pure CeO, prepared by a similar method possessed a specific surface area of 41 m?g™"
[22]. This observation indicates that the incorporation of Hf*" and Zr*" into ceria lattice
induces an increase in the surface area. It is generally known that the mixed oxides with
highest possible specific surface area are of great interest in view of their practical utility.
As can be seen from the Table 3.1, thermal treatments at higher temperatures cause
gradual sintering and crystallite growth resulting in the loss of surface area. However, the
resistance to thermal sintering of these mixed oxides is remarkable in comparison to pure
ceria [22].

3.3.3 X-ray Diffraction Studies

The XRD patterns pertaining to the CeO,-HfO, (CH) and CeO,-ZrO, (CZ)
samples samples calcined at 773 — 1073 K are presented in Figure 3.2a and 3.2b,
respectively. These results reveal the formation of solid solutions with typical cubic fluorite
phases of the composition Ceg gHfy 0, (PDF-ICDD 04-006-1933) and Ceg 752250, (PDF-
ICDD 28-0271), respectively for 773 K calcined samples. Upon increasing calcinations
temperature up to 1073 K, the same monophasic composition is retained for CH sample
but phase segregation into Ceg75Zr0250, and CeggZrp4O, (PDF-ICDD 38-1439) were
observed for CZ sample. As could be seen from Fig. 3a,b, the CH and CZ samples are
indexed to (111), (200), (220), (311), (222), (400), (331), and (420) crystallographic faces
of ceria-hafnia and ceria-zirconia, respectively. No XRD lines pertaining to either HfO, or
ZrO, were observed in the respective cases. Also gradual sharpening of the XRD peaks
with increasing calcination temperature could be observed as a result of sintering
phenomenon. The presence of a single-phase solid solution is always preferable
compared to micro-domain or phase segregated non-homogeneous mixed oxides, as the
former systems generally lead to better textural stability and redox properties [23,24]. XRD
analysis reveals only cubic phase and any departure from the internal cubic symmetry can

not be distinguished using XRD due to small atomic scattering factor of oxygen in
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comparison to those of Zr, Hf, and Ce, which dominate the diffractograms [25-27]. It has
been reported previously that ceria-zirconia solid solutions with intermediate compositions
can form metastable tetragonal phases that are difficult to distinguish from a true cubic
phase using XRD alone [28]. This might indeed be the case for the present Ce,Zr_,O,
and Ce,Hf, O, composite oxides, given that the widths of the diffraction peaks made it
impossible to distinguish between cubic and tetragonal phases [5]. Therefore, other

techniques, particularly Raman spectral analysis, were used as a complementary study.

Table 3.1: BET surface area, FWHM, crystallite size and cell parameter measurements of
Ce0,—HfO, (CH) and CeO,-ZrO, (CZ) samples calcined at various temperatures

Sample/Calcination ~ Surface Area FWHM (26°) Crystallite Cell Parameter

Temp. (K) (m*g™") Size® (nm) (A)
CeO,—HfO,
773 78 1.76 4.6 5.34
873 62 1.29 6.3 5.34
973 40 1.08 7.2 5.34
1073 36 0.92 13.1 5.34
CeO,-Zr0,
773 84 1.55 4.7 5.35
873 67 1.54 4.8 5.33
973 51 1.50 5.0 5.30
1073 36 1.35 5.5 5.27

& From the XRD measurements

The crystallite sizes (Dxrp) pertaining to the CeO,-HfO, (CH) and CeO,-ZrO, (CZ)
samples calcined at 773 — 1073 K calculated using Scherrer equation are shown in Table
3.1. As shown in the table, mixed oxide particles of both samples are in the nanometer
range. The 773 K calcined samples bear a crystallite size of ca. 5 nm, which increases
slightly at higher temperatures. There is a significant influence of Hf** and Zr** cations in
the ceria lattice to decrease the particle sizes compared to pure CeO; [22]. The higher
values of crystallite size of the mixed oxides after high temperature treatment is due to the
effect of sintering [21,22].
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Figure 3.2a: Powder XRD patterns of CeO,-HfO, (CH) samples calcined at different
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Figure 3.2b: Powder XRD patterns of CeO,-ZrO, (CZ) samples calcined at different
temperatures.
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The lattice parameter calculations for both Hf** and Zr** incorporated ceria mixed
oxides are presented in Table 3.1. The observed change in the cell ‘a’ parameter values
of all the samples indicate penetration of Hf** and Zr** cations into the ceria cubic lattice
resulting in the formation of solid solutions. Relative to pure ceria (5.41 A) the cell ‘@’
parameter values of CH and CZ samples decreased to 5.34 and 5.35 A, respectively for
the 773 K calcined samples [21]. At higher temperatures the cell parameter values
decreased slightly for CZ samples, while no such changes were observed for CH sample.
This observation may be attributed to the further shrinkage of ceria lattice due to the
replacement of Ce** (0.97 A) ions with smaller cations of Zr** (0.84 A), caused by phase
segregation of the Ce-Zr oxide phases, especially at higher temperatures. This fact has

been elaborated in the subsequent sections.
3.3.4 Temperature Programmed Reduction Studies

TPR has been studied for both the CH and CZ catalysts using H, and CO as
reducing gas, respectively. Figure 3.3 shows the typical H,-TPR profiles of CH and CZ
samples calcined at 773 K. The quantification of H, consumption is estimated using CuO
as the standard for TPR analysis. As could be seen in the TPR patterns, there is only one
temperature maxima for both the samples. In general, the reduction peak is well resolved
for CH in comparison to CZ. Earlier research has reported that the there is two peaks
observed in the TPR patterns of some ceria-based catalysts and are assigned as, (i) the
reduction of the most easily reducible surface oxygen of highly dispersed ceria species
and (ii) the removal of oxygen from bulk ceria. In case of ceria-zirconia mixed oxides,
however, only one broad peak is observed and many researchers suggest that surface
and bulk reduction cannot be distinguished by the conventional TPR technique since both
processes occur almost simultaneously during TPR measurement [29,30]. In line with
earlier findings we also observed only one TPR peak for both the samples. However there
is a small hump observed at lower temperature region for CH sample. The temperature
maxima for the reduction of CH is around 845 K with a small hump around 700 K. On the
other hand CZ undergoes reduction at around 843 K. The separation of TPR peaks in the
CH sample infers about better reducibility of the system. This further reveal that Hf*" could
be more efficient to reduce ceria in comparison to Zr*" incorporated CeO,. Moreover, it
could be seen from the TPR profiles that there is more consumption of H, in the case of

CH compared to CZ. The H, consumption values calculated from the peak area under the
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reduction peaks over the complete temperature range for the CH and CZ samples are 649
and 628 pymol g™' of the catalyst, respectively. This shows that the degree of reduction of
CeO, is enhanced to more extent after the incorporation of Hf* in CeO, lattice compared

to Zr*.
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Figure 3.3: The Hx-TPR profiles of CeO,-HfO, (CH) and CeO,-ZrO, (CZ) samples
calcined at 773 K.
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Figure 3.4: The CO-TPR profiles of CeO,—-HfO, (CH) and CeO,-ZrO, (CZ) samples
calcined at 773 and 1073 K; (a) CH-773, (b) CH-1073, (c) CZ-773, and (d) CZ-1073,
respectively.

On the other hand the CO-TPR profiles of CH and CZ samples show clearly that
there are two reduction peaks. The CO-TPR profiles (not to scale) of CZ and CH samples
calcined at 773 and 1073 K are shown in Figure 3.4, which reveal a combination of two
broad peaks for both the samples. The presence of these two peaks is associated with a
stepwise reduction of the samples. The high temperature reduction feature is mainly due
to bulk oxygen removal while the low temperature reduction feature has been related to
most easily reducible surface capping oxygen of ceria [31]. The temperature maxima of
TPR for CH samples are centered on ~579 and ~679 K, respectively, while for CZ the
peaks are observed around 679 and 792 K, respectively. Very interestingly, the surface
reduction of CH sample is taking place at a lower temperature than that of CZ sample.
The decrease in the reduction temperature of CH sample could be attributed to increased
oxygen mobility in the defective fluorite structure generated by introduction of the smaller
Hf** cations (0.78 A), in comparison to Zr** (0.84 A), into the ceria core lattice.
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3.3.5 Scanning Electron Microscopy Studies

SEM measurements were performed to assess the external morphologies of the
mixed oxides. The micrographs corresponding to the CH series of samples calcined at

773 and 1073 K, respectively are shown in Figure 3.5a,b.

000000 WD32.0mm 10.0kV x5.0k 10um

Figure 3.5: SEM micrographs of CeO,-HfO, (CH) samples calcined at (a) 773 and (b)
1073 K.
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As observed from the SEM images, the samples consist of typical agglomerates of
homogeneous morphology of nearly equal particle distribution within the narrow size
range. The 773 K calcined samples exhibited more amorphous features and densely
packed agglomerates of smaller crystallites. At higher calcination temperature (1073 K)
the agglomerated homogeneous structures have collapsed due to better crystallization of
mixed oxide particles. Interestingly, both the samples possess amorphous features and

densely packed agglomerates of crystallites.
3.3.6 Transmission Electron Microscopy Studies

In order to ascertain the results obtained from XRD and SEM measurements and
to explore the structural evolution at atomic scale, conventional TEM and HREM studies
were performed on some selected CH and CZ samples. The TEM-HREM images
revealed nanometer sized particles and most of them are uniform in size. The
representative micrographs of 773 and 1073 K calcined CH samples are presented in
Figures 3.6 and 3.7, respectively. The obtained micrographs reveal agglomerated
microstructures. However, plain faces of crystallites could not be seen in the figure, which
suggests that a large part of the material is still amorphous. The average particle sizes
observed from the TEM and HREM images (Fig. 3.6) of the 773 K calcined CH samples
were about 5 nm and in fair agreement with the calculated values from XRD technique
(Table 3.1). A gradual increase in the crystallite size after heat treatment at 1073 K is
evident from the micrographs. The grain size increased from ~5 to ~10 nm for the CH
sample (Fig. 3.7) with increasing treatment temperature from 773 to 1073 K. These results
differ slightly with crystallite size data obtained from XRD with use of the Scherrer
equation (Table 3.1). It should be remembered that the particle size estimations of solid
solutions are subject to uncertainties due to compositional nonuniformity. Because, while
using the Scherrer equation, one assumes that the particle size effects are the only
source of peak broadening. A distribution of different hafnium concentrations within
individual particles as well as between particles would lead to a distribution of two-6
values and thus broader peaks which would be interpreted as reduced particles with use
of the Scherrer equation [25,26]. The micrographs, on the whole, represent the cubic
structure of the as-prepared and high temperature calcined CH samples. The
representative TEM-HREM micrographs of 773 and 1073 K calcined CZ samples are

presented in Figures 3.8 and 3.9, respectively. The obtained micrographs also reveal
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Figure 3.6: (a) TEM and (b) HREM micrographs of CeO,-HfO, (CH) samples calcined at
773 K.
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(@)

(b)

Figure 3.7: (a) TEM and (b) HREM micrographs of CeO,—HfO, (CH) samples calcined at
1073 K.
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Figure 3.8: (a) TEM and (b) HREM micrographs of CeO,-ZrO, (CZ) samples calcined at
773 K.
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Figure 3.9: (a) TEM and (b) HREM micrographs of CeO,-ZrO, (CZ) samples calcined at
1073 K.
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agglomerated microstructures. In this case also plain faces of crystallites could not be
seen in the figure, which suggests that a large part of the material is still amorphous. The
average particle sizes observed from the TEM and HREM images (Fig. 3.8) of the 773 K
calcined CZ samples were about 5 nm and in fair agreement with the calculated values
from XRD technique (Table 3.1). The mixed oxide samples show an increase in particle
size with increasing calcination temperature. As revealed by TEM and HREM images (Fig.
3.9), the particle sizes increase to ~8 nm for CZ samples calcined at 1073 K. On the
whole, the micrographs represent the cubic structure of the as-prepared and high
temperature calcined CZ samples. The shapes of the particles observed were almost

similar to those usually seen in previous works for ceria or ceria—zirconia specimens [22].

The cuboctahedral shapes were clearly dominant in both the 1073 K calcined CH
and CZ samples. Interestingly, from the TEM-HREM images of 1073 K calcined samples
of CH and CZ (Figs. 3.7 and 3.9), very few near-rectangular shapes could also be seen.
This may be due to the occurrence of (100)-plane terminations. It is known that for CeO,,
the most stable exposed surfaces are (111) and (110) [32], while the (100) surface needs
a substantial number of anion vacancies to be stabilized. It may be possible that the
number of vacancies present during the high temperature treatment allow such surfaces
to stabilize leading to the observed particle shapes. This should be taken into account
when surface reactivity of these materials is analyzed, which may become modified to
some extent if the crystal plane that is preferentially exposed changes. However, from
XRD analysis, no information regarding the stabilization of the (100) surface in case of
1073 K calcined samples could be obtained. The HREM images of CH and CZ (Figs. 3.7b
and 3.9b) show some overlapping regions of the mixed oxide particles, which are very

important from the catalytic point view.
3.3.7 UV-visible Diffuse Reflectance Spectroscopy Studies

Despite the difficulties in interpreting large bandwidths and specular reflectance
often observed, UV-vis DRS has been used to study various metal oxides to obtain
information on surface co-ordination and different oxidation states of the metal ions by
measuring d-d, f-d transitions and oxygen—metal ion charge transfer bands [33]. It is
reported that the wavelength corresponding to the UV absorption edge of a

semiconductive powder such as CeO, can be safely used to probe the presence of nano-
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Figure 3.10: UV-vis DRS spectra of CeO,-HfO, (CH) and CeO,-ZrO, (CZ) samples
calcined at 773 and 1073 K.
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crystallites (<5 nm), which cannot be detected by XRD [34]. Pure CeO, exhibits three
absorption maxima centered at ~255, 285, and 340 nm in its DR spectra. The latter two
absorption maxima are ascribed to Ce* «— O% charge transfer and inter-band transitions
respectively [35]. The poorly resolved former maxima correspond to Ce*" « O? charge
transfer transitions [34]. As revealed by Figure 3.10, there are slight shifts towards higher
wavelengths in the absorption edges of CH and CZ samples. Substitution of Hf*" or Zr**
into the CeO, lattice leads to lowering of symmetry and consequent strain development at
the cerium sites. This may cause the observed shift towards higher wavelengths [22]. The
absorption bands, which correspond to different charge transfer transitions, are poorly
resolved in CZ, while the absorption edges are relatively sharp in the case of CH sample.
Moreover, the band at ~255 nm, which has been characterized as Ce* « O* charge
transfer transition, is well resolved in CH compared CZ samples with slight blue-shifted
towards lower wavelength. The occurrence of oxygen vacancy defects as noticed from
Raman spectroscopy studies support the Ce®*" «— O? transitions, which is more prominent
in the CH sample. There is no evidence for the presence of different phases like ZrO, or

HfO, from DRS study in agreement with XRD measurements.
3.3.8 Raman Spectroscopy Studies

Raman spectroscopy is a good technique for the elucidation of structures of
complex metal oxides present either as bulk phases or as two-dimensional supported
phases. Therefore this technique has been successfully used to discriminate between
different structures on oxide surfaces. In general, the spectra measured at the two types
of wavelengths (UV and Visible) are more or less similar in terms of vibrational bands
observed. However, depending on the nature and condition of the samples, Raman shift
and intensity of patterns may change. We have used both UV excitation laser (He-Cd
laser with wavelength 325 nm) and visible excitation laser (Ar'-Kr* laser with wavelength
514.53 nm) in the present investigation. The UV-Raman spectra of the CH samples
calcined at different temperatures and CZ samples calcined at 773 and 1073 K are
presented in Figures 3.11 and 3.12, respectively. For the space group Fm3m, the only
Raman active mode (F»g) is centered at around 460 cm ™' [22]. The UV-Raman spectrum
of the pure CeO, shows intense peak at 469 cm™' corresponding to the F.q mode. Before

analysis, the sample was not dehydrated. So there is a possibility that a small degree of
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Figure 3.11: UV-Raman spectra of CeO,—HfO, (CH) samples calcined at different
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Figure 3.12: UV-Raman spectra of CeO,—ZrO, (CZ) samples calcined at 773 and 1073 K.
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hydration causes this band shift [36,37]. Additionally, a weak band at ~260 cm™" and a
shoulder at ~610 cm™ are observed, which can be attributed respectively to the Raman
inactive (but IR active) transverse and longitudinal optical phonon modes at the Brillouin
zone centre [38,39]. The presence of these peaks is normally attributed to the perturbation
of the fluorite structure. As could be observed from the Fig. 3.11, the CH samples calcined
at different temperatures exhibit four bands in the wave number range 100 to 1100 cm™".
The band positions are centred around 174, 324, 461, and 610 cm™, respectively for all
the samples. The band at 461 cm™' is due to the Raman active F,; mode of ceria. The
weak bands observed at around 174 and 324 cm™' could be attributed to formation of
oxygen vacancy and displacement of oxygen atoms from their ideal fluorite lattice
positions [40]. Interestingly, for all CH samples, the peak at ~610 cm™ is relatively more
pronounced, which reveal some structural changes in the cubic fluorite structure of ceria
after incorporation of hafnium into its lattice. This band is also linked to the oxygen
vacancies in the CeO; lattice [41,42]. The nature of the pattern may be due to resonance
enhancement of the Raman scattering cross section under UV excitation [36]. It is also
known that depending on the system under study, there is a possibility for the resonance
Raman scattering to be largely quenched due to a short lifetime for the electronically
excited state [36]. Therefore, we may observe the low intensity of the F,4 band in case of
the mixed oxide samples. There is no appreciable change in the intensity of the peak
patterns with increasing calcination temperatures up to 1073 K. No shifts in band positions
or emergence of new bands are noted for all the samples implying the homogeneous
nature of the samples even after high thermal treatment. Fig. 3.12 shows the UV-Raman
spectrum of CZ samples calcined at 773 and 1073 K, which exhibit four bands in the wave
number range 100 to 1100 cm™'. The band positions are centred around 175, 320, 472,
and 610 cm™, respectively. The band at 472 cm™' due to the Raman active F2g mode of
ceria is shifted to higher wave number compared to CH samples. The bands around 175
and 320 cm™" are weaker compared to CH samples, also could be attributed to formation
of oxygen vacancy and displacement of oxygen atoms from their ideal fluorite lattice
positions [40]. Interestingly, in this case also the peak at ~610 cm™ is relatively more
pronounced. This band is also linked to the oxygen vacancies in the CeO, lattice [41,42].
Compared to CH, the relative intensity of ~610 cm™ band in the case of CZ is more
pronounced. A slight increase in the intensity of the peak patterns are noticed due to

better crystallization of the mixed oxides at higher calcination temperature [40].
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Figure 3.13: Visible-Raman spectra of CeO,—HfO, (CH) samples calcined at 773 and
1073 K.
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Figure 3.14: Visible-Raman spectra of CeO,—ZrO, (CZ) samples calcined at 773 and
1073 K.
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The visible-Raman spectra of CH and CZ samples calcined at 773 and 1073 K are
shown in Figures 3.13 and 3.14, respectively. The Raman spectra of CH and CZ samples
reveal a weak band at ~310 cm™" and a shoulder at ~620 cm™, in addition to the most
intense peaks at 470/471 and 469/470 cm™', respectively. The most intense peaks are
due to Fq4 vibration of the fluorite type lattice. Pure ceria exhibited prominent peaks at 462
and 464 cm™" for 773 and 1073 K calcined samples, respectively, which are due to the Fyq
mode of the cubic fluorite structure [22,43,44]. No other features existed in the spectra
indicating no defects in the CeO; crystal lattice. The shift in the peak positions, in the case
of CH and CZ samples, to higher wave numbers signifies changes in bond energies as a
consequence of bond lengths as evidenced by lattice parameter estimations. Doping of
lighter atoms such as Hf and Zr and subsequent contraction of the ceria unit cell may
induce an increase in the F,4 band position. In line with XRD results, no Raman features
pertaining to HfO, and ZrO, were noted. As can be observed from Figures 3.13 and 3.14,
the Raman spectra are broad, which could be attributed to the reduction of phonon
lifetime in the nanocrystalline regime [45—48]. This observation also gives a clue for
predicting changes in the grain size and morphology of the prepared samples [49]. The
broad band at ~620 cm™' corresponds to the nondegenerate Longitudinal Optical (LO)
mode of ceria, [45-50] arising due to relaxation of symmetry rules which is again linked to
oxygen vacancies in the ceria lattice [25,51-53]. This is ascribed to a localized
substitution defect vibration [54]. The weak bands observed at around 310 cm™ could be
attributed to displacement of oxygen atoms from their ideal fluorite lattice positions [55].
The above observations also predict the possibility of the existence of a t’ phase in the
mixed oxide systems [54,56]. With increasing calcination temperature from 773 to 1073 K,
in both cases, the main Raman band is sharpened with a small shift. This is due to better
crystallization of the samples at higher calcination temperatures in line with XRD results
[23].

3.3.9 X-ray Photoelectron Spectroscopy Studies

The ceria-hafnia and ceria-zirconia composite oxides calcined at different
temperatures have been investigated with XPS technique. The photoelectron peaks of O
1s, Ce 3d, Hf 4f, Hf 4d and Zr 3d are depicted in Figures 3.15-3.18, respectively. The

corresponding binding energy (eV) values and Ce/Hf and Ce/Zr atomic ratios are
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Figure 3.15: O 1s XP spectra of CeO,—HfO, (CH) and CeO,-ZrO, (CZ) samples calcined
at different temperatures.
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presented in the Tables 3.2 and 3.3, respectively. All the figures, binding energy, and
atomic ratio values provided in the Tables 3.2 and 3.3 clearly indicate that the XPS bands
and the corresponding BE values are sensitive to the calcination temperature and to the

composition of the samples.

The O 1s core level XPS profiles of CH and CZ samples calcined at different
temperatures are presented in Fig. 3.15.The position of the primary O 1s feature (ca.
530.3 eV) is attributed to the lattice oxygen associated with the CH and CZ metal oxides.
When only one peak is observed for CZ samples, one very small additional peak along
with the main peak is present in CH samples (Fig. 3.15). The peak at about 530.3 eV
shown in the figure corresponds to O 1s, while the small peak at about 532.6 eV may be
attributed to the adsorbed oxygen possibly from absorbed water and/or carbonates
[57,58].

XPS was employed to investigate the oxidation state of Ce in the mixed oxides.
The Ce 3d core level peak of ceria is known to be complicated by the hybridization of the
O 2p valence band with the Ce 4f level [59,60]. This includes several final states for the
Ce emission which are seen in the spectra. In the case of two possible cerium oxidation
states (3+ and 4+) as many as 10 different features could be found in the Ce 3d region.
The interpretation is performed by the following notations used previously [22]. The XP
spectra of CH and CZ samples calcined at different temperatures are shown in Figure
3.16, in which assignment of the features in the spectra can be seen. Peaks labeled as ‘v’
correspond to Ce 3ds, contributions and those labeled as ‘U’ represent the Ce 3dj;
contributions. The bands upand u are the main Ce 3ds,, lines, and the bands vy and v are
the main Ce 3ds, lines of Ce** and Ce**, respectively. The band labeled as V' is a satellite
to the Ce®" 3ds, main line vy, whereas V' and V' are related to Ce* (main line v).
Analogous assignments are valid for the corresponding ‘U’ features. The relative intensity

of the u”

feature, which is well separated from the remaining signals, is often used to
assess the reduction degree of the Ce ions in the surface region. It should be kept in mind
that partial reduction of cerium-zirconium mixed oxides can occur during XPS
measurements. This has been noticed by many authors [61,62] and must be taken into
account when discussing quantitatively the oxidation states of surface species of the
samples. Besides the X-ray dose, several factors may lead to such partial reduction like

secondary electrons from the X-ray source, sample charging, temperature, vacuum, etc.
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Figure 3.16: Ce 3d XP spectra of CeO,—HfO, (CH) and CeO,-ZrO, (CZ) samples calcined
at different temperatures.
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[63]. In the present study, the peaks at about 898.5 and 880.7 eV are the principal binding

energies of Ce 3dz» and Ce 3ds), respectively. This is significantly lower than the values
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Figure 3.17: Hf 4f and Hf 4d XP spectra of CeO,—HfO, (CH) samples calcined at different
temperatures.
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typical for Ce* (900.2-900.6 and 881.7-882.0 eV, respectively) [64] which suggests a
significant concentration of Ce® ions in the surface region. This is supported by the low

intensity of the u”

feature in all samples except CZ after calcination at 773 K. Obviously,
the surface region of our samples was strongly reduced, with the ceria present
predominantly in the 3+ state, only in the surface region of CZ after calcination at 773 K

were Ce®" and Ce** present in comparable concentrations.

Figure 3.17 shows the core level XP spectra of Hf 4f and Hf 4d corresponding to the
CH samples calcined at different temperatures. As could be observed from the XP spectra
of Hf 4f, there are two features at about 17.2 and 18.6 eV, respectively. It is reported that
the Hf 4f spectrum consists of two components, the 4f;, part at 16.79 + 0.08 eV and the
4fs;, part at 18.54 + 0.10 eV [65]. The peak positions of Hf 4f photoelectrons are known to
be very sensitive to the binding states of the hafnium species [57,66]. According to a
database, the metallic hafnium species reveals the Hf 4f;, peak at 14.3—14.4 eV, while
HfO, shows it at 16.7 eV. Lee et al. investigated HfO, films on a silicon substrate by
synchrotron XPS and found the binding energies of Hf 4f;, and Hf 4f5, at 17.55 and 19.26
eV, respectively [67].

Zr 3d

Intensity (a.u.)

T T T T T T T T T T T I
188 186 184 182 180 178 176
Binding energy (eV)

Figure 3.18: Zr 3d XP spectra of CeO,-ZrO, (CZ) samples calcined at different
temperatures.

83



Chapter 3 Studies on CeO,-HfO, composite oxide catalyst

However, the difference of about 1.4 eV in the binding energies between the Hf 4f;, and
Hf 4fs, in the present investigation is in line with the reported values [57]. On the other
hand, the XP spectra of Hf 4d photoelectron peak in relatively very scarce in the literature.
As observed the spectra consists of two features in the binding energy values of ~223.8
and ~213.3 eV, respectively, which are in good agreement with the data presented in ‘The
Handbook of X-ray Photoelectron Spectroscopy’. On the whole, from the XP spectra of Hf

4f and Hf 44, it is observed that Hf is mainly in 4+ oxidation state.

The core level XP spectra of Zr 3d corresponding to the CZ samples calcined at
different temperatures are presented in Figure 3.18. As could be seen from the figure, a
progressive broadening along with shift towards higher binding energy from 182.2 to
182.6 eV with increasing calcination temperature indicating the formation of solid solutions
between ceria and zirconia in different stoichiometric combinations as envisaged earlier
[57,68,69]. The overlapping peaks at 182.2 and 184.6 eV correspond to Zr 3ds, and Zr
3dsp,, respectively. The difference in the binding energies between the Zr 3ds, and Zr 3d3,
photoemission feature is 2.4 eV, which is in agreement with the literature [57,70]. The shift
towards higher binding energy as a function of calcination temperature signifies the
enrichment of Zr and account for the emergence of CeyZrp4O, phase at higher
calcination temperatures. The XPS studies indicate that zirconium is mainly present in 4+

oxidation state.

Table 3.2: XPS core level electron binding energies (eV) of the CeO,-HfO, (CH) and
Ce0,-Zr0O, (CZ) samples calcined at different temperatures

Calcination Binding Energy (eV)

Temp. (K) O 1s Ce 3d Zr 3d Hf 4f Hf 4d
CGOz—HfOZ

773 530.1 880.7 - 18.4 (17.2) 223.8 (213.3)
873 530.2 880.9 - 18.4 (17.2) 223.7 (213.1)
973 530.2 881.0 - 18.5 (17.3) 223.6 (213.0)
1073 530.3 881.1 - 18.7 (17.5) 223.5(213.0)
Ce0,-Zr0O,

773 530.1 882.5 182.2 - -

873 530.2 881.5 182.3 - _

973 530.3 881.5 182.5 - _

1073 530.3 881.3 182.6 _ _
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Table 3.3: XPS atomic ratio of the CeO,-HfO, (CH) and CeO,-ZrO, (CZ) samples
calcined at different temperatures

Calcination Atomic Ratio
Temperature (K) Ce/Hf CelZr
CeO,—HfO,
773 4.87 -
873 4.86 _
973 4.65 _
1073 4.65 _
Ce0,-Zr0,
773 - 3.91
873 - 2.80
973 - 2.24
1073 - 1.85

The Ce/Hf and Ce/Zr atomic ratios as determined by XPS are presented in Table
3.3. As observed there is a meager decrease in the Ce/Hf atomic ratios of the CH
samples, as a function of calcination temperature and the decrease can be attributed to
the incorporation of Hf** cations into the ceria lattice at higher calcination temperatures,
thereby increasing the surface content of Hf*" ions. In the case of CZ samples, the Ce/ Zr
atomic ratios are found to decrease with increasing calcination temperature, thus
supporting the surface enrichment of zirconia due to the formation of zirconium rich
CeZro40, phase over the surface. The atomic ratios among different systems were
found to be far from the theoretical estimations due to the complex nature of the systems
envisaged and also the amount of error involved in the XPS quantifications [68,69].
However, the trends observed in a given system (as a function of calcination temperature)
provide valuable information on the surface composition of the sample and fairly support

the conclusions drawn from XRD and Raman techniques.
3.3.10 lon Scattering Spectroscopy Studies
To examine the surface structure of the mixed oxides, ISS measurements were

carried out as ISS allows the analysis of the extreme periphery of the powder particles.

The intensity (cps) versus kinetic energy (eV) plots of the 773 and 1073 K calcined CH
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samples and 773 K calcined CZ sample after definite scans are presented in Figures 3.19

and 3.20, respectively.
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Figure 3.19: ISS spectra of CeO,—HfO, (CH) sample calcined at 773 and 1073 K after
definite scans. Inset: plot of Hf/Ce intensity ratio.
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Figure 3.20: ISS spectra of CeO,-ZrO, (CZ) sample calcined at 773 K after definite
scans. Inset: plot of Zr/Ce intensity ratio.

The insets show the development of the intensity ratios between Hf and Ce, and Zr and
Ce, respectively. The shifts of the signal positions in Figure 3.19 and to a smaller extent in
Figure 3.20 are due to instability of the kinetic energy scale, i.e., an instrumental problem
encountered in heavy-ion ISS with the spectrometer used. It can be observed from Figure
3.19 that there is a linear increase in the Hf/Ce intensity ratio during the sputter series,
i.e., the Ce is enriched at the external surface of the mixed oxide. Both the CH samples
calcined at 773 and 1073 K followed similar trend. In the CZ sample, a strong surface
enrichment cannot be detected. There is a slight decrease of the Zr/Ce intensity ratio
during the sputter series, but the trend is hardly significant given the rather large scatter of
the experimental data. The slight surface enrichment of cerium in the CH samples, which
is responsible for showing the reducible property, is expected to facilitate easy reducibility
of the mixed oxide at lower temperatures. Accordingly, one can expect better activity for

the CH samples compared to that of the CZ sample [71].
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3.3 Conclusions

The structural characteristics of ceria-zirconia and ceria-hafnia nanosized
composite oxides have been systematically investigated. These catalysts were
synthesized by adopting a modified coprecipitation method and thermally treated up to
1073 K to study the temperature stability. The mixed oxides exhibit high specific surface
area and show resistance to thermal sintering. XRD results infer the monophasic
composition (CeqgHfy20,) for CH even up to 1073 K, while phase segregation into
Ce.75Zr02502 and CeqeZry40, was noted for the CZ sample at 1073 K. The TEM images
confirmed the nanometer-sized particles of the prepared catalysts with almost uniform
size (~5 nm). A marginal increase in crystallite size (up to ~10 nm) after heat treatment at
1073 K was noticed. UV-vis DRS measurements gave information on different oxygen to
metal charge transfer transitions. The lowering of symmetry and consequent strain
development at the cerium sites is also revealed by UV-vis DRS measurements. Raman
spectroscopy measurements revealed the changes in the grain size and morphology of
the catalyst, and defective fluorite structure leading to oxygen vacancy formation. The
XPS measurements revealed the presence of both Ce®** and Ce*' states, which are
sensitive to calcination temperature and the nature of the mixed oxide. ISS studies
indicated surface enrichment of cerium in the case of the CH sample, which might be
responsible for the observed better reducibility and catalytic activity of this sample. Thus
the use of various spectroscopic and non-spectroscopic techniques provided interesting
information regarding the physicochemical characteristics of ceria-hafnia and ceria-

zirconia composite oxides.
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Chapter 4

This chapter presents the results and discussion pertaining to
the structural characteristics of the nanosized composite oxides
of CeO,—Hf0,/SIO, system by various spectroscopic and
non-spectroscopic techniques.
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STUDIES on CeO,—HfO,/SiO, COMPOSITE OXIDE CATALYST

41 Introduction

Numerous technological applications in several fields such as catalysis,
electrochemistry, biomaterials, photochemistry and materials science have made ceria
(Ce0,) a unique material of great significance [1-14]. In recent years, environmental
protection has been considered very seriously and the case of automotive exhaust gas is
highlighted as one of the most important subjects. A well-tuned automotive engine even
produces many pollutants by incomplete combustion of the fuel. Therefore, the
development of new technologies for controlling the emission of gaseous pollutants into
the atmosphere is intriguing. In this context, three-way-catalysts (TWCs) are of great
importance. Cerium oxide, due to very low redox potential of the Ce*/Ce** couple (E = 1.7
V), can take up oxygen from lean fuel gas and release it during fuel-rich operation and can
regulate oxygen storage and release properties, which is the most important and
remarkable feature of three-way catalysts [15]. Primarily, ceria was recognized as a
promising material, because it keeps a cubic crystal structure even during the alternate
storage and release of oxygen and its volume change is small. However, OSC and
thermal durability of CeO, were both insufficient for automotive use. In order to overcome
the problems associated with pure ceria, it was stabilized by combining with other metal
oxides like ZrO,, TbO, HfO, etc. Ceria-based composite oxides show better redox
properties and thermal stability relative to pure ceria [1,2]. In spite of this, these
unsupported oxides are susceptible to a fall in the surface area and a decrease in the
stability of the structure during high temperature applications [3,4]. The design of
nanocomposite oxides where the CeO,-based composite oxide phase is dispersed over a
stable inert support could represent a suitable way to improve thermal and structural
stability of these systems. Silica is a well-known support, which exhibits good chemical
resistance, high thermal stability, and high surface area. It is extensively used as a
support in the reparation of supported metal catalysts because of its inert character, which
allows investigation of the effect of the metal, minimizing the effect of the metal-support
interaction. For example, the weak interaction between SiO, surfaces and Au particles
makes silica supports very convenient for studying the size effect of the gold nanoparticles
on their catalytic activity, minimizing the disturbance of the support interaction [1].

Colloidal silica was used as a precursor for SiO; in the present investigation. There are
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certain advantages associated with colloidal dispersions. First is the fact that the colloidal
dispersion is much less reactive towards the catalytic material, and as a consequence,
solid-state reactions are slightly less likely to occur with the colloidal materials than with
the coprecipitated materials from soluble salts. Second the particles of the colloid are
larger than the particles of the coprecipitated salt. This has the feature of making larger
pores and a more open structure for the final catalyst. Against the aforesaid background,
the present investigation was undertaken to understand the physicochemical
characteristics and nanostructural evolution of CeO,-HfO,/SiO, composite oxide catalyst
where ceria-hafnia composite oxide acts as the active phase and silica as thermally stable

inert support.
4.2 Experimental

Silica supported ceria-hafnia sample (CHS; 8:2:10 mole ratio based on oxides)
was prepared by adopting a deposition coprecipitation method as per the procedure
described in Chapter 2. The obtained catalysts were subjected to thermal treatments from
773 to 1073 K in order to understand the thermal stability, and the physicochemical
properties of these materials. These effects have been investigated by means of TG-DTA,
BET SA, XRD, TPR, SEM, TEM, UV-vis DRS, LRS, XPS, ISS and other techniques.

4.3 Results and Discussion
4.3.1 Thermal Measurements

The synthesized CHS composite oxide was subjected to TG/DTA analysis before
calcination. The obtained thermogram between ambient temperature and 1273 K is shown
in Figure 4.1. The analysis provided some interesting information about the role of support
in retarding the sintering and decomposition behavior of ceria-hafnia solid solution. The
TGA profiles of the CHS sample revealed one major and one minor weight loss peaks.
The low temperature broad weight loss peak corresponds to the loss of non-dissociative
adsorbed water and the loss of water held in the micropores of the gel. The other minor
weight loss peak observed at higher temperature region is due to dehydroxylation of the

surface. This observation indicates that the weight loss of samples from ambient to ~840
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K was about 10.5% whereas from 840 to 1273 K it was about 1.4% only, which revealed

that the silica supported ceria-hafnia composite oxide is thermally quite stable.
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Figure 4.1: TGA profile of CeO,—HfO,/SiO, (CHS) sample before calcination.

4.3.2 BET Surface Area Measurements

The N, BET surface areas of various samples calcined at different temperatures
are presented in Table 4.1. The 773 K calcined CHS sample exhibited a very high surface
area of 168 m? g”'. With increase in calcination temperature from 773 to 1073 K, the
specific surface area of the CHS sample showed a gradual decrease. However, even after
calcination at 1073 K, a fairly high surface area of 116 m? g~ was obtained. Retaining a
high surface area even after calcination at 1073 K is a remarkable observation. It is also
important that the surface area of the supported ceria-hafnia samples and their resistance
against thermal sintering strongly depends on the synthetic methodology. The preparation
method that was adopted in this study was found to be highly effective in stabilizing the

surface area of the supported ceria-hafnia nanocomposite oxides.
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Table 4.1: BET surface area, FWHM values, crystallite size and lattice parameter
measurements of CeO,—Hf0,/SiO, (CHS) samples calcined at different temperatures

Calcination S.A. (m?g™") FWHM? Crystallite Cell parameter
Temp. (K) (20°) Size® (nm)  (A)

773 168 2.3 3.5 5.36

873 142 2.1 3.9 5.36

973 128 2.0 4.0 5.36

1073 116 1.9 4.3 5.35

& From most prominent XRD (111) peak;

® Crystallite size from Scherrer equation.

4.3.3 X-ray Diffraction Studies

The powder XRD patterns of the CHS samples calcined at different temperatures
are presented in Figure 4.2. The broad nature of the peaks distinctly indicated the
nanocrystalline nature of the samples in general. A cubic fluorite type phase with the
composition CeqgHfy,0, (PDF-ICDD 04-006-1933) was identified from the diffraction
patterns of the CHS samples calcined at different temperatures. As could be seen from
Fig. 4.2, the CHS samples are indexed to (111), (200), (220), (311), (222), (400), (331),
and (420) crystallographic faces of ceria-hafnia. With increasing calcination temperature,
there is no appreciable change in the in the intensity of the lines without any distinct shift
in the peak positions was observed. At lower calcination temperatures the crystallite size
is usually small and the surface area is large (Table 4.1). Hence the surface energy
makes a large contribution to the total energy of the system. As sintering proceeds and
surface area decreases, the surface energy contribution becomes smaller. In this
situation, the evolution of different phases leading to phase segregation is likely to occur
[16]. The phase segregation phenomenon is considered to be surface energy driven and
the solid solutions will be stable as long as the crystallite size does not exceed a critical
size, above which the surface energy contribution to the total energy of the system
becomes too small to allow its stabilization thereby leading to the phase segregation
[16,17]. Very interestingly, no phase segregation is observed in the present investigation.
The XRD investigation also provided an interesting information that there is no further
compound formation between various component oxides (CeO,, HfO,, and SiO,) of the

sample such as Ceg33(Si04)s0,, and CeSiO, as reported in the literature [18,19]. This
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could be attributed to various factors such as strong interaction between the cerium and
hafnium oxides to form solid solutions, use of inert colloidal silica as the support, and
lower calcination temperatures employed [16]. Within the detection limits of the XRD
technique, there was no evidence about the presence of hafnia phases in either of the
investigated systems. Additionally, the XRD features of silica were also not apparent,

indicating amorphous nature of the support.
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Figure 4.2: Powder XRD patterns of CeO,—HfO,/SiO, (CHS) samples calcined at different
temperatures.

Using the most intense line (111) of the XRD patterns, calculation of ‘a’ cell
parameters was carried out [20,21]. The evolved values of ‘a’ cell parameter for various
samples as a function of calcination temperature are summarized in Table 4.1. As shown
in the table, there was no apparent change in the cell ‘a’ parameter values after increasing
calcination temperature, indicating the stable nature of the compound. However, the size
of the unit cell decreases after incorporation of hafnium ions in to the ceria lattice in
agreement with Vegard's law, which states that the lattice parameter of a solid solution is

directly proportional to the atomic percent of the solute present [22-24]. Hafnium is
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reported to have ionic radius of 0.78 A for Hf** [25]. This implies that Hf*" has a smaller
ionic radius than Ce** (0.97 A). This would result in a reduction and enhancement of the
lattice parameter of the crystalline system when Ce** ions are substituted solely by Hf**

ions. The calculated lattice parameter values reveal that Hf is present in only as Hf*".

The average crystallite sizes (Dxgrp) of CeqgHf 20O, phases in various samples as a
function of calcination temperature are also summarized in Table 4.1. It is apparent from
the table that crystallization of ceria-hafnia solid solutions primarily depends on the nature
of support and the calcination temperature. As a result, a meager increase in the
crystallite size was observed with increasing calcination temperature. Due to the very
broad nature of the XRD peaks, the crystallite size estimation, particularly for high
temperature treated samples, are ambiguous. Because, if any new phase results in from
phase segregation at higher temperature, there may be overlapping of diffraction peaks
originated for different phases. Therefore, these values are not considered as absolute
values for this type of samples and TEM-HREM techniques are used to get a clear

picture.
4.3.4 Temperature Programmed Reduction Studies

TPR has been performed for the CHS samples calcined at 773 K using both H,
and CO as reducing gas. Figure 4.3 shows the typical H,-TPR profile of CHS sample
calcined at 773 K. The quantification of H, consumption is estimated using CuO as the
standard for TPR analysis. As could be seen in the TPR pattern, there is only one
temperature maxima for the CHS sample. Earlier research has shown that the there is two
peaks observed in the TPR patterns of some ceria-based catalysts and are assigned as,
(i) the reduction of the most easily reducible surface oxygen of highly dispersed ceria
species and (ii) the removal of oxygen from bulk ceria. In case of ceria-zirconia mixed
oxides, however, only one broad peak is observed and many researchers suggest that
surface and bulk reduction cannot be distinguished by the conventional TPR technique
since both processes occur almost simultaneously during TPR measurement [26,27]. In
line with earlier findings we also observed only one TPR peak for the sample. The
reduction feature was started at ~650 K and centered ~864 K. Moreover, the reduction
peak is too broad to distinguish two separate reduction features in the sample. However,

in comparison to ceria-zirconia and ceria-hafnia, higher amount of H, consumption was
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Figure 4.3: The H,-TPR profile of CeO,—HfO,/SiO, (CHS) sample calcined at 773 K.
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Figure 4.4: The CO-TPR profile of CeO,—HfO,/SiO, (CHS) sample calcined at 773 K.
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observed as could be seen from the TPR profile. The H, consumption calculated from the
peak area under the reduction peak over the complete temperature range for the CHS
sample is 1329 pymol g™' of the catalyst which is higher compared to ceria-zirconia and
ceria-hafnia (Fig. 3.3, chapter 1). This shows that the degree of reduction of CeO,-HfO, is
enhanced to more extent after silica was used as support. Similarly, the CO-TPR profile of
CHS sample calcined at 773 K also showed only one reduction peak. The CO-TPR profile
(not to scale) of CHS sample calcined at 773 is shown in Figure 4.4, which reveal a broad
reduction feature. However, there is a possibility of the overlapping of the two reduction
peaks in the sample. In literature it has been reported that the reduction of ceria-based
materials associated with a stepwise reduction with two peaks observed for some
samples. The high temperature reduction feature is mainly due to bulk oxygen removal
while the low temperature reduction feature has been related to most easily reducible
surface capping oxygen of ceria [28]. But in the present case the sample showed only one
TPR peak, from which we can not distinguish the stepwise reduction processes. However,
the reduction feature is similar to the unsupported ceria-hafnia (Fig. 3.4, chapter 1). As
could be seen from the Fig. 4.4, the temperature maxima for the CHS sample is centered
around 590 K. The temperature range for the reduction of the sample is similar to that of
unsupported ceria-hafnia. Though we have not quantified the amount of CO consumption
in the sample, it could be observed that compared to ceria-hafnia, higher amount of CO

was consumed by the CHS sample, which infers about the usefulness of silica as support.
4.3.5 Scanning Electron Microscopy Studies

SEM measurements were performed to assess the external morphologies of the
mixed oxides. The micrographs corresponding to the CHS series of samples calcined at
773 and 1073 K, respectively are shown in Figure 4.5a,b. As observed from the SEM
images, the samples consist of typical agglomerates of homogeneous morphology of
nearly equal particle distribution within the narrow size range. The 773 K calcined samples
exhibited more amorphous features and densely packed agglomerates of smaller
crystallites. At higher calcination temperature (1073 K) the densely packed homogeneous
structures have collapsed due to better crystallization of mixed oxide particles with the
formation of bigger particles. Interestingly, both the samples exhibit amorphous features

and densely packed agglomerates of crystallites.
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Figure 4.5: SEM micrographs of CeO,—-HfO,/SiO, (CHS) samples calcined at (a) 773 and
(b) 1073 K.

4.3.6 Transmission Electron Microscopy Studies

To investigate the structural aspects at atomic scale, the electron microscopic
studies were performed, which on the other hand, can compliment the results obtained

from XRD and SEM. Figure 4.6 represents the TEM global pictures of the CHS samples
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Figure 4.6: TEM global pictures of (a) 773 K and (b) 1073 K calcined CeQ,-HfO,/SiO,
(CHS) samples.
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Figure 4.7: HREM images of (a) 773 K and (b) 1073 K calcined CeO,-HfO,/SiO, (CHS)
samples.
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calcined at 773 and 1073 K. To have better idea of the size and shape of the particles
HREM analysis was carried out. Figure 4.7 shows the HREM images pertaining to CHS
samples calcined at 773 and 1073 K. These images disclose the existence of small
crystals (~3-4 nm) dispersed over an amorphous matrix. The obtained micrographs
reveal agglomerated microstructures. Plain faces of crystallites in the figure are very rare,
which suggests that a large part of the material is in amorphous state. The composite
oxide samples showed a very nominal increase in particle size with temperature increase.
As revealed by Figure 4.7, the particle sizes increase to ~5 nm after calcination at 1073 K.
The shapes of the particles observed were almost similar to those usually seen in

previous works for ceria or ceria—zirconia specimens [5].
4.3.7 UV-visible Diffuse Reflectance Spectroscopy Studies

UV-vis DRS measurement is a very interesting method to have information on
surface coordination and different oxidation states of the metal ions by measuring d-d, f-d
transitions and oxygen—metal ion charge transfer bands, despite difficulty in interpreting

large bandwidths and specular reflectance often observed in the spectra [29].
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Figure 4.8: UV-vis DRS spectra of CeO,—HfO,/SiO, (CHS) samples calcined at different
temperatures.
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Nanocrystalline nature of ceria (< 5 nm), which can not be detected by XRD, could be
identified with the help of this technique [30,31]. DR spectra for CHS sample calcined at
773 and 1073 K are shown in Figure 4.8. The band at ~280 nm can be ascribed to Ce*
«0O? charge transfer whereas the band at ~342 nm is pertaining to inter-band transitions
[32]. The poorly resolved band maxima near ~242 nm correspond to Ce* « 0% charge
transfer transitions [30]. Importantly, the absorption edges are blue-shifted towards lower
wavelengths in comparison to pure ceria [33]. The occurrence of the Ce** «0O*
transitions hints the oxygen vacancy defects generation. There is no evidence for the

presence of other phases like HfO, or SiO, from this study in line with XRD results.
4.3.8 Raman Spectroscopy Studies

Raman spectroscopy has been extensively employed to discriminate between
different structures on oxide surfaces. On the basis of the fact that the laser with shorter
wavelength is closer to the electronic adsorption of samples, it is reported that the Raman
information detected by excitation laser with shorter wavelength is more sensitive to the

surface region of samples. We have used both UV excitation laser (He-Cd laser with
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Figure 4.9: UV-Raman spectral patterns of CeO,—HfO,/SiO, (CHS) samples calcined at
different temperatures.
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Figure 4.10: Visible-Raman spectral patterns of CeO,—HfO,/SiO, (CHS) samples calcined
at 773 and 1073 K.

wavelength 325 nm) and visible excitation laser (Ar-Kr* laser with wavelength 514.53 nm)
in the present investigation. The UV- and visible-Raman spectra of the CHS samples
calcined at different temperatures are presented in Figures 4.9 and 4.10, respectively.
Figure 4.9 shows the UV-Raman spectra of CHS samples calcined at different
temperatures. For the space group Fm3m, the only Raman active mode (F,,) is centered
at around 460 cm™' [34]. The UV—-Raman spectrum of pure CeO, shows Raman active
(F2g mode) peak at 469 cm™' [35]. Most probably, a small degree of hydration causes this
band shift [36]. However, for CHS samples the F,; band is blue-shifted. The peak
observed at ~452 cm™ in all CHS samples is consistent with the presence of a cubic
Ce,Hf1_«O, phase. The emergence of additional prominent bands at 324 and 610 cm™
indicates some distortion of the oxygen sublattice. Another very weak peak observed at
around 174 cm™". Interestingly, the intensity of the peak at ~610 cm™" is comparable to the
Raman active F,y band. The nature of the patterns may be due to the resonance
enhancement of the Raman scattering cross section under UV excitation [36]. No Raman
lines due to hafnia or silica were observed corroborating with the XRD results. The band

at ~452 cm™' is due to symmetric O—Ce—O stretching mode [37]. As can be observed from
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the figure, the relative intensity of the F,y band increased with increasing calcination
temperature due to better crystallization of ceria-hafnia solid solution at higher calcination
temperatures. The broadness of Raman peaks is due to small particle size and the
presence of SiO, support. It is known that the intensity of the Raman band depends on
several factors including grain size and morphology [38]. It is also known from literature
that sintering of sample under high temperature conditions leads to the formation of
oxygen vacancies, which perturb the local M—O bond symmetry leading to relaxation of
symmetry selection rules [34]. The presence of the strong prominent broad band at ~610
cm™' was attributed to a non-degenerate Raman inactive longitudinal optical mode of ceria
which arises due to relaxation of symmetry rules [34,39]. In particular, the substitution of
hafnium into the ceria lattice with an increase in calcination temperature gives rise to
oxygen vacancies, which are responsible for the emergence of this band [40]. The
appearance of a weak band at ~324 cm™' was accounted for the displacement of oxygen
atoms from their normal lattice positions [37]. Interestingly, these bands gained intensity
after calcination at 1073 K, indicating a high disorder of the oxygen sublattice in the
fluorite structure. Silica did not exhibit any Raman features in line with the results reported
in the literature [41]. This gave an impression that silica forms part of the substrate
support on which ceria-hafnia solid solution is dispersed. The absence of any other
Raman features provided one more inference that silica is not forming any compound with
cerium and hafnium oxides.

The visible-Raman spectra of CHS samples calcined at 773 and 1073 K is shown
in Figure 4.10. The Raman spectra of CHS samples reveal a weak band at ~315 cm™" and
a shoulder at ~617 cm™, in addition to the most intense peaks at 462 cm™'. The most
intense peak is due to F,q vibration of the fluorite type lattice. Pure ceria exhibited
prominent peaks at 462 and 464 cm™' for 773 and 1073 K calcined samples, respectively,
which are due to the F,q mode of the cubic fluorite structure [42,43,44]. No other features
existed in the spectra indicating no defects in the CeO, crystal lattice. The slight shift in
the peak position at higher temperatures to higher wave number signifies changes in bond
energies as a consequence of bond lengths as evidenced by lattice parameter
estimations. Doping of lighter atom such as Hf subsequent contraction of the ceria unit cell
may induce an increase in the Fyg band position. In line with XRD results, no Raman
features pertaining to HfO, and SiO, were noted. As can be observed from Figure 4.10,
the Raman spectra are broad, which could be attributed to the reduction of phonon

lifetime in the nanocrystalline regime [39,45-47]. This observation also gives a clue for
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predicting changes in the grain size and morphology of the prepared samples [38]. The
broad band at ~617 cm™' corresponds to the nondegenerate Longitudinal Optical (LO)
mode of ceria, [34,38,39,45-47] arising due to relaxation of symmetry rules which is again
linked to oxygen vacancies in the ceria lattice [16,25,40]. This is ascribed to a localized
substitution defect vibration [37]. The weak bands observed at around 315 cm™ could be
attributed to displacement of oxygen atoms from their ideal fluorite lattice positions [48].
With increasing calcination temperature from 773 to 1073 K, the main Raman band is
sharpened with a small shift. This is due to better crystallization of the samples at higher

calcination temperatures in line with XRD results [23].
4.3.9 X-ray Photoelectron Spectroscopy Studies

The CHS samples calcined at different temperatures have been investigated with
XPS technique. The photoelectron peaks of O 1s, Ce 3d, Hf 4f, Hf 4d, and Si 2p are
depicted in Figures 4.11-4.15, respectively. The corresponding binding energy (eV)
values and atomic ratios of Ce/Hf and Ce/Si are presented in Tables 4.2 and 4.3,
respectively. The interactions in the nanostructured systems are quite complex and

depend on a number of factors including synthetic methodology adopted.
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Figure 4.11: O 1s XP spectra of CeO,—HfO,/SiO, (CHS) samples calcined at different
temperatures.
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All figures and binding energy values provided in the table clearly indicated that the XPS
bands and the corresponding binding energy values are highly sensitive to the calcination
temperature and to the composition of the samples. The O 1s profiles as shown in Figure
4.11 are, in general, more complicated due to the overlapping contribution of oxygen from
ceria, hafnia, and the supporting oxide silica. The binding energy of the most intense O 1s
peak was observed at about 530.6 eV for 773 K calcined sample, which could be
attributed to the O 1s ionization of oxygen associated with Ceq gHf; >0, solid solution. The
O 1s binding energy values shows that there is no apparent change with increasing
calcination temperature. The profiles subjected to different thermal treatments also
showed that with increasing the calcination temperature, the O 1s line becomes sharp.
This is due to better crystallization of the composite oxides in higher calcination
temperatures. From this it can be inferred that there is no compound formation between
the component oxides after 773 K.

Figure 4.12 shows the Ce 3d spectra of CHS samples calcined at different
temperatures. The complexity of the Ce 3d photoelectron spectra is well-known and can
be rationalized in terms of hybridization between the partially occupied 4f levels of the Ce
and 2p states of oxygen [30]. The Ce 3d spectra pertaining to various samples as
presented in Figure 4.12 are analyzed by following the labeling previously used by
Burroughs et al. [49]. The peaks labeled as ‘v’ correspond to Ce 3ds, contributions and
those of labeled as ‘U’ represents the Ce 3dj» contributions. Specifically, the bands ug and
u are due to Ce 3d,, ionization, and bands v, and v are for Ce 3ds, ionizations for Ce>"
and Ce", respectively. The bands labeled as v/, v/, and v are satellites arising from the
3ds, ionization, while the bands U/, u”, and u” represent Ce 3ds;, ionization. As can be
seen from the figure, very complicated Ce 3d spectra showed a typical peak shape
indicating the presence of both Ce* and Ce*" oxidation states. The u” peak is the most
convenient feature to follow the progressive Ce reduction, since it does not overlap with
others. Particularly, a progressive reduction of Ce*" into Ce®" oxidation state results in a

I i

decrease in the intensity of the structures due to 4f° (v and u”), and an increase in V' and

u’ at the expense of v/ and u”. As the calcination temperature increases, the intensity of v,

V// and V/// I

, u, u” and u" disappeared progressively. This observation indicated that there is
an increase in the surface content of Ce®*. There is a probability that the Ce>* has been
formed due to the reduction of Ce** under the conditions of ultra high vacuum during XPS

measurements in conformity with the earlier reports in the literature [50,51].
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Figure 4.12: Ce 3d XP spectra of CeO,—HfO,/SiO, (CHS) samples calcined at different
temperatures.
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Figure 4.13: Hf 4f XP spectra of CeO,—HfO,/SiO, (CHS) samples calcined at different
temperatures.
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Figures 4.13 and 4.14 show the core level XP spectra of Hf 4f and Hf 4d,
respectively corresponding to the CHS samples calcined at different temperatures. As
could be observed from the XP spectra of Hf 4f (Fig. 4.13), there are two features at about
16.7 and 18.1 eV, respectively. It is reported that the Hf 4f spectrum consists of two
components, the 4f;, part at 16.79 + 0.08 eV and the 4fs;, part at 18.54 + 0.10 eV [52].
The peak positions of Hf 4f photoelectrons are known to be very sensitive to the binding
states of the hafnium species [53,54]. According to a database, the metallic hafnium
species reveals the Hf 4f;, peak at 14.3—-14.4 eV, while HfO, shows it at 16.7 eV. Lee et
al. investigated HfO, films on a silicon substrate by synchrotron XPS and found the
binding energies of Hf 4f;, and Hf 4f5, at 17.55 and 19.26 eV, respectively [55]. However,
the difference of about 1.4 eV in the binding energies between the Hf 4f;, and Hf 4f5; in
the present investigation is in line with the reported values [53]. On the other hand, the XP
spectra of Hf 4d photoelectron peak in relatively very scarce in the literature. As observed
the spectra consists of two features in the binding energy values of ~224.2 and ~213.2 eV,
respectively, which are in good agreement with the data presented in “The Handbook of X-
ray Photoelectron Spectroscopy’ [53]. On the whole, from the XP spectra of Hf 4f and Hf

44, it is observed that Hf is mainly in 4+ oxidation state.

Hf 4d

Intensity (a.u.)

973 K
873 K
773 K

T T T T T T T T T T T
230 225 220 215 210 205
Binding energy (eV)

Figure 4.14: Hf 4d XP spectra of CeO,-HfO,/SiO, (CHS) samples calcined at different
temperatures.
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Figure 4.15: Si 2p XP spectra of CeO,—HfO,/SiO, (CHS) samples calcined at different
temperatures.

Figure 4.15 shows the core level Si 2p XPS spectra pertaining to CHS samples
calcined at different temperatures. The binding energy of the Si 2p photoelectron peaks
for the samples agree well with the values reported in the literature [53,56]. However, the
poor intensity of the spectra with large peak widths indicated that SiO, is not easily
accessible at the surface due to the presence of Ce-Hf-oxide over-layers. The presence of
oxidized silicon has been abundantly described in the literature, sometimes as CeO,.
,/SiO, [57,58] or as an amorphous silicate layer [59,60], where partial reduction of Ce** to
Ce** occurs together with partial oxidation of Si. There is no formation of CeSiO4 which

could be identified by the Si 2p binding energy value of 101 eV [61].

Table 4.2: XPS core level electron binding energies (eV) of the CeO,—HfO,/SiO, (CHS)
samples calcined at different temperatures

Calcination Binding Energy (eV)

Temp. (K) O 1s Ce 3d Hf 4f Hf 4d Si 2p
773 530.6 882.0 18.1 (16.7) 224.3 (213.2) 102.7
873 530.7 882.0 18.1 (16.7) 224.2 (213.4) 102.8
973 530.8 882.1 18.1 (16.7) 224.4 (213.6) 103.0
1073 531.1 882.2 18.1 (16.7) 224.4 (214.2) 103.2
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Table 4.3: XPS atomic ratio of the CeO,—HfO,/SiO, (CHS) samples calcined at different
temperatures

Calcination Atomic Ratio
Temperature (K) Ce/Hf Ce/Si
773 4.84 0.484
873 4.84 0.461
973 4.39 0.444
1073 4.31 0.425

As presented in Table 4.3, the atomic ratios for Ce/Hf and Ce/Si did not change
considerably when the temperature was increased from 773 to 1073 K. The meager
decrease in the atomic ratios implies the lower amount of surface content of cerium in the
samples at higher temperatures. However, the results distinctly show that there is no

change of composition.

4.3.10 lon Scattering Spectroscopy Studies

To examine the surface structure of the composite oxides, ISS measurements
were carried out as ISS allows the analysis of the extreme periphery of the powder
particles. The intensity (cps) versus kinetic energy (eV) plots of the CHS samples calcined
at 773 and 1073 K after definite scans are presented in Figure 4.16a,b, respectively. The
insets show the development of the intensity ratios between Hf and Ce in both the 773
and 1073 K calcined samples, respectively. The shifts of the signal positions in Figure
4.16a and, to a smaller extent in Figure 4.16b is due to instability of the kinetic energy
scale, i.e. an instrumental problem encountered in heavy-ion ISS with the spectrometer
used. It can be observed from Figure 4.16a that there is a linear increase in the Hf/Ce
intensity ratio during the sputter series, i.e., the Ce is enriched at the external surface of
the composite oxide. In the CHS sample calcined at 1073 K, a strong surface enrichment
cannot be detected. There is a slight decrease of the Hf/Ce intensity ratio during the
sputter series, but the trend is hardly significant given the rather large scatter of the
experimental data. The slight surface enrichment of cerium in CHS sample calcined at
773 K, which is responsible for showing reducible property, is expected to facilitate easy
reducibility of the composite oxide at lower temperatures. Accordingly, one can expect
better activity for CHS sample calcined at 773 K compared to that of 1073 K calcined CHS

sample.
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Figure 4.16: ISS spectra of CeO,—HfO,/SiO, (CHS) sample calcined at (a) 773 K and (b)
1073 K, after definite scans. Inset: plot of Hf/Ce intensity ratio.
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4.4 Conclusions

Thermally stable, high surface area, nanostructured ceria-hafnia solid solutions
over silica support could be synthesized by a soft chemical route adopting deposition
coprecipitation method. The XRD measurements indicate the presence of only cubic
CeqgHfp 202 phase up to the treatment temperature of 1073 K for the samples. This
reveals that there is no more incorporation of hafnium into the ceria lattice at higher
calcination temperature. There is no indication of compound formation between silica and
cerium, and hafnium oxides. TEM-HREM results indicate a well-dispersed nanosized
CesHf14O2 (=3 nm) over the surface of amorphous silica. No significant increase in
crystallite size is noted with increase of calcination temperature from 773 to 1073 K. This
clearly establishes the significance of the support and the preparation method adopted.
UV-vis DRS measurements gave information on different oxygen to metal charge transfer
transitions. The lowering of symmetry and consequent strain development at the cerium
sites is also revealed by UV-vis DRS measurements. In line with XRD results, Raman
measurements show that silica is not forming any compound with cerium and hafnium
oxides. Further, Raman studies suggest the generation of prominent lattice defects and
thereby oxygen vacancy formation in ceria cubic lattice. XPS measurements indicate the
presence of cerium in both 4+ and 3+ oxidation states. At high calcination temperature an
increase in the surface content of Ce®* is noted. ISS studies indicated surface enrichment
of cerium in the case 773 K calcined CHS sample, which might be responsible for the
observed better reducibility of this sample. Thus the use of various spectroscopic and
non-spectroscopic  techniques provided interesting information regarding the
physicochemical characteristics of silica supported nanosized ceria-hafnia composite

oxides.
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This chapter presents the results and discussion pertaining to
the structural characteristics of the nanosized composite oxides
of CeO,—HfO,/TiO, system by various spectroscopic and
non-spectroscopic techniques.
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STUDIES on CeO,—HfO,/TiO, COMPOSITE OXIDE CATALYST

51 Introduction

Titania (TiO;) has been widely studied because of its unique optical and chemical
properties in catalysis, photocatalysis, sensitivity to humidity and gas, nonlinear optics,
photoluminescence, and so on [1,2,3]. Titania, as a catalyst exhibits a number of attractive
characteristics such as chemical stability, non-toxicity, low cost, and highest oxidation rate
of many active metal oxides investigated. The unique physiochemical properties of TiO,
also offer an exciting spectrum of applications having the additional advantage of being
biocompatible, environmentally friendly, and readily available material [1,3-5].
Additionally, TiO, has also been used as an oxygen sensor to monitor automobile engine
performance [3]. TiO, crystallizes as three different natural phases namely, orthorhombic
brookite, tetragonal anatase, and tetragonal rutile [6]. Some properties of TiO, are very
sensitive to its structure. Anatase phase is chemically and optically active making it
suitable for catalysts and supports. Rutile phase is known to bear highest refractive index
and UV-absorptivity for which it finds uses in paints, pigments and UV-absorbents [6]. For
most commercial selective catalytic reduction (SCR) and selective oxidation applications,
TiO, has been employed as the support on which the active chemical species including
V,0s5, WO3;, and MoO; were impregnated [7,8]. Since anatase is a metastable TiO,
polymorph, it tends to transform into rutile phase decreasing its surface area thereby
inducing a loss of catalytic activity [7]. The anatase to rutile transformation has been
reported to be a major cause of deactivation in TiO,-based catalysts [9]. Recently, TiO, in
combination with ceria-zirconia has been tested for oxygen sensing applications [10].
Unlike conventional oxygen sensors used in monitoring exhaust gas emissions, in which
one side of the sensor must be directly exposed to the air reference, the new sensor
employs a ternary mixed oxide of CeO,—ZrO,-TiO, (CZT) as the reference. The sensor
consists of yttria-stabilized zirconia (YSZ) electrolyte and CZT reference layers with
platinum coating as electrodes. The response of the sensor was investigated and an
interesting behavior was noticed not observed in air-referenced structures. Furthermore,
recent investigations reveal that the reducibility of pure ceria can be enhanced due to the
presence of Ti** ions [11].

It is a well-known support material in various commercial processes. For instance,

V,05/TiO, is the basic component of industrial catalysts for SCR of nitrogen oxides,
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selective oxidation of various hydrocarbons, and ammoxidation of N-heteroaromatic
compounds [12-15]. Ceria-titania compositions find applications in low temperature CO
oxidation [16], coating for electrochromic devices [17,18], and adsorbents for fuel cell
applications [19]. Motivated by the favorable characteristics of both ceria-based composite
oxide and TiO,, and to overcome the disadvantages associated with unsupported ceria-
hafnia composite oxide solid solutions, preparation and intensive characterization of

Ce0,-HfO,/TiO, was undertaken in the present investigation.
5.2 Experimental

Titania supported ceria-hafnia sample (CHT; 8:2:10 mole ratio based on oxides)
was prepared by adopting a deposition coprecipitation method as per the procedure
described in Chapter 2. The obtained catalysts were subjected to thermal treatments from
773 to 1073 K in order to understand the thermal stability, and the physicochemical
properties of these materials. These effects have been investigated by means of TG-DTA,
BET SA, XRD, TPR, SEM, TEM, UV-vis DRS, LRS, XPS and other techniques.

53 Results and Discussion

5.3.1 Thermal Analysis

The TG/DTA analysis of the TiO,-supported CesHf; O, (CHT) sample before
calcination was performed to gain some evidences about the role of TiO; in retarding the
decomposition and sintering behavior of Ce,Hf; ,O,. As presented in Figure 5.1, the
sample exhibited one major and two minor weight loss peaks. The major low temperature
peak in the range 309-473 K is primarily due to the loss of nondissociative adsorbed
water as well as water held on the surface by hydrogen bonding. The minor weight loss
peaks at high temperatures are due to loss of water held in the micropores of the gels and
dehydroxylation of the surface, respectively. It is observed that the weight loss from
ambient to 840 K is about 7.4%. However, the weight loss between 840 and 1273 K is
only about 0.8%. It indicates that over the temperature range between 840 and 1273 K,
the CHT composite oxide sample is thermally quite stable in terms of phases and

chemical composition.
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Figure 5.1: TGA profile of CeO,—HfO,/TiO, (CHT) sample before calcination.

Table 5.1: BET surface area, FWHM values, crystallite size and lattice parameter
measurements of CeO,—HfO,/TiO, (CHT) samples calcined at different temperatures

Calcination S.A. (m?g™") FWHM?(26°) Crystallite Size” (nm) Cell
Temp. (K) CH TiO,-anatase CH TiOz-anatase parameter (A)
773 112 1.48 0.41 5.55 20.31 5.36
873 97 1.28 0.41 6.42 20.31 5.36
973 78 1.23 0.40 6.68 20.84 5.36
1073 48 0.52 0.29 16.0 29.38 5.35

% From most prominent XRD (111) peak of ceria-hafnia and (101) peak of TiO,-anatase

® Crystallite size from Scherrer equation.
5.3.2 BET Surface Area Measurements
The N, BET surface areas of CHT samples calcined at 773 to 1073 K are

presented in Table 5.1. All the samples exhibit reasonably high specific surface areas. It is

clear from the table that dispersion of CH on TiO, support enhances the surface area of
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CH. The CH bears a surface area of 78 m? g™ at 773 K, which decreases to 26 m? g™
when the treatment temperature is increased to 1073 K. On the contrary, 773 and 1073 K
calcined CHT samples exhibit surface areas of 112 m? g™ and 48 m? g™, respectively. In
general, the decrease in the surface area at higher temperatures is a normal phenomenon
due to sintering of the samples. It is well-known that for certain technological applications,
materials with high specific surface area are essential. As observed, TiO, supported CH
composite oxides retained high surface area even after thermal treatment at 1073 K in

comparison to unsupported one.

5.3.3 X-ray Diffraction Studies

The XRD patterns of CHT samples calcined at 773 to 1073 K are presented in
Figure 5.2. As can be noted from the figure, the samples are poorly crystalline and broad
diffraction lines corresponding to CeqgHfy,0, (PDF-ICDD 04-006-1933) solid solutions
along with distinct peaks due to TiO,-anatase phase could be observed. The broad nature
of the peaks pertaining to ceria-hafnia solid solutions does not allow us to predict about
the phase segregation phenomenon, if happens, within the studied temperature range.
The Ce-Hf composite oxide planes could be indexed to (111), (200), (220), (311), (222),
(400), (331), and (420) crystallographic faces as depicted in the figure. Literature reveals
that under certain circumstances, ceria-titania solid solution formation is also quite
possible [20,21]. However, the methods adopted for preparation of Ce-Ti solid solution are
either sol-gel or solution combustion method [20,21]. Reddy et al. reported that there is no
solid solution formation between ceria and titania in case of ceria-titania and ceria-
zirconia/titania systems when prepared via coprecipitation or deposition coprecipitation
methods [22,23]. The intensity of the XRD peaks get sharpened as the calcination
temperature was increased. As reported by Preuss and Gruehn, formation of different Ce-
Ti-O phases namely Ce,TiOs, Ce,TioO7, and Ce,TigO,4 are possible at 1523 K [24]. But
there is no such phases could be observed, which may be due to the different preparation
method adopted or lower calcination temperature employed in the present investigation. It
should be noted that there is no anatase to rutile phase transformation in the present
study. It is known that the transformation of TiO.-anatase to rutile is thermodynamically
feasible beyond 873 K in impurity free TiO, samples [2,14]. However, there is no evidence
regarding the formation of rutile phase even up to 1073 K in this case. The anatase to

rutile phase transformation is inhibited in the CHT system due to the stabilization of
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anatase by the surrounding cerium/hafnium ions as envisaged for TiO,—SiO, and other
mixed oxides in the literature [25,26]. This is an interesting observation from catalytic

standpoint.

(111)

T (101)

1073 K

N
MB K

Intensity (a.u.)

I
10 20 30 40 50 60 70 80
Two theta(’)

Figure 5.2: Powder XRD patterns of CeO,—HfO,/TiO, (CHT) samples calcined at different
temperatures. Peak legend ‘T’ corresponds to TiO,-anatase.

Using the most intense line (111) of the CeqgHf 20, pattern, cubic indexation and
calculation of cell parameters have been carried out. The calculated ‘a’ cell parameter
values as presented in Table 5.1, for the CHT composite oxides reveals incorporation of
hafnium cation into the ceria lattice as the cell dimensions are lower than pure ceria (unit
cell constant a = 5.410 A). Hf** has an ionic radius lower than that of Ce** (the ionic radii
values for Ce** and Hf** are 0.97 and 0.78 A, respectively) [27,28]. Interestingly, the lattice
parameters of the titania supported CH composite oxides are slightly larger than that of
the unsupported CH composite oxides. However, the lattice cell parameter values for the
composite oxides (both supported and unsupported) are smaller than ceria. This

observation opens up another possibility of incorporation of Ti** cations with cationic
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radius of 0.64 A in to the ceria lattice other than Hf**. The cell parameter values change
negligibly with temperature (Table 5.1) showing comparatively small value in case of 1073
K calcined sample. So there is a possibility that the amount of Hf** is slightly high in this
sample. There is also a possibility that all hafnia may not be fully incorporated in the
process of composite oxide formation. However, from XRD results the presence of
segregated hafnia in crystalline form could not be observed. But we cannot rule out the
possibility of the presence of hafnia in amorphous state. As shown, the crystallization of
CeHf; 4O, solid solution primarily depends on the calcination temperature as well as on
the presence of TiO,-anatase.

The broadened XRD line shapes indicate the presence of very small particles of
nanometer size. The average crystallite sizes of the Ce—Hf composite oxides and TiO.-
anatase phase calculated using Scherrer equation are presented in Table 5.1. For 773 K
calcined Ce—Hf composite oxide sample the crystallize size was found to be ~5.5 nm
which is gradually increased to ~16 nm after heat treatment at 1073 K. Gradual
sharpening of the XRD peaks with increasing calcination temperature could be noted as a
result of sintering. With corresponding increase in crystallite size, decrease in specific
surface area after calcination at 873—-1073 K is also clearly observed (Table 5.1). It is
expected that TiO, support stabilizes the Ce-Hf-oxide nanoparticles over its surface and

inhibits the coagulation or grain growth (sintering) of the particles to an extent.
5.3.4 Temperature Programmed Reduction Studies

TPR has been performed for the CHT samples using both H, and CO as reducing
gas. Figure 5.3 shows the typical H,-TPR profile of CHT sample calcined at 773 K. The
quantification of H, consumption is estimated using CuO as the standard for TPR
analysis. As could be seen in the TPR pattern, there is only one temperature maxima with
a shoulder for the CHT sample. Earlier research has shown that the there is two peaks
observed in the TPR patterns of some ceria-based catalysts and are assigned as, (i) the
reduction of the most easily reducible surface oxygen of highly dispersed ceria species
and (ii) the removal of oxygen from bulk ceria. In case of ceria-zirconia mixed oxides,
however, only one broad peak is observed and many researchers suggest that surface
and bulk reduction cannot be distinguished by the conventional TPR technique since both
processes occur almost simultaneously during TPR measurement [29,30]. In line with

earlier findings we also observed only one TPR peak with a broad shoulder for the
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sample. The reduction feature was started at ~650 K and centered ~830 K with the
shoulder peak at around 700 K. However, in comparison to ceria-zirconia and ceria-
hafnia, higher amount of H, consumption was observed as could be seen from the TPR
profile. The H, consumption calculated from the peak area under the reduction peak over
the complete temperature range for the CHT sample is 723 pymol g™ of the catalyst which
is higher compared to ceria-zirconia and ceria-hafnia (Fig. 3.3, chapter 1). This shows that
the degree of reduction of CeO,-HfO; is enhanced to more extent after TiO, was used as

support.

830.8
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Figure 5.3: The H,-TPR profile of CeO,—HfO,/TiO, (CHT) sample calcined at 773 K.

The CO-TPR profiles (not to scale) of CHT sample calcined at 773 and 1073 K are
shown in Figure 5.4, which reveal two broad reduction features. In literature it has been
reported that the reduction of ceria-based materials associated with a stepwise reduction
with two peaks observed for some samples. The high temperature reduction feature is
mainly due to bulk oxygen removal while the low temperature reduction feature has been
related to most easily reducible surface capping oxygen of ceria [31]. The reduction
features are similar to that of unsupported ceria-hafnia (Fig. 3.4, chapter 1). As could be

seen from the Fig. 5.4, the temperature maxima for the CHT samples (calcined
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Figure 5.4: The CO-TPR profile of CeO,—HfO,/TiO, (CHT) sample calcined at (a) 773 and
(b) 1073 K.

at 773 and 1073 K) are centered around 560 and 690 K. The temperature range for the
reduction of the sample is similar to that of unsupported ceria-hafnia. Though we have not
quantified the amount of CO consumption in the sample, it could be observed that
compared to ceria-hafnia, higher amount of CO was consumed by the CHT sample, which

infers about the usefulness of TiO, as support.
5.3.5 Scanning Electron Microscopy Studies

SEM measurements were performed to assess the external morphologies of the
composite oxides. The micrographs corresponding to the CHT series of samples calcined
at 773 and 1073 K, respectively are shown in Figure 5.5a,b. As observed from the SEM
images, the samples consist of typical agglomerates of homogeneous morphology of
nearly equal particle distribution within the narrow size range. The 773 K calcined samples
exhibited more amorphous features and densely packed agglomerates of smaller
crystallites. At higher calcination temperature (1073 K) the densely packed homogeneous

structures have collapsed due to better crystallization of composite oxide particles with the
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formation of bigger composite oxides particles. Interestingly, it could be observed from the
SEM images that there are different smaller crystallites over bigger particles. It is due to
the formation of composite oxides of ceria-hafnia over bigger crystals of TiO,. However,
the exact growth of different particles could not be confirmed from SEM analysis, so TEM-

HREM analysis has been performed and described in the next subheadings.

000000 WD31.9mm 10.0kV x5.0k 10um

Figure 5.5: SEM micrographs of CeO,—HfO,/TiO, (CHT) samples calcined at (a) 773 and
(b) 1073 K.
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5.3.6 Transmission Electron Microscopy Studies

The TEM-HREM measurements were performed to ascertain the crystallite growth

and morphology of ceria-hafnia composite oxides over the surface of titania.

Figure 5.6: TEM global pictures of CeO,—HfO,/TiO, (CHT) samples calcined at (a) 773 K
and (b) 1073 K.
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Figure 5.7: HREM images of CeO,-HfO,/TiO, (CHT) samples calcined at (a) 773 K and
(b) 1073 K.

The representative TEM global pictures of CHT sample calcined at 773 and 1073 K are
presented in Figure 5.6. The corresponding HREM images are shown in the Figure 5.7.
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As could be observed from Figures 5.3a and 5.7a, CHT sample calcined at 773 K
crystallizes in cubic structure with an average ceria-hafnia particle sizes in the range ~5-6
nm over bigger crystals of TiO,-anatase of particle size ca. 20 nm. The closer view of the
micrographs (Figs. 5.6b and 5.7b) clearly shows that the growth of the cubic structure of
ceria-hafnia composite oxide particles took place over the bigger crystals of TiO,-anatase.
The increase of ceria-hafnia particles from ~5 to ~16 nm under the effect of heat treatment
could be observed from the HREM images which is due to the crystallite growth and
agglomeration of smaller particles at higher temperatures. Figures 5.6b and 5.7b show
some superimposed contrasts arising from different types of phases due to some
overlapping regions of crystal planes that constitute the catalyst. The existence of such
overlapping regions in the composite oxide particles is very important from catalysis point
of view which may offer better catalytic activity. The digital diffraction patterns (not shown)
with the d spacings of 3.1 and 2.7 A observed in the corresponding HREM images may be
assigned to (111) and (002) planes of cubic Ce-Hf-oxide, respectively. Thus, TEM-HREM

results fairly corroborate with the conclusions drawn from XRD data.
5.3.7 UV-visible Diffuse Reflectance Spectroscopy Studies

UV-vis DRS is a very useful technique to study the surface coordination and
different oxidation states of the metal ions in metal oxides. The DR spectra of CHT sample
calcined at 773 and 1073 K are presented in Figure 5.8. The DR spectra of pure CeO,
exhibits three absorption maxima centered at ~255, 285, and 340 nm. The latter two well-
resolved absorption maxima may be caused by Ce*" «—O* charge transfer (285 nm) and
inter-band (340 nm) transitions [32,33], whereas the poorly resolved former maxima
correspond to Ce* «O? charge transfer transitions [34]. As presented in Figure 5.8, in
case of the CHT sample calcined at 773 and 1073 K, the absorption edges are in good
agreement with the bands observed for pure CeO, with a slight blue-shift in the 1% band
irrespective of calcination temperatures. At both 773 and 1073 K, the CHT samples exhibit
the absorption bands at ~242, ~285, and ~350 nm, respectively. This infers that TiO,-
anatase has influence on the lowering of absorption edges towards lower wavelengths to
some extent. In case of ceria-hafnia system, the substitution of Hf*" into the CeO, lattice
and consequent strain development at the cerium sites due to lowering of symmetry,
caused the shift towards higher wavelengths compared to pure CeO, as already

described in the chapter 3 [35]. Interestingly, the band at ~242 nm, which has been
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characterized as Ce*" «—0? charge transfer transition, is well-resolved in CHT compared
to CH samples with slight shift towards lower wavelength. The occurrence of oxygen
vacancy defects supports the Ce®*" «O? transitions, which is very prominent in the case
of CHT samples [32,33].
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Figure 5.8: UV-vis DRS spectra of CeO,—HfO,/TiO, (CHT) samples calcined at 773 and
1073 K.

5.3.8 Raman Spectroscopy Studies

Raman spectroscopy is very useful technique to characterize the structures on
oxide surfaces. Raman results give useful information the M-O bond arrangements in
oxide materials. It is well reported that the Raman information detected by excitation laser
with shorter wavelength is more sensitive to the surface region of samples as the laser
with shorter wavelength is closer to the electronic adsorption of samples [36]. We have
used two different lasers, UV excitation laser (He-Cd laser with wavelength 325 nm) and
visible excitation laser (Ar*-Kr* laser with wavelength 514.53 nm) in the present

investigation. The UV- and visible-Raman spectra of the CHT samples calcined at
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different temperatures are presented in Figures 5.9 and 5.10, respectively. Figure 5.9
shows the UV-Raman spectra of CHT samples calcined at different temperatures. As
presented in Figure 5.9, the UV-Raman spectra of CHT samples show typical spectra of
TiO,-anatase phase (space group l4;/amd) with the appearance of prominent Raman
bands at ca. 152, 202, 400, 520, and 635 cm™', which agree well with the literature reports
[37,38]. The observed Raman band at ~467 cm™' can be attributed to the Fog vibration of
the fluorite type lattice. It can be viewed as a symmetric breathing mode of the oxygen
atoms around cerium ions [38]. The other weak band observed at around 324 cm™' could
be attributed to displacement of oxygen atoms from their ideal fluorite lattice positions
[39]. No Raman lines due to either hafnia or TiOo-rutile phase (band at ~144, 148, and

611 cm™") are observed in line with XRD measurements.
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Figure 5.9: UV-Raman spectra of CeO,-HfO,/TiO, (CHT) samples calcined at different
temperatures.

The visible-Raman spectra of CHT sample calcined at 773 K (Fig. 5.10) also show
typical spectra of TiO,-anatase phase (space group |4;/amd) with the appearance of
prominent Raman bands at ca. 196, 396, 515, and 640 cm™', which agree well with the

literature reports [37,38]. The observed Raman band at ~466 cm™' can be attributed to the

131



Chapter 5 Studies on CeO,—HfO,/TiO, composite oxide catalyst

F.4 vibration of the fluorite type lattice. It can be viewed as a symmetric breathing mode of
the oxygen atoms around cerium ions [38]. Interestingly, emergence of three new
additional Raman bands could be observed for the 1073 K calcined CHT sample (Fig.
5.10). The new bands are observed around 238, 450, and 612 cm™' are attributed to the
formation of rutile phase by the transformation of TiO,-anatase at 1073 K. Though this
observation was not detected by XRD and UV-Raman spectra, the prominent Raman
bands in the visible-Raman spectra conform about the stabilization of rutile phase along
with the anatase phase of TiO, at higher temperatures. It was found that the results of UV-
Raman spectra are different from those of visible-Raman spectra. The anatase phase of
TiO, at the surface region can remain at relatively higher temperatures than that in the
bulk at elevated calcination temperatures; namely, the anatase phase in the inner region
of the agglomerated TiO, particles turns out to change into the rutile phase more easily

than that in the outer surface region of the agglomerated TiO, particles [40].
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Figure 5.10: Visible-Raman spectra of CeO,—HfO,/TiO, (CHT) samples calcined at 773
and 1073 K.
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5.3.9 X-ray Photoelectron Spectroscopy Studies

XPS measurements have been performed to study the effect of interaction
between the metal ions and to acquire the information of oxidation states in the catalytic
system. The effect of calcination temperature on the photoelectron peaks of O 1s, Hf 4f,
Hf 4d, Ti 2p, and Ce 3d for CHT samples are presented in Figures 5.11-5.15,
respectively. The corresponding binding energy (eV) values and XPS atomic ratios (Ce/Hf
and Ce/Ti) are presented in Tables 5.2 and 5.3, respectively. The interactions between
the components in the nanostructured systems are quite complicated and depend on
several factors, which include thermal treatment temperature, synthesis procedure etc. As
could be observed from all the figures, the XPS bands and the corresponding binding
energy values are highly sensitive to the calcination temperature and to the composition of
the samples. Figure 5.11 displays the O 1s XP spectra of CHT composite oxide samples

calcined at different temperatures.
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Figure 5.11: O 1s XP spectra of CeO,—HfO,/TiO, (CHT) samples calcined at different
temperatures.

The O 1s profiles are generally complicated due to the overlapping contribution of oxide

ions from ceria, hafnia, and titania in the respective cases. As reported earlier, the O ions
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in pure CeO, exhibit intense peaks at 528.6, 528.8, 529.6, and 530.1 eV, respectively
[41-43]. The O 1s binding energy value reported for TiO, is 530.0 eV [43-46]. The O 1s
profile of the CHT samples showed that with increasing calcination temperature, the O 1s
lines become sharp. The binding energy of most intense O 1s peak in these cases were
observed at around 530.0 eV, mainly belonging to the oxygen ions that are bound to
Ce gHfo20, solid solution [41,42]. The slight shift in the binding energy value for the 1073
K calcined sample inferred that some changes in the chemical environment around O

atoms have occurred.
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Figure 5.12: Hf 4f XP spectra of CeO,—HfO,/TiO, (CHT) samples calcined at different
temperatures.

Figures 5.12 and 5.13 show the core level XP spectra of Hf 4f and Hf 4d, respectively
corresponding to the CHT samples calcined at different temperatures. As could be
observed from the XP spectra of Hf 4f (Fig. 5.12), there are two features at about 16.4 and
18.0 eV, respectively. It is reported that the Hf 4f spectrum consists of two components,
the 4f;, part at 16.79 + 0.08 eV and the 4fs;, part at 18.54 + 0.10 eV [47]. The peak
positions of Hf 4f photoelectrons are known to be very sensitive to the binding states of
the hafnium species [41,48]. According to a database, the metallic hafnium species
reveals the Hf 4f;, peak at 14.3-14.4 eV, while HfO, shows it at 16.7 eV. Lee et al.
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investigated HfO, films on a silicon substrate by synchrotron XPS and found the binding
energies of Hf 4f;, and Hf 45, at 17.55 and 19.26 eV, respectively [49]. However, the
difference of about 1.4 eV in the binding energies between the Hf 4f;, and Hf 4f5;, in the
present investigation is in line with the reported values [41]. On the other hand, the XP
spectra of Hf 4d photoelectron peak in relatively very scarce in the literature. As observed
the spectra consists of two features in the binding energy values of ~224.2 and ~213.0 eV,
respectively, which are in good agreement with the data presented in “The Handbook of X-
ray Photoelectron Spectroscopy’ [41]. On the whole, from the XP spectra of Hf 4f and Hf
44, it is observed that Hf is mainly in 4+ oxidation state.

Hf 4d

S
> MM
‘»
c
I3
E W w

1073 K

973 K

873 K

773 K

T T T T T T T T T T T
230 225 220 215 210 205

Binding energy (eV)

Figure 5.13: Hf 4d XP spectra of CeO,—HfO,/TiO, (CHT) samples calcined at different
temperatures.

The Ti 2p photoelectron spectra of the CHT samples are shown in Figure 5.14,
which exhibited typical XPS peaks of 458.5 eV for Ti 2ps, [45,46]. The intensity of the Ti
2p core level spectra showed slight increase with increasing treatment temperature due to
better crystallization of TiO,. It could be inferred from the XPS results that titanium is

mostly confined to its highest, i.e. 4+ oxidation state.
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Figure 5.14: Ti 2p XP spectra of CeO,—HfO,/TiO, (CHT) samples calcined at different
temperatures.
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Figure 5.15: Ce 3d XP spectra of CeO,-HfO,/TiO, (CHT) samples calcined at different
temperatures.

136



Chapter 5 Studies on CeO,—HfO,/TiO, composite oxide catalyst

The XP spectra of Ce 3d core electron levels for CHT samples are presented in
Figure 5.15. There are six peaks corresponding to the three pairs of spin-orbit doublets of
oxidized CeO, and four peaks corresponding to the two doublets of Ce,0; [35,41-44,50].
For each doublet, 3ds,, corresponds to the label ‘v’ and 3ds; to ‘u’. Details pertaining to the
explanation of the origin of each doublet could be found in literature [35,43,51]. The peaks

' have been assigned to Ce*" and V/U', vo/us to Ce®*. Two main

labeled v/u, VU, v'"lu
bands of Ce3ds, at 880.6-882.5 eV (v) corresponding to Ce* and 884.5-885.1 eV (V)
corresponding to Ce®"; were observed for all samples (Fig. 5.15) [44]. Thus cerium is
present in both Ce*" and Ce>" oxidation states. The presence of Ce® could be mainly
attributed to removal of surface hydroxyl groups and oxygen from CeO, surface during
exposure of the samples to the X-ray in an ultrahigh vacuum chamber (UHV) as per

earlier reports [35,43,52-54].

Table 5.2: XPS core level electron binding energies (eV) of the CeO,—HfO./TiO, (CHT)
samples calcined at different temperatures

Calcination Binding Energy (eV)

Temp. (K) O 1s Ce 3d Hf 4f Hf 4d Ti 2p
773 530.0 882.0 18.0 (16.4) 224.2 (213.0) 458.5
873 530.0 882.0 18.0 (16.4) 224.2 (213.0) 458.5
973 530.1 882.2 17.9 (16.3) 224.1 (213.1) 458.5
1073 530.1 882.2 17.8 (16.4) 224.2 (213.2) 458.5

Table 5.3: XPS atomic ratio of the CeO,—HfO,/TiO, (CHT) samples calcined at different
temperatures

Calcination Atomic Ratio
Temperature (K) Ce/Hf CelTi
773 3.894 1.052
873 3.867 1.088
973 3.677 1.154
1073 3.427 1.164

The atomic ratios corresponding to the Ce/Hf and Ce/Ti as determined from XPS,
are presented in Table 5.3. As could be observed from the table, the Ce/Hf atomic ratios
decrease very meagerly with the increase in calcination temperature, whereas Ce/Ti
atomic ratios did not change appreciably. The increase in the Ce/Hf atomic ratios infers

about the surface enrichment of Hf at higher calcination temperatures.
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5.4 Conclusions

The structural characteristics of nanostructured ceria-hafnia composite oxides
supported over TiO, have been systematically investigated. The catalyst was synthesized
by adopting a modified deposition coprecipitation method and thermally treated up to 1073
K to study the thermal stability. The composite oxides exhibit high specific surface area
and show resistance to thermal sintering. XRD results infer the monophasic composition
(CeogHfp202). The TEM images confirm the nano-meter sized particles of the prepared
catalysts with size (~5 nm). An increase in crystallite size (up to ~16 nm) after heat
treatment at 1073 K is noted. The lowering of symmetry and consequent strain
development at the cerium sites is also revealed by UV-vis DRS measurements. Raman
spectroscopy measurements revealed the arrangement of defective fluorite structure
leading to oxygen vacancy formation. Especially, visible-Raman spectra gave information
of the emergence of TiO,-rutile phase at 1073 K. The XPS measurements revealed the
presence of both Ce* and Ce** states, which are sensitive to calcination temperature.
Thus the use of various spectroscopic and non-spectroscopic techniques provided
interesting information regarding the physicochemical characteristics of titania supported

nanosized ceria-hafnia composite oxides.
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Chapter 6

This chapter presents the results and discussion pertaining to
the structural characteristics of the nanosized composite oxides
of CeO,—HfO,/ALO, system by various spectroscopic and
non-spectroscopic techniques.
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STUDIES on CeO,—HfO,/Al,O0; COMPOSITE OXIDE CATALYST

6.1 Introduction

Regulations concerning automotive emissions are becoming more stringent in
recent times and consequently more research efforts have directed toward lowering the
environmental impact of pollutants emitted by vehicles and industries. In this context, the
research focus has been aimed at the development of more efficient and highly resistant
catalytic converters which could be able to maintain maximum durability while decreasing
pollutant emissions to minimum levels. Three-way catalysts (TWCs) constitute the most
satisfactory and efficient solution to reduce pollutant emissions from gasoline-engine-
powered vehicles [1-4]. Automotive TWCs can convert exhausted carbon monoxide,
hydrocarbon, and nitrogen oxides to environmentally friendly gases, respectively. In a
typical design of a modern TWC, alumina is chosen to be a carrier because of its high
surface area and relatively good thermal stability under the hydrothermal conditions of the
exhausts [5]. Ceria-based materials have been recognized as an important component of
the three-way catalysts because of their excellent oxygen storage capacity (OSC) [6,7].
The major role of ceria-based materials is the OSC, maintaining an air/fuel ratio around
14.6 during engine operation, and TWCs have high pollutant conversion efficiency under a
narrow operation window [8]. After the high-temperature treatment, one of the major
deactivation pathways for the TWCs is the sintering of the OSC promoter leading to a loss
of OSC values. Therefore, the high thermal stability of the oxygen storage material is a
requisite for developing advanced TWCs [9,10]. Because of the insufficient thermal
stability of ceria, from 1995, ceria-zirconia composite oxides have gradually replaced pure
ceria as OSC materials in TWCs [11]. Mixing methods of alumina and ceria-zirconia lead
to differences in the interaction between alumina and ceria-zirconia, surface area, and
bulk structures, which are important aspects of both the OSC behavior and the stability of
alumina-ceria-zirconia materials [12-14]. At present, numerous literatures illustrate
various mixing strategies with the aim to obtain ceria-zirconia and alumina materials of
high thermal stability and superior redox properties [15,16]. Recently it was found that the
homogeneous ceria-ziconia structure and strong interaction between alumina carriers and
ceria-zirconia are excellent to obtain hydrothermal stability [17,18]. Morikawa et al. [19]

testified that the introduction of alumina into Ce;.Zr,O, primary particles can improve the
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durability at high temperatures and velocity oxygen release of the materials. Against the
above background, we have investigated the effect of y-Al,O; as chemically inert
thermostable support for CeO,—-HfO, composite oxides prepared by a deposition
coprecipitation method and thermally treated up to 1073 K. The thermal stability and
dispersion behavior of the CeHf; O, composite oxides over Al,O; support has been

evaluated by different spectroscopic and non-spectroscopic techniques.
6.2 Experimental

Alumina supported ceria-hafnia (CHA; 8:2:10 mole ratio based on oxides)
composite oxides was prepared by adopting a deposition coprecipitation method as per
the procedure described in Chapter 2. The obtained catalysts were subjected to thermal
treatments from 773 to 1073 K in order to understand the thermal stability, and the
physicochemical properties of these materials. These effects have been investigated by
means of TG-DTA, BET SA, XRD, TPR, SEM, TEM-HREM, UV-vis DRS, LRS, XPS, and

other techniques.
6.3 Results and Discussion
6.3.1 Thermal Measurements

The CeO,—HfO,/Al,O3 composite oxide was subjected to TG/DTA analysis before
calcination. The thermogram, obtained between 273 and 1273 K and at a ramp of 10
K/min, is shown in Figure 6.1. The thermal stability of the CHA sample was judged from
the TG/DTA analysis. The temperatures suitable for calcination of the sample were also
chosen on the basis of this analysis, at which the mass loss was stabilized. Three distinct
features are observed in the TGA profile. One low temperature feature (at around
313-463 K) is due to the loss of molecularly absorbed water from the surface. The minor
weight loss peaks at high temperatures, around 473-573 K and 573-673 K are due to
loss of water held in the micropores of the gels and dehydroxylation of the surface,
respectively. Above this temperature the weight loss was almost completely stabilized. On
this basis, the primary calcination temperature for the catalyst sample was chosen to be
773 K. Up to 840 K, the total weight loss was calculated to be 13%, whereas from 840 to

1273 K, it was found to be only 0.8%. Thus thermogravimetric analysis clearly reveals that
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the sample is thermally quite stable at high temperatures and could find use in high

temperature applications.
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Figure 6.1: TGA profile of CeO,—HfO,/Al,O3; (CHA) sample before calcination.

6.3.2 BET Surface Area Measurements

The BET surface areas of the CeO,—HfO,/Al,O3; samples after treating at different
temperatures (773-1073 K) are summarized in Table 6.1. As can be seen from the Table,
all the samples reveal reasonably high BET surface areas. The 773 K calcined sample

exhibits the surface area of 156 m?g~". With increase in calcination temperature from 773

to 1073 K the specific surface areas of the sample showed a gradual fall to 106 m? g™,
showing only 32.0 % surface area loss. Thus the stabilization rendered by the alumina
support is quite obvious. The decrease in the surface area with increasing calcination
temperature is a general phenomenon due to sintering of the samples at high
temperatures. However, it is observed that the sample exhibits sufficiently higher surface
area after calcination at 1073 K, which shows the thermal stability of the system in terms

of chemical composition.
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Table 6.1: BET surface area, FWHM values, crystallite size and lattice parameter
measurements of CeO,—HfO,/Al,O; (CHA) samples calcined at different temperatures

Calcination S.A. (m?g™") FWHM? Crystallite Cell parameter
Temp. (K) (20°) Size® (nm)  (A)

773 156 2.30 3.57 5.36

873 137 1.90 4.32 5.36

973 120 1.68 4.89 5.36

1073 106 1.13 7.28 5.35

& From most prominent XRD (111) peak;

® Crystallite size from Scherrer equation.
6.3.3 X-ray Diffraction Studies

X-ray diffraction data were collected for all the alumina supported Ce—Hf oxides
after calcination in the temperature range from 773 to 1073 K and the patterns are shown
in the Figure 6.2. The broad nature of the peaks distinctly indicated the nanocrystalline
nature of the samples in general. A cubic fluorite type phase with the composition
CepgHfp 20, (PDF-ICDD 04-006-1933) was identified from the diffraction patterns of the
CHA samples calcined at different temperatures. The formation of solid solution between
ceria and hafnia is clearly noticed and no other species are detected. The diffraction
peaks could be indexed to (111), (200), (220), (311), (222), (400), (331), and (420) crystal
faces corresponding to a fluorite type structure of ceria—hafnia composite oxide. The
broadened lines indicate the presence of smaller particles of nanometer size. The average
crystallite sizes of the Ce—Hf composite oxides calculated using Scherrer equation are
presented in Table 6.1. For 773 K calcined sample it was found to be ~3.57 nm which is
gradually increased to ~7.2 nm after heat treatment at 1073 K. This observation is
supported by the gradual sharpening of the XRD peaks with increasing calcination
temperature which could be rationalized as a result of sintering. Thus, the observation
indicates an improvement in the crystallinity with corresponding increase in crystallite size
and decrease in specific surface area after calcination at 1073 K (Table 6.1).

The cell parameters of the supported composite oxides are slightly larger
(5.35-5.36 A) than that of the bulk composite oxide of the same nominal chemical

composition (5.34 A). This may indicate the presence of higher content of trivalent cations
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(Ce*")in the lattice of the resultant supported oxide, which have cationic radius of 1.14 A.
Being Ce* cation bigger in size than the tetravalent Ce** (cationic radius of 0.97 A), it can
compensate for the contraction of the ceria lattice due to the presence of smaller Hf*
(cationic radius of 0.78 A). However, the lattice cell parameter values for the composite
oxide samples are smaller than pure CeO, (cell parameter = 5.410 A). This observation
opens up another possibility of incorporation of AP* cations with cationic radius of 0.51 A
in to the ceria lattice other than Hf*". Literature shows that in case of ceria-alumina
system, within the temperature range of 673-973 K, the reduction of ceria to non-
stoichiometric CeO, , is favored and subsequently diffusion of AI** into the partially
reduced ceria lattice may lead to the CeAlO; formation [20]. There is another possibility
that all Hf may not be fully incorporated in the process of composite oxide formation with
ceria and part of it may react with alumina counterpart. However, in the present case, as
stated earlier, no evidence is available regarding the presence of any species other than

ceria—hafnia solid solution within the investigated temperature range.
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Figure 6.2: Powder XRD patterns of CeO,—HfO,/Al,O; (CHA) samples calcined at
different temperatures.
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This is an important observation in terms of the catalytic activity of the sample. But
we can not rule out the possibility of the presence of hafnia in amorphous state being
beyond the limit of XRD detection. The XRD patterns on the whole reveal the single phase
patterns for the Ce—Hf oxides without phase segregation even after calcination at 1073 K.
However, the peak widths of the nanosized materials are relatively large and therefore it is

not easy to draw an exact statement if small amounts of segregated phases are present.
6.3.4 Temperature Programmed Reduction Studies

TPR has been performed for the CHA samples using both H, and CO as reducing
gas. Figure 6.3 shows the typical H,-TPR profile of CHA sample calcined at 773 K. The
quantification of H, consumption is estimated using CuO as the standard for TPR
analysis. As could be seen in the TPR pattern, there is only one temperature maxima with
broad nature for the CHA sample. Earlier research has shown that the there is two peaks
observed in the TPR patterns of some ceria-based catalysts and are assigned as, (i) the
reduction of the most easily reducible surface oxygen of highly dispersed ceria species
and (ii) the removal of oxygen from bulk ceria. In case of ceria-zirconia composite oxides,
however, only one broad peak is observed and many researchers suggest that surface
and bulk reduction cannot be distinguished by the conventional TPR technique since both
processes occur almost simultaneously during TPR measurement [21,22]. In line with
earlier findings we also observed only one broad TPR peak for the sample. The reduction
feature was started at ~650 K and centered ~872 K. However, in comparison to ceria-
zirconia and ceria-hafnia, higher amount of H, consumption was observed as could be
seen from the TPR profile. The H, consumption calculated from the peak area under the
reduction peak over the complete temperature range for the CHA sample is 1173 pmol g™
of the catalyst which is higher compared to ceria-zirconia and ceria-hafnia (Fig. 3.3,
chapter 1). This shows that the degree of reduction of CeO,-HfO, is enhanced to more
extent after AlLO; was used as support. The CO-TPR profiles (not to scale) of CHA
sample calcined at 773 and 1073 K are shown in Figure 6.4, which reveal two broad
reduction features. In literature it has been reported that the reduction of ceria-based
materials associated with a stepwise reduction with two peaks observed for some
samples. The high temperature reduction feature is mainly due to bulk oxygen removal
while the low temperature reduction feature has been related to most easily reducible

surface capping oxygen of ceria [23]. The reduction features are similar to that of
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Figure 6.3: The H,-TPR profile of CeO,—HfO,/Al,O3; (CHA) sample calcined at 773 K.
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Figure 6.4: The CO-TPR profile of CeO,—HfO,/Al,0; (CHA) sample calcined at (a) 773
and (b) 1073 K.

unsupported ceria-hafnia (Fig. 3.4, chapter 1). As could be seen from the Fig. 6.4, the

temperature maxima for the CHA samples (calcined at 773 and 1073 K) are centered
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around 536 and 687 K. The temperature range for the reduction of the sample is similar to

that of unsupported ceria-hafnia.
6.3.5 Scanning Electron Microscopy Studies

SEM measurements were performed to assess the external morphologies of the

composite oxides.

Figure 6.5: SEM micrographs of CeO,—HfO,/Al,O; (CHA) samples calcined at (a) 773
and (b) 1073 K.
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The micrographs corresponding to the CHA series of samples calcined at 773 and
1073 K, respectively are shown in Figure 6.5a,b. As observed from the SEM images, the
samples consist of typical agglomerates of homogeneous morphology of nearly equal
particle distribution within the narrow size range. The 773 K calcined samples exhibited
more amorphous features and densely packed agglomerates of smaller crystallites. At
higher calcination temperature (1073 K) the densely packed homogeneous structures
have collapsed due to better crystallization of composite oxide particles with the formation
of bigger composite oxides particles. Interestingly, it could be observed from the SEM
image of 1073 K calcined sample (Fig. 6.5b) that smaller particles agglomerated to form
bigger particles. However, the exact growth of particles could not be confirmed from SEM
analysis, so TEM-HREM analysis has been performed and described in the next

subheadings.
6.3.6 Transmission Electron Microscopy Studies

To have information on the nanometer sizes of the investigated composite oxides,
TEM-HREM analysis was performed and some representative micrographs are included.
The corresponding TEM and HREM micrographs for 773 and 1073 K calcined samples
are presented in Figures 6.6a,b and 6.7a,b, respectively. In all the images, small, well
faceted composite oxide particles deposited on the surface of an amorphous matrix are
clearly visible. The particle size distribution of the composite oxide crystals seems to be
well distributed on to the support, i.e. homogeneous in nature. It is a known fact that
control of microstructure is an important factor for the improvement of OSC in such
systems [24]. HREM micrographs give a better perception of the size and dispersion of
these composite oxide particles. As observed, the composite oxide particles are
agglomerated in nature. Plain faces representing the support could not be seen
suggesting the amorphous nature of it. This observation is supported by the XRD results
as well. The shapes of the particles are more or less cuboctahedral. Digital Diffraction
pattern (DDP) for some selected particles show lattice spacings at 3.1 A and 2.7 A
characteristics of the fluorite type structure with [110] orientation [25]. Some overlapping
regions of the composite oxide particles are seen in the HREM images, which may be
responsible for better catalytic activity. As can be seen from the Figures 6.6a and 6.7a,

the 773 calcined composite oxide particles have the dimension of ~4-5 nm. Small
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increase in particle size (up to ~7-8 nm) with temperature increase to 1073 K is revealed
by Figures 6.6b and 6.7b, respectively.

A ¥ ) 5%

Figure 6.6: TEM micrographs of (a) 773 K and (b) 1073 K calcined CeO,—HfO,/Al,O3
(CHA) samples.
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Figure 6.7: HREM micrographs of (a) 773 K and (b) 1073 K calcined CeO,—HfO,/Al,O3

(CHA) samples.




Chapter 6 Studies on Ce0,-HfO,/Al,O3 composite oxide catalyst

6.3.7 UV-visible Diffuse Reflectance Spectroscopy Studies

UV-vis DRS spectra of alumina supported ceria—hafnia samples calcined at 773
and 1073 K in the 200-800 nm range are shown in Figure 6.8. It is known that pure CeO,
exhibits three absorption maxima centered at ~255, 285, and 340 nm in its DR spectra
[26]. The latter two absorption maxima are ascribed to Ce** <« O* charge transfer and
inter-band transitions, respectively [27]. The former maxima corresponds to Ce*" « O*
charge transfer transitions [28]. Specular reflectance effects produced by the strong
absorption of ceria in the UV range may lead to such nature of the patterns. Though it
might affect the shape of the inter-band transition, the absorption edge position has not
been modified remarkably. In the present case, the absorption edge is blue shifted (~247,
287, and 326 nm) with respect to ceria. This blue shift may be the result of decreasing
particle size of ceria (quantum size effect) when hafnium is incorporated in to the ceria

lattice as evidenced by XRD analysis [27,28].
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Figure 6.8: UV-vis DRS spectra of CeO,—HfO,/Al,O3; (CHA) sample calcined at 773 and
1073 K.
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Also, it may be due to the increasing contribution of Ce** < 0% charge transfer which is
more prominent in case of small crystallites (localized effect). It is interesting to note that
the band at ~247 nm, which has been characterized as Ce®* « O% charge transfer
transition, is also well resolved in case of both the samples investigated. This leads to the
occurrence of oxygen vacancy defects in the samples. There is no clue for the presence

of other phases like hafnia or alumina in agreement with XRD results.
6.3.8 Raman Spectroscopy Studies

Raman spectroscopy has some added advantages over IR spectroscopy when the
supports used are specially y-alumina and amorphous alumina, because they absorb
strongly below 1000 cm™" and thus the IR bands of the metal oxide species are generally
masked by those bands. But Raman bands of these oxides support are very weak or
Raman inactive in the same region [29]. Again, as the Raman spectrum of each molecular
structure is unique, Raman spectroscopy can discriminate between different molecular
structures of the supported metal oxides [30]. It is well reported that the Raman
information detected by excitation laser with shorter wavelength is more sensitive to the
surface region of samples as the laser with shorter wavelength is closer to the electronic
adsorption of samples [31]. We have used two different lasers, UV excitation laser (He-Cd
laser with wavelength 325 nm) and visible excitation laser (Ar'-Kr* laser with wavelength
514.53 nm) in the present investigation. The UV- and visible-Raman spectra of the CHA
samples calcined at different temperatures are presented in Figures 6.9 and 6.10,
respectively. For the space group Fm3m, the only Raman active mode (Fy) is centered at
around 460 cm™' [32]. The UV-Raman spectrum of pure CeO, shows Raman active (F2g
mode) peak at 469 cm™' [33]. Most probably, a small degree of hydration causes this band
shift [30]. However, for CHA samples the F,4 band is blue-shifted. The peak observed at
~461 cm™ in all CHA samples is consistent with the presence of a cubic CesHf; O,
phase. The emergence of additional prominent bands at 325 and 620 cm™" indicates some
distortion of the oxygen sublattice. Another very weak peak observed at around 174 cm™.
Interestingly, the intensity of the Raman band at ~620 cm™ is the highest intensity. The
nature of the patterns may be due to the resonance enhancement of the Raman
scattering cross section under UV excitation [30]. No Raman lines due to hafnia or

alumina were observed corroborating with the XRD results. The band at ~461 cm™" is due
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to symmetric O—Ce—0O stretching mode [34]. As can be observed from the figure, the
relative intensity of the F,q band increased with increasing calcination temperature due to
better crystallization of ceria-hafnia solid solution at higher calcination temperatures. The
broadness of Raman peaks is due to small particle size and the presence of Al,O3
support. It is known that the intensity of the Raman band depends on several factors
including grain size and morphology [35]. It is also known from literature that sintering of
sample under high temperature conditions leads to the formation of oxygen vacancies,
which perturb the local M-O bond symmetry leading to relaxation of symmetry selection
rules [36]. The presence of the strong prominent broad band at ~620 cm™ is attributed to
a non-degenerate Raman inactive longitudinal optical mode of ceria which arises due to
relaxation of symmetry rules [36,37]. In particular, the substitution of hafnium into the ceria
lattice with an increase in calcination temperature gives rise to oxygen vacancies, which
are responsible for the emergence of this band [38]. The appearance of a weak band at
~325 cm™' is accounted for the displacement of oxygen atoms from their normal lattice
positions [34]. Interestingly, these bands gained intensity after calcination at 1073 K,
indicating a high disorder of the oxygen sublattice in the fluorite structure. Alumina did not
exhibit any Raman features. This gave an impression that alumina forms part of the
substrate support on which ceria-hafnia solid solution is dispersed. The absence of any
other Raman features provided one more inference that alumina is not forming any
compound with cerium and hafnium oxides.

The visible-Raman spectra of CHA samples calcined at 773 and 1073 K is shown
in Figure 6.10. The Raman spectra of CHA samples reveal a weak band at ~310 cm™" and
a shoulder at ~623 cm™, in addition to the most intense peaks at 464 cm™'. The most
intense peak is due to F,q vibration of the fluorite type lattice. Pure ceria exhibited
prominent peaks at 462 and 464 cm™' for 773 and 1073 K calcined samples, respectively,
which are due to the F,q3 mode of the cubic fluorite structure [15,32,39]. No other features
existed in the spectra indicating no defects in the CeO, crystal lattice. The slight shift in
the peak position at higher temperatures to higher wave number signifies changes in bond
energies as a consequence of bond lengths as evidenced by lattice parameter
estimations. Doping of lighter atom such as Hf subsequent contraction of the ceria unit cell
may induce an increase in the Fyg band position. In line with XRD results, no Raman
features pertaining to HfO, and Al,O; were noted. As can be observed from Figure 6.10,
the Raman spectra are broad, which could be attributed to the reduction of phonon

lifetime in the nanocrystalline regime [37,40-42]. This observation also gives a clue for
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Figure 6.9: UV-Raman spectral patterns of CeO,—HfO,/Al,O; (CHA) samples calcined at
different temperatures.
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Figure 6.10: Visible-Raman spectral patterns of CeO,—-HfO,/Al,0; (CHA) samples
calcined at 773 and 1073 K.
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predicting changes in the grain size and morphology of the prepared samples [43]. The
broad band at ~623 cm™' corresponds to the nondegenerate Longitudinal Optical (LO)
mode of ceria, [36,37,40—43] arising due to relaxation of symmetry rules which is again
linked to oxygen vacancies in the ceria lattice [38,44,45]. This is ascribed to a localized
substitution defect vibration [34]. The weak bands observed at around 310 cm™ could be
attributed to displacement of oxygen atoms from their ideal fluorite lattice positions [46].
With increasing calcination temperature from 773 to 1073 K, the main Raman band is
sharpened with a small shift. This is due to better crystallization of the samples at higher

calcination temperatures in line with XRD results [47].
6.3.9 X-ray Photoelectron Spectroscopy Studies

XPS measurements have been performed to acquire the information of oxidation
states in the catalytic system. The effect of calcination temperature on the photoelectron
peaks of O 1s, Ce 3d, Hf 4f, Hf 4d, and Al 2p for CHA samples are shown in Figures
6.11-6.15, respectively. The corresponding binding energy (eV) values and XPS atomic

ratios (Ce/Hf and Ce/Al) are presented in Tables 6.2 and 6.3, respectively.

O 1s

Intensity (a.u.)

T T T
535 530 525

Binding energy (eV)

Figure 6.11: O 1s XP spectra of CeO,—HfO,/Al,O; (CHA) samples calcined at different
temperatures.
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The XPS profiles of O 1s core electron level of CHA samples after thermal
treatment at 773—-1073 K are shown in the Figure 6.11. As can be observed, all the
patterns consist of very broad peaks centered at 530.8 eV assigned to the lattice oxygens
associated with the oxides. The asymmetric nature of the peaks can be attributed to the
different environments for oxides of Ce, Hf, and Al. The very flat nature of the peaks may
mask any probable shoulder towards the high binding energy side which is more likely to
be present due to absorbed oxygen or to surface hydroxyl species and/or absorbed water
present as contaminant at the surface [48]. As the temperature is increased, the peaks get
sharpened due to the better crystallization of the samples. No appreciable change in
binding energy maxima is noticed with temperature increase which indicates that the

chemical state of the oxides remains unaltered.

Ce 3d
MMWWM
=
& |t MWW
'g 11/
u
8 //
*a u / AV\M
e u u M \\
uO
1073 K P )
973 K A v
873 K V”
773 K Vv
0
T y T T T ' J ' !
920 910 900 890 880

Binding energy (eV)

Figure 6.12: Ce 3d XP spectra of CeO,—HfO,/Al,O; (CHA) samples calcined at different
temperatures.

Due to the hybridization of the O 2p valence band with Ce 4f level, Ce 3d core
level XPS pattern of ceria is very complicated resulting in several final states for cerium
and a number of overlapping peaks [45,49]. As can be seen from the Figure 6.12, the Ce

3d spectra consists of two sets of spin-orbit multiplets featuring 3ds. and 3dsp.

157



Chapter 6 Studies on Ce0,-HfO,/Al,O3 composite oxide catalyst

(represented as ‘U’ and ‘v’ respectively) contributions. The peaks at ~882.1 eV (v) and
900.8 eV (u) are the main lines corresponding to Ce** state whereas features at 888.5 eV
(v"), 897.9 eV (v'), 907.2 eV (u”), and 916.8 eV (u"”) are satellites related to this state. The
main signals of Ce®* (vo, uo) are generally noticed at around 881 and 898 eV, respectively.

' The satellites to these

Here, it can be seen that the latter peak is overlapping with v
features (V/ and u’) occur at 885.6 and 904.8 eV, respectively. It can be observed that the
shoulder above 881 eV is made up of a mixture of v and v, features and the usual good
separation between v and V' (characteristic of only Ce*" state) is prevented by a
significant intensity of V' indicating the presence of Ce®* in the sample. Presence of Ce**
state is supported by the considerable intensity of the u” peak. Thus, on the surface of the
samples, concentration of both Ce** and Ce®" are quite comparable. With increase in the
calcination temperature, the intensity of the peaks at ~885 eV (V) and ~904 eV (u)

1

increased and that of the peak at ~916 eV (u") decreased suggesting a higher amount of

Ce®" in the samples treated at higher temperatures.
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Figure 6.13: Hf 4f XP spectra of CeO,—HfO,/Al,O; (CHA) samples calcined at different
temperatures.
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Figure 6.14: Hf 4d XP spectra of CeO,—HfO./Al,O; (CHA) samples calcined at different
temperatures.

Figures 6.13 and 6.14 show the core level XP spectra of Hf 4f and Hf 4d, respectively
corresponding to the CHA samples calcined at different temperatures. As could be
observed from the XP spectra of Hf 4f (Fig. 6.13), there are two features at about 15.9 and
17.3 eV, respectively. It is reported that the Hf 4f spectrum consists of two components,
the 4f;, part at 16.79 + 0.08 eV and the 4fs, part at 18.54 + 0.10 eV [50]. The peak
positions of Hf 4f photoelectrons are known to be very sensitive to the binding states of
the hafnium species [51,52]. According to a database, the metallic hafnium species
reveals the Hf 4f;, peak at 14.3-14.4 eV, while HfO, shows it at 16.7 eV. Lee et al.
investigated HfO, films on a silicon substrate by synchrotron XPS and found the binding
energies of Hf 4f;, and Hf 4f5, at 17.55 and 19.26 eV, respectively [53]. However, the
difference of about 1.4 eV in the binding energies between the Hf 4f;, and Hf 4f5;, in the
present investigation is in line with the reported values [51]. On the other hand, the XP
spectra of Hf 4d photoelectron peak in relatively very scarce in the literature. As observed
the spectra consists of two features in the binding energy values of ~224 and ~212 eV,

respectively, which are in good agreement with the data presented in “The Handbook of X-
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ray Photoelectron Spectroscopy’ [51]. On the whole, from the XP spectra of Hf 4f and Hf

4d, it is observed that Hf is mainly in 4+ oxidation state.

Intensity (a.u.)

T I T I T I T I

75 70 65 60

Binding energy (eV)
Figure 6.15: Al 2p XP spectra of CeO,—HfO,/Al,O3; (CHA) samples calcined at different
temperatures.

The Al 2p core level patterns for the CHA samples are presented in the Figure
6.15. Dufresne et al. reported the binding energy of AI** in alumina (amorphous or y-
alumina) at 74.8 eV [54]. In the present case, it is observed at 73.6-74 eV. In the
literature, however, large range of binding energies (73.7-74.8 eV) could be found for Al
2p core level of alumina [51,55]. As can be noticed from the figure, all the patterns look
alike, intensity slightly enhancing with the temperature increase possibly due to better
crystallization of the support. After this observation, it can be suggested that there is no
formation of any composite oxide phases between alumina and ceria and/or hafnia, which
has been already substantiated by XRD analysis.

As presented in Table 6.3, the atomic ratios for Ce/Hf and Ce/Al did not change
considerably when the temperature was increased from 773 to 1073 K. This indicates that
there is no change of composition or in other words, no further reaction occurred among

the components within the temperature range of 773-1073 K.
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Table 6.2: XPS core level electron binding energies (eV) of the CeO,—HfO,/Al,O3 (CHA)
samples calcined at different temperatures

Calcination Binding Energy (eV)

Temp. (K) O 1s Ce 3d Hf 4f Hf 4d Al 2p
773 530.8 881.2 17.3 (15.9) 223.0 (211.8) 73.6
873 530.9 881.2 17.3 (15.9) 223.3 (212.4) 73.9
973 530.9 881.3 17.4 (16.2) 223.8 (212.5) 74.0
1073 531.1 881.4 17.6 (16.2) 224.2 (212.6) 74.0

Table 6.3: XPS atomic ratio of the CeO,-HfO,/Al,O; (CHA) samples calcined at different
temperatures

Calcination Atomic Ratio
Temperature (K) Ce/Hf Ce/Al
773 2.964 0.203
873 2.851 0.202
973 2.729 0.191
1073 2.582 0.180

6.4 Conclusions

Ceria—hafnia composite oxides dispersed over Al,O3; support possessing high
specific surface area and good thermal stability were successfully synthesized by a
deposition coprecipitation method. The X-ray diffraction peaks revealed the crystal faces
corresponding to a fluorite type structure of ceria-hafnia solid solution and there is no
indication of formation of other compounds. The TEM-HREM studies showed that the
particles of supported ceria—hafnia solid solutions have the dimension of ~4—8 nm within
the investigated temperature range. The UV-vis DRS measurements indicated the
lowering of symmetry and consequent strain development at the cerium sites. Raman
spectroscopy studies show the formation of oxygen vacancies in the composite oxide
lattice. The XPS analysis revealed the presence of Ce in both 3+ and 4+ oxidation states
and Hf and Al in 4+ and 3+ oxidation states, respectively. There was no formation of any
composite oxide phase between alumina and ceria and/or hafnia as supported by XRD
analysis. Thus the use of various spectroscopic and non-spectroscopic techniques
provided interesting information regarding the physicochemical characteristics of alumina

supported nanosized ceria-hafnia composite oxides.
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Chapter 7 Catalytic Activity Studies

CATALYTIC ACTIVITY STUDIES

7.1 Introduction

The results and discussion pertaining to the structural characteristics of
unsupported CeO,—HfO, and CeO,—ZrO, and various supported CeO,-HfO, catalytic
systems were presented in chapters 3-6, respectively. The present chapter is compiled
with the catalytic activity results obtained with the synthesized nanosized multicomponent
composite oxides. Interestingly, the synthesized unsupported and supported ceria-hafnia
composite oxides can be used as active catalysts as well as a novel composite oxide
support in order to obtain different type of catalysts for several catalytic applications. It has
been observed from the recent literature that these oxides are quite different from the
conventional catalytic supports such as SiO,, Al,O3, ZrO,, and MgO, owing to their typical
redox characteristics and the ability to influence the catalytic activity of noble metals and
transition metals/metal oxides [1-4]. The oxygen storage capacity (OSC) is the most
important characteristics of the ceria-based solid solutions and responsible for their
extensive application in various catalytic applications, especially in three-way catalytic
(TWC) applications. CO oxidation is one of the key steps in the overall process of the
TWCs, and therefore it has frequently been used as a probe reaction over ceria-based
materials to evaluate different catalyst formulations and investigate mechanistic issues
[1,2,5-9]. Recently ceria-based composite oxides have attracted a lot of attention for
oxidation of diesel soot particulates and reduction of toxic greenhouse gases [10-13]. In
particular, the incomplete combustion that occurs in the diesel engines leads to huge
emissions of atmospheric pollutants as soot particulates and toxic gases. Soot emission is
a significant component of air pollution and is harmful for both human beings and the
environment [14]. Among several techniques that have been developed for reducing the
emissions from diesel engines, filtering followed by catalytic oxidation is one of the most
promising options. This approach is based on the application of a catalyst to achieve the
onset of regeneration at a significantly lower temperature [13]. Therefore, the synthesized
unsupported CeO,-HfO, and CeO,-ZrO, and various supported CeO,—-HfO, composite
oxides were tested for their OSC properties, CO oxidation, and soot oxidation activity.
Metal oxides are used both for their acid-base and redox properties in heterogeneous

catalysis [15]. To test the acid-base properties of the synthesized nanosized composite
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oxides, some of the catalysts were also evaluated for the selective dehydration of 4-

methylpentan-2-ol to 4-methylpent-1-ene.
7.2 Potential Oxygen Storage Capacity Measurement

The oxygen storage/release characteristics (OSC) of ceria-based solid solutions
are a crucial requirement for the automotive three-way catalysts (TWCs) and especially
oxidation reactions such as carbon monoxide and soot oxidation. Pure-CeO, has a
relatively small oxygen storage capacity compared to the composite oxides of ceria,
because only the surface oxygen is available for OSC [16]. Basically, the high OSC of
Ce0,-HfO, and Ce0O,-ZrO, solid solution comes from the contribution of dissolved HfO,
or ZrO,, which can release the oxygen inside the CeO, lattice at relatively low
temperatures such as 773 K. The potential catalytic performance was tested by the
oxygen release characteristics of the synthesized nanosized composite oxide powders
under flow of dry air in the temperature range 573-1073 K. The change of weight of the
sample was monitored by the thermogravimetric (TG) measurement under cyclic heat
treatment in flowing air. A TGA/DTA analyzer was employed to evaluate the oxygen
storage characteristics of the investigated samples. The heat treatment cycle consisted of
a first run up to 1073 K, cooling to 423 K, and a second heating treatment to 1073 K
again. All the heating and cooling rates were 5 K min™". The weight loss of sample in the
second heating TG data was used as a measure of oxygen release properties of the
composite powders between 573 and 1073 K. The heat treatment temperature maxima
(1073 K) correspond to the moderate thermal condition of practical automotive exhaust
gases. This technique of OSC evaluation is essentially similar to that described previously
[17,18].

Depending on the temperature at oxygen partial pressure PO, = 0.2 atm., a part of
cerium ion (Ce*") in ceria changes to Ce>". The reaction of oxygen release from CeO, is

described in equation 7.1.
Ce0O, —» Cey03 +1/2 O, (71)

Since the value of oxygen vacancy content is relatively meager, while writing the equation

for Ce-Hf oxide solid solutions, both the vacancy content ‘6’ and structural change
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considerations must be taken into account. The equation for ceria-hafnia solid solutions is

as follows.
Ce*'  Hf,O, — (Ce**y 55 Ce®*25) 1.x Hf Oz s + /20, (7.2)

When oxygen is removed, the crystal acquires overall positive charge, in order to keep the
crystal neutral, two electrons have to be introduced per oxygen ion removed. These are
associated with two cerium atoms that will change charge from +4 to +3. The equation 7.2
clearly indicates that for every ‘4’ unit oxygen loss, 26 units of cerous ions are formed in

the system.

Table 7.1: The percentage weight loss, oxygen vacancy content (8) and the
corresponding total oxygen storage capacity of CeO,—HfO,/Al,O; (CHA), CeO,—HfO,/TiO,
(CHT), and CeO,—HfO,/SiO, (CHS) samples calcined at 773 K in the temperature range
573-1073 K in flowing air environment

Catalyst Weight loss (%)  Oxygen vacancy Total OSC
content () (1 moles O,/ g Ce-Hf-Ox)
CHA 2.6002 0.832 1273.4
CHT 2.275 0.728 1026.8
CHS 2.115 0.676 881.8

From the Table 7.1, it could be seen that alumina supported CeO,—HfO, (CHA) showed
highest total OSC, which is followed by CHT and CHS samples. The total OSC of
unsupported CeO,—HfO, and CeO,-ZrO, samples calcined at 773 K were fund to be
185.5 and 156.3 p moles O,/ g Ce-Hf-Ox and Ce-Zr-Ox, respectively. These values were
obtained due to the 0.59347% weight loss for CH and 0.5% weight loss for CZ,
respectively in the second heat cycle of the measurement. Thus, the influence of support
is evident from the enhancement in their OSC values. Among the supported systems, the
OSC of CHS sample calcined at 773 K was found to be the lowest one, which however is
higher than unsupported Ce-Hf composite oxide. The OSC of ceria-based solid solutions
depends on several factors, such as surface area, particle size, method of preparation,
and nature of dopants. The process of oxygen-vacancy formation is closely related to the
quantum effect of localization/delocalization of the 4f electron of cerium, which is the basis

for the oxygen storage capacity of the cerium oxide [19]. Under reduction conditions,
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oxygen leaves the surface and vacant sites are formed. This process is facilitated by a
simultaneous condensation of two electrons into localized f-level traps on two cerium
atoms. When an oxygen atom moves diffusively toward the surface or oxygen vacancy
moves, these electrons localize on cerium atoms in the immediate surrounding of the
vacancy, and correspondingly, they delocalize and transfer to oxygen from Ce sites when
the vacancy leaves. Thus, the formation of reduced oxides is a combined process of
formation, migration, and ordering of virtual Ce®*"-vacancy complexes. When the external
conditions change from oxygen poor to oxygen rich, this process behaves reversibly. This
makes the oxygen storage-and-release ability of ceria a remarkable property used in

many modern environmentally friendly applications [19].
7.3 CO Oxidation Reaction

The oxidation of CO was conducted at atmospheric pressure and at temperatures
in the range of 300-773 K using the fixed bed micro-reactor under plug flow conditions at
the heating rate of 5 K min~'. About 100 mg of the catalyst of the 250-355 um sieve
fraction was placed in the quartz reactor. These samples were diluted with quartz particles
of the same sieve fraction. The temperature was measured directly from the fixed bed
using a thermocouple that was placed in the hollow part of the reactor. The gas mixtures
used were 10.2% O, in argon; and 9.98% CO in argon. The total flow rates were
maintained by mass flow controllers.

The catalytic activity for conversion of CO and yield of CO, of the unsupported Ce-
Hf-oxide and Ce-Zr-oxide samples calcined at 773 K in the temperature range 400 to 773
K are presented in Figures 7.1 and 7.2, respectively. It is evident from Fig. 7.1 that the Ce-
Hf-oxide sample exhibits better activity in terms of total conversion as well as light off
temperature (50% conversion, T,,). The Ce-Hf-oxide sample shows ~100% conversion at
773 K (highest temperature investigated) with a T4, of 577 K. On the other hand, Ce-Zr-
oxide provides 85% with a T4, of 695 K, under the same experimental conditions [20,21].
The yield of CO, for the CH and CZ samples are presented in Fig. 7.2. The yield of CO,
suggests that there is no mass loss in the reaction process with the yield almost identical
to the CO conversion. This reflects the accuracy in the experimental setup also. Figures

7.3 and 7.4, respectively show the conversion of CO and yield of CO, for the CH and CZ
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Figure 7.1: Conversion of CO over CeO,—HfO, (CH) and CeO,-ZrO, (CZ) catalysts

calcined at 773 K as a function of reaction temperature. Inset shows the corresponding
T1/2-
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Figure 7.2: Yield of CO, over CeO,—HfO, (CH) and CeO,-ZrO, (CZ) catalysts calcined at
773 K as a function of reaction temperature.
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1073 K as a function of reaction temperature.
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samples calcined at 1073 K. It follows similar order for both CO conversion and CO, yield
as that of 773 K calcined samples. CH and CZ samples calcined at 1073 K exhibited T4,
of 707 and 717 K, respectively. Thus, the CO activity results suggest that CH is better
catalyst compared to CZ samples irrespective of calcination temperature. Their OSC
could be correlated with the domain size, that is, the interfacial area between CeO, and
the constituent oxide enriched regions rather than with the surface area of the samples.
Interestingly, a significant lowering of the starting reduction temperature is noticed for the
CH compared to the CZ sample as presented in chapter 3. The redox reactivity of ceria,
especially toward CO, might strongly depend on the type and amount of surface exposed
to the gas phase. The increase in CO oxidation activity for the CH sample compared to
that for the CZ sample may be correlated to ISS measurement results. As mentioned, a
slight surface enrichment of cerium in CH may be responsible for showing a better
reducible property at lower temperatures. As a consequence one can observe light off
temperature at much lower value for CH compared to CZ. The OSC values of the studied
catalysts could also be directly correlated to the CO oxidation activity. As it is mentioned in
the earlier section CH sample bear higher OSC compared to CZ sample. Further, the
results from UV- and visible-Raman and UV-vis DRS studies (chapter 3) also support the
formation of oxygen vacancy and defect sites in the Ce-Hf and Ce-Zr mixed oxide crystal
lattices. Especially, the presence of Ce®* « O transitions in the UV-vis DRS spectra
infers the presence of oxygen vacancy defects, which is more prominent in the case of the
CH sample. These factors affect the catalytic activity of the ceria-based solid solutions,
which reveals the CH sample is better for CO oxidation compared to that of the CZ
sample.

The ease of reducibility of ceria-based composite oxides depends on vacancy
formation energy (VFE). Low VFE means high reducibility, which can lead to high OSC
and improved catalytic activity. It is already reported that VFE for ceria-based composite
oxides decreases compared to ceria when smaller cations replace Ce in the lattice [22]. It
is also known that VFE depends almost linearly on the ionic radius of the solute ions [23].
Apparently, in the present case, VFE for CH and CZ decrease maintaining the same
trend. Moreover, one explanation is also that the presence of these smaller cations
decreases the O-2p-Ce-4f band gap separation. Again, in the case of CH, phase
segregagation phenomenon is not observed even after the exposure of the samples to
higher temperatures. Therefore, the lowering of the activity for the 1073 K calcined sample

can be accounted for by loss of surface area alone. The lower reduction temperature of
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Figure 7.5: Conversion of CO over CeO,—HfO,/Al,O; (CHA), CeO,—HfO,/TiO, (CHT) and

Ce0,—HfO./SiO, (CHS) catalysts calcined at 773 K as a function of reaction temperature.
Inset shows the corresponding T1..

Yield of CO, (%)

100 ~

80

(o2}
o
1

B
o
1

20

I,J T T
450

nsruvinies CHATT3
o CHT773
‘ ~ CHS773

T T T T T T T T T T T 1

500 550 600 650 750 800

Temperature (K)

Figure 7.6: Yield of CO, over CeO,-HfO,/AlL,O; (CHA), CeO,—HfO,/TiO, (CHT) and
Ce0,—HfO./SiO, (CHS) catalysts calcined at 773 K as a function of reaction temperature.

172



Chapter 7 Catalytic Activity Studies

100
o -
e
— 80 ///”
S V
o CHA 1073w{W CHS 1073
o 60 / o
< 60 ]
o o
: / /
§e] Y, P
[72]
— s A
S 40+ / o CHT 1073
o] ;
O W
0 - T T |

T T T T T T T T T T T T 1
400 450 500 550 600 650 700 750 800
Temperature (K)

Figure 7.7: Conversion of CO over CeO,—HfO,/Al,O5 (CHA), CeO,—HfO,/TiO, (CHT) and

Ce0,—HfO,/SiO, (CHS) catalysts calcined at 1073 K as a function of reaction
temperature.

100

e CHAL0T3
’

80—- /(,r/f

/ , CHS1073

(2]
o
1
-,

Yield of CO, (%)
\i
T

I
o
1
.
X,

# CHT1073

I T T T - T T T T T T T T T T T T 1
400 450 500 550 600 650 700 750 800
Temperature (K)

Figure 7.8: Yield of CO, over CeO,~HfO,/A,0; (CHA), CeO,~HfO,/TiO, (CHT) and

Ce0,—HfO,/SiO, (CHS) catalysts calcined at 1073 K as a function of reaction
temperature.

173



Chapter 7 Catalytic Activity Studies

Ce* and thus the increased ability of CeO,-based composite oxide to shift between Ce**
and Ce* at a much lower temperature is the key for the increased oxidation activity. From
our observations, we can come to the consensus that the difference in OSC and CO
oxidation activity is not dependent on the ionicity of Hf-O or Zr-O bonds. As the ionicity of
Hf-O bond is larger than that of Zr-O bonds, it is possible that the release of oxygen from
the CZ sample is easier than that from CH to reduce Ce** in the corresponding composite
oxides. Interestingly, our experimental results did not follow the trend [20,21]. Therefore, it
is thought that the ionic radii of the dopant cations have played a significant role in the
observed results.

The CO oxidation activity results and their corresponding yield of CO, pertaining to
the 773 K calcined CHA, CHT, and CHS catalysts are presented in Figures 7.5 and 7.6,
respectively. It is evident from the Fig. 7.5 that the samples are exhibiting reasonably
good activity in terms of total conversion and light off temperature (50% conversion, Ty,).
Among the three different samples, CHA showed higher activity towards CO oxidation
reaction. The T4, observed for the CHA, CHT, and CHS catalysts were 595, 602, and 680
K, respectively. As presented in Fig. 7.6, the yield of CO,, evaluated as per the formula
presented in the experimental section for different catalysts suggests that there is no
mass loss in the reaction process with the yield almost identical to the CO conversion.
This reflects the accuracy in the experimental setup also. Figures 7.7 and 7.8, respectively
show the conversion of CO and yield of CO, of various supported ceria-hafnia catalysts
calcined at 1073 K. As could be seen from Fig. 7.7, 1073 K calcined CHA sample
exhibited higher activity compared to the titania and silica supported samples. The
corresponding yields of CO, also follow similar order. As expected CHT sample exhibited
very low activity in comparison to CHA and CHS samples calcined at 1073 K. The CHT
sample calcined at 1073 K showed only 30% conversion. On the other hand, the Ty
observed for the CHA and CHS catalysts were 631 and 738 K, respectively. The activity
results could be explained in terms of several factors. The OSC of the dispersed Ce—Hf-
oxide strongly influences the catalytic activity of the material. As could be observed from
Table 7.1, CHA exhibits higher OSC compared to the CHT and CHS samples. UV-Raman
studies of CHA samples (chapter 6, Fig. 6.9) showed that there is more amount of defect
generation with the formation of higher content of surface oxygen vacancy compared to
CHT and CHS samples. The highest intensity of the band around 620 cm™ in the Raman
spectra of CHA samples suggests higher vacancy in the crystal lattice of Ce-Hf-oxide,

thereby more exposed sites with Ce®*". The XPS and UV-vis DRS studies also support
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these observations. The reducibility of the composite oxides as investigated by CO-TPR
measurements showed that Al,O; support induces the lowering of reduction temperature
to a remarkable extent which helps the lattice oxygen of surface region to take part in the
CO oxidation reaction. Moreover, a definite balance between the structural defects and
the composition of Ce—Hf-oxide is essential for the CO oxidation activity [24]. During the
oxidation of CO, the rapid transformation of adsorbed CO into CO, strongly depends on
the availability of lattice oxygen or OSC, as the participation of lattice oxygen and the
degree of reducibility significantly affect the performance of ceria-based catalysts [24].

The non-uniformity and higher order of defects with different contrasts in the
crystal structure of very small ceria-hafnia nanocomposite oxides, as observed from TEM-
HREM studies (chapter 4), may be the cause of poor OSC of CHS sample leading to
inferior performance in the CO conversion among the 773 K calcined various supported
ceria-hafnia samples. It should be noted that there is no difference in the composition of
various supported Ce—Hf-oxides except their specific surface areas. However, the
reactivity could not be correlated with the specific surface areas of the samples. Hence
the catalytic performance of Ce—Hf-oxide is certainly influenced by the nature of the
support.

The activity results for the 1073 K calcined CHA, CHT, and CHS samples showed
lower conversion as expected. This can be accounted for the significance of following
effects when the sample was calcined at high temperature: (1) the loss of surface area,
increase in particle size, and formation of more agglomerated microstructures losing
dispersion of the active composite metal oxide; (2) phase transformation of the composite
oxide, and (3) a change in the redox state in the composite oxide. The very low activity of
CHT sample calcined at 1073 K is due to the emergence of unfavorable TiO.-rutile phase
as observed from visible-Raman spectra (chapter 5, Fig. 5.10). Thus, from the above
discussion it could be concluded that formation of oxygen vacancy with the generation
exposed Ce>* content in the surface of ceria-based catalysts along with easy reducibility
and higher OSC, are very important factors to have better activity towards CO oxidation.
Recent studies of scanning tunneling microscopy (STM) on a ceria surface combined with
state-of-the-art quantum mechanical calculations using density functional theory (DFT)
showed that linear clusters of surface oxygen vacancies are formed on CeO,(111) surface
at high temperatures [25]. These vacancy clusters expose exclusively Ce*" ions to gas-
phase reactants. It has been proposed that surface oxygen vacancies participate in many

chemical reactions catalyzed by metal oxides. When an adsorbate is oxidized at the
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Figure 7.9: Conversion of O, over CeO,—HfO, (CH), CeO,-HfO,/Al,0; (CHA),
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as a function of reaction temperature.
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surface, the oxidant is often a surface lattice oxygen atom, thus creating a surface oxygen
vacancy (the Mars-van Krevelen mechanism). Vacancies also bind adsorbates more
strongly than normal oxide sites and assist in their dissociation. These groups of exposed
Ce** ions on CeO, are a potentially effective surface site for catalysis, because adsorbed
gases or catalytic reaction intermediates could interact simultaneously with several Ce**
ions. Similar mechanism could be expected in our present investigation also.

Figure 7.9 shows the conversion of O, for the unsupported and various supported
Ce0O,—HfO, composite oxide catalysts calcined at 773 and 1073 K. These results were
presented to show the evidence of stoichiometry of the reaction, i.e. CO + %2 O, — CO..
The results revealed that the O, undergoes ca. 50% conversion relative to the CO
conversion results during the course of the reaction according to the reaction scheme. As
initially we have used 1% CO/Ar and 1% OJ/Ar with the feed ratio 1, only half of the O,
concentration has been utilized for the reaction showing the conversion of O, around
50%.

7.4 Soot Oxidation Reaction

The soot oxidation activity was performed for the synthesized catalysts by using
thermogravimetry methods. The measurements were carried out for both loose (mixed
with spatula) and tight (mixed in agate mortar) contact condition of catalyst and soot. The
activity data for loose contact condition were collected in a TG-QMS instrument, while for
tight contact condition was collected in a TG-SDTA instrument, respectively. Figures
7.10-7.14 show the DTG and QMS plots of the bare soot and mixture of catalyst and soot
in 4:1 wt.% ratio. As observed from the DTG-QMS plots (Fig. 7.10) of bare soot show the
features corresponding to the mass of H,O (M18), CO (M28), O, (M32), and CO, (M44),
respectively. As observed there is only one feature for CO, formation when temperature is
increased, while there is loss of mass pertaining to O, was observed. As could be seen
from the Figs. 7.11 to 7.14, for different catalyst and soot mixture the DTG-QMS plots
were somewhat different. In addition to the above observations, the catalyst-soot mixtures
for different samples show two distinct features for the formation of CO,, which reveal the
conversion of soot to higher extent when catalysts were used. However, from loose
contact conditions we could not determine the exact conversion of soot. Loose contact did
not show a significant decrease in the soot oxidation temperature irrespective of the

selected catalysts, consistent with reported literature [11-13]. When the soot particle is not
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Figure 7.10: DTG and QMS plots of bare soot. The legends M18, M28, M32, and M44
represent the mass of H,O, CO, O,, and CO,, respectively.
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Figure 7.11: DTG and QMS plots of the mixture of CeO,—HfO, (CH) and soot. The
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respectively.
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Figure 7.12: DTG and QMS plots of the mixture of CeO,—HfO,/Al,O; (CHA) and soot. The
legends M18, M28, M32, and M44 represent the mass of H,O, CO, O, and CO,,
respectively.
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Figure 7.13: DTG and QMS plots of the mixture of CeO,—HfO,/TiO, (CHT) and soot. The
legends M18, M28, M32, and M44 represent the mass of H,O, CO, O, and CO,,
respectively.
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in a close contact with the catalyst surface, the catalyst lattice oxygen cannot be
transferred to the soot surface [26-28]. Therefore, it is adopted to test the catalysts using
a tight contact condition. The oxygen involved for soot combustion comes from two
aspects: the gaseous oxygen and the oxygen released from catalysts. The better catalytic
activity may be contributed from the dissociation centers for the adsorption oxygen
provided by the metal oxides [12,28]. The high catalytic activity of CeO, for soot oxidation
in air was attributed to the generation of highly active oxygen in the lattice due to the
oxygen exchange between gas phase O, and oxygen in the oxide framework, as
mentioned [12], and the redox cycle Ce*/Ce*" seems to play an important role in the
oxygen exchange process.

Figure 7.15 compiles the conversion of soot as a function of temperature for the
mixture of CeO,—HfO, (CH)-soot and CeO,—ZrO, (CZ)-soot along with bare soot. The
measurements were carried out using air as O, source in tight contact conditions. Both
the catalysts showed decreased in soot oxidation temperature, as expected. The soot
conversion temperature significantly decreased for catalysts-soot mixture in comparison to
bare soot. The light-off temperature (temperature at 50% conversion or Tq;) has
decreased to lower temperatures after introduction of catalysts to the soot. The Ty, for
bare soot was observed at ca. 860 K. But the T4, for the CH- and CZ-soot mixtures are
observed at ca. 682 and 787 K, respectively. This is a significant observation in the
present study. As it is always desirable to develop better catalysts which could lower the
temperature at 50% soot conversion. The possible reasons for the increase in activity of
doped CeO, catalysts in the soot oxidation with O, are probed by the different catalyst
characterization techniques. Among the various parameters that can explain the
differences in catalyzed soot oxidation temperature with O,, are the catalyst surface area,
formation of oxygen vacancies in the catalysts structures and low temperature reducibility.
Comparison of the BET surface areas of all catalysts (chapter 3, Table 3.1) shows that
there is nearly a direct correlation between the BET surface area and soot oxidation
results. It is always desirable to have ceria-based composite oxides with the highest
possible specific surface area, though it is suggested that the surface area may not be the
only parameter that determines the catalytic efficiency of ceria [20,21]. The formation of
oxygen vacancies in the CH and CZ samples were identified from Raman and UV-vis
DRS studies. These results correlate well with the activity measurements. Among the
supported CeO,—HfO, catalysts, alumina supported one showed higher soot conversion at

lower temperatures. As could be observed from the Fig. 7.16, the T4, for CHA, CHT, and
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Figure 7.16: Conversion of soot over pure soot, mixture of CeO,—HfO,/Al,O; (CHA),

CeO0,—HfO,/TiO, (CHT), and CeO,—HfO,/SiO, (CHS) with soot. Inset shows the T, for the
soot conversion.

CHS are 682, 707, and 726, respectively. The activity data could be explained in terms of
several factors. As could be observed from Table 7.1, CHA exhibits higher OSC
compared to the CHT and CHS samples. UV-Raman studies of CHA samples (chapter 6,
Fig. 6.9) also showed that there is more amount of defect generation with the formation of
higher content of surface oxygen vacancy compared to CHT and CHS samples. The
highest intensity of the band around 620 cm™ in the Raman spectra of CHA samples
suggests higher vacancy in the crystal lattice of Ce-Hf-oxide, thereby more exposed sites
with Ce*. The XPS and UV-vis DRS studies also support these observations. The
reducibility of the composite oxides as investigated by CO-TPR measurements showed
that Al,O3 support induces the lowering of reduction temperature to a remarkable extent
which helps the lattice oxygen of surface region to take part in the soot oxidation reaction.
We have seen the similarity in the behavior of CO and soot oxidation in line with
earlier reports, which put forwarded a hypothesis of mechanism of it [1,20,26,28]. This is
in analogy to what has been done for CO oxidation, by invoking a redox mechanism with a
simple redox route for soot oxidation, which utilizes oxygen activated from the support in a

typical reduction/oxidation mechanism (Mars—Van—Krevelen type) in which the catalyst
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undergoes a partial reduction. Oxygen storage is therefore important because it provides
an alternative route for the oxidation of big soot particles. An alternative redox route
involves oxygen from the support and gas-phase which reacts with soot to form adsorbed
CO; in the form of carbonates. Decomposition of carbonate is then stimulated by gas

phase oxygen that provides also reoxidation of the support.
7.5 Dehydration of 4-methylpentan-2-ol

Acid-base properties of metal oxides play a vital role in catalysis and there are
several chemical processes that have been industrially exploited for various applications
based on surface acid-base sites of the metal oxide catalysts [15,29-32]. To test the acid-
base character of the synthesized catalysts, selective dehydration of 4-methylpentan-2-ol
was conducted in normal atmospheric pressure for CeO,—HfO, and SiO, supported
Ce0O,—HfO, composite oxides. The dehydration of 4-methylpentan-2-ol could represent an
alternative route to the preparation of 4-methylpent-1-ene, a starting material for the
manufacture of thermoplastic polymers of high technological significance. The conversion
of 4-methylpentan-2-ol produces mainly 4-methylpent-1-ene and 4-methylpent-2-ene with
trace amounts of Cgs alkenes as dehydration products. Besides dehydration,
dehydrogenation of the reactant alcohol gives rise to 4-methylpentan-2-one and higher
ketones (in very low amounts). Previous works on zirconia, ceria and lanthana-based
oxides revealed the involvement of three different mechanistic pathways (E1cB, E1 and
E2) to form the desired and undesired products [33—-36]. When the acid and base
functions of the catalyst are well balanced in terms of site concentrations, a two-point
adsorption of the reactant alcohol occurs, in which the most acidic hydrogen (i.e. H of
terminal methyl group) interacts with a base site while the acid centre interacts with the
OH group of the alcohol. The fate of this adsorbed species depends on the relative
strength of the acid and base sites. If the acid sites are weak and the base sites are
strong enough, rupture of the C—H bond with carbanion formation occurs first and an
E1cB mechanism sets in leading to the preferential formation of 1-alkene (Hofmann
product). If the strengths of the acid and base sites are comparable, no intermediate
carbanion is formed. In this situation, the transformation of the adsorbed species into the
olefin takes place via concerted mechanism (E2 pathway) and 2-alkene is then the
preferred product (Saytzeff product). Such co-operative action of the sites is disfavored

when either the acid or the base sites are predominant. In the former case, the reaction is
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initiated by the attack of the acid sites to the hydroxy group of the alcohol leading to the
formation of a carbocation intermediate, which transforms into alkenes with internal
double bonds (E1 mechanism, Saytzeff product). When the base sites on the catalyst
surface are predominant and strong, adsorption occurs by means of a hydrogen bond
involving the OH group of the alcohol and a base site. Here abstraction of o-H by
interaction with a positively polarized H atom on the surface (originating from the

previously split OH group of the alcohol) occurs and a ketone is formed instead of an
alkene.
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Figure 7.17: Conversion of 4-methylpentan-2-ol and selectivities to 4-methylpent-1-ene
(1-alkene), 4-methylpent-2-ene (2-alkene) and 4-methylpentan-2-one (ketone) versus

time-on-stream for CeO,—HfO, (CH) catalyst at different reaction temperatures.
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Based on aforesaid background, we have examined the dehydration of 4-
methylpentan-2-ol over CH and CHS samples calcined at 773 K, in the present
investigation. The conversion of 4-methylpentan-2-ol and selectivities to 4-methylpent-1-
ene (1-alkene), 4-methylpent-2-ene (2-alkene) and 4-methylpentan-2-one (ketone) versus
6h time-on-stream for CeO,—HfO, (CH) and CeO,-HfO,/SiO, (CHS) catalysts at different

reaction temperatures are presented in Figures 7.17 and 7.18, respectively.
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Figure 7.18: Conversion of 4-methylpentan-2-ol and selectivities to 4-methylpent-1-ene
(1-alkene), 4-methylpent-2-ene (2-alkene) and 4-methylpentan-2-one (ketone) versus
time-on-stream for CeO,—HfO,/SiO, (CHS) catalyst at different reaction temperatures.

As could be observed from Figs. 7.17 and 7.18, the conversion of alcohol increases
with increasing reaction temperature for both the catalysts. Up on dispersing ceria-hafnia

over SiO,, the conversion of the alcohol is drastically increased. At 523 K after 2h of
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reaction the alcohol conversion was 9% for CH, which increased to 16% for CHS. At 673
K (highest reaction temperature), the CH sample after 6h of reaction exhibited 23%
conversion, whereas CHS showed 100% conversion. This is a remarkable observation in
the present investigation. The selectivity towards 4-methylpent-1-ene (1-alkene; desired
product) are comparatively higher for CHS than CH, in general. At 523 K after 4h of
reaction the selectivity towards 1-alkene was found to be < 5% for CH, whereas CHS
exhibited > 75% selectivity for 1-alkene. Moreover, the selectivity of the dehydrogenation
product, 4-methylpentan-2-one was higher for CH compared to CHS sample, which was
inferior from the practical point of view. However, there is no appreciable change in the
selectivity of 4-methylpent-2-ene with increasing reaction temperature for all the catalysts.
The present study indicates the involvement of the E1cB mechanistic pathway through the
formation of carbanion intermediate to form the highly selective 1-alkene. The following
observations could be related to the highly dispersed Ce-Hf-oxide over SiO, with balanced
acid-base and redox sites. The high dispersion of CeO,—HfO, over SiO, to form ceria
crystallites of ~3-5 nm size accounts for an increase in the conversion of the alcohol, as
high dispersion of active oxide always provides more active sites for the reactant
molecules to interact with more balanced acid-base surface sites. Further, Raman results
(chapter 4) of silica supported ceria-hafnia composite oxide showed the formation of
oxygen vacancies to higher extent compared to ceria-hafnia (chapter 3). The emergence
of Raman band at ~620 cm™ in the visible-Raman spectra is related to the oxygen
vacancy concentration, which is more prominent in the case of CHS sample (chapter 4,
Fig. 4.10). The formation of oxygen vacancy in CHS provides more Ce®" sites, which may
lead to an increase in the ability of O*" ions to abstract a proton in comparison to the 0%
ions connected to Ce*". This facilitates the E1cB mechanistic pathway to form the desired
1-alkene selectively. The XPS and ISS results (chapter 4, Figs. 4.12 and 4.16,

respectively) also support the observation concluded from Raman studies.
7.6 Conclusions

The catalysts synthesized in the present investigation were evaluated for OSC
properties, CO oxidation, and soot oxidation activity to test their effectiveness. Some of
the catalysts were also examined for the acid-base nature of the samples. The
unsupported ceria-hafnia composite oxide is better in terms of OSC, CO oxidation, and

soot oxidation ability compared to well reported unsupported ceria-zirconia composite
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oxide. The redox behavior is quite interesting for the ceria-hafnia system. Among the
supported ceria-hafnia catalyst systems alumina supported composite oxide showed
higher activity for OSC, CO oxidation, and soot oxidation reaction, respectively. All the
three catalytic properties are interrelated, as observed from our experimental results and
physicochemical characteristics of the composite oxide systems. The fourth reaction
studied was selective dehydration of 4-methylpentan-2-ol, which is used as a test reaction
to evaluate the acid-base character of oxide catalysts. Silica supported ceria-hafnia
system showed highest activity toward the dehydration of the 4-methylpentan-2-ol

selectively.
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