Chapter 4

A novel synthetic route for Fe3O4/Co nanocomposite.

Abstract
This chapter deals with the synthesis of magnetic nanocomposite such as Fe3O4/Co. A
novel synthetic process using the micellar template formed by sodium dodecylsulphate (SDS)
surfactant has been described. The formation of the nanocomposite is confirmed by XRD,
HRTEM and SAED analysis. The size of the NPs is determined by DLS measurement. The
morphologies and shapes of the NPs are depicted by TEM figures. The elemental compositions
have been verified by EDAX analysis. Finally the absorption property is characterized by UVvisible spectra.
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4.1

Introduction:
In the recent ages, the synthesis of nanoparticles (NPs) has become an intensive area of

research due to their potential application in catalysis,1,2 biosensing,3 optics,4,5 data storage

6,7

and biomedical applications.8,9 In biomedical fields, magnetic NPs are crucial due to their
application in tissue engineering,10 tumor treatment,11,12 in magnetic resonance imaging (MRI) as
contrast enhancement

13,14

and in drug delivery.15-17 Magnetic NPs are able to cross biological

membranes due to their controllable sizes ranging from a few nanometers up to tens of
nanometers. Thus NPs are able to interact with biological entities of interest, like cell (10-100
mm), virus (20-450 nm), protein (5-50 nm) or gene (2 nm wide and 10-100 nm long) of
comparable dimensions. With decrease of size the particles become superparamagnetic as the
spins are affected by thermal fluctuations.8,9 This superparamagnetic property of materials causes
individual particles to be magnetized while exposed to an external magnetic field. Therefore this
feature allows magnetic NPs to be applied for cell tracking in vivo. The position of specific cells
inside the body can be tracked by incorporating the magnetic NPs inside the cells. This type of
cell tracking known as magnetic resonance imaging (MRI), has become an outstanding technique
in the field of medical imaging. In MRI, contrast agents (CAs) are used to depict anatomic
details by enhancing the contrast sensitivity. Two types of MRI CAs, such as paramagnetic
coordination complexes e.g. gadolinium diethylene-triaminepentaacitate (Gd-DTPA) and
superparamagnetic NPs are currently used in practice.18-21 Particularly, the small paramagnetic
and ultra small superparamagnetic iron oxide (SPIO and USPIO respectivly) NPs 22 are found to
be used as MRI CAs due to involvement of larger magnetic moments. SPIONs are composed of
monocrystalline magnetite (Fe3O4) or maghemite (γ-Fe2O4).23 Nowadays, large number of SPIO
NPs have been commercialized as CAs (Feridex, Endorem, Resovist, Ferumoxtran-10, Clariscan,
AMI-121 and OMP).24 The magnetic iron oxide NPs with high oxidative stability are currently
the only accepted nontoxic magnetic materials for medical applications.25,26 These natural
materials are found in many biological systems.

Medical applications require this

superparamagnetic particles to have saturation magnetization with small dimension to interact
with the region of interest, e.g., to promote tissular diffusion.27 However, iron oxide has a
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relatively low saturation magnetization, which requires the use of large particles to achieve
sufficient MRI contrast.28 On the other hand, transition metals, for e.g. cobalt (Co) has much
higher saturation magnetization value, 1422 emu/cm3 compared 395 emu/cm3, for iron oxide, at
room temperature.28 Thus Co NPs with smaller particle cores have been found to have a larger
effect on proton relaxation, giving improved MRI contrast. In NP-based imaging studies, higher
particle concentration leads to better signal-to-noise contrasts, but this also initiates significant
amount of toxicity. Therefore development of particle-based contrast has been maintained by
safest and lowest NP concentration that offers sufficient contrast sensitivity. However, Co NPs
are prohibited to be used as MRI CAs due to their oxidation-induced instability and toxicity.
Recently, nanocomposites have received significant attention due to their unusual and
even unique properties (optical, electrical and magnetic). Nanocomposites of magnetic metals
and alloys are of practical and fundamental importance. In present days, scientists have
developed a new class of nanomaterials where one or more inorganic NPs are integrated with
suitable organic substances (usually polymers), namely organic-inorganic hybrids or
nanocomposites (OIHS).29 In nanocomposites, the unique properties of the entrapped NPs can
exist together. Among magnetic materials, the Fe/Fe3O4 composite system is found important
due to its favorable magnetoelectric and transport properties.30-34 Furthermore, another important
element Co has been reported to be combined with the Fe/Fe3O4 system. The addition of Co has
been found to improve the coercivity along with the chemical stability of the material.35 Hence
the present work has been motivated to deal with the synthesis of Fe3O4/Co nanocomposite
where synergistic effect of the individual NPs cause to develop novel properties. In this aspect,
the typical Fe3O4/Co nanocomposite has been expected to gain the superior advantages for
contrast enhancement than the component NPs due to the integration of the unique properties
belong to each NP. Besides this, the combined form of NPs can balance their disadvantages that
cause to reduce the contrast sensitivity.
In general, magnetic NPs experience a London type van der Waals attractive force when
particles come into contact with one another.36 This attractive force leads to agglomerate the
particles in the presence of gravitational field along with external magnetic field gradient. In
order to minimize such interaction of the particle for stability, and to prevent agglomeration, a
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surface coating is required to provide steric repulsion. Metallic magnetic materials such as iron,
cobalt and nickel are toxic, and susceptible to oxidation. For biomedical applications, these NP
suspensions are required to be stable enough. Hence the magnetic NPs are passivated by
biocompatible coatings, such as, citrate, polystyrene/divinylbenzene, elemental gold and
surfactants.37 Therefore, the synthesis of magnetic NPs with required characteristics are the
subject of intense research.
Various chemistry based processing routes have been developed to synthesize nanosized
magnetic particles. Considerable efforts have been used to synthesize the magnetic
nanocomposites, using a variety of methods such as microemulsions,38 sol-gel syntheses,39
sonochemical reactions,40 hydrothermal reactions,

41

hydrolysis and thermolysis of precursors,42

flow injection syntheses,43 and electrospray syntheses.44 However, it is still a great challenge to
develop simple and reliable synthetic methods for the magnetic nano composite to be allowed for
biomedical applications. All the biomedical applications require the NPs to have high
magnetization values, size smaller than 100 nm, and narrow particle size distribution, that
depend on the selected synthetic methods. Besides this, the NPs should also possess high water
solubility, biocompatibility and stability at physiological pH. Thus it is highly preferred to
synthesis the NPs in monodispersed colloidal form as these have been exploited in fundamental
research. Recently, many attempts have been made to yield ‘monodispersed colloids’ consisting
of uniform NPs both in size and shape.45-47 However, the main challenge for synthesis of
colloidal superparamagnetic NPs is to define the experimental conditions that would lead to the
formation of monodispersed magnetic grains of suitable size and to develop a reproducible
process that can be industrialized without any complex purification procedure, such as
ultracentrifugation,48 size-exclusion chromatography,49 and magnetic filtration,50 or flow field
gradient.51 The stable aqueous magnetic solutions can also be fabricated using various saturated
and unsaturated fatty acids as primary and secondary surfactants.52 In case of synthesis in
micelles (1-10 nm) or water in oil emulsions (10-100 nm) surfactant molecules may form
nanodroplets of different sizes spontaneously.53 These nanodroplets are very feasible for
encapsulating the salt solution by surfactant coatings. Such nanodroplets, known as nanoreactors
can impose kinetic and thermodynamic constraints on particle formation. The surfactant
stabilized nanoreactors can provide confinement that limits particle nucleation and growth. The
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main advantage of this micellar synthetic route is to obtain various NPs by varying the reaction
parameters such as the nature and amount of surfactant and cosurfactant, the oil phase or the
reacting conditions. The magnetic NPs that were first produced in micelles are γFe2O3 and
Fe3O4.54 The variations in temperature and concentration of iron dodecyl sulfate Fe(DS)2
micelles, cause the formation of particles of diameters ranging from 3.7 to 11.6 nm.55 Recently, it
has been reported by Lee, an inexpensive large-scale synthesis of uniform and highly crystalline
magnetic NPs.56 For in vivo applications, it is required the superparamagnetic NPs to be stable in
water at pH 7 and in a physiological environment. However, most of the magnetic particles are
prepared under non aqueous condition, which should be dispersed in water to make them
biocompatible and suitable for further surface functionalization. This water dispersed NPs can
function as a unique platform for many bio-conjugation strategies and thus provide a
multifunctional colloidal delivery system.57,58
Hence it has been aimed to synthesize the Co/Fe3O4 nanocomposite in SDS (sodium
dodecylsulphate) micellar medium in the present work. After isolation of the nanocomposite in
the powder form, it has been made to redisperse in water medium to achieve further
functionalization for biomedical applications. The synthesized nanocomposite has been
characterized through XRD study, electron microscopy study, dynamic light scattering study and
optical property study accordingly for its structural conformation, morphological information,
size measurement and optoelectronic property analysis.
4.2

Experimental section:

4.2.1

Materials
The anionic surfactant sodium dodecylsulphate (SDS) was a product from Sigma-

Aldrich, USA. The surfactant was reported to be >99% pure and was used as such. The reagents
are cobalt (II) chloride hexahydrate (99.9%) and sodium borohydride (NaBH4, 99%) were
purchased from MERCK, India. Sodium hydroxide (NaOH, 96%) and hydrochloric acid (HCl,
35 wt% - 37 wt%) were from Sisco Research laboratory. Iron (II) chloride tetrahydrate
(FeCl2.4H2O, 99.7%) and iron (III) chloride hexahydrate (FeCl3.6H2O, 99.0%) were from
Sigma-Aldrich, USA. All reagents used for synthesis of nanocomposite were of analytical grade
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and used without further purification. Double distilled water was made deoxygenated by passing
N2 gas at 70º to 80º C and then used for preparing the solutions.
4.2.2

Methods

4.2.2.1 Synthesis of Co NP
The Co NPs were prepared by using the conventional reduction method. Initially 5.0 mL
colloidal dispersion of Co NP was aimed to prepare in 20 mM SDS solution. The concentrations
of the colloidal dispersions were kept from 0.4 mM to 0.7 mM. The concentrations of the
reducing agent NaBH4 were maintained at 6:1 ratio with Co2+ concentrations to keep the water
content remained constant after injection the reducing solution. The reducing solutions were
stabilized by NaOH solution of certain concentrations that increase the pH of the solution. After
addition of the reducing agent a color change from blue to green to black revealed the
completion of the reaction after 2 Hrs. During the process of reaction the whole reaction was
carried with N2 purging through the vigorously stirred solution at 55ºC to avoid oxidation. In
fact, the mechanism differs markedly in aqueous and non aqueous solution. The aforesaid
process has been schemed on the following reaction.
In aqueous solution, black precipitates of metal boride particles are formed as follows:59
2Co2+ + 4BH4 + 9H2O → Co2B + 12.5H2 + 3B(OH)3
In the presence of relatively low amount of oxygen, Co2B is reduced and cobalt metal is formed
as follows:
4Co2B + 3O2 → 8Co + 2B2O3
4.2.2.2 Synthesis of Fe3O4 NP
The synthesis of Fe3O4 magnetic NP was prepared by following co-precipitation method
of ferric and ferrous salts. Initially 1 mM FeCl3 and 0.5 mm FeCl2 stolck solutions were prepared
in 0.5 M HCl solution. HCl solution was used for surface neutralization. A 5mL solution of Fe
ions with a molar ratio of Fe(II)/Fe(III) ~ 0.5 was prepared in 20 mM SDS solution. The most
stable concentration range for Fe3+ ion in the colloidal dispersion has been settled from 0.1 mM
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to 0.4 mM. The concentration of Fe2+ counterion has been fixed half of the Fe3+ concentrations.
In the next step, 1 mL of NaOH solution was added dropwise to the salt solution with continuous
stirring of the solution. The concentration of NaOH solution was maintained in such a way to
monitor the pH level of the whole solution from 11 to 12. The overall synthetic steps are carried
out by passing N2 gas at 80ºC. The whole process is based on the following reaction.
Fe2+ + Fe3+ + 8OH → Fe3O4 + 4H2O
4.2.2.3 Synthesis of Fe3O4/Co nanocomposite
As the above reaction proceeded for half an hour, the previously prepared colloidal
solution of Co NP was added and the color of the solution began to turn from sunset yellow to
deep brown. After 10 minutes of vigorous stirring the solution was no longer colloidal in nature
and a dark brown precipitate appeared. The reaction was carried out for 2Hr with N2 purging at
80ºC for completion of precipitate formation. The isolation of the NPs was done by following
several steps. The precipitate formed was washed by repeated cycles of centrifugation at 10000
rpm and redispersion in deoxygenated distilled water. Washing was performed for five to six
times in water. Then the final precipitate was separated in two parts. One part was dried in a
vacuum oven at room temperature for 24 Hrs and the other part was finely redispersed in water
by the process of sonication at 70º C. The individual part of nanocomposites was carried for
characterizations to confirm their structure and applications.
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Scheme 4.1 Synthetic steps of Fe3O4/Co nanocomposite in micellar medium.
The diffraction patterns of the isolated NPs were recorded in a RINT 2000, Rigaku
diffractometer (Japan) at a scan rate of 4º/min with CuKα1 radiation (λ = 0.15406 nm) in the 2θ
range of 10-80º, using detector technique for measuring the peak intensity. The morphology was
observed via transmission electron microscopy (Hitachi H-600, Japan). One drop of the colloidal
nanocomposite dispersion was applied on FormverTM carbon-coated 300 mesh copper grid.
Excess liquid on the edge of the grid was removed. The sample loaded in the grid was then dried
in air for 10 mins and then used for TEM analysis.60 Dynamic light scattering (DLS) technique
was used to find out the hydrodynamic diameter (dh) and polydispersity index (PDI).
Measurements were carried out with respect to time using Zetasizer Nano ZS (Malvern
instruments, UK) at 25ºC. A He-Ne laser with an emission wavelength at 632.8 nm was used and
all the data were recorded at 90º scattering angle. Simultaneously PDI value was also recorded
which gives information about the homogeneity of the solution. The absorption spectra of the
water dispersed nanocomposite were recorded by UV -visible spectrophotometer (UVD-2950,
Labomed Inc., USA) using matched pair of quartz cuvette of 1 cm path length. The absorption
range was taken into account from 200 to 700 nm.
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4.3

Results and discussion

4.3.1

X-ray Diffraction Studies
The typical XRD pattern of the as prepared Fe3O4/Co nanocomposite powder is shown in

Figure 4.1. The standard peaks of Fe3O4 are observed at 2θ values of 30.0º, 35.8º, 56.1º, 62.0º
corresponding to (220), (311), (511) and (440) crystal planes. It has been found that the position
and relative intensities of the peaks in the obtained XRD pattern match well with the standard
magnetite samples according to JCPDS cards No. 89-0691 and 88-0866. This demonstrates that
these samples are in inverse spinel structure with a face-centered cubic phase. Again the standard
peaks at 2θ values of 44.3º and 51.9º indicate the presence of (111) and (200) crystal planes of
cubic crystalline cobalt (JCPDS, card no 15-0806). The diffraction peaks at 2θ ~ 24.5º (220),
34.0º (400) and 39.3º (420) can be indexed to a phase centered cubic phase (space group Fm3m)
of iron cobalt cyanide hydrate with a lattice parameter of 10.308 Å [JCPDS file no 83-2239].
Therefore three types crystal phases has been detected which confirms the formation of the
nanocomposite. The strong and sharp peaks suggest that the crystals are highly crystalline. The
relative intensities of the peaks corresponding Fe3O4 and Fe-Co crystal phases are higher than the
Co phases. This indicates that a reaction has taken place between Fe3O4 and Co along with
simple deposition of Co NP on the Fe3O4 NP matrix.
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Figure 4.1 X-ray diffraction pattern of Fe3O4/Co nanocomposite.
4.3.2

Transmission Electron microscopy analysis:
In Figure 4.2, the results of morphological analysis of the nanocomposites, carried by

TEM are shown. It has been found clearly, that a uniform dispersion increases with the increase
of precursor concentrations from (a) to (c).

Figure 4.2 Morphology of nanocomposites at increasing concentration from (a) to (c)

From the above figure, it is seen that the shapes of the nanocomposites become spherical
from arbitrary nature with increase of precursor concentrations. The crystalline cobalt NPs are
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distributed homogeneously on Fe3O4 NP host matrix. Besides this the HRTEM is applied to
determine the structures of the nanocomposite.

Figure 4.3 HRTEM images of nanocomposites showing the fringes of the Fe3O4, Co and
CoFe structures. Image of the SAED experiment also shows the reflections of the
corresponding planes.
The HRTEM images (Figure 4.3) clearly show the presence of three types of lattice
fringes. Fringes of 1.48 Å, 1.77Å, 2Å, 1.62Å, 2.66Å, 1.14Å, 1.03Å, are suggesting the presence
of Fe3O4 (440), Co (200), Co (111), Fe3O4 (511), Fe3O4 (311), CoFe (211), CoFe(220) planes. It
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has been found that the NPs are composed of lattice planes of Fe3O4, Co and CoFe. This suggests
the formation of the nanocomposites where Co NPs are dispersed on Fe3O4 NPs along with the
formation of some CoFe structure. In addition to real space fringe spacing analysis, the selected
area electron diffraction (SAED) studies also have been carried out. The rings present in the
pattern indicate the polycrystalline lattice spacing in the sample. The experimental values of 1.43
Å, 1.72 Å, 2.08 Å, 1.66 Å, 2.6 Å, 1.14 Å and 1 Å correspond to Fe3O4 (440), Co (200), Co (111),
Fe3O4 (511), Fe3O4 (311), CoFe (211), CoFe(220) reflections. This result confirms the formation
of the lattice planes of Co, Fe3O4 and CoFe structures in the as prepared sample. Based on this
analysis it can be concluded that Fe3O4/Co nanocomposite containing the CoFe phase structure,
is formed though the adapted scheme in the present work.
4.3.3

Energy-dispersive X-ray spectroscopy (EDS) analysis:
The spatial distribution of atomic contents across the nanocomposites is obtained using

the EDX line profile. The EDS data (figure 4) confirm the presence of Fe, Co and S in the
sample. Due to minute amount of material illuminated by the probe the EDS signal intensity is
found low.

Figure 4.4 Image of the spectral lines obtained from EDS analysis. This clearly shows
the lines corresponding to Fe, Co and S.
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The elemental composition (Table 4.1) shows that 10.39% of Fe, 19.25% of Co and
70.36% of S are present in the sample. This stoichiometry does not correspond to the brutto
formula of CoFe2O4. Therefore no spinel structure is present in the as prepared sample. On the
other hand the S is found due to the presence of SDS as coating agent. No impurity has been
found which indicates the purity of the synthesis.
Table 4.1 Elemental contribution to the nanocomposite from EDS analysis.

4.3.4

Element

Weight%

Atomic%

SK

56.81

70.36

Fe K

14.61

10.39

Co K

28.58

19.25

Totals

100.00

Dynamic light scattering (DLS) study:
The light scattering experiment has been carried out with the water dispersed part of the

NPs. The DLS image (Figure 4.5 a) depicts the increasing trend of size NP with the increase of
total concentrations of the precipitates formed in the final step of Scheme 4.1. The polydispersity index (PDI) has been found to decrease with concentration. The sizes with increasing
concentrations vary from 156 nm to 265 nm. Thus this result validates the effect of precursor
concentrations on the NP size. The descending value of PDI also suggests the steady rate of the
reaction with the increase of concentration.
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(a)

(b)

Figure 4.5 (a) Concentration vs size and PDI profile of nanocomposite dispersed in
water. (b) Time vs size and PDI profile of nanocomposite dispersed in water
Besides this, the variation of size with respect to time (Figure 4.5 b) states that at the
primary step of the reaction, size is maximum. The size decreases with the progress of time and
at a certain time it becomes invariable. The variation of PDI value with respect to time also
follows the same trend as that of size. The total observation indicates the completion of reaction
with the formation of NP at a certain interval of time. After this time no aggregation takes place
and the colloidal dispersion gains its stability.
4.3.5

Optical property study:
The optical property of the colloidal dispersions with various concentrations has been

studied by UV-visible spectroscopy study. The absorption bands appear from 350 nm to 550 nm.
With the increase of precursor concentrations the absorption maxima shit to the red region of the
wavelength. (Figure 4.6 a) This indicates the size enhancement of the NPs with increase of
precursor concentration. The intensities the absorption peaks also increase with concentration.
To confirm the formation of the nanocomposite the absorption of colloidal dispersion of Fe3O4
NP has also been measured. By comparison of the two figures [Figure 4.6 (a) and 4.6 (b)] it has
been found that the nature of absorption of nanocomposites is different from that of Fe3O4. The
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absorption bands for Fe3O4 suspensions are found in the 330 nm to 450 nm, which is in
accordance with the literature.61 This difference confirms the formation of nanocomposite.

(a)

(b)

Figure 4.6 (a) The absorption spectra of Fe3O4/Co nanocomposite formed at different
precursor concentrations. (b) The absorption spectra of Fe3O4 NP formed at different
precursor concentrations.
4.4

Conclusion:
From the above discussion it can be concluded that the Fe3O4/Co nanocomposite can be

prepared by adapting suggested scheme in the present work. The structure of the as prepared
sample has been confirmed through XRD measurement, TEM analysis. The 2θ values appeared
in XRD assures the presence of lattice planes of Fe3O4, Co and CoFe planes. On the other hand,
TEM images have revealed that the monodispersity can be achieved by increasing the precursor
concentrations. The fringes appeared in the HRTEM images are well matched with the
reflections arise in the SAED experiment. These results unveil the structure of Fe3O4/Co
nanocomposite, where Co NP is deposited over Fe3O4 NP host matrix, with the formation of
some CoFe structure. The elemental composition has been confirmed through the EDS spectra
analysis. Finally, from the DLS and absorption property analysis, effect of precursor
concentration on the progress of reaction, aggregation, stability and size of the colloidal NP has
been recognized.
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