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Preface 

 
The prospective impact of nanomaterials in science and technology has followed an 

increasing trend due to their unique chemical and physical properties compared to bulk. 

Significant advances in current technologies in areas such as clean energy production, 

electronics, medicine, and environment have fuelled major research and development 

efforts in nanotechnology around the world. This leads to the opportunity to use such 

nanostructured materials in novel applications and devices. Ceria, zirconia, alumina and 

titania are some of the major oxides which find vast applications as a nanomaterial on a 

wider side. 

Cerium oxide (CeO2) commonly known as ceria, is one of the most important and 

abundant rare-earth materials possessing stable face-centred cubic fluorite-type crystal 

structure. Nanoscale cerium oxide has many properties which make them attractive 

materials in applications such as  direct electrochemical oxidation of methane in solid 

oxide fuel cells, oxygen sensing/ storage, UV absorbent, as oxidation catalyst in 

automobile exhaust and in glass-polishing. Most of the applications are derived from the 

facile conversion of Ce
4+

 to Ce
3+

 and vice versa which endows it with a high oxygen 

storage capacity (OSC). The fundamental structures of the ceria nanomaterials appear to 

constructively dominate their properties and applications. The redox activity of the 

cerium ions, and the possibility of tuning the physical and chemical properties through 

doping or by varying grain size and shape make CeO2 attractive for easy adaptation as in 

the case of catalysts where the crystallite size, the presence and number of oxygen 

vacancies and the resulting lattice strain are critical. The shape of CeO2 nanocrystals is 
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correlated with the predominance of particular crystal facets which exhibit selective 

reactivity in different catalytic processes. Hence methods that give control over crystal 

shape may provide a means to understand and optimize the catalytic activity. This makes 

size and shape selective synthesis of ceria nanostructures important. However, creating 

these favorable defects and understanding their roles in the reducibility and activity of 

nanosized ceria at the atomic level is still lacking. 

The surface modification of nanoparticles is another interesting area of research 

which produces monodisperse nanoparticles of desired size and shape by proper tuning of 

synthetic conditions. By attaching suitable surfactants on nanoparticle surface, the 

dispersibility of nanoparticles in various solvents can be tailored. However, the 

applications of surface modified ceria nanoparticles have scarcely been reported. 

The present thesis addresses the size and shape selective synthesis of ceria 

nanoparticles by facile ammonia precipitation and hydrothermal methods, all starting 

from the cerium nitrate hexahydrate as precursor. The crystal morphology dependent 

polishing efficiency of ceria nanoparticles in glass polishing and catalytic activity in 

oxidation reaction were studied in detail. A simple reflux method was adopted for the 

synthesis of surface modified oleophilic/hydrophobic ceria nanoparticles. The surface 

modified ceria nanoparticles were further utilised for the preparation of stable nanofluids 

in transformer oil. The suitability of the nanofluids in heat transport was evaluated by 

measuring the colloid sizes, the stability, viscosity and the thermal conductivity of the 

nanofluid. The rate of heat transfer of the ceria nanofluid was further compared with 

alumina and zirconia fluids prepared by a similar reflux procedure, possessing highest 

and lowest material thermal conductivity among ceramic oxides respectively.        
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The thesis contains four chapters in total. The first chapter provides introduction 

to nanomaterials, nanocrystalline ceria and its applications in a broad way. A brief and 

updated literature review on ceria nanoparticles, with special emphasis on size and shape 

selective properties and its multi functional applications are covered. Various synthetic 

procedures adopted for the synthesis of ceria nanoparticles are described in detail. Based 

on critical assessment of the reported information, the present research problem has been 

defined. 

The second chapter describes architecture tuned synthesis of ceria nanoparticles 

of rod+cube, cube and spherical shape by hydrothermal and ammonia precipitation 

methods respectively. The hydrothermal temperature and base concentration were found 

to be the key parameters that determine the morphology of the crystal produced. The 

ceria nanoparticles of different morphology thus obtained have been characterised in 

detail using X-ray diffraction, BET surface area, transmission electron microscopy, X-ray 

photoelectron spectroscopy, Raman spectra and powder contact angle measurements. 

Aqueous slurry of the prepared nanoparticles, stabilised using carboxy methyl cellulose 

was further utilised for polishing silicate glass with an initial average surface roughness 

of ~40 nm. The surface roughness of the polished glass substrates was characterised 

using Atomic Force Microscopy (AFM) and profilometry. The mixed morphology of 

ceria rod and cube was found to be very effective in polishing glass by reducing the 

initial surface roughness from 40 to 3 nm in 10 minute polishing. Polishing efficiency of 

the nanopowders was compared with a commercial ceria abrasive used in glass polishing 

industry under identical conditions. Important parameters such as morphology of 

abrasive, solid content of slurry, pH of medium, etc. needed for achieving nanolevel 
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polishing were optimised. The efficiency of the abrasives in terms of surface quality 

followed the order Rod+Cube > Cube > Spheres > Commercial ceria. The amount of 

Ce
3+

 in the abrasive was found to vary with the morphology of the abrasive as evidenced 

by XPS and was found to be 42.1, 31.4 and 22.2% in rod+cube, cube and spheres 

respectively. More Ce
3+

 on the surface of abrasive in slurry was found to be beneficial for 

the polishing process due to the ease of forming a Ce(OH)3 hydration layer which would 

accelerate the process of polishing. The hydrophilicity of the powders was evaluated by 

dynamic water contact angle measurements as it is known that chemical reaction at a 

liquid–solid interface depends on their contact angle. The contact angle value was found 

to be 60°, 79°, 87° and 90° in the case of rod+cube, cube, sphere and commercial ceria 

respectively. This variation in contact angle is due to i) change in morphology ii) which 

in turn change [Ce
3+

] and iii) predominance of polar 200 surface. The mixed morphology 

of rod+cube containing ~42% Ce
3+

, and powder contact angle of 60° was found to be the 

best for polishing. An optimum solid content of 5 wt% of abrasive and a slurry pH of 10 

was found to be essential for achieving nanolevel smoothness. The improved polishing 

efficiency in alkaline media may be due to a simultaneous chemical etching which 

involves the hydrolysis of the glass surface. Hydroxyl radicals break the O–Si–O bonds 

on the glass surface and form relatively weaker Si–OH bonds. The removal of this 

weakened film surface through abrasion is relatively easy. So the pH of the slurry plays 

an important role in nanolevel polishing of glass substrates. 

The third chapter describes morphology dependent catalytic activity of nanoceria. 

Ceria nanoparticles of different morphology were synthesized by the same procedure 

adopted in chapter two except that concentration of precursor was decreased from 0.5 to 
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0.05 M. Lowering the precursor concentration was found to decrease the particle size 

which in turn increased the specific surface area of the product. The effect of morphology 

and BET surface area of fine CeO2 nanocrystals on catalytic activity were investigated by 

diesel soot combustion and temperature-programmed reduction (TPR) with H2. The peak 

temperature during carbon combustion in presence of CeO2 catalyst is expressed as one 

of the indices of catalytic activity. The reduction temperature of the catalysts in H2-TPR 

is a prominent index of catalytic activity. The soot oxidation temperature of various 

nanocatalysts decrease in the order commercial CeO2 > sphere > cube > rod+cube. To 

understand the morphology dependent catalytic activity, the nanopowders were 

characterised in detail using XRD, TEM, XPS, Raman spectroscopy and 

thermogravimetry. Catalytic activity of CeO2 crystals of different shapes have been 

correlated to the “texture coefficient” (an index of active crystal planes) estimated from 

XRD of the nanopowders. The defects /oxygen vacancy in the nanopowders due to the 

presence of Ce
3+

 as evidenced by XPS and Raman spectral analysis was found to be one 

of the key parameters that determine catalytic activity. A mixed morphology catalyst 

comprising of nanorods and nanocubes was found to be more effective in soot oxidation 

when compared to that of a commercial ceria powder. This catalyst could lower the soot 

oxidation temperature by ~165°C. The enhanced activity of mixed morphology catalyst 

was due to the predominance of highly active crystal facets {(200) and (220)} and ~44% 

of Ce
3+

 in the sample. CeO2 possesses a high oxygen storage capacity (OSC) because of 

the rapid formation and elimination of oxygen vacancy defects in it. The higher Ce
3+

 

concentration ensuing in defects and exposure of more reactive (100) surfaces, followed 

by (110) surfaces, can facilitate the formation of oxygen vacancies in them and introduce 
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enhanced OSC in the crystal. The OSC results determined by thermogravimetry follow 

an order rod+cube > cube > spherical > commercial ceria. The highest value obtained 

was 420.6 mole O2/g for rod+cube.  A remarkable feature which makes the mixed 

morphology catalyst promising candidate in high temperature oxidation is that they offer 

better catalytic activity even after thermal ageing at a high temperature of ~1000°C.  

The fourth chapter describes preparation of surface modified ceria nanoparticles 

and its subsequent application as a heat transport fluid in transformers.  Heat transport 

driven failures are quite often in high voltage power transformers. Dielectric oils in these 

transformers provide efficient cooling extending its life. These transformer oils require 

excellent nanoparticle (NP) dispersion, high heat conduction, with simultaneous electrical 

insulation. The surface modification of the nanoparticle is a prerequisite to make it 

compatible with the transformer oil and also to prevent the aggregation of the 

nanoparticles due to their high surface energy leading to precipitating out of the 

suspension. Surface modified oleophilic ceria nanoparticles were prepared by a reflux 

method in presence of oleic acid which was easily dispersed in transformer oil for the 

preparation of stable nanofluids. The suitability of the nanofluids thus obtained as heat 

transfer fluid was evaluated by measuring the stability of nanofluids, thermal 

conductivity, viscosity and particle size. The effect of particle loading and temperature on 

the thermal conductivity of the oil based nanofluids was studied. Oil-based nanofluids 

containing ceria nanoparticles showed shear-thinning behavior and produced ~14.6% 

enhancement in thermal conductivity at 50°C with 0.7 vol% nanoparticle loading. A 

comparative study was performed with alumina and zirconia nanofluids prepared by a 

similar method. The thermal conductivity enhancement followed the order alumina > 
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ceria > zirconia. The lower processing time (4 h reflux) and low viscosity of ceria 

nanofluid compared to that of alumina makes it a much better candidate in heat transport 

application. 

In  summary, cerium dioxide nanostructures of different morphology is successfully 

sythesized by precipitation method followed by hydrothermal treatment and were found 

to show morphology dependent properties in applications such as glass polishing, and 

oxidation catalysis of particulate matter (soot). Surface modified ceria nanoparticles were 

prepared using a solvothermal method and subsequently phase transferred into apolar 

solvents for the preparation of stable nanofluids/coolant. The efficacy of the nanofluids 

was evaluated by measuring thermal conductivity enhancement, viscosity and stability. 
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      CHAPTER 1 

Introduction to Nanotechnology, Cerium dioxide and its Functional 

Applications 

 

 

1.1 Nanotechnology 

Nanotechnology was first introduced in the famous lecture of Nobel laureate Richard P. 

Feynman, “There‟s Plenty of Room at the Bottom”, given in 1959 at California Institute of 

Technology. Literally, nanotechnology means the technology performed at nanoscale that 

has major implications in real world. The concept of nanostructured materials has its 

origin in physics and dates back 30 years approximately. Nanostructured materials are 

defined as being assembled of ultra fine particles with a dimension below 100 nm. They 

exhibit properties that are usually rather different to those of bulk materials and their 

local solid-state structure is often of prime importance. Significant advances in current 

technologies and the potential for more revolutionary impacts in areas such as clean 

energy production, electronics, medicine, and environment have fueled major research 

and development efforts in nanotechnology around the world. The prospective impact of 

nanomaterials in science and technology is high, and stems from their unique properties, 

such as novel optical, chemical, mechanical, magnetic and electrical properties. These 

properties can be controlled by engineering the size, morphology and composition of the 

particles. Further such novel properties of the nanoparticles (NP‟s) can be exploited and 

combined to allow industries to re-engineer and enhance existing products and to develop 

novel and innovative products that function at unprecedented levels. This leads to the 

opportunity to use such nanostructured materials in novel applications and devices. 
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In the family of inorganic oxides, ceria, zirconia, alumina, zinc oxide and titania 

are some of the major ceramic oxides which find vast applications as nanomaterials. The 

high abundance, low cost and vast applications are some of the noteworthy characteristic 

features which make ceria attractive for academic and industrial people. Other notable 

quality of CeO2 which has not been claimed in many other semiconducting materials is 

the simplicity in its fabrication into 1, 2 and 3-dimensional nanostructures.
[1]

 Worldwide 

many research groups were actively involved in the basic to advanced research in CeO2, 

including the theoretical simulations for understanding the mechanism involved in the 

growth of various morphologies, related physico chemical characteristics and its device 

fabrication. The present thesis is focused on the synthesis of ceria nanostructures of 

diverse morphology and its subsequent application in glass polishing and oxidation 

catalysis. Further, an attempt was made to adopt surface modified oleophilic ceria 

nanoparticles prepared by a facile reflux technique in heat transport fluid. In the 

succeeding sections, special emphasis is given to discuss the structure, physico-chemical 

properties, processing techniques and some of the potential applications of this 

magnificent inorganic oxide. 

1.2 Cerium dioxide (CeO2) 

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 found in a number of minerals, the most important 

being monazite and bastnasite.
[2]

 Important deposits of monazite are located in the US, 

Australia, Brazil, India, and South Africa. Among the rare earth family, cerium (Ce) is 

the most abundant element in the Earth‟s crust ~66.5 ppm.
[3]

 Cerium is the most attractive 
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rare earth to researchers especially in the field of catalysis. Cerium possess an electronic 

configuration of [Xe]4f
2
6s

2 
with two common valence state Ce

4+
 and Ce

3+
 and can flip-

flop between these two oxidation states in a redox reaction. This is partially due to the 

similar energy of the 4f and 5d electronic states and low potential energy barrier (1.72 

eV) to electron density distribution between them.
[3, 4]

 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. 

With a high abundance, cerium oxide (CeO2) is a technologically important 

material due to its wide applications as a promoter in three-way catalysts (TWCs) for the 

elimination of toxic automobile-exhaust gases, low-temperature water–gas shift (WGS) 

reaction, oxygen sensors, oxygen permeation membrane systems, fuel cells, glass-

polishing materials, electrochromic thin-film application, ultraviolet absorbent, as well as 

in biotechnology, environmental chemistry, and medicine.
[3]

 

1.2.1 Structure of cerium dioxide 

Ceria is a pale yellow colour solid due to O
2-

→ Ce
4+

 charge transfer and is known to 

crystallize in fluorite structure (CaF2) with a space group of Fm 3 m. The unit cell of ceria 

is shown in Fig.1.1. In the face centred cubic (FCC) structure of ceria, Ce
4+

 ions form a 

cubic close packing arrangement and all the tetrahedral sites are occupied by the oxide 

ions whereas the octahedral sites remain vacant. 
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Fig. 1.1 (a) Cartoon diagram of bulk ceria crystal structure showing intact CaF2 structure 

and (b) Distorted crystal structure of nanoceria due to oxygen vacancy creation and 

replacement of Ce
4+

 ions by Ce
3+

 ions. 

 

The structure of cerium oxide is well documented in the literature.
[5, 6] 

Cerium oxide NPs 

(also known as nanoceria) can act as excellent oxygen buffers, due to their redox 

capacity. 

 

Fig. 1.2 Schematic diagram showing the formation of oxygen vacancy (Vo) in (a) pure 

CeO2 and (b) CeO2-γ in which some of the Ce
4+

 changed to Ce
3+

. 

The ionic radius of Ce
3+

 (1.034 Å) is higher than that of Ce
4+

 (0.92 Å). Hence the 

introduction of the oxygen vacancies and the associated Ce
3+

 ions leads to a distortion of 

the local symmetry. Oxygen vacancy formation is demonstrated in Fig. 1.2. This causes 

the change in the Ce–O bond length (lattice distortion) and the overall lattice parameter. 
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1.2.2 Variable oxidation state /Mixed valence in ceria 

While CeO2 is the stable form of bulk cerium oxide, ceria NP‟s exhibit a 

nonstoichiometric composition, CeO2-γ (Fig. 1.2b), due to the presence of oxygen 

vacancies and the formation of Ce2O3 at the grain boundaries. The Ce
3+

 ions, which are 

more reactive and therefore more desirable for various applications, are created by 

oxygen vacancies, which act as defects in the CeO2-γ crystal lattice. Most of the 

applications of nanoceria are related to the rapid formation and elimination of oxygen 

vacancy in CeO2 that endows it with a high oxygen storage capacity (OSC). The valence 

of cerium (Ce) and the resultant defect structure of cerium oxide are dynamic and may 

change spontaneously or in response to physical parameters like temperature, presence of 

other ions, and oxygen partial pressure. Based on theoretical calculations it has been 

suggested that, the segregation of Ce
3+

 species to the surface is driven by a change in the 

oxidation enthalpy.
[7, 8]

  

Table 1.1 Some physical properties of pure stoichiometric ceria.
[3]

 
 

Property Value/unit 

Molar mass 172.12 g.mol
−1

 

Lattice parameter 5.41 Å 

Density 7.22 g.cm
−3

 

Melting point 2750 K 

Boiling point 3773 K 

Solubility in water Insoluble 

Thermal conductivity 12 W.m
−1

.K
−1

 

Hardness 5-6 

Electronic conductivity 2.48×10
−8

 S.cm
−1

 

Refractive index 2.1 (visible) 

2.2 (infrared) 
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Again, thermodynamic measurement suggests that this remarkable stability of the surface 

3+ oxidation state occurs because the partial molar entropy of oxygen of the reduced 

surface is larger than that of the oxidized bulk. The combined high concentration and 

stability of the reactive Ce
3+

 species strongly suggests that the surface‟s significantly 

altered redox thermodynamics plays a decisive role in the high activity of ceria-based 

oxides.
[8]

 Some of the important physical properties of CeO2 are listed in Table 1.1.
[3]

 

1.2.3 Oxygen storage capacity of ceria 

The ability of the cerium ion to switch between the Ce
4+

 and Ce
3+

 oxidation states 

depending on the ambient oxygen partial pressure is represented as: 

CeO2 ≡ CeO2-x + x/2 O2       (1.1) 

Ce
4+

 ↔ Ce
3+

 

The amount of oxygen released in the forward reaction and the oxygen consumed in the 

reverse reaction is generally referred as the oxygen storage capacity (OSC) of ceria 

material.
[5, 9, 10]

 It is worth recalling that of the two processes (reduction/oxidation), 

oxidation is fast,
[11]

 and occurs deep into the bulk even at room temperature (RT), 

whereas reduction typically occurs above 473 K.
[12]

 Thermally induced defects can be 

broadly categorized into two, one cationic type (ΔE = 11.11 eV) and the other anionic 

type (ΔE = 3.2 eV). From variation in ΔE, it is evident that the predominant defect 

category is the anion type, which leads to the formation of pairs of oxygen vacancies.
[13]

 

According to Cho, two types of oxygen vacancies can be created in ceria namely, 

intrinsic and extrinsic.
[14]

 Intrinsic vacancies are created on reduction of ceria according 

to the following process (equation 1.2). 
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CeO2 + δ R ↔ CeO2-δ + δ RO + δ Vo                         (1.2) 

Extrinsic vacancies are defects that are formed by a charge-compensating 

mechanism when a bivalent or trivalent cation M is introduced into the CeO2 lattice 

according to these two mechanisms (equations 1.3 and 1.4), where δ′ and δ″ are the 

created extrinsic oxygen vacancies in the modified ceria: 

(1-α) CeO2 + 0.5α M2O3 ↔ Ce1-αMαO2-0.5α + δ′ Vo     (1.3) 

(1-α) CeO2 + α MO ↔ Ce1-αMαO2-α + δ″ Vo      (1.4) 

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.
[15]

 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 CeO2 by the formation of some non-stoichiometric CeO2-x 

compounds. The capability of CeO2-based materials to release/absorb 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 parameters. 
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1.3 Significance of size/shape controlled synthesis 

The surface oxygen mobility through the lattice of the ceria is treated as an 

oxygen buffer and provides ceria an ultimate choice for an application based on the 

enhancement of the electrochemical phenomenon. In addition, enchantment of the 

oxygen mobility also varies with particle size and shape of the nanostructures. From the 

very beginning of nanomaterial research, it has been recognized that the size of the 

components is controllable. Additionally, shape and structure differences are attractive 

for several activities. The catalytic activity of many materials has been observed as 

structurally sensitive. Therefore, several industrially important reactions, including low-

temperature CO oxidation, UV absorption, partial oxidation of hydrocarbons, 

hydrogenation of carbon oxides, and waste water treatment, are exclusively affected by 

the structure of the nanomaterials. 

1.3.1 Synthesis of ceria nanoparticles 

Since Matijevic et al. first reported the preparation of polycrystalline CeO2 

colloids by forced hydrolysis of cerium salts in 1988,
[16]

 various techniques or synthetic 

routes have been developed for obtaining CeO2 nanocrystals with varying morphologies 

and sizes. The methods include hydrolysis,
[17]

 precipitation,
[18-20]

 thermal deposition,
[21]

 

combustion or flame-synthesis,
[22, 23]

 sol–gel,
[24]

 hydrothermal or solvothermal,
[25, 26]

 

microemulsion,
[27, 28]

 gas condensation,
[29]

 sonochemical,
[30]

 electrochemical 

techniques
[31]

 and so on. From the published literature, it is established that the 

fundamental structures of the ceria nanomaterials constructively dominate their properties 

and applications. This makes size and shape selective synthesis of ceria nanostructures 

important. 
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1.3.1.1  Precipitation method 

Owing to the advantages of simple process, easy scale-up and low cost, the 

aqueous precipitation technique has attracted the most extensive attentions.
[32]

 In a typical 

precipitation procedure, oxide powders or their precursors are obtained by adding a 

ligand, say ammonia, directly to a solution containing metal cations. An insoluble salt is 

precipitated once its solubility limit is exceeded. For example, Zhou et al. produced CeO2 

particles of about 4 nm from cerium nitrate and ammonia.
[33]

 Matijevic´ and Hsu  

prepared sub-micron Ce2O-(CO3)2H2O particles from the reaction of cerium nitrate with 

urea.
[34]

 Chen and Chen prepared CeO2 particles from cerium nitrate with 

hexamethylenetetramine,
[35]

 whereas Li et al. used ammonium carbonate and 

diethylamine as the precipitating agents.
[36]

 Yamashita et al. produced CeO2 particles 

from cerium chloride and sodium hydroxide with the presence of hydrogen peroxide 

under various pH conditions from 6 to 12.
[37]

 Uekawa et al. obtained 7–9 nm CeO2 

particles starting from cerium nitrate in the polyethylene glycol solution.
[38]

 

Nucleation and growth  

Growth of bulk– or nanometer-sized crystal structures of different dimensions is 

inherently related to the process of precipitation of solid phase from solution. 

Simultaneous process of nucleation followed by growth phenomena governs the crystal 

morphology (including the size and shape) in the precipitation reaction. At the initial 

stage, numerous small crystallites are formed. Consequently, the small crystallites are 

aggregated together to form thermodynamically stable structures and this is referred to as 

a growth process.
[39]

 An effective process control leads to the formation of the desired 

crystal structure. Initially, surface energy plays an important role to increase the size of 
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the nuclei by lowering the surface free energy where nucleation is a spontaneous process. 

Nucleation process is readily involved in heterogeneous nucleation, secondary nucleation 

and homogeneous nucleation. Presence of suspended particles may provide the start of 

the nucleation, and thus insists the heterogeneous nucleation with the requirement of less 

energy. Heterogeneous nucleation occurs more often than homogeneous nucleation. 

Secondary nucleation is involved in the formation of nuclei with the recombination of 

existing crystal.
[39]

 On the other hand, homogeneous nucleation occurs spontaneously and 

randomly in the absence of solid interface by a combination of solute molecules. The 

growth process of crystal occurs for dissolving the solute in the solution at higher 

temperatures and then cooling to low temperature or by adding the necessary reactants to 

produce a supersaturated solution during the reaction. This overall crystal growth 

phenomenon occurs by the consumption of smaller particle by larger particle to form still 

larger stabilized structures. This growth process is referred to as Ostwald ripening, also 

known as coarsening. Lifshitz and Slyozov first developed mathematical derivation for 

the Ostwald ripening process and independently by Wagner; their combined models 

today are referred to as LSW theory. Nuclei formation that precedes crystal growth can 

occur by solid-state restructuring of the gel or precipitation from the supersaturated 

solution.
[40]

 

Homogeneous precipitation 

In the precipitation process, if the ligand, and hence precipitates, are generated 

simultaneously and uniformly throughout the solution, then the process is termed as a 

homogeneous precipitation method.
[35]

 Precipitation from homogeneous solution can be 

done in two different ways namely SIP (salt into precipitant) and PIS (precipitant into 
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salt). Zhou et al. reported that feeding the cation solution into the precipitant, the SIP 

process, resulted in the finest size and least agglomeration.
[41]

 They have explained the 

same in terms of the initial pH of the reaction medium. In the case of PIS, the pH value in 

the reactor will be initially very low (pH 3.8-4.3 for the cerium nitrate solution), and 

increase rapidly with just a few drops of ammonium hydroxide to a value of 7.2. The 

solubility product of [Ce
3+

][OH
-
]

3 
is less than the critical solubility constant of Ce(OH)3, 

which is ~7×10
−21

. Under these conditions, though a nucleus may form at the interface, it 

is in an unstable state because of the low pH value of the bulk solution. During the SIP 

process, the pH value always remains higher than 9 (i.e., [OH
-
] higher than 10

−5 

mol/L).
[41]

 Under these basic conditions, the solubility product is much higher than the 

solubility constant, meaning the supersaturation value, S = [Ce
3+

][OH
-
]
3
/Ksp, is very large. 

This results in homogeneous nucleation. Compared to other methods this is more 

favourable because of inexpensive salt precursors, simple operation and mild synthetic 

conditions.
[42]

 The preparation of nanocrystalline CeO2 by precipitation has received 

considerable attention because it is the simplest experimental approach and is therefore 

well-suited to large scale production.
[32]

 

1.3.1.2  Hydrothermal / Solvothermal method 

A proper control over morphology, crystal size and dispersability in various 

solvents is possible through the use of surface modifiers/ surfactants during synthesis. 

However, a negative aspect of using such chemical additives is the limited use of as-

synthesized NP‟s in applications that require clean CeO2 surfaces with maximum reactive 

sites. In such instances, surfactant and template free routes like hydrothermal method is 

highly appreciated.  
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The hydrothermal process is generally performed in an autoclave at temperatures 

between the boiling and critical points of water (100 to 374°C). In a sealed vessel (bomb, 

autoclave, etc.), solvents can be brought to temperatures well above their boiling points 

by the increasing autogenous pressure resulting from heating. Performing a chemical 

reaction under such conditions is referred to as hydrothermal processing or, solvothermal 

processing in the case of nonpolar solvents.
[43]

 In addition, during the solvothermal 

treatment, the pressure in the autoclave can be readily adjusted to some extent by using 

various solvents, which have varying vapor pressure at a given temperature. For instance, 

at 100°C, the pressures in the autoclave when water and ethanol are used as the solvents 

are about 1.0 and 2.5 kg cm
2
, respectively, as the temperature is elevated to 180°C, the 

corresponding pressures reach about 10 and 20 kg cm
2
, respectively.

[44]
 

During this synthesis, the reaction equilibrium of the aqueous metal salt solution 

changes with temperature, which results in the formation of metal hydroxide or metal 

oxides. During the heating up period, above reaction takes place to produce monomers, 

followed by nucleation and crystal growth. Because of the variation of the equilibrium 

with temperature, particles formed at lower temperatures dissolve again to re-crystallize 

at higher temperatures during the heating up period or the ageing period at a constant 

temperature. Therefore, it takes a long time to obtain the crystals of equilibrium 

composition by this method. 

Advantages of hydrothermal method 

1. As a robust technique, hydrothermal/solvothermal synthesis has extraordinary 

advantages of single step low temperature synthesis, superior composition and 



   Chapter 1                                                                                                                Introduction 

 

13 
 

morphological control, and powder reactivity over the other techniques in preparing 

lowly aggregated and highly crystallized nanomaterials.
[45]

 

2. The product powders have excellent homogeneity and particle uniformity. 

3. Ability to create crystalline phases which are not stable at the melting point. 

4. Materials which have a high vapor pressure near their melting points can also be 

grown by the hydrothermal method. 

5. The method is also particularly suitable for the growth of large good-quality 

crystals while maintaining good control over their composition.  

Hence hydrothermal treatment has been regarded as one of the most effective and 

economical routes for nanocrystal synthesis. 

Tani et al. studied the effect of mineralizers on the crystal growth of CeO2 under 

hydrothermal conditions at 500–600°C and 100 MPa.
[46]

 Further, the studies performed 

by Hirano and Kato in 1996 has shown that controlling the growth of CeO2 particles was 

possible, and ultrafine ceria particles could be hydrothermally prepared from Ce(IV) 

sources.
[47]

 Inoue et al. prepared a colloidal solution of 2 nm ceria particles by oxidation 

of cerium metal in 2-methyoxyethanol under solvothermal condition.
[48]

 

Recent studies in CeO2 system have focused on the development of robust 

synthetic approaches toward size/shape-controlled nanostructures e.g., dots, rods, wires, 

and tubes and the investigation of their size/shape-dependent properties.
[49, 50]

 CeO2 

nanowires/rods first synthesized by using hard templates, such as porous anodic alumina 

membranes.
[51, 52]

 CeO2 nanorods were also prepared by solvothermal methods.
[53-55]

 

Large-scale well-crystallized CeO2 nanorods with uniform diameters in the range of 

20−30 nm and lengths up to tens of micrometers are first synthesized through a 
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hydrothermal route in 5 M KOH solution at 180°C for 45 h without any templates and 

surfactants. The nanorod formation involves dehydration of CeO2 NP‟s and orientation 

growth along the <110> direction in KOH solution. Subsequently, gold NP‟s with 

crystallite sizes between 10 and 20 nm are loaded on the surface of CeO2 nanorods using 

HAuCl4 solution as the gold source and NaBH4 solution as a reducing agent. The 

synthesized Au/CeO2 nanorods demonstrate a higher catalytic activity in CO oxidation 

than the pure CeO2 nanorods.
[56]

  

Single-crystalline CeO2 nanocubes were synthesized through a hydrothermal 

treatment. By varying reaction temperature and the alkali concentration, the size control 

of CeO2 nanocrystals has been achieved, which produces the nanocubes with a 

controllable edge length in the 20–360 nm regime. HRTEM studies reveal that the CeO2 

nanocubes expose their high energy {001} planes.
[45]

 Pan et al. hydrothermally 

synthesized ceria nanoplates, tubes and rods in the presence of CTAB as surfactant.
[57]

 

Consequently, it is demonstrated that the CeO2 nanocubes exhibit excellent reducibility 

and high oxygen storage capacity, indicating they are potential novel catalytic 

materials.
[58]

 The literature survey indicates that the product powders can be controlled in 

size and shape by changing the preparation conditions, such as hydrothermal temperature, 

reaction time, solution concentration, and precursor type. 

1.3.1.3  Surfactant assisted synthesis 

Surfactant plays an important role in the preparation of 1D nanostructures and has 

been adversely observed in the past decades.
[39]

 Surfactants can control size and shape of 

the NP‟s, can prevent aggregation and can also make nanoparticle surface 

hydrophilic/hydrophobic to make them compatible with various solvents. The stability of 
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nanoparticle dispersions and their tendency to agglomerate can be considered in the 

context of electrostatic, steric, and van der Waals forces among the particles using 

Derjaguin-Landau-Verwey-Overbeek (DLVO) theory.
[59]

 Aggregation of NP‟s due to 

attractive forces can be prevented by applying an electrostatic double layer, or by use of a 

surfactant functioning as a steric stabiliser (Fig.1.3).
[60]

 

 

Fig. 1.3 Schematic diagram showing stabilization of NPs by long chain fatty acids by 

virtue of steric hindrance. 

The Electrostatic stabilization is induced by charge and so is a pH sensitive 

method. NP‟s in suspension can be sterically stabilized by chemisorbed surfactants 

preventing the aggregation between colloidal NP‟s due to its steric hindrance effect (so-

called bumper effect of polymers in the colloidal dispersion)
[61]

 or it is due to a rather 

entropy effect resulting from reducing polymer configurational freedom instead of a 

physical force.
[59]

 Surfactants such as cetyl trimethyl ammonium bromide (CTAB), 

polyvinylpyrrolidone (PVP), tetrabutylammonium bromide (TBAB), and polyethylene 

glycol (PEG), oleic acid, decanoic acid etc. are the commonly used surfactants in 

synthesis of ceria NP‟s.
[54, 57, 62]

 

Clustering

ng 

Sterically stabilised 
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Hyeon and co-workers have developed a new procedure for the synthesis of 

monodisperse nanocrystals of metals, metal oxides, and metal sulfides without going 

through a size-selecting process.
[63]

 In these syntheses, metal-surfactant complexes 

generated in situ are thermally decomposed to form monodisperse  such as 6-13 nm iron 

oxide NP‟s. In addition, they reported that large quantities 40 g batches of uniform-sized 

magnetite (Fe3O4) NP‟s and other materials such as MnO and CoO NP‟s can be prepared 

in a single reaction without a size-sorting step. Instead of using toxic and expensive 

organometallic compounds, the metal-oleate complex can be prepared by reacting 

inexpensive and environmentally friendly compounds, namely, metal chlorides and 

sodium oleate.
[63]

 When such material is heated slowly in a solvent with high boiling 

point, the complexes decompose and form nanocrystals. 

1.3.1.4  Other methods 

Microemulsion method: Microemulsions have been widely used as an ideal 

liquid-phase method to prepare inorganic NP‟s.
[64]

 Microemulsions are transparent and 

isotropic liquids with nanosized water pools dispersed in a continuous phase and 

stabilized by surfactant and co-surfactant molecules at the water/oil interface. Compared 

to other techniques, the emulsion method has several advantages in producing particles 

with a spherical shape and narrow size distribution.
[65]

 However, the synthesis of rare 

earth compounds such as ceria has rarely been reported by the emulsion method. On the 

other hand, the BET specific surface area and the overall catalytic activity are affected by 

the preparation method of the catalyst.
[27]

 Masui et al. reported that the CeO2/Al2O3 

catalyst prepared by the microemulsion method shows higher activity for carbon 

monoxide oxidation, despite the fact that the CeO2/Al2O3 catalyst surface area is as low 
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as that prepared by the co-precipitation method.
[66]

 Adachi et al. obtained 2.6 and 4.1 nm 

ceria particles using reverse micelles. 

Sonochemical method: Sonochemistry is the application of ultrasound to 

chemical reactions and processes. Sonochemical synthesis of ceria NP‟s has been well 

documented in literature.
[30, 50]

 Ultrasound irradiation can induce the formation of 

particles with much smaller size and higher surface area than those produced with other 

methods.
[67]

 The physical effects of ultrasound arise from acoustic cavitation, that is, the 

formation, growth, and implosive collapse of bubbles occurring in a liquid medium.
[68]

 

During acoustic cavitation, an equivalent temperature up to 5000°C, a pressure of ~20 

MPa, and a very high cooling rate of 109°C/s could be attained at the location of the 

microbubbles. The ultrasound-induced impactive force can break the larger particles and 

sheets, and hinder the formation of hollow nanostructure.
[69]

 Gedanken et al. synthesized 

3.3 nm CeO2 ultrafine particles by sonochemical treatment. Zhu et al. also fabricated 2.6 

and 2.8 nm nanocrystalline ceria particles using sonochemical and microwave assisted 

heating methods.
[44]

 

Sol-gel method: Sol-gel process is a colloidal route used to synthesise ceramics 

with an intermediate stage including a sol and/or gel state. This process involves 

precipitation of metal chlorides, followed by the removal of the reaction by-products. The 

precipitate is converted into colloidal sol by the addition of an electrolyte (normally 

acids). The sol gets converted in to a gel by aging. Gel is a three dimensional structure of 

solid enclosing the liquid (solvent) which on further removal of liquid results in the final 

material in the hydroxylated state. Typical precursors are metal alkoxides and metal 

chlorides, which undergo various forms of hydrolysis and polycondensation reactions. 
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CexZr1-xO2 (x = 1, 0.7, 0.4, 0.2, 0) solid solution powders were successfully synthesized 

by a modified sol-gel method using a simple metal nitrate precursors as sources for 

cerium and zirconium.
[70]

 The formation of a metal oxide involves connecting the metal 

centers with oxo (M-O-M) or hydroxo (M-OH-M) bridges, therefore generating metal-

oxo or metal-hydroxo polymers in solution. Lin et al. prepared ceric and cerous sol by 

conventional precipitation-peptisation method for preparing membranes.
[71]

  

Combustion synthesis: Nano-structured catalysts with high surface area can be 

prepared by solution combustion synthesis (SCS).
[72]

 This synthesis method involves a 

self-sustaining strongly exothermal reaction between a sacrificial fuel and nitrates, that 

act as precursors of the final product. All the reactants are dissolved in water and the 

resulting solution is heated up to a temperature (between 300 and 700°C) suitable for the 

ignition of the whole reaction mass process. After ignition the reaction quickly goes on 

spontaneously, due to the heat evolved by the chemical reaction itself. In this way a 

ceramic powder made of agglomerates of very small particles (less than 1 mm in size), 

showing high porosity and high specific surface area, can be rapidly obtained. The 

combustion synthesis of fine particles of ceria was investigated since 1990,
[73]

 but only 

more recently a method suitable for the simultaneous synthesis and deposition of ceria on 

a ceramic honeycomb (and then for processing catalytic traps) has been developed.
[74]

 

Thus taking into account of the easiness and advantages of the solution 

techniques, this thesis employed a hydrothermal cum precipitation approach for 

morphology controlled synthesis. Prepared ceria NP‟s were further utilized to study the 

effect of particle morphology on glass polishing and high temperature oxidation catalysis. 

Further, a reflux synthesis in presence of the oleic acid surfactant has been utilized to 
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prepare monodisperse oleophilic NP‟s of ceria. These NP‟s were stably dispersed in 

transformer oil for its usage as heat transport fluid. The rate of heat transfer of the ceria 

nanofluid was further compared with alumina and zirconia fluids possessing the highest 

and the lowest thermal conductivities respectively among ceramic oxides. Pertaining to 

these objectives, brief introduction is discussed on the applications of ceria with special 

emphasis on the topics of glass polishing, oxidation catalysis, and nanofluid for heat 

transport. 

1.4 Various applications of cerium dioxide 

Cerium dioxide (CeO2) commonly called as ceria is a versatile material which 

shows size/shape selective properties which make them suitable in various applications. 

As a well-known functional rare earth material, ceria has wide applications in fields such 

as catalysis, electrochemistry, and optics due to its unique properties. Nanoceria with 

face-centered cubic fluorite-type structure, has found many applications mainly in solid 

oxide fuel cells,
[75]

 oxidation catalysis,
[74]

 gas sensors,
[32]

 oxygen storage,
[45]

 as key 

components in automobile exhaust catalysts, in chemical mechanical planarization 

(CMP)
[76]

 and also as nanofluids for heat transfer.
[77]

 CeO2 also has strong absorption in 

the ultraviolet (UV) range and is hence used as UV blocking and shielding materials. In 

those applications, CeO2 NP‟s have significant impact not only due to their considerably 

small sizes and high surface areas but also due to the general improvements in their 

material properties with respect to their microsized or bulk like materials. 

CeO2 is also found to be an efficient candidate in photocatalysis although the vast 

majority of the studies are carried out with modified/pure TiO2. A novel efficient CeO2-

based photocatalyst with visible-light activity has been developed recently by Primo et al. 
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with comparable or higher efficiency than those currently known.
[78]

 CeO2 nanostructures 

have also been used in photocatalytic hydrogen production.
[79]

 Oriented hexagonal CeO2 

nanorods (NRs) with {110} planes as the main exposed surfaces were directly grown on 

Ti substrates via a simple template-free electrochemical method.
[80]

 The photocatalytic 

activity of CeO2 NRs was studied in water splitting reaction and compared with that of 

commercial CeO2, CdS and TiO2 (P25). It was found that the activity of CeO2 NRs is 

higher than those of commercial CeO2 and CdS.
[80]

 The hydrogen evolution rate of CeO2 

NRs reached 741 mol g
−1

. 

For instance, CeO2 is adopted into three-way catalysts (TWCs) for reducing the 

emission of the toxic pollutants (CO, NOx, and hydrocarbons, etc.) from automobile 

exhaust, because of its high oxygen storage capacity (OSC), associated with its rich 

oxygen vacancies and low redox potential between Ce
3+

 and Ce
4+

. Sintered CeO2 doped 

with other rare earth ions has high oxide ion conductivity at a comparable low 

temperature (about 600 °C) and thus has been applied as electrode in solid oxide fuel 

cells. 

1.4.1 Glass polishing 

Polishing is considered to be an expensive machining process, in terms of time 

and labour costs depending on the required surface finish, optic size, and amount of 

surface roughness from preceding machining operations. A material could remain on the 

polishing system for hours to days. Thus, understanding the underlying mechanisms and 

basic science associated with the polishing process is crucial which in turn, builds up 

methods and procedures to reduce cost, trim schedule, and bolster performance. With an 

increased need for low surface roughness optics, as in X–ray and enhanced ultra-violet 
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applications, it is imperative to understand the impacts of changing system variables. Lu, 

et al., examined highly polished corundum axe fragments found at an ancient Chinese 

settlement at Zhejiang Yuhang Wujiabu, circa 2500 BC.
[81]

 They found through Atomic 

Force Microscopy (AFM) that the surface roughness was on the order of a few 

nanometers. Over the past 4500 years, humankind has only increased in polishing ability 

on the order of several nanometers.  

Some of the methods used earlier to finish the optical surfaces includes polishing 

abrasive in suspension,
[82]

 float polishing,
[83]

 magnetic field assisted fine finishing,
[82]

 

elastic emission polishing
[84]

 and laser polishing.
[85]

 Since then, significant advancement 

has been made in both the technology of polishing and in the understanding of polishing 

mechanisms. Much of the coverage of this technology is found in optics and optical 

engineering publications. These publications are not often read by the glass scientist 

because polishing is commonly regarded as a mechanical art rather than a scientific 

discipline. In reality glass polishing and glass surface science are primarily interrelated 

by their dependence on an understanding of aqueous corrosion chemistry and fracture 

mechanics processes.
[86]

  

With the miniaturisation of device scale and higher performance requirement of 

integrated circuits, the utilisation of the advanced photolithography and anisotropic 

etching techniques are essential. An evenly polished surface satisfies two requirements, 

specifically to ensure the good metal step coverage and to afford a field within the 

lithography depth of focus, that metal wires can be well patterned. Several methods are 

known to achieve a higher level of planarization: chemical-mechanical planarization, 
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laser reflow, coating with spin-on glasses, polymers, and resists, thermally reflowing 

materials, dielectric deposition.
[87]

  

1.4.1.1  Chemical Mechanical Planarization/ Polishing (CMP) 

Chemical-mechanical polishing commonly abbreviated as CMP is a process that 

uses slurry of an abrasive in a corrosive chemical to physically grind flat and chemically 

remove the microscopic topographic features on a wafer so that subsequent processes can 

begin from a flat surface.
[88]

 The process of material removal is not simply that of 

abrasive scraping, like sandpaper on wood. The chemicals in the slurry also react with 

and/or weaken the material to be removed. The abrasive accelerates this weakening 

process and a polishing pad helps to wipe the reacted materials from the surface. The 

experimental setup of chemical mechanical planarization is as shown in Fig. 1.4. 

 

Fig. 1.4 Experimental setup of CMP 

CMP is mostly used in the optical industry; this technique is influenced by a great 

number of technological parameters. The two most important are the type of polishing 

pad and the polishing abrasive.
[89]

 Only a few materials act as efficient polishing 



   Chapter 1                                                                                                                Introduction 

 

23 
 

compounds. For glasses, the best material by far is CeO2, followed by ZrO2, ThO2, TiO2 

and Fe2O3.
[86]

 A small number of other oxides are also known to polish glass, but at 

substantially lower rates. CMP is also being used to form shallow trench isolation, 

metallization gates, Cu-based interconnect and low “k” dielectrics in the manufacturing 

of integrated circuits.
[90]

 The processes of CMP and Cu-CMP are widely used to achieve 

global planarization for the next generation integrated circuits.
[91]

 Ceria particles-based 

dispersions are used to polish/planarize silicon dioxide at a high rate while protecting the 

underlying silicon nitride in shallow trench isolation structure formation.
[92]

 

In 1984, Brown and Cook first proposed the concept of „tooth‟ to explain the 

removal of material in the polishing regime.
[93]

 An analogy is the act of brushing one's 

teeth. The toothbrush is the mechanical part and the toothpaste is the chemical part. Using 

either the toothbrush or the toothpaste alone will get one's teeth somewhat clean, but 

using the toothbrush and toothpaste together makes a superior process. CMP can be used 

to planarize both insulating and conducting materials used in device wiring. Insulating 

materials include various silicon dioxides and low dielectric constant materials (low K 

materials), typically polymeric materials. The conducting materials include tungsten, 

aluminium, and copper. The CMP of insulators uses silica or ceria as the abrasives while 

the CMP of conductors uses alumina in most cases.
[94]

 The stability of the slurry is an 

important issue in slurry development for CMP because the rapid settling abrasives may 

clog the slurry distribution lines and cause unpredictable problems during semiconductor 

manufacturing. In addition, the coagulation of the abrasive particles is extremely 

detrimental to wafer polishing because it increases the defects on the polished wafers and 

reduces the yield. 
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Chemical-mechanical-planarization (CMP) has become an important process 

technology for centuries in semiconductor manufacturing to planarize the surface in and 

the topography on the wafer and facilitate further processing.
[95, 96]

 CMP has been widely 

studied in recent decades due to its critical role to form precise optics and in the 

microelectronics industry.
[97]

  

Before about 1990 CMP was looked on as too “dirty” to be included in high-

precision fabrication processes. Unlike most semiconductor processes, CMP covers the 

wafer with particles, both from the polishing slurry and from the wafer itself. These 

particles must be removed before the wafer can proceed to the next process step.
[98]

 Lack 

of planarity may lead to severe problems for lithography (insufficient focus depth) and 

dry etching in sub 0.5 m IC processes.
[99]

 

Why Ceria? 

Mass transport during polishing is determined by the relative rates of the following 

processes:
[86]

 

(1) Movement of solvent into the surface layer under the load imposed by the polishing 

particle; 

(2) Surface dissolution under load; 

(3) Adsorption of dissolution products onto the surface of the polishing particle; 

(4) The rate of back-deposition of dissolution products onto the surface; 

(5) Surface dissolution which occurs between particle impacts. 

It is suggested that polishing compounds such as CeO2 or ZrO2 possess a 

chemical tooth that expedites both bond shearing at the substrate surface and transport of 

reaction products away from the surface faster than their rate of redeposition. Cerium 
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oxide (ceria) has the cubic fluorite crystal structure that is stable from room temperature 

to its melting point as compared with other pure oxides such as zirconia and bismuth 

oxides having oxygen ion conductivity.
[100]

 Surfaces of ceria particles are not the same as 

the interiors and that such differences can be brought about by several different 

mechanisms. At the surface of the particles Ce
3+

 is present. Cation impurities detected in 

the particles, such as La, are enriched at the surface with Ce
3+

.
[101]

 Ceria based CMP is 

also used to finish CRT screens and LCDs and is used in the ophthalmic industry for 

prescription lens polishing.
[86, 102]

 

It is quite evident from the literature that ceria based CMP slurries are potential 

material for future planarisation of substrate/devices in integrated circuits for which the 

most critical part is the preparation of monomodal nanosized ceria. CMP offers 

utilization of the advanced and anisotropic etching technique to achieve evenly polished 

surface for high tech applications. As engineers struggle with today's gritty demands: new 

formulations for lowering defectivity, low-k insulators, and next-generation problems, 

such as premetal dielectric polish for inlaid gates, the market for slurries will see ~29% 

compound annual growth as per US survey. There is no reports available about any 

indigenous manufacturer of ceria based CMP in India. Cabot Microelectronics 

Corporation in US and Hitachi Chemical Co. Ltd. Japan have recently (2005) developed 

high-performance CMP slurry product for STI (Shallow Trench Isolation) that can 

decrease scratches from polishing by two-thirds and provide a twofold increase of surface 

flatness over existing products. 
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1.4.2 Ceria nanocatalysts  

Rare Earth (RE) oxides have been used widely as catalysts for automotive 

emission control, since catalysts containing RE materials were developed to reduce 

automotive emissions by Libby in 1971.
[103]

 The most significant of the oxides of rare 

earth elements in industrial catalysis is certainly CeO2.
[104]

 The importance of CeO2 in 

catalysis is also demonstrated by the number of industrial and academic publications 

which have appeared on the topic over the last few years as shown in Fig. 1.5.  

 

Fig. 1.5 Annual growths in A) numbers and B) citations of cerium oxide nanocatalysts 

according to the literature database ISI Web of knowledge as on January 30, 2015. 

In the developing world of rapid industrialization and growing population, it is 

essential to address the issues in pollution control and renewable energy due to rapidly 

depleting fossil fuels and heavy pollution of the environment by combustion-based 

technologies. An increased need for a global green economy in the energy and 

transportation sectors has made catalytic applications of CeO2 relevant. Automobile and 

industrial exhausts such as carcinogenic soot particles/particulate matter and poisonous 
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CO molecules are major environmental concerns and the major challenge is the efficient 

abatement of soot and CO by catalytic oxidation. 

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

actively investigated. Some of them are outlined below with special emphasis on 

combustion of particulate matter. 

i) Three-way catalysts (TWCs) 

The worldwide motor vehicle production has been increasing dramatically during 

the last decades, environment has been contaminated with the exhaust gases of the 

automobiles, the most common of which are HCs, CO and NOx. In turn, demand for 

modern technologies and devices which can efficiently lower the levels of pollutant gases 

and/or convert them to environmentally harmless products has risen. Increasingly 

stringent environmental legislations, on the reduction of NOx and soot from the various 

sources of exhaust gases require the development of new devices/technologies that can 

abate these pollutants.
[105]

 Good examples of such devices are the three-way catalytic 

converters that rapidly convert CO and CxHy to CO2 and H2O and simultaneously reduce 

NOx to molecular nitrogen even in highly fluctuating emission concentrations. 

ii) Combustion of particulate matter 

iii) In Fuel cell processes 

iv) Fluid cracking catalysis 

1.4.2.1 Combustion of particulate matter 

The catalytic activity of cerium oxide towards the combustion of carbonaceous 

materials at low temperature has been widely investigated.
[74, 106]

 The main reason for the 
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generation of particulate matter (PM) is the extensive use of diesel engines, meanwhile 

stationary sources may also contribute.
[105]

 PM is mainly constituted by carbonaceous 

particles (often called soot), originated from the incomplete in-cylinder combustion of the 

fuel, with diameters ranging from few nanometers (10–20 nm) to up to hundreds of 

nanometers (the particles exceeding few µm are a negligible fraction), and the most 

common ones are around 100–200 nm.
[107]

 The soot particles can cause serious risks to 

human health and pollutes the atmosphere.  Hence removal of PM is a topic of ongoing 

research. Soot mainly consists of chains or clusters of carbon spherules on which 

hydrocarbons, SO3 and water are adsorbed.
[108]

 

Various emission‐reduction technologies have been developed. The direct 

oxidation of these soot particulates needs high temperatures (around 600°C), and when 

the engine is fitted with non-catalytic traps frequent high temperature regenerations are 

required.
[105]

 These regenerations are inefficient and inconvenient. Besides improving 

engines and fuel quality, filtering followed by catalytic oxidation is considered to be the 

most direct and efficient solution to reduce PM.
[109]

 One way to circumvent the emission 

of soot produced by diesel vehicles is to trap the particles on a Diesel Particulate Filter 

(DPF) and burn the soot periodically to prevent a pressure increase in the exhaust line.
[74]

 

Catalysts appropriate for promoting low temperature combustion of carbonaceous 

materials may indeed be applied in these traps. The exhaust gases may cool down to 180–

400°C along the pathway from the engine to the silencer, hence it is mandatory to 

develop catalysts active enough to ignite soot within the above temperature range.
[108]

 

These catalysts can be either deposited on a ceramic support (honeycomb or foam 

filtering devices) thus obtaining a catalytic trap, or generated inside the combustion 
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chamber by using a proper metal-organic catalyst precursor that must be added to the 

fuel. In this last case the catalyst particles get in tight contact with soot and are carried by 

exhausts towards the filtering device where soot combustion occurs.  

Several kinds of catalysts have been tested in soot oxidation which includes, 

perovskite type oxides,
[110]

 spinel type oxides,
[111]

 alkaline or heavy metal oxides,
[111-113]

 

mixtures of halides with vanadates or molibdates,
[114, 115]

 precious metals.
[116]

 Ceria is 

commonly believed to display appreciable oxidation activity, fair thermal stability, poor 

chemical reactivity with respect to many ceramic supports and the main diesel emission 

components (water vapour, carbon and nitrogen oxides). Hence CeO2 has been proposed 

as a promising soot oxidation catalyst to accelerate the soot-O2 reaction by involving the 

participation of „active oxygen‟ and thereby lower the onset temperature of the soot 

oxidation. Ceria is actually worldwide adopted as a promoter of most automotive 

catalysts.
[74]

 Ceria is of great significance as a basic catalytic material for soot 

combustion because of its appreciable oxygen storage capacity (OSC) and excellent 

redox properties. However, the temperature window of soot oxidation under pure ceria is 

much higher than the temperature of diesel exhaust (< 400°C). Further, significant 

deactivation of CeO2 occurs at high temperature because the particles are sintered.  

1.4.2.2  Factors affecting catalysis 

One of the widely accepted scenarios behind catalysis is the influence of surface 

area of the catalyst. In catalytic reactions involving ceria, the redox chemistry of ceria is 

highly influential which can be tailored through size/shape selective syntheses. 

1. Size / Surface area: Regarding particle size, it has been known for many years that the 

rates of some reactions depend on particle size (structure sensitive reactions) and some do 
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not (structure insensitive).
[117]

 The common method for maximizing the number of active 

sites and efficiently utilizing expensive metals is to reduce the catalyst particle domain 

size as far as possible. As a result, active catalysts typically contain small particles; these 

are often single or polycrystals with sizes less than 10 nm and even as small as 1 nm. 

Therefore, the particle size effect is often used to describe the relationship between the 

reaction rate and the catalyst particle size, especially in the size range from 1 to 10 nm. 

Gold NPs are a classic example of this topic.
[118]

 Bulk gold has long been viewed as 

being catalytically inert; however, 2–5 nm particles dispersed on reducible oxides are 

highly active towards CO oxidation at low temperatures. This prominent size dependent 

effect has been interpreted on the basis of the variations in the geometric and/or 

electronic properties of the active gold atoms at smaller particle sizes.
[118]

 The catalytic 

combustion of diesel particulate is a process based on a heterogeneous reaction involving 

solid particles of soot, gaseous oxygen and, of course, the solid catalyst.  

Observing the soot oxidation temperature (T50 or Tp) while subjecting mixture of 

soot and ceria catalyst in fixed ratios to thermogravimetric analysis is one of the methods  

used widely to assess the catalytic activity.
[109, 119-122]

 Palmisano et al. reported that the 

adoption of small particles of catalyst can be quite convenient as it increases the number 

of contact points between the two counter parts.
[74]

 They have observed ~27% reduction 

in soot oxidation temperature in presence of 8 nm ceria NPs prepared by solution 

combustion method.
[74]

 The structural features and physicochemical characteristics, 

especially the redox capacity of CeO2 are inevitably changed by doping. In recent years, 

doping of CeO2 with transition, rare earth, or alkali metals to form ceria based solid 

solutions has proved to be a convenient and effective approach to improve the catalytic 
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activity and thermal stability of CeO2. This is because of the fact that doping confers 

interesting properties to soot combustion catalysts due to high availability of surface 

oxygen and high surface reducibility.
[121, 123-125]

 A very well known dopant for ceria is 

zirconium, which promotes bulk oxygen mobility in ceria–zirconia solid solutions.
[126]

 

Lopez et al. reported a reduction in soot combustion temperature of ~7% and 26% with 

CeO2 and Ce0.69Zr0.31O2 respectively.
[120]

 The effect of rare earth doped ceria in soot 

oxidation has been studied by Makkee et al. and reported ~24% reduction in soot 

combustion temperature with 10 mol% La doped ceria calcined at 1000°C.
[105]

  

2. Structure/morphology of the catalyst: The interaction between the catalyst and the 

oxygen contained in diesel exhausts is also believed to play an important role in the 

combustion of soot, in particular when the catalyst acts as an oxygen pump or even 

promotes oxygen spill-over. Precise control of the nanostructure of solid catalysts widely 

used in a variety of industrially important reactions and to deepen the mechanistic 

understanding of the catalytic process at the atomic, molecular, and nanometre scales.
[118]

 

In this way, the concept of morphology-dependent nanocatalysts provides a new strategy 

for finely tuning catalytically active sites and significant progress has been made.
[121]

 

However, several critical issues related to the application of nanostructured catalysts to 

practical processes need to be further addressed.  

The shape of CeO2 nanocrystals is correlated with the predominance of particular 

crystal facets which exhibit selective reactivity in different catalytic processes.
[127, 128]

 

The analysis of active/exposed planes in nanostructures is qualitatively done through HR-

TEM technique.
[45, 129]

 The quantitative analysis of active planes/preferential orientation 

of facets by performing Harris analysis on XRD data is reported in ceria,
[130]

 zinc oxide 
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,
[131]

 tin oxide,
[132, 133]

 and cobalt nanostructures.
[134]

 In Harris analysis, the preferential 

orientation of the crystallites along a crystal plane (hkl) in nanocrystals is measured as 

texture coefficient, C(hkl). A sample with randomly oriented crystallites presents a C(hkl) 

of 1, while a larger value indicates an abundance of crystallites oriented to that (hkl) 

plane.
[130, 135]

 More details on Harris analysis is discussed in chapter 2 and 3. The {100} 

and {110} facets of ceria are reported to be catalytically more active than the stable 

{111} facet due to the ease of formation of oxygen vacancies on them.
[136]

 The presence 

of defects/oxygen vacancies is another factor which affects catalysis. The concentration 

of defects/Ce
3+

/oxygen vacancies vary with size and also with shape of the catalyst.
[6]

 

Deshpande et al. reported that the concentration of Ce
3+

 increased from 17 to 44% as the 

particle size reduced from 30 to 3 nm.
[6]

 Ceria nanorods are reported to possess ~60% 

Ce
3+

. The presence of kinks, edges etc are the favoured sites for defects. Whereas the 

Ce
4+

 atoms prefer to reside at highly coordinated positions, the reduced cations tend to 

occupy corner and edge sites and thus are more likely to affect the reactivity of the NP‟s. 

The studies performed by Zhou et al. showed that interaction of CO with ceria 

rods (exposing preferentially the {1 1 0} and {1 0 0} faces) is stronger than with ceria 

nanoparticles resulting in a greater conversion rate for CO to CO2.
[55]

 This activity 

dependence is also observed on different ceria nanoshapes like cubes and octahedral 

exposing preferentially the {1 0 0} and {1 1 1} surface planes
[137]

 and more recently in 

3D flower-like ceria microspheres.
[138]

 The {1 0 0} and {1 1 0} dominant surface 

structures are also shown to affect the catalytic properties of Rh supported on ceria 

nanorods in ethanol reforming reaction
[139]

 and of Pd-loaded 1D ceria in water gas shift 

reaction.
[140]

 The more reactive planes are also responsible for shape dependent OSC 
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behavior that has been observed over ceria nanostructures.
[55]

 Morphology dependant 

soot oxidation study has been performed by Fino et al. with ceria nanofibers, self-

assembled stars and nanopowders obtained by SCS. They observed better activity ~30% 

reduction in soot oxidation temperature with star shaped ceria crystals of high SSA (105 

m
2
/g).

[141]
  

Hence, the catalytic activity is related to the chemical composition and the 

structure of the catalyst as well as to the size of the catalyst particles and their specific 

surface area. One very characteristic feature, and the main reason that ceria is so useful in 

many of these applications, is ceria‟s high oxygen storage capacity (OSC). The OSC is a 

measure of how much oxygen a material can store and release. Ceria‟s high OSC makes 

it a powerful catalyst for reduction-oxidation (redox) chemistry, where it mediates 

reduction through the uptake of oxygen, and oxidation through the release of oxygen. It is 

well-known that once Ce
3+

 appears in the fluorite lattice, oxygen vacancies are generated 

to maintain electrostatic balance.
[142]

 However, while the rate of cerium oxidation is much 

faster, reduction of ceria is generally sluggish. Thus, great effort has been made to 

promote its reducibility. As discussed in these studies, the reduction of ceria is proposed 

to be controlled by the nature of the oxygen vacancies, since oxygen diffusion, the rate-

controlling step, depends on the type, size, and concentration of oxygen vacancies. This 

indicates that any processing condition which favors the formation of more desired 

oxygen vacancies will result in enhanced reducibility. However, creating these favorable 

defects and understanding their roles in the reducibility and activity of nanosized ceria at 

the atomic level is still lacking.  



   Chapter 1                                                                                                                Introduction 

 

34 
 

In all of the above mentioned applications, the ability of cerium to cycle between 

Ce
3+

 and Ce
4+

 is crucial; however, the mechanisms by which ceria promotes reactions are 

complex. Understanding these mechanisms is technologically important because the 

properties of ceria are strongly affected by its morphology, pre-treatment conditions, and 

presence of dopants. However, not many fundamental studies are reported in the open 

literature on morphology dependant soot oxidation using CeO2 or CeO2 containing 

materials. 

 

1.4.3 Nanofluid 

Nanocrystalline materials represent a bridge between molecules and solid state 

and exhibit properties that are unique.
[143]

 New coatings and dispersions will take 

advantage of the huge surface areas and the enhanced chemical reactivity at the surfaces 

of nanocrystalline materials. These surfaces can be modified with ligands, can be 

consolidated into porous solids, or can be incorporated into fluids or plastics. One such 

emerging area is the use of nanoparticulate stable fluid for heat transfer, an innovative 

concept developed by Dr. Choi of Argonne National Laboratory, US in 1995.
[77, 144]

 

Present applications of nanofluids have an estimated total market size of ~$30-60 million 

with a scope phenomenal growth.
[145]

 There are some indications that basic and applied 

research in nanofluid is growing and significant. First, the new, young nanofluid 

community has published more than 250 research articles since 1995. In 2006 alone, the 

number of publications in this area in Science Citation Index (SCI) journals topped 100. 

Second, prestigious institutions worldwide have established research groups or 

interdisciplinary centres with a focus on nanofluids. Several universities have graduated 

Ph.D.s in this new area. Third, small businesses and large multinational companies in 
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different parts of the world are working on nanofluid for their specific applications. As a 

result, the study of nanofluids has emerged as a new field of scientific research and 

innovative applications.
[146]

 

The term nanofluid is used to describe a fluid consisting of solid NPs with size 

less than 100 nm suspended in it with solid volume fractions typically less than 4%.
[147]

 

The majority of NPs, used in such suspensions, are based on iron or copper or aluminium 

metals as well as their oxides. The size and volume fraction of the NPs in suspension, the 

thermal properties and conductivities of the NPs and the suspending media and most 

importantly the overall thermal conductivity, flow dynamics and stability of the 

suspension decides the suitability of a nanofluid in a cooling process. The rheology of the 

fluid as a function of temperature is also a very important issue. The flow patterns of a 

nanofluid changes with the change in temperature of the fluid, as the viscosity and 

consequently the thermal motions of NPs are proportional to the temperature of the fluid. 

Nanofluids give rise to unusual fluid mechanical phenomena and thermal behaviour.
[148]

  

NPs, whether metallic or oxidic, need to be in a stable suspension to be used as 

heat transfer fluids with consistent thermal properties with time. Particles over 200 nm 

size, with no surface charge, normally settles down in a suspension due to gravitational 

forces acting on them. The kinetics of motion of NPs smaller than 100 nm is dominated 

by thermal energy. NPs tend to agglomerate to reduce their surface energy due to the high 

surface area to volume ratio. There are two major ways to prevent small NPs from 

agglomeration, e.g., steric and electrostatic stabilization of the particle surfaces as 

mentioned in section 1.3.1.3. 
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1.4.3.1  The concept of nanofluid for thermal management 

In the development of energy-efficient heat transfer equipment, the thermal 

conductivity of the heat transfer fluid plays a vital role.
[149]

 However, traditional heat 

transfer fluids such as water, engine /transformer oil, and ethylene glycol mixtures, have 

inherent poor thermal conductivities.
[150]

 With increasing global competition, industries 

have a strong need to develop advanced heat transfer fluids with significantly higher 

thermal conductivities than are presently available. Despite considerable previous 

research and development efforts on heat transfer enhancement major improvements in 

cooling capabilities have been constrained because of the low thermal conductivity of 

conventional heat transfer fluids. However, it is well known that at room temperature, 

metals in solid form have orders-of-magnitude higher thermal conductivities than those 

of fluids. For example, the thermal conductivity of copper at room temperature is about 

700 times greater than that of water and about 3000 times greater than that of engine oil. 

The thermal conductivity of metallic liquids is much greater than that of non-metallic 

liquids. Therefore, the thermal conductivities of fluids that contain suspended solid 

metallic particles could be expected to be significantly higher than those of conventional 

heat transfer fluids. In fact, numerous theoretical and experimental studies of the effective 

thermal conductivity of dispersions that contain solid particles have been conducted since 

Maxwell‟s theoretical work was published more than 100 years ago.
[151]

 However, all of 

the studies on thermal conductivity of suspensions have been confined to millimeter- or 

micrometer-sized particles. The major problem with suspensions containing millimeter- 

or micrometer-sized particles is the rapid settling of these particles. Furthermore, such 

particles are too large for micro systems. 
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  Earlier reports indicate that the nanofluids can be fabricated by two major 

approaches: formation of the NPs in presence of the medium in which they are to be 

dispersed, for example, metal NPs by evaporation/ gas condensation techniques. The 

other approach is to prepare NPs first and then disperse the NPs in the fluid medium 

uniformly and in stable manner. The solid particle and size content, the shape of the 

particles, the surface charge of the particles and the stability of the particles in the 

medium (reactivity), all influence in the preparation of successful nanofluid. Oxides such 

as titania, alumina and zinc oxide are reported to be made by plasma arc method and 

directly dispersed from the formation stage in order to prevent atmospheric 

contamination as well as surface passivasion. 

1.4.3.2  Oil based heat transport fluid 

Nanofluid-based heat transfer plays an important role in diverse fields such as 

microelectronics, high voltage power transmission systems, automobiles, solar cells, 

biopharmaceuticals, medical therapy/diagnosis, and nuclear cooling.
[150]

 An important 

aspect in the preparation of nanofluid is the selection of the NPs for a specific 

application. Metal particles are generally conducting and therefore the effective thermal 

conductivity of the dispersed liquid increases. However, it has been well reported that 

ceramic particles such as alumina, titania and silica also has been effective in thermal 

management. Heat transport driven failures are quite often in high voltage power 

transformers. Dielectric oils in high voltage transformers provide efficient cooling which 

can extend the life of transformers.
[152]

 These transformer oils require excellent 

nanoparticle (NP) dispersion, high heat conduction, as well as electrical insulation at the 

same time. In this context, the use of insulating/semiconducting ceramic oxides such as 
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alumina, silica, ceria etc. can be beneficial. Further, some commercial oxides such as 

alumina and ceria manifest a tremendous price advantage compared to metal and carbon 

materials. On the other hand preparation of stable suspension of metal oxides in oil based 

coolants will be a challenge in view of the hydrophilic-hydrophobic nature of the 

particulates and the fluid. Various efforts including ultrasonication,
[153]

 using 

dispersants/surfactants
[154]

 and chemical surface modification have been extensively 

made to enhance stability of the suspension.
[147]

 However, it is still challenging to 

produce non-agglomerated nanofluids with the two-step method. Most of the recent 

studies were focused on the preparation of water/EG based nanofluids and very few 

reports are available on the preparation of oil based fluids. A brief literature survey on the 

physico-chemical properties of non aqueous fluids reported during the last few years is 

presented in Table 1.2. 

Table 1.2 A summary on non aqueous nanofluid systems reported in literature 

Entry System Studied Particle 

size 

(nm) 

TC 

enhancement 

(%) / Vol% 

TC vs 

vol % 

TC vs 

temp 

Viscosity 

vs Temp 

Stability 

(Time) 

1.  Poly -olefin oil 

based CNT fluid
[155]

 

Dia~ 25 

nm and a 

length 

~50 m  

150/1 Increases - - - 

2. Transformer oil 

based alumina 

nanofluid
[152]

 

13 20/4 Increases - - 30 days 

3. Gear oil based Cu 

nanofluids
[156]

 

40-60   Increases Increases Decreases  

4.  Silicon oil based 

multiwalled carbon 

nanotubes 

nanofluids
[157]

 

500   - Increases Decreases - 

5. Kerosene  based 

Fe3O4 

15   Increases Constant - 7 h 
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nanofluids
[158]

 

6. Kerosene based 

silver nanofluid
[159]

 

5-6 17/0.5 Increases Decreases - - 

7 Silicon oil based 

CNT fluid
[160]

 

150 -200  - - Decreases  

8. Transformer oil 

based Ag supported 

on silica 

nanofluid
[161]

 

- 15/0.1 

 

Increases Increases Decreases Unstable 

9. Oil based Boron 

nitride nanosheet 

fluid
[150]

 

5-6 

atomic 

layer 

thick 

~76/0.1 wt% Increases Increases Decreases ~3 

months 

10. Transformer oil 

based alumina 

nanofluid
[162]

 

25  ~4 /0.3  Increases Increases  Decreases - 

11. Gear  oil based Cu 

nanofluid
[163]

 

40 ~24 /2 Increases Increases Decreases 20 days 

 

A lot of studies were performed with the highly thermal conductive carbon 

nanotubes (2000 W/mK).
[164]

 The highest TC enhancement reported so far is 150% with 1 

vol% of CNT dispersed in engine oil.
[155]

 However, later researchers could not obtain the 

same magnitude of the thermal conductivity enhancement of CNT nanofluids. The TC 

enhancement reported with metallic nanoparticles such as Ag and Cu lies within 15-25%, 

but the stability of the nanofluids reported was not much promising.
[161, 163]

 A good TC 

enhancement of 76% and reasonable stability of three months has been accomplished 

with boron nitride nanosheets.
[150]

  

1.4.3.3  Hydrophobic modification of NP surface 

It is well known that most ceramic nanoparticles possess slight hydrophilic 

surface properties. Hence preparation of stable oil-based nanofluids requires hydrophobic 

modification of the NP surface by suitable methods. Steric stabilisation with the help of 
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an ampiphilic surfactant is the most widely used technique for preparing stable 

nanoparticle dispersions.
[130, 165, 166]

 Long chain fatty acids such as decanoic acid,
[167]

 

stearic acid and oleic acid are some of the amphiphilic surfactants that have been reported 

earlier.
[130, 152, 159, 168, 169]

 Oleic acid is one of the most widely employed surfactants as it 

possesses a C18 tail with a cis-double bond in the middle, forming a kink which have 

been postulated as necessary for effective stabilization as shown in Fig. 1.6.  

 

Fig. 1.6 Structure of long chain fatty acid oleic acid. 

Oleic acid is also reported to form a dense protective monolayer, thereby producing 

highly uniform and monodisperse particles for the synthesis of various NCs from metals, 

metal oxides, and II-VI, IV-VI, and III-V group semiconductors.
[149]

 The presence of a 

carboxylic group with significant affinity to various surfaces together with a nonpolar tail 

group for sterical hindering is the base for the excellent stabilizing function of this ligand. 

In short, nanofluid is a new field of scientific research that has grown enormously 

in the past few years. Still, it is a field in its adolescence, and there are a number of issues 

which have not been fully addressed yet.  

1.5 Scope of the present thesis 

The exhaustive literature provided above indicates the wide scope of 

nanostructured CeO2 in the energy sector in the near future. Chemical, chemico-
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mechanical and catalytic are the key areas where the CeO2 based nanomaterials are 

continued to be investigated. Such applications depend on the production of 

nanostructured CeO2 particles, it is important therefore to fabricate the CeO2 

nanoparticles by different techniques and characterize them. In this thesis three important 

fields of research pertaining to CeO2 nanostructures are mainly addressed. Firstly, the 

morphology dependent polishing of silicate glass and its mechanism is studied in detail. 

Precipitation cum hydrothermal synthesis was utilized for preparing ceria NPs of 

spherical, rod, and cubical morphology and utilised as abrasive in CMP and the effect of 

surface properties of abrasive particles in polishing was studied in detail. In the 

subsequent chapter, the development of nanostructured CeO2 in the forms of rods, cubes, 

and spheres of enhanced surface area was carried out by controlling the precursor 

concentration. These nanostructures were further utilised as catalyst in high temperature 

oxidation reactions. The third section of the thesis devotes to the development of surface 

modified/oleophilic ceria nanostructures through a simple reflux synthesis for phase 

transfer into oils for the development of heat transfer fluids. Therefore, the thesis 

epitomizes simple low temperature chemical syntheses for obtaining CeO2 nanostructures 

for the novel applications in energy and environment applications. 
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Definition of the present problem 

Cerium dioxide due to its applications in a vivid landscape of areas by virtue of its 

unique properties made its own place among inorganic oxides and is really appreciated 

both by industry and academic people. As evidenced from the above scientific literature 

and other business reports, ceria nanostructures and surface modified oleophilic ceria NPs 

have great scope for application in various potential areas. Morphology controlled 

synthesis of ceria nanostructures and its application in catalysis and polishing of glass is 

well documented in the literature. But a proper understanding of the mechanism behind 

these applications is still lacking. As pointed out, the need to explore and understand the 

structure-property correlation in these nanomaterials inevitable for the wide scale 

commercial applications of this material. The preparation of surface modified 

monodisperse ceria NP‟s is also well covered in the open literature but the application 

studies of such NP‟s were seldom reported.  

 

Summing up in brief the work under taken in this thesis can be divided as follows. 

1. Morphology controlled synthesis of ceria nanostructures through simple wet chemical 

methods and development of a simple reflux method in presence of surfactant to prepare 

oleophilic NPs. 

2. Two possible applications such as glass polishing and high temperature oxidation of 

soot have been probed thoroughly to study the effect of NP morphology and related 

parameters on these applications. 



   Chapter 1                                                                                                                Introduction 

 

53 
 

3. The surface modified oleophilic ceria NPs were used for the preparation of stable 

transformer oil based heat transfer nanofluids. 

The thesis has been designed on the above objectives. The results obtained have been 

discussed and correlations have been derived between the experimental parameters and 

the properties. 

 



CHAPTER 2 

 Architecture tuned synthesis of cerium oxide nanoparticles and 

application in chemical mechanical polishing of glass  

 

2.1 Abstract 

Nanosized cerium oxide (CeO2) particles possessing different morphologies like nanorod, 

nanocube and nanosphere have been successfully synthesized through facile single step, 

surfactant free, precipitation technique and by hydrothermal methods. The prepared NPs 

were further used for fine polishing of silicate glass with an initial surface roughness of 

40 nm and observed a strong morphology dependence of abrasive in glass polishing. 

Polishing efficiency of nanoabrasives in terms of material removal and surface roughness 

achieved was monitored using a table top lapping machine. Surface roughness analysis as 

observed by atomic force microscopy reveals that the ceria nanostructure with mixed 

morphology of rods and cubes could produce a surface finish of ~3 Å. A summarised 

graphical abstract of the chapter is also presented below. 
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The surface properties of abrasive were found to play a key role in polishing as evidenced 

by X-ray photoelectron spectroscopy and Raman spectral analysis. The amount of Ce
3+

 

was found to vary with the shape of ceria NPs attaining a maximum of 42% in mixed 

morphology abrasive. The preferred orientation of the crystallographic planes have been 

estimated and expressed as the texture coefficient (Chkl) by performing Harris analysis on 

XRD data. The powder contact angle/hydrophilicity of the nanoceria abrasives was found 

to be proportional to the dipolar (200) plane content and concentration of Ce
3+

. The 

presence of ~42% Ce
3+

 and (200) texture coefficient value of 1.34 in rod+cube mixed 

morphology abrasive, helps in efficient polishing. The pH of the polishing slurry was also 

found to play a key role in glass polishing. This work envisages polishing efficiency with 

nano CeO2 slurry in achieving nanolevel planarity on glass substrates which is desirable 

for the global planarization of complex device topography. 
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2.2 Introduction  

With the advent of nanotechnology, size/shape controlled synthesis of NPs has thrown 

open an entire field of research. Motivated by both the possible applications and the 

excellent properties, much attention has been directed to the size/shape controlled 

synthesis of cerium oxide, ceria (CeO2) nanostructured materials. As mentioned in 

chapter I, this endowed inorganic oxide is finding myriad uses especially in glass 

polishing and catalysis. Currently, the polishing slurry accounts for ~40% of the 

worldwide nanoparticle market share. Chemically active polishing particles such as 

CeO2, having a large fraction of surface species bonding to the glass, will generate higher 

frictional forces and higher surface stresses than more inert materials such as diamond. 

Chemical Mechanical Planarization (CMP) slurries consist of abrasive particles <3 µm in 

diameter suspended in deionised (DI) water.
[1]

 These suspended particles in the slurry are 

responsible for mechanical abrasion, the M in CMP. Highly reactive particles like ceria 

(CeO2) and zirconia (ZrO2) may also contribute to the chemical component via particle–

substrate bonding.
[1]

 

Many technological applications of glass such as displays, microelectronics and 

advanced lithography are known to depend on the quality of the surface. In addition, 

clean, smooth, and compositionally reproducible specimen surfaces are desirable for 

various surface science studies of materials, e.g., corrosion, adsorption, film deposition, 

etc.
[2]

 Ceria is the most widely used abrasive for the CMP of silicate glasses and is also 

used to finish CRT screens, LCDs and also in ophthalmic industry for prescription lens 

polishing.
[3, 4]

 CMP appears to be the most promising technology in microelectronic 

fabrication for the global planarization of complex device surfaces.
[5]

 Ceria slurries have 
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stimulated widespread interest because of enhancements in material removal rate, surface 

finish, and selectivity over slurries formulated with silica abrasives.
[6]

  

In 1963, Cornish and Watt suggested that glass polishing critically depends upon 

the presence of water in the polishing slurry.
[7]

 They reviewed cerium polishing rates 

relative to water for a series of alcohols ranging from methanol to n-dodecanol. Polishing 

rates were found to increase directly with increasing hydroxyl reactivity, with water 

giving by far the highest rate. Similarly, in 1971 Silvernail and Goetzinger studied cerium 

polishing rates in a series of ethylene glycol/water mixtures. Polishing rates were 

extremely low in pure ethylene glycol, increasing logarithmically with the molar 

concentration of water in solution.
[8]

 From the above, it is apparent that the interaction of 

the system with water is the primary chemical process in glass polishing. However, the 

stabilization of ceria in water is still a big issue to be tackled and use of dispersants is 

highly appreciated.
[9]

 The dispersion agents used by manufacturers for preparing 

commercial CMP slurry are considered to be proprietary and are not disclosed to the 

users. Luo et al. has studied the stabilization of alumina slurry using different dispersants 

and found out that addition of polyethylene glycol improves the slurry stability 

significantly, leading to a stable alumina slurry that can be utilized for the CMP of 

copper.
[9]

 

Conventional colloidal silica slurry widely used in the polishing of silicon wafer, 

contains lots of toxic chemicals and hence the chemical pollution after CMP is still a big 

concern.
[10]

 Though both ceria and alumina possess proper chemical and mechanical 

properties suitable for polishing, enhanced chemical reactivity of ceria make it a much 

better candidate in glass polishing. Only few papers related to the topic of glass polishing 
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using nanostructured ceria and their mechanisms have been published in the past 

decade.
[1, 4, 11-14]

  

The effect of concentration of ceria abrasive in optical glass polishing is studied 

by Wang et al. and they have concluded that the material removal rate increases with 

decrease of ceria concentration.
[3]

 Mixed abrasive slurry containing alumina/ceria 

particles evaluated for dielectric CMP performance by Jindal et al. at a slurry pH of 4 

demonstrated excellent polish rate and selectivity of oxide over nitride as well as very 

low RMS surface roughness values of 1 nm, making them attractive candidates for the 

STI CMP process.
[15]

 In glass polishing, both polishing rates and surface smoothness are 

maximized in the pH range 9.5-10, where 50% of surface silanols are dissociated.
[16, 17]

  

Though few reports are available on the effect of pH,
[10]

 slurry consistency
[3]

 and 

particle size,
[5, 18]

 no detailed study was carried out on the morphology dependent 

polishing efficiency and mechanism of glass polishing using nanoceria. A number of 

researchers have studied the influence of abrasive particle size on the material removal 

rate and surface finish. Some have observed that the polishing rate increases with both 

particle size and concentration,
[19, 20]

 while others claim that a decreased particle size led 

to higher polishing rates,
[21]

 or have no effect on polishing rate.
[1]

 Though the effect of 

individual crystal shape of abrasive on polishing has been suggested by Kirk et al. no 

detailed study have been reported to unravel the mechanism of morphology dependant 

glass polishing.
[12]

 

Most of the research efforts in CMP are focused in the areas of slurry formulation 

and particle properties. A tremendous potential for commercialization exists in CMP 

slurry manufacturing. In less than ten years the CMP slurry market has grown from non-
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existent to a billion dollar enterprise. Currently, the polishing slurry accounts for ~40% of 

the worldwide nano-particle market share. These facts are promising for industrial 

companies or the researchers who develop marketable CMP slurry. However, for the 

academic researcher, the tremendous profitability has led to reluctance to release 

proprietary information, which complicates efforts to understand CMP fundamentals. 

What is available in the open and patent literature does not sufficiently explain CMP 

mechanisms. Fundamental investigations into slurry properties are necessary, especially 

in a setting where a sustained effort can be maintained. Considerable room exists in the 

academic arena to contribute to the knowledge of CMP slurry development, particularly 

in areas like Shallow Trench Isolation (STI) that will be gaining attention in the near 

future. 

 In the present work, we have focused on the morphology dependent synthesis of 

anisotropic shapes of ceria such as rods, cubes and spherical shape by hydrothermal as 

well as precipitation methods all starting from cerium nitrate hexahydrate as the 

precursor. The prepared NPs were utilized as polishing slurry in glass polishing and a 

detailed study on the surface properties of the abrasives has been carried out. The effect 

of morphology of abrasive, pH and solid content of slurry in glass polishing have been 

systematically carried out. The present work gives new insight into the morphology 

dependent glass polishing mechanisms. 

 

2.3 Experimental Section 

Materials: The starting chemicals employed in the syntheses were Ce(NO3)3.6H2O 

(>99.9%, Indian Rare Earths Ltd., India) and the precipitants NaOH (analytical grade, 

Qualigens Fine Chemicals, India), NH4OH (25%, analytical grade, Qualigens Fine 
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Chemicals, India). A commercial ceria powder was procured from Kansal enterprises, 

New Delhi. All the chemicals were used as received without further purification. All the 

chemical syntheses and washings were carried out using double distilled water obtained 

from a quartz glass distillation unit.  

2.3.1 Synthesis  

Ceria NPs possessing different morphologies such as sphere, cube and rod were 

synthesized by means of simple ammonia precipitation and hydrothermal method 

respectively. 

a) Precipitation using ammonia 

Small crystals of spherical cerium oxide (AP) were synthesized by ammonia 

precipitation using 0.5 M Ce(NO3)3.6H2O (CN) aqueous solutions by salt into precipitant 

(SIP) technique
[22, 23]

 in which ammonia is used as the precipitant. In a typical synthesis, 

CN solution (29 mmol) was added to 25% ammonia in a 2 L beaker so that the total 

volume of the reaction mixture was 580 mL. The net concentration of Ce-ion was 500 

mM and the hydroxyl/cerium ratio (OH/Ce) in solution was greater than 10:1. The CN 

solution was added at a uniform rate in 1 min under vigorous mechanical stirring using a 

1/8 hp mechanical stirrer at ~4000 rpm. The reaction was carried out at 30°C (room 

temperature). A purple coloured precipitate formed within minutes after the addition of 

CN solution. The precipitate turned to yellow on stirring further ~20 min indicating the 

formation of CeO2 crystals. The stirring was continued for 3 h. The ceria precipitate was 

then collected by centrifugation and the excess ammonia was washed off with distilled 

water till the pH of the supernatant liquid was <8. The centrifuged mass was then washed 
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twice with dry ethanol and dried in an air oven overnight at 65°C and termed henceforth 

as AP. 

b) Hydrothermal synthesis 

Nanorods and nanocubes of ceria were prepared by hydrothermal method by 

varying the hydrothermal treatment temperature and concentration of precipitant. For the 

nanorod formation, cerium hydroxide was precipitated from 0.5 M cerium nitrate 

hexahydrate solution using 8 M sodium hydroxide solution. In this case, a cerium nitrate 

precursor solution was prepared by dissolving CN (0.29 mole) in distilled water (150 

mL). A precipitant solution was also prepared by dissolving NaOH (4.65 mole) in 

distilled water (431 mL). The two aqueous solutions were then mixed and stirred strongly 

for 30 min in a 2 L polypropylene beaker. On mixing, the net Ce-ion concentration was 

~500 mM. Subsequently, the milky reaction mixture was transferred into a 1 L Teflon 

lined autoclave vessel and the autoclave was sealed tightly. The precipitate was 

hydrothermally treated at 120°C. After 24 h hydrothermal treatment, the autoclave 

reactor was cooled and depressurised to room temperature naturally. The CeO2 

precipitate was then collected by centrifugation. The precipitate was washed with 

distilled water till the pH of the supernatant liquid was 7.5. The collected solid was then 

washed with ethanol twice. The washed precipitate was dried in an air oven at 65°C 

overnight and will henceforth be called as HT1.  

Synthesis of ceria nanocubes: Cerium oxide nanocubes were synthesised by 

autoclaving the freshly precipitated slurry at 180°C, following a modified method 

described for synthesising CeO2 nanorods. Three modifications were introduced: (i) use 

of 5 M concentration of NaOH in the reaction mixture; (ii) lower hydroxyl/cerium ratio 
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(OH/Ce) of 9.7:1 instead of 16:1; and (iii) autoclaving temperature was raised to 180 

from 120°C. The final products were washed with distilled water until excess alkali was 

removed and dried at 65°C. This product is denoted as HT2.  

A commercial ceria powder extensively used in glass polishing industry was also 

included in the present study for comparison which will be abbreviated as CC. 

2.3.2  Slurry preparation 

 Previously weighed CeO2 nanopowder and Carboxy methyl cellulose (CMC) as 

dispersant was added to 100 ml distilled water and stirred mechanically at 3000 rpm for 

2h. 

2.3.3  Surface treatment of microscopic glass 

The microscopic glass slides were cut into small pieces of 1×1 cm
2 

area and was 

cleaned by sonicating in water and ethanol alternatively for several times and dried. To 

induce a desired roughness on the glass substrate, chemical etching using 5% 

hydrofluoric acid (HF)
[24]

 has been carried out. This chemically etched rough glass 

surface was used for all further polishing studies. 

2.3.4  Polishing study on glass substrate 

A table top lapping machine (Buehler, Germany) was used for polishing purpose. 

The total mass removal from glass substrate by polishing against a rotating disc as a 

function of time when slurry containing nanosized CeO2 abrasives is poured on the 

rotating disc uniformly was measured. The diameter of the rotating disc of the polishing 

machine is ~20 cm and was covered with a Selvyt Polishing Cloth. A new polishing pad 

was used for every different polishing slurry. No pre-treatment, such as diamond 

conditioning, was performed. Since the slurry was used for a single pass (as opposed to 
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recirculation), changes of particle size distribution (PSD) in the slurry with recirculation 

are not considered in this study. Microscope glass slides of thickness ~2 mm were used 

for polishing against wet cloth in presence of the slurry of nanosized CeO2. The speed of 

rotation used was kept constant at 150 rpm for all the polishing experiments. The glass 

substrate was held at a point close to the periphery of the polishing disc. Slurry of ceria 

powders with consistency 1-10 wt% was used as abrasive for polishing the glass substrate 

and was poured on to the disc (close to the point where the glass substrate is held) at a 

rate of ~10 ml.min
−1

.  

2.4  Results and discussion  

2.4.1  Electron microscopy 

Detailed morphological and structural analyses of the samples was undertaken 

using bright field high-resolution TEM, typical results are shown in Fig. 2.1. In the 

precipitation approach, the NPs are slightly agglomerated (Fig. 2.1E) compared to the 

hydrothermally synthesized one (Fig. 2.1A&C). This may be due to the formation of 

hydrogen bonds between water molecules adsorbed on approaching grains. As reported 

by Yang et al., the hydrothermal process at boiling temperature is effective to dehydrate 

the adsorbed water and decrease the hydrogen bonding effect leaving the weakly 

agglomerated powders of hydrated ceria.
[25]

 The CeO2 NPs in AP are found to be almost 

spherical. The mean particle size (DTEM) in AP is 8.2 nm (DXRD= 7 nm) as shown in Fig. 

2.1E-F. Mild hydrothermal treatment at 120°C with a high base concentration (8 M) 

produced predominantly nanorods (HT1) from anisotropic growth of unstable Ce(OH)3 

nuclei, governed by dissolution recrystallisation mechanism.
[26]

 When the autoclave 

temperature was increased to 180°C (HT2) nanocubes were formed. The average sizes 

from TEM (DTEM) for HT2 is 13.52.5 nm.  
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Fig. 2.1 TEM image of hydrothermally synthesised CeO2 crystals. (A, B) HT1 containing 

nanorods and cubes autoclaved at 120°C. (C, D) HT2 containing cubes and (E, F) AP 

containing spheres. 
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The mixed morphology of HT1 is clear from the TEM analysis and detailed 

analysis of multiple images (e.g., Fig. 2.1A) reveals that it contains ~28.1% (number) 

nanorods with an average length of ~370 nm and diameter ~24 nm, that is, an aspect ratio 

of ~15. This equates to an average (equivalent sphere) diameter of 64.3 nm. The 

remaining 71.9% are nanocubes with an average edge length of ~20.2 nm. By volume (or 

mass) the sample is approximately 88.8% rods and 11.2% cubes.  

2.4.2  X-Ray diffraction analysis 

XRD patterns of the three samples HT1, HT2 and AP can be readily indexed to a 

pure fluorite cubic phase (space group: Fm3m) of CeO2 with lattice constant of 0.5411 

nm (JCPDS 34-0394)
[27]

 as shown in Fig. 2.2.  

   

Fig. 2.2 A) X-ray diffraction patterns and B) Williamson-Hall plots of CeO2 powders a) 

HT1, b) HT2 c) AP and d) CC. 

 

The average crystallite size of the nanocrystalline ceria powders were evaluated 

from line-profiling of prominent X-ray diffraction peaks using the Williamson-Hall 

approach
[28]

 and was found to be 19, 14.1, 7 and 15.8 nm respectively in HT1, HT2, AP 
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and CC. There is moderate broadening of the diffraction peaks in AP, which suggests 

smaller crystals in this sample. Williamson-Hall plots for all the nanocrystalline CeO2 

powders are shown in Fig. 2.2B. 

2.4.3  Dispersant optimization and stability of slurry 

The change in apparent viscosity of 5 wt% ceria dispersions stabilized using CMC 

at natural pH of the slurry which was measured as 6.1 is presented in Fig. 2.3A. The 

viscosity was found to decrease initially, reaching a minimum value with 1 wt% CMC 

and further increases with increasing the concentration of dispersant. 

 

Fig. 2.3 A) Viscosity of ceria slurry as a function of concentation of CMC, B) Turbidity 

measurement of 1 wt% CMC added ceria slurry. 

 

A similar effect was observed by Kuo et al. in silica based slurry in presence of several 

polymeric dispersants.
[29]

 The increase in viscosity beyond 1 wt% dispersant may be due 

the presence of large number of ions in the solution phase which enhances the charge 

shielding to compress the electrical double layer around the particles. The stability of the 

polishing slurry was monitored by performing ageing studies by measuring turbidity 

(transmittance of visible light) over a time period of 3 days and presented in Fig. 2.3B. 

The slurry was visibly stable at room temperature for ~1 day without changing their 
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appearance, and after this period settling was observed which is corroborated by the sharp 

fall in turbidity values as shown in Fig. 2.3B.  

2.4.4  Polishing studies on glass 

2.4.4.1  Surface treatment of microscopic glass 

Chemical etching using hydrofluoric acid (HF) proved to be an efficient way to 

induce roughness on ceramic substrates.
[24] The surface topography of the glass substrate 

before and after chemical etching is presented as 3D AFM images shown in Fig. 2.4. The 

average surface roughness of microscopic glass slide was found to be 7 nm which 

increased to 40 nm, higher than that reported by Zogheib et al. on etching using 5% HF 

for 90 s. This may be due to a change in etching mechanisms according to the type of the 

ceramic microstructure and composition.  HF reacts with the glass matrix that contains 

silica and forms hexafluorosilicates which is selectively removed and the crystalline 

structure gets exposed. As a result, the surface of the ceramic becomes rough.
[24]

 

   

Fig. 2.4 AFM 3D images of microscopic glass A) before and B) after etching. 

This chemically etched rough glass substrate (Fig. 2.4B) was used for all further 

polishing studies. 

SEM analysis of etched glass substrate 

The SEM micrographs clearly revealed the effect of the HF etching on the microstructure 

of the glass substrate (Fig. 2.5). Fig. 2.5B (glass etched for 90 s) clearly show minor 
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surface disruptions compared to Fig. 2.5A (glass without any acid treatment) which was 

corroborating the Ra values observed from the AFM images in Fig 2.4A &B. 

    

Fig. 2.5 SEM images of glass before and after HF etching (A and B) respectively. 

2.4.4.2  Characterization of polished glass surface 

Typical 3D AFM images of glass polished using ceria abrasive HT1, HT2, AP 

and a commercial ceria powder used for glass polishing (CC) is shown in Fig. 2.6 and the 

respective Ra values are graphically presented in Fig. 2.7A.  

   

   

Fig. 2.6 AFM images of glass slides polished using 5 wt% slurry of A) HT1, B) HT2, C) 

AP and D) CC. 
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The "error bars" represent the spread in the results of five repeat experiments. HT1 

having mixed morphology of rods and cubes seemed to be most efficient in producing 

smooth surface with an average surface roughness (Ra) of 3 nm followed by HT2 and 

AP.  

   

Fig. 2.7 A) Surface roughness analysis and water contact angle of glass slide polished 

using 5wt% slurry of ceria abrasives. A schematic of HT1 polishing a glass substrate is 

shown as inset. B) Surface profiles of glass a) before polishing showing a Ra value of 50 

nm and b) after polishing using HT1 showing Ra value of 8 nm. 

  

In terms of its high specific surface area of 134 m
2
.g

−1
, AP is expected to possess better 

polishing efficiency compared to the other abrasives included in the present study (Table 

2.1). This may be explained in terms of the transient soft agglomerate formation in the 

CMP slurries which is expected to be higher in fine spherical particles in AP.
[30] 

Such 

agglomerates can cause defects on the substrate which is to be polished. Indeed, it was 

reported previously that the commercial CMP slurries tend to coagulate and partially 

disperse during the polishing process, confirming the presence of these agglomerates.
[30]

 

The profilometry data (Fig. 2.7B) further supports the AFM results as evidenced by the 

Ra value of 50 nm for chemically etched glass and 8 nm for glass polished using HT1. 

The water contact angle values of the glass slides measured by dynamic contact angle 
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method presented in Fig. 2.7A further elucidates the increase in water contact angle 

values with reduction in surface roughness. The water contact angle value increases from 

60 to 64° as we move from CC to HT1 which was in accordance with the Wensels law of 

contact angle as shown in Fig. 2.7A. According to the law, the effect of roughness on 

contact angle is to decrease the contact angle for a wettable/hydrophilic glass surface.
[31]

  

The material removal rate of different ceria abrasives is shown in Fig. 2.8. Next to 

CC, HT1 containing mixed morphology of rods and cubes exhibited the highest material 

removal rate of 0.18 mg.cm
−2

.min
−1

 which is followed by HT2 and finally AP.   

 

Fig. 2.8 Material removal rate in terms of weight reduction of the glass substrate as a 

function of morphology of ceria abrasive. 

 

This can be attributed to the synergistic chemical and mechanical effect of ceria abrasive 

in polishing. Agglomerated commercial ceria powder due to the large effective particle 

size appeared to be better in material removal, though the surface finish was poor (Ra 

~26 nm). 
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2.4.5  Role of Ce
3+

/defects: XPS and Raman spectral analysis 

The morphology dependence of nanoceria abrasive in glass polishing is further 

supported by XPS and Raman spectral analysis as shown in Fig. 2.9 and 2.10 which gives 

new insight into the surface properties of the abrasive.  

  

    

Fig. 2.9 Ce 3d XPS pattern of A) HT1, B) HT2, C) AP and D) CC. 

 

In the Ce 3d spectrum of XPS (Fig. 2.9), vo, v1, uo, and u1 peaks are attributed to Ce
3+

; 

while v, v'',v''', u, u'' and u'''  are the characteristic peaks of Ce
4+

 ions. The Ce
3+

 content is 

estimated using the integrated area of each peak in deconvoluted Ce 3d spectrum as 42.1, 

31.4 and 22.2% in HT1, HT2 and AP respectively (Table 2.1). The Ce 3d spectrum of 

commercial ceria was not resolvable as it contains dopant cations as impurity (Fig. 2.9D). 
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It is well-known that the presence of Ce
3+

 in the fluorite lattice generates oxygen 

vacancies to maintain charge balance
[32, 33]

 as shown in equation 2.1. 

4𝐶𝑒𝑂2 → 2𝐶𝑒𝑂2 + 𝐶𝑒2𝑂3 + 𝑉𝑜 +  1 2  𝑂2       (2.1) 

where Vo is the vacancy generated by the presence of Ce
3+ 

 

The presence of surface oxygen vacancies in the materials was monitored by UV-Raman 

spectroscopy (Fig. 2.10) which shows the presence of peaks at 460, 560 and 600 cm
−1

, 

marked as ,  and
 
β respectively. The main peak at ca. 460 cm

−1
 is due to the F2g mode 

vibration of cubic fluorite structure in CeO2.
[34]

 The phonon modes at 560 and 600 cm
−1

 

are characteristic of oxygen vacancies in ceria system.
[32, 34, 35] 

 

Fig. 2.10 Raman spectra of a) AP and b) HT1. 

The relative density of defect sites (~560 cm
−1

) in nanoparticulate CeO2 was higher in 

HT1 compared to that in AP.
[36]

 The peak at ~1340 cm
−1

 was due to O2
δ- 

(0 < δ < 1) 

species as indicated with arrowhead in Fig. 2.10. 

2.4.6  Mechanism of glass polishing 

Material removal from the glass surface has been proposed to occur by three basic 

mechanisms: (1) fracturing, (2) plastic flow, and (3) chemical reaction.
[13]

 When the load 
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on the substrate is very low as in the present case, the material removal mechanism is 

predominantly chemical which proceeds through condensation and hydrolysis reactions 

as proposed intially by Cook.
[37]

 According to Cook, the hydration layer present on the 

ceria abrasives contains Ce–OH groups, which react with the active –Si–O− sites on the 

silicon dioxide surface to form Ce–O–Si structures. As the Si–O–Si links in silicon 

dioxide are weaker than the Ce–O–Si bonds, the formers are ruptured during polishing 

due to the mechanical action of the rotating pad. The general glass polishing mechanism 

is schematically represented in Fig. 2.11. Further, as suggested by Cook and Kelsall et al., 

more Ce
3+

 on the surface of abrasive in slurry could be beneficial for the CMP process 

due to the ease of forming a Ce(OH)3 hydration layer which would accelerate the process 

of CMP.
[10, 38]

 

 

Fig. 2.11 Schematic diagram showing mechanism of glass polishing with ceria abrasives. 

Later, Sabia and Stevens postulated that an increase in the number of active sites on the 

ceria abrasives due to the reduction of Ce
4+

 to Ce
3+

 might be responsible for the bonding 

between Ce
3+

 on the ceria abrasives and silicon dioxide.
[39]

 Recently Babu et al. observed 

that silicon nitride and silicon dioxide removal rates can be controlled by varying the 
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number of reactive Ce
3+

 species on the surface of ceria particles.
[38]

 We also observed a 

similar trend in which better polishing efficiency in terms of surface quality and material 

removal rate was observed with HT1 possessing 42% Ce
3+

 on the surface.  

2.4.7  Hydrophilicity of nanoabrasives 

Further we measured the contact angle of nanoabrasive powders as it is known 

that chemical reaction at a liquid–solid interface depends on their contact angle.
[10, 29]

 The 

wettability of the powders was evaluated by dynamic water contact angle measurements 

done in triplicate and the average value was found to be 60°, 79°, 87° and 90° in the case 

of rod-cube, cube, spheres and commercial ceria respectively. We attribute this variation 

in contact angle to i) change in morphology ii) which in turn change [Ce
3+

] and iii) 

predominance of polar (200) surface. The surface interaction with water is strongly 

dependent on the ceria oxidation state: no chemisorbed water is present above 300 K for 

fully oxidized ceria (Ce
4+

), but chemisorbed water and hydroxyls persist up to 500 K for 

reduced ceria (Ce
3+

).
[40]

 Hence a reduced ceria surface promotes dissociation of water, 

which in turn leads to enhanced formation of Si–OH bonds that break up the Si–O bonds 

at the glass surface.
[40]

 A similar report by Martinez et al. suggests that the overall 

positive charge of defective oxides allows water to be bounded to the structure which 

makes such systems more hydrophilic.
[41]

 In accordance with Bentley et al. and Martinez 

et al. we observed that HT1 containing 42% Ce
3+

 is relatively more hydrophilic as 

evidenced by a powder contact angle value of 60°. The (200) surface in ceria is a Type III 

dipolar surface as shown in Fig. 2.12.  
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Fig. 2.12 A dipolar (200) surface of CeO2. 

Type III surfaces consist of alternating layers of cerium cations and oxide anions. 

Consequently, irrespective of where along the unit cell the surface is terminated, there is 

a dipole in the z-direction. Datye et al. observed distinct –OH stretching bands for 

nanoshapes such as rods, cubes and octahedra which they correlated with different 

surface terminations/ exposed planes of the nanostructures. Further, they observed that 

{100} terminated nanostructures possess specific hydroxyl bands more strongly than 

(111) terminated structures indicating their enhanced hydrophilicity.
[42]

 

The preferred orientation of the polar crystallographic plane (200) was estimated 

by performing Harris analysis on the XRD data of CeO2 powders
[43, 44]

 and expressed as 

the texture coefficient C (hikili), following the equation: 
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where I(hikili) is the diffraction intensity of the (hikili) plane of the particular sample under 

investigation, Io(hikili) is the intensity of the (hikili) plane from the standard JCPDS 

powder diffraction pattern for the corresponding peak i, and n is the number of reflections 

taken in to account. A sample with randomly oriented crystallites presents a C(hkl) of 1, 

while a larger value indicates an abundance of crystallites oriented to that (hkl) plane. 
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The powder contact angle value of the nanopowders followed the same trend as that of 

C(200) and [Ce
3+

] i.e., HT1>HT2>AP>CC as tabulated in Table 2.1.  

Table 2.1 Characteristics of ceria nanoabrasives used for glass polishing  

Sample 

code 

DXRD 

(nm) 

DTEM 

(nm) 

Surface 

area 

Contact 

angle 

(°) 

(Ce
3+

) 

(%) 
I200/I111 C(200) 

HT1 19 64 22.96 60±1 42.1 0.538 1.34 

HT2 14.1 13.5 25.87 79±1.5 31.4 0.453 1.2496 

AP 7 8.2 134.19 87±0.7 22.2 0.363 1.0674 

CC 15.8 20 5.12 
90±1.2 - 

0.27 

(0.3*) 
0.9526 

 

⃰ JCPDS file 34-394 

Additionally the I200/I111 value calculated for HT1 (Table 2.1) using XRD data was ~79% 

higher than that for bulk ceria (JCPDS file:34-394) where as the commercial ceria 

powder followed the same trend as that of bulk ceria. The glass substrate being 

hydrophilic, a smaller powder contact angle value of 60° in mixed morphology abrasive 

HT1 accounts for a better interfacial wettability, which enhances the chemical reaction at 

the solid–liquid interface.
[10]

 

2.4.8  Effect of solid content of abrasive 

The etched glass substrate was polished using HT1 of varying solid consistency 

from 1-10 wt% for a time period of 10 min. The respective Ra values and contact angle 

values of the polished glass substrate are graphically presented in Fig. 2.13A. Typical 

AFM images of glass polished using 1 and 5 wt% slurry is also shown in Fig. 2.13B. The 

Ra value was found to decrease with increase in solid content and attained a minimum 

value of 3 nm with 5 wt% slurry.  
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Fig. 2.13 (A) Surface roughness analysis from AFM and water contact angle values of 

glass polished using 1-10 wt% (a - d in the inset) slurry of HT1. Typical 3D AFM images 

of glass polished using (B) 1 and (C) 5 wt% slurry. 

 

Further increase in slurry consistency does not show much variation in Ra value as the 

abrasive particles might have reached a saturation value in between the polishing pad and 

1 cm
2
 glass substrate as shown in the inset of Fig. 2.13A. This observation was 

contradictory to that reported by Wang et al., probably because most of the results 

reported in the literature used concentrated slurries.
[18, 29, 45]

 

2.4.9  Effect of pH of slurry 

The effect of pH of slurry in glass polishing was studied by performing polishing 

experiments using slurry of HT1 at 4, 6.1 and 10 pH values. The Ra values from AFM 

analysis versus pH of the slurry is presented in Fig. 2.14A. Detailed study on the 

electrokinetic properties of polishing slurry and mechanism of glass polishing give new 

insight into the effect of pH of slurry in glass polishing. The zeta potential versus pH of 

slurry is shown in Fig. 2.14B. Use of CMC as dispersant in the present study was found 
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to influence the electrokinetic properties of the ceria slurry as evidenced by zeta potential 

measurements shown in Fig. 2.14B.  

 

Fig. 2.14 A) The surface roughness analysis and advancing water contact angle of glass 

polished at pH 4, 6 and 10. B) Zeta potential of ceria slurry as a function of pH without 

and with CMC. 

 

The Isoelectric point of pure ceria slurry was found to be at pH 6.7 which is in the 

range reported by others.
[45]

 CMC is an anionic linear polyelectrolyte and its molecular 

conformation in aqueous solution strongly depends on the concentration, ionic strength 

and pH.
[46]

 On addition of 1.0 wt% CMC, CeO2 becomes negatively charged in the entire 

experimental pH range. A similar behavior was observed by Shen et al. in alumina 

suspensions on addition of a cationic polyelectrolyte polydiallydimethylammonium 

chloride (PDADMAC). Rapid adsorption of large number of negatively charged CMC 

molecules onto the positively charged nanoparticles causes charge neutralization and a 

relatively strong charge inversion (zeta potential −8.5 mV at a pH of 2.9). At pH values 

above the pKa of CMC (pH 3.65)
[47]

 the dissociation of CMC molecules increases and 

the molecular chains possess partially expanded structure with strong electrostatic 

repulsion between the neighbouring CMC chains.
[46, 48]

  Hence at pH values above 4, the 
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adsorption of CMC molecules on to the NPs increases thereby stabilizing the ceria NPs in 

the slurry as evidenced by zeta potential in the range of -(40-60) mV.  

The Ra value of the glass surface was found to be 1, 3 and 0.3 nm after polishing 

using slurry of pH 4, 6.1 and 10 respectively. The hydrolysis of -Si-O-Si- links in glass is 

both hydroxyl and hydronium ion catalysed, which is a major step involved in glass 

polishing as mentioned earlier.
[49]

 Hence the slurry pH of 4 and 10 facilitate glass 

polishing and bolster performance. At pH 10, far away from the IEP of ceria (6.7), CeO2 

abrasive slurry possess superior dispersion stability as evidenced by a zeta potential value 

of ~50±5 mV which enables fine polishing of the glass substrate resulting in an Ra value 

less than 1 nm. Further, the acceleration of chemical etching at pH 10 in alkaline solution 

improves the surface quality of glass to 3 Å.
[10]

 These results demonstrate that the 

electrostatic repulsion among the particles responsible for superior dispersion is one of 

essential parameters for polishing slurry. 

2.5  Conclusions 

Spherical, fine cerium oxide NPs have been synthesized by simple ammonia 

precipitation method. Anisotropic shapes of CeO2 crystals such as rods and cubes were 

synthesized by hydrothermal treatment of the hydrated oxide precipitate. Polishing 

efficiency on glass substrate was evaluated with ceria abrasives of different morphology 

which showed strong shape and pH dependency. Surface roughness analysis by AFM 

reveals that the ceria sample with mixed morphology of rods and cubes could produce a 

surface finish ~0.3 nm in alkaline medium. Thus, in the present study, a precise control 

over glass polishing was achieved by tailoring the amount of Ce
3+

 in the sample which in 

turn was realized through control over abrasive morphology using simple synthetic 
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protocols. Predominance of Ce
3+

 and dipolar (200) surface was found to strongly 

influence hydrophilicity of the nonabrasive which further influence nanolevel polishing. 

This work has indicated promising polishing efficiency with nano CeO2 slurry in 

achieving nanolevel planarity on glass substrates desirable for the global planarization of 

complex device topography. Probably there is plenty of scope for further research in this 

line with the size of CeO2 crystals, thermal treatment, substrates and chemistry of the 

carrier solvent to tailor and improve CMP performance and selectivity.  
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CHAPTER 3 

Morphology dependant catalytic activity of cerium oxide nanoparticles in  

high temperature oxidation 

 

3.1 Abstract  

The catalytic performance of a range of nanocrystalline CeO2 samples synthesised using 

methods which we demonstrate produce different morphologies is presented in this 

chapter. It is found that the activity is not correlated with the specific surface area of the 

powders. The powders were therefore characterized in detail by microscopic (HR-TEM) 

and crystallographic (XRD) methods which demonstrate that activity is determined by 

the fraction of the active planes. Different synthetic methods produce CeO2 

nanostructures with preferentially grown active planes which can effectively used as 

potential catalyst and as oxygen storage  

material. Crystals with higher {100} 

facets (a mixed morphology of rods and 

cubes in the present study) show 

enhanced catalytic activity. The activity 

was related to the energetics of the 

reaction on the exposed crystal facets. 

The study provides a step towards quantitative evaluation of the relative contribution 

from the different facets. This method provides a facile protocol to fabricate CeO2 

nanostructures with preferentially grown active planes, which has great potential in 

catalytic applications.  
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3.2  Introduction 

Rapid advancements in nanoscience and technology have enabled the fabrication of 

catalyst particles with tunable shapes in the nanometre scale. Various synthetic strategies 

have been used to synthesise metal and oxide NPs of desired shapes and even 

multidimensional structures, and many have the potential to meet the specific 

requirements for catalysis in terms of activity and selectivity. Heterogeneous catalysis has 

long been a topic of substantial interest for fundamental studies of chemistry and for 

practical applications in chemical industries; more than 90% of chemical manufacturing 

processes use catalysts.
[1]

 Heterogeneous catalysis is also a major technology for the 

energy and environmental fields, involving the production of fuels/chemicals and in the 

clean-up of hazardous or polluting wastes. 

 Nanoscale cerium oxide crystals with the face-centered cubic fluorite-type Fm
_

3 m 

crystal structure
[2-4]

 have many properties which make them attractive materials for real 

applications, these include direct electrochemical oxidation of methane in solid oxide fuel 

cells,
[5, 6]

 in oxidation catalysis
[7, 8]

 and as automobile exhaust catalysts.
[9]

 This interest 

arises due to the redox activity of the cerium ions,
[10, 11]

 and because the physical and 

chemical properties can be tailored through doping or by varying grain size and shape.
[12]

 

Specifically, in catalytic applications of CeO2, the crystallite size, the number of oxygen 

vacancies present and the resulting lattice strain are critical to the materials 

performance.
[13, 14]

 The interesting chemistry in heterogeneous catalysis using ceria 

involves reactions taking place at the ceria surface. It has also been reported that despite 

the low specific surface area, tailored morphologies can perform as smart catalyst in 
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solid-solid catalysis.
[15]

 The shape of CeO2 nanocrystals is correlated with the 

predominance of particular crystal facets which exhibit different reactivities in various 

catalytic processes.
[16, 17]

 For instance, sulphur recovery from SO2 rich gas can be 

accomplished on the CeO2 (111) surface but not on the CeO2 (110) surface.
[18]

 Hence 

methods that give control over crystal shape may provide a means to understand and 

optimise the catalytic activity. 

Anisotropic CeO2 nanocrystals with rod
[11, 19]

 and cube
[11]

 shapes exhibit higher 

CO conversion at lower temperature
[19]

 and display higher oxygen storage capacity
[11]

 

than spheroidal particles, due to the presence of a greater proportion of {100} and {110} 

surfaces. Huang et al. observed strong morphology effects of the CeO2 support in the 

preparation, metal–support interaction, and catalytic performance of the Pt/CeO2 catalysts 

and correlated with the exposed crystal planes.
[17]

 Similarly, it was recently reported that 

for doped-CeO2 nanocrystals both H2 selectivity and ethanol-reforming activity decrease 

in the order rod > tube > cube, as compared to irregular NPs with evenly distributed 

facets.
[20]

 This was attributed to the combined effect of high surface area and exposed 

facets of {100}/{110} planes. On the other hand, Guan et al. reported conflicting 

observations that spherical particles, with relatively higher surface area, are more active 

in CO conversion than the rod and prism shaped CeO2 crystals.
[21]

 The apparent 

contradiction in these observations prompted the need for assessment of catalytic activity 

not only in terms of crystal morphology but in terms of the relative preponderance of the 

crystal facets. 

 Among the low index facets of ceria, i.e., {111}, {100} and {110}, the {100} 

facet is energetically unstable; transforming into {111} on heating above 500°C, and is 
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catalytically more active than the other two planes.
[22]

 However, the {110} surface has 

the lowest vacancy formation energy,
[17, 23-25]

 an observation which was first predicted by 

Conesa et al. on the basis of calculation.
[26]

 The effect of the calcining
[27]

 and deposition 

temperature
[28]

 on preferred orientations of the different crystal facets in CeO2 has been 

measured in terms of the changes in the texture coefficient and it was shown that 

temperature determines the kinetics of growth as manifested in the smoothness of the 

grains, the crystallinity, the occurrence of preferential growth and the morphology. The 

texture coefficient of CeO2 (200) reflection had a maximum of 6.7 at 113 W laser power, 

at 836 K deposition temperature.
[28]

 Fino et al. have evaluated catalytic activity of ceria 

by combustion of carbon soot although there was no detailed morphological or 

crystallographic assessment of the catalytic surfaces.
[29]

 The consensus across the 

published literature is that CeO2 crystals with a predominance {100}/{110} planes over 

{111} planes are more catalytically active. Morphology dependent catalytic activity of 

ceria NPs in soot oxidation was recently reported by Miceli et al. and they observed 

better activity with star shaped ceria crystals of high SSA.
[15]

 Achieving tailored 

morphologies with desired exposed crystal facets and oxygen vacancy in ceria via 

controlled synthesis process is always desired in catalysis.
[30]

 However, to the best of our 

knowledge, there is no study correlating the chemical reactivity with the relative content 

of active crystal facets in CeO2 crystals of different shapes.  

The present chapter encompasses synthesis of cerium oxide nanocrystals of 

diverse morphology and its subsequent application as a heterogeneous catalyst in 

particulate matter (soot) combustion. The nanopowders were characterised by X-ray 

diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), thermogravimetry, 
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X-ray photoelectron spectroscopy (XPS), high-resolution transmission electron 

microscopy (HR-TEM), and Brunauer-Emmett-Teller (BET) surface area analysis. The 

abundance of exposed crystallographic planes was evaluated using the texture 

coefficient
[31]

 for the three low index planes in CeO2 nanocrystals by performing Harris 

analysis
[32]

 on XRD data, with supporting evidence provided by HR-TEM. The effect of 

size, shape, and BET surface area of fine CeO2 nanocrystals on catalytic activity has been 

investigated by diesel soot combustion and temperature-programmed reduction (TPR) 

with H2. Catalytic activity of CeO2 crystals of different shapes and sizes have been 

explained in terms of texture coefficient of different crystal planes, this places 

understanding of the activity on a strong physical basis and identifies design goals for 

future catalyst development. 

3.3  Experimental Section 

Materials: The starting chemicals employed in the syntheses were 

Ce(NO3)3.6H2O (>99.9%, Indian Rare Earths Ltd., India) and the precipitants NaOH 

(analytical grade, Qualigens Fine Chemicals, India), NH4OH (25%, analytical grade, 

Qualigens Fine Chemicals, India). All the chemicals were used as received without 

further purification. All the chemical syntheses and washings were carried out using 

double distilled water obtained from a quartz glass distillation unit.  

3.3.1 Synthesis 

Nanosized cerium oxides were synthesised by ammonia precipitation and precipitation 

using sodium hydroxide followed by hydrothermal treatment. 
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Ammonia precipitation: Small spherical crystals of cerium oxide were synthesised 

by ammonia precipitation using 0.05 M aqueous Ce(NO3)3.6H2O (CN) solutions by salt 

into precipitant (SIP) technique.
[33]

 The detailed synthetic procedure is provided in 

section 2. 3.1a. 

Synthesis of Cerium oxide Nanorods: Cerium oxide nanorods were prepared 

hydrothermally from a 0.05 M CN precursor solution. The detailed synthetic procedure is 

given in section 2.3.1b. The sample will henceforth be called as HT1. A fraction of this 

sample was subsequently calcined at 400 and 1000°C for 4 h, the calcined samples will 

be referred to as HT1C4 and HT1C1 respectively. 

 

Cerium oxide Nanocubes: Cerium oxide nanocubes were synthesised using 0.05 

M aqueous CN solution by autoclaving the freshly precipitated slurry at 180°C, following 

a modified method described for synthesising CeO2 nanorods provided in section 2.3.1.b. 

This product is denoted as HT2.  

3.3.2 Catalytic activity tests  

The reactivity of cerium oxide NPs in catalysing combustion of carbon was 

investigated by controlled combustion of a 40 mg mixture of CeO2 catalyst, carbon soot 

(collected by burning diesel) and -alumina using a simultaneous thermal analyser. The 

rate of heating used in the ramp was 10°C min
−1

 using standard alpha alumina as 

reference in the temperature range 50°-800°C. The sample for soot oxidation was 

prepared by mixing carbon, powdered CeO2 and alumina powder (average particle size 

~450 nm (Condea Chemie, Germany) in the weight ratio 1:9:10 in an agate mortar. It was 
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mixed and ground well. The inert alumina powder was added to prevent the thermal 

runaways.  

The total energy evolved and the peak temperatures of combustion were 

calculated for different CeO2 powders from the thermal analysis profiles using the Pyris 

software of the TGA equipment. 

3.3.3 Oxygen Storage Capacity Measurements 

A modified thermogravimetric method was employed to determine the OSC by 

the oxygen release characteristics of the sample in the temperature region 573−1073 

K.
[34]

 The change in the weight of the sample was monitored by thermogravimetry (TG) 

under cyclic heat treatments in flowing nitrogen or dry air. A thermogravimetric analyser 

(Perkin Elmer, STA 6000) is employed for this purpose. The heat cycle consisted of 

heating the sample to 1073 K, cooling to 423 K, and again heating to 1073 K. All heating 

and cooling rates are maintained at 5 K.min
−1

. The weight loss of the sample during the 

second heating cycle is used to measure the oxygen release properties. 

3.3.4 Temperature Programmed Reduction using Hydrogen (H2–TPR) 

Temperature programmed reduction experiments were carried out using a 5% H2–

N2 mixture (40 mL.min
−1 

flow rate) at a heating rate of 10°C min
−1

. 0.1 g of catalyst was 

used. The catalyst was heated at 120°C for 2 h and cooled to room temperature in flowing 

(40 mL.min
−1

) helium prior to the TPR experiment. 

3.4  Results and discussion 

3.4.1 Primary sample characterisation 

The recorded XRD patterns for three selected powder samples, synthesised 

through different techniques, are presented in Fig. 3.1. The XRD profiles for all the 
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nanopowders match with the face-centred cubic [space group: Fm
_

3 m (225)] of 

crystalline CeO2 (JCPDS Card No. 34-394) with fluorite-type structure in which each 

metal cation is surrounded by eight oxygen atoms.
[35] 

The refinement of the lattice 

constants revealed small deviation in unit cell parameters (lattice constant a = 0.541-

0.545 nm) in CeO2 of rod/tube shapes as well as ammonia precipitated crystals, indicative 

of small structural distortion due to crystal defects.
[20]

 The XRD patterns also reveal that 

the as-prepared ammonia precipitated and hydrothermally treated powders are crystalline 

CeO2. There is moderate broadening of the diffraction peaks in AP, which suggests 

smaller crystals in this sample. 

 

 

Fig. 3.1 X-ray diffraction patterns of CeO2 powders AP, HT1 and HT2 synthesised 

through different routes. The patterns of HT2 and HT1 are scaled to avoid overlapping. 

 

An important factor in developing new nanotechnologies for materials 

applications is the need to produce nanocomposites. In most preparative schemes good 

dispersibility, preferably in aqueous suspension is required. For this reason we studied the 
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colloidal properties of aqueous suspensions of AP and HT1 (as examples of both 

methods) by photon correlation spectroscopy (PCS) as shown in Fig. 3.2. The average 

hydrodynamic size, DPCS, for HT1 is 26 nm with a polydispersity index (PDI) of 0.19. 

For AP, DPCS is 17 nm with a PDI of 0.26. The low PDI values indicate that the 

suspensions are relatively monodisperse. 

 

Fig. 3.2 Particle size distribution as measured by PCS for CeO2 powders (a) HT1 and (b) 

AP dispersed in water.  

At pH ~10, the zeta potential of the suspensions was measured as -30 mV. The 

suspensions were stable for several days due to electrostatic stabilisation, as one would 

expect given the strong surface charge. 

3.4.2 Detailed X-ray diffraction analysis 

The mean crystal diameter and microstrain of the CeO2 nanocrystals were 

evaluated by line-profiling of prominent X-ray diffraction peaks. Crystallite size is often 

determined from XRD profile using the Scherrer equation,
[36, 37]

 however, this 

underestimates grain size as it ignores broadening of the diffraction peaks due to 



  Chapter 3                                                                    Nanocatalysts 
 

93 

 

microstrain in the lattice
[13]

 and so is not appropriate for this study. Following W-H 

technique the cos is plotted against sin for a number of XRD peaks for all the 

nanocrystalline CeO2 powders at different 2values and are shown in Fig. 3.3. The 

average crystal size (DXRD) and strain () are determined from the intercept and the slope 

of the linear regression to the data. 

The estimated DXRD values are provided in Table 3.1. The strain profile (Fig. 

3.3b) shows a non-linear decrease in strain with increase in size. The strain data conform 

very well to a single power law, even for samples prepared in very different ways. The 

value for the power, 1.68, is in the range reported by other workers.
[14]

 The strain values 

in the range 0.0041-0.0011, obtained for HT1, HT2 and HT1C1 are far smaller than those 

previously reported for CeO2 crystals of comparable sizes, which were synthesised by 

wet chemical methods.
[14, 38]

 

 

Fig. 3.3 (a) Representative Williamson-Hall plot of cosversus sin, for the 

reasonably well-resolved reflections. The solid lines are linear regressions to the data. (b) 

semilog plot of variation in lattice strain with the size of CeO2 crystals of different 

shapes. The solid line is a least square fit of a power law to the data. 

0.2 0.4 0.6 0.8

0.01

0.02

0.03

0.04 a

  

f

d

a

c

b

e

Sin 




 c

o
s
 

Sin 

10

0.000

0.005

0.010

0.015

0.020



b

-1.68
= 0.247 D

505

L
a

tt
ic

e
 s

tr
a
in

 /
 a

.u
.

Crystal size, D
XRD

 / nm



  Chapter 3                                                                    Nanocatalysts 
 

94 

 

Interestingly the lattice strain of 0.0041 in HT1 is further reduced to 0.0011 in HT1C1, on 

heating at 1000°C. Evidently the extended duration (~24 h) used in the hydrothermal 

treatment, and subsequent annealings, results in larger crystallites with reduced 

microstrain.
[39]

 On the basis of previous experiments these difference might be expected 

to affect the catalytic activity of the surfaces.
[14]

 

 

Texture coefficient by Harris analysis 

 

Harris analysis was also performed on the CeO2 XRD data.
[32, 40]

 The preferred 

orientation of the crystallographic planes was estimated and expressed as the texture 

coefficient C (hikili), using equation 2.2. A sample with randomly oriented crystallites 

presents a C(hkl) of 1, while a larger value indicates an abundance of crystallites oriented 

to that (hkl) plane.
[31]

 

Table 3.1 Crystal dimensions and texture coefficients of different crystal facets of CeO2. 

 

Sample DXRD 

[nm] 

C[111] C[200] C[220] C[200] + 

C[220] 

HT1 10.1 0.7972 1.199 1.004 2.203 

HT1C4 28.5 0.9401 1.1429 0.9169 2.0598 

HT2 13.9 0.9505 1.0721 0.9772 2.0493 

AP 6.4 0.9634 1.0638 0.9727 2.0365 

CC 13.7 1.0604 0.9526 0.9869 1.9395 

HT1C1 39.3 1.1516 0.9802 0.868 1.8482 

 

The texture coefficient data for all the specimens of this study is shown in Fig. 3.4. 

Preferential orientation of the crystallites along the higher energy planes {100} was 
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apparent in most cases, but particularly for the hydrothermally synthesised samples. The 

I200/I111 was ~2 times higher than that of bulk ceria in HT1 (Fig. 3.1). 

 

Fig. 3.4 The texture coefficient of CeO2 nanocrystals of different shapes calculated from 

their powder X-ray diffraction patterns (reference JCPDS 34-394). The error bars 

represent the standard deviation estimated on the basis of the three independent 

measurements. 

 

However, annealing the sample HT1 at 400 and 1000°C (HT1C4 and HT1C1), 

has resulted in preferential growth of CeO2 crystals in stable, low energy {111} facets. 

3.4.3 Electron microscopy 

Detailed morphological and structural analyses of the samples was undertaken 

using bright field high-resolution TEM, typical results are shown in Fig. 3.5 and 3.6. The 

ammonia precipitated CeO2 NPs in AP are found to be almost spherical. The mean 

particle size (DTEM) in AP is 5.3 nm with standard deviation, = 0.99 nm (DXRD= 5.2 

nm) as shown in Fig. 3.5a.  
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Fig. 3.5 Bright field TEM images of ammonia precipitated CeO2 particles (a) AP and (b) 

Typical high-resolution TEM images of CeO2 NPs displaying a coherent interface in AP, 

(c) the {100} and {111} facets of cubic CeO2 (AP), and (d) schematic model showing the 

formation of a truncated octahedral from an octahedron. 

Lattice fringes attributed to (111), (200), and (220) crystal planes with 

corresponding interplanar spacings of 0.31, 0.27, and 0.19 nm, respectively, which are 

characteristic of fcc CeO2 were identified in HR-TEM images of spheroidal crystals in 

AP (Fig. 3.5a). A careful examination reveals that the particles are dominated by {111} 

and {200} fringes along the [110] observation establishing that the shape of the ceria 

nanocrystals is the truncated octahedral (polyhedra) enclosed by eight {111} and six 

{200} planes (Fig. 3.3d), as already reported.
[41]

 Crystal planes of similar type tend to 
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align with each other to minimise the interface strain,
[42]

 forming a coherent interface 

(Fig. 3.5b). High-resolution TEM micrographs of CeO2 samples synthesised 

hydrothermally are shown in Fig. 3.6.  
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Fig. 3.6 TEM image of hydrothermally synthesised CeO2 crystals. (a, b, c) HT1 

containing nanorods and cubes autoclaved at 120°C. (d) HR-TEM image of a nanorod in 

HT1. (e, f) HR-TEM image of nanocubes in HT2 autoclaved at 180°C, nanocubes 

showing (111) and {100} lattice planes are shown in the inset. FFT analysis is also 

shown as the inset to (f). (g, h) HT1C1 (i, j) commercial ceria. 
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Mild hydrothermal treatment at 120°C with a high base concentration (8 M) produced 

predominantly nanorods (HT1) from anisotropic growth of unstable Ce(OH)3 nuclei, 

governed by dissolution recrystallisation mechanism. When the autoclave temperature 

was increased to 180°C (HT2) nanocubes were formed. The average sizes from TEM 

(DTEM) for HT2 is 13.52.5 nm. The TEM analysis of sample HT1 demonstrates that it 

consists of a mixture of cubic and rod-shaped crystals of CeO2. Detailed analysis of 

multiple images of HT1 (e.g. Fig. 3.6a) reveals that it contains ~31.5% (number) 

nanorods with an average length of ~355 nm and diameter ~22 nm, that is, as aspect ratio 

of ~16. This equates to an average (equivalent sphere) diameter of ~60 nm. The 

remaining 68.5% are nanocubes with an average edge length of ~18.4 nm. By volume (or 

mass) the sample is approximately 91% rods and 9% cubes. The square faces of the CeO2 

nanocubes are enclosed by {100} planes. Strong presence of {111} facets is evidenced by 

FFT analysis, see the inset to Fig. 3.6f. The (111) crystal facets pass diagonally across the 

surface of the cubes (insets of Fig. 3.6f). 1D growth is seen in the HR-TEM images of 

nanorods in {110} direction with {111} as well as {100} exposed surfaces. Fast Fourier 

transform (FFT) analysis of Fig. 3.6d confirm the presence of {111} and {110} facets 

only. By contrast, Yang et al. reported the growth along the [211] direction.
[43]

 Point 

defects due to missing atoms or local deformation due to the twist of parallel planes are 

observed on the nanorod surfaces in some instances, these are marked by arrowheads in 

Fig. 3.6d. We expect that such defects boost up the catalytic performance as more surface 

reconstruction may have occurred in these nanorod surfaces. 
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3.4.4. XPS and Raman spectral analysis 

Due to the lower energy requirement for the interconversion between the two 

oxidation states (1.72 eV), the Ce
3+ 

state exists to some extent, along with the Ce
4+

 in 

CeO2.
[44]

 For the detailed study of [Ce
3+

]/oxygen vacancies in the system, the XPS and 

Raman spectra of selected samples were analysed. Fig. 3.7 shows the XPS survey and Ce 

3d spectra of HT1, HT2, AP.  

 

 

Fig. 3.7 XPS patterns: a) wide spectrum of HT1 and deconvoluted Ce 3d spectra of b) 

HT1, c) HT2, and d) AP.  
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The XPS wide spectrum shows the peaks attributed to the core levels of Ce 4d, Ce 

3d, O 1s, and C 1s where the Ce 3d electron core level is characterised by 3d5/2 and 3d3/2 

series peaks.
[45]

 In the Ce 3d spectrum, vo, v1, uo, and u1 peaks are attributed to Ce
3+

; 

while v, v'',v''', u, u'' and u''' are the characteristic peaks of Ce
4+

 ions. The concentrations 

of Ce
3+

 in all the samples were estimated using the integrated area of each peak in the 

spectrum and is given in Table 3.2. The Ce
3+

 content is evaluated as 44.3, 35.5 and 26.2% 

in HT1, HT2 and AP respectively (Table 3.2).  

Table 3.2 Ce
3+

 content from the integrated peak area analyses of XPS spectrum (binding 

energy states for Ce
3+

 are indicated by subscripted ‘u’ and ‘v’). 

 

Area v0 v v1 v'' v''' u0 u u1 u'' u''' Ce3+ 

(%) 

HT1 414551.6 171243.5 113523.2 213745.2 376724.5 359494.0 90732.91 131589.7 41154.68 387503.4 44.3 

HT2 108324.1 303712.8 87602.8 264997.3 248741.3 244545.7 72051.84 62091.56 15767.84 15767.84 35.5 

AP 106075.9 431106.100 170481.50 227699.7 363766.9 103940.2 253428.3 181971.5 173765.3 133598.8 26.2 

 

The Ce 3d spectrum of commercial ceria was not resolvable as it contains dopant 

cations as impurity (Fig. 2.9D). The Ce
3+

 concentration in HT1 (rod−cube) is almost 

twice the same contained in AP (spheres) and is slightly higher than that reported for 2 

nm CeO2 nanodots in our earlier work
[45]

 substantiating the size and shape dependence of 

Ce
3+

 content. It is well-known that the presence of Ce
3+

 in the fluorite lattice, generates 

oxygen vacancies to maintain charge balance.
[34, 46]

 The presence of surface oxygen 

vacancies in the materials was monitored by UV-Raman spectroscopy (Fig. 3.8) which 

shows the presence of peaks at 460 (peak γ), 560 (α) and 600 cm
−1 

(β) respectively. A 

small peak characteristic of O2
δ- 

(0 < δ < 1) species was observed at ~1340 cm
−1

 in all the 

samples.  
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The main peak at ca. 460 cm
−1

 is due to the F2g mode vibration of cubic fluorite 

structure in CeO2.
[47]

 The phonon modes at 560 and 600 cm
−1

 are characteristic of oxygen 

vacancies in ceria system.
[34, 45, 47]

 

 

Fig. 3.8 Raman spectra of HT1 (a), HT2 (b), AP (c) and CC (d) at 633 nm excitation 

taken at room temperature.  

 

Following the observation made by Wu et al.,
[48]

 the relative density of defect 

sites (~560 cm
−1

) in nanoparticulate CeO2 varies as HT1 (rod-cube) > HT2 (nanocubes) 

AP (nanospheres). CeO2 possess a high oxygen storage capacity (OSC) because of the 

rapid formation and elimination of oxygen vacancy defects in it. The higher Ce
3+

 

concentration ensuing in defects and exposure of more reactive {100} surfaces, followed 

by {110} surfaces, can facilitate the formation of oxygen vacancies in them,
[11]

 and 

introduce enhanced oxygen storage capacity in the material as shown in Table 3.3.  
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Table 3.3 Oxygen storage capacity from TGA and [Ce
3+

] from deconvoluted Ce 3d XPS 

spectra. 

 

Sample Wt loss 

(%) 

Oxygen vacancy content 

(δ) 
Total OSC 

(µmol O g
−1

) 

Ce
3+

 

(%) 

HT1 1.346 0.431 420.6 44.3 

HT2 0.76 0.243 280.9 

237.5 

98.3 

35.4 

AP 0.8988 0.287 26.2 

CC 0.3147 0.1 Nd 
c)

 

 

c)
 Not determined. [Ce

3+
] could not be calculated as the Ce 3d spectrum of 

commercial ceria is not well resolved (see Fig. 2.9D). 

The OSC as determined by thermogravimetry
[34]

 (shown in Table 3.3) follow an order 

HT1 > HT2 > AP > CC. The highest value obtained was 420.6 moles O2 g
−1

 for HT1 

(Rod-Cube), which possess paramount concentration of Ce
3+ 

(44.3%), and reactive polar 

{100} surface. Mai et al. reported an OSC value of 554 and 353 moles O2 g
−1 

for pure 

ceria nanorods and nanocubes respectively.
[11]

 

3.4.5 Overview of physical properties 

Selected data from the range of characterization techniques are presented in Table 

3.4. It is clear that both the DXRD and DBET values (which are statistical averages of the 

entire sample) are in excellent numerical agreement with DTEM (which is evaluated from 

a limited number of micrographs) for samples AP, and HT2. This validates our choice of 

the W-H procedure for measuring DXRD and strengthens the validity of the strain values 

obtained. It also confirms that particles in samples AP, and HT2 are single crystals, as is 

suggested by the observation of sharp parallel crystal facets in the HR-TEM micrographs. 

It is generally found that the macroscopic surface area of the samples shows the expected 
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correlation with NP size, the hydrothermally synthesised samples having specific surface 

areas almost an order of magnitude lower that those produced by co-precipitation. For 

sample HT1, widely differing average size and crystal diameter (DTEM ~60 nm and DXRD 

= 10.1 nm) are observed as this sample is composed of a mixture of nanocubes and 

nanorods. It is very interesting that, despite this difference, the dependence of crystal 

strain on DXRD for this sample (Fig. 3.3b) perfectly matches the behaviour of the single-

crystalline powders.  

Table 3.4 Primary physical characterisation of the CeO2 nanocrystal samples. 

Sample 
a)

 

name 

Morphology DXRD 

(nm) 

DTEM 

(nm) 

DBET 

(nm) 

SSA 

(m
2
.g

−1
) 

Lattice parameter 

(nm) 

AP Spheres 6.4 6 5.8 143 0.544 

HT1 Cubes and 

rods  

10.1 60 
b)

 12.5 66 0.542 

HT2 Cubes 13.9 13.5 19.7 42 0.542 

HT1C4 Large cubes 

and rods 

28.5 nd 36.9 22.4 0.541 

 

CC Spheres and 

cubes 

13.7 20 165 5 0.543 

HT1C1 Large cubes 

and rods 

39.3 - Nd 
c)

 

<1 0.541 

 
a) 

AP-Ammonia precipitated spherical ceria NPs, HT1 and HT2 are hydrothermally 

synthesized ceria at 120 and 180°C, CC is commercial ceria. HT1C4 and HT1C1 are 

HT1 calcined at 400 and 1000°C. 

b)
 Equivalent sphere diameter (see text) 

c)
 The BET equivalent size could not be measured for this sample, given the low SSA. 

The hydrodynamic diameter, DPCS, for AP was 17 nm (PDI 0.26), indicating the 

presence of small clusters of crystals.
[49]

 However, in the case of HT1, DPCS was only 26 
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nm (PDI 0.19). This demonstrates that the larger nanorods are not dispersible and the 

suspension produced from HT1 is composed of dispersed nanocubes, of edge length, 

from TEM, ~18.4 nm. Given that the DPCS value is the average based on the light 

scattering intensity, which is proportional to the sixth power of particle size. At the 

detection angle used in this study, 90°, the experiment is particularly sensitive to the 

presence of any aggregates. Hence for this suspension the number of clusters of 

nanocubes, if any, must be very small. This approach based on preferential precipitation 

is currently under investigation in our laboratory with a view to isolate the isotropic and 

anisotropic fractions as pure materials. 

So in summary, co-precipitation produces samples composed of single spherical 

crystals of CeO2, of size < 7 nm, with a slight preponderance of high energy {100} facets. 

The hydrothermal approach produces materials composed of nanocubes or mixtures of 

rods and cubes. The crystals in the hydrothermally produced samples have a greater 

preponderance of high energy {100} facets than in the powders prepared by co-

precipitation. Thermal treatment of the samples produced by the hydrothermal approach 

results in a significant increase in crystal size and these are now dominated by less active 

{111} facets.  

3.4.6  Catalytic activity evaluation 

3.4.6.1 Diesel soot oxidation 

The catalytic activity of the CeO2 powders was evaluated by measuring the peak 

combustion temperature (TP) and the total heat evolved (ΔH) during the CeO2 catalysed 

combustion of carbonaceous materials (diesel soot). The ΔH values are calculated from 

the area of peak in DTA using the Pyris software. The carbonaceous soot was 
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characterised by TGA which revealed a total combustibles content of 92.50 wt% and the 

presence of 6.75 wt% moisture. Hence remaining 0.75% is neither volatile nor 

combustible.  

TGA profiles of soot with and without various nanocatalysts and variation of energy 

evolved and peak temperature estimated from DTA profiles against [C(200)+ C(220)] are 

given in  Fig. 3.9 which shows that catalytic activity in terms of the total heat evolved 

from the soot combustion varies from a minimum of 4 kJ.g
−1

, for HT1C1, to a maximum 

of 13.0 kJ.g
−1

, for HT1. 

   

Fig. 3.9 A) TGA profiles of soot with and without various nanocatalysts. B) Variation of 

(a) energy evolved and (b) peak temperature against [C(200)+ C(220)] which shows the 

catalytic activity of ceria nanoparticles.  

 

These values are in the expected range; 15 kJ.g
−1

 has been reported for coal.
[29]

 

The same samples define the range of peak combustion temperatures (TP) in this study, 

which were generally inversely correlated with the total heat evolved; the extreme values 

were 430 and 353°C for CC and HT1, respectively. The TP value for uncatalysed soot 

oxidation was 518°C and hence HT1 could reduce the soot oxidation temperature by 

~165°C.  
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We noted above (Fig. 3.4.) that the texture coefficients vary from sample to 

sample. We now note (Table 3.1) that the sum of texture coefficients for the facets (200) 

and (220) [C(200) + C(220)] increases in the order HT1 > HT1C4 > HT2 > AP >  

HT1C1> CC, which are considered to be more active, is a minimum (1.85) in HT1C1 and 

maximum (2.20) in HT1. The soot combustion temperature of various nanocatalysts 

decreases in the order CC > HT1C1 > AP > HT2 > HT1C4 > HT1.  It should be noted 

that the catalytic activity measurements were performed in triplicate and for each sample 

at least two independent preparations were completed. The error bars represent the 

standard deviation estimated on the basis of the three measurements. The measurements 

show significant variation in activity from sample to sample that is not correlated with the 

specific surface area of the powders (Table 3.4). The SSA of the highly active HT1 was 

in the range reported by other authors.
[11, 24, 46]

 It is also interesting to note that the 

reduction in TP (~32%) was better than that reported by Fino et al. (30%) for self 

assembled ceria stars with a high SSA of 105 m
2
.g

−1
.
[15]

 Despite the very low SSA (<1 

m
2
g

−1
), HT1C1 shows ~20% reduction in TP. We can conclude that, under the conditions 

of the study, activity was not limited by the available surface but by the energetics of the 

reaction on the exposed crystal facets in all cases. 

Considering the energy evolved during soot oxidation, we find that except for CC, 

the trend in H is not associated with formation method, surface area, or crystal size, but 

once again with the sum of the texture coefficients of the active planes C(200) and 

C(220). We tentatively attribute the deviation of TP in CC to factors related to the 

presence of dopant metal ions. This reaffirms that the exposed {100} and {110} facets 

exhibit greater catalytic activity as compared to {111} facets.
[20]

 As expected the peak 
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combustion temperature, TP, is found to broadly follow the opposite trend; more efficient 

catalysis is associated with a higher energy generation at lower temperature. Comparing 

the hydrothermal to the co-precipitation approaches; we find that in general for the HT 

series greater C(200) values and lower C(220) are observed. However, the trend in 

activity is only apparent when the sum of the texture coefficients is examined. So once 

again, the soot combustion study reaffirms our findings from the OSC measurements. 

This suggests that the activity is shared across these crystal facets irrespective of the 

method of synthesis, crystal size or morphology. On calcining HT1 at 1000°C to produce 

HT1C1, we observe only a trivial reduction in catalytic activity due to crystal growth 

(DXRD ~39 nm) preferentially in the least active (111) plane, as indicated by a decrease in 

C(200) and an increase in C(111). It is interesting and assuring to note that HT1 retained 

its morphology (see Fig. 3.6g) and catalytic activity in soot oxidation even after 

calcination at 400°C (HT1C4) and the one heat treated at 1000°C (HT1C1, ageing period 

4 h) was far better than commercial ceria powder as evidenced by the soot combustion 

temperature of 357 and 415°C in these samples respectively with respect to the same at 

430°C with CC.  

Sample HT1 is unusual in that it contains a mixture of nanorods and nanocubes, 

the latter comprising ~9% of the sample by mass. The fraction of the total surface area 

corresponding to the cubes is therefore <1% and they are predominantly bound with 

{100} facets. The sample activity therefore arises almost exclusively due to the nanorods 

and the H value for HT1 follows the trend of the other samples. The TP value for HT1 

is, however, lower than for the other samples. This suggests different reaction kinetics for 

the exposed {100} and {110} facets that dominate the surfaces of the rods, which are far 
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more extended in this case. The nanorods with more exposed {100} crystallographic 

facets are expected to have more of oxygen terminated facets. Oxygen terminated facets 

would theoretically require less amount of activation energy to donate oxygen as 

compared to cerium terminated facets. Once again there is no strict correlation between 

the specific surface area and the peak temperature indicating that the energetic on the 

surface are the defining influence in the combustion behaviour.  

Mechanism of soot oxidation/Catalytic pathway for soot oxidation 

A catalytic pathway (Fig. 3.10) similar to the one reported by Li et al. for CO 

oxidation is proposed for soot oxidation on the defective ceria NRs. This pathway 

involves alternative reduction and oxidation of the ceria surface with formation of oxygen 

vacancies and their successive replenishment by gas-phase oxygen.
[46]

  

 

Fig. 3.10 Catalytic pathway for soot oxidation over HT1 with mixed morphology of rods 

and cubes enriched with linear oxygen vacancy clusters which offers a facile hopping 

pathway for vacancies. 

 

Balducci et al. have shown in a computer simulation study that migration of oxygen takes 

place via a vacancy hopping mechanism and it is assumed that an oxide ion migrates to a 

nearest-neighbour vacant site along a linear path.
[50]

 Hence in the case of HT1 catalyst 

with 44.3% Ce
3+

, the presence of oxygen vacancy clusters facilitates the activation and 
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transportation of active oxygen species via a vacancy hopping mechanism as shown in 

Fig. 3.10. 

3.4.6.2  From H2-TPR profiles of ceria nanocatalysts 

H2-TPR profiles of selected catalysts compiled in Fig. 3.11 provide further 

information on enhanced catalytic activity of our samples compared to that of 

commercial ceria.  

   

Fig. 3.11 H2-TPR profile of a) HT1 b), HT2 and c) AP in (a) and (b) commercial CeO2. 

 

The reduction profiles show two broad maxima and a further reduction maximum near or 

above 700°C (the maximum operating temperature possible was 800°C in the TPR 

instrument); the former features below 650°C are attributed to a global process 

corresponding to the consumption of surface oxygen species, whereas the maximum at 

about 800°C reflects the bulk reduction. However, in the commercial CeO2 profile in Fig. 

3.12b only the bulk peak was predominantly observed, which is reasonable taking into 

account that the BET surface area of this sample is very low (5 m
2
.g

−1
). However, bulk 

oxygen requires to be transported to the surface before their reduction and consequently, 

the bulk reduction takes place at higher temperature compared to the surface reduction.
[51]
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In HT1, HT2 and AP the reduction peaks located between 280–500°C are substantially 

higher than that in the case of commercial ceria powders, which means that all the ceria 

nanocatalysts possess stronger surface activity than that of the commercial ceria particles. 

In view of the normal diesel exhaust temperature in the range of 200–400C, the oxygen 

release capacity of each catalyst in this temperature range is an important factor affecting 

soot combustion performance.
[29, 52]

 During the soot oxidation with O2, the function of the 

catalyst is to increase the ‘active oxygen’ transfer to the soot surface.
[53]

 Clusters of more 

than two vacancies, such as linear surface oxygen vacancies as present in the mixed 

morphology catalyst, proved to be favourable for migration of oxygen.
[46]

 An increase in 

surface oxygen vacancy (as evidenced by XPS and Raman) will in turn increase surface 

oxygen mobility. It is interesting to note that in the TPR profile of our nanocatalysts, the 

peak characteristic of surface oxygen species appeared at 373, 399.8, 430.9°C in HT1, 

HT2 and AP respectively.  

 

In particular, the first sharp reduction peak shows a high migration rate of surface 

oxygen due to facile hopping of vacancies in a linear way, which leads to a much lower 

soot combustion temperature (TP) of 353C in HT1. The TP value increases to 430C in 

the case of commercial ceria because of the large amount of lattice oxygen released at 

high temperature by this catalyst. Though the nature of the reductants in the H2-TPR and 

the soot oxidation (carbon) is different, the trends in the catalyst surface reduction 

temperature in the H2-TPR and the peak temperature, TP from thermogravimetric profiles 

in soot oxidation are very well coincided, which suggests the involvement of the active 

crystal facets in catalysis/chemical reactions. 
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3.5  Conclusions 

Nanocrystalline samples of CeO2 have been synthesised using a simple one step, 

surfactant free, precipitation technique and by hydrothermal methods. Despite the 

differences in crystal shape and size that result, the lattice strain is found to follow a 

single scaling law with strain decreasing nonlinearly with increase in average crystal size. 

It was also found that the adoption of crystals with higher {100} facets show enhanced 

catalytic activity. Besides, the Ce
3+

 concentration varying with the shape of the catalysts 

to a maximum of ~44% in mixed morphology catalyst, it confers high OSC which also 

contributed to the enhanced catalytic activity. A remarkable feature which makes the 

mixed morphology catalyst promising candidate in soot oxidation is that they offer better 

catalytic activity even after thermal ageing at a temperature as high as 1000C. The study 

demonstrates that engineered exposed crystal facets with low strain have high activity 

and for the first time suggests synthetic and processing methods that may provide 

materials with enhanced properties. 
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CHAPTER 4 

Cerium oxide based Nanofluid as Efficient Coolant in Transformers - A 

Comparative Study with Alumina and Zirconia 

 

4.1 Abstract 

Low thermal conductivity is a primary limitation in the development of energy-efficient 

heat transfer fluids that are required in numerous industrial sectors. Recently submicron 

and high aspect ratio particles (NPs and nanotubes) were introduced into the heat transfer 

fluids to enhance the thermal conductivity (TC) of the resulting nanofluids. The aim of 

this chapter was to investigate the pysico-chemical properties of nanofluids synthesized 

using inorganic oxide nanoparticles suspended in heat transfer fluids.  

 

Transformer oil (TO) based nanofluids containing either ceria nanocubes (0.08–0.7 

vol%), zirconia nanorods (0.03–1.7 vol%), and alumina nanospheres (0.02–0.2 vol%), 

were prepared via a two-step method. The thermal decomposition of their respective 

oleate precursor in a high boiling solvent was used for the fabrication of oil dispersible 
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surface modified NPs. Systematic monitoring of synthesis parameters such as reaction 

temperature and time (refluxing conditions) was carried out. The products were 

characterized by XRD, IR, PCS and TEM. The excellent solubility and stability of 

surfactant capped NPs in conventional organic solvents make them suitable for the 

preparation of oil-based nanofluids. The suitability of the nanofluids as heat transfer fluid 

was thoroughly investigated by measuring thermal conductivity, viscosity and particle 

size. Stability of the nanofluid was ensured by performing ageing studies. Effects of 

particle volume fraction and temperature on the thermal conductivity of oil based 

nanofluids were studied. Ceria/alumina/zirconia nanofluids showed almost identical flow 

behaviour in which a Newtonian flow at lower concentrations and shear thinning 

behaviour at higher concentrations was observed. The maximum thermal conductivity 

enhancement observed with ceria, alumina and zirconia nanofluids was 14.6, 10.3 and 

12.4% respectively. All the prepared nanofluids exhibited long term stability (over five 

months), reasonable enhancement in thermal conductivity and good flow properties 

which make them adaptable in industrial heat transport applications.  
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4.2 Introduction 

More recently, surface-modified rare-earth oxide nanocrystals have drawn more attention 

due to their unique properties and promising applications in, for example, UV shielding, 

luminescent displays, optical communication, biochemical probes, nanofluids and 

medical diagnostics.
[1]

 Nanofluids are dispersions of nanoparticles (NPs) in a basefluid 

like water, oil, ethylene glycol etc. and is mostly used in heat transport /cooling 

applications. Cooling is one of the most important challenges in devices in numerous 

industrial sectors. Despite the considerable amount of research and development focusing 

on industrial heat transfer requirements, major improvements in cooling capabilities have 

been lacking because conventional heat transfer fluids have poor heat transfer 

properties.
[2]

 One of the usual methods used to overcome this problem is to increase the 

surface area available for heat exchange, which usually leads to impractical or 

unacceptable increases in the size of the heat management system. Present quantum 

growth in the IT, innovative engineering, health care and electronic consumer goods 

sector has posed a challenge to improve the heat transfer capabilities of conventional heat 

transfer fluids. 

An innovative idea of dispersing high thermally conductive solid NPs in the 

basefluid for improving the thermal conductivity of the fluid was developed by Dr. Choi 

of Argonne National Laboratory, US in 1995.
[3]

 Materials used for NPs include 

chemically stable metals (e.g., gold, silver, copper), metal oxides (e.g., alumina, zirconia, 

silica, titania) and carbon in various forms (e.g., diamond, graphite, carbon nanotubes, 

fullerene etc.). One of the major issues in synthesising stable nanoparticle suspensions is 
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to prevent agglomeration during synthesis and the surface coating process.
[4]

 Due to their 

high specific surface areas, and large surface-area to volume ratio, NPs exhibit a high 

reactivity and strong tendency towards agglomeration in suspension.
[5]

  

Heat transport driven failures are quite often in high voltage power transformers. 

Dielectric oils in high voltage transformers provide efficient cooling which can extend 

the life of transformers.
[6]

 These transformer oils require excellent nanoparticle (NP) 

dispersion, high heat conduction, as well as electrical insulation at the same time. 

Nanofluids with suspension stability for over months are not yet been reported. 

Motivated by their high inherent TC, metallic NPs such as Cu and Ag were also tested as 

coolants.
[7-9]

 Xuan et al. observed a 6% enhancement with 100 nm sized Cu NPs in TO 

and Kole et al. reported ~24% increase in thermal conductivity with 2 vol% Cu NPs 

dispersed in gear oil.
[7, 8]

 However, such nanofluids may cause arcing in high voltage 

transformer applications.  

Unlike metallic counterparts, ceramic (metal oxide) NPs have significantly higher 

chemical stability over longer periods and are not susceptible to surface oxidation. These 

promising features together with low electrical conductivity make alumina, ceria, silica 

etc. suitable candidates in high voltage transformer applications.
[5]

 Philip et al. 

investigated the temperature dependence of thermal conductivity in non aqueous 

magnetic nanofluids.
[10]

 Alumina being a highly thermal conductive (33 W.m
−1

.k
−1

) oxide 

has been tested as a candidate in heat transport application by several researchers.
[6, 11, 12]

 

Choi et al. prepared TO based nanofluids of Al2O3 and AIN by a simple ball milling 

process.
[6]

 A TC enhancement of 40% in pump oil was reported by Xie et al. with 
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dispersion of 60 nm alumina NPs (5 vol%) where as 1 vol% of 20 nm alumina NPs 

enhanced the TC of TO by 14%.
[12]

 Stearic acid modified spherical MoS2 NPs in the size 

range of 50–100 nm were utilised by Li et al. for preparing oil based nanofluids and 

reported a TC enhancement of ~18% with 1 wt% NP loading at 40°C.
[13]

 These 

discoveries clearly indicate that nanofluid technology can provide exciting new 

opportunities to develop nanotechnology-based coolants for a variety of innovative 

engineering and medical applications. Hence, the subject of nanofluids is of great interest 

worldwide for basic and applied research.  

In spite of the fact that cerium oxide NPs have been well studied in areas such as 

catalysis,
[14]

 chemical-mechanical polishing,
[15]

 in SOFC’s
[16, 17]

 etc., limited attempts 

have been made in fabricating ceria nanofluids.
[18, 19]

 In order to make cerium oxide NPs 

dispersible in hydrophobic/oleophilic solvents, a proper surface modifier and a facile 

synthetic strategy has to be identified. Surface modification of rare earths has long been a 

topic of research. Recent reports suggest that synthesis via an organic route may be 

preferable to aqueous methods for the preparation of stable nanofluids in apolar solvents, 

due to the greater control of particle size and polydispersity.
[20]

 Numerous methods such 

as hydrothermal,
[21]

 alcothermal,
[22, 23]

 thermal decomposition,
[24]

 and aqueous 

precipitation
[14, 15]

 have previously been reported for the synthesis of organophilic CeO2 

NPs with good control of size. Among these, hydrothermal and alcothermal methods 

require high pressure and/or temperature equipment which involves additional costs, 

safety measures and processing time. Although aqueous precipitation methods are simple, 

greener and inexpensive, they require multiple processing steps. Solvothermal 

decomposition of an organic precursor on the other hand is a facile, one step method to 
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synthesise monodispersed NPs with narrow size distribution.
[20]

 A versatile method was 

developed by Kim et al. for continuous synthesis of surface modified cerium oxide 

NPs.
[18]

 Hyeon and co-workers identified a novel method for preparing surface modified, 

monodisperse NPs employing a metal oleate complex as the precursor.  

In the present thesis, a metal-oleate complex is prepared by reacting inexpensive 

and environment friendly compounds, namely, metal salts (chlorides/nitrates) and sodium 

oleate. Further, a facile reflux technique employing a metal oleate precursor in diphenyl 

ether in the presence of oleic acid as the capping agent has been attempted for preparing 

oleophilic NPs of ceria, alumina and zirconia. Stable oil-based nanofluids with varying 

solid content were prepared by dispersing these capped NP’s in transformer oil. The 

corresponding thermal conductivity and rheological tests were performed and the 

dependence of TC on the concentration and temperature has been evaluated. The 

nanofluids demonstrated higher thermal conductivity than the basefluid (oil). An attempt 

is also made to propose the mechanism of thermal conductivity enhancements in the 

prepared nanofluids. So, this chapter will mainly focus on the surface modification of the 

NPs by selecting suitable surfactants based on the carrier fluid, to prepare stable, low 

viscous nanofluids with improved thermal conductivity.  

4. 3 Experimental 

Cerium nitrate hexahydrate (Ce(NO3)3.6H2O, 99.99%, Indian Rare Earth Ltd., 

India), Zirconium oxychloride (ZrOCl2.8H2O, 99.99%, Indian Rare Earth Ltd., India), 

Aluminium nitrate nonahydrate (Al(NO3)3. 9H2O, Merck, India) and were used as the 

precursor metal salts for ceria, zirconia and alumina. The sodium hydroxide (Merck, 
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India), oleic acid (Alfa Aesaer, India), ethanol (Merck, India) and cyclohexane (Merck, 

India) used were of analytical reagent grade. Diphenyl ether (DPE, 99%) and oleyl amine 

(70%) were procured from Sigma Aldrich. Double distilled water was used for 

preparation of solutions.  

4.3.1 Preparation of metal-oleates (M-oleates, M=Ce, Al and Zr) 

In a typical preparation, weighed amounts of metal precursors and Na-oleate were 

dissolved in a solution consisting of 85 ml EtOH, 40 ml H2O and 100 ml cyclohexane. 

The mixture was reacted at 80°C for 4 h and the organic phase was collected and washed 

three times with 30 ml water. The remaining cyclohexane was evaporated slowly at 80°C 

leaving a solid residue. 

4.3.2 Reflux synthesis of surface modified nanocrystals 

In a typical synthesis, weighed amount of the freshly synthesized metal oleate was 

dissolved in 40 ml diphenyl ether in a round bottom flask. To this, oleic acid (OA) and 

oleylamine were added and the reaction mixture was refluxed at its natural boiling point 

(~265°C) for different time intervals. The molar ratio of metal oleate:oleic 

acid:oleylamine was 1:3:3. As the reaction proceeded, the solution became slightly 

cloudy and brown, which demonstrated the formation of nanocrystals. After cooling, 

acetone was added to precipitate the OA coated NPs. The precipitate was washed 

thoroughly with acetone and dried. The resulting precipitate was easily dispersible in 

many nonpolar solvents including hexane and toluene. The capped NPs were dispersed in 

transformer oil (TO) by sonicating for about 10 min. To understand the reaction 



Chapter 4                                                                                Nanofluid 

123 

 

mechanism, the refluxing conditions were slightly varied, for instance, the time of 

reaction was varied. 

4.4 Results and discussion 

4.4.1 Characterisation of precursor oleates 

The precursor oleates of ceria and zirconia appeared to possess a gel type nature 

(Fig. 4.1A and C) whereas aluminium oleate (Fig.4.1B) had a waxy nature. 

   

Fig. 4.1 Optical photographs of A) cerium oleate, B) aluminium oleate and C) zirconium 

oleate. 

4.4.1.1 IR spectral investigation of precursor oleates 

The respective oleate precursors of ceria, alumina and zirconia were characterized 

using FT-IR spectra and presented in Fig. 4.2. The characteristic IR bands for metal 

carboxylates are in the range of 1650-1510 cm
−1

 for the asymmetrical vibrations and 

1400-1280 cm
−1

 for the symmetrical vibrations.
[25]

 FTIR spectra of all the oleates contain 

several strong bands in the (COO
−
) region: 1725, 1601, 1510, and 1430 cm

−1
. The band 

at 1725 cm
−1

 can be assigned either to the carbonyl group of oleic acid or to asymmetric 

vibrations of unidentate carboxylate group.
[25]

 The bands in the range 2800-3000 cm
−1

 are 
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the CH2 and CH3 symmetric and asymmetric stretching vibrations.
[4]

 The rocking 

vibration at 715 cm
−1

 is also typical of (CH2)n chains with n >3.
[5]

 The peak characteristic 

of M-O-C groups were indicated with arrow heads in Fig. 4.2 in cerium oleate (675 

cm
−1

),
[26]

 aluminium oleate (1060, 780 cm
−1

)
[27]

 and zirconium oleate (1450, 1560 

cm
−1

).
[28]

 

 

Fig. 4.2 FT-IR spectra of oleate precursors of (a) ceria (b) alumina and (c) zirconia. 

 

Oleic acid coated NPs of ceria, alumina and zirconia have been fabricated by refluxing 

respective oleate precursors in diphenyl ether solvent for different time intervals. More 

details on each system are discussed in section 4.4.1. 

4.4.2 Thermogravimetric analysis of surface modified NPs 

Fig. 4.3 shows the thermogravimetric profiles of surface modified/oleic acid 

coated NPS of ceria, alumina and zirconia. A two step weight loss was observed in the 

temperature range of 200-500°C in the case of both ceria and zirconia whereas alumina 

NPs exhibited a three step weight loss with the total weight loss in the range 39-63%. The 

major weight loss in the temperature range of 200-500°C, was due to the oleic acid 
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decomposition.
[29]

 The weight loss observed in each system are tabulated below for 

comparison.  

Table 4.1 Weight loss observed in the TGA patterns of surface modified nanoparticles 

System Weight loss (%) 

Total  

(200-480°C) 
200-430°C 430-480°C 

Ceria 42.5 35 7.5 

 

System 

Weight loss (%) 

Total  

(200-530°C) 
(200-350°C) (350-480°C) (480-530°C) 

Alumina 63.4 16.5 32.5 14.4 

 

System 

Weight loss (%) 

Total 

(200-520°C) 
(200-426°C) (426-480°C) 

Zirconia 39.4 24.1 15.3 

 

It is clear from the data that decomposition process of the oleic acid occurring in each 

nanosystem is different. This may be due to the fact that as prepared NPs are terminated 

with different crystal facets with different adsorption activity.
[30, 31]

 In the case of 

boehmite alumina NPs, a further weight loss of 14.4% was observed after 480°C which 

extends upto 530°C, may be due to the transformation of boehmite alumina to gamma 

alumina.
[32]

 The amount of surfactant coated on to the surface is in the range 30-49% by 

weight of the NPs. The amount of surfactant in lipophilic ceria reported by Ghosh et al. 
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was <30% and was dispersible in less viscous non polar solvents such as hexane, toluene 

etc.
[15]

 

 

Fig. 4.3 TGA patterns of surface modified NPs of (a) ceria, (b) alumina and (c) zirconia. 

 

Actually, the high percentage of the organic part contributes to the high solubility of the 

nanoparticles in common organic solvents and especially in high viscous transformer oil 

and in turn adds to the colloidal stability of the dispersions. 

 

4.4.3  Ceria fluid 

4.4.3.1 Powder characterisation 

The phase composition of the solid products obtained by thermal decomposition 

of cerium oleate in DPE for different time intervals (1, 2 and 4h respectively in CeDPE1, 

CeDPE2 and CeDPE4) was determined by X-ray diffraction. The XRD patterns of 

CeDPE and FT-IR spectra for CeDPE4 and OA are presented in Fig. 4.4. The XRD 

patterns of capped ceria nanoparticles show finger-print reflections of typical fcc cubic 

CeO2 of Fm 3 m) space group.
[14, 16]

 Fig. 4.4 shows the crystallization and growth of CeO2 

crystals by thermal decomposition of Ce-oleate by extending the reflux time. One hour 
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reflux treatment on Ce–oleate initiated the formation process of cubic ceria crystals 

(CeDPE1) as indicated by the appearance of small humps corresponding to (111), (220) 

and (311) crystal facets which grew sharper on further extending the reflux time to 4 h in 

CeDPE4. The average CeO2 crystal size estimated from the line broadening of the (111) 

X-ray reflection using Scherrer’s formula for CeDPE4 is ~4.1 nm.
[33, 34]

 

  

Fig. 4.4 (A) XRD patterns of a) CeDPE1, b) CeDPE2, c) CeDPE4, and (B) FT-IR spectra 

of CeDPE4 and oleic acid. 

A peak at ~20º 2 was observed in all the DPE refluxed samples and was attributed to the 

presence of OA surfactant
[35]

 and the relative intensity of this peak with respect to that of 

cubic ceria became less prominent with increasing refluxing time. The broadened peaks 

are due to the nanocrystalline nature of the ceria product. The FT-IR measurements of 

CeDPE4 also provided supporting evidence for the formation of capped ceria 

nanocrystals (Fig. 4.4B). The characteristic bands of the oleyl group are present in both 

the spectra. The CeO2 crystals with chemisorbed OA showed two strong vibrational 

bands at 2845 and 2927 cm
−1 

due to the methyl νs(–CH3) and the νas(CH) groups. These 

peaks are known to be the characteristic modes of the methylene (–HCH–) chains that are 

present in OA. The rocking vibration at 715 cm
−1

 is also typical of (CH2)n chains with n 
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>3 [17].
[15]

 The free carbonyl stretching mode of the acid is visible at 1711 cm
−1

. In 

comparison, the intensity of this band is reduced in the capped sample, and strong 

absorption bands corresponding to the asymmetric and symmetric stretching bands of the 

RCOO
−
 group appeared at 1536 and 1413 cm

−1 
respectively. Furthermore, the difference 

of 123 cm
−1 

between both stretching modes is characteristic of a bidentate coordination of 

the carboxylate to a metal atom. The broad peak at ~3400 cm
−1

 is assigned to absorbed 

H2O or OH groups. The multiple peaks in the range 1000–1700 cm
−1

 can be assigned to 

the CH, COO and H2O modes or their mixtures. The peak corresponding to the Ce–O 

stretch is observed at 497 cm
−1 

and the bands at 1070 and 1350 cm
−1 

are due to ν(Ce–O–

Ce) vibration [17].
[15]

 

The size and morphology of the ceria particles were examined by transmission 

electron microscopy (Fig.4.5). TEM images of CeDPE4 showed well separated, 

monodisperse, nanocrystals of CeO2 in the size range 3–7 nm with an average of 5.8±1 

nm which is some what larger than the same calculated from X-ray peak broadening (4.1 

nm). Crystal size determined from XRD profile using the Scherrer equation
[33, 34]

 

underestimates the grain size as it ignores broadening of the diffraction peaks due to the 

microstrain in the OA coated crystals.
[15]

 There were no evidence of agglomeration and 

the surfactant capped nanocrystals are mostly cubic in shape with the exception of few 

irregular shaped particles. The high intensity (111) lattice fringes characteristic of cubic 

ceria was observed in the HR-TEM image as shown in the inset of Fig. 4.5B. The XRD 

patterns together with TEM analysis clearly indicates that 4 h refluxing at 265ºC in DPE 

is essential for the formation of well crystallized ceria NPs. The particle size 
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(hydrodynamic diameter) of CeO2 NCs (CeDPE4) in toluene suspension, measured by 

photon correlation spectroscopy (PCS) is shown in Fig. 4.6. 

    

Fig. 4.5 (A) Bright-field TEM, and (B) high-resolution TEM images of CeO2 

nanoparticles in CeDPE4. Prominent (111) lattice fringes characteristic of cubic ceria is 

marked in HR-TEM image shown in the inset of (B). 

The hydrodynamic diameters of these materials are in good agreement with the 

same from TEM and XRD measurements. The reproducibility of the synthetic procedure 

in terms of size of the crystalline product was within acceptable limits (~3%). TEM 

provides the core diameter of cerium oxide particles and DLS data reports the 

hydrodynamic diameter of the nanocrystal–OA core-shell spherical structures.
[36] 

The z-

average (DPCS) of 7.4 nm have shown a difference of 1.6 nm from DTEM mainly due to the 

surfactant coating, a value of ~0.8 nm is very close to 0.9 nm for the length of OA 

chain.
[15]
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Fig. 4.6 Particle size distribution as measured by photon scattering (number distribution) 

of suspensions of surface modified ceria (CeDPE4) in toluene. 

 

The PDI value of 0.33 and un-clustered, isolated particles in TEM images confirm the 

monodispersed nature of CeO2 nanoparticles.  

4.4.3.2 Mechanism of thermolysis 

Metal oxide NPs were prepared by decomposing metal-oleate complex in a high 

boiling solvent. To understand the formation procedure of the NPs, the reaction was 

studied by varying reaction temperature and reaction time. It was found that below the 

refluxing point of the solution (265ºC, bp of diphenyl ether) there was no nanocrystal 

produced. The formation of NCs takes place only above 265ºC. At temperatures above 

265°C the precursors decompose and yield nuclei for metal oxide crystallites. These 

crystallites rapidly grow over several hours and consume the available soluble metal. In 

general, the mechanism can be summarised as follows: metal carboxylates decompose on 

heating near or above 300°C to form metal oxide nanocrystals alongwith some 
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byproducts.
[37]

 It is thought that the decomposition reaction proceeds via the formation of 

free radicals from metal oleates as shown in eqn 4.1 and 4.2. 

M-OOCR       M· + R-COO·     (4.1) 

M-OOCR       MO·+ R-CO·     (4.2) 

M·+ MO·        M-O-M      (4.3) 

From the reaction between the simultaneously formed M–O• and M• species, M–O–M 

links arise. This should result in the formation of “MO2”, as a final solid product.
[38]

 

Subsequently, the oleate molecules generated by oleylamine assisted ionisation of oleic 

acid leads to the formation of MO2 NPs (NPs) with negatively charged oleate ions 

adsorbed on the surface and the core of the metal oxide remaining positively charged.
[20, 

39]
 However, a detailed and stoichiometric description of this process has not yet been 

established. Crystallite growth appears consistent with “Ostwald ripening,” where the 

higher surface free energy of small crystallites makes them less stable than larger 

crystallites with respect to dissolution in the solvent. The net result of this ability gradient 

in dispersion is a slow diffusion of material from the surfaces of small particles to the 

surfaces of larger particles. Crystal growth by this kind of mass transport can result in the 

production of colloidal dispersions from systems that may initially be polydispersed.
[40]

 

Capping groups can slow down the growth kinetics by presenting a significant steric 

barrier to the addition of material to the surface of a growing crystallite. The oleate 

molecule coordinates the surface of ceria nanocrystallites and permits slow steady growth 

at temperatures above 265°C. Steady controlled growth results in NPs of a consistent 

crystal structure.
[41]
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4.4.3.3 Rheological properties of nanofluids 

The surface modified NPs were dispersed in TO to prepare the nanofluids. The 

flow behaviour of ceria based nanofluids as measured by viscosity is shown in Fig. 4.7. 

Ceria nanofluids upto 0.4 vol% solid loading showed Newtonian behaviour with 

negligible effect on the viscosity against shear rate as there were no significant 

interactions among the particles. This may be due to the lower concentration of CeO2, 

resulting in relatively large separation among the particles.  

   

Fig. 4.7 Flow curves [(A) shear stress and (B) viscosity against shear rates] for a) base 

TO, b) 0.08 vol%, c) 0.27 vol%, d) 0.41 vol%, and e) 0.7 vol% CeDPE4 dispersed 

nanofluids in TO. 

Nanofluid with 0.7 vol% CeO2 showed shear-thinning behaviour at low shear rates, after 

which ideal viscous behaviour was observed (Fig. 4.7). Higher loading of ceria NPs in 

TO produced gel-like suspensions. Shearing causes the three-dimensional network of the 

gel disintegrate, resulting in a decrease in the interaction among the particles and hence a 

resultant lowering in the viscosity.
[42]

 The effect of temperature on viscosity of nanofluids 

is presented in Fig. 4.8. The viscosity data had a standard deviation within ±2% for all the 
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CeO2 fluids. Both the nanofluids and the base TO showed a decrease in viscosity with 

increase in fluid temperature, the difference being the rate of change. 

 

Fig. 4.8 The variation of viscosity with temperature for a) base oil, b) CeDPE4 fluid in 

TO with solid loading of 0.41%, and c) the same with 0.7 vol% CeDPE4 loading.  

 

This is because, as the temperature increases, the average kinetic energy of the molecules 

in a liquid increases.
[43]

 The greater average kinetic energy of the molecules more easily 

overcomes the attractive forces that tend to hold the molecules together. This could 

possibly imply that the nanofluids are indeed true colloidal solutions. The viscosity of the 

0.7 vol% fluid decreased significantly from initial 0.402 Pa.s at 25°C to 0.058 Pa.s at 

50°C. The CeO2 fluids show a nonlinear decrease in viscosity with temperature with the 

rate being faster in the lower temperatures (Fig. 4.8). A similar behaviour was reported 

by Jamshidi et al.
[44]

 The effect is more pronounced in fluids with higher loading as the 

surface modified CeDPE4 might form net-work structure among themselves.
[5]

 The 

reduction in viscosity was about 59, 74 and 86% for TO, 0.41 and 0.7 vol% nanofluids 

respectively when temperature was increased from initial 25 to 50°C. The reduction in 

viscosity of 0.7 vol% fluid at 50°C (86%) is comparable to that reported by Kole et al. 
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(90%) for 1 vol% Cu based nanofluid.
[7]

 The change in viscosity with temperature above 

40°C is not significant. Accordingly, transformer oil based nanofluids with higher NP 

loading may find suitable for use as transformer oil at normal temperature of transformer 

operations (~80°C).
[5]

 

 

4.4.3.4 Thermal Conductivity of Nanofluids 

The thermal conductivity enhancement of ceria nanofluids (keff) is calculated 

using equation 4.4.
[4, 5]

 

100
)(





fb

fbfn

eff
k

kk
k                                                         (4.4) 

where knf and kbf are the thermal conductivity of nanofluid and basefluid respectively. Fig. 

4.9 shows the TC enhancements in ceria fluid against its loading at 25°C as well as 

measurement temperature (30-50°C). The thermal conductivity measurements were 

carried out at least three times on each fluid. The standard error in the TC measurements 

was within ±3%. It is apparent that the TC of each nanofluid was higher than that of its 

base fluid and increased almost linearly with increased loading of the nanoparticles. TC 

enhancements of 6.5 and 9.5% were observed with 0.08 and 0.4 vol% ceria loaded TO 

based nanofluids respectively. The suspensions turned slowly into syrupy liquid on 

further increasing ceria loading. The highest concentration of ceria used in this study is 

0.7 vol% and that resulted in a 10.3% increase in TC (Fig. 4.9) when compared with the 

TC of base TO. The maximum enhancement observed with ceria fluids which are viscous 

gel-like suspensions with higher loading of CeO2 NPs. Fluids with lower extent of 

loading show small increases in TC. A similar behaviour was observed in silica system 
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by Burgi et al. and Botha et al. in which they reported maximum TC enhancements with 

gel type fluids.
[42, 45]

 Many authors pinpointed nanoconvection due to Brownian motion 

as the main mechanism of heat transfer in nanofluids.
[9, 46]

 

 

     

Fig. 4.9 (A) Thermal conductivity of ceria fluids with 0.08-0.7 vol% CeDPE4 loading at 

25°C and (B) the variation in thermal conductivity of 0.41 and 0.7% ceria fluids at 30, 

40, and 50°C. 

In this study, the heat transfer may possibly be through particle-particle contact also in 

addition to Brownian motion which becomes less prominent in viscous gel-like 

suspensions as described in Scheme 4.1. 

Despite ceria being a poor heat conductor, observed increase in thermal 

conductivity may be due to i) small particle size and, ii) compatibility of capped particles 

with TO. The viscosity of nanoparticle–in–oil suspensions increased with increase in 

particle concentration in the nanofluid (Fig. 4.7). 
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Scheme 4.1. Enhanced particle-particle contact on moving from low concentration to 

high concentration (a to b) of NP’s which adds to TC. 

However, the particle loading cannot be increased indefinitely as the nanofluid forms a 

gel beyond certain critical concentration. A maximum of 14.6% TC enhancement was 

observed with 0.7 vol% nanofluid at 50°C. The increase in TC with temperature is 

consistent with the previously reported results which were all carried at temperatures 

below 80°C.
[13, 47]

 An increase in temperature leads to enhanced Brownian motion of the 

particles, which improves the rate of heat transfer. The Brownian motion of the particles 

has not contributed directly to the mass transport enhancement, but it enhanced the 

convection currents because of an increase in the nanoscale stirring of the liquid.
[10]

 

4.4.4 Alumina nanofluid 

Barron and coworkers reported the synthesis of organophilic boehmite alumina by 

modification with p-hydroxybenzoic acid to produce boehmite alumina supported 

catalysts useful in olefin polymerisation.
[48]

 Boehmite alumina is composed of Al-O 

double layers which are interconnected by hydrogen bonds between the hydroxyl groups 

as shown in Fig. 4.10A. 

[Al(O)(OH)]n + HO2CR → [Al(O)x(OH)y(O2CR)z]n    (4.5)
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It has been shown that carboxylic acids (–CO2H) react with boehmite, [Al(O)(OH)]n, to 

afford the appropriate carboxy-alumoxane. 

 

Fig. 4.10 A) Structure of pure boehmite alumina and B) oleate modified organophilic 

boehmite alumina. 

The chemical modification of the generated boehmite during non-aqueous reflux 

synthesis in presence of oleic acid thus generates organophilic boehmite which can be 

schematically shown in Fig. 4.10B. As a consequence of the modification, these boehmite 

particles are highly dispersible in organic media. 

4.4.4.1 Powder characterisation 

The XRD patterns of samples obtained by refluxing aluminium oleate in DPE for 

different time intervals are shown in Fig. 4.11. Ageing was performed for 10, 15, 24 and 

48 h (AlDPE10, AlDPE15, AlDPE24 and AlDPE48 respectively). The precursor 

complex of aluminium oleate thermally decomposed to boehmite alumina NCs, a 

precursor of alumina by ageing for a period of 24 h at the refluxing temperature. Thermal 

decomposition of aluminium oleate generates nuclei of amorphous alumina hydrate gels. 

Boehmite alumina/γ-alumina nanocrystallites are formed at the expense of amorphous 
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alumina hydrate gels when aluminium oleate suspension is heated which subsequently 

form HO–Al–O network. The mechanism is shown schematically in Fig. 4.13.  

        

Fig. 4.11 (A) XRD pattern of (a) AlDPE10, (b) AlDPE15 and (c) AlDPE24, (B) 

AlDPE24-900 and AlDPE24-1000 (d and e respectively). 

Two reflections centred at around 20 and 45º 2appeared in the XRD pattern of 

AlDPE10 and AlDPE15 sample (shown as inset of Fig. 4.11). The first high intense peak 

can be ascribed to the surfactant
[35, 49]

 and the relatively less intense peak at 45º 2θ can be 

assigned to boehmite alumina or γ-alumina. The XRD patterns together with TEM 

analysis clearly indicate the formation of relatively amorphous boehmite NPs by 24 h 

refluxing at 265ºC in DPE. On increasing the refluxing time to 24 h, four distinct 

reflections at 2 values 13.9, 38.1, 45.8 and 67.1° appeared in the XRD pattern as shown 

in Fig. 4.11c, which is in agreement with the standard for boehmite alumina (JCPDS No. 

832384) NPs. The (020) reflection is slightly shifted towards smaller scattering angles, 

which is due to a particle size effect, as observed previously.
[50, 51]

 The broadened peaks 

A B 
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are due to the nanocrystalline nature of boehmite alumina. Interestingly, it was observed 

that further refluxing (upto 48 h in the present study) doesn’t have much effect on 

crystallinity/phase transformation. This may be due to the low temperature and normal 

pH maintained during synthesis as the formation of α-alumina is normally reported to 

occur near or above 1000ºC (XRD not presented here).
[52, 53]

 The XRD patterns in Fig. 

4.11B indicate that on calcination at 900 and 1000ºC boehmite alumina is first 

transformed to its dehydrated counterpart ie., γ-alumina and finally to α-alumina. 

The size and morphology of the boehmite alumina particles were examined by 

transmission electron microscopy (TEM) as shown in Fig. 4.12. TEM images of 24 h 

refluxed sample showed spherical nanocrystals of boehmite alumina with an average size 

30.00 ± 3 nm. It is evident from the HR-TEM images that the NP’s form chain like 

structures which may be due to the self assembly of NP’s in a linear fashion (Fig. 4.13).   

The particle size distribution of boehmite alumina suspension, measured by photon 

correlation spectroscopy (PCS), is shown in Fig. 4.12D. Stable dispersion of boehmite 

alumina in toluene was used for the size measurements. The polydispersity index (PDI) 

estimates the width of the distribution. The PCS data showed the presence of NPs with z-

average (DPCS) 63 nm with PDI 0.38. PDI value of 0.38 does not indicate a monodisperse 

suspension.
[54]

 Careful examination of the PCS spectra reveal that the size distribution is 

bimodal as indicated by a sharp peak with majority of particles being 63 nm and a less 

intense broad peak with particles in the range 150-300 nm.  
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This is in accordance with the observation made by Barron et al., that unlike other forms 

of oxide nanoparticle, the alumoxanes are not mono-dispersed but have a range of 

particle sizes. 

  

  

Fig. 4.12 TEM (A-C) images and particle size distribution (D) of suspensions of 

AlDPE24 in toluene.  

The DPCS of ~63 nm could be due to the pearl chain like nanostructure with average 

hydrodynamic diameter of ~2DTEM which is 60 nm.  
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Fig. 4.13 Schematic illustration showing the formation of pearl chain like nanostructures 

of boehmite alumina during the reflux process. 

The FT-IR measurements also provided supporting evidence for the formation of 

organophilic boehmite alumina nanocrystals (Fig. 4.14). FT-IR spectra contain the bands 

at ~1145, 775, 615, and 490 cm
–1

, typical of boehmite alumina.
[49, 55]

  

 

Fig. 4.14 IR spectra of AlDPE24 showing the formation of surface functionalised 

nanoparticles. 

The absorption bands in the region between 1000–400 cm
−1 

correspond to Al–O 

vibration.
[56] 

The characteristic bands of the oleyl group are present in the spectra. The 

surface modified boehmite alumina crystals showed two strong vibrational bands at 2845 

and 2927 cm
–1

 due to the methyl νs(CH3) and the νas(CH) groups. These peaks are known 

to be the characteristic modes of the methylene (CH2) chains that are present in OA. The 
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rocking vibration at 715 cm
–1

 is also typical of (CH2)n chains with n >3.
[5]

 The free 

carbonyl stretching mode of the acid is visible at 1711 cm
–1

. In comparison, the intensity 

of this band is reduced in the capped sample, and strong absorption bands appeared at 

1536 and 1413 cm
–1 

can be assigned to the asymmetric and symmetric stretching bands of 

the RCOO
–
 group respectively. Furthermore, the difference of 123 cm

–1 
between both 

stretching modes is characteristic for a bidentate coordination of the carboxylate to a 

metal atom. The broad peak at ~3400 cm
–1

 is assigned to absorbed H2O or OH groups. 

The multiple peaks in the range 1000-1700 cm
–1

 can be assigned to the CH, COO and 

H2O modes or their mixtures. 

4.4.4.2 Formation mechanism 

 The mechanism of formation of aluminium oxyhydroxide or simply boehmite 

from aluminium oleate in presence of oleic acid and oleylamine can be summarised as 

follows. Oleylamine performs a nucleophilic attack of one carbonyl group of the oleate 

ligand and generates a hydroxyl group on the metal centre with the liberation of N-oleyl 

oleylamide. The hydroxyl group bound to the metal atom then induces condensation with 

another metal centre to form a M-O-M bond. This step represents the starting point of 

crystallisation. In principle, condensation between two hydroxyl groups would lead to the 

elimination of water and presence of water in the reaction system facilitates formation of 

aluminum oxyhydroxide. The added oleylamine performs dual function, first it could 

enhance the release of carboxylate anions from oleic acid and guarantee a stronger 

adsorption of carboxylate anions onto the NP surfaces,
[57]

 second it performs a 

nucleophilic attack on the oleate ligand of metal precursor. 
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4.4.4.3 Viscosity measurements 

The flow behaviour of boehmite alumina based nanofluids of different vol% 

prepared by dispersing boehmite NP’s in TO as the basefluid are shown in Fig. 4.15. 

Boehmite alumina nanofluids upto 0.1 vol% showed Newtonian behaviour may be due to 

the much lower concentration of NP’s, resulting in a relatively large separation distance 

between the particles and hence no significant interaction forces between the particles, 

which allowed it to have a negligible effect on the viscosity.  

   

Fig. 4.15 Flow curves for a) transformer oil, b) 0.02 vol %, c) 0.07 vol %, d) 0.11 vol%, 

and e) 0.18 vol% boehmite alumina dispersed in oil. 

Boehmite nanofluid of 0.18 vol% showed shear-thinning behaviour at low shear rates, 

after which ideal viscous behaviour was observed (Fig. 4.15). The viscosity of boehmite 

suspensions increased with increase in its loading. Shearing most likely caused the three-

dimensional network of gel like suspensions to disintegrate, resulting in a decrease in the 

interaction forces among the particles and hence a lowering in the flow resistance.
[58]

 The 

effect of temperature on viscosity of one of the prepared nanofluids was investigated and 

shown in Fig. 4.16. 
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Fig. 4.16 The variation of viscosity with temperature for hydrated aluminium oxide fluid 

with 0.18% (volume) loading. 

A drastic decrease in viscosity with an increase in temperature was observed in the case 

of both the basefluid (Fig. 4.8a) and nanofluid (Fig.4.16), a phenomenon similar to a 

typical liquid without any suspended NPs. This could possibly imply that the nanofluids 

are indeed true colloidal solutions. 

4.4.4.4  Thermal Conductivity of Nanofluids.  

The thermal conductivity enhancement of boehmite alumina nanofluids (keff) is 

calculated using eqn 4.4. Figure 4.17A shows the thermal conductivity enhancement of 

nanofluid with solid loading ranging from 0.02 to 0.23 vol%. It is apparent that the 

thermal conductivity of each boehmite alumina nanofluid was higher than that of its base 

fluid and increased linearly with increasing mass fraction of the NPs. A 5.8% increase in 

thermal conductivity was observed with 0.02 vol% boehmite alumina and 7.3% for 0.1 

vol% boehmite alumina. The suspensions became more gel-like with increasing 

concentration of boehmite alumina. The highest concentration of boehmite alumina under 
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investigation was 0.23 vol% which resulted in 8.1% increase in thermal conductivity 

(Fig. 4.17). The maximum enhancement seen with boehmite alumina–TO samples is with 

the gel-like suspensions. Low wt% samples will only show small increase in thermal 

conductivity when compared to the higher wt% samples.  

     

Fig. 4.17 (A) Thermal conductivity of boehmite alumina with concentrations ranging 

from 0.02 vol% to 0.23 vol% at 25°C. (B) The variation in thermal conductivity of 0.18 

volume percent boehmite alumina fluid at temperatures 30, 40, and 50°C. 

As in the case of ceria system, the predominant heat transfer mechanism may be particle-

particle contact (Scheme 4.2) because Brownian motion becomes less prominent in the 

case of gel like suspensions. 

Boehmite alumina, even at low level of loading in TO has shown reasonably high 

enhancement in thermal conductivity which may be due to i) small particle size, ii) 

extended pearl-chain like structure which helps in easy transfer of heat, and iii) enhanced 

dispersity offered by OA. Thermal conductivity of 0.18 vol% boehmite alumina 

nanofluid was measured at 30, 40 and 50°C and the corresponding TC enhancement 

against temperature is plotted in Fig. 4.17B. 
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Scheme 4.2 TC increases due to enhanced inter-particle contacts as we move from low to 

high concentration (a to b). 

An increase in temperature leads to enhanced Brownian motion of the particles, which 

improves the rate of heat transfer. The Brownian motion of the particles does not 

contribute directly to the mass transport enhancement, but it enhances the convection 

currents because of an increase in the nanoscale stirring of the liquid.
[10]

 

4.4.5  Zirconia nanofluid 

Zirconia NPs were prepared by the thermal decomposition of zirconium-oleate 

complex in high boiling solvent. The decomposition reaction was carried out by varying 

the reaction time. Sample details along with reaction conditions are provided in Table 

4.2. Apparently, no ZrO2 crystal formation was observed by holding the reaction 

mixtures at temperatures below the boiling point of DPE solvent (265ºC). Metal 

carboxylates generally decompose on heating at ≥300°C to form metal oxide nanocrystals 

along with some by-products.
[37] 
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Table 4.2 Sample details along with reaction conditions. 

Sample 

code 

Refluxing 

medium 

Time of reflux 

(h) 

Dispersibility 

in oil 

ZDPE4 DPE 4 High 

ZDPE7 DPE 7 High 

ZDPE10 DPE 10 High 

  

It was proposed that the decomposition reaction proceeds via the formation of free 

radicals from metal-oleates as shown in equations 4.1, 4.2 and 4.3.
 

4.4.5.1 Powder characterisation 

The phase composition of the capped zirconia nanocrystals obtained by thermal 

decomposition of zirconium oleate in different solvents was determined by X-ray 

diffraction. The XRD profiles of zirconia crystals and FT-IR spectrum for ZPDE10 are 

shown in Fig. 4.18. The growth of zirconia crystals was found to increase with increasing 

the holding time at the reflux temperature. All the X-ray profiles show a distinct 

diffraction peak at ~20° 2 which is attributed to the presence of OA surfactant in the 

solids.
[35]

 The relative intensity of this peak at ~20° 2 to that of (111) reflection 

pertaining to monoclinic zirconia decreases with increase in reflux time indicating 

progressive formation of zirconia crystals. Four hour reflux treatment on Zr-oleate 

initiated the formation process of monoclinic zirconia crystals (ZDPE4) as indicated by 

the appearance of small humps corresponding to (111) and (220) crystal facets which 

grew sharper on further extending the reflux time to 10 h in ZDPE10. The profiles show 

three major finger print reflections from zirconia crystals of typical monoclinic structure 
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with the space group: P21/c (according to JCPDS card No. 830943) in ZDPE10. Zirconia 

crystals grew larger to ~2.3±1 nm (DXRD) with time through Ostwald ripening when the 

reflux time was extended to 10 h in ZDPE10 (>1 nm in ZDPE7).   

   

Fig. 4.18 (A) X-ray diffraction patterns of (a) ZDPE4, (b) ZDPE7, and (c) ZDPE10. (B) 

Fourier transform infrared spectra of ZDPE10. 

 

The shift in the peak position from that of free oleic acid (1708 cm
−1

) is due to the 

chemical interaction with the atoms on NP surfaces.
[59]

 The bands in the range 2800-3000 

cm
−1

 are the CH2 and CH3 symmetric and asymmetric stretching vibrations. The broad 

peak at ~3400 cm
−1

 is assigned to absorbed H2O or –OH groups. The multiple peaks in 

the range 1000-1700 cm
−1

 can be assigned to the CH, –COO and H2O modes or their 

mixtures. The strong peaks in the range 400-700 cm
−1

 are Zr-O vibration modes.
[59]

 The 

peak at ~770 cm
−1

 is a typical feature for monoclinic zirconia.
[60] 

The size and morphology of the zirconia NPs were examined by bright-field 

transmission electron microscopy (TEM) as shown in Fig. 4.19. The TEM image of 

ZDPE10 shows zirconia NPs of mostly ellipsoidal shape of average size ~4 nm along 

with scattered nanorods (Fig. 4.19B). The formation of well crystallised zirconia 
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nanocrystals in ZDPE10 (10 h refluxing in DPE) is evident from the HR-TEM images 

provided in Fig. 4.19. 

   

  

Fig. 4.19 TEM images (A and B) of monoclinic zirconia nanocrystals (ZDPE10), (C) 

High-resolution TEM image of ZDPE10 of mixed morphology, and (D) EDS spectrum of 

ZDPE10. 

The predominant (111), ( 1 11), and (002) lattice fringes with corresponding interplanar 

spacing of 0.31, 0.28 and 0.26 nm respectively, were observed in the HR-TEM image of 

the nanorods and NPs confirming that zirconia produced has monoclinic structure 

(JCPDS card No. 830943).
[61]

 A small number of NPs are sticking onto the surface of the 

nanorods as indicated by arrow marks in Fig. 4.19A. The nanorods have an average 



Chapter 4                                                                                Nanofluid 

150 

 

length of ~300 nm and diameter ~8 nm. During the longer duration of reflux treatment 

(>7 h) the ellipsoidal crystals have shown 1D growth in the [002] direction. The atomic 

ratio of zirconium to oxygen obtained from the EDS spectrum (Fig. 4.19D) confirms that 

the oxygen content in the sample is slightly in excess of the stoichiometric requirement 

for ZrO2 due to the presence of chemisorbed oleic acid in the sample. 

The size of ZrO2 NPs (ZDPE10) in toluene suspension was measured by photon 

correlation spectroscopy (PCS) and the size (hydrodynamic diameter) distribution is 

shown in Fig. 4.20.  

 

Fig. 4.20 Particle size distribution (number) of capped ZDPE10 suspension in toluene as 

measured by photon scattering technique. An optical image of transparent colloidal ZrO2 

dispersion in TO is shown as inset. 

The polydispersity index (PDI) for the distribution is 0.35 which indicates that the 

distribution is relatively wide. 

4.4.5.2   Rheological Properties of Nanofluids  

As nanofluids for heat transport are used under continuous-flow conditions, the 

rheological properties play a vital role in determining its suitability in real applications. 

NPs suspended in nonpolar liquids, such as mineral oil and other hydrocarbons, are 

known to increase the viscosity of the fluid by forming transient interparticle linkages 
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arising out of the net attractive forces among the particles.
[42]

 The flow behaviour of 

zirconia based nanofluids as measured by viscosity is shown in Fig. 4.21.  

     

Fig. 4.21 Flow curves for transformer oil based nanofluids with a) pure oil, b) 0.03, c) 

0.07, d) 0.34, e) 0.68, and f) 1.7 vol% ZDPE10. 

Suspensions containing 0.8 vol% zirconia NPs displayed Newtonian behaviour with 

negligible effect on the viscosity against shear rate as there were no significant 

interactions among the particles. This is due to the large separation among the particles in 

lower concentration of ZrO2. On increasing the ZrO2 content to 1.7 vol%, shear-thinning 

was observed at low shear rates, followed by ideal viscous flow behaviour (Fig. 4.21). 

The suspensions transformed into viscous fluid forming three-dimensional network on 

increasing the zirconia NP loading. Shear force is responsible for the disintegration of the 

gel structure, resulting in a decrease in viscosity on further increase in shear force. 

Breaking of the gel-structure decreases the interaction forces among the particles 

lowering the flow resistance.
[38]

  

The effect of temperature on viscosity of transformer oil containing 1.7 vol% 

zirconia is shown graphically in Fig. 4.22. 
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Fig. 4.22 The variation of viscosity with increase in temperature for TO fluid containing 

1.7 vol% zirconia. 

The viscosity of fluid containing 1.7% ZDPE10 in TO decreased linearly (goodness of 

linear fit is 0.9993) from initial ~0.8 Pa.s at 25 °C to ~0.4 Pa.s at 50 °C (Fig. 4.22). This 

phenomenon is typical to a liquid without any suspended NPs which could possibly 

imply that the nanofluids are indeed true colloidal suspensions. 

4.4.5.3 Thermal Conductivity of Nanofluids 

Fig. 4.23 shows the effective thermal conductivity enhancements in nanofluids as 

a function of volume fraction of ZDPE10 as well as fluid temperatures. As expected, the 

thermal conductivity of each zirconia nanofluid was higher than that of its base fluid and 

increased almost linearly with increase in NPs loading. A 5.1% increase in thermal 

conductivity was observed with 0.03 vol% ZrO2 NP in TO which further increased to 

~7.3% when the loading was increased to 0.68 vol%. The nanofluid with highest ZrO2 

loading in this study (1.7 vol%) resulted in a 10.3% increase in thermal conductivity (Fig. 

4.23). Nanofluids with <1 vol% NP loading have shown marginal enhancements in 
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thermal conductivity. Most of the reports on heat transport fluids attributed Brownian 

motion as the main mechanism of heat transfer in nanofluid systems. 

    

Fig. 4.23 (A) Thermal conductivity of zirconia nanofluids as a function zirconia NP 

(ZDPE10) loading in transformer oil measured at 25°C, (B) The variation in thermal 

conductivity of 1.7 vol% zirconia fluid at 30, 40, and 50°C. Accuracy in the k 

measurement was within ±5%. 

 

In the present investigation, the heat transfer is driven via particle-particle contact, in 

addition to Brownian motion which is less prominent in the case of gel-like suspensions 

(Scheme 4.3). Thermal conductivity of 1.7 vol% ZDPE10 nanofluid increased from an 

initial ~10.35% measured at 30° to ~12.4% when the temperature of measurement was 

increased to 50°C (Fig. 4.23B). An increase in temperature leads to enhancement in 

Brownian component of the particles, which improves the rate of heat transfer assuming 

the transport through contact mode remains constant.  
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Scheme 4.3 Enhanced TC with higher particle-particle contact in fluids from low to high 

loading of ZDPE10 NPs (column a to b). 

 

The thermal conductivity of the nanofluids depends not only on the volume 

fraction, but also on the shape of the particles.
[62]

 Rod-shaped particles are reported to be 

more efficient in heat transfer compared to the spherical counterparts.
[6]

 Zirconia being a 

low thermal conductivity material (TC ~2 W.m
−1

k
−1

), has shown reasonably high ~10.3% 

enhancement in thermal conductivity at 1.7 vol% loading. This is attributed to i) 

appreciable fraction of small particles, ii) rod like/elongated morphology of remaining 

particles, and iii) compatibility of capped particles with TO. However, the viscosity of 

NPs in oil suspensions increases almost exponentially with increase in NP loading 

creating a virtual limit.  

 

4.4.6  Stability of nanofluid systems 

Turbidity measurements 

In addition to thermal conductivity, the most important property which decides 

the suitability of a nanofluid in industrial heat transport applications is its suspension 

stability. Some of the researchers employed turbidity measurement as a suitable method 

for ensuring stability of nanofluids.
[18, 62]

 The stability of the nanofluids was monitored by 
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performing turbidity measurements (transmittance of visible light) over a time period of 

five months and presented in Fig. 4.24. The nanoparticles dispersed in transformer oil 

were visibly stable at room temperature for months without changing their appearance, 

and no detectable precipitate could be found. The turbidity of the base transformer oil 

was measured as 1 NTU.  

    

 

Fig. 4.24 (A) Stability of Ceria, alumina and zirconia nanofluid as a function of time. (B, 

C and D) Photographs of ceria, zirconia and alumina nanofluids (a) fresh and (b) after 

five months. 

The transmittance of visible light decreased slightly by ~7% from initial of 42 to 39 NTU 

after 150 days of ageing for ceria nanofluid. The reduction in turbidity for alumina was 

6% and for zirconia, turbidity remained constant during the measurement period. In this 
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regard the prepared nanofluids are surpassing the stability reported for oil based CeO2 

nanofluids (40 days), Cu and MoS2 suspensions (20 days).
[7, 13, 18]

 

4.4.7  Compilation of data on selected samples for comparison 

For a comparison, results on 0.08, ~0.23 and 0.7 vol% loaded nanofluids for all 

the three types of NPs (which was common to all systems) is tabulated below in Table 

4.3. The nanofluids were found to follow the order; 

A) Thermal conductivity enhancement:  Alumina > Ceria > Zirconia  

B) Viscosity: Alumina > Ceria > Zirconia 

C) Processing/refluxing time: Alumina > Zirconia > Ceria  

Table 4.3 Summarised data on the three nanofluid systems 

System Processing 

time 

(h) 

Morphology  Thermal Conductivity  

(W.m
-1

.k
-1

) 

Viscosity 

(Pa.s) 

Oil Bulk 

oxide 

Nanofluid  

Solid content (%) 

Oil Nanofluid  

Solid content (%) 

0.08 0.23 0.7 

 

0.08 0.23 0.7 

Ceria 4 Cubic  

0.137 

12 6.5 7.3 10.3  

0.019 

0.0221 0.043  0.408 

Alumina 24 Spherical  30 7 8.1 - 0.031 0.143  - 

Zirconia 10 Elongated 2 5.1 5.6 7.3 0.023 0.03 0.0574 

 

An efficient nanofluid is expected to give maximum thermal conductivity enhancement, 

minimum viscosity, good stability and minimum processing time for easy adaptation into 

industrial applications. The lower processing time (4 h reflux), low viscosity and TC 

enhancement comparable to that of alumina makes ceria a much better candidate in heat 

transport application. 
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4.5  Conclusions 

A comparatively simple method for preparing well-dispersed NPs of ceramic 

oxides such as ceria, alumina and zirconia in oils is presented in this work. Surface 

modified NC’s of cubic, spherical and rod like morphology have been successfully 

synthesised by the thermolysis of respective oleate precursor in ceria, alumina and 

zirconia systems. The particles are stabilized by oleic acid, which coordinates to the NP 

surface via the two oxygen atoms forming a dense layer around the particles. The surface 

functionalised nanocrystals are ideal for nanofluid preparation as they offer long term 

stability of about six months. The nanofluids showed Newtonian behaviour at low solid 

loading, showing the true colloidal nature of the solutions and it implies that the 

nanofluid is, for possible future applications, not likely to clog any flow channels in 

cooling devices. The thermal conductivity was measured as a function of NP 

concentration. An increase in thermal conductivity was observed with an increase in NP 

concentration. In general, the thermal conductivity of ~0.23 vol% nanofluid has shown 

7.3, 8.1 and 5.6 % enhancements in thermal conductivity with respect to that of 

transformer oil in the case of ceria, alumina and zirconia respectively. Another interesting 

area of research we have attempted is the temperature dependence of thermal 

conductivity and viscosity of the nanofluids and it was found that thermal conductivity 

increased with increase in temperature whereas the viscosity decreased. The small size 

and compatibility of surface modified NPs with the base fluid might have contributed to 

the reasonably high thermal conductivity offered by nanofluids.Various characterisation 

techniques were employed to measure the physical, chemical, and thermal properties of 

the nanofluids by using TEM, XRD, particle size analyser, FT-IR, transient hot wire, and 
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viscometer. From the stability test, we confirmed that nanocrystals are well dispersed in 

TO over a long time period up to six months. It was also demonstrated that evaluation of 

nanofluids for a particular application requires a proper understanding of all the 

characteristics and thermophysical properties of nanoparticle suspensions. The 

transformer oil-based nanofluid containing surface modified NPs could possibly find use 

in transformers due to the higher thermal conductivity, good flow characteristics and the 

long-term stability. For the real world applications, a detailed study on the dielectric 

property of the nanofluids has to be carried out which is not included in the present study. 

For future applications, intensive research is therefore necessary in this particular field. 
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Instrumental methods 
 

Introduction: In this section the basic principles and instrumental details of various 

characterization techniques which are applied throughout the thesis will be described. 

Details of the syntheses are given in the relevant chapters.  

Characterisation techniques 

X- Ray diffraction (XRD): X-rays are electromagnetic radiation of wavelength ~ 1Å (10
-

10 
m). X-rays are produced when high energy charged particles, e.g. electrons colloid with 

mater. X-ray diffraction (XRD) is a versatile, non-destructive technique that reveals 

detailed information about the crystallographic structure, phases, in polycrystalline 

samples and other structural parameters such as average grain size, crystallinity, strain 

and crystal defects and chemical composition, and physical properties of materials and 

thin films. X-ray diffraction is based on constructive interference of monochromatic X-

rays and a crystalline sample. The peak intensities are determined by the atomic 

decoration within the lattice planes. The interaction of the incident rays with the sample 

produces constructive interference   when conditions satisfy Bragg's Law,  

nλ = 2d sin θ        (1) 

where n is the order of diffraction, d is the interplanar spacing and θ is the angle of 

diffraction. 
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Fig. 1 A simplified view of the interaction of X-ray radiation and crystal planes to 

demonstrate Bragg’s law. 

 

By scanning the sample through a range of 2θ angles, all possible diffraction directions of 

the lattice should be attained due to the random orientation of the powdered material. 

Conversion of the diffraction peaks to d-spacings allows identification of the mineral 

because each mineral has a set of unique d-spacings. The crystallite size of the ceria 

powders was calculated from the Scherrer equation 




cos
9.0D        (2) 

The lattice parameter of the cubic crystal can be calculated from the position of the 

observed diffraction lines in the XRD pattern, according to the following relation, 




sin2

)( 222 lkh
a




      (3) 

where a is the lattice parameter and h, k, l are the Miller indices of the considered Bragg 

reflection. The phase composition of the solid products were determined from the powder 

X-ray diffraction patterns collected at room temperature using a Philips X’PERT PRO 

diffractometer with Ni-filtered Cu Κα1 radiation (λ = 1.5406 Å). The X-ray data was 
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collected on oven dried powders in the 2 range 20100 degree at a scanning rate 2° 

min
−1 

with a step size 0.04°. Broadening of the X-ray diffraction peaks (Bragg peaks) is 

related to the average grain size and microstrain in the crystal lattice originating from 

defects. Particle size information was obtained by analysing the XRD peak widths using 

the Williamson-Hall (also known as Cauchy–Cauchy) procedure. This is in preference to 

the Scherrer approach, which underestimates grain size when there is significant 

microstrain in the lattice. 

Surface area analysis: Gas sorption is a technique used for characterizing porous 

materials. With this method, specific surface area, pore volume and pore size distribution 

of powders and surfaces can be determined. The physisorption data is presented in 

sorption isotherms with the amount of gas adsorbed on the solid plotted versus the 

relative pressure. The surface area measurements were carried out by nitrogen adsorption 

using Micromeritics Gemini 2375 surface area analyzer, after degassing the sample at 

200 °C for 2h. Surface area values calculated by The Brunauer–Emmett–Teller (BET) 

method were reported. 

Thermogravimetric analysis (TGA) is used to study mass changes in a material 

due to changes in temperature. TGA is commonly used to determine polymer degradation 

temperatures, residual solvent levels, absorbed moisture content, and to characterize both 

inorganic and organic materials. It is also often used to estimate the corrosion kinetics in 

high temperature oxidation. The sample is placed on a high-precision balance and 

subsequently heated following a given temperature program. Varying atmospheres such 

as air, argon or helium can be used depending on the purpose of the measurement. During 

the heating, the sample weight is plotted against temperature. Thermogravimetric studies 
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of the powders were carried out using a Perkin Elmer, STA 6000 thermogravimetric 

analyser (TGA) in ambient atmosphere heated at a constant rate of 10 °C min
−1

 under air 

purge. 

Infrared spectroscopy (IR spectroscopy) is the subset of spectroscopy that deals 

with the infrared region of the electromagnetic spectrum. Fourier transformed infrared 

spectroscopy (FT-IR) is used to study functional groups in compounds using the discrete 

energy levels for vibrations of atoms in these groups. When light with a specific energy is 

transmitted through the sample it can be absorbed by groups of atoms in the material. 

This occurs when the frequency of the incoming light corresponds to the frequency of 

vibrations in bonds between atoms. The vibration energy depends on the masses, 

chemical environment of the atoms and the type of vibration. By scanning over a range of 

wavelengths (in this case 400-4000 cm
-1

) and recording the amount of transmitted light 

for each wavelength it is possible to determine which functional groups are present on the 

surface of the material. Fourier transform infrared (FTIR) spectra of the as prepared 

products were recorded at room temperature using the KBr (Sigma Aldrich, g 99%) pellet 

method on a Nicolet Magna IR-560 spectrometer ranging from 400 to 4000 cm
-1 

with 50 

scans. 

Transmission electron microscopy is used to characterize the microstructure of 

materials with very high spatial resolution (~1Å). Information about the morphology, 

crystal structure and defects, crystal phases and composition, and magnetic 

microstructure can be obtained by a combination of electron-optical imaging, electron 

diffraction, and small probe capabilities. A beam of electrons is transmitted through a 

thin sample and the electrons are scattered in the specimen. The transmitted electrons are 
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focused on a fluorescent screen or CCD camera by electromagnetic coils and the image is 

formed. The image contrast originates from mass-thickness differences where thicker 

regions of the specimen (in this case the silica walls) absorb or scatter more electrons 

compared to thinner regions. The morphology and average size of the ceria NPs were 

observed by TEM carried out in HR-TEM (FEI Tecnai 30 G
2
 S-Twin) operated at 300 

kV. Samples for TEM study were prepared by dropping a micro droplet of suspension of 

nanopowder in acetone on to a 400 mesh carbon-coated copper grid and drying the excess 

solvent naturally. In the case of surface modified NPs, instead of acetone, a small amount 

of capped NPs was dispersed in toluene and ultrasonicated to get a stable suspension. 

Scanning electron microscope (SEM) is used to study the topography of glass 

slides included in the polishing study. An electron probe is scanning over the surface of 

the material and these electrons interact with the material. Secondary electrons emitted 

from the surface of the specimen were recorded. The height differences in the sample 

give contrast in the image. The surface quality of glass slides were examined using 

scanning electron microscope (JEOL-JSM-5600LV, Japan) operated at 15 kV. 

Atomic force microscopy (AFM) is a very high-resolution type of scanning probe 

microscopy, with demonstrated resolution of fractions of a nanometer, more than 1000 

times better than the optical diffraction limit. The AFM consists of a cantilever with a 

sharp tip (probe) at its end that is used to scan the specimen surface. This tip is scanned 

over a surface with feedback mechanisms that enable the piezo-electric scanners to 

maintain the tip at a constant force (to obtain height information), or height (to obtain 

force information) above the sample surface. Tips are typically made from Si3N4 or Si, 

and extended down from the end of a cantilever. The nanoscope AFM head employs an 
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optical detection system in which the tip is attached to the underside of a reflective 

cantilever. A diode laser is focused onto the back of a reflective cantilever. As the tip 

scans the surface of the sample, moving up and down with the contour of the surface, the 

laser beam is deflected off the attached cantilever into a dual element photodiode. The 

photo detector measures the difference in light intensities between the upper and lower 

photo detectors, and then converts to voltage. Feedback from the photodiode difference 

signal, through software control from the computer, enables the tip to maintain either a 

constant force or constant height above the sample. In the constant force mode the piezo-

electric transducer monitors real time height deviation. In the constant height mode the 

deflection force on the sample is recorded. The latter mode of operation requires 

calibration parameters of the scanning tip to be inserted in the sensitivity of the AFM 

head during force calibration of the microscope. The surface roughness analyses of the 

glass slide before and after polishing were done with a I120 Taylor Hobson surface 

profilometer and the AFM analysis was carried out using an AFM instrument NTEGRA 

(NTMDT) using microfabricated TiN cantilever tips (NSG-10) with a resonating 

frequency of 299 kHz and a spring constant of 20–80 N m
-1

 and a multimode scanning 

probe microscope (Nanoscope IV controller, digital instruments), using tapping mode 

techniques. 2D surface roughness analysis was performed using the raw AFM images 

obtained. Five measurements were used to compute the average surface roughness of 

each sample. 

Raman spectroscopy is a spectroscopic technique based on inelastic scattering of 

monochromatic light, usually from a laser source. Inelastic scattering means that the 

frequency of photons in monochromatic light changes upon interaction with a sample. 
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Photons of the laser light are absorbed by the sample and then reemitted. Frequency of 

the reemitted photons is shifted up or down in comparison with original monochromatic 

frequency, which is called the Raman effect. This shift provides information about 

vibrational, rotational and other low frequency transitions in molecules. Raman 

spectroscopy can be used to study solid, liquid and gaseous samples. Raman spectra were 

taken using a HR800 LabRAM confocal Raman spectrometer having excitations by a 20 

mW, 633 nm He–Ne laser. The spectrum was recorded using a Peltier cooled CCD 

detector with an acquisition time of 10 s using a 5× objective.  

X-ray Photoelectron Spectroscopy (XPS), also known as ESCA, is the most 

widely used surface analysis technique because of its relative simplicity in use and data 

interpretation. The sample is irradiated with mono-energetic x-rays causing 

photoelectrons to be emitted from the sample surface. An electron energy 

analyzer determines the binding energy of the photoelectrons. From the binding energy 

and intensity of a photoelectron peak, the elemental identity, chemical state, and quantity 

of an element are determined. The information XPS provides about surface layers or thin 

film structures is of value in many industrial applications including: polymer surface 

modification, catalysis, corrosion, adhesion, semiconductor and dielectric materials, 

electronics packaging, magnetic media, and thin film coatings used in a number of 

industries. X-ray photoelectron spectra (XPS) for nanosized CeO2 powders were recorded 

on VG Microtech Multilab ESCA 3000 spectrometer maintaining a base pressure of the 

analysis chamber in the range of 36×10
−10

 Torr. Mg K (1253.6 eV) was used as the X-

ray sources. Selected spectra, especially N 1s and valence band spectra were recorded to 

eliminate the overlap between different Auger and/or core levels. Binding energy (BE) 
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calibration was performed with Au 4f7/2 core level at 83.9 eV. The spectrum was 

recorded using a Peltier cooled CCD detector with an acquisition time of 10 s using a 5× 

objective.  

Nephelometer is an instrument for measuring concentration of suspended 

particulates in a liquid or gas colloid. A nephelometer measures suspended particulates 

by employing a light beam (source beam) and a light detector set to one side (often 90°) 

of the source beam. Particle density is then a function of the light reflected into the 

detector from the particles. To some extent, how much light reflects for a given density of 

particles is dependent upon properties of the particles such as their shape, colour, 

and reflectivity. The colloidal stability of the polishing slurry was monitored with a 

nephelometer (CL 52D, ELICO, India) as intensity of transmitted visible light through 

the fluid against of time. The colloidal stability of the nanofluids was also monitored with 

the nephelometer by measuring turbidity as a function of time. 

Photon Correlation Spectroscopy (PCS) Laser diffraction is used to measure 

particle size distribution by measuring the angular variation in intensity of light scattered 

as a laser beam passes through a dispersed particulate sample. Large particles scatter light 

at small angles relative to the laser beam and small particles scatter light at large angles. 

The angular scattering intensity data is then analyzed to calculate the size of the particles 

responsible for creating the scattering pattern, using the Mie theory of light scattering. 

The particle size is reported as a volume equivalent sphere diameter. For hydrodynamic 

size measurement, a small amount of CeO2 powder was ground well with few drops of 

water, dispersed in water, stirred mechanically and ultrasonicated to produce a 
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suspension. The pH of the CeO2 suspension was raised above 10 for achieving a stable 

suspension (Zeta potential > −35 mV).  

Contact angle measurements: The dynamic water contact angle of the polished 

glass slides and powders were measured using Data Physics DCAT 21 Dynamic contact 

angle meter and Tensiometer. The dynamic contact angle analyzer operates by holding a 

glass slide in a fixed vertical position attached to a microbalance and moving a test liquid 

(water) contained in a vessel at constant rate up. 

Thermal conductivity: The nanofluid effective thermal conductivity (keff) was 

measured using a thermal property analyzer (model KD2pro, Decagon Devices, Inc.) 

based on the transient hot wire method.
 
Accuracy in the k measurement is within 5%.  

 

Fig. 2 Optical photograph of a KD2 Pro thermal conductivity meter in which a platinum 

hot wire is immersed in the nanofluid which acts as both the heater and temperature 

sensor. 
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To measure the thermal conductivity at different temperatures, the sample vial 

with the thermal conductivity probe was immersed in a circulating water bath and the 

temperature of the water bath was maintained within 0.1 °C. The entire sample assembly 

was insulated for temperature gradient and vibrations. The thermal conductivity 

measurements were made 10 min after achieving the desired temperature for better 

temperature equilibrium.  

Viscosity measurements: The apparent viscosity of nanofluids was measured 

using a Physica rotational-type viscometer with the SC4–18 spindle (Rheolab_ MC1vt2 

rheometer) employing the concentric cylinder/bob and cup method.  
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Summary of investigations 

Nano cerium dioxide is an efficient inorganic oxide by virtue of its applications in 

vivid areas. Cerium dioxide or ceria, CeO2, has been widely used in industry as catalyst 

for automotive exhaust controls, chemical mechanical polishing (CMP) slurries, and high 

temperature fuel cells because of its unique metal oxide properties. This well-known rare 

metal oxide has high thermal stability, electrical conductivity and chemical diffusivity. 

Proper synthesis method requires knowledge of reaction temperature, concentration, and 

time effects on the synthesis. The present thesis employed hydrothermal cum 

precipitation approach starting from cerium nitrate hexahydrate for the synthesis of 

morphologically diverse nanostructures of cerium dioxide. Further, a facile reflux method 

in presence of oleic acid surfactant was utilized for the synthesis of oleophilic/surface 

modified ceria nanoparticles. 
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TEM images of rods, cubes and spherical particles of ceria synthesized by varying 

reaction parameters in hydrothermal cum precipitation approach. 

 

In the present thesis, the effect of nanoparticle morphology on multifunctional 

applications such as glass polishing and also in oxidation catalysis is studied in detail. 

The use of ceria NPs in glass polishing and effect of several parameters such as crystallite 

size, abrasive solid content in slurry, pH etc has been studied earlier. Here, we have made 

an attempt to unravel the effect of particle morphology and the underlying mechanisms in 

glass polishing, an area which is not well covered in literature. The prepared 

nanoparticles were utilised for the fine polishing of silicate glass with an initial surface 

roughness of 40 nm and observed a strong morphology dependence of abrasive in glass 

polishing. Surface roughness analysis by Atomic Force Microscopy reveals that the ceria 

nanostructure with mixed morphology of rods and cubes could produce a surface finish 

of ~3 nm.  
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AFM images of glass before (Ra-40 nm) and after polishing using a mixed morphology 

abrasive of rod and cube (Ra-3 nm). 

 

The surface properties of abrasive were found to play a key role in polishing as 

evidenced by X-ray Photoelectron Spectroscopy and Raman spectral analysis. The 

powder contact angle/hydrophilicity of the nanopowders followed the same trend as that 

of dipolar (200) plane and [Ce
3+

]. This work has shown the promise for polishing 

efficiency with nano CeO2 slurry in achieving nanolevel planarity on glass substrates 

which is desirable for the global planarisation of complex device topography. 

Further the catalytic performance of a range of nanocrystalline CeO2 samples, 

prepared to have different morphologies, was measured using two accepted indicators; 

oxygen storage and diesel soot combustion. The same powders were characterised in 

detail by HR-TEM, XRD, XPS and Raman methods. The study demonstrates that activity 



Summary 
 

176 
 

is determined by the relative fraction of the active crystallographic planes, not by the 

specific surface area of the powders.  

 

Thermogravimetric profiles of diesel soot with and without ceria nanocatalysts of various 

morphologies. The mixed morphology catalyst could reduce the soot oxidation 

temperature from 518 to 353°C. 

 

The physical study is a step towards quantitative evaluation of the relative contribution to 

activity of the different facets. The synthetic protocol permits fabrication of CeO2 

nanostructures with preferentially grown active planes, and so has potential in developing 

catalytic applications and in nano-compositing. 

In the last chapter, a comparatively simple method for preparing well-dispersed 

NPs of ceramic oxides such as ceria, alumina and zirconia in oils was presented. Surface 

modified NC’s of cubic, spherical and rod like morphology have been successfully 

synthesized by the thermolysis of respective oleate precursor in the case of ceria, alumina 

and zirconia respectively. The particles are stabilized by oleic acid, which coordinates to 
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the NP surface via the two oxygen atoms forming a dense layer around the particles. The 

surface functionalized nanocrystals are ideal for nanofluid preparation as they offer long 

term stability of about five months.  The nanofluids showed Newtonian behavior at low 

solid loading, showing the true colloidal nature of the solutions and it implies that the 

nanofluid is, for possible future applications, not likely to clog any flow channels in 

cooling equipment. The thermal conductivity was measured as a function of NP 

concentration. An increase in thermal conductivity was observed with an increase in NP 

concentration. In general, the thermal conductivity of 0.23 vol% nanofluid has shown 7.3, 

8.1 and 5.6 % enhancement in thermal conductivity with respect to that of transformer oil 

in the case of ceria, alumina and zirconia respectively.  

   

(A) Ageing studies which involve the measurement of turbidity over a time period of five 

months. Optical photographs of ceria, alumina and zirconia nanofluids initially and after 

five months is also shown indicating the extreme stability.  

 

Another interesting area of research we have attempted is the temperature dependence of 

thermal conductivity and viscosity of the nanofluids and it was found that thermal 

conductivity increased with increase in temperature whereas the viscosity decreased. The 
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small size and compatibility of surface modified NPs with the base fluid may have 

contributed to the reasonably high thermal conductivity offered by nanofluids. From the 

stability test, we confirmed that nanocrystals are well dispersed in TO over a long time 

period up to six months. It was also demonstrated that evaluation of nanofluids for a 

particular application requires a proper understanding of all the characteristics and 

thermophysical properties of nanoparticle suspensions. The transformer oil-based 

nanofluid containing surface modified NPs could possibly find use in transformers due to 

the higher thermal conductivity, good flow characteristics and the long-term stability. For 

real world applications, a detailed study on the dielectric property of the nanofluids has to 

be carried out which is not included in the present study. For future applications, more 

intensive research is therefore necessary in this particular field. 
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