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Hollow Magnetic Nanoparticles
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Manh-Huong Phan, and Hariharan Srikanth

Abstract Hollow magnetic nanoparticles present a characteristic morphology that
gives rise to interesting magnetic behaviors and novel applications. In this chapter,
we describe the synthesis methods utilizing the Kirkendall effect and the magnetic
properties of these nanoparticles, with a focus on the analysis of their enhanced
surface anisotropy, spin disorder, and exchange bias effect. The experimental studies
are complemented by atomisticMonteCarlo simulations. Finally, we review a variety
of applications of these nanoparticles, especially in biomedicine, batteries, sensing,
and data storage, and also discuss some of the limitations that need to be overcome
for their implementation.
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6.1 Introduction

Magnetic nanoparticles (MNPs) have attracted a lot of attention in the scientific
community during the last decades due to their novel magnetic properties and their
promising applications [1–4]. These nanoparticles can exhibit a series of interesting
magnetic phenomena, such as superparamagnetism, exchange bias, and surface
disorder [6, 7], and they have been used for a wide variety of applications from
data storage [2, 8] to biomedicine [9, 10]. Many of these magnetic nanoparticles
are usually iron oxide based, due in part to their relatively large magnetic moment,
biocompatibility, and well-established synthetic methods that afford good repro-
ducibility, narrow size distributions, and a high degree of control over their char-
acteristics. Since the magnetic properties of these nanoparticles strongly depend on
their structural and morphological characteristics, advances in the ability to synthe-
size these nanoparticles havemotivated different groups to developMNPswith novel
properties and applications [11, 12].

In order to further extend the possibilities of these MNPs, researchers have tried
to tune their magnetic properties by changing their shape, size, and morphology. In
particular, recently, MNPs with a cavity inside making them hollow have been fabri-
cated. From a magnetic point of view, this “hollow” morphology is especially inter-
esting because the presence of both inner and outer surfaces contributes to increase of
the total surface area of theMNPs, and this can lead to enhanced surface disorder and
therefore to higher surface anisotropy and exchange bias [13–19]. Several different
kinds of hollow MNPs with enhanced properties have recently been reported in
the literature. Many of them are based on ferrites and magnetic oxides materials.
For example, Jaffari et al. [20] have described an enhancement of the surface spin
disorder in hollow NiFe2O4 nanoparticles. And Shin et al. [21] have recently synthe-
sized 20 nm hollow manganese oxide nanoparticles with a paramagnetic behavior
around room temperature.

In addition, hollow MNPs with tunable shell thickness and composition are
promising building blocks for new advanced materials with lots of potential applica-
tions. In principle, hollowmorphology allows encapsulating different contents inside
the MNPs for various applications [1, 2, 22–24]. For example, anticancer drugs can
be encapsulated inside the hollow MNPs used for drug delivery applications. The
anticancer drug is camouflaged and protected inside the MNPs on its way toward the
target once introduced into the body. These hollow MNPs can be guided toward the
tumor area with an external magnetic field andmake them release the anticancer drug
in a localized and controlled way without affecting other regions of the body [22, 25,
26]. In the same way, hollow MNPs have also been proposed for other applications
such as lithium-ion batteries. Hollow MNPs can store Li-ions inside, and they offer
fast diffusion for Li-ions uptake/removal [27]. Likewise, the void space in hollow
particles has been used to modulate refractive index, lower density, increase active
area for catalysis, etc. [28]. Therefore, hollow MNPs have potential applications
in a wide variety of areas, including catalysis, memristors, batteries, targeted drug
delivery, and environmental treatment.



6 Hollow Magnetic Nanoparticles 139

However, these pure magnetic materials can present some limitations, especially
in biomedical applications, and recently other strategies have been proposed in order
to create composite hollow MNPS. These have mainly focused on the use of a non-
magnetic shell made of biocompatible materials, such as silica or carbon, and a
magnetic phase in the interior of the shell in order to grant the composite magnetic
response. For example, Son et al. [29] have synthesized silica nanotubes with a layer
of magnetite (Fe3O4) on the inner surface for magnetic-field-assisted bioseparation,
biointeraction, and drug delivery. Magnetic carbon nanocages have been introduced
byQuin et al. [30] as efficient and recycled adsorbents in the removal of dye staff from
textile wastewater. And Zhou et al. [31] have fabricated hollow silica nanospheres
with Fe3O4 nanoparticles in the core. In addition, in the last years, a great progress has
been made in the fabrication of multishelled hollow MNPs, with two or more shells,
such as metal oxides and metal ferrites, which would provide additional tunability
and improved applicability, as has been reported by Qi et al. [32], although the
synthesis procedure becomes more complex.

In this book chapter, we focus on iron-oxide-based hollow MNPs, presenting
a comprehensive report about their interest, properties, and applications. First, we
analyze the synthesis procedures and describe the most relevant magnetic proper-
ties of these nanoparticles, including surface anisotropy, shell thickness dependence,
exchange bias, etc. Then, we show how the structure and magnetism of the nanopar-
ticles evolves as they become hollow through Kirkendall effect. The experimental
findings are complemented with Monte Carlo simulations. Finally, we describe in
detail some of the most relevant applications for these hollow MNPs, ending the
chapter with a summary and future outlook.

6.2 Synthesis of Hollow MNPS

During the past years, there have been several reports on various physical and chem-
ical methods to synthesize hollow nanoparticles, both magnetic and non-magnetic
(CuO, C, NiO, SiO2, CoSe, Al2O3, etc.) [19, 28, 33, 34]. Hollow nanoparticles can
be essentially prepared by using two different fabrication methods, i.e., template-
assisted method and template-free method. The template-mediated growth of hollow
nanoparticles usually gives particles of microscale size and is more favorable
to synthesize silicates, polymer-latex colloids, and polystyrene-magnetite hollow
composites [35]. The template-free methods are more versatile to produce hollow
MNPs and can be either hydrothermal or solvothermal reactions [36]. In the case of
hollow MNPs, most of the fabrication methods reported follow chemical routes,
such as templating approach, nanoscale etching, Ostwald ripening, or layer-by-
layer growth [28, 37–43]. For example, monodisperse magnetite hollow MNPs with
400 nm average diameter and 60 nm shell thickness have been prepared through a
one-pot solvothermal process based on Ostwald ripening [44].

The most facile method to produce monodisperse hollow MNPs is based on the
Kirkendall effect. This method is a two-step procedure; at first, core/shell MNPs
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are produced and the hollow nanostructures are obtained by oxidizing them [45].
Kirkendall effect was first reported by Kirkendall and Smigelkas in [46] and is based
on the different diffusion rates of core and shell materials. This will be analyzed in
more detail later in the book chapter.

It is to be noted that in these core/shell MNPs, the core is metallic while the
shell is an oxidized form of the core material, being the end product a metal-oxide
core/shellMNP [47]. These core/shell structures can be initially synthesized either by
physical or chemical routes. For example, core/shell structured (Ni33Fe67)/(NiFe2O4)
nanoparticles synthesized by the inert gas condensation method were used as the
seeds to obtain NiFe2O4 hollow MNPs [20]. To obtain the hollow morphology, the
core/shell particles were annealed above 350◦52C. Later CoFe2O4 nanoparticles
were obtained by following similar physical synthesis routes, that is by annealing
Co33Fe67/CoFe2O4 (core/shell) nanoparticles [48].

In order to obtain iron-oxide-based hollow MNPs, thermal decomposition
synthesis routes have been frequently employed. A typical setup for thermal decom-
position is presented in Fig. 6.2a. During a thermal decomposition process, core/shell
nanoparticles are synthesized by thermally decomposing organometallic compounds
at high temperature in the presence of organic solvents and hydrophobic surfactants,
oleic acid (OA), oleyl amine (OY), trioctyle phosphine, octanoic acid, etc. [49]. These
surfactants play a very important role in stabilizing as well as in obtaining monodis-
perse and controlled particle size of core/shell nanoparticles that will eventually
be transformed into hollow. Thermal decomposition of Fe(CO)5 in the presence of
organic surfactants is a common synthesis technique used to obtain to obtain iron-
based core/shell MNPs [50]. The resultant core/shell MNP is usually composed of
iron and iron oxide (either maghemite or magnetite) [51]. During a second step, the
reaction product is heated again under flow of oxygen, aiding the Kirkendall effect
and hence leading to a hollow morphology.

As an illustrative example, in Fig. 6.2b, we present the synthesis route for hollow
γ-Fe2O3 (maghemite) nanoparticles [16]. Briefly, a three-necked flask was charged
with oleylamine, 70%, and 1-octadecene, 90%, and the mixture was stirred at 140 °C
under a mixture of 95% Ar + 5% H2 gases for two hours to make sure that there
was no trace of moisture or air in the flask. The temperature was raised subsequently
to 220 °C where iron pentacarbonyl, Fe (CO2)5, was injected and left to reflux
for 20 min. After injection, the iron pentacarbonyl immediately decomposed into
iron fragments, which are the onset for nanoparticle formation (black precipitate).
Acetone and/or CO gas formed in the reaction vessel (white smoke) and the reaction
temperature raised a few degrees because of its exothermic nature. The injection
temperature is important to have a narrow size distribution. Following reflux, the
sample was cooled down to room temperature. The average particle size of the
core/shell nanoparticles can be controlled by varying the injection temperature and/or
amount of oleylamine. The obtained MNPs consist of a Fe core and a γ-Fe2O3 shell.
To create hollow γ-Fe2O3 MNPs, the core/shell sample was annealed at 180 °C for
one hour under a flow of oxygen. Both core/shell and hollow nanoparticles were
washed with a mixture of 3 ml hexane, 95%, and 97 ml ethanol, ≥99.5%.
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Fig. 6.1 Schematic depiction of some of the synthesis methods, magnetic properties, and
applications of hollow MNPs

Fig. 6.2 a Thermal decomposition synthesis setup, and b schematic of the reaction route for hollow
γ-Fe2O3 MNPs
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Figure 6.3 shows the TEM and HRTEM images of the core/shell and hollow
MNPs. In the case of the core/shell MNPs, both the core and shell are crystalline.
The measured lattice spacing of the core corresponds to the (110) lattice planes of
alpha iron and that of the shell to the (311) planes of the spinel iron oxide. The Fe
core is single crystalline, however, the oxide shell is composed of small crystallites
which are oriented randomly. In the case of the hollow MNPs, the shell is composed
of randomly oriented grains that stick together to make a hollow shell.

Fig. 6.3 TEM and HRTEM images of the core/shell Fe/γ-Fe2O3 (a, b) and hollow γ-Fe2O3 (c,
d) MNPs; Inset (a) shows a histogram of the particle size distribution and inset (c) shows SAD
pattern of hollow nanoparticles. The scale bar is 20 nm in Fig. (a, c) and is 5 nm in Fig. (b, d)

Fig. 6.4 a ZFC (solid symbols) and FC (open symbols) magnetization versus temperature curves
for 9 nm (spheres) and 18 nm (squares) hollow γ-Fe2O3 MNPs. M–H loops taken at 300 and 50 K
for the 9 nm (b) and 18 nm (c) hollow γ-Fe2O3 MNPs. Reprinted from [15], with the permission
of AIP Publishing
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6.3 Magnetic Properties of Hollow MNPs

HollowMNPs exhibit interestingmagnetic properties,which are rather different from
those of their solid counterparts. In general, the nanoparticles’ magnetic response is
based on the combination of surface effect, finite-size effect, inter and intra-particles
interactions, etc. In the case of hollow MNPs, increase in the surface area due to the
appearance of the inner surface can give rise to distinctmagnetic properties, including
reduced magnetization, spin canting, and a strong increase in effective anisotropy
and exchange bias [15, 20]. Therefore, hollow MNPs provide an excellent model to
study these effects.

6.3.1 Basic Magnetic Behavior

The magnetic response of the hollow MNPs as a function of the temperature and
the applied magnetic field presents several clear differences in comparison with their
solid counterparts.

In the zero-field-cooled/field-cooled ZFC/FC curves obtained from measuring
the magnetization as a function of temperature (Fig. 6.4a), hollow iron oxide MNPs
normally present a maximum at low temperatures, corresponding to the magnetic
blocking of the hollow MNPs, followed by a continuous decrease of the magnetiza-
tion with increasing temperature. For sizes size below 10 nm, the blocking usually
takes place at very low temperatures <50 K. As the size of these MNPs increases,
so it does their blocking temperature. This value of the blocking temperature tends
to be appreciably smaller than the one corresponding to solid MNPs of equivalent
volume. This indicates that the blocking process in hollow MNPs is more related to
the individual blocking of the nanograins that compose the hollow shell, than to the
overall blocking of the whole nanoparticle, as it is usually the case for solid MNPs.
However, even for the smallest hollow MNPs, the blocking temperature obtained
tends to be larger than the one that would correspond to the isolated nanograins.
This can be related to the presence of magnetic interactions among these nanograins
and/or an enhanced value of the anisotropy energy due to the spins surface disorder.
On the other hand, for the hollow nanoparticles, some separation between the ZFC
and FC magnetization branches can also be typically observed. The irreversibility
between the ZFC and FC curves can persist even at 300 K, far above the blocking
temperature, and it can be attributed to increased anisotropy in the system and the
effects of inter-particle and intra-particle interactions.

Concerning the magnetic hysteresis, M–H, loops (see Fig. 6.4b, c), at very low
temperatures (~5 K), hollow MNPs usually present an elongated shape with a
pronounced increase of the coercivity, decrease of the remanence, and a high field
slope in comparison with solid ones. TheM–H loop for the hollowMNPs, especially
at low temperatures, resembles those of frustrated and disordered random anisotropy
magnets. This is related to the high magnetic frustration present in the spins of these
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hollow MNPs. As the size of the nanoparticles decreases, the slope of the M–H
curves tends to increase indicating that the proportion of disordered surface spins
increases with decreasing size of the hollow MNPs. As the temperature increases,
the M–H loops resemble more and more those of magnetic nanoparticles with super-
paramagnetic + paramagnetic behavior. The superparamagnetic behavior is related
to the core spins of the nanograins in the shell, while the paramagnetic behavior can
be related to the surface spins of these nanograins. Their relative contribution can
vary depending upon the size and number of nanograins (size and shell thickness).

6.3.2 Surface Anisotropy and Spin Disorder

Since both inner and outer surfaces of a hollow nanoparticle contribute to enhance
its total surface area and hence surface anisotropy K s, this contributes to increase
the effective anisotropy (Keff) of the whole system via: Keff = Kc + 6K s/D, where
Kc is the anisotropy associated with the core spins and D is the mean diameter of
the nanoparticle. The effective anisotropy of these MNPs can be estimated from
the blocking temperature, using the standard formula KeffV = 25kBTB, where TB

corresponds with blocking temperature and V with the volume of the nanograins in
the shell. For hollow γ-Fe2O3 MNPs, effective anisotropies around ~106–7 erg/cm3

have been reported [13, 15, 20, 52, 53], which can be up to two orders of magnitude
higher than those corresponding to solid maghemite nanoparticles (~105 erg/cm3).
Other estimations of the effective anisotropy, for example by means of AC suscep-
tibility measurements, tend to yield similar values. This increase of the effective
anisotropy can be attributed to the enhanced contribution from both surface and
finite-size effects in hollowMNPs. The spins lying at the surface and interface of the
magnetic nanograins can give rise to a great enhancement of the surface anisotropy.

To quantify the surface spins contribution toward magnetic properties, we can
analyze the magnetization vs magnetic field, M–H, loops. In an ensemble of MNPs,
the uncompensated surface spins are well known to provide a linear contribution
(paramagnetic) to the magnetization. To extract paramagnetic contribution to the
magnetization, the experimental M–H data can be fitted to the Langevin function
with an added linear term (6.1)

M(H) = MMSP
S [coth

(
μH

KT

)
−

(
KT

μH

)
] + χPMH (6.1)

whereMS
SPM is the saturation magnetization of the SPM part (corresponding to the

“core” spins inside the shell), μ is the average magnetic moment of SPM particles,
and χPM is the susceptibility of the paramagnetic contribution (corresponding to the
“surface” spins at the shell) that is linear with the magnetic field H.

As an example, in Fig. 6.5 we present the M–H loops and corresponding fittings
to (6.1) for 9 and 18 nm hollow γ-Fe2O3 MNPs. As depicted, for 9 nm hollow MNP
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Fig. 6.5 Magnetic hysteresis, M–H, loops taken at 300 K for a 9.2 nm and b 18.7 nm hollow
γ-Fe2O3 MNPs. The curves are fitted (red) to (6.1); the blue and magenta curves represent the
simulated SPM and PM contributions, respectively. Reprinted from [15], with the permission of
AIP Publishing

of iron oxide, the SPM susceptibility contributes to only 13% of the total magnetic
moment, while the rest of it (87%) comes from the surface spins (paramagnetic
susceptibility). Interestingly, by increasing the nanoparticles size up to 18 nm, the
SPM susceptibility contribution increased to 97%while only 3% contribution comes
from thePMsusceptibility. Such a largerPMcontribution in the smaller hollowMNPs
suggests a larger number of disordered surface spins present.

It is important tomention that in 9 nmhollowγ-Fe2O3 MNPs, the shell thickness is
usually around 2 nm only [13], and it increases to 4.5 nm thickness for 18 nm hollow
γ-Fe2O3 MNPs. Therefore, the surface spin contribution is strongly related to the
shell thickness. Bigger thickness will accommodate more and bigger nanocrystals
in the shell, and this will reduce the number of surface spins present and therefore
the surface contribution to the magnetism of the MNPs.

6.3.3 Exchange Bias Versus Minor Loops

Owing to broken exchange bonds and lower crystal symmetry, the highly disor-
dered surface spin layers in hollow MNPs can enter a spin-glass-like state at a low
temperature. Due to their very high surface anisotropy and large number of frustrated
spins, hollow MNPs are very interesting candidates to investigate spin-glass and the
exchange bias phenomenon. The field-cooledM–H loops show unusually large hori-
zontal and vertical shifts in hollow MNPs below 10 nm [13, 15] that keep increasing
with cooling field, giving rise to large exchange bias, EB, values.

In the case of solid MNPs, it has been reported that EB can be related to the
exchange coupling between the shell of disordered spins and the core of ordered
spins [54]. In the case of hollow MNPs, EB studies were carried out on 9 and 18 nm
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Fig. 6.6 Field-cooled M–H loops taken at 5 K for a 9.2 nm and b 18.7 nm hollow γ-Fe2O3 MNPs.
Reprinted from [15], with the permission of AIP Publishing

hollow γ-Fe2O3 MNPs. The samples were cooled down from room temperature
down to 5 K in high magnetic fields and the M–H loops were recorded afterward.
Unusually large horizontal and vertical shiftswere observed in both cases, as depicted
in Fig. 6.6. In addition, it can be seen that for the 9 nm sample, the M–H loops are
not closed when the maximum field is applied, as if the applied field is lower than the
irreversibility field of the samples. Considering this, it is not correct to refer to the
observed loop shifts as EB effects, and rather we should consider them as minor loop
effects, since we are not saturating the magnetization of the sample in our recorded
M–H loops. This huge magnetic irreversibility can be attributed to the large portion
of disordered spins locating at the innermost or outermost surfaces of the shell and
at the interfaces between the nanograins. It is very interesting to note that unlike the
case of the 9 nm hollow MNPs, the loop shift observed for the 18 nm hollow MNPs
represents an intrinsic EB effect. These results clearly point to the important role
of inner and outer surface spins in enhancing the observed EB effect in the hollow
MNPs.

When exchange bias studies were performed in 18 nm solid iron-oxideMNPs (see
Fig. 6.6b), they showed much lower EB field. Such a difference in EB in solid versus
hollow nanoparticles points to the important role of inner surface spins in enhancing
the EB effect. Moreover, in case of smaller hollow nanoparticles (below 10 nm), the
tremendous increase in surface-to-volume ratio directly impacts the spin disorder,
and hence, a minor hysteresis loop is obtained under field-cooled conditions.
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6.4 Evolution from Core–Shell to Core–Void–Shell
to Hollow

Core/shell MNPs are composed of a core and shell with different magnetic phases
such as ferromagnet–antiferromagnet (FM–AFM), ferromagnet/spin glass, ferri-
magnet/ferrimagnet, etc. [11, 12, 55–57]. This kind of nanocomposite systems
presents great potential for a wide range of applications: for example, Fe–Fe oxide
core/shell MNPs have been studied for biomedical applications motivated by the
increase in magnetization due to the Fe core, while keeping the intrinsic biocom-
patibility of the Fe oxide due to the shell [53, 58]. In addition, core/shell MNPs can
exhibit exchange bias (EB), which is a byproduct of the coupling of the core–shell
interface and gives rise to a horizontal shift in the hysteresis loop after cooling in a
magnetic field [59, 60]. This phenomenon has attracted great interest in the recent
years since it has been proposed as a promising approach to overcome the superpara-
magnetic limit in MNPs, a critical bottleneck for magnetic data storage applications
[12].

One of the most commonly employed methods to obtain hollow MNPs is via the
nanoscale Kirkendall effect. As was mentioned before, this effect can be employed
to transform core/shell MNPs to hollow. A depiction of how a core/shell nanopar-
ticle transforms into the core/void/shell and then hollow morphology is presented in
Fig. 6.7, and a more detailed description can be found in Ong et al. [61] and Jaffari
et al. [20]. Essentially, the process is based on the different diffusion rates of core
and shell materials. During the Kirkendall effect, the migration of ions from the core
to the shell and vice versa produces vacancies at the interface. The supersaturation of
these vacancies causes void formation, and these voids eventually condense together
to form a hole at the center of the particle. This way a core/void/shell nanoparticle
is obtained. Eventually, the core completely shrinks and disappears, giving rise to a
hollow shell MNP.

As a result of this process, the morphology of the MNPs changes drastically,
and these morphological changes are going to significantly influence their static
and dynamic magnetic properties. As the MNPs become hollow, the core becomes
progressively smaller while the shell thickness increases, thereby increasing the
average particle diameter. To this respect, we cannot think of the shell as a single
crystalline and uniform entity, like the core, but as a composition of small crystallites

Fig. 6.7 Depiction of the evolution of the MNPs from core/shell to core/void/shell and to hollow
morphology, as a result of the Kirkendall effect
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or nanograins, as has been described in the literature [13, 16, 61]. These nanograins
tend to dominate the magnetic behavior of the hollow nanoparticles.

In order to better understand this, we can focus on the particular case of the
evolution from core/shell to hollow of Fe/γ-Fe2O3 MNPs [16]. In this work, we
analyzed the “hollowing” process of two core/shell nanoparticles, with different
sizes, around 8 and 12 nm, respectively. For the smaller core/shell MNPs, the Fe
core occupies ~6% of the total volume of the MNP, while for the bigger ones, it
occupies ~23%. Therefore, the influence of the magnetic core is more relevant in
the case of the bigger MNPs. For the 12 nm core/shell MNPs, the obtained overall
magnetic behavior is similar to an ensemble of interacting MNPs with a collective
freezing into a super spin glass state at low temperatures [16]. As the morphology
changes into core/void/shell and then hollow, dipolar interactions between theMNPs
decrease, the magnetic moment per nanoparticle greatly decreases, and the effective
anisotropy increases due to the growing number of surface disordered spins. This
leads to a frustrated cluster glass-like behavior at low temperatures. However, for the
smaller sizes (8 nm), both the core/shell and the hollow MNPs exhibit a very similar
spin glass like magnetic behavior mediated by the grains in the shell, independently
of the morphology of the MNPs.

Even more interesting is the evolution of the EB effect in these MNPs. For the
bigger 12 nm MNPs, EB greatly increases as the particle becomes hollow, going
from 1500 Oe for the core/shell MNP to a maximum value of 7000 Oe for the
hollow ones. This great increase in the EB value can be related to the increase in
the shell thickness when the MNPs become hollow (see Fig. 6.8). The shell can be
understood as composed of two kind of spins, those occupying the interior of the shell
(magnetically reversible) and those placed on the (inner and outer) exterior surfaces
of the shell (magnetically irreversible) [13]. In the case of the 12 nm core/shellMNPs,
the EB arises mainly due to the interaction between the disordered spins in the shell
and the ordered spins in the core (1 interface, as depicted in Fig. 6.8a). However,
as the MNPs become hollow and the shell thickness increases, two new interfaces
are formed, between the ordered atoms in the interior of the shell and the disordered
atoms on the exterior surfaces (Fig. 6.8b). This can give rise to an enhanced EB effect
in comparison with the core/shell MNPs [52, 16]. This EB enhancement requires of a
minimum shell thickness in order to be appreciable: in the case of the 8 nm core/shell
and hollow MNPs, the shell is thinner and the volume occupied by the interior spins
is significantly reduced, leading to the disappearance of the increase in the EB effect
with changing morphology.

Therefore, analyzing the change of the morphology and magnetic behavior of
theseMNPs as they evolve from core/shell to core/void/shell and finally to hollow can
provide a deeper insight into the surface and finite-size effects in magnetic nanopar-
ticle systems, with special relevance to the EB effect. The combination of MNP
diameter and shell thickness plays a crucial role in determining the final magnetic
behavior of these MNPs, and by carefully tuning these two parameters, the magnetic
response can be manipulated according to the desired application.
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Fig. 6.8 Depiction of the evolution of the interfaces playing a role in the exchange coupling of
the core/shell and hollow MNPs, which gives rises to the horizontally shifted (EB) hysteresis loops
after field-cooling down to low temperatures

6.5 Monte Carlo Simulations

In order to understand the peculiarities of the magnetic behavior of hollow magnetic
structures from a theoretical point of view, one has to revert to a simulation approach
that is able to take into account not only the characteristics of their geometry, but also
the peculiarities of their specific composition and interactions among the spins at the
atomistic level. Although micromagnetic calculations in the continuum approxima-
tion [33] have been conducted to study the possible equilibrium magnetic order of
ferromagnetic hollowMNPs, they can only give a first approximation to the real situ-
ation since they are neither suitable for antiferromagnets such as magnetic oxides,
nor can they take into account the disorder at the inner and outer surfaces. For this
purpose, simulations at the atomistic level are required, describing the magnetic ions
by Heisenberg spins placed at the nodes of real magnetic oxide structures like the
one for maghemite that has spins in two sublattices characterized by tetrahedral and
octahedral coordination and different values and signs of the exchange interactions.
Moreover, we have seen experimentally that MNPs might not be homogeneous from
the structural point of view, so an atomistic approach can easily model variations
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in local anisotropy directions or values of microscopic parameters characterizing a
particular material.

Therefore, a minimal classical Hamiltonian representing the NP at the atomistic
level comprises the following terms [13, 62]:

H/kB = −
∑

<i, j>

Ji j
(−→
S i · −→

S j

)
−

∑
i

−→
h · −→

S i + Eanis (6.2)

where the Jij stand for the exchange constants,
−→
h is the magnetic field in reduced

units, and the last term accounts for the magnetocrystalline anisotropy:

Eanis = kS
∑
i∈S

∑
j∈nn

(−→
S i · r∧i j

)2 − kC
∑
i∈C

(−→
S i · n∧i

)2
(6.3)

Here, the first term is for surface spins (both at the inner and outer regions of theMNP)
having Neél anisotropy and the second one is for core spins with uniaxial anisotropy
along direction n

∧

i . In order to better reproduce the real morphology of the hollow
MNP, we have divided the shell in equal volume crystallites each having uniaxial
anisotropy directions n

∧

i at random. Using this model, low temperature hysteresis
loops for maghemite hollow nanoparticles with sizes in the range of those found
experimentally have been simulated.

Simulations of an annealing process from a high temperature disordered phase
show that the equilibrium configurations at zero field for particles with uniform crys-
tallographic composition can be tuned fromquasi-uniform to throttled and hedgehog-
like with increasing kS [17, 63]. However, when including the crystallites, the config-
urations have most of the surface spins in a quasi-disordered state induced by the
competition between the surface anisotropy and antiferromagnetic exchange interac-
tions. In contrast, core spins still tend to order ferrimagnetically along the local easy
axes of each crystallite, showing that the overall magnetic behavior is dominated by
the crystallographic anisotropy of the individual crystal domains forming the shell
[13].

Simulations have also been proved useful in simulating the dynamic behavior of
hollow nanoparticles. By simulating hysteresis loops after cooling in the presence
of different applied fields, it has been shown that the experimentally observed loop
shifts along the negative field axis can be erroneously ascribed to exchange bias
effects when the applied field is not enough to saturate even the core spins [13].
Moreover, simulation of loops using different number ofMonteCarlo steps to average
magnetization at each point in the loop have been useful in mimicking the training
effects usually observed in hollow MNPs assemblies. The simulations show that
coercive fields and remanence present a dynamic evolution that can be associated
to the spin-glass-like state observed experimentally that evolves at long times into
more stabilized state where surface spins attain a frozen configuration [52, 64].
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The distinct magnetic behavior between solid and hollow MNPs is reflected
notably in the change in magnetization reversal process as exemplified in Fig. 6.9a,
where simulated loops for solid and hollow maghemite nanoparticles with the
same size are compared. The loop for the hollow MNPs show increased coercivity,
decreased remanence, and remain open to larger fields with no saturation. Results for
decreasing values of the shell thickness indicate a progressive change in themagnetic
response of the particles: as the shell thickness is decreased to the experimental value,
the increasing number of surface spins of the crystallites, together with their random
anisotropy directions, is responsible for the magnetic behavior of the nanoshells.

Fig. 6.9 a Simulated hysteresis loops for maghemite MNPs with surface anisotropy kS = 30 K,
kC = 0.01 K and outer diameter of 8.1 nm (a = 0.83 nm). Blue squares are for a solid particle,
and red circles correspond to a hollow MNP with 1.6 nm thick shell (inset presents a sketch of
the crystallites forming the shell). b Contributions of the spins at the inner (long dashed lines) and
outer (short dashed lines) surfaces of a hollow particle with diameter 12.5 nm and shell thickness
3.25 nm to the total hysteresis loop with. Insets show snapshots of the magnetic configuration of
a slice of the inner and outer surfaces taken close to the maximum applied field (upper inset) and
near the remanent state on the descending field branch (lower inset)

Fig. 6.10 Hollowmagnetic nanoparticles loadedwith anticancer drug can be injected into the body,
targeting only the tumor area, and releasing therapeutic doses of heat and anticancer drug when
activated by an external AC magnetic field
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Another salient feature that can be elucidated from the simulations is the distinct
behavior of the inner and outer surfaces along the hysteresis loop. By looking only
at the global shape of the hysteresis loops of surface spins, it might be concluded
that surface spins behave similarly in solid and hollowMNPs since the coercive field
and loop shifts for the surface contribution are almost identical for both morpholo-
gies. However, the core contributions are different and, therefore, the difference in
magnetic behavior between both morphologies have to ascribed to the additional
inner surface spins in the hollow nanoparticles. In fact, by computing separately the
contribution of the spins at the core and at the inner and outer surfaces to the total
magnetization this can be corroborated. The results presented in Fig. 6.9b show that
inner surface spins are more easily magnetized than spins at the outer surface, and
that their associated hysteresis loops present a reduced vertical shift. The reversal
behavior of the interior spins is clearly influenced by the existence of additional
surface spins at the inner surface of the hollow nanoparticle. A further confirmation
can be obtained by detailed inspection of snapshots taken (see insets in Fig. 6.9b
for two representative examples) at different points of the hysteresis loop. These
provide a clear indication that the change in dynamic properties of spins at the inner
and outer surfaces is a consequence of the different range of effective energy barriers
governing their relaxation.

6.6 Applications

Hollow MNPs, in general, present a lot of promising applications in a wide variety
of areas including biomedicine, data storage, capacitors, etc. [22, 27, 65].

On the field of biomedicine, one of the most promising applications of hollow
MNPs is in targeted drug delivery. This is a method of delivering medication to
a patient based on the use of MNPs that can be externally guided (i.e., through
magnetic fields), so that they release the therapeutic drug only into the affected
area that needs to be treated, maximizing this way the efficiency of the medication
and minimizing collateral damage [66] (see Fig. 6.10). Conventionally, the drug is
attached onto the surface of the MNPs and released by an external stimuli (e.g.,
pH change, heat, etc.) once in the target area. For an efficient MNPs mediated drug
delivery, several factors need to be optimized, including the magnetic response of the
MNPs against an external magnetic field (which is proportional to their saturation
magnetization), the drug loading capacity of the MNPs (which depends on their
surface area), the drug release capacity and rate, etc. To this respect, hollow MNPs
present a series of advantages compared to conventional solidMNPs for drug release
treatment. On the one hand, the surface area available to attach drugs on hollow
MNPs is much higher than in the case of solid MNPs, because of the existence of
both the inner and outer surfaces, increasing their loading capacity. Since the drug
can be encapsulated inside the hollow MNP instead of being attached to the surface,
the drug is effectively “camouflaged” and protected on its way to the target [26].
All these results have led to several groups investigating different types of hollow
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MNPs for drug delivery [2, 21, 22, 29, 67]. For example, Xing et al. have shown
that human serum albumin (HSA)-coated iron oxide hollow MNPs can encapsulate
more anticancer drug (doxorubicin, DOX) than solid MNPs, being more effectively
uptaken by drug resistant cells than the free DOX, and consequently, becoming
more effective in killing the cancer cells [26]. In addition, hollow MNPs can exhibit
additional capacities in biomedicine, such as contrast agents for magnetic resonance
imaging or heating agents for hyperthermia treatment of cancer [22]. For example,
recently Li et al. [25] showed that hollow ferrite nanoparticles exhibited good heating
capacities under the actuation of an alternating magnetic field and therefore could be
used for both infrared and thermal imaging. These hollow ferrite nanoparticles also
can provide temperature activated drug release and hyperthermia, demonstrating
great potential for in vivo cancer therapy. Despite the growing interest of hollow
MNPs in biomedical application, there are relatively few in vitro and in vivo studies.
In addition, the hollowing process can create great strain and fragmentation of the
shell that eventually can lead to a deterioration of their properties [68]. Therefore,
further research in this area is still needed.

Another field of interest for the application of these hollow MNPs is water reme-
diation and treatment. Unfortunately, there is a rising amount of water pollution and
waste. This has led the scientific community to develop materials that can adsorb
and remove organic and inorganic contaminants from water. In particular, in the last
years, nanomaterials have been investigated for this task [69]. Magnetic nanoparti-
cles, displaying large surface area and functionalized with an appropriate coating,
can bind to specific pollutants in water, and thanks to their magnetic properties,
they can be easily separated from water, removing this way the contaminants [70,
71]. In particular, iron-oxide-based MNPs have been investigated for the removal of
heavy metals (Cr, Pb, Co, As …) from water, but there have been only a few reports
on the use of hollow MNPs in this area. The large effective specific surface area of
hollowMNPs, double if we compare themwith conventional solidMNPs, is of strong
interest for increasing the adsorption capacity of these nanomaterials. In particular,
Balcells et al. have developed very stable iron oxide hollow nanocuboids that exhibit
high efficiency in the absorption of both As(III) and As(V) (326 and 192 mg/g) [72].
As an alternative, some studies have focused on the combination of carbon-based
and iron-oxide-based nanomaterials in order to develop magnetic “nanocages” with
high surface area, capable of binding heavy metals on both carbon and iron oxide
surfaces [73]. Along these lines, hollow MNPs can also be used for other tasks that
require capture and removal of specific elements, such as bioseparation [29].

Another interesting application of hollow MNPs is related to Li-ion batteries.
Batteries are considered essential to maximize the efficiency in energy use. In
battery applications, ideal electrodes should be cheap, have high capacity and rate
performances, and last long. For these reasons, iron-oxide-based nanomaterials have
become attractive candidates as electrodes in Li-ion-based batteries [74, 75]. In
particular, hollow iron oxide MNPs have great potential for these applications.
The larger surface area of these hollow MNPs enables an increased electrode–elec-
trolyte contact area as well as more Li-ion storage sites, the hollow morphology
allows faster diffusion for Li-ions uptake/removal as compared to solid MNPs; and
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Fig. 6.11 Hollow iron oxide nanoparticles present high capacity, superior rate performance, and
excellent stability for Li-ion-based batteries. Reprintedwith permission from [27]. Copyright (2018)
American Chemical Society

in addition, they can better tolerate the strain associated with the electrochemical
cycling. Recent studies by Koo et al. [27] have shown that hollow maghemite MNPs
contain a high concentration of cation vacancies that can be efficiently utilized for
reversible Li-ion intercalation without structural change. Cycling in high voltage
resulted in high capacity (∼132 mAh/g at 2.5 V), 99.7% Coulombic efficiency,
enhanced rate performance (133 mAh/g at 3000 mA/g), and excellent stability (see
Fig. 6.11). Other studies with multishelled hollow MNPs also showed that the
performance of these materials as electrode materials can be further improved by
controlling their morphology [32]. These results indicate that further optimization of
size, morphology, and composition of hollow MNPs can potentially lead to further
improvement in their electrochemical performance.

Catalysis is a key factor both in chemical research and chemical industry. In the
last decades, the use of nanoparticles as catalytic materials to speed up and favor
chemical reactions has been heavily investigated. In the same way as in previous
applications, this has led to the consideration of hollowMNPs as possible candidates
for catalysis. Hollow MNPs present a series of potential advantages, such as their
capacity to effectively isolate catalytic species, the increased surface area available
for the catalytic reactions, and the possibility of separating and recovering them
throughmagnetic fields [76]. For example, Zn doped Fe3O4 hollow nanospheres have
exhibited enhanced catalytic performance on the degradation of rhodamine B (RhB)
and cephalexin under visible-light irradiation, thanks to their hollow nanostructure
and Zn doping (Sang Nguyen et al.). In addition, these nanospheres also present high
stability and can be easily separated and recycled by an external magnetic field. In
addition, other strategies to create hollow magnetic nanostructures for catalysis have
also been studied, such as hollow carbon nanospheres with entrapped Fe3O4 MNPs
which have also shown high catalytic activity and reusability [77].
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The high surface area of these hollow MNPs is also advantageous for chemical
and gas sensing. Sensors are widely used in industrial process control and safety
applications. In the case of hollow MNPs, the enhanced porosity and the cavity of
these MNPs seems to facilitate the diffusion of analytes into the MNPs leading to an
increase in their sensitivity. In most of the cases, the sensing with these materials is
carried out through measurements of change of resistivity produced by adsorption–
desorption of a targeted analyte on the surface of the MNPs. For example, Wu et al.
have reported that hematite composite hollow nanostructures exhibited high gas
sensitivity toward formaldehyde and ethanol at room temperature, improving the
results obtained with solid hematite MNPs [65].

One of the major potential applications of MNPs is in the field of data storage
(hard drives, DVDs, etc.). The underlying idea is to replace the large randomly
oriented magnetic grains employed in conventional media by single MNPs, in order
to exponentially increase the data storage density. The smaller the MNPs, the higher
the density. To attain this, themagneticmoment of theMNPshas to be very stablewith
time. To this regard, FePt MNPs have been proposed as ideal candidates due to their
high anisotropy and stability [78].However, as theMNPsbecome smaller, the thermal
disorder tends to overcome the anisotropy of the MNPs and their magnetic moments
are no longer stable. This is the so-called “superparamagnetic limit” and, in principle,
imposes restrictions on our capacity to increase the data storage density. However, in
the last few years, a way to overcome this limit has been proposed, based on the use of
“exchange bias” (EB) [12]. TheEBeffect generates an additional effective anisotropy
that allows reducing the size of the MNPs below the “superparamagnetic limit,” and
still obtaining a stable magnetization. As we explained before, hollowMNPs exhibit
enhanced EB effect, making them promising candidates for data storage and similar
applications [56]. Despite the promising results obtained in hollow MNPs, for now,
the EB effect is mainly appreciable at very low temperatures (<50 k), and therefore,
further work is needed to develop hollow magnetic nanostructures with appreciable
EB at temperatures closer to ambient.

These are only a few examples of applications of hollow MNPs, but they already
provide an overall idea of thewide use of theseMNPs, and their potential applicability
in other promising research areas such as spintronics or magneto-optical devices.

6.7 Summary and Future Outlook

In this book chapter, we have reviewed the main characteristics of hollow magnetic
nanostructures in general, and iron-oxide-based hollowMNPs in particular. We have
shown that the hollowmorphology is particularly interesting because the presence of
the additional surface area in these nanostructures gives rise to enhanced magnetic
phenomena toward improved applications.

We have shown that hollow MNPs can be synthesized using either physical or
chemical methods, but in the case of iron oxide ones, thermal decomposition and
similar chemical synthesis routes are often employed. These synthesis methods let
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us finely tune the morphology of hollow MNPs by controlling different reaction
parameters, such as annealing temperature and/or surfactant concentration. We have
also described in detail how iron-oxide-based hollow MNPs can be obtained from
the evolution of an original core/shell nanoparticle, first into a core/void/shell, and
then into a hollow morphology (i.e., Kirkendall effect). The shell in these hollow
MNPs is typically composed of small randomly oriented nanograins that play a
crucial role in the magnetic response of these nanoparticles. The static and dynamic
magnetic properties of hollow MNPs are radically different from those observed in
their solid counterparts. The high number of surface spins present, together with the
nanogranular nature of the shell, gives rise to high magnetic frustration and spin
glass like behaviors. As a result, surface anisotropy is greatly enhanced, leading
often to the appearance of a prominent exchange bias effect. In particular, we have
described how thisEBphenomenondepends on the thickness of the shell, by carefully
analyzing the evolution of EB as a function of the morphology, from core/shell to
hollow. We have shown that a minimum shell thickness is crucial in enabling the
presence of additional interfaces (i.e., reversible and irreversible spins) that enhances
the EB effect. These experimental studies have been complemented with Monte
Carlo simulations. Atomistic simulations confirm the presence of strongly disordered
surface layers in the hollow particle morphology, with complex energy landscapes
that underlie both glass-like dynamics and magnetic irreversibility. Finally, potential
applications of the hollow MNPs have been reviewed, especially in the fields of
biomedicine, catalysis, batteries, sensing, and data storage.

With the continuous improvement in synthesis techniques and the development of
novel and facile synthesis routes, it is anticipated that we will attain a better control
over the morphology and other characteristics of hollow MNPs. This will allow us
to overcome several of the main limitations currently associated with these systems,
such as reduced magnetic response, non-uniform hollow structure, instability of
the hollow morphology, limited encapsulation/release efficiency, and reduced EB
effect at room temperature. We foresee that the progressive work on this field will
eventually lead toward multifunctional hollow MNPs with enhanced properties and
novel applications.
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