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ABSTRACT  

Zirconia ceramics have received much attention because of good mechanical strength, 

good thermal properties, biocompatibility and white color. These properties make zirconia 

suitable for biomedical applications including orthopedic, maxillofacial implants and 

numerous imaging applications. Among three crystallographic phases of zirconia, i.e. 

monoclinic, tetragonal and cubic, tetragonal zirconia is more suitable for above-mentioned 

applications. However, tetragonal zirconia is stable at higher temperatures and transforms to 

monoclinic phase upon cooling. Such crystallographic transformation of zirconia hinders its 

application in biomedical fields. This research includes stabilization of tetragonal zirconia 

nanostructures at room temperature using iron oxide as stabilizer. Different routes of sol-gel 

and microwave assisted sol-gel preparation were used. Iron oxide, to be used as stabilizer 

was optimized by varying pH in the range of 1 to 11 using sol-gel method. Optimized samples, 

with superparamagnetic behavior (coercivity < 20Oe) are observed at pH 2 (hematite), 

7(maghemite), 9 (magnetite) and 10 (magnetite). Iron oxide samples with pH 2 and 9 are 

checked for hemolysis activity. Results based on % hemolysis activity show that 

nanoparticles are non-toxic and biocompatible. Optimized iron oxide nanoparticles, with pH 

2 and 9, are used to stabilize zirconia under as-synthesized conditions. Iron oxide content is 

varied in the range of 1-10 wt%. Mixed zirconia phases, i.e. monoclinic and tetragonal, are 

observed using iron oxide with acidic pH value. Pure tetragonal zirconia phase is observed 

in case of basic pH value of iron oxide with concentration of 5-6 wt%. Stabilized 

nanoparticles were heat treated at higher temperatures of 500oC to check and confirm their 

phase stability. Biocompatible dielectric constant value of ~ 80 and tangent loss ~ 0.06 (log 

f= 4) is observed for zirconia stabilized with 6 wt% basic iron oxide. Hemolytic response of 

stabilized zirconia nanoparticles is studied and non-toxic response, less than 5%, is observed. 

Effects of microwaves are also investigated on the stability of tetragonal zirconia phase. 

Microwave powers are varied (100 - 1000 W) with basic pH value of 5wt% of iron oxide. 

SEM and TEM reveal formation of spherical nanoparticles with diameter of ~ 10-20 nm. 

XRD results show phase pure tetragonal zirconia (t-ZrO2) at microwave power of 500W 

without any post heat treatment. Crystallite size calculated from XRD data (~23nm) matches 

well with the previously reported value for stabilization of t-ZrO2. Microwave energy 

dissipation results in stresses causing volume shrinkage leading to monoclinic to tetragonal 

phase transformation with higher X-ray density and hardness of ~1347HV. VSM results 
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show ferromagnetic response with low coercivity (600Oe) value and saturation 

magnetization (~ 2emu/g). Microwave-assisted sol-gel synthesized stabilized zirconia 

nanoparticles are radiolabeled with technetium-99m to study bio-distribution in rabbit. 

Radiolabeling technique is used to dissolve iron oxide stabilized zirconia nanoparticles using 

Technetium-99m (99mTc) labeled radiopharmaceuticals. According to pH of rabbit, pH of 

solution is maintained and injected into rabbit. Results of biodistribution studies show that 

the 99mTc-labeled nanoparticles possess proper radiolabeling stability in their original 

suspension as well as in blood serum. To get gamma camera images, CT scan of rabbit is 

done for several times to get desirable results and to check the survival of rabbit. Results 

proved that the new method offers the opportunity to examine further specifically targeted 

and drug payload carrier variants of zirconia nanoparticles using PET/CT imaging. High 

uptake of radiotracer in stomach of rabbit is found to be potential candidate for its use in 

tumor therapies. To increase the contrast capability honey is added during synthesis of iron 

oxide stabilized zirconia nanoparticles. Stabilization of zirconia is optimized using 

conventional sol-gel and microwave assisted sol-gel methods. Stabilized zirconia 

nanoparticles, synthesized using microwave-assisted sol-gel method, at microwave power of 

700 - 900W and 5wt% of basic iron oxide exhibit low hemolytic tendency thus, useful to 

check for in-vivo biodistribution activity. Antioxidant activity of optimized sample shows 

maximum value (85%) of reactive oxidative species (ROS) inhibition. In-vitro cancer cell 

viability is also checked for the stabilized sample. 99mTc-radiolabeled nanoparticles are 

injected in rabbits to check the biodistribution of stabilized nanoparticles. High uptake of 

radiotracer in bladder of rabbit is found to be potential candidate for its use in tumor therapies. 

Urination and physical properties of rabbit, after injection of nanoparticles, are checked 

periodically for many months and found normal.  
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Chapter 1                                                Introduction 

1.1 Introduction 
Nanoparticles are particles with dimensions in the order of 100nm or less. Below this 

critical length scale, we can differentiate between nanoparticles and bulk materials. The 

discovery of nanoparticles is one of the great advancements of modern science. Among many 

other uses, ceramics artisans use nanoparticles to make the surface of pottery items shiny. 

Advanced ceramics is a rapidly expanding market. There will likely be increased and 

meaningful demand for high-purity oxides, especially in the fields of solid oxide fuel cells 

(SOFCs), telecommunications and bio-ceramics. Ceramics are suitable for use in 

applications in which metals and polymers are not satisfactory because of the insulating 

nature of ceramics. Ceramics also show strong catalytic activity, for instance, in carbon 

deposition (Brook, 2012). Ceramics are based on compounds of metals and non-metals found 

in, for instance, tiles, plates, glass and bricks. We utilize them in automobiles, watches, snow 

skis, airplanes and phone lines and many other countless applications. Man-made ceramics 

owe to less weight and high density depending upon the process used to produce them. Their 

vital properties are high value of rigidity and strength. Some ceramics are able to demonstrate 

magnetic properties, like superconductors (Kingery, 1960). 

1.2 Nanoceramics  
Nanoceramics are a type of nanoparticles first discovered in the early 1980s 

composed of ceramics.  The term nanoceramics refers to materials fabricated from ultrafine 

particles, less than 100 nm in diameter, and are classified as inorganic, heat resistant, non-

metallic solids.  Nanoceramics possess their own chemical, physical, mechanical and 

magnetic properties that differ from conventional bulk ceramic materials. Nanoceramics can 

be used in grinding balls, mobile phone bodies, pistons and thin film substrates. One of the 

main uses of nanoceramics has been in biomedicine and medical technology.  This will not 

be surprising that ceramics owing nanostructures are capable to be use in biological areas. 

Many complexes like virus, protein and membrane owe nanostructures naturally (Laval 

and Mazeran, 1999). Biomedical engineering involving nanostructures is promising field of 

study (Desai, 2000). Materials having nanostructures are also being used in many other 

biomedical fields like localized drug delivery, tissue engineering, biosensors, gene carrier 

and diagnostics of various diseases (Bauer et al., 2004). 
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1.2.1 Classification of Nanoceramics 

Nanoceramics can be categorized as follows (Miller, 1980): 

1.2.1.1 Metal Oxides 

Metal oxides include alumina, beryllia, ceria and zirconia. The dielectric properties 

of alumina ceramics are useful in electronic applications. Zirconia is the common name of 

zirconium oxide, and this material is used in the formation of steel due to its high strength at 

room temperature. In addition, owing to high value of ionic conduction mechanism, it has a 

large number of applications. 

1.2.1.2 Non-oxides 

Non-oxide ceramics include carbide, boride, and nitride. Silicon nitride is the most 

valuable and well-known non-oxide ceramic material. Non-oxide ceramics conceal their 

migration property and form strong covalent bonds.  

1.2.1.3 Composite materials 

Composite materials are a mixture of oxides and non-oxides. Ceramic oxides are 

acceptable for use as biomedical materials because of their physical and chemical properties. 

Among materials like alumina, zirconia and titania; zirconia receives much attention due to 

its good thermal and mechanical properties. These properties make zirconia more capable in 

biological fields as compared to alumina (Andrieux et al., 2012).    

1.3 Significance of Nanoceramics  
Nanoceramics being advantageous product of nanotechnology encompass various 

types of ceramics in which one of the dimensions is in the nano range, from nanostructured 

and nanosized particles, rods, fibers, tubes, and sheets to nano based films and structured 

surfaces to bulk materials engineered for a variety of applications. Ceramics may comprise 

of composite material. In present work two oxides (iron oxide and zirconium oxide) have 

been used. Iron oxide is used as a stabilizer for tetragonal zirconia. Their various properties 

are discussed in following.  

1.4 Iron Oxide (FeO) 
On the basis of structure iron oxide found in different forms of oxides like 

1) Magnetite 
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2) Maghemite 

3) Hematite 

4) Wustite 

These phases exist naturally which are shown in figure 1.1 and many other are artificially 

synthesized phases of iron oxide (Cornell and Schwertmann 2003). 

 

Figure 1.1: Phases of iron oxide 

1.4.1 Magnetite 

In magnetite phase of iron oxide cations are found on octahedral and tetrahedral sites 

in the inverse cubic structure of iron oxide. From the 64 tetrahedral positions and 32 

octahedral positions only 16 and 8 sites are occupied. Ferric cations are occupying tetrahedral 

positions, ferrous and ferric cations are on octahedral positions in arbitrary distribution 

(Cornell and Schwertmann 2003). 

Factors that have impact on the distribution of sites in case of spinel ferrites are 

1) Ionic radius  

2) Electronic configuration 

3) Lattice madelung energy 

Depending on ionic radius and electronic configuration of cations, the cations with larger 

ionic radius and weak electrostatic field tend to occupy octahedral sites. On the other hand, 

cations with smaller ionic radius and hence stronger electrostatic field occupy tetrahedral 

sites. In general, divalent cations have higher ionic radius as compared to trivalent cations.  

Phases of 
Iron Oxide

Magnetite Fe2O3

Maghemite

γ-Fe2O3

Metastable 
Phase

β-Fe2O3

Metastable 
Phase

ε-Fe2O3

Hematite

α-Fe2O3

Wustite
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To attain the octahedral sites weak electrostatic field is present in the cation of larger radius 

and vice versa. Crystallographic structure of magnetite is shown in figure 1.2. 

 

Figure 1.2: Crystallographic structure of Magnetite 

1.4.1.1 Magnetic Properties 

At Curie temperature magnetite shows ferromagnetic behavior. The antiparallel 

arrangement of ferric cations becomes the reason to cancel out the magnetic moment (Craik 

1975, Hunag et al., 2014). Thus, magnetization is only due to ferrous cations (Craik 1975).  

1.4.1.2 Electrical Properties   

Transformation of charges between the cations on octahedral sites leads to high 

electrical conductivity. Conducting to insulating transition can be seen at lower temperature 

(<119K). Low temperature ceases the movement of charges. This transition is named as 

Verwey transition. At high temperature (~ 119K) resistivity is decreased and conductivity is 

induced resulting the semiconducting behavior of material.  

1.4.2 Maghemite 

Maghemite have only Fe3+ (ferric) cations having inverse spinel cubic structure. At 

octahedral positions vacancies are reason for charge neutrality. The unit cell of 

maghemite is composed of 32 oxygen anions, 21 1/3 Fe3+ cations and 2 1/3 vacancies. 

Out of 21 1/3 Fe3+ cations, 8 are present on tetrahedral sites and the remaining Fe3+ 

cations are randomly distributed over octahedral sites as shown in figure 1.3. 
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Figure 1.3: Crystal structure of Maghemite 

1.4.2.1 Magnetic Properties 

At room temperature Maghemite shows ferrimagnetic nature. At high temperature 

(>400°C) it becomes unstable and susceptibly vanishes with time. In addition, due to the 

presence of vacancies on cationic sublattice the saturation magnetization of maghemite 

is less than that of magnetite (Craik 1975). 

1.4.2.2 Electrical Properties 

In γ-Fe2O3 crystal structure, the top of valence band has of O2p character. Occupied 

3d levels of iron cations lies 6-7eV below Fermi level. Unoccupied 3d orbitals of 

octahedrally coordinated iron cations populate the bottom of conduction band. However, no 

reliable data is available for electronic properties of γ-Fe2O3 (Craik 1975). 

1.4.3 Hematite 

Hematite exists naturally in rocks and salts. In its hexagonal corundum structure 

oxygen anions are organized in hcp framework and Fe3+ cations lie on octahedral positions 

(Bhowmik and Saravanan, 2010; Craik, 1975; Yogi and Varshney, 2013). Figure 1.4 shows 

the hematite structure. It shows thermal stability at temperature 700°C and above this 

temperature phase transition takes place (Craik 1975). 

 

Figure 1.4: Crystal structure of Hematite 
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1.4.3.1 Magnetic Properties 

With Neel temperature (950K) it shows anti ferromagnetic nature. In the temperature 

range of 260 to 950K, crystal planes of hematite arrange themselves to form layers of Fe3+
 

cations. Due to spin orbit coupling, canting between two adjacent planes arises that produces 

uncompensated magnetic moments of Fe3+
 cations. Thus, weak ferromagnetic or canted 

antiferromagnetic behavior arises in α-Fe2O3.  Weak ferromagnetic response shifted to anti 

ferromagnetic. It is called Morin transition. Exchange interaction and anisotropy is key factor 

for this transition (Craik, 1975). Anisotropy is observed only above the Morin temperature 

and it is an intrinsic property. Isotropic action is below and above the Morin temperature and 

is attributed to structural defects. 

1.4.3.2 Electrical Properties  

Transfer of charges takes place in hematite via polaron hopping mechanism. Hematite 

can be considered as a Mott insulator. This mechanism depends on size difference of 

ferrous/ferric cations and lattice distortion. 

1.4.4 Wustite 

Crystallographic structure of wustite is shown in figure 1.5. Wustite consists of only 

Fe+2 cations and arranged in cubical shape. At room temperature it is thermally unstable 

phase of iron oxide. At ambient conditions its structure is just like sodium chloride. Structural 

change occurs from cubic to rhombohedra under pressure of 16GPa. This transformation is 

attributed with transition from paramagnetic to antiferromagnetic ordering (Hamada et al. 

2016). 

 

Figure 1.5: Crystal structure of Wustite 
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1.4.4.1 Magnetic properties 

It has anti ferromagnetic behavior at Neel temperature of 195K. Fe2+ are ordered in 

(111) planes. Due to structural changes from stoichiometry the reduction of ordered 

moments is obtained (Fjellvag et al. 2002). 

1.4.4.2 Electronic Properties 

Wustite exhibits insulating nature due to local magnetic moment of iron cations. Ab 

initio investigations presented the band gap of wustite phase between Fe 4s and Fe 3d/O2sp 

states with weak absorption of ~0.5eV (Alfredsson et al. 2004). 

1.5 Iron Oxide Nanoparticles 
Under the certain conditions different properties of iron oxide are observed. For the 

magnetic phenomenon in biomedical applications iron oxide is a potential material in the 

form of nanoparticles. No doubt it is difficult to prepare the pure phased iron oxide 

nanoparticles. To get the desired phase various parameters should be optimized or annealing 

temperature should be achieved. (Tang et al., 2004; Eken and Ozenbas 2009).  

1.6 Zirconium Oxide (ZrO2) 
Zirconia was first discovered by M. H. Klaproth (German Chemist) while heat 

treatment of gems. In the former times zirconia was considered as gem (stone). The word 

zirconia was procured from Arabic term “Zargon” which means exhibiting golden color. In 

Persian zargum is the amalgam of 2 words; “Zar” and “Gum”. Zar refers to gold and Gum 

refers to color. The reaction of Zr with oxygen introduces the new oxide which is named by 

zirconium oxide (zirconia) (Ede, 2006). 

zirconia crystals have different types of crystal structures like monoclinic (m), tetragonal (t) 

and cubic (c). We can convert zirconia crystal in any crystal structure by changing the 

temperature. At higher temperature above 2300°C zirconia exists in cubic form. It can be 

changed from tetragonal to monoclinic structure upon cooling. This transition can be 

observed at temperature below 1100°C. In reality this transformation is because of volume 

expansion from 3% to 4% with lowering of temperature. Stress is produced due to the volume 

expansion. It produces cracks at 1500-1700°C (Piconi and Maccauro 1999). It converts into 

pieces when we cooled it to room temperature. When 2 monoclinic plates are attached back-

to-back give self-accommodating martensitic pairs at increased volume results in active 

phase transition (Aronne 𝑒𝑡 𝑎𝑙.,1996). Zirconium oxide can be found in multiphase structure 
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like PSZ (partially stabilized zirconia). Amongst its crystallographic phases tetragonal phase 

is much familiar and strongly biocompatible and can bear mechanical stress (Ruiz-Rosas 

𝑒𝑡 𝑎𝑙., 2012). The stability of zirconia in the tetragonal form at RT (room temperature) is still 

a challenge. The formation of t-phase zirconia is named as TPZ. Tetragonal phase zirconia 

exists in the form of grains of few tens to hundreds of nanometers in size. Volume of t-phase 

at RT (room temperature) may be influenced by grain size, stress and amount of stabilizer 

etc. 

1.6.1 Zirconia Phases 

The 3D atomic arrangement existing in zirconia can be classified by various crystal 

structures. This mechanism is specified as polymorphism. Each crystallographic phase of 

zirconia is thermodynamically stable at different temperatures. All crystallographic phases 

have different values of their lattice parameters, volume and density along with arrangement 

of atoms.  

1.6.2 Monoclinic Zirconia 

Zirconia exists in monoclinic form under ambient conditions in which 2% of hafnium 

oxide is present. The coordination number for zirconium ion is 7 for oxygen which occupies 

tetrahedral sites. The average value of spacing between Zr & O ions is 2.07Å and the spacing 

between 4 ions of oxygen is 2.21Å. In a m-zirconia phase an angle (123.3o) possesses 

different value from tetrahedral phase (109.5o). Four oxygen atoms in monoclinic phase 

possess curved structure while plane of remaining three oxygen atoms is completely irregular 

in zirconia plane (Hannink et al., 2000). Crystallographic structure of monoclinic zirconia 

can be seen in figure 1.6. In this structure red color represent oxygen atoms and blue color is 

for zirconium atoms. 

 

Figure 1.6: Crystal structure of monoclinic zirconia 
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 1.6.3 Tetragonal Zirconia 

Tetragonal phase of zirconia exhibits straight prism shape with rectangular shaped sides. 

The coordination number of zirconium ion is eight (figure 1.7). The distortion takes place in 

oxygen ions just like monoclinic phase. The distortion is due to tetrahedral shape of plane 

having the spacing between Zr ions and oxygens is 2.065Å and the distance among four 

others is 2.455Å in tetrahedron which rotates along right angle along c-axis (Vagkopoulou 

et al., 2009). All the materials in tetragonal zirconia polycrystal all substituents owe 

tetragonal crystal structures. At ambient conditions it is good at mechanical and biomedical 

applications. It is reported (Gupta et al., 1977) that m-phase possess low strength zirconia 

and high values of strength are attributed with t-phase of zirconia. Grain size has the great 

impact on the formation of tetragonal phase of zirconia. Tetragonal zirconia polycrystals 

possess superb characteristics below a critical grain size. The coefficient of thermal 

expansion for tetragonal zirconia polycrystals is just like the iron and iron-based alloys. Grain 

size can be controlled by various mechanisms. Amount (concentration) of stabilizer have a 

key influence on zirconia grain size (Denry and Kelly, 2008).  

 

Figure 1.7: Crystal structure of tetragonal zirconia 

In figure 1.7 red color represents oxygen atoms and blue color is for zirconium atoms. 

1.6.3.1 Role of Dopants in TPZ  

Tetragonal zirconium oxide is stable at high temperatures. Its stability can be 

obtained by adding different stabilizers i.e. Y3+, Mg2+, Fe2+, Fe3+, Ca2+, Gd3+, and Ga2+ 

(Basahel et al., 2012). Stabilizers create oxygen vacancies which results in stabilization 

(Pezzotti, 2014). 

1.6.3.2 Critical grain size of TZP  

Above the critical size tetragonal zirconia polycrystals is converted into monoclinic. 

Monoclinic transformation of tetragonal zirconia polycrystals is adaptable when grain size is 
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less than 1μm. The size of grain hinders the transition of tetragonal phase to monoclinic 

phase in zirconia polycrystals. Phase transformation can be also observed in the result of 

stresses induced in crystals. The biomedical use of the material can be enhanced by using 

comparatively lower grain size. Hence t-zirconia has boosted the desirable properties in this 

work with smaller grain size. 

1.6.4 Cubic Zirconia 

Cubic zirconia consists of cubic lattice which consists of eight oxygen ions. Oxygen 

ions are bounded in the arrangement (cubic) of cations termed as fluorite. Tetrahedral sites 

of the cubic lattice of the cations are occupied by oxygen ions (Vagkopoulou et al., 2009). 

Crystal structure of cubic zirconia can be seen in figure 1.8 where red color and blue colors 

are used for indication of oxygen and zirconium atoms. 

 

Figure 1.8: Crystal structure of cubic zirconia 

1.6.5 Phase Transformation in Zirconia 

The martensitic starting and ending temperature limits the phase transformation range. 

Temperature and driving force have major influence in ‘tetragonal’ to ‘monoclinic’ 

transformation. In metastable constrained particles transformation takes at specified 

temperature. Practical implications consisted of increase in temperature results increased 

stress which is necessary for transformation. The local residual and applied stress raise a 

chance to increase the nucleation. In transformation method a zone is formed which is named 

as transformation zone, which is alike with crack tip. Topography and microstructure size 

are navigation for the strength of the material (Ehrenfest, 1933; Denry and Kelly, 2008; 

Becher and Swain, 1992). 
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1.6.5.1 Zirconia Stabilization 

Phase transformation in zirconia occurs during the cooling or heating phenomenon. 

Due to the phase transformation volume is varied resulting cracks in zirconia. This defect 

makes zirconia illegible for many biomedical applications. To get rid of this problem zirconia 

is stabilized with addition of some materials. These materials are said to be stabilizer and the 

final product is called Stabilized zirconia. 

1.6.5.2 Zirconia Stabilizer 

Researchers used various stabilizers which include yattria (Y2O3), calcia (CaO), ceria 

(CeO2), and magnesia (MgO) etc. Usually researchers use Y2O3. Previously reported 

stabilizers have their own limitations to stabilize zirconia for biomedical applications. In this 

work zirconia is synthesized by sol gel route and stabilized by iron oxide. Biocompatibility 

of the above said material is already proven by our research group. 

1.6.5.3 Mechanism for the Transformation 

Osmond named the zirconia crystallographic phase transformation as marten site type 

(kanchana and Hussain, 2013). In phase transition volume expansion (3-4%) is reversible.  

Nucleation and growth are involved in transformation mechanism. There are two theories to 

expound nucleation such as non classical and classical models. 

1.6.5.3.1 Non-Classical Model 

In non-classical model distortion of parent phase converted into martensitic product 

by parts. Then we can get the critical sized nucleus and homogeneous nucleation takes place. 

The nucleation is accommodated by stresses which are detected by the transmission electron 

microscopy. Formation of stresses is attributed to defects, morphology effects and thermal 

expansion (Heuer and Ruhle, 1985). 

1.6.5.3.2 Classical Model 

This model describes the heterogeneous process. In this model stresses are associated 

with cracks, micro cracks, defects at lattices. Chen and Chaio (1985) exhibited the 

relationship between the particle size and nucleation possibility. 

1.6.6 Partially Stabilized Zirconia (PSZ) 

Partially stabilized zirconia contains both cubic and tetragonal mixed phases. The 

cubic phase contains uniformly distributed precipitates of tetragonal phase. The tetragonal 
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phase of zirconia remains in its metastable state because of the presence of pure zirconia 

particles. Compressive forces arise due to presence of cubic phase that retains tetragonal 

phase. Cracks are produced in the result of this type of stress. The energy used by the above 

said transformation is quite enough to cease the formation of cracks. Partially stabilized 

zirconia contains large grain size cost effective and also contains high toughness at high 

temperature (Hoosain, 2010). Tetragonal phase of zirconia is stabilized by the doping of 

Yttria. Yttria is less stable above the critical grain size <0.2μm. The transformation of 

tetragonal to monoclinic phase is sensitive case. The hardness of Yttria is inversely 

proportional to the grain size. High temperature helps to attain the higher value of the 

hardness (Sarkar et al., 2013). 

1.6.7 Applications  

Due to distinctive properties compound of zirconia is being used in various fields. 

Different phases of zirconia have divergent applications (Dey et al., 2015). Monoclinic 

zirconia being absorbing material (Wang et al., 2014) can be used as a catalyst (Sato et al., 

2013). In gas sensors and biomedical applications t-zirconia is used (Imanaka et al., 2002). 

In solid oxide fuel cell c-zirconia is used (Bohnke et al., 2014). Mixed phase zirconia has 

applications to increase the oxidation rates (Chen et al., 2015).   

1.6.7.1 Zirconia-Biomaterial 

Zirconia has excellent mechanical properties. It is used in dental applications as a 

restorative dental material. Ceramic is used in orthopedic treatments. Ceramics have the 

ability of outstanding chewable strength. Pure zirconia describes the degree of 

biocompatibility with low value of toxicity. When zirconia surface is smooth and highly 

polished then this property made bond with fluid and the tissues of body very quickly 

(Kanchana and Hussain, 2013). Immune localized inflammatory reaction involves the 

nanoparticles from low temperature degradation (Chevalier, 2006). Very low toxicity of 

zirconia as compared with alumina and titania is proved by in-vitro study. Cytotoxicity, 

chromosomal, mutagenic, carcinogenicity alterations in fibroblasts or blood cells were not 

observed (Vagkopoulou et al., 2009).  

1.6.7.2 Zirconia-Dielectric Material   

Semiconductor industry demands the metal and metal oxide dielectric gates in 

transistors for nano devices. Variety of materials are available to be used in preparation of 
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high speed transistors with low power requirements. Zirconia is a high dielectric material. It 

is used in various applications when manufactured at nano scale to enhance the surface area. 

It is used in FET configurations owing to thermal expansion ratio. It can be a good 

replacement of silicon dioxide in the device then high dielectric constant can be attained by 

proportionally enhancing the layer thickness while gate capacitance remains constant. The 

tunneling current is decreased by increasing the layer’s thickness (Tahir et al., 2007; Nirmal 

et al., 2010). In the nanoelectronics appliances zirconia is used in the form of insulator and 

also in storage capacitors. 

1.6.7.3 Zirconia-Optical Material 

Zirconia is an opaque material having the high value of grain size that is much larger 

than its wavelength of light. It has high refractive index and very low absorption coefficient 

(Heffernan et al., 2002; Denry & Kelly, 2008).  Two interband transitions (indirect and direct) 

are corelated with photon absorption at 5.22eV and 5.87eV respectively (Heshmatpour et al., 

2011). When light falls on the tooth then there is possibility of scattering, reflection or 

transmission and then with the passage of time it reduces the thickness of the enamel and 

changed its color. It is used as the best translucent material in the dental applications.  

1.6.7.4 Zirconia-Electrical Material   

When we look forward towards the industries then zirconia is capable to be utilized 

in SOFC (solid oxide fuel cells). SOFC having high energy conversion efficiency can 

produce electricity. SOFC is a potential alternate to generate electricity because of its high 

energy conversion efficiency, less pollution level and as a fuel. To increase the efficiency, 

temperature is kept low and it will also reduce the cost. With increasing temperature cost and 

efficiency of the product will be affected. Size of the solid oxide fuel cells is the most 

important phenomenon. (Yamamoto, 2000; De-Souza et al., 1997). 

1.7 Significance of Work 
Zirconia can be used in harsh conditions because of its high value of melting point 

and its strength. It defies the construction of bonds with tissues therefore it creates problems 

in the inserting in fluid of human body. The surface modifications can make zirconia capable 

to be used in various biomedical applications. Development of improved zirconia 

nanoparticles requires surface modifications to make a good interaction between zirconia 

nanoparticles and body fluid and tetragonal phase zirconia stabilization.  
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Objectives of this research are listed below: 

i. Optimization of stabilizer (iron oxide nanoparticles) 

ii. Preparation of Iron oxide stabilized zirconia nanoparticles under various 

experimental approaches 

iii. Optimization of iron oxide stabilized zirconia nanoparticles  

iv. In vivo and in vitro studies are carried out 

v. We have tried to detect gastric cancer at earlier stage 

1.8 Layout of Thesis 
This thesis consisted of eight chapters. Chapter 1 explains the zirconia and iron oxide 

structure, its properties and its applications in different fields. Chapter 2 includes the 

literature review of the stabilizers along with their magnetic, mechanical and morphological 

properties. Review of various experimental techniques for synthesis of zirconium oxide 

nanoparticles. Chapter 3 is comprised of the study of iron oxide synthesis via sol gel method 

varying pH (1-11). Optimized samples of iron oxide are further used to stabilize zirconia. In 

chapter 4, Fe3O4 (at optimized pH) stabilized ZrO2 nanoparticles are studied which are 

prepared by conventional sol gel method. In this chapter iron oxide concentrations are varied 

1-10wt% for acidic and basic optimized pH values. In vitro investigations are carried out in 

this chapter for optimized samples. Chapter 5 investigates effect of microwave powers on 

Fe3O4-ZrO2 nanoparticles at different properties. In chapter 6 iron oxide stabilized zirconia 

nanoparticles prepared by conventional heating method along with effects of honey (capping 

agent) is studied. Chapter 7 shows the impact of microwave power on Fe3O4 stabilized 

zirconia nanoparticles along with the effect of capping agent in samples. Chapter 8 concludes 

the present research work.      
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Chapter 2   Literature Review 

2.1 Introduction  
Among the different phases of zirconia, tetragonal phase possesses high mechanical 

strength and biocompatibility. It is still a challenge to obtain room temperature stabilized 

zirconia. For this purpose, different types of stabilizers are added especially Yttria in different 

compositions have been added into zirconia to achieve stabilized tetragonal phase of zirconia. 

But it creates problems as it contains radioactive element (yttrium) which decays with time 

(Somiya et al., 2003). Various reports are available which shows t-zirconia can be synthesized 

by different methods listed below; 

1) Metal oxide dopant’s addition (Robert et al., 2001; Petrova and Todorovsky, 2006; 

Farhikhteh et al., 2010; Yao et al., 2011). 

2) Deposition with high temperature (Ji et al., 2001; Dosta et al., 2008). 

3) Particle size reduction (Gomez and Lopez, 1998; Bokhimi et al., 1998). 

4) Crystallization of amorphous phase (Garvie, 1965; Crucean and Rand, 1979; Dayal et 

al., 1992; Huang et al., 1995; Viazzi et al., 2008). 

5) Disintegration of ZrO2 by Ball Milling (Zhang et al., 2000). 

2.2 Literature survey  
Leib et al., (2016) elaborated the synthesis mechanism for zirconia microparticles 

stabilization by yttria. The content for ‘t’ and ‘c’ zirconia was optimized by Yttrium. For grain 

growth 2-5μm range of particles was synthesized. Particles passed through different heat cycles. 

Loss of the stability was observed before the addition of dopant and stability was attained when 

dopant was subjected. XRD studies showed the phase stabilization at 1400 ͦ C and Yttrium 

showed the rich domains.  

Sarkar et al., (2013) studied the preparation of yttria stabilized zirconia (YSZ) nano 

powders through calcinations of precursor. Yttrium nitrate and zirconium oxy-chloride were 

kept under heat treatment for 2 hours at 600 ͦ C. The shrinkage in the volume of the zirconia in 

the form of blank spaces was observed. It was observed that 13.5 GPa hardness in the zirconia 

in high temperature sintered zirconia blanks. The sponge like structure was observed. The 

interaction of primary and secondary particles gave the sponge like structure.  

Siarampi et al., (2014) enhanced zirconia stability. Low temperature degradation was 

the major cause for lowering of mechanical strength. Two types of yttria stabilized zirconia 

(YSZ) were used, one of them was taken as control and the other were aged. The linear 

relationship in monoclinic content and aging was found then the transformation from tetragonal 
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to monoclinic was obtained. Toughening was caused by this mechanism and failure of zirconia 

was tackled by this mechanism. FTIR confirmed the presence of monoclinic phase. The 

decrease in the micro cracks and strength was observed.  

Su et al., (2016) studied that controlling the hydrolysis rate can result in the preparation 

of microporous zirconia without any addition of acid or base. Samples were calcined and 

desiccated under the slight conditions. 1-2 nm pore size was obtained in the results. Pure phase 

of tetragonal zirconia was seen by XRD results. The pore size was changed with the variation 

of the carbon chain.  

Kundu et al., (2019) studied zirconia-toughened alumina. XRD analyzed structural 

investigations. Secondary crystallographic phases of zirconium titanium oxide and mixed 

oxides were observed. 

Kern et al., (2015) prepared the samples at 600°C. Sintering was utilized to blend the 

alumina/zirconia mixture. SEM described the spherical structure of zirconia particles. Grain 

size and their innovative structures were observed, which were due to temperature impact. Low 

volume fraction of monoclinic content was induced at 1475°C temperature. Hardness of 1900 

HV was varied with temperature variation from 1475 to 1575°C. When zirconia grains mixed 

with alumina grains then HV was dropped.   

Zirconia is bio-inert and bonding is not possible with the fluid in the body (Hao et al., 

2005). To revamp the surface and bonding, zirconia interacted with different grains of spherical 

shape.  

Raileanu et al., (2012) unified the sample, α-cyclodextrin was used as an organic 

additive which was in spherical shape. After providing heat it was converted into the crystalline 

form. The stable monoclinic zirconia was confirmed by SEM. The crystallite size of m-zirconia 

and t-zirconia was 38.8nm and 21.4nm respectively. Zirconia and α- cyclodextrin unveiled the 

IR spectra. The organic additives exhibited the bonds shifting. Calcinations source produced 

large amount of heat. At temperature 490°C and 550°C pure t-zirconia was seen. At 

temperature 550°C IR spectra showed m-zirconia phase. IR spectra also helped to see the 

sulfated ion in S-doped sample. The monoclinic to tetragonal transition was due to organic 

additives at provided temperatures. Lattice distortion took place due to the lower particle size. 

By reducing the particle size, stabilized zirconia was obtained. Due to the nano size of the 

material, it showed different properties at nanoscale. 

For many applications’ zirconia can be synthesized by various techniques which are 

above mentioned. In literature high temperature is induced for densification and compactness. 

When sintered then the grain boundaries are produced. Additive elements reduced the 
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mechanical strength. Researchers put efforts to reduce the temperature. Sol-gel (Riaz et al., 

2013) process was used to enhance the quality of zirconia by adding iron oxide in the samples. 

To get high temperature content iron oxide was mixed with Y-PSZ coating. Enhancement in 

the lattice size also enlarged the grain size.  

Chen et al., (2015) controlled the particle’s properties and phase composition. Yttria 

and ceria are applied on partially stabilized zirconia PSZ. Sample was calcined at 800°C and 

NaCl was added as additive. By addition of NaCl mixed phases were observed and increased 

content of additive resulted decreased t-content. XRD showed the crystalline structure along 

with 24.1 nm crystallite size measured by Scherrer’s formula. Particle has 60 nm size which 

was observed by scanning electron microscope (SEM) in the presence of NaCl. Properties of 

samples were tuned by content of NaCl. The crystallinity was raised due to addition of NaCl. 

Davar et al., (2013) performed sol gel method that yielded t-zirconia in the presence of citric 

acid. Ethylene glycol (EG) was used as solvent and (citric acid) CA was used as chelating agent. 

Impact of temperature was studied. The t-zirconia exhibited the size of nanoparticles in the 

range of 15-20 nm. Impact of pH was also observed. In acid and alkaline media structural 

variations were studied. These patterns were different because of crystal growth mechanism.  

Septawendar et al., (2013) studied the outcome of a base (ammonium hydroxide) on calcium 

oxide (calcia) using sugar as a masking agent. The solution was mixed with the sugar when 25% 

ammonia was added. XRD data showed the mixture of tetragonal and cubic phase of zirconia. 

The calcination temperature was 500 oC. When temperature was above 700 oC pure tetragonal 

phase of zirconia was formed. TEM study revealed that the size was reduced due to the mixing 

of sugar during the process. To stabilize the t-zirconia oxygen vacancies were induced in the 

presence of carbon atoms. SEM showed Grain size less than 250 nm of calcia 

stabilized zirconia nanoparticles. 

Basahel et al., (2012) added iron oxide in zirconia by using co-precipitation technique. 

Iron oxide was added in different amounts (5, 10, 15 and 20 wt%). Samples were prepared at 

500°C for 3 hours. Tetragonal and monoclinic phases were observed with undoped zirconia. 

When iron oxide was increased then monoclinic content was tending to reduce at temperature 

500°C. Size of crystals for m-zirconia and t-zirconia were sizes 16 nm and 28 nm respectively. 

Shape of samples was converted into semi hexagonal from spherical structure. Size of the 

nanoparticles varied from 14 to 40nm with iron oxide content. Under the Raman study no peak 

was observed. Absence of Fe/Fe2O3 peaks in FTIR spectra was due to the Zr–O–Zr stretching 

vibration especially in sample with 20wt% iron oxide loading. They further explained that this 
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was because Fe cations replaced some Zr cations in the crystal lattice resulting in stabilized t-

ZrO2.  

Goharshadi and Hadadian, (2012) studied the temperature’s impact on formation of 

stabilized tetragonal zirconia. Structural, vibrational and optical properties of zirconia were 

affected by temperature. Synthesis of zirconia NPs was carried out by MW assisted sol-gel 

route. Nanoparticles (NPs) were prepared at the temperature of 100 to 300°C for 5 hours 

calcination. Under the above-mentioned condition XRD pattern revealed that 20 nm average 

crystallite size of zirconia. Monoclinic zirconia bands were observed by FTIR spectra. The 

band gap varied from 5.45 to 5.58 eV.  

Joy et al., (2012) used quartz substrates for deposition of zirconia thin films. They 

studied the effect of sol concentration (10 wt%, 20 wt% and 40 wt%) of zirconium-n-butoxide 

in isopropanol and different properties were studied. Dip coating method was used for 

deposition of zirconia thin films. Solution having very low concentration that became 

observable after twelve coatings. With the annealing at 500°C, eight coatings yielded the pure 

zirconia. structural analysis showed that when the sol concentration is increased then FWHM 

of film was decreased. The grain size variation was observed in the range of 7.9-39.2 nm. The 

grain size was enhanced with the solution concentration. With the solution concentration the 

growth mechanism was also altered from vertical to lateral mode. Porosity of the film was 

decreased when refractive index is increased. 

Heshmatpour and Aghakhanpour, (2012) prepared powder of zirconia by Sulphur 

containing source using sol-gel method with pH 1 and 2. Zirconium acetylacetonate was used 

as a starting material. Powders were prepared at 400, 500, 600 and 700°C. At 700°C superfine 

structure was obtained with (004) and (400) peaks indexed in XRD. Sulfate and Zr-O-Zr bonds 

were observed by FTIR. The particle size 10-15 nm and structure were observed under the 

transmission electron microscope (TEM).  

Septawendar et al., (2011) prepared zirconia nanopowders by using oleic acid. They 

obtained a gel of Zr(OH)4 by dissolving zirconium chloride in water with addition of NH3. 

After that they added oleic acid in different ratios. Sample were heated in the electrical furnace. 

Monoclinic and tetragonal zirconia clusters obtained at different ratios. Crystal size varied from 

46.2nm to 55.3 nm. They observed uniform grains under SEM study of size 100 nm. Oleic acid 

resulted the agglomeration in the samples.  

As stated earlier different methods can be employed for zirconia stabilization. 

Microwave-assisted sol-gel method can be used for the synthesis of stabilized zirconia. 

Microwave assisted sol gel is considered best to prepare metal oxides. Size and shape of NPs 
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can be controlled by heating. Problems occurred due to the larger size of particles in the result 

of conventional heating (Kim et al., 2013). Conventional heating (CH) is not capable of 

competing microwave heating. Mixture of ‘t’ and ‘m’ phase were obtained at 400°C by the 

XRD patterns. The crystal size was 8.8 nm was calculated by Scherrer’s formula. TEM showed 

8.8 nm particle size. Strong peak was observed at 470 cm-1 in FTIR spectra. By microwave 

assisted sol gel method pure t-zirconia was not obtained. Although uniform heating was 

provided by the microwave to control the crystal structure and grain size in which multi and 

single mode microwave methods were used (Pedroza et al. 2005).  

Monaco et al., (2015) investigated the influence of microwave (MW) heating. The grain 

size was 80 nm and 96% t-phase content were obtained. The density was above 99% resulted 

by scanning electron microscope (SEM). Using a single mode microwave heating for six 

minutes at 1200°C, the zirconia samples attained the same density and shrinkage in volume as 

was observed in long time conventional heating at 1450°C. The observation from EDX showed 

the no impurity element in the resulted sample. FTIR spectra of samples (doped and un doped) 

were studied within the visible range.  

Gnanamoorthi et al., (2015) studied the effect of microwave radiations on Ce doped 

ZrO2 nanoparticles. 5, 10 and 15wt% of Ce doped zirconia nanoparticles were synthesized and 

calcined at 400°C. It was observed that Cerium doping in sample resulted in decreased band 

gap. Crystalline size varied in the range 8.9 nm to 9.7 nm. TEM exhibited the particle size of 

10-12 nm. Yttria contents did not show any effect on Zr structure. The role of vacancies and 

the crystallite size is observed for t-phase zirconia.  

Li et al., (2012) prepared nanoparticles of different pH (5, 7 and 9) using sol-gel method 

followed by thermal annealing at 500°C. Pure t-phase zirconia was obtained at pH 9 can be 

seen in XRD results. With the increase of pH crystallite size was decreased. The effect of pH 

in acidic and basic medium was studied.  

Haibo et al., (2016) showed that for stabilization of tetragonal zirconia crystallite size 

played an important role. Smaller crystallite size in acts as a steric hindrance for transformation 

of tetragonal zirconia to monoclinic.  

It is concluded from the literature survey that zirconia can be stabilized by varying 

conditions during synthesis mechanism. Various stabilizers can yield stabilized zirconia. 

Moreover, various stabilizers have their own limitations while using zirconia in biomedical 

applications. In present work tetragonal phase of zirconia is stabilized at room temperature by 

adding magnetite phase of iron oxide. 
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Chapter 3 Optimization of Superparamagnetic 

Iron Oxide Nanoparticles 
 

3.1 Introduction 
In the recent research age, synthesis of nanoparticles is attracting the attention of 

scientific community because of their enormous applications in science and technology. Small 

size along with large surface area makes them excellent choice with the aim of enhancing the 

structural, magnetic, dielectric and electrical properties (Sundar et al., 2020; Chamorro et al., 

2020; Dadfar et al., 2020). Ability to tune magnetic and dielectric of nanoparticles makes 

nanoparticles useful for applications ranging from biomedical field to electronic and spintronic 

devices. Among various materials of interest iron oxide, due to its different phases with diverse 

properties, has attracted world’s attention. Magnetic iron oxide nanoparticles have found wide 

biomedical applications including magnetic hyperthermia, drug delivery to target cells etc. 

(Dadfar et al., 2020; Lee et al., 2020; Ghosh et al., 2020a; Yusefi et al., 2020; Mirza et al., 

2020). But use of magnetic iron oxide nanoparticles are not limited to biomedical applications. 

Iron oxide nanoparticles have found wide uses in data storing devices (Teja and Pei-Yoong 

Koh, 2009). Moreover, switches based on magneto optical effects, single-electron transistor 

(Fiete et al., 2002) photonic crystals (Xu et al, 2002) and GMR (giant magnetoresistance) 

sensors (Ramimoghadam et al., 2014) are some of valuable magnetic applications of iron oxide 

nanoparticles.       

Magnetically, magnetite (Fe3O4), maghemite (γ-Fe2O3) and hematite (α-Fe2O3) are 

those crystallographic phases of iron oxide that are of utmost importance (Ramimoghadam et 

al., 2014; Riaz et al., 2013; Riaz et al., 2014a; Riaz et al., 2014b; Akbar et al., 2014a; Akbar 

et al., 2014b; Akbar et al., 2019c). Maghemite and magnetite has cubic crystallographic 

structures and possess ferrimagnetic behavior (Tc= ~ 863–945 K and ~ 850 K respectively) 

(Riaz et al., 2014b; Akbar et al., 2014b; Akbar et al., 2019). In magnetite octahedral and 

tetrahedral sites are taken by Fe2+. Fe3+ ions can only take position on octahedral sites (Riaz et 

al., 2014b; Akbar et al., 2014b). In crystal structure of maghemite, only Fe3+ ions are present 

and vacancies are created by the absence of Fe2+ ions. Hematite has different crystal structure 

i.e. it possesses hexagonal structure. Oxygen anions are arranged in hcp pattern. Iron cations 

are spread on the octahedral positions (Akbar et al., 2014a; Riaz et al., 2014c). Hematite is 
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antiferromagnetic in nature but it shows transition to ferromagnetic above Morin temperature 

(~260K) (Akbar et al., 2014b; Han et al., 2020).  

Physical properties of different phases and achievement of required phase according to 

application depends upon morphology, structure, distribution and synthesis route of 

nanoparticles (Bhavani et al., 2017). To date several chemical based methods including wet 

chemical reduction (Chaki et al., 2015), hydrothermal (Ghosh et al., 2020b), co-precipitation 

pyrolsis (Mirza et al., 2015), sol-gel (Zeb et al., 2017) have been utilized for production of iron 

oxide nanoparticles. Phase, shape and dimensions of nanoparticles are strongly dependent upon 

variation in pH, temperature, ionic strength, agitation, surfactants, and choice of salts used 

(nitrates, sulphates, chlorides) (Blanco-Andujar et al., 2012). However, in all of the synthesis 

methods used high temperature pre/post treatments are used along with use of complex reagents 

(Chaki et al., 2015; Ghosh et al., 2020b; Mirza et al., 2015; Zeb et al., 2017). Methods that use 

low temperatures require long processing hours (Ghosh et al., 2020b). Sol-gel synthesis is 

performed in present work to prepare iron oxide nanoparticles. In this technique, sol, colloidal 

suspension, is obtained by the hydroxylation and condensation of precursors. A gel is obtained 

then by condensation and polymerization process (Owens et al., 2016). This technique has 

good control on synthesis process, high temperatures are not required to get the stable phases 

and molecular level mixing of precursors in liquid results in homogeneous desired systems 

(Mohapatra and Anand, 2010). Solution pH is an important parameter which directly influences 

the properties of nanostructures. Morphology of nanoparticles is strongly dependent on H+ and 

OH- ions in the sol that controls the polymerization process in bonding of metal and oxygen 

(Mohapatra and Anand, 2010). Partial or complete agglomeration of nanoparticles depends 

greatly upon pH variation (Meng et al., 2016). Variety of work is done by researchers to study 

and tune the properties of iron oxide (FeO) nanoparticles (NPs) based on the pH variation. 

Zhou et al., (2001) studied pH range of 8.5-13.5 and obtained magnetite phase at pH 13.5 while 

at pH FeOOH and magnetite mixed phases were obtained at pH 8.5 and 10.5. Abedini et al., 

(2014) studied pH 5, 12 and 14 for iron oxide nanoparticles. pH resulted in formation of various 

complexes with multiphase magnetic properties. pH 12 resulted in formation of 

superparamagnetic magnetite phase and pH 14 showed tendency towards formation of 

paramagnetic iron (III) oxy-hydroxide. Yusoff et al., (2017) studied pH from 11.33 to 12.25 

using co-precipitation method for magnetite nanoparticles. They obtained small sized 

magnetite nanoparticles for pH 11.33 to 12.15 while large grain size was obtained for size 

larger than 12.15. Faiyas et al., (2010) studied pH 6, 9 and 11 for iron oxide nanoparticles. 
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They obtained ɛ-Fe2O3 phase for pH 6 and 9 and magnetite phase for pH 11. Mitra et al., (2007) 

studied pH of 13.0, 13.7 and 14.2 and obtained hematite phase with weak ferromagnetic 

behavior. Zhou et al., (2012) obtained hematite with pH 10.01 and magnetite phase with pH 

12.95. Up to our knowledge the extensive study of pH covering the whole pH range and effect 

of changes in pH on dielectric and impedance properties of magnetic iron oxide nanoparticles 

is missing in literature.   

Main focus of this research work is to study the phase changes caused by pH difference 

in iron oxide nanoparticles. These differences in pH and different phases of iron oxide are 

correlated with changes in magnetic and dielectric properties.  

3.2 Experimental Details 

3.2.1 Chemicals Required  

Iron nitrate nanohydrate (Fe(NO3)3.9H2O), ethylene glycol (C2H6O2), ammonia 

(NH3•H2O) were procured from Sigma Aldrich and use without any additional 

decontamination.   

3.2.2 Synthesis route of Iron oxide Nanoparticles  

For sol synthesis iron nitrate (Fe(NO3)3.9H2O) was the choice of precursor. 10ml 

deionized water (DI) was dissolved in 2g of iron nitrate with stirring for 10 minutes. 

 

Figure 3.1: Schematic for sol-gel synthesis of iron oxide nanoparticles  
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Reddish orange solution was then obtained by addition of ethylene glycol (C2H6O2, 

30ml) to above solution. DI water and ethylene glycol ratio was kept at 1:3. Iron oxide sol was 

attained by heating the resultant reddish orange solution on hot plate at 80°C for 6hours. This 

heating changes the color of sol to reddish black. For nanoparticles synthesis from sol, iron 

oxide sol was heated to 100°C. pH of iron oxide sol was the variable parameter. pH variation 

was done by ammonia (NH3•H2O) base. Schematic protocol for pH varied iron oxide 

nanoparticles is presented in Figure 3.1. 

3.3 Characterizations 
Structural investigation of iron oxide nanoparticles was done using “D8 Advance X-

ray Diffractometer” (XRD) by Bruker. Operating conditions of XRD included copper target 

with wavelength (λ=1.5406Å). The filter in XRD used for obtaining required wavelength was 

that of nickel. XRD analysis was performed for 2θ°=15-80°. Magnetic investigation was 

completed at room temperature for applied field varying from -15000Oe to +15000Oe using 

“7407 Vibrating Sample Magnetometer” by Lakeshore. Dielectric along with Impedance 

investigation was performed using “6500B Precision Impedance Analyzer” by Wyne Kerr 

using parallel plate arrangement. The frequency of applied electric field in this case was varied 

from log f = 1.3-7.3.      

3.3.1 Structural analysis 

XRD results for as-synthesized iron oxide nanoparticles are shown in Figure 3.2. 

Indexing of XRD patterns is done using JCPDS card no. 87-1165 (hematite), 39-1346 

(maghemite) and 72-2303 (magnetite).  pH 1 and pH 3 shows the amorphous behavior while 

rest of pH levels of sol shows the crystalline nature of iron oxide nanoparticles. Sol-gel process 

is based on solvolysis of iron nitrate in the solution. It is followed by the hydrolysis reaction 

that leads to initially the formation of iron hydroxide. In the next step polymerization process 

takes place that leads to bridging of Fe2+, Fe3+ and O2- ions. It can be predicted concentration 

of OH- at low pH is so low that growth of iron oxide phase in nanoparticles does not proceed 

because of the deficiency of Fe3+-OH- groups. As pH increases concentration of hydroxyl ions 

in the sol increases that acts as the first step for crystallization and phase formation in iron 

oxide nanoparticles (Riaz and Naseem, 2015a). At pH 2 hematite phase of iron oxide was 

observed. The broad peak corresponding to plane (012) at ~ 24.3˚ indicates small size of 

crystallites. These small crystallites further undergo a recrystallization process at pH 3 and 
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resulted in amorphous nature of nanoparticles. Further increasing the pH to 4 resulted in growth 

of the crystallites of hematite thus resulting in relatively sharper diffraction peaks. From pH 4 

to 6 the growth of these crystallites takes place resulting in increased crystallinity of 

nanoparticles as specified by increased intensity of XRD peaks. At pH 7 increased number of 

hydroxyl ions results in phase transition from hematite to maghemite phase. This phase 

evolution process is associated with breaking of larger crystallite to smaller crystallites thus 

resulting in broad diffraction peak at ~23.75˚ corresponding to plane (210). These crystallites 

then further colligate resulting in growth phase of crystallites at pH 8. At further high pH of 9 

and 10 changeover from maghemite structure to magnetite was observed. This phase 

conversion is associated with breaking of larger crystallites to smaller crystallites indicated by 

broad peak at ~18.25˚ corresponding to plane (111). Higher pH of 11 resulted in growth of 

these crystallites along with phase stability of magnetite phase. It is important pointing out, 

according to the best of authors information, that such transitions among different phases of 

iron oxide at room temperature are never reported before.                   

Use of de-ionized water during synthesis, as explained in section II Experimental details, 

only results in increasing the dissociation of precursor in water to produce Fe3+ and OH- thus 

increasing the number of building material required for growth and phase formation of iron 

oxide (Equation 3.1). Ethylene glycol act as the mild reducing agent (Equation 3.2, 3.3) 

(Kozakova et al., 2015). In this case ethylene glycol undergo dehydration process and results 

in formation of acetaldehyde that results in reduction of Fe3+ cations. Also, the water produced 

in this process (Equation 3.2) increases dissociation of the precursor. When ammonia was 

mixed in the sol for changing the pH to different levels it dissociates according to reaction 

represented in Equation 3.4 (Hu, 2009) thus increasing the number of hydroxyl ions in the sol. 

Hydroxyl ions produced during Equation 3.1 and 3.2 then react with Fe3+ and Fe2+ ions to form 

hydroxides of iron as represented by Equation 3.5 and 3.6. At low pH values because of less 

concentration of hydroxyl ions the probability of formation of Fe(OH)3 is high that further 

results in development of Fe2O3 phase (Equation 3.6). While at higher pH values because of 

the abundance of hydroxyl ions, Fe(OH)2 also increases in the sol whose reaction with Fe(OH)3 

results in development of Fe3O4 phase. 

Fe(NO3)3 +3H2O → Fe
3+ + 3OH− + 3HNO3            (3.1) 

2C2H6O2 ↔ 2C2H4O + 2H2O              (3.2) 

2C2H4O + 2Fe
3+ → C4H6O2 + 2Fe

2+ + 2H+            (3.3) 
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NH3. H2O → NH4
+ + OH−               (3.4) 

Fe3+ +3OH− → Fe(OH)3               (3.5) 

Fe2+ +2OH− → Fe(OH)2                     (3.6) 

Fe(OH)3 → Fe2O3 + H2O              (3.7) 

2Fe(OH)3 + Fe(OH)2 → Fe3O4 + 4H2O            (3.8) 

 

 

Figure 3.2: XRD patterns for as-synthesized iron oxide nanoparticles  

Variation in crystallite size (t) (Equation 3.9) (Cullity, 1956) and associated dislocation 

density (δ) (Equation 3.10) (Was, 2016) for iron oxide nanoparticles, with full width at half 

maximum (B) determined from XRD patterns in Figure 3.2, is shown in Figure 3.3. Size and 

phase of the chemically synthesized nanoparticles is strongly influenced by the presence of 

OH- and H+ ions in the solution that stimuluses the polymerization behavior of metal-oxygen 

bonds (Chand, 2019). Changes in ratio of OH- and H+ ions leads to changes in hydrolysis and 
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condensation rates in the sol thus influencing not only the crystallite/grain size of nanoparticles 

but also in obtaining different phases as observed in Figure 3.2. The two important process 

involved in particle formation are nucleation and aggregation. In the first stage several 

crystallites of small size are formed when the process of nucleation starts. In the second step 

these small crystallites then aggregate to form larger particles. So basically, when rate of 

aggregation is fast as compared to nucleation rate larger crystallites are observed. When 

nucleation rate is higher than rate of aggregation small crystallites is formed. Nucleation and 

aggregation rate are affected by several factors including concentration and interaction among 

anions and cations, phase composition etc. As pH of sol is varied the concentration of OH- ions 

is increased. At high pH, in alkaline medium, a supersaturated network is formed due to higher 

OH- concentration. This will result in slowing down of nucleation rate and thus must result in 

formation of larger crystallites (Huang et al., 2016; Kumar and Bhowmik, 2014). But it can be 

observed in Figure 3.3 that there are some abnormalities in the trend of crystallite size and 

dislocation density. These abnormalities are due to transition from one phase to another 

indicating a restructuring process. At pH 1-6, crystallite size increase from 6nm to 12.5nm 

along with decrease in dislocation density.  At neutral pH 7, there is an abrupt drop in crystallite 

size from 12nm to 5.32nm due to creation of maghemite phase of iron oxide nanoparticles. 

Crystallite size further increases to 15.5nm as the pH of sol increases to 8 for maghemite iron 

oxide nanoparticles. Further there is increase in crystallite size from 4nm to 17.32nm by 

increase in pH from 9-11.  

t =
0.9λ

Bcosθ
                 (3.9) 

δ =
1

t2
                (3.10) 
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Figure 3.3: (a) Crystallite size (b) Dislocation density plotted for changes in pH for iron oxide nanoparticles 

Figure 3.4 presents high resolution transmission electron micrograph for iron oxide 

nanoparticles prepared at pH 9. Well dispersed and circular nanoparticles are observed in the 

Figure 3.4. TEM results show that average crystallite size for ultrasmall iron oxide nanoparticle 

approximately ranges between 4-6nm which is in agreement with crystallite size discussed in 

Figure 3.3. Use of NH3•H2O as the pH controlling agent is the main factor for small size of 

nanoparticles because as pointed out by Safari et al., (2016) NH3•H2O releases OH- ions 

gradually in the solution thus helps in controlling the particle size.      

 

Figure 3.4: TEM for iron oxide nanoparticles 

3.3.2 Room Temperature Magnetic Analysis 

Magnetic characteristics of iron oxide nanoparticles prepared at room temperature and 

the associated M-H curve (Hysteresis loop) is shown in Figure 3.5. Magnetic hysteresis loop 

provides information regarding saturation magnetization, remnant magnetization and 

coercivity. Saturation magnetization represents magnetic spins alignment in a material 

(Bhavani et al., 2017). At pH 1, weak ferromagnetic behavior of iron oxide nanoparticles is 

observed with no saturation on the application of large externally applied magnetic field (15000 

Oe). Iron oxide nanoparticles prepared at pH 2 shows superparamagnetic behavior with 

saturation magnetization of 24.1emu/g and negligible coercivity (Figure 3.6(a,b)). XRD 

analysis (Figure 3.2) support this result with very small crystallite size of ~6nm at pH 2. In 

superparamagnetic nanoparticles, there is no hysteresis in the loop due to overlapping of 

forward and backward magnetization curve. This phenomenon arises as the particles size 

reduced down to ~ 20nm. Ultrasmall size, absence of multiple domains and positive response 

to magnetic field make these nanoparticles single super spin particles with high value of 

susceptibility (Wahajuddin, 2012). At pH 3 an abrupt drop in saturation magnetization from 
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24.1 to 2.5emu/g is observed. Restructuring of iron oxide nanoparticles at pH 3 (as was 

observed in Figure 3.2) plus appearance of multiple domains extinguish superparamagnetic 

behavior and reduced the saturation magnetization value as well. At pH 4 ferromagnetic nature 

of nanoparticles appeared with increased saturation magnetization to 13.3emu/g. From pH 4-

6, there is increase in saturation magnetization from 13.3-17.7emu/g because of the increased 

crystallite size (Figure 3.3). As pH of the sol was increased to neutral level i.e. 7 not only an 

increase in saturation magnetization to 69.1emu/g was observed but also conversion to 

superparamagnetic behavior was also observed. This increased magnetization and 

superparamagnetic behavior is attributed to transition from hematite to maghemite phase as 

was observed in Figure 3.2 which was also accompanied by reduced crystallite size.  As pH 

was increased to 8 superparamagnetic nature of nanoparticles changes to ferromagnetic nature 

with increase in coercivity and decrease in saturation magnetization to 42.7emu/g. This 

transition from superparamagnetic to ferromagnetic behavior is due to coalescence of 

crystallites as was observed in Figure 3.3. For pH 9 and 10, magnetic transformation from 

ferromagnetic to superparamagnetic iron oxide nanoparticles is seen with increased value of 

saturation magnetization due to phase conversion to magnetite phase along with reduced 

crystallite size (Figure 3.2 and 3.3). As discussed earlier for Figure 3.2 with increase in pH of 

the sol to 9 and 10 number of Fe(OH)2 increases thus probability that vacancies on the 

maghemite crystal structure are filled increases. This vacancy filling is responsible for 

transition from maghemite phase to magnetite phase with reduced crystallite size. Maximum 

saturation magnetization values 88.3 and 87.1emu/g are obtained for pH 9 and 10. As pH 

increases to 11, there is increase in OH- ions concentration in the sol (strong basic) that results 

in coalescence of nanoparticles thus resulting in transition from superparamagnetic to 

ferromagnetic behavior.  

Having a closer look at Figure 3.6 (a,b) reveal that for each phase superparamagnetic 

nanoparticles (pH 2, 7 and 9) exhibits relatively high saturation magnetization and low 

coercivity as compared to rest of the pH range studied. As the diameter of nanoparticles is 

reduced beyond a certain limit the particles behave as single domain particles as depicted in 

Figure 3.6(c). Fig. 3.6(c-d) shows coercivity plotted for changes in crystallite and domain size 

representing different domain regions. The high magnetization in these particles can be 

understood with the help of core-shell model. The core of the nanoparticles exhibits bulk like 

properties (ferrimagnetic in case of magnetite and maghemite and weak ferromagnetic for 

hematite). The shell comprises of uncompensated spins present at the surface and these 
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uncompensated spins interact ferromagnetically. The magnetization associated with these 

surface spins can arbitrarily change their directions under thermal fluctuations thus exhibiting 

larger magnetization under the applied magnetic field. As these surface spins are surrounded 

by ferromagnetic surface spins of other nanoparticles so the magnetic constrictions on the 

orientation are not strong. As the particle size is decreased number of surface spins contributing 

to magnetization increases (Manukyan et al., 2014). A comparison of magnetization of iron 

oxide NPs reported in this work is carried out with literature (Table 3.1). We can see in the 

above said table that saturation magnetization of our work is higher as compared to various 

literature stated values. Moreover, Table 3.2 shows size of single domain of iron oxide 

nanoparticles. 

      

 

Figure 3.5: M-H curves for iron oxide nanoparticles 
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Figure 3.6: (a) Saturation magnetization, (b) coercivity plotted for changes in pH, (c) and (d) Coercivity plotted 

for changes in crystallite and domain size representing different domain regions  

 

 

 

 

Table 3.1: Comparison of saturation magnetization of as-synthesized iron oxide nanoparticles with that of 

literature (FM= ferromagnetic, SPM=superparamagnetic) 

pH 

Magnet

ic 

behavio

r 

Phase 

Ms 

(emu/g

) 

Literature 

Method Phase 
Calcination 

temperature 

Magnetic 

behavior 

Ms 

(emu/g) 

1 
Weak 

FM 
---- 1.1 

Template assisted 

combustion method 

(Manukyan et al., 

2014) 

α-Fe2O3 1000K SPM 21 
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2 SPM 
α-

Fe2O3 
24.1 

Hydrothermal 

(Ghosh  et al., 

2020b) 

Fe3O4 --- SPM 81.5 

3 
Weak 

FM 
---- 2.5 

Hydrothermal 

method (Cursaru et 

al., 2020) 

α-Fe2O3 

+Fe3O4 
--- FM 30 

4 

FM 
α-

Fe2O3 

13.3 
Sol-gel (Zeb et al., 

2017) 
γ-Fe2O3 250˚C SPM ~65 

5 16.2 

Carbon templated 

Solution 

combustion (Ianoș  

et al., 2018) 

γ-Fe2O3 ---- SPM 26.2 

co-precipitation 

pyrolsis (Mirza  et 

al., 2015) 

γ-Fe2O3 275 ˚C FM 50.4 

6 17.7 Hydrothermal (Lei 

et al., 2017) 
Fe3O4 --- SPM 87.48 

7 SPM γ-

Fe2O3 

69.1 

8 FM 42.7 Precipitation 

method (Lassoued  

et al., 2018) 

α-Fe2O3 700˚C FM 6.42 
9 SPM 

Fe3O4 

88.3 

10 SPM 87.1 Hydrothermal 

method (Trpkov et 

al., 2018) 

α-Fe2O3 --- Weak FM 0.592 
11 FM 52.8 

 

 

 

 

 

Table 3.2: Size of single domain for iron oxide nanoparticles 

pH Magnetic behavior 
Crystallite size 

(nm) 

Size of single 

domain (nm) 

1 Weak FM --- 144276.7 

2 SPM 6 6.364765 

3 Weak FM --- 30566.01 

4 
FM 

9 36.2558 

5 11.5 41.13861 
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6 12.3 59.49123 

7 SPM 5.32 5.371135 

8 FM 15.5 62.21146 

9 
SPM 

4.032 4.112517 

10 4.695 4.773573 

11 FM 17.324 65.1727 

 

For polycrystalline materials, magnetocrystalline anisotropy is an important 

physiognomy for the material to considered for magnetic applications. Magnetocrystalline 

anisotropy (Keff) is the phenomenon where the magnetic anisotropy energy i.e. the internal 

energy of the system changes with changes in direction of magnetization. This energy is 

strongly dependent on crystal system of the specimen (Suganuma, 2018). For finding out the 

magnetocrystalline anisotropy M-H curves from Figure 3.5 were used. Figure 3.5 shows that 

change in magnetization at higher field strengths (>10000Oe) is very small. “Law of Approach 

to Saturation Magnetization” (Equation 3.11) (Cullity and Graham, 2011; Ziese and Thornton, 

2007) represents the connection between field applied and magnetization at high field strengths. 

In Equation 3.11 forced magnetization (χH) is insignificant below Curie temperature. “a” and 

“b” are the constants demonstrating the impact of microstress and magnetocrystalline 

anisotropy to magnetization, respectively.    

M = Ms (1 −
a

H
−

b

H2
) + χH             (3.11) 

Constant “b” is crystalline structure dependent and for cubic (magnetite and maghemite) 

and hexagonal (hematite) crystal systems the relation between “b” and magnetocrystalline 

anisotropy (Keff) is represented by Equation 3.12 and 3.13 (Cullity and Graham, 2011) 

respectively  

 b =
8Keff

2

105Ms
2               (3.12) 

b =
4Keff

2

15Ms
2               (3.13) 

Slope of the plot for magnetization vs. 1/H2 will give the values of “b” and then 

magnetocrystalline anisotropy was found by using Equation 3.12 and 3.13. Ms values required 

for Equation 3.12 and 3.13 were found by straight line extrapolation magnetization vs. 1/H2 

curves (Figure 3.7) when 1/H2 approaches to zero. The straight line curves in Figure 3.7 shows 
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that role from microstress can be ignored. Magnetocrystalline anisotropy is plotted for variation 

in pH of the sol in Figure 3.8. Main reason for the origin of magnetocrystalline anisotropy is 

because of spin-orbit coupling present in the crystal lattice (Kumar and Kar, 2014).    

  

Figure 3.7: Law of approach to saturation applied to iron oxide nanoparticles 

Figure 3.8: Magnetocrystalline anisotropy plotted for variation in pH 

Iron oxide nanoparticles are of excessive concentration attributable to its effectiveness 

in biomedical field including MRI (magnetic resonance imaging) (Dadfar et al., 2020), 

biosensing (Lee et al., 2020), drug delivery applications and bio-imaging (Mirza et al., 2020) 

and many more (Sundar et al., 2020; Chamorro et al., 2020; Wahajuddin, 2012; Bakhtiary et 

al., 2016). Origin of superparamagnetism is size reduction of magnetic materials to single 

domain.  For iron oxide nanoparticles the core diameter should be less than 20nm. 
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Superparamagnetic nanoparticles become magnetized on the application of magnetic field but 

do not hold any magnetization when external magnetic field is removed so, we can switch their 

magnetization ON or OFF (Wahajuddin, 2012; Bakhtiary et al., 2016). For biomedical 

applications it is required that superparamagnetic nanoparticles must have ultra-small 

dimensions and high saturation magnetization. One can bind these nanoparticles to drugs and 

an externally applied magnetic field can direct these nanoparticles to the tumor or towards any 

organ to be treated (Laurent et al., 2008). On the removal of magnetic field, due to absence of 

remnant magnetization and coercivity these nanoparticles do not agglomerate and hence don’t 

block the blood vessels and capillaries. 

3.3.3 Dielectric and Impedance Analysis  

3.3.3.1 Dielectric Constant 

Short ranged electrical conduction of material is dependent upon dielectric properties 

it exhibits. Charged particles in the material experience a displacement as a result of applied 

electric field and gets pile up at the interfaces and hence creation of dipoles takes place. 

Dielectric constant for a specimen with area A and thickness d for an applied field with 

frequency f is presented in Equation 3.14 (Macdonald and Barsoukov, 2005). 

ε =
Cd

εoA
               (3.14) 

Plots for dielectric constant for changes in frequency and for changes in pH are 

presented in Figure 3.9 and 3.10. It is observed that dielectric constant for pH 2-11 exhibits 

dispersion that is dominant at low frequencies and this dielectric dispersion decreases as 

electric field frequency increases. Such trends of dielectric constant are explained by “Maxwell 

Wagner Theory”. This theory states that there are dipoles present in the dielectric medium. 

Some time is required by these dipoles to align in a certain direction when field is applied. At 

lower frequencies the dipoles get enough time for their alignment in field direction. At higher 

frequencies because of high field reversal rate the dipoles are not able to align according to 

field direction thus resulting in reduced polarization. Moreover, a dielectric material is made 

up of grains and grain boundaries. Grains have conducting nature as compared to grain 

boundaries. Grains plays an active role at high frequencies and grain boundaries play their role 

at low frequencies. So, because of active role of grain and grain boundaries with different 

conductivities at different frequencies normal dispersion behavior is observed (Macdonald and 
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Barsoukov, 2005; Imran et al., 2008). Despite the normal dispersion behavior for pH 2-11, at 

pH 1 it was observed that value of dielectric constant again increases at high frequency (log f > 

6.5) of applied field. Normally at very high frequencies, electron hopping probability between 

octahedral lattice ions lag the applied electric field frequency and hereafter decrease in 

dielectric value is common in this regime of frequency. However, the dielectric anomaly at pH 

1 indicates that at high frequencies electronic polarization and electron hopping between 

different sites increases that give rise to increase in dielectric values. Moreover, inherent 

defects in nanomaterials like vacancies and interfaces tend to trap charged particles which in 

turn are released at higher frequencies thus, increasing the dielectric values (Imran et al., 2008; 

Shah et al., 2018). Transitions of dielectric constant with changes in pH showed that relatively 

low values of dielectric constant 74.7 and 54.5 (log f = 5.0) are observed for pH 1 and 3, 

respectively. This relatively low dielectric constant is due to amorphous behavior (Figure 3.2). 

Based on the analysis carried out by (Saravanan et al., 2009) amorphous nature of the materials 

gives rise to low polarizing ability as compared to that of the polycrystalline materials. 

Superparamagnetic hematite nanoparticles synthesized at pH 2 depicted dielectric constant of 

101.9 (log f = 5.0). Dielectric constant of ferromagnetic hematite nanoparticles at pH 4-6 

increases from 712.2 to 97.9 (log f = 5.0). For maghemite superparamagnetic (pH 7) and 

ferromagnetic (pH 8) dielectric constant of 112.8 and 81.4 (log f = 5.0) was observed. With 

changeover to magnetite phase at pH 9 increase in dielectric constant to 156.9 (log f =5.0) was 

observed that decreased to 98.5 (log f =5.0) as pH 11. Despite the resemblance in crystal 

structure of magnetite and maghemite, magnetite nanoparticles offer high polarization 

capabilities due to the presence of Fe2+ ions (Shah et al., 2018; Cuenca et al., 2016). In addition, 

it can be observed from Figure 3.10 that comparatively higher values of dielectric constant are 

seen in superparamagnetic nanoparticles of hematite (pH 2), maghemite (pH 7) and magnetite 

(pH 9, 10). As size of nanoparticles is reduced to superparamagnetic regime, grain boundaries 

effect increases which are reason for relatively high dielectric values. This effect will be 

discussed in detail later.  

Comparison of dielectric constant for iron oxide nanoparticles, obtained with changes 

in pH under as-synthesized conditions, with that stated in literature can be seen in Table 3.3.        
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Figure 3.9: Dielectric constant for iron oxide nanoparticles plotted for changes in log f 

 

Figure 3.10: Dielectric constant plotted for changes in pH of nanoparticles 

Table 3.3: Comparison of dielectric constant of as-synthesized iron oxide nanoparticles with that of literature 

pH Phase 

Dielectric constant Literature 

log f 
Method Phase 

Dielectric 

constant 3.0 4.0 5.0 6.0 

1 ---- 119.70 87.5 74.4 68.1 
Co-precipitation method 

(Kumar et al., 2018) 
Fe3O4 

61.94 at log f = 

6.0 

2 2173.6 257.4 101.9 78.3 Fe3O4 ~70 
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α-

Fe2O3 

Co-precipitation method 

(Azab and El-Menyawy, 

2019) 

Co doped 

Fe3O4 
~140 

3 ---- 62.1 57.1 54.5 53.5 
Sol-gel (Kumar et al., 

2019) 

α-Fe2O3 
45.02 at log f = 

5.0 at (T=380K) 

10% Zn 

doped α-

Fe2O3 

48.42 at log f = 

5.0 100KHz at 

(T=380K) 

4 

α-

Fe2O3 

115.7 84.5 72.2 66.5 
Sol-gel (Kumar  et al., 

2018b 
α-Fe2O3 66.9 at log f = 5.0 

5 164.6 85.4 77.5 75.2 Sol-gel (Ali  et al., 2018) α-Fe2O3 
1.8x10-2 at log f = 

5.0 

6 555.2 128.2 97.9 93.3 Wet Chemical 

Route (Ali  et al., 2015) 
γ-Fe2O3 ~50 at log f = 3.0 

7 γ-

Fe2O3 

1817.7 268.8 112.8 87.1 

8 188.5 97.9 81.4 69.4 Combustion method 

(Hiremath  and 

Venkataraman , 2003) 

γ-Fe2O3 
25-30 at f 

=10kHz 9 

Fe3O4 

748.8 243.3 156.9 128.4 

10 712.6 231.6 151.5 124.0 co-precipitation pyrolsis 

(Mirza  et al., 2015) 
γ-Fe2O3 ~28 at log f = 5.0 

11 470.3 152.8 98.5 80.7 

3.3.3.2 Tangent loss 

Tangent loss for iron oxide nanoparticles with resistivity ρ is presented in Equation 3.15 

(Macdonald and Barsoukov, 2005) and can be seen in Figure 3.11.  

tanδ =
1

2πfεεoρ
              (3.15) 

The two main loss mechanism in dielectric material include: 1) Resistive loss: At low 

frequencies dipoles have high enough energy to align according to the direction of applied field 

thus resulting in high losses. According to resistive loss mechanism space charges that are 

mobile in the dielectric medium require energy and the limiting factor for mobility of these 

charge carriers is the skin effect which is high in high frequency region. At higher fields the 

electron exchange between different ions is not synchronized and charges follow the field flow 

in almost parallel manner thus minimizing the losses. This trend is followed by nanoparticles 

prepared using pH 1-3. 2) Relaxation losses: These types of losses in dielectric material arise 

when natural frequency of jumping electrons between different sites become equal to applied 

field (Manohar et al., 2019; Kumar et al., 2014). (This results in resonance phenomena where 

the ions oscillate with maximum energy and thus results in relaxation peak (maximum tangent 
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loss) at a particular frequency as observed for nanoparticles synthesized with pH 4-11. The 

relaxation time is given by ωτ = 1 (Macdonald and Barsoukov, 2005) and is listed in table 3.4.  

            

Figure 3.11: Tangent loss for iron oxide nanoparticles graphed for changes in (a) log f (c) pH 

 

 

 

 

Table 3.4: Relaxation frequency fmax and relaxation time τ determined using Figure 3.10 (a) 

Ph 

Relaxation 

frequency fmax 

(kHz) 

Relaxation 

time τ (μsec) 

1 --- --- 

2 --- --- 

3 --- --- 

4 4.07 39.05 

5 1.07 148.48 

6 0.30 514.85 

7 0.20 761.52 

8 0.87 182.67 

9 0.20 761.52 

10 0.22 694.51 

11 0.24 648.16 
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3.3.3.3 Conductivity 

Conductivity of iron oxide nanoparticles was calculated using Equation 3.16 

(Macdonald and Barsoukov, 2005) and is plotted as function of frequency and pH in Figure 

3.12. Conductivity spectrum in Figure 3.12(a) is divided into two parts. First part is where 

conductivity shows constant trend. This part is frequency independent and represents the dc 

conductivity. Second part is frequency dependent part that shows dispersion and contributes 

towards ac conductivity of iron oxide nanoparticles. A general observation is that conductivity 

of charge carriers increases slowly by increased applied frequency field due to increased 

migration of electron with increasing frequency (Shah et al., 2018; Manohar et al., 2019; 

Kumar et al., 2014). Ac conductivity in iron oxide nanoparticles depends upon hopping of Fe3+ 

and Fe2+ions at octahedral positions. Changes in conductivity of iron oxide nanoparticles is 

consistent with changes in dielectric properties (Figure 3.10) and also with changes in phases 

observed in Figure 3.2.  

σ = 2πfεεotanδ              (3.16) 

     

Figure 3.12: Conductivity of iron oxide nanoparticles plotted for changes in (a) log f (b) pH  

3.3.3.4 Complex Impedance  

Impedance is a property that offered an opposition to the flow of electric current. 

Conduction in nanomaterials can be best comprehended on the base of complex impedance 

spectroscopy which is an effective technique to differentiate the resistive and conducting 

elements in the circuit. Complex impedance (Z*) is presented in Equation 3.17 (Macdonald 

and Barsoukov, 2005; Ali et al., 2018) while real (Z') and imaginary (Z'') impedance are given 

in Equation 3.18 and 3.19 respectively (Macdonald and Barsoukov, 2005; Ali et al., 2018). 
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Z∗ = Z′ − jZ′′               (3.17) 

Z′ = Zcosθ               (3.18) 

Z′′ = Zsinθ               (3.19) 

Figure 3.13 (a,b) shows the variation of real and imaginary impedance in iron oxide 

nanoparticles with respect to frequency. Two regions are observed in Z' plots (Figure 3.13(a)). 

First is the region of low frequencies in which there is a slight decrease in Z'. Second is the 

region in which Z' decreases monotonically and becomes constant at higher frequencies. This 

behavior is connected with conductivity of charge carriers observed in Figure 3.12(a) where 

conductivity increases at high frequencies (Panda et al., 2014; Thakur et al., 2015). Z'' (Figure 

3.12(b)) shows different relaxation peaks at different values of frequency for changes in pH. 

Information regarding grains and interface effects in poly crystalline materials can be realized 

on the basis of these relaxation peaks which demonstrate different relaxation mechanism 

happening in nanoparticles (Panda et al., 2014; Thakur et al., 2015). For pH 1 and 3 the 

relaxation peaks occur in low frequency region and both have amorphous nature and are weak 

ferromagnetic in nature. Relaxation peaks at different pH values spread in different zones of 

frequency explains the distinguished participation of grains and grain boundaries. To obtain 

the exact contribution of grains and grain boundaries towards the conduction process plots 

between -Z'' and Z', known as Cole-Cole plots, were studied (Figure 3.12(c)). Generally, Cole-

Cole plot contain of three semi circles. First semi-circle in high frequency regime represents 

the effect of grains resistance, second semi-circle in the middle range of frequency correspond 

to grain boundary resistance and the third one in low frequency range represents the resistance 

offered by grain to grain boundary interface. These plots provide information about electrical 

characteristics of material (grains and grain boundaries) (Macdonald and Barsoukov, 2005; 

Shah et al., 2018). Single semicircle observed in Figure 3.13(c) depicts very high grain 

boundary resistance when compared to grains. Zview fitting of these Cole-Cole plots was done 

with different electrical components to obtain the separate effect of grain and grain boundaries. 

The best fitted results were obtained using three circuit elements i.e. a low resistance to 

represent grains attached in series with parallel group of a high resistance and a capacitor that 

were used to represent grain boundaries. Results of the fitting are summarized in Table 3.5. 

Comparison of Table 3.5, Figure 3.10 and Figure 3.12 (b) shows that conductivity of iron oxide 

nanoparticles is affected by variations in grain boundary resistance.     
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Figure 3.13: (a) Real impedance (b) Imaginary impedance for iron oxide nanoparticles 

Table 3.5: Results of Zview fitting for Figure 3.13(c) 

pH 
Grain 

resistance (Ω) 

Grain boundary 

resistance (MΩ) 

Grain boundary 

Capacitance 

(pF) 

Relaxation 

frequency 

(kHz) 

Relaxation 

time (μsec) 

1 31.33 0.14 13924.93 0.081 1958.03 

2 18.99 0.52 169.04 1.79 88.47 

3 25.03 0.17 12682.72 0.075 2098.07 

4 21.83 0.027 21.09 281.84 0.56 

5 28.73 0.11 16.45 85.11 1.87 

6 31.42 0.36 19.64 22.38 7.11 

7 42.61 0.60 9.12 28.84 5.52 

8 114.69 0.16 3.36 281.83 0.56 

9 150.74 0.71 3.79 58.88 2.70 

10 160.43 0.66 5.09 46.77 3.40 

11 273.49 0.47 8.15 41.68 3.81 
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3.3.3.5 Complex Modulus 

Complex modulus spectroscopy is then made to consider the relaxation mechanisms. 

An electrical withstand of nanoparticles can be described on the base of charge carriers hopping 

(Behera et al., 2008). Modulus is represented using Equation 3.20-3.23 (Sahu and Behera, 

2018). 

M∗ = M′ + jM′′                  (3.20) 

Where, 

M′ = ωCoZ′′                  (3.21) 

M′′ = ωCoZ′                  (3.22) 

Co =
εoA

t
                   (3.23) 

Figure 3.14 (a,b) presents plot for real (M') and imaginary (M'') modulus. M' (Figure 

3.14(a)) exhibits minimum values for all pH at log f < 3.5. But then with increase in frequency 

(log f >3.5) M' increases asymptotically attaining a maximum value. This change in behavior 

is associated with short range mobility of space charge carriers. M'' (Figure 3.14(b)) shows 

relaxation peak at particular frequency. Below this relaxation peak charge carriers exhibits 

long-range motion whereas above this confining of charge carriers to potential wells takes place. 

Therefor presence of relaxation peak in M'' exhibits transition from long range mobility of 

space charge carriers to short range mobility. Therefore, in such type of materials the 

conduction mechanism is associated with hopping process (Sahu and Behera, 2018). 

Impedance information was also plotted using modulus formalism. Complex 

impedance plots in Figure 3.13(c) is useful for determination of high resistances while complex 

modulus plots (Figure 3.14(c)) are useful for determination of low capacitances of specimen. 

The peak heights in Z' vs Z" represents the resistance of specimen while M' vs M" plots are 

representative of inverse of the capacitance of specimen. Only a single semicircle is observed 

in Figure 3.14(c) indicating the dominant role of grain boundaries as was also evaluated from 

fitting results in Table 3.4.      
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Figure 3.14: (a) Real and (b) Imaginary part of Modulus as a function of frequency (c) complex modulus plots 

for iron oxide nanoparticles 

3.3.4 Hemolytic Activity 

Fresh human blood samples from blood bank were collected and stored in Vacutainer 

tubes coated with EDTA so that coagulation could be prevented. Further the tubes containing 

blood samples were centrifuged at 2000 rpm for 20 min. after centrifuged, two distinct regions 

were observed i.e. upper yellowish region containing plasma and lower layer of hematocrit red 

blood cells (RBC). Plasma was discarded according to safety rules and RBC were further 

washed three to four times with phosphate buffer saline (PBS) having pH 7.4 and again 

centrifuge was done. Afterwards washed RBC were re-suspended with 20 ml of PBS (to fill 

original level of plasma) to get PBS treated RBS as a –ve control (Rajapriya et al., 2019). RBC 

were treated with equal volume of nanoparticles prepared at pH 2 and pH 9 using  various 

concentrations i.e. 25 μg/mL to 125 μg/mL (with interval of 25 μg/mL). The samples were then 

incubated at room temperature (25 oC) for time interval of 30 min. positive control was 
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prepared by adding doxorubicin (10 mg) into the PBS treated RBC and incubated for 30 min 

at room temperature. All prepared samples were then centrifuged at 5000 rpm for 15 min. 

Obtained supernatant were utilized for the subsequent absorbance readings (Singh et al., 2020). 

Absorbance values recorded at 540 nm were used to find out the percentage of hemolysis (% 

lysis) according to following formula (equation 3.24).  

% lysis = (As – A0) / (A+ - A0)                                                                                             

(3.24) 

Here As, A0, A+ represents absorbance of RBC treated with nanoparticles, absorbance 

of negative control and absorbance of positive control respectively.  Figure 3.15 and 3.16 

exhibit the hemolysis response of control (positive and negative) and optimized iron oxide 

nanoparticles.  

 

Figure 3.15: Hemolysis activity of positive and negative control 

 

Figure 3.16: Hemolysis activity of (a) Untreated RBC and iron oxide nanoparticles (pH 2) using various 

concentrations and (b) Untreated RBC and iron oxide nanoparticles (pH 9) using various concentrations  

(a) (b) 
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Hemolysis process involves the denaturation of blood cells by mean of physiochemical 

interaction of nanoparticles and the cell surface. The hemolytic activity of optimized sample of 

iron oxide nanoparticles were used to determine the destruction rate of membrane of RBC 

which can leads towards the hemoglobin release into the plasma. Obtained results showed that 

all nanoparticles showed hemolysis activity in a concentration dependent manner. With 

increased concentration of nanoparticles i.e. 125 μg/mL maximum of hemolysis was observed 

which was ~ 6.24 % in case of pH 2 while ~ 5.9 % was observed for basic nanoparticles. While 

for lower concentrations, less than 5% of hemolysis was observed, which is safe to be used as 

reported previously (Vinotha et al., 2019; Abinaya et al., 2018). Lower concentrations of 

nanoparticles were found to be non-toxic and biocompatible according to percentage of 

hemolysis activity. This assessment was crucial, as without it the use of synthesized 

nanoparticles could result in dangerous uncontrolled conditions. 

3.3.5 Antioxidant Activity 

In human body various metabolic progressions and stresses propagates due to body 

environment in return various reactive species are generated. These species include free 

radicals, mainly ROS (reactive oxygen species). Increased ROS results in the damage of 

biomolecules structures as they can cause modification in their functions which leads towards 

cell death. The increased ROS can lead towards increased oxidative stress in the body and it is 

expressed in the form of various health diseases like age related disease, cardiovascular 

diseases and cancer (Grune et al., 2001; Noguchi and Niki, 2000). Antioxidant properties of 

nanoparticles have gained so much attention due to their vital role in inhibition of harmful 

effects of reactive oxidative stress. For the verification of capability of as synthesized iron 

oxide nanoparticles against ROS level DPPH (2,2-diphenyl-1-picrylhydrazyl) radical 

scavenging assay was utilized. Variety of samples with concentration of 250 μg/mL were 

prepared in the laboratory while optimized sample was used to prepare (50, 100, 150, 200, 250 

μg/mL) concentrations. For the preparation of 1mM stock solution of DPPH methanol was 

used as solvent. Further this stock solution (1mM DPPH) was utilized for the preparation of 

working solutions. Prepared working solutions were then incubated under dark conditions at 

37°C temperature (French et al., 1994). De-colorization was observed in the intense purple 

color of DPPH indicating strong antioxidant activity of prepared samples. To measure the 

absorbance of the prepared samples, UV–visible spectrophotometer was used. Decrease in 

value of absorbance was observed which indicates that scavenging activity of the prepared 
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samples is increased. For comparison of ROS percentage inhibition values (ROS %), ascorbic 

acid was used as positive control. ROS % of prepared samples were obtained by using DPPH 

assay according to Equation 3.25.  

ROS % = (1-(Ac/ A0)) × 100                                                                                               (3.25)      

 

Figure 3.17: Comparison study of antioxidant activity between iron oxide nanoparticles at various pH and 

positive control at 250 μg/mL 

 

Figure 3.18: Comparison study of antioxidant activity between iron oxide nanoparticles at pH 9 and positive 

control at various concentrations; inset showing de-colorization of DPPH 

 In equation 3.25, A0 is used for absorbance value of DPPH while Ac denotes 

absorbance value of prepared samples. In figure 3.17 and 3.18, comparison of antioxidant 

activity between iron oxide nanoparticles at various pH and positive control at 250 μg/mL and 

comparison of antioxidant activity between iron oxide nanoparticles at pH 9 and positive 

control at various concentrations is shown. Observed antioxidant values showed that 

synthesized nanoparticles have capability to scavenge ~ 72% of ROS.  
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3.4 Summary 
Iron oxide nanoparticles were prepared by sol-gel method by varying the pH of iron 

oxide sol. Hematite, maghemite and magnetite phases of iron oxide were justified by XRD in 

the pH range of 1-6, 7-8 and 9-11 respectively. TEM image showed size of 4-6 nm. In addition 

to structural transitions, magnetic transitions were also observed. Detailed structural and 

magnetic analysis proved that superparamagnetic iron oxide nanoparticles shows reduced 

particle size and enhanced magnetization properties. pH 2, 7, 9 and 10 exhibited 

superparamagnetic behavior while 4-6, 8 and 11 resulted in ferromagnetic behavior. Detailed 

dielectric analysis includes impedance and modulus spectroscopy which showed iron oxide 

nanoparticles prepared at pH 2, 7 and 9 showed excellent dielectric properties because of grain 

size effect observed in complex impedance and modulus plots. Obtained results showed that 

all nanoparticles showed hemolysis activity in a concentration dependent manner. With 

increased concentration of nanoparticles i.e. 125 μg/mL maximum of hemolysis was observed 

which was ~ 6.42 % in case of acidic pH (pH 2) and 5.9% in case of basic pH (pH 9). While 

for lower concentrations, less than 5% of hemolysis was observed. Lower concentrations of 

nanoparticles were found to be non-toxic and biocompatible according to percentage of 

hemolysis activity. Observed antioxidant values showed that synthesized nanoparticles have 

capability to scavenge ~ 72% of ROS. 
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Chapter 4      In-vitro Anti-cancer and Hemolytic 

Activity of Fe3O4 Stabilized Zirconia 

Nanoparticles-Sol gel Approach  

4.1 Introduction 
Oxide nanomaterials are good at their structural and mechanical characteristics at room 

temperature and high temperatures as well (Sanad et al., 2013; Johnston et al., 2010). 

Zirconium oxide is used efficiently to address the orthopedic issues due to its mechanical and 

structural characteristics (Li et al., 2013; Bukhari et al., 2018a; Bashir et al., 2015a). There are 

three phases of zirconia: 1) tetragonal zirconia (t- ZrO2), cubic zirconia (c- ZrO2), and 

monoclinic zirconia (m-ZrO2) (Li et al., 2013). These phases exhibit various temperature 

ranges to show their thermodynamic stability. Monoclinic phase is thermodynamically stable 

upto 1100°C, metastable phase (tetragonal) shows stability in the range of 1100°C to 2370°C 

while cube phase becomes stable at temperature more than the upper limit of tetragonal phase 

(Bukhari et al., 2018a). Amongst all the phases of zirconia tetragonal phase is good at 

mechanical properties but thermodynamic stability of the above said phase is big deal for 

researchers. There are various technical ways which can be adopted to stabilize the tetragonal 

phase. Relatively low and high temperature techniques have been used for tetragonal stability. 

High temperatures affect the samples immensely. In low temperature methods size of the grain 

plays a vital role in phase stability and mechanical characteristics as well (Ahmad et al., 2015; 

Krivtsov et al., 2013).    

Silva et al., (2011) reported that ambient conditions are not supportive in stability of 

tetragonality of zirconia. With the reduction in temperature upto room temperature, tetragonal 

to monoclinic transformation is observed. Few numbers of metal oxides i.e. CaO, Y2O3 and 

CeO2 are reported to be used as room temperature zirconia stabilizer and further these metal 

oxides can improve its properties as well (Fischer and Kersch, 2008). The key point behind the 

stabilization is charge unbalancing (Beg et al., 2007). Yttria is a very familiar and popular 

stabilizer up to now. Due to limited span of decay time its use is not good for cancer treatment. 

Iron oxide is a suitable candidate to overcome the demerits of yttria. It is already reported that 

iron oxide is biocompatible and can yield the room temperature stabilized tetragonal zirconia 

(Bashir et al., 2015a). Iron oxide based stabilized zirconia can be synthesized by ball milling, 

co-precipitation and sol gel etc. Sol gel method is adopted in this work because of its various 

merits. It is energy saving method and properties of the material can be optimized by varying 
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sol composition, rotation speed and deposition time. It is an excellent method to optimize the 

structure and particle size.  

Li et al., (2012) and Gupta et al., (1977) studied that the mechanical properties of 

zirconia can be enhanced with the miniaturization of the grain size of the samples. The size of 

grain can be controlled with the addition of an organic additive or by the help of heating process 

(Gupta et al., 1977; Heshmatpour and Aghakhanpour, 2011). Parera prepared acidic zirconia 

by using zirconium oxychloride salt. Ammonium chloride helped in precipitation formation. 

As prepared hydrated (n.H2O; n=3.5-4.0) was dried and saturated at 383K and with sulphuric 

acid respectively. Further heat treatment up to 673K and then 893K resulted the amorphous 

and tetragonal phase of zirconia (Borrell et al., 2013). Son et al., (2001) prepared zirconia by 

using various amounts of zirconium sulphate precursor. It is observed in this work that zirconia 

became stabilized at 500°C with 10 wt% precursor content. Siddiqui et al., (2012) achieved 

less than 50 nm diameter of the nanoparticles of zirconia using two different salts. They used 

Sodium laurel sulphate as a surfactant. Mixed phases of zirconia were observed at 600°C with 

both salts. You et al., (2012) resulted with the amorphous behavior of sol gel synthesized 

zirconia thin films at 600°C.   

Wang et al., (2017) prepared zirconia nanoparticles using vapor phase hydrolysis 

process. Different temperatures were varied as 400°C, 500°C and 600°C. Average diameter 

was calculated in range of 40 – 30 nm. Also in vitro cytotoxicity evaluation along with 

hemolytic activity of ZrO2 NPs showed no cytotoxicity and negligible hemolytic, respectively. 

Balaji et al., (2017) prepared zirconia NPs using green method and evaluated both antioxidant 

& anticancer activity on human colon (HCT-116) and human lung (A-549) carcinoma cell lines. 

XRD pattern confirmed the formation of tetragonal phase with average crystallite size ~9.6 nm. 

ZrO2 NPs showed less toxicity for gastric cancer cell lines and exhibited high scavenging 

inhibition up to 85.6 %. 

4.2 Experimental Work 
Sol gel method is used for the synthesis of acidic and basic iron oxide stabilized zirconia 

nanoparticles. The synthesis can be divided into two steps such as synthesis of zirconia and 

iron oxide (acidic and basic) sols. In zirconia synthesis Octa hydrated Zirconium oxychloride 

and distilled water played role as a salt material and solvent respectively. Solution was kept at 

hotplate and stirrer. A magnetic stirrer having 2cm length was used in the dissolution process. 

Solution was stirred and heated at 50°C for an hour. For the synthesis of acidic and basic iron 

oxide nanoparticles altered co-precipitation method was adapted. These nanoparticles (acidic 
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and basic) of iron oxide were added in transparent and shining sol of zirconia. Various samples 

differ according with the addition of iron oxide weight percentage in zirconia sol such as 1wt%-

10 wt%.  

4.3 Results and Discussions 

4.3.1 Structural Analysis 

Figure 4.1 shows XRD data of acidic iron oxide added zirconia nanoparticles. Iron 

content is varied from 1wt%-10wt%. Acidic iron oxide shows mixed phases such as monoclinic 

(m) and tetragonal (t) at all concentrations. Diffraction peaks (011), (111) and (11-2) at 

approximately 23.1o, 32.5o and 40.8o angles (2 theta) respectively are representatives of 

monoclinic phase of zirconia. These planes show good matching with JCPDS card no. 13-307. 

The diffraction planes (112), (202), (300), (113), (231), (400) and (330) at 43.1o, 49.2o, 

53.5o, 58.5o, 68.7o, 73.6o and 78.2o angles (2 theta), respectively represents the tetragonal phase 

and matched with JCPDS card no. 17–923. In acidic iron oxide stabilized series excess of 

hydrogen cations yields mixed phases of zirconia (McGill et al., 2009). 

 

Figure 4.1: XRD patterns of zirconia nanoparticles stabilized with different concentrations 

of iron oxide (pH 2)  
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Figure 4.2 reveals the XRD data for basic iron oxide stabilized (1-10wt%) zirconia 

nanoparticles. At 1-2wt% iron oxide, mixed phases (m-ZrO2 and t-ZrO2), can be seen. At 4 wt% 

and 7-10wt% amorphous behavior along with a clear hump is observed. These humps indicate 

the metastable tetragonal phase of zirconia. It can be seen that pure tetragonal phase of zirconia 

is observed at 5-6wt% content of basic iron oxide. In these curves there is no contribution of 

monoclinic phase. These planes (111), (112) and (113) present at angles (2 theta) 31.5o, 43.9o 

and 56.1o are according to JCPDS card no. 17–923. A clear and complete transition from 

monoclinic to tetragonal zirconia phase is observed in basic iron oxide having content of 5 - 6 

wt%. This reveals the stabilization of zirconia. This transition might have happened because of 

the excess of more hydroxyl ions at 5wt% - 6 wt% basic Fe3O4 content. Hydroxyl ions are 

responsible for the strong interactions at lower values of energy causing volumetric changes 

(Yun et al., 2013) that may result in tetragonal rather than monoclinic phase. Chevalier’s model 

reveals that removal of hydroxyl ions can be a reason for reduced volume of the particles (Ho 

et al., 2012).  

 

Figure 4.2: XRD patterns of zirconia nanoparticles stabilized with different concentrations 

of iron oxide (pH 9)  

The key factors that may affect the crystal can be energy of the grain boundary, energy 

and diffusion mechanism of the surface atoms (Gao et al., 2009). Garvie (1965) proposed a 
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report that zirconium oxide’s phases may depend upon the size of the crystallite. It was also 

reported that stable tetragonal phase of zirconia was observed in crystals having size below 30 

nm. 

Debye Scherer gives the formula to calculate the crystallite size of the particles as given 

in Equation 4.1. 

D = 0.9 λ / B cos θ                                                                                                              (4.1) 

Where D, B, λ and θ represent crystallite size, full width half maximum (FWHM), 

wavelength of X-ray and Bragg angle respectively. Crystallite size of iron oxide stabilized ZrO2 

nanoparticles increases with increase in iron oxide content. When two different crystals are 

combined with each other with different size and orientation then change in crystal takes place 

(Bashir et al., 2014a). In literature, it was clear that phase transition happens when crystallite 

size is reduced (Bashir et al., 2014b). Crystallite size is increased after the stabilization. 

Crystallite size for pure tetragonal phase samples (5-6 wt% basic content) is observed 25.53 

nm for 5wt% and 26.91 nm for 6wt%.  

Dislocation density by using Equation 4.2, was calculated. Large dislocation lines/m2 

are due to the mixed phases (Mahmood et al., 2013; Denry and Kelly, 2008). Major cause of 

transformation of monoclinic to tetragonal is due to change in lattice parameters and unit cell 

volume. Almost 3 to 5 % volume shrinkage leads to tetragonal phase (Cullity, 1956).  

Dislocation density = 1/D2                                                                                                                                                   (4.2) 

Where D denotes crystallite size. Dislocation density for pure tetragonal phase samples 

(5-6wt% basic content) is observed 1.53×1016 for 5wt% and 1.38×1016 for 6wt%.  

4.3.2 FTIR Analysis 

Figure 4.3 exhibits FTIR spectra for 1wt%-10wt% of Fe3O4 stabilized zirconia in acidic 

(Figure 4.3(a)) & basic (Figure 4.3(b)) media. In acidic media, for all variations bands of both 

monoclinic and tetragonal phases are present; vibrations at 470 cm-1 and 668 cm-1 corresponds 

to monoclinic and vibration of tetragonal present at 510 cm-1 and can be relatable with XRD 

analysis (Figure 4.2(a)). In basic media, both monoclinic (470 cm-1 and 670 cm-1) and 

tetragonal (510 cm-1) bands are appeared for 1-2wt%. Whereas, strong band in basic media, at 

510 cm-1 relates with pure tetragonal phase of zirconia and consistent with XRD results. Bands 

of monoclinic and tetragonal are fit accorded with literature (Sanad et al., 2013; Johnston et 
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al., 2010). Furthermore, both acidic & basic media have bands in 1300-1500 cm-1 region which 

are due to C=C (Li et al., 2013). Small band at 1695 cm-1 and 1697 cm-1 are related to C-H 

bending vibration (Bukhari et al., 2018a). Also, band at 2357 cm-1 are related to CO2 trapped 

during oxides formation (Bashir et al., 2015b). 

 

Figure 4.3: FTIR of zirconia stabilized by various concentrations of iron oxide (a) acidic and (b) basic  

4.3.3 Dielectric Analysis 

Dielectric investigations need to be carried out for any oxide nanomaterial before 

applying in any application.  Dielectric constant and tangent loss calculations are carried out 

by using the Equation 4.3 and 4.4.  

ε = Cd/Aεo                                                                                                                             (4.3) 
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tanδ =1/2πfεεoρ                                                                                                                     (4.4) 

In order to measure the dielectric properties, iron oxide stabilized zirconia powder was 

converted into pellets having diameter of 10mm. Figure 4.4 and 4.5 show variation 

of dielectric constant in frequency range (i.e 20Hz - 20 MHz) for iron oxide (acidic and basic 

respectively) stabilized zirconia nanoparticles. Normally dielectric constant and tangent loss 

show two types of dispersion trends with applied frequency. One of them is normal dispersion 

and second is anomalous dispersion trend. Normal dispersion trend is observed in this work for 

dielectric constant. Value of dielectric constant is high at low frequency region and then 

decreases as frequency increases, and finally becomes constant at high frequency region. This 

type of dispersion is according to Maxwell-Wagner type of interfacial polarization, and related 

with Koop's phenomenological theory (Bhide et al., 2012). At low frequencies dipoles have 

enough time to align themselves according with the direction of applied field. As frequency is 

increased then dipoles are unable to respond the applied field resulting in low value of dielectric 

constant. At frequencies log f > 2 dielectric constant shows almost constant behavior. Grains 

have low electrical resistance while grain boundaries have high resistance. Maxwell-Wagner 

interfacial polarization appears in grain boundaries due to charge accumulation in high resistive 

boundaries. In low frequency region, grain boundaries (poorly conductive) are effective due to 

their interior morphological defects while in high frequency region, grains (highly conductive) 

are effective (Allaker, 2010). Thus, decreased behavior of dielectric in high frequency region 

is attributed to interior grains as hopping of charge carriers do not follow external field reversal 

even for very short time (Pereira et al., 2006). Moreover, at high frequency region, interfacial 

polarization weakens and dielectric constant values become nearly constant. 
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Figure 4.4: Dielectric constant of acidic iron oxide stabilized ZrO2 nanoparticles 

 

Figure 4.5: Dielectric constant of ZrO2 nanoparticles stabilized by using various concentrations of basic iron 

oxide  
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Loss tangent (tan δ) represents the energy dissipation in the dielectric system. Figure 

4.6 and 4.7 reveal that tangent loss show normal dispersion behavior. It has been observed that 

tan δ decreases with the increase in frequency for all the compositions, which may be due to 

the space charge polarization. Values of tangent loss for acidic and basic series remains less 

than one. These values have a close agreement with literature. The minimum value is observed 

for zirconia having 5wt% content of basic iron oxide. At the said conditions minimum tangent 

loss can be justified from XRD pattern showing phase pure tetragonal zirconia.  

 

Figure 4.6: Tangent loss of ZrO2 nanoparticles stabilized by using various concentrations of acidic iron oxide 
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Figure 4.7: Tangent loss of ZrO2 nanoparticles stabilized by using various concentrations of basic iron oxide 

Figure 4.8 shows the conductivity behavior of the acidic iron oxide stabilized zirconia 

nanoparticles. Figure 4.9 shows the conductivity behavior of the basic iron oxide stabilized 

zirconia nanoparticles. These curves can be divided into two regions. Prior is in which 

conductivity shows constant line at lower frequency (log f < 7.3) values named as d.c. 

conductivity. Free charge carriers present in dielectric medium cause this type of conductivity. 

When frequency becomes higher (log f > 7.3) then conductivity alters its behavior and shows 

variations with frequency. This type of conductivity named as a.c. conductivity is attributed to 

bound charges present in the material. These bound charges start hopping across potential wells. 

At higher frequencies hopping process is synchronized and an increasing trend in conductivity 

is observed. Values of a.c. conductivities are calculated by using the equation 4.5 (Nomura et 

al., 2013).  

ϭ = 2πfεεotan δ                                                                                                                       (4.5) 

It is observed that values of conductivity increased with increase in acidic iron oxide 

content. Minimum and maximum observed values are 0.87 S/m and 2.67 S/m respectively. 

While in case of basic media, zirconia yields maximum conductivity of 3.2 S/m at 2 wt% It 
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gives 1.5 S/m at 5 wt% iron oxide content where pure tetragonal phase is observed (Nomura et 

al., 2013).  

 

Figure 4.8: Conductivity of ZrO2 nanoparticles stabilized by using various concentrations of acidic iron oxide 

 

 Figure 4.9: Conductivity of ZrO2 nanoparticles stabilized by using various concentrations of basic iron oxide 
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Presence of grains and grain boundaries plays vital role in the study of dielectric 

materials. Impact of grains and grain boundaries can be understood with the help of Cole-Cole 

plot that can be obtained by drawing real part of impedance along horizontal (x-axis) line and 

imaginary part of impedance along vertical (y-axis) line. Usually an ideal Cole-Cole is 

comprised of three semicircles. These can be distinguished by their frequency ranges. 

Semicircles lying at high, mid and low frequencies represent the opposition offered due to 

grains, grain boundaries and interfaces. In this work only one semicircle is found (figure 4.10). 

This is an indication for presence of high values of grain boundaries resistance (Davar et al., 

2013). 

 

Figure 4.10: Cole-Cole plot of ZrO2 stabilized by various concentrations of iron oxide (a) acidic and (b) basic 

   

 

4.3.4 Mechanical Properties 

Table 4.1 reveals the behavior of hardness for different iron oxide concentrations. 

Hardness is an ability of the material to resist the indent mark on surface of the material. In 

polycrystalline powders hardness exhibits usually inverse relation with grain size. In this work 

load of 4.9N is applied for 15 seconds to engrave the indent. Maximum value of hardness 

(1332±5 HV) is observed for 5% iron oxide concentration in basic zirconia. This value is 

observed where pure tetragonal phase is observed as shown in XRD data.   
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Table 4.1: Hardness values for ZrO2 nanoparticles stabilized by various concentrations of acidic and basic 

iron oxide  

Iron oxide 

Concentration (%) 
Acidic/Basic 

Hardness Vickers (HV) at 

constant load* and time** 
Zirconia Phase 

1 Acidic 735±5 Monoclinic-tetragonal 

2 Acidic 740±5 Monoclinic-tetragonal 

3 Acidic 867±5 Monoclinic-tetragonal 

4 Acidic 930±5 Monoclinic-tetragonal 

5 Acidic 943±5 Monoclinic-tetragonal 

6 Acidic 960±5 Monoclinic-tetragonal 

7 Acidic 949±5 Monoclinic-tetragonal 

8 Acidic 1030±5 Monoclinic-tetragonal 

9 Acidic 1042±5 Monoclinic-tetragonal 

10 Acidic 920±5 Monoclinic-tetragonal 

1 Basic 1029±5 Monoclinic-tetragonal 

2 Basic 1035±5 Monoclinic-tetragonal 

3 Basic 935±5 Amorphous 

4 Basic 940±5 Amorphous 

5 Basic 1332±5 Tetragonal 

6 Basic 1239±5 Tetragonal 

7 Basic 964±5 Amorphous 

8 Basic 957±5 Amorphous 

9 BAsic 935±5 Amorphous 

10 Basic 941±5 Amorphous 

4.3.5 Hemolytic Activity 

For hemolytic activity, human blood samples were collected from blood bank and 

stored in Vacutainer tubes with coating of EDTA to avoid coagulation. These samples were 

centrifuged at the speed of 2000 rpm for 20 min and upper yellowish liquid i.e. plasma was 

discarded according to safety rules. Remaining blood cells were washed with phosphate buffer 

solution having pH 7.4 various times. After washing step, red blood cells (RBC) were re-

suspended with PBS. These PBS treated RBC were considered as –ve control (Rajapriya et al., 

2019). Further RBC were treated with equal amount of nanoparticles solutions prepared at 

various concentrations i.e. 25 μg/mL, 50 μg/mL, 75 μg/mL, 100 μg/mL and 125 μg/mL. 
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Afterwards incubation was done at 25 oC for time period of 30 min. For positive control 

doxorubicin with 10 mg potency was added into the PBS treated RBC and further incubation 

was done for 30 mints at 25°C. All synthesized samples were centrifuged at speed of 5000 rpm 

for 15 mints. Obtained supernatant were utilized for the subsequent absorbance readings (Singh 

et al., 2020). Equation 4.6 was utilized to find out the percentage of hemolysis using absorbance 

values recorded at 540 nm.  

% hemolysis = (As – A0) / (A+ - A0)                                                                                    (4.6) 

Here As, A+ and A0 represents absorbance of RBC treated with nanoparticles, 

absorbance of positive control and absorbance of negative control respectively. 

 

 

Figure 4.11: Hemolytic activity of (a) positive and negative control, (b) untreated RBC and optimized sample at 

various concentrations  

(a) 

(b) 
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Results obtained after performing hemolytic activity showed that hemolysis activity is 

concentration dependent. Maximum hemolysis (~5.11%) was achieved by using highest 

concentration i.e. 125 μg/mL. While less than 5% of hemolytic activity was observed for all 

lower concentrations which is safe to be used according to previous studies (Vinotha et al., 

2019; Abinaya et al., 2018). According to figure 4.11 results based on percentage of hemolysis 

activity showed that low concentration of nanoparticles is non-toxic and biocompatible. 

Without assessment of hemolysis activity, use of synthesized nanoparticles could be dangerous 

with uncontrolled conditions. 

4.3.6 Antioxidant Activity 

For survival against the damaging effects of reactive oxygen species, compounds 

having antioxidant nature are most promising. DPPH (2, 2, diphenyl-1-picryl hydrazyl) method 

was used to investigate the free radical scavenging ability of iron oxide stabilized zirconia 

nanoparticles (Grune et al., 2001). De-colorization occurs from intense purple color to pale 

yellow as DPPH neutralized on gaining Hydrogen (H) atom from the antioxidant material. 

Methanol was used as solvent to yield 1mM DPPH solution as well as various concentrations 

(i.e. 50 - 250 μg/mL) with interval of 50 μg/mL of optimized (Iron oxide stabilized zirconia) 

nanoparticles. For antioxidant activity, 1ml solution of DPPH was dissolved in 3ml solution in 

all concentrations, kept at 37 oC under dark conditions. Regulation of free radical-scavenging 

process was confirmed by the de-colorization of intense purple color of DPPH on interaction 

with iron oxide stabilized zirconia nanoparticles. Absorbance of samples were measured by 

UV–visible spectrophotometer at ~517 nm. The DPPH radical scavenging activity results 

increased with increasing concentration of iron oxide stabilized zirconia nanoparticles 

(Noguchi and Niki, 2000; French et al., 1994). The percentage radical scavenging potential, 

using DPPH assay, was measured by using Equation 4.7.      

   RSA (%) = {(Acontrol - Asample)/ Acontrol} × 100                                                                   (4.7) 



Chapter 4      

 

63 

 

Figure 4.12: Comparison study of antioxidant activity of optimized sample of Fe3O4 stabilized zirconia and 

positive control 

In figure 4.12 RSA percentage Fe3O4 stabilized zirconia nanoparticles in comparison 

with control group are shown. It is observed that iron oxide stabilized zirconia nanoparticles 

demonstrated ~76 % scavenging inhibition capability. Higher antioxidant activity is because 

of the effective transferring of electron density of oxygen atom (present in ZrO2) towards odd 

electrons positioned at nitrogen atom (present in DPPH). Iron oxide addition during zirconia 

synthesis (as a stabilizer) helped in effective electron transfer and, thus, enhanced antioxidant 

activity of iron oxide stabilized zirconia nanoparticles was observed. 

4.3.7 Cell Viability 

Human gastric cell lines were cultured in DMEM (Dulbecco's Modified Eagle's 

Medium) accompanied with antibiotic (penicillin) and 10% heat-inactivated FBS (fetal bovine 

serum) using 96 well plates. Incubation was done at 37°C in the presence of 5% CO2 vapor. 

To find the effect of nanoparticle on the viability of cancerous cells, cells were exposed with 

different concentrations of nanoparticles. The viability effects of optimized sample were 

evaluated by mean of MTT (3-(4, 5 dimethythiazol-2-yl)-2, 5diphenyl tetrazolium bromide) 

assay. Using this assay cultured cells were incubated for 24 hours at 37°C before exposure with 

nanoparticles. After incubation various concentrate ions of nanoparticles were added in the 

well plates at 37°C in the presence of 5% CO2 and 95% air for 24 hours. Experiment was 

performed in triplicate and untreated cells were used as positive control. MTT was added into 

the micro plates and again incubation was done for 4 hours using same conditions.  Afterwards 
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the media was discarded with the help of micro pipit. To dissolve formazan crystals due to 

MTT, dimethyl sulfoxide (DMSO) was added and plates were shaken well. Absorbance was 

measured with the help of microplate reader at 570 nm.  Percentage cell inhibition was 

determined using the following formula (Rajapriya et al., 2019). (Equation 4.8)  

Cell inhibition (%) = (1-As/Ao)  × 100                                                                                   (4.8) 

As is absorbance of sample while Ao is for absorbance of control i.e. untreated cancer 

cells.  

 

Figure 4.13: Concentration dependent effect of optimized nanoparticles on viability of human gastric cancer 

cells 

The dose-dependent cytotoxic activity of optimized sample of Fe3O4 stabilized ZrO2 

NPs, was observed for cancer cell lines i.e. gastric cancer cell lines. Cell viability was reduced 

significantly when the cells were treated with higher concentration of nanoparticles. In figure 

4.13 results showed that after 24 hours by varying the concentration up to 25 μg/mL, almost 

18% of viability was achieved. This can be due to the smaller size of the nanoparticles as 

particle size determines the severity of toxicity in any exposed cell (Yuan et al., 2017). Smaller 

nanoparticles possess higher cytotoxic properties compared with larger nanoparticles after a 

24-h exposure (Kovacs et al., 2016). Based on obtained results it can be suggested that 

synthesized nanoparticles are efficiently toxic to cancer cell lines and has potential in 

anticancer drug development.  
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4.4 Summary 
Acidic (pH 2) and basic (pH 9) iron oxide stabilized zirconia nanoparticles were 

synthesized by sol-gel method. Iron oxide content was added from 1-10wt%. Zirconia 

nanoparticles exhibited mixed phases at all concentrations but tetragonal content was increased 

when concentration is increased up to 10 wt%. Basic iron oxide with 5-6wt% concentrations 

showed tetragonal phase. Maximum value of dielectric constant and minimum value of tangent 

loss is observed for zirconia stabilized with 5wt% (basic) iron oxide.  Maximum hemolysis 

(~5.11%) was achieved by using highest concentration i.e. 125 μg/mL. While less than 5% of 

hemolytic activity was observed for all lower concentrations. It was observed that iron oxide 

stabilized zirconia nanoparticles demonstrated ~76 % scavenging inhibition capability. Higher 

antioxidant activity was obtained because of the effective transferring of electron density of 

oxygen atom (present in ZrO2) towards odd electrons positioned at nitrogen atom (present in 

DPPH). By varying the concentration 5-25 μg/mL, almost 18% of viability was achieved at 

25μg/mL. 
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Chapter 5        Radiolabelling and Biodistribution of 

Fe3O4 Stabilized 99mTC-ZrO2 

nanoparticles-Microwave Assisted 

Sol gel Approach 

 

5.1 Introduction 
In the previous few decades, modern developments in nanotechnology have delivered 

an entirely new cache to modern medicine, benevolenting arise to the alleged nano-medicine 

(Fangueiro et al., 2016; Min et al., 2015). This novel biomedical extent is inspirational for 

more explicit and efficient behaviors towards intricate diseases like   (Shi et al., 2017). Nano-

particles intervening as delivery vehicles for diverse pharmaceutical agents are leading in the 

field of nano-medicine, demonstrating about the 75% of the market stake of allowed nano-

medicines (Ragelle et al., 2017). Nanoparticles have also gain fame in other fields of nano 

medicine such as diagnosis, theragnostic and localized therapy due to their precision, better 

sensibility and ability of detection. Many of nanoparticles have been anticipated as nano-

medicines and most popular of them are lipid and liposome based nano-medicines, polymeric 

micelles, polymer-drug conjugates and various inorganic nanoparticles (Vallet-Regi et al., 

2001; Manzano and Vallet-Regi, 2010; Manzano and Vallet-Regi, 2018; Baeza et al., 2018).   

An ideal nanoparticle to be used as theranostics is one which is non‐immunogenic and 

safe also whose accumulation in diseased tissue is rapid as well as degradation from human 

body in a specific time period is achieved (Leite et al., 2018). One of the major mechanism for 

the toxicity of nanomaterial is their ability to generate ROS (reactive oxygen species) (Cossellu 

et al., 2016). Oxidative stresses, due to excess of cellular ROS, results in harmful effects on 

cellular functions. Additionally, enhancement of harmful responses can worsen many diseases 

such as cardiovascular diseases, diabetes, neurodegenerative diseases and cancer (Denry and 

Kelly, 2008; Ramaseshan et al., 20017). Moreover, oxides nanoparticles can outbreak the cell 

wall of bacteria without causing inflammation to the organism cell, therefor performing their 

task without causing any or least side effects (Davar et al., 2013). As biocompatibility is a 

capacity of material to perform function in regards to medical treatment with no dangerous and 

in addition insusceptible responses. Due to its biocompatibility, bio stability and biological 
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properties Zirconia is used in many medical applications. (Leite et al., 2018; Cossellu et al., 

2016). 

Pure zirconia has three crystal structures such as monoclinic, tetragonal and cubic 

crystal structure ((Denry and Kelly, 2008). Among these phases monoclinic phase is stable 

from room temperature to 1100 ⁰C and from 1100 ⁰C to 2370 ⁰C tetragonal phase is stable and 

after this temperature cubic phase is noticeable which is stable for all above temperatures. 

Infrared frequency of these three phases is 270, 340 and 480 per centimeter respectively 

(Ramaseshan et al., 2007). P21/c, P42/nmc and Fm3m are space groups for monoclinic, 

tetragonal and cubic crystal structures respectively (Davar et al., 2013). These three phases are 

transposable by heat treatment.  Zirconia transformed its crystal structure from tetragonal to 

monoclinic when cooled at particularized temperature. This transformation gives birth to 3-5% 

volumetric change due to which cracks and defects arises in the material. These cracks and 

defects propagation throughout the material and this propagation week the structure and make 

it unstable and results in the decrement of mechanical properties. To overcome this situation 

different stabilizers are added to pure zirconia. Addition of these stabilizers gives birth to 

partially and fully stabilized zirconia with improved mechanical and optical properties (Yadav 

et al., 2017). Tetragonal phase of zirconia containing polycrystalline properties, gives birth to 

tougher zirconia can be manufactured by the growth of Oxides. These oxides sustain a layer of 

compressive stress results in the stabilization alteration of system in tetragonal form 

(Ramaseshan et al., 2007). 

As zirconia can be obtained in single phase by addition of some dopants (Precious 

Ayanwale, 2018). Therefore, to make tetragonal phase stable at low temperatures it is stabilized 

with appropriate ions such as Fe2+, Fe3+, Y3+ etc. However, addition of small amount of iron 

oxide was found to enhance the mechanical properties of zirconia without formation of any 

other phase. Iron oxide is a proved biocompatible material and due to its properties mechanical 

strength of zirconia also sustains (Guo and Xiao, 2012; Jain et al., 2008). Therefore, it is worth 

investigating the interaction between Fe-O and ZrO2 in order to check the possibility to use 

stabilized zirconia in contact with ferrousferric oxide. Magnetic iron oxide (MIO) has 

capability to enhance the growth as well as stabilization of ZrO2 without transforming into 

other phases of iron oxide. Stabilization process, using MIO, is achieved due to generation of 

oxygen vacancies. Biomedical applications of nanoparticles ZrO2 stabilized with Fe3O4 are rare 

to be found in literature. Synthesis dependent crystallite size of nanoparticles along with their 
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magnetic properties are govern with overall performance of magnetic oxide doped material 

(Magro et al., 2018; Kao et al., 2018; Holz et al., 2018).  

For biological applications as well as cancer treatments and detection, crystallite size 

of nanoparticles along with definite grain boundaries and shape are very important factors 

(Danhier et al., 2012). Nanoparticle’s size, formation of well-organized grain boundaries and 

agglomeration can be controlled as a function of heating process (Borrell et al., 2013). 

Presently sol-gel technique is used for synthesis of nanoparticles due to its low cast and 

moderate working temperature (Jodłowski et al., 2018). Yet, heating using conventional 

method (CH) results in growth of Ostwald ripening which leads to large size of particles thus 

creating problems (Coovattanachai et al., 2010; Khurshid et al., 2010). Nanoparticles with 

small size, soft agglomeration, dense structure and uniform distribution results in 

comparatively higher value of hardness along with fracture toughness can be synthesized using 

microwave heating (MH) over conventional heating (Kim et al., 2013). Furthermore, using 

MH exhibits improved productivity of particles at large scale as well as energy saving because 

of volumetric rapid heating is achieved as compared to CH (Pedroza et al., 2005).  

Aim of the present study is to investigate the acute toxicity of Fe3O4 stabilized zirconia 

nanoparticles, prepared at various microwave powers, after they entered the bloodstream by 

intravenous injection for one time. Effect of microwave powers on the mechanical, structural 

and dielectric properties has been studied in detail. Influence of redox activity on ROS 

formation is checked as they play an important role in nanoparticle induced toxicity in animal. 

Radio Labeling technique is use to dissolve iron dropped zirconia nanoparticles using Tc99m 

labeled radio-pharmaceuticals. Gamma camera images along with CT scan of rabbit is done 

for several times to get desirable results and to check the survival of rabbit. 

5.2 Experimental Details 

5.2.1 Materials  

Zirconium oxychloride octahydrate (ZrOCl2.8H2O, BDH, 99.99% pure), FeCl3.6H2O 

(Sigma– Aldrich, 99.99% pure), FeCl2.4H2O (Sigma–Aldrich, 99.99% pure) and NH3 were 

used without further purification. De-ionized (DI) water was used as solvent. PAKGEN 

99Mo/99mTc generator that is locally produced fission based generator was used to get 

Technetium-99m. All chemicals used were of AR grade. Approval for the animal experiments 

was received from Animal Ethical Committee of the Institute. 



Chapter 5      

 

 

69 

5.2.2 Synthesis of Fe3O4 stabilized zirconia nanoparticles 

For the formation of phase pure t-ZrO2, choice of precursor is very important. Inorganic 

precursors usually result in formation of non-agglomerated structure that favors the 

stabilization of tetragonal zirconia. Amongst various inorganic precursors ZrOCl2.8H2O is 

widely used for t-ZrO2 stabilization due to the presence of 2 oxy-bridges. Presence of 2 oxy-

bridges favors the formation of ZrO2 instead of Zr(OH)4. Presence of Zr(OH)4 results in 

monoclinic content in zirconia. Moreover, at appropriate sol concentration the interaction 

between atoms increases due to increase in electrostatic interaction which is related to the 

chemical shift among various phases. Sol concentration for zirconia is already optimized by 

our research group (Riaz et al., 2015b). ZrOCl2.8H2O was mixed in DI water to form 0.1M 

solution. This stock solution was stirred at room temperature for the formation of transparent 

and homogenous sol. ZrOCl2.8H2O reacts with DI water and forms Zr(OH)4 along with 2 

molecules of HCl. The evaporation mechanism of HCl is based on boiling point. HCl has very 

low boiling point (-85.05ºC) and shows evaporating nature during stirring at room temperature. 

Water dissolved Fe3O4 nanoparticles were stirred for 3 hours at 80ºC for formation of sol. 5wt% 

Fe3O4 sol was stabilized in zirconia and stirred for 24 hours to form homogenous sol. Detailed 

synthesis of Fe3O4 stabilized zirconia and formation of homogenous sol is presented elsewhere 

(Bashir et al., 2015a; Bashir et al., 2014 a). To investigate the effect of microwave powers, sols 

were heated in microwave. Five different powers were used in the range of 100 to 1000W for 

powder formation. Subsequently these prepared powders were subjected to different 

characterizations without any post heat treatment. 

5.2.3 Synthesis of 99mTc-Fe3O4 stabilized zirconia 

nanoparticles 

Fe3O4 stabilized zirconia nanoparticles were radiolabeled with 99mTc, the amount of 

nano particles was varied as 340-680 μg, while 10–40μg of SnCl2.2H2O was used as reducing 

agent and pH 3-7 was adjusted by using 0.1M NaOH and 0.1M HCl. Final composition that 

showed maximum labeling was with 340 μg of nano particles in 100μl of water, 30 μg of 

reducing agent and pH 3. After addition of all reagents ~370MBq 99mTcO4
- in saline was 

injected into the vial. The mixture was incubated for one hour at room temperature of 25 ± 2ºC. 



Chapter 5      

 

 

70 

5.2.4 Quality Control 

Radiochemical yield of 99mTc- Fe3O4 stabilized zirconia nanoparticles was checked by 

ascending chromatographic technique. Free 99mTcO4
- in the preparation was determined by 

using Instant thin layer chromatographic paper coated with silica gel (ITLC-SG) as the 

stationary phase and 85% methanol as mobile phase. Free 99mTcO4
- moved with solvent front 

while labeled nano particles reside at origin. The distribution of labeled and free 99mTcO4
- was 

measured by cutting the chromatographic strip into 1cm segments and counted by a gamma-

counter (SCALER TIMER ST7). Stability of 99mTc- Fe3O4 stabilized zirconia nanoparticles 

was checked for 24h at room temperature.  

5.2.5 Room Temperature stability of 99mTc-Fe3O4 stabilized 

zirconia nanoparticles 

After optimization of labeling conditions, the labeled complex was incubated for 24h 

at room temperature to observe the stability of the complex 99mTc- Fe3O4 stabilized zirconia 

nanoparticles with time at room temperature. Ascending chromatography was performed after 

1, 4 and 24h of incubation at room temperature. 

5.2.6 Lipophilicity test of 99mTc-Fe3O4 stabilized zirconia 

nanoparticles and Protein binding 

Human blood plasma was used for in vitro protein binding study.3mL plasma was 

mixed with 1mL of labeled complex and incubated at 37 oC for one hour. After incubation 

serum and blood cells were separated by centrifuge the mixture at 3000rpm for 10min.The 

supernatant was mixed with equal volume of trichloroacetic acid and centrifuged again at 

3000rpm for 10 min. Residue was then separated from supernatant and both layers were 

counted for radioactivity in well-shaped gamma counter. The measurement was repeated three 

times.  

The lipophilicity was determined by measuring the partition coefficient p between 

organic and aqueous layers. 100µL of labeled complex was mixed with 200 µL of phosphate 

buffers of Ph 6.6, 7.0 and 7.6 in separate vials along with addition of 200 µL of n- octanol in 

each vial. After shaking well the three vials were kept undisturbed for separation of two layers. 

After 10-15 minutes the two layers were separated and counted in well-shaped gamma counter 

for radioactivity. 
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5.2.7 Stability in Human Serum 

Stability in normal human serum was checked by adding 1 mL human serum in 0.2 mL 

of 99mTc labeled Fe3O4 stabilized zirconia nanoparticles. The mixture was incubated at 37 ͦ C. 

Sample was taken during incubation after different time intervals up to 24 h and labeling 

efficacy was checked by instant thin layer. Any decrease in the labeling was considered to be 

due to degradation of labeled complex. 

5.2.8 Characterization Techniques 

All the characterizations were executed using as synthesized samples. To investigate 

structural analysis and morphology of exploration of synthesized sample, Bruker D8 Advanced 

X-ray diffractometer with wavelength 1.5418Å and Leica DM4500 microscope, respectively. 

For mechanical characterizations, Shimadzu-HMV-2 hardness micro Vickers indenter was 

used. Wayne-Kerr 6500B precision impedance analyzer was used to demonstrate dielectric 

measurements of the samples. 

5.3 Results and Discussion 

5.3.1 Structural Analysis 

Figure 5.1 represents the Rietveld Refined patterns of XRD of zirconia stabilized with 

iron oxide (Fe3O4) synthesized through microwave assisted sol gel method. Power of 

microwave is varied from 100W to 1000W with interval of 100W. XRD pattern illustrates the 

polycrystalline structure of zirconia with mixed monoclinic and tetragonal phases, synthesized 

at microwave power of 100 W - 400 W. the presence of these mixed phases of zirconia at lower 

microwave power might be due to the prevalence of hydroxyl (OH) ion (Naik et al., 2004). As 

mentioned earlier, Zr(OH)4, formed during synthesis process is responsible for monoclinic 

phase in the absence of stabilizing agent of conditions (Somiya, 2013). Peak appeared at ~31.3º 

corresponds to (111) plane of monoclinic zirconia (m-ZrO2) [JCPDS card no. 13-307]. 

However, peaks appeared at 30.6º, 44.0°, 55.2º, 56.0º, 75.1º and 76.4º correspond to (111), 

(112) (221), (113), (400) and (114) planes of t-ZrO2 [JCPDS card no. 17-923], respectively. As 

reported by Shukla et al., (2003) 2θ scan range of 27–32° covers strongest lines for monoclinic 

as well as tetragonal phases. Around 30o, a hump is observed along with monoclinic peak. 

Hump formation indicates the presence of metastable t-ZrO2. An angle shift from 31.3º to 30.2º 

results in the transformation of monoclinic to tetragonal phase was observed at microwave 
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power of 500W. This shifting is mainly because of the stresses formed by the rapid heating and 

removal of OH ion because of high microwave power (Bažant and Zi, 2003). In the case of 

stabilizing agent like Fe3O4 in this study, formation of solid solution is occurred by the 

replacement of zirconium cation (Zr+4) with iron (Fe+2 or Fe3+). Due to the replacement with 

smaller sized atom, oxygen vacancies are formed. These oxygen vacancies lead to the 

development of stabilized tetragonal phase at lower temperature which was previously 

observed at higher temperature (Wang et al., 2013). Thus 500W microwave power played a 

vital role in the transformation from monoclinic to tetragonal phase of ZrO2 nanoparticles 

stabilized with Fe3O4. Theoretically, dielectric character of the material converts the 

microwave energy into the heat energy (Nüchter et al., 2004). Localized heating and existence 

of temperature gradient cause instant elimination of OH ions. This immediate removal of OH 

at high microwave powers cause contraction in volume that leads to phase transformation (i.e. 

mixed m-t ZrO2 to t-ZrO2) (Yang and Gunasekaran, 2004; Bukhari et al., 2018a). After the 

microwave treatment the nano crystallites appeared in amorphous character is mainly due to 

(1) introduction of stabilizer (Fe3O4) of magnetic character (2) densification of liquid coating 

present on the particles (Alexeff and Meek, 2011). However, it is important to mention here 

that low cost microwave assisted sol gel approach is used to obtain stabilized zirconia without 

any post thermal treatment that has been reported earlier. Sing et al., (2014) reported 

microwave assisted chemical method for zirconia and obtained mixed phases of tetragonal and 

monoclinic zirconia even after calcination at 400°C. Fan et al., (2013) obtained a blend of 

monoclinic and tetragonal zirconia in Fe3O4-ZrO2 stabilized at 600°C calcination using 

conventional sintering. Dwivedi et al., (2011) synthesized phase pure t-ZrO2 nanoparticles 

using microwave assisted citrate sol gel by further heat treatments at 450°C using zirconium 

oxychloride as precursor and citric acid as solvent. However, in this study aiming biomedical 

application synthesis was performed using water as solvent. The occurrence of tetragonal phase 

in iron oxide stabilized zirconia is might be due to the presence of oxygen vacancies created 

due to the absorption of water into the host lattice. The filling of vacancies is performed by the 

absorption of water as Kroger - Vink equation (Equation 5.1) explains (Chevalier, 2006).  

H2O+ 𝑉 "
𝑂
+ 𝑂 𝑥

𝑂
  
𝑍𝑟𝑂2
↔   2HO

′
𝑂

                                                                                                  

(5.1) 

Raise in monoclinic content of zirconia is due to the occupancy of oxygen vacancies by 

water molecules (Chevalier, 2006). This phenomenon is in accordance with the chevalier’s 
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model (Guo, 2004). According to this model, neighboring grains exert stresses which results 

in the transformation of phase. 

Rietveld Refinement, a least square refinement method employed to study the variance 

between calculated and experimental patterns. An appropriate model was fitted to the data 

using Highscore X’Pert Plus software in the background fitting process. Quality of fit can be 

estimated by different Rietveld Refined indices such as Rwp (weighted profile), R expected 

(Rexp), R profile (Rp) and goodness of fit (ϰ2), which are listed in table 5.1. When the value of 

goodness of fit is close to unity the model is said to be best fit and it is obtained as ϰ2 = (Rwp 

/ Rexp)2. The refinement was performed by using space group P42/nmc and the crystallographic 

information file (cif) was 1010912. Atomic positions and Wyckoff sites parameters are listed 

in Table 5.2.  
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Figure 5.1: Rietveld refined XRD patterns of Fe3O4 stabilized zirconia nanopowders synthesized at microwave 

power of (a) 100W (b) 200W (c) 300W (d) 400W (e) 500W (f) 600W (g) 700W (h) 800W (i) 900W (j) 1000 



Chapter 5      

 

 

75 

Table 5.1: Rietveld Refined parameters of Fe3O4 stabilized zirconia nanopowders at various microwave powers 

 (a) (b) (c) (d) (e) (f) (g) (h) (i) (j) 

a 5.20 4.53 5.16 5.199 3.58 3.47 3.55 3.49 3.48 3.51 

b 5.23 5.64 5.17 5.25 3.58 3.47 3.55 3.49 3.48 3.51 

c 5.39 5.70 5.33 5.17 5.33 5.62 5.22 5.36 5.34 5.23 

α 90 90 90 90 90 90 90 90 90 90 

β 99.26 99.38 99.86 99.90 90 90 90 90 90 90 

Γ 90 90 90 90 90 90 90 90 90 90 

V 145.07 144.05 140.47 139.10 68.66 67.80 66.08 65.65 64.88 64.55 

Rexp 9.01 9.56 9.14 8.54 8.41 9.56 8.62 8.59 9.215 10.06 

Rp 8.52 7.53 4.24 3.24 4.10 7.53 4.15 4.41 4.74 3.80 

Rwp 13.58 9.93 6.89 4.36 6.31 9.93 5.55 6.61 7.00 5.13 

ϰ2 2.27 1.07 0.56 0.26 0.56 1.07 0.41 0.59 0.57 0.26 

 

Table 5.2: Wyckoff Positions of Fe3O4 stabilized zirconia nanopowders at various microwave powers 

Composition X y Z 
Wyckoff 

Position 

Multiplicity 

factor 

(a) 

O1 O1 0.7 0.22 0.29 4e 

O2 O2 0.212 0.25 0.21 4e 

Zr1 Zr1 0.5 0 0.5 2d 

Zr2 Zr2 0 0 0 2a 

(b) 

O1 O1 0.7 0.22 0.29 4e 

O2 O2 0.212 0.25 0.21 4e 

Zr1 Zr1 0.5 0 0.5 2d 

Zr2 Zr2 0 0 0 2a 

(c) 

O1 O1 0.7 0.22 0.29 4e 

O2 O2 0.212 0.25 0.21 4e 

Zr1 Zr1 0.5 0 0.5 2d 

Zr2 Zr2 0 0 0 2a 

(d) 

O1 O1 0.7 0.22 0.29 4e 

O2 O2 0.212 0.25 0.21 4e 

Zr1 Zr1 0.5 0 0.5 2d 

Zr2 Zr2 0 0 0 2a 
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(e) 

O1 0.25 0.25 0.057 4d 4 

Zr1 0.75 0.25 0.25 2b 2 

(f) 

O1 0.25 0.25 0.057 4d 4 

Zr1 0.75 0.25 0.25 2b 2 

(g) 

O1 0.25 0.25 0.056 4d 4 

Zr1 0.75 0.25 0.25 2b 2 

(h) 

O1 0.25 0.25 0.057 4d 4 

Zr1 0.75 0.25 0.25 2b 2 

(i) 

O1 0.25 0.25 0.058 4d 4 

Zr1 0.75 0.25 0.25 2b 2 

(j) 

O1 0.25 0.25 0.057 4d 4 

Zr1 0.75 0.25 0.25 2b 2 

For the calculations of monoclinic and tetragonal phase ratios of synthesized 

nanoparticles, Garive Nicholson (G-N) method is utilized. This method uses intensities 

obtained from reflection planes (intense) according to following set of equations (5.2-5.4). 

 𝑋𝑚 = 
∑𝐼𝑚

∑𝐼𝑚+𝐼𝑡
                                                   (5.2)  

𝑉𝑚 = 
1.311𝑋𝑚

1+0.311𝑋𝑚
                                 (5.3)  

𝑉𝑡 = 1 − 𝑉𝑚                                  (5.4) 

Where, It and Im represents intensities of tetragonal and monoclinic peaks, respectively. 

Table 5.3 depicts variation in ratio of monoclinic and tetragonal contents at various microwave 

powers.  

Table 5.3: Monoclinic to Tetragonal (m:t) ratio of Fe3O4 stabilized ZrO2 nanoparticles 

Microwave 

Power(W) 
100W 200W 300W 400W 500W 600W 700W 800W 900W 1000W 

m:t 66:34 61:39 70:30 60:40 0:100 0:100 0:100 0:100 0:100 0:100 

Scherer’s formula was utilized to find out the crystallite size of the zirconia (equation 5.5) 

(Cullity, 1956) 
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D=0.9λ / B Cos θ                                                                                                               (5.5) 

Where D represents crystallite size, k illustrates a constant whose value is 0.89, λ is the 

wavelength of X-rays used, β illustrates the full width at half maximum of the particular 

diffraction (i.e. the most intense peak) peak under consideration (in radians), and θ is the 

diffraction angle. Calculated values of crystallite size through above relation is plotted as a 

function microwave power in figure 5.2(a).  Figure 5.2 exhibits the existence of two distinct 

regions (monoclinic- tetragonal phase and tetragonal phase).  These variations are consistent 

with the XRD patterns observed in figure 5.1. Crystallite size decreases as microwave power 

is increased up-to 400W. This decrease in crystallite size exhibits restructuring process that 

weakened the mixed phases of zirconia that already exist. Further increase in microwave power 

up-to 500W results in more reduction in crystallite size ~23 nm, indicates the stabilization of 

phase from mixed to pure due to the restructuring process. This reduced crystallite size or 

smaller crystallites for stabilized zirconia are in accordance with the literature (Garvie, 1965). 

Since, a diversity of proteins exists in the blood and studies suggest that the specific proteins 

that adsorb to a nanoparticle and the extent of adsorption depend on the nanoparticle size, 

curvature, hydrophobicity and surface charge. Nanoparticles are exposed to a rich environment 

of proteins, cells and tissues upon entering the bloodstream via intravenous injection. The size 

of nanoparticles and the morphology of the blood vessel endothelium affect the transport of 

nanoparticles into surrounding tissues (Albanese et al., 2013).  Small nanoparticles with a mean 

diameter less than10 nm undergo fast renal filtration while nanoparticles with a diameter 

greater than 200 nm are quickly removed from the bloodstream. Therefore, NPs with diameters 

between 10 and 100 nm have achieved a higher accumulation at the target site, as a result of 

their longer circulation times (Sunoqrot et al., 2014). Due to their smaller crystallite size i.e. 

~23 nm, Fe3O4 stabilized zirconia nanoparticles act as stealth particles. They remain in blood 

for long enough time to act as blood-pool agents for MR imaging (MRI). These stealth particles 

leak to interstitium and drained via lymphatic system where they accumulated in lymph nodes. 

Their accumulation allowed them to diagnose tumorous lymph by mean of MRI (Kalyane et 

al., 2019). 

It is also observed in figure 5.2(a) that with the increase in microwave power up to 

700W, crystallite size increases from 23 to 26 nm this is due to the strengthening of phase. 

Linear behavior was observed by crystallites as the microwave power is raised to 1000W. 

Dislocation density is determined by the formula 1/D2 where D represents the crystallite size 

(figure 5.2(c)).  Presence of mixed phases as observed in XRD graphs at lower microwave 
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power is the reason of increase in dislocation density. Absorption of hydroxyl ion is the reason 

of existence of monoclinic phase at lower microwave power. Increase in volume is observed 

by the addition of hydroxyl ion because it exerts force on the neighboring particles. The 

reduction of defects in the sample and the strong bonding between atoms can be achieved by 

amalgamation of small crystallites at higher microwave power. For biological implants the 

material with reduced dislocation lines thus becomes more desirable. Change in the volume of 

unit cell and shift in the lattice parameters is because of transformation of monoclinic phase to 

tetragonal phase. Moreover, the researchers have been reported that nearly 3 to 5% shrinkage 

in the volume of zirconia is responsible for the phase transformation of this material (Giri et 

al., 2002; Denry and Kelly, 2008). Equations (5.6-5.7) were used to calculate the unit cell 

volume (plotted in Figures 5.2(b)) of iron oxide stabilized zirconia nanoparticles (Cullity, 

1956).  

Vtetragonal = a2c                                                                                                                  (5.6) 

Vmonoclinic = abcsinβ                                                                                                        (5.7) 

From XRD graphs (figure 5.1), it is shown that the mixed phases caused samples to 

attain a comparatively larger unit cell for moderate microwave powers. On the other hand the 

contraction in the unit cell volume is because of the elimination of hydroxyl ion and tetragonal 

phase stability resulting due to increasing microwave powers (Bukhari et al., 2018b). The 

temperature in microwave was set to be 100 ºC just because of the usage of water as a solvent. 

However the resonance and atoms interaction may lead to the slightly higher temperature of 

the sol. The relatively higher temperature for creation of heating zone than in aqueous solution 

of bulk is a unique phenomenon in microwave synthesis. However, as previously discussed, 

the conversion of microwave energy into thermal energy is seen in dielectric materials. The 

phenomenon of heating at a little higher temperature is known as hot-spots. The abrupt 

elimination of hydroxyl ion is the reason behind the unit cell shrinkage however the hot-spots 

are responsible for superheating. Unlike conventional heating, there is an expectancy for instant 

removal of hydroxyl ions in MH. So figure 5.2(c) clearly states that the lessened size of unit 

cell resulting in the phase transformation is basically because of the removal of OH ions. As 

Chevalier’s model sets the necessary condition for phase transition of zirconia to be the 

reduction in the volume of unit cell for 3 to 5%, which occurred by removing OH ions 

(Chevalier, 2006). Figure 5.2(a-c) shows variation in crystallite size, unit cell volume and 

dislocation density.   
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Figure 5.2: (a) Crystallite size, (b) unit cell volume and (c) dislocations of Fe3O4 stabilized zirconia 

nanopowders 

The 3D structural view of Fe3O4 stabilized zirconia nanopowders for microwave 

powers from 500 W – 1000 W is shown in Figure 5.3. From the XRD analysis it was found 

that Fe3O4 stabilized zirconia possess tetragonal crystal structure with space group P42/nmc 

(137).Wyckoff sites and x,y,z values were obtained from X’pert High Score plus that were 

used for making of diamond structure and the values of bond length and bond angle obtained 

from diamond structure are listed in Table 5.4. 
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Figure 5.3: 3D Diamond structures of Fe3O4 stabilized zirconia nanopowders synthesized at microwave power 

of (a) 500W (b) 600W (c) 700W (d) 800W (e) 900W (f) 1000 

In case of phase pure tetragonal zirconia, 8 O2- anions surrounds every Zr4+ cation with 

a shorter O-Zr bond which forms a compressed tetrahedron. From these anions and cations, 

Zr4+ occupy 2b position with (x = 0.75, y =0.25, z = 0.25) while O2- occupy 4d position with (x 

= 0.25, y = 0.25, z =0.057). With increase in microwave power from 500-1000 W, 

strengthening in tetragonal phase of zirconia is observed which leads towards the decrease in 

unit cell volume as evident from figure 5.2 (b). This decrease leads towards the shorting of O-

Zr bond length. Bond angle of O1-Zr1 / O1, decreased while increasing the microwave power 

till 1000 W.  
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Table 5.4: Bond length and bond angle of Fe3O4 stabilized zirconia nanopowders at various microwave powers 

(a) O1 - Zr1 2.139 O1-Zr1 / O1 149.57 

 O1 - O1 2.59 O1-Zr1 / Zr1 123.59 

   O1-O1 / O1 134.57 

(b) O1 - Zr1 2.092 O1-Zr1 / O1 145.43 

 O1 - O1 2.57 O1-Zr1 / Zr1 115.30 

   O1-O1 / O1 133.17 

(c) Zr1-O1 2.079 O1-Zr1 / O1 140.94 

 O1 - O1 2.52 O1-Zr1 / Zr1 114.58 

   O1-O1 / O1 125.3 

(d) O1 - Zr1 2.064 O1-Zr1 / O1 140.43 

 O1 - O1 2.49 O1-Zr1 / Zr1 114.59 

   O1-O1 / O1 134.05 

(e) O1 - Zr1 2.062 O1-Zr1 / O1 138.39 

 O1 - O1 2.43 O1-Zr1 / Zr1 113.77 

   O1-O1 / O1 127.36 

5.3.2 Dielectric Analysis 

It is crucial to analyze the impedance properties of material to be used as biomaterial. 

These properties could be strongly affected by the applied or already available external field, 

thus affecting the behavior of injected nanoparticles. Usually for bio medical applications, high 

dielectric constant and low conductivity is compatible (Bukhari et al., 2018a). Apart from such 

studies, contributing to an increased knowledge of biological processes at the molecular level, 

such materials are also employed in radio-frequency and microwaves related applications 

(Pethig, 1984). Impedance analysis of zirconia plays an important role not only in electronic 

devices but also in biomedical implants. Capacitance and resistance were measured using 

impedance analyzer. Dielectric constant (ε) and tangent loss (tanδ) were obtained from 

Equations 5.8 and 5.9 (Pethig, 1985; Nair et al., 2012).  

   ε = (Cd)/εoA                                                                                             (5.8) 

   tan δ = 1/(2πfεεoρ)                                                                                                           (5.9) 
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Where  

C = capacitance in parallel plate configuration  

d = thickness of the specimen   

A = area of the device  

ɛo = permittivity of free space   

ρ = resistivity  

f = frequency 
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Figure 5.4: (a) Dielectric constant and (b) tangent loss of Fe3O4 stabilized zirconia nanopowders synthesized at 

various microwave powers  

Decrement of dielectric constant as well as tangent loss with increasing frequency, 

exhibiting normal dispersion behavior, is shown in Figure 5.4. After application of external 

electric filed, dispersion phenomena occur in space charge transporter. These carriers 

necessitate some of time for alignment in direction of externally applied field. Subsequently at 

lower frequency these carriers have enough time for alignment process. However, for higher 

value of frequencies, space charge carriers do not get enough of time thus lag behind the applied 

field and produce low dielectric constant values. Figure 5.5 depicts the variation of dielectric 

constant with microwave powers (100 to 1000W) of Fe3O4 stabilized zirconia nanopowders. 

An enormous difference in dielectric constant can be detected at phase transition, i.e. phase 

pure tetragonal to mixed phases. This increase / variation in dielectric constant with increasing 

microwave power can be associated with increased grain size (Gabriel et al., 1996). Increment 

in grain size with increasing microwave power facilitates easier domain wall motion (Lazebnik 

et al., 2006) which leads towards the increasing value of εr. Additionally, comparatively higher 

microwave powers upsurge the formation of a strong intervening insulating layer nearby the 

grains. These grain boundaries possess a larger value of resistance as well as capacitance as 

compared to the grain (Ji and Brace, 2011). Small value of zirconia is obtained at lower 

microwave power due to the formation of mixed phases as shown in figure 5.1. Meanwhile 
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increased dielectric constant was observed for increased microwave powers of 400 W – 1000 

W. Increased values of dielectric constant is associated with phase purity of Fe3O4 stabilized 

zirconia samples as observed in XRD patterns (figure 5.1). Value of dielectric constant was 

observed ranging from 89.08 – 70.69. Variation of dielectric constant of as synthesized samples 

as a function of microwave powers log f=4 is plotted in figure 5.5. 

 

Figure 5.5: Variation in dielectric constant of as synthesized samples as a function of microwave powers at log f 

= 4 

The plot of electrical conductivity v/s frequency as a function of different microwave 

powers is shown in Figure 5.6. Conductivity remains constant over a wide frequency region. . 

Frequency independent region at low frequency values can be termed as D.C. conductivity. 

Such frequency independent region is observed because of the long-range movement of mobile 

charge carriers. Conductivity shows sharp increase at high frequencies indicating region having 

frequency dependency. Frequency dependent region (FDR) at higher values of frequency is 

termed as A.C conductivity and is due to bound charges. Smaller conductivity values are in 

good agreement with the previously reported values for biological applications (Kohal et al., 

2012). 
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Figure 5.6: Conductivity v/s log f plot of Fe3O4 stabilized zirconia nanopowders synthesized at various 

microwave powers  

Cole-Cole plots are used for studying effect of grains and grain boundaries in 

polycrystalline sample. Cole-Cole plot consists of three semicircles. High frequency semicircle 

indicates grains, Middle frequency semicircle indicates grain boundaries and the low frequency 

semicircle indicates electrode and grain boundary/grain interface (Jha, 2013; Das et al., 2012). 

Real and imaginary impedance was calculated using Equation 5.10 and 5.11. 

𝑍ʹ =  
𝑅

[1+(𝜔𝑅𝐶)2]
         (5.10) 

𝑍ʹʹ =  
𝜔𝑅2𝐶

[1+(𝜔𝑅𝐶)2]
                    (5.11) 

Cole-cole plots for Fe3O4 stabilized zirconia nanoparticles at various microwave 

powers are shown in figure 5.7. Only one semi-circle was present in cole-cole plot, 

corresponding to high frequency which describs the effect of grains (Nair et al., 2012). The 

increment in area of the loop for a particular microwave power implies multiple relaxation 

times (Hwang et al., 1999). At high microwave powers, area of curve increased indicating 

larger impedance while smaller semi circles indicate lower impedance.  
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Figure 5.7: Cole-cole plots of Fe3O4 stabilized zirconia nanopowders synthesized at microwave power of (a) 

100W (b) 200W (c) 300W (d) 400W (e) 500W (f) 600W (g) 700W (h) 800W (i) 900W (j) 1000W 

5.3.3 Mechanical Analyses 

Hardness of nanoparticles seems to be another important factor affecting its 

internalization, which is often a crucial step for successful delivery. NP hardness can be used 

to control the pathways for NP uptake as well as achieving high drug efficacy. In general, the 

attraction between the drug molecules and liposome not only inhibits the leakage of the drug 

molecules, but also changes effectively the NP hardness and the penetration pathways. Rigid 

NPs can enter cell by a pathway of endocytosis, whereas for soft NP the endocytosis process 

can be inhibited or frustrated due to the wrapping-induced shape deformation and non-uniform 

ligand distribution (Li et al., 2015). Mechanical analysis of any material is strongly based on 

determination of fracture toughness and hardness. Property of a material in which it resists 

against the indent which is produced through the applied force is considered as hardness. Grain 

size strongly influenced the hardness of the polycrystalline material. Material with smaller 

grain size have large grain boundaries in a result it exhibits higher mechanical strength. Vickers 

hardness micro-indenter was used to determine the hardness of the material along with crack 

and diagonal length. Fracture toughness was found out using the obtained parameters.  Load 

of 4.9N is applied for 15 seconds for measurement of hardness. These parameters are in 

agreement with ASTM C-1327 (American Society for Testing of Materials standard). Table 

5.5 and figure 5.8 show the hardness values along with fracture toughness obtained using 

various microwave powers.   
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Table 5.5: Hardness and Fracture toughness of Fe3O4 stabilized zirconia synthesized at various microwave 

powers. 

Microwave 

powers 

(W) 

Hardness 

(HV) 

Fracture 

toughness 

(MPam-

1/2) 

100 W 809 11.26 

200 W 799 12.22 

300 W 812 14.45 

400 W 1114 17.65 

500 W 1243 20.01 

600 W 1284 22.52 

700 W 1298 23.76 

800 W 1258 22.25 

900 W 1347 25.20 

1000 W 1369 26.81 

 

Figure 5.8: Hardness and fracture toughness of Fe3O4 stabilized zirconia at various microwave powers 

5.3.4 Magnetic Analyses  

Along with structural properties magnetic properties have considerable influence on 

biological applications. The hysteresis loop of all the samples at room temperature is shown in 

Figure 5.4. At lower microwave power (100 - 300W) samples show mixed paramagnetic and 

ferromagnetic nature with low value of coercivity. This is because of the fact that lower 
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microwave powers could not incorporate Fe3O4 into ZrO2, thus, stabilization could not be 

achieved [Figure 5.1]. However, ferromagnetic behavior was observed at relatively higher 

microwave powers i.e. at 500, 700 and 900W (Figure 5.9). Soft ferromagnetic behavior, at high 

microwave powers, might have observed because of the induced spin polarization caused by 

interaction between stabilizer and host electrons. Local host electrons exhibit same spin 

direction after exchange interaction with spin polarized electrons of Fe2+ and Fe3+ ions (Xia et 

al., 2011). Thus, due to this exchange interaction material shows ferromagnetic properties as 

observed in the present study. Another strong reason of presence of ferromagnetism in 

stabilized zirconia is creation of oxygen vacancies with addition of undersized stabilizer. 

Moreover, the effect of confinement also results in ferromagnetic ordering.      

Variation in coercivity (Hc) and saturation magnetization (Ms) as a function of 

microwave power is plotted in Figure 5.9 inset. It can be seen from these figures that Hc and 

Ms of Fe3O4 stabilized ZrO2 nanoparticles can be tuned as a function of microwave powers 

because of the variation in crystallographic phases as discussed earlier. Large coercivity (Hc) 

values (2-2.4 KOe) of Fe3O4 stabilized ZrO2 nanoparticles is attributed to the presence of mixed 

monoclinic–tetragonal phases at 100-300W. Formation of Fe3O4 stabilized tetragonal ZrO2, at 

microwave powers of 500 -900W, leads to a small coercivity values (400–774Oe). Decrease in 

saturation magnetization (Ms) at 500W, can be attributed to a re-structuring process leading to 

a change in phase and crystallite size as depicted in XRD data (Figure 5.1). After stabilization 

of tetragonal zirconia phase, Ms increases, which might be due to formation of well separated 

grain boundaries. Further, dissolution rate of Fe3O4 in zirconia increases at higher microwave 

powers i.e. at 500 – 900W. With increase in dissolution rate of stabilizer, the rate of oxygen 

vacancies increases, hence saturation increases. Saturation magnetization (~ 2emu/g) is 

suitable for implants (Kothiyal et al., 2010; Bashir et al., 2015c; Bashir et al., 2014a).  
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Figure 5.9: M-H curves of Fe3O4 stabilized ZrO2: Inset shows the variation in coercivity and saturation 

magnetization with microwave power 

5.3.5 Chemical Bond Analyses 

Raman scattering results from interaction with surface and bulk of the material. 

However, the signal’s interaction with bulk is weakened due to absorption of excitation laser 

light therefore, in Raman spectra mostly signal is coming from the surface. In case of 

Ultraviolet spectroscopy signal comes from surface. While visible (VB) RAMAN 

spectroscopy provides information related to surface as well as bulk of the samples due to 

absence of electronic absorption in VB region (Chua et al., 2001). Hence, VB RAMAN 

spectroscopy was used to characterize samples.  

Variation in Raman bands as a function of microwave power is shown in Figure 5.10. 

Raman bands due to mixed phases (t-ZrO2 and m-ZrO2) have been observed at microwave 

power of 100 and 300W. t-ZrO2 and m-ZrO2 phase dominance can be distinguished by the 

variation in peak intensities observed in Figure 5.10. Intensity of the monoclinic band appeared 

at 337 cm-1, at low microwave powers (100 and 300W), is relatively higher as compared to 

tetragonal band (312 cm-1). Presence of mixed phases at low microwave powers is in consistent 

with XRD patterns shown in Figure 5.1. Tetragonal stabilization of zirconia was observed at 

500 W microwave power with the strengthening of 312 cm-1 Raman band. However, a trace of 

m-ZrO2 at 173cm-1 has been observed along with intense t-ZrO2 bands. Splitting or shoulders 

of monoclinic phase completely diminished at microwave power 700W and 900W that 

confirms the formation of tetragonal zirconia under as-prepared conditions. The Raman bands 

appeared at 148 and 312 cm-1 are known as active modes of t-ZrO2. No peak corresponding to 
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the Fe3O4 has been observed that further confirms that Fe3O4 has stabilized zirconia by creating 

oxygen vacancies.  

 

Figure 5.10: RAMAN spectra of Fe3O4 stabilized zirconia: (a) 100W, (b) 300W, (c 500W, (d) 700W and (e) 

900W  

5.3.6 Morphological Analyses 

Microwave assisted synthesis technique offers many advantages such as controlling 

particle size and morphology. Moreover, these advantages can be achieved efficiently in a very 

small time. Controlled particle size, shape and agglomeration influence the phase stabilization 

and magnetic properties of the material (Deatsch and Evans, 2014). It appears from the results 

that increased microwave power favored the formation of spherically shaped particles. 

Whereas, clusters of nanoparticles are observed because of the aggregation at lower microwave 

powers. Figure 5.11 shows formation of well separated spherical nanoparticles, ~30-35nm 

diameter, at microwave power of 900W. Size of the nanoparticles is further confirmed by 

transmission electron microscopy (TEM) (Figure 5.12). Nanoparticles prepared for dental 

filling having diameter ~30nm. TEM image shows the soft agglomeration and well separated 

nanoparticles required for dental applications. These well separated and soft agglomerated 

nanoparticles stimulate tetragonal growth in zirconia. Growth of nanoparticle under the 

influence of microwave power follows dipole like behavior in the presence of electric field. At 

different microwave power, zirconia nuclei polarize and aggregate to form nanoparticles. 

Particles with hard agglomeration usually result in monoclinic zirconia (Kurajica et al., 2011).  
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Formation of well separated grains with few units of agglomeration and size less than 1µm 

result in tetragonal zirconia (Chraska et al., 2000). The SEM result suggests that the small grain 

size in microwave heated material is influenced by dielectric loss. The grain size of Fe3O4 

stabilized ZrO2 is significantly low under high power microwave processing i.e. 500 -900W, 

due to high dipolar losses or conductive losses (Xie et al., 1998; Guo et al., 2009). Therefore, 

material undergoes different densification or diffusion mechanism during microwave 

processing.  

     

  

Figure 5.11: (a) SEM micrograph of Fe3O4 stabilized zirconia at microwave power 900W (b) Magnified view  

 

Figure 5.12: TEM image of Fe3O4 stabilized zirconia at microwave power 900W 
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Comparison of the present work with literature can be seen in table 5.6. 

Table 5.6: Comparison of present study, i.e. stabilization of zirconia, with literature 

Zirconi

a 

Heating 

source 

Stabilize

r 

Calcination 

Temperatur

e (°C) 

t:m 

Particl

e size 

(nm) 

Magnetic 

behavior 

Reference

s 

W
it

h
o

u
t 

st
ab

il
iz

er
 Conventiona

l 
- 500 100:0 20 - 

(Davar et 

al., 2013) 

Microwave - 450 100:0 10 - 

(Singh and 

Nakate et 

al., 2014) 

W
it

h
 s

ta
b

il
iz

er
 

Conventiona

l 
Y2O3 600 100:0 250 - 

(Sarkar et 

al., 2013) 

Microwave Y2O3 1100 100:0 70 - 
(Ostanin et 

al., 2007) 

Conventiona

l 
CeO2 1000 - 25  

(Pandey 

and  

Biswas, 

2011) 

Conventiona

l 
Fe3O4 600 100:0 50 

Superparamagneti

c (Fan et al., 

2013) 

 
Hc (Oe) 

Ms 

(emu/g) 

0 10 

Microwave Fe3O4 
Room 

temperature 

100:

0 
35 

Ferromagnetic 

Present 

study 
Hc (Oe) 

Ms 

(emu/g

) 

~600 ~2 

5.3.7 Antioxidant Activity 

For survival against the damaging effects of reactive oxygen species, compounds 

having antioxidant nature are most promising. DPPH (2, 2, di-phenyl-1-picryl hydrazyl) 

method was used to investigate the free radical scavenging ability of microwave assisted Fe3O4 

stabilized ZrO2 nanopowders (Das et al., 2013). De-colorization occurs from intense purple 

color to pale yellow as DPPH neutralized on gaining Hydrogen (H) atom from the antioxidant 

material. Methanol was used as solvent to yield 1mM DPPH solution as well as various 
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concentrations (i.e. 50 - 250 μg/mL) with interval of 50 μg/mL of microwave assisted Fe3O4 

stabilized ZrO2 nanopowders. For antioxidant activity, 1ml solution of DPPH was dissolved in 

3ml solution in all concentrations, kept at 37 oC under dark conditions. Regulation of free 

radical-scavenging process was confirmed by the de-colorization of intense purple color of 

DPPH on interaction with microwave assisted Fe3O4 stabilized ZrO2 nanopowders as shown in 

Figure 5.13. Absorbance of samples were measured by UV–visible spectrophotometer at 

~517nm. The DPPH radical scavenging activity results increased with increasing concentration 

of microwave assisted Fe3O4 stabilized ZrO2 nanoparticles (Saravanakumar et al., 201; Shin et 

al., 2017). The percentage radical scavenging potential, using DPPH assay, was measured by 

using Equation 5.12 (Golestanzadeh et al., 2017).  

RSA (%) = {(Acontrol-Asample)/ Acontrol} × 100                                                            

(5.12)        

RSA of ascorbic acid was measured as a positive control. For comparison, RSA 

percentage of microwave assisted Fe3O4 stabilized ZrO2 nanoparticles along with positive 

control is shown in Figure 5.13. Observed percentage scavenging inhibition capability for 

optimized sample was ~83%. Small particle size as well as transfer of electron cloud in zirconia 

nanoparticles results in high antioxidant activity of optimized nanoparticles. On the basis of 

these results, it is concluded that synthesized antioxidative nanoparticles are highly safe and 

can be used not only as therapeutic nanoparticles but also as high-performance drug carriers as 

these nanoparticles eliminate excess of ROS while preventing further diseases (Liong et al., 

2008).  

         

Figure 5.13: (a) Color changing of DPPH (b) Comparison study of antioxidant activity between organic ZrO2 

particles and positive control 
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5.3.8 Labeling Efficacy 

5.3.8.1 Effect of pH 

Synthesis of 99mTc- Fe3O4 stabilized zirconia nanoparticles includes the labeling 

efficiency, radiochemical purity and the stability that were assessed by instant thin layer 

chromatography the mobile phase was 85% methanol. In this system free 99mTcO4 
- moved 

towards the solvent front while the labeled nanoparticles remained at the origin. To check the 

colloid the composition ease passed through 0.22µ filter and then filtrate and filter was 

measured in gamma counter for radioactivity that showed no colloid was there in composition.  

The effect of pH on the labeling efficacy is shown in Figure 5.14. Fe3O4 stabilized 

zirconia nanoparticles were labeled at different pH (3-7) using 30 µg of SnCl2.2H2O as 

reducing agent. At pH 3 that was actually the pH of mixture the labeling was good enough that 

was 95% but labeling was decreased as we increased the pH. At pH 5, labeling was 70% that 

dropped to 50% at pH 7 so pH 3 was selected. 

 

Figure 5.14: The effect of pH on the labeling efficacy 

5.3.8.2 Effect of Reducing Agent 

Correlation between the amount of reducing agent and labeling efficacy was 

investigated as shown in Figure 5.15. Maximum labeling was achieved by using 30 µg of 

SnCl2.2H2O as reducing agent .40 µg did not give good results and also avoided due to 

formation of colloid. Experiments were also conducted by using 10 µg and 20 µg of reducing 

agent that gave initial labeling upto 89% but after few hours of incubation labeling dropped to 

70% while with 30 µg of reducing agent labeling above 90% was persistent till 24 hours. 
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Figure 5.15: Correlation between the amount of reducing agent and labeling efficacy 

5.3.8.3 Stability of 99mTc- Fe3O4 stabilized zirconia nanoparticles 

Stability of 99mTc- Fe3O4 stabilized zirconia nanoparticles that reflects the Rate of 

complexation was checked at room temperature as shown in Figure 5.16. It was low after 15 

minutes so incubation time was increased to one hour that gave maximum labeling efficacy of 

99mTc- Fe3O4 stabilized zirconia nanoparticles i.e. 95 %, that remained 90 % up to 24 h.  

 

Figure 5.16: Stability of 99mTc- Fe3O4 stabilized zirconia nanoparticles 

5.3.8.4 Serum Stability 

The stability of 99mTc- Fe3O4 stabilized zirconia nanoparticles was also checked in 

human serum as shown in Figure 5.17. The labeled nano particles were stable more than 90 % 

up to four hours but labeling dropped to 89% after 24 hours. ITLC was used to determine the 

labeling efficacy of 99mTc- Fe3O4 stabilized zirconia nanoparticles in human serum.  
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                    Figure 5.17: Stability of 99mTc- Fe3O4 stabilized zirconia nanoparticles in blood serum 

5.3.8.5 Effect of Amount of ligand 

Amount of ligand was also changed as shown in Figure 5.18 to see its effects on labeling 

and it was observed that at low value of ligand that was 50 µg labeling was very low that 

reached to 80% after one hour incubation and remained 80% even after 4 hours same was case 

with 200 µg of ligand that showed low labeling that was 75% so 100 µg of ligand was selected 

on basis of its maximum and persistent labeling efficacy. 

 

Figure 5.18: Effect of Amount of Ligand 

5.3.9 Hemolysis Activity  

Fresh human blood samples (2 ml) (first author’s blood sample) were collected and 

citrated to prevent coagulation. Samples were washed three times with phosphate buffer saline 

(pH 7.4) and centrifuged at 1000 rpm for 10 min. Red blood cells were obtained as a pellet and 

the supernatant-containing platelet-deficient plasma was discarded (Das et al. 2013; Yildirim 
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et al. 2013). The pellet was resuspended with 20 ml of PBS to create an equal suspension. The 

red blood cells were treated with an equal volume of NPs at various concentrations. The 

samples were then incubated at 25 oC for 30 min. The positive control was prepared by adding 

DOX and the negative control contained cells treated with PBS only. Following incubation, 

the red blood cells were collected as a pellet by centrifugation at 5000 rpm for 5 min. The 

supernatant was utilized for subsequent absorbance studies (Muthukumarasamyvel et al. 2016). 

Absorbances were read at 540 nm using a microplate reader (ELISA reader, Bio-rad). The 

percentage of hemolysis was calculated using the following equation 5.13: 

% lysis = (As – A0) / (A+ - A0)                                                                                            (5.13) 

Here As, A0, A+ represents absorbance of RBC treated with nanoparticles, absorbance 

of negative control and absorbance of positive control respectively. 

 

Figure 5.19: Hemolysis response of various samples at different times 

Hemolysis process involves the denaturation of blood cells by mean of physiochemical 

interaction of nanoparticles and the cell surface. The hemolytic activity of optimized sample 

was used to determine the destruction rate of membrane of RBC which can leads towards the 

hemoglobin release into the plasma. Obtained results (figure 5.19) showed that all 

nanoparticles showed hemolysis activity in a concentration dependent manner. With increased 

concentration of nanoparticles i.e. 125 μg/mL maximum of hemolysis was observed which was 

~5.09 %. While for lower concentrations, less than 5% of hemolysis was observed which is 

safe to be used as reported previously (Vinotha et al. 2019; Abinaya et al. 2018). Lower 
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concentrations of nanoparticles were found to be non-toxic and biocompatible according to 

percentage of hemolysis activity. This assessment was crucial, as without it the use of 

synthesized nanoparticles could result in dangerous uncontrolled conditions. 

5.3.10 Biodistribution 

A single-headed Siemens integrated ORBITER gamma camera system interfaced with 

high resolution parallel hole collimator was used. It was connected to an online dedicated 

computer (Macintosh operating system 7.5 software used on the ICON™ Workstation). Each 

animal was placed on a flat hard surface with both hind legs spread out and all legs fixed with 

surgical tape. Diazepam injection (2 ml) was injected into the left thigh muscle. 99mTc-Fe3O4 

stabilized zirconia nanoparticles (0.2 ml) containing 110 MBq of activity was then injected 

intravenously into the marginal ear vein of rabbit. To study the biodistribution, whole body of 

the rabbit was scanned at 10 min, 20 min, and 45 min after injection. Biodistribution study of 

Fe3O4 stabilized zirconia nanoparticles in rabbit can be seen in figure 5.20. 
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Figure 5.20: Biodistribution study of Fe3O4 stabilized zirconia nanoparticles in rabbit 
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5.4 Summary 
In current study, Fe3O4 stabilized zirconia nanoparticles were synthesized using 

variable microwave powers (100 - 1000 W), labeled with technetium-99m, and tested to study 

bio-distribution in rabbit. For the evaluation of synthesized nanoparticles, different 

characterizations such as X-ray diffractometer, and radiolabeling technique were used. 

Crystallite size calculated from XRD data was ~23nm which matched well with the previously 

reported value for stabilized t-ZrO2. Microwave energy dissipation resulted in stresses causing 

volume shrinkage leading to monoclinic to tetragonal phase transformation with higher X-ray 

density and hardness of ~1347 HV. Dielectric constant values, compatible for biomedical 

applications, have been observed for tetragonally stabilized samples. Raman tetragonal 

zirconia band at 148 cm-1 confirmed the formation phase purity at low microwave power. 

Relatively higher density (~6 g/cm3) and hardness (1347HV) of synthesized Fe3O4 stabilized 

zirconia is suitable for biological implants. Magnetic oxide stabilized ZrO2 showed 

ferromagnetic behavior, at 500-900W, with relatively low value of coercivity and saturation 

magnetization well suited for implants. SEM and TEM results confirmed the formation of well 

separated nanoparticles with diameter ~10-20nm. Observed percentage scavenging inhibition 

capability for optimized sample was ~85%. Radio Labeling technique was used to dissolve iron 

oxide stabilized zirconia nanoparticles using Tc99m labeled radio-pharmaceuticals. According 

to pH of rabbit, pH of solution was maintained and injected into rabbit. Results of 

biodistribution studies showed that the Tc99m-labeled nanoparticles possess proper 

radiolabeling stability in their original suspension as well as in blood serum. Maximum of 

hemolysis was observed at 125 μg/mL concentration which was ~5.11 %. While for lower 

concentrations, less than 5% of hemolysis was observed. To get gamma camera images, CT 

scan of rabbit was done for several times to get desirable results and to check the survival of 

rabbit. The success of this imaging approach may allow for early clinical tumor detection with 

a high degree of sensitivity while also providing anatomic and molecular information specific 

to the tumor of interest. 
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Chapter 6  In-vitro Anti-cancer and Hemolytic 

activity of Fe3O4 Stabilized Zirconia 

Nanoparticles using Honey as a 

Capping Agent-Sol gel Approach  

6.1 Introduction 
Among various uses of science nanotechnology is unique because it deals with structure 

and size dependent properties at nano level. It distinguishes the properties of the materials at 

larger scale size and nanoscale. There are various types of the nanomaterials depending upon 

dimensions of the particles. It is worth mentioning here that their one or more dimensions 

should lie in the range 1nm-100nm (Schmalz et al., 2017). Many types of nanoparticles are 

capable of better imaging and cancer curing as well but researchers are reluctant to use them 

due to their toxicity. It is well understood that toxicity depends upon some parameters including 

shape, size, solubility and surface nature of the nanoparticles. Moreover, once nanoparticles 

entered into the cell then they do not face any hinderance which can cause permanent damage 

to the tissues (Patton et al., 2008). Thus, nanoparticles without toxic nature and having narrow 

and uniform sizes are considered to be best candidate for detection and diagnosis (Rosenberg 

and cretin, 1989). Zirconia is used in technological advancement due to its versatile properties 

like high toughness of transformation and hardness. It is p-type semiconductor having wide 

band gap. Its surface has excess of oxygen vacancies and ion exchange capability makes it 

suitable candidate for catalysis (Klenk et al., 2014). Zirconia is potential dielectric applicant 

for nano devices in future (Ansari et al., 2014).  

Zirconia has found to be in definite crystalline phases such as cubic (c- ZrO2), tetragonal 

(t- ZrO2), and monoclinic (m- ZrO2) at normal atmosphere and various temperature ranges. It 

was observed that the cubic phase of zirconia stable at temperature above 2370°C whereas 

monoclinic- ZrO2 phase is thermodynamically stable up to 1100°C and tetragonal phase exists 

in the temperature range of 1100–2370°C (Balaji et al., 2017). It was found that tetragonal 

zirconia reverts to monoclinic at 700°C. Due to the said phase transition, 3-5% of volumetric 

change occur in zirconia (ZrO2). The reversion to monoclinic phase change yield cracks 

throughout the medium which in turn give low value of hardness of the material. To overcome 

this problem one remedy may be used in which additives are added to zirconia to stabilize it. 

These additives also lower the sintering temperature of zirconia-based ceramics. 

Polycrystalline zirconia i.e. materials like zirconia toughened alumina (ZTA), tetragonal 
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zirconia polycrystal (TZP), partially stabilized zirconia (PSZ) and fully cubic stabilized 

zirconia (CSZ) have been developed for Bio-Physics applications (Denry and Kelly, 2008). 

A need of hour, is to stable zirconia with some suitable stabilizers. Yttrium, calcium or 

magnesium-based oxides, are added to zirconia to regulate and stabilize zirconia, permitting 

the tetragonal phase to exist at room temperature after sintering. Careful addition of additives 

forms partially or fully stabilized ZrO2, which in turn enhance the physical properties of 

ceramics to make it useful in mechanical applications as well as optical applications (Denry 

and Kelly, 2008). 

It was studied that various methods are performed for the development of zirconia with 

metal as stabilizer in which RF Magnetron Sputtering, Laser Ablation and Sol-Gel technique 

were promising ones. Sol-gel was observed to be widely used technique due to its low cast with 

moderate temperature. This method consists hydrolyzation of sol and afterwards condensation 

and drying of sol to get gel are performed. Finally, the gel is dried at high temperature under 

inert atmospheric environment for getting final ceramic product (Jodłowski et al., 2018). 

In the present study, stable zirconia nanoparticles are synthesized using said sol-gel 

method. Fe3O4 was used as a stabilizer in combination with honey, a natural source of glucose 

and fructose. Honey acts as a capping agent as well.  

6.2 Experimental Details 

6.2.1 Materials and methods 

Zirconium oxy chloride–octa hydrated, iron nitrate-nano hydrated were selected as 

precursors. All these chemicals were acquired from a renowned company (Sigma–Aldrich). 

These materials are usable directly rather than after further purification. DI water is used as 

solvent. Honey, as an organic capping agent, was supplemented during synthesis of zirconia.  

6.2.2 Synthesis of stabilized zirconia nanoparticles 

Zirconia solution was synthesized by dissolving zirconium source in de ionized water. 

Molarity of stock solution is kept 0.1M. 0.1M solution was kept on hotplate at 50 ºC until 

transparent solution is formed. This transparent solution was named as solution A. Iron oxide 

solution which was already prepared having pH 9 named as solution B. solution B act as a 

zirconia stabilizer. Synthesis details of solution B is discussed in chapter 3. Both solutions A 

and B were then mixed together having equal amount but with different molarities i.e. 0.1M 
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and 1mM. Honey was added in the resultant solution and then heat treatment was carried out 

at 80 oC resulting iron oxide stabilized and honey added nanoparticles. 

6.3 Results and Discussion  

6.3.1 XRD Analysis 

Figure 6.1 shows XRD patterns of iron oxide stabilized zirconia nanoparticles, with 

honey as capping agent, prepared by sol-gel route. Mixed crystallographic phases of zirconia, 

i.e. monoclinic and tetragonal, are observed at MW powers of 100 W, 300 W and 500 W. Peaks 

appeared at ∼24.15°, ~ 28.35°, ∼31.75°,  40.1°, ~45.46°, ~56.45° correspond to (011), (11-1), 

(111),  (210), (20-2) and (013) planes [JCPDS card no. 13-307], respectively, of monoclinic 

zirconia. Whereas, peaks appeared at 30.36°, 42.74°, 52.78°,56.45°, 58.28°, 66.14°, 68.39°, 

75.48° & 77.74° correspond to (111), (113), (330), (222), (113), (123), (213), (400) and (133) 

planes [JCPDS card no. 17-923], respectively, of tetragonal zirconia. Pure tetragonal phase of 

zirconia was observed with increase in MW power to 700 W and 900 W. Transition from mixed 

phases to pure tetragonal phase of zirconia might have observed because of the removal of 

hydroxyl ion, resulting from rapid localized heating, caused by higher content of iron oxide 

(Jodłowski et al., 2018).  

 

Figure 6.1: XRD patterns of iron oxide stabilized zirconia nanoparticles using honey as a capping agent 

Honey was used as a capping agent, with glucose and fructose as a major moiety, during 

synthesis. It is already proved that fructose and glucose are capable of reduction of OH- ions 
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because they possess reducing nature.  Further, due to presence of stabilizing agent i.e. Fe3O4, 

zirconium cations (Zr+4) are replaced by iron (Fe3+ and Fe2+) cations producing oxygen 

vacancies. Oxygen vacancies plays an important role in the stabilization of tetragonal phase at 

relatively lower temperature (Bukhari et al., 2018a).   

6.3.2 Dielectric Properties 

6.3.2.1 Dielectric constant 

Dielectric constant ‘ε’ and tangent loss ‘tanδ’ are estimated using Eqs. [6.1-6.2]. 

ε = c × d εo × A
⁄                                                                    (6.1) 

 tanδ = 1 2πfεε0ρ
⁄                                                                  (6.2) 

           Where c, d, A, εo and ρ represents capacitance, thickness, area, permittivity of free 

space & resistivity, respectively. 

A drift of ε & tanδ at various MW powers is shown in figure 6.2 and 6.3. Different 

kinds of polarizations pay attention towards the dielectric nature of materials consisting space 

charge, dipolar, oriental, ionic and electronic. Space charge polarization is active at low 

frequencies, whereas, electronic & ionic polarizations are vigorous at high frequency values. 

High ε at low frequencies portrays normal dispersion behavior. Large value of dielectric 

constant at lower frequency designate the occurrence of space charge polarization under all the 

synthesis conditions.  

 

Figure 6.2: Dielectric constants for iron oxide stabilized zirconia nanoparticles using honey as a capping agent 
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6.3.2.2 Tangent loss 

Dielectric constant and tangent loss profile with the variation in MW powers is shown 

in figure 6.2 and 6.3. High value of ε (~ 55.26) along with low tanδ (~ 0.055) at log f = 4 was 

observed for higher MW power of 900 W. This high value is observed because of the formation 

of pure stabilized tetragonal phase of zirconia (t-ZrO2) as can be seen in Figure 6.1. Injection 

of nanoparticles into different organs of animal with reasonably high dielectric property can be 

made possible for the potential application, such as imaging and detection, under the externally 

applied magnetic field (Bukhari et al., 2018a). 

 

Figure 6.3: Tangent loss curves for iron oxide stabilized zirconia nanoparticles using honey as a capping agent 

6.3.2.3 Electrical conductivity 

In figure 6.4 variation of conductivity with respect to logf for iron oxide stabilized 

nanoparticles along with use of honey as a capping agent. It can be seen that at lower frequency 

it remains almost constant but at frequency log(f)>7 it shows sharp increase. It shows maximum 

value for 10 wt%.  
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Figure 6.4: Conductivity verses log of frequency iron oxide stabilized zirconia nanoparticles using honey as a 

capping agent 

6.3.2.4 Cole Cole plot 

Impedance response of the material to be studied is beneficial for their biomedical 

application. For this purpose, Cole-Cole plot is plotted between real impedance (Z’) verses 

imaginary impedance (Z”) using Equations (6.3-6.4). 

Z’ = Z cosθ                                                                         (6.3) 

Z” = Z sinθ                                                                            (6.4) 

In figure 6.5 cole-cole semicircles are representing the dielectric behaviour of Fe3O4 

stabilized ZrO2 at different concentrations. In cole-cole plots there are three semicircles 

exhibiting the activity of grains, grain boundaries and interfaces at high, intermediate and low 

frequencies of the applied field (Bukhari et al., 2018a). In this work grain boundaries are 

putting their contribution effectively. So only one semicircle can be seen here. Highest area 

under the semicircle is associated with highest wt% concentration. The areas under the curves 

can be justified by dielectric constants of iron oxide stabilized zirconia nanoparticles. 

 

Figure 6.5 Cole-cole plots for iron oxide stabilized zirconia nanoparticles using honey as a capping agent 



Chapter 6                                                                        

 

 

109 

6.3.3 Antioxidant Activity 

In human body various metabolic progressions and stresses propagates due to body 

environment in return various reactive species are generated. These species include free 

radicals, mainly ROS (reactive oxygen species). Increased ROS results in the damage of 

biomolecules structures as they can cause modification in their functions which leads towards 

cell death. The increased ROS can lead towards increased oxidative stress in the body and it is 

expressed in the form of various health diseases like age related disease, cardiovascular 

diseases and cancer (Grune et al. 2001; Noguchi and Niki 2000). Antioxidant properties of 

nanoparticles have gained so much attention due to their vital role in inhibition of harmful 

effects of reactive oxidative stress. For the verification of capability of as synthesized iron 

oxide nanoparticles against ROS level DPPH (2,2-diphenyl-1-picrylhydrazyl) radical 

scavenging assay was utilized. Variety of samples with concentration of 250 μg/mL were 

prepared in the laboratory while optimized sample was used to prepare (50, 100, 150, 200, 250 

μg/mL) concentrations. For the preparation of 1mM stock solution of DPPH methanol was 

used as solvent. Further this stock solution (1mM DPPH) was utilized for the preparation of 

working solutions. Prepared working solutions were then incubated under dark conditions at 

37°C temperature (French et al. 1994). De-colorization was observed in the intense purple color 

of DPPH indicating strong antioxidant activity of prepared samples. To measure the absorbance 

of the prepared samples, UV–visible spectrophotometer was used. Decrease in value of 

absorbance was observed which indicates that scavenging activity of the prepared samples is 

increased. For comparison of ROS percentage inhibition values (ROS %), ascorbic acid was 

used as positive control. ROS % of prepared samples were obtained by using DPPH assay 

according to Equation 6.5.  

ROS % = (1-(Ac/ A0)) × 100                                                                                               (6.5) 
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Figure 6.6: Comparison study of antioxidant activity between iron oxide stabilized zirconia nanoparticles and 

positive control at various concentrations;  

In equation 6.5, A0 is used for absorbance value of DPPH while Ac denotes absorbance 

value of prepared samples. For comparison, RSA percentage of iron oxide stabilized zirconia 

-honey nanoparticles along with positive control is shown in Figure 6.6.  Observed percentage 

scavenging inhibition capability for optimized sample was ~84.98%. Small particle size as well 

as transfer of electron cloud in zirconia nanoparticles toward electron of nitrogen of DPPH 

results in high antioxidant activity of optimized nanoparticles.  

6.3.4 Hemolysis Activity 

The impact of nanoparticle porosity, geometry, and surface functionality on human red 

blood cells (RBCs) was evaluated by a hemolysis assay. For hemolysis assay, blood samples 

were collected from three healthy volunteers. 3 mL of blood sample was drawn by following 

standard procedure in sterile tubes containing EDTA (anticoagulant). The collected samples 

were centrifuged at 1500 RPM for 10 mins to pellet Red Blood Cells (RBCs). Then the RBCs 

were washed five times in physiological saline (PBS). The washed RBCs pellet was suspended 

and diluted to 50 mL using PBS. 1 mL of the diluted PBS was transferred to Eppendorf tubes 

to which 1µL of DOX was added for the lysis of RBCs which was taken as a positive control 

and RBCs in saline was taken as negative control (Ashokraja et al. 2017). The quantitation of 

hemoglobin in the supernatant of a nanoparticle added RBC mixture was done by recording 

the absorbance of hemoglobin at 540 nm.  Results show that the extent of hemolysis was 

concentration dependant for honey mediated zirconia nanoparticles stabilized with iron oxide. 

The percentage of hemolysis was calculated using the following formula (equation 6.6): 
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% lysis = (As – A0) / (A+ - A0)                                                                                               (6.6) 

Here As, A0, A+ represents absorbance of RBC treated with nanoparticles, absorbance 

of negative control and absorbance of positive control respectively.  

 

Figure 6.7: Hemolytic response of Untreated RBC and iron oxide stabilized zirconia -Honey nanoparticles at 

various dilutions 

Hemolysis process involves the denaturation of blood cells by mean of physiochemical 

interaction of nanoparticles and the cell surface. The hemolytic activity of optimized sample of 

iron oxide nanoparticles were used to determine the destruction rate of membrane of RBC 

which can leads towards the hemoglobin release into the plasma. Obtained results showed that 

all nanoparticles showed hemolysis activity in a concentration dependent manner. With 

increased concentration of nanoparticles i.e. 125 μg/mL maximum of hemolysis was observed 

which was ~5.03 %. While for lower concentrations, less than 5% of hemolysis was observed 

(figure 6.7), as reported previously, is safe to be used (Vinotha et al. 2019; Abinaya et al. 2018). 

Lower concentrations of nanoparticles were found to be non-toxic and biocompatible according 

to percentage of hemolysis activity. This assessment was crucial, as without it the use of 

synthesized nanoparticles could result in dangerous uncontrolled conditions.  

6.3.5 Cell Viability 

DMEM (Dulbecco's Modified Eagle's Medium) was used to culture human gastric cell 

lines accompanied with antibiotic (penicillin) and 10% heat-inactivated FBS (fetal bovine 

serum) using 96 well plates. Incubation was done at 37°C in the presence of 5% CO2 vapor. 

To find the effect of nanoparticle on the viability of cancerous cells, cells were exposed with 

different concentrations of nanoparticles. Using MTT assay cultured cells were incubated for 

24 hours at 37°C before exposure with nanoparticles. After incubation various concentrate ions 
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of nanoparticles were added in the well plates at 37°C in the presence of 5% CO2 and 95% air 

for 24 hours. Experiment was performed in triplicate and untreated cells were used as positive 

control. MTT was added into the micro plates and again incubation was done for 4 hours using 

same conditions.  Afterwards the media was discarded with the help of micro pipit. To dissolve 

formazan crystals due to MTT, dimethyl sulfoxide (DMSO) was added and plates were shaken 

well. Absorbance was measured with the help of microplate reader at 570 nm.  Percentage cell 

inhibition was determined using the following formula (Rajapriya et al., 2019). (Equation 6.7)  

Cell inhibition (%) = (1-As/Ao)  × 100                                                                                   (6.7) 

As is absorbance of sample while Ao is for absorbance of control i.e. untreated cancer 

cells.  

 

Figure 6.8: Concentration dependent effect of optimized nanoparticles on viability of human gastric cancer cells 

The dose-dependent cytotoxic activity of optimized sample of magnetite stabilized 

zirconia NPs, synthesized by using honey as capping agent, was observed for cancer cell lines 

i.e. gastric cancer cell lines. Cell viability was reduced significantly when the cells were treated 

with higher concentration of nanoparticles. In figure 6.8 results showed that after 24 hours by 

varying the concentration up to 25 μg/mL, almost 18% of viability was achieved. This can be 

due to the smaller size of the nanoparticles as particle size determines the severity of toxicity 

in any exposed cell (Yuan et al., 2017). Based on obtained results it can be suggested that 

synthesized nanoparticles are efficiently toxic to cancer cell lines and has potential in 

anticancer drug development.  
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6.4 Summary 
Present study aimed to stabilize tetragonal zirconia by iron oxide. Iron oxide 

nanoparticles (2wt%-10wt% (interval of 2) were synthesized via sol-gel technique using honey 

as a capping agent. Honey is responsible for soft agglomeration resulting in crystallite size 

variation. The smaller crystallite size gives hinderance of phase transformation in zirconia from 

tetragonal to monoclinic. Structural analysis revealed that pure tetragonal phase of zirconia is 

obtained at higher concentration (8wt% & 10wt%) of iron oxide. Highest dielectric constant 

along with lowest tangent loss was observed for 10wt% due to the remarkable contribution of 

grain boundaries resistance. Cole-Cole showed largest area semicircle at 10wt%. Observed 

percentage scavenging inhibition capability for optimized sample was ~84.98%. At 125 μg/mL 

concentration maximum hemolysis ~5.03 % was observed. By varying the concentration up to 

5-25 μg/mL, almost 16% of viability was achieved at 25 μg/mL.  
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Chapter 7 Radiolabelling and Biodistribution of 

Fe3O4 Stabilized 99mTC-ZrO2 

Nanoparticles using Honey as a 

Capping Agent -Microwave Assisted 

Sol gel Approach   

7.1 Introduction  
Nanoparticles (NPs) have revolutionized almost all the aspects of human life. NPs have 

been widely used in biological applications such as drug delivery, computerized X-ray imaging 

(CT-scan) and imaging using optical photons & magnetic resonance (MRI) (Gorschinski et al., 

2009; Winn et al., 1981). However, to meet the demand of current intense biological issues, 

such as tumor/cancer, advanced technological measurements are required.  

Toxicity is the main hindrance to use nanoparticles for better imaging purposes for both 

the detection and curing of tumor. It has been reported that the uniform distribution of size and 

shape of the nanomaterials, their surface properties (physical and chemical) and solubility 

control the toxicity nature of nanoparticles. Further, nanomaterials do not observe any 

impenetrable wall or partition once they have been injected inside the living cell, thus, may 

lead to an irreparable damage to other tissues (Patton et al., 2008). Therefore, nanomaterials 

with narrow size distribution and almost no toxicity are required for efficient and safe imaging 

and diagnostic purposes (Rosenberg and Cretin, 1989).   

Radiolabeling of NPs is an efficient technique used for imaging of living cells with high 

aspect ratio (Gonzalez et al., 1997). However, challenging task, during radiolabeling, is to 

avoid / minimize the changes in surface, chemical and physical properties of nanomaterials to 

have efficient biodistribution and cell uptake characteristics (Shin et al., 2015). For this purpose, 

nanomaterials’ properties and synthesis methods play a critical role (Lingen et al., 2008; Yu et 

al., 2012). Stability of nanomaterials is also one of the important characteristics that can 

preserve its properties during radiolabeling.   

Zirconium oxide (ZrO2) is one of the metal oxide materials known for its 

biocompatibility along with the efficient surface properties required for the immobilization of 

biomolecules, a requisite for better imaging (Das et al., 2011; Zhao et al., 2006; Bellezza et al., 

2005). Pure zirconia is found in various structural forms i.e. cubic, monoclinic and tetragonal. 

These three phases differ in their crystal structure, stoichiometry and thermal stability. 
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Monoclinic phase is stable below 1100 oC. Whereas, temperature less than 2370 oC is 

responsible for tetragonal and above 2370 oC is for the stability of cubic phase (Mamivand et 

al., 2013). Tetragonal phase shows high biocompatibility and strengthened mechanical 

properties as compared to other crystallographic phases of zirconia (Andrieux et al., 2012; 

Kohal et al., 2013). It has been reported previously that tetragonal phase can be stabilized by 

introducing metal oxides into the zirconia (Abbas et al., 2008). Oxygen vacancies in metal 

oxides are created when divalent or trivalent atoms are substituted by tetravalent atoms (Davar 

et al., 2013). Particles from various systems interact with each other with the incorporation of 

nanoparticles of metal-oxide (Stawarczyk et al., 2013). Iron oxide is effective stabilizer among 

the numerous metal oxides (Pedroza et al., 2005). Fe3O4 doped zirconia exhibit ferromagnetic 

character along with low coercivity, which makes it suitable for biomedical application 

(Pashkova et al., 2005; Clavel et al., 2008). Iron oxide is able to enhance the growth mechanism 

and stabilization process of zirconia without transforming itself into other phases 

(Zhukovskaya et al., 1980).  

Size of nanoparticles (NPs), shape, and uniform morphology are important factors for 

biological applications including non-toxicity and biodistribution of NPs. These parameters 

can be tuned by adding some stabilizers and / or annealing processes i.e. conventional and 

microwaves based. Conventional heating (CH) can cause problems in cancer therapy and 

implants due to Ostwald ripening phenomenon (Coovattanachai et al., 2010; Bukhari et al., 

2018a). Microwave (MW) heating can give better results as compared with conventional 

heating. MW heating yields small sized, homogeneously distributed, highly dense, hard and 

with high fracture toughness nanoparticles (Kim et al., 2013). In MW heating volumetric fast 

heating results the enhanced production and energy efficient results (Liu and Imlay, 2013).  

In the present study, ZrO2 nanoparticles are synthesized using microwave assisted sol-

gel method. Iron oxide was used as a stabilizer, whereas, honey, a natural source of glucose 

and fructose, was used as capping agent. Biodistribution of synthesized nanoparticles (NPs) 

were studied in rabbits; technetium-99m was used for radiolabeling of NPs. 

7.2 Experimental Details 

7.2.1 Materials and Methods 

Zirconium oxy chloride – octa hydrated, iron nitrate nano hydrated were used as starting 

materials. All materials were purchased from Sigma–Aldrich and were used without further 
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purification. All solutions were prepared using DI water. Honey, as an organic capping agent, 

was added during synthesis of zirconia. PAKGEN 99Mo/99mTc generator that is locally 

produced fission-based generator was used to get Technetium-99m. Approval for the animal 

experiments was received from Animal Ethical Committee of the Institute. 

7.2.2 Synthesis of stabilized zirconia nanoparticles 

0.1 M stock solution was prepared by mixing precursor / salt of zirconium in DI water. 

This stock solution was stirred at a temperature of 50 ºC resulting in transparent solution 

(Solution A). Pre-synthesized iron oxide sol with pH 9 was used for stabilizing purposes 

(Solution B). Detailed synthesis of iron oxide sol has been reported previously (Bashir et al., 

2015a; Imran et al., 2019). Solution A and B were mixed with an equal ratio taken from 0.1 M 

and 1mM of solutions A and B, respectively. Honey was added in the mixed solution named 

as solution C. Solution C was exposed to microwave radiations without any delay. On time and 

off time of the microwave was controlled to overcome the spitting process. Honey added 

zirconia sols were treated at different microwave powers, i.e. 100 - 900 W, for powder 

formation. 

7.2.3 Synthesis of 99mTc- Zirconia Nanoparticles 

Iron oxide stabilized zirconia nanoparticles were radiolabeled with 99mTc, for which 

amount of nanoparticles was varied as 5-20 mg, while 10-60 μg of hydrated tin chloride was 

used as reducing agent. 0.1 M NaOH and 0.1M HCl were used to tune the pH between 4 to 7. 

The optimum radiolabeling parameters were 10 mg of nanoparticles in 100 μl of water, 

reducing agent was 50 μg with pH 6. After addition of all reagents, ~370 MBq 99mTcO4
- in 

saline was injected into the vial. The mixture was incubated for 30 min at room temperature 

(i.e. 25 ± 2 °C). Optimum radiolabeling synthesis of 99mTc-zirconia nanoparticles is shown in 

Figure 7.1. 
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Figure 7.1: Optimum radiolabeling synthesis of 99mTc- zirconia Nanoparticles 

7.2.4 Quality control 

Radiochemical yield of 99mTc- zirconia nanoparticles was tested by ascending 

chromatographic technique. Amount of free 99mTcO4
- in the preparation was determined by 

using Whatman chromatographic paper No 3 as the stationary phase and acetone as mobile 

phase. Free 99mTcO4
- moved with solvent front while labeled nanoparticles reside at origin. The 

distribution of labeled and free 99mTcO4
- was measured by cutting the chromatographic strip 

into 1 cm segments and counted by a gamma-counter (SCALER TIMER ST7). For estimation 

of colloidal content; the composition was passed through 0.22 µm filter. The stability of 99mTc- 

zirconia nanoparticles was evaluated till 24 h at room temperature.  

7.2.5 Stability of 99mTc- Zirconia nanoparticles at Room 

Temperature 

After optimization of labeling conditions, the labeled complex was incubated at room 

temperature to observe the stability of the complex 99mTc- zirconia nanoparticles till 24 h. 

Ascending chromatography was performed after 2, 4 and 24 h of incubation. 
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7.2.6 Lipophilicity test of 99mTc- Zirconia nanoparticles and 

Protein binding 

Human blood plasma was used for in vitro protein binding study. As an experimental 

procedure, 3 ml human blood plasma was mixed with 1 ml of labeled complex and incubated 

at 37°C for one hour. After incubation, serum and blood cells were separated by centrifuging 

the mixture at 3000 rpm for 10 min. The supernatant was mixed with equal volume of trichloro 

acetic acid and centrifuged again at 3000 rpm for 10 min. Residue was then separated from 

supernatant and both layers were counted for radioactivity in well-shaped gamma counter. The 

measurement was repeated three times.  

The lipophilicity was examined by determining the partition coefficient (p) between the 

layers of aqueous and organic media. For this purpose, 100 µl of labeled complex was mixed 

with 200 µl of phosphate buffers of pH 6.6, 7.0 and 7.6 in separate vials along with addition of 

200 µl of n-octanol in each vial. After shaking well, the three vials were kept undisturbed for 

separation of two layers. After 10-15 min, the two layers were separated and counted in well-

shaped gamma counter for radioactivity. 

7.2.7 Stability in human serum 

Stability in normal human serum was evaluated by adding 1 ml human serum in 0.2 ml 

of 99mTc labeled zirconia nanoparticles. The mixture was incubated at 37°C. An aliquot from 

sample was withdrawn during incubation at different time intervals up to 24 h and labeling 

efficacy was determined by paper chromatography. Any decrease in the labeling was 

considered to be due to degradation of labeled complex. 

7.2.8   99mTc – zirconia nanoparticles Scintigraphy study in 

rabbit 

Siemens gamma camera (integrated, single headed, ORBITER) that was interfaced with 

collimator (parallel hole, high resolution) was used. Data was transferred using online 

computer system particularly dedicated for these measurements. Flat and hard surface was used 

to place the subject i.e. rabbit in the present study. Hind legs of the rabbit were spread out and 

fixed using medical tape. Left thigh muscle of the rabbit was selected to inject Diazepam 

injection (2 ml). 99mTc- zirconia nanoparticles (0.3 ml) containing 130 MBq of activity was 
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then injected intravenously into the marginal ear vein of rabbit. To study the biodistribution of 

tracer in animal, images were acquired at 10 min, 20 min, 4 h and 24 h, post injection. 

7.2.9 Characterization Tools 

Bruker D/ 8 Advance X-ray diffractometer, with Cu K (1.5406Å) radiations, was used 

to investigate the phases and structures of magnetite stabilized zirconia using honey as a 

capping agent nanoparticles. 6500 B (Wayne Kerr) precision impedance analyzer was used to 

analyze impedance response. Lakeshore’s 7407 vibrating sample magnetometer (VSM) was 

used to analyze the magnetic response of resulted product. XPS analysis was performed with 

ThermoFisher ESCLAB system using Al K radiations. A single-headed Siemens integrated 

ORBITER gamma camera system was used to study biodistribution of tracer in animal (rabbit). 

7.3 Results and Discussion 

7.3.1 Structural Analysis 

  Figure 7.2 shows XRD patterns of iron oxide stabilized zirconia nanoparticles, with 

honey as capping agent, prepared by microwave (MW) assisted sol-gel route; nanoparticles 

were named as IOZH. Mixed crystallographic phases of zirconia, i.e. monoclinic and 

tetragonal, are observed at MW powers of 100 W, 300 W and 500 W. Peaks appeared at 

∼30.94°, ∼40.24° and ∼46.80° correspond to (111), (11-2) and (20-2) planes [JCPDS card no. 

13-307], respectively, of monoclinic zirconia. Whereas, peaks appeared at 30.29°, 41.90°, 

52.75°, 58.22°, 68.39°, 73.20° & 77.89° correspond to (111), (112), (221), (113), (132), (400) 

and (114) planes [JCPDS card no. 17-923], respectively, of tetragonal zirconia. Pure tetragonal 

phase of zirconia was observed with increase in MW power to 700 W and 900 W. Transition 

from mixed phases to pure tetragonal phase of zirconia might have observed because of the 

removal of hydroxyl ion, resulting from rapid localized heating, caused by higher microwave 

powers (Bažant and Zi, 2003). Honey was used as a capping agent, with glucose and fructose 

as a major moieties, during synthesis. It has been reported earlier that glucose and fructose play 

a critical role in reduction of hydroxyl ions because of their reducing nature (Sanaullah et al., 

2020). Further, due to presence of stabilizing agent i.e. Fe3O4, zirconium cations (Zr+4) are 

replaced by iron (Fe3+ and Fe2+) cations producing oxygen vacancies. Oxygen vacancies plays 

an important role in the stabilization of tetragonal phase at relatively lower temperature (Wang 

et al., 2013). Additionally, dielectric nature of zirconia also plays an important role in the 
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conversion of microwave energy into heat energy thus leading to a phase transition at higher 

microwave powers (Bažant and Zi, 2003).  

                

 

Figure 7.2: XRD patterns of IOZH nanoparticles at different MW powers  

Content ratio of monoclinic (m) and tetragonal (t) was evaluated using formulas given 

in Equations (7.1-7.3). 

Xm = 
∑ Im

∑ Im+It
                                     (7.1) 

Vmono = 
1.311Xm

1+0.311Xm
                    (7.2)  

Vtetra = 100 − Vm         (7.3) 

Im & It represent peak intensity of monoclinic & tetragonal phase, respectively, in 

Equation (7.1-7.3). Variation in ratio of Vmono & Vtetra, at various MW powers, are tabulated in 

Table 7.1. Both tetragonal and monoclinic traces are observed at low MW powers (100 W - 

500 W). Whereas, increase in MW powers from 700 W to 900 W, resulted in the formation of 

100 % pure tetragonal phase of zirconia. 

Table 7.1: Monoclinic to tetragonal content ratio of IOZH nanoparticles 

The crystallite size, under all the conditions, was obtained using Williamson-Hall plot 

(Mote et al., 2012) as given in Equation (7.4): 

Microwave 

Powers (W) 
100 300 500 700 900 

m : t 86: 14 84:16 80:20 0 : 100 0: 100 
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                                                                                  (7.4) 

where, 2f is taken in radians, K indicates shape factor,  is the wavelength, e (= d/d) 

indicates microstrain produced in samples, D elaborates size of crystallites and Bragg angle is 

given by .  

Dislocation density (δ) was obtained by Equation 7.5.  

δ =
1

D2
                                    (7.5) 

     

Unit cell volume and X-ray density, using Equations 7.6-7.8 (Cullity and Stock, 2001), 

was calculated. 

V monoclinic= abc sinβ                                                                           (7.6) 

Vtetragonal= a2cVtetragonal= a2b                                                                                     (7.7) 

ρ =  1.66042 × ΣA V⁄                                                                                       (7.8) 

Where a, b & c are lattice parameters and ΣA is total atomic weight of all atoms inside 

unit cell.  

Variation in crystallite size is shown in Figure 7.3(a). Two distinct regions indicating 

mixed and pure phase of tetragonal zirconia were witnessed. Crystallographic phase transition 

lead to a decreased crystallite size with the increase in MW power to 700 and 900W without any 

post heat treatment. Higher microwave powers may have increased the polarizability leading to a 

generation of localized heating around the molecules (Surati et al., 2012). Localized energy 

produced in the sols under the application of higher MW powers (i.e. 700 and 900 W) lead to 

lattice shift towards higher d-spacing value resulting in smaller crystallite size (Okada et al., 2002).   

It has been reported previously that crystallite size less than or equal to 30 nm are 

beneficial for biomedical applications especially related to imaging and detection (Chen et al., 

2018). Stabilized zirconia nanoparticles, prepared at MW power of 700-900 W, exhibited smaller 

size ~ 20 nm, thus can be a potential candidate for above said applications.  

Variation in dislocations, unit cell volume and X-ray density have also shown the 

formation of two distinct regions (Figure 7.3(a-c)). The obtained results revealed negative 
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(shrinkage‐like) lattice distortions at higher microwave powers with an evident reduction in lattice 

volume. The lattice parameters calculated, at higher MW powers, indicated the 

negative distortions in c axes (lattice volume reduction) (Różycka et al., 2019). Refined cell 

parameters of IOZH nanoparticles, obtained using powder cell software, are shown in Table 7.2. 

Contraction of unit cell volume is caused by pure phase tetragonal at MW power of 700 W & 900 

W (Figure 7.3(b)). Highest X-ray density (5.07- 5.03 gcm-3) is observed, at MW power of 700 W 

& 900 W, for pure tetragonal phase (Figure 7.3(c)).  

                  

Figure 7.3: (a) Crystallite size (b) dislocation density, (c) unit cell volume and (d) X-ray density of IOZH 

nanoparticles at various microwave powers 

    

 

 

 

Table 7.2: Refined parameters using Powder cell software 
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7.3.2 XPS Analysis 

Chemical composition of the stabilized zirconia nanoparticles, synthesized at 900 W, 

was studied using X-ray photoelectron spectroscopy (XPS) (Figure 7.4 (a-b)). Binding energies 

of zirconia core-level at 182.77 eV & 184.51 eV peak are due to Zr 3d spin orbit splitting 

constituents i.e. Zr 3d5/2 and Zr 3d3/2, respectively, and consistent with previously reported 

values (Ardizzone et al., 1991; Reddy et al., 2018). Whereas, Figure 7.4 (b) depicts the XPS 

spectra for O1s core-level containing three peaks. First and second peak relates with oxygen in 

zirconia & Zr-OH, respectively (Reddy et al., 2018). High peak at 532.13 eV appears due to 

existence of O2- ions, whereas, binding energy peaks at 530.24 eV & 530.18 eV are linked with 

OH groups and lattice oxygen, respectively.  

 

Figure 7.4: XPS spectrum of stabilized zirconia with (a) core level of Zr 3d & (b) O1s 

7.3.3 Dielectric Properties 

Dielectric constant ‘ε’ and tangent loss ‘tanδ’ are estimated using Equations (7.9-7.10) 

(Cullity and Stock, 2001).  

ε = c × d εo × A
⁄                                                                    (7.9) 
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 tanδ = 1 2πfεε0ρ
⁄                                                                                 (7.10) 

Where c, d, A, εo and ρ are capacitance, thickness, area, permittivity of free space & 

resistivity, respectively. 

Figure 7.5 (a-b) shows trend of ε & tanδ at various MW powers. Generally, four types 

of polarizations contribute towards the dielectric nature of materials including space charge, 

dipolar, oriental, ionic and electronic. Space charge polarization is effective at low frequencies, 

whereas, electronic & ionic polarizations are active at high frequency values. High ε at low 

frequencies depicts normal dispersion behavior. High value of dielectric constant at lower 

frequency value indicate the presence of space charge polarization under all the synthesis 

conditions. Figure 7.5 (c) shows response of dielectric constant and tangent loss with the 

variation in MW powers. High value of ε (~ 55.8) along with low tanδ (~ 0.00018) at log f = 4 

was observed for higher MW power of 900 W. This high value is observed because of the 

formation of pure stabilized tetragonal phase of zirconia (t-ZrO2) as shown in Figure 7.2. 

Nanoparticles with reasonably high dielectric property can be injected into different organs of 

animal for the potential application, such as imaging and detection, under the externally applied 

magnetic field (Webb, 2011; Luo et al., 2013).  
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Figure 7.5: Frequency dependent (a) dielectric and (b) tangent loss response of IOZH nanoparticles, (c) 

microwaves’ dependent response 

Detailed impedance response of the material is important to be studied for their 

biomedical application. For this purpose, Cole-Cole plot is plotted between real impedance 

(Z’) verses imaginary impedance (Z”) using Eqsuations (7.11-7.12) (Cullity and Stock, 2001).  

𝑍’ =  𝑍 𝑐𝑜𝑠𝜃                                                                       (7.11) 

𝑍” =  𝑍 𝑠𝑖𝑛𝜃                                                                       (7.12) 

Figure 7.6 shows Cole-Cole plot for IOZH nanoparticles at various microwave powers. 

Generally, Cole-Cole plot is comprised of three semicircles; (i) contribution from grains at 

higher frequencies (ii) contribution from grain boundaries at mid frequencies and (iii) 

contribution from interface between grain / grain boundary and electrode resistance at low 

frequencies (Das et al., 2012; Verma et al., 2011). In present study, Cole-Cole plot exhibits 

single semicircle showing single relaxation process which is because of high grain boundary 

resistance. Highest semicircle at microwave power of 900W indicates high grain boundary 

resistance. High grain boundaries can be correlated with high dielectric constant as can be seen 

in Figure 7.5(c).  

 

Figure 7.6: Cole-Cole plot of IOZH nanoparticles at various microwave powers 

7.3.4 Magnetic Properties 

Figure 7.7 (a-e) shows M-H loops of IOZH nanoparticles (NPs) under various MW 

conditions. NPs exhibited soft ferromagnetic behavior at low MW powers of 100 – 500 W. 

Whereas, superparamagnetic response was observed for the NPs synthesized using MW 

powers of 700 – 900 W. Materials to be used for biomedical applications should have a very 

narrow size distribution, high value of magnetization per unit applied magnetic field along with 

the vanishing magnetic moment in the absence of externally applied magnetic field. However, 
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small size of the nanoparticles may reduce the saturation magnetization, and thus, are not useful 

for imaging purposes. In the present study, iron oxide in combination with honey was used to 

synthesize stabilized zirconia nanoparticles. Iron oxide-based stabilization lead to a 

superparamagnetic response with relatively high value of saturation magnetization as shown in 

Figure 7.7 (a-e). Whereas, honey used in the present study lead to no or very soft agglomeration 

of particles. Non agglomerated nanoparticles with single domain are responsible to generate 

superparamagnetic effect that is required for biomedical applications. 

Generally, when nanoparticles experience magnetic field, from externally applied 

source, then it disturb the applied field producing faster water proton relaxation and enable the 

detection through MRI (Magnetic Resonance Imaging). NPs has capability to work at 

molecular and cellular level. Basically, NPs can penetrate via small capillaries and are taken 

up by cells, which allow efficient imaging of various organs. Moreover, honey contains amino 

acids which has vital role in detection of tumor cells. 

Variation in saturation magnetization and coercivity as function of MW powers are 

shown in Figure 7.7 (f). High and low coercivity values can be ascribed to mixed phases and 

pure tetragonal phase, respectively. Low coercivity values (~20 Oe) with pure tetragonal phase 

was observed for stabilized nanoparticles. 

 

       



Chapter 7                                                                                                           

 

 

128 

      

            

Figure 7.7: M-H curves of IOZH nanoparticles at microwave powers of (a) 100W, (b) 300W, (c) 500W, (d) 

700W and (e) 900W (f) Variation in saturation magnetization and coercivity values 

7.3.5 Radiolabeling of 99mTc- Zirconia    

Paper chromatography, using the mobile phase as acetone, was used to evaluate the 

labeling efficacy, radiochemical purity and the stability of 99mTc-zirconia nanoparticles. In this 

system, free 99mTcO4
- moved towards the solvent front while the labeled nanoparticles 

remained at the origin. To check the content of colloid, the reaction mixture was passed through 

0.22 µm filter and filtrate along with filter was measured in gamma counter for radioactivity 

that showed no colloid in composition. 

7.3.5.1 Effect of pH 

The effect of pH on the labeling efficacy is shown in Figure 7.8. To determine optimum 

value of pH for radiolabeling, nanoparticles were labeled at different pH (4-7) values by using 

50 µg of SnCl2.2H2O as reducing agent. Results indicate that at pH 4, the labeling was 75 ± 2% 

which increased to 97 ± 2% at pH 6 and dramatically lowered to 35 ± 2% at pH 7. So pH 6 was 

selected as optimum for radiolabeling. 
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 Figure 7.8: Effect of pH on radiolabeling efficacy            

7.3.5.2 Effect of Reducing Agent 

Correlation between the amount of reducing agent and labeling efficacy was 

investigated as shown in Figure 7.9. The data indicates that labeling efficacy by using reducing 

agent in the range 10-40 µg was up to 88 ± 2% only but at these experimental conditions, the 

radio conjugate was not stable up to 24 h. Furthermore, maximum labeling i.e. 95 ± 2% was 

observed by using 50 µg of SnCl2.2H2O.  

 

Figure 7.9:  Effect of amount of reducing agent on radiolabeling efficacy 

7.3.5.3 Effect of Room Temperature Stability 

Stability of 99mTc-zirconia nanoparticles that reflects the rate of complexion was 

checked at room temperature as shown in Figure 7.10. Labeling was 97 ± 1% after 30 min that 

was slightly lowered after 4 h and decreased to 90 ± 1% after 24 h. 
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                       Figure 7.10: Stability of radiolabeled complex at room temperature  

7.3.5.4 Effect of Serum 

The stability of 99mTc-zirconia nanoparticles was also checked in human serum as 

shown in Figure 7.11. The labeled nanoparticles were stable more than 90 ± 2% up to 24 h.  

                         

Figure 7.11: Stability of radiolabeled complex in human blood Serum  

7.3.5.5 Effect of Ligand 

Amount of ligand was also changed as shown in Figure 7.12 to see its effects on labeling 

and it was observed that at low value of ligand that was 5 mg labeling was very low 80 ± 2% 

after half hour incubation that increased to maximum 97 ± 1% at 10 mg of nanoparticles 

concentration and by further increase lead to dropping in labeling yield. 
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Figure 7.12: Effect of amount of ligand on radiolabeling efficacy 

7.3.6 Antioxidant Activity 

DPPH assay (1,1,diphenyl-2-picryl hydrazyl) method was employed to figure out the 

scavenging capability of honey mediated iron oxide stabilized zirconia nanoparticles, prepared 

using various microwave powers, as an anti-oxidant material (Forte et al. 2016). Intense purple 

colored DPPH, on interaction with test samples, neutralized either due to electron transfer or 

hydrogen atom transfer (Naik et al. 2003).  Variety of samples with different concentrations 

(50, 100, 150, 200, 250 µg/mL) were prepared in the laboratory. To make 1mM DPPH, 

methanol was used as a solvent. Optimized samples of iron oxide stabilized zirconia-honey (i.e. 

prepared at 900W) were dispersed in the methanol for stock solution. Working solutions were 

obtained by mixing stock solution with 1mM DPPH. These working solutions were preserved 

in test tubes and incubated at 37 ̊C under dark conditions (French et al. 1994). De-colorization 

of the intense purple color of DPPH was observed indicating antioxidant activity of iron oxide 

stabilized zirconia-honey. UV–visible spectrophotometer was used to measure the absorbance 

of the samples. Decrease in absorbance value as shown in figure 7.13 indicates the increasing 

scavenging activity of the optimized nanoparticles. For comparison of percentage inhibition 

values, positive control was used. Percentage radical scavenging activity (RSA), using DPPH 

assay, of optimized nanoparticles were obtained by using Equation 7.13 (Rao et al. 2013). 

𝑅𝑆𝐴 (%)  =  {(𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐴𝑠𝑎𝑚𝑝𝑙𝑒)/ 𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙}  ×  100                                (7.13) 
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Figure 7.13: Comparison study of antioxidant activity between iron oxide stabilized zirconia nanoparticles and 

positive control 

Ao and Ac are used for absorbance value of blank and optimized sample, respectively. 

In Figure 7.13 RSA percentage of nanoparticles in comparison with control group are shown. 

It is observed that optimized nanoparticles demonstrated ~86 % scavenging inhibition 

capability which is higher than that of previously reported values (Karunakaran et al. 2013). 

Higher antioxidant activity is because of the effective transferring of electron density of oxygen 

atom (present in ZrO2) towards odd electrons positioned at nitrogen atom (present in DPPH) 

(Balaji et al. 2017). Honey addition during zirconia synthesis helped in effective electron 

transfer and, thus, enhanced antioxidant activity of ZrO2 nanoparticles was observed. 

7.3.7 Hemolytic Activity 

Fresh human blood samples (first author’s blood sample) were collected. Sample was 

citrated to prevent coagulation. Samples were washed three times with PBS (phosphate buffer 

saline) having pH 7.4 and centrifuged at 1000 rpm for 10 min. Red blood cells were obtained 

as a pellet and the supernatant-containing platelet-deficient plasma was discarded (Das et al. 

2013; Yildirim et al. 2013). The pellet was resuspended with 20 ml of PBS to create an equal 

suspension. The red blood cells were treated with an equal volume of NPs at various 

concentrations. The samples were then incubated at 25 oC for 30 min.  
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Figure 7.14: Hemolysis response of various samples at different times 

The positive control was prepared by adding DOX-rubicin and the negative control 

contained cells treated with PBS only. Following incubation, the red blood cells were collected 

as a pellet by centrifugation at 5000 rpm for 5 min. The percentage of hemolysis was calculated 

using the following equation 7.14: 

% lysis = (As – A0) / (A+ - A0)                                                                                             

(7.14) 

Where, As, A0, A+ represents absorbance of RBC treated with nanoparticles, absorbance 

of negative control and absorbance of positive control respectively. 

Hemolysis process involves the denaturation of blood cells by mean of physiochemical 

interaction of nanoparticles and the cell surface. Obtained results (figure 7.14) showed that all 

nanoparticles showed hemolysis activity in a concentration dependent manner. With increased 

concentration of nanoparticles i.e. 125 μg/mL maximum of hemolysis was observed which was 

~4.99 %. While for lower concentrations, less than 5% of hemolysis was observed, as reported 

previously, is safe to be used (Vinotha et al. 2019; Abinaya et al. 2018). Lower concentrations 

of nanoparticles were found to be non-toxic and biocompatible according to percentage of 

hemolysis activity.  

7.3.8 Biodistribution 

Nanoparticle-based radiopharmaceuticals bind to plasma proteins or many other 

biological materials like glycoprotein, lipoprotein, albumin, erythrocytes, and α, β-, and γ-
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globulins. Among proteins, albumin is an important plasma protein with a concentration of 3.5 

to 5 g/dL in serum (Sato et al., 2016). The interactions of radio bioconjugates may affect the 

pharmacokinetic parameters such as metabolism, volume of distribution, and excretion of the 

radiotracer, and accordingly its dosage (Rosensweig, 2002). The binding of radiolabeled tracer 

with plasma proteins is an essential parameter for measuring the effectiveness of the chelating 

moiety to coordinate the radio metal which necessitates the importance to study the in vitro 

blood protein binding with radiolabeled biomolecule before it is applied to any organism. The 

binding of radiotracer with blood protein may decrease the concentration of drug in plasma. 

The free or unbound drug is considered to be responsible for the side effects and 

pharmacological activities in the body (Lee et al., 2015; Hagiwara et al., 1998; Blasiak et al., 

2013).  Thus, plasma proteins may provide a depot for drugs by maintaining buffered free drug 

levels and assist its distribution (Büyükok et al., 2019). Present study shows that 82.3 ± 1.5 % 

of 99mTc-zirconia nanoparticles bind with blood proteins. Furthermore, the results of 

lipophilicity showed that our labeled entity is hydrophilic in nature. Biodistribution of 

radiotracer in rabbit at various time intervals is shown in Figure 7.15. Uptake of radiotracer in 

various organs of rabbit at various time intervals is shown in Figure 7.16. Previously reported 

studies showed that tumor-seeking drugs, e.g., nanoparticles or folic acid analogs showed 

receptor binding uptake in tumoral cells with very limited uptake in normal cells (Bösel et al., 

2005; Benet and Hoener, 2002). On the basis of these findings, the biodistribution study of 

99mTc-zirconia nanoparticles in normal rabbits is performed. After injecting radiotracer to 

animals, the radio-imaging was done at discrete time intervals up to 24 h and animals were 

kept under observation till 72 h. Prominent uptake was observed in various body organs, e.g., 

heart, liver, kidney but especially in bladder. These data support the argument that uptake of a 

radiotracer is dependent on various factors, like the nature of the complex, pH, blood flow and 

plasma concentration etc. The retention of the radiolabeled zirconia nanoparticles in the bladder 

might be due to its rapid binding to some specific cells in the bladder. The high uptake of 99mTc-

zirconia nanoparticles in the bladder showed the possibility of its application in diagnosis of 

bladder cancers. The most probable route of excretion of radiotracer and its metabolites was 

through the kidneys (Bowker et al., 2006).  
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Figure 7.15: Biodistribution of radiotracer in rabbit at various time intervals A) Anterior B) Posterior views 

 

Figure 7.16: Uptake of Radiotracer in various organs of rabbit at various time intervals 

7.4 Summary 
Zirconia nanoparticles were synthesized using sol-gel method in the presence of 

microwave radiations. Iron oxide was used as stabilizer, whereas honey was used as a capping 

agent. Powers of microwaves (MW) were varied from 100 to 900 W. Nanoparticles synthesized 

using low MW powers exhibited mixed crystallographic phase of zirconia, i.e. monoclinic and 

tetragonal. Stabilized tetragonal zirconia phase was obtained for nanoparticles prepared at 

higher MW powers, i.e. 700 and 900 W. Stabilized nanoparticles exhibited smaller crystallite 

size (~20 nm) and higher X-ray density (~5.03 gcm-3). Dielectric values (~55.8 at log f = 4), 
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compatible for the labelling and detection purposes, were obtained at MW power of 700 – 900 

W. Soft ferromagnetic response was observed for nanoparticles synthesized at low MW powers. 

Superparamagnetic behavior with coercivity < 20Oe was observed for tetragonally stabilized 

zirconia nanoparticles synthesized at 700 – 900 W. Stabilized nanoparticles were radiolabeled 

using 99mTc to evaluate their biodistribution and non-toxicity in rabbit; pH 6 was selected as 

optimum for radiolabeling. It was observed that ZrO2 nanoparticles demonstrated ~86 % 

scavenging inhibition capability which is higher than that of previously reported values. Cell 

viability results showed that after 24 hours by varying the concentration up to 25 μg/mL, 18% 

of viability was achieved. Biodistribution of 99mTc-zirconia nanoparticles showed high uptake 

by the bladder and negligible uptake in heart and kidney, which indicates the in vivo stability 

of labeled conjugates. All of the performed activities indicated the effective use of stabilized 

zirconia nanoparticles for better imaging, therapy and diagnosis. 
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Chapter 8         Conclusions 
In the present study tetragonally stabilized zirconia nanoparticles were synthesized by 

different sol-gel routes. Magnetite (Fe3O4) nanoparticles were used for room temperature 

stabilization.  Magnetite stabilized zirconia nanoparticles were optimized and used for various 

in-vitro and in-vivo applications.   

Iron oxide nanoparticles were prepared by sol-gel method by varying the pH (1-11) of 

iron oxide sol. Structural and magnetic transitions were observed. Hematite, maghemite and 

magnetite phases were observed in the pH range of 1-6, 7-8 and 9-11, respectively. TEM image 

showed nanoparticles with size of 4 - 6nm. Iron oxide nanoparticles with pH 2, 7, 9 and 10 

exhibited superparamagnetic behavior, whereas nanoparticles with pH 4 - 6, 8 and 11 resulted 

in ferromagnetic behavior. Detailed dielectric analysis included impedance and modulus 

spectroscopy which showed iron oxide nanoparticles prepared at pH 2, 7 and 9 showed 

excellent dielectric properties because of grain size effect observed in complex impedance and 

modulus plots. Obtained results showed that all nanoparticles showed low hemolysis activity. 

Hemolysis activity ~ 5.9 % was observed for nanoparticles’ dilution of 125 μg/mL, while 

hemolysis activity of less than 5% was observed for lower concentrations. Antioxidant values 

showed that synthesized nanoparticles have capability to scavenge ~ 72% of ROS. Optimized 

samples of iron oxide nanoparticles, i.e. with superparamagnetic behavior, were used to 

stabilize tetragonal zirconia.  

Optimized iron oxide nanoparticles, with acidic (pH 2) and basic (pH 9) nature, were 

used to stabilize tetragonal zirconia at room temperature. Content of iron oxide nanoparticles 

were varied in the range of 1 wt% to 10 wt%. Zirconia nanoparticles exhibited mixed phases 

for all the contents of acidic stabilizer (iron oxide) used during synthesis. Whereas, tetragonal 

zirconia was observed for 5 – 6 wt % iron oxide used with basic pH value. Maximum value of 

dielectric constant and minimum value of tangent loss was observed for zirconia stabilized with 

5wt% of iron oxide (basic).  Maximum hemolysis (~5.11%) was achieved by using highest 

concentration i.e. 125 μg/mL. While less than 5% of hemolytic activity was observed for all 

lower concentrations. It was observed that stabilized zirconia nanoparticles demonstrated ~76 % 

scavenging inhibition capability. Higher antioxidant activity was because of the effective 

transferring of electron density of oxygen atom (present in ZrO2) towards odd electrons 

positioned at nitrogen atom (present in DPPH).  
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Stabilization of zirconia was also studied using microwave assisted sol-gel method. 

Magnetite (Fe3O4) was used as stabilizer whereas, microwave powers were varied in the range 

of 100 - 1000 W. Phase pure tetragonal zirconia was observed at microwave powers of 500 – 

1000 W. Crystallite size calculated from XRD data was ~23nm which matched well with the 

previously reported value for stabilized t-ZrO2. Microwave energy dissipation resulted in 

stresses causing volume shrinkage leading to monoclinic to tetragonal phase transformation 

with higher X-ray density and hardness of ~1347HV. Dielectric constant values, compatible 

for bone implantation/reconstruction, were observed for tetragonally stabilized samples. 

Raman tetragonal zirconia band at 148cm-1 confirmed the formation phase purity at low 

microwave power. Relatively higher density (~6 g/cm3) and hardness (1347HV) of synthesized 

Fe3O4 doped zirconia is suitable for biological implants. Magnetic oxide stabilized ZrO2 

showed ferromagnetic behavior, at 500-900W, with relatively low value of coercivity and 

saturation magnetization well suited for implants. SEM and TEM revealed formation of 

spherical nanoparticles with diameter of ~ 10-20 nm. Maximum of hemolysis was observed at 

125 μg/mL concentration which was ~5.11 %. While for lower concentrations, less than 5% of 

hemolysis was observed. Observed percentage scavenging inhibition capability for optimized 

sample was ~85%. Biodistribution of stabilized zirconia nanoparticles, i.e. synthesized at 

microwave power of 500 W was studied by radio labelling them using Technetium 99m (99mTc); 

rabbit was used for this study. pH of radio labelled solution was maintained according to pH 

of rabbit, and injected into the rabbit. Results of biodistribution studies showed that the Tc99m-

labeled nanoparticles possess proper radiolabeling stability in their original suspension as well 

as in blood serum. To get gamma camera images, CT scan of rabbit was done for several times 

to get desirable results and to check the survival of rabbit. The success of this imaging approach 

may allow for early clinical tumor detection with a high degree of sensitivity while also 

providing anatomic and molecular information specific to the tumor of interest. 

To increase the contrast effect of magnetic resonance imaging, honey was used during 

the synthesis of stabilized zirconia nanoparticles. Structural analysis revealed that pure 

tetragonal phase of zirconia is obtained at higher concentration (8wt% & 10wt%) of basic iron 

oxide. Highest dielectric constant along with lowest tangent loss was observed for 10wt% due 

to the remarkable contribution of grain boundaries resistance. Cole-Cole showed largest area 

semicircle at 10wt% iron oxide concentration. Observed percentage scavenging inhibition 

capability for optimized sample was ~84.98%. Maximum hemolysis activity of ~5.03 % was 

observed for 125 μg/mL dilution of nanoparticles. Microwave assisted sol-gel method was also 
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used to stabilize zirconia nanoparticles in the presence of honey. Powers of microwaves (MW) 

were varied from 100 to 900 W. Nanoparticles synthesized using low MW powers exhibited 

mixed crystallographic phase of zirconia, i.e. monoclinic and tetragonal. Stabilized tetragonal 

zirconia phase was obtained for nanoparticles prepared at higher MW powers, i.e. 700 and 900 

W. Stabilized nanoparticles exhibited smaller crystallite size (~20nm) and higher X-ray density 

(~5.03 gcm-3). Dielectric values (~55.8 at log f=4), compatible for the labelling and detection 

purposes, were obtained at MW power of 700 – 900 W. Soft ferromagnetic response was 

observed for nanoparticles synthesized at low MW powers. Superparamagnetic behavior with 

coercivity < 20Oe was observed for tetragonally stabilized zirconia nanoparticles synthesized 

at 700 – 900 W. It was observed that ZrO2 nanoparticles demonstrated ~86 % scavenging 

inhibition capability which was higher than that of previously reported values. Cell viability 

results showed, after 24 hours by varying the concentration up to 25 μg/mL, 18% of viability 

was achieved. Stabilized nanoparticles were radiolabeled using 99mTc to evaluate their 

biodistribution and non-toxicity in rabbit; pH 6 was selected as optimum for radiolabeling. 

Biodistribution of 99mTc-zirconia nanoparticles showed high uptake by the bladder and 

negligible uptake in heart and kidney, which indicated the in-vivo stability of labeled 

conjugates. All of the performed activities indicated the effective use of stabilized zirconia 

nanoparticles for better imaging, therapy and diagnosis. 

 



References                                             

 

 

140 

References 
Abbas, H. A., Hamad, F. F., Mohamad, A. K., Hanafi, Z. M., & Kilo, M. (2008). Structural 

properties of zirconia doped with some oxides. Diffusion Fundamentals, 8(7), 1-8. 

Abedini, A., Daud, A. R., Hamid, M. A. A., & Othman, N. K. (2014). pH-dependent magnetic 

phase transition of iron oxide nanoparticles synthesized by gamma-radiation reduction 

method. Journal of Radioanalytical and Nuclear Chemistry, 301(2), 399-407. 

Abinaya, M., Vaseeharan, B., Divya, M., Sharmili, A., Govindarajan, M., Alharbi, N. S., & 

Benelli, G. (2018). Bacterial exopolysaccharide (EPS)-coated ZnO nanoparticles 

showed high antibiofilm activity and larvicidal toxicity against malaria and Zika virus 

vectors. Journal of Trace Elements in Medicine and Biology, 45, 93-103. 

Adhikari, S., & Sarkar, D. (2019). Structural and Functional Prototypes. Ceramic Processing: 

Industrial Practices, 321. 

Ahmad, I., Bashir, M., Sadaqat, A., Riaz, S., & Naseem, S. (2015). Effects of temperature on 

zirconia nanoparticles during and after synthesis. Materials Today: Proceedings, 2(10), 

5786-5792. 

Akbar, A., Riaz, S., Ashraf, R., & Naseem, S. (2014a). Magnetic and magnetization properties 

of co-doped Fe2O3 thin films. IEEE Transactions on Magnetics, 50(8), 1-4. 

Akbar, A., Riaz, S., Bashir, M., & Naseem, S. (2014b). Effect of Fe3+/Fe2+ ratio on 

superparamagnetic behavior of spin coated iron oxide thin films. IEEE Transactions on 

Magnetics, 50(8), 1-4. 

Akbar, A., Yousaf, H., Riaz, S., & Naseem, S. (2019). Role of precursor to solvent ratio in 

tuning the magnetization of iron oxide thin films–A sol-gel approach. Journal of 

Magnetism and Magnetic Materials, 471, 14-24. 

Albanese, A., Lam, A. K., Sykes, E. A., Rocheleau, J. V., & Chan, W. C. (2013). Tumour-on-

a-chip provides an optical window into nanoparticle tissue transport. Nature 

communications, 4(1), 1-8. 

Alexeff, I., & Meek, T. T. (2011). The effect of electric field intensity on the microwave 

sintering of zirconia. Materials Letters, 65(14), 2111-2113. 



References                                             

 

 

141 

Alfredsson, M., Price, G. D., Catlow, C. R. A., Parker, S. C., Orlando, R., & Brodholt, J. P. 

(2004). Electronic structure of the antiferromagnetic B 1-structured FeO. Physical 

Review B, 70(16), 165111. 

Ali, K., Sarfraz, A. K., Mirza, I. M., Bahadur, A., Iqbal, S., & Ul Haq, A. (2015). Preparation 

of superparamagnetic maghemite (γ-Fe2O3) nanoparticles by wet chemical route and 

investigation of their magnetic and dielectric properties. Current Applied 

Physics, 15(8), 925-929. 

Ali, M., Tehseen, U., Ali, M., Ali, L., & Mumtaz, M. (2018). Study of uncoated and silica-

coated hematite (α-Fe2O3) nanoparticles. Surfaces and Interfaces, 13, 196-204. 

Allaker, R. P. (2010). The use of nanoparticles to control oral biofilm formation. Journal of 

dental research, 89(11), 1175-1186. 

Andrieux, M., Ribot, P., Gasqueres, C., Servet, B., & Garry, G. (2012). Effect of the oxygen 

partial pressure on the toughness of tetragonal zirconia thin films for optical 

applications. Applied surface science, 263, 284-290. 

Ansari, C., Tikhomirov, G. A., Hong, S. H., Falconer, R. A., Loadman, P. M., Gill, J. H., & 

Felsher, D. W. (2014). Development of novel tumor‐targeted theranostic nanoparticles 

activated by membrane‐type matrix metalloproteinases for combined cancer magnetic 

resonance imaging and therapy. Small, 10(3), 566-575. 

Ardizzone, S., Lazzari, P., Sarti, M., & Cattania, M. G. (1991). Bulk, surface and double layer 

properties of zirconia polymorphs subjected to mechanical treatments. Materials 

chemistry and physics, 28(4), 399-412.  

Aronne, A., Marotta, A., Pernice, P., & Catauro, M. (1996). Sol-gel processing and 

crystallization of yttria-doped zirconia. Thermochimica acta, 275(1), 75-82. 

Ashokraja, C., Sakar, M., & Balakumar, S. (2017). A perspective on the hemolytic activity of 

chemical and green-synthesized silver and silver oxide nanoparticles. Materials 

Research Express, 4(10), 105406. 

Atif, M., Idrees, M., Nadeem, M., Siddique, M., & Ashraf, M. W. (2016). Investigation on the 

structural, dielectric and impedance analysis of manganese substituted cobalt ferrite ie, 

Co1−x MnxFe2O4 (0.0≤ x≤ 0.4). RSC Advances, 6(25), 20876-20885. 



References                                             

 

 

142 

Azab, A. A., & El-Menyawy, E. M. (2019). Effect of Cobalt Dopant on the Structural, 

Magnetic and Dielectric Properties of Fe3O4 Nanoparticles Prepared by Co-

precipitation Method. Journal of Electronic Materials, 48(5), 3229-3238. 

Baeza, A., Manzano, M., Colilla, M., & Vallet-Regí, M. (2016). Recent advances in 

mesoporous silica nanoparticles for antitumor therapy: our contribution. Biomaterials 

science, 4(5), 803-813. 

Bakhtiary, Z., Saei, A. A., Hajipour, M. J., Raoufi, M., Vermesh, O., & Mahmoudi, M. (2016). 

Targeted superparamagnetic iron oxide nanoparticles for early detection of cancer: 

Possibilities and challenges. Nanomedicine: Nanotechnology, Biology and 

Medicine, 12(2), 287-307. 

Balaji, S., Mandal, B. K., Ranjan, S., Dasgupta, N., & Chidambaram, R. (2017). Nano-

zirconia–evaluation of its antioxidant and anticancer activity. Journal of 

Photochemistry and Photobiology B: Biology, 170, 125-133. 

Basahel, S. N., Ali, T. T., Narasimharao, K., Bagabas, A. A., & Mokhtar, M. (2012). Effect of 

iron oxide loading on the phase transformation and physicochemical properties of 

nanosized mesoporous ZrO2. Materials Research Bulletin, 47(11), 3463-3472. 

Bashir, M., Riaz, S., & Naseem, S. (2014a). Magnetic Properties of Fe3O4 Stabilized 

Zirconia. IEEE Transactions on Magnetics, 50(8), 1-4. 

Bashir, M., Riaz, S., & Naseem, S. (2014b). Fe3O4 stabilized zirconia: Structural optical and 

mechanical properties. J. Sol-Gel Sci. Technol. 

Bashir, M., Riaz, S., & Naseem, S. (2015a). Fe3O4 stabilized zirconia: structural, mechanical 

and optical properties. Journal of Sol-Gel Science and Technology, 74(2), 281-289. 

Bashir, M., Riaz, S., & Naseem, S. (2015b). Structural and mechanical properties of sucrose 

added zirconia thin films. Materials Today: Proceedings, 2(10), 5777-5785. 

Bashir, M., Riaz, S., Farooq, M., Butt, A., & Naseem, S. (2015c). Structural and magnetic 

properties of Fe3O4 doped zirconia. Materials Today: Proceedings, 2(10), 5611-5618. 

Bashir, M., Riaz, S., Kayani, Z. N., & Naseem, S. (2018). Synthesis of bone implant substitutes 

using organic additive-based zirconia nanoparticles and their biodegradation 

study. Journal of the mechanical behavior of biomedical materials, 88, 48-57. 



References                                             

 

 

143 

Bauer, L. A., Birenbaum, N. S., & Meyer, G. J. (2004). Biological applications of high aspect 

ratio nanoparticles. Journal of Materials Chemistry, 14(4), 517-526. 

Bažant, Z. P., & Zi, G. (2003). Decontamination of radionuclides from concrete by microwave 

heating. I: theory. Journal of engineering mechanics, 129(7), 777-784. 

Becher, P. F., & Swain, M. V. (1992). Grain‐size‐dependent transformation behavior in 

polycrystalline tetragonal zirconia. Journal of the American ceramic society, 75(3), 

493-502. 

Beg, S., & Varshney, P. (2007). Study of electrical conductivity changes and phase transitions 

in TiO2 doped ZrO2. Journal of materials science, 42(15), 6274-6278. 

Behera, B., Nayak, P., & Choudhary, R. N. P. (2008). Structural and impedance properties of 

KBa2V5O15 ceramics. Materials Research Bulletin, 43(2), 401-410. 

Bellezza, F., Cipiciani, A., & Quotadamo, M. A. (2005). Immobilization of myoglobin on 

phosphate and phosphonate grafted-zirconia nanoparticles. Langmuir, 21(24), 11099-

11104.  

Benet, L. Z., & Hoener, B. A. (2002). Changes in plasma protein binding have little clinical 

relevance. Clinical Pharmacology & Therapeutics, 71(3), 115-121.  

Berkova, Z., Jirak, D., Zacharovova, K., Lukes, I., Kotkova, Z., Kotek, J., & Saudek, F. (2013). 

Gadolinium‐and Manganite‐Based Contrast Agents with Fluorescent Probes for Both 

Magnetic Resonance and Fluorescence Imaging of Pancreatic Islets: A Comparative 

Study. ChemMedChem, 8(4), 614-621. 

Bhavani, P., Reddy, N. R., Reddy, I. V. S., & Sakar, M. (2017). Manipulation over phase 

transformation in iron oxide nanoparticles via calcination temperature and their effect 

on magnetic and dielectric properties. IEEE Transactions on Magnetics, 53(9), 1-5. 

Bhide, S. A., Ahmed, M., Newbold, K., Harrington, K. J., & Nutting, C. M. (2012). The role 

of intensity modulated radiotherapy in advanced oral cavity carcinoma. Journal of 

cancer research and therapeutics, 8(6), 67. 

Bhowmik, R. N., & Saravanan, A. (2010). Surface magnetism, Morin transition, and magnetic 

dynamics in antiferromagnetic α-Fe2O3 (hematite) nanograins. Journal of Applied 

Physics, 107(5), 053916. 



References                                             

 

 

144 

Blanco-Andujar, C., Ortega, D., Pankhurst, Q. A., & Thanh, N. T. K. (2012). Elucidating the 

morphological and structural evolution of iron oxide nanoparticles formed by sodium 

carbonate in aqueous medium. Journal of Materials Chemistry, 22(25), 12498-12506. 

Blasiak, B., van Veggel, F. C., & Tomanek, B. (2013). Applications of nanoparticles for MRI 

cancer diagnosis and therapy. Journal of Nanomaterials, 2013.  

Bohnke, O., Gunes, V., Kravchyk, K. V., Belous, A. G., Yanchevskii, O. Z., & V'Yunov, O. I. 

(2014). Ionic and electronic conductivity of 3 mol% Fe2O3-substituted cubic yttria-

stabilized ZrO2 (YSZ) and scandia-stabilized ZrO2 (ScSZ). Solid State Ionics, 262, 

517-521. 

Bokhimi, X., Morales, A., Novaro, O., Portilla, M., Lopez, T., Tzompantzi, F., & Gomez, R. 

(1998). Tetragonal nanophase stabilization in nondoped sol–gel zirconia prepared with 

different hydrolysis catalysts. Journal of solid state chemistry, 135(1), 28-35. 

Borrell, A., Salvador, M. D., Peñaranda‐Foix, F. L., & Cátala‐Civera, J. M. (2013). Microwave 

sintering of zirconia materials: mechanical and microstructural properties. International 

Journal of Applied Ceramic Technology, 10(2), 313-320. 

Bösel, J., Gandor, F., Harms, C., Synowitz, M., Harms, U., Djoufack, P. C., & Endres, M. 

(2005). Neuroprotective effects of atorvastatin against glutamate‐induced excite 

toxicity in primary cortical neurones. Journal of neurochemistry, 92(6), 1386-1398.  

Bowker, K. E., Noel, A. R., & MacGowan, A. P. (2006). Pharmacodynamics of dalbavancin 

studied in an in vitro pharmacokinetic system. Journal of Antimicrobial 

Chemotherapy, 58(4), 802-805.  

Brook, R. J. (Ed.). (2012). Concise encyclopedia of advanced ceramic materials. Elsevier. 

Bukhari, B. S., Imran, M., Bashir, M., Riaz, S., & Naseem, S. (2018a). Honey mediated 

microwave assisted sol–gel synthesis of stabilized zirconia nanofibers. Journal of Sol-

Gel Science and Technology, 87(3), 554-567. 

Bukhari, S. B., Imran, M., Bashir, M., Riaz, S., & Naseem, S. (2018b). Room temperature 

stabilized TiO2 doped ZrO2 thin films for teeth coatings–A sol-gel approach. Journal of 

Alloys and Compounds, 767, 1238-1252. 



References                                             

 

 

145 

Büyükok, O., Uçar, E., İçhedef, Ç., Çetin, O., & Teksöz, S. (2019). Bioevaluation of 99mTc 

(I) carbonyl-radiolabeled amino acid coated magnetic nanoparticles in vivo. Materials 

Chemistry and Physics, 235, 121751.  

Chaki, S. H., Malek, T. J., Chaudhary, M. D., Tailor, J. P., & Deshpande, M. P. (2015). 

Magnetite Fe3O4 nanoparticles synthesis by wet chemical reduction and their 

characterization. Advances in Natural Sciences: Nanoscience and 

Nanotechnology, 6(3), 035009. 

Chamorro, E., Tenorio, M. J., Calvo, L., Torralvo, M. J., Sáez-Puche, R., & Cabañas, A. (2020). 

One-step Sustainable Preparation of Superparamagnetic Iron Oxide Nanoparticles 

Supported on Mesoporous SiO2. The Journal of Supercritical Fluids, 104775. 

Chand, P. (2019). Effect of pH values on the structural, optical and electrical properties of 

SnO2 nanostructures. Optik, 181, 768-778. 

Chen, I. W., & Chiao, Y. H. (1985). Theory and experiment of martensitic nucleation in ZrO2 

containing ceramics and ferrous alloys. Acta Metallurgica, 33(10), 1827-1845. 

Chen, L. F., Sebastian, S. R., Wang, J. A., & Contreras, J. L. (2013). Pd/WO3-ZrO2 catalysts: 

Synthesis, characterization and catalytic evaluation. In Nanotechnology 2013: 

Advanced Materials, CNTs, Particles, Films and Composites-2013 NSTI 

Nanotechnology Conference and Expo, NSTI-Nanotech 2013 (pp. 479-482). 

Chen, L., Xie, J., Wu, H., Li, J., Wang, Z., Song, L., & Zhang, Y. (2018). Precise study on size-

dependent properties of magnetic iron oxide nanoparticles for in vivo magnetic 

resonance imaging. Journal of Nanomaterials, 2018. 

Chen, P., Zhou, X., Chen, W., Li, D., & Li, Y. (2015). Tuning the phase composition and 

particle characteristics of partially stabilized yttria and ceria co-doped zirconia 

nanocrystals via a sol–gel process with sodium chloride as an additive. Ceramics 

International, 41(1), 1309-1316. 

Chevalier, J. (2006). What future for zirconia as a biomaterial?. Biomaterials, 27(4), 535-543. 

Chraska, T., King, A. H., & Berndt, C. C. (2000). On the size-dependent phase transformation 

in nanoparticulate zirconia. Materials Science and Engineering: A, 286(1), 169-178. 



References                                             

 

 

146 

Chua, Y. T., Stair, P. C., & Wachs, I. E. (2001). A comparison of ultraviolet and visible Raman 

spectra of supported metal oxide catalysts. The Journal of Physical Chemistry 

B, 105(36), 8600-8606. 

Clavel, G., Willinger, M. G., Zitoun, D., & Pinna, N. (2008). Manganese‐Doped Zirconia 

Nanocrystals. European Journal of Inorganic Chemistry, 2008(6), 863-868. 

Coovattanachai, O., Tosangthum, N., Morakotjinda, M., Yotkaew, T., Krataitong, R., 

Vetayanugul, B., & Tongsri, R. (2010). Effect of heating rate on sintered series 300 

stainless steel. Sonklanakarin Journal of Science and Technology, 32(2), 163. 

Cornell, R. M., & Schwertmann, U. (2003). The iron oxides: structure, properties, reactions, 

occurrences and uses. John Wiley & Sons. 

Cossellu, G., Motta, V., Dioni, L., Angelici, L., Vigna, L., Farronato, G., & Bollati, V. (2016). 

Titanium and Zirconium Levels Are Associated with Changes in MicroRNAs 

Expression: Results from a Human Cross-Sectional Study on Obese Population. PloS 

one, 11(9). 

Crucean, E., & Rand, B. (1979). Calcination of zirconia gels. Transactions and Journal of the 

British Ceramic Society, 78(3), 58-64. 

Cuenca, J. A., Bugler, K., Taylor, S., Morgan, D., Williams, P., Bauer, J., & Porch, A. (2016). 

Study of the magnetite to maghemite transition using microwave permittivity and 

permeability measurements. Journal of Physics: Condensed Matter, 28(10), 106002. 

Cullity, B. D. (1956). Elements of X-ray Diffraction. Addison-Wesley Publishing. 

Cullity, B. D., & Graham, C. D. (2011). Introduction to magnetic materials. John Wiley & Sons. 

Cursaru, L. M., Piticescu, R. M., Dragut, D. V., Tudor, I. A., Kuncser, V., Iacob, N., & Stoiciu, 

F. (2020). The Influence of Synthesis Parameters on Structural and Magnetic Properties 

of Iron Oxide Nanomaterials. Nanomaterials, 10(1), 85. 

Dadfar, S. M., Camozzi, D., Darguzyte, M., Roemhild, K., Varvarà, P., Metselaar, J., & Slabu, 

I. (2020). Size-isolation of superparamagnetic iron oxide nanoparticles improves MRI, 

MPI and hyperthermia performance. Journal of Nanobiotechnology, 18(1), 1-13. 



References                                             

 

 

147 

Danhier, F., Ansorena, E., Silva, J. M., Coco, R., Le Breton, A., & Préat, V. (2012). PLGA-

based nanoparticles: an overview of biomedical applications. Journal of controlled 

release, 161(2), 505-522. 

Das, D., Nath, B. C., Phukon, P., & Dolui, S. K. (2013). Synthesis of ZnO nanoparticles and 

evaluation of antioxidant and cytotoxic activity. Colloids and Surfaces B: 

Biointerfaces, 111, 556-560. 

Das, M., Dhand, C., Sumana, G., Srivastava, A. K., Vijayan, N., Nagarajan, R., & Malhotra, 

B. D. (2011). Zirconia grafted carbon nanotubes based biosensor for M. Tuberculosis 

detection. Applied Physics Letters, 99(14), 143702.  

Das, R., Sarkar, T., & Mandal, K. (2012). Multiferroic properties of Ba2+ and Gd3+ co-doped 

bismuth ferrite: magnetic, ferroelectric and impedance spectroscopic analysis. Journal 

of Physics D: Applied Physics, 45(45), 455002.  

Davar, F., Hassankhani, A., & Loghman-Estarki, M. R. (2013). Controllable synthesis of 

metastable tetragonal zirconia nanocrystals using citric acid assisted sol–gel 

method. Ceramics International, 39(3), 2933-2941. 

Dayal, R., Gokhale, N. M., Sharma, S. C., Lal, R., & Krishnan, R. (1992). Investigation of the 

metastable tetragonal phase in yttria-doped zirconia powders prepared by a sol-gel 

technique. British ceramic. Transactions and journal, 91(2), 45-47. 

Deatsch, A. E., & Evans, B. A. (2014). Heating efficiency in magnetic nanoparticle 

hyperthermia. Journal of Magnetism and Magnetic Materials, 354, 163-172. 

Denry, I., & Kelly, J. R. (2008). State of the art of zirconia for dental applications. Dental 

materials, 24(3), 299-307. 

Desai, T. A. (2000). Micro-and nanoscale structures for tissue engineering constructs. Medical 

engineering & physics, 22(9), 595-606. 

De-Souza, S., Visco, S. J., & De Jonghe, L. C. (1997). Thin-film solid oxide fuel cell with high 

performance at low-temperature. Solid State Ionics, 98(1-2), 57-61. 

DeVita, V. T., Lawrence, T. S., & Rosenberg, S. A. (2008). Cancer: Principles & Practice of 

Oncology, Lippincott Williams & Wilkins.  



References                                             

 

 

148 

Dey, S., Drazin, J. W., Wang, Y., Valdez, J. A., Holesinger, T. G., Uberuaga, B. P., & Castro, 

R. H. (2015). Radiation tolerance of nanocrystalline ceramics: insights from Yttria 

Stabilized Zirconia. Scientific reports, 5, 7746. 

Dosta, S., Cano, I. G., Miguel, J. R., & Guilemany, J. M. (2008). Production and 

Characterization of Metastable ZrO2-Al2O3 Coatings Obtained by APS+ 

Quench. Journal of thermal spray technology, 17(3), 360-364. 

Dwivedi, R., Maurya, A., Verma, A., Prasad, R., & Bartwal, K. S. (2011). Microwave assisted 

sol–gel synthesis of tetragonal zirconia nanoparticles. Journal of Alloys and 

Compounds, 509(24), 6848-6851. 

Dwivedi, R., Maurya, A., Verma, A., Prasad, R., & Bartwal, K. S. (2011). Microwave assisted 

sol–gel synthesis of tetragonal zirconia nanoparticles. Journal of Alloys and 

Compounds, 509(24), 6848-6851. 

Ede, A. (2006). The chemical element: a historical perspective. Greenwood Publishing Group. 

Eguchi, H., Umemura, M., Kurotani, R., Fukumura, H., Sato, I., Kim, J. H., & Hirata, K. (2015). 

A magnetic anti-cancer compound for magnet-guided delivery and magnetic resonance 

imaging. Scientific reports, 5, 9194.  

Ehrenfest, P. (1933). Phase changes in the ordinary and extended sense classified according to 

the corresponding singularities of the thermodynamic potential. In Proc Acad Sci 

Amsterdam (Vol. 36, pp. 153-157). 

Eken, A. E., & Ozenbas, M. (2009). Characterization of nanostructured magnetite thin films 

produced by sol–gel processing. Journal of sol-gel science and technology, 50(3), 321-

327. 

Faiyas, A. P. A., Vinod, E. M., Joseph, J., Ganesan, R., & Pandey, R. K. (2010). Dependence 

of pH and surfactant effect in the synthesis of magnetite (Fe3O4) nanoparticles and its 

properties. Journal of Magnetism and Magnetic Materials, 322(4), 400-404. 

Fan, M., Ren, B., Wang, J., & Jing, X. (2013). Effects of the doping ZnO on the property of 

magnetic solid acid SO42-/ZrO2- Fe3O4. Journal of The Chemical Society of 

Pakistan, 35(6), 267. 



References                                             

 

 

149 

Fangueiro, J., Veiga, F., M Silva, A., & B Souto, E. (2016). Ocular drug delivery-new strategies 

for targeting anterior and posterior segments of the eye. Current pharmaceutical 

design, 22(9), 1135-1146. 

Farhikhteh, S., Maghsoudipour, A., & Raissi, B. (2010). Synthesis of nanocrystalline YSZ 

(ZrO2–8Y2O3) powder by polymerized complex method. Journal of Alloys and 

Compounds, 491(1-2), 402-405. 

Fiete, G. A., Zarand, G., Halperin, B. I., & Oreg, Y. (2002). Kondo effect and STM spectra 

through ferromagnetic nanoclusters. Physical Review B, 66(2), 024431. 

Fischer, D., & Kersch, A. (2008). The effect of dopants on the dielectric constant of HfO2 and 

ZrO2 from first principles. Applied physics letters, 92(1), 012908. 
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A B S T R A C T

Composites play important role in dental filling by controlling shrinkage along with correction in teeth's shape
and position. Rehabilitation of severely worn dentition can be achieved using mechanically strong composites.
This study aims to synthesize zirconia-based composites to be used as dental fillers. Effect of microwave powers
(100–900 W) along with Fe3O4 doping are studied on the structural, mechanical and magnetic properties of
stabilized zirconia. SEM and TEM reveal formation of spherical nanoparticles with diameter of ∼30 nm. XRD
results shows phase pure tetragonal zirconia (t-ZrO2) at microwave power of 500 W without any post heat
treatment. Crystallite size calculated from XRD data (∼23 nm) matches well with the previously reported value
for stabilization of t-ZrO2. Microwave energy dissipation results in stresses causing volume shrinkage leading to
monoclinic to tetragonal phase transformation with higher X-ray density and hardness of ∼1347HV. VSM results
show ferromagnetic response with low coercivity (600Oe) value and saturation magnetization (∼2emu/g). It is
worth mentioning here that this is one of its kind study reporting synthesis of room temperature stabilized Fe3O4

doped zirconia composites at microwave power of 500 W. Antibacterial studies reveal inhibition zone of
∼32 mm against bacillus bacteria suggesting their potential use as dental filler.

1. Introduction

For the last few years, metal oxides and their composites have
gained prominent interest because of their possible application in or-
thopedic and dental implants. These materials exhibit not only good
mechanical properties, effective corrosion resistance, low inherent
toxicity but also excellent biocompatibility. Nanoscale zirconia, with
reproducible properties, is very effective for bio-nanotechnology [1–4].
Moreover, nano-zirconia show remarkable properties i.e. high value of
strength and fracture toughness along with crack resistance. Further,
low values of thermal conductivity have also been observed in nano-
zirconia. These properties, found in nano-zirconia, are prerequisite for
any material to be used as implants and restoration purposes [5,6].

Three crystallographic phases of pure zirconia occur at ambient
conditions. These three phase are thermodynamically stable: mono-
clinic (m) below 1100 °C, tetragonal (t) below 2370 °C and cubic (c)
above 2370 °C [7]. Amongst all of the crystallographic phases, tetra-
gonal phase (t-phase) exhibits relatively better mechanical properties as
compared to the monoclinic phase [8,9]. However, tetragonal zirconia
(t-ZrO2) correspond to metastable phase [10].

Metal oxide dopants can help in achieving stabilized zirconia.
Substitution of divalent or trivalent atoms by tetravalent atoms gen-
erate oxygen vacancies by doping with metal oxide [11]. Further, in-
corporation of metal oxide nanoparticles give rise to particle-particle
interaction from various systems [12]. Amongst all metal oxide, iron
oxide is an efficient stabilizer [13]. Magnetic oxide doped zirconia has
ferromagnetic behavior with low value of coercivity thus reliable to be
used for biomedical applications [14,15]. Therefore, it is worth in-
vestigating the interaction between FeeO and ZrO2 in order to check
the possibility to use stabilized zirconia in contact with ferrous-ferric
oxide. Fe3O4 has ability to stimulate growth and stabilization of ZrO2

without decomposing into other iron oxide phases. It creates oxygen
vacancies that help in stabilization process [2]. Zirconia being implant
material and Fe3O4 with excellent magnetic properties can tackle var-
ious diseases / issues when synthesize in the form of composite [3,4].

Biomedical applications of Fe3O4 doped ZrO2 nanoparticles are very
rare to be found in literature. Size of nanoparticles and their magnetic
properties, controlled by synthesis technique, govern the overall be-
havior of magnetic oxide doped ceramic material [16]. Moreover, for
biological implants and cancer treatments size of nanoparticles with
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well-defined grain boundaries and shape are important factors [17].
Size of nanoparticles, agglomeration and formation of well grained
boundaries can be controlled by means of heating process [18]. How-
ever, conventional heating (CH) results in Ostwald ripening growth
leads to lager particle size [19] that create problems in implants and
cancer therapy [20]. Nanoparticles with soft agglomeration, small size,
uniform distribution and dense structure resulting in high value of
hardness and fracture toughness can be obtained using microwave
heating (MH) as compared to the conventional one [21]. Moreover, MH
has advantage of improved productivity at large scale along with en-
ergy saving due to volumetric rapid heating as compared to CH [12].

Presence or growth of bacteria is the main reason of the teeth in-
fection and decay / degradation. Commonly used antibiotics are ef-
fective because they attack the DNA fermentation process of bacteria
[22]. However, patients must make compromise on the effectiveness
and side effects of the antibiotics they intend to use. Side effects of
antibiotics may include hematological, gastric, dermatological, allergic,
neurological and other disorders. These side effects can be minimized/
avoided using bio compatible nanoparticle's-based treatment. Bio-
compatibility of zirconia (ZrO2) and magnetite (Fe3O4) is already
proven [23–26]. Furthermore, hardness of zirconia is suitable to be
used as filler and its doping with Fe3O4 can address various bacterial
infections because of its magnetic nature [27]. Moreover, oxides na-
noparticles can attack bacterial cell without penetration to the or-
ganism cell, thereby, performing their required task without creating
any or minimum side effect [28].

Aim of the present study is to investigate the effect of microwave
powers on the stabilization of zirconia. Effect of microwave powers on
the mechanical, structural and magnetic properties has been studied in
detail. Optimized sample is also tested for their antimicrobial activities.

2. Experimental details

2.1. Materials

Zirconium oxychloride octahydrate (ZrOCl2·8H2O, BDH, 99.99%
pure), FeCl3·6H2O (Sigma–Aldrich, 99.99% pure), FeCl2·4H2O
(Sigma–Aldrich, 99.99% pure) and NH3 were used without further
purification. De-ionized (DI) water was used as solvent.

2.2. Method

For the formation of phase pure t-ZrO2, choice of precursor is very
important. Inorganic precursors usually result in formation of non-ag-
glomerated structure that favors the stabilization of tetragonal zirconia.
Amongst various inorganic precursors ZrOCl2.8H2O is widely used for t-
ZrO2 stabilization due to the presence of 2 oxy-bridges. Presence of 2
oxy-bridges favors the formation of ZrO2 instead of Zr(OH)4. Presence
of Zr(OH)4 results in monoclinic content in zirconia. Moreover, at ap-
propriate sol concentration the interaction between atoms increases
due to increase in electrostatic interaction which is related to the che-
mical shift among various phases. Sol concentration for zirconia is al-
ready optimized by our research group [29].

ZrOCl2·8H2O was mixed in DI water to form 0.1M solution. This
stock solution was stirred at room temperature for the formation of
transparent and homogenous sol. ZrOCl2·8H2O reacts with DI water and
forms Zr (OH)4 along with 2 molecules of HCl. The evaporation me-
chanism of HCl is based on boiling point. HCl has very low boiling point
(−85.05 °C) and shows evaporating nature during stirring at room
temperature.

Evaporation of HCl can be described by the Hertz-Kundsen equation
(1) [30].

=J
p

mk T2e
sat

b surf (1)

Here,

Je = Evaporation flux
psat = Saturation evaporation pressure
Tsurf = Surface temperature
Kb = Boltzmann constant
ϒ = Evaporation coefficient

The evaporation coefficient of HCl, calculated using Eq. (1), is
∼0.95. An evaporation coefficient near to unity shows that the product
i.e. HCl, has been evaporated. Transparent and shiny zirconia sol was
observed after stirring at room temperature for 2 h.

Fe3O4 nanoparticles were synthesized by sol-gel method using iron
nitrate, DI water and ethylene glycol; detailed synthesis procedure is
reported elsewhere [31]. Basic (pH 9) Fe3O4 nanoparticles were used as
dopant for the present study. Basic nanoparticles have relatively more
hydroxyl ions, thus, can produce strong interactions at relatively low
energies. Rapid volumetric changes because of strong interactions
during sol synthesis result in tetragonal phase. In sol-gel synthesis,
hydrolysis rate is strongly influenced by availability of OH ions. In basic
pH intermolecular reaction is fast as compared to intramolecular that
results in higher possibility of nanostructure formation. Ultimately, the
formation zirconium-oxygen network and higher degree of crystal-
lization cause phase stability under as-synthesized conditions.

Water dissolved Fe3O4 nanoparticles were stirred for 3 h at 80 °C for
formation of sol. 5 wt% Fe3O4 sol was doped in zirconia and stirred for
24 h to form homogenous sol. Detailed synthesis of Fe3O4 doped zir-
conia and formation of homogenous sol is presented elsewhere [32,33].
To investigate the effect of microwave powers, sols were heated in
microwave. Five different powers were used in the range of 100–900 W
for powder formation. Subsequently these prepared powders were
subjected to different characterizations without any post heat treat-
ment.

Fig. 1 shows the schematic representation for Fe3O4 doped ZrO2

powders using different microwave powers. Reaction mechanism of
Fe3O4 doped ZrO2 is shown in Eqs. (2)–(4).

+ + +ZrOCl H O H O Zr OH HCl H O. 8 ( ) 2 62 2 2 4 2 (2)

+ + + +
+ + +

+ +

+

Zr OH H O Fe O Zr OH Fe
Fe O H O

[ ( ) ] 6 (4 )
4 6

sol
Microwave heating

4 2 3 4
4 3

2 2
2 (3)

With removal of OH ions

++Zr O ZrO4 2
2 (4)

Electromagnetic energy dissipation inside a material lead to mi-
crowave heating phenomenon [34]. Response of material, consist of
charged particles, to the electric field (associated with microwave ra-
diations) depends on two mechanisms, i) polarizability: short range
displacement of dipoles present in the material; ii) conduction: long-
range displacement of charged particles [35]. Microwave energy dis-
sipation is strongly influenced by the spontaneous dielectric and mag-
netic response of the material [36].

This dependence can be explained using following Eq. (5)–(7); [37].

= +P f E µ H2 ( )abs o rms rms
2 2 (5)

Where,

f = Frequency of Microwave (2.45 GHz).
εo = Permittivity of free space.
ε'' = Dielectric loss factor.
Erms = rms value of internal electric field.
μ'' = Magnetic loss factor.
Hrms = rms value of internal magnetic field.

= tan r
'' (6)
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Eq. (5) becomes,

= +P f E µ H2 ( tan )abs o r rms rms
2 2 (7)

In case of dielectric material, considering ideal conditions, all the
microwave energy is converted in to heat energy by following Eq. (8)
[37];

= = +T
t

P
C

f E µ H
C

2 ( tan )abs

p

o r rms rms

p

2 2

(8)

Where,

ρ = density.
Cp = Specific heat capacity.
ΔT = Rate of heating.
t = time.

2.3. Characterizations

X-ray diffractometer (Bruker D8 Advance), using Cu kα radiation
(λ = 1.5405 Å), was used to analyze crystallite phase and size of all the
samples. 2ϑ Scanning range was adjusted between 20 and 80°. Hitachi
Se 3400N Scanning Electron Microscope (SEM) was used to study the

surface morphology of samples. Magnetic properties of Fe3O4 doped
ZrO2 nanoparticles were investigated by Lakeshore 7407 vibrating
sample magnetometer (VSM). Shimadzu HMV-2 Vickers micro indenter
was used to check the hardness of the prepared samples. Phase purity
and chemical bonding in Fe3O4 doped zirconia was examined using
Renishaw Raman spectrometer.

Antibacterial activity of zirconia was assessed with agar well dif-
fusion method. The antibacterial activity was carried out against
Staphylococcus, E Coli and Subtilis Bacillus bacteria. 25 ml of Mueller-
Hinton Agar was spread in petri-dishes and allowed to solidify. After
that 5 mm thick sterilized discs were used to cover the bacteria cultured
dishes. Different concentrations of synthesized zirconia nanoparticles
(10, 20, 30, 40 μg/ml) were added in each disc. Inhibition zones were
measured after incubation at 37 °C for 24 h. Each test was performed for
3 times to confirm the reproducibility.

3. Results and discussion

3.1. Structural analyses

Fig. 2 illustrates XRD patterns of Fe3O4 doped zirconia synthesized
by microwave assisted sol-gel method. Microwave power is varied in
the range of 100 W–900 W (interval of 200 W). XRD patterns show that
the samples prepared using 100 and 300 W microwave power has
polycrystalline structure with mixed tetragonal and monoclinic zirconia
phases. Mixed zirconia phases at low microwave powers might have
observed because of the prevalence of OH ions [38]. As discussed
earlier, Zr(OH)4, formed during sol-gel synthesis, is responsible for
monoclinic content in the absence of stabilizing agent and / or condi-
tions [39]. Peak appeared at ∼31.3° corresponds to (111) plane of
monoclinic zirconia (m-ZrO2) [JCPDS card no. 13-307]. However,
peaks appeared at 30.6°, 44.0°, 55.2°, 56.0°, 75.1° and 76.4° correspond
to (111), (112) (221), (113), (400) and (114) planes of t-ZrO2 [JCPDS
card no. 17-923], respectively. As reported by Shukla et al. [40] 2θ scan
range of 27–32° contains strongest lines for monoclinic as well as tet-
ragonal phases. A hump around 2ϑ value of 30° is observed along with
monoclinic peak. Formation of hump is an indication of presence of
metastable t-ZrO2.

A shift in angle from 31.3° to 30.2°, leading to transformation of
monoclinic to tetragonal phase, was observed at microwave power of
500 W. This shifting is observed as a result of stresses produced by rapid
heating and removal of hydroxyl ion because of higher microwave
powers [41]. Moreover, in the presence of stabilizing agents, such as
Fe3O4 in present study, solid solution is formed by replacing zirconium

Fig. 1. Schematic representation of microwave assisted Fe3O4 doped ZrO2.

Fig. 2. XRD patterns of Fe3O4 doped ZrO2 at microwave powers (a) 100 W, (b)
300 W, (c) 500 W, (d) 700 W and (e) 900 W.
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cations (Zr+4) with iron (Fe2+ and Fe3+). Oxygen vacancies are formed
because of the replacement with undersized atoms. Presence of oxygen
vacancies lead to the formation of stabilized tetragonal phase at very
lower temperature that was observed at high temperature, previously
[42]. Thus, microwaves with 500 W power played significant role in
transformation of monoclinic to tetragonal phase for Fe3O4 doped ZrO2

nanoparticles. Theoretically, all the microwave energy is converted to
heat energy because of dielectric nature of the material [43]. Localized
heating and presence of temperature gradient cause instant removal of
OH ions. This instant removal of OH at high microwave powers cause
shrinkage in volume that leads to phase transformation (i.e. mixed m-
tZrO2 to t-ZrO2) [44,45].

Presence of nanocrystallites in amorphous matrix, after microwave
treatment, is due to two reasons: (1) incorporation of magnetic dopant
i.e. Fe3O4 (2) densification due to liquid phase heating because of the
presence of thin liquid coating on particles [46]. However, it is worth
mentioning here, we have obtained stabilized t-ZrO2 using simple and
low-cost microwave assisted sol gel without any post heat treatment
that has been reported previously. Sing et al. [47] reported microwave
assisted chemical method for zirconia and obtained mixed phases of
tetragonal and monoclinic zirconia even after calcination at 400 °C. Fan
et al. [48] obtained a mixture of monoclinic and tetragonal zirconia in
Fe3O4 ZrO2 doped at 600 °C calcination using conventional sintering.
Dwivedi et al. [49] synthesized phase pure t-ZrO2 nanoparticles using
microwave assisted citrate sol gel by further heat treatments at 450 °C
using zirconium oxychloride as precursor and citric acid as solvent.
However, in the present study water was used as solvent, as synthesis
was performed for aiming future biomedical applications. The presence
of tetragonal phase in as-prepared Fe3O4 doped ZrO2 is attributed to the
fact that addition of Fe3O4 creates oxygen vacancies as well as it in-
hibits water absorption in zirconia lattice. The absorption of water leads
to filling of oxygen vacancies explain by Kroger–Vink equation [Eq. (9)]
[50]. Occupancy of oxygen vacancy states by water molecules leads to
higher content of monoclinic zirconia [51]. This phenomenon can be
explained by the Chevalier's model [50]. According to this model phase
transformation takes place as a result of mutual stresses exert by the
neighboring grains.

+ +H O V O
ZrO

OH2x
O2 0 0

2 (9)

The crystallite size of the zirconia was estimated using the Scherer's
formula [52]:

=D k
Cos (10)

Where, D is the crystallite size (nm), k is constant (here assumed to be
0.89), λ is the wavelength of X-rays used, β is the full width at half
maximum of the particular diffraction (i.e. the most intense peak) peak
under consideration (in radians), and θ is the diffraction angle.

Crystallite size, as calculated from the above relation, is plotted with
variation in microwave powers as shown in Fig. 3. It is evident from this
figure that there are two distinct varying regions (monoclinic-tetra-
gonal phase and tetragonal phase). These variations are in consistent
with changes in the different crystallographic phases observed in XRD
data (Fig. 2). Decrease in crystallite size with an increase in microwave
power up to 300 W shows restructuring process that weakened the pre-
existed mixed zirconia phases. Further reduction in crystallite size
∼23 nm observed at 500 W indicates phase shifting, i.e. mixed to pure,
because of re-structuring process. Reduction in crystallite size or pre-
sence of smaller crystallites is consistent with literature for stabilized t-
ZrO2 [53]. Increase in crystallite size from 23 to 26 nm has been ob-
served at microwave power 700 W due to phase strengthening as ob-
served in Fig. 2. Crystallite showed almost a linear behavior with in-
crease in microwave power up to 900 W.

Dislocation lines/m2 (dislocation density) was calculated by using
formula 1/D2, where ‘D’ is crystallite size (in meter) and plotted in

Fig. 3 as a function of microwave powers. An increase in dislocation
density at low microwave powers is due to presence of mixed phases
monoclinic and tetragonal as depicted in XRD graphs [Fig. 2]. At low
microwave powers presence of monoclinic content is due to absorption
of hydroxyl ion (OH). Addition of OH on the surface results in increase
volume because of the force exerts on adjacent particles, thereby,
forming a dislocated plane. At higher microwave power coalescence of
small crystallites reduces the defects in the samples and results in strong
bonding between atoms. Reduced dislocation lines, made this material
preferable for biological implants [54,55].

Major cause of transformation of monoclinic to tetragonal phase is
the change in lattice parameters and unit cell volume. It has already
been reported by the various researchers that ∼3–5% volume
shrinkage leads to transformation in zirconia phases i.e. m-ZrO2 to t-
ZrO2 [56,57]. Unit cell volume and x-ray density of Fe3O4 doped zir-
conia nanoparticles were calculated using Eqs. (11)–(13) [52] and are
plotted in Fig. 3 inset.

=V abcsinm (11)

=V a ct
2 (12)

= A
V

1.66042
(13)

Where, a, b and c are lattice parameters and ΣA is sum of atomic
weights of all atoms present in a unit cell.

For relatively lower microwave powers, samples have slight larger
unit cell due to mixed phases as depicted from XRD graphs [Fig. 2].
However with the increase in microwave powers removal of hydroxyl
ion and stabilization of tetragonal phase leads to shrinkage in unit cell
volume [58]. Since water was used as solvent so the maximum possible
temperature in microwave is 100 °C. Temperature of the sol may be
slight higher due to resonance phenomenon and interaction between
atoms. Another phenomenon involves in microwave synthesis is crea-
tion of heating zone that have slight higher temperature as compare to
bulk aqueous sol. In case of dielectric material, as mentioned earlier, all
microwave energy is converted into heat energy. This slight higher
heating phenomenon is known as hot-spots. These phenomena cause
superheating and instant removal of OH ions cause shrinkage in unit
cell volume. Therefore, rapid removal of OH ions is expected as com-
pared to conventional heating. Thus removal of OH ions cause
shrinkage in unit cell volume and consequently phase transformation as
observed in Fig. 3 inset. With the removal of hydroxyl ion, unit cell
volume reduces 3–5%, a requirement for zirconia phase transition that
can be explained by Chevalier's model [50].

These volumetric changes result in densification of material as

Fig. 3. Crystallite size and dislocation density of Fe3O4 doped ZrO2: inset shows
the variation in unit cell volume and x-ray density with microwave power.
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shown in inset of Fig. 3 by calculated using Eq. (12). Moreover, high x-
ray density of Fe3O4 doped ZrO2 nanoparticles (∼6 g/cm3) leads to
strengthening of the material; a perquisite of teeth and bone im-
plantations [32,59].

3.2. Magnetic analyses

Along with structural properties magnetic properties have con-
siderable influence on biological applications. The hysteresis loop of all
the samples at room temperature is shown in Fig. 4. At lower micro-
wave power (100–300 W) samples show mixed paramagnetic and fer-
romagnetic nature with low value of coercivity. This is because of the
fact that lower microwave powers could not incorporate Fe3O4 into
ZrO2, thus, stabilization could not be achieved [Fig. 2]. However, fer-
romagnetic behavior was observed at relatively higher microwave
powers i.e. at 500, 700 and 900 W (Fig. 4). Soft ferromagnetic behavior,
at high microwave powers, might have observed because of the induced
spin polarization caused by interaction between doped and host elec-
trons. Local host electrons exhibit same spin direction after exchange
interaction with spin polarized electrons of Fe2+ and Fe3+ ions [54].
Thus, due to this exchange interaction material shows ferromagnetic
properties as observed in the present study. Another strong reason of
presence of ferromagnetism in doped zirconia is creation of oxygen
vacancies with addition of undersized dopant. Moreover, the effect of
confinement also results in ferromagnetic ordering.

Variation in coercivity (Hc) and saturation magnetization (Ms) as a
function of microwave power is plotted in Fig. 4 inset. It can be seen
from these figures that Hc and Ms of Fe3O4 doped ZrO2 nanoparticles
can be tuned as a function of microwave powers because of the varia-
tion in crystallographic phases as discussed earlier [Fig. 2]. Large
coercivity (Hc) values (2–2.4 KOe) of Fe3O4 doped ZrO2 nanoparticles is
attributed to the presence of mixed monoclinic–tetragonal phases at
100–300 W. Formation of Fe3O4 stabilized tetragonal ZrO2, at micro-
wave powers of 500–900 W, leads to a small coercivity values
(400–774Oe). Decrease in saturation magnetization (Ms) at 500 W, can
be attributed to a re-structuring process leading to a change in phase
and crystallite size as depicted in XRD data [Figs. 2 and 3a]. After
stabilization of tetragonal zirconia phase, Ms increases, which might be
due to formation of well separated grain boundaries. Further, dissolu-
tion rate of Fe3O4 in zirconia increases at higher microwave powers i.e.
at 500–900 W. With increase in dissolution rate of dopant, the rate of
oxygen vacancies increases, hence saturation increases. Saturation
magnetization (∼2emu/g) is suitable for implants [60–62].

3.3. Chemical bond analyses

Raman scattering results from interaction with surface and bulk of
the material. However, the signal's interaction with bulk is weakened
due to absorption of excitation laser light therefore, in Raman spectra
mostly signal is coming from the surface. In case of Ultraviolet spec-
troscopy signal comes from surface. While visible (VB) RAMAN spec-
troscopy provides information related to surface as well as bulk of the
samples due to absence of electronic absorption in VB region [63].
Hence, VB RAMAN spectroscopy was used to characterize samples.

Variation in Raman bands as a function of microwave power is
shown in Fig. 5. Raman bands due to mixed phases (t-ZrO2 and m-ZrO2)
have been observed at microwave power of 100 and 300 W. t-ZrO2 and
m-ZrO2 phase dominance can be distinguished by the variation in peak
intensities observed in Fig. 6. Intensity of the monoclinic band appeared
at 337 cm−1, at low microwave powers (100 and 300 W), is relatively
higher as compared to tetragonal band (312 cm−1). Presence of mixed
phases at low microwave powers is in consistent with XRD patterns
shown in Fig. 2. Tetragonal stabilization of zirconia was observed at
500 W microwave power with the strengthening of 312 cm−1 Raman
band. However, a trace of m-ZrO2 at 173 cm−1 has been observed along
with intense t-ZrO2 bands. Splitting or shoulders of monoclinic phase
completely diminished at microwave power 700 W and 900 W that
confirms the formation of tetragonal zirconia under as-prepared con-
ditions. The Raman bands appeared at 148 and 312 cm−1 are known as
active modes of t-ZrO2. No peak corresponding to the Fe3O4 has been
observed that further confirms that Fe3O4 doping has stabilized zirconia
by creating oxygen vacancies.

3.4. Morphological analyses

Microwave assisted synthesis technique offers many advantages
such as controlling particle size and morphology. Moreover, these ad-
vantages can be achieved efficiently in a very small time. Controlled
particle size, shape and agglomeration influence the phase stabilization

Fig. 4. M-H curves of Fe3O4 doped ZrO2: Inset shows the variation in coercivity
and saturation magnetization with microwave power.

Fig. 5. RAMAN spectra of Fe3O4 doped zirconia: (a) 100 W, (b) 300 W, (c
500 W, (d) 700 W and (e) 900 W
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and magnetic properties of the material [64]. It appears from the results
that increased microwave power favored the formation of spherically
shaped particles. Whereas, clusters of nanoparticles are observed be-
cause of the aggregation at lower microwave powers. Fig. 6 shows
formation of well separated spherical nanoparticles, ∼30–35 nm dia-
meter, at microwave power of 900 W. Size of the nanoparticles is fur-
ther confirmed by transmission electron microscopy (TEM) [Fig. 7].
Nanoparticles prepared for dental filling having diameter ∼30 nm.
TEM image shows the soft agglomeration and well separated nano-
particles required for dental applications. These well separated and soft
agglomerated nanoparticles stimulate tetragonal growth in zirconia.
Growth of nanoparticle under the influence of microwave power fol-
lows dipole like behavior in the presence of electric field. At different
microwave power, zirconia nuclei polarize and aggregate to form na-
noparticles. Particles with hard agglomeration usually result in mono-
clinic zirconia [65]. Formation of well separated grains with few units
of agglomeration and size less than 1 μm result in tetragonal zirconia
[66]. The SEM result suggests that the small grain size in microwave
heated material is influenced by dielectric loss. The grain size of Fe3O4

doped ZrO2 is significantly low under high power microwave proces-
sing i.e. 500–900 W, due to high dipolar losses or conductive losses
[67,68]. Therefore, material undergoes different densification or dif-
fusion mechanism during microwave processing.

3.5. Mechanical analyses

Table 1 shows the correlation between hardness and density of the
samples treated at different microwave powers. Hardness is known as
resistance against indentation produced as a result of applied load.
Powders exhibit high density along with high value of hardness
1347 ± 25 HV. In case of polycrystalline materials hardness is strongly
influenced by grain size. Smaller the grain size larger the grain
boundaries and ultimately higher the strength. Comparison of the
present study, i.e. stabilization of zirconia, with literature is given in
Table 2.

3.6. Antibacterial study

Fe3O4 doped ZrO2 nanoparticles, under optimized conditions, are
studied for their antimicrobial activity against the bacillus subtilis,
Staphylococcus and E. coli bacteria. Agar well diffusion method was
used to test anti-bacterial activities. Colonies of E. coli or bacillus were
inoculated in nutrient broth and grown overnight at 37 °C. t-ZrO2 na-
noparticles exhibit larger inhibition zone due to their nano size.
Nanoparticles having larger surface to volume ratio possess superior
antimicrobial activity as compared to their counter bulk part. As-syn-
thesized t-ZrO2 exhibit inhibition zone around 32 mm against bacillus
bacteria (Fig. 8). Higher inhibition zone is observed against bacillus as
compared to other bacteria. Variation in antibacterial activity is due to
presence of active oxygen sites in t-ZrO2 that prevents growth of ba-
cillus bacteria as compared to E. coli and Streptococcus. It can also be
seen from figure that t-ZrO2 nanoparticles slow down the growth of E.
coli. Inhibition zone of t-ZrO2, against bacillus subtilis, Staphylococcus
and E. coli bacteria is summarized in Table 3 and Fig. 9.

Fig. 6. (a-b) SEM micrograph of Fe3O4 doped zirconia at microwave power of
900 W.

Fig. 7. TEM image of Fe3O4 doped zirconia at microwave power 900 W

Table 1
Hardness of Fe3O4 doped ZrO2 at various microwave powers.

Microwave power (W) Hardness Vickers (HV) at constant load∗ and time∗∗ Zirconia Phase

100 809 ± 5 Monoclinic-tetragonal
300 812 ± 5 Monoclinic-tetragonal
500 1243 ± 5 Tetragonal
700 1298 ± 10 Tetragonal
900 1347 ± 10 Tetragonal
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4. Conclusions

In this research article Fe3O4 doped zirconia nanoparticles have
been synthesized by cost effective and simple microwave assisted sol-

gel route. Microwave power was varied in the range of 100–900 W
(with interval of 200 W). Effect of variation in microwave powers was
studied on structural, magnetic, mechanical and surface morphological
properties of Fe3O4 doped zirconia. XRD patterns showed that zirconia
with stable tetragonal structure (t-ZrO2) was obtained at 500 W of mi-
crowave power without any further heat treatment and modification.
Relatively higher microwave powers cause shrinkage in volume that
lead to transformation of monoclinic to tetragonal zirconia.
Strengthening of t-ZrO2 phase was observed with the increase in mi-
crowave power to 900 W. Crystallite size (∼23 nm) observed under
optimum condition is in good agreement with literature for stabiliza-
tion of tetragonal zirconia. Raman tetragonal zirconia band, appeared
at 148 cm−1, confirmed the formation phase purity at low microwave
power. Relatively higher density (∼6 g/cm3) and hardness (1347HV) of
synthesized Fe3O4 doped zirconia is suitable for biological implants.
Magnetic oxide doped ZrO2 showed ferromagnetic behavior, at
500–900 W, with relatively low value of coercivity and saturation
magnetization, well suited for implants. SEM and TEM results con-
firmed the formation of well separated nanoparticles with diameter
∼35 nm. Antibacterial studies showed the inhibition zone around
32 mm against bacillus bacteria.
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Materials in the form of thin films are getting worldwide attention because of
their rapid development in the electronics industry. The demand is not only to
prepare thin films using low-cost methods but also to induce tunable electronic
properties (i.e., ferroelectricity, dielectric/impedance behavior, etc.) at room
temperature. Keeping in view today’s demand for electronic materials, iron
oxide thin films have been prepared using a low-cost sol–gel method with
variation in the sol concentration in the range of 0.2–2.0 mM. Spin-coated
films have been annealed at 300�C for 60 and 120 min in the presence of a
magnetic field. The magnetite (Fe3O4) phase was observed at 1.4 mM, with
preferred orientation along the (220) plane, under as-deposited and annealed
conditions. The rest of the concentration range we studied results in the
inclusion of small traces of maghemite (c-Fe2O3) along with magnetite under
all the preparation conditions. However, such inclusions result in the shift of
preferred orientation from the (220) to the (400) plane of the magnetite
(Fe3O4) phase. Formation of Fe3O4 phase has been confirmed using the Ver-
wey transition at � 124.8 K along with the appearance of a Raman A1g band
at 667 cm�1. A high dielectric constant (� 80.23) and low tangent loss
(� 0.00239) at log f = 5.0 were obtained at room temperature for 1.4 mM-
based thin films. Such behavior may have been observed because of the high
grain boundary resistance (5.5 9 104 X) and high grain boundary density
(0.9939) at a sol concentration of 1.4 mM. An increase in dielectric constant
and tangent loss was observed with the increase in temperature from 30 to
210�C. An activation energy of 2.007 eV was observed for the 1.4 mM-based
thin films. The conductivity obeys Jonscher’s power law and has been asso-
ciated with the overlapping large polaron tunneling model. Room-temperature
ferroelectricity was observed for iron oxide thin films with maximum polar-
ization (Pmax � 14.74 lC/cm2) at 1.4 mM sol concentration.

Key words: Fe3O4, dielectric, Verwey transition, ferroelectric

INTRODUCTION

Due to recent advances in science and technology,
materials with significantly high dielectric con-
stants and room-temperature ferroelectricity are
becoming main building blocks for the electronics
industry, i.e., capacitors, memory devices, etc.1–4

With the miniaturization of electronic devices and
increased power densities, researchers are explor-
ing materials with high dielectric constants and low
power losses.4–8 In addition, it is important that the
heat liberated from electronic devices is dissipated
efficiently so that the operating temperatures of
devices are not exceeded. In this aspect, high-
dielectric nanocomposites have been considered.
However, these nanocomposites showed larger
dielectric losses at high temperatures which limited(Received November 14, 2017; accepted July 25, 2018;
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their efficiency.9 Attention was then switched to the
use of metal oxides, such as RuO2, MnO2, Co3O4,
etc., for their application as capacitors. Among these
materials, Ru2O has been considered a potential
candidate for electronics, but its toxicity and
scarcity make its use costly.10 So, researchers have
started to explore materials that can be found
naturally and are environmentally friendly. Iron
oxide could be a potential candidate for such
applications because of its environmentally friendly
nature and low cost.11

Among various iron oxide phases, magnetite
(Fe3O4) is a mineral found naturally in the earth’s
crust. It exhibits a cubic inverse spinel structure
under normal conditions. The formula for magnetite
can also be written as (Fe3+)A[Fe3+Fe2+]BO4, where
A represents the tetrahedral sites and B the octa-
hedral sites. Of 64 tetrahedral sites, only 16 are
occupied by Fe3+, whereas, of 32 octahedral sites,
Fe3+ and Fe2+ cations occupy only 8 sites. The O2�

anions are based on a cubic close-packed arrange-
ment.12–15 Fe3O4 possesses ferrimagnetic behavior
with a Curie temperature of 850 K, and it under-
goes a transition from metallic to insulating behav-
ior at the low temperature of 120 K, known as the
Verwey transition. Fe3O4 is also the only form of
iron oxide that exhibits half-metallicity with high
spin polarization.13–15

Despite the intriguing properties of iron oxide,
while the dielectric analysis of iron oxide thin films
is still under investigation but only a few reports are
available. Fareed et al.16 reported a dielectric
constant of 1.65 for Fe3O4 films deposited using
the successive ionic layer adsorption reaction
method. However, extensive details of the dielectric
constant of Fe3O4 thin films are missing in the
literature and a thorough understanding of the
detailed dielectric properties of Fe3O4 thin films is
required for its extensive application in capacitors.

Ferroelectric properties of Fe3O4 induced by
charge ordering have previously been extensively
studied.17–19 However, these multiferroic properties
have only been studied at very low temperatures,
i.e., around the metal–insulator transition (Verwey
transition).19 Therefore, it is extremely important to
study ferroelectricity in Fe3O4 thin films at room
temperature, in order to extend its range of appli-
cations from electronic- to ferroelectric- devices.
Fe3O4 is known to be a multiferroic material at low
temperatures.19 Multiferroics are the materials in
which magnetic and ferroelectric properties are
strongly coupled. They are classified on the basis
of the driving force which results in disruption in
the inversion symmetry, thus leading to ferroelec-
tric properties. These driving forces are based on
spin orbital and/or charge ordering.19 In spite of all
the advantages, the preparation of Fe3O4 thin films
using wet chemical method is still a challenging
task. The complex oxidation kinetics of iron oxide
may lead to other iron oxide phases, i.e. maghemite
(c-Fe2O3) and hematite during the synthesis

procedure. Moreover, only a few reports are avail-
able on the sol–gel preparation of Fe3O4 thin
films.17,18

In the present study, a low-cost sol–gel spin-
coating method is used to prepare iron oxide thin
films. The sol concentration has been studied in the
range of 0.2–2.0 mM. Structural, dielectric and
ferroelectric properties are correlated with varia-
tions in sol concentration.

EXPERIMENTAL

Iron chloride (FeCl3Æ6H2O) was used as the pre-
cursor and deionized (DI) water, n-hexane (C6H14)
and ethanol (C2H6O) were used as solvents. Ini-
tially, a solution composed of FeCl3Æ6H2O and DI
water was prepared. n-hexane (C6H14) and ethanol
(C2H6O) were mixed in the above solution. A
solution consisting of sodium hydroxide and DI
water was prepared separately. A few drops of
sodium hydroxide solution were added into the iron
oxide solution under constant stirring, and the
resultant solution consisted of two separate layers.
The solution was heat-treated at 50�C to synthesize
a single-layered sol. Oleic acid, acting as a surfac-
tant, was added dropwise (5 mL) to the sol at 50�C
under continuous stirring. The pH of the finally
synthesized iron oxide sol was observed to be 1. The
concentration of the sol was varied from 0.2 mM to
2.0 mM (interval 0.2 mM).

For film deposition, copper (Cu) was chosen as the
substrate (1 9 1 cm2). The Cu was etched with
diluted HCl and washed repeatedly using DI water.
The etched Cu substrates were ultrasonically
cleaned using acetone (C3H6O) and 2-proponal
(C3H8O). Iron oxide sols, with variation in sol
concentration, were spun-coated onto Cu substrates
at 3000 rpm for 30 s. The films were dried at room
temperature for 24 h and then annealed at 300�C
for 60 min and 120 min. Annealing was carried out
in the presence of a vacuum and a 500-Oe magnetic
field.

A SÜSS Microtech Delta 6RC spin-coater was
used to deposit the thin films on the Cu substrates.
The films were then characterized for their crys-
talline behavior and phase analysis using a Rigaku
D/MAX-IIA x-ray diffractometer (XRD). For Raman
analysis, a Renishaw Raman spectroscope operated
with a 514-nm laser was used. Dielectric and
impedance analyses were obtained using a Wayne
Kerr 6500B Precision Impedance Analyzer under
parallel plate configuration. Ferroelectric properties
were studied using a Radiant Tech Precision Mul-
tiferroic II Tester System.

RESULTS AND DISCUSSION

The XRD patterns, after magnetic field annealing,
showed the formation of phase-pure Fe3O4 thin
films at 1.4 mM sol concentration, while the inclu-
sion of c-Fe2O3 along with Fe3O4 was observed for
the rest of the sol concentrations (i.e., 0.2–1.2 mM,
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1.6–2.0 mM) studied. XRD patterns of iron oxide
thin films with sol concentrations of 0.8 mM,
1.4 mM and 2.0 mM are shown in Fig. 1a, b, and
c, respectively. It can be seen that the magnetic field
annealing strengthened the iron oxide phases which
appeared under the as-deposited conditions.13 The
peaks are indexed for the Fe3O4 and c-Fe2O3 phases
of iron oxide using the JCPDS cards nos. 72-2303
and 39-1346, respectively. All the high-intensity
diffraction peaks are indexed for the Fe3O4 phase of
iron oxide. The presence of diffraction peaks labeled
for the (210), (220), (400), (410) and (421) planes at
sol concentration of 0.8 mM (Fig. 1a) and 2.0 mM
(Fig. 1c) indicated the formation of mixed c-Fe2O3

and Fe3O4 phases. The absence of these diffraction
peaks at the sol concentration of 1.4 mM (Fig. 1b)
indicated the transition from c-Fe2O3 + Fe3O4 to
Fe3O4 along with increased crystallinity of the films
(Table I).

For low sol concentrations (i.e., a small amount of
solute as compared to solvent), the probability of
vacancies at octahedral sites is higher in the case of
Fe3O4 and (c-Fe2O3) crystal structures. Fe2+ ions
have a sensitivity for oxidation even at room
temperature. Fe2+ ions, present at the surface, are
easily oxidized in air thus forming c-Fe2O3

20,21 and
resulting in mixed c-Fe2O3 + Fe3O4 phases for 0.2-
to 1.2-mM sols. Transition from c-Fe2O3 + Fe3O4 to
Fe3O4 (at 1.4 mM) involves an increase in the
number of iron ions (Fe3+, Fe2+) from 21.5 to 24.
Moreover, during this process, an inverse spinel
structure is conserved and, thus, no change of the
oxygen arrangement in the structure takes place. In
addition, the oxygen anionic radius is larger than
iron cationic radius, so the diffusion of iron cations
to the surface of films is higher.13,20 Increasing the

Fig. 1. XRDpatterns for iron oxide thin filmswith sol concentrations of
(a) 0.8 mM, (b) 1.4 mM, and (c) 2.0 mM. Inset the Raman spectrum
for iron oxide thin films prepared with a sol concentration of 1.4 mM.
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sol concentration from 1.4 mM to 2.0 mM resulted
in a further increase in the number of iron cations
far beyond 24. As a result of this, mixed c-Fe2O3 +
Fe3O4 phases were again observed at higher sol
concentrations, i.e., 1.6–2.0 mM. Because of the
similar crystallographic structures of Fe3O4 and c-
Fe2O3, Raman analysis was carried out for phase
confirmation. The presence of a Raman band at �
667 cm�1 labeled A1g

10 mode (see inset of Fig. 1)
confirms the formation of the Fe3O4 phase (sol
concentration 1.4 mM). The preferred orientation
(PO) switched from the (400) to the (220) plane of
Fe3O4 (Fig. 1 and Table I) as the sol concentration
increases from 0.2 mM to 1.4 mM. Moreover, the
PO switched back to the (400) plane at high sol
concentrations, i.e., 1.6–2.0 mM (i.e,. for mixed iron
oxide phases). In the case of polycrystalline thin
films, an important aspect is the PO, which is
extremely important because it affects the angle
between the polarization state and the normal to
film plane,22 therefore, governing/tuning its elec-
tronic properties.

Crystallite size (t),23 crystallinity, dislocation
density (d)24 and strain23 were calculated using
Eqs. 1–5.

t ¼ 0:9k
B cos h

ð1Þ

%Amorphous ¼ Global Area � Reduced Area

Global Area
� 100

ð2Þ

%Crystallinity ¼ 100 �%Amorphous ð3Þ

d ¼ 1

t2
ð4Þ

Strain ¼ Dd
d

¼ dexp � dhkl

dhkl
ð5Þ

where k represents the wavelength and d represents
the d-spacing. Deviation (±) in the crystallite size
and strain is the standard deviation among the
crystallite sizes obtained from high-intensity
diffraction peaks in the XRD patterns (Fig. 1).
Structural parameters calculated from the XRD
patterns shown in Fig. 1 are listed in Table I. An
increase in crystallite size from 26.58 nm to 35 nm
was observed at 0.2–1.4 mM with a subsequent
decrease in dislocation density. As the sol concen-
tration is increased, the number of iron cations are
also increased as a result of which the electrostatic
interactions between the solute particles increases.
Thus, the growth rate of the crystallites increases as
more iron oxide nuclei are formed with the increase
in sol concentration.25 Therefore, the nucleation
rate is slow at low sol concentrations which results
in smaller crystallite size, whereas, at a higher sol
concentration (1.4 mM), smaller crystallites
agglomerate to form larger crystallites with

improved crystallinity and decreased dislocations.26

However, higher imperfections (strain and disloca-
tions; Table I) were observed at 1.6- to 2.0-mM sol
concentrations. Such imperfections lead to reduced
crystalline order because of the formation of mixed
Fe3O4 + c-Fe2O3 phases. Lattice parameters and
unit cell volumes (Table I) increased as the sol
concentration was increased from 0.2 mM to
1.4 mM. This increase in lattice constant is due to
differences in the ionic radii of Fe3+ and Fe2+

cations. The bond length of Fe2+-O2� is larger as
compared to Fe3+-O2� because of the larger ionic
radius of Fe2+ cations.27 Transition from mixed (c-
Fe2O3 + Fe3O4) to phase-pure (Fe3O4) leads to
increased unit cell volume because of the increased
number of Fe2+ cations along with a reduced
number of vacancies.

Low-temperature conductivity measurements
were carried out to confirm the formation of
phase-pure Fe3O4 at 1.4 mM (Fig. 2). The Verwey
transition observed at � 124 K showed a sharp
change in conductivity. Sharp changes/rises in
conductivity strongly emphasize the formation of
Fe3O4 films using the sol–gel method. Previously,
this type of transition was reported in Fe3O4 films
using vacuum-based deposition systems like sput-
tering, molecular beam epitaxy.28–30 However,
obtaining the Verwey transition in sol–gel-deposited
Fe3O4 thin films is extremely difficult because of its
strict oxidation kinetics that results in mixed c-
Fe2O3 and Fe3O4 phases. Low-temperature mea-
surements carried out on films prepared with sol
concentrations of 0.2–1.4 mM and 1.6–2.0 mM did
not reveal any sharp change in conductivity due to
the existence of mixed c-Fe2O3 and Fe3O4 phases
(Fig. 1).

The dielectric constant (e) and tangent loss (tand)
(Fig. 3) exhibit normal dispersion behavior. At low
frequencies, space charge polarization, which is

Fig. 2. Low-temperature conductivity measurements showing Ver-
wey transition at 124.8 K.
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affected by a number of factors including grain size,
crystallinity, composition, etc., dominates. In the
high-frequency range, the contribution from space
charge polarization decreases. In this case, the
dielectric constant is dictated by atomic, dipolar
and ionic polarization. In cases of inverse spinel
ferrites, the dominant polarization mechanism is
dipolar. Such dielectric behavior can also be clari-
fied on the basis of the Maxwell–Wagner two-
layered interfacial polarization model.31,32 Based
on this model, a polycrystalline specimen is made up
of two regions: (1) fairly conducting grains; (2)
poorly conducting grain boundaries.33 In cases of
inverse spinel ferrites, the conduction process is
associated with electron transfer on the octahedral
sites between the Fe3+ and Fe2+ cations. Fe3+

cations present on tetrahedral sites do not get
involved in the conduction process. Under an
applied electric field, electrons travel through the
grains by hopping on the octahedral sites. These
electrons are collected at the grain boundaries30–33

and lead to interfacial polarization. In the high-
frequency region, the electron hopping process
between Fe3+ and Fe2+ cations cannot follow alter-
ations in the applied field. This reduces the proba-
bility of electrons reaching the grain boundaries,
thus resulting in decreased contributions from
interfacial polarization. As a result, a decreased
dielectric constant is observed at high
frequencies.31–34

The lag of polarization of samples with respect to
the alternating electric field is measured in terms of
tand, and strongly depends on imperfections and
impurities in the structure, including strain and
dislocations. According to the Maxwell–Wagner
model, high tand at low frequencies (Fig. 3b) is
due to the large number of defects, i.e., oxygen
vacancies, grain boundary effects, interfacial dislo-
cations, stacking faults, etc.31 Moreover, dipoles
have small effective masses and largely add up to
the dielectric constant, while charge defects with
higher values of effective masses contribute to
losses in dielectric properties. At high frequencies,
the contribution of these defects to polarization
capability lag the applied field thus resulting in
reduced tand. Grains are active at higher frequen-
cies and grain boundaries contribute at lower
frequencies. In the low-frequency region, grain
boundaries offer high resistance to the motion of
charge carriers leading to higher losses. At high
frequencies, grains offer low resistance which
results in lower losses.32

Low dielectric constant and relatively high tan-
gent loss for films prepared with 0.2–1.2 mM and
1.6–2.0 mM (Fig. 4) arise because of mixed phases,
as observed in the XRD patterns (Fig. 1). The
highest dielectric constant (80.23; log f = 5.0) and
lowest tangent loss (0.00239; log f = 5.0) were
observed for 1.4-mM films because of the presence
of the pure Fe3O4 phase (Fig. 1b). Polarization in
inverse spinel ferrites is credited to the existence of
Fe2+ cations which leads to heterogeneity in the

Fig. 3. (a) Dielectric constant and (b) tangent loss for iron oxide thin
films.

Fig. 4. Dielectric constant and tangent loss for iron oxide thin films
plotted as a function of sol concentration.
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structure. Fe2+ cations have high polarizability,
thus leading to an enhanced dielectric constant in
Fe3O4.34 As discussed earlier, outward diffusion of
Fe2+ ions takes place and they react with oxygen at
the surface and lead to the formation of mixed iron
oxide phases at 0.2–1.2 mM and 1.6–2.0 mM. Such
a diffusion mechanism reduces the number of Fe2+

cations in the structure leading to a reduction in
polarization abilities and reduced dielectric con-
stant. Furthermore, mixed c-Fe2O3 and Fe3O4

phases result in the formation of vacancies in the
crystal structure, thereby reducing the dielectric
constant and increasing the tangent loss at 0.2–
1.2 mM and 1.6–2.0 mM. Other aspects that influ-
ence the dielectric constant are grain boundaries
and strain in the thin films.32–36 Reduction in strain
(Table I) favors 180� domain formation which
results in enhanced dielectric properties. The PO
of the films strongly affects the dielectric properties.
The angle involving the allowable polarization
states and normal to the film plane is affected by
the PO.22 And the PO of (220) along with phase
purity at 1.4 mM resulted in an increased dielectric
constant. Additionally, reduced lattice parameters
were observed at 0.2–1.2 mM and 1.6–2.0 mM. This
results in lower ionic displacement in the thin films
which leads to a reduction in polarization,37 thereby
increasing the tangent loss and decreasing the
dielectric constant. Tangent loss is strongly affected

Fig. 5. (a) Cole–Cole plots for iron oxide thin films and (b) the
equivalent circuit used for Zview fitting of Cole–Cole plots. T
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by strain in thin films, and lower strain values
(Table I) at 1.4 mM resulted in reduced losses in
Fe3O4 films.

Detailed investigation of grain and grain bound-
aries requires plotting �Z¢¢ (imaginary impedance)
versus Z¢ (real impedance) known as the Cole–Cole
plot (Fig. 5a). Ideally, Cole–Cole plots consist of
three semicircles: (1) the semicircle at low frequen-
cies is associated with interface polarization; (2) the
semicircle in the mid-frequency range is linked with
grain boundaries; and (3) the semicircle at high
frequencies is linked to grains.31 Grain resistance
(Rg) and grain boundary resistance (Rgb) can be
estimated by the intercept of semicircle on the real
axis. The frequency corresponding to the maximum
of the semicircle is represented in Eq. 6.31

xs ¼ 2pfRC ¼ 1; ð6Þ

where R and C represent the resistance and capac-
itance of the films, respectively. It can be seen in
Fig. 5a that iron oxide films exhibit only one
semicircle due to high grain boundary resistance.29

The diameter of each semicircle of the Cole–Cole
plots indicates the resistance of the specimen. For
separate evaluation of Rg and Rgb, Cole–Cole
(Fig. 5a) plots were fitted by Zview software with
an equivalent circuit model illustrated in Fig. 5b.
The depression angle (h¢), angle between Z¢ and the
center of the semicircle is listed in Table II along
with the fitting parameters of the Cole–Cole plots.
Comparing Figs. 4 and 6 shows that Rgb increases
at 1.4-mM concentration thus resulting in an
increased dielectric constant and a decreased tan-
gent loss. A grain boundary density, (Rgb/(Rgb +

Fig. 6. Grain boundary resistance, determined using Zview soft-
ware, plotted for changes in the concentration of the sol.

Fig. 7. (a) Dielectric constant, (b) tangent loss in the temperature
range of 30–210�C for iron oxide thin films prepared with a sol
concentration of 1.4 mM, and (c) the dielectric constant and tangent
loss plotted for changes in temperature at log f = 5.0.
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Rg)),38 as given in Table II, of � 0.993946 along with
decreased dislocations in the films (Table I) would
result in reduced electron traps (at 1.4 mM). There-
fore, scattering from grain boundaries will be
reduced, resulting in increased dielectric constant37

at the sol concentration of 1.4 mM.
The temperature dependence of the dielectric

properties was investigated in the temperature
range of 30–210�C (Fig. 7) for 1.4-mM films
(phase-pure Fe3O4). The increase in the dielectric
constant is more prominent at high temperatures
(90–210�C) (Fig. 7c). At low temperatures (< 90�C),
the charge carriers did not possess enough thermal
energy to allow movement. In addition, localized
dipoles were not free for orientation in the applied
field at low temperatures. These two aspects lead to
very small variation in the dielectric constant at low
temperatures (< 90�C). At high temperatures
(> 90�C), the charge carriers acquire enough ther-
mal energy to move in the crystal,31 which leads to
enhanced polarization and hence increased dielec-
tric constant. In addition, conductivity of the

material increases due to the increase in energy of
the charge carriers with temperature. This leads to
an increase in losses at high temperatures.31,39–42

A decrease in the diameter of Cole–Cole plots
(Fig. 8) with the increase in temperature indicates a
decrease in resistance of the 1.4 mM film. The
results of Zview fitting can be seen in Table III. It
was observed that both Rg and Rgb decrease with
the increase in temperature and that this decrease
in resistance is associated with enhanced mobility of
charges with temperature.40–42

The conductivity of iron oxide thin films was
calculated using Eq. 731

r ¼ xe0e tan d; ð7Þ

where x = 2pfeo is the permittivity associated with
free space. The conductivity of the iron oxide thin
films can be seen in Fig. 9. Conductivity measure-
ments were also obtained for 1.30 mM, 1.35 mM,
1.40 mM, 1.45 mM, and 1.50 mM in order to deter-
mine the optimum conductivity window for iron
oxide thin films (Fig. 9a). Two regions, named as
Region 1 and Region 2 in Fig. 9, were observed in
the conductivity plots. The total conductivity of the
inverse spinel ferrites is due to: (1) band conduction,
which in iron oxide is represented by the frequency-
independent part (Region 1); and (2) hopping con-
duction, which is because of the presence of electron
transfer between Fe3+ and Fe2+ cations.39 Conduc-
tion process due to hopping is frequency-dependent
and is named by Region 2 in Fig. 9a. Variation of
conductivity with sol concentration can be seen in
the inset of Fig. 9b. The main contribution to
conductivity is due to electron hopping between
Fe3+ and Fe2+ cations when mixed iron valences (2+

and 3+) are present in Fe3O4. This electron hopping
occurs through a double exchange interaction
between Fe3+ and Fe2+ cations on octahedral sites.
Fe3+ and Fe2+ cations, being high spin, differ only in
one electron that is left under spin down condition.
Delocalization of extra electrons occurs through the
overlapped T2g orbital. Ideally, when the transition
from Fe3O4 to c-Fe2O3 takes place, 2/3 of the Fe2+

cations on the octahedral sites are converted to Fe3+

cations and the rest form vacancies. Thus, in c-

Table III. Results of Zview fitting of Cole–Cole plots in Fig. 8

Temperature
(�C)

Depression
angle (h¢)

Grain
resistance (X)

Grain boundary
resistance
(104 X)

Grain boundary
capacitance (pF)

Relaxation
frequency

(kHz)
Relaxation
time (ls)

30 10.258 5335.7 5.5452 77.5039309 37.032203 4.2977479
60 7.1401 4828 5.3552 66.9113187 42.817490 3.7170575
90 13.905 5175.3 4.7852 59.4767990 55.920728 2.8460837
120 26.369 5728.7 3.6017 53.1533774 83.134654 1.9144251
150 24.506 4072.9 2.7096 53.2735959 110.25627 1.4435013
180 12.61 1897.3 1.9056 37.2573022 224.16992 0.7099751
210 30.747 185.83 1.1816 21.4810418 627.03917 0.2538199

Fig. 8. Cole–Cole plots in the temperature range of 30–210�C for
iron oxide thin films prepared with a sol concentration of 1.4 mM.
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Fe2O3, the conduction path is disrupted due to
vacancies, thus resulting in lower conductivity of c-
Fe2O3 in comparison with Fe3O4.28 Optimum con-
ductivity for iron oxide thin films was observed
for the sol concentration range of 1.35–1.45 mM
(Fig. 9b). However, for the concentration ranges of
0.2–1.2 mM and 1.6–2.0 mM, the presence of
c-Fe2O3 in Fe3O4 disrupts the long range order in
the films due to the formation of cationic vacancies.
This results in a lower conductivity of iron oxide
thin films at 0.2–1.2 mM and 1.6–2.0 mM, as com-
pared to 1.4 mM.

Variation in conductivity for 1.4 mM concentra-
tion as a function of applied frequency is shown in
Fig. 10. Involvement of both d.c. conductivity (fre-
quency-independent) and a.c. conductivity (fre-
quency-dependent) can be seen for the
temperature range studied. Increases in conductiv-
ity with increasing temperature (inset of Fig. 10)
are associated with increases in electron exchange

between Fe3+ and Fe2+ cations at octahedral sites.27

The temperature-dependent conductivity curves in
Fig. 10 were fitted using Jonscher’s Power Law
Model in Eq. 8.31

ra:c: xð Þ ¼ rd:c: þ Axn; ð8Þ

where rd.c. represents d.c. conductivity, A is a
constant dependent on the polarization ability of
the films, and n is the frequency exponent associ-
ated with the interaction between the lattice and
the ions. Hopping frequency (xp), carrier concen-
tration (N) and carrier mobility (l) were calculated
using Eqs. 9–11.42

xp ¼ ra:c:
A

� �1=n
ð9Þ

N ¼ rd:c:T
xp

� �
ð10Þ

l ¼ rd:c:
Ne

� �
ð11Þ

Fitting parameters of conductivity curves in Fig. 10
to Jonscher’s Power Law model and results from
Eqs. 9–11 are listed in Table IV. Goodness of fit for
the Jonscher’s Power Law model is less than 1.
Hopping frequency and mobility of the films
increases as the temperature increases. These
results support an increase in conductivity with an
increase in temperature (Fig. 10). The dependence
of n on temperature indicates the type of conduction
process in the iron oxide thin films. A small polaron
mechanism is responsible for conduction if n
increases with temperature. If n firstly decreases
and then increases with temperature, then the
phenomenon is referred to as overlapping large
polaron conduction. Correlated barrier hopping
takes place when n decreases with an increase in

Fig. 9. Conductivity of iron oxide thin films plotted for changes in (a)
log f and (b) sol concentration. Inset: conductivity at sol concentra-
tion 1.3–1.5 mM indicating optimal conductivity at sol concentration
1.35–1.45 mM.

Fig. 10. Frequency-dependent conductivity for iron oxide thin films
at different temperatures prepared with the sol concentration of
1.4 mM. Inset variation of conductivity with temperature.
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temperature. If n does not depend on temperature
then the conduction process is associated with
quantum mechanical tunneling.43 First decreasing
and then increasing n with increasing temperature
(Table IV) indicates that overlapping large polaron
tunneling is responsible for conduction in iron oxide
thin films. Jonscher’s Power Law is restricted to
0< n £ 1. Further,more n is less than 1 for the
entire temperature range studied. For n = 0, the
conductivity does not depend on frequency,
whereas, for n> 0, the conductivity is strongly
dependent on changes in frequency.

Activation energy (Ea) of iron oxide thin films at
1.4-mM concentration is given by Eq. 12.31

ra:c: ¼ roe
Ea=kBT ; ð12Þ

where kB is the Boltzmann constant. The activation
energy is determined by the slope of the ln (r)
versus 1000/T (K�1) curves in Fig. 11a. TheT
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Fig. 11. Arrhenius plots for (a) conductivity and (b) relaxation time
for films deposited using sol concentration of 1.4 mM.
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activation energy of the films was calculated to be
2.007 eV. It was also determined by using the
relaxation time in Table III and can be seen in
Fig. 11b, and was found to be 2.07745 eV. This
value is in close agreement with the relaxation time
obtained in Fig. 11a. Manohar and Krishnamoor-
thi44 reported an activation energy of 2.752 eV for
Fe3O4 nanospheres.

The polarization versus electric field (P–E) curves of
iron oxide thin films are shown in Fig. 12, and
remnant polarization, maximum polarization and
coercivity for iron oxide thin films are listed in
Table V. Remnant polarization increases from
6.075 9 10�4 lC/cm2 to 13.38 lC/cm2 with the
increase in sol concentration from 0.2 mM to
1.4 mM. In addition, maximum polarization of the
films increases from 6.65 9 10�4 lC/cm2 to 14.74 lC/
cm2 with the increase in sol concentration from
0.2 mM to 1.4 mM, which shows the increase in the
ferroelectric nature of iron oxide thin films. Normally,
it is desirable for films to have large values of remnant
and maximum polarization along with low values of
coercivity.45–49 However, it can also be seen in Table V
that iron oxide thin films offer relatively high coer-
civity at the sol concentrations of 0.2 mM, 1.0–1.8 mM
and 2.0 mM. High coercivity and non-saturation of
the loops is the result of the high conductivity and

leakage current densities46–48 of iron oxide thin films
arising from the charge hopping process taking place
on octahedral sites between Fe3+ and Fe2+ cations.
The possible origin of the ferroelectric character
obtained in iron oxide thin films might be the
hybridization between the empty 3d states of Fe3+

cations on octahedral sites and 2-p states of oxygen
anions. This type of hybridization in inverse spinel
ferrites is induced by the Jahn–Teller effect, as
explained by Jong et al.48 for NiFeO4. Jahn–Teller
distortions signify the mechanism through which the
breakage of spontaneous symmetry occurs in the
materials which results in ferroelectric polarization.45

Based on the Jahn–Teller effect, slight destruction
and tilting of FeO6 octahedron the takes place, leading
to the breakage of local symmetry. The ionic contri-
bution of these local distortions and tilting of FeO6

octahedrons to polarization results in the observation
of ferroelectric polarization in iron oxide thin films.
These distortions in iron oxide thin films at room
temperature might arise due to symmetry breakage of
FeO6 octahedrons at the surface and because of the
presence of strain in the thin films, which results in a
wave-like displacement of oxygen and iron cations at
the surface,49 thus resulting in ferroelectric
polarization.

CONCLUSIONS

Iron oxide thin films were prepared using a low-
cost sol–gel method. Sol concentrations were stud-
ied in the range of 0.2–2.0 mM. XRD results con-
firmed the formation of Fe3O4 at 1.4 mM sol with a
preferred orientation of the (220) plane. Sol concen-
trations of 0.2–1.2 mM and 1.6–2.0 mM resulted in
mixed c-Fe2O3 and Fe3O4 phases with a preferred
orientation of the (400) plane. Phase purity of
Fe3O4, for films with 1.4 mM concentration, was
confirmed using the Verwey transition observed at
� 124 K along with a Raman band observed at
667 cm�1. The highest dielectric constant of 80.23
(log f = 5.0) was observed for films at 1.4 mM due to
the high resistance of grain boundaries. An increase
in dielectric constant and tangent loss were
observed with increases in temperature. High con-
ductivity, due to electron hopping between Fe3+ and
Fe2+ cations, was observed at 1.4 mM concentration.
An increase in the conductivity of the films was
observed in the temperature range of 30–210�C.

Fig. 12. Electrical hysteresis curves for iron oxide thin films.

Table V. Ferroelectric properties of iron oxide thin films

Sol concentration (mM) Remnant polarization (lC/cm2) Maximum polarization (lC/cm2) Coercivity (V)

0.2 6.075 9 10�4 6.65 9 10�4 30.235
0.6 0.98 3.98 6.965
1.0 7.49 8.06 30.155
1.4 13.38 14.74 30.365
1.8 1.22 1.329 31.245
2.0 0.36 1.58 7.17
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Conductivity of the films was associated with the
overlapping large polaron tunneling mechanism.
Thin films prepared using 1.4 mM sol exhibited
ferroelectric properties at room temperature with
Pmax � 14.74 lC/cm2. Thus, 1.4 mM sol–gel-based
Fe3O4 thin film can be a potential candidate for
electronics because of the improved ferroelectric and
dielectric properties at room temperature.
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