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a  b  s  t  r  a  c  t

In the last decades, magnetic ceramics are very appealing materials that find applications

in  several technologic fields. Among these, iron oxides nanoparticles are the main relevant

ones  due to their low-cost as naturally occurring substrates. However, depending on the

application, it can be necessary to induce a specific shape and size control over the final

morphology, and consequently a proper synthetic route becomes mandatory. Hence, this

document provides a summary of the main relevant chemical, physical, thermal, and bio-

logical methods to induce a certain degree of morphological control in iron oxides. The main

focus of this document relies on highlighting the principal guidelines, unveiling both advan-

tages and disadvantages of each method in terms of morphology control in the resulting

products. Lastly, a particular emphasis has been dedicated toward the industrial feasibility

of  all processes here discussed.

© 2020 SECV. Published by Elsevier España, S.L.U. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Una  guía  sintética  hacia  la  producción  a medida  de  nanopartículas
magnéticas  de  óxidos  de  hierro

alabras clave:

ateriales cerámicos

xidos de hierro

r  e  s  u  m  e  n

En las últimas décadas, la cerámica magnética es un material muy atractivo que encuentra

aplicaciones en varios campos tecnológicos. Entre estos, las nanopartículas de óxidos de

hierro son las principales por su bajo costo como sustratos naturales. Pero, dependiendo de
ser necesario inducir un control de forma y tamaño específico sobre la
ateriales magnéticos la  aplicación, puede 
agnetismo

anopartículas

íntesis

morfología final y, por lo tanto, una ruta sintética adecuada se vuelve obligatoria. Por esta

razón, este documento ofrece un resumen de los principales métodos químicos, físicos,

térmicos y biológicos relevantes para inducir un cierto grado de control morfológico en los

óxidos de hierro. El objetivo principal de este documento se basa en resaltar las principales
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directrices, revelando las ventajas y desventajas de cada método en términos de control de

la  morfología en los productos resultantes. Por último, se ha dedicado un énfasis particular

a  la viabilidad industrial de todos los procesos aquí discutidos.

©  2020 SECV. Publicado por Elsevier España, S.L.U. Este es un artı́culo Open Access bajo

cia C

Cr, Mn, and some rare earths) [27]. At short level, ferromagnets
la  licen

Introduction

Since from the early birth of human history, ceramic mate-
rials have proved to be a fundamental resource that favored
the primitives’ technological evolution and civilization [1,2].
Ceramics can be classified into either traditional (mostly
made by a various combination of clays, silica, alumina and
other oxides, used for the manufacturing of earthenwares,
whitewares, stonewares, cements, concretes, mortars, and
refractory materials) [3–6] or advanced (engineering, func-
tional) ceramics (which are nearly pure compounds, such
as oxides, carbides and nitrides, characterized by showing
particular physical features) [7–10]. Furthermore, advanced
ceramics can be divided into advanced structural ceramics
(i.e., bioceramics, and tribological ceramics) and in elec-
troceramics (i.e., electronic substrates, piezoelectric, optical,
conductive, and magnetic ceramics) [11]. In this context, mag-
netic ceramics are a particular class of inorganic materials
showing magnet-sensitive responses, very appealing for sev-
eral technological applications since merging the advantages
of their ceramic-nature (high-electrical resistivity, resistance
to corrosion and wear) with being magnetics [12].

As reported in the literature, the EU market of perma-
nent magnets is a continuously growing market segment,
and its values has been estimated being more  than $ 1100
million by 2018, thus making it a very promising technolog-
ical field of research [13]. Such growing interest for advanced
magnetic materials is also justified by the important tech-
nological milestones reached thanks to the implementation
of magnet-based devices (e.g., the development of magnetic
levitation-based MAGLEV trains for high-speed transport, or
the magnetic therapy for the treatment of pain in biomedicine)
[14,15]. According to the “Modern Theory of Magnetism” the
production of a magnetic field in materials is determined
by the electronic configuration (i.e., the distribution of the
electrons in orbitals) and the electrons’ spin motion [16,17].
These definitions pointed out two relevant facts: (i) magnetic
phenomena arises directly from the electron motions, thus
suggesting a strict correlation between magnetic field and
electric field [18,19], and (ii) chemical elements with an elec-
tronic configuration able to guarantee a magnetic response
in materials are only few transition metals, such as iron (Fe),
nickel (Ni), cobalt (Co), manganese (Mn), and chromium (Cr),
as well as some Rare Earths (RE) metals [20].

Basing on these axioms, considering the (electro)ceramics
categories, the main relevant magnetic materials are ferrites
and iron oxides (in different phases) [21,22]. Ferrites are a class
of ceramic oxides, with general formula MFe2O4, where M is
a general metal, different from Fe (i.e., if M is Fe(II) it gen-

erates a particular subclass of ferrites named magnetite, or
Fe3O4) [17]. Furthermore, ferrites can be classified on their
crystallographic structure as spinel- (the main relevant ones),
C BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).

garnet-, hexa- and ortho-ferrites, showing the presence of
both octahedral and tetrahedral sites (i.e., two interpenetrat-
ing substructures) [23]. The position of the M/Fe  heteroatoms
within the crystal lattice influences the magnetic properties
of spinel ferrites, and such structural organization depends
on several parameters, such as: the nature of cations (ionic
radius and valence), lattice’s interstices (size), temperature,
and electrostatic energy [24].

Even if ferrites occupy the majority of the magnetic ceram-
ics’ market, iron oxides still deserve a particular interest since
being versatile, low-cost naturally occurring materials show-
ing a quite high magnetic response [17]. In detail, iron oxides
nanoparticles attracted worldwide researchers not only in
magnetic devices (as ferrites do), but mainly due to their
wide potential applications in waste/groundwater clean-up
processes, sensing, drug-delivery and biomedicine, cosmet-
ics, automotive, imaging, and so on. Additionally, iron oxide
NPs are one of the main used nanoscopic contrast agents for
magnetic resonance imaging (MRI) approved for clinical use
[25]. However, depending on the crystal phase organization,
it is possible to induce a different magnetic response (in the
sense of different magnetism).

Therefore, aim of this study is to summarize the main
relevant synthetic protocols found in the literature for obtain-
ing specific magnetic phases with controlled geometries and
dimensions. After providing a general overview on the concept
(and principles) of magnetism, the iron oxide crystal phases
were presented and the chemical/physical/thermal/biological
methods critically discussed, highlighting their advantages
and disadvantages in terms of control degree in the result-
ing products’ morphology. Since this topic is transversal, this
author tried to focus the discussion on the crystal structure-
magnetism correlation, and on the chemical mechanisms
driving the iron oxides’ synthesis. For a more  extensive (and
generalist) discussion, this author suggests the following ref-
erences as supporting literature [26,27].

Magnetism  and  ceramics:  a  general  overview

On the basis of the current literature, the main relevant
forms of magnetism (characterized by having a macroscopic
magnetic response) are basically two: ferromagnetism and
ferrimagnetism. Ferromagnetism, which is the most intense
form of magnetism, is a spontaneous magnetic phenomenon
generated by the self-alignment of unpaired (same-spin) elec-
trons forming the electronic configuration of the compound
(typically, metallic forms of transition metal such as: Fe, Co, Ni,
are organized into magnetic domains generated by energeti-
cally favored coupling of nearby electrons. At high scale and in
absence of an external magnetic field applied, these domains

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Fig. 1 – Panel a: Crystal structure of the spinel-type oxide
MnV2O4. A-site and B-site ions are surrounded by an
oxygen tetrahedron and octahedron, respectively. The V3+

ion has orbital degeneracy in the t2g orbital. Panel b: The
collinear ferrimagnetic structure between the structural
phase transition TOO = 53 K and the Curie point Tc = 58 K.
Panel c: Magnetic structure in the non-coplanar
ferrimagnetic tetragonal phase (c < a) below TOO. Reprinted
with permission from [34].
b o l e t í n d e l a s o c i e d a d e s p a ñ o l a 

re randomly-organized, following an anti-alignment organi-
ation (of adjacent poles). The main feature of ferromagnets is
he capability of align domains parallel to the direction of the
xternal magnetic field (once applied) and maintain a “mem-
ry” of this induced orientation, even after the removal of
uch external magnetic source [27,28]. Ferromagnetic materi-
ls are generally recognized being either hard- (or permanent)
r soft-magnet (i.e., subjected to fast/easy magnetization-
emagnetization) [29,30]. This capability is expressed by the
oercivity (Hc) parameter, which is defined as the reverse mag-
etic field necessary to nullify the (volume) magnetization

M,  i.e., the amount of magnetic moments per unit of vol-
me). Furthermore, temperature affects ferromagnetism. In
act, for every ferromagnetic material, a critical temperature
alue (named Curie point, Tc) is defined: above this value,
aterials evolved toward a more  disordered magnetic orga-

ization (i.e., paramagnetism) due to the thermally-induced
ncontrolled motions of electrons, and consequently loss of
agnetic-domains organization. This inter-magnetism tran-

ition is reversible [31].
Ferrimagnetism, instead, consists in a structure-related

orm of magnetism, which occurs in materials formed by
wo interpenetrating chemical structures showing an anti-
lignment of spins with unbalanced magnetic moments of
he two substructures, giving an overall significant magnetiza-
ion value [32,33]. Typical ferrimagnetic materials are the iron
xides and ferrites, and among these magnetite, which can
e assumed as a Fe-ferrite, whose chemical formula is Fe3O4,
r better FeO·Fe2O3 distinguishing the two substructures [23].
n analogy to ferromagnetism, even ferrimagnetism presents
imilar properties and a Curie point [17]. Since ferrimagnetism
s a structure-related phenomenon, it should be taken into
ccount also the possible effect induced by the temperature
ariation on the structural organization. Just to give a clarify-
ng example, Matsuura et al. [34] reported the study of a spinel

nV2O4 presenting V-octahedral and Mn-tetrahedral sites as
ubstructures. As shown in Fig. 1, the temperature variations
aused a variation of the phase crystal structure (from cubic
o tetragonal during cooling) and a consequent side-effect on
he ferrimagnetic behavior, affecting the magnetic structure
rom collinear to non-coplanar ordering.

Lastly, superparamagnetism is a particular form of
erro/ferrimagnetism. In detail, when ferro/ferrimagnetic
anoparticles are very small (below 20 nm), they behave
s “single-domain”. Due to the thermal fluctuations of the
nvironment, nanoparticles can change direction of mag-
etization with time/temperature fluctuations. In absence
f an external magnetic stimulus applied, their magnetiza-
ion is negligible, whereas in presence of a magnetic field,
heir response is the self-alignment with the direction of the
timulus (analogously as for paramagnetism) [35] showing

 very intense magnetic susceptibility (from here the pre-
x “super”) due to their intrinsic ferromagnetic/ferrimagnetic
ature [17].

Other forms of magnetism are diamagnetism (i.e., the capa-
ility of oppose to a magnetic field, due to the absence of

npaired electrons) and antiferromagnetism (which is caused
y two interpenetrating structures having an equal antialign-
ent of electrons and overall zero magnetization) [27]. Fig. 2

ummarizes the main relevant forms of magnetism and their
magnetic behaviors (i.e., superparamagnetism is not reported
since merges characteristics of the other forms) [36].

Magnetic  iron  oxides  synthesis

Thermodynamics  and  inter-phase  transition

In the last decades, several studies have reported different
synthetic routes to produce stable iron oxides nanoparticles
(IONPs) characterized by having a certain degree of order in
terms of shape and nanoscopic size (namely, with a controlled
dimensional dispersity) [37–40].

The magnetic forms of IONPs are basically two: magnetite
(Fe3O4), and its oxidized magnetic form named maghemite
(�-Fe2O3) [17]. Since both phases (magnetite and maghemite)
present the same crystal organization and magnetite is
sensitive to oxidation [37], maghemite is assumed as a ferrous-
deficient magnetite, obtained through topotactic oxidation
of magnetite’s Fe(II) ions into Fe(III) [41,42]. For clarifica-
tion, Fig. 3 reports the crystal structure of IONPs, namely
magnetite, maghemite and hematite [43]. Due to this strict
correlation existing between magnetite and maghemite, it is
more  reasonable to assume both of them being a single mag-
netite/maghemite phase [44,45].

The most thermodynamically stable form of iron oxides
is the fully oxidized hematite (�-Fe2O3), which is an antifer-
romagnetic (and consequently non-magnetically exploitable)
reddish ceramic [46,47], whose crystal structure is reported in

Fig. 3a.

By simply heating magnetite under oxidative atmosphere
(air), a topotactic oxidation takes place converting magnetite
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Fig. 2 – Summary of the main relevant forms of magnetism and their features. Reprinted with permission from [36].

Fig. 3 – Crystal structure and crystallographic data of hematite (a), magnetite (b), and maghemite (c). Legend: Fe(II) (black),
43].
Fe(III) (green), and O (red). Reprinted with permission from [

in maghemite and, subsequently (at T > 600 ◦C), in hematite by
phase transformation, as in (1) [48,49].

2Fe3O4 + ½O2(g) → 3�-Fe2O3 → 3�-Fe2O3 (1)

On the contrary, when magnetite/maghemite are
thermally-treated under a reducing/inert atmosphere and in
presence of a carbon source, both oxides reduce themselves
into wustite (FeO) and releasing CO as volatile byproduct,
through the following reactions (2) and (3) [42,44,48].

Fe3O4 + C → 3FeO + CO(g) (2)

�-Fe2O3 + C → 2FeO + CO(g) (3)

However, since FeO is thermodynamically unstable above
570 ◦C, it can disproportionate forming elemental iron (Fe-�)

and magnetite, in a cyclic loop mechanism as in reaction (4).

4FeO → Fe + Fe3O4 (4)
The reactions mechanisms above described confirmed the
importance of providing an effective stabilizing coating to
preserve magnetite/maghemite IONPs from oxidation (and,
consequently, their magnetic response) [17,37]. In particular,
from the analysis of the Fe–O phase diagram (Fig. 4), it clearly
emerged that at ca. 570 ◦C different Fe-containing phase may
exist, depending on the O-content [50].

The analysis of the literature revealed that several pro-
cesses might be adopted for the synthesis of magnetic
IONPs [37,45]. These methods can be classified according
to the source/mechanism as: (i) chemical (co-precipitation,
micro-emulsion, sol–gel reactions), (ii) physical (sonochem-
ical, MW-assisted, electrochemical synthesis), (iii) thermal
(T-decomposition, spray/laser pyrolysis, hydro/solvothermal),
and (iv) biological (bacteria-assisted approaches) processes.
In general, the synthesis of IONPs required particular atten-
tion in terms of choice of the more  convenient experimental
conditions able in producing monodisperse distribution of

particles, and avoiding/reducing subsequent expensive sepa-
ration/purification downstream steps, which can dramatically
affect the final yield and the industrial feasibility (scale-up)
[37,45]. In the following paragraphs the main relevant points



b o l e t í n d e l a s o c i e d a d e s p a ñ o l a d e c e r á m i c a y v i d r i o 6 0 (2 0 2 1) 29–40 33

Fig. 4 – Fe–O phase diagram. Reprinted with permission
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Fig. 5 – Schematic representation of the three main
chemical routes to obtain magnetite: (1) magnetite
formation by controlled co-precipitation from both Fe(II)
and Fe(III) ions, (2) magnetite formation from Fe(III) ions
through a solid ferrihydrite Fe(OH)3 precursor and Fe(II)
ions by ammonia diffusion, and (3) magnetite formation
from Fe(II) ions through a solid white rust Fe(OH)2 precursor
by partial oxidation with nitrate ions. Reprinted with
rom [50].

elatively to the different approaches were presented and
ros/drawbacks critically discussed.

hemical  methods

hemical approaches rely on the growth of magnetic iron
xides (i.e., magnetite) from liquid phase through the action
f further chemicals. Among the different approaches, the
o-precipitation technique is the simplest and most diffuse
athway exploited for the production of magnetic IONPs

37,39,51]. It consists in the stoichiometric mixture of both fer-
ous Fe(II) and ferric Fe(III) inorganic salts in presence of a basic
nvironment, following the reaction (5).

Fe3+ + Fe2+ + 8OH− → Fe3O4 + 4H2O (5)

Since magnetite is poorly soluble in basic environment [52],
cidic Fe(II)/Fe(III) when introduced into basic media precipi-
ates as IONPs. According to the literature [53,54], it is possible
o drive the synthesis preferentially toward magnetite (rather
han maghemite) by working in excess of Fe(II), namely with

 Fe(III)/Fe(II) molar ratio <1.75; however, it must be noted
hat even this precaution can be totally nullified without a
table protection of magnetite surface from the naturally-
ccurring oxidation. In particular, nucleation is favored at
H < 11, whereas the growth of IONPs at pH > 11 [43]. The
o-precipitation route does not require any atmosphere con-
trains (even if inert atmosphere can be exploited to further
ontrol the magnetite’s oxidation) [55], the temperature range
s very wide (20–250 ◦C) and the time necessary for the synthe-
is is relatively low (order of minutes) since pH-mediated [17].
owever, these parameters are fundamental for driving both

he final size and shape of IONPs, together with the Fe(III)/Fe(II)
atio, ionic strength, stirring rate, and selected Fe-containing
alts (i.e., it is well-known the possible role of counterions in
nfluencing the final texture in growing oxides) [43,56–59].
Even if the co-precipitation route is the most widely
iffused chemical methods for obtaining IONPs due to the
igh yields and a certain control in the nanoparticles’ size
permission from [51].

distribution, this process still presents some limitations, such
as the use of non-environmental-friendly chemicals (e.g.,
strong bases) and the poor shape-control of the final IONPs
(i.e., the IONPs growth is kinetically driven). To overcome
this issue, in most cases co-precipitation has been integrated
with ultrasonic-assisted chemical method, which allows a
better control in the nanoparticles’ size below 15 nm [60], or
by introducing (bio)surfactants and/or stabilizers to confer
a further control in sizing/shaping the final IONPs as well
as directly-forming a preservative coating (from oxidation)
surrounding IONPs [61–65].

Furthermore, the analysis of the co-precipitation process
revealed that the magnetite synthesis via co-precipitation
is mediated by the preliminary formation of Fe(II)/Fe(III)-
hydroxides [66]. Hence, another interesting (alternative)
approach found in the literature regards the separation of
these two reactions (that in bare co-precipitation reaction
happen simultaneously) by mimicking the mineralization
process following hydroxide-mediated two-step mechanisms
[51]. Fig. 5 resumes these three different pathways, recognizing
as route (1) the bare (traditional) co-precipitation process (blue
arrows), as route (2) the ferrihydrite-mediated approach (red
arrows), and as route (3) the white rust-mediated approach
(green arrows) [51].

Considering the ferrihydrite-mediated synthetic line, the
selective precipitation of Fe(III) hydroxide is favored by work-
ing in a closed system with NH3 vapors diffusing in a
Fe(III)/Fe(II) aqueous solution (with Fe(III)/Fe(II) ratio equal to
2) [67,68]. Subsequently, once ferrihydrite Fe(OH)3 precipitates
(as in reaction (6)), pH raises to ca. 8, thus evidencing the for-
mation of magnetite (as in reaction (7)) through reaction with

the residual Fe(II) ions.

Fe3+ + 3OH− → Fe(OH)3 (6)
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2Fe(OH)3 + Fe2+ + 2OH− → Fe3O4 + 4H2O (7)

The effectiveness of such ferrihydrite-mediated line is
due to a delicate (kinetic) balance between the initial con-
centration of both Fe-ions and ammonia. These parameters
influence also the size and shape of the final IONPs, namely:
small/rounded NPs were reached for high [Fe,NH3], whereas
large/faceted NPs for low [Fe,NH3] [51].

On the contrary, in the white rust-mediated synthetic line
Fe(II) initially precipitates at high pH forming ferrous hydrox-
ide Fe(OH)2 (as in reaction (8)). Subsequently, the hydroxide is
oxidized to magnetite by addition of nitrate ions (addition of
NO3

−, as in reaction (9)) [51]. Since this process requires an
oxidation step, the limiting (kinetic) factor is due to the Fe(II)
oxidation rate, which is favored at high pH [69], thus making
this synthetic line dependent from the concentration not only
of Fe(II)-salt and the base, but also on the oxidant one. Typi-
cally, this approach is performed at high temperature (>90 ◦C)
to obtain “single-domain” superparamagnetic IONPs [70].

Fe2+ + 2OH− → Fe(OH)2 (8)

3Fe(OH)2 + NO3
− → Fe3O4 + NO2

− + 3H2O (9)

Micro-emulsion processes are based on Fe-containing
salts in a water/oil biphasic system, exploiting the pres-
ence of amphiphilic (macro)molecules (e.g., surfactants,
block-copolymers) at the interface [17]. These amphiphiles
consist in hydrophilic head(s) and hydrophobic tail(s) cova-
lently bonded together. Due to their double-nature, these
species moved at the interface between the two immisci-
ble phases, self-assembling into supramolecular aggregates
of different shapes (e.g., spherical, cylindrical, worm-like,
onion-like, lamellar, bi-continuous, and so on) [71–73]. Com-
monly adopted amphiphiles are cetyltrimethylammonium
bromide (CTAB) and polyvinylpyrrolidone (PVP) [74,75]. Hence,
the main advantages of micro-emulsions are the narrow size
distribution and good shape control on IONPs as both these
parameters are influenced by the templating actions induced
by amphiphiles species. On the contrary, the main drawback
is the aggregation phenomena (IONPs, thus produced, require
several post-synthesis purification steps), and the low yield
[43].

Lastly, sol–gel routes are based on acid/based-catalyzed
hydrolysis/(poly)condensation reactions of precursors (which
act as monomers) from colloidal solutions (sol) to form
a condensed network (gel) of metal oxides [76]. For this
wet-chemistry approach, precursors adopted are iron alkox-
ides/salts able to react through hydrolysis/(poly)condensation
reactions forming oxides [77,78]. The principal reaction mech-
anism is based on disproportionation/oxidation/dehydration
multi-step reactions (10) [79]:

Fe3+ + H2O·Fe(OH)x3−x → Fe(OH)x3−x → Fe3O4 (pH9.0, 60 ◦C)

(10)
For a detailed analysis of the sol–gel processes, please
refers to [80]. Interestingly, another possible route alternative
c e r á m i c a y v i d r i o 6 0 (2 0 2 1) 29–40

to the traditional aqueous sol–gel method is the polyol-
mediated approach, which consists in using polyols not only
as reaction medium, but also as reducing/stabilizing agents
to favor the shape/size control of the growing IONPs [37]. This
process is based on dispersing the Fe-containing precursors in
liquid polyols (e.g., ethylene glycol), and heating until reach-
ing the boiling point. IONPs obtained via polyols method show
hydrophilic surfaces (by the presence of polyol ligands) form-
ing nanoparticles which can be easily-dispersed into polar
media. Additionally, high crystallinity IONPs were obtained
due to the relatively high reaction temperatures. Conversely,
the use of alkoxides as oxidic precursors as well as the alco-
holic byproducts released during the calcination step rise the
costs/risks of these processes [43].

Physical  methods

Physical methods rely on the exploitation of physical phenom-
ena (e.g., acoustic cavitation, microwave, electrical fields) to
induce the growth of magnetite from (non)-aqueous media.
The sonochemical approach is based on the sonication of
an aqueous ferric/ferrous solution at ambient conditions
and in presence of air [17]. Ultrasounds generate alternating
expansive/compressive acoustic waves, forming oscillating
microbubbles (cavitation phenomenon) [43]. The collapse of
these bubbles forms localized hot-spots (with temperature of
ca. 4500 ◦C and pressure of ca. 1000 bar) that can be exploited
for the conversion of Fe salts into IONPs [81,82]. This technique
is very interesting as obtained IONPs show a very high stability
and strong magnetic properties. The main drawbacks of this
method is the very low shape control. Additionally, since this
process is very fast, amorphous IONPs can also be obtained
[79,83].

Microwaves (MW) irradiation, instead, consists in exciting
molecules by using an electromagnetic source emitting in the
1–103 mm wavelength range [17]. When irradiated, molecules
aligned themselves with the external field and this motion
causes an internal heating [43]. The MW-assisted route causes
a reduction of both treatment time and energy consump-
tion, allowing to obtain IONPs from organic solvents, easily
dispersible in aqueous medium without any further purifica-
tion step. As reported by Pascu et al. [84], the production of
MW-mediated IONPs generates nanoparticles with low sur-
face reactivity, and this side-effect could be associated to a
possible different crystallographic orientation.

Lastly, the electrochemical route consists in a galvanic cell
with two electrodes (made by metallic iron) immersed in a
saline solution [17]. In this system, several electrochemical
reactions take place, namely: the iron electro-oxidation (11)
and the water electrolysis (12) at the anode, as well as the
water reduction (13) at the cathode.

Fe � Fe2+ + 2e−; Fe2+ � Fe3+ + e− (11)
H2O � 2H+ + ½O2(g) + 2e− (12)

2H2O + 2e− � H2(g) + 2OH− (13)
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Subsequently, the pH moves from acid to basic, causing the
recipitation of Fe(III) hydroxides, following reaction (14):

e3+ + 3OH− � Fe(OH)3 (14)

Fe(III) hydroxide can evolve into two different mechanisms,
ccording to the solution’s pH: (i) either toward hematite or
oethite through dehydration (pH < 8), or (ii) directly to the
agnetic magnetite (pH >8–9), as in reaction (15).

Fe(OH)3 + H+ + e− � Fe3O4 + 5H2O (15)

Parameters influencing the electrochemical reaction path-
ays are pH, temperature, and reaction time, as well as the
orking distance between electrodes. In particular, this last
oint is crucial since only distances below 5 cm are able to
avor the desired pH environment at the cathode (and, con-
equently, the magnetite growth). This method has many
dvantages, one above all the capability of controlling the
ONPs particle size (by varying electrical parameters) charac-
erized by having hydrophilic surfaces [85].

hermal  methods

hermal methods rely on the exploitation of higher temper-
ture processes respect to the others to obtain iron oxide
anomaterials from inorganic salts (even in absence of sol-
ents) [17]. The most diffuse one is the thermal decomposition
rom non-aqueous mixture of Fe-containing salts into a closed
essel under inert atmosphere [17,37,86]. As reported by
u and co-workers [43], thermal decomposition strategies

an be classified as either conventional (where precursors
re heated) or hot-injection approaches (where precursors
re injected into a hot reaction mixture). The main advan-
age of these processes is the high crystallinity degree of
ONPs (due to the high temperatures reached within these
rocesses). Furthermore, a well-defined size and shape con-
rol can be exerted by introducing specific stabilizers into
he reaction medium, which exert a certain control (reduc-
ng) the rate of IONPs formation [17]. This technique is
ery powerful for obtaining particular morphologies (e.g.,
anocubes, core-shell systems, and so on) [87]. One char-
cteristic of the IONPs produced following this procedure
s the presence of hydrophobic surfaces that favor their
issolution into apolar solvents. Other thermal approaches
re the spray/laser pyrolysis and the hydro/solvo-thermal
outes.

Spray pyrolysis consists in producing IONPs via spray-
rying process of Fe(III) salts-containing organic solvents
rops and, subsequent, pyrolysis. Parameters influencing the

ONPs particles’ size are both drop size and the evaporation
ate of solvents [88]. Laser pyrolysis, instead, uses a laser
ource for heating a gaseous mixture of Fe(III) salts-containing
recursors in a (inert) gas carrier [89].

Hydro- and solvo-thermal routes are based on crystal-
ization reactions happening into sealed containers (i.e.,

utoclave) at temperatures in the 150–250 ◦C range and
ressure (3–40 bar) [43]. The IONPs production is driven
y dehydration reaction of inorganic salts (precursors)
nd by the low solubility of the resulting oxides, which
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supersaturate the medium [79]. Hydrothermal processes
are usually selected for magnetite production, whereas
maghemite requires a certain degree of oxidation (mostly
it is obtained through solvothermal routes) [90]. Even these
processes allow obtaining high crystalline IONPs due to the
temperature reached. Additionally, a very high shape control
can be obtained by simply varying the initial concentration
of Fe-precursor and the time/temperature of the treatment
[17].

In general, all thermal methods allow reaching high con-
version yields, thus making these IONPs production processes
very attractive since industrially scalable.

Biological  methods

Biological methods consist in the exploitation of microbial
species (mainly bacteria) to convert Fe-ions into IONPs by
means of biological processes. Magnetotactic bacteria are a
group of Gram-negative prokaryotes that are sensible to the
geomagnetic field by means of the presence of magneto-
somes, which are intracellular structures containing magnetic
magnetite or greigite (Fe3S4) [91,92]. These bacterial magne-
tosomes are usually in the 35–120 nm range, and magnetic
IONPs formed are uniformly “single-domain” (superparamag-
netic) permanently magnetic at RT, even without applying an
external magnetic field [93].

Studies reported that different oxides morphologies can
be reached, typically cubo-octahedral, bullet-shaped, elon-
gated prismatic and rectangular one (see for instance the
morphologies in Fig. 6) [17,91]. Since being biological, the
exact mechanism of the IONPs formation within the mag-
netosomes is very complex. Probably it includes different
steps, such as the vesicles formation, the extracellular Fe
uptake by the microorganism and the biomineralization of
magnetite/greigite within the magnetosomes [91,92,94]. Just
to provide an example, the hypothetical model for magneto-
some biosynthesis in a magnetotactic bacterium is reported
in Fig. 7 [91].

Interestingly, Curcio and co-workers [95] proposed an alter-
native cyclic method where intracellular magnetosomes can
experience an important biodegradation associated with the
progressive magnetite-to-ferrihydrite phase transition, and
subsequently identified that ionic species delivered by this
degradation could be used by cells to biosynthesize magnetite
nanoparticles.

In general, biological methods are green/sustainable pro-
cesses, very appealing since favor the direct production
of IONPs that exhibit high biocompatibility. As reported
by Araujo et al. [96], the direct use of magnetosomes is
very interesting since they show relatively specific mag-
netic and crystalline properties together with an enveloping
biological membrane (not observed in abiotically produced
IONPs) that make them of great interest for biotechnol-
ogy applications. The main drawback of these biosynthetic
routes is the relatively difficulty in controlling both size
and shape of IONPs [43]. Additionally, since these pro-

cesses exploit the catalyzing action of living microorganisms
(which are sensible to many  factors), biological routes allow
obtaining low yields of IONPs, limiting their effective applica-
tions.
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Fig. 6 – Various morphology of magnetotactic bacteria: (a) vibrios, (b, d) rods (b marker = 1 �m),  (c) coccoid (c
marker = 200 nm), (e) spirilla, and (f) multicellular organism (f marker = 1 �m).  Black nanostructures in micrographs are
IONPs. Reprinted with permission from [91].

etite
Fig. 7 – Scheme of the hypothesized mechanism of magn

Critical  remarks

A comparison between the different synthetic methods is
summarized in Table 1. The analysis of the different methods
allows to highlight the following “gold” rules:

- Chemical methods: these processes are made under air
atmosphere, in a range of temperature going from RT to
250 ◦C, and allow obtaining a nanoparticles’ size distribu-
tion narrow, and a good shape control (the only exception is

the co-precipitation route).

- Physical methods: these processes are made under air
atmosphere, at low temperature (the only exception is the
MW-assisted route), obtaining a medium size distribution
 biomineralization. Reprinted with permission from [91].

and medium yields. Depending on the method, it is possible
to reach even a high shape control.

- Thermal methods: these processes require particular atten-
tion concerning the atmosphere (usually required inert
gases and/or high pressure) and high temperature of reac-
tions. These particularly hard synthetic conditions allow
obtaining high yields of IONPs, characterized by hav-
ing a very narrow size distribution and a good shape
control.

- Biological methods: these processes require very mild
conditions (in terms of reaction environment and temper-
atures). Due to the presence of living microorganisms, the

final yields of conversion are very low, with a poor size/shape
control of the resulting IONPs.
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Table 1 – Classification of the synthetic routes for the production of IONPs.

Methods Atmosphere Temperature (◦C) Time IONPs size distribution IONPs shape control IONPs yield

Co-precipitation Ambient 20–250 min Narrow (Not) good High
Micro-emulsion Ambient 20–80 h Narrow Good Low
Sol–gel Ambient 25–200 h Narrow Good Medium
Sonochemical Ambient 20–50 min Narrow Bad Medium
MW-assisted Ambient 100–200 min Medium Good Medium
Electrochemical Ambient 20–30 h/days Medium Medium Medium
T-decomposition Inert 100–350 h/days Very narrow Very good High
Spray/laser pyrolysis Inert >100 min/h Narrow Medium High
Hydro/solvothermal High pressure 150–220 h/days Very narrow Very good High

ays

i
(
t
t
t
t
m
i
t
c
t
[
o
g
b
d

C

I
n
r
o
b
a
w
h
r
e
g

i
m
o
o
o
p
c
r
f
e
r
t

r

Bacteria-assisted Ambient 20–30 h/d

By focusing on the industrial feasibility, the more  perform-
ng processes are the ones showing high conversion yields
namely, co-precipitation and the thermal methods). Among
hese ones, the co-precipitation (chemical) method is surely
he most diffuse since it requires mild conditions compared to
he thermal methods. On the contrary, the main limitation of
his approach is the poor shape control. For this reason, several

ethods were adopted for better the size and shape control
n IONPs obtained through co-precipitation method, such as
he use of structure directing agents. These “growing factors”
an be either nucleating agents (i.e., seeds) able in favoring
he formation of particular shapes (e.g., metastable structures)
97,98] or amphiphiles able in driving the preferential growth
f specific crystal surfaces [74,75]. Thermal methods, instead,
uarantee from one side a very strict morphological control,
ut on the other side all of them require hard synthetic con-
itions.

onclusions

n the last decades, a great interest has risen up on mag-
etic ceramics. Among this category of materials, iron oxides
epresent one of the most studied and performing family
f ceramics that still today guarantees the best compromise
etween costs and magnetic performances. Even if iron oxides
re naturally occurring substrates, several synthetic protocols
ere exploited to successfully obtain nanostructures with a
igh morphological (i.e., size and shape) control. With this
eview, the main relevant synthetic protocols found in the lit-
rature for obtaining specific magnetic phases with controlled
eometries and dimensions were critically discussed.

In detail, the different types of magnetisms as well as the
ron oxide crystal phases were presented, together with the

ain chemical/physical/thermal/biological synthetic meth-
ds. In this context, the main focus of this document relies
n highlighting the (dis)advantages of the different meth-
ds in terms of morphology control degree in the resulting
roducts. Among the different methods here summarized,
o-precipitation chemical route and the thermal methods rep-
esent the more  performing processes in term of industrial

easibility and final yields. Lastly, rather than focusing on
very possible case study findable in the literature, the main
elevant features of each process were critically discussed, and
he main relevant guidelines pointed out.
Broad Bad Low
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