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Abstract 
Reproducible, size and shape controlled synthesis of magnetite (Fe3O4) nanoparticles was a 
challenge. To address this problem, we present a new, simple, and highly reproducible method 
for synthesizing size-controlled Fe3O4 nanoparticles by reduction of Fe(acac)3 using ascorbic 
acid. Size controlled Fe3O4 nanoparticles were successfully synthesized by using this method. 
Particle size is controlled without using any surface capping agent. Particle size is controlled 
only by controlling reaction parameters such as ultrapure water concentration, addition 
temperature, ascorbic acid and precursor concentration, dropping/addition rate, reflux 
temperature and time, and stirring rate. Synthesized materials is characterized by various 
physico-chemical characterization techniques like scanning electron microscopy (SEM), 
transmission electron microscopy (TEM), energy dispersive X-ray analysis (EDAX), X-ray 
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), Raman and Fourier Transform 
Infra-red spectroscopy in order to know the particle size and shape, particle size 
distribution, elemental composition, crystal structure, purity, phases (if any) etc.; and to 
correlate it to various synthesis parameters used.  
 
A detailed comparative study of synthesis reaction conditions (ascorbic acid mediated 
reduction of Fe(acac)3) in presence of ultrapure water and in absence of ultrapure water is 
presented in this thesis. It was observed that addition of ultrapure water during the chemical 
synthesis process yields Fe3O4 nanoparticles, whereas if the reaction is carried out in absence 
of water yields Fe nanoparticles - which get oxidized upon exposure to air atmosphere. Fe3O4 

nanoparticles of smallest size of 15 ± 5 nm and Fe/iron oxide nanoparticles of smallest size 
of 7 ± 1 nm were successfully synthesized. Comparative study of the synthesis process 
parameters is presented in the thesis. Mechanism for formation of Fe3O4 nanoparticles is 
proposed herewith in which water acts as an oxygen supplier. Small (8 nm, 9 nm and 15 
nm), medium (22 nm, 23 nm, 29 nm, 33 nm and 42 nm) and large (76 nm, 108 nm) 
sized Fe3O4 nanoparticles have been synthesized by varying and controlling the experimental 
conditions. Present proposed and demonstrated method is observed to yield reproducible 
results.   
 
Further, the method is extended to synthesize a graphene-Fe3O4 nanocomposite in which 
graphene was first functionalized with carboxylic group and then added during the chemical 
synthesis of Fe3O4 nanoparticles by reduction of Fe(acac)3 using ascorbic acid. In this study 
the monodisperse spherical nanoparticles of Fe3O4 with 10 nm particle diameter were 
observed to remain attached to graphene surface. 
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Chapter 1: Introduction 
 
1 Motivation and Outline 
Magnetic Fe3O4 nanoparticles are important because of their wide range of applications such 
as magnetic storage media, rotary shaft sealing, magnetic fluid hyperthermia, and drug delivery. 
Synthesis of magnetite nanoparticles with desired size in reproducible manner was a challenge. 
The established synthetic routes of Fe3O4 nanoparticles have difficulty in controlling the 
particle size, shape, and properties. Many of the reported methods have practical limitations 
and disadvantages. To solve these problems, it was necessary to establish a new synthesis 
method for Fe3O4 nanoparticles which can yield nanoparticles in reproducible manner with an 
excellent size control. 
 
This thesis presents the work carried out on development of a new and novel synthesis route 
for Fe3O4 nanoparticles. Also hybrid nanocomposite based on Fe3O4 nanoparticles and 
graphene were synthesized by the new synthesis route. Their characterization and applications 
were also studied. The main objective of this research was to establish a synthesis route for 
synthesis of Fe3O4 nanoparticles without using any surface capping agent for controlling the 
particle size. This is due to the fact that surface capped nanoparticles are not suitable and 
difficult to process for further applications such as in cancer hyperthermia. Also, perfect control 
over the particle size is required along with reproducibility so as to have practical applications. 
In the present demonstrated method, Fe3O4 nanoparticles were synthesized by reduction of 
Fe(acac)3 by ascorbic acid in presence of ultrapure water and dehydrated ethanol. A new 
mechanism for generation of magnetite (Fe3O4) nanoparticles was established. Reduction of 
Fe(acac)3 by ascorbic acid was studied in detail with experimental synthesis parameters. 
Decomposition of Iron precursor Fe(acac)3 was studied at different experimental parameters 
and decomposition efficiency was calculated. Reducing acid solution made up of dehydrated 
ethanol, ultrapure water and ascorbic acid was added into Fe(acac)3 solution in diphenyl ether 
made of dissolving Fe(acac)3 in diphenyl ether. This addition was carried out at preset 
temperature (60 °C, 70 °C, 80 °C, etc.) conditions. Before calculating decomposition efficiency, 
the concentration of Fe(acac)3 reduced by ascorbic acid at different time, temperature, ultrapure 
water concentration was calculated to understand the reaction and effect of these parameters 
on the decomposition efficiency. For synthesis of Fe3O4 nanoparticles, Reaction temperature 
after addition of reducing acid solution was raised to 190 °C (reflux temperature) for different 
time interval. Nanoparticles were separated by filtration and characterized by various physico-
chemical characterization techniques. From this study a new mechanism for formation of 
Fe3O4 nanoparticles was proposed in which Fe(acac)3 is reduced by ascorbic acid and ultrapure 
water acting as oxygen supplier to generate Fe3O4 nanoparticles. Experiments were done at 
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various parameters such as different concentration of ascorbic acid and ultrapure water, 
different temperatures at which reducing acid was added, reflux temperature, and time of reflux. 
Main objective was to control the size of Fe3O4 nanoparticles and to obtain the nanoparticles 
with size less than 20 nm. The reaction parameters were optimized to synthesize Fe3O4 
nanoparticles with desired size (less than 20 nm). Fe3O4 nanoparticles with size 15±4 nm 
were obtained by this new synthetic route by reducing Fe(acac)3 at 70 °C with ascorbic acid 
and refluxing at 190 °C for 1 hour. 
 
Graphene-Fe3O4 nanocomposites were prepared in order to check the validity of our proposed 
reaction and to create a new composite material. Surface functionalization of graphene was 
carried out to obtain to provide anchoring site for Fe3O4 nanoparticles. Fe3O4 nanoparticles 
were synthesized on graphene which remains attached to graphene. Fe3O4 nanoparticles having 
average diameter 10 nm were deposited on graphene.  
 
1.1. Nanotechnology and Nanobiotechnology 
Nanotechnology and Biotechnology are major and important fields in science. 
Nanobiotechnology applying nanotechnology principles/materials to biotechnology area and 
hence is an interdisciplinary field. Nanobiotechnology is one of the 21st century’s most 
promising technologies. A wide variety of applications can be explored by combining 
Nanotechnology and Biotechnology. Metal oxides such as titanium oxide, and zinc oxide 
(ZnO) are used in skincare products. Nanoparticles, are used in biotechnological applications 
like sensing (glucose sensing, gas sensing etc.), drug delivery. In food sector, some promising 
applications and technologies like nutrient delivery systems, biosensers, and edible films 
preparation for food are being developed [4]. Long term preservation of food and microbial 
contamination in food are main problems in food industry. Nanosensors can sense, if the food 
is correctly preserved or not at proper conditions such as temperature are under developments 
[1- 4].  
 
Nanobiotechnology has great potential applications in biomedical area. Targeted drug delivery 
can be achieved by considering specific pathophysiological features of diseased tissue and use 
of drug loaded nanoparticles. Higher concentration of drugs can be accumulated by using 
nanoparticles as compared to normal drugs. Gold nanoparticles loaded with specific 
complementary DNA strands provide high sensitivity detection of pathogenic organisms. As 
sequence of interest can bind to complementary DNA strand present on gold nanoparticles it 
forms a dense visible web of gold nanoparticles, this kind of approach have shown promising 
results in detection of anthrax. Stable optical-electrical biosensors can be made by using 
semiconductor nanoparticles integrated with DNA, enzymes, antibodies [1, 5].    
1.2 Nanomaterials 
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A nanometer is one billionth of one meter i.e. 10-9 m. Properties of nanomaterials are different 
from that of bulk form and atomic/molecular level from. Nanotechnology and applications of 
nanomaterials is now emerging field. Siegel classified nanomaterials as zero dimensional, one 
dimensional, two dimensional, three dimensional nanomaterials. Currently nanomaterials are 
used in various applications such as solar cells, fuel cells, making audio/video tapes, in 
computer hard drives, dental bonding agents, catalysis, water purifiers, skin care products etc. 
In biomedical science nanomaterials can be used for targeted drug delivery, disease diagnosis, 
sensing applications [1, 6, 7, 11]. 
 
Fullerenes, quantum dots are classified as zero-dimensional nanomaterials. Fullerenes of 
carbon (C60) are the spherical molecules made up of entirely carbon atoms. A fullerene C60 is 
made up of 60 carbon atoms arranged in hexagon formation to form a hollow spherical structure. 
Fullerenes show some unique electrical and physical properties. Quantum dots are nanocrystals 
having size ranging from 1- 10 nm. They are also known as artificial crystals. Cadmium 
telluride (CdTe), cadmium Selenide (CdSe), indium phosphide (InP), indium arsenide (InAs) 
are some well-known quantum dots.  Nanotubes, nanowires, nano-rods are one-dimensional 
nanomaterials. Some examples of one-dimensional nanomaterials are carbon nanotubes, Si 
nanotubes, Boron nitride nanotubes.  

 
Figure 1.2.B Graphical representation on examples of 0-dimensional, 1-dimensional, 2-
dimensional and 3-dimensional nanomaterials [8]. 
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Thin films, nanosheets and nanoplates are two dimensional nanomaterial. Nanoballs (dendritic 
structures), nanocones, polymeric nanoparticles, nanopillers are classified as three- 
dimensional nanomaterials. Also they have high surface area and can provide enough 
absorption sites [6- 9].  
 
1.3 Nanoparticles  
In general, nanoparticle is defined as particles having size in the range of 1 - 100 nm. 
Nanoparticles have different chemical, physical properties such as higher specific surface areas, 
specific optical properties, mechanical strengths, and specific magnetizations than bulk 
materials. Nanoparticle research is currently a scientific interest due to their potential 
applications in biomedical, electronic and optical fields [10]. 
 
1.4 Applications of  Nanoparticles 
Nanoparticles have immense applications in almost all fields of science and human life. Use of 
nanoparticles in analytical systems also leads to improved sensitivity, selectivity, rapidity and 
portability. Ag and Pt nanoparticles have been used as catalysts in chemical reactions. In the 
electronic industry, metal nanoparticle paste is used for circuit pattern formation of a printed 
wired board. Au or Cu nanoparticles are used to make nanoparticle paste for circuit pattern 
formation. Metal nanoparticles such as Au and iron oxide can be used in paints. Magnetic 
nanoparticles have potential applications in high density magnetic recording materials. 
Quantum dots can be used to produce light emitting diodes (LED). In fast optical switches 
nanoparticles of CdS, CdSe, GaAs and Si dispersed in glasses are used.  Nanoparticles such as 
metal nanoparticles, silica nanoparticles can be used for instrumental separation of analytes, 
detection and sample treatment in catalysis, gas sensing, and lubricants. Use of nanoparticles 
for treatment of industrial wastewater is one of the potential applications. TiO2, Al2O3, ZrO2, 
MnO and CeO2, FeS, nanoparticles have potential applications in separation of environmental 
pollutants. Use of magnetic properties of nanoparticles (Magnetic nanoparticles) and 
attachment of targeted ligand can result in target specific delivery systems. This kind of 
delivery systems can be used in oral, nasal, intraocular etc. routes. Noble metal nanoparticles 
(gold, silver nanoparticles) [15] are extensively used in biosensing applications. Chitosan and 
Au nanoparticles have potential applications in medical diagnostics, detections and sensing 
applications. Extensive research has been carried out on gold and silver nanoparticles for 
development of molecular diagnostics, drug delivery, imaging and therapeutics. Nanoparticles 
like silver and copper have antimicrobial properties and can be used to kill harmful bacteria. 
Magnetic nanoparticles such as Fe3O4 nanoparticles have important potential applications in 
magnetic resonance imaging (MRI) and cancer hyperthermia treatment [10-16, 21, 22, 24]. 
 
1.5 Metal/ Metal Oxide nanoparticles 
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Metal oxides can be used in technological applications such as fabrication of microelectronic 
circuits, sensors, coatings for the passivation of surfaces against corrosion, piezoelectric 
devices, catalysts, and as fuel cells, cancer hyperthermia and other biomedical applications 
such as targated drug delivery. Metal oxide nanoparticles exhibit unique chemical and physical 
properties [17, 18]. Table 1.5 describes merits and demerits of different nanoparticle synthesis 
methods.  
 

Table 1.5 Merits and demerits of different nanoparticle synthesis methods. 
Type of Synthesis Merits Demerits Reference 
Co-Precipitation Convenient way, 

simple and rapid 
preparative method, 
easy control of particle 
size and composition 

extensive 
agglomeration, poor 
morphology and 
particle size 
distribution 

[19, 20] 

Thermal 
decomposition 

producing highly 
monodispersed 
particles with a 

narrow size 
distribution 

High cost, Long time 
synthesis reaction, 
high temperature 

[21, 22] 

Microemulsion Monodispersed 
Nanoparticles with 
various morphology 

can be produced 

not very efficient and 
difficult to scale up 

[22] 

Polyol Uniform size particles 
can be prepared, 
easily to scale-up 

Needs high 
temperature, long 

time 

[23],[24] 

Sol-Gel 
 

 

low processing cost, 
energy efficiency, 

high production rate, 
and rapid productivity 

of fine 

Limited efficiency, 
high cost 

[26], [27] 
 

Microwave Fast heating and 
reaction kinetics, short 
reaction time, product 
yield can be increase 

Health Hazards 
microwave radiations, 

costly microwave 
systems 

[28] 

Sonochemical Simple, low cost, safe, 
environment friendly, 

absence of many 
reactants 

Very small 
concentration of 
prepared NP's, particle 
agglomeration Very 
narrow 

[28] 

Spray pyrolysis Finely dispersed 
particles of predictable 
size, shape and 
variable composition 

Aggregated particles, 
expensive 

[25] 

biological synthesis Selectivity and 
precision for 
nanoparticle 

Little knowledge [28] 
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formation, Cost 
effective, Ecofriendly  

Laser pyrolysis Small particle size, 
narrow particle size 
distribution, nearly 
absence of aggregation 

Complicated, very 
expensive 

[25] 

Pulsed wire discharge 
method 

Fast process, higher 
purity of NPs 

Batch process, limited 
production, High 
Vacuum Systems, 
Costly process, 
contaminations in 
product 

[28] 

Chemical vapor 
condensation 

suitable for preparing 
small quantities to 
demonstrate desired 
properties in the 
laboratory 

Low production, 
difficult to control size 
and particle size 
distribution 

[29] 

 
1.5.1 Co-precipitation: Among the different synthesis methods co-precipitation method is a 
simplest method. This method also provides possibilities to modify nanoparticle’s surface and 
particle homogeneity. In this method, co-precipitation of various salts like nitrates, sulphates, 
chlorides, perchlorates etc. is carried out. This co-precipitation is carried out under fine control 
of pH by using solutions of NaOH, NH4OH to yield corresponding oxide nanoparticles [19, 
20]. 
 
1.5.2 Thermal decomposition: Thermal decomposition method is an organic solution phase 
decomposition route. In this method, thermal decomposition of a metallic precursor in presence 
of organic surfactant is carried out. Synthesis is generally carried out at high temperature. 
Highly monodispersed particles with a narrow size distribution can be synthesized with this 
method [21, 22]. 
 
1.5.3 Microemulsion: In microemulsion method due to use of surfactant immiscible fluids like 
oil in water (O/W) or water in oil (W/O) become thermodynamically stable.   Surfactant 
molecules can form a monolayer at the interphase between oil and water thus it can bridge the 
interfacial tension between oil and water. When microemulsion containing reactants are mixed 
together, due to the reaction microdroplets are formed.  Due to the presence of surfactant, fine 
microdroplets of aqueous get trapped within surfactant molecule assembles. Microcavities 
stabilized by surfactant can provide locking up effect that limits particle nucleation, growth, 
agglomeration results in nanoparticle formation   [22, 25, 28]. 
 
1.5.4 Polyol: Polyol approach uses polyols such as ethylene glycol, diethylene glycol to reduce 
metal salts to metal nanoparticles. A wide variety of inorganic non aggregated particles can be 
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prepared by using polyol method. Polyols act as reducing agent and high boiling solvent. 
Polyols also control particle growth and prevent aggregation of particles. In this method 
precursor is suspended into liquid polyol and system is heated up to boiling point of polyol. 
Precursor is reduced to nuclei and subsequently nanoparticles synthesized [23, 24].  
 
1.5.5 Sol-gel: Mainly three steps such as preparation of sol, successive gelation and removal 
of solvent are included into sol-gel synthetic route. Sol-gel synthetic route is a versatile method. 
Various nanocomposites either crystalline or amorphous can be synthesized with controlled 
porosity in bulk amounts by using this method [30]. This method has advantages like high 
production rate, and rapid productivity of fine homogeneous particles and low processing cost. 
This method is an effective method and widely used in synthesis of metal oxides (example iron 
oxide, Fe2O3-SiO2 nanocomposite) [24, 26, 27]. 
 
1.5.6 Microwave: Microwave radiations are used in reaction solution to synthesize 
nanoparticles. This is a simple rapid and easy method for nanoparticle synthesis. Microwaves 
with frequency ranging from 300 MHz to 300 GHz. Widely used frequency is 2.456 GHz. 
During the microwave synthesis method fast and homogenous conditions can be maintained. 
Example - copper nanoparticles, iron oxide nanoparticles [28]. 
 
1.5.7 Sonochemical: Sonochemical method was initially used to synthesize iron nanoparticles 
but now this method has been used for synthesis of various metal and metal oxide nanoparticles. 
In sonochemical method, ultrasound radiations in the range from 20 kHz to 10 MHz are applied 
on precursors.This enhances the reaction to synthesize nanoparticles. This is a simple method 
in which different metal precursors with different concentrations can be used for nanoparticle 
synthesis. Also size control of nanoparticle can be done by using this method [28]. Synthesis 
of metal oxide nanoparticles can be easily achieved by carrying out the reaction in air or oxygen 
atmosphere. Example- copper mamoparticles, Fe2O3 nanoparticles, Fe3O4 nanoparticles [28, 
22]. 
 
1.5.8 Spray pyrolysis: In this method, solution is sprayed into different reactors then aerosol 
droplets undergo evaporation of solvent followed by solute condensation and drying, 
thermolysis of the precipitated particles at high temperature. Experimental conditions can be 
controlled to generate homogenous well-defined nanoparticles. This method has high 
production rate. This method has advantages over commonly used synthetic routes such as 
rapidity and continuity. Example – Fe2O3 nanoparticles, zinc oxide nanoparticles [25, 24]. 
 
1.5.9 Biological synthesis: Solvent medium, reducing agent and nontoxic material for 
nanoparticle stabilization are main parameters in biological synthesis method. There are many 
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reports on synthesis of nanoparticles by using bacteria [36, 37], fungi [38, 39], plants [40, 41], 
actinomycetes [42, 43]. Biosynthetic route is simple, easy and almost nontoxic. Synthesized 
nanoparticles by this method canbe used for various applications depending on their 
morphology. However size control of nanoparticles is sometime difficult in this synthetic route. 
Still this synthetic route is little known and lot of research is to be done in this method such as 
mechanism of nanoparticle formation, size control, tuning of reactions. Example – Fe3O4 
nanoparticles, Silver nanoparticles, gold nanoparticles [36, 38, 40, 28]. 
 
1.5.10 Laser pyrolysis: A flowing mixture of gases is heated with a high energy and power 
density laser beam – either in a continuous mode or pulsed mode - to initiate and sustain a 
chemical reaction. Above specific laser power and pressure, a critical nuclei concentration 
reaches to reaction zone. This leads to homogenous nucleation of particles which is followed 
by transportation of particles to a filter by an inert gas. Small size, less aggregation, narrow 
size distribution is the main advantages of this synthetic route. Example – iron oxide 
nanoparticles, copper nanoparticles [25, 28]. 
 
1.5.11 Pulsed wire discharge: Pulsed wire discharge method is a physical nanoparticle synthetic 
route. This method is completely different as compared to other methods. In pulse wire 
discharge method metal wire usually copper is evaporated by using pulse current. This 
produces vapor and by using ambient gas this vapor is cool down to generate nanoparticles. By 
using pulsed discharge method synthesis of metal oxide, nitrides, and metal nanoparticles is 
reported. This method is simple. But this method has high production rate. This method is 
useful for metals available in thin wire form and with high electrical conductivity. Example – 
copper nanoparticles, silver nanoparticles [28].   
 
1.5.12 Chemical Vapor Condensation: In chemical vapor condensation synthetic route rapid 
condensation of metallic vapor is carried out. This results in synthesis of fine grained structures. 
This is a very attractive, simple synthetic route mainly used for synthesis of material in small 
quantity in a laboratory scale. Examples – iron nanoparticles, tungsten disulphide nanoparticles 
[29]. 
 
1.6 Magnetite/Fe3O4nanoparticles properties 
  Magnetite (Fe3O4) is one of the oxides of iron. Iron oxide is present in different types such as 
magnetite (Fe3O4), maghemite (γ-Fe2O3), hematite (α-Fe2O3), goethite (α-FeOOH), ferrous 
oxide (FeO). Out of these magnetite (Fe3O4) possess both ferrous (reduced) and ferric 
(oxidized) phases. Magnetite is also known as iron II,III oxide. Figure 1.6.A represents 
oversimplified reaction of magnetite and chemical formula of each phase. 
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Figure 1.6. A Simplified magnetite synthesis reaction [31]. 
 
Fe3O4 nanoparticles have interesting properties and various potential applications. Fe3O4 

nanoparticles have crystal structure which is an inverse spinel pattern. Alternating tetrahedral 
and tetrahedral-octahedral layers are present. Figure 1.6.B represents the structure of unit cell 
of magnetite (Fe3O4). Half of the octahedral lattice sites are occupied by ferrous species. The 
reason behind this is the higher ferrous crystal field stabilization energy (CFSE). Other 
octahedral lattice sites and all the tetrahedral lattice sites are occupied by ferric species. 
Magnetite unit cell possess face centered cubic pattern and crystal lattice parameter, a = 0.8396 
nm. Effective surface area of magnetite nanoparticles depends upon the method used for 
synthesis and synthesis reaction parameters as these things affects on size of nanoparticles. 
Magnetite possess melting point 1590°C. Ferrous and ferric species are present in octahedral 
sites of magnetite. Magnetite (Fe3O4) crystal is an inverse spinel structure with alternating 
octahedral and tetrahedral layers. Due to transfer of electrons in octahedral sites between Fe2+ 
and Fe3+ ions, it shows magnetic and electrical properties. 
 

 

 
 

Figure 1.6.B Structure of Unit cell of magnetite (Fe3O4) [35]. 
 

Curie temperature in magnetite is observed to be 850 K. Magnetic moments of ontetrahedral 
sites (occupied by ferric species) gets aligned ferromagnetically but magnetic moments present 
on octahedral sites (occupied by ferrous species) gets antiferromagnetically aligned. Both the 
magnetic moments cancel each other and this behavior is called as ferrimagnetic behavior. 



10 
 

Coercivity and remanence (retentivity) is exerted by ferrimagnetism. As nanoparticle size 
decreases then this property tends towards paramagnetic or superparamagnetic 
magnetization.Therefore decrease in nanoparticle size will enhance supermagnetic behavior 
and decrease ferromagnetic behavior. As size of nanoparticles decreases the relative oxygen 
concentration decreases, therefore a slight reduction in iron valance state occurred. Because of 
this ferrous ion content increase, therefore increase in magnetization should be observed. Table 
1.6 shows different properties of magnetite nanoparticles [31, 32]. 
 

Table 1.6 Different properties of Fe3O4 nanoparticles, their value and details [31]. 
Property Value Details 

Band gap 0.1 eV almost semi-conductor 
color black suspended solutions exhibit 

jet black color 
conductivity 102-103 /Ω/cm almost metallic 
crystal structure inverse spinel alternating octahedra and 

tetrahedra-octahedral layers 
Curie temperature 
(nano-scale) 

738 K higher proportion of surface 
spins in nano-scale particles 
enhances the dipolar 
anisotropy 

electrical 
properties 

between metal 
and semiconductor 

almost metallic good 
conductivity due to 
closeness of Fe2+ and Fe3+ 
ions on octahedral 
sites 

Magnetic properties  
(nano-scale) 

superparamagnetic - 

morphology Octahedral crystals bounded by {111} planes 
and 
rhombo-dodecahedra 

saturation 
magnetization 
(nano-scale) 

6.4 nm: 1.1 μB/fu 
10.8 nm: 2.6 μB/fu 
37.8 nm : 2.3 μB/fu 

relative oxygen 
concentrations 
decline causing valence 
states of 
iron cations to be slightly 
reduced, generating greater 
ferrous ion content; since 
the 
ultimate magnetic moment 
depends upon ferrous 
species, 
subsequent increase in 
magnetization; below 10 nm 
surface effects cause 
saturation 
magnetization to decrease 



11 
 

 
1.7 Applications of  Fe3O4 nanoparticles 
Different applications of nanoparticles are explained in section 1. 4, however it is necessary to 
mention some important applications of Fe3O4 nanoparticles. Applications of Fe3O4 
nanoparticles are biosensing, targeted drug delivery, photocatalysis etc. However because of 
magnetic properties of these nanoparticles provides an opportunity for applications in magnetic 
separation and cancer hyperthermia treatment. Figure 1.7 shows a typical example of magnetic 
separation process in which magnetically tagged cells (•) can be separated from the mixture of 
unwanted biomaterial (◦) present in a fluid. 
 
Besides this if Fe3O4 nanoparticles are subjected to external alternating magnetic field, they 
generate heat because of losses during the magnetic reversal process during magnetization. 
This property can be useful in some applications such as hardening of adhesives and in cancer 
treatment. Hyperthermia is a type of cancer treatment in which heat is generated within a 
cancerous tissue. High temperature can break down/burn/kill cancer cells. However, such heat 
can also injure to normal tissue which is one of the major problem in hyperthermia treatments. 
There are different types of hyperthermia such as local, regional and whole body hyperthermia. 
 
Heat is generated when external magnetic field is applied on Fe3O4 nanoparticles and magnetic 
losses occur due to hysteresis, Neel or Brown relaxation and frictional losses. Under the 
influence of thermal energy, Fe3O4 nanoparticles show spontaneous change in magnetization. 
Hence, magnetization oscillates or rotates between two equilibrium positions. Typical time 
between two states can be given by Neel relaxation time. If magnetic field is applied to Fe3O4 
nanoparticles then nanoparticles align with magnetic field and rotate. Rotation of the particle 
is called as Brownian motion and rotation of moment within particle is called as Neel relaxation.  
This is because of interaction of magnetic field with the magnetization which generates the 
torque. The time taken by Fe3O4 nanoparticles to align with external magnetic field is given 
by Brown relaxation time. Hysteresis is generated due to delay between magnetic field rotation 
and magnetization rotation. Hysteresis loop generates thermal energy/heat which can be used 
in cancer hyperthermia treatment [32-34].  
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Figure 1.7 Typical example of magnetic separation process [32] 
 
1.8  Synthesis of Fe3O4 nanoparticles: different methods  
In recent years, extensive research work has been carried out on Fe3O4 nanoparticles because 
of their interesting magnetic and electrical properties. The performance of Fe3O4 nanoparticles 
is most importantly depends upon the method chosen for their synthesis. Physical and chemical 
properties of Fe3O4 nanoparticles and their surface also have effects on performance of these 
nanoparticles. A synthesis method for Fe3O4 nanoparticles can allow control over size, tuning 
of surface chemistry for getting desired properties in Fe3O4 nanoparticles. Some new methods 
for synthesis of Fe3O4 nanoparticles using thermal degradation of iron precursor at high 
temperature have been developed but such method needs very high temperature and are 
complicated. In thermal decomposition method, main factors are: presence of suitable 
organometallic precursor that decomposes below the surfactant degradation temperature, two 
surfactants which can differentially adsorbed on nano crystal faces and one surfactant must 
promote the monomer exchange between particles to achieve size distribution [44 - 46]. Fe3O4 
nanoparticles are extensively studied for their biomedical applications such as in drug delivery, 
in magnetic resonance imaging (MRI), and in hyperthermia treatment of cancer [47 - 50]. 
Stringent requirements are there for application of Fe3O4 nanoparticles in bio-medical science. 
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Some of them are: (a) Size of the Fe3O4 nanoparticles should be smaller than 20 nm [51] – for 
their easy penetration and motion inside the human body; (b) Surface should not be capped by 
a capping agent typically used in chemical synthesis process of nanoparticles; thereby allowing 
the possibility of binding a drug molecule to the nanoparticle for further use; (c) In general, as 
the size of the magnetic nanoparticles decreases, critical transition temperature (Tc) decreases. 
This puts an additional restriction that magnetic nanoparticles should be used below Tc, in 
order to utilize their magnetic property. Thus, one has to choose a correct size of the 
nanoparticles having required critical transition temperature (Tc), suitable for its desired 
application; and (d) synthesis process should be highly reproducible, scalable, and low cost. 
Recently there are also so many advancements in synthesis of Fe3O4 nanoparticles by using 
colloidal chemical approaches. Also magnetic nanoparticles in the range of 2-20 nm can be 
used in applications such as magnetic storage devices, in ferrofluids, in magnetic refrigeration 
systems, in magnetic resonance imaging for contrast enhancement. Nanoparticles can be 
dispersed in organic solvents and their powder form can be retaining by removing solvents. 
There are some important issues or problems in nanoparticle synthesis such as monodisperse 
nanoparticle synthesis or particle size distribution should be uniform, synthesis of nanoparticles 
with high crystallinity and required crystal structure, shape control such as non-spherical or 
anisotropic nanoparticle synthesis, Control over particle size with high reproducibility. The size 
of nanoparticles can be controlled by fine tuning of reaction parameters such as reaction time, 
temperature, concentration of reactants and concentration of stabilizing surfactants [52]. 
 
Chemical methods (using either aqueous or organic solution), polyol method (method of 
reducing metallic oxide or metallic complex compound by polyol in organic solvent) are 
generally employed for synthesis of Fe3O4 nanoparticles. T. Daou et.al. have synthesized 
Fe3O4 nanoparticles of size 39±5 nm by hydrothermal reaction of 1 M ferric chloride hexa-
hydrate (FeCl3.6H2O) and 2 M Ferric chloride tetra hydrate (FeCl2. 4H2O) dissolved in 2 M 
HCl followed by slow addition of aqueous solution of tetramethyl ammonium hydroxide 
[N(CH3)4OH]. In this method at 70 °C co-precipitation from Fe2+ and Fe3+ ions by 
[N(CH3)4OH] was carried out and at 250 °C hydrothermal treatment was carried out. Very slow 
process and need for high temperature are the major drawback of this process [53]. In another 
effort by M. Mascolo et. al., Fe3O4 nanoparticles (63 nm±25 nm) were synthesized by co-
precipitation method in alkaline condition using FeCl3 and FeCl2 salts. In this method initially 
ferrous and ferric hydroxides are prepared and these reactions are very fast. Then ferric 
hydroxide decomposes to FeOOH. Finally FeOOH and Fe(OH)2 undergo solid state reaction 
to form magnetite. However, particle size is large and not really suitable for medical 
applications [54]. J. Lope et.al. have synthesized Fe3O4 nanoparticles by chemical co-
precipitation method and coated with oleic acid as surfactant agent [55]. It is difficult to 
synthesize magnetite particles (Fe3O4), which have a particular stoichiometric composition by 
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co-precipitation method also the pH adjustment or pH control is very important and a tedious 
task. There are some other disadvantages of co-precipitation method such as broad nanoparticle 
size distribution, poor crystallization and irregular crystal shape [56]. Polyol method have its 
own disadvantages like it needs long synthesis time (minimum 7 - 8 hours) and high 
temperature (>200 °C) [56]. The exact mechanism leading to formation of Fe3O4 and origin of 
oxygen element in Fe3O4 is still unclear in polyol method. Several other methods have been 
reported for synthesis of Fe3O4 nanoparticles such as chemical method using plant extracts and 
bacteria as reducing agents [46, 57], thermal decomposition/pyrolysis of organo-metallic 
precursors [58-60], ultrasound irradiation [61], gamma radiolysis [62], sol-gel method [63-
65] etc. Each of these methods has itsown advantages and limitations. Most of these methods 
yields polydisperse nanoparticles, surface capped nanoparticles, nanoparticles with impurities, 
in addition to poor reproducibility. It is important to select correct size of nanoparticles. At the 
same time, synthesis method should be highly reproducible, scalable, and economical. 
Different polymers and surfactants such a polyvinylalcohol (PVA) [66], poly 
(vinylpyrrolidone) (PVP) [67], polyethylene glycol (PEG) [68], oleic acid [69], polyacrylic 
acid (PAA) [70] are used for coating of Fe3O4 nanoparticles or as capping agent (for controlling 
the size of the nanoparticles during synthesis and suppressing the aggregation). This result in 
improved morphology, prevention of agglomeration and aggregation of nanoparticles, but such 
may affect the properties of nanoparticles. Also, polymers and surfactants are expensive and 
difficult to (naturally) decompose. Thus, their use restricts the applications of Fe3O4 
nanoparticles in biomedical science and also can cause environmental problems. 

 
1.9 Different mechanisms of Fe3O4 nanoparticle synthesis 
In this section some different mechanisms are explained used to synthesize Fe3O4 
nanoparticles.  
 
Abedini et. al. synthesized colloidal Fe3O4 nanoparticles by using gamma radiolysis method. 
An aqueous solution containing FeCl3.6H2O and PVA (Poly Vinyl Alcohol) and isopropanol 
was prepared. pH of this solution was increased to 11 by adding NaOH solution at 70 °C. Final 
solution was irradiated by gamma rays.  
 

H2O---irradiation                  e- , H2, OH, H2O2 etc. form 
 

Fe3+ +e-                  Fe2+ 
 

Fe2+   + 2Fe3+   +   8OH-                    Fe3O4 +  4H2O 
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Above equations show the formation mechanism for Fe3O4 nanoparticles. In this mechanism 
PVA acts as stabilizer, isopropanol and NaOH act as hydroxyl ion scavengers and stabilizers 
to control growth [71]. 
 
Mascolo et.al. synthesized Fe3O4 nanoparticles by co-precipitation reaction at room 
temperature and in presence of bases, such as NaOH, KOH or (C2H5)4NOH.  
 

2FeCl3 + FeCl2 + 8 BOH                     Fe3O4 + 4H2O + BCl 
 
In above equation B = Na+, K+ or (C2H5)4N +. Following equations are proposed in this 
report for Fe3O4 formation. 
 

Fe3+   +  3 OH                    Fe(OH)3 
 

Fe(OH)3                   FeOOH + H2O 
 

Fe2+  +  2OH-                       Fe(OH)2 

 
2FeOOH + Fe(OH)2                             Fe3O4 + 2H2O 

 
Overall reaction equation can be given as: 
 

2Fe3+   + Fe2++ 8OH-                 2Fe(OH)3Fe(OH)2            Fe3O4 + 4H2O 
 
In this method FeCl2.4H2O and FeCl3.6H2O were dissolved in degassed water followed by 
addition of NaOH at room temperature [54]. 
 
Roonasi et. al. studied the mechanism of Fe3O4 formation using isotope fractionation study.In 
this report Fe II and Fe III alkali solutions were used. Synthesis of magnetite nanoparticles was 
done by coprecipitation of iron (II) and (III) and oxidation of ferrous hydroxide [72]. 
Overall reaction is as follows 
 

Fe2+ + 2 Fe3+ +8OH-                            Fe3O4 + 4H2O 
 
Initially precipitation of Fe(OH)2 occurs after addition of iron (II) chloride solution to 
Sodium hydroxide solution as follows: 
 

FeCl2 + 2NaOH              Fe(OH)2 + 2NaCl 



16 
 

 
Magnetite formation starts then with oxidation of Fe(OH)+ in aqueous solution. 
 

Fe (OH)2(solid)                    [Fe (OH)]+(aq) + OH- 

 
Then oxidation takes place as follows: 
 

2[Fe(OH)]+(aqueous)  +   ½ O2 + H2O                    [Fe2(OH)3]3+(aqueous)   +  OH 
 
[Fe2 (OH)3]3+ then combines with [Fe (OH)]+. Which lead to formation of   Fe3O(OH)4

2+ 
having same Fe II/Fe III ratio as magnetite. Then following equation shows how intermediate 
transfer to crystalline magnetite. 
 

Fe3O (OH)42+(aq) + 2OH-            Fe3O4(solid) + 3 H2O 
 
Xi et.al. synthesized rod shaped Fe3O4 nanocrystals by poly (vinyl pyrrolidone) (PVP)-
mediated hydrothermal synthesis method. Synthesis was carried out at 90 °C. In this 
mechanism NaOH act as pH regulator and provides OH ions, KNO3 acts as oxidizing agent. 
Initially Fe(OH)2 is formed and part of Fe(OH)2 is oxidized to Fe(OH)3 [73]. 
The formation of Fe3O4 can be explained as follows: 
 

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

3 Fe(OH)2 + NO3 −                                 Fe3O4 + NO2− + 3 H2O 
 
Qiaojuan et.al. have synthesized biocompatible Fe3O4 nanocrystals. In this method in presence 
of α, ω-dicarboxyl-terminated polyethylene glycol (HOOC-PEG-COOH) and oleylamine, the 
pyrolysis of Fe(acac)3 in diphenyl oxide was carried out to synthesize Fe3O4 nanocrystals. 
Polyethylene glycol (HOOC-PEG-COOH) can form a primary amine salt with oleylamine by 
donating its proton, leading to the formation of  OOC-PEG-COO, which then coordinates with 
Fe(acac)3 by partly replacing the acetylacetonate ligand of Fe(acac)3. The carboxylated PEG 
first reacts with oleylamine forming the primary amine salt, which subsequently coordinates 
with Fe atom in Fe(acac)3 by partly replacing the acetylacetonate ligand, consequently leading 
to the formation of a large molecular network.This molecular network then partly breaks down 
and forms Fe3O4 nuclei. As reaction goes on Fe3O4 nanocrystals synthesized. Mechanism is 
as follows [74]: 
 
HOOC-PEG-COOH + 2R-NH2                                   RNH3+-OOC-PEG-COO-+H3NR 
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(Polyethylene glycol)    (Oleamine)                                                    (Amine salt) 
 
 
Fe(acac)3 + RNH3+-OOC-PEG-COO-+H3NR Fe       Fe      Fe 
 
 Fe         Fe      Fe 
  

(Molecular network) 
   

Fe            Fe         Fe 
                                Fe3O4 nanocrystals 

Fe            Fe         Fe 
(Molecular network) 
 

1.10 Reduction of Fe(acac)3 by ascorbic acid to generate Fe3O4 nanoparticles 
 
Our method is similar to the sol-gel method. Fe(acac)3 (Fe(III) acetylacetonate compound) in 
diphenylether was reduced by ascorbic acid and hydrolyzed with using water. 
 

 
   

Fe(acac)3                         Ascorbic acid                             dehydroascorbic acid 
 
 

 
6Fe(III)(acac)3 + ascorbic acid ( act as reducer) + 8H2O 

2Fe3O4 + dehydroascorbic acid + 18 acac 
 
In this method, water acts as the supplier of oxygen. Fe(acac)3 is reduced by ascorbic acid, then 
reaction mixture is heated to 190 °C for 1 hour.  

 
 
 

1.11   Purpose of the dissertation 

-2e- + 
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Fe3O4 nanoparticles are important because of their wide range of applications in various 
different fields such as magnetic storage media, rotary shaft sealing, magnetic fluid 
hyperthermia, drug delivery. Magnetite（Fe3O4）nanoparticles have been made mainly using 
co-precipitation method or polyol method. In the coprecipitation method, magnetite 
nanoparticles are synthesized by the hydrolysis of Fe2+ ion and Fe3+ ion in mole ratio of 1:2, 
by a base usually NaOH or NH4OH. In such case, over all composition of the precipitate is 
same as that of the reaction system. But, as the hydrolysis rate of Fe3+ ion is greatly different 
from that of Fe2+ ion, the composition of the nanoparticle may not be same. Also pH control is 
important and difficult. If pH > 11, then re-dissolutions of Fe(OH)3 and Fe(OH)2 will begin. 
 

Fe(OH)3 ----- > Fe(OH)4
－   Fe(OH)2 ------ > Fe(OH)3

－ 
 
Therefore, synthesis of magnetite particles (Fe3O4), with a stoichiometric composition, by the 
coprecipitation method is difficult. 
 
 In the polyol method, metal nanoparticle, such as Au nanoparticles, can be synthesized by this 
method. In this case, the formation mechanism of metallic nano particles is clear. 
 

R-C(-R’)H-OH (alcohol form) ---- > R-C(-R’)=O (ketone form) + e- + H+ 
 
This electron (e-) reduces metallic ion to metal. But the mechanism leading to Fe3O4 in the 
polyol method has not been clear yet. Especially, origin of oxygen element in Fe3O4 is not 
clear. 
  
Synthesis of magnetite (Fe3O4) nanoparticles with desired size in reproducible manner is still 
a problem. To solve such problems this research work is focused on ascorbic acid mediated 
reduction of Fe(acac)3 to synthesize Fe3O4 nanoparticles and to study or understand the 
mechanism of Fe3O4 formation. For this purpose we have examined the relationship among 
various reaction parameters (such as temperature, concentration, dropping rate, reflux time and 
temperature etc.). In order to study the effect of reaction parameters on rate of reaction and 
reduction of Fe(acac)3 by ascorbic acid, we have examined decomposition efficiency of 
Fe(acac)3 at different water concentrations, addition temperatures. We have also examined the 
effect of these reaction parameters on nanoparticle diameter and crystallinity. In a study we 
have optimized the synthetic conditions so as to synthesize Fe3O4 nanoparticles having 
diameter less than 30 nm for their possible applications in cancer hyperthermia or drug delivery.  
Further this method was extended to synthesize graphene-Fe3O4 nanocomposite.  
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Chapter 2: Synthesis and Characterization of Fe3O4 

nanoparticles  
 
2.1 Synthesis of Fe3O4 nanoparticles 
In this thesis, we have indigenously developed a simple, efficient, and effective method for 

http://www.paper.edu.cn/


25 
 

synthesis of Fe3O4 nanoparticles in which Fe(acac)3 in diphenyl ether is reduced by ascorbic 
acid and hydrolyzed by using ultrapure water. Decomposition efficiency of precursor Fe(acac)3 

was studied and effect of different parameters on rate of reaction was studied. In order to 
control the Fe3O4 nanoparticle size synthesis was carried out at different parameters and 
parameters were optimized for size controlled synthesis of Fe3O4 nanoparticles having 
different parameters. A new mechanism for synthesis of Fe3O4 nanoparticles by reduction of 
Fe(acac)3 using ascorbic acid is proposed. 
 
Chemicals used in this work were: Fe(acac)3 (purity 99 %, Strem chemicals, Japan), ascorbic 
acid (purity 99.6 %, Wako Pure Chemicals Industries, Ltd., Japan), dehydrated ethanol 
(prepared and used when required in our laboratory), diphenyl-ether (purity 99 %, Wako Pure 
Chemicals Industries, Ltd., Japan), and Ultrapure deionized (DI) water. All the chemicals were 
of analytical grade. 
 
Figure 2.1.A and Figure 2.1.B represents temperature program and synthesis scheme 
respectively. At the time of synthesis experiment precursor solution (by dissolving Fe(acac)3 
in diphenyl ether) was taken in flask and kept under constant stirring. Thermocouple and 
polyrecorder were used to read the temperature. Ascorbic acid solution was added in Fe(acac)3 

solution (dissolved in diphenyl ether) at different temperatures such as 60 °C, 70 °C, 80 °C. 
Then temperature was increased to 190 °C. 
 
[Estimation of  Decomposition efficiency of precursor Fe(acac)3]: A study on 
decomposition efficiency of precursor Fe(acac)3 at different parameters was carried out. Fe3O4 
nanoparticle synthesis experiment was performed. After addition of reducing acid solution 
containing dehydrated ethanol, ultrapure water, and ascorbic acid, 1 mL sample was taken out 
by using a syringe at different time interval. Sample was diluted to 50 mL using diphenyl-ether. 
Ultraviolet-visible (UV-VIS) spectra of all samples were measured to estimate the 
concentration of precursor present at that time.  
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Figure 2.1.A Temperature program 
 

 
Figure 2.1.B Synthesis scheme 

 
Experimental parameters for estimating the influence of addition temperature and 
ultrapure water concentration on the decomposition efficiency of Fe(acac)3 precursor:  
To estimate the influence of addition temperature on decomposition efficiency of Fe(acac)3, 
addition temperature was varied from 60 °C to 80 °C. To estimate the influence of ultrapure 

Reflux time 

Time (Minutes) 

Te
m

pe
ra

ur
e 

 (°
C)

 

60 °C/70 °C/80 °C 

Dropping of Ascorbic acid  

 

190 °C 



27 
 

water concentration on decomposition efficiency of Fe(acac)3 concentration of ultrapure water 
was varied such as 1.2 M or 2.4 M or 12 M. In reducing acid solution ascorbic acid 
concentration was constant (0.025 M). A dropping rate of 2 mL/min was used. 30 mM 
Fe(acac)3 stock solution was prepared by dissolving Fe(acac)3 in diphenyl ether. 50 mL of 30 
mM Fe(acac)3 solution was used in experiment. Before each experiment initial concentration 
of Fe(acac)3 was estimated. 
 
Experimental procedure for synthesis of Fe3O4 nanoparticles at different conditions: 
50 mL of 30 mM Fe(acac)3 diphenyl-ether solution was made (by dissolving Fe(acac)3 in 
diphenyl-ether) and the solution was kept under stirring in N2 gas atmosphere. Subsequently, 
temperature was increased up to preset temperature. A reducing acid solution made up of 
ascorbic acid, ultrapure water and dehydrated ethanol was then added at a preset dropping rate 
after the solution temperature reached to preset temperature. After the addition of reducing acid 
solution, the solution was heated to 190 °C again and refluxed for 1 hour. Finally, it was cooled 
down to room temperature naturally. Product was separated by filtration and washed 4 - 5 times 
by chloroform to remove any impurities, followed by dried in vacuum. Dry powder obtained 
is subsequently used for physico-chemical characterization.  
 
Influence of addition temperature on Fe3O4 nanoparticle diameter and crystallinity: 
Addition temperature was varied as room temperature (23 °C) and from 60 °C to 80 °C. 
Ascorbic acid concentration was 0.025 M. Ultrapure water concentration was varied as 1.2 M 
and 12 M. Dropping rate of 2 mL/min was used. In case of addition temperature of room 
temperature (23 °C) first the addition of reducing acid solution was carried out at room 
temperature then temperature was increased to 60 °C then heated to 190 °C for 1 hour.  
 
Influence of ultrapure water concentration on Fe3O4 nanoparticle diameter and 
crystallinity: Addition temperature was varied from 60 °C to 80 °C. Ascorbic acid 
concentration was 0.025 M. Ultrapure water concentration was varied as 1.2 M and 12 M and 
0 M (in absence of ultrapure water). Dropping rate of 2 mL/min was used. In case of 0 M water 
concentration, reducing acid solution was made without using water and synthesis was carried 
out. 
 

Influence of precursor Fe(acac)3 concentration on Fe3O4 nanoparticle diameter and 
crystallinity: Precursor Fe(acac)3 concentration was varied as 15 mM, 30 mM and 50 mM. 
Addition of reducing acid solution containing 0.025 M ascorbic acid, 12 M ultrapure water and 
dehydrated ethanol was carried out at 70 °C and at dropping rate of 2 mL/min. 
 
Influence of ascorbic acid concentration on Fe3O4 nanoparticle diameter and 
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crystallinity: Ascorbic acid concentration was varied as 0.025 M, 0.005 M and 0.05 M in 
reducing acid solution with 12 M ultrapure water and dehydrated ethanol. Addition of reducing 
acid solution was carried out at 70 °C with dropping rate of 2 mL/min.  
 
Influence of dropping rate on Fe3O4 nanoparticle diameter and crystallinity: Dropping 
rate was varied as 1 mL/min, 2 mL/min, 3 mL/min. Addition of reducing acid solution 
containing 0.025 M ascorbic acid, 12 M ultrapure water and dehydrated ethanol was carried 
out at 70 °C 
 
Estimation of final decomposition efficiency of Fe(acac)3: After the completion of Fe3O4 
nanoparticle synthesis reaction final decomposition efficiency was estimated to investigate the 
amount of Fe(acac)3 precursor utilized in the reaction. After heating at 190 °C for 1 hour 
reaction mixture was cooled down to room temperature, 1 mL sample was taken out by using 
syringe and diluted to 50 mL using diphenyl ether. It was observed that colour intensity of 
solution was so much reduced after the completion of reaction this may be due to maximum 
utilization of Fe(acac)3. Black coloured particles of the product were suspended in this sample.  
UV- visible spectra of this sample was measured and absorbance at maximum wavelength was 
recorded. From the calibration curve amount of Fe(acac)3 in this sample was estimated. Final 
decomposition efficiency of Fe(acac)3 was calculated using the formula. 
 
 2.2 Characterization techniques used 
 

In this section, an introduction to characterization techniques used for analysis is presented. 

This work was mainly focused on establishment of a new reproducible synthetic route for 

Fe3O4 nanoparticles by ascorbic acid mediated reduction of Fe(acac)3 in which size control is 

possible by controlling various reaction conditions. Synthesized nanoparticles or 

nanocomposites were analyzed for their size, crystallinity, crystal structure, elemental analysis 

and to understand their chemical composition and structure. 
 
Most of the techniques such as spectroscopic and microscopic ones are based on the interaction 
of radiation with matter. Light (electromagnetic waves) or beam of particles (electron, proton, 
neutron) can be used for material analysis [1]. Electromagnetic waves are made up of 
electromagnetic field. This electromagnetic field is characterized by its frequency (ν) and 
wavelength (λ). The energy of electromagnetic waves can be calculated by E = h ν, where h is 
the Planck’s constant. Classification of electromagnetic waves based on their 
energy/frequency/wavelength is shown in Fig. 2.2.A [2]. Interaction between matter and waves 
is dependent upon the wavelength. For example characteristic atomic bonds can be identified 
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when infrared light interacts with the molecular vibrations while the characteristic atomic 
structure/composition can be recognized when X-rays are scattered in the solid material and/or 
excite electrons [3]. The particle beams are characterized by particles moving with a 
characteristic velocity (υ) and wavelength (λ). The de Broglie equation correlates these 
parameters with the particle mass m, based on the wave-particle duality: λ = h / m υ. Examples 
are neutron, electron and ion beams. 
 

 
 

Figure 2.2.A Classification of different electromagnetic waves [2]. 
 
In this work powder samples of Fe3O4 nanoparticles were characterized by X-ray powder 
diffraction (XRD) using a Rigaku RINT-2100 X-ray diffractometer (Japan) with CuKα 
radiation (λ=1.5406 nm). Transmission electron microscopy (TEM) images were obtained 
from JEOL JEM-2100F (USA) microscope. X-ray photoelectron spectroscopy (XPS) was done 
using UlVac Phi Versa Probe CU (Japan). Raman Spectroscopy was also performed using 
Renishaw InVia Raman Microscope (Japan). FTIR analysis was performed by using Perkin 
Elmer SpectrumOne (Japan). 

 
(a) X-Ray Diffraction (XRD) 

A periodic arrangement of atoms or molecules that form a crystal lattice is present in a 
crystal/crystalline material. A crystal structure with regularly spaced atoms can diffract X-rays. 
The sample is usually excited with monochromatic radiation of a known wavelength. This can 
determine the lattice planes with particular Miller indices (hkl) of the analyzed compound. X-
rays hit a parallel lattice planes at an angle of θ. Then every atom within the planes acts as a 
scattering center and emits a secondary wave. Coherent scattering of X-ray by crystalline 
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substance is called as diffraction. Diffracted waves from different atoms can interfere with 
each other. By this interaction, the resultant intensity distribution is strongly modulated. If in a 
crystal, atoms are arranged in a periodical manner then the diffracted waves will have sharp 
interference peaks with similar symmetry as that of distribution in atoms.  

 
Figure 2.2.B   X-ray diffraction in a crystal [4]. 

 

 
Figure 2.2.C Schematic of the powder diffractometer instrument adapted from [5] 

 
Figure 2.2.B shows radiations that are reflected with an angle equal to θ which then reach the 
detector. For a given set of lattice plane, if the inter-planer distance is d then the condition for 
a diffraction peak to occur can be given as  n λ = 2 d sinθ. This is known as Bragg’s law. In the 
equation, θ is the scattering angle, λ is the wavelength of X-ray, and n is an integer that 
represents the order of the diffraction. The Bragg’s law is used for interpretation of X-ray 
diffraction data. Figure 2.2.C shows schematic of the powder diffractometer. X-ray 
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diffractometer works in step scan mode and operated with θ/2θ. The result is a diffraction 
pattern I (2θ) with peaks corresponding to hkl reflections. The position of these peaks provides 
Braggs reflection/diffraction angles or corresponding interplanar spacing and the intensity of 
reflections. These are like finger prints of structural phases and allow the identification of the 
sample. By using three strongest diffraction peaks most of the crystalline species can be 
identified. The identification can be done by comparing obtained diffraction patterns with 
references stored in database. XRD is one of the most applied analysis method in 
characterization because it identifies the crystalline structure, quantitative analysis can be done. 
Also it is a nondestructive, fast, simple and very small amount of sample is needed for analysis.  
Crystallite size from the diffraction pattern can be calculated by using scherrer equation. 
Scherrer equation is as follows: 
 

t = K λ /   B Cos θ 
Where, t is mean size of crystalline domains which may be smaller or equal to grain size, K is 
dimensionless shape factor and the shape factor has typical value of 0.9 but varies with the 
actual shape of crystallite, λ is X-ray wavelength, B is FWHM or the line broadening at half 
the maximum intensity, after subtracting the instrumental line broadening, in radians. θ is the 
Braggs angle [1]. 
 

(b) Electron Microscopy (EM) 

Ordinary optical microscope uses visible light (400 nm to 800 nm). The resolution of the 
microscope depends on the wavelength of light used. The maximum resolution of the optical 
microscope is about 1 micron. For achieving better resolution electron microscopes were 
developed. Associated wavelength (λ) of electrons can be calculated by the De Broglie equation. 
De Broglie equation can be given as λ = h / me ν where ν is the particle velocity, h is Planck 
constant (h = 6.63×10-34 Js) and me is mass of electron (me= 9.11×10-31 Kg). Velocity of 
electron should be ca. 100km / s for obtaining resolution of 1 nm. To achieve this speed of 
electron 100 kV voltage is required. Electron beam is focused in electron microscopes using 
electro-magnetic lense. There are two major types of electron microscopies viz. Scanning 
Electron microscopy (SEM) and Transmission electron microscopy (TEM).  SEM analyses 
surface of the sample while in TEM electron beam passes through sample. In TEM, when the 
beam is passed through sample image is formed due to interaction of electrons transmitted 
through the specimen. Image is magnified and focused onto fluorescent screen (imaging 
device) or detected by CCD camera (sensor). High resolution imaging is possible in TEM 
(Transmission Electron Microscopy) due to the small de Broglie wavelength of electrons. TEM 
is one of the major analysis techniques in variety of scientific fields in both biological and 
physical sciences.  
 

https://en.wikipedia.org/wiki/Intensity_(physics)
https://en.wikipedia.org/wiki/Radian
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A schematic of TEM instrument is shown in Figure 2.2.D. In TEM instrument electrons are 
generated by electron gun. An emission source is usually a tungsten filament or a lanthanum 
hexaboride (LaB6) source. Tungsten filament will be either hair pin style filament or a small 
spike shaped filament. LaB6 source will be small single crystals.  

 

 
 

Figure 2.2.D   A Schematic representation of TEM. 
 
The electron gun is connected to high voltage source (about 100-300 kV.  At sufficient current, 
gun will emit electrons either by thermionic emission or field electron emission. Electron beam 
is manipulated in two ways. Firstly electromagnets can manipulate electron beam. Secondly 
magnetic fields allow formation of a magnetic lens with variable focusing power. Also 
electrons are deflected at a constant angle due to electrostatic field. There is formation of shift 
in beam path due to coupling of two deflections in opposing direction with small intermediate 
gap.  
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A TEM instrument is consists of three different types of lenses such as condenser lenses, 
objective lenses and projector lenses. Condenser lenses are responsible for primary beam 
formation. Objective lenses focus the beam down onto the sample. The projector lenses expand 
the beam onto phosphor screen or imaging device. For direct observation the imaging system 
in TEM is consist of phosphor screen made up of fine zinc sulphide particles. Image recording 
system also have CCD camera. In TEM, voltage varies between the different models from 100 
kV to 400 kV. The resolution in TEM achieved is 0.5 nm, which is much higher than the SEM. 
The energy of electrons determines the relative degree of their penetration in a specific sample. 
By this useful information can be obtained. In TEM electrons are accelerated in the same 
manner as in SEM but electrons get passed through sample. For avoiding the blocking of 
electron beam, sample must be flat and thin (5-100 nm). Transmitted electrons strike to the 
phosphor screen which is positioned below the sample and light is generated, showing the 
image. Darker areas in image represent those regions of sample through which fewer electrons 
were transmitted, (e.g. they are denser or thicker). In TEM, high spatial resolution can be 
obtained. TEM can be employed for determination of the detailed crystallography of the 
material. TEM is a complimentary tool to other crystallographic techniques like XRD [7 - 9]. 
 
Figure 2.2.E shows schematic of SEM instrument. In SEM maximum 10 nm resolution can be 
obtained and the used voltage can be varied between 10-14 kV. An area of the specimen is 
rapidly scanned by electron beam which is forced by the scanning coils. Electrons get reflected 
from the surface. The current of these reflected electrons is collected, amplified and plotted as 
2D micrograph image of the intensity of signal. In the secondary and backscattered electron 
mode samples can be observed. Chemical analysis can be done by using Energy dispersive 
spectroscopy. Secondary electron mode is the most common imaging mode. It monitors low 
energy (≤50 eV) secondary electrons (SE). These electrons originate within few nanometers 
from the surface and have low energy. The brightness of signal is directly proportional to the 
number of electrons that reaches to detector. Depending on the tilt angle of sample surface the 
secondary electrons are reflected differently. Because these emissions are higher and also 
shadow contrast is generated. Therefore steep surface and edges tend to be brighter as 
compared to flat surfaces. This results in well-defined topographical with 3D-appearance. In 
backscattered mode backscattered electrons are high energy electrons (greater then 50 eV). 
These electrons undergo multiple elastic scattering events within the specimen. It can be used 
to detect the contrast between areas with different chemical composition [7, 8].  
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Figure 2.2.E Schematic of Scanning Electron Microscopy [6].   
 

(c) Energy Dispersive X-ray Spectroscopy (EDS) 

When a high energy beam of charged particles such as electrons or protons is focused into 
sample then there is characteristic X-rays emission from the sample. Atoms within the sample 
contain unexcited electrons in discrete electron shells bound to the nucleus. In presence of 
incident beam electron in inner shell get excited thus ejecting from the shell creating hole. An 
electron from the outer shell fills the hole. Due to the difference between higher energy shell 
and lower energy shell X-rays are released and measured. Energies of the X- rays are 
characteristic of the atomic structure of the element and difference between two shells the 
elemental composition of sample can be measured in EDS (energy dispersive X-ray 
spectroscopy) [10]. 
 

(d) UV-visible Spectroscopy 

A UV-spectrophotometer measures the intensity of the light passing through sample (I0), in 
comparison to its incident intensity (I0) as shown in Figure 2.2.F. The ratio I/Io is called the 
transmittance and is usually expressed in terms of (% T).  
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Figure 2.2.F Schematic of transmission measurement by UV spectroscopy. 
 

Basic parts of spectrophotometer are: spectrometer for generating light (often an incandescent 
bulb for the visible wavelengths and a deuterium arc lamp in the ultraviolet), a holder for the 
sample, a monochromator to separate the different wavelengths and a detector. The detector is 
typical photodiode. A spectrophotometer can be either single beam or double beam. In single 
beam instrument the whole light passes through the sample cell. I0 must be measured by 
removing the sample. In double beam instrument light splits into two beams before it reaches 
to sample. One beam is reference while other beam passes through sample. Samples are usually 
placed in cuvettes which are transparent cells. 
 
Beer- Lamberts law can be used to measure the absorbance of particular sample and to deduce 
the concentration of the sample from the measurement. Beer-Lambert law can be given as: 

A = ε × l × c 
 
 Where, A is absorbance, ε is the molar extinction coefficient, l is the path length and c is the 
concentration [11, 12]. In present thesis, decomposition efficiency is calculated by using UV-
spectrophotometry. Molar extinction coefficient of Fe(acac)3 complex at maximum wavelength 
is 4000 ± 100. 
 

(e) Fourier Transform Infrared Spectroscopy (FTIR) 

Infrared spectroscopy method is based on the vibrations of atoms in a molecule. By passing 
infrared radiations through samples an infrared spectrum in obtained. By determining fraction 
of incident radiations absorbed at a particular energy spectrum is obtained. The energy at which 
peaks of spectrum occurs corresponds to frequency of a part of sample molecule. 
A molecule should possess electric dipole moment which changes during the vibration to show 
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infrared absorptions. Interaction of infrared radiations with matter can be studied in terms of 
changes in molecular dipoles associated with vibrations and rotations. Atoms in molecule can 
move relative to one another. These kinds of movements are called as stretching or bending 
movements and can be termed as vibrations. Figure 2.2.G shows the components in FTIR [13]. 
 

 
 

Figure 2.2.G Different components in FTIR [13]. 
 

(f) X-ray Photoelectron Spectroscopy (XPS) 

When an X-ray is bombards a sample some electrons become excited enough to escape the 
atom, this is called as photoemission principle. When a sample is irradiated by X- rays with 
sufficient energy, electrons in specific bound state are excited. In XPS, sufficient energy is 
input to break away the photoelectron from the nuclear attraction force of an element. When 
electrons are ejected from surface of sample, they are energy filtered by hemispherical analyzer 
(HAS). Energy takes place before a detector records the intensity for a defined energy. The 
resulting energy spectra exhibit resonance peaks characteristic of the electronic structure for 
atoms at the surface because the core level of electrons in solid state atoms are quantized. The 
escape depth of electrons is limited though X-rays may penetrate deep into the sample. In terms 
of the binding energy of electronic states of the atom, the energies of photoelectron lines are 
well defined. Also at the surface, chemical environment of atoms results in well-defined energy 
shifts to the peak energy. In conducting samples detected electron energies can be referred to 
the Fermi energy. Also absolute energy scale can be established for identification of species. 
But in non-conducting samples energy calibration is a significant problem. XPS is a 
quantitative technique in which the number of electrons recorded for a given transition is 
proportional to the number of atoms present at the surface [14]. 
 

(g) Raman Spectroscopy 

Raman spectroscopy is type a spectroscopic technique which is based on inelastic scattering of 
monochromatic light, usually from a laser source. Frequency of photons in monochromatic 
light changes upon interaction with a sample and this phenomenon is known as inelastic 
scattering of monochromatic light. For molecules it is called as Rayleigh scattering. The light 
interacts in Raman spectroscopy and distorts (polarizes) the cloud of electrons round the nuclei 
to form short lived state. This state is called as virtual state. In the scattering process energy 
will be transferred either from the molecule to the scattered photon or from the incident photon 
to the molecule. In such cases process is inelastic and the energy of the scattered photon is 
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different from that of the incident photon by one vibrational unit. This phenomenon is known 
as Raman scattering. A Raman system typically consists of four major components such as: 
Excitation source (Laser), Sample illumination system and light collection optics, wavelength 
selector (Filter or Spectrophotometer), detector (Photodiode array, CCD or PMT). A sample is 
normally illuminated with a laser beam in the ultraviolet (UV), visible (Vis) or near infrared 
(NIR) range. Scattered light is collected with a lens and is sent through interference filter or 
spectrophotometer to obtain Raman spectrum of a sample [15]. 
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3.1 The influence of synthesis parameters on the decomposition efficiency of  Fe(acac)3 
3.1.1 Determination of Fe(acac)3 concentration 
The concentration of precursor Fe(acac)3 present in each sample was calculated from 
absorbance at maximum wavelength. Fe(acac)3 has the maximum absorption at about 440 nm 
because of existence of Fe ion in the structure of acetylacetone and pure acetylacetone does not 
have any of this kind of absorption peak [1-3].  According to Beer- Lamberts law: 
 

A = ε × l × c 
 

Where, ε is the molar absorptivity, A is the absorbance, l is the path length and c is the 
concentration. When sample is placed in matched cuvettes, l is constant and ε × l is a constant. 
Therefore according to Beer-Lamberts law absorbance is directly proportional to concentration. 
By using this relation, a calibration curve was plotted. For making calibration curve different 
concentrations of Fe(acac)3 solution in diphenyl ether were prepared such as 0.1 mM, 0.125 
mM, 0.25 mM, 0.5 mM, 1 mM and absorbance at maximum wavelength was recorded for each 
concentration. A plot of the concentration (horizontal axis) and the absorbance (vertical axis) 
was prepared from the recorded data as shown in Figure 3.1.1. While calculating the Fe(acac)3 
concentration in sample this calibration plot was used. In the decomposition efficiency 
experiments absorbance of samples at maximum wavelength was recorded. From the 
calibration plot Fe(acac)3 concentration for corresponding absorbance was calculated. 
 
This precursor Fe(acac)3 concentration estimated in sample is not reacted precursor or amount 
of precursor present in solution at that time. A stock solution of 30 mM of 250 mL Fe(acac)3 
in diphenyl ether was prepared, 50 mL (from the stock solution of 30 mM, 250 mL Fe(acac)3 
solution in diphenyl ether) solution was used in experiment and before each experiment initial 
concentration of Fe(acac)3 solution was estimated. The decomposition efficiency was 
calculated by the following equation: 
 

Initial concentration – not reacted 
Decomposition efficiency =  × 100 

Initial concentration 
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Figure 3.1.1 Calibration curve for determinatrion of Fe(acac)3 concentration. 
 
3.1.2 Influence of addition temperature 
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Figure 3.1.2.A UV-visible spectra of samples taken at different time interval and when addition 
carried out at 60°C. [Fe(acac)3] = 30 mmol/L (V = 50 mL), Reducing acid solution containing 
[ascorbic acid] = 25 mmol/L, [water] = 1.2 mol/L, Dropping rate: 2 mL/min, Volume of the 
reducing solution: 10 mL. 
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Figure 3.1.2.B UV-visible spectra of samples taken at different time interval and when addition 
carried out at 70 °C. [Fe(acac)3] = 30 mmol/L (V = 50 mL), Reducing acid solution containing 
[ascorbic acid] = 25 mmol/L, [water] = 1.2 mol/L, Dropping rate: 2 mL/min, Volume of the 
reducing solution: 10 mL. 
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Figure 3.1.2.C UV-visible spectra of samples taken at different time interval and when addition 
carried out at 80 °C. [Fe(acac)3] = 30mmol/L (V = 50 mL), Reducing acid solution containing 
[ascorbic acid] = 25 mmol/L, [water] = 1.2 mol/L, Dropping rate: 2 mL/min, Volume of the 
reducing solution: 10 mL. 
 
Figures 3.1.2 (A, B, C) are the UV-visible spectra at 1.2 M ultrapure water concentration and 
reducing acid (ascorbic acid) solution addition temperature of 60 °C, 70 °C and 80 °C 
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respectively. In these results UV-visible spectra were measured at different time interval after 
addition of reducing acid solution containing ascorbic acid. It is observable that absorbance 
(at λmax) decreases as the synthesis reaction proceeds which means that the precursor Fe(acac)3 
gets decomposed and consumed in the reaction. It is observed that Fe(acac)3 solution shows 
maximum absorption at 440 nm (λmax).  
 
Table 3.1.2.D Absorbance, Fe(acac)3 Initial – Fe(acac)3 not reacted concentration at different 

time interval and addition temperatures and at 1.2M ultrapure water concentration. 
Sample 
from 
addition 
started 

At 60 °C 
1.2M 
H2O 
(stock=28 
mM) 
 

Decomposed 
Fe(acac)3 

(mM) 

At 70 °C 
1.2M 
H2O 
(stock=28 
mM) 

Decomposed 
Fe(acac)3 

(mM) 

At 80 °C 
1.2M 
H2O 
(stock=28 
mM) 

Decomposed 
Fe(acac)3 

(mM) 

5 
minutes 

1.60 7.7 1.45 9.9 1.35 11 

10 
minutes 

1.54 8 1.41 10.4 1.19 13 

15 
minutes 

1.51 8.5 1.35 11 1.18 13.5 

20 
minutes 

1.50 9 1.28 12 1.15 13.75 

25 
minutes 

1.49 9.4 1.24 12.5 1.06 14.5 

 
Table 3.1.2.E Decomposition efficiency of Fe(acac)3 at different time interval, addition 

carried out at 60 °C, 70 °C and 80 °C and at 1.2M ultrapure water concentration. 
Sample Decomposition 

Efficiency (%)  
60 °C 

Decomposition 
Efficiency (%)  
70 °C 

Decomposition 
Efficiency (%) 
80 °C 

1 (5 minutes from addition started) 28 35.35 39.28 
2(after 10 minutes) 28.57 37.14 46.42 
3(after 15 minutes) 30.35 39.28 48.21 
4(after 20 minutes) 32.14 42.85 49.10 
5(after 25 minutes) 33.57 44.64 51.78 

 
In Table 3.1.2.D the absorbance, initial Fe(acac)3 concentration and Fe(acac)3(Initial-not 
reacted) concentration is shown. Decomposition efficiency in percentage was calculated by 
using Fe(acac)3 (Initial - not reacted) concentration and initial concentration.  Table 3.1.2.E 
represents the decomposition efficiency (%) at reducing acid solution addition temperature 
60 °C, 70 °C and 80 °C. 
 
Figure 3.1.2.F represents comparison of decomposition efficiency (%) at different addition 



43 
 

temperature. At 60 °C decomposition efficiency was 33.57% this indicates 1/3 reduction of 
Fe(acac)3. Decomposition efficiency increased with respect to time shows that precursor gets 
reduced by ascorbic acid. It can be observed that there is increase in decomposition efficiency 
with respect to increase in addition temperature. This shows that rate of reaction increases with 
increase in addition temperature. 
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Figure 3.1.2.F Comparison of decomposition efficiency of Fe(acac)3. [Fe(acac)3] = 30 mmol/L 
(V = 50 mL), Reducing acid solution containing [ascorbic acid] = 25 mmol/L, [water] = 1.2 
mol/L, Dropping rate: 2 mL/min, Volume of the reducing solution: 10 mL. 

Table 3.1.2.G Final decomposition efficiency of Fe(acac)3 when addition  carried out at 
60 °C, 70 °C and 80 °C and at 1.2 M ultrapure water concentration. 

Addition temperature 
1.2 M H2O 
(stock=28 mM) 
 

Absorbance 
 
(at λmax) 

Decomposed Fe(acac)3 
(mM) 

Final 
decomposition 
efficiency (%) 

60 °C 0.15 26.05 93.03 
70 °C 0.18 25.8 92.14 
80 °C 0.19 25.65 91.60 

 
Final decomposition efficiency estimated after the completion of reaction was estimated. 
Figure 3.1.2.F (a, b, c) represents UV-visible spectra measured after the completion of reaction. 
Table 3.1.2.G represents absorbance (at λmax) and final decomposition efficiency estimated 
after the reaction completion. Results indicate that final decomposition efficiency was in the 
range of 90-100 %. 
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Figure 3.1.2.G Final decomposition efficiency of Fe(acac)3 after reaction completion at 
different addition temperature at 60 °C (a), at 70 °C (b), at 80 °C (c). [Fe(acac)3] = 30mmol/L 
(V = 50 mL), Reducing acid solution containing [ascorbic acid] = 25 mmol/L, [water] = 1.2 
mol/L, Dropping rate: 2 mL/min, Volume of the reducing solution: 10 mL. 

 

3.1.3 Influence of water concentration 
Figure 3.1.3 (A, B, C) represents the UV-visible spectra at 2.4 M ultrapure water concentration 
and reducing acid (ascorbic acid) solution addition temperature of 60 °C, 70 °C and 80 °C 
respectively. It is observable that absorbance (atλmax) decreases as the synthesis reaction 
proceeds which means that the precursor (Fe(acac)3) gets decomposed and consumed in the 
reaction. It is observed that Fe(acac)3 solution shows maximum absorption at 440 nm (λmax). 
Change in ultrapure water concentration is not affecting on decomposition efficiency. There is 
negligible change in decomposition efficiency because the amount of Fe(acac)3 reacted is 
almost same though ultrapure water concentration was changed. 
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Figure 3.1.3.A UV-visible spectra of samples taken at different time interval and when addition 
carried out at 60 °C. [Fe(acac)3] = 30mmol/L (V = 50 mL), Reducing acid solution containing 
[ascorbic acid] = 25 mmol/L, [water] = 2.4 mol/L, Dropping rate: 2 mL/min, Volume of the 
reducing solution: 10 mL. 
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Figure 3.1.3.B UV-visible spectra of samples taken at different time interval and when addition 
carried out at 70 °C. [Fe(acac)3] = 30mmol/L (V = 50 mL), Reducing acid solution containing 
[ascorbic acid] = 25 mmol/L, [water] = 2.4 mol/L, Dropping rate: 2 mL/min, Volume of the 
reducing solution: 10 mL. 
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Figure 3.1.3.C UV-visible spectra of samples taken at different time interval and when addition 
carried out at 80 °C. [Fe(acac)3] = 30mmol/L (V = 50 mL), Reducing acid solution containing 
[ascorbic acid] = 25 mmol/L, [water] = 2.4 mol/L, Dropping rate: 2 mL/min, Volume of the 
reducing solution: 10 mL. 
 
Table 3.1.3.D Absorbance, Fe(acac)3 Initial – Fe(acac)3 not reacted concentration at different 

time and addition temperatures, at 2.4 M ultrapure water concentration. 
Sample 
After 
addition 

At 60 °C 
2.4 M 
H2O 
(stock= 
29.5 mM) 
 

Decomposed 
Fe(acac)3 

(mM) 

At 70 °C 
2.4 M 
H2O 
(stock= 
29 mM) 

Decomposed 
Fe(acac)3 

(mM) 

At 80 °C 
2.4 M 
H2O 
(stock= 
30 mM) 

Decomposed 
Fe(acac)3 

(mM) 

5 
minutes 

1.66 8.5 1.54 9 1.32 13 

10 
minutes 

1.64 8.8 1.42 11.2 1.24 14.5 

15 
minutes 

1.64 8.8 1.42 11.2 1.23 14.62 

20 
minutes 

1.56 10 1.34 12 1.21 14.88 

25 
minutes 

1.56 10 1.30 13 1.20 15 

 
In Table 3.1.3.D, the absorbance, initial Fe(acac)3 concentration and Fe(acac)3(Initial-not 
reacted) is shown. Decomposition efficiency in percentage was calculated by using 
Fe(acac)3(Initial-not reacted) concentration and initial concentration. Table 3.1.3.E represents 
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the decomposition efficiency (%) when ultrapure water concentration was increased to 2.4 M 
and at reducing acid solution addition temperature 60 °C, 70 °C and 80 °C.  

 
Table 3.1.3.E Decomposition efficiency of Fe(acac)3 at different time interval and when 

addition carried out at 60 °C,70 °C and 80 °C, at 2.4 M ultrapure water concentration. 
Sample Decomposition 

Efficiency (%)  
60 °C 

Decomposition 
Efficiency (%) 
70 °C 

Decomposition 
Efficiency (%) 
80 °C 

1 (5 minutes from addition started) 28.81 31.03 43.33 
2(after 10minutes) 29.83 38.62 48.33 
3(after 15minutes) 30.51 38.62 48.73 
4(after 20minutes) 33.9 41.37 49.6 
5(after 25minutes) 33.9 44.82 50 

 
Table 3.1.3.F Final decomposition efficiency of Fe(acac)3 when addition  carried out at 60°C, 

70°C and 80°C and at 2.4 M ultrapure water concentration. 
Addition temperature 
2.4 M H2O 
 

Absorbance Decomposed Fe(acac)3 
(mM) 

Final 
decomposition 
efficiency (%) 

60 °C (stock=29.5 mM) 
 

0.20 27 91.52 

70 °C (stock=29 mM) 
 

0.22 26.47 91.27 

80 °C (stock=30 mM) 
 

0.21 27.46 91.53 

 
It was observed that when ultrapure water concentration was changed to 2.4 M, there is no 
significant change in decomposition efficiency. This shows that change in ultrapure water 
concentration to 2.4 M does not have effect on rate of reaction or does not affect on rate of 
reaction.  
 
Final decomposition efficiency estimated after the completion of reaction was estimated. 
Figure 3.1.3.G (a, b, c), represents UV-visible spectra measured after the completion of reaction. 
Table 3.1.3.F represents absorbance (at λmax) and final decomposition efficiency estimated after 
the reaction completion. It was observed that final decomposition efficiency was in the range 
of 90-100 %.  
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Figure 3.1.3.G Final decomposition efficiency of Fe(acac)3 after reaction completion at 
different addition temperature at 60 °C (a), at 70 °C (b), at 80 °C (c). [Fe(acac)3] = 30 mmol/L 
(V = 50 mL), Reducing acid solution containing [ascorbic acid] = 25 mmol/L, [water] = 2.4 
mol/L, Dropping rate: 2 mL/min, Volume of the reducing solution: 10 mL. 

 
Figures 3.1.3 (H, I, J) are the UV-visible spectra at 12 M ultrapure water concentration reducing 
acid (ascorbic acid) solution addition temperature of 60 °C, 70 °C and 80 °C. It is observable 
that absorbance (atλmax) decreases as the synthesis reaction proceeds which means that the 
precursor (Fe(acac)3) gets decomposed and consumed in the reaction. It is observed that 
Fe(acac)3 solution shows maximum absorption at 440 nm (λmax). Change in ultrapure water 
concentration is not affecting on decomposition efficiency. There is negligible change in 
decomposition efficiency because the amount of Fe(acac)3 reacted is almost same though 
ultrapure water concentration was changed. 
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Figure 3.1.3.H UV-visible spectra of samples taken at different time interval and when addition 
carried out at 60 °C. [Fe(acac)3] = 30mmol/L (V = 50 mL), Reducing acid solution containing 
[ascorbic acid] = 25 mmol/L, [water] = 12 mol/L, Dropping rate: 2 mL/min, Volume of the 
reducing solution: 10 mL. 
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Figure 3.1.3.I UV-visible spectra of samples taken at different time interval and when addition 
carried out at 70 °C. [Fe(acac)3] = 30 mmol/L (V = 50 mL), Reducing acid solution containing 
[ascorbic acid] = 25 mmol/L, [water] = 12 mol/L, Dropping rate: 2 mL/min, Volume of the 
reducing solution: 10 mL. 
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Figure 3.1.3.J UV-visible spectra of samples taken at different time interval and when addition 
carried out at 80 °C. [Fe(acac)3] = 30mmol/L (V = 50 mL), Reducing acid solution containing 
[ascorbic acid] = 25 mmol/L, [water] = 12 mol/L, Dropping rate: 2 mL/min, Volume of the 
reducing solution: 10 mL. 

 
Table 3.1.3.K Absorbance, Fe(acac)3 Initial – Fe(acac)3 not reacted concentration at different 

time interval and addition temperatures and at 12M ultrapure water concentration. 
Sample 
After 
addition 

At 60 °C 
12M H2O 
(stock=28 
mM) 
 

Decomposed 
Fe(acac)3 

(mM) 

At 70 °C 
12M H2O 
(stock=26 
mM) 

Decomposed 
Fe(acac)3 

(mM) 

At 80 °C 
12M H2O 
(stock=30 
mM) 

Decomposed 
Fe(acac)3 

(mM) 

5 
minutes 

1.62 7.5 1.40 8.5 1.33 13.25 

10 
minutes 

1.52 8.8 1.31 9.62 1.27 14 

15 
minutes 

1.52 8.8 1.27 10.12 1.25 14.5 

20 
minutes 

1.47 9.4 1.24 10.5 1.22 14.75 

25 
minutes 

1.47 9.4 1.20 11 1.21 14.9 

 
In Table 3.1.3.K the absorbance, initial Fe(acac)3 concentrations and Fe(acac)3(Initial-not 
reacted) is shown. Decomposition efficiency in percentage was calculated by using 
Fe(acac)3(Initial-not reacted) concentration and initial concentration. Table 3.1.3.L represents 
the decomposition efficiency (%) when ultrapure water concentration was increased to 12 M 
and at reducing acid solution addition temperature 60 °C, 70 °C and 80 °C. 
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Table 3.1.3.L Decomposition efficiency of Fe(acac)3 at different time interval and when 
addition  carried out at 60 °C,70 °C and 80 °C and at 12 M ultrapure water concentration. 
Sample Decomposition 

Efficiency (%) 
60 °C 

Decomposition 
Efficiency (%) 
70 °C 

Decomposition 
Efficiency (%) 
80 °C 

1 (5 minutes from addition started) 26.78 32.69 44.16 
2(after 10 minutes) 31.42 37 46.66 
3(after 15 minutes) 31.42 38.92 48.33 
4(after 20 minutes) 33.57 40.38 49.16 
5(after 25 minutes) 33.57 42.30 49.66 
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Figure 3.1.3.M Comparison between decomposition efficiency of Fe(acac)3 (%) at different 
addition temperature and at different ultrapure water concentration. 

 
It was observed that there is no significant effect on decomposition efficiency at 12M ultrapure 
water concentration. Figure 3.1.3.M represents comparison between decomposition efficiency 
(%) at different addition temperature 60 °C, 70 °C and 80 °C and at different ultrapure water 
concentration. Results shows that ultrapure water has no significant effect on decomposition 
efficiency, hence ultrapure water have no significant effect on rate of reaction. 
 
Final decomposition efficiency estimated after the completion of reaction was estimated. 
Figure 3.1.3.N represents UV-visible spectra measured after the completion of reaction. Table 
3.1.3.O represents absorbance (at λmax) and final decomposition efficiency estimated after the 
reaction completion. Results indicate that final decomposition efficiency was in the range of 
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90-100 %.  
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Figure 3.1.3.N Final decomposition efficiency of Fe(acac)3 after reaction completion at 
different addition temperature at 60 °C (a), at 70 °C (b), at 80 °C (c). [Fe(aca)3] = 30mmol/L 
(V = 50 mL), Reducing acid solution containing [ascorbic acid] = 25 mmol/L, [water] = 12 
mol/L, Dropping rate: 2 mL/min, Volume of the reducing solution: 10 mL. 
 

Table 3.1.3.O Final decomposition efficiency of Fe(acac)3 when addition  carried out at 
60 °C, 70 °C and 80 °C and at 12M ultrapure water concentration. 

Addition temperature 
2.4 M H2O 
 

Absorbance Decomposed Fe(acac)3 
(mM) 

Final 
decomposition 
efficiency (%) 

60 °C (stock=28 mM) 
 

0.17 25.85 92.32 

70 °C (stock=26 mM) 
 

0.16 24 92.30 

80 °C (stock=30 mM) 
 

0.23 27.2 90.66 
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3.2 The influence of synthesis parameters on the composition and particle size of Fe3O4 
nanoparticles 

3.2.1 Influence of addition temperature 
Figure 3.2.1.A represents the XRD patterns of sample prepared when addition was done at 
room temperature (Sample a), addition done at 60 °C (Sample b). In sample a, two peaks were 
observed at 2θ = 31.6, 45.3. These peaks are due to (220), (331) crystal planes of Fe3O4. XRD 
pattern of sample b shows two weak and broad peaks at 2θ= 35.44, 62.23. These peaks are due 
to (311) and (440) crystals planes of Fe3O4.  

20 40 60 80

a

b

at room temperature (23°C)

2 theta/ degree

at 60°C

 
 
Figure 3.2.1.A  XRD pattern of sample prepared when addition done at room temperature 
(Sample A), addition done at 60°C (Sample B). [Fe(acac)3] = 30 mmol/L (V = 50 mL), 
Reducing acid solution containing [ascorbic acid] = 25 mmol/L, [water] = 1.2 mol/L, Dropping 
rate: 2 mL/min, Volume of the reducing solution: 10 mL. 

 
Figure 3.2.1.B and Figure 3.2.1.C are the EDAX spectra of samples (sample A and sample B) 
prepared when addition was carried out at room temperature and at 60 °C at 1.2 M ultrapure 
water concentration. EDAX spectra (Figure 3.4.B and Figure 3.4.C) confirms the presence of 
Fe and O. Amount of carbon was detected because samples were mounted on carbon tape. 



54 
 

 

Figure 3.2.1.B EDAX pattern of sample prepared when addition done at room temperature 
(23°C), (Sample A). [Fe(acac)3] = 30mmol/L (V = 50 mL), Reducing acid solution containing 
[ascorbic acid] = 25 mmol/L, [water] = 1.2 mol/L, Dropping rate: 2 mL/min, Volume of the 
reducing solution: 10 mL. 

Figure 3.2.1.C EDAX pattern of sample prepared when addition done at 60°C (sample B). 
[Fe(acac)3] = 30mmol/L (V = 50 mL), Reducing acid solution containing [ascorbic acid] = 25 
mmol/L, [water] = 1.2 mol/L, Dropping rate: 2 mL/min, Volume of the reducing solution: 10 
mL. 
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images of Fe3O4 nanoparticles prepared at conditions same as in Figure 3.2.1.A. In Figure 
3.2.1.D.a and b, the HRTEM images of sample prepared at 1.2 M ultrapure water concentration 
and when addition was carried out at room temperature are presented. Images were taken at 
different places on sample grid. Results show that this sample is largely aggregated. Figure 
3.2.1.D.c shows HRTEM image and particle diameter distribution histogram of Fe3O4 

nanoparticles prepared when addition was carried out at 60 °C and at 1.2 M ultrapure water. 
It was observed that the mean particle diameter of Fe3O4 nanoparticles was 29 ±9 nm at 
addition temperature of 60 °C. 
 

Figure 3.2.1.E (a and b) are XRD patterns of particles synthesized with 1.2 M water at 70 °C 
and 80 °C respectively. In Fig. 3.2.1.E. (a), three week and broad diffraction peaks were 
observed at 2θ = 31.5, 35.4, 45.6 corresponded to (220), (311) and (331) crystal plane of Fe3O4 
and the mean particle diameter was estimated at 33±3 nm. In 3.2.1.E (b), six weak and broad 
diffraction peaks were observed at 2θ = 31.5, 35.3, 42.9, 45.4, 56.9 and 62.3 corresponded to 
(220), (311), (400), (331), (511), (440) crystal planes of Fe3O4 and the mean particle diameter 
was 42±5 nm. These results imply that Fe3O4 nanoparticles can be synthesized by ascorbic 
acid mediated reduction of Fe(acac)3. 

10 20 30 40 50 60 70

b

a

at 80°C, 1.2M water

at 70°C, 1.2M water

(4
 4

 0
)

(5
 1

 1
)

(3
 3

 1
)

(4
 0

 0
)

(3
 1

 1
)

(2
 2

 0
)

2 theta/ degree  

Figure 3.2.1.E XRD pattern of sample prepared when addition done at 70 °C (Sample a), 
addition done at 80 °C (Sample b). [Fe(acac)3] = 30mmol/L (V = 50 mL), Reducing acid 
solution containing [ascorbic acid] = 25 mmol/L, [water] = 1.2 mol/L, Dropping rate: 2 mL/min, 
Volume of the reducing solution: 10 mL. 
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Figure 3.2.1.F EDAX spectrum of sample prepared when addition done at 70 °C (sample a). 
[Fe(acac)3] = 30mmol/L (V = 50 mL), Reducing acid solution containing [ascorbic acid] = 25 
mmol/L, [water] = 1.2 mol/L, Dropping rate: 2 mL/min, Volume of the reducing solution: 10 
mL. 

 
Figure 3.2.1.G EDAXspectrum of sample prepared when addition done at 80°C (sample b). 
[Fe(acac)3] = 30mmol/L (V = 50 mL), Reducing acid solution containing [ascorbic acid] = 25 
mmol/L, [water] = 1.2 mol/L, Dropping rate: 2 mL/min, Volume of the reducing solution: 10 
mL. 

Figure 3.2.1.F and Figure 3.2.1.G shows the EDAX spectra of samples prepared when addition 
was carried out at 70°C and 80°C respectively. Both EDAX spectra confirm the presence of 
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Iron (Fe) and Oxygen (O). Carbon (C) was detected because samples were mounted on carbon 
tape. 
 

 
 

(a) 
 

 
 

(b) 
Figure 3.2.1.H HRTEM images and particle diameter distribution histogram of nanoparticles 
prepared at 1.2 M ultrapure water concentration: TEM (a) image of nanoparticles at addition 
temperature 70 °C and TEM (b) image of sample at addition temperature 80 °C. [Fe(acac)3] = 
30mmol/L (V = 50 mL), Reducing acid solution containing [ascorbic acid] = 25 mmol/L, 
[water] = 1.2 mol/L, Dropping rate: 2 mL/min, Volume of the reducing solution: 10 mL. 
 

Figure 3.2.1.H represents HRTEM images and particle diameter distribution histogram of 
samples prepared when addition was carried out at 70°C and 80°C at 1.2M ultrapure water 
concentration. From the results in Fig. 3.2.1.H, it was observed that at 1.2M ultrapure water 
concentration mean particle diameter of Fe3O4 nanoparticles was 33±3 nm (a) and 42±5 nm 
(b) at addition temperature 70°C and 80°C respectively. At 1.2 M ultrapure water concentration 
Fe3O4 nanoparticle size increases with increase in addition temperature. This might be due to 
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when addition temperature increases at 1.2 M ultrapure water concentration due less number 
of nucleation sites or number of nuclei Fe3O4 nanoparticle size is increasing. 
 
3.2.2 Influence of water concentration 
Figure 3.2.2.A represents XRD patterns of samples prepared at addition temperature 60°C (a) 
and at 80°C (b) having average particle diameter 23 nm and 7 nm respectively. The average 
particle diameter of Fe3O4 nanoparticles was estimated with full-width at half maximum 
(FWHM) of an X-ray diffraction peak and Scherrer equation. In Figure 3.2.2A.a, eight 
diffraction peaks observed at 2θ= 18.02, 30.06, 35.48, 36.9, 43.12, 53.46, 56.94, 62.56. These 
peaks are due to (111), (220), (311), (222), (400), (422), (511) and (440) crystal planes of Fe3O4 

phase. In Figure 3.2.2.A.b eight diffraction peaks observed at 2θ =18.3, 30.04, 35.4, 37.1, 43.0, 
53.3, 56.9, 62.5. These peaks are due to (111), (220), (311), (222), (400), (422), (511) and (440) 
crystal planes of Fe3O4. The data is in accordance with reported data. 
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Figure 3.2.2.A XRD pattern of sample prepared when addition done at 60 °C (a), addition done 
at 80 °C(b). [Fe(acac)3] = 30mmol/L (V = 50 mL), Reducing acid solution containing [ascorbic 
acid] = 25 mmol/L, [water] = 12 mol/L, Dropping rate: 2 mL/min, Volume of the reducing 
solution: 10 mL. 

 

Figure 3.2.2.B and Figure 3.2.2.C represents EDAX spectra of sample prepared at addition 
temperature 60 °C (Figure 3.6.B) and 80 °C (Figure 3.6.C). Both EDAX spectra show the 
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presence of Iron (Fe) and Oxygen (O). Carbon (C) was detected because samples were mounted 
on carbon tape. 
 

 
Figure 3.2.2.B EDAX spectrum of sample prepared when addition done at 60 °C. [Fe(acac)3] 
= 30 mmol/L (V = 50 mL), Reducing acid solution containing [ascorbic acid] = 25 mmol/L, 
[water] = 12 mol/L, Dropping rate: 2 mL/min, Volume of the reducing solution: 10 mL. 

 

Figure 3.2.2.C EDAX spectrum of sample prepared when addition done at 80°C. [Fe(acac)3] 
= 30mmol/L (V = 50 mL), Reducing acid solution containing [ascorbic acid] = 25 mmol/L, 
[water] = 12 mol/L, Dropping rate: 2 mL/min, Volume of the reducing solution: 10 mL. 
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Figure 3.2.2.D shows HRTEM images and particle diameter distribution histograms for 
nanoparticles prepared at addition temperature 60 °C (a) and 80 °C (b) and at 12M ultrapure 
water concentration. It was observed that when addition of reducing acid solution was carried 
out at 60 °C Fe3O4 nanoparticles with size 22±6 nm were synthesized while when addition was 
carried out at 80 °C size of nanoparticles was reduced to 8±2 nm. 
 

 

(a) 

 

(b) 
Figure 3.2.2.D HRTEM images and particle diameter distribution histogram of sample 
prepared when addition done at 60 °C (a), addition done at 80 °C (b). [Fe(acac)3] = 30 mmol/L 
(V = 50 mL), Reducing acid solution containing [ascorbic acid] = 25 mmol/L, [water] = 12 
mol/L, Dropping rate: 2 mL/min, Volume of the reducing solution: 10 mL. 
 
These results agreed with XRD results (Fig.3.2.2.A). These results in comparison with Fe3O4 
nanoparticles synthesized at 1.2 M ultrapure water concentration shows that the size of Fe3O4 
nanoparticles decreases as ultrapure water concentration increases. This might be due to when 
ultrapure water concentration increases the number of nuclei or nucleation sites are increasing 
and Fe3O4 nanoparticle size decreases. 
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Fig. 3.2.2.E shows the XRD pattern of the powder sample formed by reduction of Fe(acac)3. 
While preparing this sample, addition of ascorbic acid solution was carried out at 70 °C and 
then reaction mixture was refluxed for 1 hour. All the peaks in Figure (3.7.D) can be indexed 
as pure Fe3O4 phase with inverse spinel structure and matched well with the reported data 
(JCPDS: 65-3107). No impurities were detected. The crystallite size was calculated by Scherrer 
equation. Full-width-at-half-maximum (FWHM) of the strongest peak (3 1 1) was used for 
calculation. Crystallite size calculated was 15 nm.  

 
Figure 3.2.2.E X-ray diffraction pattern of sample prepared with addition of ascorbic acid at 
70 °C and reflux for 1 hour. [Fe(acac)3] = 30mmol/L (V = 50 mL), Reducing acid solution 
containing [ascorbic acid] = 25 mmol/L, [water] = 12 mol/L, Dropping rate: 2 mL/min, Volume 
of the reducing solution: 10 mL. 
 
Figure 3.2.2.F presents the high resolution HRTEM images and particle diameter distribution 
histogram of the representative sample prepared with addition of ascorbic acid solution at 70 °C. 
The mean particle diameter is observed to be 15±4 nm. Fe3O4 nanoparticles with size less 
than 25 nm were successfully synthesized by fine tuning of the reaction parameters such as 
addition temperature, reflux temperature, dropping rate, and reflux time.  
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(a)                                                               (b)                                                                  
 

 

Figure 3.2.2.F HRTEM images (a, b) and particle diameter distribution histogram of Fe3O4 
nanoparticles at addition temperature of 70 °C. [Fe(acac)3] = 30 mmol/L (V = 50 mL), 
Reducing acid solution containing [ascorbic acid] = 25 mmol/L, [water] = 12 mol/L, Dropping 
rate: 2 mL/min, Volume of the reducing solution: 10 mL. 

 
Figure 3.2.2.G shows the EDAX analysis of sample prepared when addition of ascorbic acid 
at 70 °C and reflux for 1 hour. The result confirms the presence of iron and oxygen. Carbon 
detected is due to carbon tape used for mounting the sample. 
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Figure 3.2.2.G EDAX analysis of Fe3O4 nanoparticles sample. [Fe(acac)3] = 30 mmol/L (V = 
50 mL), Reducing acid solution containing [ascorbic acid] = 25 mmol/L, addition temperature 
of 70 °C, [water] = 12 mol/L, Dropping rate: 2 mL/min, Volume of the reducing solution: 10 
mL. 

 
Figure 3.2.2.H represents survey spectrum or full scan wide spectrum of sample (a) and C1s 
spectrum of carbon (b) respectively. All obvious peaks in survey/full scan spectrum are labeled 
and can be ascribed to Fe, O, and C. The C1s peak was set to 284.8 eV to normalize any peak 
shifts. Figure 3.2.2.I shows the XPS spectrum of Fe 2p region. The Fe 2p spectrum can be 
deconvoluted into five peaks at 709.7 eV, 711.3 eV, 719.4 eV, 723.1 eV, and 724.6 eV. 
Photoelectron peak at binding energy of 724.6 eV corresponds to 2p1/2 of Fe3+ ion; the peak at 
binding energy of 723.1 eV can be assigned to 2p1/2 of Fe2+ [6]. The peaks at 709.7 eV and 
711.3 eV can be assigned to 2p3/2 of Fe2+ and Fe3+ ions respectively [6]. The peak at 719.4 eV 
is a satellite peak for above four peaks. 
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Figure 3.2.2.H Survey XPS scan (a), C1s spectrum of C (b),  
[Fe(acac)3] = 30 mmol/L (V = 50 mL), addition temperature of 70 °C, Reducing acid solution 
containing [ascorbic acid] = 25 mmol/L, [water] = 12 mol/L, Dropping rate: 2 mL/min, Volume 
of the reducing solution: 10 mL. 
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 Figure 3.2.2.I XPS spectra of Fe3O4 nanoparticles Fe2p region. [Fe(acac)3] = 30 
mmol/L (V = 50 mL), Reducing acid solution containing [ascorbic acid] = 25 mmol/L, addition 
temperature of 70 °C, [water] = 12 mol/L, Dropping rate: 2 mL/min, Volume of the reducing 
solution: 10 mL. 
 
Mechanism for formation/synthesis of Fe3O4 and Fe nanoparticles is proposed and reported by 
researchers [4] [5]. Asorbic acid mediated reduction of Fe(acac)3 was performed in absence of 
water i.e. 0 M water. Figure 3.2.2.J (a) represents XRD patterns of samples prepared using 
ultrapure water and without ultrapure water. In previous results, Figure 3.2.2.E shows a typical 
XRD spectrum of Fe3O4 nanoparticles and all peaks can be indexed as pure Fe3O4 phase with 
inverse spinel structure and matched well with the reported data. No impurities were detected. 
The crystallite size in Figure 3.2.2.E calculated by Scherrer equation and full-width-at-half-
maximum (FWHM) of the strongest peak (3 1 1) is 15 nm. Figure 3.2.2.J show XRD pattern 
of samples prepared without using ultrapure water. Peaks at 2θ of 30.22˚, 35.4˚, 43.12˚, 57˚ and 
62.84˚ having d values as 2.9558, 2.5338, 2.0966, 1.6145, 1.4776 respectively corresponds to 
iron oxide. This was expected. This is due to the fact that although sample was prepared in 
oxygen free condition (in presence of nitrogen); however, sample was exposed to air 
atmosphere during filtration, drying, and XRD measurement process — leading to formation 
of iron oxide. Broad peaks are indicating the amorphous nature of nanoparticles. 



67 
 

20 30 40 50 60 70 80

In
te

ns
ity

 (c
ou

nt
s)

2 theta / degree
 

Figure 3.2.2.J XRD pattern of sample prepared without ultrapure water. 
[Fe(acac)3] = 30mmol/L (V = 50 mL), at 70 °C, Reducing acid solution containing [ascorbic 
acid] = 25 mmol/L, [water] = 0 mol/L, Dropping rate: 2 mL/min, Volume of the reducing 
solution: 10 mL. 
 
Figure 3.2.2.K represents the EDAX spectrum of sample prepared without using ultrapure 
water. EDAX spectrum of sample prepared by using water is represented in previous results in 
Figure 3.2.2.G.  When ultrapure water was used in reaction then magnetite is formed and 
EDAX spectrum (Figure 3.2.2.G) shows the iron content of 62.16 at. % and oxygen content of 
22.23 at. %. Large amount of oxygen is observable in this sample which corresponds to the 
lattice oxygen (supported by XRD). But when ultrapure water was not used (Figure 3.2.2.K) 
sample shows high content of iron (85.06 at. %) and very small amount of oxygen (3.89 at. %). 
We believe that this small amount of oxygen is actually adsorbed oxygen on the surface of iron 
nanoparticles when they are exposed to oxygen (which is also supported by XRD results). In 
both the samples, carbon was detected (which is approximately of same amount suggesting our 
conclusion about oxygen to be true) which arises from carbon tape used for mounting the 
sample. EDAX measurements were performed at three different locations of each sample and 
similar results were observed (oxygen of about 3 - 6 at. % for the sample prepared without 
using water, as against 20 - 30 at. % for the sample prepared with water). 
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Figure 3.2.2.K EDAX spectrum of sample prepared without ultrapure water.  

[Fe(acac)3] = 30mmol/L (V = 50 mL), at 70 °C, Reducing acid solution containing [ascorbic 
acid] = 25 mmol/L, [water] = 0 mol/L, Dropping rate: 2 mL/min, Volume of the reducing 
solution: 10 mL. 
 
Table 3.2.2.L Elemental composition of Fe, O and C in samples obtained from EDS with and 

without addition of water during the synthesis process. 
Sample Fe (at. %) O (at. %) C (at. %) 

Fe3O4 (Sample with water) 62.16 22.23 15.61 

Fe/iron oxide (Sample without water) 85.06 3.89 11.05 

 
Figure 3.2.2.M represents the TEM images of Fe/iron oxide nanoparticles, respectively. When 
ultrapure water was used (Figure 3.2.2.F) the mean particle diameter of Fe3O4 nanoparticles is 
observed to be 15±4 nm. In Figure 3.2.2.M, the size of Fe/iron oxide nanoparticles is observed 
to be 7±1 nm. Although synthesis parameters were same for preparation of both the samples 
(i.e. with and without water); because of the absence of oxygen (coming from water), smaller 
size Fe/iron oxide nanoparticles have been obtained. 
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(a) 
 

 

(b) 
 

Figure 3.2.2.M HRTEM images of Fe3O4 nanoparticles prepared without using ultrapure 
water at 70 °C, Fe/iron oxide nanoparticles prepared without ultrapure water (a, b). [Fe(acac)3] 
= 30 mmol/L (V = 50 mL), Reducing acid solution containing [ascorbic acid] = 25 mmol/L, 
[water] = 0 mol/L, Dropping rate: 2 mL/min, Volume of the reducing solution: 10 mL. 
 
In figure 3.2.2.N, Survey scan of sample (a) and C1s spectrum of C (b) are represented. In 
survey spectrum all obvious peaks are labeled and can be ascribed to Fe, O, and C. The C1s 
peak was set to 284.8eV to normalize any peak shifts. Fe2p region of sample prepared without 
ultrapure water (Figure 3.2.2.N.c) is deconvoluted into seven peaks. Peak at 708 eV and 720.6 
eV is assigned to the 2p3/2 of Fe(0) and 2p1/2 of Fe(0) [7-10]. Peak at 709.5 eV and 711.8 eV 
can be assigned to 2p3/2 of Fe2+ and Fe3+ species respectively. Photoelectron peak at 723 eV 
can be assigned to 2p1/2 of Fe2+ species. Peak at 724.9 eV can be assigned to 2p1/2 of Fe3+ 
species. Peak at 719.02 eV is a satellite peak for all above peaks. As Oxygen content is very 
low it can not form stoichiometric oxide (FeO, Fe2O3, Fe3O4) of Fe, it can form only 
nonstoichiometric oxide at the most hence we speculate the formation of metallic Fe since 
Oxygen content was very low from EDAX. 
 

Figure (3.2.2.N. a and b) displays the photoelectron spectra of O1s for the sample without using 
ultrapure water and with ultrapure water, respectively. Figure 3.2.2.O (a) represents O1s 
photoelectron spectrum for the sample prepared with ultrapure water (12 M water).This O1s 
spectrum can be deconvoluted into two peaks at 531.6 eV corresponding to O-Fe in magnetite 
phase [11] and 529.38 eV corresponding to adsorbed oxygen [12, 13]. In Figure 3.2.2.N (b), 
O1s spectrum of sample prepared without ultrapure water (0 M water) is presented and it can 
be deconvoluted into two peaks at 531.29 eV and 529.6 eV. These peaks are due to formation 
of non-stoichiometric oxides on the surface of the nanoparticles [10]. This might be due to two 
reasons: (a) XPS is a surface sensitive technique with very small penetration depth (about 5 
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nm), and (b) sample prepared without using ultrapure water gets oxidized when exposed to air 
atmosphere while handling. This was expected due to high reactivity of iron in nanoparticulate 
form and its affinity and high reactivity towards oxygen. Formation of iron oxide on the surface 
of iron nanoparticles is also reported earlier by other researchers [5, 6, 8, 9].  
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Figure 3.2.2.N Survey XPS scan (a), C1s spectrum of C (b), XPS Fe2p spectrum of sample 
prepared without using ultrapure water 0 mol/L (c), 
[Fe(acac)3] = 30 mmol/L (V = 50 mL), reducing acid solution containing [ascorbic acid] = 25 
mmol/L, Dropping rate: 2 mL/min, Volume of the reducing solution: 10 mL. 
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                                      (a)                                                                        (b) 
Figure 3.2.2.O O1s spectrum of O in sample prepared with water 12 mol/L (a), O1s spectrum 
of O in sample prepared without water i.e. 0 mol/L (b), 
[Fe(acac)3] = 30 mmol/L (V = 50 mL), reducing acid solution containing [ascorbic acid] = 25 
mmol/L, Dropping rate: 2 mL/min, Volume of the reducing solution: 10 mL. 
 
3.2.3 Influence of Fe(acac)3 concentration 
Figure 3.2.3.A represents XRD pattern of samples prepared at 70 °C addition temperature and 
different Fe(acac)3 concentrations (50 mM and 15 mM). In Fig.3.2.3.A (b) seven diffraction 
peaks observed at 2θ = 18.30, 30.06, 35.48, 43.03, 53.44, 56.95, 62.5. These peaks are due to 
due to (111), (220), (311), (400), (422), (511) and (440) crystal plane of Fe3O4, respectively. 
The average particle diameter of Fe3O4 particles was estimated with full-width at half 
maximum (FWHM) of an X-ray diffraction peak and Scherrer equation was 9 nm. In Fig. 
3.2.3.A (a) five weak and broad peaks observed at 2θ= 18.30, 31.60, 34.93, 56.95, 62.77. These 
peaks are due to (111), (220), (311), (511), (440) crystal plane of Fe3O4. 
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         (a)                                                                    (b) 
Figure 3.2.3.A XRD pattern of sample prepared with addition of ascorbic acid at 70°C and  at 
different precursor [Fe(acac)3] (V= 50 mL) concentrations, (a) at 15mM Fe(acac)3, (b) at 
50mM Fe(acac)3. Reducing acid solution containing [ascorbic acid] = 25 mmol/L, [water] = 
12 mol/L, Dropping rate: 2 mL/min, Volume of the reducing solution: 10 mL. 
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Figure 3.2.3.B EDAX spectrum of sample prepared with addition of ascorbic acid at 70 °C and  
at 15 mM precursor [Fe(acac)3] (V = 50 mL) concentration. Reducing acid solution containing 
[ascorbic acid] = 25 mmol/L, [water] = 12 mol/L, Dropping rate: 2 mL/min, Volume of the 
reducing solution: 10 mL. 

 

 
Figure 3.2.3.C  EDAX spectrum of sample prepared with addition of ascorbic acid at 70 °C 
and  at 50 mM precursor [Fe(acac)3] (V = 50 mL) concentration. Reducing acid solution 
containing [ascorbic acid] = 25 mmol/L, [water] = 12 mol/L, Dropping rate: 2 mL/min, Volume 
of the reducing solution: 10 mL. 
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(a) 
 

 
 

(b) 
Figure 3.2.3.D TEM and HRTEM images and particle diameter distribution histogram of 
nanoparticles prepared at addition temperature at   70 °C and at different precursor 
concentration, (a) TEM images of nanoparticles at 15 mM [Fe(acac)3] (V = 50 mL) 
concentration, (b) HRTEM images of nanoparticles at 50 mM [Fe(acac)3] (V = 50 mL) 
concentration. Reducing acid solution containing [ascorbic acid] = 25 mmol/L, [water] = 12 
mol/L, Dropping rate: 2 mL/min, Volume of the reducing solution: 10 mL. 
 
Figure 3.2.3.B and Figure 3.2.3.C represents EDAX spectra of nanoparticles prepared at 
addition temperature of 70 °C and at 15 mM and 50 mM of Fe(acac)3 concentration respectively. 
The result confirms the presence of iron and oxygen. Carbon detected is due to carbon tape 
used for mounting the sample. 

 

Figure 3.2.3.D shows TEM, HRTEM images and particle diameter distribution of nanoparticles 
prepared at addition temperature of 70 °C and at different precursor concentration. In Fig. 
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3.2.3.D (b), it was observed that at 50 mM Fe(acac)3 concentration, the mean particle diameter 
of Fe3O4 nanoparticles was 9±1 nm. From Fig. 3.2.3.D (a) it was observed that at 15 mM 
Fe(acac)3 concentration, the mean particle diameter of Fe3O4 nanoparticles was 108±21 nm. 
Results show that Fe3O4 nanoparticle size increases with decrease in Fe(acac)3 concentration 
and Fe3O4 nanoparticle size decreases with increase in Fe(acac)3 concentration. This might be 
due to number of nuclei or nucleation sites increases with increase in Fe(acac)3 concentration 
and nuclei or nucleation sites decreases with decrease in Fe(acac)3 concentration . 
 
3.2.4 Influence of Ascorbic acid concentration 
Figure 3.2.4.A represents XRD pattern of samples prepared at addition temperature of 70°C 
and at different ascorbic acid concentrations (0.05 mM and 0.005 mM). In Fig. 3.2.4.A (a) two 
weak and broad diffraction peaks observed at 2θ= 34.67, 61.02. These peaks are due to due to 
(311), (440) crystal plane of Fe3O4, respectively. In Figure 3.2.4.A (b) two weak and broad 
peaks observed at 2θ= 35.33, 62.5. These peaks are due to (311), (440) crystal plane of Fe3O4. 
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                            (a)                                                                      (b) 
Figure 3.2.4.A X-ray diffraction pattern of sample prepared with addition temperature at 70 °C 
and reducing acid solution containing [ascorbic acid], (a) at 0.05 M, (b) at 0.005 M. [Fe(acac)3] 
= 30 mmol/L (V = 50 mL), [water] = 12 mol/L, Dropping rate: 2 mL/min, Volume of the 
reducing solution: 10 mL. 

 
Figure 3.2.4.B and Fig. 3.2.4.C represents EDAX spectra of nanoparticles prepared at addition 
temperature of 70 °C and at 0.005 M and 0.05 M concentration of ascorbic acid respectively. 
The result confirms the presence of iron and oxygen. Carbon detected is due to carbon tape 
used for mounting the sample. 
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Figure 3.2.4.B EDAX spectrum of sample prepared with addition temperature of 70 °C and  
reducing acid solution containing [ascorbic acid] 0.005 M. [Fe(acac)3] = 30mmol/L (V = 
50 mL), [water] = 12 mol/L, Dropping rate: 2 mL/min, Volume of the reducing solution: 
10 mL. 

 
Figure 3.2.4.B EDAX spectrum of sample prepared with addition temperature of 70 °C and 
reducing acid solution containing [ascorbic acid] 0.05 M. [Fe(acac)3] = 30 mmol/L (V = 50 
mL), [water] = 12 mol/L, Dropping rate: 2 mL/min, Volume of the reducing solution: 10 
mL. 

 

Figure 3.2.4.D shows HRTEM images and particle diameter distribution of nanoparticles 



76 
 

prepared at addition temperature of   70 °C and at different precursor concentration. It was 
observed (in Fig. 3.2.4.D.b) that at 0.05 M ascorbic acid concentration, the mean particle 
diameter of Fe3O4 nanoparticles was 9±3 nm. From Fig. 3.2.4.D (a) it was observed that at 
0.005 M ascorbic acid concentration, the mean particle diameter of Fe3O4 nanoparticles was 
76±29 nm. Results show that Fe3O4 nanoparticle size decreases with increase in ascorbic acid 
concentration and Fe3O4 nanoparticle size increases with decrease in ascorbic acid 
concentration. This might be due to number of nuclei or nucleation sites in increasing with 
increase in ascorbic acid concentration and number of nuclei or nucleation sites decreasing 
with decrease in ascorbic acid concentration. 

 

(a) 
 

 

(b) 
Figure 3.2.4.D HRTEM images and particle diameter distribution histogram of 
nanoparticles prepared at addition temperature of   70 °C and at different ascorbic acid 
concentrations, (a) HRTEM images of nanoparticles at 0.005 M ascorbic acid concentration, 
(b) HRTEM images of nanoparticles at 0.05M ascorbic acid concentration. [Fe(acac)3] = 
30 mmol/L (V = 50 mL), [water] = 12 mol/L, Dropping rate: 2 mL/min, Volume of the 
reducing solution: 10 mL. 
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3.2.5 Influence of dropping rate 
Figure 3.2.5.A represents XRD pattern of samples prepared at 70 °C addition temperature and 
at dropping rate of 1 ml/min. In Fig. 3.2.5.A five diffraction peaks observed at 2θ= 30.06, 35.33, 
43.03, 56.95, 62.5.These peaks are due to due to (220), (311), (400), (511), (440) crystal plane 
of Fe3O4, respectively. Mean particle diameter was 8±2 nm. Fig. 3.2.5.B represents EDAX 
spectra of nanoparticles prepared at addition temperature of 70 °C and at 1ml/min of dropping 
rate. The result confirms the presence of iron and oxygen. Carbon detected is due to carbon 
tape used for mounting the sample. 
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Figure 3.2.5.A X-ray diffraction pattern of sample prepared with addition temperature at 70 °C 
and at 1 mL/min dropping rate. [Fe(acac)3] = 30 mmol/L (V = 50 mL), Reducing acid solution 
containing [ascorbic acid] = 25 mmol/L, [water] = 12 mol/L, Volume of the reducing solution: 
10 mL. 



78 
 

 
Figure 3.2.5.B EDAX spectrum of sample prepared with addition temperature of 70 °C and 
at dropping rate of 1 mL/min. [Fe(acac)3] = 30 mmol/L (V = 50 mL), Reducing acid 
solution containing [ascorbic acid] = 25 mmol/L, [water] = 12 mol/L, Volume of the 
reducing solution: 10 mL. 

 

 
Figure 3.2.5.C HRTEM images and particle diameter distribution histogram of 
nanoparticles prepared at addition temperature of   70 °C and  at 1 mL/min dropping rate. 
[Fe(acac)3] = 30 mmol/L (V = 50 mL), Reducing acid solution containing [ascorbic acid] 
= 25 mmol/L, [water] = 12 mol/L, Volume of the reducing solution: 10 mL. 

 
Figure 3.2.5.C shows HRTEM images and particle diameter distribution histogram of 
nanoparticles prepared at addition temperature of   70 °C and at 1ml/min dropping rate. It 
was observed in Figure 3.2.5.C at 1ml/min dropping rate, the mean particle diameter of Fe3O4 
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nanoparticles was 8± 2 nm. Results show that Fe3O4 nanoparticle size decreases with decrease 
in ascorbic acid solution dropping rate. This might be due to when dropping rate decreases 
number of nuclei or nucleation sites is increasing.  
 
3.3 Discussion 
In this synthesis process, ascorbic acid acts as reducing agent and ultrapure water acts as 
supplier of oxygen. The role of dehydrated ethanol is a solvent in ascorbic acid solution. 
Fe(acac)3 in diphenyl-ether is reduced by ascorbic acid and hydrolyzed by ultrapure water. 
Fe(III) ion is reduced by the ascorbic acid and Fe2

3+Fe2+(OH)8 (precursor) is synthesized. Then 
the reaction system is heated at 190 °C for several times (30, 60, 90 min). This heating process 
(annealing) is very important as the crystallization process of precursor particles. 

6Fe(III)(acac)3 + ascorbic acid (act as reducer) + 8H2O 
------ > 2Fe3O4 + dehydroascorbic acid + 18acac 

Ascorbic acid reduces the Fe(acac)3 as follows: 

 
   

Fe(acac)3                         Ascorbic acid                           dehydroascorbic acid 
 

Fe2+ is formed because of reduction of Fe3+(acac)3 by ascorbic acid, and because of ultrapure 
water Fe (OH)2 is generated as follows: 
 

Fe3+(acac)3 + ½ (C6H8O6)                           Fe2+ 
 
2H2O  2H+  + 2(OH)- 

 
                Fe2++ 2(OH)- Fe (OH)2 

 
And 2Fe(OH)3 is formed as follows: 
 

6H2O  6H++   6(OH)- 
 

2Fe(acac)3 + 6(OH)- + 6H+                           2Fe(OH)3 

 
In general, Fe(acac)3 is reduced by ascorbic acid and Fe3(OH)8 is synthesized as follows : 

-2e- + 
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2Fe3+ +   Fe2+   +   8H2O                              Fe2

3+Fe2+(OH)8                       
 
When reaction mixture is heated to reflux, it results in crystallization of Fe3O4 nanoparticles 
and hydrolysis. The formation of Fe3O4 is as follows: 

 
                                 Fe3(OH)8                 

reflux                               Fe3O4 +  4H2O 
 
The general reaction can be written as: 
 

6Fe(acac)3 + C6H8O6(reductant)+ 8H2O            2Fe3O4+C6H6O6(oxidant)+18(acac) 
 
In this method, ultrapure water is oxygen supplier thereby explaining the formation mechanism 
of magnetite nanoparticles. Size controlled synthesis of Fe3O4 nanoparticles without any 
capping agent is achieved by ascorbic acid mediated reduction of Fe(acac)3. 
 
A study on decomposition efficiency of Fe(acac)3 was carried out at different addition 
temperatures and ultrapure water concentrations. Decomposition efficiency of Fe(acac)3 was 
estimated at different addition temperatures and ultrapure water concentrations. Decomposition 
efficiency (%) of Fe(acac)3 increases with respect to increase in addition temperature, this may 
be due to rate of reaction increases as addition temperature increases. It was also observed that 
decomposition efficiency increases with respect to time showing that precursor gets reduced 
by ascorbic acid. Final decomposition efficiency was estimated after the refluxing reaction 
mixture at 190°C for 1 hour and cooling down naturally to room temperature in all experiments. 
It was observed that there was no significant difference in absorbance after the completion of 
reaction. Final decomposition efficiency (90-100%) indicates near-complete utilization of 
Fe(acac)3 in reaction. This might be due to the fact that almost all precursor was used when 
reactants were in stoichiometric ratio. There was no significant effect of ultrapure water 
concentration changes on decomposition efficiency. At 60 °C (12 M water), after 25 minutes 
decomposition efficiency was found to be 33.57 %, indicating 1/3 reduction of precursor 
Fe(acac)3 by ascorbic acid. When reactants were added in stoichiometric ratio the 
decomposition efficiency of Fe(acac)3 after the completion of reaction was in the range of 90-
100%, shows that almost all precursor was utilized in reaction. 
 
It was observed that magnetite (Fe3O4) can be synthesized when addition of reducing acid 
solution was carried out at room temperature but the sample was largely aggregated. Fe3O4 
nanoparticles having size 29 ±9 nm were synthesized at addition temperature of 60 °C and at 
1.2 M ultrapure water. Fe3O4 nanoparticles with diameter 33±3 nm and 42±5 nm were 
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successfully synthesized at 1.2 M ultrapure water concentration and addition temperature of 
70°C and 80°C respectively. From these results it can be conclude that at 1.2 M ultrapure water 
concentration, Fe3O4 nanoparticle size increases with increase in addition temperature. 
 
 Fe3O4 nanoparticles having diameter 22±6 nm and 8±2 nm were successfully synthesized at 
addition temperature of 60 °C, 80 °C and at 12 M ultrapure water. Size controlled synthesis of 
Fe3O4 nanoparticles having diameter 15± 4 nm was successfully carried out at 12 M ultrapure 
water concentration and at addition temperature of 70 °C. Reaction parameters were optimized 
to synthesize size controlled Fe3O4 nanoparticles with diameter less than 30 nm. It was 
observed that Fe3O4 nanoparticle size decreases with increase in ultrapure water concentration. 
 
Fe3O4 nanoparticles with diameter 9±1 nm and 108±21 nm were synthesized at 50 mM and 15 
mM Fe(acac)3 concentrations respectively. It was observed that at addition temperature of 
70 °C Fe3O4 nanoparticle size decreases with increase in Fe(acac)3 concentration and size 
increases with decrease in Fe(acac)3 concentration.  
 
Fe3O4 nanoparticles having diameter 9±3 nm and 76±29 nm were synthesized at 0.05 M and 
0.005 M ascorbic acid concentration. At addition temperature of 70 °C nanoparticle size is 
inversely proportional to the concentration of ascorbic acid. 
 
Fe3O4 nanoparticles having diameter 8±2 nm were synthesized at 1mL/min dropping rate and 
it was observed that at 70°C if dropping rate was reduced to 1 mL/min the Fe3O4 nanoparticle 
size is reduced.  
If ultrapure water is not used in reaction, then Fe(acac)3 is reduced by ascorbic acid; but due 
to lack of oxygen source Fe3O4 is not formed, leading to formation of Fe/iron oxide 
nanoparticles. It was observed that may be such Fe nanoparticles get oxidized to form Fe/iron 
oxide nanoparticles having size 7 ± 1 nm due to exposure to air atmosphere. This also proves 
that ultrapure water is oxygen supplier in our reaction. In polyol-methods, the exact mechanism 
leading to formation of Fe3O4 and origin of oxygen element in Fe3O4 is still unclear. Our 
mechanism proves the origin of oxygen and the role of water during our synthesis process. 
 
Mechanism for the synthesis of Fe3O4 nanoparticles is proposed. Method presented herewith 
should prove to be very useful for synthesis of Fe3O4 nanoparticles having surface available 
for further use such as uploading of drug molecules for biomedical applications or other 
applications.  
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4.1 Introduction 
4.1.1 Graphene 
In October 2004, Konstantin Novoselov, Andre Geim and their collaborators showed that a 
single layer from graphite could be isolated and transferred to another substrate and that 
electrical characterization could be done on a few such layers. In graphene carbon is packed in 
hexagonal (honeycomb) lattice with a carbon-carbon distance 0.142 nm. It is a truly two 
dimensional crystalline material. Graphene is a single atomic layer of carbon. Graphene has 
variety of interesting properties which makes it important for fundamental studies and future 
applications. The electronic property of graphene leads to an unusual quantum hall effect. 
Graphene is a one atom thin transparent conductor. Thermal and electrical conductivity of 
graphene is very high and it can be used as a flexible conductor. Graphene is a single layer of 
carbon packed in a hexagonal (honeycomb lattice). Each atom in graphene has four bonds, 
three σ bonds with neighbouring carbon atoms and one π-bond oriented out of plane. Graphene 
is stable due to closely packed carbon atoms and sp2 hybridization. Graphene is a zero band 
gap semiconductor in which charge carriers behaves as massless Dirac fermions. Graphene has 
high electron mobility at room temperature due to weak electron phonon interaction. Due to 
unique thermal, optical, electronic, mechanical properties graphene has potential applications 
in energy storage, FET (field effect transistors), catalysis, sensors, drug delivery, and cancer 
therapy and in LED (light emission diodes). Table 4.1.1.B represents some properties of 
graphene [1- 4]. 

 
Table 4.1.1.B.  Properties of Graphene [1]. 

Property Details 
Density 0.77 mg / m2 
Optical transparency Absorbs 2.3% light, almost transparent, 

graphene suspension does not have any color 
Strength Breaking strength is 42N/m 
Electrical conductivity Using layer thickness the bulk conductivity 

is 0.96x106 Ω-1cm-1 
Thermal conductivity 5000 Wm-1k-1 

 

https://en.wikipedia.org/wiki/%CE%A0-bond
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(a)                                                                          (b) 

Figure 4.1.1.A Chemical structure of graphene (a) [4], TEM image of graphene (b). 
 
4.1.2 Graphene-Fe3O4 nanocomposite 
Graphene has attracted lots of attention due to its excellent electrical and mechanicalproperties, 
since from its discovery in 2004 [5]. Somani et. al. have demonstrated synthesis of planer nano-
graphenes from camphor by CVD method first time in the world [6]. Structure of graphene is 
a honeycomb lattice which is a two dimensional in which carbon atoms are bonded together 
with σ bonds [7 - 14]. Graphene is coupled with nanoparticles of other materials for various 
applications. Deposition of nanoparticles is possible on graphene surface because of its two-
dimensional structure and high surface area [15]. Nanoparticles of different materials such as 
metal oxides [15, 16], metals [17], quantum dots [18], sulfides [19] etc. have been combined 
with graphene for various applications. This helps in two ways: nanoparticles remains anchored 
on graphene sheet and do not get agglomerated, and also prevents graphene sheets from their 
reassembly into graphite or aggregation in a bulky form. Deposition of nanoparticles on 
graphene is observed to enhance its electrical, mechanical, and thermal properties [20]. 
Graphene based nanocomposites have also potential applications in biosensing, solar cell, 
magnetic resonance imaging (MRI), drug delivery, photocatalysis, electrodes of energy storage 
devices such as that of supercapacitors and batteries [21 - 25] etc. 
Fe3O4 nanoparticles are of special interest due to their magnetic properties and possible 
applications in cancer hyperthermia, MRI imaging etc. In earlier studies, Fe3O4  nanoparticles 
have been deposited on graphene oxide. 
 
In these efforts, graphene is first converted into graphene oxide and then nanoparticles are 
deposited on graphene oxide. Ma et. al. made functionalized graphene-Fe3O4 nanocomposite 
by dispersing graphene oxide, FeCl3.6H2O in a mixture of ethylene glycol and diethylene 
glycol followed by heating at 200 °C for 10 hours [26]. Major drawback of this approach is 
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that the reaction needs very long time. Also the size distribution of nanoparticles is very wide 
(from 50 nm to 300 nm). Guan et. al. assembled Fe3O4 nanoparticles on graphene by stirring 
Fe3O4 nanoparticles and graphene in hexane overnight and then sonicating for 2 hours [27]. 
However, Fe3O4 nanoparticles are not firmly attached to graphene sheet. Poor adhesion 
between Fe3O4 and graphene is a major concern for any realistic applications. In an effort, Li 
et. al. synthesized Fe3O4 decorated graphene oxide sheets by adding graphene oxide in solution 
containing FeCl3.6H2O and FeSO4.7H2O under N2 at 80 °C [29]. However, the method has a 
crucial and difficult step of adjusting the pH of the reaction to 10, throughout the course of the 
reaction. In yet another attempt, Gan et. al. synthesized Fe3O4-(poly(diallyldimethyl 
ammonium chloride) (PDDA)) core-shell structured nanoparticles and graphene oxide-DNA 
composite first. In next step both composites were attached together by sol-gel technique. But 
while doing the synthesis of Fe3O4 nanoparticles, FeCl3·6H2O and sodium acetate were 
dissolved in ethylene glycol and obtained solution was heated at 200˚C for 8 hours. This kind 
of method needs long time reaction and high temperature. Also mean Fe3O4 particle size was 
300 nm [29]. 
 
Magnetic Fe3O4 nanoparticles are of interest to us for their possible applications in cancer 
hyperthermia treatment. Synthesis of monodisperse, small size (less than 10 nm), shape and 
size controlled, reproducible and of single phase (without contaminations by other iron oxide 
phases such as FeO, Fe2O3, etc) was a challenge. We developed a method for synthesis of 
Fe3O4 nanoparticles and addressed listed challenges. Fe3O4 nanoparticles are synthesized on 
carboxylic group functionalized graphene in presence of Fe(acac)3, ascorbic acid, dehydrated 
ethanol and ultrapure water. In our method, Fe(acac)3 was reduced by ascorbic acid and 
hydrolyzed by ultrapure water in presence of surface functionalized graphene for deposition of 
Fe3O4 nanoparticles on graphene. –COOH moieties present on surface functionalized graphene 
provides attachment site for Fe3O4 nanoparticles [30, 31]. The reaction parameters are 
optimized to obtain monodisperse Fe3O4 spherical nanoparticles of 10 nm diameter deposited 
on surface functionalized graphene sheet. Synthesized nanocomposite is characterized by 
various physico-chemical characterization techniques and results are reported here. 
 
4.2 Materials and method 
 
Graphene, functionalized graphene and graphene-Fe3O4 samples were characterized by X-ray 
powder diffraction (XRD), Scanning Electron Microscopy and EDAX analysis, Transmission 
electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS) and Raman 
Spectroscopy was also performed using Renishaw InVia Raman Microscope (Japan). The 
chemical characterization of functional groups on surface of the all samples was studied by a 
Fourier transform infrared spectrometer in the range 4000 cm−1 - 450 cm−1.  
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Graphene is functionalized with carboxylic group by interaction with H2SO4 and HNO3 
mixture, followed by filtration, washing with ultrapure water and drying at room temperature 
and at 60 °C. 
 
Surface functionalized graphene (0.1 gm) was added in 50 mL of 30 mM Fe(acac)3 diphenyl-
ether solution made (by dissolving Fe(acac)3 in diphenyl-ether) and the solution was kept under 
stirring in N2 gas atmosphere. Temperature was increased up to various temperatures 60 °C, 
70 °C, 80 °C. Ascrobic acid solution of 0.025 M in 12 M ultrapure water and dehydrated ethanol 
was then added at a dropping rate of 2 mL/min when solution temperature reached to 70 °C. 
After the addition of reducing acid solution, the reaction mixture was heated to 190 °C again 
and refluxed for 1 hour. Finally, it was cooled down to room temperature naturally. Product 
was separated by filtration and washed 4 - 5 times by chloroform to remove any impurities, 
followed by dried in vacuum. Dry powder obtained is subsequently used for physico-chemical 
characterization. 
 
4.3 Results and discussion 

 

 
 

Figure 4.3.1 FTIR spectrum of carboxylated graphene. [Fe(acac)3] = 30mmol/L (V = 50 
mL), Reducing acid solution containing [ascorbic acid] = 25 mmol/L, [water] = 12 mol/L, 
Dropping rate: 2 mL/min, Volume of the reducing solution: 10 mL. 
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Figure 4.3.2 XPS survey or full scan spectrum of carboxylated graphene. [Fe(acac)3] = 
30mmol/L (V = 50 mL), Reducing acid solution containing [ascorbic acid] = 25 mmol/L, 
[water] = 12 mol/L, Dropping rate: 2 mL/min, Volume of the reducing solution: 10 mL. 

 
During the synthesis process, Fe(acac)3 is reduced by ascorbic acid and hydrolyzed by 
ultrapure water. Ascorbic acid acts as reducing agent and ultrapure water acts as oxygen 
supplier. When this reaction occurs in presence of carboxylated graphene, the –COOH moieties 
provide anchoring site for Fe3O4 nanoparticles and graphene-Fe3O4 nanocomposite is 
synthesized. In first step Fe ions (Fe2+ and Fe3+) get anchored on oxygen containing groups (-
COO-) present on graphene sheets. In second step, Fe3O4 nanoparticles are generated through 
heating process in which oxygen is supplied by ultrapure water and Fe-ions gets reduced. The 
overall reaction for Fe3O4 formation is as follows: 
 

6 Fe(acac)3 + C6H8O6+ 8 H2O                                        2 Fe3O4 + C6H6O6+ 18 (acac) 
 

Figure 4.3.1 shows the Fourier transform infra-red spectroscopy (FTIR) spectrum of 
carboxylated graphene. It can be observed that after carboxylation process, C=O stretching 
vibration was observed at 1710 cm-1. Peaks at 3425 cm-1, 1630 cm-1, 1039 cm-1, 1165 cm-1 are 
due to O-H vibrations, C=C vibrations, C-O vibrations and C-O vibrations, respectively. In 
order to understand the chemical structure of carboxylated graphene, X-ray photoelectron 
spectroscopy (XPS) study was performed.  
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Figure 4.3.3 (a) XPS - C1s spectra of carboxylated graphene, (b) XPS-O1s spetra of 
carboxylated graphene. [Fe(acac)3] = 30mmol/L (V = 50 mL), Reducing acid solution 
containing [ascorbic acid] = 25 mmol/L, [water] = 12 mol/L, Dropping rate: 2 mL/min, 
Volume of the reducing solution: 10 mL. 

 
All obvious peaks are labeled and can be ascribed to O and C in Figure 4.3.2. In Figure 4.3.3.a 
shows C 1s region XPS spectrum of carboxylated graphene. C1s peak was set to 284.8eV to 
normalize any peak shifts. The C1s XPS spectrum contained four typical components which 
corresponds to binding energy peaks centered at 284.5 eV (C-C bond type bonding), 285.61 



89 
 

eV (C-O type bond), 286.75 eV (C=O type bond), and 290.43 eV (–COO bond). Figure 
(4.3.3.b) is carboxylated graphene XPS spectrum of O 1s. It can be observed that O 1s spectrum 
can be deconvoluted into two peaks centered at binding energy of 530.69 eV and 531.67 eV 
and 533.43 eV; which can be C-O type bonding and C=O bonding and carboxylated carbon 
(COOH). This indicated that carboxylation of graphene was successfully prepared. The data 
was consistent with reported data [32- 34]. 

 
Figure 4.3.4 shows the elemental composition of carboxylated graphene studied by Energy 
Dispersive X-ray Analysis (EDAX). Main elements found were carbon and oxygen. Gold (Au) 
was also detected which arises due to gold coated samples used for SEM observations.  
 

 

Figure 4.3.4.A EDAX spectum of carboxylated graphene. [Fe(acac)3] = 30mmol/L (V = 
50 mL), Reducing acid solution containing [ascorbic acid] = 25 mmol/L, [water] = 12 
mol/L, Dropping rate: 2 mL/min, Volume of the reducing solution: 10 mL. 

 
Table 4.3.4.B The atomic weight (%) of each element in carboxylated graphene 

Element atomic weight % 
C (carbon) 92.40 
O (Oxygen) 4.27 
Au (Gold) 3.33 

 
Figure (4.3.5.a) represents SEM image of carboxylated graphene. Figure (4.3.5.b) shows the 
transmission electron microscopy (TEM) image of carboxylated graphene in which 
carboxylated graphene sheets consisting of layers stacked eah other with less wrinkles and 
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foldings. Figure (4.3.5.c) is the high resolution transmission electron microscopy (HRTEM) 
image of carboxylated graphene sheet showing the lattice fringes.  

(a) (b) 

 

(c) 
 

Figure 4.3.5 (a) SEM image of carboxylated graphene, (b) TEM image of carboxylated 
graphene and (c) HRTEM image of carboxylated graphene. [Fe(acac)3] = 30mmol/L (V = 
50 mL), Reducing acid solution containing [ascorbic acid] = 25 mmol/L, [water] = 12 
mol/L, Dropping rate: 2 mL/min, Volume of the reducing solution: 10 mL. 

 
All obvious peaks in Figure 4.3.6 are labeled and can be ascribed to Fe, O, and C. Figure 4.3.7 
shows the XPS spectrum of Fe 2p region for Fe3O4 nanoparticles in graphene-Fe3O4 
nanocomposite. The Fe 2p spectrum can be deconvoluted into five peaks at 710.29 eV, 711 eV, 
719.06 eV, 722.90 eV, and 724.70 eV. Photoelectron peak at binding energy of 724.70 eV 
corresponds to 2p1/2 of Fe3+ ion; the peak at binding energy of 722.90 eV can be assigned 
to2p1/2 of Fe2+ ions. The peaks at 710.29 eV and 711 eV can be assigned to 2p3/2 of Fe2+ and 
Fe3+ ions. The peak at 719.06 eV is a satellite peak for above four peaks [34]. 
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Figure 4.3.6 XPS survey or full scan spectrum of graphene-Fe3O4 nanocomposite. 
[Fe(acac)3] = 30mmol/L (V = 50 mL), Reducing acid solution containing [ascorbic acid] = 
25 mmol/L, [water] = 12 mol/L, Dropping rate: 2 mL/min, Volume of the reducing solution: 
10 mL. 
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Figure 4.3.7 XPS of Fe2p region for Fe3O4 nanoparticles in graphene-Fe3O4 
nanocomposite. [Fe(acac)3] = 30mmol/L (V = 50 mL), Reducing acid solution containing 
[ascorbic acid] = 25 mmol/L, [water] = 12 mol/L, Dropping rate: 2 mL/min, Volume of the 
reducing solution: 10 mL. 
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Figure 4.3.8 represents XPS spectra of as synthesized graphene-Fe3O4 nanocomposite. C1s 
peak was set to 284.8eV to normalize any peak shifts. The C 1s spectrum (Figure 4.3.8.a) can 
be deconvoluted into three main peaks at 284.42 eV, 288.43 eV and 285.33 eV attributable to 
C-C type bond, C-O type bond and C=O type bonding, respectively. O 1s spectrum (Figure 
4.3.8.b) can be deconvoluted into three peaks centered at 531.10 eV, 532.43 eV and 530.04 eV 
attributable to Fe-O-C bond, C-O bond and Fe-O bond, respectively. The Fe-O-C linkage 
suggests interfacial interaction between Fe3O4 and graphene and ensured the strong interaction, 
structural stability of graphene-Fe3O4 nanocomposite. The results were consistent with 
reported data [35]. 
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Figure 4.3.8 XPS spectrum of Graphene-Fe3O4 nanocomposite. 
(a) C 1s spectrum and (b) O 1s spectrum. 

 [Fe(acac)3] = 30mmol/L (V = 50 mL), Reducing acid solution containing [ascorbic 
acid] = 25 mmol/L, [water] = 12 mol/L, Dropping rate: 2 mL/min, Volume of the 
reducing solution: 10 mL. 

 
Size, shape and morphology of graphene-Fe3O4 nanocomposite and bare Fe3O4 nanoparticles 
were characterized by SEM and TEM. Figure (4.3.9a and 4.3.9b) represents TEM images of 
graphene-Fe3O4 nanocomposite. It is evident that the two-dimensional graphene sheets are 
decorated by Fe3O4 nanoparticles. Average size of Fe3O4 nanoparticles was found to be 10 
nm. Aggregation of Fe3O4 nanoparticles was not observed on graphene sheet. While making 
the samples for TEM analysis, even after vigorous ultrasonication, Fe3O4 nanoparticles were 
firmly attached on graphene sheets indicating strong interaction between the two. Figure 
(4.3.9c and 4.3.9d) shows SEM image of graphene-Fe3O4 nanocomposite. It is observable that 
Fe3O4 nanoparticles are distributed over graphene sheet. For comparison, SEM and TEM 
images of Fe3O4 nanoparticles synthesized separately (without using graphene) are displayed 
in Figure (4.3.9e and 4.3.9f). Fe3O4 nanoparticles of the same size of about 10 nm were 
obtained. However, aggregation of Fe3O4 nanoparticles is observable.  
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Figure 4.3.9 (a, b) TEM images of graphene-Fe3O4 nanocomposite, (c, d) SEM images of 
graphene-Fe3O4 nanocomposite, (e and f) SEM and TEM image of bare Fe3O4 
nanoparticles. [Fe(acac)3] = 30mmol/L (V = 50 mL), Reducing acid solution containing 
[ascorbic acid] = 25 mmol/L, [water] = 12 mol/L, Dropping rate: 2 mL/min, Volume of the 
reducing solution: 10 mL. 

 
 
Figure 4.3.10.A represents the EDAX spectrum of graphene-Fe3O4 nanocomposite. Major 
elements found are: carbon, oxygen, iron, and gold (which arises due to the fact that the samples 



95 
 

were coated with gold for SEM observations). 
 

 

Figure 4.3.10.A EDAX spectrum of graphene-Fe3O4 nanocomposite. [Fe(acac)3] = 
30mmol/L (V = 50 mL), Reducing acid solution containing [ascorbic acid] = 25 mmol/L, 
[water] = 12 mol/L, Dropping rate: 2 mL/min, Volume of the reducing solution: 10 mL. 

 
Table 4.3.10.B The atomic weight % of each element in graphene-Fe3O4 nanocomposite. 

Element Atomic weight (%) 
C (carbon) 76.94 
O (Oxygen) 9.39 

Fe (Iron) 10.32 
Au (Gold) 3.35 

Figure 4.3.11 represents Raman spectra of graphene (Figure 4.3.11a) and graphene-Fe3O4 
nanocomposite (Figure 4.3.11b). Raman spectrum of graphene exhibits G-band at 1580 cm-1, 
D-band at 1350 cm-1 and 2D band at 2717 cm-1. Raman spectrum of graphene-Fe3O4 
nanocomposite shows G-band at 1581 cm-1, D-band at 1352 cm-1 and 2D band at 2717 cm-1 
which is similar to Raman spectra of graphene. D and G bands are corresponding to sp3-
hybridized carbon and sp2-hybridized carbon [34]. It is observed that ID/IG ratio of graphene-
Fe3O4  (0.97) nanocomposite was greater than ID/IG ratio of graphene (0.51) which indicates 
the presence of some unrepaired defects and interaction between Fe3O4 and graphene. This is 
consistent with earlier observations by other researchers [37, 38]. 
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Figure 4.3.11 Raman spectra (a) graphene and (b) graphene-Fe3O4 nanocomposite. 
[Fe(acac)3] = 30mmol/L (V = 50 mL), Reducing acid solution containing [ascorbic acid] = 
25 mmol/L, [water] = 12 mol/L, Dropping rate: 2 mL/min, Volume of the reducing solution: 
10 mL. 

 
4.4 Concluding remarks 
A new method to synthesize graphene-Fe3O4 nanocomposite is developed. Graphene 
functionalized with carboxylic group was added during the chemical synthesis of Fe3O4 

nanoparticles by reduction of Fe(acac)3 using ascorbic acid to get Graphene-Fe3O4 
nanocomposite, wherein the monodisperse spherical nanoparticles of Fe3O4 of 10 nm diameter 
remains attached to graphene surface. Physico-chemical characterization of the synthesized 
nanocomposite is done using scanning electron microscopy, transmission electron microscopy, 
X-ray diffraction, X-ray photoelectron spectroscopy, Raman and Fourier Transform Infra-red 
spectroscopy in order to understand different physico-chemical parameters and properties of 
the synthesized material. TEM shows that Fe3O4 nanoparticles of about 10 nm diameter were 
decorated on graphene. FTIR and XPS confirm the carboxylation or surface functionalization 
of graphene. XPS also confirms formation of Fe3O4 nanoparticles and chemical bond between 
graphene and Fe3O4 nanoparticles. Method presented herewith should prove to be useful for 
synthesis of graphene-Fe3O4 nanocomposite for application in cancer hyperthermia. Further 
uploading of drug molecules on the graphene-Fe3O4 nanocomposite should be possible for 
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applications in biomedical science. 
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Chapter 5: Summary, Conclusion and Future Scope 
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This work is intended to the development of synthetic route for synthesis of Fe3O4 

nanoparticles by ascorbic acid mediated reduction of Fe(acac)3 in which size control of Fe3O4 
nanoparticles is possible. Synthesis and size control of Fe3O4 nanoparticles was achieved by 
controlling the reaction parameters. Synthesized nanoparticles were characterized by standard 
scientific techniques. Relationship between the reaction parameters and particle size, 
composition, crystallinity was studied. 
 
This dissertation describes motivation of this work and a brief introduction about 
nanotechnology, nanobiotechnology, nanomaterials, nanoparticles, Types of nanoparticles, 
applications of nanoparticles, different synthesis methods for nanoparticles their merits and 
demerits, properties of magnetite (Fe3O4), applications of nanoparticles. It also represents a 
brief study on synthesis of Fe3O4 nanoparticles by different methods and different Fe3O4 
nanoparticle synthesis mechanisms.  
 
The synthesis of Fe3O4 nanoparticles at different reaction parameters was carried out and 
characterization techniques used for characterizing Fe3O4 nanoparticles are represented. 
Synthesis procedures at different reaction parameters for estimating decomposition efficiency 
and synthesis of Fe3O4 nanoparticles are explained. Synthesis and mechanism of Fe3O4 
formation by ascorbic acid mediated reduction of Fe(acac)3 is described.  Decomposition 
efficiency of Fe(acac)3, Synthesis of Fe3O4 nanoparticles by ascorbic acid mediated reduction 
of Fe(acac)3 and effect of various reaction parameters on nanoparticle diameter and 
crystallinity have been studied. Decomposition efficiency of Fe(acac)3 was estimated at 
different addition temperatures and ultrapure water concentrations. Decomposition efficiency 
(%) of Fe(acac)3 increases with respect to increase in addition temperature, this may be due to 
rate of reaction increases as addition temperature increases. It was also observed that 
decomposition efficiency increases with respect to time showing that precursor gets reduced 
by ascorbic acid. There was no significant effect of ultrapure water concentration changes on 
decomposition efficiency. At 60 °C, after 25 minutes decomposition efficiency was found to be 
33.57%, indicating 1/3 reduction of precursor Fe(acac)3 by ascorbic acid. When reactants were 
added in stoichiometric ratio the decomposition efficiency of Fe(acac)3 after the completion of 
reaction was in the range of 90-100%, shows that almost all precursor was utilized in reaction. 
 
Effect of addition temperature on Fe3O4 nanoparticle diameter: It was observed that magnetite 
(Fe3O4) can be synthesized when addition of reducing acid solution was carried out at room 
temperature but the sample was largely aggregated. Fe3O4 nanoparticles having size 29±9 nm 
were synthesized at addition temperature of 60 °C. Fe3O4 nanoparticles with diameter 33±3 
nm and 42±5 nm were successfully synthesized at 1.2 M ultrapure water concentration and 
addition temperature of 70 °C and 80 °C respectively. At 1.2 M ultrapure water concentration 
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Fe3O4 nanoparticle size increases with increase in addition temperature. 
 
Effect of ultrapure water concentration on Fe3O4 nanoparticle diameter: Fe3O4 nanoparticles 
having diameter 22±6 nm and 8±2 nm were successfully synthesized at addition temperature 
of 60 °C, 80 °C and at 12 M ultrapure water. Fe3O4 nanoparticle size decreases with increase 
in ultrapure water concentration. 
 
Size controlled synthesis of Fe3O4 nanoparticles having diameter 15±4 nm was successfully 
carried out at 12 M ultrapure water concentration and at addition temperature of 70 °C. 
Reaction parameters were optimized to synthesize size controlled Fe3O4 nanoparticles with 
diameter 15 ± 4 nm. At addition temperature of 70 °C Fe3O4 nanoparticle size decreases with 
increase in ultrapure water concentration. 
 
Ascorbic acid mediated reduction of Fe(acac)3 was also carried out in absence of ultrapure 
water (0 M water). Fe3O4 nanoparticles are observed to form with addition of water; whereas 
Fe/iron oxide nanoparticles are formed in absence of water. It was observed that such Fe 
nanoparticles get oxidized to form Fe/iron oxide nanoparticles due to exposure to air 
atmosphere. Reproducible synthesis of Fe/iron oxide nanoparticles having size 7 ± 1 nm was 
achieved.  
 
Effect of Fe(acac)3 concentration on Fe3O4 nanoparticle diameter: Fe3O4 nanoparticles with 
diameter 9±1 nm and 108±21 nm were synthesized at 50 mM and 15 mM Fe(acac)3 
concentrations respectively. Results show that Fe3O4 nanoparticle size decreases with increase 
in Fe(acac)3 concentration and size increases with decrease in Fe(acac)3 concentration.  
 
Effect of ascorbic acid concentration on Fe3O4 nanoparticle diameter: Fe3O4 nanoparticles 
having diameter 9±3 nm and 76±29 nm were synthesized at 0.05 M and 0.005 M ascorbic acid 
concentration. At addition temperature of 70 °C nanoparticle size is inversely proportional to 
the concentration of ascorbic acid. 
 
Effect of dropping rate on Fe3O4 nanoparticle diameter: Fe3O4 nanoparticles having diameter 
8±2 nm and 23±5 nm were synthesized at 1 mL/min and 3 mL/min dropping rate. At 70 °C 
Fe3O4 nanoparticle size is directly proportional to dropping rate of ascorbic acid solution. 
 
A new method developed to synthesize graphene-Fe3O4 nanocomposite is developed. 
Graphene functionalized with carboxylic group was added during the chemical synthesis of 
Fe3O4 nanoparticles by reduction of Fe(acac)3 using ascorbic acid to get Graphene-Fe3O4 
nanocomposite, wherein the monodisperse spherical nanoparticles of Fe3O4 of 10 nm diameter 
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remains attached to graphene surface. TEM shows that Fe3O4 nanoparticles of about 10 nm 
diameter were decorated on graphene. FTIR and XPS confirm the carboxylation or surface 
functionalization of graphene. XPS also confirms formation of Fe3O4 nanoparticles and 
chemical bond between graphene and Fe3O4 nanoparticles. Method presented herewith should 
prove to be useful for synthesis of graphene-Fe3O4 nanocomposite for application in cancer 
hyperthermia.  
 
This work may provide solution for the problems related to synthesis of Fe3O4 nanoparticles 
such as size control and reproducibility with much clearer Fe3O4 formation mechanism. The 
efforts presented in this work may be one of the pronounced references in the future researches 
in the field of magnetite nanoparticle synthesis. Method presented herewith should prove to be 
very useful for synthesis of Fe3O4 nanoparticles, having surface available for further use such 
as uploading of drug molecules for bio-medical applications. This research in future can be 
oriented in different directions such as: (a) scaling up this synthesis method, (b) study of 
magnetic properties of Fe3O4 nanoparticles synthesized by ascorbic acid mediated reduction 
of Fe(acac)3 and (c) applications in cancer hyperthermia. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Table index 
1. Table 1.5 Merits and demerits of different nanoparticle synthesis methods 
2. Table 1.6 Different properties of  Fe3O4 nanoparticles, their value and details. 
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3. Table 3.1.2.D Absorbance, Fe(acac)3 Initial – Fe(acac)3 not reacted concentration at 
different time interval and addition temperatures and at 1.2M ultrapure water concentration. 

4. Table 3.1.2.E Decomposition efficiency of Fe(acac)3 at different time interval and when 
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6. Table 3.1.3.D Absorbance, Fe(acac)3 Initial – Fe(acac)3 not reacted concentration at 
different time interval and addition temperatures and at 2.4 M ultrapure water 
concentration. 
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60°C, 70°C and 80°C and at 2.4 M ultrapure water concentration. 
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and without addition of water during the synthesis process. 
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Volume of the reducing solution: 10 mL. 

16. Figure 3.1.2.B UV-visible spectra of samples taken at different time interval and when 
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18. Figure 3.1.2.F Comparison of decomposition efficiency of Fe(acac)3. [Fe(acac)3] = 
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19. Figure 3.1.2.G Final decomposition efficiency of Fe(acac)3 after reaction completion at 
different addition temperature at 60 °C (a), at 70 °C (b), at 80 °C (c). [Fe(acac)3] = 
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[water] = 1.2 mol/L, Dropping rate: 2 mL/min, Volume of the reducing solution: 10 mL. 

20. Figure 3.1.3.A UV-visible spectra of samples taken at different time interval and when 
addition carried out at 60 °C. [Fe(acac)3] = 30mmol/L (V = 50 mL), Reducing acid solution 
containing [ascorbic acid] = 25 mmol/L, [water] = 2.4 mol/L, Dropping rate: 2 mL/min, 
Volume of the reducing solution: 10 mL. 

21. Figure 3.1.3.B UV-visible spectra of samples taken at different time interval and when 
addition carried out at 70 °C. [Fe(acac)3] = 30mmol/L (V = 50 mL), Reducing acid solution 
containing [ascorbic acid] = 25 mmol/L, [water] = 2.4 mol/L, Dropping rate: 2 mL/min, 
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Volume of the reducing solution: 10 mL. 
22. Figure 3.1.3.C UV-visible spectra of samples taken at different time interval and when 

addition carried out at 80 °C. [Fe(acac)3] = 30mmol/L (V = 50 mL), Reducing acid solution 
containing [ascorbic acid] = 25 mmol/L, [water] = 2.4 mol/L, Dropping rate: 2 mL/min, 
Volume of the reducing solution: 10 mL. 

23. Figure 3.1.3.G Final decomposition efficiency of Fe(acac)3 after reaction completion at 
different addition temperature at 60 °C (a), at 70 °C (b), at 80 °C (c). [Fe(acac)3] = 
30mmol/L (V = 50 mL), Reducing acid solution containing [ascorbic acid] = 25 mmol/L, 
[water] = 2.4 mol/L, Dropping rate: 2 mL/min, Volume of the reducing solution: 10 mL. 

24. Figure 3.1.3.H UV-visible spectra of samples taken at different time interval and when 
addition carried out at 60 °C. [Fe(acac)3] = 30mmol/L (V = 50 mL), Reducing acid solution 
containing [ascorbic acid] = 25 mmol/L, [water] = 12 mol/L, Dropping rate: 2 mL/min, 
Volume of the reducing solution: 10 mL. 

25. Figure 3.1.3.I UV-visible spectra of samples taken at different time interval and when 
addition carried out at 70 °C. [Fe(acac)3] = 30mmol/L (V = 50 mL), Reducing acid solution 
containing [ascorbic acid] = 25 mmol/L, [water] = 12 mol/L, Dropping rate: 2 mL/min, 
Volume of the reducing solution: 10 mL. 

26. Figure 3.1.3.J UV-visible spectra of samples taken at different time interval and when 
addition carried out at 80 °C. [Fe(acac)3] = 30mmol/L (V = 50 mL), Reducing acid solution 
containing [ascorbic acid] = 25 mmol/L, [water] = 12 mol/L, Dropping rate: 2 mL/min, 
Volume of the reducing solution: 10 mL. 

27. Figure 3.1.3.M Comparison between decomposition efficiency of Fe(acac)3 (%) at 
different addition temperature and at different ultrapure water concentration. 

28. Figure 3.1.3.N Final decomposition efficiency of Fe(acac)3 after reaction completion at 
different addition temperature at 60 °C (a), at 70 °C (b), at 80 °C (c). [Fe(aca)3] = 30mmol/L 
(V = 50 mL), Reducing acid solution containing [ascorbic acid] = 25 mmol/L, [water] = 
12 mol/L, Dropping rate: 2 mL/min, Volume of the reducing solution: 10 mL. 

29. Figure 3.2.1.A XRD pattern of sample prepared when addition done at room temperature 
(Sample A), addition done at 60°C (Sample B). [Fe(acac)3] = 30mmol/L (V = 50 mL), 
Reducing acid solution containing [ascorbic acid] = 25 mmol/L, [water] = 1.2 mol/L, 
Dropping rate: 2 mL/min, Volume of the reducing solution: 10 mL. 

30. Figure 3.2.1.B EDAX pattern of sample prepared when addition done at room temperature 
(23°C), (Sample A). [Fe(acac)3] = 30mmol/L (V = 50 mL), Reducing acid solution 
containing [ascorbic acid] = 25 mmol/L, [water] = 1.2 mol/L, Dropping rate: 2 mL/min, 
Volume of the reducing solution: 10 mL. 

31. Figure 3.2.1.C EDAX pattern of sample prepared when addition done at 60°C (sample B). 
[Fe(acac)3] = 30mmol/L (V = 50 mL), Reducing acid solution containing [ascorbic acid] 
= 25 mmol/L, [water] = 1.2 mol/L, Dropping rate: 2 mL/min, Volume of the reducing 
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solution: 10 mL. 
32. Figure 3.2.1.D HRTEM images of samples synthesized at 1.2M ultrapure water, addition 

at room temperature (a, b), ataddition temperature of 60 °C with particle diameter 
distribution histogram (c). [Fe(acac)3] = 30mmol/L (V = 50 mL), Reducing acid solution 
containing [ascorbic acid] = 25 mmol/L, [water] = 1.2 mol/L, Dropping rate: 2 mL/min, 
Volume of the reducing solution: 10 mL. 

33. Figure 3.2.1.E XRD pattern of sample prepared when addition done at 70 °C (Sample a), 
addition done at 80 °C (Sample b). [Fe(acac)3] = 30mmol/L (V = 50 mL), Reducing acid 
solution containing [ascorbic acid] = 25 mmol/L, [water] = 1.2 mol/L, Dropping rate: 2 
mL/min, Volume of the reducing solution: 10 mL. 

34. Figure 3.2.1.F EDAX spectrum of sample prepared when addition done at 70 °C (sample 
a). [Fe(acac)3] = 30mmol/L (V = 50 mL), Reducing acid solution containing [ascorbic acid] 
= 25 mmol/L, [water] = 1.2 mol/L, Dropping rate: 2 mL/min, Volume of the reducing 
solution: 10 mL. 

35. Figure 3.2.1.G EDAXspectrum of sample prepared when addition done at 80°C (sample 
b). [Fe(acac)3] = 30mmol/L (V = 50 mL), Reducing acid solution containing [ascorbic 
acid] = 25 mmol/L, [water] = 1.2 mol/L, Dropping rate: 2 mL/min, Volume of the reducing 
solution: 10 mL. 

36. Figure 3.2.1.H HRTEM images and particle diameter distribution histogram of 
nanoparticles prepared at 1.2M ultrapure water concentration: TEM (a) image of 
nanoparticles at addition temperature 70 °C and TEM (b) image of sample at addition 
temperature 80 °C. [Fe(acac)3] = 30mmol/L (V = 50 mL), Reducing acid solution 
containing [ascorbic acid] = 25 mmol/L, [water] = 1.2 mol/L, Dropping rate: 2 mL/min, 
Volume of the reducing solution: 10 mL. 

37. Figure 3.2.2.A XRD pattern of sample prepared when addition done at 60 °C (a), addition 
done at 80 °C(b). [Fe(acac)3] = 30mmol/L (V = 50 mL), Reducing acid solution containing 
[ascorbic acid] = 25 mmol/L, [water] = 12 mol/L, Dropping rate: 2 mL/min, Volume of the 
reducing solution: 10 mL. 

38. Figure 3.2.2.B EDAX spectrum of sample prepared when addition done at 60 °C. 
[Fe(acac)3] = 30 mmol/L (V = 50 mL), Reducing acid solution containing [ascorbic acid] 
= 25 mmol/L, [water] = 12 mol/L, Dropping rate: 2 mL/min, Volume of the reducing 
solution: 10 mL. 

39. Figure 3.2.2.C EDAX spectrum of sample prepared when addition done at 80°C. 
[Fe(acac)3] = 30mmol/L (V = 50 mL), Reducing acid solution containing [ascorbic acid] 
= 25 mmol/L, [water] = 12 mol/L, Dropping rate: 2 mL/min, Volume of the reducing 
solution: 10 mL. 

40. Figure 3.2.2.D HRTEM images and particle diameter distribution histogram of sample 
prepared when addition done at 60 °C (a), addition done at 80 °C (b). [Fe(acac)3] = 30 
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mmol/L (V = 50 mL), Reducing acid solution containing [ascorbic acid] = 25 mmol/L, 
[water] = 12 mol/L, Dropping rate: 2 mL/min, Volume of the reducing solution: 10 mL. 

41. Figure 3.2.2.E X-ray diffraction pattern of sample prepared with addition of ascorbic acid 
at 70 °C and reflux for 1 hour. [Fe(acac)3] = 30mmol/L (V = 50 mL), Reducing acid 
solution containing [ascorbic acid] = 25 mmol/L, [water] = 12 mol/L, Dropping rate: 2 
mL/min, Volume of the reducing solution: 10 mL. 

42. Figure 3.2.2.F HRTEM images (a, b) and particle diameter distribution histogram of 
Fe3O4 nanoparticles at addition temperature of 70 °C. [Fe(acac)3] = 30mmol/L (V = 50 
mL), Reducing acid solution containing [ascorbic acid] = 25 mmol/L, [water] = 12 mol/L, 
Dropping rate: 2 mL/min, Volume of the reducing solution: 10 mL. 

43. Figure 3.2.2.G EDAX analysis of Fe3O4 nanoparticles sample. [Fe(acac)3] = 30mmol/L 
(V = 50 mL), Reducing acid solution containing [ascorbic acid] = 25 mmol/L, [water] = 
12 mol/L, Dropping rate: 2 mL/min, Volume of the reducing solution: 10 mL. 

44. Figure 3.2.2.H  Survey XPS scan (a), C1s spectrum of C (b),  
[Fe(acac)3] = 30 mmol/L (V = 50 mL), addition temperature of 70 °C, Reducing acid 
solution containing [ascorbic acid] = 25 mmol/L, [water] = 12 mol/L, Dropping rate: 2 
mL/min, Volume of the reducing solution: 10 mL. 

45. Figure 3.2.2.I XPS spectra of Fe3O4 nanoparticles Fe2p region. [Fe(acac)3] = 30 mmol/L 
(V = 50 mL), Reducing acid solution containing [ascorbic acid] = 25 mmol/L, addition 
temperature of 70 °C, [water] = 12 mol/L, Dropping rate: 2 mL/min, Volume of the 
reducing solution: 10 m. 

46. Figure 3.2.2.J XRD pattern of sample prepared without ultrapure water.  
[Fe(acac)3] = 30mmol/L (V = 50 mL), at 70 °C, Reducing acid solution containing 
[ascorbic acid] = 25 mmol/L, [water] = 0 mol/L, Dropping rate: 2 mL/min, Volume of the 
reducing solution: 10 mL. 

47. Figure 3.2.2.K EDAX spectrum of sample prepared without ultrapure water.  
[Fe(acac)3] = 30mmol/L (V = 50 mL), at 70 °C, Reducing acid solution containing 
[ascorbic acid] = 25 mmol/L, [water] = 0 mol/L, Dropping rate: 2 mL/min, Volume of the 
reducing solution: 10 mL. 

48. Figure 3.2.2.M HRTEM images of Fe3O4 nanoparticles prepared without using ultrapure 
water at 70 °C, Fe/iron oxide nanoparticles prepared without ultrapure water (a, b). 
[Fe(acac)3] = 30 mmol/L (V = 50 mL), Reducing acid solution containing [ascorbic acid] 
= 25 mmol/L, [water] = 0 mol/L, Dropping rate: 2 mL/min, Volume of the reducing 
solution: 10 mL. 

49. Figure 3.2.2.N Survey XPS scan (a), C1s spectrum of C (b), XPS Fe2p spectrum of sample 
prepared without using ultrapure water 0 mol/L (c) 

        [Fe(acac)3] = 30 mmol/L (V = 50 mL), reducing acid solution containing [ascorbic acid] = 
25 mmol/L, Dropping rate: 2 mL/min, Volume of the reducing solution: 10 mL. 
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50. Figure 3.2.2.O O1s spectrum of O in sample prepared with water 12 mol/L (a), O1s 
spectrum of O in sample prepared without water i.e. 0 mol/L (b), 
[Fe(acac)3] = 30 mmol/L (V = 50 mL), reducing acid solution containing [ascorbic acid] = 
25 mmol/L, Dropping rate: 2 mL/min, Volume of the reducing solution: 10 mL. 

51. Figure 3.2.3.A XRD pattern of sample prepared with addition of ascorbic acid at 70°C and  
at different precursor [Fe(acac)3] (V= 50 mL) concentrations, (a) at 15mM Fe(acac)3, (b) 
at 50mM Fe(acac)3. Reducing acid solution containing [ascorbic acid] = 25 mmol/L, 
[water] = 12 mol/L, Dropping rate: 2 mL/min, Volume of the reducing solution: 10 mL.. 

52. Figure 3.2.3.B EDAX spectrum of sample prepared with addition of ascorbic acid at 70 °C 
and  at 15 mM precursor [Fe(acac)3] (V = 50 mL) concentration. Reducing acid solution 
containing [ascorbic acid] = 25 mmol/L, [water] = 12 mol/L, Dropping rate: 2 mL/min, 
Volume of the reducing solution: 10 mL. 

53. Figure 3.2.3.C  EDAX spectrum of sample prepared with addition of ascorbic acid at 70 °C 
and  at 50 mM precursor [Fe(acac)3] (V = 50 mL) concentration. Reducing acid solution 
containing [ascorbic acid] = 25 mmol/L, [water] = 12 mol/L, Dropping rate: 2 mL/min, 
Volume of the reducing solution: 10 mL. 

54. Figure 3.2.3.D TEM and HRTEM images and particle diameter distribution histogram of 
nanoparticles prepared at addition temperature at   70 °C and at different precursor 
concentration, (a) TEM images of nanoparticles at 15 mM [Fe(acac)3] (V = 50 mL) 
concentration, (b) HRTEM images of nanoparticles at 50 mM [Fe(acac)3] (V = 50 mL) 
concentration. Reducing acid solution containing [ascorbic acid] = 25 mmol/L, [water] = 
12 mol/L, Dropping rate: 2 mL/min, Volume of the reducing solution: 10 mL. 

55. Figure 3.2.4.A X-ray diffraction pattern of sample prepared with addition temperature at 
70 °C and reducing acid solution containing [ascorbic acid], (a) at 0.05 M, (b) at 0.005 M. 
[Fe(acac)3] = 30 mmol/L (V = 50 mL), [water] = 12 mol/L, Dropping rate: 2 mL/min, 
Volume of the reducing solution: 10 mL. 

56. Figure 3.2.4.B EDAX spectrum of sample prepared with addition temperature of 70 °C 
and  reducing acid solution containing [ascorbic acid] 0.005 M. [Fe(acac)3] = 30mmol/L 
(V = 50 mL), [water] = 12 mol/L, Dropping rate: 2 mL/min, Volume of the reducing 
solution: 10 mL. 

57. Figure 3.2.4.B EDAX spectrum of sample prepared with addition temperature of 70 °C 
and reducing acid solution containing [ascorbic acid] 0.05 M. [Fe(acac)3] = 30 mmol/L (V 
= 50 mL), [water] = 12 mol/L, Dropping rate: 2 mL/min, Volume of the reducing solution: 
10 mL. 

58. Figure 3.2.4.D HRTEM images and particle diameter distribution histogram of 
nanoparticles prepared at addition temperature of   70 °C and at different ascorbic acid 
concentrations, (a) HRTEM images of nanoparticles at 0.005 M ascorbic acid 
concentration, (b) HRTEM images of nanoparticles at 0.05M ascorbic acid concentration. 
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[Fe(acac)3] = 30 mmol/L (V = 50 mL), [water] = 12 mol/L, Dropping rate: 2 mL/min, 
Volume of the reducing solution: 10 mL. 

59. Figure 3.2.5.A X-ray diffraction pattern of sample prepared with addition temperature at 
70 °C and at 1 mL/min dropping rate. [Fe(acac)3] = 30 mmol/L (V = 50 mL), Reducing 
acid solution containing [ascorbic acid] = 25 mmol/L, [water] = 12 mol/L, Volume of the 
reducing solution: 10 mL. 

60. Figure 3.2.5.B EDAX spectrum of sample prepared with addition temperature of 70 °C 
and at dropping rate of 1 mL/min. [Fe(acac)3] = 30 mmol/L (V = 50 mL), Reducing acid 
solution containing [ascorbic acid] = 25 mmol/L, [water] = 12 mol/L, Volume of the 
reducing solution: 10 mL. 

61. Figure 3.2.5.C HRTEM images and particle diameter distribution histogram of 
nanoparticles prepared at addition temperature of   70 °C and at 1 mL/min dropping rate. 
[Fe(acac)3] = 30 mmol/L (V = 50 mL), Reducing acid solution containing [ascorbic acid] 
= 25 mmol/L, [water] = 12 mol/L, Volume of the reducing solution: 10 mL. 

62. Figure 4.1.1.A Chemical structure of graphene (a) [4], TEM image of graphene (b). 
63. Figure 4.3.1 FTIR spectrum of carboxylated graphene. [Fe(acac)3] = 30mmol/L (V = 50 

mL), Reducing acid solution containing [ascorbic acid] = 25 mmol/L, [water] = 12 mol/L, 
Dropping rate: 2 mL/min, Volume of the reducing solution: 10 mL. 

64. Figure 4.3.2 XPS survey or full scan spectrum of carboxylated graphene. [Fe(acac)3] = 
30mmol/L (V = 50 mL), Reducing acid solution containing [ascorbic acid] = 25 mmol/L, 
[water] = 12 mol/L, Dropping rate: 2 mL/min, Volume of the reducing solution: 10 mL. 

65. Figure 4.3.3 (a) XPS - C1s spectra of carboxylated graphene, (b) XPS-O1s spetra of 
carboxylated graphene. [Fe(acac)3] = 30mmol/L (V = 50 mL), Reducing acid solution 
containing [ascorbic acid] = 25 mmol/L, [water] = 12 mol/L, Dropping rate: 2 mL/min, 
Volume of the reducing solution: 10 mL. 

66. Figure 4.3.4.A EDAX spectum of carboxylated graphene. [Fe(acac)3] = 30mmol/L (V = 
50 mL), Reducing acid solution containing [ascorbic acid] = 25 mmol/L, [water] = 12 
mol/L, Dropping rate: 2 mL/min, Volume of the reducing solution: 10 mL. 

67. Figure 4.3.5 (a) SEM image of carboxylated graphene, (b) TEM image of carboxylated 
graphene and (c) HRTEM image of carboxylated graphene. [Fe(acac)3] = 30mmol/L (V = 
50 mL), Reducing acid solution containing [ascorbic acid] = 25 mmol/L, [water] = 12 
mol/L, Dropping rate: 2 mL/min, Volume of the reducing solution: 10 mL. 

68. Figure 4.3.6 XPS survey or full scan spectrum of graphene-Fe3O4 nanocomposite. 
[Fe(acac)3] = 30mmol/L (V = 50 mL), Reducing acid solution containing [ascorbic acid] 
= 25 mmol/L, [water] = 12 mol/L, Dropping rate: 2 mL/min, Volume of the reducing 
solution: 10 mL. 

69. Figure 4.3.7 XPS of Fe2p region for Fe3O4 nanoparticles in graphene-Fe3O4 
nanocomposite. [Fe(acac)3] = 30mmol/L (V = 50 mL), Reducing acid solution containing 
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[ascorbic acid] = 25 mmol/L, [water] = 12 mol/L, Dropping rate: 2 mL/min, Volume of the 
reducing solution: 10 mL. 

70. Figure 4.3.8 XPS spectrum of Graphene-Fe3O4 nanocomposite. 
C 1s spectrum and (b) O 1s spectrum. [Fe(acac)3] = 30mmol/L (V = 50 mL), Reducing 
acid solution containing [ascorbic acid] = 25 mmol/L, [water] = 12 mol/L, Dropping rate: 
2 mL/min, Volume of the reducing solution: 10 mL. 

71. Figure 4.3.9 (a, b) TEM images of graphene-Fe3O4 nanocomposite, (c, d) SEM images of 
graphene-Fe3O4 nanocomposite, (e and f) SEM and TEM image of bare Fe3O4 
nanoparticles. [Fe(acac)3] = 30mmol/L (V = 50 mL), Reducing acid solution containing 
[ascorbic acid] = 25 mmol/L, [water] = 12 mol/L, Dropping rate: 2 mL/min, Volume of the 
reducing solution: 10 mL. 

72. Figure 4.3.10.A EDAX spectrum of graphene-Fe3O4 nanocomposite. [Fe(acac)3] = 
30mmol/L (V = 50 mL), Reducing acid solution containing [ascorbic acid] = 25 mmol/L, 
[water] = 12 mol/L, Dropping rate: 2 mL/min, Volume of the reducing solution: 10 mL. 

73. Figure 4.3.11 Raman spectra (a) graphene and (b) graphene-Fe3O4 nanocomposite. 
[Fe(acac)3] = 30mmol/L (V = 50 mL), Reducing acid solution containing [ascorbic acid] 
= 25 mmol/L, [water] = 12 mol/L, Dropping rate: 2 mL/min, Volume of the reducing 
solution: 10 mL. 
 
 

 
 
 

 

 

 

 

 

 

 

 

 

LIST OF RESEARCH ACHIEVEMENTS 

I. PUBLICATIONS 
1. Size controlled synthesis of Fe3O4 nanoparticles by ascorbic acid mediated reduction of 

Fe(acac)3 without using capping agent.  



111 
 

Ajinkya Nene, M. Takahashi, K. Wakita, M. Umeno, Journal of 
Nano Research. 40(2016) 8-19. 

 
2. Synthesis and characterization of graphene-Fe3O4 nanocomposite.  

Ajinkya G. Nene, M. Takahashi, P. R. Somani, H. Aryal, K. Wakita, M. Umeno, 
Carbon - Science and Technology. 8 (2016) 13 - 24. 

 
3. Fe3O4 and Fe nanoparticles by chemical reduction of Fe(acac)3 by ascorbic acid: Role of 

Water. 
Ajinkya G. Nene, M. Takahashi, P. R. Somani, 
World Journal of Nano Science and Engineering. 6(2016) 20 - 28.  

 

II. PUBLICATIONS IN PROCEEDINGS 
1.  “Synthesis and size control of Fe3O4 nanoparticles by reduction of Fe(acac)3 using 

ascorbic acid”, Ajinkya G. Nene, M. Takahashi, K. Wakita, P. Somani, M. Umeno, 
Global Conference in Engineering and Applied Science, Hokkaido, Japan (2016), 806-
808, ISBN 978-986-5654-24-5. 

 

III. INTERNATIONAL CONFERENCE PRESENTATIONS 
1.  “Synthesis and size control of Fe3O4 nanoparticles by reduction of Fe(acac)3 using 

ascorbic acid”, Ajinkya G. Nene, M. Takahashi, K. Wakita, P. Somani, M. Umeno, 
Global Conference in Engineering and Applied Science, Hokkaido, Japan (19 – 21 July, 
2016). 

  

 

 

Acknowledgement 
 
I wish to express my sincere gratitude to my Ph. D. supervisor and Sensei Prof. Makoto 
Takahashi, Department of Applied Chemistry, Chubu University for giving me an opportunity 
to do this work under his supervision with a constant, guidance, valuable suggestions, and 
keeping me motivated.  



112 
 

 
I am really grateful to Prof. Ishikawa, Prof. Sakurai and Prof. Goto from Chubu University for 
their valuable comments and suggestions to improve the content of this thesis. 
 
My  sincere gratitude to Prof. Masayoshi Umeno, Institute of General Research of Science, 
Chubu University, Japan for constant support and encouragements. I am very grateful to Prof. 
Koichi Wakita, Department of Electronic and Information Engineering, Chubu University for 
his constant support and valuable comments and suggestions for this work.  
 
My sincere gratitude to Dr. Prakash Somani for valuable suggestions, comments and scientific 
discussions throughout the progress of this work. I am greatful to Mr. Kawamura, Analysis 
Center (common facility lab.), Chubu University for his help, scientific discussions during the 
progress of this work. 
 
I am really thankful to Dr. Hare Ram Aryal and Dr. Sudip Adhikary for their help, cooperation, 
while conducting some experiments and scientific discussions. I would like to thank all Master 
and Bachlor level students from Prof. Takahashi laboratory for their co-operative help during 
this work.  
 
My sincere gratitude to Ministry of Education, Culture, Sports, Science and Technology 
(MEXT) (MONBUKAGAKUSHO) of Japan government for providing me fellowship during 
my Ph. D. research. 
 
I would like to dedicate this work to my parents. I am really thankful to my friends and family 
for their motivation and support. 

 


