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1 Introduction

Magnetic iron oxide nanocrystals, i.e. magnetite (Fe;O,), maghemite (y-Fe,O;) or
any of its intermediate stoichiometries (Fe;,O,), have been applied in widespread
applications since ancient times due to their appealing properties [1]. Being the only
iron oxide with Fe ions in two oxidation states (+2, +3), magnetite is an abundant
material that can be found in the nature (rocks) together with titanomagnetite [2].
Magnetite nanocrystals can also be found inside some bacteria (magnetotactic bac-
teria) where it is mineralized in intracellular vesicles, generally 30—100 nm nanocu-
bes surrounded by a membrane and displayed in chains (magnetosomes) [3]. Finally,
these nanocrystals can be “artificially” synthesized by top-down methods like high-
energy ball milling, crushing or grinding, [4] or “bottom-up” approaches involving
colloidal methods like coprecipitation, hydro—/solvothermal and thermal decompo-
sition, rendering better structural properties in terms of crystallinity, purity and sol-
vent solubility [5]. Moreover, magnetite particles in the nanometre range size can be
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synthesized breaking down the limit of superparamagnetism (random alignment of
the magnetic moment in the absence of a magnetic field) leading to very interesting
reversible magnetic behaviour that paves the way for new applications.

Magnetite nanocrystals have been used along human history for a wide spectrum
of applications. They were used as pigments for ceramics in terracotta pottery since
ancient times (ancient Greece) [6] and more recently as pigment for inks, dyes or
any other material that required black colour, being the favourite one as magnetite
absorbed light much better than other black candidates, and thus, it was more reli-
able [7]. Then, other application where magnetite nanocrystals were well-established
was their use in water purification processes, e.g. heavy metal removal [8]. In the
latest decades of the twentieth century, their applicability boosted due to magnetite
electronic and magnetic properties at the microscale and nanoscale. Magnetite
exhibited a great performance for magnetic recording media, spintronics and bio-
medicine, in both diagnosis (contrast agents in MRI, magnetic resonance imaging)
and therapy (drug delivery vehicles and nanoheaters in magnetic and optical hyper-
thermia) [9]. For each application, scientists have designed and optimized the mate-
rial in terms of particle size, shape, aggregation state and internal crystal structure
to maximize their performance (Fig. 1).

However, magnetite is not the most stable iron oxide phase and tends to oxidize
to maghemite. [10] The oxidation kinetics is faster as the temperature increases, as
the atmosphere is richer in oxygen, when particle size drops or the crystallinity is
poorer. Magnetic properties, in terms of saturation magnetization and coercivity,
decrease after this phase transformation, but not dramatically [11]. Regarding the
electrical properties, magnetite is a semimetal due to the electron hoping between
the Fe ions of the octahedral sublattice of its structure, while maghemite is an
insulator.
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Fig. 1 Schematic description of the most interesting magnetic iron oxide phases, properties,
sources and applications that will be considered in this chapter
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The aim of this chapter is to present an overview on anisotropic magnetic
nanoparticles and their applications in several areas. These nanostructures, with dif-
ferent morphology from the spherical one, have anisotropic properties that depend
on the direction of the atoms within the nanostructure and a larger specific surface
area. Anisotropic magnetic iron oxide nanoparticles could bring several advantages
such as their higher surface-to-volume ratio, enhanced magnetic properties and
selected reactivity due to the different facet exposure to the solvent. However, the
synthesis of these nanostructures requires the use of different protocols or modifica-
tion of the established ones. [1]The first section will be focused on the most feasible
and successful routes for the preparation of magnetic nanoparticles with a specific
morphology. Then, in a second part, we will report the most striking results on the
use of these morphologies on diverse applications, ranging from environmental
ones to most technological ones, like spintronics or biomedicine. As a summary,
magnetite can be considered as an old friend that never gets old fashion and evolves
adapting every time to new and more technological applications. This transforma-
tion can be understood by its multiple structural, electrical, and magnetic properties
and also biodegradability. Thus, with more advanced synthetic techniques, it is pos-
sible to tailor the structural properties of magnetite nanocrystals making them an
attractive material for the intended application.

2 Preparation of Anisotropic Iron Oxide Nanoparticles

For each application, the concept of “ideal” nanoparticles, i.e. the ones that exhibit
the best performance, is different. Therefore, the ideal nanoparticle needs to be tai-
lored mainly by their size and shape. In general, a synthetic route that leads to
nanoparticles with an accurate control on their size and shape, low size distribution,
aggregation state, high crystallinity and chemical purity is the main goal. The result-
ing particles would be ideal candidates for the intended applications since all of
them will contribute to the desire effect. In this sense, colloidal routes developed in
liquid media render nanoparticles accomplishing these properties, with low-cost
production and large scalability. Moreover, the obtention of particles in liquid media
enables an easier manipulation and postprocessing procedures (e.g. surface modifi-
cation, deposition forming self-assembly, dispersion in different media).

Magnetite has a cubic cell with an inverse spinel structure (Fd3m) with a cell
parameter of 8.394 A [12]. Fe(1l) ions are located in octahedral sites, and Fe(III)
ions are located in both octahedral and tetrahedral sites (Fig. 2). The complete oxi-
dation to maghemite keeps the same inverse spinel structure, but all Fe(II) ions are
oxidized to Fe(II) and vacancies are created in octahedral positions, distributed
coherently [13, 14]. After such transformation, due to the oxidation of the Fe ions,
the cell parameter decreases to 8.33-8.35 A depending on the vacancy order.

The synthesis of anisotropic, i.e. nonspherical, magnetic iron oxide nanoparticles
is not trivial (Fig. 3). Thus, structures with hexagonal, orthorhombic or monoclinic
crystal symmetry whose facets are perpendicular to the long axis have higher energy
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Fig. 2 Crystal structure of magnetite and maghemite. (Adapted with permission from Ref. [15].
© 2015 National Institute for Materials Science)
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Fig. 3 TEM image of magnetic iron oxide nanoparticles with different morphology: (a) nanocu-
bes, (b) elongated nanoparticles, (¢) octahedrons, (d) hollow nanoparticles, reprinted with permis-
sion from Ref. [31]. Copyright 2007 American Chemical Society; (e) nanoflower, reprinted with
permission from [32]. Copyright 2017 American Chemical Society. (f) SEM image of magnetite
nanodiscs. (Adapted with permission from Ref. [33], © 2015, by Wiley)
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and lead to elongated structures [16]. However, for cubic crystals, like magnetite,
the isotropic growth is favoured. Then, there are two main strategies to induce the
growth of anisotropic magnetic iron oxide magnetic nanostructures. The first
approach is based on the use of an iron oxide/oxohydroxide as shape template. This
strategy consists of two stages where first, an iron oxyhydroxide with the target
shape is synthesized (i.e. goethite or akaganeite in elongated nanoparticles) and, in
a second step, the oxyhydroxide is reduced to magnetite keeping the desired mor-
phology. The second strategy consists on modifying the reaction kinetics to favour
a kinetic regime. In this strategy, there is an essential role played by ligands (mole-
cules or polymers) which bind to metal cations to form intermediate species prior
nucleation or to regulate the particle growth through specific adsorption on certain
facets of the particle surface. Other key parameters to control the reaction regime
are the reaction temperature, the heating rate and the monomer concentration
[17,18].

Magnetite nanocubes could be synthesized in a wide range of sizes, in organic
and aqueous media. Using the thermal decomposition in organic media, iron(III)
acetylacetonate seems to be the best iron precursor (Fig. 3a). Well-defined ferrimag-
netic magnetite nanocubes up to 170 nm can be synthesized using iron (III) acetyl-
acetonate as precursor and oleic acid as surfactant in dibenzyl ether [19]. In this
synthesis, the particle size can be modified by changing the iron precursor concen-
tration and reflux time. The addition of a second ligand changes the reaction kinetics
and thus decreases the particle size down to 20 nm. Ligands of different nature like
decanoic acid, [20] tryoctylphosphine oxide [21], chloride ions [22] or sodium ole-
ate [23] modify the decomposition kinetic and control particles growth by adhering
to selective facets of the initial nuclei. Interestingly, a novel strategy using a solvent
mixture composed by dibenzyl ether, 1-octadecene and 1-tetradecene with oleic
acid and sodium oleate has been reported for the synthesis of more stable and repro-
ducible particles than just using dibenzyl ether [24]. Using this synthesis approach,
by increasing the temperature at which the reaction mixture is degassed, Fe;O, nan-
ocubes of 10 nm could be grown. Using an aqueous route, the hydrolysis of iron (IT)
sulphate in alkaline media mixed with ethanol in the presence of a mild oxidant
renders magnetite nanocubes from 30 to 170 nm [25]. This synthesis has been
recently scaled up to grams per hour in a continuous flow approach [26].

Magnetite octahedrons exposing the {111} facets are grown through the
decomposition of iron (III) oleate in noncoordinating high-boiling point solvents in
the presence of an amine or ammonium quaternary salts (Fig. 3c). For example, the
decomposition of iron (III) oleate in tetracosane in the presence of oleylamine leads
to 21 nm Fe;0, octahedrons [27]. Using trioctylammonium bromide in conjunction
with oleic acid as surfactants and squalene as solvent leads to 50 nm Fe;O, octahe-
drons. [28, 29] Interestingly, the decomposition of iron (0) pentacarbonyl in the
presence of a mixture of surfactants and oleylamine/oleic acid 10:1 leads to 50 nm
octahedral particles [30].

Elongated or rod-like Fe;O, nanoparticles have been traditionally synthesized
using a shape template as intermediate, but nowadays they can also be prepared
directly in organic media (Fig. 3b). Due to its crystal structure, hexagonal hematite
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(a-Fe,0;) [34], orthorhombic goethite (x-Fe,Os) [35] or monoclinic akaganeite (-
Fe,0s) [36] have been ideal candidates for magnetite templating. In the case of
direct synthesis of hematite, the synthesis is very slow (it takes several days) and
large nanoparticles (hundreds of nm) are obtained [37]. The concentration of the
iron salt, the ageing time and the presence of phosphate ions [37] and urea [38]
affect their final length. Interestingly, using akaganeite for templating, the reaction
time is reduced and also the particle dimensions [39]. This synthesis could be con-
trolled by modifying the pH but also with the presence of polymers with amine
groups, such as polyethylenimine [40, 41]. During the last years, a solvothermal
method to grow magnetite nanorods in one step has been developed [42, 43]. This
method uses iron (0) pentacarbonyl as precursor in the presence of hexadecylamine
and oleic acid, using 1-octanol as solvent. The resulting magnetite rods have lengths
from 25 to hundreds of nm and aspect ratios from 5 to 10.

Magnetite discs/plates need the use of an intermediate step for their final syn-
thesis (Fig. 3f). By performing a synthesis where the growth through the long axis
is inhibited, it is possible to synthesize hematite disk/plate like nanoparticles that
serve as templates. Thus, the use of sodium acetate as inhibitor in the hydrolysis of
iron (IIT) chloride in a mixture of water/ethanol is a robust synthesis route [33, 44,
45]. Then, the reduction could be performed by annealing under inert/reducing
atmosphere or in organic media with oleic acid. By this route, it is possible to syn-
thesize discs from 400 x 8 nm to structures of 40 x 40 nm.

Hollow magnetite nanoparticles are obtained through different strategies
(Fig. 3d). The sodium resulting from the decomposition of sodium oleate at 380 °C
is able to carve iron oxide nanocubes synthesized using iron (III) oleate as precursor
[46]. Starting from Fe nanospheres, by passing or generating an oxygen flow
through the reaction at high temperatures, the hollowing effect is achieved due to
the inward diffusion of oxygen and outward diffusion of the iron cations [31, 47].

Flower-like magnetite nanoparticles, i.e. clusters of magnetite nanoparticles of
a controlled size, are mainly synthesized by the polyol method using ethylene gly-
col as solvent (Fig. 3e). For the cluster formation it is critical the addition of
N-methyl diethanolamine, which is used to control the aggregation of the primary
cores (5-20 nm) in larger particles of around 30—50 nm [48, 49].

3 Applications

The control of the nanoparticle morphology could bring different benefits such as
the enhancement of the magnetic properties due to the shape anisotropy and specific
surface area increase in comparison to the spherical morphology. In addition, each
morphology exposes different facets of the nanoparticle which determine the final
activity of the nanoparticles [50]. All these tuneable properties postulate the aniso-
tropic magnetic iron oxide nanoparticles for widespread applications.
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3.1 Biomedicine

Magnetic iron oxide nanoparticles have been widely studied in the biomedical field
due to their appealing magnetic properties which can be finely controlled by their
size, shape and aggregation state [5, 9]. These particles are biocompatible and bio-
degradable, since iron is a nutrient and can be metabolized by the organisms [51].
Indeed, iron oxide nanoparticles are the only magnetic material approved by the
Food and Drug Administration (FDA) for biomedical applications [52]. Although
iron oxide nanoparticles can be biofunctionalized with proteins for specific cell tar-
geting, remarkably, due to their magnetic character, this type of particles can be
driven to and accumulated at the desired organ/tissue by magnetic actuation (active
targeting) [53]. Magnetic iron oxide nanoparticles can be active agents in both diag-
nosis and therapy.

Diagnosis

In diagnosis, magnetic iron oxide nanoparticles can be used as T, contrast agents in
magnetic resonance imaging. This imaging technique is characterized by a high
spatial resolution and high soft-tissue contrast. Iron oxide magnetic nanoparticles
have a high magnetic moment that produces inhomogeneities in the local magnetic
field of the water protons leading to a reduction of the MRI signal intensity on T,
(transverse relaxation time) weighted images [52]. There were different formula-
tions based on superparamagnetic iron oxide nanoparticles approved by the Food
and Drug Administration, but most of them (Feridex, Endorem or Resovist) were
removed from the market due to the lack of clinical use [54]. Only Ferumoxytol
remains in market due to its low hydrodynamic size (< 40 nm) and its long circulat-
ing half-life (15 hours) [55]. To study the capacity of magnetic nanoparticles as
contrast agents, one of the variables to study is the longitudinal or transversal relax-
ivity (r; or r,, respectively), which is a direct measurement of how the magnetic
nanoparticles decrease the relaxation time of the water protons due to the perturba-
tion of their magnetic local field.

In general, faceted magnetic iron oxide nanoparticles present better magnetic
properties [36, 56] and are more suitable for MRI than their spherical counterparts.
Moreover, it seems that a higher specific surface area favours larger r, values
(Fig. 4). Therefore, elongated nanoparticles are particularly a good morphology to
be used as MRI contrast agents. Magnetite rods of 25 and 50 nm length (both with
5 nm in diameter) have r, values of 670 and 905 mM~!-s~!, respectively [57]. Thicker
magnetite nanorods (70x 12 nm), that possess a transversal relaxivity of 608 mM~!-s!
and nanorods (30x4 nm) with a r, of 312 mM~!-s~! [58], also exhibit better perfor-
mances than the commercial MRI contrast agents (Ferumoxytol; r, = 68 mM~!-s7!).

The exchange interactions given by the clustering of the maghemite particles
when they are displayed in flower-shaped morphology also brings benefits to their
relaxometric properties. 30 nm clusters made of primary units of 10 nm exhibit a r,
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Fig.4 Magnetic iron oxide morphologies that have shown a better performance for MRI and their
fundamental properties

of 365 mM~!s7!, near 2 times higher than 10 nm single-core particles made by the
same method (polyol). This improvement is due to the cooperative behaviour of the
magnetic moment, which increases the intensity of the local magnetic field.

Single 23 nm magnetite nanocubes reach a transversal relaxivity value of
398 mM~!-s7! [59]. However, it should be noted that the configuration of the nano-
cubes in solution affects their relaxometric properties as when they are clustered in
200 nm beads, their r, decays down to 161 mM~"-s~!. Magnetite octopods of around
30 nm present a considerable high transversal relaxivity value of 679 mM~!-s~!
(measured at 7 T) much larger than their spherical equivalent (126 mM~'-s71) [60].

During the last decade, the research on the use the iron oxides as T; contrast
agents (positive contrast) has been intensified [61, 62]. Magnetic iron oxide
nanoparticles with a relatively small size and/or a large surface area increase the
exposure of Fe ions to water interface and are ideal candidates for T, contrast agents
(Fig. 4). Due to its small size, particles tend to be “more paramagnetic” than super-
paramagnetic exposing their five unpaired Fe**/Fe** electrons [62]. Moreover, their
longer circulation time and better biocompatibility than gadolinium complexes (the
main commercial T, contrast agent) postulates iron oxides as a promising material
for this application [63]. Also, ultrathin iron oxide nanowhiskers (20x2 nm) have
shown interesting properties as T, contrast agent with a high r; (6.3 mM~"-s7") and
low 1, (11.15 mM~"-s71) [64], slightly better than 3 nm spherical ultrasmall iron
oxide nanoparticles (r; = 5.2 mM~s7!; r, = 10.4 mM~"-s71) [63].

3.2 Therapy

One of the main problems of cancer and other diseases is the difficulty of achieving
enough drug concentration at the action site to produce the desired therapeutic
effect. Magnetic iron oxide nanoparticles, through two different approaches,
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magnetothermia and photothermia, are valuable tools for the design of new and/or
more efficient therapies (Fig. 5).

In magnetic hyperthermia, magnetic iron oxide nanoparticles can release heat
under the application of an alternating magnetic field (50-700 kHz) [65-67]. Since
the generated heat affects the tumour locally, it would cause minimal damage to
healthy tissues. Therefore, magnetic hyperthermia is an alternative to reduce the
side effects of chemotherapy. There are several mechanisms (susceptibility loss,
hysteresis losses and viscous heating) by which the magnetic nanoparticles can dis-
sipate heat [68—70]. The particles structural and colloidal properties (i.e. particle
size, shape, aggregation state, interactions), the media (viscosity) and the AC field
(frequency and amplitude) will determine which of the aforementioned mechanisms
is the main one to produce heat. The capability of magnetic nanoparticles to release
heat is evaluated by the specific absorption rate (SAR), which can be defined as the
power dissipated per unit mass [71].

In the latest years, an intense research has been performed regarding the proper-
ties of magnetite nanocubes for magnetic hyperthermia. The comparison of
nanocubes (19.5 nm) and spheres with the same volume (24 nm) leads to SAR val-
ues favourable to the nanocubes. [72] However, comparing heating properties of
53 nm spheres and 43 nm cubes, it was found better heating properties for the
spherical ones because the cubes were forming strong and isometric aggregates
[73]. Cubes of different sizes (13—-38 nm) have been studied finding the best SAR
for 19 nm particles 2277 W-g~! (700 kHz, 300 Oe) [74]. Interestingly, the configura-
tion of possible aggregates deeply affects the SAR values. 3D aggregates of 38 nm
nanocubes have a SAR of less than 300 W-g~!; however, when they were isolated,
the SAR increased up to 1400 W-g=! [75]. Nevertheless, it has been demonstrated
that the formation of chain-like aggregates aligned in the magnetic field boosts the
SAR value by five times compared to 3D aggregates [73]. The measurement of SAR
evaluates the possible performance of the nanoparticles; however, when hyperther-
mia is performed in vivo, it suffers from low heating efficiency due to the high vis-
cosity of the tumour site and particle aggregation upon intracellular internalization
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Fig. 5 Magnetic iron oxide morphologies that have shown a better performance for hyperthermia
and their fundamental properties
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[76]. Thus, the confinement of magnetic nanoparticles in cavities of hundreds of
nanometres would enable a certain degree of nanoparticle rotation and minimize
aggregation effects, so the heating power would be better preserved intracellu-
larly [77].

Octahedral magnetite nanoparticles have also an optimum morphology to
work as nanoheaters in magnetic hyperthermia. Small octahedrons of 6 and 12 nm
exhibit SAR values of 163 and 275 W-g=! (247 kHz, 310 Oe) [78]., 40 nm octahe-
drons reach up to 2483 W-g~! (358 kHz, 800 Oe) and finally 98 nm octahedrons,
around the monodomain limit of magnetite, have been reported to reach
2629 W-g~!' [79].

Elongated magnetite nanoparticles display moderate heating release proper-
ties when compared to other morphologies. The drawback is the high field ampli-
tude needed to obtain a proper heating release due to the high switching field needed
to reverse the magnetic moment. Magnetite nanorods grown from the reduction of
akaganeite with dimensions of 45x10 nm exhibit a SAR of 1072 W-g~! (390 kHz,
415 Oe), whereas longer rods (400x40 nm) displayed lower SAR values. High crys-
talline rods made by solvothermal approach exhibit SAR values of 1300 W-g!
(310 kHz, 800 Oe). In contrast, smaller rods of 41x7nm only reached 540 W-g~! [43].

Magnetite nanoplates of certain dimensions have the advantage of the forma-
tion of magnetic vortex configurations where spins are arranged circularly and ori-
ented parallel to the field [80]. As a consequence, these particles display negligible
coercivity and remanent magnetization which results in extraordinary SAR values,
up to 4400 W-g~! for nanoplates of 225 nm in diameter and 26 nm in thickness [81].
However, for nanodiscs without vortex configuration (150-200x10-15 nm), only
values of 245 W-g=! (180 kHz, 12 Oe) have been described [44].

Superparamagnetic y-Fe,O; nanoflowers of 50 nm containing spherical 11 nm
particles grown by the polyol method can reach a SAR value of 1790 W-g~!, much
larger than SAR of single 11 nm (48 W-g=!) [49]. Controlled aggregation seems to
boost the increase of SAR; however, a compromise between colloidal stability and
heating performance should be achieved. In addition to that, nanoparticle cell affin-
ity needs to be maximized through conjugation with biological targeting molecules
to increase nanoparticle concentration inside the cells [82].

During the last 5 years, magnetic iron oxides, especially magnetite, have also
shown good photothermal properties allowing their use in photothermal therapy.
Magnetite presents some absorption in the near-infrared range (NIR), especially in
the first biological window where water or other biomolecules do not present
absorption. The combination of magnetic hyperthermia (900 kHz, 250 Oe) with
phototherapy (A, = 808 nm, 2.5 W-cm™) using 20 nm aggregated magnetite nano-
cubes resulted in a combined SAR value of 4850 W-g~!. Interestingly, by doing just
magnetic hyperthermia, a much smaller SAR value (1000 W-g™') was achieved
[83-85].

Interestingly, some anisotropic structures could lead to magnetomechanical
actuation by applying an AC magnetic field of low frequency, just to promote the
rotation of the particles. It has been reported that Fe;O, nanorods (200x50 nm) [86]
induce cancer cell death on HeLa cells through mechanical oscillations under the
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exposure of a 35 kHz field, associated with the Brownian motion of the nanorods
[87]. Nanodiscs could also induce cell death through magnetomechanical effects.
Nanodiscs made of Permalloy coated with gold (1000x60 nm) were able to exert
mechanical forces to N10 glioma cells leading to apoptosis. The AC field of low
frequency (60 Hz) induced a shift of the vortex structure, creating an oscillation
which was then transmitted to a mechanical force applied to the cell [88]. This strat-
egy opens a new pathway where magnetic iron oxide nanodiscs could be applied.

3.3 Magnetic Recording Media

In the second half of the twentieth century, magnetic recording media were based on
acicular iron oxide magnetic nanoparticles (y-Fe,O;) with a length size between 100
and 500 nm and aspect ratios from 6 to 10. They were used as magnetic recording
material because of their chemical stability, high magnetic moment aligned with the
largest dimension of the particle and high Curie temperature (590-675 °C) to keep
moderate coercivity (not too high to allow successful writing and not too small to
resist changes or degradation of signals) (Fig. 6) [89, 90]. Elongated morphology
was preferred as shape anisotropy is the main contributor to the effective anisotropy,
being up to two orders of magnitude higher than the magnetocrystalline one for
particles with axial ratio larger than 6. On the other side, the microstructure of the
particles, including defects, pores and inhomogeneities, were shown to decrease the
effective anisotropy [91, 92]. These problems were inherent to the synthetic routes
employed for the growth the magnetic iron oxides using lepidocrocite (y-FeOOH)
or goethite (a-FeOOH) as shape templates, as the subsequent dehydration was the
main cause of pore and defects formation [93, 94]. An alternative route was based
on the hydrothermal treatment of Fe(OH); which leads to hematite (a-Fe,Os)
bypassing the formation of iron oxyhydroxides and the formation of pores [34, 95].
In the last decade of the twentieth century, iron oxides, as well as chromium dioxide
particles, were replaced by metal particulate materials, which possess twice the
magnetization of iron oxides and higher coercivity [96-98].

Magnetic recording media

* Y-F&;,05 > Fes 0,
/ * High shape anisotropy.
/ » No porous structure.

e Aspect ratio > 6

Fig. 6 Magnetic iron oxide morphology tested for magnetic recording media and their fundamen-
tal properties
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3.4 Water Treatment

One of the major challenges in the environmental field is water treatment for the
removal of heavy metal ions like As, Pb, Hg, Cr, Cd and Ni, which cause harmful
effects on humans and animals [8]. Moreover, organic pollutants such as detergents
and pesticides, all of them from human source, can also be found in water and rep-
resent another type of environmental threats. They mainly consist in chlorinated and
nonchlorinated aliphatic and aromatic molecules [99]. Traditional methods for
water treatment include centrifugation, coagulation, filtration and reverse osmosis.
The use of iron oxide nanoparticles for water remediation as absorbents of metal
ions presents several advantages such as their relatively low cost, the efficient recov-
ery of the material by a simple magnetic separation procedure and also its high
specific surface area (Fig. 7) [100]. It has been demonstrated that the absorption
capacity of As(IIT) and As(V) increases from 0.6 to 59.5 mg As-g~! as the magnetite
particle size decreases from 300 to 11 nm. These differences were explained by the
distinct exposed surface area and the different reactivity of the surfaces (decrease of
tetrahedral site occupancy) [101-103]. The main mechanism related to the absorp-
tion of pollutants at the particles surface is the complexation and/or electrostatic
interaction, followed by ion exchange between the iron surface and the toxic ions
[104, 105]. The performance of the iron oxide nanoparticles depends on the crystal-
line structure (Fe;O, or y-Fe,03), the particle concentration, the surface coating and
the presence of interfering ions (especially nitrate and phosphate ions) [106, 107].
Due to its porous 3D morphology and high specific surface area, micron-sized
nanoflowers have shown great potential in the absorption of As(V) and Cr(VI).
Depending on the phase, values for the absorption of As(V) of 4.65 and 4.75 mg-g!
have been found for Fe;O, and y-Fe,Os, respectively, while smaller differences have
been found for the absorption of Cr(VI) (4.38 and 3.86 mg-g~! for Fe;O, and
v-Fe,0;) [108]. These nanoflowers have been also tested for the absorption of
Orange II reaching absorption values around 43.5 mg-g~!. Hollow iron oxide nano-
cubes with a length of 7 nm and a shell thickness of around 2 nm have shown a
powerful capacity for the absorption of As(V) (326 mg-g~') and As(III) (190 mg-g™")

Water treatment
(Magnetic separation)

= High surface/volume ratio
£ 1 oo
. * High porosity
! » Hollow cavities
» High magnetic moment.

* Large amount of nanoparticles

Fig. 7 Magnetic iron oxide morphologies that have shown a better performance for water treat-
ment and their fundamental properties
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[109]. Hollow spheres between 200 and 300 nm in diameter and 20 nm shell thick-
ness were tested for the absorption and removal of Neutral Red dye reaching values
up to 90 mg-g~! [110].

Despite these encouraging results, magnetic nanoparticles have important limita-
tions in their use for water remediation, mainly related to the large quantities
required for this application and the difficulties to fulfil the regulations for obtaining
drinking water [8, 111].

3.5 Spintronics

Magnetite is a high-valuable material for application in spintronics because it is
classified as a half-metallic ferromagnet (bandgap of 0.1-0.15 eV) with high values
of spin polarization but also favourable Curie temperature (T = 850 K) [112].
Density functional theory (DFT) has predicted a value of —100% spin polarization
at the Fermi level for the bulk material [113].

Recently, if has been observed that 8§ nm magnetite octahedrons capped with
oleylamine exhibit interesting results in tunnelling magnetoresistance (TMR). [114]
The oleylamine surface layer between the particles acts as insulating barrier provid-
ing multiple tunnel injection junctions where intergranular tunnelling is possible.
TMR at room temperature reaches 38% increasing up to 69% at 180 K, much higher
than those measured for spherical 8 nm particles coated with oleylamine (24% at
room temperature and 41% at 180 K). The better performance of octahedral parti-
cles is a consequence of their better stoichiometry at the surface, presenting less
defects that increase the spin polarization of the material and so the TMR. Moreover,
the fact that (111) facets are exposed facilitates the strong coupling of oleylamine
molecules on them (Fig. 8). Magnetite nanorods (75 x 9 nm, aspect ratio 8.3) were
also tested as potential material for spintronics, and it was measured a TMR of 14%
at room temperature when they were randomly oriented [115]. However, once they
were oriented, they could increase its TMR up to 19% and to 31% at 130 K (close
to the Verwey transition) because the relative magnetization is maximized due to the
parallel orientation of the nanorods. The study of the particle dimensions with the

Spintronics

* Fe;0,: half-metallic ferromagnet

V| = Predicted -100% spin polarization

y » Organic coating — Mulliple tunnel junction

—

= High surface/volume ratio

Fig. 8 Magnetic iron oxide morphologies that have shown a better performance for spintronics
and their fundamental properties
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TMR leads to a TMR decreases with the nanorod dimension, mainly for the diam-
eter. Thus, the spin polarization of the 75 x 9 nm magnetite rods was 46%.

3.6 Microwave Absorption

In recent years, there has been an upsurge of electronic devices and communications
(i.e. smartphones, satellite broadcasting, local area network (LAN), radars, etc.)
operating in the gigahertz range (GHz) whose main drawback is the electromag-
netic noise leading to poorer communications. Moreover, microwave radiation
induces a considerable amount of health threats to organisms causing the break-
down of DNA strands, increasing heart rate, weakening the immune response and
inducing cancer [116]. In this regard, iron oxide magnetic nanoparticles have
shown high microwave absorption and low reflection over a broad frequency range.
Tuning the particles microwave absorption properties is possible by controlling
their size and shape and consequently their magnetic properties, that is high satura-
tion magnetization values and low coercivity that favour larger permeability (Fig. 9)
[117]. The development of Fe;O, composites with large anisotropy may exceed the
Snoeck limit, having high permittivity and reaching better MW absorption proper-
ties [118, 119].

Fe;0,4 nanodiscs with a thickness of 30 nm have shown an increase of the per-
mittivity with the diameter (from 80 to 500 nm) and resonance frequency [120].
However, the permeability shows an opposite trend (2.0 for the 80 nm and 1.8 for
500 nm discs at 0.1 GHz) due to the increase in shape anisotropy as the diameter
grows. The smallest nanodiscs (30x 80 nm) exhibit a high microwave absorption as
a consequence of its lower permittivity (RL < -10 dB) with a wide frequency band-
width of about 2—18 GHz, with a sheet thickness of around 2.1 mm. In the same
way, nanorods of Fe;0,/Fe/SiO, of 1 pm x 80 nm present properties as microwave
absorbers since the reflection loss below —10 dB is up to 6.96 GHz with a sheet
thickness of 2 mm [121]. Porous magnetite flowers with a diameter of 2.5 pm

Microwave absorption

g
@ * High magnetic moment

” « Tunable shape anisotropy

= High porosity

Fig. 9 Magnetic iron oxide morphologies that have shown a better performance for microwave
absorption and their fundamental properties
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composed of cores of 50 nm present a bandwidth with a RL < -10 dB of 3.8 GHz
with a minimum of —28.31 dB at 13.26 GHz. Magnetite nanorings coated by car-
bon of 160 x 70 nm exhibit a strong reflection loss value of 61.54 dB at 16.9 GHz
with a thickness of 1.5 mm and a low filling ratio of 25%. Authors attribute this
attenuation ability to the eddy current loss enhanced by combination of confinement
vortex and train-driven vortex [122].

It can be concluded that the performance of Fe;O, for microwave absorption may
require a high anisotropic material that also contains certain porosity in its structure
increasing the interfacial area throughout the composite [123].

3.7 Li-Ion Batteries

The use of Fe;O, as material for the design of Li-ion batteries (LIBs) is due to its
high theoretical capacity (900-1000 mA-h-g™!), low cost, environmental-friendly
and high rate performance [124, 125]. The current generation of LIBs are based on
electrode materials in which Li* ions are stored by insertion between structural lay-
ers during charging and extracted from the layers during discharging without sig-
nificant structural change, which gives excellent cycling performance. The
electrochemical reaction between Li and magnetite occurs as follows:

Fe,0, +8Li" +8¢~ — 3Fe’ +4Li,0

Fe;0, presents several drawbacks for their application as LIBs such as stress due
to volume changes after lithium ions charge and discharge and the high surface area
of nanomaterials which causes aggregation of the iron oxide nanoparticles and elec-
trolyte decomposition forming a thick solid electrolyte interphase on the electrode
surface [126, 127]. Fortunately, the use of high porous and/or hollow nanostructures
with high surface area has shown good properties as LIBs materials because they
shorten the diffusion pathway of Li ions and electrons and increase the electro-
chemical reaction area leading to an improvement penetration of the electrolyte and
accommodating the strain caused by the lithium inclusion/removal (Fig. 10).

Li-ion batteries
. 2 -High theoretical capacity
% * High porosity
~ .  Hollow cavities

« High crystallinity

Fig. 10 Magnetic iron oxide morphologies that have shown a better performance for Li-ion bat-
teries and their fundamental properties
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For example, high porous Fe;O, nanorods with lengths within 400 and 700 nm
and diameters between 20 and 80 nm coming from the reduction of goethite
nanorods exhibit a high reversible capacity of 843.5 mA-h-g-1 after the 50th cycle
at 0.1 C (10 h discharge time) due to the high dense porous structure and the elon-
gated morphology [128]. A composite of Fe;O, nanoflowers in carbon with a diam-
eter of 2 pm and sheets of 50 nm in thickness exhibits high capacities up to
1030 mA-h-g~! at a density rate of 0.2 C (5 h discharge time) up to 150 cycles [129].
Noteworthy, it has been observed a different electrochemical activity in the facets
exposed to the media by the Fe;0, nanostructures. Thus, (220) facets which can be
found in nanoprisms are more electroactive than (111) which are characteristic of
octahedrons. [130] Moreover, comparing nanorods, nanoplates and spherical parti-
cles, the nanorods present a higher electrochemical activity and larger working
capacities [42].

Hollow y-Fe,0; nanoparticles with a void around 15 nm and a shell thickness
near 4 nm can host lithium ions serving as cathode material reaching a capacity of
219 mA-h-g=! with a Coulombic efficiency of 99.7% [131]. In the case of smaller
hollow particles (5.7 nm in void with less than 2 nm in shell thickness) capacities up
to 132 mA-h-g~' were displayed, being the high concentration of vacancies and
chemical stability of y-Fe,O; during the voltage window the reasons for these high
capacity values. On the other hand, 16 nm Fe;O, nanocubes synthesized by a
L-serine-assisted solvothermal approach presents a high specific capacitance of
695 mA-h-g~!' at 0.2 C and an excellent Coulombic efficiency of above 95% after the
11th cycle [132]. Rhombic dodecahedral Fe;O, nanocrystals (NCs) exposing
{110} facets exhibit a high initial discharge capacity of 1147 mA-h-g=' at 0.2 C and
a good cycle performance (362 mA-h-g=! at 0.2 C after 100 cycles and 191 mA-h-g~!
at 1 C up to 130 cycles) [133].

4 Conclusions and Perspectives

Since ancient times, magnetic iron oxide nanoparticles have been present in peo-
ple’s daily life being remarkable the feasibility of this material to adapt thank to
their appealing properties. The possibility of synthesizing these particles using ver-
satile synthetic routes boosted the interest of researchers to establish a clear relation
between the electrical, magnetic and optical properties and their particle size, shape
and internal structure. It can be concluded that their performance is intimately
related to the followed synthetic pathway.

During the latest years, the synthesis of anisotropic magnetic iron oxide nanopar-
ticles, i.e. nanoparticles with nonspherical shape, has received a great attention. The
anisometry leads to new functionalities such as enhanced magnetic properties due
to the increase in the magnetic effective anisotropy, a higher surface to volume ratio
and different particle facets exposed modulating the reactivity with molecules, par-
ticles or other entities. These properties are very advantageous in widespread appli-
cations such as biomedicine as theranostic agents (MRI and magnetic/optical
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hyperthermia) and others such as magnetic recording media, environmental reme-
diation, Li-ion batteries, spintronics or microwave absorption.

This chapter summarizes the most reproducible and successful synthetic routes
that lead to iron oxide magnetic nanoparticles with nonspherical morphology and
also their applications related to the actual societal challenges. Most of the mor-
phologies considered can be synthesized by thermal decomposition and solvother-
mal synthesis. Although thermal decomposition produces monodisperse and highly
crystalline nanoparticles, this strategy also uses organic solvents which are not envi-
ronmentally friendly, and for some applications, a further step to transfer them to
water is needed. On the other side, solvothermal synthesis produces nanoparticles
stable in aqueous media, with less sophisticated protocols and more environmen-
tally friendly solvents. However, this synthesis route is more difficult of scaling up
and requires longer time and in many cases a final step for the reduction of the
resulting nanoparticles, from hematite to magnetite. Summing up, among the differ-
ent synthesis routes described here, factors like time, cost, energy consumption,
environmental issues and scalability should be considered when translating these
processes to the industry.

The applications reviewed in this chapter are very broad, from environmental
remediation and biomedicine to spintronics and energy (Li-ion batteries). Most of
the research on magnetic nanoparticles for these applications (except magnetic
recording media) has been carried out with spherical particles, whose properties
depend on particle size, aggregation, crystallinity and coating. However, during the
latest decades of the twentieth century, iron oxide and iron metal particles with
elongated morphology were the ideal structure for magnetic recording media due to
the enhancement of the anisotropy constant. In the latest years, the literature regard-
ing anisometric iron oxides nanoparticles has boosted, demonstrating the interest in
them with other areas respect to their spherical equivalents. For example, the use of
magnetic nanocubes and nanodiscs in magnetic hyperthermia leads to an increment
in the SAR values, also showing a great performance in in vitro studies. Interestingly,
the performance of these particles as heating agents can be increased if magnetic
hyperthermia is combined with photothermal therapy. On the other hand, nanostruc-
tures with high specific surface area that exhibits porosity are very advantageous for
Li-ion batteries because they shorten the pathway of Li ions and electrons leading
to an improvement penetration of the electrolyte.

In general, the excellent properties of magnetite and maghemite confer these
materials of a unique adaptability setting this material far away of being “old fash-
ion” for practical applications. In the case of magnetite, these properties are based
on its structure of inverse spinel with an interesting electron hoping between Fe?*
and Fe* ions at octahedral sites. This material has been subject of interest in diverse
fields such as magnetism, optics and electronics. Interestingly, most of its properties
abruptly change when crossing the Verwey transition. Enabling more degrees of
freedom by shaping the morphology of the nanoparticles different from the spheri-
cal one has brought advantageous benefits in different applications. For most of the
applications, only a few morphologies have been tested yet. There are still mor-
phologies with enormous potential such as plates, rings and nanotubes due to their
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magnetic structure (vortex) or specific surface area that have not been tested prop-
erly in a variety of applications. Moreover, for some morphologies, there is room to
improve the synthetic routes. These routes should be more robust, reproducible and
scalable in order to make monodispersed particles with tuneable properties.
Moreover, for the demanding application, there should exist more protocols about
how to process the material to exhibit the best performance without losing any of its
inherent properties.
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