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Magnetic Nanoparticles

This review focuses on the synthesis, protection, functionalization, and
application of magnetic nanoparticles, as well as the magnetic prop-

erties of nanostructured systems. Substantial progress in the size and
shape control of magnetic nanoparticles has been made by developing
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methods such as co-precipitation, thermal decomposition and/or

reduction, micelle synthesis, and hydrothermal synthesis. A major

challenge still is protection against corrosion, and therefore suitable
protection strategies will be emphasized, for example, surfactant/po-
lymer coating, silica coating and carbon coating of magnetic nano-
particles or embedding them in a matrix/support. Properly protected

magnetic nanoparticles can be used as building blocks for the fabri-

cation of various functional systems, and their application in catalysis
and biotechnology will be briefly reviewed. Finally, some future trends

and perspectives in these research areas will be outlined.

1. Introduction

Magnetic nanoparticles are of great interest for research-
ers from a wide range of disciplines, including magnetic
fluids,"! catalysis,>*! biotechnology/biomedicine,”! magnetic
resonance imaging,>® data storage,”) and environmental
remediation.®) While a number of suitable methods have
been developed for the synthesis of magnetic nanoparticles of
various different compositions, successful application of such
magnetic nanoparticles in the areas listed above is highly
dependent on the stability of the particles under a range of
different conditions. In most of the envisaged applications, the
particles perform best when the size of the nanoparticles is
below a critical value, which is dependent on the material but
is typically around 10-20 nm. Then each nanoparticle
becomes a single magnetic domain and shows superparamag-
netic behavior when the temperature is above the so-called
blocking temperature. Such individual nanoparticles have a
large constant magnetic moment and behave like a giant
paramagnetic atom with a fast response to applied magnetic
fields with negligible remanence (residual magnetism) and
coercivity (the field required to bring the magnetization to
zero). These features make superparamagnetic nanoparticles
very attractive for a broad range of biomedical applications
because the risk of forming agglomerates is negligible at room
temperature.

However, an unavoidable problem associated with par-
ticles in this size range is their intrinsic instability over longer
periods of time. Such small particles tend to form agglomer-
ates to reduce the energy associated with the high surface area
to volume ratio of the nanosized particles. Moreover, naked
metallic nanoparticles are chemically highly active, and are
easily oxidized in air, resulting generally in loss of magnetism
and dispersibility. For many applications it is thus crucial to
develop protection strategies to chemically stabilize the
naked magnetic nanoparticles against degradation during or
after the synthesis. These strategies comprise grafting of or
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coating with organic species, including surfactants or poly-
mers, or coating with an inorganic layer, such as silica or
carbon. It is noteworthy that in many cases the protecting
shells not only stabilize the nanoparticles, but can also be used
for further functionalization, for instance with other nano-
particles or various ligands, depending on the desired
application.

Functionalized nanoparticles are very promising for
applications in catalysis, biolabeling, and bioseparation.
Especially in liquid-phase catalytic reactions, such small and
magnetically separable particles may be useful as quasi-
homogeneous systems that combine the advantages of high
dispersion, high reactivity, and easy separation. In the
following, after briefly addressing the magnetic phenomena
specific for nanoparticles, we focus mainly on recent develop-
ments in the synthesis of magnetic nanoparticles, and various
strategies for the protection of the particles against oxidation
and acid erosion. Further functionalization and application of
such magnetic nanoparticles in catalysis and bioseparation
will be discussed in brief. Readers who are interested in a
more detailed treatment of the physical properties and
behavior of these magnetic nanoparticles, or biomedical and
biotechnology applications, are referred to specific
reviews.['*18]

2. Special Features of Magnetic Nanoparticles
Two key issues dominate the magnetic properties of

nanoparticles: finite-size effects and surface effects which
give rise to various special features, as summarized in
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Figure 1. The different magnetic effects occurring in magnetic nanoparticles. The spin arrangement in a) a
ferromagnet (FM) and b) an antiferromagnet (AFM); D= diameter, D =critical diameter. c) A combination of

two different ferromagnetic phases (magenta arrows and black arrows in (a)) may be used for the creation of
novel functional nanomaterials, for example, permanent magnets, which are materials with high remanence

2.1. Finite-Size Effects

magnetization (M,) and high coercivity (H¢), as shown schematically in the magnetization curve (c), d) An
illustration of the magnetic moments in a superparamagnet (SPM). A superparamagnet is defined as an

assembly of giant magnetic moments which are not interacting, and which can fluctuate when the thermal

The two most studied
finite-size effects in nano-
particles are the single-
domain limit and the super-
paramagnetic limit. These
two limits will be briefly
discussed herein. In large
magnetic particles, it is well
known that there is a multi-
domain structure, where regions of uniform magnetization
are separated by domain walls. The formation of the domain
walls is a process driven by the balance between the
magnetostatic energy (AEys), which increases proportionally
to the volume of the materials and the domain-wall energy
(Eq4), Which increases proportionally to the interfacial area
between domains. If the sample size is reduced, there is a
critical volume below which it costs more energy to create a
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energy, kg T, is larger than the anisotropy energy. Superparamagnetic particles exhibit no remanence or
coercivity, that is, there is no hysteresis in the magnetization curve (d). e) The interaction (exchange coupling;
linked red dots) at the interface between a ferromagnet and an antiferromagnet produces the exchange bias
effect. In an exchange-biased system, the hysteresis is shifted along the field axis (exchange bias field
(He))and the coercivity increases substantially. f) Pure antiferromagnetic nanoparticles could exhibit super-
paramagnetic relaxation as well as a net magnetization arising from uncompensated surface spins (blue
arrows in (b)). This Figure, is a rather simplistic view of some phenomena present in small magnetic particles.
In reality, a competition between the various effects will establish the overall magnetic behavior.

domain wall than to support the external magnetostatic
energy (stray field) of the single-domain state. This critical
diameter typically lies in the range of a few tens of nano-
meters and depends on the material. It is influenced by the
contribution from various anisotropy energy terms.

The critical diameter of a spherical particle, D., below
which it exists in a single-domain \%akte is reached when
AEys= Eg4, which implies D ~18Y—>" where A is the

o M2
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exchange constant, K. is anisotropy constant, p, is the
vacuum permeability, and M is the saturation magnetization.
Typical values of D, for some important magnetic materials
are listed in Table 1.}

Table 1: Estimated single-domain size for different spherical particles.

Material D, [nm]
hep Co 15
fcc Co 7
Fe 15
Ni 55
SmCos 750
Fe,O, 128

A single-domain particle is uniformly magnetized with all
the spins aligned in the same direction. The magnetization
will be reversed by spin rotation since there are no domain
walls to move. This is the reason for the very high coercivity
observed in small nanoparticles.?! Another source for the
high coercivity in a system of small particles is the shape
anisotropy.

The departure from sphericity for single-domain particles
is significant and has an influence on the coercivity as is
shown, for instance, in Table 2 for Fe nanoparticles.””

Table 2: The influence of the shape of Fe particles on the coercivity.

Aspect ratio (c/a) Hc [Oe]
1.1 820
1.5 3300
2.0 5200
5.0 9000

10 10100

It must be remembered that the estimation of the critical
diameter holds only for spherical and non-interacting par-
ticles. Particles with large shape anisotropy lead to larger
critical diameters.

The second important phenomenon which takes place in
nanoscale magnetic particles is the superparamagnetic limit.
The superparamagnetism can be understood by considering
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the behavior of a well-isolated single-domain particle. The
magnetic anisotropy energy per particle which is responsible
for holding the magnetic moments along a certain direction
can be expressed as follows: E(6) = K, Vsin’), where V is the
particle volume, K anisotropy constant and 6 is the angle
between the magnetization and the easy axis.

The energy barrier K.V separates the two energetically
equivalent easy directions of magnetization. With decreasing
particle size, the thermal energy, kz7, exceeds the energy
barrier K.;V and the magnetization is easily flipped. For
kp T> K.;; V the system behaves like a paramagnet, instead of
atomic magnetic moments, there is now a giant (super)
moment inside each particle (Figure 1d). This system is
named a superparamagnet. Such a system has no hysteresis
and the data of different temperatures superimpose onto a
universal curve of M versus H/T.

The relaxation time of the moment of a particle, 7, is given
by the Néel-Brown expression [Eq. (1)rsqb;?” where k, is the
Boltzmann’s constant, and 7,~ 107" s.

) )

r:r(]exp< %, T

If the particle magnetic moment reverses at times shorter
than the experimental time scales, the system is in a super-
paramagnetic state, if not, it is in the so-called blocked state.
The temperature, which separates these two regimes, the so-
called blocking temperature, 7, can be calculated by consid-
ering the time window of the measurement. For example, the
experimental measuring time with a magnetometer (roughly
100s) gives: Ty = [;5‘,‘{:.

The blocking temperature depends on the effective
anisotropy constant, the size of the particles, the applied
magnetic field, and the experimental measuring time.

For example, if the blocking temperature is determined
using a technique with a shorter time window, such as
ferromagnetic resonance which has a 7~ 107’ s, a larger value
of Ty is obtained than the value obtained from dc magnetiza-
tion measurements. Moreover, a factor of two in particle
diameter can change the reversal time from 100 years to
100 nanoseconds. While in the first case the magnetism of the
particles is stable, in the latter case the assembly of the
particles has no remanence and is superparamagnetic.

Many techniques are available to measure the magnetic
properties of an assembly of magnetic nanoparticles. In the
following, only some of the more important techniques are
briefly discussed, and for more detailed information, the
reader is referred to the cited references. SQUID magneto-
metry®? and vibrating sample magnetometry (VSM)® are
powerful tools to measure the sample’s net magnetization.
Like most conventional magnetization probes, both techni-
ques are not element specific but rather measure the whole
magnetization. Ferromagnetic resonance (FMR) probes the
magnetic properties in the ground state and provides
information about magnetic anisotropy, magnetic moment,
relaxation mechanism of magnetization, and g-factor.”! X-
ray absorption magnetic circular dichroism (XMCD) is the
method of choice to determine the orbital and spin magnetic
moments. It is based on the changes in the absorption cross
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section of a magnetic material and uses circularly polarized
photons.”?! The magneto-optical Kerr effect (MOKE) is
also used as a magnetization-measuring tool.””! The basic
principle behind MOKE is that as polarized light interacts
with a magnetic material the polarization of the light can
change. In principle, this method is very useful for qualitative
magnetic characterization, for imaging domain patterns, and
for measuring the magnetic hysteresis. Qualitative informa-
tion on magnetization, exchange and anisotropy constants
from magnon spectra are provided by Brillouin light scatter-
ing (BLS).*"! This technique is an optical method capable of
detecting and determining the frequency of magnetic excita-
tions (surface spin waves) that can interact with visible
photons in magnetic systems.

A simple and rapid way to estimate the blocking temper-
ature is provided by dc magnetometry measurements, in
which a zero-field-cooled/field-cooled procedure is
employed. Briefly, the sample is cooled from room temper-
ature in zero magnetic field (ZFC) and in a magnetic field
(FC). Then a small magnetic field is applied (about 100 Oe)
and the magnetization is recorded on warming. As temper-
ature increases, the thermal energy disturbs the system and
more moments acquire the energy to be aligned with the
external field direction. The number of unblocked, aligned
moments reaches a maximum at T Above the blocking
temperature the thermal energy is strong enough to random-
ize the magnetic moments leading to a decrease in magnet-
ization.

A distribution of the particle sizes results in a distribution
of the blocking temperatures. As pointed out already, the
above discussion about the time evolution of the magnet-
ization only holds for particles with one single-domain.
Taking into account the magnetic interactions between nano-
particles which have a strong influence on the superparamag-
netic relaxation, the behavior of the system becomes more
complicated. The main types of magnetic interactions which
can be present in a system of small particles are: a) dipole—
dipole interactions, b) direct exchange interactions for touch-
ing particles, ¢) superexchange interactions for metal particles
in an insulating matrix, d) RKKY (Ruderman-Kittel-Kasuya-
Yosdida) interactions for metallic particles embedded in a
metallic matrix."! Dipolar interactions are almost always
present in a magnetic particle system and are typically the
most relevant interactions. They are of long-range character
and are anisotropic. From an experimental point of view, the
problem of interparticle interactions is very complex. First, it
is very complicated to separate the effects of interactions
from the effects caused by the random distributions of sizes,
shapes, and anisotropy axes. Second, several interactions can
be present simultaneously in one sample. This situation makes
it even more complicated to assign the observed properties to
specific interactions.

2.2. Surface Effects
As the particles size decreases, a large percentage of all
the atoms in a nanoparticle are surface atoms, which implies

that surface and interface effects become more important. For
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example, for face-centered cubic (fcc) cobalt with a diameter
of around 1.6 nm, about 60 % of the total number of spins are
surface spins.® Owing to this large surface atoms/bulk atoms
ratio, the surface spins make an important contribution to the
magnetization. This local breaking of the symmetry might
lead to changes in the band structure, lattice constant or/and
atom coordination. Under these conditions, some surface and/
or interface related effects occur, such as surface anisotropy
and, under certain conditions, core-surface exchange aniso-
tropy can occur.

2.2.1. No or Magnetically Inert Surface Coatings

Surface effects can lead to a decrease of the magnetization
of small particles, for instance oxide nanoparticles, with
respect to the bulk value. This reduction has been associated
with different mechanisms, such as the existence of a
magnetically dead layer on the particle’s surface, the exis-
tence of canted spins, or the existence of a spin-glass-like
behavior of the surface spins.’®! On the other hand, for small
metallic nanoparticles, for example cobalt, an enhancement
of the magnetic moment with decreasing size was reported as
well.® Respaud et al. associated this result with a high
surface-to-volume ratio, however, without more detailed
explanation.

Another surface-driven effect is the enhancement of the
magnetic anisotropy, K.y, with decreasing particle size.[**"
This anisotropy value can exceed the value obtained from the
crystalline and shape anisotropy and is assumed to originate
from the surface anisotropy. In a very simple approximation,
the anisotropy energy of a spherical particle with diameter D,
surface area S, and volume V, may be described by one
contribution from the bulk and another from the surface:
K=Ky + %KS, where K and K are the bulk and surface
anisotropy energy constants, respectively. Bgder et al.”” have
shown that K changes when the surfaces are modified or
adsorb different molecules, which explains very well the
contribution of the surface anisotropy to K

For uncoated antiferromagnetic nanoparticles, weak fer-
romagnetism can occur at low temperatures (Figure 1f),
which has been attributed to the existence of uncompensated
surface spins of the antiferromagnet.”'** Since this situation
effectively corresponds to the presence of a ferromagnet in
close proximity to an antiferromagnet, additional effects, such
as exchange bias, can result (see Section 2.2.2).

However, only in some cases can a clear correlation
between the surface coating and the magnetic properties be
established. For example, a silica coating is used to tune the
magnetic properties of nanoparticles, since the extent of
dipolar coupling is related to the distance between particles
and this in turn depends on the thickness of the inert silica
shell.”! A thin silica layer will separate the particles, thereby
preventing a cooperative switching which is desirable in
magnetic storage data.

In other cases, the effect of the coating is less clear. A
precious-metal layer around the magnetic nanoparticles will
have an influence on the magnetic properties. For example, it
was shown that gold-coated cobalt nanoparticles have a lower
magnetic anisotropy than uncoated particles, whereas gold
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coating of iron particles enhances the anisotropy, an effect
which was attributed to alloy formation with the gold.P
Hormes et al. also discussed the influence of various coatings
(e.g., Cu, Au) on the magnetic properties of cobalt nano-
particles, and came to the conclusion that a complex interplay
between particle core and coating determines the properties,
and tuning may therefore be difficult.’”!

Organic ligands, used to stabilize the magnetic nano-
particles, also have an influence on their magnetic properties,
that is, ligands can modify the anisotropy and magnetic
moment of the metal atoms located at the surface of the
particles.” As Paulus and co-workers reported, cobalt
colloidal particles stabilized with organic ligands show a
reduction of the magnetic moment and a large anisotropy.>
Leeuwen et al. proposed that surface-bonded ligands lead to
the quenching of the surface magnetic moments, resulting in
the reduction of magnetization.” In the case of nickel
nanoparticles, Cordente et al. have demonstrated that donor
ligands, such as amines, do not alter the surface magnetism
but promote the formation of rods, whereas the use of
trioctylphosphine oxide leads to a reduction in the magnet-
ization of the particles.” Overall, it must be concluded that
the magnetic response of a system to an inert coating is rather
complex and system specific, so that no firm correlations can
be established at present.

2.2.2. Magnetic Coatings for Magnetic Nanoparticles

A magnetic coating on a magnetic nanoparticle usually
has a dramatic influence on the magnetic properties. The
combination of two different magnetic phases will lead to new
magnetic nanocomposites, with many possible applications.
The most striking feature which takes place when two
magnetic phases are in close contact is the exchange bias
effect. A recent review of exchange bias in nanostructured
systems is given by Nogués et al.l*!

The exchange coupling across the interface between a
ferromagnetic core and an antiferromagnetic shell or vice
versa, causes this effect. Exchange bias is the shift of the
hysteresis loop along the field axis in systems with ferromag-
netic (FM)-antiferromagnetic (AFM) interfaces (Figure 1e).
This shift is induced by a unidirectional exchange anisotropy
created when the system is cooled below the Néel temper-
ature of the antiferromagnet. This exchange coupling can
provide an extra source of anisotropy leading to magnet-
ization stabilization. The exchange bias effect was measured
for the first time in cobalt nanoparticles surrounded by an
antiferromagnetic CoO layer. There are numerous systems
where the exchange bias has been observed, and some of the
most investigated systems are: ferromagnetic nanoparticles
coated with their antiferromagnetic oxides (e. g., Co/CoO, Ni/
NiO), nitrides (Fe-Fe,N), and sulfides (Fe-FeS), ferrimag-
netic—antiferromagnetic (Fe;O,~CoO), or ferrimagnetic—fer-
romagnetic (TbCo-Fe,;Nig,) nanoparticles.

Recently, single-domain pure antiferromagnetic nano-
particles have shown an exchange-bias effect arising from
uncompensated spins on the surface. This reveals a compli-
cated surface spin structure which is responsible for the
occurrence of a weak ferromagnetism (Figure1f), the
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exchange bias effect, and the so-called training effect.[*!

The training effect represents a reduction of the exchange
bias field upon subsequent field cycling.

Metallic particles embedded in a matrix are interesting
systems of magnetic-coated particles. Skumryev et al. have
demonstrated the role of the matrix in establishing the
magnetic response of small particles.*”’ The magnetic behav-
ior of the isolated 4-nm Co particles with a CoO shell changes
dramatically when, instead of being embedded in a para-
magnetic matrix, they are embedded in an antiferromagnetic
matrix. The blocking temperature of Co particles embedded
in an Al,O; or C matrix was around 10 K, but by putting them
in a CoO matrix, they remain ferromagnetic up to 290 K.
Thus, the coupling of the ferromagnetic particles with an
antiferromagnetic matrix is a source of a large additional
anisotropy.

Exchange biased nanostructures have found applications
in many fields, such as permanent magnets (Figure 1c),
recording media, and spintronics. A new approach to produce
high-performance permanent magnets is the combination of a
soft magnetic phase (easily magnetized), such as Fe;Pt, and a
hard magnetic phase (difficult to magnetize and thus having
high coercivity), such as Fe;O, which interact through
magnetic exchange coupling.!

The right choice of ferromagnetic and antiferromagnetic
components can provide a structure suitable for use as a
recording medium. The exchange coupling can supply the
extra anisotropy which is needed for magnetization stabiliza-
tion, thus generating magnetically stable particles.

Another interesting aspect related to a magnetic coating is
given by the bimagnetic core-shell structure, where both the
core and the shell, are strongly magnetic (e.g., FePt/
CoFe,0,).* These bimagnetic core—shell nanoparticles will
allow a precise tailoring of the magnetic properties through
tuning the dimensions of the core and shell, which selectively
controls the anisotropy and the magnetization.

Some important aspects should be emphasized. The
magnetic behavior of an assembly of nanoparticles is a
result of both the intrinsic properties of the particles and the
interactions among them. The distribution of the sizes, shapes,
surface defects, and phase purity are only a few of the
parameters influencing the magnetic properties, which makes
the investigation of the magnetism in small particles very
complicated. One of the great challenges remains the
manufacturing of an assembly of monodisperse particles,
with well-defined shape, a controlled composition, ideal
chemical stability, tunable interparticle separations, and a
functionalizable surface. Such particles will tremendously
facilitate the discrimination between finite-size effects, inter-
particle interactions, and surface effects. Thus, the synthesis of
magnetic nanoparticles with well-controlled characteristics is
a very important task, which will be described in more detail
in the next sections.

3. Synthesis of Magnetic Nanoparticles

Magnetic nanoparticles have been synthesized with a
number of different compositions and phases, including iron
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oxides, such as Fe;0, and y-Fe,0,,*7 pure metals, such as Fe

and Co,***! spinel-type ferromagnets, such as MgFe,O,,
MnFe,0,, and CoFe,0,,F"%! as well as alloys, such as CoPt;
and FePt.P>* In the last decades, much research has been
devoted to the synthesis of magnetic nanoparticles. Especially
during the last few years, many publications have described
efficient synthetic routes to shape-controlled, highly stable,
and monodisperse magnetic nanoparticles. Several popular
methods including co-precipitation, thermal decomposition
and/or reduction, micelle synthesis, hydrothermal synthesis,
and laser pyrolysis techniques can all be directed at the
synthesis of high-quality magnetic nanoparticles. Instead of
compiling all this literature which would by far exceed the
scope of this review, we try to present typical and represen-
tative examples for the discussion of each synthetic pathway
and the corresponding formation mechanism.

3.1. Co-Precipitation

Co-precipitation is a facile and convenient way to
synthesize iron oxides (either Fe;O, or y-Fe,O;) from aqueous
Fe*!/Fe*" salt solutions by the addition of a base under inert
atmosphere at room temperature or at elevated temperature.
The size, shape, and composition of the magnetic nano-
particles very much depends on the type of salts used (e.g.
chlorides, sulfates, nitrates), the Fe*"/Fe*" ratio, the reaction
temperature, the pH value and ionic strength of the media.
With this synthesis, once the synthetic conditions are fixed,
the quality of the magnetite nanoparticles is fully reprodu-
cible. The magnetic saturation values of magnetite nano-
particles are experimentally determined to be in the range of
30-50 emug !, which is lower than the bulk value, 90 emug .
Magnetite nanoparticles are not very stable under ambient
conditions, and are easily oxidized to maghemite or dissolved
in an acidic medium. Since maghemite is a ferrimagnet,
oxidation is the lesser problem. Therefore, magnetite particles
can be subjected to deliberate oxidation to convert them into
maghemite. This transformation is achieved by dispersing
them in acidic medium, then addition of iron(III) nitrate. The
maghemite particles obtained are then chemically stable in
alkaline and acidic medium.

However, even if the magnetite particles are converted
into maghemite after their initial formation, the experimental
challenge in the synthesis of Fe;O, by co-precipitation lies in
control of the particle size and thus achieving a narrow
particle size distribution. Since the blocking temperature
depends on particle size, a wide particle size distribution will
result in a wide range of blocking temperatures and therefore
non-ideal magnetic behavior for many applications. Particles
prepared by co-precipitation unfortunately tend to be rather
polydisperse. It is well known that a short burst of nucleation
and subsequent slow controlled growth is crucial to produce
monodisperse particles. Controlling these processes is there-
fore the key in the production of monodisperse iron oxide
magnetic nanoparticles.

Recently, significant advances in preparing monodisperse
magnetite nanoparticles, of different sizes, have been made by
the use of organic additives as stabilization and/or reducing
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agents. For example, magnetite nanoparticles with sizes of 4—
10 nm can be stabilized in an aqueous solution of 1 wt%
polyvinlyalcohol (PVA). However, when using PVA contain-
ing 0.1 mol% carboxyl groups as the stabilizing agent,
magnetite nanoparticles in the form of chainlike clusters
precipitate.” This result indicates that the selection of a
proper surfactant is an important issue for the stabilization of
such particles. Size-tunable maghemite nanoparticles were
prepared by initial formation of magnetite in the presence of
the trisodium salt of citric acid, in an alkaline medium, and
subsequent oxidation at 90°C for 30 min by iron(III) nitrate.
The particle sizes can be varied from 2 to 8 nm by adjusting
the molar ratio of citrate ions and metal ions (Fe’" and
Fe’").’l The effects of several organic anions, such as
carboxylate and hydroxy carboxylate ions, on the formation
of iron oxides or oxyhydroxides have been studied exten-
sively.’*® The formation of surface complexes requires both
deprotonated carboxy and deprotonated a-hydroxy groups.®”
Recent studies showed that oleic acid is the best candidate for
the stabilization of Fe;0,.%%! The effect of organic ions on
the formation of metal oxides or oxyhydroxides can be
rationalized by two competing mechanisms. Chelation of the
metal ions can prevent nucleation and lead to the formation
of larger particles because the number of nuclei formed is
small and the system is dominated by particle growth. On the
other hand, the adsorption of additives on the nuclei and the
growing crystals may inhibit the growth of the particles, which
favors the formation of small units.

3.2. Thermal Decomposition

Inspired by the synthesis of high-quality semiconductor
nanocrystals and oxides in non-aqueous media by thermal
decomposition,'”® similar methods for the synthesis of
magnetic particles with control over size and shape have
been developed. Monodisperse magnetic nanocrystals with
smaller size can essentially be synthesized through the
thermal decomposition of organometallic compounds in
high-boiling organic solvents containing stabilizing surfac-
tants.’*-%! The organometallic precursors include metal
acetylacetonates, [M(acac),], (M =Fe, Mn, Co, Ni, Cr; n=2
or 3, acac = acetylacetonate), metal cupferronates [M*Cup,]
(M =metal ion; Cup= N-nitrosophenylhydroxylamine,
CH;N(NO)O-)," or carbonyls.®®! Fatty acids® oleic
acid,”” and hexadecylamine!’!! are often used as surfactants.
In principle, the ratios of the starting reagents including
organometallic compounds, surfactant, and solvent are the
decisive parameters for the control of the size and morphol-
ogy of magnetic nanoparticles. The reaction temperature,
reaction time, as well as aging period may also be crucial for
the precise control of size and morphology.

If the metal in the precursor is zerovalent, such as in
carbonyls, thermal decomposition initially leads to formation
of the metal, but two-step procedures can be used to produce
oxide nanoparticles as well. For instance, iron pentacarbonyl
can be decomposed in a mixture of octyl ether and oleic acid
at 100°C, subsequent addition of trimethylamine oxide
(CH;);NO as a mild oxidant at elevated temperature, results
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in formation of monodisperse y-Fe,O; nanocrystals with a size
of approximately 13 nm.["”? Decomposition of precursors with
cationic metal centers leads directly to the oxides, that is, to
Fe;0,, if [Fe(acac);] is decomposed in the presence of 1,2-
hexadecanediol, oleylamine, and oleic acid in phenol
ether.””” Peng and co-workers reported a general decom-
position approach for the synthesis of size- and shape-
controlled magnetic oxide nanocrystals based on the pyrolysis
of metal fatty acid salts in non-aqueous solution.[® The
reaction system was generally composed of the metal fatty
acid salts, the corresponding fatty acids (decanoic acid, lauric
acid, myristic acid, palmitic acid, oleic acid, stearic acid), a
hydrocarbon solvent (octadecene (ODE), n-eicosane, tetra-
cosane, or a mixture of ODE and tetracosane), and activation
reagents. Nearly monodisperse Fe;O, nanocrystals, with sizes
adjustable over a wide size range (3-50nm) could be
synthesized, with controlled shapes, including dots and
cubes, as representatively shown in Figure 2. This method

Figure 2. The formation of Fe;O, nanocrystals. The middle and right
panels are TEM images of the as-synthesized nanocrystals taken at
different reaction times. Reproduced with kind permission from

ref. [69].

was successfully generalized for the synthesis of other
magnetic nanocrystals, such as Cr,0O; MnO, Co;0,, and
NiO. The size and shape of the nanocrystals could be
controlled by variation of the reactivity and concentration
of the precursors. The reactivity was tuned by changing the
chain length and concentration of the fatty acids. Generally,
the shorter the chain length, the faster the reaction rate is.
Alcohols or primary amines could be used to accelerate the
reaction rate and lower the reaction temperature.

Hyeon and co-workers®™ have also used a similar thermal
decomposition approach for the preparation of monodisperse
iron oxide nanoparticles. They used nontoxic and inexpensive
iron(IIT) chloride and sodium oleate to generate an iron
oleate complex insitu which was then decomposed at
temperatures between 240 and 320°C in different solvents,
such as 1-hexadecene, octyl ether, 1-octadecene, 1-eicosene,
or trioctylamine. Particle sizes are in the range of 5-22 nm,
depending on the decomposition temperature and aging
period. In this synthesis, aging was found to be a necessary
step for the formation of iron oxide nanoparticles. The
nanoparticles obtained are dispersible in various organic
solvents including hexane and toluene. However, it is unclear
whether the particles can also be dispersed in water. The same
group found that sequential decomposition of iron pentacar-
bonyl and the iron oleate complex at different temperature
results in the formation of monodisperse iron nanoparticles
(6-15 nm) which can be further oxidized to magnetite.™ The
overall process is similar to seed-mediated growth, which can
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be explained by the classical LaMer mechanism. That is, a
short burst of nucleation from a supersaturated solution is
followed by the slow growth of particles without any
significant additional nucleation, thereby achieving a com-
plete separation of nucleation and growth.”™ In Hyeon’s
synthesis, the thermal decomposition of iron pentacarbonyl at
relatively low temperature induces nucleation, and the
decomposition of the iron oleate complex at a higher
temperature leads to growth. The above-mentioned nano-
particles are dispersible in organic solvents. However, water-
soluble magnetic nanoparticles are more desirable for appli-
cations in biotechnology. For that purpose, a very simple
synthesis of water-soluble magnetite nanoparticles was
reported recently. Using FeCl;-6 H,O as iron source and 2-
pyrrolidone as coordinating solvent, water soluble Fe;O,
nanocrystals were prepared under reflux (245°C).”*! The
mean particles size can be controlled at 4, 12, and 60 nm,
respectively, when the reflux time is 1, 10, and 24 h. With
increasing reflux time, the shapes of the particles changed
from spherical at early stage to cubic morphologies for longer
times. More recently, the same group developed a one-pot
synthesis of water-soluble magnetite nanoparticles prepared
under similar reaction conditions by the addition of a,w-
dicarboxyl-terminated poly(ethylene glycol) as a surface-
capping agent."”) These nanoparticles can potentially be used
as magnetic resonance imaging contrast agents for cancer
diagnosis.

The thermal-decomposition method is also used to
prepare metallic nanoparticles. The advantage of metallic
nanoparticles is their larger magnetization compared to metal
oxides, which is especially interesting for data-storage media.
Metallic iron nanoparticles were synthesized by thermal
decomposition of [Fe(CO)s] and in the presence of polyiso-
butene in decalin under nitrogen atmosphere at 170°C."® The
particle size can be adjusted from 2 to 10nm, with a
polydispersity of approximately 10%, depending on the
ratio of Fe(CO)s/polyisobutene. The thickness of the polymer
layer around the iron nanoparticles was about 7.0 nm.
However, these iron particles can still be easily oxidized by
exposure to air, as revealed by the susceptibility measure-
ments. This leads to a slight increase of particle sizes by a
factor of approximately 1.3. Chaudret and co-workers
reported a synthesis of iron nanocubes by the decomposition
of [Fe{N[Si(CH,)s],},] with H, in the presence of hexadecyl-
amine and oleic acid or hexadecylammonium chloride at
150°C."” By variation of the relative concentrations of amine
and acid ligand, the size (edge-length) of the nanocubes can
be slightly varied from 7 to 8.3 nm with the interparticle space
of 1.6 nm to 2 nm, respectively. These nanocubes can assem-
ble into extended crystalline superlattices with their crystallo-
graphic axes aligned.

In the synthesis of cobalt nanoparticles by the thermal-
decomposition method, both their shape and size can be
controlled.®™ Alivisatos and co-workers reported the syn-
thesis of cobalt nanodisks by the thermal decomposition of a
cobalt carbonyl precursor.”*®! Chaudret and co-workers
described the synthesis of cobalt nanorods®®! and nickel
nanorods® from the high-temperature reduction of non-
carbonyl organometallic complexes. For instance, monodis-
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perse ferromagnetic cobalt nanorods were synthesized
through the decomposition of [Co(n’-CgHys)(n*-CeHy,)]
under H, in anisole at 150°C in the presence of a mixture of
hexadecylamine and a fatty acid, such as lauric acid, octanoic
acid, or stearic acid. As seen in Figure 3, the diameter and
length of the cobalt nanorods are variable by selecting
different acids.[*

Figure 3. TEM micrographs of nanorods synthesized using hexadecyl-
amine and a) octanoic acid, b) lauric acid, and c, d) stearic acid. The
specimen used for the TEM in (c) was prepared by ultramicrotomy.
Scale bar: 30 nm. Reproduced from ref. [83].

Air-stable magnetic nanoparticles are very attractive in
terms of easy handling and application under oxidizing
conditions. Bonnemann et al. reported the synthesis of air-
stable “monodisperse” colloidal cobalt nanoparticles by the
thermolysis of [Co,(CO)s] in the presence of aluminum alkyl
compounds.® By varying the alkyl chain length of the organo
aluminum compounds, the sizes of the Co particles can be
tuned in the range of 3—-11 nm. It was found that gentle surface
oxidation of the cobalt nanoparticles with synthetic air was
necessary and crucial to obtain air-stable particles. Without
this oxidation step, saturation magnetization of the Co°
particles decays rapidly when exposed to air after the
peptization with the surfactant Korantin SH.

Magnetic alloys have many advantages, such as high
magnetic anisotropy, enhanced magnetic susceptibility, and
large coercivities.®™ Beside CoPt; and FePt,F**! metal
phosphides are currently of great scientific interest in
materials science and chemistry.***” For example, hexagonal
iron phosphide and related materials have been intensively
studied for their ferromagnetism, magnetoresistance, and
magnetocaloric effects.**! Recently, Brock and co-workers
have synthesized FeP and MnP nanoparticles from the
reaction of iron(III) acetylacetonate and manganese carbon-
yl, respectively, with tris(trimethylsilyl)phosphane at high
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temperatures.”®l  Very recently, antiferromagnetic FeP

nanorods were prepared by the thermal decomposition of a
precursor/surfactant mixture solution.”” In addition, synthe-
sis of discrete iron phosphide (Fe,P) nanorods from the
thermal decomposition of continuously supplied iron penta-
carbonyl in trioctylphosphane using a syringe pump was
reported.”™

3.3. Microemulsion

A microemulsion is a thermodynamically stable isotropic
dispersion of two immiscible liquids, where the microdomain
of either or both liquids is stabilized by an interfacial film of
surfactant molecules.” In water-in-oil microemulsions, the
aqueous phase is dispersed as microdroplets (typically 1-
50 nm in diameter) surrounded by a monolayer of surfactant
molecules in the continuous hydrocarbon phase. The size of
the reverse micelle is determined by the molar ratio of water
to surfactant.”” By mixing two identical water-in-oil micro-
emulsions containing the desired reactants, the microdroplets
will continuously collide, coalesce, and break again, and
finally a precipitate forms in the micelles.l*! By the addition of
solvent, such as acetone or ethanol, to the microemulsions,
the precipitate can be extracted by filtering or centrifuging
the mixture. In this sense, a microemulsion can be used as a
nanoreactor for the formation of nanoparticles.

Using the microemulsion technique, metallic cobalt,
cobalt/platinum alloys, and gold-coated cobalt/platinum
nanoparticles have been synthesized in reverse micelles of
cetyltrimethlyammonium bromide, using 1-butanol as the
cosurfactant and octane as the oil phase.”®! MFe,O, (M: Mn,
Co, Ni, Cu, Zn, Mg, or Cd, etc.) are among the most important
magnetic materials and have been widely used for electronic
applications. Spinel ferrites can be synthesized in micro-
emulsions and inverse micelles. For instance, MnFe,O, nano-
particles with controllable sizes from about 4-15nm are
synthesized through the formation of water-in-toluene inverse
micelles with sodium dodecylbenzenesulfonate (NaDBS) as
surfactant.”” This synthesis starts with a clear aqueous
solution consisting of Mn(NO;), and Fe(NO;);. A NaDBS
aqueous solution is added to the metal salt solution,
subsequent addition of a large volume of toluene forms
reverse micelles. The volume ratio of water and toluene
determines the size of the resulting MnFe,O, nanoparticles.
Woo etal. reported that iron oxide nanorods can be
fabricated through a sol-gel reaction in reverse micelles
formed from oleic acid and benzyl ether, using FeCl;-6 H,O as
iron source and propylene oxide as a proton scavenger.'*! The
phase of the nanorods can be controlled by variation of the
reaction temperature, atmosphere, and hydration state of the
gels during reflux or heating in tetralin. A cobalt ferrite fluid
was prepared by the reaction of methylamine and in-situ
formed cobalt and iron dodecyl sulfate which were made by
mixing an aqueous solution of sodium dodecyl sulfate either
with iron chloride or with cobalt acetate solution.” The size
of the cobalt ferrite particles decreases with decreasing total
reactant concentration and increasing sodium dodecyl sulfate
concentration. The average size of the particles can be varied
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from 2 to 5 nm. However, the polydispersity is rather high at
30-35%.

Using the microemulsion technique, nanoparticles can be
prepared as spheroids, but also with an oblong cross section or
as tubes.'™ Although many types of magnetic nanoparticles
have been synthesized in a controlled manner using the
microemulsion method, the particle size and shapes usually
vary over a relative wide range. Moreover, the working
window for the synthesis in microemulsions is usually quite
narrow and the yield of nanoparticles is low compared to
other methods, such as thermal decomposition and co-
precipitation. Large amounts of solvent are necessary to
synthesize appreciable amounts of material. It is thus not a
very efficient process and also rather difficult to scale-up.

3.4. Hydrothermal Synthesis

Under hydrothermal conditions a broad range of nano-
structured materials can be formed. Li etal. reported a
generalized hydrothermal method for synthesizing a variety
of different nanocrystals by a liquid-solid—solution reaction.
The system consists of metal linoleate (solid), an ethanol-
linoleic acid liquid phase, and a water—ethanol solution at
different reaction temperatures under hydrothermal condi-
tions.'! As illustrated in Figure 4, this strategy is based on a
general phase transfer and separation mechanism occurring at
the interfaces of the liquid, solid, and solution phases present
during the synthesis. As an example, Fe;O, and CoFe,0,
nanoparticles can be prepared in very uniform sizes of
about 9 and 12 nm, respectively (see Figure 4). Li et al. also
reported a synthesis of monodisperse, hydrophilic, single-
crystalline ferrite microspheres by hydrothermal reduc-
tion."" A mixture, consisting of FeCls, ethylene glycol,
sodium acetate, and polyethylene glycol, was stirred vigo-
rously to form a clear solution, then sealed in a Teflon-lined
stainless-steel autoclave, and heated to and maintained at
200°C for 872 h. In this way, monodisperse ferrite spheres
were obtained with tunable sizes in the range of 200-800 nm.
Li et al. skillfully used the multicomponent reaction mixtures,
including ethylene glycol, sodium acetate, and polyethylene
glycol, to direct the synthesis: Ethylene glycol was used as a
high-boiling-point reducing agent, which was known from the
polyol process to produce monodisperse metal or metal oxide

Table 3: Summary comparison of the synthetic methods.
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Figure 4. Top: TEM images of Magnetic and dielectric nanocrystals:
Fe;0, (9.1+0.8 nm; Fe?":Fe’", 1:2; 160°C), CoFe,O, (11.5+0.6 nm;
Co*":Fe?*, 1:2; 180°C), BaTiO; (16.8+1.7 nm; 180°C), TiO,
(4.3+£0.2 nm; 180°C). Bottom: The liquid-solid-solution (LSS) phase-
transfer synthetic strategy. Reproduced with kind permission from
ref. [101].

nanoparticles; sodium acetate as electrostatic stabilizer to
prevent particle agglomeration, and polyethylene glycol as a
surfactant against particle agglomeration. Although the
mechanism is not fully clear to date, the multicomponent
approach seems to be powerful in directing the formation of
desired materials.

The advantages and disadvantages of the four above-
mentioned synthetic methods are briefly summarized in
Table 3. In terms of simplicity of the synthesis, co-precipita-
tion is the preferred route. In terms of size and morphology
control of the nanoparticles, thermal decomposition seems
the best method developed to date. As an alternative,

Synthetic Synthesis Reaction Reaction  Solvent Surface-capping agents Size distri-  Shape Yield

method temp. [°C] period bution control

co-precipitation very simple, ambient ~ 20-90 minutes water needed, added during or  relatively not good high/
conditions after reaction narrow scalable

thermal decom- complicated, inert 100-320 hours— organic needed, added during very narrow very high/

position atmosphere days compound  reaction good scalable

microemulsion  complicated, ambient 20-50 hours organic needed, added during relatively good low
conditions compound  reaction narrow

hydrothermal simple, high pressure 220 hours water-etha-  needed, added during very narrow very medium

synthesis ca. days nol reaction good
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microemulsions can also be used to synthesize monodispersed
nanoparticles with various morphologies. However, this
method requires a large amount of solvent. Hydrothermal
synthesis is a relatively little explored method for the
synthesis of magnetic nanoparticles, although it allows the
synthesis of high-quality nanoparticles. To date, magnetic
nanoparticles prepared from co-precipitation and thermal
decomposition are the best studied, and they can be prepared
on a large scale.

The colloidal stability of magnetic nanoparticles synthe-
sized by the above-mentioned methods results either from
steric or electrostatic repulsion, depending on the stabilizers,
such as fatty acids or amines, and the polarity of the solvent
used. For instance, magnetite nanoparticles synthesized
through co-precipitation were stabilized by repulsive electro-
static forces because the particles are positively charged.
However, nanoparticles synthesized by thermal decomposi-
tion are, in general, sterically stabilized in an organic solvent
by fatty acids or surfactant.[”! In the following section, the
colloidal and chemical stability will be discussed.

4. Protection/Stabilization of Magnetic
Nanopatrticles

Although there have been many significant developments
in the synthesis of magnetic nanoparticles, maintaining the
stability of these particles for a long time without agglomer-
ation or precipitation is an important issue. Stability is a
crucial requirement for almost any application of magnetic
nanoparticles. Especially pure metals, such as Fe, Co, and Ni
and their metal alloys, are very sensitive to air. Thus, the main
difficulty for the use of pure metals or alloys arises from their
instability towards oxidation in air, and the susceptibility
towards oxidation becomes higher the smaller the particles
are. Therefore, it is necessary to develop efficient strategies to
improve the chemical stability of magnetic nanoparticles. The
most straightforward method seems to be protection by a
layer which is impenetrable, so that oxygen can not reach the
surface of the magnetic particles. Often, stabilization and
protection of the particles are closely linked with each other.

This section, focuses on the strategies for the protection of
magnetic nanoparticles against oxidation by oxygen, or
erosion by acid or base. All the protection strategies result
in magnetic nanoparticles with a core—shell structure, that is,
the naked magnetic nanoparticle as a core is coated by a shell,
isolating the core against the environment. The applied
coating strategies can roughly be divided into two major
groups: coating with organic shells, including surfactant and
polymers,''" or coating with inorganic components, includ-
ing silica,'® carbon,"®! precious metals (such as Ag['"
Aul"12l) or oxides, which can be created by gentle oxidation
of the outer shell of the nanoparticles, or additionally
deposited, such as Y,0,."™! As an alternative, magnetic
nanoparticles can also be dispersed/embedded into a dense
matrix, typically in polymer, silica, or carbon, to form
composites, which also prevents or at least minimizes the
agglomeration and oxidation. However, the nanoparticles are
then fixed in space relative to each other, which is often not
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desired. In contrast, individually protected nanocrystals are
freely dispersible and stable in a variety of media owing to the
protecting shell around them.!'!

4.1. Surface Passivation by Mild Oxidation

A very simple approach to protect the magnetic particles
is to induce a controlled oxidation of a pure metal core, a
technique long known for the passivation of air-sensitive
supported catalysts. This oxidation can be achieved by various
methods. For example, Peng et al. developed a method for
oxidizing gas-phase nanoparticles by using a plasma-gas-
condensation-type cluster deposition apparatus.’’ Boyen
et al. demonstrated that very good control over the chemical
state of the cobalt nanoparticles was achieved by their
exposure to an oxygen plasma.""® The control of the oxide
layer has a tremendous impact on exchange-biased systems,
where a well-defined thickness of the ferromagnetic core and
the antiferromagnetic shell are desirable. Moreover, a direct
correlation of the structure and magnetism in the small
particles can be determined. Bonnemann et al. developed a
mild oxidation method, using synthetic air to smoothly
oxidize the as-synthesized cobalt nanoparticles to form a
stable CoO outer layer which can stabilize the cobalt nano-
particles against further oxidation.®™

4.2. Surfactant and Polymer Coating

Surfactants or polymers are often employed to passivate
the surface of the nanoparticles during or after the synthesis
to avoid agglomeration. In general, electrostatic repulsion or
steric repulsion can be used to disperse nanoparticles and
keep them in a stable colloidal state. The best known example
for such systems are the ferrofluids which were invented by
Papell in 1965."""1 In the case of ferrofluids, the surface
properties of the magnetic particles are the main factors
determining colloidal stability. The major measures used to
enhance the stability of ferrofluids are the control of surface
charge™® and the use of specific surfactants.'"*'?!] For
instance, magnetite nanoparticles synthesized through the
co-precipitation of Fe?" and Fe’" in ammonia or NaOH
solution are usually negatively charged, resulting in agglom-
eration. To achieve stable colloids, the magnetite nanoparticle
precipitate can be peptized (to disperse a precipitate to form a
colloid by adding of surfactant) with aqueous tetramethy-
lammonium hydroxide or with aqueous perchloric acid.''®
The magnetite nanoparticles can be acidified with a solution
of nitric acid and then further oxidized to maghemite by iron
nitrate. After centrifugation and redispersion in water, a
ferrofluid based on positively charged y-Fe,O; nanoparticles
was obtained, since the surface hydroxy groups are proton-
ated in the acidic medium.'” Commercially, water- or oil-
based ferrofluids are available. They are usually stable when
the pH value is below 5 (acidic ferrofluid) or over 8 (alkaline
ferrofluid).

In general, surfactants or polymers can be chemically
anchored or physically adsorbed on magnetic nanoparticles to
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form a single or double layer,"?!? which creates repulsive
(mainly as steric repulsion) forces to balance the magnetic
and the van der Waals attractive forces acting on the
nanoparticles. Thus, by steric repulsion, the magnetic particles
are stabilized in suspension. Polymers containing functional
groups, such as carboxylic acids, phosphates, and sulfates, can
bind to the surface of magnetite.l'””! Suitable polymers for
coating include poly(pyrrole), poly(aniline), poly(alkylcya-
noacrylates), poly(methylidene malonate), and polyesters,
such as poly(lactic acid), poly (glycolic acid), poly(e-capro-
lactone), and their copolymers.?*) Surface-modified mag-
netic nanoparticles with certain biocompatible polymers are
intensively studied for magnetic-field-directed drug targeting,
and as contrast agents for magnetic resonance imaging, 313!l
Chu et al. reported a synthesis of polymer-coated magnet-
ite nanoparticles by a single inverse microemulsion.!'*? The
magnetite particles were first synthesized in an inverse
microemulsion, consisting of water/sodium bis(2-ethylhexyl-
sulfosuccinate)/toluene. Subsequently, water, monomers
(methacrylic acid and hydroxyethyl methacrylate), cross-
linker (N,N’-methylenebis(acrylamide)), and an initiator
(2,2'-azobis(isobutyronitrile)) were added to the reaction
mixture under nitrogen, and the polymerization reaction was
conducted at 55°C. After polymerization, the particles were
recovered by precipitation in an excess of an acetone/
methanol mixture (9:1 ratio). The polymer-coated nano-
particles have superparamagnetic properties and a narrow
size distribution at a size of about 80 nm. However, the long-
term stability of these polymer-coated nanoparticles was not
addressed. Polyaniline can also be used to coat nanosized
ferromagnetic Fe;O, by oxidative polymerization in the
presence of the oxidant ammonium peroxodisulfate.!* The
nanoparticles obtained are polydisperse (20-30 nm averaged
diameter) and have the expected core-shell morphology.
Asher et al. reported that single iron oxide particles (ca.
10 nm) can be embedded in polystyrene spheres through
emulsion polymerization to give stable superparamagnetic
photonic crystals.> Polystyrene coating of iron oxide nano-
particles was also achieved by atom transfer radical polymer-
ization."* % For instance, Zhang et al. have used this method
for coating MnFe,O, nanoparticles with polystyrene, yielding
core-shell nanoparticles with sizes below 15 nm. The overall
synthetic procedure is schematically shown in Figure 5.
MnFe,O, nanoparticles (ca. 9 nm) were stirred overnight in
aqueous initiator solution, 3-chloropropionic acid, at pH 4.0
After washing out the excess initiator, air-dried nanoparticles
were added to a styrene solution under nitrogen, then xylene,
containing CuCl and 4,4'-dinonyl-2,2"-dipyridyl was added.
The solution was stirred and kept at 130°C for 24 h to give the
polystyrene coated MnFe,O, nanoparticles. When using a free
radical polymerization with K,S,04 as the catalyst, predom-
inantly polystyrene particles without a magnetic core were
obtained. This result confirms that the surface-grafted
initiator is important for the coating of the nanoparticles.
Metallic magnetic nanoparticles, stabilized by single or
double layers of surfactant or polymer are not air stable, and
are easily leached by acidic solution,® resulting in the loss of
their magnetization. A thin polymer coating is not a good
enough barrier to prevent oxidation of the highly reactive
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Figure 5. Top: lllustration of the polystyrene coating on MnFe,O, by
atom-transfer radical polymerization. Polymerization initiators are
chemically attached onto the surface of nanoparticles. The modified
nanoparticles are then used as macro-initiators in the subsequent
polymerization reaction. Bottom: TEM micrographs of approximately
9-nm diameter MnFe,O,/polystyrene core—shell nanoparticles. Repro-
duced with kind permission from ref. [135]. dNbipy=4,4'-dinonyl-2,2'-
dipyridyl.

metal particles. Polymer coating is thus not very suitable to
protect very reactive magnetic nanoparticles.

Another drawback of polymer-coated magnetic nano-
particles is the relatively low intrinsic stability of the coating
at higher temperature, a problem which is even enhanced by a
possible catalytic action of the metallic cores. Therefore, the
development of other methods for protecting magnetic
nanoparticles against deterioration is of great importance.

4.3. Precious-Metal Coating

Precious metals can be deposited on magnetic nano-
particles through reactions in microemulsion,’ ¥ redox
transmetalation,'*'*!l iterative hydroxylamine seeding,'*! or
other methods, to protect the cores against oxidation. Cheon
et al. reported a synthesis of platinum-coated cobalt by
refluxing cobalt nanoparticle colloids (ca. 6 nm) and [Pt-
(hfac),] (hfac = hexafluoroacetylacetonate) in a nonane solu-
tion containing C,,H,sNC as a stabilizer.'*’! After 8 h reflux
and addition of ethanol and centrifugation, the colloids are
isolated from the dark red-black solution in powder form. The
TEM images of the platinum-coated cobalt particles with
sizes below 10 nm are shown in Figure 6.

These particles are air stable and can be redispersed in
typical organic solvents. The reaction byproduct was sepa-
rated and analyzed as [Co(hfac),], indicating that the
formation of the core-shell structure was driven by redox
transmetalation reactions between Co’ and Pt*".

Gold seems to be an ideal coating owing to its low
reactivity. However, it was found that the direct coating of
magnetic particles with gold is very difficult, because of the
dissimilar nature of the two surfaces.'*'%! Progress has been
made, though, recently. O’Connor and co-workers have
synthesized gold-coated iron nanoparticles with about
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Figure 6. Left: TEM images of Co,,,Ptsne Nanoalloys. In the enlarged
images the spacings of the lattice fringes are given which are
consistent with the Pt(111) plane. Right: the particle size distribution.
Reproduced with kind permission from ref. [139].

11 nm core size and a gold shell of about 2.5 nm thickness.!"*")
These gold coated iron particles are stable under neutral and
acidic aqueous conditions. The coating was achieved by a
partial replacement reaction in a polar aprotic solvent.
Briefly, a yellow solution of FeCls, dissolved in 1-methyl-2-
pyrrolidinone (NMPO), was added to a dark green NMPO
solution containing sodium and naphthalene under intensive
stirring at room temperature. Thus, the Fe®" ions were
reduced by sodium to form the metallic cores. After removal
of sodium chloride by centrifugation, and the addition of 4-
benzylpyridine as capping agent at elevated temperature, the
iron nanoparticles were coated with gold by the addition of
dehydrated HAuCl, dissolved in NMPO.

Gold-coated iron nanoparticles could also be prepared by
a reverse microemulsion method. The inverse micelles were
formed with cetyltrimethylammonium bromide (CTAB) as
surfactant, 1-butanol as a co-surfactant, and octane as the
continuous oil phase. FeSO, was reduced by NaBH,, then
addition of HAuCl, coated gold on the iron nanoparticles.!'!]
Zhang et al. reported a new method for the preparation of
gold coated iron magnetic core-shell nanoparticles by the
combination of wet chemistry and laser irradiation. The
synthesized iron nanoparticles and gold powder were irradi-
ated by a laser in a liquid medium to deposit the gold shell.'*”]
The 18 nm body centered cubic (bcc) iron single domain
magnetic cores are covered by a gold shell of partially fused
approximately 3-nm-diameter fcc gold nanoparticles. The
core—shell particles are superparamagnetic at room temper-
ature with a blocking temperature, 7y, of approximately
170 K. After four months of shelf storage in normal labo-
ratory conditions, their magnetization normalized to iron
content was measured to be 210 emug !, roughly 96 % of the
bulk iron value, which indicates the high stability.

Guo et al. have reported a synthesis of gold coated cobalt
nanoparticles based on a chemical reduction reaction.!*!%]
The cobalt particles were fabricated using 3-(N,N-dimethyl-
dodecylammonio) propanesulfonate as the surfactant to
prevent agglomeration, and lithium triethylhydridoborate as
the reducing agent. The cobalt nanoparticles produced were
added to KAuCly in tetrahydrofuran (THF) solution under
ultrasonication and inert atmosphere. The gold shell was
deposited on the cobalt nanoparticle through reduction of the
Au** by cobalt surface atoms.
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Gold coating of magnetic nanoparticles is especially
interesting, since the gold surface can be further functional-
ized with thiol groups. This treatment allows the linkage of
functional ligands which may make the materials suitable for
catalytic and optical applications.!>"

4.4. Silica Coating

A silica shell does not only protect the magnetic cores, but
can also prevent the direct contact of the magnetic core with
additional agents linked to the silica surface thus avoiding
unwanted interactions. For instance, the direct attachment of
dye molecules to magnetic nanoparticles often results in
luminescence quenching. To avoid this problem, a silica shell
was first coated on the magnetic core, and then dye molecules
were grafted on the silica shell."™!! Silica coatings have several
advantages arising from their stability under aqueous con-
ditions (at least if the pH value is sufficiently low), easy
surface modification, and easy control of interparticle inter-
actions, both in solution and within structures, through
variation of the shell thickness.

The Stober method and sol-gel processes are the prevail-
ing choices for coating magnetic nanoparticles with
silica.’®>1%l The coating thickness can be tuned by varying
the concentration of ammonium and the ratio of tetraethox-
ysilane (TEOS) to H,O. The surfaces of silica-coated mag-
netic nanoparticles are hydrophilic, and are readily modified
with other functional groups.'””! The functionalization could
introduce additional functionality, so that the magnetic
particles are potentially of use in biolabeling, drug targeting,
drug delivery. Previous studies involved the coating of
hematite (Fe,O;) spindles and much smaller magnetite
clusters with silica; !> the oxide cores could subsequently
be reduced in the dry state to metallic iron."®” The advantage
of this method is that silica coating was performed on an oxide
surface, which easily binds to silica through OH surface
groups.

Xia and co-workers have shown that commercially
available ferrofluids can be directly coated with silica shells
by the hydrolysis of TEOS."™ A water-based ferrofluid
(EMG 340) was diluted with deionized water and 2-propanol.
Ammonia solution and various amounts of TEOS were added
stepwise to the reaction mixture under stirring. The coating
step was allowed to proceed at room temperature for about
3 h under continuous stirring. The coating thickness could be
varied by changing the amount of TEOS. Since the iron oxide
surface has a strong affinity towards silica, no primer was
required to promote the deposition and adhesion of silica.
Owing to the negative charges on the silica shells, these
coated magnetic nanoparticles are redispersible in water
without the need of adding other surfactants. Figure 7 shows
the TEM images of silica-coated iron oxide nanoparticles. The
images clearly indicate the single-crystalline nature of the iron
oxide core and the amorphous nature of the silica shell.
Kobayashi et al. described a method for the synthesis of
monodisperse, amorphous cobalt nanoparticles coated with
silica in aqueous ethanolic solution by using 3-aminopropyl
trimethoxysilane and TEOS as the silica precursor.*! Shi and
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Figure 7. a—c) TEM images of iron oxide nanoparticles coated with
silica shells of various thicknesses. The thickness of the silica coating
was adjusted by controlling the amount of precursor added to the
solution: a) 10, b) 60, and c) 1000 mg of TEOS to 20 mL of 2-propanol.
d) HRTEM image of the iron oxide nanoparticle uniformly coated with
a 6-nm thin amorphous silica shell. Reproduced with kind permission
from ref. [154].

co-workers have prepared uniform magnetic nanospheres (ca.
270 nm) with a magnetic core and a mesoporous-silica
shell.'®? The synthesis involved forming a thin and dense
silica coating on hematite nanoparticles by the Stober process,
a second coating, the mesoporous silica shell, was added by a
simultaneous sol-gel polymerization of TEOS and n-octade-
cyltrimethoxysilane. The hematite core can be reduced to the
metallic state by H,.

Though great progress in the field of silica-coated nano-
particles has been made, the synthesis of uniform silica shells
with controlled thickness on the nanometer scale still remains
challenging. As an alternative, the microemulsion method
was also tried."! Homogeneous silica-coated Fe,O; nano-
particles with a silica shell of controlled thickness (1.8-30 nm)
were synthesized in a reverse microemulsion.'® Tartaj et al.
reported a synthesis of monodisperse air-stable superpara-
magnetic o-Fe nanocrystals encapsulated in nanospherical
silica particles of 50 nm in diameter. The iron oxide nano-
particles are embedded in silica by the reverse microemulsion
technique, the a-Fe is obtained by reduction with hydrogen at
450°C.'%! Similarly, a reverse micelle microemulsion
approach was also reported to coat a layer of silica around
spinel ferrite nanoparticles of CoFe,O, and MnFe,0,.11*)

Although metals protected by silica can be synthesized by
reduction after synthesis, silica deposition directly on pure
metal particles is more complicated because of the lack of OH
groups on the metal surface. An additional difficulty for
coating metallic nanoparticles, such as iron and cobalt with
silica, which has to be overcome, is that iron and cobalt are
readily oxidized in the presence of dissolved oxygen. There-
fore, it is necessary to use a primer to make the surface
“vitreophilic” (glasslike).!"”! This chemistry has been used to
coat precious metals.'®®! Another possibility would be using

Angew. Chem. Int. Ed. 2007, 46, 12221244

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

stable cobalt nanoparticles, passivated by the gentle oxidation
method developed by Boénnemann etal. ™ as starting
materials for such silica coating. However, no corresponding
report has appeared to date.

Other oxides have rarely been used as protective coatings.
Needlelike yttria-coated FeCo nanoparticles were synthe-
sized starting from needlelike YCo-FeOOH nanoparticles, by
the combination of a modified carbonate route and electro-
statically induced self-assembly methods.!""*'The use of yttria
as a protective agent has allowed the dehydration temper-
ature of the oxyhydroxides to be increased, decreasing the
porosity of samples, and thus improving the magnetic proper-
ties of the final metallic particles. The highest value of
coercivity (1550 Oe) is obtained for samples containing
20 mol % of cobalt.

From the mentioned examples above, it can be seen that
silica coating of magnetic oxide nanoparticles is a fairly
controllable process. However, silica is unstable under basic
condition, in addition, silica may contain pores through which
oxygen or other species could diffuse. Coating with other
oxides is much less developed, and therefore alternative
methods, especially those which would allow stabilization
under alkaline conditions, are needed.

4.5. Carbon Coating

Although to date most studies have focused on the
development of polymer or silica protective coatings, recently
carbon-protected magnetic nanoparticles are receiving more
attention, because carbon-based materials have many advan-
tages over polymer or silica, such as much higher chemical
and thermal stability as well as biocompatibility.

Right after the discovery of fullerenes, it was found that
carbon-encapsulated metal or metal carbide nanocrystallites
can be generated by the Kritschmer arc-discharge process.!'®!
Since then, many studies have shown that in the presence of
metal nanoparticles (Co, Fe, Ni, Cr, Au, etc), graphitized
carbon structures, such as carbon nanotubes and carbon
onions, are formed under arc-discharge, laser ablation, and
electron irradiation.""'! The well-developed graphitic
carbon layers provide an effective barrier against oxidation
and acid erosion. These facts indicate that it is possible to
synthesize carbon-coated magnetic nanoparticles, which are
thermally stabile and have high stability against oxidation and
acid leaching, which is crucial for some applications.'™
Moreover, carbon-coated nanoparticles are usually in the
metallic state, and thus have a higher magnetic moment than
the corresponding oxides.

Gedanken and co-workers reported a sonochemical
procedure that leads to air-stable cobalt nanoparticles.!'”
They claim that the high stability arises from the formation
of a carbon shell on the nanoparticle surface. However, the
particles obtained are rather polydisperse and not very
uniform. Johnson et al. describe a simple method to prepare
carbon-coated magnetic Fe and Fe,C nanoparticles by direct
pyrolysis of iron stearate at 900°C under an argon atmos-
phere.'™ The carbon-coated magnetic nanoparticles
obtained are stable up to 400°C under air. This direct salt-
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conversion process is an advantageous single-step process and
potentially can be scaled up. However, the nanoparticles
produced by this method show a broad size distribution, with
a diameter ranging from 20 to 200 nm and the cores are
covered with 20 to 80 graphene layers. No information on
dispersibility of the nanoparticles was given. Lu et al. have
synthesized highly stable carbon-coated cobalt nanoparticles
with a size of about 11 nm.['"" The cobalt nanoparticles were
coated with furfurly alcohol which was converted first into
poly (furfuryl alcohol) and then carbonized to carbon during
the pyrolysis, resulting in a stable protection layer against air
oxidation, and erosion by strong acids and bases. Interestingly,
if CTAB is used as the carbon source, the carbon coating is
not perfect and the cobalt core can be leached with acid. Since
the imperfect graphite coating is not attacked, graphitic
hollow shells were obtained, which may be interesting for use
as electrodes. Similar graphitic-carbon-encapsulated cobalt
nanoparticles were also prepared through pyrolysis of a
composite of metallic cobalt nanoparticles (ca. 8-10 nm) and
poly(styrene-b-4-vinylphenoxyphthalonitrile).l”! These
cobalt-graphitic particles are oxidatively stable and retain
their high saturation magnetizations (ca. 95-100 emug ") for
at least one year under ambient conditions.

We have recently investigated the structure development
of cobalt cations chemically adsorbed in an in-house synthe-
sized ion-exchangeable polymer. During pyrolysis, the in-situ
formed cobalt nanoparticles continuously catalyze the
decomposition of the polymer matrix to form mesoporous
graphitic carbon. Cobalt nanoparticles embedded in graphitic
carbon were obtained as the final product. Magnetization
measurements show that the graphitic carbon/cobalt compo-
sites are ferromagnetic, and the cobalt nanoparticles are
stable under air for more than 10 months without degradation
of their magnetic properties.'”!

Though carbon-coated magnetic nanoparticles have many
advantageous properties, such particles are often obtained as
agglomerated clusters, owing to the lack of effective synthetic
methods, and a low degree of understanding of the formation
mechanism. The synthesis of dispersible, carbon-coated nano-
particles in isolated form is currently one of the challenges in
this field.

4.6. Matrix-Dispersed Magnetic Nanoparticles

Matrix-dispersed magnetic nanoparticles can be created
in a variety of different states: 1) they can be dispersed in a
continuous matrix, or 2) they can be present dispersed in a
coating on other, larger particles (e.g., core-shell particles
prepared by layer-by-layer methods), or 3) they can form
agglomerates of individual nanoparticles which are connected
through their protective shells.

In the preceding sections we mainly discussed the various
coating strategies to protect magnetic nanoparticles against
oxidation or erosion in acid or basic environments. In most of
the cases discussed, the coated magnetic nanoparticles are
present in monodispersed form in solution. However, as
discussed for the carbons in Section 4.5, sometimes it is very
difficult to avoid agglomeration of the particles. Hence, for
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some applications this problem could be turned into an
advantage, if isolated particles are not mandatory: a relatively
easy way of protection is to directly embed the magnetic
nanoparticles into a guest matrix to stabilize these particles
against oxidation. In this case, the embedded magnetic
nanoparticles are randomly distributed in a coherent guest
matrix. Nevertheless, such nanoparticles have good stability
and retain the desired magnetic properties.

Stoeva et al. have assembled magnetic nanoparticles into
a composite structure with a silica core, with Fe;O, and gold as
the inner and outer shells, respectively.'’””! As illustrated in
Figure 8, this approach utilizes positively charged amino-
modified SiO, particles as templates for the assembly of
negatively charged 15-nm superparamagnetic water-soluble
Fe;O, nanoparticles. The SiO,/Fe;O, particles electrostati-
cally attract 1-3 nm gold-nanoparticle seeds that act in a
subsequent step as nucleation sites for the formation of a
continuous gold shell around the SiO,/Fe;O, particles upon
HAuCl, reduction. These three-layer magnetic nanoparticles,
when functionalized with oligonucleotides, have cooperative
DNA binding properties as well as magnetic properties.

Ying et al. reported the synthesis of silica-encapsulated
magnetic nanoparticles and quantum dots by the reverse

NH, 0 e
H, NH, e o°
15 nm Fe;0,4
nanoparticles

H,N NH,

Step 1
NH, P
Si0, particle

e
1-3 nm Au

o~
o
2
@ L nanoparticles

HAuCI,
reduction

Step 3

Three-layer magnetic
nanoparticle

50 nm 500 nm

Figure 8. Top: the preparation of three-layer magnetic nanoparticles.
Bottom: TEM images of colloids after each synthetic step. a,b) SiO,
particles covered with silica-primed Fe;O, nanoparticles (SiO,/Fe;O,).
c,d) SiO, particles covered with silica-primed Fe;O, nanoparticles and
heavily loaded with Au nanoparticle seeds (SiO,/Fe;04/Auseeqs)-

e) Three-layer magnetic nanoparticles synthesized in a single-step
process from the particles in (c) and (d). Note the uniformity of the
gold shell. The inset (right) shows the three-layer magnetic nano-
particles drawn to the wall with a magnet. Reproduced with kind
permission from ref. [179].
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microemulsion technique."™ v-Fe,O, (11.8nm) and CdSe
(3.5 nm) nanoparticles were synthesized separately, and then
dispersed in cyclohexane. Then these nanoparticle solutions
were introduced into the reverse microemulsion, with sub-
sequent addition of ammonium hydroxide to form a trans-
parent liquid. TEOS was finally added to the reverse micro-
emulsion and allowed to react to completion. The silica-
encapsulated y-Fe,O; and CdSe nanoparticle composites
obtained can be redispersed in deionized water or ethanol,
although the system is not fully homogeneous. The compo-
sites preserve the magnetic properties of y-Fe,O; and also the
optical properties of CdSe, which might be interesting for
bioimaging, biosensing, and biolabeling.

Core-shell magnetite particles and hollow spheres were
fabricated based on a multistep (layer-by-layer) strategy.!'*"
The synthetic procedure basically involved coating submi-
crometer-sized anionic polystyrene lattices with cationic
polyelectrolyte PDADMAC (poly(diallyldimethylammo-
nium chloride) which served as anchor sites for adsorbing
negatively charged magnetite nanoparticles. As shown in
Figure 9, the thickness of the multilayers can be controlled by
tuning the number of polyelectrolyte layers deposited
between each nanoparticle layer. Electrostatic interactions
between the negatively charged nanoparticles and cationic
polyelectrolyte were utilized to build up the nanocomposite
multilayer structure. Intact hollow magnetic spheres can be
obtained by calcinating the core—shell particles at elevated
temperature.

Aerosol pyrolysis has also been used for silica coating, but
the particles produced are hollow silica spheres with magnetic
shells (Figure 10).1%7 In brief, TEOS and iron nitrate in the
right proportions were dissolved in methanol at a total salt
concentration of 1M. The solution was directed to a first
furnace kept at 250°C to favor the evaporation of the solvent
and therefore the precipitation of solute. The solid aerosol
was subsequently decomposed in a second furnace, which was
held at 500°C. Finally, the particles obtained were collected
with an electrostatic filter. The crucial point in dispersing
magnetic nanoparticles in colloidal silica cages is to be careful
to select suitable experimental parameters, such as the nature
and concentration of precursors and the working temper-
ature.

Carbon nanotubes (CNTs) were used as a guest matrix to
be coated with iron oxide nanoparticles by using the polymer
wrapping and layer-by-layer assembly techniques."®*! It was
demonstrated that the magnetized CNTs can form aligned
chains in relatively small external magnetic fields, and would
be excellent candidates to be used as building blocks for the
fabrication of novel composite materials with a preferential
orientation of the magnetic CNTs.

5. Functionalization and Applications of Magnetic
Nanoparticles
5.1. Functionalization of Coated Magnetic Nanoparticles

As mentioned above, a protective shell does not only
serve to protect the magnetic nanoparticles against degrada-
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Figure 9. TEM micrographs of a) uncoated polystyrene (PS) lattices
and polyelectrolyte (PE;)-modified PS lattices coated with b) one,

c) two, d) three, e) four, and f) five Fe;O, nanoparticle/PE; layers. The
average diameters of the composite particles are (from (a)—(f)) 650,
700, 770, 820, 890, and 960 nm (the error is approximately 10 nm).
The stepwise increase in the diameter of the coated particles indicates
the regular deposition of Fe;O, nanoparticles and polyelectrolytes. The
polyelectrolyte interlayer spacing between each Fe;O, nanoparticle
layer was PDADMAC/PSS/PDADMAC (i.e., PE;, PSS=poly(styrene
sulfonate)). The scale bar is for all the images. g) SEM image of
magnetic hollow spheres prepared by exposing PE;-coated PS particles
to five adsorption cycles of Fe;O, nanoparticles and PDADMAC,
followed by calcination at 500°C. h) TEM image of the same sample
showing the hollow nature of the particles. The inset shows the
regularity of the wall structure. The scale bar in the inset represents
100 nm. Reproduced with kind permission from ref. [181].

tion, but can also be used for further functionalization with
specific components, such as catalytically active species,
various drugs, specific binding sites, or other functional
groups. The easy separation and controlled placement of
these functionalized magnetic nanoparticles by means of an
external magnetic field enables their application as catalyst
supports, in immobilized enzyme processes,'®! and the
construction of magnetically controllable bio-electrocatalytic
systems,[1%>:15¢]

Salgueirifio-Maceira et al. reported a synthesis of iron
oxide nanoparticles, coated with a silica shell that were
subsequently functionalized with gold nanoparticles:['¥")
Aqueous dispersions of the iron oxide magnetic nanoparticles
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Figure 10. a) TEM picture of silica/iron oxide composites prepared by
aerosol pyrolysis. b) Details of a hollow spherical particle showing an
outer particle layer mainly consisting (according to TEM microanaly-
ses) of SiO,. ¢) The formation mechanism of the silica-coated a-Fe,O;
hollow particles. Reproduced with kind permission from ref. [182].

were coated with a silica shell by the Stober process. The
negatively charged silica surface was then sequentially coated
with positively-negatively-positively charged polyelectrolyte
polymers through electrostatic interactions, followed by the
adsorption of citrate-stabilized 15 nm gold nanoparticles.
Using those gold particles as seeds, the gold shell was
formed onto the magnetic silica spheres step-by-step with
reducing aliquots of HAuCl, and ascorbic acid in aqueous
solution. These gold-coated magnetic silica spheres have a
strong resonance absorption in the visible and near-infrared
range and can be controlled by using an external magnetic
field, which makes them very promising in biomedical
applications.

The difficulty in preparing functional-polymer magnetic
microspheres arises from the magnetic dipolar interaction
between adjacent magnetic nanoparticles, this makes it
impossible to carry out polymerization on the surface of
inorganic magnetic nanoparticles. Recently, a successful
example was published for the preparation of thermorespon-
sive-polymer magnetic microspheres based on cross-linked N-
isopropylacrylamide (NIPAM) by a colloidal template poly-
merization. Briefly, magnetic nanoparticles were synthesized
by co-precipitation and stabilized by trisodium citrate, then
silica coated through the Stober process. The silica-coated
nanoparticles were then functionalized with 3-(trimethoxysi-
ly)propyl methacrylate, leading to the formation of C=C
bonds on the surface. Finally, a monomer, NIPAM, was
polymerized with N,N'-methylene bisacrylamide as the cross-
linker by seed precipitation polymerization in the presence of
MPS-modified (MPS =3-(trimethoxysily)propyl methacry-
late) silica-coated nanoparticles as seeds, resulting in the
formation of PNIPAM magnetic microspheres, which are
thermoresponsive.!'s®!

Another method for the functionalization of magnetic
nanoparticles is ligand exchange, by which the as-synthesized
magnetic nanoparticles in an organic phase can be converted
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into water soluble ones. Rotello and co-workers reported®”!

that iron oxide nanoparticles dispersed in a toluene solution
can be completely transferred into aqueous solution under
stirring with octa(tetramethylammonium)-polyhedral oligo-
meric silsesquioxane (TMA-POSS). Interestingly, this TMA—
POSS exchange strategy can be applied to different mono-
layer-protected magnetic nanoparticles, such as oleic acid
stabilized iron oxide nanoparticles, and oleic acid, oleylamine,
or hexadecanediol stabilized FePt nanoparticles. The water-
soluble nanoparticles obtained have excellent stability in
biologically relevant pH ranges and salt concentrations.

5.2. Applications in Catalysis and Biotechnology

Magnetic nanoparticles with good stability will be of great
interest in catalysis and in biotechnology/biomedicine appli-
cations. Such magnetic nanoparticles can be very useful to
assist an effective separation of catalysts, nuclear waste,
biochemical products, and cells.”*1%2

Magnetically driven separations make the recovery of
catalysts in a liquid-phase reaction much easier than by cross-
flow filtration and centrifugation, especially when the cata-
lysts are in the sub-micrometer size range. Such small and
magnetically separable catalysts could combine the advan-
tages of high dispersion and reactivity with easy separation. In
terms of recycling expensive catalyst or ligands, immobiliza-
tion of these active species on magnetic nanoparticles leads to
the easy separation of catalysts in a quasi-homogeneous
system. Lin et al. have recently synthesized a novel magneti-
cally recoverable heterogenized chiral catalyst through
immobilizing a ruthenium(II) complex, [Ru(binap-PO;H,)-
(dpen)Cl,] (binap =2,2'-bis(diphenylphosphino)-1,1'-
binaphthyl, dpen = 1,2-diphenylethylenediamine) on magnet-
ite nanoparticles through the phosphonate group.'*®! These
nanoparticle-supported chiral catalysts were used for enan-
tioselective asymmetric hydrogenation of aromatic ketones
with very high enantiomeric excess values of up to 98.0%.
The immobilized catalysts were recycled by magnetic decant-
ation and reused up to 14 times without loss of activity and
enantioselectivity. These magnetic nanoparticles coupled with
chiral catalysts are more accessible to the reactants because of
their small size, and are to some extent similar to homoge-
neous asymmetric catalysts.

Magnetic nanoparticles with core—shell structure may
enable the development of a new type of catalyst. The shell
consists of the catalytically active species, and the magnetic
core can act as anchor to separate and recycle the catalyst. As
an example, core-shell-type cobalt-platinum nanoparticles
have been prepared by a redox transmetalation reaction
between [Pt(hfac),] and cobalt nanoparticles."*'*! The
platinum forms a shell around the cobalt core and the shell
surface is stabilized by dodecyl isocyanide capping molecules.
The core-shell structures are superparamagnetic at room
temperature. Such a catalyst has the advantage of econom-
ically using the platinum atoms, because only the outer atoms
are accessible for the reagents, and the magnetic cobalt core
plays a critical role in the separation and recycling of the
catalyst. This catalyst is effective for the hydrogenation of
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unsaturated organic molecules under mild conditions. If the
magnetic species is intrinsically catalytically active for certain
reactions, this magnetic catalyst will advantageously combine
both the catalytic and the separation function. Thus, iron
nanoparticles stabilized by 1,6-bis(diphenylphosphino)hex-
ane or polyethylene glycol exhibit high activity for the cross-
coupling of aryl Grignard reagents with primary and secon-
dary alkyl halides bearing $-hydrogen atoms. This catalyst has
also proven to be effective in a tandem ring-closing/cross-
coupling reaction.!”

Lu et al. have developed a pathway to synthesize high-
surface-area magnetically separable catalysts based on
carbon-coated magnetic cobalt nanoparticles (ca. 11 nm in
size).”! Ordered mesoporous silica (SBA-15) was first infil-
trated with furfuryl alcohol. After polymerization, the pore
system of the silica template was blocked by polyfurfuryl
alcohol. In this case the cobalt nanoparticles can be spatially
selectively deposited on the external surface of the silica/
polymer composite. A coating strategy was employed to
protect the cobalt nanoparticles from corrosive media and
high-temperature sintering. For this coating small amounts of
a carbon precursor were used to cover the cobalt nano-
particles. Pyrolysis resulted in encapsulation of the cobalt
nanoparticles by a thin (about 1 nm thick) layer of graphitic
carbon, and simultaneously, the polyfurfuryl alcohol, filling
the silica pore system, was converted into carbon. After
leaching out the silica template, the carbon obtained is
superparamagnetic and has a fully accessible pore system,
which is available to be functionalized with, for instance,
catalytically active species, such as palladium (Figure 11).
Such carbon-supported palladium catalysts show high activity
and stability in the hydrogenation of octane, and, more
importantly, are easily separated by applying a magnetic field.
Related work has been carried out on a mesoporous silica
decorated with carbon-coated magnetic nanoparticles which
was synthesized by a reversible pore blocking and opening
strategy.'”! Magnetic nanoparticles were deposited on the
external surface of the support, thus leaving the pore system
unobstructed for further functionalization.

Magnetically separable mesoporous carbons constructed
from mesocellular carbon and Fe/Fe;O, core—shell ferromag-

Figure 11. Ordered mesoporous carbon, decorated with superparamag-
netic 11 nm sized Co nanoparticles protected by an approximately 1-
nm thick carbon shell. The material can be used as magnetically
separable sorbent or catalyst support. Reproduced with kind permis-
sion from ref. [2].
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netic nanoparticles (approximately 30 nm in size) show good
electron conductivity, large pore size, and large pore volume.
After the immobilization of enzymes (glucose oxidase) these
particles can be used as magnetically switchable bio-electro-
catalytic systems.'””) Hyeon and co-workers have also tried to
synthesize monodisperse magnetite nanocrystals and CdSe/
ZnS quantum dots both embedded in mesoporous silica
spheres. These mesoporous silica spheres were applied to the
uptake and controlled release of ibuprofen drugs. The release
rate can be controlled by the surface properties of mesopo-
rous silica spheres.'®!

In biotechnology and biomedicine, magnetic separation
can be used as a quick and simple method for the efficient and
reliable capture of specific proteins or other biomolecules.
Most particles currently used are superparamagnetic, mean-
ing that they can be magnetized with an external magnetic
field and immediately redispersed once the magnet is
removed. Magnetic iron oxide nanoparticles grafted with
dopamine have been used for protein separation.” The
dopamine molecule has bidentate enediol ligands which can
convert the coordinatively unsaturated iron surface sites back
into a bulk-like lattice structure with an octahedral geometry
for the oxygen-coordinated iron centers, resulting in tight
binding of dopamine to iron oxide.”! The resulting nano-
structure can act as an anchor to further immobilize nitrilotri-
acetic acid molecules. This new material exhibits high
specificity for protein separation and exceptional stability to
heating and high salt concentrations.

Magnetic nanoparticles are ideal molecular carriers for
gene separation owing to their high separation -effi-
ciency.'"®®" The collection and then the separation of rare
DNA/mRNA targets which have single-base mismatches in a
complex matrix is critically important in human disease
diagnostics, gene expression studies, and gene profiling. Tan
etal. have synthesized a genomagnetic nanocapturer
(GMNC) for the collection, separation, and detection of
trace amounts of DNA/RNA molecules with one single-base
difference.’” GMNC was fabricated with a magnetic nano-
particle as core, silica coating as a protecting and biocompat-
ible layer, and avidin-biotin molecules as linkers for bio-
conjugating a molecular beacon as the DNA probe. It was
demonstrated that GMNC shows highly efficient collection of
trace amounts of DNA/mRNA samples down to femtomolar
concentrations and is able to real-time monitor and confirm
the collected gene products.

A very promising application of magnetic nanoparticles is
in drug delivery as drug carriers, that is, so called “magnetic
drug delivery” proposed in the 1970s by Widder et al.?® The
concept of magnetic targeting is to inject magnetic nano-
particles to which drug molecules are attached, to guide these
particles to a chosen site under the localized magnetic field
gradients, hold them there until the therapy is complete, and
then to remove them. The magnetic drug carriers have the
potential to carry a large dose of drug to achieve high local
concentration, and avoid toxicity and other adverse side
effects arising from high drug doses in other parts of the
organism. Although considerable achievements have been
reached in in vivo applications, to date, actual clinical studies
are still problematic. Many fundamental issues in magnetic
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drug delivery systems need to be solved, such as the size
controlled synthesis and stability of magnetic nanoparticles,
biocompatibility of the coating layers (polymer or silica),
drug-particle binding, and the physiological parameters.*!!

Another interesting application of magnetic nanoparticles
is in hyperthermia treatment which is considered as a
supplementary treatment to chemotherapy, radiotherapy,
and surgery in cancer therapy.*?**?®! The idea of using
magnetic induction hyperthermia is based on the fact that
when magnetic nanoparticles are exposed to a varying
magnetic field, heat is generated by the magnetic hysteresis
loss, Néel-relaxation, and Brown-relaxation.”?®! In an alter-
nating magnetic field, induced currents are generate in
metallic objects, and as a consequence, heat is generated in
the metal. This phenomenon is greatly enhanced in metals
showing collective magnetic behavior. Thus, when a magnetic
fluid is exposed to an alternating magnetic field the particles
become powerful heat sources, destroying tumor cells since
these cells are more sensitive to temperatures in excess of
41°C than their normal counterparts.

The heating of oxide magnetic materials with low
electrical conductivity is mainly due to loss processes during
the reorientation of the magnetization (so-called Néel-
relaxation) or frictional forces if the particle can rotate in a
medium of low viscosity (Brown-relaxation). The losses from
the reorientation of magnetization (wall displacement for
large particles or several types of rotational processes of
magnetization for single-domain particles) are mainly deter-
mined by the intrinsic magnetic properties, such as magnetic
anisotropy. As discussed in Section?2, for single-domain
particles, the thermal fluctuations lead to an activation of
the remagnetization process since the barrier energy
decreases with decreasing particle size. An external magnetic
field supplies energy and assists magnetic moments in over-
coming the energy barrier. Besides the losses caused by
magnetization rotation inside the particles, another loss type
may arise in the case of ferrofluids which is related to the
rotational Brownian motion of the magnetic particles. In this
case, the energy barrier is determined by rotational friction
within the suspension fluid of a certain viscosity.

The amount of heat generated by magnetic nanoparticles
depends strongly on the structural properties of the particles
(e.g., size, shape) and should be as high as possible to reduce
the dose to a minimum level.

6. Summary and Perspectives

The synthesis of magnetic nanoparticles, covering a wide
range of compositions and tunable sizes, has made substantial
progress, especially over the past decade. However, synthesis
of high-quality magnetic nanoparticles in a controlled
manner, and detailed understanding of the synthetic mech-
anisms are still challenges to be faced in the coming years.
Syntheses of oxide or metallic magnetic nanoparticles often
require the use of toxic and/or expensive precursors, and the
reaction is often performed in an organic phase at high
temperature at high dilution. The nanoparticles obtained are
usually dispersible only in organic solvents, not in an aqueous
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phase. Thus, the search for simple synthetic pathways for
water-soluble metal oxides or even metallic nanoparticles
with controlled size and shape will remain an active research
field.

As a result of the dipolar interaction between the
magnetic particles they are intriguing building blocks for
self- or field-induced assembly into various nanostructures.*”!
The assembly structures (1D, 2D, and 3D) are important for
fundamental studies, and for the fabrication of magnetic-force
triggered nanodevices. Recently, reports concerning the self-
assembly of magnetic nanoparticles into specific shapes
appeared. The synthesis of discrete 1D nanostructured
magnetic materials, such as cobalt and iron nanorods, through
the oriented attachment of monodisperse spherical nano-
particles has been described.[**2%2%] Self-assembly of cobalt
nanoparticles with a size of approximately 9.2nm and
polydispersity of only 9% into 2D ordered structures has
been performed by a vertical drying technique.”'”! Cobalt
nanocrystals (5-8 nm) can self-assemble into whisker shapes,
if the carbonyl precursor is decomposed in an applied
magnetic field.!” More recently, Wang and co-workers
reported a large-scale, hierarchical self-assembly of dendritic
nanostructures of magnetic a-Fe,O; (so-called micro-pine
structure, as shown in Figure 12) through the hydrothermal
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(300)/(30-30)

(110)/(11-20)
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20 30 40 50 60 70
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Figure 12. Electron microscopy images and chemical characterization
of a-Fe,O; fractals synthesized with a K;[Fe(CN)4] concentration of
0.015m at 140°C. a) Low-magnification SEM image of fractals demon-
strating good uniformity. b) SEM image of a single a-Fe,O; fractal
taken from one side. c) SEM image of a single a-Fe,O; fractal taken
from the other side. d) A higher magnification image of a single a-
Fe,O; fractal showing striking periodic corrugated structures on the
main trunk. e) X-ray diffraction pattern of the sample confirming the
formation of a pure a-Fe,O; phase. f) Méssbauer spectrum of the
sample recorded at room temperature showing the magnetic hyperfine
splitting. Reproduced with kind permission from ref. [211].
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reaction of K;[Fe(CN)¢] in aqueous solution at suitable
temperatures.”!! The structure was formed as a result of
fast growth along six crystallographically equivalent direc-
tions, and shows a lower Morin transition temperature of
—57°C. O’Brien and co-workers reported that PbSe semi-
conductor quantum dots and y-Fe,O; magnetic nanocrystals
can arrange into precisely ordered 3D superlattices by self-
assembly, wherein the size ratios determined the assembly of
the magnetic and semiconducting nanoparticles into AB,; or
AB, superlattices (Figure 13).”?) They suggested that this
synthesis concept could ultimately enable the fine-tuning of
material responses to magnetic, electrical, optical, and
mechanical stimuli.

)
observed plane
of form {100},

{100},

h)

observed j 190y
plane of form
{100},

‘\:2‘.f
PbSe nanocrystal

. v-Fe,0; nanocrystal

Figure 13. TEM micrographs and schematic representations of AB;
superlattices (isostructural with intermetallic phase NaZn,;, SG 226) of
11-nm y-Fe,O; and 6-nm PbSe nanocrystals. a) Cubic subunit of the
AB,; unit cell. b) AB,; unit cell built up of eight cubic subunits.

c) Projection of a {100}, plane at high magnification SL=superlattice.
d) As (c) but at low magnification; inset: small-angle electron diffrac-
tion pattern from a corresponding 6-um? area. e) Depiction of a {100}
plane. f) Projection of a {110}s_ plane. g) As (f) but at high magnifica-
tion. h) Depiction of the projection of the {110} plane. i) Small-angle
electron diffraction pattern from a 6-um? {110}, area. j) Wide-angle
electron diffraction pattern of an AB;-superlattice (selected area
electron diffraction (SAED) of a 6-um? area) with indexing of the main
diffraction rings for PbSe and y-Fe,O; (maghemite). Reproduced with
kind permission from ref. [212].

ABm-unit cell

cubic subunit

Metallic nanoparticles have a higher magnetization than
their oxidic counterparts. However, their high reactivity and
toxicity make them unsuitable for direct applications in
biomedicine/biotechnology. Therefore, metallic nanoparticles
usually have to be protected with an isolating shell against the
surrounding environment. For this purpose, coating with a
polymer or a silica layer is often used. However, polymer-
coated magnetic nanoparticles are not stable at high temper-
ature, since the intrinsic instability of the polymers is further
adversely affected by the catalytic properties of the nano-

Angew. Chem. Int. Ed. 2007, 46, 12221244

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

particles. In the case of silica-coated magnetic nanoparticles,
it is difficult or impossible to achieve a fully dense and
nonporous silica coating, and it is thus difficult to maintain
high stability of these nanoparticles under harsh conditions,
especially in basic environments. There is still a need to
explore novel synthetic methods to ensure the stability of
magnetic nanoparticles at high temperatures and under acidic
and basic conditions. Carbon-coated magnetic nanoparticles
are remarkably stable under harsh conditions, but maintain-
ing carbon-coated particles in an isolated, dispersible state
proves to be very difficult.

Carbon-coated magnetic nanoparticles are conventionally
prepared by arc-discharge, or laser ablation, where extremely
high temperatures are required. These processes are often
connected with a very poor yield and sometimes incomplete
coating of the nanoparticles produced. The metallic nano-
particles thus obtained usually have a broad size distribution
and are agglomerated to give big clusters, resulting in poor
redispersibility. Thus, they are not suitable for uses in
biotechnology and catalysis where small particles with a size
of 10-200 nm are required.”'**4 The generation of a carbon
coating on individual dispersed nanoparticles and the control
of the shell thickness still remain unresolved problems.

Magnetic separation technology is a quick and easy means
for separation and recycle of catalysts and other functional
solids. We believe that the surface functionalization and
modification of magnetic nanoparticles to introduce addi-
tional functionality will gain more and more attention.
Complex, multifunctional magnetic nanoparticle systems
with designed active sites, including ligands, enzymes, chiral
catalysts, drugs, and other species, seem to be promising for a
variety of applications. Whether industrial applications of
such systems can be achieved and how far we can go in all
those areas will depend on our ability to synthesize stable and
robust magnetic nanoparticles which can withstand the
conditions encountered in these applications in an economical
and scalable fashion.
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