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Abstract: Nanoparticles have experienced increasing interest over the past three decades owing to the
development of new synthesis methods and the adaptation of analysis tools with spatial resolutions
below one micrometer. Among the different types of nanoparticles developed in recent years (metals,
metal oxides, silica, polymers, etc.), significant scientific interest has developed around iron oxide
nanoparticles. This review will focus on these magnetic iron oxide nanoparticles. We will first discuss
the magnetic properties of iron oxide nanoparticles, then the different methods of synthesis and
washing. Finally, we will discuss some functionalization strategies of iron oxide nanoparticles which
are developed within our research team.
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1. Introduction

Nanomaterials and particularly nanoparticles NPs have experienced growing interest
over the last three decades owing to the development of new synthesis methods and the
adaptation of analysis tools with spatial resolutions below the micrometer.

The decrease at the nanoscale intrinsically leads to the increase in the surface to volume
ratio which then exalts the behavior of the external atoms and the surface effects. The
dimensional characteristic associated with the surface chemical state and the composition
of nanoparticles leads to magnetic, optical, catalytic, and biological properties different
from those of bulk materials, thus opening the way to many potential applications.

Among the different types of nanoparticles developed in recent years (metals, metal
oxides, silica, polymers, etc.), significant scientific interest has developed around superpara-
magnetic iron oxide nanoparticles with a spinel structure. Indeed, the magnetic properties
of these nanoparticles make them prime candidates for many applications [1], including
biomedical ones such as contrast agent for magnetic resonance imaging or hyperthermia
and treatment of cancers [1,2]. In this domain, for example, generally below a size of about
20 nm, these superparamagnetic nanoparticles will only be magnetized under the effect of
an external magnetic field. Moreover, the absence of attractive magnetic forces between the
NPs will promote their stability in suspension by limiting their tendency to agglomeration
and aggregation. However, surface functionalization of iron oxide nanoparticles may be
necessary to improve the dispersion and stability of suspended nanoparticles.

In this review, the crystal structures and magnetic properties of spinel-structured iron
oxide nanoparticles will be presented. Then, the main methods of synthesis and washing of
these nanoparticles will be discussed. Finally, the stabilization of iron oxide nanoparticles
in solution will be discussed considering the experience of our team in the synthesis of iron
oxide nanoparticles.
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. Crystal Structure and Magnetic Properties of Spinel Iron Oxide
In natural condition, iron oxide crystallizes according to four distinct structures:

- Hematite a-Fe;O3 which crystallizes in a trigonal structure and in a space group R3ch.
In this compound, iron is at the oxidation state +III.

- Waustite Fe; O which presents a cubic structure according to the space group Fm3m.
This compound is most uncommon and is found almost exclusively in reducing
environments. In this one, iron is mainly at the oxidation state +III.

- Magnetite FesO4 which crystallizes in a cubic structure according to the space group
Fd3m. In this crystallographic structure, called spinel, iron is presented at the oxidation
state +II and +IIL

- Maghemite y-Fe;O3 which presents a cubic structure (Fd3m or P4;32) or a tetragonal
structure (P47212). The structure of this compound is related to the spinel structure,
iron is only presented at the oxidation state +III. Maghemite is obtained by sweet
oxidation of magnetite.

In this review, we will focus on magnetite and maghemite for their magnetic properties.

2.1. Crystal Structures
2.1.1. Magnetite Crystal Structure

The Fe3O4 magnetite crystallizes in a spinel type structure according to the space
group Fd3m and presents a lattice parameter close to 0.8396 nm at room temperature
(JCPDS card 04-015-8200).

The spinel structure was described for the first time by W.H. Bragg and S. Nishikawa
in 1915 [3] and owes its name to the mineral MgAl,Oy4. Spinels present the general chemical
formula AB,,4 with A and B as the metal cations Fe** and Fe* and X anions O~ for
the magnetite.

Several types of spinel structures can be described according to the distribution of
cations A and B in the interstitial sites: “direct”, “reverse” spinel structure or an intermedi-
ate structure. Magnetite adopts a spinel structure called “reverse”. Considering magnetite,
the crystal lattice is constituted of 32 anions O?>~ forming a face-centered cubic network.
One-eighth of the 64 tetrahedral sites (denoted A) generated by this anionic arrangement
are occupied by the trivalent cations Fe3* and half of the 32 octahedral sites (denoted B)
are occupied by divalent cations Fe?* and trivalent cations Fe3* (Figure 1). The magnetite
formula can be written in the form (Fe®*)®tr[Fe2*Fe3*]°%3(02~), to better represent the
position of the ions Fe?* and Fe3* in the different sites of the structure.

©® Oxygen

@ Iron in tetrahedral site

@ lronin octahedral site
Octahedral site

B Tetrahedral site

Figure 1. Representation of mesh of the crystallographic structure of magnetite. The octahedra and
tetrahedra materialize on of the planes (111) of the mesh.

The magnetite can be partially oxidized. It will be named “sub stoichiometric mag-
netite” with chemical formula Fe;_ 5§04 where 6 represents the deviation from stoichiomet-
ric of the magnetite. Totally oxidized magnetite is called maghemite.
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2.1.2. Maghemite Crystal Structure

Maghemite, y-Fe; O3, is obtained by the complete oxidation of magnetite. Divalent

cations Fe?* are replaced by trivalent cations F** and the electronic neutrality is assured by
the apparition of cationic gaps.

Three distributions of cationic gaps have been identified for this compound [1] de-

pending on the synthesis conditions (Figure 2):

A random distribution of gaps in the octahedral sites of the mesh without deformation
(in yellow on the Figure 2A) with the same probability of presence of the gap and an
occupation rate of 5/6. In this case, the crystallographic structure of maghemite stays
cubic and describes the space group Fd3m. Its lattice parameter of 0.8354 nm at room
temperature (JCPDS card 04-013-7114) is slightly reduced (A = —0.0039 nm) compared
to that of magnetite. This reduction translates the slight contraction of the structure
due to the appearance of gaps.

A partially organized division of gaps in the defined octahedral sites of the mesh (in
yellow on the Figure 2B) always without deformation with an occupation rate of these
octahedra of 2/3. The gaps are situated preferentially in the defined octahedral of the
mesh with a probability of presence of the gap of 1/3. The cubic system is always
preserved but the space group P4,32 translates a lowering of symmetry. Its lattice
parameter is 0.8346 nm at room temperature (JCPDS card 04-016-4344).

A totally organized distribution of gaps. The symmetry drops from cubic to tetragonal
(P43212) and the ordering of the gaps is carried out in a superstructure built on three
superimposed meshes (Figure 2C). In some works [2], the space group P432;2 is
indicated instead of P4;2;2. This difference translates the direction of rotation chosen for
the helical axis 43 or 41 but the structure is identical. The lattice parameters of this structure
are a = b = 0.83296 nm and c = 0.83221 nm at room temperature (JCPDS card 04-007-2135).

B : Maghemite P 4,32

Figure 2. (A) Projection [111] of maghemite Fd3m. (B) Projection [111] of maghemite P4;32. (C) Pro-
jection [113] of maghemite P 412;2.
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The chemical formula of maghemite becomes [4]:

For the space group Fd3m: (Fe3*)®ra[Fe3*; 5[0; /3]°°%(0%~ ),

For the space group P4;32: (Fe3*g)t¢ra[Fe3*t, ;305 ;3Fe3*1,]°%(0% )3,
For the space group P4;2;2: (Fe3*yy)tetra[Fe3* ;5[] (0% )gg,

2.2. Magnetic Properties
2.2.1. General Information on Magnetism

The magnetic materials are characterized by three main parameters:

Their magnetic moments (H) which can be assimilated at electric dipoles from orbital
atomic moments and spin of materials. Under the effect of an imposed external

magnetic field (I_jI ), they tend to line up in the direction of the field which induces a
magnetization within the material.

Their magnetic susceptibility (x) representing the trend of magnetic moments of the
material to be aligned by the presence of an external magnetic field and which can be
defined by the magnetization ratio on the external field ]T/I / ﬁ .

Their saturation magnetization (M) representing the maximum value of the magneti-

zation that a material can reach when the external magnetic field increases: it is given
for a defined temperature.

Generally, the field is expressed in Oersted, the magnetic susceptibility is not unity

and the magnetization is expressed in emu (electromagnetism unit) per gram of sample.

Two big families of magnetic materials exist: the unordered magnetic materials (non-

cooperative magnetism) and the ordered magnetic materials (cooperative magnetism).

In the first case, considering the unordered magnetic materials (non-cooperative

magnetism), there is no spontaneous arrangement of their magnetic moments and therefor
there is neither magnetic order nor spontaneous magnetization. We then differentiate:

The diamagnetism which is an intrinsic property of the matter such as x < 0. The
magnetic moments with the application of an external field will tend to align in the
opposite direction of this field.

The paramagnetism which is a property due to free electrons of materials or unpaired
electrons of ions such as x > 0. The magnetic moments will tend to align in the
direction of an applied external field.

In the second case of ordered magnetic materials (cooperative magnetism), there is a

spontaneous arrangement of their magnetic moments  even in the absence of an external
field. This spontaneous arrangement can be:

Parallel (ferromagnetism); this results in an overall measurable magnetization for the
material even in the absence of an external magnetic field.

Antiparallel with compensation of magnetic moments (antiferromagnetism); there
exist two populations of magnetic moments aligned antiparallel to one another. The
two populations of magnetic moments fully compensate and there is no overall
magnetization measurable in the absence of an external magnetic field in this type
of material.

Antiparallel without compensation of magnetic moments (ferrimagnetism); a global
magnetization is measurable for the material even in the absence of an external
magnetic field.

A schematic representation of the five types of magnetic behavior is presented Figure 3.
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Figure 3. Representation of the arrangement of magnetic moments in materials having different
magnetic behaviors. When necessary, the behavior with or without the presence of an external field
H is specified.

In the three types of cooperative magnetisms, the susceptibility is positive and higher
in absolute value than for paramagnetic materials. It should also be noted that the long
distance magnetic order is only present for a temperature below a critical value called the
Curie temperature (T¢) for the ferromagnetism and ferrimagnetism compounds or for a
temperature below at the Neel temperature (Ty) for the antiferromagnetism materials.
If the temperature is higher than one of these two critical temperatures, the thermal
agitation becomes enough to suppress spontaneous magnetization and the material then
becomes paramagnetic.

Magnetite and maghemite present a ferrimagnetic behavior [5] for the temperatures
below the Curie temperature, around 480 °C and 645 °C respectively. The saturation mag-
netization (Mg) are around 92 emu/g for the magnetite and 74 emu/g for the maghemite [6].
These numeric values are reported for massive materials of magnetite and maghemite.

2.2.2. Structuration in Magnetic Areas

In order to decrease the magnetostatic energy (denoted form energy), a material in
its massive forms can be divided into magnetic areas denoted Weiss” areas separated by
walls denoted Bloch’s walls. Inside the Weiss” areas, the spins are antiparallel without
compensation of magnetic moments giving rise to magnetization. Due to the variation
of magnetization from one area to another, the material does not present macroscopic
magnetization without an external magnetic field. Under the effect of a magnetic field, the
Bloch’s walls will move, widening the areas which present a collinear orientation to the
external field. There is a progressive orientation of all the spins of the material. It is often
necessary to apply an important external magnetic field around several tesla in order to
orient all the magnetic spins of the material in the same direction [7]. This phenomenon
is at the origin of the remnant magnetization and of the hysteresis observed when the

— —
magnetization M of a material is measured as a function of the external magnetic field H
(Figure 4).
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Saturation magnetization (M) [
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Figure 4. Magnetization cycle depending on the field applied for a massive ferro/ferrimagnetic material.

In Figure 4, the magnetization of the material reaches the maximum value Mg (or
saturation magnetization) when the imposed field increases enough. All spins are oriented
in the same direction. The hysteresis curve also makes it possible to highlight the non-
instantaneous nature of the orientation of the magnetic spins within a solid material, thus
inducing a delay in magnetization. Two characteristic values of the material can be defined:

- The coercive field (Hc) which corresponds to the imposed magnetic field when the
magnetization of the material is zero.

- The remnant magnetization (Mr) which corresponds to the magnetization of the
material when the external field is zero.

2.2.3. Main Sources of Magnetic Anisotropy
Magneto-Crystalline Anisotropy

Within a crystal, the magnetization vector is not isotropic. There are energetically more
favorable crystallographic directions for the alignment of magnetic spins. These directions
are called axes of easy magnetization. This anisotropy of the crystallographic structure is at
the origin of the magnetic anisotropy. The energy required to deflect the magnetization
vector with respect to an easy magnetization direction is the magnetocrystalline anisotropy

energy denoted (Egif gn) and defined by:

Ean®" = K Vsin?6 + K, Vsin*0 1)

with K; and K; as the anisotropy constants of the material of first order and 6 the angle
between the direction of magnetization and the easy magnetization direction.

For the magnetite at room temperature, K; = —1.35 X 10*Jm 3, K, = —0.28 x 10* J-m 3
and the easy magnetic direction is the direction [111] [8,9].

For the maghemite at room temperature, Ky = —2.5 x 10* J-m~3, K; is negligible in
front of K; and the easy magnetic direction is the direction [110] [10]. In the case of a
mono-domain magnetic particle, the predominant term is the term of order 2 [7] and we
reduce the expression of magnetocrystalline anisotropy energy to:

E8" — KVsin?0 ()
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Anisotropy of Surface

The magnetic anisotropy of surface is linked to the break of symmetry on the surface
of the particles causing the formation of gaps in the crystallographic structure and the
decrease of the number of nearest neighbors for the atoms on the extreme surface. An
effect now well-known as “spin canting” causes the magnetic spins of atoms on the surface
to reorient themselves perpendicular to the latter and thus leads to a significant decrease
in the saturation magnetization of the material [11]. This source of anisotropy is more
important that the magnetic materials are small because the rate surface/volume increases.
This source of anisotropy becomes preponderant in the case of nanoparticles. The energy
associated with this anisotropy of surface is written as:

B — K Vsin« 3)

Anisotropy of Shape

The magnetic anisotropy of shape comes from the interaction between magnetic
moments within the material and the demagnetizing field specific to any material. In the
facts, it will tend, in the case of a material with anisotropic dimensions, to orient the field in
the direction of the largest dimension (the magnetization of a cylinder with a negligible
section and with an infinite height will be oriented in the direction of the height). For a
sphere, this anisotropy is negligible due to a three-dimensional uniformity.

2.2.4. Evolution of Magnetic Properties in the Case of Nanoparticles

The reduction of the size, for example from a 3D material to a 1D or a 0D material,
modifies a certain number of magnetic properties. When the size of materials becomes
inferior at a critical diameter D¢ (Figure 5), the creation of Bloch’s walls becomes energy-
defeatable and these last disappear to minimize the magnetostatic energy. We then speak
of “mono-domain”. In the case of nanoparticles, the critical diameter can be calculated by
the expression:

Dc =47/ 1o Nvp.Ms? €Y

where vy is the energy of creation of a Bloch’s wall, py the vacuum permeability, Mg the
saturation magnetization of the material, and Nyp the demagnetizing factor for a mono-
domain. For mono-domain nanoparticles of magnetite and maghemite, D¢ is around 30 nm [7,12].

Superparamagnetism  Mono-domain Multi-domain
5 g ™
= S
o 3
2 £ m
@ g .g
- e
£ ©
E p=
| =
O

Figure 5. Evolution of the magnetic organization of nanoparticles according to their diameters.

Below this critical size, the magnetic properties of magnetite and maghemite nanopar-
ticles also vary. Considering a mono-domain nanoparticle with a diameter below at D¢, its
magnetic behavior will change depending on the ratio between the total anisotropy energy
Ef and the thermal activation energy Eyerm with: Ef9F = K.V where K!9! is the sum of
the magnetocrystalline anisotropy and the surface anisotropy and V the average volume of
nanoparticles. Eyerm = kgT where kg is the Boltzmann’s constant and T the temperature.
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We can distinguish two cases:

- EN¥'> Egerm- The magnetic moments of ferrimagnetic domains are blocked in the
easy magnetization direction. A rotation of these magnetic moments by application of
an external field then causes the mechanical rotation of the entire nanoparticle. The
nanoparticle presents a ferrimagnetic comportment in the case of the magnetite.

- E < Egerm. The thermal agitation is more important than the total magnetic
anisotropy energy and the magnetic moment is free to rotate freely. This magnetic
comportment is called superparamagnetism.

Considering these two cases, it is possible to note by the ratio presented in Equation (5)
that for a temperature given (for example the room temperature), the direction of the report
will depend on the average volume V of nanoparticles and their sizes.

Egit /Btnerm = Kiiy -V /&g T 5)

If the diameter of the particle is small enough (<Dy), the magnetocrystalline anisotropic
energy becomes lower than thermal energy at room temperature. The magnetization can
then overturn spontaneously and the particle presents a superparamagnetic behavior (Figure 5).
For the magnetite and the maghemite, the limit diameter from which nanoparticles present
a superparamagnetic behavior is around 20 nm [1,13].

2.2.5. Relaxation Time

When the necessary energy required to return the magnetization becomes lower than
the ambient thermal energy, the iron oxide nanoparticles (magnetite and maghemite) show
a superparamagnetic behavior. The relaxation time T corresponding to the inverse of the
probability of tilting magnetic spins is then defined by the Néel-Brown law [11]:

tot
T =T exp(k;” > (6)

where 1) is the characteristic time of relaxation of the order of 1077 s [7,9,14,15].

The relaxation time increases when the total anisotropic energy increases and it de-
creases when the temperature increases. The observation time of the phenomenon is
dependent on the characteristic measured time 7,,. We distinguish two cases:

- If t >> 1y, the magnetic moment of the particle appears as blocked and the particle
adopts a ferrimagnetic behavior.

- If T << 1y, the magnetic moment of the particle returns around a lot of time during
the measure and the average moment is zero. The particle presents a superparamag-
netic behavior.

For a given measurement time and a defined volume V, the magnetic behavior will
depend on the temperature. We can then define the blocking temperature Tj for a particle
with a volume V as the temperature at which 7 = 7. This blocking temperature can be
expressed, if the field is weak or zero, by the relationship:

Ki-v

" kin (%) ?

For the magnetic measurements, it is common to take the usual values of 7p =107 s
and 7;; = 100 s. This equation becomes:
_ Ky
~ 25.kp

Tp ®)

This expression being dependent on the volume of nanoparticles and therefore their
diameter, a size distribution within a sample result in a distribution of relaxation times and
therefore a distribution of blocking temperature.
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Finally, also note that several studies have shown that these equations (Equations (6) and (7))
are not valid only in the case of nanoparticles isolated from each other and without dipolar
interactions between them. In fact, these dipolar interactions which can be written according
to the Equation (9), when they present within the sample, can be responsible for a shift
from the average blocking temperature to high temperature [14-16].

b g (- (512) (57 (7)) g

with ra and rﬁz the magnetic moments carried by two nanoparticles and 7 the vector
representative of the distance between the two nanoparticles.

The numeric values associated with the magnetic properties of two iron oxide mag-
netite and maghemite presented in Table 1 are relatively close. These are two ferrimagnetic
materials but the presence of cationic gaps in the structure of maghemite causes a decrease
in its saturation magnetization. With a controlled size of nanoparticles below the limit
diameter Dy, these two oxides adopt a superparamagnetic behavior which allows the mag-
netization of the material to turn spontaneously, opening the way for many applications.

Table 1. Summary of the magnetic properties of magnetite and maghemite iron oxides.

Type of Oxide

Limit Diameter

Saturation Magnetization Mono-Domain Critical Diameter .
Superparamagnetism

Magnetite

92 emu/g 30 &£ 5nm 20 &+ 5nm

Maghemite

74 emu/g 30 £5nm 20 £5nm

3. Main Synthesis Methods of Magnetite and Maghemite Nanoparticles

Since the first synthesis of magnetic iron oxide nanoparticles in the 1980s, a lot of
synthesis methods have been developed (Table 2) to control their sizes and shapes [17-32].
The control of these physicochemical parameters will depend on the synthesis way used.
Mastering the separation of germination and growth stages of nanoparticles via the control
of pH in the case of coprecipitation (which will be describe in details at the end of this
part) [20-23] or the control of temperature in the case of hydrothermal synthesis [24,25,33],
by thermal decomposition [28-30] or by polyols process [31,32,34] will allow then the
modulation of the size and the shape of nanoparticles. In the case of synthesis by mi-
croemulsion [26,27] or by sol-gel process [35,36], the control of the size of nanoparticles is
insured by the limitation of the space left for the growth of these.

Table 2. Summary of advantages, disadvantages and morphological characteristics and saturation
magnetization of the magnetic iron oxide nanoparticles synthesized by the main synthesis methods.

Method

Advantages Disadvantages

Shape and Size
Saturation Magnetization

Ferrous and ferric salts, inexpensive

reagents - Large distribution of size.

Co-precipitation Soft conditions. - Non controlled oxidation. - Sphere 10-55 nm
[20-23] Possible large-scale production. - Low reprqducibility. - 16 to 82 emu/g
Easy modification surface - Aggregation of NPs.
Synthesis in aqueous solution.
Hvdrothermal Better size control. - High temperature. - Sphere 1240 nm
ydrotherma Narrow size distribution. - Long synthesis time. - Disk 250-1000 nm

Co-precipitation [24,25]

Aqueous solution. - Possible aggregation of NPs. - 53to82emu/g
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Table 2. Cont.

Method

Advantages

Disadvantages

Shape and Size
Saturation Magnetization

Micro-emulsions
[26,27]

- Better size control.
- Narrow size distribution.

- Adjustable size and shape.

- Isolated particles.

Low yield.
Poor crystallinity.

Difficulties in washing surfactants.

- Cube, sphere
2-30 nm
- Needles 20-80 nm

Thermal decomposition
[28-30]

- Narrow size distribution.
- High crystallinity.
- Isolated particles.

Organic solvents.

High temperature.

Phase transfer required if
application in aqueous solution.
Low yield.

- Cube, sphere,
triangle, tetrapode.

- 3-500 nm

- 20to 82 emu/g

- Reduction of metallic salts.

Polyol method N ize distributi High temperature. - Sphere 6-100 nm
[31,32] ) Isgf;toe‘:vjl E;:ticitsn ution. Difficulties in washing surfactants. - 50 to 69 emu/g

- Soft conditions. Long synthesis time.
Sol-gel . d . e - Sphere 4-200 nm
[35,36] - Narrow size distribution. The solid matrix can be difficult to - 4Tto62emu/g

eliminate.

- High crystallinity.

3.1. Hydrothermal Synthesis

The method called hydrothermal [24,25,33] based on the precipitation of nanoparticles
from ferrous and ferric precursors by elevation of pH was developed in the 1990s. A mix
of ferrous ions, ferric ions and a basis is sealed in a hydrothermal bomb and placed in
the oven for a period time ranging from several hours to several days. This treatment
allows to obtain magnetic iron oxide nanoparticles better crystallized and generally having
medium size around 15 to 1000 nm (Table 2). It is also possible to improve the crystallinity
of nanoparticles previously synthesized owing to a hydrothermal treatment.

3.2. Synthesis by Microemulsion

The synthesis method called “by microemulsion” is sometimes called reverse micelle
precipitation [26,27]. The principle is to synthesize nanoparticles in a confined space in
order to control better their size. These confined spaces are here micro drops of aqueous
solution surrounded by a monolayer of surfactants allowing the dispersion of nanoparticles
in an organic phase as cyclohexane, for example in the works of Z.H. Zhou et al. [26].
The ferric and ferrous precursors are dissolved in water micro drops of a first two-phase
solution (aqueous phase/organic phase) whereas the basis is dissolved in micro-drops of a
second two-phase solution (aqueous phase/organic phase). The vigorous mixture of the
two two-phase solution will then promote their contact. It is during the contact between
micro-drops that the precipitation of nanoparticles in a confined environment will take
place. This method allows to obtain iron oxide nanoparticle with a good dispersion in
organic phase, spherical, cubical, or in needles and between 2 and 80 nm (Table 2).

3.3. Thermal Decomposition

The thermal decomposition is another synthesis method of oxide nanoparticle which
is particularly developed since the 2000s [28-30]. Its principle rests on the decomposition of
organometallic precursors (for example iron oleate or iron stearate for the synthesis of iron
oxide nanoparticles) [30] within an organic solvent with a high boiling point [30] and in the
presence of a surfactant stabilizing agent [30]. A definite interest of this synthesis method
is the tight control of the size from 3 to 500 nm. The shape of iron oxide nanoparticles can
also be controlled (spheres, cubes, bipyramids, tetrapods, ... ) (Table 2). On the other hand,
this method requires the use of organic solvents and therefore washing procedures and
exchange of complex ligands for applications in aqueous solution.
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3.4. Polyols Methods

The so-called “polyols” synthesis method is based on the last method on decompo-
sition by increasing the temperature of the ferric precursor (generally iron III acetylaceto-
nate) [31,32,34]. It consists of hydrolysis at high temperature of the ferric precursor within
a polyols environment (ethylene glycol, di(tri/tetra) ethylene glycol). These polyols serve
both as solvent, reducer agent, reducing a part of Fe>* ions from the Fe?* precursor and
surfactants stabilizing nanoparticles formed during the synthesis. The isolated iron oxide
nanoparticles obtained by this method are spherical and measure between 6 and 100 nm
(Table 2). This method can also be carried out in a bomb, we then speak solvothermal
polyol method [37].

3.5. Sol-Gel Process

The Sol-gel process is another method developed since the 1990s [35,36]. It involves
hydrolyzing a metallic alcoxyde solution to obtain a colloidal solution (denoted “sol”) then
condensing and polymerizing to obtain a wet gel. It is by drying and crushing this gel
that the nanoparticles are obtained, often after an annealing step to eliminate the organic
matrix. This synthesis can then be assisted by microwaves to obtain nanoparticles better
crystallized [38] and precisely of controlled size from 4 to 200 nm. It is however difficult to
eliminate the solid matrix residues (Table 2).

3.6. Synthesis by Co-Precipitation

The co-precipitation is the first synthesis method of nanoparticles developed by R.
Massard in the 1980s [20], and still currently the most used [14,21,39-49] by researchers
working on magnetic iron oxide nanoparticles. It is based on joint precipitation in aqueous
solution of ferric and ferrous ions by addition of a basis such as ammoniac or sodium
hydroxide. The main advantages of this method are that it is easy to implement, even on a
large scale, and to allow the synthesis of nanoparticles with a quasi-spherical shape and
with a size ranging from 10 to 100 nm directly in aqueous solution (Table 2). However, this
method is not without disadvantages. There is often an aggregation if nanoparticles with
this method at neutral pH and the control of the size stay limited.

The ferrous Fe?* and ferric Fe®* cations are stable in acid solution and precipitate
when the basicity of the solution increases to form iron oxide by the Equation (10) [3]:

F62+(aq) +2 Fe3+ )y + 8 OHi(aq) — F6304(S) +4 HzO(l) (10)

(aq

However, due to high surface reactivity and their small sizes, the synthesized iron
oxide nanoparticles will be able to partially oxidize to maghemite in the presence of oxygen
according to the Equation (11):

4 Fe3O4(s) + O, (® —6 ’Y-F8203(S) (17)

The formation of nanoparticles during the synthesis by co-precipitation takes place in
four stages, as described by the V.K. Lamer model [50] (Figure 6):
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Figure 6. Lamer diagrams representing the concentration of aqua-hydroxo precursors complexes as
well as the number in the reaction as a function of time. We can distinguish on these diagrams the
different stages of the reaction.

- Stage I: Formation by inorganic polycondensation of zero charge aqua-hydroxo com-
plexes whose concentration will increase with the pH of the solution: [Fe, (OH)4(H,0)3]°
for the Fe?* ions and [Fe(OH)s(H20)4]° for the Fe3* jons.

- Stage II: Nucleation which begins when the concentration of precursors reaches a
critical value of saturation (Cp,in). There is then appearance of germs in the solution.
These germs, very small, tend to redissolve easily. The quick germs formation and
redissolution process will continue whereas the concentration of precursors increases.
When the critical threshold is reached, stable germs are created and there follows a
sudden decrease in concentration of precursors in the solution. If the concentration of
precursors falls below the minimum value (Cyin), the formation of new germs is blocked.

- Stage III: Growth of stable germs on the solution. It is carried out by addition of
precursors in surface of germs by olation/oxolation. The growth will continue if the
concentration of precursor is greater than the solubility of the solid (nanoparticles) in
the solution. It should be noted that recently, D. Faivre et al. [51] proposed a growth
model of magnetite nanoparticles. According to this model, primary nanoparticles
around the nanometer size will be formed at an intermediate stage. These nanoparti-
cles will aggregate then to form the finals nanoparticles.

- Stage IV: Ripening. This is the last important step for the final characterization
of the synthesized nanoparticles. A restructuring of nanoparticles formed by the
crystallization of hitherto amorphous phases can occur during this stage. The possible
aggregation of nanoparticles as well as the Ostwald ripening during which the smallest
nanoparticles are dissolved in favor of the larger ones can also intervene during this stage.
These two processes are both driven by the reduction of the surface energy of nanoparticles.

Considering the V.K. Lamer model [50], it appears that the marked separation between
the phase Il and I1I, i.e., between the nucleation and the growth is an essential factor for the
control of the size of the obtained nanoparticles. It is therefore preferable that the nucleation
step is very short so that all the germs are generated at the same time and the next stage
of growth is longer. In fact, considering a closed system, the number of germs obtained
during the nucleation phase will determine the number of particles which can grow. The
size of particles obtained at the end of the phase IIl will be determined by the quantity of
precursors initially introduced by the number of germs formed in phase II.

Another way to better control the size of nanoparticles obtained at the end of the syn-
thesis involves limiting the effect of phase IV, in particular by limiting the Ostwald ripening.
E.C. Vreeland et al. [52] compensated for the consumption of precursor required for the
growth of nanoparticles by adding precursor continuously during the synthesis. They thus
maintained the constant concentration of the precursor (located between Cpni, and Cg) so
that neither subsequent nucleation nor Ostwald ripening occurs. The nanoparticles growth
is predictable, which makes it possible to obtain nanoparticles of the desired size.
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The shape and the size of nanoparticles obtained by co-precipitation can be adjusted
relatively effectively by controlling the parameters of the synthesis.

R. Massart, V. Cabuil et al. [21,53], one of the pioneers of this synthesis method of
magnetic iron oxide nanoparticles, have carried out in-depth studies on the influence of
different parameters such as the basis used (NH;OH, CH3NH;, NaOH, KOH), the pH of
precipitation, the adding of cations in the solution (N(CH3)s*, CH3NH3™", Li*, Na*, K7,
NH;*), and the effect of Fe?* /Fe3* ratio on the size and polydispersity of synthesized
nanoparticles. They have shown in particular that, by adjusting these parameters, they can
obtain samples with a controlled size between 4.2 and 16.6 nm. They also highlighted that
certain conditions, especially the ratio of Fe?* /Fe?" introduced and the precipitation pH
of nanoparticles, can affect the formation of a second phase constituted of oxohydroxide
x-FeOOH, denoted goethite, non-magnetic in addition to the magnetic oxides.

J.P. Jolivet, E. Tronc et al. [23,54] also studied that the synthesis parameters can in-
fluence the size and the monodispersity of nanoparticles. They have shown in particular
that by adjusting the ionic force of the solution during the synthesis of nanoparticles by
co-precipitation, they can obtain nanoparticles with a controlled size between 2 and 15 nm.
They were able to define the best conditions to obtain batches of particles of uniform size,
i.e., a pH of precipitation between 8.5 and 12.0 and an ionic force of the solution between
0.5 and 3.0 mol-L~!. This team also extended the studies around the influence of the ration
Fe?* /Fe3* on the yield of magnetic materials. They have shown that for a ratio of 0.3,
the two phases that are the maghemite/magnetite mixture and the goethite coexisted;
for a ratio higher than 3.5, the goethite is not present but the magnetite formed is not
stoichiometric; for a ratio of 0.5, the magnetite approaches stoichiometry and the size and
the composition of nanoparticles become more homogeneous.

Parallel to this marked influence of the molar ratio Fe?* /Fe®* on the composition of
nanoparticles formed, L. Babes et al. [55] observed that the average size of nanoparticles
increases with the ratio Fe?* /Fe*. They also established that the nanoparticles formed
kept interesting magnetic properties only for molar ratios Fe?* /Fe>* between 0.4 and 0.6.

On the other hand, D.K. Kim et al. [56] showed that the presence or absence of oxygen
in the reaction medium affects the size of the nanoparticles obtained. In fact, the particles
obtained during a synthesis under nitrogen are relatively smaller than those obtained
during a synthesis under air.

In conclusion, the synthesis of iron oxide nanoparticles by co-precipitation is a syn-
thesis method allowing to quickly obtain a large quantity of nanoparticles. It is simple in
its implementation, but its parameters are complex. It presents the potential to produce
nanoparticles in aqueous solution and without toxic solvent. By adjustment of several pa-
rameters of synthesis, it is possible to obtain nanoparticles of desired composition and size.

However, if the monodispersity of samples can be improved by adjusting the synthesis
parameters, the latter remains less good than for other more complex synthesis complex
(the thermal decomposition for example). In addition, the synthesized nanoparticles have a
strong tendency toward aggregation in aqueous solution without further treatment. This
trend will considerably limit the possible applications, especially in the biomedical field.

These two mains defects that are the polydispersity and the aggregation of nanopar-
ticles obtained could be limited by the stabilization of nanoparticles in aqueous solution.
The functionalization of iron oxide nanoparticles by adding a ligand during the synthesis
or after it in order to stabilize them in aqueous solution will be the subject of the end of
this review.

3.7. Synthesis by Microwave

Heating using microwave has become more and more popular in the past few years [38,57-59].
Owing to the microwave irradiations, the molecules on the sample will line up according
to the applied field. This forced movement will thus allow internal heating of the sample.
Unlike conventional heating, there will therefore be no temperature gradient on the sample



Appl. Sci. 2022,12, 8127

14 of 23

with microwave heating. In addition, the microwave irradiation will allow a time reduction
of the synthesis [60].

Synthesis assisted by microwave allows to obtain nanoparticles with a controlled size
and shape [61-63]. The various methods which have been mentioned above can be assisted
by microwaves. In fact, thermal decomposition [57], hydrothermal synthesis [64], sol-gel
process [38], co-precipitation [65] use heating by microwaves.

4. Main Washing and Size Selection Methods for Nanoparticles

Since the synthesis of nanoparticles for various applications has developed, a number
of washing procedures (or purification) of nanoparticles have also been developed. These
processes have sometimes a second goal consisting in the fractionation of nanoparticles in
function of their size or the deletion of possible aggregate in addition to another undesirable
elements [66-69]. In this part, the main existing method relating to washing and sorting by
size of magnetic iron oxide nanoparticles will be presented considering their principles and
main mechanisms as well as their respective characterizations.

4.1. Dialysis

The purification by dialysis is a purification method often used, particularly in bio-
chemistry. It consists of placing the sample to be purified in a dialysis tube constituted
of a semi-permeable membrane only allowing the passage of molecules whose molecular
weight is less than a certain value (denoted cutoff threshold). This dialysis tube is then intro-
duced to a container of ultra-pure water with a volume superior than the volume of the tube
(generally 100 to 1000 times higher). Under the effect of the chemical species concentration
gradient (such as molecules of free ligand or ions derived of precursors) existing on both
sides of the membrane, the sufficiently small species will migrate through the membrane
and diffuse in order to distribute themselves uniformly throughout the available volume.
So, the concentration of impurities to be removed in the tube containing the sample is di-
vided by a factor corresponding to the factor between the volume of the dialysis tube filled
with sample and the total volume of the container of ultra-pure water. The purification
of the sample can be improved by the repetition of this handling. This washing method
is often considering one of the least aggressive methods for samples because it does not
involve significant physical stress or difficulties in recovering the sample after purification.
However, it is time-consuming (the diffusion is a slow process, they last several days) for
small sample volumes processed. In a recent work, L.K. Mireles et al. [70,71] showed that
the purification of iron oxide nanoparticles by this method, yet considered “sweet”, caused
changes in the surface chemistry of nanoparticles. In addition, A. Lassenberger et al. [71]
also showed that the dialysis of iron oxide nanoparticles for 72 h caused a decrease in the
ratio of ligands at the surface which generated the aggregation of nanoparticles.

4.2. Centrifugation

The classical centrifugation is one of the most used methods for the washing of
nanoparticles [68,69]. It involves inserting the sample into the centrifuge tubes and applying
an extremely rapid rotation movement. Under the effect of the centrifugal force, the heaviest
objects of the solution (generally the nanoparticles that we want to purify) accumulate at
the base of the tubes while the parasites ions and the ligand in excess will remain in solution
in the supernatant. The washing by centrifugation is generally carried out by a succession
of several centrifugation phases followed by re-solution of the nanoparticles accumulated
at the base of the tubes. By adjusting the speed of the rotation of the centrifugation as
well as the time of centrifugation, it is possible to make size selection on the sample of
nanoparticles we want to increase the monodispersity. This method is simple to implement
and allows to remove ions and molecules of free ligands from the samples. However, the
high physical stress inflicted on nanoparticles and the succession of the forced aggregations
they undergo can lead to a decrease in the colloidal stability of samples if the centrifugation
phases are very fast (in rotation speed) or longer (in time). In addition, any aggregate
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formed during the synthesis will be recovered in the pellet unless a first centrifugation with
a low speed is carried out to eliminate them from the sample.

4.3. Centrifugation with Viscosity Gradient

This type of washing by centrifugation is based on the same principle as that of the
classical centrifugation, but splitting the sizes of nanoparticles present in solution owing to
a viscosity gradient in the solution. This time the sample is introduced into the upper part
of a tube prepared beforehand by adding a succession of liquids of decreasing density and
viscosity starting from the bottom of the tube. This succession of adding aims to obtain a
partially filled tube and presenting a viscosity gradient from the bottom of very viscous
tube to the top of the tube where the viscosity is close to that of water. This succession
of density liquids and decreasing viscosity can be obtained for example by the mixture
water/polyvinylpyrrolidone (PVP) [72] having a decreasing mass percentage of PVP over
the addition or by the mixture water/ethylene glycol (EG) [73] starting to fill the tube with
pure EG to finish with pure water. This modification of this method allows to separate
more efficiently the population of different sizes within a sample, the largest nanoparticles,
heavier, sinking further in the liquid with a higher viscosity. This improved method
provides better results in terms of size selection than the classical centrifugation. However,
the advance preparation of tubes makes it much more complex and time-consuming to
apply (in particular if several successive centrifugations are necessary). In addition, it is
sometimes difficult to recover the nanoparticles present in the liquid phases with high
viscosity and completely eliminate these viscous liquids of the sample.

4.4. Ultrafiltration

The washing and the size split of nanoparticles by ultrafiltration consists in passing
nanoparticles through a porous membrane with a controlled pore size thus allowing only
the species with a molecular weight below a membrane-specific limit (denoted cutoff
threshold) [66,69,74,75]. The gravity only can allow the passage of the solution through the
membrane. A slight overpressure imposed on the upper part of filtration device can be
applied. This method can be used simultaneously with the centrifugation using specific
centrifuge tubes with porous membrane. This method, mostly when it is coupled with the
centrifugation, allows to eliminate in the sample small molecules or ions which can pass
through the membrane. On the other hand, as in the case of dialysis, Lassenberger et al. [71]
showed that the ligand ratio (PEG) in surface of NPs were drastically reduced by the
repetition of ultrafiltration, which result the quick aggregation of nanoparticles in solution.
In addition, we can see with this method a loss of a part of the nanoparticles which remain
attached to the surface of the membrane; nanoparticles that are difficult to recover.

4.5. Size selection Precipitation (SSP)

The washing and size fractionation method denoted SSP “size selection precipitation”
can be applied jointly with other methods such as the magnetic separation or the centrifu-
gation. It rests by destabilization of nanoparticles in solution by adjusting different factors.
The destabilization of nanoparticles can be performed by adjusting pH of the solution [21],
the ionic force by adding ions in solution [76] (such as chloride ions) or the mixture be-
tween good and bad solvents which will depend on the surface functionalization of the
nanoparticles to be sorted. If the destabilization of nanoparticles is enough, nanoparticles
can flocculate or aggregate becoming easy to recover by classical filtration. It is possible to
observe a transition denoted “liquid-gas” with the appearance of two distinct phases in the
solution [21,76,77]; the most concentrated lower phase will contain the biggest nanopar-
ticles. The adjustment of parameters (pH, ionic force, nature of solvent, ...) cannot be
enough to totally destabilize the nanoparticles. A partial destabilization can however favor
the purification of nanoparticles by methods such as centrifugation or magnetic separation.
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4.6. Extraction

The extraction is a method widely used in organic chemistry to separate species having
different affinities with two given solvents (generally an apolar organic solvent and water).
Unlike SSP by mixing solvents whose purpose was only to modify the stability of nanopar-
ticles to provoke their flocculation, the two selected solvent must not be miscible and must
form two separate phases (water/chloroform for example) [66,78,79]. The nanoparticles are
scattered in one of the two phases of the mixture after agitation and decantation, while the
impurities will stay in the second phase. In the case of functionalized iron oxide nanoparti-
cles by ligands in surface, the affinity with a solvent or another will be due essentially to
the nature of ligands which cover them. So functionalized nanoparticles by oleic acid or
other ligands with long carbon chains will tend to migrate to the organic phase constituting
an apolar solvent while functionalized nanoparticles by small charged molecules such as
citrate will migrate to the aqueous phase, a polar solvent. This washing method is simple
to perform and is mainly used for purifying nanoparticles whose functionalization stabilize
them in organic solvent. The synthesized residues will be solubilized in the aqueous phase.

4.7. Magnetic Separation

Magnetic separation is by definition only used for magnetic nanoparticles. It attracts
nanoparticles within a solution via the application of a magnetic field (often via a permanent
magnet) [67,77,80,81]. The largest nanoparticles will be easy to attract with a magnetic field,
especially if they are agglomerated in the form of a cluster. The smallest nanoparticles which
are totally isolated and stabilized in the solution by surface ligands will be more difficult to
attract. The size sorting of nanoparticles by this principle can be done by modulation of
exposure time of the sample to the magnetic field (for example, a short exposition of a few
seconds will aim only to remove the big aggregates of the solution). In the case where the
field will not be provoked by a permanent magnet but by an electromagnet, a modulation
of the power of the magnetic field is possible to attract nanoparticles with a given minimum
size [80,82]. One of the advantages of this separation and washing method is it is very easy
to implement and effective to eliminate free ions and ligands in excess. It also allows the
elimination of any nonmagnetic by-products which can appear during the synthesis of iron
oxide nanoparticles in production conditions (such as hydroxides or oxohydroxides). In
a recent work, Lassenberg et al. [71] showed that during washing by repeated magnetic
separation of the same sample of nanoparticles, the ligands ratio in the sample will tend
to decrease significantly during the first washing, sign of the elimination of free ligands.
However, unlike washing by dialysis and filtration that they have experienced too, the
ligands ratio in the sample stabilizes after the first washing at a sufficiently high value to
keep the stability of nanoparticles in the solution and avoid the aggregation.

5. Stabilization of Magnetite and Maghemite Nanoparticles in Solution
5.1. Iron oxide Nanoparticles Behaviour in Solution

As we saw earlier, the magnetic iron oxide nanoparticles from the coprecipitation will
tend to aggregate in aqueous solution at neutral pH. The breaking crystal continuity at the
surface of the iron oxide nanoparticles reveals iron atoms with partial charges. These surface
atoms behave as Lewis acid and will be able to react with electron donors. So, surface iron
ions will bond in the aqueous solution with the atoms of water [21] which dissociate to
form a hydroxide layer at the surface of nanoparticles. In function of the pH of the solution,
the hydroxide groups -OH protonate in groups OH,* or deprotonate in groups -O~ 1. So,
the surface of iron oxide nanoparticles will be positively charged, negatively charged, or
neutral in the function of the pH of the solution. The isoelectric point, i.e., the pH value
which the surface of iron oxide nanoparticles is electrically neutral in aqueous solution is
between 6.8 and 7.4 [21,83]. Around these pH values, (5.0 < pH < 9.0), the surface charge
of nanoparticles is no longer important enough for the electrostatic repulsions, preventing
their aggregation under the effect of Van der Waals forces. The iron oxide nanoparticles
lose their stability in water and flocculate. Since most biological applications require stable
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nanoparticles at pH ~ 7, the aggregation by functionalizing their surface by organic ligands
or inorganic shells should be limited, thus increasing the inter-particle repulsions.

5.2. Main Stabilization Methods

The surface functionalization of magnetic iron oxide nanoparticles can have two sepa-
rate objectives: on the one hand, the stabilization of nanoparticles to avoid their aggregation
in a given solution, on the other hand, the desire to make these nanoparticles functional
for a given application. In this part, we will only deal with surface functionalization of
nanoparticles. Generally, the stabilization of nanoparticles in solution goes through the
creation of repulsions between particles. The two main types of repulsions which can be
induced by the surface functionalization of nanoparticles are electrostatic repulsions and
the repulsions by steric hindered.

The electrostatic repulsions can be induced by grafting of small charged molecules, the
encapsulation in liposomes constituted of a double layer of surfactants having a charged
head or the use of other inorganic materials such as silica or gold. The repulsion by steric
hindered can be induced by grafting in surface of polymers nanoparticles either by simple
adsorption or by grafting of the polymer via a terminal function.

The main types of functionalization (Figure 7) described in the literature are [84]:

- The functionalization by adsorbed polymers such as dextran [85,86], PVA [87,88] or
chitosan [89,90].

- The functionalization by small charged molecules such as carboxylates [91,92], phos-
phonates [93], or sulfonate [94].

- The functionalization by inorganic shell most of the time noble metals such as silver
and gold [95] or silica [96,97].

- The functionalization by grafted polymers by the terminal functions such as PEG-
COOH [98,99] or polyethylenimine [100].

- The encapsulation in liposomes in the case of a double layer of fatty acids (oleic acid
for example) [101].
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Figure 7. Representative schema of the main modes of functionalization of magnetic iron oxide nanoparticles.

5.3. Stabilization by Citrate Ligands

Citrates are part of the first molecules for the stabilization of iron oxide nanoparti-
cles [48,49,91,102]. Citric acid is a tricarboxylic acid «-hydroxylated with chemical formula
CeHgO7 (M =192 g-molfl) and showing no toxicity to mammals [103]. Commonly used
as an acidifier in the food industry, it also produced in all cells of all aerobic organisms
during the Krebs cycle by condensation of oxaloacetate and acetyl-coenzyme A. Citric
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acid is a weak triacid which therefore has three separate pKa: there also are four different
predominant forms in function of pH (Figure 8).
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Figure 8. Evolution of the predominant species of citric acid as a function of the evolution of the pH
of the solution.

If the pH of the solution is below than pKa;, the fully protonated citric acid is the
specie which predominates in solution, with the increase of pH, the carboxylic acid groups
will gradually deprotonate into carboxylates to the citrate form when the pH is higher than
pKa [2]. Citrate ions will be able to adsorb via one or two carboxylate functions on the
surface of iron oxide nanoparticles. The negatively charged carboxylate functions not linked
to the surface of the nanoparticles and on the periphery of the functionalized nanoparticles
will cause electrostatic repulsions preventing the aggregation of the nanoparticles. This
principle of stabilization of nanoparticles at pH 7 by carboxylic acids is commonly used
in the literature [104]. Several modes of interactions between citrates and nanoparticles
depending on the number of complex carboxylate groups and the type of interaction
between the group and the surface on the nanoparticles can be envisaged (Figure 9).

Fe ** Fe ** Fe ** Fe ** Fe ** Fe ** Fe **

Surface of nanoparticle

Figure 9. Schema several possible binding modes between the citrate ligands and the surface an iron
oxide nanoparticle.

When the iron oxide nanoparticles are functionalized by citrates, the isoelectric point
for which the aggregation of nanoparticles occurs drop from pH 7 for bare nanoparticles
to pH 5 [21]. The functionalized nanoparticles are stabilized and do not aggregate at
physiological pH, which greatly facilitate their use in the biological field. The use of citrates
as ligands is not limited to the only stabilization of nanoparticles. By their many free
functional groups -COOH in solution, they can be used to support a future functionalization.
Bishop et al. [105] changed for example citrates to replace the hydroxide group by an alkyl,
thus paving the way for future modifications through the Huisgen cyclo-addition reaction
or denoted as “click-chemistry” [106].

6. Conclusions

Considering the bibliographic considerations set out in this review, structural and
magnetic properties of iron oxides nanoparticles, several synthesis ways and purification
methods have been described. As a function of applications, different synthesis and
washing methods are pertinent. For example, the synthesis method by co-precipitation
allowing to get directly magnetic iron oxide nanoparticles in aqueous solution is a good
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solution for the biological fields and application as contrast agent for magnetic resonance
imaging. In order to overcome certain defects inherent in this method of synthesis such as
the strong tendency of synthesized nanoparticles to aggregate, this method can be modified
by the adding of ligands in the solution. The citrate ligand described in this review can be
used because it has a strong affinity toward the surface of iron oxide nanoparticle and for
its no-toxicity. In order to improve the reaction yield and to increase the monodispersity of
the solution, one-step microwave heating can be envisaged.
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