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Abstract Magnetic iron oxide nanoparticles (MIONPs)
have been extensively utilized for several applications that
include catalysis (artificial enzymes, nanozyme), renew-
able energy harvesting, solvents detoxification, heavy-metal
remediation, biosensors and medical biotechnology such as
drug delivery and magnetic resonance imaging. The mag-
netic susceptibility of iron oxide nanoparticles (IONPs) is the
key feature, which enables them to be utilized for these appli-
cations. Depending on specific applications, various experi-
mental methods like hydrothermal, sol–gel, co-precipitation,
physical (PVD), and chemical vapor deposition (CVD) can
be employed for the fabrication of MIONPs of desired prop-
erties. This review critically discusses various techniques for
the synthesis and characterization of MIONPs, and their key
applications in the fields of health, environment, agriculture,
energy, and industrial sectors. The review is concluded with
suggestions for future research with a view to efficient uti-
lization and technological applications of MIONPs.
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1 Introduction

Nanostructure materials possess exceptional optoelectronic
properties due to quantum effects that manifest at small sizes
(1–100nm). Nanomaterials are predominantly used as cat-
alysts for a variety of applications that include but is not
limited to water splitting, gas sensing, heavy-metal detec-
tion, biosensors, and dye degradation [1–6].

Since early 2000, extensive research has been carried
out on the synthesis of magnetic iron oxide nanoparticles
(MIONPs) for various technological applications like sens-
ing, catalysis, photocatalysis, drug delivery, and storing data.
Initially most of the researchers used it in biosensing [7]
and other medical applications such as drug delivery [8],
magnetic resonance imaging (MRI) [9] and contrast agents
[10] owing excellent magnetic characteristics. Furthermore,
MIONPs were also utilized in jet printing inks [11,12]. More
recently MIONPs found substantial applications in catalysis
as a catalyst in pristine and modified forms [13–15]. They
are also emerging in the field of energy harvesting as well
[16,17].

Iron oxides are easily available, inexpensive, and non-
toxic materials, with abundant distribution in nature in the
forms of various ores. Iron oxide compounds can also be syn-
thesized artificially via various physicochemical techniques
like co-precipitation, thermal decomposition, hydrothermal,
and solvothermal methods and sol–gel technique [18–22].
Certain oxides of iron (such as hematite, Fe2O3, magnetite,
and Fe3O4) possess magnetic susceptibility and other unique
properties (catalytic, photoactive, and mechanical), due to
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Fig. 1 Crystal phases of iron oxide with space group details [23]

which these can be utilized in a variety of applications in
the field of energy harvesting, environmental bioremedia-
tion, catalysis, agriculture and health. Iron oxides exist in
various crystal forms as shown in Fig. 1 [23].

Hematite and magnetite predominately possess magnetic
characteristics and exist is rhombohedral and cubic forms,
respectively (Fig. 1a, b).

Fe2O3 is existed in α-Fe2O3, β-Fe2O3, γ-Fe2O3, and
ε-Fe2O3 polymorph forms [24]. The abundantly existed α-
Fe2O3 (hematite) is existed in rhombohedral crystal unit,
while the γ-Fe2O3 (maghemite) is found as tetragonal crystal
phase (Fig. 1a, c), while the β-Fe2O3 and ε-Fe2O3 poly-
morphs can be synthesized and exist as cubic bixbyite and
orthorhombic structures respectively. ε-Fe2O3 polymorph is
a transition phase between hematite and maghemite. The
magnetic properties of these polymorphs are related to their
structures, and therefore, α-Fe2O3 is canted antiferromag-
netic, β-Fe2O3 is paramagnetic, and γ-Fe2O3 and ε-Fe2O3

are ferromagnetic [24–26].
Compared to other oxides, magnetite (Fe3O4) is unique

as it possesses both divalent (Fe2+) and trivalent (Fe3+)

forms of iron. It has a cubic inverse spinel structure, where
Fe2+ ions inhabit half of the octahedral sites, while Fe3+
are fragmented consistently across remaining octahedral and
tetrahedral sites. Fe3O4 exist as both n- and p-type semicon-
ductor with a very small band gap of 0.1eV.

Table 1 provides comparison of the physiochemical prop-
erties of different forms of iron oxide. In addition to these
forms, iron oxide also exists in nonstoichiometric black
powder form, which is iron(II) oxide (FeO). FeO is exist-
ing in wustite mineral form having cubic crystal structure
[27,28].

Though the cubic structure changes with decrease in
temperature and become rhombohedral phase below 200K,
which alters their behavior to anti ferromagnetic characteris-
tic [28]. FeO used as figment inmany cosmetics applications,
e.g., tattoo inks [28]. Due to such exceptional characteristics

and wide ongoing research, we opt to provide some compre-
hensive discussion about the recent trends in the synthesis
and applications of MIONPs with suitable literature review.
This review will be significant addition to the literature for
the readers in the related field.

2 Size, Shape and Magnetic Properties

Out of the different polymorphs of Fe2O3, α-Fe2O3 acquires
lower ferromagnetism at room temperature with saturation
magnetization less than 1emu/g. In contrast, γ-Fe2O3 dis-
plays strong ferrimagnetism like Fe3O4 at room temperature,
with saturation magnetization that can approach 92 emu/g
[30]. The properties of MIONPs depend on size and shape
of nanomaterials that can be tuned via different synthetic
techniques. Ceylan et al. established the effect of size on
the magnetic properties of iron/iron oxide core shell struc-
tured NPs. They concluded that the small NPs show super
paramagnetic behavior and also exhibit high exchange bias
field [31]. Therefore, MIONPs ranging from 13 to 18nm,
showed excessive magnetic disorder due to severe loss of
their hyperthermia performance [32]. Guardia et al. demon-
strated the effect of surfactant on the size of MIONPs.
They showed that smaller-sized particles (4–20nm) were
obtained when MIONPs were synthesized in the presence of
oleic acid surfactant, while the bigger particles (45nm) were
obtained when decanoic acid was used during fabrication
[33].

Like size morphology also effects the magnetic behavior
of IONPs. One-dimensional (1D) IONPs exhibit different
magnetic properties as compared to higher dimensional par-
ticles. Recent study revealed that the magnetic properties of
single and tubular clustered IONPs varied as a function of
morphology. It was demonstrated that the coercively hystere-
sis changes significantly with the shape of the nanoparticle
(Fig. 2a–c) [34].
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Table 1 Physiochemical
characteristics of IONPs [29]

Property Oxide

Hematite Magnetite Maghemite

Molecular formula α-Fe2O3 Fe3O4 γ-Fe2O3

Density (g/cm3) 5.26 5.18 4.87

Melting point (◦C) 1350 1583–1597 –

Hardness 6.5 5.5 5

Type of magnetism Weakly ferromagnetic or
antiferromagnetic

Ferromagnetic Ferrimagnetic

Curie temperature (K) 956 850 820–986

MS at 300K (A-m2/kg) 0.3 92–100 60–80

Standard free energy of
formation �G◦

t (KJ/mol)
−742.7 − 1012.6 − 711.1

Crystallographic system Rhombohedral, hexagonal Cubic Cubic or tetrahedral

Structural group Corundum Inverse spinel Defect spinel

Space group R3c (hexagonal) Fd3m P4332 (cubic); P41212
(tetragonal)

Lattice parameter (nm) a = 0.5034, c = 1.375
(hexagonal)

aRh = 0.5427, α = 55.3◦
(rhombohedral)

a = 0.8396 a = 0.83474 (cubic);
a = 0.8347, c = 2.501

(tetragonal)

Fig. 2 Room-temperature magnetic hysteresis loops of nanostruc-
tured α-Fe2O3 with a dendritic, b single-layered snowflake, and c
double-layered snowflake morphology. The inset images are the corre-

spondingmagnified hysteresis loops andmicrostructure for each sample
(reprinted from ref. [34], Copyright (2010), with permission from the
Royal Society of Chemistry)

3 Synthesis of MIONPs

The control in size (1–100nm) and shape depends on syn-
thetic method used for the fabrication of nanomaterials that
in turn governs their properties (mechanical, electrical, mag-
netic, optical, chemical). These methods are divided into
two main types “Bottom-Up” and “Top-Down”. Bottom-
up methods involve the compilation of atoms or molecules
into larger nanostructured arrays whereas top-downmethods
involve carving the structure from a larger part manually or
by some self-structuring process. The benefits of top-down
include cost, scalability and better uniformity of the prod-
uct whereas bottom-up strategy involves less defects, more

homogenous chemical composition, and better short- and
long-range ordering [35].

To date, numerous protocols have been adopted for the
synthesis of MIONPs. Bottom-up and top-to-bottom tech-
niques are utilized involving both aqueous and non-aqueous
reaction media. Generally, aqueous routes are preferred due
to being cheaper and sustainable; however, soluble MIONP
have certain disadvantages compared to non-aqueous tech-
niques. Various reaction parameters like temperature, pres-
sure, reaction time, and the role of precursors influence
the physiochemical properties of the final product. As dis-
cussed above, the morphology and particle size influence
the magnetic properties, and therefore, synthesis of NPs
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Fig. 3 a–c SEM, TEM and HRTEM images of a-Fe2O3, d–e SEM of Fe3O4 triangular nanoprisms and e, f TEM and SAED pattern of hexagonal
Fe2O3 nanoplate (reprinted from ref. [36], Copyright (2016), with permission from the RSC)

play a vital role in controlling these parameters. Scanning
electron microscopy (SEM) and high-resolution transmis-
sion electron microscopy (HRTEM) are the two well-known
characterization techniques for revealing the morphologies
of nanomaterials at very small scale. As the name implies,
the principle of SEM is based on scattered electrons, while
TEM is based on transmitted electrons. Figure 3 shows [36]
the SEM and HRTEM images of MIONPs, which present
different morphologies. In the following sections, some key
bottom-up and top-down synthetic techniques for the synthe-
sis of MIONPs of various shapes and sizes are described.

3.1 Wet-Chemical Synthesis

Synthesis using hydrothermal and solvothermal techniques
are the most common routes for the fabrication of MIONPs.
These techniques are relatively simple, inexpensive, and
rapid, and require easily available materials. Most impor-
tantly, the particle size and shape can be controlled by varying
various reaction parameters. For example, it is reported that
the size of IONPs can be manipulated by changing the
growth temperature between 60 and 180 ◦C in addition to
the duration of reaction. When the reaction temperature
was elevated from 100 to 180 ◦C for ∼ 12 h, NP size also

increased proportionally from ∼ 14.5 to ∼ 29.9 nm. Alter-
natively, when the reaction time was varied from 1 to 48h
at a constant temperature (180 ◦C), NPs size increased from
∼ 20.6 to ∼ 123 nm [23]. Similarly, Riasat et al. devel-
oped α. Fe2O3 NPs by using simple hydrothermal strategy.
The highly crystalline nanosphere-shapedNPswere obtained
at 180 ◦C with 24h reaction time [37]. Furthermore, the
hydrothermal/solvothermal route is also critical in control-
ling shape of MIONPs. For example, the anion-assisted
hydrothermal/solvothermal technique has been adopted for
the synthesis of short nanotubes and ring-shaped MIONPs
[20].

3.2 Co-precipitation

Like hydrothermal, co-precipitation technique is well estab-
lished for the synthesis of large-scale MIONPs. The pH
and nucleation steps are critical in this method, and they
must be controlled precisely in order to obtain the desire
product. In a typical experiment, Khalil et al. used single
iron(III) salt precursor to obtain magnetite NPs by keeping
the 2:1 mole ratio of Fe(III) and Fe(II) at pH 9–11. The NPs
obtained under these conditions were elongated rod shaped
[38]. Similarly,Wu et al. [39] adopted Scheme1 to synthesize
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Scheme 1 Synthesis protocol for Fe3O4 NPs preparation via co-precipitation [39]

MIONPs nanopowders (15nm) by ultrasonic-assisted mod-
ified co-precipitation technique followed by acid leaching
to get high purity MIONPs. The MIONPs obtained by this
technique showed high saturation magnetization and precise
morphology; however, the employment of strong bases and
surfactant limit its productivity.

3.3 Sol–Gel and Related Method

Like above two methods, it is a classical wet-chemical
technique widely utilized for the synthesis of inorganic
metal/semiconductor oxide NPs with an advantage tomanip-
ulate their shape. This technique involves two phase aqueous
media, the liquid (sol) and gel and requires the presence of a
surfactant in the parent solvent. The sol is a stable dispersion,
whereas the gel consists of three-dimensional continuous net-
work that forms micelles around the liquid phase. Physical
forces such as Van der Waals and hydrogen bonds are domi-
nant in the sol–gel media. For the synthesis of MIONPs, the
prominent precursors include iron alkoxides and other iron
salts, which undergo a series of hydrolysis and condensation
reactions to form the final product [40], where the overall
properties of MIONPs depend on their structure.

Using Fe(III) acetylacetonate precursor via benzyl alco-
hol route, crystalline MIONPs were obtained, ranging in
size from 5 to 15nm [41]. By employing a similar tech-
nique, MIONPs with an average size of 8nm were obtained
by Lemine et al. with saturated magnetization that reached
47emug−1 [42]. Compared to traditional hydrothermal/
solvothermal method, sol–gel method can be performed at

lower pressures and therefore does not require autoclave ves-
sel. Additionally, this method produces highly dispersed NP
with precise size control; however, the method is limited by
its high cost, unsafe operating conditions, and longer reaction
times.

3.4 Dry Synthesis Techniques

Compared to wet synthesis, dry or thermal decomposition
methods produce more precise particle size. These meth-
ods are divided into hot-injection and conventional reaction
approaches. Temperature is the most critical driving force in
these methods as it governs most of the properties of the final
product. Generally, highly monodispersed and crystalline
MIONPs are obtained by high-temperature (above 400 ◦C)
dry techniques. MIONPs resulting from these methods are
usually soluble in nonpolar solvents and have exceptional
physical characteristics such as highmechanical strength and
optical properties. Recently, Unni et al. synthesize MIONPs
via thermal decomposition technique with controlled mag-
netic properties by employing organometallic precursors of
iron. They further studied the effects of structural defects on
the overall magnetic behavior of MIONPs [43]. Although
this technique produces high-quality MIONPs, the high cost
and elevated temperature are the major concerns.

3.5 Microwave-Assisted Synthesis

Excitation via electromagnetic radiation is a well-known
phenomenon, and this process can be used effectively for
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Fig. 4 TEM images of MIONPs: a 180nm particles (DEG/EG = 0/40); b 100nm particles (DEG/EG = 26/14); c 60nm particles (DEG/EG =
30/10); d nanosheets (DEG/EG = 40/0) [46]

the synthesis of NPs. Radiation in the microwave range is
known for its heating effect in household ovens and can be
used for the synthesis of various nanomaterials especially the
MIONPS. Large-scale yields can be achieved in limited time
due to strong homogenous heating capacity of themicrowave
radiation. MIONPs have been synthesized by a simple, rapid
solvothermal method from FeCl3 ·6H2O precursor, ethylene
glycol (EG) solvent, and a nucleating agent. With a synthesis
time of only 30min in pressurized microwave reactor, 20–
130nm-sized NPs were obtained with uniform shape and
excellent magnetic properties (saturation magnetization, 8–
76emug−1) in high yield that approached 100% [44].

3.6 Ultra-sonochemical Synthesis

Likemicrowave, synthesis by ultrasonic methods also follow
similar principle. These rays originate from a well-known

acoustic cavitation effect with very high intensity and pro-
duce immense heat inside the reaction medium. Acoustic
waves are composed of alternate expansion and compres-
sion waves, which make bubbles or cavities to oscillate.
These oscillating bubbles conserve ultrasonic energy and
release the energy on its collapse [45]. The sonolysis method
is successfully used by researchers to prepare MIONPs of
various shapes and functionalities. Preparation of MIONPs
having nanosheet morphology was achieved with excep-
tional magneto-chromatic properties via ultrasonic-assisted
solvothermal method. The molar ratio of diethylene glycol
(DEG) and ethylene glycol (EG) was the key in controlling
the shape of the MIONPs. Figure 4 shows a TEM images
of MIONPs obtained via this technique having various sizes
and shapes [46].
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4 Applications of MIONPs

4.1 Energy-Harvesting Applications

MIONPs have significant applications in the field of energy
harvesting. These NPs have been utilized in various energy-
related fields likewater splitting, photovoltaic solar cells, and
CO2 conversion to value-added products.

4.1.1 Water-Splitting Applications of MIONPs

Water splitting is a topical research area due to its poten-
tial to substitute the traditional energy sources that are
mainly based on fossil fuel with concomitant reduction in
CO2 emissions. For this purpose, semiconductor materi-
als have been widely employed [47–53]. These materials
possess unique optical properties like suitable band gap
(1.5–2.5eV), band edge positions, low charge recombina-
tion, and high interfacial charge transfer abilities. Owing
to unique optical characteristics, MIONPS have also been
investigated substantially by various research groups for
photoelectrochemical (PEC) water-splitting applications to
generate oxygen and hydrogen. MIONPs emerged as a
promising photoactive material due to various functionali-
ties like substantial light absorption, ample abundance and
most importantly, chemical stability in a variety of aqueous
media. Sivula et al. have provided a thorough overview on
the PEC water-splitting applications of MIONPs, especially
the hematite (α .Fe2O3 form) [54]. Bare hematite thin films
were prepared by sophisticated spray pyrolysis approach by
optimizing various parameters such as sprayed volume of
solution, temperature, and time gap between sprays. The
PECwater-splitting measurements show a photocurrent den-
sity of ∼ 0.94mA/cm2 at 1.45 V, with extreme stability of
> 1000 h under 1-SUN simulated sunlight [17]. Similarly,
the Fe3O4/FeO photoanodes were designed for PEC water
splitting, that exhibited hydrogen production in two cycles.
Cycle (i) involved endothermic PEC reduction in the mag-
netite (Fe3O4) at a relatively high temperature and cycle (ii)
involved the exothermic steam hydrolysis of wustite (FeO)
for hydrogen generation. Significant (83%) hydrolysis con-
version was attained for both cycles at 575 ◦C [55]. However,
the PEC water-splitting performance of pristine MIONPs is
somehow limited by high recombination of charges (holes
and electrons) and photocorrosion in acidic or basic media.
In order to overcome these limitations, NPs are engineered
in different ways to obtain an efficient and resilient photocat-
alyst. These include precise control of size and morphology
during synthesis, doping, nanocomposite formation, etc. For
example, The O/Fe ratio in MIONPS can be fine-tuned by
creating oxygen vacancies to improve PEC properties of
these materials as reported by Rioult et al. By using thermal
hematite reduction and magnetite oxidation, they obtained

semiconductingMIONPswith controlled stoichiometries for
solar water splitting. They achieved a substantial reduc-
tion of 0.2V for the onset potential and an overall pho-
tocurrent increase of 50% with respect to stoichiometric
hematite [16]. Similarly, another group reported MIONPs
based on zirconia composite for PEC water splitting with
improved hydrogen generation capacity due to the hybrid
formation [56].

4.1.2 MIONPs Comprised Photovoltaic (PV) or
Dye-Sensitized Solar Cells (DSSCs)

Photovoltaic (PV) cells are well known for their solar energy
generation potential. These cells are normally made of
organic and inorganic counter parts, where MIONPs can
be employed as a suitable candidate for the inorganic part.
Recently, due to their industrial successes, DSSCs have rep-
resented the third generation of specialized solar cells that
have gained universal attention [57]. They are an excep-
tional candidate for the storage of clean energy. Generally,
DSSC consists of a dye-sensitized photoanode, an electrolyte
(redox couple, e.g., I−/I3−) and a counter electrode. Anatase
TiO2 photoanode was initially employed for DSSCs but
abandoned due to large band gap (3.2eV) that was unable
to adsorb the visible part of the electromagnetic radiations,
with concomitant decrease in its efficiency [58]. There-
fore, many semiconductor materials were tested to substitute
TiO2. Due to narrow band gap, α-Fe2O3 films have also
been investigated, which showed good photovoltaic per-
formances in DSSCs [59]. MIONPs absorb significantly
in the visible region and therefore can provide more sites
due to high surface area. As discussed before, the mor-
phology of DSSCs critically influences the physicochemical
properties of the nanomaterials such as photon-to-electron
conversion efficiency. For example, α-Fe2O3 nanorod arrays
(NRAs) and NPs showed different conversion efficiencies,
i.e., 0.43, and 0.29%, respectively [60]. More interestingly,
MIONPs can also be efficiently used as a counter electrode
as they can effectively trap electrons from external circuit
[61]. For example, nanoflower-shapedhierarchical structured
Fe3O4 synthesized for DSSCs have been used as the counter
electrode (Fig. 5) [62], which showed a power conversion
efficiency of 7.65% compared to the efficiency of pyrolytic
Pt (6.88%) and sputtered Pt (7.87%).

4.2 MIONPs in CO2 Conversion Applications

Carbon dioxide emissions produced by thermal power
stations, chemical, cement and petrochemicals industries,
refineries, and exhaust fumes are believed to be the cause
of global warming, and their recycling to harvest carbon-
neutral solar fuels can be a potential path to decrease CO2

emissions [63]. Therefore, researchers are trying to develop
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Fig. 5 The SEM images of the flower-like Fe3O4 at different temperatures a 165 ◦C, b 175 ◦C, c 185 ◦C and d 195 ◦C [62]

technologies that can trap/capture and convert CO2 into
another useful form, such as a fuel [64]. The photoelec-
trochemical or electrochemical modification of CO2 into
CO offers many significant advantages, e.g., to obtain valu-
able fuel in the form of organic gases, fossil fuels savings,
solar energy storage into chemical energy, manufacturing
of other products like liquid gas, etc. Therefore, MIONPs
can be effectively used to serve as catalyst for the conver-
sion of CO2 into value-added products. The solar-induced
splitting of CO2 into CO by facile thermochemical loop-
ing via Fe3O4/FeO redox reactions has been achieved. The
two-step process involves reactions similar to water split-
ting as discussed above, i.e., (i) the endothermic reduction of
Fe3O4 to FeO and O2 through intense solar energy, and (ii)
the non-solar exothermic oxidation of FeO with CO2 to gen-
erate CO. FeO conversion higher than 90% can be achieved
with high reaction rates depending on temperature, particle
size, and CO2 concentration [65]. Similarly, Fan et al. [66]
reported the conversion of CO2 to diphenyl carbonate (DPC)
via ZnBr2 supported on silica-coated Fe3O4 NPs in the pres-

ence of CCl4 with an efficiency of 28% of DPC yield under
optimum conditions.

4.3 Application of MIONPs in Catalysis

The development, improvement, and utilization of hetero-
geneous catalysis is recently been in great demand due
to its easy separation, recovery and reuse because sepa-
ration and recycling of homogeneous catalysts is difficult
and uneconomical. In order to achieve easy separation and
recycling, numerous industrial homogeneous catalysts have
been immobilized on different solid supports including iron-
based magnetic nanostructures. Under industrial settings,
the advantage of magnetic catalysts is their facile recovery
after the reaction by the application of an external magnetic
field. This makes magnetic nanoparticles (MNPs) practical,
cost-effective, and environmental friendly. There are numer-
ous MNPS based on cobalt, nickel, iron and oxides of iron
and ferrite. Among these, MIONPs are widely exploited as
heterogeneous catalysts due to their simple and rapid prepara-
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tion, non-toxic nature, and inexpensiveness. Depending upon
the specific application,MIONPs of required size, shape, and
magnetic properties are synthesized as described in Sect. 2.
Several types of magnetic nanostructures and composites
have been developed for use in catalysis [67,68]. The cat-
alytic activity of pristine MIONPs can be further enhanced
via coating or composite formationwith othermaterials, such
as silica, polymers, and metals.

Zolfigol et al. [69,70] synthesized a composite imidazole-
based ionic liquid-stabilized silica-coated Fe3O4 MNPs
[nano-Fe3O4-SiO2-(CH2)3-imidazole-SO3H]Cl as a novel
heterogeneous acidic catalyst. This catalyst was used for the
synthesis of 1,8-dioxooctahydroxanthene and dihydropyrano
[2,3-c]pyrazole derivatives at high temperature under
solvent-free conditions.

Similarly, MIONPs-bonded enzyme (lipase from
Aspergillus niger), catalyst was synthesized and used in the
synthesis of benzothiazepine and spirobenzothiazinechro-
man derivatives through three-component reaction between
coumarine-3-carboxylic acid derivatives, 2-aminothiophenol,
and alkyl isocyanides at room temperature under mild con-
ditions [71]. Magnetite with a coating of silica doped with
copper–salen complex inside the shell was used to catalyze
the synthesis of substituted 1- and 5-tetrazoles in high yield
[72]. The above-mentioned magnetite support loaded with
chromium (IV) was used for the synthesis of 1,1-diacetals
from aldehydes [73]. The surface of silica-coated MIONPs
catalyst was functionalized with sulfonic acid for the produc-
tion of 1,8-dioxooctahydroxanthene derivatives in high yield
[74].

A novel application of MIONPs with silica shell as a sup-
port for manganese or iron containing metalloporphyrin was
reported byNakagaki et al. [75]. These catalystswere utilized
for the oxidative reactions of cyclooctene, cyclohexene, and
cyclohexane to their respective alcohols. These NPs showed
greater selectivity for the conversion of cyclohexane to an
alcohol than free metalloporphyrin. Similarly, Abdolalian et
al. [76] loaded molybdenum (IV) on a MIONP with a meso-
porous silica shell that catalyzed the epoxidation of olefins
in the presence of hydrogen peroxide. The epoxidation of
cyclooctene, 1-octene, indene, and1-methylcyclohexenewas
carried out with a high conversion rate and can be reused up
to six cycles.

Hetrogenization of many homogeneous metal-coated or
doped catalysts have alsobeen exploited for high-temperature
applications for downstream processing of petroleum. The
synthesis and industrial applications of these catalysts in
high-temperature water gas shift reaction (HTSR) and bio-
fuel production have been widely exploited [77–79]. These
catalysts exhibited highCOconversionwith increasingmolar
steam: dry gas ratio. Moreover, carbon-encapsulated iron
NPs (CEIN) have been prepared from iron(II) chloride
and wood-derived sugars under hydrothermal carboniza-

tion (HTC) conditions. The nanospheres thus obtained were
approximately 100–150nm in diameter with an iron core
diameter of 10–25nm. These catalysts were used to thermo-
chemically convert wood-derived syngas into liquid hydro-
carbons (Fischer Tropsch synthesis). These NPs showed
excellent catalytic performance at 290 ◦C and biomass-
derived syngas conversion of CO (up to 89.5%) and selectiv-
ity of 65% [80–82].

It is noteworthy that different morphologies of magnetic
Fe2O3 nanocrystals, e.g., rhombohedra, truncated rhombo-
hedra and hexagonal sheet effect reduction rates of H2O2.
These morphologies are very much influenced by differ-
ent synthesis conditions such as solvent types, temperature,
and pH. A template free hydrothermal synthesis of α-Fe2O3

hexagonal sheets showed high electrochemical reduction of
H2O2.X. Li et al. [83].

Rafie et al. studied the influence of external electromag-
netic field (EMF) to synthesize high-quality and highly active
one-dimensional (1-D) Fe3O4 nanostructures. The intensity
of EMF was varied to critically control the transcription of
structural features such as morphology, particle size, pore
size distribution and magnetic properties. These catalysts
were used under the influence of EMF that affected the rates
in the preparation of a series of alkyl-, aryl-, and heteroaryl-
substituted imidazoles from the corresponding benzoin and
benzyl derivatives [84].

Magnetic property of IONPs is applied in drug deliv-
ery and phase contrast agent [85–87] in magnetic reso-
nance imaging [88].MIONPs that exhibit superparamagnetic
behavior above body temperature are potential candidates
due to the absence of magnetic remanence and exhibit fast
changes in the magnetic state in an applied magnetic field
[89]. Particles less than 15nm have shown mono domain of
a uniform magnetization state [90]. Spherical-shaped NPs
are better drug carriers and safer than ellipsoid, hexagonal,
and cubical MNPs [89]. Successful synthesis of controlled
size and shape of ironmagnetic nanoparticles using homoge-
neous co-precipitation andurea thermal decompositionunder
induced cavitation by sonication has already been discussed.
These nanoparticles have shown targeted drug distribution
with low toxicity [91].

4.4 Agriculture

In the last two decades, iron-based metallic nanomaterials
have fascinated a large number of scientists and have rapidly
expanded into diverse fields of research. This huge inter-
est is mainly due to a number of valuable properties these
materials have exhibited that have led to new avenues in the
field of agricultural nanotechnology. These materials can be
synthesized andmodified with appropriate functional groups
that allows them to process various substances derived from
agricultural activities.
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Although different types of metal-based (Fe, Ti, Ce, Au,
Co, Ni, and Zn) particles have been studied in the last
decade; however, iron-based (Fe2O3 and Fe3O4) NPs gen-
erated most interest due to its inexpensive and non-toxic
properties. The recent advances in the area of nanotechnol-
ogy allowed synthesizing a wide range of novel and low-cost
MIONPs with very exciting properties that assisted and out-
lined the next stage of development of plant and animal
biotechnology, pesticides, and precision agricultural systems
[92–100]. Engineered NPs have economical applications for
enhanced plant growth, stimulate earlier plant germination
and boosted plant production. Nanomaterials for agriculture
use nanotechnology to advance the yield of plant products
for nutritional food and feed, fuel, medicinal, and other pur-
poses.Research in the area of nanoagriculture have suggested
a wide gap in the information about the side effects of NPs
on corn, rice, tomatoes, and other food crops [95,101,102].
A number of plants are able of uptake and accumulate nano-
materials and the research in this area showed that the uptake
and build-up of engineered NPs depend on the type of plant,
the chemical composition, size, concentration, surface struc-
ture, aggregation, and solubility of nanomaterials [103–105].
The interaction of plant cell with the engineered nanoma-
terials lead to the alteration of plant gene expression and
associated biological pathways. The unique effects of nano-
materials on different plant species can differ significantly
with plant growth stages, method, and duration of exposure
[106].

Intensive investigations show that numerous engineered
NPs are extremely toxic to a wide range of organisms such
as, marine organisms, prokaryots, and animal cells in vitro
(see Sect. 4.6.4 for more details). In addition, nanomaterials
are generally very small that stays suspended for long time
when released into the air [107–109]. Since NPs are very
small, they follow air current NPs and are accumulated in
all parts of the respiratory system of the plant [110–113].
Therefore, a particular concern is the capability of the NPs
that are directly taken up by individual cells and cell nuclei,
especially through the respiratory system.

In a recent study, Elmer and White investigated the
enhancement in growth of tomatoes and eggplants using
metallic oxide NPs. Spraying the leaves of tomato and
eggplantwithmetallic oxideNPs could affectweight andpro-
duction of the plants in disease-infected soils. They showed
that metallic NPs such as CuO, MnO, and ZnO decreased
disease rate compared to untreated controls [114].

Further research indicated that, further coating gives
MIONPs large adsorption surface and biocompatible proper-
ties. For instance, in pumpkin (Cucurbita pepo), the presence
of carbon-coated- Fe3O4 at certain concentrations reduces
the quantity of chemicals released to the environment. More-
over, the effect of tetramethyl ammonium hydroxide-coated
MIONPs on the growth of corn (maize) showed that the level

of chlorophyll was amplified at low MIONPs concentration,
whereas at higher concentrations it was inhibited [106].

Interestingly, Pariona et al. found that the engineered
hematite and ferrihydrite NPs did not show toxicity or stress
inmaize seedlings. For example, theNP treatments enhanced
the growth of maize and increased the chlorophyll content.
While high hematite NPs (6 g L−1) concentrations induced
low inhibitory effects on germination and chlorophyll con-
tent, all the ferrihydrite treatments showed improvement in
biological indicators. This is likely to be due to a large variety
of products containing naturally occurring ferrihydrite NPs,
which may work as iron source for the growth of the plants
[115].

Rui et al. investigated the efficiency of MIONPs as a
fertilizer to substitute traditional Fe fertilizers, which have
several limitations. They investigated the unique effects of
the MIONPs and a iron chelator (ethylenediaminetetraacetic
acid-Fe; EDTA-Fe) on the development and growth of peanut
(Arachishypogaea), a crop that is very sensitive to Fe insuf-
ficiency. The results showed that MIONPs increased height,
biomass and root length of peanut plants. The Fe2O3 NPs
stimulated the development of peanut by regulating plant hor-
mones content and the activity of some antioxidant enzymes.
They found that the concentration of Fe in peanut plants
was higher than the control in the presence of MIONPs and
EDTA-Fe. These findings demonstrate that Fe2O3 NPs can
replace traditional Fe fertilizers in the farming of peanut
plants [116].

MIONPs also find its application in increasing the fertil-
ity of soil. It has been reported that magnetic treatment of
Paenibaccilus species increase their nitrogen-fixing ability
and growth with a shorter generation time [117].

Yang et al. reported the different phytotoxicity of seven
metal oxide NPs—nCeO2, nFe3O4, nSiO2, nTiO2, nAl2O3,
nZnO, and nCuO—in maize and rice. They showed that seed
germination of maize and rice was not affected by all the
seven metal oxide NPs, while the root elongation of both
maize and rice were significantly inhibited by nCuO and
nZnO at 2000mgL−1. In addition, ZnO NPs showed greater
toxicity to root elongation of maize and rice than ZnO MPs.
They indicated that, this study provided a unified method
to test the phytotoxicity of metal oxide NPs on crop plants
[118].

Absorption of high amounts of metals by plants results in
toxic effects that include decline in growth and abnormalities
in cell division. Under this circumstance, excess metal NPs,
work as enzymatic cofactor that are involved inmaking inter-
mediate metabolites. Nevertheless, the reaction of plants to
metal NPs differs with the nature of the metal, plant types,
and the stage of growth [119,120].

At certain concentrations, MIONPs resulted in nega-
tive effect toward plant growth. For instance, the levels of
“Chlorophyll a” were increased at low Fe3O4NPs concentra-
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tions, though at higher concentrations it inhibited [121,122].
A slight inhibitory effect was noticed on the growth of the
plantlets, which resulted in the formation of brown spots on
the leaves at higher concentrations of MIONPs. Addition-
ally, higher concentrations of MIONPs resulted in oxidative
stress, which affected photosynthesis and caused a decrease
in the rates of metabolic processes [123].

Bombin et al., reported that the charged MIONPs have
inhibitory effects on the growth and reproduction in A.
thaliana. They indicated that charged IONPs are transported
via each tissue of the plant, so they were detected in root,
leaf, flower and silique tissue. Positively charged Fe2O3 NPs
showed substantial effects on root length and seedling in A.
thaliana [124].

Both negatively and positively charged NPs revealed sig-
nificant effects on pollen tube growth, seed production and
pollen viability. These data indicate that MIONPs have a
damaging effect on overall plant reproduction. In addition to
that, the results showed that IONPs toxicity is greatly depen-
dent on the concentration of the NPs [124].

Li et al. investigated the physiological effect of MIONPs
on watermelon. They showed that a substantial quantity of
Fe2O3 NPs dissolved in an aqueous medium might be taken
up bywatermelon tissue. Their findings demonstrated signifi-
cant changes in the physiological factors including, activities
of catalase, peroxidase, superoxide dismutase, root activity,
and chlorophyll content. These results provide conclusive
proof that plant uptake is a possible route for the transport of
nanomaterials to the environment [125].

Organophosphorus insecticides are widely used to pro-
tect crops from harmful effects of insects but ultimately
end up in water bodies and find a way to reach our bod-
ies. Organophosphorus compounds are highly neurotoxic
[126]. Maize acetylcholinesterase covalently attached onto
Fe3O4/c-MWCNT modified gold electrode has been devel-
oped to detect the organophosphorus pesticide level as low
as 0.1–10nM in milk and water [127].

It is envisaged that in near future, MIONP-based catalysts
will be available to increase the potency of pesticides and her-
bicides, letting lower doses to be employed in the field. An
agricultural system called a Controlled Environment Agri-
culture (CEA) is widely used in the USA, Europe, and Japan,
which efficiently utilizes technology for crop management.
Plants are grownwithin a controlled environment so that agri-
cultural practices can be optimized. CEA technology offers
an excellent platform for the introduction of nanotechnol-
ogy to agriculture.MIONPs and advanced nanotechnological
devices tested under CEA can provide “scouting” capabili-
ties that could tremendously improve the grower’s ability to
determine the best time to harvest the crop, the vitality of
crop, and food security issues, such as microbial or chemical
contamination.

4.5 Medical and Health

MIONPs find vast applications in the health and medical
sectors. Medical use of MIONPs was reported by the Egyp-
tian physician and philosopher Avicenna as far back as tenth
century A.D. He usedmagnetite grain as an antidote for acci-
dental swallowing of rust. MNPs could be used to increase
contrast of magnetic resonance imaging (MRI). They can
act as carrier for specific drug and gene therapy and also
find their use in various processes like biosensing, biosepa-
ration, immunotherapies. Although many NPs with specific
molecules can be used to target metastasizing cells [128],
MIONPs have additional advantage to release drug at a
precise site by localized heat induced by magnetic field.
Moreover, heat induced by localized magnetic field in the
presence of magnetic beads can also be used to kill cer-
tain cancer cells as these cells are sensitive to temperatures
greater than 41 ◦C [129,130]. It has been reported that many
protein are deregulated in various cancers [131–133]. Drugs
or inhibitors against a specific protein can be loaded on to
MNPs and delivered at exact locations. MIONPs may also
be used to detoxify the biological fluids; for example, mag-
netic beads coated with antibodies against epithelial surface
antigens (ESA, clone VU-1D9) can be used to purify blood
samples [134].

Tissue specific (adult) stem cells could be used to repair
damaged or degenerated tissue by targeting them with
MIONPs attached to various growth factors. This could
lead to the differentiation of these cells with concomitant
repair of the damaged tissue. This strategy could be used
to treat and cure many degenerative ailments including dia-
betes and Alzheimer’s and Parkinson’s disease [135,136].
The blood–brain barrier severely limits permeability of var-
ious harmful toxins and bacteria in the blood stream from
entering this vital organ thus protecting the brain from their
harmful effects. However, this process also prevents many
drugs from reaching the brain, creating a major problem in
treating brain tumors and various neurological disorders such
as Alzheimer’s and Parkinson’s disease, etc. NPs have poten-
tial to pass through blood-biological barriers. NPs loaded
with anticancer drugs, such as loperamide and doxorubicin,
could be used to deliver such drugs at therapeutic concentra-
tions in the brain [137,138].MIONPs coatedwith polycation,
e.g., polyethylenimine could be used to transfect specific
cells by the influence of an external magnetic field. This
method of transfection called magnetofection could be used
to transfect both viral and non-viral vectors. Magnetofection
has been successfully used to transfect porcine kidney PK-15
cells with high efficiency [139].

Gene therapy is emerging as a valuable technique for the
treatment or prevention of many diseases. In this technique,
gene of a particular protein is delivered into a patient’s cells
as a drug for the treatment of the disease. Magnetofaction
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provides a tool for the delivery of both viral and non-viral
vectors [140]. One of the current challenges in gene ther-
apy is the design of more advanced non-viral systems that
could deliver gene for therapy with high efficiency. Increas-
ing use of MIONPs that are able to circumvent these barriers
are being exploited. There are increasing reports that IONPs
have promising role in biosensing, because of their large sur-
face to volume ratio, high surface reaction activity, and strong
adsorption [141]. Glucose oxidase immobilized onto chi-
tosan and nafion IONP-based glucose biosensors are proving
highly sensitive and stable biosensors that can detect glucose
in the range of 1.0–8.0mM [142]. These sensors have good
shelf life of about 8weeks under refrigerated conditions and
are proving very valuable tool for the management of dia-
betes [142,143]. Urease immobilized onto chitosan IONPs
could be used for rapid and accurate measurement of urea in
urine, serum, and blood samples [144].

4.6 Environmental Applications

Pollution-free environment is essential to human health;
however, the world is facing environmental crisis that is
increasing with time. Persistent organic pollutants, heavy
metals, aquatic and soil pollutants are the major contribu-
tors toward the problem. MIONPs find wide applications in
the field of wastewater treatment, as a part of a biosensor
for the detection of environmental pollutants, dye degra-
dation and adsorption, metal oxidation/reduction to render
them harmless or removal through adsorption, and also in
the degradation of phenolics, pesticides, petroleum hydro-
carbons, and polycyclic aromatic hydrocarbons (PAH). The
broad applications of MIONPs in waste treatment is due to
large surface area, availability of complex chemistries and
their facile recovery. Some key applications of MIONPs are
discussed in the following sections.

4.6.1 Biosensors

Localized surface plasmonic resonance (LSPR) is widely
used to monitor a broad range of analyte surface-binding
interactions, including the adsorption of small molecules,
ligand–receptor binding, protein adsorption on self-
assembled monolayers, antibody–antigen binding, DNA and
RNA hybridization, and protein–DNA interactions [145].
These sensors specifically identify low concentrations of
environmental and biological substances usually from nL
to μL range [146]. When samples are loaded on plain NPs
for analysis, it usually lead to aggregation of NPs with the
changes in the pH, ionic strength, and temperature. This prob-
lem is avoided by coating other molecules or nanostructures
on iron oxide that protects them from aggregation.

4.6.2 Removal of Inorganic Pollutants

The concentrations of heavy metals have reached harm-
ful levels throughout the world. Many methods have been
developed for the effective detection and removal of these
pollutants including the use of MIONPs. Physical sorp-
tion and ionic interactions between positively charged metal
cations or negatively charged metal oxides and MIONP (or
MIONPs with additional coatings such as silica, alumina and
various polymers) are the main processes involved in the
removal of metals from solutions. IONPs have been effec-
tively used to remove lead (Pb2+) andmercury (Hg2+) [147],
arsenic (As) [148], copper (Cu2+) [149] etc. For example,
a novel reusable MIONP coated with chitosan and cross-
linked to glyoxal (Fe3O4/chitosan/glyoxal) has recently been
used to adsorb 80–90% of toxic chromium (VI) from water
[150]. At pH 4, Cr (VI) exists predominantly as HCrO−

4
and interacts electrostatically with the positively charged
NH+

3 groups on chitosan. After collecting theMIONP–metal
complexes by the application of magnetic field, an increase
in pH deprotonates the positively charged amino groups to
NH2 thereby releasing chromium ions allowing theMIONPs
to be reused [150]. Similarly, highly toxic cationic metals
such as Cd2+, Pb2+, Ni2+ and Cu2+ have been efficiently
removed by using 3-aminopropyl triethoxysilane (APTES)-
coated MIONPs that were further modified with acrylic
acid moieties. The adsorption efficiency increased with an
increase in pH due to the deprotonation of carboxylic acid
groups and the MIONPs were separated by the application
of magnetic field. The metal ions were released by lower-
ing the pH to 4 thereby regenerating MIONPs to be reused
again [151]. Mesoporous Fe3O4 secondary nanostructures
(MFSNs) have also been reported for the removal of As, Cd,
and Cu from waste water [152].

4.6.3 Removal of Organic Pollutants

Surface modified magnetite nanoparticles with ferrous
oxalate reducing agent were recently used to degrade azo
dyes (Reactive Black and Reactive Yellow) in the presence of
hydrogen peroxide [153]. The degradation follows Fenton’s
reactionmechanismwhereH2O2 is reducedby ametal reduc-
ing agent such as Fe(II) and in the process generates hydroxyl
free radicals with concomitant degradation of organic pol-
lutants by breaking covalent bonds. Although a very high
degree of degradation of dyes (> 99%) was achieved, how-
ever, the amount of catalyst used (10 g L−1) was high and
the duration of degradation was long (240min). Generally,
in the presence of H2O2, azo dyes are degraded much faster
[154].

A mixture of three textile azo dyes (Basic Blue-3, Basic
Red 46 and Malachite Green) was degraded via Fenton reac-
tion using modified natural magnetite nanoparticles (NMN)
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prepared by a green glow discharge plasma (GDP) tech-
nology. GC–MS was used to show the degradation of dyes
to smaller molecular weight products [155,156]. Similarly,
removal of dyes from simulated sewage water was achieved
by a 3D flower-shaped assembly of iron oxide nanosheets.
These nanostructures were synthesized by the decomposi-
tion of various iron alkoxide precursors using heat treatment.
These nanostructures acted as a highly effective sorbent for
the fast removal of organic dyes such as Reactive Orange,
Reactive Yellow and Bismarck Brown [157].

The synthesis of magnetic Fe3O4/NPC nanoporous car-
bon using metal oxide framwork-5 (MOF-5) with very high
surface area and strong magnetic strength has recently been
reported [158]. The behavior of MIONPs were tested by its
adsorption capacity for the removal of methylene blue from
the aqueous solution. The results showed that the synthesized
material had a high adsorption capacity and fast adsorption
rate. The adsorbent can be easily recovered with ethanol
washing, and its susceptibility to an applied magnetic field.
This material can be used for the effective removal of organic
dyes from wastewater.

The magnetic cyclodextrin–graphene oxide nanocompos-
ites (Fe3O4/CD/GO) were used to remove malachite green
dye in a simple and effective manner [159]. The authors
reported highly efficient removal of dye with concomitant
high adsorption capacity. However, concentration of dye was
measured by colorimetric method, which may be biased at
different pHs, whereas quantification based on separation by
HPLC at neutral pH may have been more accurate.

The encapsulated and functionalized Fe3O4 nanoparti-
cles with silica and amino groups were immobilized on
Corynebacterium glutamicum [160]. The magnetic particle-
coated bacteria were used to degrade phenol successfully
with concomitant recycling. However, the growth of bac-
terium was slow, and the duration of degradation was very
long. Moreover, phenol degradation and adsorption was
reduced in subsequent cycles compared to the original parti-
cles. Furthermore, IONPs can also efficiently remove organic
wastes like polycyclic aromatic hydrocarbons (PAHs) and
halogenated organic compounds (HOC) [161]. The PAHs
and HOC were oxidized with concomitant degradation via
a photocatalytical reaction. It is noteworthy that recently
magnetic nanoparticle adsorbents with silica mesoporous
layer that have surfactant micelles within it were used
to achieve simultaneous, sustainable, rapid, efficient, and
cost-effective removal of PAHs [1mgL−1] and metal con-
taminants [1mgL−1] [162].

Oil spill is a serious environmental issue that damages the
aquatic life and severely disturbs the ecological balance. The
current technology for the remediation of oil is inefficient and
costly. Recently, iron-basedmagnetic nanoparticles thatwere
capped by sulfonated asphaltene were used to collect a heavy
crude oil spill without spreading it in water by applying an

external magnetic field. Compared with currently available
procedures, the process based on MIONPs with a hydropho-
bic linker achieved exceptional oil spill mopping efficiency
(removal of 22.5g of the crude oil from the sea water sur-
face per gram nanomaterial) and a significant reduction in
cost (US$2per 1kg nanomaterial). Based on the 95% yield
of nanomaterial, the total cost for cleaning 1 barrel of crude
oil was only 12US$ [163].

4.6.4 Bio-indicators for the Assessment of MIONPs Toxicity

Although magnetic nanoparticles have been successfully
exploited for numerous applications including environmental
remediation, however, potential risks related to their release
into the aquatic environment should be carefully assessed.
The ecological and toxic effects of magnetic nanoparticle on
aquatic life were assessed by monitoring early life stages of
zebrafish (Danio rerio) [164]. It was observed that MIONPs
(10mgL−1) caused developmental abnormalities in embryos
including hatching delay, mortality, and malfunction. Where
zebrafish was used as biomarker indicator for magnetic
nanoparticle’s toxicity toward animals, Chlorella vulgaris
cells were tested for toxic effects of MIONPs against plants
[165]. The algal cell when exposed to cobalt, zinc composite
nanoparticles, showed reduced photosynthesis and induction
of oxidative stress as well as inhibiting the cell division rate.
Both organisms (fish and microalgae) can be used as key
biomarker indicators for the assessment of nanoparticles tox-
icity.

5 Conclusion and Future Direction

In conclusion, smaller particle size, large surface area, and
control of morphology are the major factors, which allow
researchers to utilize MIONPs for various real and poten-
tial applications in fields as diverse as catalysis, energy
harvesting, agriculture, environmental and medical sectors.
MIONPs have been explored for the remediation of water
and their magnetic properties enable them to be used forMRI
and other related applications. In pristine form,MIONPsmay
show susceptibility toward corrosion, which limit their use
and recovery during and after the reaction. In addition to
these, agglomeration can also limit their effectiveness. In
order to overcome these problems, researchers have intro-
duced various functionalities via doping, mixing and other
physiochemical methods to make them suitable for various
applications with improved properties.

Although, MIONPs display various unique characteris-
tics, which endow them with numerous benefits and present
opportunities in various applications as discussed above.
However, further ground-breaking research is needed regard-
ing improvement in the synthetic techniques to create
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MIONPs of controlled shape and size. The biggest challenge
is agglomeration at nanoscale level, and therefore, special
techniques are needed to be developed tominimize this prob-
lem in order to increase its viability for various applications.
Another challenge is the susceptibility of MIONPs toward
corrosion under wet conditions, which can affect its stability
in addition to other key features. Toxicity caused byMIONPs
is another challenge as it can arise during the processing
of MIONPs or by its usage in the post production appli-
cations. There is a need to develop more suitable techniques
that can selectively confer MIONPs with improved magnetic
properties. Importantly, the exactmechanism (nucleation and
growth) of formation of MIONPs of various morphologies
needs to be understood. Moreover, introduction of certain
organic and inorganic functionalities could also improve
the corrosion resistance of MIONPs. Finally, the synthetic
precursors of MIONPs could be chosen from non-toxic
and biodegradable materials under controlled reaction con-
ditions. MIONPs are cost-effective materials that have a
bright future in numerous technological applications includ-
ing energy harvesting devices and systems.
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