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Abstract
Rare-earth metal oxide (REMO) nanomaterials play a major role in emerging

technologies related to magnetic and biomedical applications. The partially unfilled 4f shells of

REMOs make them potential for funue spintronics nano devices and targeted cancer therapy.

This property of REMO may lead to room temperature ferromagnetism (RTFM) with high T.

and also to control the ROS production as well as redox reaction. The introduction of different

impurities especially TM into REMO host matrix due to exchange interaction of 4f with 3d can

significantly further improve the efficiency of REMO based devices. The physical

characteristics and bioactivity of REMO nanoparticles are significantly dependent on the

particle size, type and level of dopants and defects. This thesis is schematically based on the

fabrication and characterizations of CeOz nanoparticles, zts well as selective doping in the host

matrix in order to tune its structural, optical, magnetic and electrical properties as well as

anticancer characteristics. The scope of this study lies in the interesting fields of biophysics

and spintronics.

In the start, co-precipitation method has been optimized to fabricate the desired CeOz

nanoparticles having homogeneous size, shape and distributions via controlling through various

synthesis parameters.

In Chapter No. 1, transition metal (TM) Co ions doped CeOz nanoparticles have been

prepared by optimized facile chemical co-precipitation technique. The structural investigations

reveal the formation of single phase cubic fluorite structure of CeOz for undoped and doped

samples. Morphological examinations demonstrate the formation of highly homogeneous

nanoparticles with average particle size in the range of 8-20 nm. The specific surface area

(SSA) is observed to be 234 m2 lg for undoped CeOz and is found to be enhanced remarkably

as function of Co doping level. Raman spectroscopy results depict the presence of Vo defects in

undoped CeOz nanoparticles which are found to be further enhanced in host matrix as function



of cationic doping. The optical and dielectric properties of CeOz nanoparticles are significantly

tailored via dopant impurity induced defects (such as abundance of Vo) as observed in Raman

spectroscopy. The narrowing of band gap up to 0.34 eV and enhancement in dielectric constant

up to l0 via Co doping have been observed which may linked to introduction of impurity levels

mediated by structural defects like Vo and structural parameters variations etc- It is found that

these defects (V") play a vital role in the activation of RTFM in both undoped and Co doped

CeOz nanoparticles which may arise from exchange interactions. It is interestingly observed

that these synthesized nanoparticles have very significant differential cytotoxicity inhibiting the

growth of human Neuroblastoma cancerous cells trp to 690/o without harming healthy cells.

In the Chapter No. 2, TM (Fe) ions have been doped in the CeOz nanoparticles host

matrix by the same method as used for Co doped samples. SEM and XRD results have shown

that the synthesized samples are comprised of ultrafine spherical nanoparticles having single

phase cubic fluorite structure of CeOz. Raman spectoscopy results have depicted a red shift in

Fzg mode with Fe doping which reveals enhancement in the Vo. The optical band gap calculated

from UV-visible absorption spectra has been found to tune up to 0.2 eV with Fe doping which

is associated with the creation of impurity level and abundance in Vo with Fe doping. The Vo

have introduced the RTFM in undoped and Fe doped CeOz nanoparticles. The M' value of

pristine CeOz nanoparticles has been found to be 0.0083 emu/g which is increased up to 0'0126

emn/g for 7%o Fe doped nanoparticles which may be due to overlapping of bound polarons

created by Vo due to TM ions doping. For cytotoxicity tests, the synthesized nanoparticles

induced effects on Neuroblastoma cancer cells & HEK-293 healthy cells have been analyzed

via CCK-8 analysis. It has been observed that the prepared undoped and Fe doped CeOz

nanoparticles have nontoxic nature towards healthy cells while they are extremely toxic

towards cancerous cells. Furtherrnore, the anticancer activity is found to enhance with Fe
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doping. The selective toxicity and enhancement in anticancer activity with Fe doping has

observed to be strongly correlated with ROS generation'

In Chapter No. 3, TM (ND ions have been doped in the CeOz nanoparticles host matrix

by the same method as used in previous experiments. XRD and Raman results have indicated

the formation of single phase cubic fluorite structure for the synthesized nanoparticles. Ni

dopant has induced excessive structural changes such as decrease in crystallite size as well as

lattice constants and enhancement in Vo in CeOz crystal structure' These structural variations

have significantly influenced the optical and magnetic properties of CeOz nanoparticles. The

synthesized Ni*cer-*oznanoparticles have exhibited RTFM behavior having M' 0.0357 emu/g.

Ni doping induced effects on the cytotoxicity of CeOz nanoparticles have been examined

against HEK-ZI3 healthy cell line and SH-SY5Y neuroblastoma cancer ceIl line. The prepared

Ni*Cer-*Oz nanoparticles demonstrated differential cyto-toxicity up to 50Yo. Furthermore'

anticancer activity of CeOz nanoparticles has been observed to be significantly enhanced with

Ni doping. The level of ROS is observed to be responsible for this cytotoxic nature of the

synthesized nanoparticles.

In the last chapter, the Mn doping induced effects on structural, Raman, optical,

magnetic and anticancer properties of CeOz nanoparticles have been investigated. Structural

and microstructural results infer that the synthesized nanoparticles have single phase cubic

fluorite structure of CeOz and that Mn doping results in enhancement of the structural defects.

SEM results reveal the formation of monodisperse nanoparticles having average particle size

ranging from 30 to 4l nm. The optical absorbance spectroscopy analysis depicts the band gap

energy tailoring of CeOz nanoparticles via Mn doping with a red shift of 0.36 eV. RTFM has

been found in both as-prepared and Mn doped CeOz nanoparticles. This RTFM of the

synthesized nanoparticles have been attributed to the Mn ions and surface defects such as Vo.

Finally, the influence of Mn dopant on the cell viability and ROS generation levels of CeOz
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nanoparticles in the presence of healthy and cancerous cells have been studied- It has been

observed that the differential cytotoxic nature of the synthesized Mn*Cer-*Oz nanoparticles is

strongly linked with the level of ROS generation.

The detail study of uniformly distributed TM*Cer-xOz nanoparticles with tailored

structural, microstructural, bandgap, dielectric, RTFM and differential cytotoxic nature will

open new insight in optomagnetic nano devices and targeted cancer therapeutic fields.
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Chapter No.l

Introduction
1.1 Introduction

Rare earth metal oxides (REMO) belong to an important class of materials being

widely explored for various applications. These are formed when rare earth metals elements

form oxidic compounds by interacting with oxygen element. There are l5 rare earth metals in

the periodic table having atomic numbers ranging from 57 to 71. The rare earth elements

were first discovered in 1789 in village of Sweden by Lieutenant Carl Axel Arrhenius.

Rare Earth Elements
[y msesuPPli€s.conl

Figure 1.1: Position of rare earth elements in periodic table [1]

The rare earth elements are also known as lanthanides. This series starts from

lanthanum ((La) and ends at lutetium (Lu). The scandium (Sc) and yttrium (Y) are also

sometimes grouped to rare earth elements due their similar nature. The rare earth elements

are firrther divided into two groups i.e. Iight rare earth elements and heavy ones. The light

rare earth elements range from La to europium (Eu) while heavy rare earth elements starts



from gadolinium (Gd) and ends at Lu. The elements ranging from cerium (Ce) to Lu have

also electron filling in 4f sub shell, therefore they are also known as 4f elements.

The oxides of rare earth elements have tremendous physio-chemical properties such

high magneto resistance, excellent luminescence, giant dielectric constant, very higher

thermal stabilities and remarkable catalytic activities [1-7]. Due these excellent properties,

REMO are widely used in superconductors, fuel cells, lithium ion batteries, water splitting,

photocatalysis, defense industry and medical technology [S-13]. The oxides of La and Ce

(LazOl and CeOz) are also widely explored for environmental applications U3, l4].

Among all the REMO CeOz is the most abundant material and is present about 66

ppm as metallic Ce and its oxides in the earth crust. The Ce (iv) and Ce (iii) are two possible

oxidation states of Ce. The most interesting characteristic of CeOz is that the two oxidation

states can interchange under certain conditions [15]. CeOz is an excellent material having

tremendous physio-chemical characteristics such as ultraviolet (UV) Iight absorption,

antioxidant characteristics, ability to form oxygen vacancies on the surface, strong

luminescence, turique magnetic behavior, higher thermal, mechanical and chemical

stabilities, biocompatibility, and interesting redox reaction on its surface. These excellent and

interesting properties of CeOz has attracted it for various applications such as in catalysts,

oxygen sensors, solid oxide fuel cells (SOFC), thin films of electro-chromic stuff, optical

polishing agents, luminescence, LfV adsorbents, water splitting, photocatalysis, luminescent

materials and sensors [16-20]. Moreover, CeOz is also believed to be a strong candidate for

spintronics nano devices due its similar characteristics with silicon (Si) likewise its crystal

structure, lattice parameters and compatibility with micro-electronic devices [21].



1.2 CeOz

CeOz is the most abundant REMO existing in the Earth's crust about 66.5ppm which

is higher value of abundance than copper, cobalt and lithium L22).It is a wide band gap (3'2

eV) ceramic material with cubic fluorite crystal structure and owing room temperature large

free exciton binding energy (58 meV). It has attained an immense attention because of its

technological applications in the fields of electronics, spintronics, optoelectronics and

magnetic data storage devices originated from it's partially 4f filled electronic structure [23].

It is vastly used in semiconductor devices technology as phosphor and luminescent material

as it owns the features of both activator as well as hosts 124). lt is insoluble in water but

soluble in some strong acids. Due to these incredible properties, CeOz is vastly explored for

applications in various fields such as antibacterial agents, an ionic conductor, as a gas sensor,

an elecfiolyte material of solid oxide fuel cells (SOFCs), luminescence, optical polishing

agents, LfV adsorbents, humidity sensors, targeted drug delivery, photo catalytic activities,

automotive exhaust catalysts, high oxygen storage capability and high storage capacitor

devices 125-351.



1.2.1 Fundamental properties of CeOz

Some of the basic physical properties of bulk CeOz at room temperature are listed in

table 1.1.

Table 1.1: Basic physical properties of CeOz at room temperature [36-38]

Physical Property Value (unit)
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1.2.2 Crystal structure of CeOz

Cerium (Ce) has two stable oxidation valence states i.e. Ce3* and Cea*. Its oxide is one

of the most important oxide material due to the switching of oxidation states between Ce3*

and Cea* which is known as redox reactions. CeOz has a cubic fluorite structure with space

group FmSm and a cell parameter of 5.41l.i.44, at room temperature as shown in Fig. 1.2

t3el.

,f crdun

Orygen

Figure 1.2: The face centered cubic cell of fluorite ceoz [39].

Generally, the ionic compounds having RXz form such as CaF2 crystallizes into cubic

fluorite structure if the ratio of ionic radii satisfies equation 1.1 given as follows:

#=+*ffi<1.36 (1.1)

If the values for ionic radii of O and Ce ions are inserted in equation 1 .1, we get the value less

than or equal to 1.36 which demonstrates that these ions will crystallize in cubic fluorite

structure. The crystal structure of CeOz is comprised of a cubic close-packed array of Ce ions

coordinated by 8 oxygen ions. Each Ce atom is surrounded by eight equivalents nearest

neighbor O atoms. The O atoms are further surrounded by a tetrahedron of four equivalent Ce

atoms [40]. The fluorite structure is relatively open with large (Yr, %,'/r) octahedral holes and

shows large tolerance for atomic disorder due to substitution, reduction or oxidation etc. The



O ions reside in tetrahedral holes generated by Cea* ions as shown in Fig. 1.3(a). This can

also be narrated as one Ce ions is located in center of a cube having O ions on corner of it as

shown in Fig. 1.3(b). In this fig. there are diagonal planes of the cubes with cations in it

which are known as octahedral holes in the system. These holes are responsible for allowing

defects to hop or jump through the host lattice.

(a)

Figure 1.3: The crystal structwe of CeOz; (a) two unit cells (b) alternate view [41]'

previous work suggested that the most stable surface termination is normally the low

index (l1l)-termination. This low index surface is followed by comparatively less stable

(110) surface and then the high energy surfaces such as (100), (210) and (310) 141,42).

During the crystal growth, CeOz commonly exposes (111) surface because of its higher

stability. The other less stable surfaces such as (110) and (100) surfaces exposure is followed

after (l 11) surface. The type of the exposed surface is very important for catalytic

applications of CeOz likewise the (100) terminated surface is more reactive as compared to

(111) terminated surface. Moreover, it is reported earlier by Conesa eta al., that the amount of

(b)

cerium (IV)oxide



energy required for the formation of Vo is lesser on (110) and (100) as compared to that on

(l1l) [a2]. The exposure of surfacestype strongly depends on shape of crystal- K.Zhao et

al., have reported that (001) and (110) surfaces are exposed in case of CeOz nanorods [43].

Similarly, CeOz nanopolyhedrans expose (ll1) and (100) surfaces while (100) surface is

explored in case of nanocubes [44]. Hence, strict control over the shapes of CeOz

nanostructures is required for desired catalytic activities and formation of Vo. The later one is

important for RTFM ferromagnetism of CeOz nanostructures. This can be achieved by

controlling the synthesis parameters and use of certain capping agents.

1.2.3 Defects chemistry of CeOz

The defects chemistry of CeOz is relatively well established. The defects can be

produced in CeOz both intrinsically and extrinsically. Intrinsic defects are produced via

thermal disorder or host reaction with environment. There are two main defect types in Ceoz,

Vo and small polarons. The formation of intrinsic Vo is governed by Kroger and Vink

notations which are given below;

Ces. I 20s e Vc" * ZVs * Ce02

Cec" - Cei*V6"

0o * 0i*Vs

(1.2)

(1.3)

(1.4)

Where Cec" is Ce at Ce site, Oo is O at O site, Cer is Ce at interstitial sites and Oi is O at

interstitial sites. It is believed that Vo are formed in order to compensate the charge produced

by reduction of cea* to ce3*. This introduction of the vo in the system will lead lattice

expansion of host matrix as ionic radii of Ce3* is larger as compared to that of Cea*' The

second type of defects i.e. polarons are created when electrons migrate through host, it

polarize the lattice which in return for the potential well that traps the electron. This tlpe of



defects is explained by equation (1.5) which is given for quasi particles. Actually, polarons

are type of quasi-particles.

)or!> * lces. * vs e Zcef" + o5 (1.5)

Where Ce[" representing the small polaron. The polarons can be produced in the CeOz both

intrinsically and extrinsically. In undoped or pure CeOz, dilute solution approximation breaks

down when the value of oxygen non stoichiometry is above 0.001 while is unstable in doped

CeOz up to the values of 0.03-0.04. This means that defects are more pronounced in doped

CeOz. Defects can be formed in CeOz host matrix via doping. For example if we dope a

trivalent ions in the host structure then CeOz defects chemistry will governed by the equation 
;

(1.6);

Mzos * Zce[" + 406 e> 2I,I[, + 306 * vo * 2ceo2 (1'6)

Where MzOl is a trivalent dopant and M[" is dopant ion on the sites of host ions.

The concentation of oxygen vacancies Cvo and concentration of electronS Cc must satisff the

equilibrium conditions set by the relation(1.7);

1

c"cfiorj,nr=W (1.7)

(1.8)

Where O[, is the concentration of oxygen sites while Kr is Anhenius expression. The dopant

must obey the neutrality at sample equilibrium which is given by;

B+ Ce- ZCvo

Where B is equilibrium constant which depends on the valancy of the dopant. The

concentation of Vo and polarons (trapped electrons) in CeOz can be tuned via selective

doping, as type of the dopant is very crucial in this regard.



1.2.4 Specific surface area (SSA)

SSA is the characteristic of the solids which is the total surface area offered by a

material per unit mass and is measured in m2lg. It is usually determined by physical

adsorption of a gas on the surface of the solid. The amount of adsorbed gas gives the value of

SSA. SSA vastly determines many physical and chemical properties of materials. Physical

adsorption of molecules, heat loss or gain due to that adsorption, shrinking and swelling and

many other physical and chemical manners are closely linked to SSA. Furthermore, surface

or exposed area is also a strong controlling factor in many biological processes.

Nps have a much greater SSA than the identical mass of materials at the micro-scale

[46] which enhances the proportion of atoms or molecules available on the surface in contrast

to the interior of the material 1471. lt is well evident from Fig. 1.4 that as particle size of a

material decreases, the SSA exposed to the environment increases. Moreover, Increasing the

SSA of a material leads to enhancement in the abundant reactive sites on the surface of NPs

[ag] as well as the available surface free energy t49]. It is reported that magnetic properties

are also linked with SSA of a material. When materials is scaled down from bulk to nano,

large fraction of defects and less coordinated atoms are available on the surface which

strongly influence the magnetic properties of the material. The increase in SSA may also

increase or decrease the ferromagnetism mediated through defects. According to Kodama et

al., smaller the particle size more witl be the FM effects in oxides nanoparticles [50] while for

some metallic nanoparticles, this case is reversed t5ll. It is a well-established fact that

increased SSA may [52] or may not [53] enhance the cytotoxic mechanisms as a function of

particle size alone. A higher surface energy makes the NPs able to interact and agglomerate

which may results into the reduction of the NPs bioavailability U8l. It is also noticed that as

we make a transition of a particle from macroscopic level to its atomic domain i.e. nano



scale, its reactivity is changed (increase or decrease) which depends on the nature of material

and the type of chemical reaction.

Atomicclusters Nanoparticles Macroscopicparticles

10-10 10€ 10€ 1U7 1016 10's

Particle size 1 m

Figure 1.4: Generalizedsize-dependent reactivity of a material [54].

1.2.5 Optical proPerties of CeOz

Optical characteristics of a material are very much important in determining its

potential applications in many functional devices. Therefore, controlling the optical

properties are of utmost importance. CeOz is a wide band gap semiconductor and can be

activated by onty UV light. The band edge absorption in CeOz occurs from the transition of

electron between O 2p and Ce 4f bands. The band energy of CeOz is also particle size and

shape dependent. when material is scaled down from bulk to nano, band gap energy

increases which may be linked with quantum size confinement effects. This phenomenon

occurs due to the variations in band structure of material at nanoscale. The typical quantum

confinement regimes defined to be I to 25 nm in various metal oxides nanomaterials [55, 56].

When the spatial extent of electronic wave function approaches the particle size then
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electrons can feel the boundaries or edges of the particles. By this, electron tends to adjust its

energy as function of particle size. This adjustment as function of particle size is known as

quanfum size confinement efflects. This effect is more pronounced when the particle size is

comparable to the Bohr exciton radius of the material. The Bohr exciton radius of a particle is

given by a relation [57];

lte = ,' firo

Where m is the rest mass of an electron, m* is the effective mass of a particle, e' is the

dielectric constant of the medium and po is the Bohr radius. When particle sizes approach the

Bohr radius, quantum size confinement effect leads to enhancement in excitonic transition

energy and blue shift in the absorption edge. The quantum confinement effect also transforms

the continuous energy bands into disclete energy bands as shown in Fig' 1'5

Figure 1.5: A schematic of the discrete energy levels of a semiconductor [58]'

A strong quantum confinement effects is observed for CeOz nanomaterials by several

research groups 145, 5gl. The band gap engineering of CeOz nanostructures is also achieved

by selective doping [60]. The dopant can either increase or decrease the band gap energy of

CeOz nanostructures depending on type and concentration of dopant [60-63].

(1.e)
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1.2.6 Redox chemistrY of CeOz

CeOz is very important functional material having interesting redox chemistry with

two oxidation states of Cea* and Ce3*. It has the ability to cycle between the two under the

ambient conditions. The reduction of Cea* to Ce3* and vice versa leads to formation of

defects especially Vo [43, 64]. This interesting feature makes it potential for catalytic and

biological applications. The Ce3* ions can interact with oxygen and form Cea* and oxygen

radicals. These oxygen radicals interact with H* and generate hydrogen peroxide (HzOz)

which may be lethal for biological cells such as bacterial and cancerous cells. These HzOz

may interact with Ce3* ions and leads to generation of Cea* ions and hydroxyl radicals (oH-).

These hydroxyl radicals are also toxic for cancer lines and environmental pollutants. All these

phenomenon are explained in the below reactions 165,66)'

Ce3++0r+Cea++0;

0, + 0; +2H+ + 02* Hz}z

(1.10)

(1.11)

Hzoz + Ce3+ + Cea+ + 0H- + 0H (1.12)

This redox property of CeOz is usually exhibited at nanoscale which makes it very important

nanomaterial for catalyic and biological applications'

1.2.7 Yibrational properties of CeOz

In order to understand and explore the physical properties of a material, it is very

essential to have an exact idea about its vibrational properties. Raman spectroscopy is a very

handy tool to have an exact knowledge about the vibrational modes of CeOz. Raman modes

of a material are only active if one of the polarizability components varies during irradiation

by the laser in the Raman spectroscopy. It is well known fact that CeOz possesses various

Raman vibrational modes. Interestingly, CeOz owns Fm3rn space group with cubic fluorite

t2



structure which is linked with point group Or',51021. It is reported that Or,point group in CeOz

molecule possesses three axes having two-fold rotational, four axes owing three-fold

rotational and an inversion symmetry. The ailowed symmetries for this point group indicate

that ceozhas three vibrations Arg, Eg and Fzgwhich are Raman active' Some frequencies of

vibrational modes are inactive and they are estimated from the combined analysis of

combinational and overtone bands. It is a reported that, Raman spectra of ceoz usually

exhibit a sharp rine on 465cm-r which is related to first order Fzg mode [68]. Additional

observed features in CeOz Raman spectra are linked with the second order combinations of

the other active vibrational modes such as (Arg, Eg and Fzg)' These comprise some weak

bands at about 207, 250, 428, 57 8 and 1 17 4 cm-t 1691'

The Raman vibrational modes of CeOz are strongly linked with dopant type' its

concentration and also with the crystal defects. It is reported in literature that Raman peak

shift, suppression in peak intensity and broadening of Fzg active mode peak are associated

with the phonon confinement effect due to small particle size, presence of Vo and interstitial

defects etc. in the host matrix UO,7ll. Thus, Raman analysis (Raman mode peak position'

broadening and intensity suppression) is a very vital tool to gather important structural

information about CeOz nanostructures'

1.2.8 Magnetic doPing of CeOz

The first generation of spintronics devices was based on passive magnetoresistive

sensors and memory elements using electrodes made from alloys of ferromagnetic 3d metals'

The discovery of giant magneto-resistance in Fe/Cr based multilayers, later on, boosted the

development of these spintronics devices [72]. Next generation of spintronics devices having

more sophisticated and advanced features may be based on the introduction and manipulation

of spin polarized electrons in metal oxide hosts. The functionality of these devices requires

the spin polarization of electrons and their preservation throughout the host matrix [73]' This



can be achieved by the introduction of minute amount of magnetic elements in the metal-

semiconductor junctions. These types of spintronics devices have been widely explored but

they lack the long range preservation of electron spin through the interface' This drawback

has been attributed to the difflerence in the electrical conductivities of the metal and

semiconductor [74]. Hence, development of materials having both semiconducting and

ferromagnetic (FM) properties is a great challenge these days.

Dilute magnetic semiconductors (DMSs) have been emerged as a potential candidate

for this purpose. DMSs are actually nonmagnetic semiconductors doped with very few

percentages of magnetic metal elements. Transition metal (TM) elements are considered to be

the best dopants in this context. The TM dopants must produce spin polarized electrons in the

host as well as their long range preservation. The challenge is big because of the introduction

of both electronic and magnetic dopants at the same time and engineering of the interaction

between dopants spins and free carriers in order to have thermally robust dopant and spin

carrier coupling. Fig. 1.6 depicts the schematic representation of a magnetic, nonmagnetic

semiconductor and DMS.
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Figure: 1.6: Illustrating (A) a magnetic semiconductor, (B) a non-magnetic semiconductor

material,and(C)adilutedmagneticsemiconductor[75].

The first DMSs were group II-[V semiconductors doped with magnetic elements. The

drawback of these DMS is that they exhibit FM at very low Curie temperature (T.) i'e' few

L4



Ks [76]. Therefore, they are not considered to be the best candidates for spintronics devices'

The TM ions doped group III-V semiconductors have also exhibited FM at Tc of 173 K

which is far low from the required room temperature 177,79). The FM in all these TM doped

semiconductors were carriers mediated which enables the modification of ferromagnetic

behavior through charge manipulation. This behavior has encouraged the researchers to

search for carrier mediated ferromagnetic semiconductors with high Tc. TM ions doped metal

oxides based DMS may be the ideal materials for spintronics devices. In this regard, the

ground breaking discovery was RTFM in co doped Tioz system 179,801' This discovery

triggered the research for RTFM in other TM doped metal oxides such as ZnO [81], SnOz

[g2], CuzO [g3], InzOr [8a] and CeOz t85-881 etc. The table 1.2 lists the TM doped metal

oxides based DMS with Curie temperature and respective magnetic moments' The CeOu

based DMS are interesting because of its RTFM with sufficient Ms value, similar properties

with that of Si and compatibility with micro-electronic devices [21]. Moreover, it has

excellent redox characteristics which make it suitable for therapeutics. The combination of

anticancer characteristics along with RTFM makes it potential for targeted cancer therapy

I43, 64-661. The origin of RTFM in these TM doped CeOz is still not cleat, It is debatable,

whether the RTFM is due to the direct interactions between TM ions local moments in the

magnetic impurity cluster or it is the intrinsic originated from the exchange interactions

between spin of the carriers and local moments of TM ions. It is very important issue as

spintronics devices require only intrinsic FM order. There are number of experimental proofs

for the carrier mediated RTFM in TM doped oxides especially in CeOz [88-91]. From the

proposed theoretical models, it can be observed that formation and distribution of Vo is of

utrnost importance for RTFM of CeOz based DMS. It has been suggested that introduction

and distribution of Vo in the host unit cell may enhance their ferromagnetic behavior and vice

versa [90, 92]. This case is supported by bound magnetic polaron (BMP) model. According

15



tothismodel,whenVoisformed,theelectronsofthecationsdonatedaresharedbythe

oxygen atoms or anions are no longer attached to any atom. This makes them loosely bonded

to Vo site considered as hydrogen like orbitals and constitutes a polaron' The dopant ions

which are magnetic ions tend to form a BMp by interacting with the vo, coupling the

moments of the ions within their own orbitals. The basic idea of BMP model is illustrated in

Fig. 1.7. The nature of the coupling between vo md magnetic ions which defines the nature

of magnetic order to be constituted is dependent on the valence state of the dopants i'e'

whether it is less than or more than half full or half full. Moreover, the coupling between the

dopant magnetic ions always gives ferromagnetic order. The e' and effective mass of the host

ions determines the radius of the polaron as depicted in equation (1.10).At critical

concentration of polarons percolation is achieved where the whole network of the polarons

and TM ions are interlinked which leads to RTFM'

15



Table 1.2: Some reports on high r"oxide-based DMSs [79-88]

More recently, various groups have suggested that the combination of indirect

exchange interactions explained by Ruderman-Kittel-Kasuya-Yosida (RKKY) model and

percolation of magnetic polarons are responsible for FM in CeOz based DMS at high

temperature [89, gO,92l.Thus it is more obvious from this discussion that the exact origin of

RTFM in TM doped metal oxides DMS is still very controversial.
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FigUre 1.7: Polaron percolation model as illustrated by Coey et al' l88l

1.2.9 Biological activitY of CeOz

Inorganic nanoparticles show stable physical and chemical properties which make

them a suitable candidate for use in biological assays to remove or minimize the short

comings of organic fluorophores, natural enzymes or radioactive labeling as they are

photobleachable, toxic and are easily degradable, respectively [93]' Furthermore, it is noticed

that inorganic NPs comprise well improved reactiviry as they have high penetrating power

against different tissues and cell membranes. Inspite of all above mentioned features of

inorganic Nps, it is a great challenge to control the toxity of these NPs towards healthy cells

as they owe very low physical and chemical stability at high pressure and temperature

conditions 194,951.

Cancer is categorized as the uninhibited growth of cells and is one of the main causes

of expiries in worldwide over a last few decades [96, 97]. Developments of suitable

medicines for cancer therapy have yet been a great challenge for scientists and researchers

especially against nervous system cancer cell line Neuroblastoma (NB) which is one of the
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most common and hazardous kind of cancer existing in children [98]. Treatment to a high-

stage NB is a big challenge because of its high resistance against chemotherapy as well as

numerous patient relapses. Currently employed therapeutic schemes against NB involve

multi-nodal approaches which includes radiotherapy, surgery as well as immuno and

chemotherapy t99]. Such a high dose intensive chemotherapy involving myoablative

treatrnents have severe toxic side effects with long term consequences like hearing and vision

complications [100, l0l]. NB treatrnent demands altemate effective approaches to tackle it.

Recently, it has been reported that various nanomaterials have great potential for NB

cancer therapy because of their unique physiochemical properties and biological activities

tNB]. These nanomaterials have the potential to interact exceptionally with biomolecules

existing on the surface as well as inside of the cells due to their enorrnous smaller sizes as

compared to biomolecules llo2, 103]. Furthermore, among the plenteous types of

nanomaterials, family of magnetic nanomaterials have exposed great potential in targeted

cancer therapy because of their distinctive behavior in magnetic field U04]. These magnetic

nanomaterials, Fe3O4, FezOs, CoPt etc., are highly efficient as they can be guided to the

specific part of the body using external applied magnetic field for cancer diagnostics and

therapy U05-1081. But their potential applications are hinders as they are highly toxic

towards the healthy cells at higher concentrations [09, 110]. Thus, to overcome these

discrepancies, new approaches for safer cancer therapy are severely needed to be exploited.

Good substitute for that purpose are metal oxide (MO) nanomaterials as they have harmless

and nontoxic nature towards healthy cells reported by various research groups [106, 111].

Anticancer activity of pure CeOz nanoparticles has been reported by various groups [112,

113] but undoped CeOz nanoparticles exhibit weak ferromagnetism which hampers its

application in targeted cancer therapy U 14]. A strong enough ferromagnetism can be

originated in CeOz nanoparticles via selective doping of transition metal (TM) [115].
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Furthermore, TM doping into CeOz nanoparticles matrix can lead to enhanced Vo formation

which are very important for inhibition of cancer cells by nanomaterials [84]. An illustration

of magnetic nanoparticles base cancer therapy is given below in Fig' 1'8'
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Figure 1.8: Magnetic nanoparticle based cancer therapy u05]'

In CeOz structure, there exists two different ionic states (Ce3*, Cea*) at the same time

prompting Vo formation at its surfaces. This make CeOz nanostructures a vital nanomaterial

for various biological applications [ 13]. These fascinating features of CeOz nanoparticles

make them a potential for reactive oxygen species (Ros) generation which in turns plays a

vital role for judgment of anticancer activity t1l6l. By illumination of light on CeOz

nanoparticles, electon-hole pairs are generated and due to their interaction with oxygen on

the surface and water molecules, various types of ROS (super oxides anions, super oxides

radicals, hydroxyl radicals, HzOz etc.) is generated Ul7]. It is a well noticed fact that

cytotoxity of CeOz nanoparticles is highly sensitive to ROS generation [118]. The generated

ROS may result in to cell death by means of various mechanisms such as apoptosis, lipid

peroxidation and cell membrane damage U 19, 120]. The short half-life of electron hole pair

is the main hurdle in this process as they recombine before interacting with the water and
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oxygen. It is reported that introduction of various dopants in the host matrix can create

defects in nanomaterials which act as trapping centers for photo dynamically produced

electrons causing enhancement of ROS generation ll2l,l22l'

Fig. 1.9 illustrating the importance of material composition, bonded surface species,

electronic structure, surface coatings, solubility and the contribution of interactions with other

environmental factors (e.g. uv and visible light activation).
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Figure 1.9: Possible mechanisms by which nanomaterials interact with biological tissues
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1.3 Statement of Problem

The development of nanotechnology devices has recently become one of the most

emerging fields of research in the physical sciences. Enhancing the surface area without

increasing the device dimension leads to more efficient devices based on surface controlled

phenomena such as in solar cells, sensors, detectors, targeted drug delivery, antibacterial
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agents and photocatalysis. Numerous research groups have developed techniques that utilize

metal oxide nanostructures to fabricate devices. However, widespread utilization of

nanotechnology is often hindered by the conflicting demands for precise control of size'

shape, morphology, their physical properties and low-cost mass production' It is therefore

necessary to develop and establish a technology that allows for rapid low cost production of

high surface area nanostructures with desired properties. Soft chemical routes are low cost

versatile methods which can be used to synthesize CeOz nanostructures. Furthermore, the

different properties of the ceoz nanostructures need to be tailored according to the demands.

Despite multiple research approaches, the cancer and its hazards are serious issues

worldwide. This requires the development of new novel anticancer agents instead of radiation

therapy which have selective toxicity towards various cancer cell lines. In this regard,

numbers of MOs nanostructures such as TiOz, ZnO, CeOz, CuO, SiOz, SnOz and MgO have

shown great potential due to their toxic nahue towards cancer cell lines without harming

healthy cells. Among these CeOz is thought to be most stable and active anticancer agent due

to its excellent redox activity. The major problem is that the cancer activities of all of these

MOs are still very low which needs to be enhanced by introducing dopants, defects,

impurities and tailoring of optomagnetic properties'

1.4 Aims and Objectives of the Thesis

* Synthesis of CeOz nanostructures with controlled particle size and morphology by

a simple, cost effective and easily reproducible coprecipitation technique.

* Optimization of various synthesis parameters (such as reaction temperature,

reactants, morality etc.) in order to get ultrafine and uniform nanostructures'

* Successful doping of TM ions at cationic site of host matrix of CeOz'

{. Tailoring of physical properties of the prepared CeOz nanostructures by

introducing different impurities such as
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i. Control over the size and shape of nanostructures.

ii. Intoduction of structural defects

iii. Tuning of optical bandgap to make it visible light activated and luminescent material.

iv. To enhance FM at RT for spintronics devices and target cancer therapy.

v. Improving dielectric property to utilize in EMW gate material etc.

vi. Enhancing anticancer activity against most hazardous and complicated cell lines.
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Chapter No.2

Synthesis and Characterization Techniques

2.1 Nanotechnology and Nanomaterials

Nanotechnology is the technology of design, synthesis and applications of

nanostructured materiats. It is a vital technology which helps us to understand as well as to

tune the physical and chemical properties of the nanomaterials. Nanomaterials are the

materials having at least one dimension in the range of individual atom or molecule to

submicron. These materials are quite different in physiochemical as well as in applications as

compared to their bulk counterpart. At nano scale, discovery of novel materials, processes,

versatile phenomena, new theoretical and experimental approaches regarding research make

us able to provide a plenty of innovative and fruitful nanostructured materials. Now it is

possible to synthesize unique and desired nanostructured materials. In fact this field has

opened new corridors and venues in science and technology'

2.1.1 Size effects

Nanomaterials are distinguished from their bulk counterparts on the basis of size

difference. Upon diminishing the particle size, various properties of nanomaterials are

distinctly enhanced and tuned which in turns make them a class of novel materials owing

tremendous new practical applications. This tuning of various physicochemical properties is

linked with the fact that the reduction of particle size results into enhanced performance of

surface atoms as their surface to volume ratio (surface area) increases U241. This fact is well

elaborated in the Fig.Z.l.It is obvious from the figure that surface atoms effect becomes

more dominant when palladium particle size is scale down to 10nm. Furthermore, it is

observed that unexpected and improved catalytic activity of metal nanoparticles is achieved
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with diameter ranging from l-2nm in catalysis of gold nanoparticles while it is a fact that

gold is chemically inert in bulk form U25l'

(1.2 nm,760/o)

(5 nm,45%)

(7 nm,35%)

1 10 100 10'

Particle Size (nm)

Figure 2.1: The plot of percentage of surface atoms as a function of particle size ll24l'

2.1.2 Classification of nanomaterials

Nanomaterials are generally categorized into three major types: zero) one' and two

dimensional nanostructures.

Zero-dimensional nanostructures include nanoparticles, single crystal, amorphous as

well as polycrystalline particles with variety of morphologies like cube, sphere and

platelets owing all dimensions less than 100 nm range. The interesting feature of zero-

dimensional nanostructures is that they are referred as "quantum dot" when their

particle sizes are sufficiently small (<10 nm) and quantum confinement effect is

perceived.

One-dimensional (lD) nanomaterials involve the nanomaterials having two

dimensions lesser than the 100 nm range. lD nanomaterial includes nano wires, nano

tubes, nano rods, nano fibrils or fibers and nano whiskers. It is found that nano fibers
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exhibit a higher aspect ratio (length to thickness ratio) as compared to nano rods or

whiskers.

o Two-dimensional (2D) nanomaterials are the materials having only one dimension in

the range of nanoscale (<l00nm). Nano-sheets and thin films are the typical examples

of these kinds of nanomaterials.

2.2 Synthesis Techniques

Novel physical properties and potential application of nanostructured materials can be

explored by controlling their particle size, surface area and morphology. Generally speaking,

the method employed is the key factor which determines the above mentioned characteristics.

Thus ability to develop dynamic fabrication techniques to synthesize desired nanomaterials is

very essential. Their controlled fabrication can be achieved in numerous ways. We can make

a broad classification which divides these synthesis techniques into either built from atom by

atom (bottom up) or constructing them from reformation of atoms from bulk (top down). A

schematic representation of both approaches is shown inFig.2.2.

2.2.1 Bottom-up approach

Bottom-up approach is the self-assembly of desired nanomaterials from the bottom:

atom by atom, molecule by molecule or cluster by cluster. This technique is capable to

synthesize engineered nanostructures having perfect edges and surfaces. It is possible to

engineer the functionalities of overall nanostructured systems by controlling the size,

morphology and internal as well as surface chemistry of the constituent's basic building

blocks. Some typical examples of bottom-up approaches are: chemical co-precipitation, self-

assembly, sol-gel, hydrothermal, solvothermal, thermal evaporation, chemical vapor

deposition (CVD), physical vapor deposition (PVD) and gas phase agglomeration etc. 1126).
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Figure 2.22 Aschematic representation of the top-down and bottom-up approaches

2.2.2 T op-down aPProach

This approach is the inverse of bottom-up approach and it involves successive slicing

or cutting of a bulk material to achieve nano sized materials' The various synthesis

techniques to fabricate nanostructured materials involving this approach are: ball milling

(mechanical milling, cryomilling and mechanochemical bonding)' embossing' etching'

printing, molding, skiving, erosion and lithography etc. Top-down approach is however; a bit

disadvantageous as it has a very limited control over morphology, particle size, possessing

wide particle size distribution and time taking. Moreover, a biggest problem with this

approach is the occrrTences of surface strucfure imperfections and also the processed

crystallographic patterns are damaged significantly. The existence of these imperfections in

this approach is a big challenge in the design and fabrication of potential nano devices' on

the contrary, bottom up approach is very handy and is free from these drawbacks'

Furthermore, the desired structure of nanomaterials with the appropriate properties can easily

be synthes ized via this approach. Hence most of the researcher tends to prefer bottom-up

approaches.

CeOz nanostructures are of great interest for researchers with a host of technological

applications, for example, catalysts to eliminate toxic auto exhaust gases, fuel cells, oxygen

sensors, electrochromic thin films, various biological applications ll27)' As all of the useful
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applications of CeOz nanostructures iue strictly dependent upon the morphology' particle size

and surface area of the nanostructures. In order to tune the properties of CeOz nanostructures,

it is highly essential to develop a synthesis technique through which we can control these

properties. Several affempts have been made to synthesize CeOznanostructures via various

chemical routes. F. Zhou et al. has reported the size-control synthesis of CeOz crystallites in

spherical morphology [l2S] by employing hydrothermal method while N. Zhang et al'

synthesized the rod-like morphology of CeOz nanostructures via soft co-precipitation method

ll29). Similarly various research groups have reported the variety of synthesis techniques for

the preparation of nano CeOz, for example, thermal evaporation, electro-spinning (ESP), the

sol-gel etc. [130-132]. As mentioned previously, boffom-up approaches are very handy over

the top-down ones, so we have followed the chemical co-precipitation technique to

synthesize CeOz nanostructures.

2.2.3 Chemical co-precipitation method

Co-precipitation has an edge over rest of all the bottom-up approaches that it is cost

effective, easy to handle, time saving and also it has a very fair control on particle size

distribution and other key factors (particle size, morphology etc.). Furthermore, the

stoichiometric ratio of the CeOz nanostructures can be precisely controlled by optimizing

chemical co-precipitation method. This method involves salt precursors (nitrate, sulphate,

chloride etc.) which are dissolved in various solvents (distilled water, ethanol etc.)' Base

agents such as NaOH, NH+OH and KOH etc. are used to achieve precipitates like oxohydro-

oxides. It is a difficult task to control the size and morphology of the particles in this method.

It is often that some surfactants are utilized to get this control. Moreover, optimization of

some synthesis parameters like reactant molarity, reaction time , stirring rate, pH value of the

reaction are key factors to achieve desired morphology, size control and particle distribution.

28



A schematic illustration of co-precipitation is given below in the form of a flow chart in Fig.

2.3.

Figure 2.3: Aschematic diagram for the preparation of CeOznanostructures by the chemical

co-precipitation method.

In course of synthesis, high crystallinity of prepared samples was achieved by

annealing at 300 oC as un-annealed samples were found to have a lot of impurity phases and

poor crystalline nature. The improvement in the crystallinity of the synthesized samples due

to annealing effect may be attributed to the fact that at higher temperature, crystallites orient

themselves in proper equilibrium sites due to availability of excess free energy in the system.

Moreover, the various optimization steps were taken in the synthesis process to obtain the

nanostructures with desired phase, morphology and crystallinity'
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2.3 Synthesis Parameters Optimization

2.3.1 Reaction temPerature

In order to optimize reaction temperature, both the temperature treated (hydrothermal)

and un-treated (co-precipitation) chemical preparation roots were utilized. [n temperature

fieated case, two distinct reaction temperatures 50 oC for 30 minutes and 160 oC were

maintained for 24hrs, reported in the literature U33, 1341. Fig.2.4 (a) illustrates that the XRD

patterns of both the synthesized CeOz samples. It is well clear that the sample treated at 50 oC

has no desiredphases (cubic fluorite) while sample treated at 110 oC possesses the desired

single phase. Thus it is obvious that reaction temperature plays a very crucial role in the

growth of CeOz nanostructures. No proper crystal structure was developed at the reaction

temperature of 50 oC which hints that there is no nucleation and crystal growth at this

temperature. The nucleation and crystal growth need some energy which is not provided at

this temperature.

50

I(dfn.l

Figure 2.42 (a) XRD patterns CeOz prepared at distinct reaction temperatures (b) SEM

micrograph of CeOz prepared via temperature treated synthesis

Furthermore, the sample treated at temperature 110 oC hydrothermally is found to

have well sharp XRD peaks which depict the high crystallinity with no impurity phases' On
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the contrary, the SEM micrograph as illustrated in Fig. 2.4 (b), of this sample exhibit poor

morphology with no definite shape at nanoscale.

To tune the desired nanostructured morphology an alternative coprecipitation

synthesis was carried out at different temperatures. Fig. 2.4 elaborates the XRD pafferns on

prepared CeOzsamples at two different temperatures: room temperature and 90 oC. It is clear

from the XRD patterns that sample prepared at ambient conditions has impurity phases while

sample prepared at 90 oC contains a single phase, well indexed cubic fluorite structure. The

multi-phase morphology of the sample prepared at room temperature may be linked to the

fact that the decomposition of metal salts and formation of hydro-oxide complexes were not

yet complete under these reaction conditions. Furthermore, the sample prepared at

temperature 90 oC is found to have well sharp XRD peaks depicting the high crystallinity

with no impurity phases. This optimized reaction temperature (90 oC) was utilized in the

synthesis of all the desired samples of this thesis work.
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Figure 2.5: XRD patterns CeOz prepared at distinct reaction temperatures

2.3.2 Role of pH

The pH of solution is a key factor in the fabrication as well as the in growth yield of

various semiconductor metal oxide nanostructures. In the growth mechanism of any metal
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oxides, the decomposition and formation of metal ions take place just after the dissolution of

metal salts in water. These generated metal ions then react with OH- ions (formed due to

NaOH decomposition) present in the solution to form metal hydroxide complexes' In such

chemical synthesis, it is very interesting to notice that, NaOH has been utilized to adjust the

pH values of the reaction. Optimization of a proper pH value in a solution defines the suitable

quantity of available OH-ions which is required to accomplish the nucleation of metal ions

under super saturated conditions. Thus, keeping in view the importance of a suitable pH

value, the pH value is well optimized in all of the performed experiments which is in the

rangeofl0to 11.

2.3.3 Role of surfactant

It is very important to choose a proper surfactant or capping agent to have a well

control over the morphology and particle size of the synthesized CeOz nanostructures. In the

present work, various surfactants have been tried to tune the desired morphology' The

surfactants involve poly-ethylene glycol (PEG), hydrogen peroxide (HzOz) and acetic acid

(CHICOOH). All surfactants were used in various concentrations (0M, 0.lM and 0.2M) and

better result was optimi zed for a surfactant concentration of 0.2M. Fig. 2.6(a-c) illustrates the

SEM micrographs of the prepared CeOz nanostructures via PEG, HzOz and CHsCOOH

respectively. It is obvious from Fig. 2.6 (c) tfrai tte sample involving CH:COOH as

surfactant has a well-defined morphology comprising homogeneous nanoparticles in the

range of l0-20nm. This enhanced and tuned morphology is linked to the fact that at higher

surfactant concenfiation, fast nucleation of CeOz take place which in tums result into the

formation of smaller nanoparticles. The addition of surfactant controls the particle size by

binding the CHTCOO- ions to the different surfaces of CeOz which in turns modiff the

particle growth rate and orientation. These CHICOo- ions are formed by the dissolution of
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CHTCOOH in water. Thus, on the basis of this optimization,o.2M CH3COOH have been

utilized as surfactants in the whole experimental part of this thesis work'

Figure 2.6: SEM micrographs of synthesized CeOz prepared using various surfactants

(al 2%PEG, (b) 2%oHzoz, (c) 2%CHICOOH
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2.4 Synthesis Procedures

2.4.1 Synthesis of CeOz nanostructures

Chemical co-precipitation method was utilized for the synthesis of bared CeOz

nanostructures using distilled water as solvent. Chemicals consumed during synthesis were

cerium nitrate hexahydrate (CeNOl).6HzO, sodium hydroxide (NaOH) and acetic acid

(CrLCOOH). First of all, 0.1 M solution of (CeNOl).6HzO was prepared in distilled water

and was positioned into fume-hood on hot plate (90"C) for 20 minutes magnetic stining at

500 rpm. Then capping agent (2 mL CHICOOH) was added to the above solution to control

particle size. After that 1 M NaOH basic solution was added drop-by-drop into the above

solution until pH value extents up to 10. Now again solution was stirred for thr under the

same temperature and stining rate. After cooling, distilled water was again used to wash and

collect the precipitates via centrifugation. The drying of washed precipitates was achieved by

placing them into an electric oven at 80 oC for overnight. Then dried precipitates were

grinded into powder form using mortar and pestle which was further annealed for 2hrs at 300

oC to achieve their improved crystallinity. For doped CeOz nanostructures, same chemical co-

precipitation procedure was adopted except the addition of different dopant precursors'

2.4.1.1Synthesis of Co doped CeOz nanostructures

Co doped CeOz nanostructures were prepared by the above procedure. Different molar

concentration of iron chloride-hexahydrate (CoClz).6Hzo was used to synthesize 3o/o,5o/o and

7% Co doped CeOznanostructures i.e. 0.03, 0.05 and 0.07 M solution of (CoClz).6HzO were

added to (CeNOl).6HzO solution.

2.4.l.2Synthesis of Fe doped CeOz nanostructures

Fe doped CeOz nanostructures were prepared by the above procedure. Different molar

concentrations of iron chloride-hexahydrate (FeCll).6Hzo were used to synthesize 3o/o, 5o/o
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and 7% Fe doped CeOz nanostructures

were added to (CeNOl).6HzO solution.

i.e. 0.03, 0.05 and 0.07 M solution of (FeClr).6HzO

2.4.1.3 Synthesis of Ni doped CeOz nanostructures

Ni doped ceoz nanostructures were prepared by the same procedure. Different molar

concentations of nickel chloride-hexatrydrate (NiCl2).6HzO were used to synthesize 3yo' soh

and 7%Ni doped ceoz nanostructures i.e. 0.03, 0.05 and 0.07 M solution of (Niclz).6Hzo

were added to (CeNO:).6HzO solution.

2.4.1.4 Synthesis of Mn doped CeOz nanostructures

Mn doped CeOz nanostructures were prepared by the above procedure. Different

molar concentrations of manganese chloride tetrahydrate (MnClz) '4HzO were used to

synthesize 3yo,5yo andT%Ni doped CeOz nanostructures i.e. 0.03, 0'05 and 0'07 M solution

of (MnCtz) .4HzO were added to (CeNOr)'6HzO solution'

2.5 Cell culture, Anticancer Activity and cytotoxity of ceoz

Nanostructures

Human cancer cell line SH-SYsY (ATCCCRL -2266) and human normal cell line

HEK-293 (ATCCCRL -1573) were purchased from American Type culture collection

(Manassas, VA, USA). Both kind of cells were kept in Dulbecco's Modified Eagle's Medium

(DMEM) (Sigma Aldrich) supplemented with l0% fatal bovine serum (FBS) and grown at

37"C in a humidified incubator (COZT,Newburns wick, Scientific Co.) supplemented with

5% COz.96-well plates (Corning Incorporated, USA) were seeded by l'lO4cells/well and

allowed to attach to the surface for 24 hours prior to treatment. Sonication of nanoparticles

was carried out for 30 min at 40W to avoid nanoparticles agglomeration prior to the cell

exposgre. Both types of cells were treated with the suspension of undoped and Co doped

CeOz nanoparticles (20 mg/ml). Each performed experiment involved sample control' media
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control and untreated cells as negative controls. CCK-8 analysis was utilized for Cell viability

measurements.

Intra-cellular reactive oxygen species (ROS) study was performed by 2', 7'-dichloro-

dihydrofluorescein diacetate (H2DC-FDA: 25mM) assay, flow cytometry, using a

fluorescence microscope (Hitachi, Tokyo, Japan). In flow cytometry, the level of produced

oxidative stress was examined with the help of dichloro-dihydro-flourescein diacetate

(DCFH-DA) assay. The diffusion of this assay in each cell line gives the value of ROS

produced. This (DCFH-DA) assay can easily be oxidatively tuned into a fluorescent

derivative because it is highly sensitive to ROS variation especially in an atnosphere

containing the different factors like hydrogen peroxide, superoxide anion with other

cofactors. The cells treated with nanoparticles for 24 hours were washed with PBS and

incubated with DCFDA dye (20 pM) for 30 minutes at 37 oC in dark. The ROS generation

was studied via flow cytometrY

2.6 Char acterization Tech niq ues

The synthesized samples were characterized by powder X-rays diffraction (XRD), which

can provide the structural information of the sample such as lattice constants, cell volume, X-ray

density, crystallite size, phase transformation temperature, particle size and composition of the

samples. Morphological analysis is done using SEM while vibrational properties and structural

defects (Vo) were examined by Raman spectroscopy. SSA of the synthesized samples was

analyzed, by BET analysis. Electrical resistivity measurement, e' and e" give informations about

the conduction mechanism. Hysteresis loops provide informations about the Ms, coercivity (H.)

and remanance (lv{,). The instruments used for characterization are described as follows.

2.6.1 X-ray diffraction (XRD)

X-rays are electromagnetic radiations with wavelength in the range of angstrom (A)

and are capable to interact with electronic cloud of the atoms in the crystal. As their
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wavelength is comparable to the inter-atomic spacing in the crystals so they fulfrll the

necessary condition of the diffraction. xRD is the most suitable, powerful, general and

nondestructive technique for examining the various crystals structure as no elaborate sample

preparation is required tl35]. Using this technique' one can detail the information on

impurity phases, structures and texture (prefened crystal orientations) of the crystals'

Moreover, structural parameters like crystal defects, crystallinity and average grain size can

also be estimated using this versatile technique. In XRD, Sample is exposed to X -rays of

known wavelength (t) and due to their interaction with electrons present in the atoms on each

crystal plane elastic scattering occurs (Fig. 2.7). Those scattered X-rays which fulfill the

Bragg,s condition (Eq. 2.1) interfere constructively and give rise to a signal which is

identified by the detector part of the XRD setup'

Zdstn? = nL

Where n is an integer, l" being the wavelength of the incident beam, 0 the angle of incidence

and d is the diffracting planes spacing. These constructively interfered X-rays results into

distinct diffraction peaks located at specific angles. The pattern of these diffraction peaks at a

given angle (20) is the characteristics feature of every material which distinguishes it from

other materials. Furtherrnore, crystallinity quality, crystallite sizes and crystal structure can be

found from these diffraction patterns using crystallography. A sample with high crystallinity

possesses consistent d-spacing and sharp narrow peaks with higher intensity and vice versa'

While amorphous materials (atoms arranged in random fashion) fail to expose detectable

signals so no diffraction peaks are achieved. We have examined the XRD patterns of all the

synthesized bared as well as doped CeOz nanostructures in powder form using PANalytical

X-ray difractormeter, Model: 3040160 X'Pert PRO made in Netherland, with radiations CuKo

(2.r)
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X-rays having wavelength of 1.54 A. In this course of study, XRD was performed in the

range of 20o-80o (20) with step size 0.20 Qq.

Figure Z.TzDiffraction of X-rays from a crystal U36l'

2.6.2 Scanning electron microscopy (SEM)

SEM is a highly vital tool to investigate the surface structure of the nanostructures' It

can be utilized to produce three dimensional images of the specimen surfaces from which we

can examine the diameter, thickness, length, orientation, density and shape of the

nanostructures. SEM utilizes a high energy focused electron beam with extremely short

wavelength to produce much higher resolution images as compared to that of conventional

microscope. An electron gun is used to produce a beam of electrons which is focused on the

specimen placed in the vacuum conditions using electromagnetic lenses' Interaction of this

electron beam with the sample results into the generation of various types of signals including

X-rays, secondary electrons (SE), light, auger electrons and backscattered electrons' The

intensity of all of the generated signals is picked by the mounted detectors' The observed

electonic intensity is converted into light intensity which results in the formation of visual

image that can be seen digitally. SE generated near the sample surface usually possess low

energy (<50eV) and are responsible to produce images with best quality and high resolution

Atorulescalc cr5rstal latllcc plartcs
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ll37]. Moreover, conducting coating of gold, silver etc. is used for non-conducting samples

to avoid from surface charging. In the present study, we marked dimensions of few

nanoparticles in the SEM micrograph and then find their mean to obtain average particle size.

In this thesis work, surface morphologies of the synthesized samples were examined using

SEM (JEOL, SEM, Model JSM6490LA).

2.6.3 Raman spectroscopy

Raman spectroscopy is a versatile, efficient and non-destructive technique which is

utilized to investigate the structural defect, microstructures as well as the chemical

information of the sample. Moreover, this technique is very vital and sensitive to detect the

presence of minor impurity phases which even couldn't be noticed by ){RD' The theoretical

origin of this technique roots to an Indian Physicist Prof. C.V. Raman as this spectroscopy

utilizes the Raman scattering in its action. In this spectroscopY, the interaction between

polarzibility ellipsoid of a vibrating molecule and light induced oscillating dipole is

responsible for the origin of Raman bands that is; when sample is exposed to a beam of

monochromatic light, scattering of light occurs due to its interaction with electric dipole of

molecules in the samples. This scattering results into the excitation of molecules to the higher

vibrational energy levels. The light may suffer one of the following scattering phenomena:

Raleigh scattering: scattered light owing the same frequency as that of incident one'

Stokes scattering: scattered tight owing the lower frequency than the incident light,

Anti-stokes scattering: scattered light owing the greater frequency than the incident

light.

39



virtual
energy states

vibrational
energy states

Stoke3 arrtlStokes
Bamatt Barnan

Scatrfering S<alfering
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Raman spectroscopy is concerned with Stokes scattering and resulting slight shift in

frequency is called Raman shift. This Raman shift is the characteristics feature of the

molecule that corresponds to "finger-print" properties like vibrational or phonon frequencies,

structural defects and chemical information of the sample. In present work, this spectroscopy

is utilized to study the crystal defects (V") as well the vibrational mode of the synthesized

samples as a plot between normalized intensity of incident light and Raman shift'

2.6.4 lJltr a violet visible (UV-Vis) spectrometry

UV-Vis is a fascinating and non-destructive technique which is most commonly used

to investigate the optical properties of the various nanomaterials in terms of its band gap (Ec)'

It involves the absorption, transmission and reflectance of electromagnetic radiations, in UV

as well as in visible region (200nm - 800nm), from the material under investigation. This

irradiation of electromagnetic radiations results into electronic transition inside the sample. In

this case absorbed or transmitted light is the characteristics of its chemical structure- The

absorbed light in this phenomenon follows the following relation:
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= 6(l)cl (2.2)

Where Io and I are the intensities of incident and absorbed light, A is the absorbance, L (cm)

stands for cell path length, C is the solution concentration (moles/Ltr.) and e is for the molar

absorptivity (liter/mole/cm). The spectrum of W-Vis plot is obtained by a graphical

representation of transmitted or absorbed light by the sample as a function of wavelength'

Figure 2.9: Principle of W-VIS Spectroscopy'

In the present work, W-Vis spectroscopy, PerkinElmer Lambda 200 UVA/ISAIIR

absorption spectrometer, is utilized by taking the solution (lmg/ml) of the synthesized

nanostructures in distilled water. The absorption from the distilled water effects are

subtracted from the final results. The schematic illustration of UV-Vis set up is shown in Fig'

2.t0.

2.6.5 Vibrating sample magnetometer (VSM)

VSM is the most popular scientific technique invented by Simon Foner in 1955 and is used to

investigate the magnetic properties of the various magnetic materials. VSM is capable to take

measurements for a sample in various forms like powder, solids, thin film etc. Moreover, this

e = trOrr(;)
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technique has also a distinction due to its high accuracy, capability to study magnetic moment

as a function of magnetic field, temperature, angle and time. Most of the VSM has the facility

to perform its measurements over a wide range of temperature exploring new era of research'

In VSM measurements, sample is placed in a sensing coil and is made to oscillate sinusoidaly

by using piezoelectric oscillating material in the presence of a uniform magnetic field' The

resulted changing magnetic flux will result into an induced emf in the coil which is

proportional to the magnetic moment of the sample. This signal is then collected by the

locking amplifier built-in the instrument and finally transmitted into computer setup

(software) which gives the hysteresis loop of the magnetic samples. Interpretation of the

hysteresis loop gives the detail information about the magnetic properties like: Mr, Mr, Hc etc'

of the material. A schematic illustration of the VSM setup is shown in the Fig. 2'l I

Figure 2.10: (a) A general setup of vsM, (b) a hysteresis loop u391.

2.6.6 Brunauer-Emmet and Teller (BET) SSA analyzer

Brunauer-Emmet and Teller (BET) analysis is a most contmon and versatile technique

used for the precise calculation of SSA of various nanomaterials [140]. BET analysis

involves adsorption of multi-layer nitrogen (Nz) usually measured as a function of relative

pressnre with the help of an atalyzer which is futly automated. This analysis encompasses
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pore area and extemal area evaluation to find the total SSA in the units of m2lg which in turns

gives the detail information about the surface porosity and particle size eflects in numerous

practical applications.

In order to find SSA, prior to the analysis, de-gassing of the sample is achieved by

heating it upon a certain temperature (300 oC) in vacuum conditions for overnight to get rid

of the moisture trapped inside the pores of a given material. Then the sample is dosed in well

controlled increments by some adsorptive, usually Nz, under the cryogenic temperature

conditions (77K). The pressure of the gas is made to equilibrate after each adsorptive dose

and quantity of adsorbed gas is determined. In case of mono-layer adsorption, adsorbed

quantity at each pressure defines an adsorption isotherm which provides the quantity of

adsorbed gas required in mono-layer adsorption over the surface of sample. By knowing the

area covered by each a molecule of adsorbed gas; SSA can be determined by multipoint BET

method. The following BET adsorption isotherm equation is used to find the precise value of

SSA.

rL+D=th*#-.c (2.3)

For the solution of BET equation a liner plot of 1/ tW (P/P")-11 against P/Po is required'

Where p/Po is relative pressure, w is the volume of adsorbed gas at STP, W.being volume of

adsorbed gas to form monolayer at STP and C is BET constant' Also Wm is given by

1W^=Tr

Here, s is the slope and i stands for y-intercept of BET plot. Total surface area(St) is,

s,=# Q.6)

Here, A., is the cross-sectional area of Nz molecule. SSA is then calculated by dividing St by

weight of the sample,

(2.4)

SSA=*
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2.6.7 Electrical measurements using LCR meter

The inductance, capacitance and resistance (LCR) meter is versatile instrument which

provides accurate, economical and rapid testing of various materials up to multi-frequencies

ranges. LCR meter is capable of automatic measurements of inductance (L), resistance (R),

capacitance (C), impedance, quality factor, AC resistance, conductance and also dissipation

factor. Furthermore, t'as well as dielectric loss measurements are made from L,C and R data'

A typical LCR meter consists of a regulated power supply (S), owing wide range of

amplitude and frequency to provide ac voltage to the sample shown in Fig' 2'11' When a

variable voltage (using rheostat) is applied to the given sample, current is set up which flows

to the pair of operational amplifiers (A and A') whose output is a signal which is proportional

to the current In. A four wire Kelvin connection is used separately from which trvo wires

carry test crrrent and two wires detect the voltage across the sample. These voltage and

current signals are multiplied with two reference signals one in phase with power supply

signal and other with a phase contrast of 90o to obtained real and imaginary parts of the

required IV data. Finally, these signals are fed to the microprocessor (M) which gives the

proper conversion of these signals into required data points.

To investigate the electrical properties of synthesized nanostructures, LCR meter

(wayne Ken 6500 B Impedance analyzer) was utilized. For this purpose, pellets of 8'0 mm

diameter and 2.0 mm thickness for all the synthesized nanostructures were made with the

help of hydraulic presser. Then sintering of these pellets was carried out in an electric oven at

about l g0 oC for 3 hours. The electrical contacts to the circular faces of the synthesized

pellets were made by silver paste coating on their both sides. All the AC measurements were

carried out at ambient conditions and in the frequency range of I KHz to 5MHz' t' was

calculated using the relation,

Cxd
-t _

Axeo
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where c is for the capacitance (farad) of the pellet, d being the pellet thickness (meter)' A the

cross_sectional area of the flat circular surface of the pelret lm2y while eo is the permittivity of

free space. The r" was obtained by multiplying e' with the dissipation factor (D) found

experimentally. At the end, the AC conductivity (ou.) was calculated from the equation

6ac = 2neoe' tan 6 (2.5)

Where,trn6=:#

Figure 2.11: Schematic diagram of LCR meter'
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Chapter No.3

Synthesis, Char acterization and Anticancer Study of Co Doped

CeOz NanoParticles

3.1 Introduction

Being the highly abundant material, CeOz is technologically very vital owing to its

larger sphere of applications, for instance in catalysts [141], oxygen sensors [142], solid

oxide fuel cells (soFC) [143], thin films of electro-chromic stuff [144], optical polishing

agents [145], luminescence [28], UV adsorbents [29] and humidity sensors [30]. Moreover, it

is also very fascinating material for its versatile solicitations in the domain of spintronics,

optoelectronics and magnetic data storage devices because of its partially 4f filled electronic

structure 1231. CeOz based dilute magnetic semiconductors (DMSs) have attracted huge

amount of interest recently due to their similar structural parameters to that of well-

established Si material. Owing to these characteristic, CeOz based DMSs can be easily

integrated on Si based electronic devices U46]'

However, the DMSs have huge potential in electronic industry only if they exhibit

RTFM. In this regard, a lot of endeavors have been done in TM-doped CeOz nanomaterials

[147-150] as well as in thin films [151-154]. It is mostly seen that a fraction of ce ions exist

in the Ce3* form in CeOz and this reduction in positive charge is compensated by a

corresponding number of Vo. Owing to large surface area to volume ratio at nanoscale, CeOz

nanomaterials have a unique electronic structure with novel characteristics as compared with

its bulk counterpart. The modification in shape and particle size results in the formation of

surface defects such as Vo, which endows it with the ability to exist in either Ce3* or Cea*

state on the particle surface [28]. These Vo are considered to be a possible origin to enhance

ferromagnetism in Ceoz nanomaterials [153, 154]. The cation Ce in mixed state of Ce3*lce4*

redox reactions are also responsible for the outstanding biological properties of CeOz



nanostructures U551. In addition, the dopant with different ionic states in Ceozhost matrix

can generate more structural defects in order to gain charge neutrality [156] which leads to

enhance physical and biocompatibility of it. The transition metal Co is thought to be an

excellent dopant for CeOz because of its different ionic states and good activator of

ferromagnetic behavior [157]. It can also induce large number of Vo defects in CeOz matrix'

which are crucial for both magnetic and anticancer applications of CeOz' There are very few

reports available on the anticancer activity of Co doped CeOz nanoparticles to date'

Therefore, undoped and Co doped CeOz nanoparticles have been prepared via cost effective

and simple chemical route. The Co doping driven eflects on the structural, morphological,

surface area, optical, magnetic, dielectric and anticancer properties of the CeOz nanoparticles

have been studied in detail.

3.2 Results and Discussion

3.2.1 Structural and morphological investigations

Fig. I shows XRD patterns of the synthesized undoped and Co doped CeOz samples'

It is manifested that all the prepared samples demonstrate single phase cubic fluorite structure

and no additional peak related to cobalt or any other impurities are identified in these

samples. All diffraction peaks can be well indexed to the pure cubic fluorite-type structure of

ceoz according to JCPDS (card no. 34-0394).It can be clearly seen from Fig' 3.1(a) that with

the increase in Co concentration, the intensities of all diffraction peaks and full width at half

maximum (FWHM) in XRD paffems increases which is attributed to the difference in ionic

radii of Coz* 70.12A) ana host cation Ce4* 70.92A; ions. This change in radii also inJluenced

the crystalline growth of CeOzwith the increase of dopant concentration [86]. It is also found

that the main peaks have a slight shift towards the higher angle as shown in the Fig. 3'l (b)

which confirms the successful doping of Co into the host lattice U58].
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Figure 3.1: a) XRD patterns of the prepared samples and b) Co loading induced shift in the

(l l1) plane

In order to calculate the crystallite size of all the synthesized samples, Scherer's

formula is employed at major planer peak of reflection. The approximate average crystallite

size for undoped CeOz is found to be 8 nm, which is observed to decrease down to 4'5 nm

with the increase in Co doping level. This change in crystallite size can be due to the

difference in pauting electro-negativities of dopant (1.88) and host cation ions (1.12) during

the growth process of crystal. Furthermore, the lattice constants have been calculated using

the following relation:

A=b=C= Jffi (3.1)

wherea=b=carelatticeconstants,drepresentsinterplannerspacingandh,kandlare

Miller indices. It is found that the lattice parameter of the undoped nanocrystalline CeOz is

s.427 A, which is higher than that of its bulk one (5.4113 A;. trre evolution in lattice

parameter of nanoparticles might be due to the increase in the Vo defects [20]. The lattice

constantvalue of CeOz is observed to decrease upon Co doping as listed in Table 3.1. This
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decrease may be attributed to the lattice contraction

Co2* ions on the sites of larger size Cea* ions U59]'

due to the substitution of smaller sized

Figure 3.2: SEM images of Cer-*Co*Oz nanoparticles. (a) undoped CeOz, (b) 3% Co doped

CeOz, (c) 5% Co doped CeOz, (d)7% Co doped CeOz

Fig. 3.2 depicts the SEM images of undoped and Co doped CeOz samples which

clearly reveal that all the prepared samples have zero dimensional (0-D) nanostructures

morphology. It is very obvious from all micrographs that the nanoparticles are highly

homogenous and symmetrical in size with spherical shape. The difference in valence states,

ionic radii and pauling electro-negativities of Co and Ce cations have influenced the particle

size of prepared nanoparticles (8-20 nm) as observed in Fig' 3'2'
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3.2.2 Analysis of surface area

Fig. 3.3 shows the plot of surface area as a function of Co dopant concentration in

CeOz host matrix. euantitative calculations from this graph depict an interesting finding that

the Co doping has significantly enhanced the Brunauer-Emmett-Teller Specific Surface Areas

(BETSSA) from 234 to 344 m2 g I of CeOz nanoparticles. This high BETSSA as result of Co

doping further clearly confirms the decrease in particle size as observed in the above

structural and morphological investigations. Previously in the literature, a SSA of 152 tt" g-t

has been reported using Pr as dopant in CeOzmatrix tl60]. N. Sabari Arul et al' have also

enhanced the BETSSA from 52 m2 gr to 132 m2 g' by doping different concentrations of co

into CeO2 nanorods prepared via co-precipitation method U59].Y. Song et a1', have achieved

BETSSA of g3 *, g, for CeOz nanoparticles fabricated by facile surfactant-assisted

solvothermal route t16ll. The observed high value of BETSSA up to 344 nl'g-' in the Co

doped CeOz nanoparticles as compared to the previously reported values makes them

potential in different applications from electronics to nano-medicines'
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Figure 3.3: BET-SSA Analysis of cer-*coxoz nanoparticles
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3.2.3 Raman and optical characterizations

Fig. 3.4 depicts the Raman spectra of the synthesized nanoparticles. Raman spectra of

undoped CeOz nanoparticles exhibit a prominent peak at 445 cm-I, which has huge shift from

the characteristic Raman active mode known as F2g mode for bulk CeOz (465 cm-t) [73].

This peak shift is often associated with Vo and phonon confinement effects due to the small

particle size l7lJ. Furthermore, it can also be seen from Fig.3.4 that the Co doping has

significantly suppressed the peak intensity of Fzg Raman active mode and systematically

broadened the width of this mode peak. These variations (such as shift toward lower

frequency, decrease in peak intensity and broadening in width of the Fzg mode peak)

observed in characteristic peak of CeOz Raman spectra confirm the formation of its crystal

structure with plenty of Vo defects [73]. The presence of Vo in these nanostructures may be

due to the enhancement of BETSSA of prepared nanostructures as observed in XRD, SEM

and BET results. These defects (Vo) may play important role to tune the physical

characteristics (Ms and Eg) of these synthesized nanoparticles.
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Figure 3.4: Raman spectra of the prepared nanoparticles
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The optical properties of the synthesized undoped and Co doped CeOz nanoparticles

have been examined by UV-visible spectrophotometer. Fig. 3.5(a) illustrates the UV-visible

absorption spectra of the undoped and Co doped CeOz nanoparticles which demonstrate the

presence of prominent absorption peak at 312 nm for all samples. The positions of the

absorption peaks of undoped and Co doped CeOz nanoparticles confirm that they possess

fluorite cubic structure tl62l. The approximate bandgap of the synthesized nanoparticles is

calculated using the relation for direct bandgap:

(o< hv )2: A (hv -Eg) (3.2)

where o is the optical absorption coefficient, hv is the photon energy, Eg is the direct bandgap

energy and A is a constant [63]. The plot of (ohv)2 versus energy has been drawn and shown

in Fig. 3.5 O). The band gap energies have been obtained by extrapolating the straight part of

the curve to energy axis. The estimated energies values of direct band gap of undoped and Co

doped CeOznanoparticles are marked in Fig. 3.5(b). It has been observed that bandgap (E)

of Co doped CeOz nanoparticles have significant red shifts (0.01 eV,0.29 eV and 0.34 eV for

Coo.ogCeo.s7Q2, CoO.osCeo.ssOz and Coo.ozCeo.srOz respectively) as compared to the undoped

CeOz nanoparticles (Eg:3.19eV). This shift is higher than the reported values of red shifts

tl64]. ln order to preserve the charge neutrality after substitution of divalent or trivalent Co

ions for Ce ions in CeOz matrix, Vo are produced at the interface between the grains of Co

doped CeOznanoparticles tl64]. These Vo significantly tuned the electronic structure of CeOz

by introducing a red shift in the absorption band edge via hybridization of Ce 4f, Co 3d and O

2p orbitals tl l5]. Similar results are also reported for some other metal oxides [165].
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Figure 3.5: (a): UV-Vis absorption specta of the CeOz nanoparticles (b): Plots of (ohv) 2 as

a function of photon energy E for the synthesized nanopfiticles

3.2.4 Dielectric ProPerties

In order to investigate dielectric properties of the prepared nanoparticles, the undoped

and Co doped CeOz nanoparticles have been pressed into circular pellets of 8 mm diameter

and 1.2 mm thickness. tr, t" and oec have been measured with different AC frequency range

using the formulae in listed in equationsZ.4 and25'

Fig. 3.6 (a) shows the plot of e' as a function of AC frequency in the range of 3 KHz-

5 MHz at room temperature. This graph indicates the decrease in t'with the increase in AC

frequency up to 2 MHz and then has a constant trend. Maxwell-Wagner has explained such

behavior in his model by suggesting that charge carriers can easily tunnel into the grains.

These carriers accumulate at the grain boundaries under the influence of external field which

leads to a large polarization owning to high a' at low frequency [166]. Furthermore, it is also

found from Fig. 3.6 (a) that e' increases with Co doping level. This increase in e' with Co

doping may be due to the higher dielectric polarization as compared to that in undoped CeOz

u671.
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Figure 3.6: (a): Dielectric Constant (e'), (b): Dielectric Loss (e"), (c): AC conductivity (8ec)

variations as a function of AC frequency

Fig. 3.6 (b) shows the variation of r" as a function of frequency in the range of 3 KHz-

5 MHz. It is observed that there is a decrease in e" with the increasing AC frequency for all

the synthesized nanoparticles. This decrease in t" as a function of AC frequency can be

understood on the basis of high resistivity at grain boundaries as explained by Koop's model

t168]. The exchange of electrons at these grain boundaries requires extra energy; as a result

e" is higher at lower frequency. However, at higher frequency, the resistivity is comparatively

lesser so grains themselves are thought to play a dominant role. It can be also observed from

Fig. 3.6 (b) that value of e" also increases with Co doping into CeOz matrix. This decrease in
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s,, can be due to the requirement of more energy for the exchange of electrons between Ce

ions and Co ions U671.

Fig. 3.6 (c) demonshates the plot of oec as a function of frequency for undoped and

Co doped CeOz nanoparticles. It is interestingly observed that onc of CeOz is significantly

increased with Co doping. This increase in onc of CeOz with Co content can be due to the

presence of Vo as observed in Raman results. These Vo leads to more free charge carriers in

the system Ll67l.

3.2.5 Magnetic studY

Fig. 3.7 displays M-H curves of undoped and Co doped nanoparticles carried out at

room temperature. It is remarkably observed that the prepared nanoparticles exhibit RTFM.

The saturated magnetization (Ms), coercive field (H) and magnetic remanence (M) for all

the samples are carefully calculated and are listed in Table 6.1. It is found fromM-H loops

that the Co doping in the host matrix has enhanced Mr, while decreased the H. and M, values

of CeOz nanoparticles. The most interesting feature is that undoped CeOz nanoparticles

exhibited RTFM with M, value 0.0083 emug-l that is greater than the previously reported Ms

and H, values for undoped CeOz ll7, 1691. Several other research groups have also reported

the RTFM behavior of CeOz [114, 170,171]. The exact origin of RTFM in REMO is yet not

completely clear. However, the interactions between electron spin moments resulting from

the Vo at the particle surface are believed to be responsible for the FM in CeOz

nanostructures.

The observed RTFM for Co doped CeOz nanoparticles in this case may be explained

on the basis of F-center exchange (FCE) coupling that involves both Vo and transition metal

(TM) as reported by many research groups [88,153]. In FCE mechanism, a F-center is formed

when an electron is trapped in Vo. The Vo constitutes $oups with two Co ions i.e., Co-Vo-

Co. Moreover, an electron trapped in Vo subjugates an orbital which overlaps with the shell
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of adjacent Co ions. According to the Hund's rule and Pauli Exclusion Principle, the trapped

electrons should have spins in direction parallel to the neighboring two Co ions, which lead to

arise the observed FM ordering. As it is well known that Ceoz at nanoscale itself is bending

to form a Vo that's why it is considered to be potential for oxygen storage medium'

Furthermore, in order to maintain the charge neutrality in the system, the divalent or trivalent

Co doping ions lead to more Vo in doped CeOz nanoparticles [172]. [t is also interestingly

observedthattheH.valueshavebeendecreasedwithCodopingwhichindicatesthe

magnetic phase transition towards super-paramagnetic behavior of the synthesized Co doped

CeOz nanoparticles. The expected super-paramagnetism phase can be arisen in nanoparticles

due to their extremely small crystallite sizes as seen in structural investigations. Similar

results are previously reported for TM doped ZnO nanostructures U73].
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Figure 3.7: M-H loops of undoped and Co-doped CeOz nanoparticles (Inset of the figure
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3.2.6 Differential cytotoxicity analysis

Cancer remains one of the major causes of mortality in the world for many past decades

ll74). Recently, inorganic nanoparticles with strong magnetic characteristics have attracted

enornous affention in cancer therapy and diagnosis [05, 175-77). The cell viability of both

healthy and cancerous cells is depicted in Fig. 3.8. It can be observed that undoped,3 and 5o/o

Co doped CeOznanoparticles have inhibited the cell viability of the cancerous cells almost by

40% without harming the healthy cells. This behavior of these nanoparticles indicates their

selective/differential cytotoxicity. At 7% Co doping, the particles become toxic to normal

cells as well. The toxicity of the synthesized undoped and Co doped CeOz nanoparticles is

mostly associated with generation of reactive oxygen species (ROS). It is reported that the

potential redox characteristics of CeO2 nanoparticles play major part in ROS generation [66].
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Figure 3.8: Effect of undoped & Co doped CeOz nanoparticles on Neuroblastoma & HEK-

293 cells viabilitY

In order to veriff whether the differential cytotoxicity of the prepared nanoparticles is

due to ROS generation or not, we performed the ROS generation study. Uncontrolled and

excess production of ROS in cells always has damaging effects on the cells. Therefore
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exposing the cells to external chemicals induces oxygen containing radicals in the cells which

create imbalance in the amount of RoS within the cells. The excess ROS generation causes

oxidative stress in the cells thus leading to destruction of cells via cell membrane rupture,

apoptosis and even necrosis [178].
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Figure 3.9: Reactive oxygen species (Ros) production in Neuroblastoma &HEK'293 Cells

after incubation with undoped and Co doped CeOz nanoparticles

Fig. 3.9 shows the ROS generation in both healthy and cancerous cells. It is found that

the toxicity of the prepared nanoparticles strictly follow the ROS generation pattern' The

undoped and Co doped CeOz nanoparticles generate significant amount of ROS in cancerous

cells while negligible amount of RoS is produced in healthy cells. The 7o/o Co doped Ceoz

particles cause an increase in intracellular RoS in normal cells as well which explains why

the particles are toxic to these cells. Our detailed study confirms that ROS generations play

very important role in the toxicity of the CeOz nanoparticles. Here, a question arises that why

undoped and Co doped CeOz nanoparticles are not generating higher amounts of ROS in

healthy cells. Healthy cells may provide basic atmosphere that supports the redox cycle

between +3 and +4 oxidation states of CeOz nanoparticles, thus resulting in no significant
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increase in ROS in the cell. However cancer cells have slightly acidic atmosphere which

doesn,t support this redox cycle between oxidation states rather increases the generation of

free radicals by oxidation of lipids, proteins and various enzymes present in the cancer cells'

thus increasing ROS level in the cell and hence oxidative stress that causes cell death U79l'

These prepared nanoparticles exhibit the sufficient anticancer activity while demonstrating

safe behavior towards healthy ceils. This behavior along with the RTFM nature makes them

potential for targeted cancer therapy. As due to their magnetic nature, these nanoparticles can

be guided towards the specific part of the body with the help of external applied magnetic

field.
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Chapter No.4

Synthesis, Cha ractertzation and Anticancer Study of Fe

Doped CeOz NanoParticles

4.1 Introduction

The defects chemistry and other physio-chemical properties of CeOz nanostructures

can be tuned by different ways such as thermal annealing, ion beam irradiation and selective

metal doping U22l.Among these, metal doping is considered to be an easy and effective tool

and has been widely used by various research groups to modiff the electrical, optical,

catalytic and magnetic properties of CeOznanostructures [87, 180-182]. In this thesis work Fe

is used as dopant for CeOz nanostructures owing to following reasons;

i. It can induce ferromagnetism in CeOz nanostructures which is potential in spintronics

and targeted cancer therapy [182].

ii. It can reduce the band gap of CeOz nanostructures to great extent which is useful for

their photodynamic activity [l 80].

iii. It can make possible fenton reactions, which helps in its photodynamic activity by

producing large number of hydroxyl radicals [182, 183].

Several authors have reported synthesis and characteristics of Fe doped CeOz

nanostructures. D. Channei et al. have reported Fe doping induced enhancement in the

photocatalytic degradation activity of CeOz thin films and proposed that Fe ions act as

electron acceptors or donors t180]. S. Phokha et al. have reported RTFM in Fe doped CeOz

nanospheres [87]. From the current available literature, we have reached the conclusion that

Fe doping may induce RTFM and enhance the anticancer activity of CeOz nanostructures by

acting as electron donor or acceptor, generating defects and fenton reactions. Therefore in

this study, Fe doped CeOz nanoparticles have been prepared and characterized for strucfural,
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Raman, optical, electrical and magnetic characteristics. Moreover, cytotoxicity of the

synthesized nanostructures has been determined towards health and cancerous cells'

4.2 Results and Discussions

4.2.1 Structural and morphological investigations

The structural characteristics and phase purity of the prepared Fe*Cet-*Oz

nanoparticles have been examined by XRD. Fig. 4.1(a) depicts XRD patterns of the

synthesized nanostructures. Each of the peaks in XRD patterns can be well indexed to cubic

fluoritestructureofCeozaccordingtotheJCPDS(cardno.34-0394)withnoextraphases

linked with Fe or other impurities. The peaks intensities have been observed to decrease

systematically with Fe doping which demonsffates a decrease in the crystallinity of the

samples. Moreover, it has been found that at higher Fe doping, the (l I l) has slight shift

towards higher angle as shown in Fig. 4.1(b) which may be associated with the variations in

lattice parameters bY doPing.
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The lattice parameters and average crystallite sizes are found to slightly decrease with

Fe doping (Table 6.1) which may be due to the replacement of larger ionic radii Ce ions (1.01

A) UV a smaller ionic radii Fe ions (0.64 A) US4]. The absence of the extra phases, decrease

in lattice parameters and crystallite size clearly shows the successful doping of Fe ions into

CeOz host matrix.

Figure 4.2: SEM images of (a) I% (b) 3% (c) 5Yo and (d) 7% Fe doped CeOz nanoparticles

The synthesized samples morphologies and particle sizes have been studied by SEM

and shown in Fig. 4.2. T\e shape of the particles is found to be mostly spherical with the

presence of small number of nanorods in Fe doped CeOz samples. The average particle size

of the undoped CeOz sample is 28 nm which is observed to decrease down to 22 nm with the

increase in Fe doping level as listed in Table 6.1. In 5o/o andT%oFe doped CeOz samples there

are some large micron sized particles which may be due to agglomeration of small particles



into large aggegates. This agglomeration can be due to increase in the difference of charge in

crystal by replacing Fe with ce as well as ferromagnetic nature particles of Fe doping' It is

concluded from SEM results that highly ultrafine nanoparticles of Fe*cer-*oz can be

synthesized by chemical co-precipitation technique'

4.2.2 Arialysis of surface area

Chemical and biological reactivity of nanomaterials is highly sensitive to SSA

(surface to volume ratio) offered by the materials. So it is very vital to have an exact idea

about sSA to have well understanding of its various properties. As we proceed from bulk to

nano, number of the available abundant reactive sites on the surface of NPs as well as the free

surface energy increases with increasing SSA [48,49]' Moreover, magnetic properties of the

materials are also very dependent on SSA of the material [50, 5l].
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Figure 4.3: BET-SSA Analysis of cer-xFexoz nanoparticles

BET technique has been employed to calculate the SSA of the prepared undoped and

Fe doped CeOz nanoparticles which works on the principle of nitrogen adsorption-desorption'

The SSA obtained for as prepared CeOz nanoparticles is found to be 234 mzlg and is slightly
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enhances by Fe doping in the host mafrices as shown in Fig. 4.3. This enhancement in the

SSA with Fe doping of CeOz nanoparticles may be linked to the slight decrease in the

particles with doping. This higher reported value of SSA of the synthesized nanoparticles

may have vital role in their cytotoxicity.

4.2.3 Raman and optical characterizations

Raman spectroscopy is useful technique for studying the structural properties of

nanomaterials and their phase purities. It has a capability to detect secondary phases even at

very minute level. The phase purity and cubic fluorite structure of the synthesized Fe,Cet-*Oz

nanoparticles have been validated via Raman spectroscopy. Fig. 4.4 shows the Raman spectra

of Fe*Cer-*Oz nanoparticles. The spectrum of undoped CeOz nanoparticles exhibits one clear

peak at 445 cm-t which is assigned to Fzg mode of cubic fluorite structure of CeOz.

Furthermore, the peak intensity is found to decrease with Fe doping which shows the

decrease in the crystalline quality of the nanoparticles upon doping. Hence Raman

spectroscopy results confirm the XRD results.
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Figure 4.4: Raman spectra of the prepared nanoparticles
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Moreover, a red shift, symmetric peak broadening as well as suppression of peak

intensity in the Fzg mode peak with Fe doping can be clearly seen which may be attributed to

the intoduction of defects such as vo and interstitial defects etc. into the system, as dicussed

in chapterNo. 3. For 5% andT%doped nanoparticles, the red shift is smaller as compared to

the3%doped which may be linked with presence of micron size particles as depicted in SEM

micrographs as Raman peak position is very sensitive to particle size'

optical properties of Fe*cer-*oz nanoparticles have been studied using uV-visible

absorption spectroscopy. UV'visible absorption spectra of the prepared nanoparticles are

shown in Fig. 4.5. A we[ sharp band edge absorption peak is observed for all the synthesized

nanoparticles. This strong absorption peak is believed to arise from the electronic transition

from 2p states of o to 4f states of ce tlg5]. It can be clearly seen from the absorption spectra

that absorption in the visible region is enhanced with Fe doping which might play important

role in the cytotoxicity of the synthesized nanostructures. Optical band gap energies for the

synthesized nanoparticles have been calculated by the Tauc relation 3'2' The calculated band

energy values are 3.19, 2.75,2.64,2.65 and2.5 eY for undoped,lo/o,3yo,soh andTo/oFe

doped CeOz nanoparticles respectively. The observed band gap energy value for undoped

ceoz nanoparticles is much smaller than bulk one. Fe doping significantly has decreased the

band gap energies of all the prepared CeOz nanoparticles. The decrease in band gap energies

may be attributed to the fact that Fe ions have created defects or impurity level below the

conduction band and resulted in band gap reduction [182, 186]' The increase in band gap

energies beyond certain limit of Fe doping may be understood on the basis that at higher

concentration of Fe3* ions, the band filling effect may arise which causes the enlargement of

the band gaP [187].
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Figure 4.5: (a): UV-Vis absorption spectra of the Fe*Cer-*Oz nanoparticles (b): Plots of

(ohv)2 as a function of photon energy E for the synthesized nanoparticles.

4.2.4 Dielectric properties

The dielectric properties of the synthesized undoped and Fe doped CeOz nanoparticles have

been investigated by making their circular pellets of same dimensions and using the same

method as mentioned in last chapters and then s', t" and oec have been measured over a wide

range of AC frequency (3 I(Hz- 5 MHz ).

Figure 4.6 (a) depicts the influence of Fe doping on oAC of synthesized CeOz

nanostructures. In all the samples, oec is approximately constant at low frequencies and then

increases above a definite characteristic point with the increase in frequency, following

power law, which indicates that the oec is directly proportional to the AC frequency. Also, it

is observed from Fig. 4.6 (a) that at any frequency, oec of CeOz nanostructures increases with

the increase in Fe doping concentration levels. This variation of onc with AC frequency may

be linked with the fact that when Fe3* ions replaces Cea* ions it is more probable that with Fe

doping there will be more free electrons in the system which may increase the oec of CeOz
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nanostructures. Moreover, in order to accomplish charge neutrality, defects will be created in

the host lattice which in turn will lead to enhanced oec'

Thet,forallthesynthesizedsampleswerecalculatedusingtheformulagivenin

equation (2.5) as mentioned in chapter No. 2. The effect of Fe doping on a'for all the

synthesized sampres is shown in Fig. 4.6 o). This graph indicates the decrease in r' with the

increase in Ac frequency up to 2 MHz and then has a constant trend' This decline in e' may

be attributed to the fact that the charge carriers can easily tunnel into the grains but these

charge carriers gather at the grain boundaries under the influence of external field which

leads to a large polarization owning to high e' at low frequency t1661' Moreover' it is also

vividly observed from Fig. a.6@) that Fe doping results into the enhancement of e' which

may be linked to the fact that TM ion dopant introduces the higher dielectric polarization as

compared to that in bare CeOz [167].

Effect of Fe doping on the variation of e" as a function of frequency in the prescribed

range is shown in Fig. a.6 (c). The decrease in e" is observed with the increasing Ac

frequency for all the synthesized nanoparticles. This decrease in t" as a function of AC

frequency can be linked to the fact that extra amount of energy is required for the exchange

of electrons at grain boundaries so r is higher at lower frequency. Furthermore, Fig. 4.6(b)

also depicts that for each value of AC frequency, value of e" also increases with Fe doping

into CeOz matrix. This evaluation in € can be linked to the fact that there is constraint of

more energy for the exchange of electrons between Ce ions and Fe ions [167]'
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Figure 4.6: (a): Dielectric Constant (e'), (b): Dielectric Loss (e"), (c): AC conductivity

(6ec), variations as a function of AC frequency

4.2.5. Maguetic studY

Fig. 4.7 shows the room temperature magnetization versus magnetic field (M-H)

curves for the Fe*Cer-*Oz nanoparticles. The synthesized undoped nanoparticles exhibit weak

RTFM, which is observed to enhance with the increase in Fe doping level. The M' value of

pristine Ceoz nanoparticles is found to be 0.0083 emu/g which increases up to 0'0126 emu/g

for 7o/o Fe doped CeOz nanoparticles. The M, value is observed to increase systematically

with Fe doping which is in good agreement with earlier reported studies [87]. The interesting

thing to be noticed is that RTFM is also observed for pristine Ceoz nanoparticles although it
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is anti-ferromagnetic in bulk form. Weak RTFM is previously reported for pure CeOz

nanostructures in literature which is assigned to the exchange interaction between electron

spin moment of Ce ions and Vo (i.e. Ce3* - Vo - Ce3*) [179]'
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Figure 4.7: M-H loops of undoped and Fe doped CeOz nanoparticles (Inset of the figure

shows oPened looPs)

These Vo can g.ap an electron and form F-center, which make up a bound polaron [88,

ll4,17Ll.The increase in the M, value upon Fe doping may be understood on the fact that Fe

doping into CeOz matrix lead to enhanced level of Vo which will lead to more exchange

integrations with Ce3* and enhance magnetization [88, 189]. Moreover, the Fe3* ions doping

can also lead to enhance magnetic characteristics via same exchange interaction (i.e. Fe3* - Vo

- Ce3*) [g7]. Both type of bound polarons can overlap the neighboring polarons and lead to

long range RTFM in CeOz nanoparticles.

4.2.6 Differential cytotoxicity analysis

Cyotoxicity of Fe*Cer-*Oz nanoparticles has been determined towards Neuroblastoma

cancer & HEK-213 healthy cells via CCK-8 assay. Cell viability of these cells treated with

59



the synthesized nanoparticles for24 h is shown in Fig.4.8. It is observed that viability of

healthy cells remain unchanged comparing to the controlled cells after treatment, which

demonstates the bio-safety of these nanoparticles. However, Neuroblastoma cancer cells

viability is reduced to almost half by undoped CeOz nanoparticles and is found to reduce

further with Fe doping. It can be seen from Fig. 4.8 that cancer cells viability is

systematically reduced with the increase in Fe doping concenfiation. These findings confirm

the differential or selective cytotoxicity of pristine and Fe doped CeOz nanoparticles'
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Figure 4.8: Effect of undoped & Fe doped CeOz nanoparticles onNeuroblastoma & HEK-

293 Cells viabilitY

The cytotoxicity of CeOz nanoparticles is reported to be due to ROS generation'

oxidative stess, electrostatic interactions between cells and nanoparticles and damaging of

cell membranes [118, 190 and 191]. Upon illumination of light, electron hole pairs are

generated in CeOz nanoparticles which interact with water molecules and oxygen on the

surface to produce various types of ROS likewise hydroxyl radicals, super oxides ion and

HzOz etc. Ugz).The generated ROS can lead to cell death via different mechanisms such as

lipid peroxidation, apoptosis and cell membrane damage LlzO,lzli. But the main issue is the



short half-life of electron hole pair, which can recombine before interacting with the water

and oxygen. It is reported that defects in nanomaterials act as trapping centers for

photodynamically produced electrons [112]. Moreover, doping in nanomaterials leads to the

formation of crystal defects which results in the enhancement of ROS generation lll2, 1221.

In our case, Raman spectroscopy and magnetic studies confirmed the enhancement in Vo with

Fe doping. Hence, the anticancer activity of the synthesized CeOz nanoparticles and

enhancement of it with Fe doping may be attributed to ROS generation. Enhancement in ROS

generation with defects is still questionable.

We have experimentally investigated the ROS generation caused by Fe*Cer-*Oz

nanoparticles both in healthy and cancer cells. Fig. 4.9 demonstrates high level of ROS

generation in case of cancerous cells which is also observed to increase with Fe doping level.

But, no or negligible enhancement in ROS generation as compared to control has been found

for healthy cells. Hence, it is confirmed that the selective toxicity of the synthesized

nanoparticles is due to ROS generation. The difference in the level of ROS generated by

Fe*Cel-*Oz nanoparticles in two different types of cell lines may be understood on the basis

of atmosphere provided by them. Healthy cells provide basic environment to nanoparticles

which resist ROS generation while cancerous cells provide slightly acidic atmosphere which

assists ROS production [179]
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Figure 4.9: Reactive oxygen species (ROS) production in Neuroblastoma &,HEK'293 Cells

after incubation of undoped and Fe doped CeOznanoparticles
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Chapter No.5

Synthesis, Cha ractertzation and Anticancer Study of Ni
Doped CeOz NanoParticles

5.1 Introduction
CeOz is a very promising material having numerous applications at nanoscale

especially in medical field such as anticancer activity ul2, 113]. Undoped ceoz

nanoparticles exhibit weak ferromagnetism which hinders its application in targeted cancer

therapy t1l4]. However, strong enough ferromagnetism can be originated in CeOz

nanoparticles via transition metal (TM) doping t1l5]. Furthermore, TM doping into CeOz

nanoparticles matrix can lead to enhanced Vo formation which are very important for

inhibition of cancer cells by nanomaterials [S7]. In this study, Ni is doped as TM into CeOz

nanoparticles because Ni ions can be easily substituted on the sites of Ce ions because of its

smaller ionic radii. Previously, Ni dopant has been reported to enhance the ferromagnetic and

catalytic activity of CeOz nanostructures which hints its possible applications in targeted

cancertherapy [193, l5l]. This dopant is selected as till date there is no article published on

the anticancer activity of Ni doped CeOz. Keeping this in view, Ni dopant induced effects on

the ferromagnetic and cytotoxicity of the CeOz nanoparticles synthesizedby facile chemical

method has been studied.

5.2 Results and Discussions

5.2.L Structural and morphological investigations

The typical XRD pattems of the Ni*Cer-*Ozsamples annealed at 300'C are depicted

in Fig. 5.1 (a). The peak positions in the XRD pattems of the synthesized samples exhibit the

typical cubic fluorite structure of CeOz. The absence of NiO or any other impurity phases

reveal phase purity of the prepared samples. It can be observed from the patterns in Fig.
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5.1(b) that there is a slight shift towards higher angles with Ni doping in host matrix. This

might be due to laffice contraction initiated by the dopant ions. Furthennore, it also hints the

possible substitution ofNi ions on the sites ofCe ions.

.E

oc
o
c

50

20 (degree)

e

m(derul

Figure 5.1: a) XRD pattems of the prepared samples and b) Ni loading induced shift in the

(l I 1) plane

The crystallite sized (D) and lattice constants (a = b = c) have been calculated through

the relations (5.1) and (3.1) respectively.

0.89,1p=
pcos0

The crystallite size for undoped CeOz sample is calculated to be 7 nm which has been

decreased down to 5 nm with Ni doping. Moreover, the value of lattice constant "a" is also

decreased with Ni doping as can be seen from Table 6.1. This decrease in microstructural

parameters of CeOz with the introduction of Ni dopant may be explained as larger ionic radii

of Cea* (1.01'A) ions are being replaced by smaller ionic radii Ni2* (0.69',{) ions. This

difference in the ionic radii of the host and dopant ions leads to reduction of crystallite size

and lattice contraction U5l].
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Morphologies of the synthesized samples have been examined by SEM. Fig. 5.2(a) -

(d) depicts the typical morphology of the Ni*Cer-*O2 samples. SEM micrographs clearly

indicate the spherical particles like nanostructure morphologies for all samples' The

synthesized samples have homogenous particle size shape distribution. The average particle

size is observed to decrease from 28 nm down to 22 nm as listed in Table 6'1' Similar

decrease in the average crystallite size with Ni doping has also been seen in XRD results'

Figure 5.2: SEM images of prepared CeOz nanoparticles with (a) l% (b) 3% (c) 5% and (d)

7% of Ni doping
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5.2.2 l'l,alysis of surface area

Nanomaterials are believed to more reactive both chemically and biological as

compared to their bulk ones mainly because of higher surface area (surface to volume ratio).

Therefore, exact knowledge about the surface area of the synthesized nanoparticles is crucial

for understanding their physical properties. SSA of the prepared undoped and Ni doped CeOz

nanoparticles has been evaluated using BET technique which is based on nitrogen adsorption-

desorption. The SSA obtained for undoped ceoz nanoparticles is found to be 234m2/g and is

increased with the Ni doping up to 256 m2lg as shown in Fig. 5.3. Ni doping enhancement in

the SSA of CeOz nanoparticles may be assigned to reduction in the particles with doping

[19a] as observed in SEM investigations. This remarkably enhancement in SSA of the

synthesized nanoparticles may be very effective in tuning their physical properties and

cytotoxicity.
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Figure 5.3: BET-SSA as a function of Ni doping percentage in host CeOz nanoparticles

5.2.3 Raman and optical characterizations

The microstructural properties of the synthesized samples have been analyzed via

Raman spectroscopy. Raman spectroscopy is very sensitive to minute amount of impurities

and also structural defects such as Vo. Therefore in order to validate the XRD results, Raman
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spectra for the synthesized samples have been recorded at room temperature in the

wavenumber range of 300-700 cm-land shown in Fig. 5.4. The appearance of Raman band at

445 cm-lcor-responding to the first order Fzg Raman active mode of the cubic fluorite

structure of ceoz for undoped sample validate the XRD results. This Raman peak has huge

shift toward lower wave number region comparing to that of bulk CeOz which is often

associated with the formation of vo in the system [73]. The doping of Ni ions into ceoz

laffice resulted in suppression of the Fzg Raman active mode which may be attributed to the

formation of more vo ss a result of dopant induced effects [74].

Raman Shift (cm'l)

Figure 5.4: Raman spectra of the synthesized nanoparticles

Optical properties of the nanomaterials are of immense importance for the biological

activities. Optical properties play major role in the photodynamic cytotoxicity of the

nanomaterials while magnetic properties define the fate of nanomaterials in their application

in targeted cancer therapy. Optical characteristics of the synthesized nanoparticles have been

studied via UV-Vis absorption spectoscopy. Fig. 5.5 depicts the absorption spectra of

Ni*Cer-*Oz nanoparticles. The absorption spectra reveal significant changes in overall

absorption and the band edge absorption peak of CeOz nanoparticles with Ni doping. To
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further elaborate the Ni doping induced effects on the optical properties of CeOz

nanoparticles, band gap energies for the synthesized nanoparticles have been calculated using

Tauc relation (3.2) as shown in the inset of Fig. 5.5. The bang gap energy Eg calculated for

undoped CeOz nanoparticles is observed to be 3.19 eV which is good agreement with

previously reported values tl82]. This value of Eg drops systematically to 2-72 eY with Ni

doping which indicates the significant effects of Ni ions on the optical properties of CeOz

nanoparticles. Thurber et al. [151] observed decrease in Eg of CeOz nanoparticles with Ni

doping which they assigned to variation in microstructural parameters such as crystallite size

and lattice constants. Similar variations in microstructural parameters can also be seen in our

case as listed in Table 6.1. Reduction in Eg value of CeOz nanoparticles has also been

previously observed by other groups with Fe and Mn doping which is suggested to be due to

formation of impurities level between the conduction and valance bands of CeOz [114]'

Hence, Ni dopant induced reduction in Eg of these CeO2 nanoparticles may be assigned to

both microstructural variations as well as formation of impurity energy levels'

Wavelength(nm)

Figure 5.5: UV-visible absorption spectra of the undoped and Ni doped CeOz nanoparticles

(Inset shows the bandgap estimation using Tauc relation)
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5.2.4 Dielectric properties

Fig. 5.6 (a) depicts the variation of r' as a function of AC frequency in the range of 3

KLlz- 5 MHz at ambient conditions. It is evident from the plot that all the synthesized

undoped and Ni doped samples exhibit the frequency dependent trend i.e. e' decreases with

the increasing AC frequency. This behavior is very normal which is oftenly observed in most

of the oxides and is affributed to the interfacial polarization in such materials which is

explained by Maxwell-Wagner t166]. According to this model, the dielectric structure of

oxides is supposed to be composed of two layers; First layer consist of conducting grains

while other layer is composed of insulating grains. Thus charges gather across the grain

boundaries under the action of applied external fietd and thus resulting into large value of

polarization due to electron exchange between Ni2* and Ni3* ions. This polarization results

into higher value of e' at low frequency. Moreover, this polarization decreases with the

decrease in AC frequency and finatly attains a constant value due to the fact that beyond a

particular frequency, exchange of electrons between cations fails to sustain their oscillations

with the applied extemal field. Also, the larger value of e' at tow AC frequency may be due to

many factors like Vo, grain boundary defects and interfacial dislocation factor F95]. It is also

evident that with Ni content, observed value of e'is also increased which is attributed to the

fact that doped sample owes higher value of dielectric polarization as compared to as

prepared one [167].

Fig. 5.6 (b) elaborates the variation of r" as a function of AC frequency which depicts

the decreasing trend of e" with the increasing AC frequency for all the synthesized samples.

This trend of e" as a function of AC frequency can be explained using Koop's model [168]

which suggests that there exists highly resistive medium at grain boundaries in the dielectric

materials and excess amount of energy is required for the exchange of electrons at these grain
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boundaries, so there exists higher r" at lower frequency while at lower frequency grain

boundary effect is not dominant so e" is low and even eventually attains a constant value.
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Figure 5.6: (a): Dielectric Constant (e'), b): Dielectric Loss (e"), (c): AC conductivity (6ac),

variations as a function of AC frequency

Fig. 5.6 (c) demonstrates the influence of Ni doping on GAc as a function of AC

frequency for as prepared and Ni doped CeOz nanoparticles. A significant enhancement in the
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value of oac is observed for all the samples with AC frequency as well as with the cation

dopant content. This increase in onc of CeOz with TM content can be due to the existence of

Vo os observed in Raman results. These Vo leads to more free charge carriers in the system

[167] thus give a significant enhancement in the value of oec with doping' Moreover,

variation of onc with AC frequency may be associated with the reason that when Ni3* ions

replaces Cea* ions it is more probable that with Ni doping there will be more free electrons in

the system which may increase the oac of CeOz nanostructures. This enhancement in onc and

e'with doping make these prepared materials very useful in many applications.

5.2.5. Magnetic studY

Hysteresis loops taken for undoped and Ni doped CeOz nanoparticles at maximum

field of 15,000 kOe are shown in Fig. 5.7. The opened loops as depicted in the inset of Fig.

5.7 indicate the ferromagnetic behavior of the synthesized nanoparticles. The ferromagnetic

behavior of pristine and TM doped CeOz nanostructures is often associated with Vo Ul5l.

Several research groups have previously reported RTFM in undoped CeOz nanostructures

[gg, 115]. Sundaresan et al.ll79l have suggested that the exchange interaction between the

spin moments of electrons originated from the surface Vo are responsible for ferromagnetic

behavior of undoped CeOz nanostructures. Ge et al. [l 14] suggested that the Vo in crystal

structure of CeOz nanocubes cause the spin polarization of the surrounding Ce ions 4f

electrons which lead to their RTFM. The Ms value of CeOz nanostructures has been observed

to increase with Ni doping as listed in Table 6.1. This enhancement in Ms values and

ferromagnetic behavior of Ni doped CeOz nanostructures may also be explained on the bases

bound magnetic polarons @MPs) model Uls, 173-179]. The BMPs are formed when the

localized spins of magnetic ions i.e. Ni dopant ions in our case interact with the charge

carriers bound to Vo leads to magnetic polarization of nearby local moments [114, 182 and

196]. More Vo mean formation of more BMPs. The exchange interactions between the small
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amounts of Ni ions and BMps might result in RTFM and enhanced M, values for Ni doped

CeOz nanostructures [l 1 5].
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Figure 5.7: Magetic study of synthesised samples (Inset well opend MH-loops)

5.2.6 Differential cytotoxicity analysis

The prepared Ni*Cer-*Oz nanoparticles have been examined for cytotoxicity against

two cell lines, SH-Sy-sy neuroblastoma cancer cell line and HEK-293 healthy cell line.

These cell lines were treated with 20 pglml dilutions of the synthesized Ni*Cer -*Oz

nanoparticles for 24 h under the visible light. The pristine CeOz nanoparticles have inhibited

the cancer cells viability by almost 35% without harming the healthy cells viability as shown

in Fig.5.g. Interestingly with the intoduction of Ni dopant ions in the CeOz host matrix, the

cancer cells viability is reduced gradually with the increase in Ni doping level while healthy

cells remains unharmed. The cancer cells viability is reduced by 55% \lrrth application of 7o/o

Ni doped CeOz nanoparticles. The anticancer activity of the synthesized Ni*Cer -*Oz

nanoparticles is quite higher as compared to that reported for other metal oxides

nanostructures. Ahamed et al. [106] reported the inhibition of HepG2 and A549 cancer cell

lines viability by 42 and4l% respectively using 100 pglml dilutions of FesO+ nanoparticles.
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ZnO: Agnano composites (25 pg/mt dilution) have been reported to inhibit less than 50%

viability of HTl44 cancer cell line tllll. Alarifiet al. [197] has found l6Yoreduction in the

relative cell viability of MCF-7 cancer cells using 30 prg/ml suspensions of FezOt

nanoparticles. In our case, 55% viability has been inhibited using 20 pglml suspension of

Ni*Cer-xOz r&loparticles which is higher inhibition at low concentration. This higher

selective cytotoxic behavior of the synthesized Ni*Cer-*O2 nanoparticles may be of high

clinical interest because conventional anticancer drugs most of the time are not able to

differentiate between the healthy and cancerous cells U98, 199]. The toxicity of

nanomaterials depends on several factors likewise type and composition of the nanomaterials,

particle size, shape and crystallinity, surface area and their level of solubility Ul2]'

previously, it has been reported that 20 nm CeOz nanoparticles induce elevated oxidative

stress in human lung cancer cells via higher reactive oxygen species (RoS) production [66]'

This elevated oxidative stress is suggested to the main cause of the reduction of cell viability'

Moreover, differential cytotoxic nature of the CeOz nanoparticles is often associated with

different intercellular pH values lll2l. ln order to confirm whether the differential

cytotoxicity of the synthesized undoped and Ni doped CeOz nanoparticles have any

conelation with ROS production or not, ROS generation study was performed and depicted

in Fig. 5.9. It has been observed from Fig. 5.9 that undoped CeOz nanoparticles produced

significantly higher amount of RoS in cancer cell line while no excessive RoS is generated

in healthy cell line. Furthermore, systematic increase in ROS production in cancer cells is

demonstrated with the increase in Ni doping concenfiation in CeOz host matrix' This

enhancement in ROS production by CeOz nanoparticles with Ni doping level maybe

associated with the Vo. Previously, it is reported that structural defects (V") in the crystal

structure of Ni doped metal oxides nanostructures leads to enhanced level of ROS generation

t200]. [n our case, Vo are also found to be enhanced with Ni doping as depicted in Raman
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spectroscopy results which may boost up the ROS generation. These prepared Ni doped CeOz

with defective structure, nalrow bandgap, high magnetic moment, high 6Ac, t and with good

cytotoxity are very useful for spintronics and cancer therapy.
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Chapter No.6

Synthesis, Cha ractetuation and Anticancer Study of Mn

Doped CeOz NanoParticles

6.1 Introduction

Doping CeOz nanomaterials with different ionic sates can be enhanced its catalytic

activity remarkably because dopant can distort the lattice structure and create large number of

structural defects such as Vo due to replacement of Ce4* 12011' For instance' Fe doped CeOz

nanoparticles have been reported to have greater photocatalyt'c activity as compared to

undoped nanoparticles which is assigned to narowing of band gap and larger surface area of

doped nanoparticles [182]. Similarly, N. Sabari Arul et al have reported that the surface area

and morphology play important role in the enhanced photocatalytic activity of Co doped

CeOz nanorods t1591. Manganese (Mn) being one of the most common transition metal is

considered to be the best dopant for ceoz because of its smaller ionic radii as compared to Ce

ions l2[2l. Hence, Mn doped CeOz nanomaterial may solve the problems in the

photocatalytic activity of CeOz based catalysts. In the literature, it has been reported that Mn

dopant can cause the formation of large amount of defects in CeOz crystal structure which led

to remarkably higher catalytic performanc e 1203,204). lt is well established fact that reactive

oxygen species (ROS) play vital role in the inhibition of cancerous cells by metal oxides

nanomaterials which in return depends on the defects states in the system lll2 ,l2l)- Hence,

it is believed that Mn doping can lead to enhanced anticancer activity of CeOz nanoparticles'

Till date no article is published on the anticancer activity of Mn doped CeOz. Keeping this in

view, Mn dopant induced efflects on the ferromagnetic and cytotoxicity of the CeOz

nanoparticles synthesi zedby facite chemical method has been studied.
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6.2 Results and I)iscussions

6.2. I Structural and morphological investigations

XRD characterization has been employed to investigate the phase purity and average

crystallite sizes of the synthesized samples. As shown in Fig. 6.1(a), all the diffraction peaks

in the XRD pattems of the synthesized samples can be well indexed to the single phase cubic

fluorite structure of CeOz. The absence of imputity phases indicates that cubic fluorite

structure is the only phase present in synthesized Mn*Cel-xO2 samples' Furthermore, the

position of the main peak (l 11) has been shifted towards higher angles as shown in Fig'

6.1(b) which assure the successfut doping of Mn ions in the CeOz crystal structure' It

demonstrates the formation of homogeneous Ce-Mn-o solid solution [205]. This peak shift is

associated with lattice contraction and distortion due the replacement of Cea* ions by smaller

ionic radii trivalent Mn3* ions t206]. The average crystallite sizes been calculated by Scherer

formula (5.1). The calculated average crystallite size of undoped CeOz samples has been

found to be 8 nm which is decreased down to 6 nm with Mn doping.

2O1degrue) 0tdcgrucl

Figure 6.1: a) XRD patterns of the prepared samples and b) Shift in the (l I 1) plane

with Mn doping
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SEM has been employed to obtain the surface morphology and grain sizes of the Mn*Cet-*Oz

nanoparticles. It can be seen from the SEM images of the synthesized samples that spherical

nanoparticles have been formed both in all synthesized Mn*Cet-*Oz samples' Furthermore' it

has been observed that the nanoparticles are monodispersed and uniform with average

particle size in the range of 30 to 4l nm as shown in Fig. 6.2 (a'd).

l% @) 3% (c) 5o/o afi (d) 7% Mn doped CeOz nanoparticlesFigure 6.2: SEM images of (a)
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6.2.2 Analysis of surface area

The surface area is a crucial parameter for determination of the photocatalytic

degradation capability of a catalyst. The SSA of the synthesized Mn*cer-xoz monodisperse

nanopafiicles have been calculated using BET technique. Fig. 6.3 depicts the Mn dopant

effects on the SSA of CeOz nanoparticles. A remarkable enhancement in the SSA of CeOz

nanoparticles with Mn has been found which may be tinked with crystallite size. It is well

established phenomenon that SSA and crystallite size are inversely related to each other. It

can be observed from table 6.1 that the crystallite size decreases systematically with Mn

doping. Hence, the enhancement in SSA with the increase in Mn doping concentration may

be attributed to the decrease in crystallite size. Previously, such kind of enhancement in SSA

as a function of crystallite size has been reported for doped nanostructures as compared to

undoped CeOz 1182,164)

O246tt
o/o Mn concentration

Figure 6.3: BET-SSA analysis of synthesized nanoparticles

6.2.3 Raman and optical characterizations

Raman spectroscopy has been used to further validate the phase purity of the

synthesized samples. Raman spectroscopy is an effective technique to detect the possible
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secondary phases which can easily flee from the detection limits of XRD' Furthermore it

gives information about structural defects caused by the dopants which lead to the shift in

Raman peaks. Fig. 6.4 depicts the Raman spectra of undoped and Mn doped CeOz

synthesized samples. well defined Raman band is observed at 445 cm-l which corresponds to

the first order Fzg Raman active mode of the cubic fluorite structure of ceoz. The observe

Raman band has huge shift of 22 cm-r from the Raman active Fzg mode of bulk ceoz which

may be attributed to the formation of Vo in crystal structure of nanocrystalline Ceoz [73]' The

only difference between the Raman spectra of undoped CeOz and that of Mn doped CeOz is

the reduction in the peak intensity with doping. This reduction in peak intensity is often

associated with the lattice defects (v") in the system which are often introduce when trivalent

ions replace the tetravalent Ce ions in order to achieve the charge neutrality [74].

Raman Shift (cm'')

Figure 6.4: Raman spectra of the prepared nanoparticles

For Mn-O, Raman peaks appear in the range of 620-660 cm-l which are not present in

the Raman specfia of Mn*Cer-xOz samples. This validates the XRD results about the

formation of single phase cubic fluorite structure of CeOz for all samples. Moreover, Raman

results hint the enhancement in Vo with Mn doping in CeOz which might potential for

anticancer activitY.
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The exact knowledge about the optical absorption characteristics of nanomaterial is of

utnost importance for their application in photocatalytic degradation of biomaterials. UV-

visible absorption spectroscopy has been used to examine the optical properties of the

synthesized nanoparticles. Fig. 6.5 shows the optical absorption spectra of Mn*Cet-*Oz

monodisperse nanoparticles in the wavelength range of 250 to 700 nm. The pristine CeOz

monodisperse nanoparticles exhibit a typical band edge absorption peak at 312 nm. The

optical band gap energies of the synthesized undoped and Mn doped CeOz monodisperse

nanoparticles have been calculated by Tauc relation (3.2) as shown in the inset of Fig. 6.5.

lTavclcngtt (nm)

Figure 6.5: UV-visible absorption spectra of the undoped and Mn doped CeOz nanoparticles

(Inset shows the bandgap estimation via Tauc relation)

The optical band gap energy calculated for undoped CeOz nanoparticles has been

observed to be 3.19 eV which is systematically decreased down to 2.83 eV with the increase

in Mn doping level. Such decrease in band gap energy of CeOz nanoparticles with Mn doping

is previously reported by Xia et al [96]. Th"y have suggested that it may be due to the

formation of defects especially Vo and impurities caused by Mn doping. These Vo and

impurities may form sublevel between the valance and conduction band of CeOz

monodisperse nanoparticles which leads to narrowing of the band gap. Jie Tan et al; also
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associated the narrowing of band gap of CeOz nanorods upon Mn doping with the creation

defects and impurity states 12071. Hence, in our case the band gap reduction of CeOz

nanoparticles with Mn doping may also be linked with formation of defects and impurity

states below the conduction band originated by Mn doping. This tuned nalrow band gap is

potential for photo elecfionic nanodevices.

6.2.4 Dielectric proPerties

The dielectric properties of the synthesized undoped and Mn doped CeOz

nanoparticles have been investigated by making their circular pellets and using the same

method as mentioned in last chapters and then s', e" and oec have been measured over a wide

range of AC frequency (3 KHz- 5 MHz ). The values of t', t" and onc has been carefully

calculated by relations (2.a) and (2.5).

Fig. 6.6 (a) depicts the variation of onc of synthesized CeOz nanostructures as a

function of AC frequency as well as Mn content. In all the samples, oec is increasing with the

increase in frequency, following power law, which indicates that the ooc is directly

proportional to the AC frequency above a certain point. Moreover, by increasing Mn content,

a definite increase in onc of CeOz nanostructures is observed which may be linked with the

fact that when Mn3* ions replaces Cea* ions and give rise to more free electrons in the system

which may increase the oac of CeOz nanostructures. Moreover, with Mn doping, the defects

(V") will be created in the host lattice in order to achieve charge neutrality, which in turn may

lead to enhanced oec.
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Figure 6.6: (a): Dielectric Constant (e'), (b): Dielectric Loss (e"), (c): AC conductivity (6ec),

variation as a function of AC frequency

The Mn doping effect on the e'for all the prepared samples is shown in Fig. 6.6 (b).

There is a definite decrease in e'with the increase in AC frequency and finally has a constant

trend. This trend is due to existence of insulating grain boundaries around conducting grains.

Charge carriers can easily penetrate through grains while cannot through grain boundaries so

V

I

I
I!r
ll
Yttllr
Ii
a

a
a
q

a
a

Itt

" I -'-u'ooPedceo,

-o- 3% Mn doped GeO,

-^- 5% Mn doped CeO,

-t-7% Mn doped CeQ

92



e'is high at low frequency due to large polarization effects U66]. Moreover, as TM ions owe

higher e'so it's doping in host matrix increases its value as doping content increases 1167l.

Fig. 6.6 (c) depicts the variation of r" as a function of frequency as well doping

content. There is a decrease in its value with frequency which may be linked to the fact that

the exchange of electrons at grain boundaries extra amount of energy so e" is higher at lower

frequency.

6.2.5 Magnetic study

The magnetization hysteresis (M-H) curves of the synthesized Mn*Cer-*Oz

nanoparticles have been obtained at room temperature and illustrated in Fig. 6.7.lt can be

seen from the magnified M-H curves (shown in the inset of Fig. 6.7) that all the synthesized

nanoparticles exhibit hysteresis loops which indicate the ferromagnetic behavior of the

nanoparticles. The pristine CeOz nanoparticles exhibit weak magnetic moment as listed in

table 6.1 which demonstrates their weak ferromagnetic behavior. However, Mn doping has

enhanced the magnetic moment of CeOz nanoparticles remarkably as shown in table 6.1. The

magnetic behavior of undoped CeOz nanoparticles has suggested to be attributed to the

exchange interactions between the unpaired spins originated from surface defects (V") of

nanoparticles [ 14]. The magnetic behavior of Mn doped CeOz nanoparticles may be

explained on bound magnetic polarons (BMPs) model which suggests that the localized spins

of Mn dopant ions with charge ca:riers which are bound to Vo 188,207,208]. These

interactions lead magnetic polarization of surrounding moments. Now, in our case, Mn

dopant can introduce Vo in the system in order to gain charge neutrality as the valance states

of host and dopant are different from each other. These Vo will lead to development of BMPs

and the exchange interactions of these BMPs with magnetic ions (In our case Mn) may lead

RTFM in Mn*Cer-*O2 nanoparticles [115]. The increase in Mn doping level will lead to
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increase amount of Vo and magnetic ions which

moment of the Mn*Cet-*Oz nanoparticles
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Figure 6.7: M-H looPs of undoP

ed and Mn doped CeOznanoparticles (Inset of the figure shows opened hysteresis loops)

6.2.6 Differential cytotoxicity analysis

It has been established in the previous discussions that Mn doping have shifted the

band energy of the synthesized CeOz monodisperse nanoparticles towards visible region and

also introduced RTFM. The band gap narrowing may be helpful in enhancing the

photocatalytic inhibition of cancerous cells while RTFM behavior will lead targeted cancer

therapy. Hence, Cytotoxicity of the synthesized Mn*Cet-*O2 nanoparticles has been

investigated against Neuroblastoma cancer cells &HEK-293 healthy cells via CCK-8 assay'

Fig. 6.g depict the relative cell viability of both type of cells after they are being treated for

24 hours with CeOz nanoparticles doped with different molar concentration of Mn i.e. 0, 1, 3,

5 and 7o/o. Controlled samples i.e. untreated samples are also provided for comparison' It has

been observed from Fig. 6.8 that the prepared Mn*Cer-*O2 nanoparticles have inhibited the
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cancerous cell viabiliry by almost 40 %. The synthesized nanoparticles have biosafe nature

towards healthy cells exceptT%l\^n doped CeOz nanoparticles. This suggests the selective

toxicity of the undoped, 1,3, and 5%l,ln doped CeOz nanoparticles while l%\in doped

CeOz nanoparticles are found to be toxic for both healthy and cancerous cells.

The cytotoxicity of metal oxides nanoparticles is associated with several factors such

as particle size, electrostatic interaction between nanoparticles and cells and reactive oxygen

species (ROS) Ugl,lg2l. The nanoparticles have very small sizes as compared to cells and

they can penetrate the cell wall and cause cell damage. Furthermore, it has been reported that

CeOz nanoparticles having particle size less than 20 nm remains in cells for longer time as

compared to bigger particles which lead to harmful effects on cells [113]. Secondly, several

types of ROS such as hydroxyl radicals, singlet oxygen and HzOz etc. can be generated on the

surface of nanoparticles by light induced effects U21]. The enhanced ROS generation can

lead to cell death via different mechanisms such as lipid peroxidation, apoptosis and cell

membrane damage Ulz, 113]. Different types of cells respond differently to CeOz

nanoparticles and lead to different levels of ROS generation [ 1 I 3]. The pH value plays vital

role in defining the CeOz nanoparticles toxicity. Basic pH environment leads cyto-protective

effects while acid environment promotes cytotoxic effects U 12]. As healthy cells and

cancerous cells provide basic and acidic atmosphere respectively, therefore the synthesized

undoped and Mn doped CeOz nanoparticles may generate different level of ROS and have

differential cytotoxicity.

In order to confirm that the selectivity toxicity of the synthesized nanoparticles is due

to differential level of ROS generation, we have investigated the ROS generation by the

synthesized nanoparticles in the presence of healthy cells and cancerous cells. Fig. 6.9 shows

the level of ROS generation in both healthy cells and cancerous cells. It has been observed

that ROS generation and cell damage are closely related to each other. Hence, the differential
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cytotoxicity of undoped Mn doped CeOz nanoparticles up to 5o/o doping and overall

cytotoxicity of TYrMn doped CeOz nanoparticles may be attributed to different levels of ROS

generation. Previously, it is reported in the literature that that structural defects (Vo) in the

crystal structure of TM doped metal oxides nanostructures leads to greater level of ROS

generation t20l]. In this case, Vo are also found to be enhanced with Mn doping as depicted

in Raman spectroscopy results which may boost up the ROS generation. This argument is

still debatable as previously seen in Chapters No. 3 and 4, we have observed similar relation

between Vo and level of ROS production for Fe and Ni doped CeOz nanostructures but no

such a correlation has been found in case of Co and Mn doped CeOz nanoparticles in Chapter

No. 5 and 6 respectively. Hence, more work is needed to be done in this regard.
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Figure 6.8: Effect of undoped & Mn doped CeOz nanoparticles on Neuroblastoma & HEK-

293 Cells Viability
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Table 6.1: Tabulated overview of physical properties of thesis work'
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Conclusions

In conclusions, ultrafine and homogeneously distributed spherical CeOz nanoparticles

have been synthesized by a facile chemical co-precipitation technique' The synthesized

nanoparticles have exhibited cubic fluorite structure with lattice constant of 0-5421 nm and

optical band gap energy of 3.19 eV. Interestingly, these nanoparticles have shown

ferromagnetic behavior which is attributed to defects in the crystal structure of ceoz. In order

to tailor the structural, optical, dielectric and magnetic properties of prepared nanoparticles,

TM ions (i.e. Co, Fe, Ni and Mn) have been doped in the host matrix of CeOz'

The structural properties of CeOz nanoparticles investigated through XRD have been

observed to be greatly influenced by TM ions doping. A peak shift in the main diffraction

peak towards higher angles has been observed for each TM dopants. The average crystallite

size and lattice constant values have also been found to decrease systematically with the

increase in TM dopants concentration. These variations in the structural properties of Ceoz

nanoparticles upon doping as well as absence of secondary phases in the XRD patterns depict

the successful substitution of all TM ions on sites of host cations'

Morphology and particle sizes of the synthesized undoped and doped nanoparticles

have been analyzed via SEM. SEM micrographs have shown formation of spherical

nanoparticles for all samples. Shape of the particles has not been affected by the introduction

of dopants in the host lattice. However, average particle size has been found to decrease from

2g nm down to 22 nmwith Co, Ni and Fe doping while Mn doping has increased it up to 41

nm due to difference of ionic charge as well as ferromagnetic nature of dopants'

Raman spectroscopy has been used to detect the existence of any secondary phases

which may flee from the detection limit of XRD as well as the defects chemistry of the

synthesized nanoparticles. Raman results corroborated well with XRD results and confirm the



formation of single phase cubic fluorite structure for undoped and TM doped CeOz

nanoparticles. Raman spectra of undoped CeOz has exhibited a prominent peak at 445 cm-l

which is characteristic Fzg peak of cubic fluorite structure of CeOz. This peak has huge down

shift of 18 cm-l counter to bulk which may be atfributed to small particle size and presence of

defects in the crystal structure of CeOz. TM doping has resulted in shift towards lower

wavenumbers overall and also lead to suppression and broadening of this peak. This behavior

depicts the enhancement in structural defects in host lattice upon doping such 4s Vo which

have been observed to vital for controlling the physical properties especially magnetic

behavior and cytotoxicity of CeO2 nanoparticles.

Optical properties of CeOz nanoparticles have been also significantly influenced by

TM doping level. It is concluded that band gap energy of CeOz nanoparticles can be greatly

tuned via TM doping. All the four different TM dopants have led to the narrowing of the

optical band gap of CeOz nanoparticles which has been assigned to several factors such as Vo,

formation of impurities level between the conduction and valence band and variation in

structural parameters. Ni dopant has been observed to be most effective in narrowing the

band gap of CeOz nanoparticles. It has decreased the optical band gap energy of CeOz

nanoparticles by 0.47 eY which make it potential for visible light activated photoelectronic

nanodevices.

TM doping has been found to tailor the dielectric characteristics of CeOz

nanoparticles. Overall, r', r" and 6^c of CeOz nanoparticles have been observed to increase

significantly with TM doping concentration. 6ec of CeOz nanoparticles has been increased

more by Co dopant as compared to other dopants. However, Ni dopant has increased the e'

and r" CeOz nanoparticles more efficiently comparing to Fe, Co and Mn dopants which make

CeOz potential for spintronics nanodevices.
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All the synthesized nanoparticles have exhibited ferromagnetic behaviour' TM

dopants have significantly influenced the magnetic properties of CeOz nanoparticles. The M.

value of CeOz nanoparticles has been found to increase with the increase in TM doping level'

Co doping has been observed to be more effective in enhancing the M, values of CeOz

nanoparticles. It has increased its value from 0.0066 emu/g to 0.97 emr:/g. This enhancement

in magnetic properties of CeOz nanoparticles with TM doping level is assigned to Vo and TM

ions concentration. This ferromagnetic behavior and tuned optical band gap of the

synthesized nanoparticle at room temperature makes potential for spintronics and biological

applications.

Finally, the synthesized nanoparticles have been found to have differential cytotoxic

nature. They are observed to be toxic towards cancerous cells while nontoxic towards healthy

cells at nanoparticles concentration of 20 pglml. Co and Mn dopants are not so much

effective in enhancing the cytotoxicity of CeOz nanoparticles. While Ni and Fe dopants have

remarkably increased the cytotoxicity of CeOz nanoparticles towards SH-SY5Y cancer cells

while having biosafe nature towards healthy cells. This enhancement has been observed to be

strongly correlated with the level of ROS produced by the synthesized nanoparticles.

The above findings in this thesis work show that TM doping has tailored the physical

properties of CeOz nanoparticles which make it highly potential in spintronics, visible light

activated optoelectronics devices and targeted nano therapeutic.
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