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Introduction
An iron oxide nano particle (IONP), in nanotechnology, is a 

particle defined as a small object that behaves as a whole unit 
in terms of its transport and properties. Particles are further 
classified according to size: in terms of diameter, fine particles 
cover a range between 100 and 2500 nanometers. On the other 
hand, ultrafine particles and Nanoparticles (NPs) are sized 
between 1 and 100 nanometers. Nanoparticles may or may 
not exhibit size-related properties that differ significantly from 
those observed in fine particles or bulk materials [1].

Although the size of most molecules would fit into the 
above outline, individual molecules are usually not referred 
to as Nanoparticles. Nanoclusters have at least one dimension 
between 1 and 10 nanometers and a narrow size distribution. 
Nanopowders are agglomerates of ultrafine particles, 
nanoparticles, or nanoclusters [2]. Nanometer-sized single 
crystals, or single-domain ultrafine particles, are often referred 
to as nanocrystals. Nanoparticle research is currently an area 
of intense scientific interest due to a wide variety of potential 
applications in biomedical, optical, electronic and other fields.

Iron oxides are one of the most important transition metal 
oxides of technological importance. Sixteen pure phases of iron  

 
oxides, i.e., oxides, hydroxides or oxy-hydroxides are known 
to date. These are Fe(OH)3, Fe(OH)2, Fe5HO8.4H2O, Fe3O4 , FeO, 
five polymorphs of FeOOH and four of Fe2O3. Characteristics of  
these oxide compounds include mostly the trivalent state of the 
iron, low solubility and brilliant colors [3]. All the iron oxides 
are crystalline except Schwertmannite and ferrihydrite which 
are poorly crystalline. These oxides can be synthesized by all 
known wet chemical methods but to tailor the particle size in 
nano range and morphology towards a particular application 
still remains a challenging task. Some of the synthesis techniques 
include chemical precipitation, sol-gel, hydrothermal, surfactant 
mediated-precipitation, emulsion-precipitation, microemulsion-
precipitation, electrodeposition, and micro wave assisted 
hydrothermal, surfactant mediated-precipitation, oxides find 
applications as catalysts, sorbents, pigments, flocculants, 
coatings, gas sensors, ion exchangers and for lubrication [4-9]. 

Iron oxide nano-composites have potential applications 
in areas such as magnetic recording, magnetic data storage 
devices, toners and inks for xerography, and magnetic resonance 
imaging, wastewater treatment, bioseparation, and medicine 
[10-18]. Below a critical size Fe2O3, nanoparticles can be used 
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for niche applications like transparent iron oxide pigments, 
due to their durability, shade, UV absorption and added value 
[19]. Careful control of the preparation process of transparent 
iron oxide pigments results in the formation of pigments with 
very small primary particle sizes. When fully dispersed, they do 
not scatter light and are hence completely transparent. A brief 
literature scan is reported in the present review considering the 
application of various forms of nano iron oxides in the above 
fields.

One of the most important iron oxide, black in color and 
ferromagnetic, is Magnetite (Fe3O4) which contains both Fe (II) 
and Fe (III). Although stoichiometric magnetite has Fe (II)/
Fe (III) equals to 0.5 but magnetite, which is frequently non-
stoichiometric results in a Fe3+ deficient layer. Magnetite has an 
inverse spinel crystal structure with a face-centered cubic unit 
cell having an edge length of 0.839 nm and 32 oxygen atoms. In 
this particular crystal structure Fe2+ and half of the Fe3+ occupy 
octahedral sites and the other half of the Fe3+ occupies tetrahedral 
sites. Divalent iron atoms prefer to take octahedral sites to obtain 
higher crystal field stabilization energy. However, the trivalent 
iron atoms occupy the two octahedral and tetrahedral sites 
(crystal field stabilization energy=0). The actual crystal types of 
magnetite consist of octahedron and rhombodecahedron with 
surface area in the range of 4 to 100 m2g-1.

Magnetite has been attracting attention in the biomedical 
applications because of its biocompatibility and low toxicity 
in the human body [20,21]. Also magnetite has been used as a 
catalyst for many reactions of important industrial productions 
such as the NH3 production, alcohol oxidation, and Fisher-
Tropsch synthesis for hydrocarbons and it can catalyse 
oxidation/reduction reactions [22-26]. On the other hand, 
magnetite was used in pigment and related industries [27]. Iron 
oxide (magnetite) can also be used in wastewater purification 
[28]. It can be an absorbent for heavy metal from water [29]. 
The synthesis of iron oxide nanoparticles of controlled shapes 
has attracted much attention because the physical and chemical 
properties depend strongly on particles size and morphology. 
As reported above, recently several chemical methods are 
employed to synthesize iron oxide nanoparticles such as 
sol-gel, hydrothermal, solid state, wet milling, pyrolysis and 
microemulsion [30-37]. The synthesis method plays a key role in 
determining the morphology, particles sizes, and shape. 

On the other hand, the electrochemical methods are used 
to synthesize different nanostructured materials, such as 
Palladium, SnO2, and super- hydrophilic polypyrrole [38-40]. 
Cyclic voltammetry, potentiostatic, galvanostatic and pulsed 
current as different electrochemical techniques were used 
to synthesize nanoparticles [41-51]. Many reports that show 
pulsed current routes present a simple, quick, and economical 
method for the preparation of various types of nanoparticles. 
In previous studies, we successfully applied electrochemical 
techniques to synthesize nanoparticles, nano fibers, nanorods 

and nanoclusters. These nanomaterials have been used for 
the fabrication of high performance electrodes for water 
electrolysers, low temperature alkaline fuel cells and other 
energy devices [52-65].

Recently, based on experience gained with the preparation 
of nanoparticles electrocatalysts for energy applications, we 
initiated preliminary studies of electrosynthesis of iron oxide 
nanoparticles, motivated by their biomedical applications. The 
effects of experimental parameters of the electrosynthesis such 
as imposed cell current, imposed cell potential, interelectrode 
distance, dc pulse, pulse time, pulse height, relaxation 
time, pulse frequencies, number of pulse cycles, solution 
temperature, pH, electrolyte concentration, synthesis additives 
and so on are being investigated in order to find the optimum 
conditions to synthesize iron oxides, and particularly, magnetite 
nanoparticles. In this context, the present short article outlines 
the electrochemical method to synthesize iron oxides in the nano 
range for biomedical applications.

Electrochemical Synthesis
Electrochemical method has been utilized to generate 

different iron oxide nanoparticles phases like maghemite 
and magnetite nanoparticles. An electrochemical synthesis 
can be basically interpreted by passing an electric current 
between two or more elctrodes which is called the anode and 
cathode located in an electrolyte. In this technique, the anode 
can be oxidized to metal ion species in the electrolyte and the 
metal ion is later on reduced to metal by the cathode with the 
assistance of stabilizers. In fact, the synthesis occurs at the 
interface of electrode-electrolyte. Here, several characteristics of 
electrosynthesis method will be introduced which differentiate 
it from other generation techniques. Electrochemical synthesis 
method occurs near to the electrode in the electric double layer, 
owning high potential gradient (105 Vcm-1). 

According to these conditions, electrochemical reactions 
usually give rise to products which is not possible to gain from 
a chemical synthesis. The product is deposited on the electrode 
normally in the forms of a coating or a thin film. Additionally, a 
solid-liquid interface favors the growth of coatings on substrates 
with different morphology. Therefore, if a properly-shaped 
counter electrode is applied, a uniform polarization is obtained. 
This method doesn’t require high temperature and should not 
exceed over the electrolyte’s boiling point. Kinetic control can be 
employed by adjusting the current passed through the cell, even 
though thermodynamic control can be applied by changing the 
cell potential. Since electrochemical synthesis method is based 
on an oxidation/reduction reaction, by altering and adjusting 
the cell potential, the oxidizing or/ and reducing power can be 
constantly fluctuated and appropriately selected - which cannot 
be accessible by other methods in chemical synthesis. The film 
structure can be controlled by changing the bath composition 
and experiments are effortless to run and the instruments are 
cost effective and easily available.
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It should be noted that the standard electrode potential for 
an electrochemical reaction is the potential where the rate of 
the reduction and the oxidation reactions are equal at standard 
conditions of concentrations, pressure and temperature. The 
Nernst equation relates the standard electrode potential E0 to 
the electrode potential E:

    0 { }n
{ }

RT oxE E l
nF red

= +           (1)

 where  R denotes the standard gas constant (8.314510 JK-1 
mol-1), T the absolute temperature in Kelvin, n the number of 
electrons transferred and F the Faraday’s constant (96485.309 
C mol-1). The potential also depends on the ratio of the natural 
logarithm of the activities of the oxidized and reduced species. 
The mass deposited on the working electrode during the 
electrolysis is proportional to the number of moles of electrons 
transferred, as is stated by Faraday’s law of electrolysis:

     QMm
nF

=     (2)

 where  m is the mass of the deposit produced at the electrode 
(in grams) and Q is the total electric charge (in coulombs) 
required for the process.

The electrolysis of species can be performed using a constant 
current forced trough the electrochemical cell, while the electric 
potential is monitored. Alternatively, a desired potential can be 
chosen, which is then maintained by the instrument while the 
necessary current used to maintain that potential is monitored. 
Apart from galvanostatic on potentiostatic electrolysis, 
successful electrosynthetic reactions can also be obtained by 
pulse current or exerting other power supply current waveforms. 
Experimental results reported in the literature showed that the 
pulsed current method is a confident and controllable method to 
synthesize metal oxide nanoparticles [66]. For a proper design of 
electrochemical synthesis or electrodeposition we also need to 
make a proper choice of electrolyte and its composition, as well 
as a suitable pH, temperature, and electrolyte concentration. 
Possibility to choose inert or reactive electrodes, and divided or 
undivided cells, is also important.

The electrode potential is directly connected to the energy 
change of the electrode process through the relationship: 

0 0G nFE∆ = −  When the electrode potential is made more 
negative in relation to the standard reduction potential for 
an electrochemical reaction, the reduction current increases 
because the rate of electron transfer of the reduction increases. 
In the electron transfer controlled potential region, there is a 
linear relationship between the potential and the logarithm of 
the deposition current known as the Tafel linearity. However, the 
current can also be limited by other factors such as mass transfer, 
preceding chemical steps and crystallization processes.

In an electrochemical cell the current forced through 
the solution is carried by ions. The consumption of species 
during the reduction at the working electrode gives rise to a 
concentration gradient in the solution outside the electrode 
surface. The random motion of the species by which this 

concentration difference is equalized is called diffusion. In an 
unstirred solution the diffusion layer thickness extends into 
the solution until vibration and thermal movement start to 
contribute to the mass transport. The mass transport of ions 
also takes place by migration, which is the movement of charged 
particles in an electric field. The contribution of migration to 
the mass transport of electoactive species is usually diminished 
by the addition of inert ions that carry the current but do not 
participate in the electrode reactions.

The rate of the electrode reactions depends on chemical 
reactions preceding or following the electron transfer, the 
electron transfer kinetics and surface reactions, such as 
adsorption and crystallization steps [67]. The current is generally 
limited either by the mass transport of species towards the 
electrode or by kinetics of the electrode reaction. If one wants 
to study the kinetics of an electrode reaction, care must be taken 
to prevent problems with the mass transport of the species. 
This can be achieved by forced convection of the solution using 
the rotating disc electrode (RDE) technique. On the other hand, 
determinations of the diffusion coefficient of species in the 
solution by electrochemical methods require that the kinetics of 
the electrode reaction does not limit the current.

 When an electrochemical experiment is performed using 
a constant current, the potential shifts to the value required to 
maintain that current. Under conditions of mass transfer control 
(i.e. when the kinetics of the electrode reaction does not limit 
the current), the potential shifts when the concentration of 
electroactive species at the electrode surface is reduced to zero. 
The time needed for this depletion of the species, the transition 
time τ, is given by the Sand equation:

          
1/2

1/2 ( ) *
2

nF D C
I

πτ =                          (3)

where I is the current (in mA), C* is the bulk concentration 
(in mol/cm3), and D is the diffusion coefficient expressed in cm2/
s1 [67].

Positively charged metal ions are Lewis acids and many organic 
molecules form stable coordination compounds with metal ions 
in which oxygen or nitrogen are the electron donor atoms [68]. 
The formation of stable complexes enables deposition under 
kinetic (or activation) control, which generally results in smooth 
deposits [69]. Complexes are also often used for alloy deposition 
since the reduction potentials of two metal ions then can be 
brought together by the proper choice of complexes. Deposition 
from alkaline solution is generally made possible by ligands 
forming soluble complexes with metal ions. Hydroxycarboxylic 
acids form very stable complexes with metal ions where both 
the carboxylic and the alcoholic hydroxyl groups take part in 
complex formation [70]. When these acids are liberated from the 
complexes with the metal ion upon electrochemical deposition, 
the hydroxyl groups are reprotonated again because of the small 
dissociation constants of these acids. This consumption of H+ (or 
generation of OH-) leads to a local rise in the pH value when the 
buffer capacity of the solution has been consumed.
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Electrochemical deposition from complexes of 
hydroxycarboxylic may therefore induce local precipitation of 
hydroxides or oxides. The reductive electrochemical deposition 
of metals from aqueous solutions is a well- established field 
[71]. The optimum current density for the deposition of 
compact coatings is generally that corresponding to the end of 
the Tafel linearity range, as the nucleation rate increases with 
more negative potentials but mass Transport limitations causes 
irregular growth [72]. Additives are commonly used in plating 
baths to improve the adhesion and material properties of the 
metal deposits. Levelling agents are organic molecules that 
adsorb on the surface and accelerate the rate of the deposition 
within trenches, thus enabling depositions of smooth and bright 
deposits [73,74]. Tartrate has for example been used in tin and 
copper deposition [75].

The deposition of metal oxides from aqueous solutions 
is mainly performed in alkaline solutions containing metal 
complexes. Electrochemical deposition of metal oxides can 
be carried out under oxidizing conditions as well as reducing 
conditions from alkaline solutions. In both cases, the metal 
ion dissociates from the complex and precipitates on the 
electrode as the oxide. What controls the ability to deposit 
an oxide is the stability of that oxide under the experimental 
conditions, i.e. the potential, temperature and pH. Deposition 
of oxides under reductive conditions includes the reduction 
of metal ions that form stable oxides. The Cu (I) oxide, Cu2O, 
has thus been demonstrated to be deposited from alkaline Cu 
(II) solutions containing various ligands [76,77]. Otherwise 
cathodic deposition of metal oxides relies on precipitations due 
to electrochemically induced local pH alterations. Reduction of 
dissolved oxygen or nitrate ions results in local production of 
hydroxide ions, which for example enables the deposition of CdO 
and ZnO [78-80]. However, hydroxide ions are also produced 
upon the dissociation of complexes with ligands like lactic, 
tartaric and citric acid containing β- hydroxyl groups [81].

Nanostructured materials have been extensively studied 
during the last decade due to their interesting electronic, 
magnetic, electrochemical and optical properties and potential 
use as catalytic- and electrode materials in various devices. 
Nanocrystalline metals and alloys have been achieved using 
pulses of high current density [82]. Nanocrystalline metal oxides 
have been prepared using oxidizing conditions in a non-aqueous 
medium [83]. Multi-layered structures of transition metals are 
quite common, as for example Co/Cu multilayer’s and Ni/Co 
multilayer’s [84,85]. Multilayers of MoS2 have been deposited 
using an electrochemical/chemical synthesis method [86]. 
Magnetic multilayer’s of metal/netal-oxide have been produced 
electrochemically by deposition of the metal followed by anodic 
oxidation, as for example for Fe/Fe-oxide [87], Well-ordered 
structures of various oxides and chalcogenides including CdTe, 
CdSe, CdS, ZnO, ZnSe, Tl2O3, PbO2, Cu2O, δ-BiO3, Fe3O4, PbSe 
and PbS) have been synthesized by electrochemical epitaxy on 
metallic substrates (platinum and gold) or crystalline TiO2, Si, 
InP, GaAs, GaN [88].

Layered nanostructures of iron-group alloys have also 
been deposited under current oscillations arising from 
adsorption/desorption of electrolyte components [89]. A 
facile electrochemical method was suggested by M Starowicz 
et al. [90] describing the synthesis of magnetic nanoparticles 
mostly maghemite phase. The reaction was processed in LiCl 
solution in the presence of ethanol and water. The round shape 
nanoparticles with an average size between 5 and 40 nm were 
obtained which was adjusted through water-to- ethanol ratio. 
D Gopi et al. [91] reported electrochemical synthesis of super-
paramagnetic cubic magnetite nanoparticles (MNPS). The 
cubic magnetite nanoparticles have been generated by electro- 
oxidation of iron in aqueous medium of ferrous perchlorate. This 
results in uniform particles with size of 15 ± 6 nm. These results 
show the possibility of surface plasmon resonance effect in the 
iron oxide nano particles while no micelles or stabilizing agent 
or surfactant was applied to avoid formation of cluster growth.

A vibrating sample magnetometer spectrum was also 
recorded for magnetite nanoparticles synthesized by 
electrochemical method at 0.1 M concentration of Fe(ClO4)2 
at 50 mA cm-2. The hysteresis curve demonstrated the super 
paramagnetic property of the magnetite nanoparticles at room 
temperature and it showed a very less coercive field (50 G). The 
applied magnetic field is in the range of –15,000 to 15,000 Gauss 
while the magnetization is not saturated in this applied magnetic 
field which is terminated at 27 emu g-1 [92]. C Pascal et al. studied 
the generation of -Fe2O3 nanoparticles with an electrochemical 
method using an organic medium. The particle size was instantly 
supervised by the employed current density. In addition, use of 
cationic surfactants resulted in enhancing the stability of the 
particles which led to formation of colloidal suspension. The 
average particles ranging in 3-8 nm caused a narrow particle size 
distribution. 

Mossbauer spectroscopy and magnetization measurements 
displayed that the nano-powders possess superparamagnetic 
property at ambient. S Franger et al. [93] reported pure, 
homogeneous and ultrafine magnetite particles synthesized by 
the electrochemical technique at ambient using a Fe electrode 
which was submerged in an alkaline medium consisting of 
complexing compounds. Fe3O4 nanoparticles were prepared 
through a novel process originated from electro- precipitation 
in ethanol by M Ibrahim et al. [94]. The prepared nanoparticles 
had an average mean size centered on 6.2 nm with a quite 
narrow distribution. However, nanoparticles have shown 
strong tendency towards the agglomeration due to the free-
surfactant production. In the last decade many more studies 
for the electrochemical deposition of iron oxide thin films were 
reported; these films were both cathodically and amodically 
electrodeposited [95-103].

In the case of anodic formation of iron oxides, the different 
phases of the iron oxides- oxyhydroxides thin films were obtained 
by adjusting deposition potentials and solutions composition. 
Zotti et al. [101]. reported the cathodic electrodeposition of 
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amorphous Fe2O3 thin films by reduction of Fe (III) perchlorate 
in oxygenated acetonitrile where ferric ions reduced with 
dissolved oxygen to form amorphous Fe2O3. Amorphous Fe2O3 
thin films were later converted to α-Fe2O3 (i.e. hematite) thin 
films after heat treatment. Schrebler et al. [102] electrodeposited 
amorphous and nanocrystalline α-Fe2O3 (i.e. hematite) thin 
films from electrolytes containing 5mM FeCl3 + lM H2O2 + 5 mM 
KF + 0.1 M KCl at 50 C. The reduction of hydrogen peroxide at 
the cathode caused an increase in local pH on the surface of the 
cathode which later directed the surface precipitation of Fe(OH)3. 
Ferric hydroxides were later transformed to Fe2O3 by thermal 
annealing in air. Favier et al. [103] synthesized amorphous 
maghemite nanoparticles by anodic dissolution of a sacrificial Fe 
anode, followed by chemical reaction in an organic medium.

The formation mechanism for synthesis of Fe3O4 
nanoparticles by the electroprecipitation route can be explained 
assuming that the electrolyte bath contains iron (III), nitrate ions 
and water under high current density. Initially the reduction of 
water and nitrates generates OH- ions at the cathode

                   
3 2 22 2NO H O e NO OH− − − −+ + → +           (4)

                              2 22 2 2H O e H OH− −+ → +                (5)

The pH enhances near the cathode and leads to Fe(OH)3 to 
precipitate. Then, the Fe(OH)3 is reduced to magnetite (Fe3O4) 
based on the reaction.

   3 3 4 22 ( ) 4Fe OH e Fe O H O OH− −+ → + +        (6)

It should be taken into account that reaction (6) re-produces 
the water, which was applied in reduction of water and nitrate 
ions. Note also, that reaction (6) represents that magnetite 
nanoparticles are not produced due to extra water existence in 
the solution, and Fe(OH)3 continues being stable [94]. In iron 
electro oxidation similar reactions can also be taken place. At the 
beginning of the reaction, at the anode, iron was oxidized first to 
ferrous ions and then to ferric ions due to high i or E imposed.

                                     2 2Fe Fe e
+ −→ +                      (7)

                                  2 3Fe Fe e
+ + −→ +                 (8)

Another reaction that takes place and provides protons to the 
proximities of the anode is the electrolysis of water according to 
reaction:

2 22 2 1/ 2H O H e O+ −→ + +   (9)

At the cathode the reduction of water takes place as 
presented in Equation 5. Since pH of the solution was not initially 
high but increases during Equation 5, the precipitation of ferric 
hydroxide (brown solution) occurs during the first minutes of 
process following reaction.

 3
3( ) ( )Fe OH Fe OH s

+ −+ →  (10)

The OH- ions produced at the cathode (5) arrive to the 
anode’s surface by diffusion, proportioning the basic medium 
necessary for the iron hydroxide to be formed. Ferric hydroxide 

can now react in two different ways. If the pH of the solution is 
not basic enough, it may dehydrate to generate a non- magnetic 
ferric oxide. However, if the pH is around 8 or 9, ferric hydroxide 
can be reduced at the cathode to form Fe3O4 as represented in the 
following equation [94]:

      3 3 4 23 ( ) ( ) ( ) 5Fe OH s H e Fe O s H O+ −+ + → +                   (11)
Considerations above show that among all synthetic 

methods, prospects for electrochemical synthesis of iron oxide 
nanoparticles seem very promising. However, some challenges 
need to be dealt to fulfill novel efficient and unique iron oxide 
nanoparticles. In electrochemical nanosynthesis, factors affecting 
the electrodeposits such as surface preparation, physical and 
chemical nature of substrate surface, deposition temperature, 
deposition current/deposition potential, bath composition and 
concentration, power supply current waveform, etc., play an 
important role in the reaction. The ingredients of a plating bath 
are the metal salt solution which provides a source of the metal 
or metals being deposited, and various additives. At least, there 
are five purposes for the additives: to form complexes with ions 
of the depositing metal; to provide conductivity; to stabilize the 
solution, e.g. against hydrolysis; to act as a buffer to stabilize the 
pH; and to modify or regulate the physical form of the deposit.

Another key factor affecting the electrodeposits is the type 
of applied current. Usually two types of current are used: direct 
current plating; and pulse plating. In dc-plating, constant current 
is used, and the rate of arrival of metal ions depends on their 
diffusion coefficient (electrode-to-part spacing and agitation). 
The pulse current (PC) and pulse-reverse current (PRC) are used 
to get the deposit with reduced porosity, and finer grains, and 
to minimize the use of additives and, contamination, etc.; [in PC 
conditions, all the pulses are in one direction (with no polarity), 
and each pulse consists of an ON-time (TON) during which 
potential/current is applied, and an OFF-Time (TOFF) during 
which zero current is applied]. The morphology of some metal 
and alloy deposits were found to be superior to the dc-plated 
deposits [104-108].

Nanoparticles Characterization
Commonly used techniques for the study of electrochemical 

deposition are various electrochemical methods: cyclic 
voltammetry, potential step methods and controlled-current 
techniques. In cyclic voltammetry, the current is recorded as 
the potential is swept between two potentials causing reduction 
and oxidation of species. The shape of the voltammogran gives 
information about the redox potential, and the occurrence of 
diffusion limitation or surface confined reactions. Varying the 
potential scan rate, which set the time-scale of the experiment, 
can test the reversibility of the electrochemical reaction. When a 
constant potential is applied, the current is measured as a function 
of time. Potential step (chronoamperometric) methods are used 
to determine diffusion coefficients and the concentrations of 
electro active species. The shape of the current-time curves can 
also give information about the type of nucleation taking place 
during the electrochemical deposition [109].
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When a constant current is forced through an electrochemical 
cell, the potential takes on the value necessary to enable an 
electrochemical reaction to keep up with the current. Controlled 
current techniques are used among other things to study 
multicomponent systems and multistep reactions because the 
measured potential changes as the surface concentration of 
electroactive species decreases sufficiently. The galvanostatic 
double pulse method can be used to determine rate constants of 
very rapid electron transfer reactions. The thickness of a metal 
film can be determined by oxidation using a constant current. 
The rotating disc electrode (RDE) is used for measurements 
under conditions of controlled mass transport of the reacting 
species. The technique is also being used to study the influence 
of mass transport during spontaneous potential oscillations. The 
rotating ring disc electrode (RRDE) is often used for the detection 
of reaction intermediates [67]. However, the latter technique 
requires more sophisticated and expensive equipment in the 
form of a bipotentiostat. RDE and RRDE methods are also being 
applied to develop an understanding of the reaction mechanism 
for the deposition of metal oxides [110].

A powerful and very valuable tool in electrodeposition 
studies is the electrochemical quartz crystal microbalance 
(EQCM)  technique-. A gold-coated quartz crystal is then used as 
the working electrode in a conventional three electrode setup. 
The quartz crystal frequency is continuously measured, allowing 
in-situ detection of mass changes of the working electrode. The 
detection of mass changes enables the determination of charge 
efficiencies during electrochemical depositions. The EQCM 
technique relies on the converse piezoelectric effect where an 
applied electric field induces shear deformation of a thin quartz 
wafer, prepared from a special angle of cut with respect to the 
crystallographic axis of the quartz crystal [111]. An alternating 
potential across the quartz crystal causes a vibrational motion 
with amplitude parallel to the surface of the crystal that results 
in a transverse acoustic wave. Deposition of a layer on top of 
the quartz crystal increases the thickness of the resonator and 
results in a longer acoustic wavelength. The measured frequency 
of the wave thus decreases according to the Sauerbrey equation:

      2 1/2
02 / ( )qf f m A qµ δ∆ = − ∆     (12)

where f0 is the frequency of the bare quartz crystal, ∆m 
is the mass change, A is the electrode area,  μq is the shear 
modulus and is the density of quartz. The Sauerbrey 
relationship requires that the deposited material is a rigid and 
very thin film on the surface of the shear wave antinode [67]. 
Factors that lead to nonideal behaviour include viscoelastic 
effects, high mass loadings, surface roughness, surface stress, 
interfacial slippage and nonuniform mass distribution [111]. 
The technique was used for the interpretation of potential and 
current curves, the determination of layer thickness, and the 
detection of codeposition of oxide. An EQCM experimental setup 
including hydrodynamic control has also been used for studies 
of phase composition quantification of electrodeposited ternary 
chalcogenide compounds [112].

Structural information concerning materials can be obtained 
by scanning probe techniques such as transmission electron 
microscopy (TEM), scanning electron microscopy (SEM), scanning 
tunneling microscopy (STM) and atomic force microscopy (AFM). 
The latter techniques allow examinations of electrode surfaces 
in air, as well as in solution during experiments. STM measures 
the tunnelling current between the surface and a tip and has, for 
example, been used for the structural characterization of many 
metal surfaces. STM has also been used for studies of nanoscale 
electrodeposited super lattices [113]. Atomic force microscopy 
(AFM) is used to create a map of the surface topography on a 
micrometer scale by scanning a small tip over the surface. AFM 
has been used for the study of structures, sizes, shapes and 
aggregation of iron oxide nanoparticles [114].

The morphology and nucleation kinetics of iron oxide 
nanoparticles synthesize by decomposition of an organometallic  
precursor was recently studied using in-situ and ex-situ TEM 
[115]. A very valuable technique is the electrochemical scanning 
tunnelling microscopy (ESTM), which measures the tunnelling 
current during an electrochemical experiment. Several studies 
on the initial stages of oxidation of iron in alkaline solution 
have been performed with ESTM [116]. Mapping of the 
electrochemical activity can be achieved by measurements of the 
current caused by an electrochemical reaction, using a technique 
called scanning electrochemical microscopy (SECM) [117]. The 
latter technique can also be used for localized electrochemical 
deposition, as was demonstrated for iron microstructures [118]. 
The technique of scanning electron microscopy (SEM) uses the 
detection of secondary electrons generated in the sample by 
an electron beam of high intensity. An image of the sample is 
created by the topographic contrast that arises due to variations 
of the intensity of electrons that reach the detector from different 
points of the sample surface [119]. SEM is nowadays a standard 
analysis technique and was recently used for studies of iron 
crystallization [120,121].

Spectroscopic techniques commonly used to study 
electrochemical interfaces include ultraviolet and visible 
spectroscopy, vibrational spectroscopy, electron- and ion 
spectrometry and X-ray methods [67]. A powerful technique 
for the in-situ study of electrode surfaces is synchrotron X-ray 
diffraction [122]. X-ray diffraction (XRD) is based on the 
diffraction phenomenon that arises when electromagnetic 
radiation (light) with a wavelength of the order of interatomic 
distances interacts with crystalline (ordered) material [123]. In 
X-ray photoelectron spectroscopy (XPS), the kinetic energy of 
electrons leaving the sample is measured, providing elemental 
identification and information about the bonding character by 
detection of chemical shifts in the binding energy of the electrons 
[124]. XPS is commonly used for surface analysis and was 
recently used for studies of the deposition of iron [125,126]. The 
technique of Raman spectroscopy uses a monochromatic laser 
beam to create vibration and rotation movement of molecules 
in solution or vibrations in solid matter [127]. A small fraction 
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of the scattered light emerges with a change in frequency and 
is detected by a CCD camera [127]. The technique was recently 
used for the study of levelers for Fe electrodeposition from acidic 
sulphate solution [128].

Ellipsometry is based on the rotation of plane-polarized light 
during interaction of matter [129]. Since the electrode surface 
changes during an electrochemical experiment, the technique 
is well- suited for in-situ studies of surfaces [67]. The technique 
was recently used for the study of adsorption of surfactants on 
iron [130,131].

Biomedical Applications
Various applications of iron oxides/hydroxides/

oxyhydroxides in nano form can be attributed to the difference 
in behaviour of particles in nano scale as compared to their 
bulk counterparts. The nano particles usually have much larger 
surface area due to their smaller size and can reduce the volume 
required to achieve same effect when used as a catalyst. In case 
of mitigation of anions/cations from aqueous solutions, iron 
oxides in nano form will have higher number of active sites 
for adsorption, thereby reducing the amount required per liter 
of solution. The adsorption process involves surface hydroxyl 
group interaction with adsorbents. Nano iron oxides exhibit 
very different magnetic properties which can be used for soft 
ferrites and biomedical applications including drug delivery 
and magnetic resonance imaging. Down to the nanoscale, super 
paramagnetic iron oxide nanoparticles can only be magnetized 
in the presence of an external magnetic field, which makes 
them capable of forming stable colloids in a physio-biological 
medium. Their super paramagnetic property, together with 
other intrinsic properties, such as low cytotoxicity, colloidal 
stability, and bioactive molecule conjugation capability, makes 
such nano magnets ideal in both in-vitro and  in vivo biomedical 
applications [132].

In the context of invivo applications, IONPs have a large 
surface area and can be engineered to provide a large number 
of functional groups for cross-linking to tumor-targeting ligands 
such as monoclonal antibodies, peptides, or small molecules for 
diagnostic imaging or the delivery of therapeutic agents [133]. 
Especially, the magnetic properties of IONPs can be used in 
numerous  in vivo applications, which can be divided into three 
main groups: 

a) magnetic vectors that can be directed by means of a 
magnetic field gradient towards a certain location, such as in 
the case of targeted drug delivery; 

b) magnetic contrast agents in MRI; 

c) Hyperthermia or thermoablation agents, where the 
magnetic particles are heated selectively by application 
of a high- frequency magnetic field; the most important in 
vivo applications are therapeutic (hyperthermia and drug-
targeting) and diagnostic (nuclear magnetic resonance NMR, 
imaging) [134-143].

Targeted drug delivery (TDD) seeks to concentrate the 
medication in the tissues of interest while reducing the relative 
concentration of the medication in the remaining tissues and 
crossing the biological barriers by active accumulation or an 
active targeting strategy [135]. Furthermore, magnetic IONP 
based drug targeting is a promising cancer treatment method 
for avoiding the side effects of conventional chemotherapy by 
reducing the systemic distribution of drugs and lowering the 
doses of cytotoxic compounds [136]. Functionalized IONPs as 
a carrier can deliver a wide range of drugs to all areas in the 
body. Hence the efficient intracellular delivery of NPs is one of 
the main factors in enhancing the efficacy of the encapsulation 
therapeutic agent. Generally, magnetic IONPs are used as the 
core and biocompatible components act as a functionalized shell 
to form the core- shell structure for TDD carriers, and the drugs 
are bound or encapsulated into the polymer matrix. In a drug 
carrier system, the sizes, surface properties, and stability are the 
crucial features.

Partially, the IONPs should be small enough to penetrate 
through the capillary bed. However, if the diameter of the IONPs 
is smaller than 10nm, they will be rapidly removed trough 
extravasations and renal clearance. Therefore, IONPs with a 
diameter ranging from 10 to 100nm are optimal for intravenous 
injection and have the most prolonged blood circulation times. 
Additionally, IONPs with a positive charge are better internalized 
by human breast cancer cells than those IONPs with a negative 
charge. However, intake of these IONPs also depends upon cell 
type. IONPs with a hydrophobic surface are easily absorbed at 
the protein surface and show a low circulation time [137]. Hence, 
many biocompatibility materials have been used to functionalize 
IONPs for TDD, such as biocompatible organic polymers (PEG, 
chitosan, dextran, etc), liposomes, silica, and bioceramics.

Another important kind of application of functionalized 
IONPs is in vitro application (such as biosensor, cell 
bioseparation), which promises increased sensitivity, speed, 
and cost effectiveness [144-149]. There are several promising 
nanocomposites for  in vitro application, such as Au NPs, and 
quantum dots (QDs). There are already  in vitro diagnostic 
products on the market, based on magnetic IONPs. In summary, 
the biocompatibility and toxicity of IONPs are important 
criteria to take into account for their biomedical applications. 
Parameters determining biocompatibility and toxicity are the 
nature of the magnetically responsive component, and the 
final size of the composite particles including their core and 
the coatings (shell). Ideally, composite IONPs must also have a 
high magnetization so that their movement in the blood can be 
controlled with an external magnetic field until it is immobilized 
close to the targeted pathologic tissue [150]. Magnetic IONPs 
with a long blood retention time, biodegradability and low 
toxicity have emerged as one of the primary nanomaterials for 
biomedical applications  in vitro and in vivo. Some biomedical 
applications require surface functionalized, especially core shell 
type, magnetic IONPs.
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Conclusion

Typical nanoparticle synthesis methodologies involve 
routes including precipitation, sol-gel, hydrothermal, dry 
vapor deposition, surfactant mediation, microemulsion, 
electrodeposition and sonochemical. The electrochemical 
methods present some advantages over other methods, the 
crucial one being the high purity of the product, and the control 
of particle size which is achieved by adjusting the current or 
the potential applied to the system [151,152]. The size, size 
distribution, and shape of IONPs are the important parameters 
influencing the pharmacokinetic and bio-distribution in vivo 
applications [153]. However, absolute control over the shape 
and size distribution of magnetic IONPs remains a challenge, 
and the different formation mechanisms of iron oxides under 
different conditions still need to be investigated. Furthermore, 
the ligands and functional layers are often comparable in size to 
the IONPs, and their coupling effect can significantly increase the 
hydrodynamic size. Consequently, the increasing hydrodynamic 
diameter contributes to the macrophage and systemic clearance 
of functionalized IONPs. Therefore, it is necessary to measure the 
hydrodynamic diameter and zeta potential of IONPs before and 
after functionalization. Moreover, bio-distribution is also related 
to the IONP size and final colloid stability, which determines the 
fate of IONPs in in vivo and in vitro applications. Mitragotri and 
Lahann already concluded the size dependent processes of NP 
transport in the human body, and the optimal hydrodynamic 
diameter range for in vivo application of intravenously injected 
NPs is 10-100 nm [154,155].

In addition, the surface properties of IONPs such as surface 
charge play an important role in the physical stability and 
influence the interaction of IONPs with the biological system 
and their safety. In general, positively charged IONPs interacting 
strongly with blood components undergo relatively rapid 
clearance from systemic circulation, leading to nonspecific tissue 
uptake. In contrast, negatively and neutrally charged IONPs 
show lower interaction with plasma proteins than positively 
charged IONPs, and tend to nonspecifically stick to the cells 
[156]. Furthermore, studies on the influence of the thickness of 
the functional layer, dispersant packing density, and dispersant 
conformation on the protein resistance of sterically stabilized 
IONPs have to be designed carefully to make sure that the 
right outcomes are arrived at. Though magnetic IONPs exhibit 
many unique properties which endow various advantages and 
opportunities in biomedical applications, more toxicological 
research is needed on the as- synthesized IONPs, and the criteria 
to evaluate toxicity need to be clearly defined [157,158]. For 
future studies, the use of better and faster methods to improve 
our understanding of nanoparticle toxicity mechanisms should 
greatly advance the field [159]. Additionally, the biocompatibility 
of IONPs is linked to both the intrinsic toxicity of functional 
layers and its biodegradation metabolites, and to the immune 
system response following its administration. Importantly, 
when associated with functional layers, the toxicity profile of the 

IONPs may be increased or decreased as a consequence of the 
modification of their cell/tissue biodistribution and clearance/
metabolization. Accumulation may, indeed, occur in biological 
sanctuaries where IONPs cannot diffuse when administered 
alone.

The successful engineering of multifunctional NPs would 
be of particular interest for the development of theranostic 
nanomedicine. However, the challenge remains in the clinical 
translation of nanoparticle probes, and issues such as 
biocompatibility, toxicity, in vivo and in vitro targeting efficiency, 
and long-term stability of the functionalized IONPs need to 
be addressed [160]. It is also desirable that the magnetic 
nanocrystals should receive much attention as these are now 
emerging in biomedical applications with new possibilities.
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