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In this review paper, the state-of-the-art knowledge of the core—shell multifunctional nanoparticles
(MNPs), especially with unique physiochemical properties, is presented. The synthesis methods were
summarized from the aspects of both the advantages and the demerits. The core includes the
inexpensive and easily oxidized metals and the noble shells include the relatively noble metals, carbon,
silica, other oxides, and polymers. The properties including magnetic, optical, anti-corrosion and the
surface chemistry of the NPs are thoroughly reviewed. The current status of the applications is reviewed
with the detailed examples including the catalysis, giant magnetoresistance (GMR) sensing,
electromagnetic interface shielding or microwave absorption, biomedical drug delivery, and the

environmental remediation.
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1. Introduction

Nanoparticles (NPs) from transition iron-group metals such as
iron,’ cobalt>'” and nickel>>'*25 are of great interest due to
their unusual physicochemical properties such as enhanced
magnetic moment?¢ and enlarged coercivity"?” arising from their
tiny size less than 100 nm and high specific surface area (ratio of
the surface to the mass/volume). Compared with the bulk
counterparts, these iron-group metal NPs have promising prac-
tical applications such as catalysts for growing carbon nanotubes
(CNTs)/carbon fibers*®3* and carbon—carbon bonds,**=* ultra-
high density magnetic recording media,**** magnetic fluids,**’
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structural polymer nanocomposites (PNCs)**%¢ and biomedical
drug delivery.®” Additionally, iron-group metal NPs have been
synthesized as alloys either within the iron-group elements®*"2 or
with other metals such as Au,”® Pd,”*”® Pt,’¢% Ru(Rh),3! Cu,®
and C,%% which broaden the potential applications of these
iron-group metal NPs.

The potential applications of these metallic iron-group NPs
are limited due to their propensity to be easily oxidized in air or
moisture and fast dissolution under acidic conditions. The easy
and rapid oxidation/dissolution of the NPs is due to the large
specific surface area inherent with the small size. In order to
address this challenge, several approaches have been investi-
gated. The most widely reported approach, albeit not easily
achieved, is to coat the iron-group metal cores with a protective
shell, which includes noble metals, carbon, silicon oxide (silica),

zirconia (ZrO;) and polymers. The iron-group oxides are also
known to be utilized as shell materials leading to favorable
magnetic core-shell particles to protect them from further
oxidation. The reported iron-group NPs with a protective shell
include carbon coated Co,3%8 Ni9293:9597-104 3d Fe,36-92:93,105-108
silica coated Co,''13 Fe,''*115 Fe;0,4,'"¢ and Fe-Ni alloy,'"”
NiO coated Ni,'°%18 7rO, coated Fe,'* iron oxide coated
Fe 2121 Au coated Fe/Co,'*>™3° platinum,'®' palladium,3>133
copper,'** alumina,® yttria (Y,03),% or silver’3>!3¢ coated iron-
group metal NPs. Polymers such as polyisobutylene functional-
ized with tetraethylenepentamine (PIB-TEPA) as a 1 : | mixture
with mineral oils have also been reported to coat the Fe NPs.'%’
Recently, semiconductor shells such as CdSe surrounding Co
NPs were also reported.’®® Most importantly, the core-shell
structure not only provides a stabilized magnetic property and
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oxidative resistance but also broadens their potential applica-
tions such as optical-electronic devices and biomedical areas'**
since the shell can be functionalized with organic or biomolecular
materials. The protective layer has also been applied in catalytic
areas. For example, expensive metal Pd shell around a cheap Ni
metal core results in cost-effective materials in catalysis.!*?

Though there are a couple of comprehensive reviews on the
inorganic NP syntheses, in which most of the reported methods
are summarized,®*'*® the reviews focusing on the core-shell
NPs,"! especially on the magnetic core nonmagnetic shell
structural composite NPs, have rarely been reported. In this
review paper, an up-to-date review of the fabrication techniques
to prepare a protective shell around the iron-group metallic NPs
is presented followed by a discussion on how these core—shell
NPs are characterized. The effects of the protective shell on their
properties will also be included and detailed information on the
applications of these structural composite NPs will be docu-
mented. More specifically, three types of protective shells such as
noble metal, insulator/metal oxide, and polymer are discussed in
more detail. Due to the wide applications of the polymer shell,
a separate section rather than being included in the insulator
session is devoted to the preparation of polymer shells. However,
the synthesis of monometallic iron-group NPs is not included as
this part has already been extensively covered in the litera-
ture,10:68:93.103.142-146 Although there are more applications for the
magnetic core and nonmagnetic shell NPs in the coming future,
the authors point out that the illustrated applications are limited
due to the short history of the magnetic core and nonmagnetic
shell NPs.

2. Methodologies for shell synthesis

Several methods have been developed to fabricate a protective
shell around iron-group magnetic NPs and can be broadly clas-
sified into two categories: bottom-up and top-down. The
bottom-up approaches can be further segmented into three
classes: (i) simultaneous fabrication, where both the core and the
protective shell formation takes place simultaneously; (ii)
sequential fabrication, where the core is fabricated followed by
the formation of a protective shell, and (iii) displacement reac-
tion (redox) fabrication, wherein the protective shell is fabricated
through the displacement of surface atoms of the metal core.
The simultaneous fabrication approach has mainly been
adopted in the cases of carbon and silicon oxide (silica) coated
metal nanoparticle fabrication. Sequential fabrication involves
the initial formation of the iron-group metal cores followed by
the formation of the desired shell without sacrificing the iron-
group metal cores. This method is suitable for all the reported
core—shell structural composite nanoparticle systems regardless
of the iron-group metal core stability. The existing iron-group
metal core will act as the nucleation sites (seeds) for the subse-
quent formed shell metal atoms to nucleate and grow up, such as
in the reverse micelle and thermo-decomposition methods, or act
as the substrate for the subsequent material to deposit, forming
the shell. The displacement fabrication approach involves
a redox reaction between the iron-group metal core and the
desired precursor shell ions depending on the potential difference
between the metal core and the metal shell. The displacement
method is only suitable for the metal shell, which is nobler than

the iron-group metal core and can be performed either in organic
or in aqueous media without additional reducing agent.

In addition to these common developed core—shell synthetic
methods, there are other approaches under development. For
example, segregation of the metastable binary metal composites
can lead to the formation of core-shell NPs, such as Fe-Mg
core—shell NPs.' In this review, the fabrication of different shell
materials around the iron-group metal core will be discussed
based on the aforementioned generalized fabrication categories.

2.1 Fabrication of noble metal shell

Introduction of a noble metal shell onto the magnetic metallic
NPs is extremely attractive based on the stability of the core—shell
structure and the wide potential applications. Among the
reported methods to introduce the noble metallic shells, the
reverse micelle method employing the simultaneous fabrication
approach is well established, in which the micelles act as nano-
reactors for the particle growth and the particle size can be easily
controlled by adjusting the micelle size and the ratio of the
reducing agent to the metal salt. This method is illustrated with
the fabrication of a protective Au shell around Fe and Co
NPs,123:125.126,128,147.148 The fabrication can be briefly described as
follows. Firstly, microemulsions from individual components are
separately prepared. The metallic core is prepared by mixing the
microemulsions containing the core metal ions and a reducing
agent. To this mixture, the microemulsion with the shell metal
ions is introduced simultaneously along with the required further
additional reducing agent microemulsion. Once the reaction is
completed, the core-shell particles are obtained by allowing the
particles to settle down and washing off the excessive surfactant.
This approach was reported to be utilized for the fabrication of
Au shell around Fe core NPs and the oxidative stability of the Fe
core was tested by X-ray spectroscopy (XAS) later.!*® This
method has been extensively applied in Au or Ag shell formation
around Co or Fe NPs. The incomplete coating of the magnetic
core is an issue of this method. In addition, many pure shell metal
NPs without the iron-group metal core are observed, which is
another disadvantage of this method.

Thermal decomposition of the organometallic complexes is
another widely adopted method for the shell fabrication. The
formation of the core-shell structured composite NPs in this
method is based on the faster core formation rate than that of the
shell at the beginning of the reaction by choosing the suitable
reaction condition. Thermo-decomposition of the organome-
tallic salts in a coordinating solvent has also been utilized to
obtain the shell around the core.?”!32 Here, the detailed synthetic
information for the Ni-Pd core—shell NP synthesis is provided to
depict the critical parameter, temperature, in the shell-controlled
formation. The metal-trioctylphosphine (TOP) complex solu-
tion, which was prepared from the reaction of 1 : 1 (molar ratio)
Pd(acac), and Ni(acac), in trioctylphosphine, was injected into
oleylamine at various temperatures.'** The Ni-TOP complex is
found to get decomposed more easily than the Pd-TOP complex
at a lower temperature and Pd-TOP is more easily decomposed
than the Ni-TOP complex at a higher temperature. Based on this
fact, the Ni cores can be formed firstly at a lower injecting
temperature such as 205 °C for sufficient time to completely
decompose the Ni-TOP complex, where the Pd-TOP rarely gets
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decomposed, then increase the temperature to 235 °C to intro-
duce the Pd shell around the Ni core.'* While with the sequential
decomposition method, the reversed core—shell NPs such as Pt—
Co core-shell NPs are also fabricated with the increased
temperature 205 °C for the decomposition of Pt-TOP and then
the low temperature 142 °C for the decomposition formation of
the Co shell.’*® Both systems are based on the same principle that
the organometallic salts have different decomposition tempera-
tures. In addition, the Co shell can be transformed into a hollow
CoO structure, which will expose the Pd cores for serving as
a catalyst,'5%15!

A third generalized approach for the fabrication of noble
metal shell around iron-group metal cores is the displacement
reaction. Compared with the sequential method, the displace-
ment reaction method is based on the potential difference by
sacrificing part of the core metal without any additional reducing
agent. The displacement reaction has been employed to synthe-
size Co-Pt core-shell NPs in the neutral organic solution.!®! The
stringent requirement here is that the Co precursor NPs should
not be oxidized in order for the subsequently complete coating of
the noble metal surrounding the Co NPs. The coating is achieved
through sacrificing the surface iron-group core metal. However,
the very reactive and easily oxidized iron-group metal NPs make
the complete coating very difficult and is normally achieved in an
inert condition.

The displacement reaction in fabricating the core-shell NPs
has been further developed in Co—Cu NPs,'** in which an acidic
aqueous electrolyte solution was used rather than the neutral
organic solution.’>* This method overcomes the neutral organic
solution’s limitation of the partially oxidized surface by intro-
ducing the acidic aqueous solution. The iron-group metal oxides
on the nanoparticle surface easily react with the protons in the
aqueous electrolyte and then the exposed NPs continue to react
with the noble metal shell ions, which will deposit on the iron-
group metal surface to prevent them from further reaction. This
method has the potential to be used in other noble metal coating
systems.

Fe(g) +Mg(g) pentane Fe/Mg/pentane
77K frozen matrix

l warm
Mg
qﬂ qﬂ. CXH
Argon 0 Argon y
M
Fe 9 a-Fe

Fe-Mg alloy
or intimate mixture

passivate
with air
MgO

Mg

Fe

Fig. 1 Scheme of Fe-Mg core-shell nanoparticle formation from
metastable alloys. (Reprinted with permission from American Chemical
Society.)'**

The fourth generalized approach for the shell preparation is
not very commonly adopted and is normally applicable in situ-
ations like metastable alloys serving as the starting materials. The
principle is based on the segregation of the metastable alloyed
materials under high temperature annealing conditions to form
core-shell NPs due to the immiscibility of the two metals such as
Fe and Mg."** The metastable Mg-Fe composites formed by
vapor deposition were heated at temperatures above 250 °C to
segregate Mg and Fe. The scheme for the core-shell formation is
shown in Fig. 1. No core-shell formation was observed when the
heating temperature was below 250 °C. The formation of Fe-Mg
core-shell NPs was tentatively explained from the point of
thermodynamic effect under the heating condition, i.e. the Fe-Fe
bonds are stronger than Mg-Mg or Fe-Mg bonds, which will
favor the formation of the Mg shell around the iron core NPs.
This method is also applicable to the Fe-Li system. However, it
was reported that it didn’t work in the Fe—-Ag system. The Mg
shell around Fe NPs has the advantage of serving as a sacrificial
metal when the apparatus has trace oxygen to form a protective
MgO coating, which could be a good shell for the Fe core NPs.'#*

The fifth generalized approach for the shell preparation is to
create a gap between the core and the shell. This gap is composed
of some layers of polymers, which interact with core structures
through hydrophobic interactions, and combined with Au
through an Au-S bond.'** Before synthesizing the core-shell
structure, Fe;O4 NPs were first capped with oleylamine and oleic
acid through the thermal decomposition of iron(i) oleate in
a mixture of oleylamine and oleic acid. The synthesis then starts
with room temperature coating of Au on the surface of Fe;O4
nanoparticles by reducing HAuCl, in a chloroform solution of
oleylamine. The Au-coated Fe;O4 nanoparticles are then trans-
ferred into water by mixing them with sodium citrate and
cetyltrimethylammonium bromide (CTAB). The water-soluble
core/shell Fe;O4/Au nanoparticles serve as seeds for the forma-
tion of Fe;O4/Au nanoparticles with thicker Au coating by
simply adding more HAuCly in the reducing condition or for the
preparation of Fe;O04/Au/Ag nanoparticles by adding AgNO; to
the reaction mixture. The control on the shell thickness allows
the tuning of plasmonic properties of the core/shell nanoparticles
to be either red-shifted (to 560 nm) or blue-shifted (to 501 nm).
The significant contribution of the synthesis is that it offers not
only a composite nanoparticle system with controlled magnetic
and plasmonic properties but also a noble metal-coated surface
for long-term stabilization of the magnetic core and nanoparticle
functionalization. Such multifunctional nanoparticles should
have great potentials for nanoparticle-based diagnostic and
therapeutic applications.'s?

Comparing the above five reported methods, the demerits for
the sequential formation method are the incomplete coating of
the core and the formation of pure shell metal NPs. The
displacement method is more advantageous than the other
methods, in that it provides a complete coating and its facile
operation; the demerit is that it will reduce the core size by
sacrificing the core with the shell metal ions. The thermode-
composition method including the segregation of the metastable
alloyed system (fourth method) is not easily controlled in the
pure metal core and shell structure. The fifth approach provides
a method for composite nanoparticle systems. The suitable
method should be valued on the applications.

This journal is © The Royal Society of Chemistry 2011
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2.2 Fabrication of insulating silica and carbon shell

Insulating silica and semiconductive amorphous carbon have
been reported as shell materials in protecting the magnetic
metallic NPs from oxidation/dissolution. These core—shell
structures can be easily bound with the biological materials
through the surface physical adsorption or chemical bonding.
The carbon coated magnetic NPs are normally synthesized by
a chemical vapor deposition (CVD) method using the vapor-
ization of the metal and carbon, which were deposited onto
a substrate. The shell is formed by annealing, utilizing its
immiscibility. The silica shell is normally formed by the wet
chemical method. Iron-group NPs protected by the insulating
shells have potential applications in magnetic data storage, fer-
rofluids, and contrast agents in magnetic resonance
imaging.®-*® The Kratschemer carbon arc process (standard
arc method) has been used in the synthesis of the carbon shell
combining metal NPs 8896154155 Briefly, the standard arc method
is to bury the selected metals or metal oxide powders inside the
drilled hole of the graphite anode. And at high temperatures, the
metal core particles obtained from metal vapor are coated by
carbon to form the carbon encapsulated metal NPs. The
obtained carbon shell coated metallic NPs resist the etching by
acids. The disadvantage of this method is that the yield of the
carbon encapsulated metal particles is much lower than that of
the other carbon products including carbon nanotubes (CNT),
nanopowders, graphite flakes, and metal carbides. In addition,
the control over the particle size and size distribution is a chal-
lenge. It is also difficult to obtain the pure and uncontaminated
ferromagnetic transition metal cores. In order to overcome these
drawbacks, a modified arc discharge method has been developed
and the experimental set-up used is schematically illustrated in
Fig. 2. The experimental set-up consists of an arc chamber with
a vertical graphite rod cathode and an anode composed of
a metal block such as nickel or other iron-group metals placed
inside a graphite crucible. The transverse helium gas flow
provides a quenching of the metal vapor during the arc plasma
process. The metal block forms a melted pool and carbon is

< Graphite
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Molten Flow of Helium Gas

Metal

Graphite
Crucible

Graphite > +
Anode

Fig. 2 A schematic diagram of the modified arc discharge chamber.
(Reprinted with permission from American Institute of Physics.)*”

formed from the sputtering on the surrounding graphite crucible
and the foil. The sputtered carbon enables the condensed metal
clusters to be encapsulated completely. With this modified arc
discharge method, the core-shell NPs are devoid of any impu-
rities such as CNTs, graphitic flakes or coarse particles and the
uncoated particles can be easily removed by the acid bath
washing. The modified method has a major advantage that it is
suitable for large-scale synthesis of metal NPs encapsulated with
carbon.

The yield of the carbon coated metal NPs is dependent on the
metal species and also critically on the operating conditions such
as the geometry of the graphite crucible-metal anode assembly,
like the inner diameter of the crucible.®”:'* The post-treatments
of the carbon-coated iron-group metal, such as annealing,
increase the graphite shell thickness, which is likely to arise from
the increase of the graphitization of the coated carbon. The
annealing temperature is chosen depending on the metal
elements utilized for the shell growth. An added advantage of the
high-temperature annealing process is that it can even change the
carbon structure to multiwalled graphite shells and may lead, if
the temperature is high enough, to the migration of the metal
core out of the carbon shell and leave an empty graphitic shell.?’

In comparison with the physical chemical methods used for the
fabrication of carbon shell surrounding the ferromagnetic metal
core NPs, a wet chemical synthetic method has also been devel-
oped for the fabrication of silica or alumina shells. The calcina-
tion of the shell and the reduction of the core are the typical
procedures in forming core-shell structured composite NPs.
Briefly, after preparing the organic (alcohol) ferromagnetic metal
(single or mixed element) salt solution with controlled pH and
temperature to form composites in solution, the composite
powders were obtained by high temperature evaporation of the
solvent. The silica coated ferromagnetic metal NPs were formed
by calcination of the powders under the reducing agent to obtain
the zero-valence ferromagnetic metal cores.'’*''” The valence
state of the ferromagnetic metal core strongly depends on the
subsequent calcination temperature. For the Co core, the
optimum temperature is 1173 K for zero-valence Co-silica core—
shell NPs, while at temperatures below 1073 K, the obtained NPs
are onion-like structures with the Co3;0,4, CoO and fcc Co and
amorphous silica subsequently from the inner core to the shell.

In addition, aluminium oxide (alumina) was introduced as
a protecting shell material by the dehydration and further
thermal reduction method.** Yttria was also coated onto the
FeCo magnetic NPs by the thermal reduction of oxyhydroxide
precursors.®® The Fe-Co NPs (Co—goethite) were synthesized by
sequential oxidation—precipitation of FeSO, and Co(NOs)3
solutions (0.1 M total salt concentration) with NaOH (0.35 OH/
(Fe + Co) equivalent ratio) and then with Na,CO; (1.5 CO3**/
(Fe + Co) equivalent ratio) at 40 °C.% The alumina coating was
done by first dissolving the AI(NO3); (1072 M) in 100 mL water
followed by adding a 10% NaOH aqueous solution to reach a pH
of 12.5. Then the Co—goethite NPs (1.0 g) were homogeneously
suspended in the solution and CO, gas was bubbled into the
slurry to lower the pH to 8.5 so that a hydrated aluminium oxide
layer was deposited onto the surface of the particles. The initial
pH was set to 12.5 in favor of the stabilization of the suspension
due to the high density of the surface charge on the goethite
particles. For the coating process, the particle surface remains
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Fig. 4 Scheme of the coating process. (Reprinted with permission from
American Chemical Society.)®®

negative at a pH of 8.5, while the surface of the aluminium
hydroxide nuclei is positively charged, favoring the homoge-
neous coating by the hetero-coagulation process (electrostati-
cally induced coagulation of particles having opposite charge
density). The scheme of the heterocoagulation process is shown
in Fig. 3. In addition, the initial concentration of the AI(NOs)3
has an effect on the homogeneity of the coating, the optimum
concentration is about 102 M. Higher concentration leads to the
formation of the separate aluminium hydroxide particles,
whereas lower concentration leads to the coating of the parti-
cles.®* The Y,0; coating was achieved by dissolving Co(NO3),
and Y(NOs); at a pH of 3 in the nitrogen degassed water to
prevent the oxidation of the Co(11) ions followed by adding KOH
to a pH of ~12. Then the above Co-goethite NPs (10 g L") were
homogeneously suspended in the above solution. CO, gas was
bubbled into the slurry immediately to lower the pH to a value of
10.5 and kept for 15 minutes, and then to a pH of 9.5. The
specific pH value was chosen based on the different values of
surface charge density at selected pH regions of the Co—goethite
particles and the generated Co and Y species in the solution.®®
The coating scheme is shown in Fig. 4. After obtaining the above
NPs, the dehydration was done at higher temperature, 400 °C for
yttria and 600 °C for alumina. Then the NPs were reduced at
450 °C with a hydrogen flow of 40 L h™'. The reduction
temperature has an effect on the porosity of the particles.®
Porosity in the yttria coating NPs is lower than the alumina
coating due to the higher temperature treatment.

Compared with the noble metal shell formation, the used
method for the insulator shell is rarely reported and is mainly

focused on the wet chemical method such as for the above
alumina and silica. The used adsorption method is complicated
to control the coating while introducing the shell materials.

2.3 Fabrication of metallic oxide shell

Metallic oxide shells, especially the iron-group metal oxides
around the magnetic metallic core, can form an exchange
coupling, which can have an important positive impact on the
magnetic properties. The normally used method is to control the
content of the oxygen or air while exposing the NPs to passivate
the zero-valence metal NPs.

The existence of an antiferromagnetic (AFM) shell such as
CoO, FeO, and NiO around the ferromagnetic (FM) core can
form the exchange-coupling interaction, leading to an increased
blocking temperature (73,)'*® and an enhanced coercivity (H.).">”
This AFM shell provides some advantages to the naked zero-
valence metal NPs such as stabilized and the improved magnetic
properties. Here, it is necessary to mention how to fabricate the
iron-group metal oxide shell around the iron-group metal core.
The normal “bottom-up” method such as the gas condensation
method?>1581%% is to synthesize the iron-group metal NPs and
then expose the NPs to the introduced gas, mixture of inert gas
and oxygen/air."'*® The oxide coated magnetic NPs have great
potential to be used in the giant magnetoresistance (GMR)/
tunnel magnetoresistance (TMR) sensors with enhanced
magnetic properties, which will be discussed in the following.

2.4 Fabrication of polymeric shell

As compared with the other shell materials, a polymer shell has
the following advantages: (1) it can serve as a surfactant or
stabilizer to prevent the agglomeration of NPs; (2) it can be used
to fabricate the nanocapsulation through the layer-by-layer
method; and (3) it can be compatible with or functionalized with
other materials by selectively choosing the shell materials such as
branched poly(ethylenimine) shell around the poly(methyl
methacrylate) (PMMA) core.

Polyisobutylene functionalized with tetraethylenepentamine
(PIB-TEPA) as a 1 : 1 mixture with mineral oils was reported
to coat the Fe NPs."®” The formation route is schematically
illustrated in Fig. 5. The NPs were synthesized by the thermal
decomposition of iron pentacarbonyl (Fe(CO)s) in the presence
of ammonia and polymeric dispersants. Fe(CO)s, PIB-TEPA,
and kerosene mixture was degassed with argon for 20 minutes
and then bubbled with ammonia for 20 minutes followed by
increasing the temperature to 95 °C and keeping at this
temperature for 8 hours. Then the solution temperature was
increased to 190 °C and held for 2 hours. The reaction mixture
was bubbled with ammonia and stirred throughout the reac-
tion. The cooled magnetic NPs were precipitated by adding the
reactant solution to a mixture of acetone and methanol. Puri-
fication of the NPs was done by the following two precipita-
tions, one from hexane into acetone/methanol and the second
time from hexane into pure acetone. Then it was isolated and
dissolved in hexane and a rotary evaporator was used to
remove hexane, and the remaining product was dried under
vacuum condition with heating at 95 °C. With the modification
of the process, other types of polymeric dispersants such as
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Fig. 5 Scheme of the polymer shell by the thermal decomposition
method. (Reprinted with permission from American Chemical
Society.)"*”

poly(ethylene-grafi-tetraecthylenepentamine maleimide) could
also be employed for the coating of the magnetic NPs.

Except for the aforementioned method to coat the magnetic
NPs with polymers, solvent-free atom transfer radical polymer-
ization (ATRP) was also used to coat the magnetic NPs. Here,
the synthesis of Fe,Os;—polystyrene (PS) core-shell NPs is
described as a typical example. The obtained oleic acid stabilized
Fe,O; NPs (~10 nm in diameter) dispersed in 2-bromo-2-
methylpropionic acid (Br-MPA) hexane solution were stirred for
72 hours at room temperature under argon protection. The
resulting powders were separated using a centrifuge and washed
with hexane. This washing process was repeated one more time
to remove the excess initiators. The Br-MPA functionalized NPs
were dried under vacuum and then mixed with styrene monomer
to form a transparent reddish solution for the ATRP reaction.
The mixture was transferred into a flask with CuBr and 2,2-
dipyridyl after purging with argon for 10 minutes. The reaction
was conducted at 120 °C for 20 hours under stirring and nitrogen
protection conditions. After the reaction was completed, the
mixture was diluted with tetrahydrofuran (THF) at a solution/
THF volume ratio of 1: 10 and the final products were precipi-
tated with methanol. The PS stabilized core-shell NPs were
separated with the centrifuge and dissolved in toluene solution.
This method has the potential to be applied to other nanoparticle
systems for coating iron oxide NPs with increasing complexity
and more functional polymeric shells.'¢°

3. Physicochemical properties of the core—shell
nanoparticles

Nanoparticles, defined by their size, are in the range of 1 to
100 nm. The classical physical laws no longer hold for this small
size system. In strong chemical bonding materials, delocalization
of the valence electrons will change dramatically with the change
of the system size. This effect, combined with structural changes,
could result in different chemical and physical properties from
those of the bulk counterparts. The reported size-dependent
properties include magnetic properties, optical properties,

melting heats, specific heats, and surface reactivity.'® Due to the
large specific surface area, the interaction between the surface
and the core components will be predominant than that inside of
the pure core NPs. For applications and technical studies, it is
requisite to understand the intrinsic properties of the core—shell
structure. The effectiveness of the shell in the prevention of the
iron-group metal core from oxidizing in air and from dissolving
in acid environments is an important factor in the practical
biological and other applications. Also, the physical and chem-
ical properties of the core—shell NPs will determine the applica-
tion of these multifunctional materials.

3.1 Optical properties

The optical property is dependent on the material type, shell
thickness and core size. Here, two cases are illustrated. The first
case depicts the effects of the polymer shell on the optical
property of the iron oxides (Fe,O3 and Fe;04) and the second
provides the core effect on the Au shell. The inter-particle
separation was reported to affect the surface plasmon band
shape and the peak position.’*> The plasmon resonance of the
metal nanoshell is tunable by the ratio of the core radius and the
thickness of the shell such as in the Au coated Au,S NPs.'¢3

The optical property was changed, normally dampened by the
existence of the shell materials. The observed PS-Fe,O3 core—
shell NPs were compared with the oleic acid stabilized Fe,O3 NPs
by UV/vis spectrometer. Fig. 6(a) shows the UV/vis spectra of the
oleic acid stabilized Fe,O3; NPs before (dotted line) and after
(solid line) ligand exchange with Br-MPA. Fig. 6(b) shows UV/
vis absorption spectra of PS-Fe,O3 core-shell NPs. The broad
adsorption peaks at ~470 nm were from Fe,Os. The yellowish
core-shell nanoparticle toluene solution (figure inset) shows
a weak absorption peak around 470 nm. The existence of the
shell is justified to dampen the optical absorption.*¢°

The optical properties of iron oxides can also be tuned by
controlling the particle size and the assembly of the NPs. For
instance, by assembling uniform superparamagnetic colloidal
particles into 1D chain-like arrays in various liquid media,
a novel magnetic tunable photonic structure can be devel-
oped.’**'7 The dynamic ordering of the magnetic colloids with
controllable periodicity along the direction of the external field
renders the system a fast, fully reversible photonic response
across the visible near-infrared spectrum. The magnetic align-
ment of the chains and the corresponding photonic response can
be observed using an optical microscope operated in the dark-
field mode, Fig. 7. Without the influence of a magnetic field, no
uniform colors can be observed due to the randomly dispersed
chains in solution. When a vertical magnetic field is applied, all
the chains are aligned along the field direction and appear as
brightly colored dots. All the photonic chains within one sample
show a single color due to the periodically arranged particles.
The periodicity can be changed by varying the size of Fe;O4
colloidal nanocrystal clusters (CNCs). Photonic chains assem-
bled from large CNCs (ca. 182 nm in diameter) diffract red light,
while those from medium-sized particles (ca. 160 nm) diffract
green light and those from small CNCs (ca. 113 nm) tend to
diffract blue light, Fig. 7. It is reported that these optically active
magnetic nanochains may find great applications in biological
and chemical sensing and biomedical labeling and imaging.'7*-175
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Fig. 6 UV/vis spectra of (a) oleic acid stabilized Fe,O3; NPs before
(dotted lines) and after (solid lines) ligand exchange with Br-MPa and (b)

PS-Fe,0; core-shell NP toluene solution. (Reprinted with permission
from American Chemical Society.)*°

The introduced noble metal shell around the magnetic NPs
also has an effect on the UV/vis absorption. The y-Fe,O; NPs
synthesized from the high temperature organic solution and the
subsequent Au shells formed by the colloidal microemulsion
technique were reported to demonstrate different optical prop-
erties as compared with that of the bare gold NPs.'”® The
observed UV/vis absorption peak at around 572 nm (Au
component ~30.2 at% based on pure Au and Fe) shifts from the
typical absorption wavelength of 525 nm for 10 nm Au NPs,
which can be attributed to the variation in size, shape or
agglomeration of the Au NPs. And the gold shell thickness has
an effect on the optical property, the observed resonance peak
shift to 552 nm, when the gold coating is reduced to ~18 at%
(EDS analysis).'”® Recently, a tailored synthesis of super-
paramagnetic Au nanoshells with tunable optical properties was
reported by Zhang er al'” The particles are composed of
a superparamagnetic Fe;Oy4 core, an Au nanoshell, and a meso-
porous silica outer layer. The unique porous silica layer was
utilized to control the seeded growth of Au NPs to form

Hono

Fig. 7 Dark-field optical microscopy images of the magnetic photonic
chains with different diffraction colors switched between “off” (a, c, e:
without magnetic field) and “on” (b, d, f: with vertical magnetic field)
states. These photonic chains diffract at different wavelengths because
they were prepared using Fe;04 CNCs of different average sizes: (a and b)
182 nm, (c and d) 160 nm, (e and f) 113 nm. All images are at the same
scale. (Reprinted with permission from John Wiley and Sons.)"**

nanoshells with improved reproducibility for the synthesis and
enhanced stability of the structure and optical properties. By
tuning the pore structure of the silica networks through etching,
one is able to control the shape/size of the Au NPs during the
seeded growth, and consequently the interparticle plasmon
coupling. The absorption peak of such multilayer structures can
be effectively tuned from ~520 to 900 nm of the near-IR region.

Fig. 8 shows the gradual change in the optical properties with
the evolution of the nanoshell structure. The gallery of the as-
obtained colloidal suspension displays a clear progression in
color as the gold shell goes from dispersed seeds to completion.
The original colloids, which contain a small amount of Au seeds,
exhibit a light brown color which can be attributed to the
absorbance of the Fe;04 cores. When more Au is deposited onto
the surface of the seeds, a reddish color appears due to the
characteristic surface plasmon resonance of the colloidal Au
particles. Upon further seed-mediated growth, the solution
becomes dark red, then purple, and finally blue. This color
change was also monitored by UV-vis absorption spectroscopy,
as shown in Fig. 8(b). The original seed-containing colloids
display two peaks at ~420 and ~518 nm, which can be attributed
to the absorptions of Fe;O, cores and gold seeds, respectively.'”®
When the Au seeds become larger, the corresponding plasmon
peaks red-shift from ~518 to over 900 nm. The exact location of
the plasmon peak can be tailored within this spectrum range by
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Fig. 8 (a) Digital photos showing the color of the nanoshell solutions
after 0, 6, 8, 10, 12, and 16 cycles of seeded growth (from left to right). (b)
UV-vis spectra presenting the evolution of optical property of the Au

nanoshells after 0, 6, 8, 10, 12, 16, and 18 cycles of seeded growth (from
left to right). (Reprinted with permission from John Wiley and Sons.)"””

controlling the number of seeded growth cycles in a highly
reproducible manner.'”’

This optical property has led to many important analytical and
biomedical applications, for example, nanoshells can serve as
active components in drug delivery, photothermal therapy, and
surface-enhanced Raman scattering (SERS).'7*-*8! For applica-
tions in photothermal therapy, the nanoshells can be designed to
strongly absorb near-IR light, which can penetrate soft tissue, by
controlling the relative dimensions of the core radius and shell
thickness so that the radiation energy can be effectively con-
verted into thermal energy to kill nearby malignant cells.'””

3.2 Magnetic properties

Magnetic NPs have potential applications such as magnetic data
storage,3®105106:130  piomedical drug release,”” microwave
absorption'®'# and environmental remediation.'®”-'85-187 The
magnetic property is strongly dependent on the interparticle and
intraparticle interaction, which can be controlled by the core size
and the shell thickness. A SQUID magnetometer is normally
used as a tool to test the magnetic properties of the nano-
materials. Temperature dependent magnetization investigations

reveal the blocking temperature (7},) of the system and the
magnetic moment of the magnetic atoms. Field dependent
magnetization provides information on the intrinsic magnetic
property (soft or hard materials differentiate from the range of
coercivity, H.) of the nanomaterials. Another important appli-
cation of the SQUID magnetometer is to determine whether the
iron-group metal core is oxidized or not. The detailed measuring
procedure is to cool the samples at a higher magnetic field such as
1-5 tesla followed by recording the magnetization changes with
changing the applied magnetic field. Then by comparing the
hysteresis loop with the zero field cooled hysteresis loop, the iron-
group metal core is oxidized if there is a shift toward the applied
magnetic field. The principle for this technique is based on the
exchange-coupling interaction between the ferromagnetic core
and the antiferromagnetic shell.'**'#-1% More detailed infor-
mation on how to apply this approach to investigate the chemical
stability of the magnetic core is provided in the following section.

The shell materials have a dramatic effect on the magnetic
properties of the magnetic core, which also strongly depend on
the iron-group metal core size, materials, and crystalline struc-
tures. In addition, the shell structure, such as the shell thickness
and crystallinity, has a significant impact on the core—shell NPs.
Here, the effect of the shell material on the magnetic properties
can be appreciated in the yttria-coated FeCo magnetic NPs and
the alumina coated FeCo NPs.%*% The dramatic change is in the
H.. The yttria coated FeCo has a H.. of 1380 Oe® rather than the
1160 Oe for the alumina coated FeCo NPs.** The porosity inside
the nanoparticle from the heat treatment and the shape anisot-
ropy contribute to the magnetic property difference.®

The shell thickness also has an effect on the magnetic prop-
erties of the core—shell NPs.'?® However, the Fe-Au core-shell
NPs fabricated by the sequential reverse micelle method with
shell thicknesses of 2, 2.5 and 3 nm did not show any difference in
T, and H_.'?® The fabricated Fe-Au core-shell NPs were stable
under the magnetic measurement and powder diffraction, while
the recent X-ray absorption spectroscopy (XAS) study showed
the unstable property of the Fe-Au core—shell NPs.'** Unlike the
formation of the Fe-Mg core—shell NPs, the failure to fabricate
core—shell NPs by annealing the Fe-Ag metastable alloyed NPs
also indicates the instability of the core—shell structured Fe-Ag
system. This unstable structure is also observed in the Fe-Au
nanoparticle system. While the Co—Cu core-shell nanoparticle
system has no unstable property, the very thin shell has a strong
effect on the magnetic property such as enhanced Tj."**
Comparing the shell effect on the Fe-Au and Co—Cu core—shell
NPs, the authors here believe that there is a critical shell thickness
from which the shell has a different effect on the magnetic
properties. The interparticle coupling and intraparticle interac-
tion are reported to have a strong effect on the magnetic property
of the tiny NPs.’?® From this viewpoint, it is reasonable to deduce
that the reported Cu shell is within the critical size range, where
the intraparticle interaction has an important effect on the
magnetic property. However, all the three Au shells are larger or
equal to 2 nm; the intraparticle interaction is much weaker as
compared with the interparticle interaction, which is also
reported in the Fe—Au core—shell NPs.

The importance of the interparticle distance (spacing) in the
magnetic properties is also reflected in the C—Fe'% and polymer—
Fe systems.>*%191192 For example, a huge difference is observed
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in the Fe—polyurethane (PU) polymer nanocomposites (PNCs),
in which the particle loading and particle distance upon
annealing under reducing environments play a role in the
magnetic properties. Fig. 9 shows the room-temperature
hysteresis loops of the as-received NPs and the PU PNCs. The
saturation magnetization (M, 97.6 emu g, based on the total
mass) of the as-received NPs is lower than that of the pure bulk
Fe (218 emu g ")'* due to the presence of oxide shells. The lower
H, (5 Oe) indicates a superparamagnetic behavior of the as-
received NPs. Little difference in M, is observed for the NPs after
they are dispersed in the polymer matrix. The M, of the PNCs,
54.0 and 31.6 emu g!, for the particle loading of 65 and 35 wt%,
respectively, correspond to 84.0 and 90.2 emu g~! for the NPs.
The slightly lower M, in the PNCs than that in the as-received
NPs is attributed to the further oxidation of the NPs during the
PNC fabrication process and the particle-polymer surface
interaction effect.'* The H_ values of the PU PNCs are 685 and
900 Oe for 65 and 35 wt% loadings, respectively, which are much
larger than that of the as-received NP assembly. This behavior,
however, is typical of magnetic PNCs.

The heat treatment at 250 °C does not show any significant
changes in mass, volume, M, or H., indicating good thermal
stability of the PNCs. However, the heat treatment at 450 °C
brings about many changes. First of all, it carbonizes the matrix
and reduces the oxide shells. The mass loss and shrinkage in the
matrix effectively increase the particle loading for the PNCs. All
these changes effectively increase M, while reducing H.. In the 65
wt% PNCs, H, remains practically the same after heat treatment
at 250 °C but decreases to 165 Oe after the additional heat
treatment at 450 °C. This trend is due to the interparticle dipolar
interaction within the PNCs with a good dispersion of single-
domain NPs, consistent with particle-loading-dependent coer-
civity in nanoparticle assembly.’”®> Compared with the 35 wt%
PNCs, the smaller H. in the 65 wt% PNCs arises from the
decreased interparticle distance concomitant with a stronger
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Fig. 9 Hysteresis loops of (a) as-received NPs; nanocomposites with
a particle loading of (b) 35 wt% and (c) 65 wt%; and nanocomposite with
65 wt% particle loading with heat treatment at (d) 250 °C for 2 h and (e)
450 °C for additional 2 h. The inset shows the SEM image of the nano-
composite with a 65 wt% particle loading. (Reprinted with permission
from American Institute of Physics.)!*

dipolar interaction. The further decrease in H, after the 450 °C
heat treatment is for the same reason, i.e., the decreased inter-
particle distance resulting from shrinkage. In addition, the
presence of an oxide shell around the metallic core is reported to
increase Ty, of NPs through the exchange coupling interaction
between the ferromagnetic metal core and the antiferromagnetic
oxide shell.'*® Thus, the loss of the exchange coupling in the heat
treated PNCs due to the disappearance of the antiferromagnetic
oxide shell also contributes to the smaller H.. HRTEM obser-
vation revealed an iron core coated with carbon shell structure.'%

Due to the unusual multiphase polycrystalline structure of the
NPs favoring the noncollinear arrangement of the magnetic
moments and to the highly disordered magnetic surface layers
from the high specific surface area, the core-shell NPs have
anomalous magnetic behaviors. The positive or negative effect
also depends on the core-shell materials. In the Ag coated Co
NPs, H. and remanence (also called remnant magnetization, M,)
at room temperature are weak and no magnetization is saturated
even at a field of 1 tesla.'*®

Furthermore, clusters of a Co core with a noble metal shell
have been studied with theoretical calculation using a parame-
terized tight-binding model**® and a spin-polarized s—p-d tight-
binding model'”” and it has been predicted that the noble metal
(Cu) develops a net polarization that changed the total magnetic
moment of the clusters. It was predicted that the size, shape and
materials of the shells have an effect on the magnetic proper-
ties.' Thus, the magnetic properties of the Co NPs are expected
to differ from those of Co NPs with a noble Au or Cu shell.

Another important effect of the reactive shell such as Mg is
that it can prevent the oxidation of the metallic magnetic core by
the formation of a thin layer of MgO,"** which retained the
magnetic property of the core even after long term exposure to
air.

3.3 Okxidative stability

The stability of the iron-group metal core is a very important
factor for the application of core-shell NPs, which are normally
operated in an ambient condition or acidic environments. The
carbon coated iron-group metal NPs synthesized by the modified
arc discharge method are found to be very stable for months even
in the strong acids such as aqua regia (a 3 : 1 mixture of HCl and
HNO5)'"* and the C-Fe core-shell NPs synthesized by heat
treatment of PNCs under a reducing agent also show great
stability in acids.!05:107:198.199

The simplest way to test the core stability is to expose the core—
shell NPs in acids. The core is oxidized into ions and dissolved in
the solution, which will bring about the loss of the magnetic
property and is not found in the carbon coated ferromagnetic
metal core’® and Cu coated Co NPs.'3*2% The easy way to prove
a complete shell is to use the HRTEM. TEM is an effective way
to see the micrograph (shape and the size) of the particles or even
the core—shell interface if the atomic number difference is large.
Even more, a powerful ability of TEM is to see the lattice fringes
that are characteristic patterns of the specific atoms. With a large
atomic number difference between core and shell elements such
as in carbon-nickel shell-core NPs, the core-shell interface can
be easily distinguished by the lattice distance in the lattice fringes,
Fig. 10, for the graphite coated Ni NPs.'*2°! The contrast
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Fig. 10 HRTEM micrograph of graphite-coated nickel NPs. (Inset,
nanodiffraction pattern for graphite (002) and nickel (111) reflections.
Scale bar, 10 nm.)'**

difference with respect to the electron beam has been reported as
a distinguishing criterion for a core-shell structure.*-160.202:203
The typical core-shell NPs as observed in TEM are shown in
Fig. 11 for the PS-Fe,0O3 core-shell NPs.'®® It is difficult to
distinguish between the core and the shell if the lattice constants
are almost the same and the atomic numbers are similar such as
in the Co—Cu core-shell NPs.'** The limitation here is that the
atomic number should have enough difference between the tar-
geting core and shell metals. In addition, XRD is normally used
to determine the structure of NPs and can determine the
component constitution and phase structure of the product, from
which the alloyed or core—shell structure can be derived under the
condition that the nanomaterials are big enough.

Another normally adopted method for the discrimination of
core stability is to monitor the magnetic behaviors under the zero
field cooled (ZFC) and field cooled (FC) hysteresis loop. The
principle here is that the existence of the antiferromagnetic layer
around the ferromagnetic core will lead to the exchange-coupling
interaction ie. the shift of the hysteresis loop toward the
magnetic field.'*®'#81% The surface of the metallic NPs was
oxidized if there was a hysteresis loop shift toward the applied

Fig. 11 TEM image of the PS-Fe,O; core-shell NPs. (Reprinted with
permission from American Chemical Society.)'*®
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Fig. 12 Hysteresis loops of ZFC and FC Co/CoO NPs with a size of 6
nm prepared at the oxygen gas flow rate of 1 SCCM. (Inset: FC hysteresis
loops in different magnetic fields.)'®®

magnetic field. The scheme of the shift is shown in Fig. 12. Fig. 12
shows the ZFC and FC hysteresis loops for the Co—-CoO NPs
with a particle size of around 6 nm and a shell of around 1 nm.
The large shift was observed, indicating the existence of cobalt
oxide. In addition, the inset of Fig. 12 shows the FC hysteresis
loop at different applied cooling magnetic fields. It was noticed
that the shift increased with increasing the cooling field and
almost was stable when the cooling fields are higher than 1
tesla.'®®

In addition to the shift of the FC hysteresis loop toward the
magnetic field as compared with the ZFC hysteresis loop, the
ZFC hysteresis loop also exhibits a two step saturation behavior.
The scheme is shown in Fig. 13. Fig. 13 shows the hysteresis
loops of the 9 nm Fe core NPs with a shell thickness of 2-3 nm
iron oxide, and pure Fe;O0, NPs with a size of 10-15 nm at 5 K.
For the iron oxide coated Fe NPs, the hysteresis loop shows
a two-step saturation behavior with the rapidly saturated part
corresponding to ferromagnetic Fe cores and the slowly satu-
rated part to the ferromagnetic iron oxide shell with a thickness
of 2-3 nm. For the pure iron oxide NPs, there is no sharp change
in the hysteresis loop (Fig. 13(b)) when compared with Fig. 13(a)
for the iron oxide coated Fe NPs. The inset shows the hysteresis
loops of the iron oxide coated Fe and pure iron oxide NPs at
different temperatures. The magnetization does not saturate even
at 5 tesla, which is due to the surface spin disorder state of the
ferromagnetic iron oxide nanoparticle system.?** This phenom-
enon can be used as a tool for the discrimination of the surface
oxidation of the metallic core NPs.

XRD measurement is an effective way to determine the
material components and the structures. The limitation, here, is
that the gold peaks display large Scherrer broadening, which will
hinder the diffraction from the Fe component of the sample,
making it impossible to provide the iron state in the iron
samples.'?* X-Ray absorption near edge structure (XANES) is
very sensitive to the electronic structure (i.e. oxidation state and
effective charge) of the absorbing atom, coordination geometries
and different bonding types.?*>° By comparing the measured
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Fig. 13 Hysteresis loops of the (a) 9 nm Fe core NPs with a shell of 2—
3 nm iron oxides and (b) Fe;O4 NPs with a size of 10-15 nm at 5 K. (The
inset shows the initial magnetization curves at different temperatures.)
(Reprinted with permission from American Institute of Physics.)***

spectra of the substance under investigation to the spectra of the
well characterized standard reference samples, known as
XANES fingerprinting, information on the above electronic and
geometric properties such as valence state of the materials can be
provided. The application of X-ray absorption spectroscopy
(XAS) to the core-shell systems allows for the element-specific
analysis of both the core and the shell. This method has been
used in the Fe-Au'* and the Co—Cu'** core-shell NPs and will be
discussed in the following.

Fig. 14 shows XANES spectra of Au/Fe/Au NPs, Fe/Au NPs,
and two standard compounds—bulk bec metallic Fe foil and
bulk y-Fe,O;. The XANES spectra of the NPs are quite different
from that of the Fe foil and very similar to that of iron oxide.'??
This indicates that the reverse micelle noble metal shell coating
has some disadvantage in protecting the iron core from oxidation
even during the shell formation process or even before the shell
formation.

This XAS technique was also demonstrated in the Co-Cu
core—shell NPs. Fig. 15 shows Co K-edge XANES spectra of
a standard hcp Co foil, Co NPs prepared in a glove box with
nitrogen protection, Co—Cu NPs exposed to air, Co NPs exposed
to air and two standard cobalt oxides. The XANES spectrum of
the cobalt in the Co—Cu core-shell NPs differs from the cobalt
oxide spectra and is very similar to the standard cobalt foil and
the Co NPs under nitrogen protection. The cobalt K-edge
XANES spectrum of the Co—Cu nanoparticle sample exhibits
a pre-edge feature at approximately 7709 eV (line A), assigned to
an electron transition from 1s to a hybridized p—d orbital, and
a white line at about 7724 eV (line B). The position of the
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Fig. 14 XANES spectrum of a Au/Fe/Au, Fe/Au NPs, standard bcc Fe

metal, and y-Fe,0s. (Reprinted with permission from American Institute
of Physics.)'?*
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Fig. 15 Co K-edge XANES spectra of a standard hcp Co foil, Co NPs,

Co—Cu NPs, Co NPs oxidized in air, and CoO and Co,0O; references.

Lines A, B, C, and D are the zero valence Co pre-edge, Co white line, and

CoO and Co,0; white lines, respectively.** (Reproduced with the
permission of The Electrochemical Society).

absorption edge in the Co—Cu spectrum, as well as the intensity,
and the energy location of the maximum white line closely
resemble those of the Co NPs protected under nitrogen and the
standard hcp Co foil. The shift toward higher energy for the two
standard cobalt oxides and the Co NPs exposed to air was not
observed for the Co—Cu NPs and the Co NPs protected with
nitrogen. This indicates that the acidic electrolyte synthesized Cu
shell around the Co core NPs has successfully protected the Co
core from oxidation.

3.4 Surface functionality of the shells

Fabrication of a shell around iron-group NPs provides a unique
opportunity for the attachment of organic molecules and bio-
logical molecules onto the surface of the shell. Gold coating can
be easily functionalized with various organic species such as
through the strong Au-S bond. The polymer shell can also be
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easily functionalized with organic molecules for further
applications.

4. Applications of core—shell nanoparticles

It is well known that the NPs especially iron-group metals are
very reactive and can be easily oxidized in ambient conditions,
which limits their potential applications such as the magnetic
data storage. The introduction of the noble metal shell enhances
the applications of iron-group NPs in the harsh environments
such as acidic or basic solutions.

However, the easy oxidation of the iron-group metal NPs is
not always bad for some reasons such as an improved blocking
temperature.'*® Compared with Pd, Au, and Pt, the iron-group
metals are cheap and more reactive. It is much more economical
to obtain the nanoshell around the Fe and Ni cores instead of the
solid Pd and Pt NPs, in which the core is a waste of the material
in the catalyst applications. The more reactive iron-group NPs
can serve as the substrate for the subsequent shell formation and
serve as a reducing agent to reduce the shell metal ions. The
introduced noble metal shell can also enable the core NPs to
survive in the aqueous solution, which is the normal condition
for the biological applications. The following potential applica-
tions such as catalysis, magnetoresistance sensor, biological drug
delivery, and environmental remediation will be discussed with
detailed examples.

4.1 Catalytic application

The core—shell structures have been widely used as catalysts, and
the functions of the core or the shell vary among different reac-
tions. Generally, the core-shell catalysts can be divided into three
groups: (1) the core serves as the support and the shell is the
active site, (2) the core is the active site and the shell works as the
protector, and (3) both core and shell are active sites. In the
following parts, we will provide a brief review on the catalytic
applications of core-shell structures.

Pd and Pt NPs have been used as catalysts for many reac-
tions.?!'721 The active parts of the catalysts are the surface of the
NPs and the large part of the expensive metal in the core is
a waste. Introducing the cheaper metals as the core such as Ni
and Cu is an effective way to economize the catalyst production
cost. Furthermore, the introduction of the cheaper core such as
Ni within the Pd shell NPs was reported to enhance the catalytic
efficiency in the Sonogashira coupling reaction.'** The Ni-Pd
core—shell NPs (3.9 nm) show a much better catalytic effect than
the pure Pd NPs (3.5 nm) with a comparable particle size, Fig. 16.
The enhanced catalytic activity is due to the large number of Pd
atoms on the particle surface as compared with the same amount
of pure Pd NPs.'*?

The Ni-Pd core-shell NPs have also demonstrated a similar
catalytic effect on the CO oxidation as the pure Pd NPs, but
totally different from that of the pure Ni NPs, Fig. 17. Pure Ni
NPs are active only at higher temperatures. The deactivation was
not observed in the Ni-Pd core shell NPs indicating that the
core-shell structure is stable and does not form an alloyed
structure during the catalytic reaction process. The very close CO
oxidation behavior between the core—shell NPs and the pure Pd
NPs provides the advantage of the core-shell structural NPs to
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Fig. 16 Catalytic activity comparison between Ni-Pd core-shell NPs
and pure Pd NPs. (Reprinted with permission from American Chemical
Society.)'*?

save the more costly Pd core for the catalysts.'** The supported
Ni catalysts such as Ni/Al,O3, Ni/MgO-Al1,0; with a core—shell
structure have also been proven to be promising in all types of
methane reforming reactions, such as partial oxidation of
methane, steam reforming, and CO, reforming (Fig. 17).>*

In many catalytic reactions, although the metal NPs were
reported to be active, their long-term stability either in solutions
or at high temperature conditions is always a critical problem.
Especially when the reaction temperature is high, tiny NPs start
to melt and agglomerate together, yielding larger particles. One
strategy is to design the core—shell-type nanocatalysts that have
active catalyst nanoparticle cores protected by porous silica
shells.??! The silica shells behaved as a blocking layer that iso-
lated each nanoparticle from the neighboring ones but pene-
trated the molecular reagents through their mesopores. Park
et al.*** synthesized Ni@SiO, yolk—shell nanocatalysts that bear
tiny Ni cores with an average diameter of 3 nm. The Ni NPs were
coated with silica through the microemulsion method and the
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Fig. 17 CO, production rate in the reactor as a function of the time,
during heating from room temperature to 100 °C for the pure Pd, Ni-Pd
core—shell, and pure Ni NPs. (Reprinted with permission from American
Chemical Society.)'*?
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Fig. 18 Synthesis of Ni@SiO, yolk—shell nanocatalysts with tiny nickel
cores. (Reprinted with permission from American Chemical Society.)***

resulting Ni@SiO, core-shell NPs were partially etched by acid
treatment. The calcination of the particles yielded yolk—shell
nanocatalysts with a uniform structure, Fig. 18. The catalysts
were proven to be very active and highly stable for hydrogen-
transfer reactions of acetophenone; no significant activity loss
was observed after six cycles. These Ni@SiO, core-shell NPs
have also been employed as a model catalyst for the steam
methane reforming reaction. The catalysts exhibit a continuous
conversion rate of methane and hydrogen, and significantly
enhanced stability at high temperatures, leading to a high recy-
clability without loss of catalytic activity.?*® This rational core—
shell design of the nanocatalysts has also been employed for
other important reactions with the advantages of high reactivity
and reusability, for instance, Au@SiO, for p-nitrophenol
reduction,”* Au@ZrO, for CO oxidation,***** and a-Fe,Oz@
SiO; for ammonia decomposition.?2¢

Although encapsulation within porous shells makes the metal
NPs catalytically active and at the same time keeps them stable
even under harsh reaction conditions, the recyclability is another
concern for practical applications.?*’** Ge et al.*** designed
a novel core-satellite nanocomposite catalyst, Fig. 19. A
monolayer of the metal nanocatalyst is first immobilized on the
surface of silica colloids by using coupling agents. The core—
satellite structures are then coated with another layer of silica
with a desired thickness to fix the position of metal NPs. Finally,

Fig. 19 Synthetic procedure and a typical TEM image of porous silica
protected Fe;04/SiO,/Au composite structures. (Reprinted with permis-
sion from John Wiley and Sons.)**®

a “surface-protected etching” technique is applied to make the
outer shell mesoporous, which makes the catalyst particles
exposed to the outside chemical species. To improve the recy-
clability, a super-paramagnetic Fe;O4 core was incorporated at
the center of the initial silica colloids. Liquid-phase reduction of
4-nitrophenol (4-NP) by NaBH, was used as a model reaction to
characterize the performance of the Au catalyst system. Both the
rate constant and the turnover frequency (TOF) suggested higher
catalytic efficiencies for Au nanocatalysts confined in the shells
with larger mesopores. The enhanced diffusion of reactants
through the larger pores is believed to be responsible for the
increased catalytic efficiency. The magnetic moment of the Fe;04
core in the composite structures is sufficiently high that
a complete separation of the catalyst colloids from the reaction
solution can be achieved within 1-3 min in a relatively low
magnetic field gradient (<30 T m').>*°

In terms of the consecutive reaction (A — B — C), an active
catalyst generally contains two types of active sites, one of which
accelerates the reaction of A to B and the other accelerates the
reaction of B to C. Improving the dispersion of these two kinds of
active sites, whilst ensuring they are still close to each other, is the
most efficient approach to enhance the catalytic performance.?*!
However, the easy migration of the first reaction products to the
active sites of the second reaction determines the selectivity of the
final products. For the conventional bifunctional catalysts,
different active sites are randomly distributed on their surface,
providing an unrestricted, open reaction environment where the
coupled reactions occur independently and randomly, even
though the distance between the two active sites is very short.
This means that the products desorbed from the first reaction
sites can leave the catalyst without reacting further at the other
active sites.

To enhance the easy migration of the reactants to the active sites
and to improve the selectivity of this consecutive reaction, Bao
et al.** designed a novel bifunctional catalyst with a core/shell
structure where the core and shell components independently
catalyze different reactions. The shell consists of a membrane
layer containing a pore path. The reactants must first pass through
the shell membrane to reach the inner core catalyst, where they
react to form the intermediate products. To leave the catalyst, all
the intermediates must enter the membrane channels, where they
have a very good chance of being converted into the final products
at the active sites in the membrane. With this design, Bao et al.?*?
coated an H-beta zeolite membrane onto the surface of Co/Al,O3
catalyst pellets to form a core/shell structure, Fig. 20. The
prepared catalyst showed an excellent performance for the direct
synthesis of isoparaffins based on the Fischer—Tropsch synthesis
(FTS) reaction. The formation of Cj,. hydrocarbons is sup-
pressed completely and the middle isoparaffins become the main
products. A desirable low selectivity for methane is also achieved.
This core/shell membrane catalyst provides a tailor-made
confined reaction environment, which results in spatially confined
effects and shape selectivity. This great idea was further extended
to other consecutive reactions as the shell and core components
are independent catalysts of different reactions. For instance,
anovel double-shell catalyst with silicalite-1 zeolite and H-ZSM-5
zeolite coated on a bimetallic Cr/ZnO core was developed by Yang
et al.*? for the one-step, well-controlled synthesis of dimethyl
ether from CO, containing syngas.
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Fig. 20 Representation of the core/shell catalysts for consecutive reac-
tions. (Reprinted with permission from John Wiley and Sons.)?**?

The core—shell structures have also been employed in the
photo-catalysis. Previous studies have shown that the metal NPs
deposited on the TiO, nanostructures undergo Fermi level
equilibration following the UV-excitation and enhance the effi-
ciency of the charge-transfer process.?**?** In most of the cata-
lytic studies, metal NPs are dispersed on an oxide surface. Such
a catalyst structure effectively results in exposing both metals to
reactants and the surrounding medium. Corrosion or dissolution
of the noble metal particles during the operation of a photo-
catalytic reaction is likely to limit the use of noble metals such as
Ag and Au.%%7 To overcome these drawbacks, Hirakawa and
Kamat?*® prepared Ag@TiO, core-shell clusters by a one pot
synthesis method that involved reduction of metal ions and
hydrolysis of titanium-(triethanolaminato) isopropoxide in
dimethylformamide (DMF). The synthesis process is shown in
Fig. 21. The result indicated that the photo-excitation of the TiO,
shell results in an accumulation of the electrons in Ag, and the
stored electrons can be discharged when an electron acceptor
such as O,, thionine, or C60 is introduced into the system. The
charge equilibration between the metal and semiconductor plays
an important role in dictating the overall energetics of the
composites. These metal core—semiconductor shell composite

@ Form DMF

TiO, shell

D — .
Yol 2o
?_3? ?:f'.b @ Form ')
I

TiO, shell

TN

Red Ox

Fig. 21 Preparation procedure of the Ag@TiO, core-shell photo-cata-
lysts. (Reprinted with permission from American Chemical Society.)**

clusters are photo-catalytically active and are useful to promote
light induced electron-transfer reactions. Their results also sug-
gested the design of semiconductor-metal composite nano-
structures for light energy harvesting applications.

4.2 Giant magnetoresistance (GMR) sensing

The Nobel Prize in Physics was awarded to Drs Fert and
Grunberg in 2007 for their work on the giant magnetoresistance
(GMR, a resistance change with the applied magnetic field)
discovered in 1988,2324! which has revolutionized the informa-
tion industry**?2** with an increased recording density of the
hard disks. GMR sensors provide a convenient way of sensing
the relative motion and position of objects without physical
contact (non-contact/non-destructive).?*247 Just attach a magnet
to one object and a GMR sensor to another. Alternatively, if one
of the objects contains a magnetic material such as iron or steel,
the object in motion will alter any magnetic field, which can be
detected by a GMR sensor.?*® GMR applications of this motion/
position effect could become widespread in the industrial,
transportation, aerospace, and military worlds.?*-25!

GMR, discovered in a multilayered Co/Cr system in 1988, is
a result of the spin dependent conductivity of electrons especially
in a conductive material composed of alternative ferromagnetic
and nonmagnetic layers.>** Under zero external magnetic field,
the magnetization directions of the adjacent ferromagnetic layers
in a GMR material are anti-parallel due to an anti-ferromagnetic
coupling between the layers. Thus, electrons with spin up as well
as spin down are scattered by the alternating magnetic fields,
resulting in a high electrical resistance. When an applied field
aligns the magnetization in these adjacent ferromagnetic layers,
electrons with their spins parallel to the magnetization can travel
with less scattering and hence a lower level of resistance is
observed. The electrical resistivity drops when the applied
magnetic field overcomes the antiferromagnetic coupling and the
magnetization orientation becomes parallel. Fig. 22 shows the
electron transport in the multilayer GMR material under zero
field and applied field conditions, respectively.

Similar to multilayer materials, a granular structure with
nanoscale ferromagnetic grains separated by a non-magnetic
conductive matrix can show the GMR effect, Fig. 23. The first
reported granular GMR effect was in Cu/Co composites where
Co granules were embedded in a Cu matrix.?*® Since then,
a number of other metal matrix composites have been found to
have the GMR effects.?** However, the signal is lower than 1%
even at lower temperatures such as 5 K and the easy oxidation of
the metal grains put a limitation for certain applications.

A standard four-probe technique to minimize the contact
resistance is normally used to measure the resistance change with

Fig. 22 Schematic of the electron transport in a multilayer GMR
material under different magnetic domain orientations: (A) anti-parallel
under no applied magnetic field and (B) parallel under an applied
magnetic field.
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Fig. 23 Schematic of a granular GMR material: (A) no and (B) applied
magnetic field.

the applied magnetic field. It was reported?® that the GMR effect
would disappear if the nonmagnetic layers were thicker than the
electron mean-free path and consistent with the theoretical
prediction by the RKKY theory (an abbreviation derived from
the names: Ruderman, Kittel, Kasuya and Yosida).>*® The mean
free path describes the average distance, in which the conduction
electrons are accelerated. For metals, it is in the order of
10 nm.** Thus, the exchange coupling will decrease with an
increase in the nonferromagnetic layer thickness.

Granular materials, consisting of a discrete magnetic phase in
a non-magnetic material matrix, exhibit GMR. Compared to the
multilayer GMR sensor, the granular structure has many
advantages: simple and low-cost preparation®¢2%® and easy
particle size control by the different annealing tempera-
tures.?s*2® The granular structure is usually prepared by co-
deposition of magnetic and nonmagnetic metals. In codeposition
nanoparticle preparation, the nonmagnetic and magnetic phases
are immiscible. The formed NPs will be metastable and will form
an egg-shape structure at higher temperature. Also co-deposition
(sputtering) of the composite material target (metal source) will
give a granular structure.”®® Another method for obtaining
a granular structure is molecular beam epitaxy (MBE) for the
Co/Cu and Co/Ag films.?®* The granular structure can be thought
of as a special form of NPs. The resistance changes with the spin-
dependent scattering. The discrete NPs will align parallel to each
other in an applied external magnetic field. In this respect, both
the multilayer and the granular structure have the same GMR
origin.

The important factors governing the extent of GMR perfor-
mance include: size of the discrete phase,?®® distance between the
two magnetic layers (nonmagnetic layer thickness), composition
of the granules,*** and shape of the GMR materials which will
lead to the shape anisotropy. The annealing temperature on the
thin film will also have an effect on the GMR performance. It
reduces the structural disorder but increases the segregated phase
size and interparticle distance in alloys. The two different
materials in magnetic and nonmagnetic layers need to be
immiscible or they will lose the interface between the two phases
by diffusion into each other.?*

Here, the Fe—Au core—shell NPs were used as an illustrative
example of the resistance change with the applied magnetic field.
The used Fe-Au core-shell NPs were prepared by sequential
reverse micelle method. The granular thin film was prepared by
the cold press method with a pressure of 2 x 107 Pa for 10
minutes. Fig. 24 shows the temperature dependent resistance for
the cold pressed pellet of Fe—Au core—shell NPs. The resistance
increases slightly with the increase of temperature, Fig. 24(a),
indicating the metallic conduction rather than the thermally
activated behavior, characteristic of a negative temperature
coefficient. The negative MR was observed with about —0.17% at
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Fig. 24 Temperature dependent resistance of pressed Fe-Au nano-
particle pellets in zero magnetic field for (a) freshly prepared sample and
(b) 1 month after synthesis (inset shows the corresponding magnetore-
sistance at 5 K).2¢%

a field of 4 tesla, inset of Fig. 24(a). The resistance change with
the magnetic field is caused by spin-dependent scattering.?¢® In
the Fe—Au nanoparticle pellet, the Fe cores serve as a magnetic
scattering center. The magnetization orientation of each Fe core
is random and results in a spin-disordered state under zero
magnetic field condition. The Fe cores will align each other
reducing the spin disorder, which in turn will reduce the spin-
dependent scattering and subsequent resistance. The oxidation of
the Fe-Au core-shell NPs was manifested in the electrical
transport property. The resistance of the pellet after exposure to
air for 1 month is much larger than that of the fresh sample. The
negative temperature coefficient was also observed in the aged
pellet sample, Fig. 24(b), indicating the thermally activated
behavior at high temperature.?®® The increased resistance in the
aged sample over the fresh sample indicates that the iron oxide
has higher resistance as compared with Fe.

As a further illustration of the fact that MR can be achieved in
the core-shell system, the iron—iron oxide core-shell NPs pellet
was recently reported to possess negtative MR.?*® Fig. 25 shows
the field dependent MR of the Fe—iron oxide core-shell NPs with
an averaged size of 8§ nm and 18 nm, respectively, and the shell
thickness of 2 nm. The observed MR depends on the measured
temperature and also on the particle size. The positive and
negative temperature coefficients for different sizes are shown in
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Fig. 25 Field dependent negative MR for the core—shell systems. Inset
shows the temperature dependent MR. (D8 and D18 represent the 8 and
18 nm NP, respectively.)*®

the inset of Fig. 25. This also indicates that the size or the ratio of
the core-shell has an effect on the MR value and the transport
mechanism.

Recently, Guo and co-workers have investigated the MR of
carbon Fe nanocomposite systems. The GMR relationships with
the temperature and particle loading have been reported. Fig. 26
shows the MR as a function of the field in the annealed poly-
acrylonitrile (PAN)-Fe PNCs fabricated by a novel solvent-
extraction method.*® The field required to saturate the MR is
very high and is beyond the limit of the machine, which is
a characteristic of the tunneling conduction mechanism. MR
increases with the particle loading increasing from 10 to 20% and
remains constant after the loading reaches 30%. The observed
highest GMR is about 5.1% at room temperature. However, in
the annealed vinyl ester resin (VER) PNCs filled with Fe NPs,
a room temperature MR of 8.3% is observed in the heat-treated
PNCs with an initial particle loading of 15 wt%, Fig. 27, whereas
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Fig. 26 Room temperature MR as a function of applied field for heat-
treated PAN/Fe PNCs with an initial particle loading of 10, 20, and 30 wt
%, respectively (inset shows the nanocomposite fabrication).*®
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Fig. 27 Room temperature MR as a function of applied field for heat-
treated VER PNCs reinforced with a Fe particle loading of 15, 20, and 40
wt%, respectively.'®

the heat-treated PNCs with initial particle loadings of 20 and 40
wt% show a room temperature MR of 6.8% and 6.0%, respec-
tively. All of these GMR values are observed at a fairly high field
of 90 kOe. The particle-loading dependent MR is attributed to
the interparticle distance. In addition, the spacer materials (VER
and carbonized VER) play a role in the MR property. The
observed field dependent MR hysteresis loops (Fig. 27) in the
PNCs with high particle loadings are also due to the decreased
interparticle distance together with a strong interparticle dipolar
interaction. Similarly, a room-temperature MR of 7.3% is
observed in the annealed Fe/PU PNCs.!*

4.3 Microwave absorption

Due to their prospective applications in electronic instruments in
industry, commerce, and military areas, the microwave
absorbing materials have received great attention.?s” Most of the
microwave absorbing materials are composed of magnetic loss
powders such as ferrite,?*%2% nickel,?” cobalt,>”**? and dielectric
loss materials such as carbon materials,?®® metal oxides,?”>27¢ and
conducting polymers.?”’

Due to their excellent electrical conductivity, light weight, and
low cost, magnetic particles encapsulated within CNT compos-
ites and magnetic particles coated by carbon have been the focus
of extensive study.?**78-283 For instance, Liu ez al.?® reported an
absorbing medium of nanosize carbon black (CB) blended with
nanosize silicon carbide (SiC). When 5 wt% carbon black is
blended with 50 wt% SiC to fabricate a composite with a 2 mm
thickness, the maximum reflection loss (RL) becomes —41 dB at
9 GHz and —10 dB when the bandwidth reaches 6 GHz. Che
et al*®2% have reported that magnetic NPs/CNTs exhibited
improved microwave absorption properties because of their
proper EM matching between the dielectric loss and the magnetic
loss. Fig. 28 shows two types of Fe encapsulated within CNTs.
The absorption property is shown to result from the confinement
of crystalline Fe in carbon nanoshells and derives mainly from
magnetic rather than electric effects. The complex permittivity
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Fig. 28 (a) TEM image of Fe nanowires encapsulated within MWCNTs
and (b) HRTEM image of crystalline a-Fe filled into the carbon shell.
(Reprinted with permission from John Wiley and Sons.)**

and permeability depend on both the shape and phase of the
CNT/Fe nanocapsulates.

Since the complex fabrication processes of the magnetic-
particle-doped CNTs are unfavorable for practical application of
such absorbing nanocomposites, it is important to search for
other kinds of absorbing nanocomposites. Recent interest has
been devoted to metal oxides containing nanomaterials (e.g.
ZnO, Si0,, etc.), which can be used as highly efficient micro-
wave-absorbing materials due to the complex permittivity and
permeability. It is easy to realize large scale synthesis of ZnO-
containing nanomaterials for commercial applications with very
low fabrication costs. Cao et al.*”® reported that cage-like ZnO/
SiO, nanocomposites exhibit a relatively strong attenuation of
microwaves in the X band, which is related to the unique
geometrical morphology of the cage-like ZnO nanostructures.
Zhou et al.*® showed that the composite coatings containing
ZnO whiskers have a good efficiency of microwave absorption.
Chen et al. **¢ reported that the ZnO nanowire-PS composites are
strong absorption materials for microwaves in the X band, which
is attributed to interfacial multipoles at the interface between the
PS and the ZnO nanowires and to a high specific surface area.

SiO, is another promising shell material in fabricating the
microwave absorbents, e.g. SiO,@FeNi3,*®” Coso@(Si05)s0,27*

barium ferrites@SiO,,®® and single-crystal o-iron oxi-
de@nSiO,@mSi0,,* Fe@SiO,,'"? etc. In a recent report, Guo
et al.®® synthesized a unique hematite/SiO,/mesoporous silica
(FO@nSiO,@mSi0,) core-shell nanocomposite, which
possesses a broader absorption frequency and more tunable
electromagnetic interference (EMI) shielding efficiency than
those of the pure hematite. The intermediate nonporous silica
layer was coated first via a sol-gel process, and then the meso-
porous silica structure was coated as the outer shell layer by
a surfactant-assembly method. SEM and TEM images in Fig. 29
show that the FO@nSiO,@mSiO, composites possess distinct
two-layer coating core-shell structures with ordered hexagonal
mesostructure in the outer silica shell layer.

Fig. 30 shows that when the mesoporous silica layer is
deposited on the surface of the FO@nSiO, composites, the
FO@nSiO,@mSiO, composites show the maximum RL value of
—4.95 dB at 15.80 GHz, indicating an obvious shift towards the
low frequency range. Compared with the FO particles and the
one-layer core-shell FO@nSiO, composites, the multi-layer
core-shell mesoporous composites FO@nSiO,@mSiO, display
better EMI shielding effectiveness and more RL. The RL can
increase by about 50%, clearly indicating an improved EMI. The
excellent EMI shielding effectiveness was attributed to the
unique silica mesostructure.?®

Traditional microwave shielding and absorbing materials such
as metals and magnetic materials possess good mechanical and
shielding property but display disadvantages such as being heavy,
corrosive and poor processibility. Conductive polymers are
widely studied for this application because of their foremost
properties such as high conductivity to weight ratio, corrosion
resistance and facile processibility.?*® Various conductivities with
radiation frequency have made them useful in the radar absorbing
materials,*' among which polyaniline (PANT) is perhaps the most
versatile because of its desirable properties, such as thermal and
chemical stability, controllable conductivity and high conduc-
tivity at microwave frequencies.”? By incorporation of the
dielectric and magnetic fillers, the values of dielectric permittivity
and magnetic permeability of such materials can be altered to

Fig. 29 (a) SEM image and (b) TEM image of FO@nSiO, core-shell structure, (c) SEM image, (d) TEM image and (¢) HRTEM image of the

FO@nSiO,@mSiO, core-shell structure, (f) TEM image of the outer mesoporous layer from (e), the scale bar is 15 nm.
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Fig. 30 Frequency dependent RL of the FO-based samples with
component and structure variation: (a) FO/EP, (b) FO@nSiO,@/EP, and
(c) FO@nSiO>@mSiO,/EP.2*

achieve maximum absorption of the electromagnetic energy.
Phang et al**® synthesized a novel PANI/dopant/TiO,/CNT
nanocomposite with excellent microwave absorbing and shielding
performance. TiO, and CNT are the dielectric and magnetic
fillers, which enhance the dielectric and magnetic properties of
PANI. In addition, hexanoic acid (HA) is the dopant used to
improve the conductivity of PANI. PANI/HA/TiO,/SWNT with
20% of SWNT exhibits the best microwave absorption property
(~99.2% absorption) with an RL of —21.7 dB at 6 GHz due to its
moderate conductivity (1.27 S cm™'), magnetization (M, =
1.01 emu g "), highest tan 6 and heterogeneity.

Besides PANI, polypyrrole (PPy) and poly (3,4-ethylenedioxy
thiophene) (PEDOT) are other promising candidates. Li et al.***
synthesized Fe;O4/PPy core/shell nanocomposites, with Fe;04
NPs as the core and PPy as the shell via in situ chemical oxidative
polymerization of pyrrole monomers on the surface of Fe;O4
NPs. The electromagnetic characteristics of Fe;O,4/PPy core/shell
nanocomposites were investigated with a vector network
analyzer in the 2-18 GHz range. The absorbing peak position
moves to lower frequency with increasing the thicknesses of
samples. The value of the minimum RL is —22.4 dB at 12.9 GHz
for Fe;O4/PPy core/shell nanocomposites with a thickness of 2.3
mm, and a broad peak with a bandwidth lower than —10 dB is
about 5 GHz. Such strong absorption is attributed to better
electromagnetic matching due to the existence of PPy and the
special core/shell structure. Ohlan ez al.**® reported the complex
permittivity, permeability, and microwave absorption properties
of core shell type PEDOT nanocomposites with barium ferrite
(BaF) in the 12.4-18 GHz frequency range. These nano-
composites showed strong microwave absorption with an SE,
value of 22.5 dB at 15 GHz with minimal RL of 2 dB. The high
absorption properties mainly result from the high dielectric and
magnetic losses in the composites and depend on the concen-
tration of barium ferrite in the polymer composites.

4.4 Biomedical applications

Due to the unique configuration, the core—shell structured parti-
cles play increasing roles in biomedical applications, which

include biomedical imaging therapeutics, drug delivery, gene
delivery, separation and purification of proteins, cancer, etc.2*42%°
Metal nanoshells, typically gold, possess highly favorable
optical and chemical properties, which can be used for biomed-
ical imaging and therapeutic applications.?* The normally used
metal nanoshells for biological applications include the NPs
composed of a dielectric core such as silica coated with an
ultrathin metallic layer. The reported shell usually is Au. As
compared with the pure colloidal Au NPs possessing a brilliant
red color which have been used in the consumer-related medical
products, such as home pregnancy tests, the Au nanoshell
possesses a tunable optical property depending dramatically on
the relative size of the core and the thickness of the shell, which
can be varied across a wide range from visible to near infrared
spectral regions. Coupled with the biocompatibility and easy
bioconjugation, the optical properties of the nanoshells render
these nanoshell materials highly suitable for targeted bioimaging
and therapeutic applications. In addition, the hollow carbon
nanocapsules have the potential applications in the delivery,
protection of protein and enzymes and magnetic particles from
oxidation, design of radioactive NPs for radiology, radiation
therapy and sensing.>** While switching the core materials from
dielectric to magnetic, the nondestructive magnetic field can be
used as a stimulant for the targeting drug delivery, controlled
release or biosensors. The Au shell can be biofunctionalized with
other organic molecules such as through the thiol chemistry.
With the aid of a magnetic field, the possible biosensors for
detecting the molecule targeting sites can be developed.
Microcapsules have been reported to be an effective way to
encapsulate, transport and control drug, mineral, and protein
release.’?*392-3%6 Dye to the magnetic property, magnetic NPs can
be used for drug delivery under the external magnetic field
stimulus.3’3% Compared with the change of the pH value,
solution ionic strength, and adding organic solvent to achieve the
delivery of the materials, the stimulating magnetic field in the
incorporation of Co-Au NPs embedding capsules has the
following advantage: the compatibility with the physiological
conditions of the human body. Due to the fact that water was
used to remove the polyelectrolyte during the layer-by-layer
assembly capsule fabrication process, the zero-valence metallic
NPs without a protecting shell would lose/degrade much of their
magnetic property. The layer-by-layer assembly method for the
capsule fabrication was described in detail elsewhere.’® The
incorporation of the Co—Au core—shell NPs was also followed by
the layer-by-layer assembly method through the adsorption of
the small size NPs onto the surface of the substrate core. With the
incorporation of noble metal shell, the zero-valence metallic
magnetic NPs were successfully incorporated into the capsule
walls by surviving from the electrolyte solution.' Fig. 31 shows
the schemes of the capsule fabrication and the magnetic field
effect on the FITC—dextran diffusion into the capsules through
the walls. Fluorescein isothiocyanate (FITC)-dextran (M
2 000 000) successfully permeated into the empty capsules under
the stimulating effect of an alternating electromagnetic field on
the capsule FITC—dextran solution. The permeability effect was
characterized by the confocal laser scanning microscopy (CLSM)
and the ratio of the fluorescence intensities inside and outside of
the capsules was employed as a parameter to express the
permeability. Fig. 32 shows the confocal images of the capsules
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Fig. 31 Scheme of capsule fabrication and the effect of magnetic field on the FITC—dextran diffusion through the wall. (Reprinted with permission

from American Chemical Society.)'*

mixed with the FITC-labeled dextran (Mw 2 000 000, pH 7.5,
1 mg mL™") and their corresponding fluorescence intensity
profiles. The dark interior of the capsule was observed even after
one hour mixing with the FITC-labeled dextran solution. The
brighter image of the interior capsules was observed after half an
hour mixing within the FITC-labeled dextran solution, indi-
cating that most of the FITC-labeled dextran was diffused into
the capsules under the effect of the magnetic field. The lower
fluorescence intensity and the higher fluorescence intensity in the
interior without and with the applied field, the bottom of Fig. 32
(a) and (b), indicate that the FITC-labeled dextran is blocked
from diffusion into the capsules without the field and FITC-
labeled dextran is diffused into the capsules with an applied
magnetic field indicating that the magnetic field has an effect on
the diffusion into the capsules.’?

In addition to drug delivery, the core—shell structured NPs have
also been designed for the gene delivery. Lu et al?'! fabricated
“peas in a pod”-like assemblies of Co@Au yolk/shell nanospheres
under an external magnetic field, Fig. 33. Owing to their cavitary
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Fig. 32 Confocal image of magnetic capsules mixed with FITC-dextran
(a) without magnetic field and (b) after applying an alternating magnetic
field for half hour, and the corresponding optical density profiles are
shown below. (Reprinted with permission from American Chemical
Society.)'**

structure and positive surface potential, these hybrid yolk/shell
nanostructures show excellent performance in the applications as
a nonviral vector for gene delivery and transfection.

The efficient separation and purification of the proteins has
become essentially important for the recent advancements in the
biomedical and pharmaceutical research. Among various tech-
nologies, the selective adsorption technology, which relies on the
specific interactions between proteins and absorbent (e.g. the
formation of a flexible polymer chain—protein complex) to
extract the targeted (desired or undesired) protein from its
mixture, is promising. For this purpose, Shao et al.3'* prepared
submicron-size superparamagnetic Fe;O4@silica-g-PAA micro-
spheres for the selective absorption and separation of lysozyme.
Due to the high density of the reactive functional groups, the
binding capacity of the Fe;O4@silica-g-PAA microspheres for
lysozyme was 22 times as much as that of pure Fe;O4@silica
microspheres at the same pH condition. A maximum binding
capacity of 127 mg g~' was achieved. The magnetic Fe;O4@sil-
ica-g-PAA microspheres could not only be manipulated
magnetically but also exhibited fast adsorption and desorption
rates due to the high magnetic content and the absence of internal
diffusion resistance. Besides, the Fe;O4@silica-g-PAA micro-
spheres could selectively separate lysozyme from the binary
protein mixture of lysozyme and ovalbumin. Consequently, such
core-shell type protein absorbents may lead the selective
adsorption technology to significantly lower costs and energy
savings compared with the routine approaches.

Gao et al3'® synthesized FePt@CoS, yolk—shell nanocrystals
by the mechanism of the Kirkendall effect where the FePt NPs
serve as the seeds as a potent agent to kill HeLa cells. The
illustrated possible mechanism is shown in Fig. 34. After the
cellular uptake, under the acidic environment inside
the secondary lysosomes, FePt cores are oxidized and destroyed
to become metal ions because the reactivity of the unprotected
iron promotes the disintegration of FePt to release platinum ions
(Pt**). The permeability (or the rupture) of the CoS; shells allows
these Pt** ions to diffuse out of the shells easily, enter into the
nucleus and mitochondria, damage the DNA double-helix chains
by coordinating with 5'-GG-3" bases of DNA, and lead to the
apoptosis of the HeLa cells. The cytotoxicity of the FePt@CoS,
yolk—shell nanocrystals, evaluated by the MTT assay (a standard
colorimetric assay which measures the changes in color for
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Fig. 33 (a) Schematic illustration of the formation of “peas in a pod”-like assemblies from nanospheres. (b) TEM image and (c—f) a series of SEM
images of the large-scale synthesized uniform pea-like assemblies of Co@Au yolk/shell nanospheres. (Reprinted with permission from John Wiley and

Sons.)3!!

measuring cellular amount), shows a much lower IC50 (35.5 +
4.7 ng of Pt per mL for HeLa cell) than that of cisplatin (230 ng
of Pt per mL). These results are significant because almost none
of the platinum-based complexes produced for clinical trials in
the past 3 decades have shown higher activity than that of the
parent drug, cisplatin. The exceptionally high toxicity of
FePt@CoS,; yolk—shell nanocrystals (about 7 times higher than
that of cisplatin in terms of Pt) may lead to a new design of an
anticancer nanomedicine.

Cell
membrane

Fig. 34 Scheme of a possible mechanism accounting for the FePt@CoS,
yolk—shell nanocrystals killing HeLa cells. After cellular uptake, FePt
NPs were oxidized to give Fe** (omitted for clarity) and Pt** ions (yellow).
The Pt** ions enter into the nucleus (and mitochondria), bind to DNA,
and lead to apoptosis of the HeLa cell. (Reprinted with permission from
American Chemical Society.)*"?

4.5 Environmental remediation application

With the rapidly increased concerns on the environmental health,
there are a few papers reporting the application of core-shell
structures in environmental remediation, particularly in water
treatment, e.g. the removal of organic pollutants, heavy metals,
and microcystins, etc. Generally, such core-shell structures
should at least possess a high specific surface area shell for the
adsorption purpose and a magnetic core for the separation
purpose. Transition metal oxides can be used both as absorbents
to remove organic waste from water and as catalysts in subse-
quent catalytic combustion at a relatively low temperature. Fei
et al*** have successfully synthesized micrometre-scale manga-
nese oxide hierarchical hollow nanostructures, which displayed
a good ability in removing contamination (e.g. Congo red). The
high cost of the materials is a major drawback for the practical
applications, so synthesis of materials with low cost, high
adsorption abilities and easy recycling can retrench the cost in
wastewater treatment.

Zhai et al3' developed a method to construct ordered
magnetic core-manganese oxide shell nanostructures by simply
mixing manganese ferrite NPs and potassium permanganate
without any additional modification of the core. Two-dimen-
sional nanostructures of manganese oxides have grown on the
magnetic cores to constitute three-dimensional ordered struc-
tures, the inset of Fig. 35(A). It was found that the existence of
Mn in the core had a significant effect on the fabrication of the
symmetrical manganese oxide shell. Additionally, the as-
prepared magnetic materials had a strong magnetic force, which
can be magnetically separated effectively. The as-prepared
ordered magnetic core-manganese oxide shell NPs were used as
absorbents in wastewater treatment and Congo red was chosen
as a typical organic pollutant. The characteristic UV-vis
absorption of Congo red at 500 nm was chosen for monitoring
the adsorption process. When 90 mg adsorbent was used in
50 mL (80 mg L") Congo red solution, over 85% of the Congo
red can be removed within 60 min at room temperature, Fig. 35

4494 | Nanoscale, 2011, 3, 4474-4502

This journal is © The Royal Society of Chemistry 2011


http://dx.doi.org/10.1039/c1nr11000d

Published on 07 October 2011. Downloaded by University of Tennessee at Knoxville on 10/06/2016 02:57:56.

View Article Online

3 -
o 2-
(5]
c
©
L
e
o
w
Kol
< 1 -
D R | . I t I | b I ' L
200 300 400 500 600 700
Wavelength(nm)

Fig. 35 (A) Absorption spectra of a solution of Congo red in the presence of ordered magnetic core-manganese oxide shell nanoparticles at different
times: (a) 0 min; (b) 5 min; (c) 20 min; (d) 60 min; (e) 60 min after centrifugation and (f) 12 h; the inset shows the TEM image of the synthesized magnetic
core-manganese oxide shell nanoparticles. (B) Photos of absorption of congo red with different times by ordered magnetic core-manganese oxide shell

nanoparticles: (a) 0 min; (b) after mixing with the magnetic absorbents; (c) 5 min; (d) 30 min.

(A). Curve b in Fig. 35(A) indicates that most of the Congo red
has been adsorbed after 5 min. A clear change in the concen-
tration of Congo red can also be observed by the photographs
recorded at different times, Fig. 35(B). Similarly, boehmite
hollow core/shell and hollow microspheres prepared by Cai
et al.3'® also showed a high adsorption affinity toward organic
pollutants in water.

In some chemical processes, for example, organic synthesis,
synthetic fiber, textile processing, wood processing, and painting,
formaldehyde has often been emitted. Because of the large water-
solubility of formaldehyde, the wastewater of these chemical
processes generally contains the low concentration formaldehyde
(0.2-4.0 g L"), and sometimes even more than 10 g L~". Tt brings
great harm to the environment and human beings.?” Hence, an
effective way for the elimination of formaldehyde in the indus-
trial wastewater is particularly necessary. Ji et al.*'® synthesized
core-shell structured Cu/Fe;O04@Si0O, microsphere catalysts via
a two-step method. At first, the Fe;04,@SiO, microspheres were
synthesized using the nano-Fe;0y, as the core, tetraethyl ortho-
silicate (TEOS) as the silica source, and cetyl trimethyl ammo-
nium bromide (CTAB) as a surfactant. Secondly, the Cu nano-
grains, obtained by reducing copper ammonia complexes with
hydrazine hydrate, were supported on the surface of the

315

Fe;04@Si0, microspheres, Fig. 36. The surface embedded Cu
NPs are the active sites for the low-concentration formaldehyde
conversion to H, under mild reaction conditions. Since the Cu
NPs assemble on the surface of Fe;04@Si0,, the agglomeration
of the Cu NPs can be easily prevented. At the same time, the
catalysts can also be effectively separated and reused under
a magnetic field due to the presence of the Fe;O4 cores. The
observations indicated that the catalyst with 15 wt% of Cu
exhibited the best catalytic activity and the accumulative gener-
ation amount of H; reached 42 mL in 45 min. After recycling for
8 times, the catalyst still exhibited high catalytic activity.

Compared to other shells, carbon exhibits much higher
stability in harsh environments such as acidic or basic media3*32°
and better biocompatibility.’®! Regular shape and narrow
particle size distribution are necessary to maintain the dispersion
stability of the NPs in the solvents. The large specific surface area
of the carbon shell has the advantage to enhance the pollutant
treatment efficiency. Additionally, the mobility of the magnetic
NPs will enhance the treament ability and facilitate the nano-
particle recycling after pollutant treatment with an introduced
external magnetic field.

In this section, the applications of carbon shell in the heavy
metal removal and weakly biodegradable pollutants from the
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Fig.36 TEM images of (a) Fe304 particles, (b) Fe;04@Si0, magnetic microspheres, and (c) 15% Cu/Fe;04@Si0, catalyst. (Reprinted with permission

from Elsevier.)3'®

polluted water are illustrated. Hexavalent chromium Cr(vi) is
a commonly identified contaminant in soils and groundwater
because of its high toxicity and mobility.**® The maximum
permissible limit of total chromium in the drinking water has been
recommended as 0.1 mg L~ by the US Environmental Protection
Agency (EPA).32* A variety of methods have been developed to
remove Cr(vi) from wastewater such as solvent extraction, ion
exchange, osmosis, chemical precipitation, membrane separation
and adsorption.3?*3%5 Although these methods are efficient for Cr
(v1) removal, the cost is relatively high.’** Consequently, an
alternative adsorption is favorable and feasible because of its low-
cost and high efficiency.?*”-*?® Besides, adsorption can effectively
reduce heavy metals at low concentrations in wastewater when
compared with the chemical precipitation and electrochemical
methods.3?33° Activated carbon prepared from coconut wood,
lignin, petroleum and coke is one of the absorbents being used to
purify polluted water.**'*3> However, activated carbon has not
been able to reduce the concentration of contaminants at ppb
(part per billion) levels.®** Sun ef al.*** have also reported on the
removal of weakly biodegradable methyl orange by carbon-
encapsulated magnetic NPs.

Recently, Guo et al.**” have developed a facile way to fabricate
carbon coated Fe NPs from solid state chemistry with iron
nitrate as the iron precursor, inexpensive sodium chloride as the
spacer, and poly(vinyl alcohol) as the carbon precursor. A solid
rather than porous structure is observed by HRTEM and acidic
test. The removal of heavy metals by these hybrid materials is
found to be a physical adsorption rather than the redox between
Fe and heavy metal ions. Fig. 37 shows the adsorption process of
the heavy metal removal.

Sun et al*** have reported the removal of a weakly biode-
gradable methyl orange (MO) by using porous sphere compos-
ites made of carbon and magnetic NPs. This ability to remove the
pollutants was found to be effective even after four cycles of
adsorption and desorption tests. Fig. 38 shows the scheme of the
MO removal process.

Microcystins (MCs) such as MC-RR, MC-YR, and MC-LR
are disocyclic heptapeptides with molecular weights of about 1000
Da. MCs are extremely toxic and are produced in the cyano-
bacterial blooms widely occurring in many eutrophic waters.
Conventional approaches such as coagulation and sand filtration
are effective for the removal of the particulate cyanobacterial cells
but not for the dissolved toxins. Activated carbon can be used to

2-hour Treatment

Fig. 37 Schematic adsorption process of the heavy metal removal by C
coated Fe NPs.'

remove MCs, but it requires large carbon doses due to the defi-
ciency of the accessible mesopores for the adsorption of large
MCs.?* Chlorination and ozonation could be used to remove
MCs, but the required high dosage may result in the formation of
carcinogenic substances.**¢ Biological methods require a rela-
tively long reaction time and are thus not feasible.®*” To address
these problems, Deng ef al.3*® synthesized a sandwich structure
with a magnetite core, a nonporous silica layer in the middle layer,
and an ordered mesoporous silica phase with cylindrical channels
in the outer layer. The synthesis procedure and the corresponding
TEM and SEM images of the particles in each step are shown in
Fig. 39. Interestingly, the mesopore channels are found to be
perpendicular to the microsphere surface. The unique micro-
structures of the obtained microspheres make it a suitable
absorbent for MCs. First, the middle nonporoussilica layer could
protect the magnetite from etching in harsh application occasions.
Second, the mesoporous silica shell not only offers high specific
surface area for the derivation of numerous functional groups but
also provides large accessible pore volume for the adsorption and
encapsulation of the biomacromolecules and even functional NPs
(e.g., quantum dots). Notably, due to their unique perpendicular
orientation, the mesopore channels of the microspheres are
readily accessible, favoring the adsorption and release of the large
guest objects triggered by an external stimulus. With this novel
absorbent, the authors achieved extremely high removal effi-
ciencies of 95.4% for MC-RR, 97.2% for MC-YR, and 97.5% for
MC-LR within 60 s. Additionally, after extraction of the trapped
MCs with acetonitrile/water mixture, the microspheres can be
reused with an MC removal efficiency higher than 90% even after
being used for eight times.
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MPSC adsorbed by MO

Fig. 38 Proposed scheme for the removal of pollutants in water by magnetically mobilizing the porous magnetic composite sample: (I) the magnetic
composite is added into water polluted with MO to adsorb the pollutants; (II) the magnetic composite with adsorbed MO is separated from water by
a magnetic field, giving clear water; (I1I) the magnetic composite with adsorbed pollutants is transferred into ethanol to release the pollutants; (IV) after
almost complete desorption of the pollutants in ethanol, the regenerated magnetic composite is separated again by a magnetic field and can be used once
more to adsorb pollutants. (Reprinted with permission from John Wiley and Sons.)3*

(A)

TEOS CTAB Extraction
— — —
and TEOS of CTAB

i 3 re,0,@ns0, Fe,0,@nSi0,
Fe:0 F8.0.8n3i0; ‘g @CTAB/SIO, @msio,

Fig. 39 (A) The formation of Fe;O4@nSiO,@mSiO, microspheres; (B) TEM images of (a) Fe;04 particles, (b) Fe;04@nSiO,, (c—¢) Fe;O4@n-
SiO,@mSiO, microspheres, and (f) SEM image of Fe;O,@nSiO,@mSiO, microspheres. (Reprinted with permission from American Chemical
Society.)**®
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5. Conclusion, challenges and future trend

In this review, various fabrication approaches to create a shell
around the magnetic core NPs with different shell materials were
presented. The fabrication methods were classified into different
categories for the sake of simplicity. The effects of various shells
on the physical and chemical properties of the core-shell nano-
particles were analyzed. The possible applications of core—shell
NPs in catalysis, GMR sensor, electromagnetic radiation
shielding, biomedical field and environmental remediation have
been described. A comprehensive summary of the synthetic
methods and properties of core—shell NPs with relevant literature
references has been presented for the first time.

The wide potential applications of the core—shell nanoparticles
are predicted and are currently limited by the availability of large
quantities of these multifunctional nanoparticles. Methods for
large-scale production are demanding in order to achieve the
required porous or solid shell structures. The structural and
physical property compatibility between the core and shell
structural materials is rarely studied and is very important in
determining the stability of the whole unit. For example,
different values of the coefficient of thermal expansion (CTE)
between the core and shell will cause poor adhesion or cause
sintering to form alloys, which will limit these nanoparticles to be
applied in conditions requiring operations at high temperatures
or a broad temperature range. To improve the quality of the
core—shell nanoparticles is another trend of future research.
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