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1. INTRODUCTION

Nanomaterials have, by definition, one or more dimension in
the nanometer scale (e100 nm) range and subsequently show
novel properties from their bulk materials. The synthesis, char-
acterization, and applications of nanoparticles are among the
most important sections of the wide range of nanotechnology
areas falling under the general “nanotechnology” umbrella. In
recent years, nanoparticles have been the center of attention of
researchers in the field as the transition from microparticles to
nanoparticles was seen to lead to immense changes in the
physical and chemical properties of a material. The most
important characteristics, among many others, on a nanoscale
are as follows: First, the small size of the particles, which leads to
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an increased surface area to volume ratio and as a result the
domain where quantum effects predominate is entered. Second,
the increasing surface area to volume ratio leads to an increase in
the dominance of the surface atoms of the nanoparticle over
those in its interior.

The synthesis of nanoparticles is a complex process and hence
there is a wide range of techniques available for producing
different kinds of nanoparticles. The result is that it is impossible
to generalize all the synthesis techniques currently available.
However, broadly these all techniques essentially fall into three
categories: (i) condensation from vapor, (ii) synthesis by chemi-
cal reaction, and (iii) solid-state processes such as milling. By
using the above-mentioned techniques, not only pure nanopar-
ticles but also hybrid or coated nanoparticles (with hydrophilic or
hydrophobic materials depending on the suitability of the
applications) can be synthesized.

Initially researchers studied single nanoparticles because such
particles have much better properties than the bulk materials.
Later, in the late 1980s, researchers found that heterogeneous,
composite or sandwich colloidal semiconductor particles have
better efficiency than their corresponding single particles; in
some cases they even develop some new properties.1�3 More
recently during the early 1990s, researchers synthesized con-
centric multilayer semiconductor nanoparticles with the view
to improving the property of such semiconductormaterials.Hence
subsequently the terminology “core/shell” was adopted.4�6

Furthermore, there has been a gradual increase in research activity
because of the tremendous demand for more and more advanced
materials fueled by the demands of modern technology. Simulta-
neously the advancement of characterization techniques has also
greatly helped to establish the structures of these different core/
shell nanostructures. A statistical data analysis is presented in
Figure 1 to show the increasing trend of published research papers
in this area. These were collected in May 2011 from “Scifinder
Scholar” using the keyword “core/shell nanoparticle”.

1.1. Different Shaped Nanoparticles
The advances in new synthesis techniques make it possible

to synthesize not only the symmetrical (spherical) shape nano-
particles but also a variety of other shapes such as cube,7�14

prism,15,16 hexagon,7,8,17�20 octahedron,11,12 disk,21 wire,22�29

rod,22,30�37 tube,22,38�41 etc.
It is worth noting that most of the studies regarding different

shaped nanoparticles are in fact recent. Just as for the simple

nonspherical nanoparticles, different shaped core/shell nanopar-
ticles are also highly achievable as reported in some very recent
articles.42�46 The properties of nanoparticles are not only size
dependent but are also linked with the actual shape. For example,
certain properties of magnetic nanocrystals such as the blocking
temperature, magnetic saturation, and permanent magnetiza-
tion are all dependent on particle size, but the coercivity of the
nanocrystals totally depends on the particle shape because of
surface anisotropy effects.9,47 Different shaped magnetic nano-
crystals possess tremendous potential in helping our funda-
mental understanding of not only magnetism but also techno-
logical applications in the field such as high-density information
storage.9 Other nanoparticle physical and chemical properties
such as catalytic activity and selectivity,12,48�50 electrical51,52 and
optical properties,53,54 and melting point55 are also all highly
shape-dependent. In addition, other properties such as sensitivity
to surface-enhanced Raman scattering (SERS) and the plasmon
resonance features of gold or silver particles also depend on the
particle morphology.56

1.2. Classes of Core/Shell Nanoparticles
Nanoparticles can be categorized based on single or multiple

materials into simple and core/shell or composite nanoparticles.
In general, simple nanoparticles are made from a single material;
whereas, as the name implies, composite and core/shell particles
are composed of two or more materials. The core/shell type
nanoparticles can be broadly defined as comprising a core (inner
material) and a shell (outer layer material). These can consist of a
wide range of different combinations in close interaction, includ-
ing inorganic/inorganic, inorganic/organic, organic/inorganic,
and organic/organic materials. The choice of shell material of the
core/shell nanoparticle is generally strongly dependent on the
end application and use.

Different classes of core/shell nanoparticles are shown sche-
matically in Figure 2. Concentric spherical core/shell nanopar-
ticles are the most common (Figure 2a) where a simple spherical
core particle is completely coated by a shell of a differentmaterial.
Different shaped core/shell nanoparticles have also given rise to
immense research interest because of their different novel
properties. Different shaped core/shell nanoparticles are gener-
ally formed when a core is nonspherical as shown in Figure 2b.
Multiple core core/shell particles are formed when a single shell
material is coated onto many small core particles together as
shown in Figure 2c. Concentric nanoshells of alternative coating
of dielectric core and metal shell material onto each other (A/B/
A type) are shown in Figure 2d. Here nanoscale dielectric spacer

Figure 1. Publications per year for core/shell nanoparticles during the
period 1994 to May 2011 (Data collected from SciFinder Scholar
Database).

Figure 2. Different core/shell nanoparticles: (a) spherical core/shell
nanoparticles; (b) hexagonal core/shell nanoparticles; (c) multiple
small core materials coated by single shell material; (d) nanomatryushka
material; (e) movable core within hollow shell material.
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layers separate the concentric metallic layers These types of
particles are also known as multilayered metallodielectric nano-
structures or nanomatryushka and are mainly important for their
plasmonic properties.57�60 It is also possible to synthesize a
moveable core particle within a uniformed hollow shell particle
(Figure 2e) after a bilayer coating of the core material and just
removing the first layer by using a suitable technique.

1.3. Approaches for Core/Shell Nanoparticle Synthesis
Approches for nanomaterial synthesis can be broadly divided

into two categories: “top-down” and “bottom-up”. The “top-
down” approach often uses traditional workshop or microfabri-
cation methods where externally controlled tools are used to cut,
mill, and shape materials into the desired shape and order. For
example, the most common techniques are lithographic tech-
niques (e.g., UV, electron or ion beam, scanning probe, optical near
field),61�63 laser-beam processing,64 and mechanical techniques
(e.g., machining, grinding, and polishing).65�68 “Bottom-up”
approaches, on the other hand, exploit the chemical properties
of the molecules to cause them to self-assemble into some useful
conformation. The most common bottom-up approaches are
chemical synthesis, chemical vapor deposition, laser-induced
assembly (i.e., laser tapping), self-assembly, colloidal aggrega-
tion, film deposition and growth,69�71 etc. Currently neither
the top-down nor bottom-up approach is superior; each has
its advantages and disadvantages. However, the bottom-up
approach can produce much smaller sized particles and has
the potential to be more cost-effective in the future because of
the advantages of absolute precision, complete control over the
process, and minimum energy loss compared with that of a top-
down approach. Where the synthesis of core/shell nanoparticles
is concerned, since ultimate control is required for achieving
a uniform coating of the shell materials during the particle
formation, the bottom-up approach has proven more suitable.
A combination of the two approaches can also be utilized, such as
core particles synthesized by the top-down approach but then
coated by a bottom-up approach in order to maintain uniform
and precise shell thickness. To control the overall size and shell
thickness precisely, instead of employing a bulk medium using a
microemulsion is preferable because water droplets act as a
template or nanoreactor.

1.4. Importance of Core/Shell Nanoparticles
Core/shell nanoparticles are gradually attracting more and

more attention, since these nanoparticles have emerged at the
frontier between materials chemistry and many other fields, such
as electronics, biomedical, pharmaceutical, optics, and catalysis.
Core/shell nanoparticles are highly functional materials with
modified properties. Sometimes properties arising from either
core or shell materials can be quite different. The properties can
be modified by changing either the constituting materials or
the core to shell ratio.72 Because of the shell material coating,
the properties of the core particle such as reactivity decrease
or thermal stability can be modified, so that the overall particle
stability and dispersibility of the core particle increases.
Ultimately, particles show distinctive properties of the differ-
ent materials employed together. This is especially true of the
inherent ability to manipulate the surface functions to meet the
diverse application requirements.73,74 The purpose of the coating
on the core particle are many fold, such as surface modification,
the ability to increase the functionality, stability, and dispersi-
bility, controlled release of the core, reduction in consumption of
precious materials, and so on.

Current applications of different core/shell nanoparticles are
summarized in a review article by Karele et al.75 The individual
reports from different researchers also demonstrates the fact that
core/shell nanoparticles are widely used in different applications
such as biomedical76�79 and pharmaceutical applications,74

catalysis,73,80 electronics,4,81,82 enhancing photoluminescence,83�85

creating photonic crystals,86 etc. In particular in the biomedical field,
the majority of these particles are used for bioimaging,78,87�93

controlled drug release,93,94 targeted drug delivery,78,90,93�95 cell
labeling,78,96,97 and tissue engineering applications.94,98

In addition to the improved material properties, core/shell
materials are also important from an economic point of view. A
precious material can be coated over an inexpensive material to
reduce the consumption of the precious material compared
with making the same sized pure material. Core/shell nanopar-
ticles are also used as a template for the preparation of hollow
particles after removing the core either by dissolution or calcina-
tion. Nano- and microsized hollow particles are used for different
purposes such asmicrovessels, catalytic supports,99 adsorbents,100

lightweight structural materials,101,102 and thermal and electric
insulators.103

1.5. Scope of This Review
Reviews play an important role in keeping interested parties

up to date on the current state of the research in any academic
field. This review aims to focus on the development of the five
different aspects of core/shell nanoparticles. These are (i)
classes, (ii) properties, (iii) synthesis mechanisms, (iv) char-
acterization techniques, and (v) core/shell nanoparticle applica-
tions. Since core/shell nanoparticle synthesis and its applications
are relevant emerging research areas in nanotechnology, over the
last 2 decades different research groups have synthesized and
studied the properties and applications of these different core/
shell nanoparticles.

To date some researchers have also published some reviews as
well as book chapters104 in this field mainly highlighting some
specific material properties such as Au/polymer,105 polymer/
silica,106 silica/biomolecules,107 organic/inorganic,108 organic/
organic,74 organic coated core/shell,109 magnetic,90,110 semi-
conductor,111,112 etc. or applications of some specific core/shell
particles.113 Finally, keeping in mind the importance of ad-
vanced materials in today’s world, it is hoped that there is still a
strong demand for an extensive review with updated literature
on core/shell nanoparticles.

2. CLASSIFICATION OF CORE/SHELL NANOPARTICLES

There are large varieties of core/shell nanoparticles available
so far with a wide range of applications. As a result, the
classification of all the available core/shell nanoparticles, which
depends on their industrial applications or is based on some
other property, is a challanging task. In this review, we attempt to
classify the core/shell nanoparticles depending on their material
properties. In a broad sense, clearly the core or shell materials in a
core/shell particle are either made of inorganic or organic
materials. Depending on their material properties, the core/shell
nanoparticles can be classified into four main different groups: (i)
inorganic/inorganic; (ii) inorganic/organic; (iii) organic/inor-
ganic; (iv) Organic/organic.

2.1. Inorganic/Inorganic Core/Shell Nanoparticles
Inorganic/inorganic core/shell nanoparticles are the most

important class of all the different types of core/shell nanoparticles.
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Table 1. Class 1 Inorganic/Inorganic (Silica) Core/Shell Nanoparticles and Class II Inorganic/Inorganic (Nonsilica) Core/Shell
Nanoparticlesa

synthesis techniques and reagents used

core shell

core/shell method basic reagent method basic reagent ref

Class I: Inorganic/Inorganic (Silica) Core/Shell Nanoparticles

Metal Core

Au/SiO2 reduction by citric acid HAuCl4 sol�gel TEOS 114,115

reduction by NaBH4 HAuCl4 sol�gel TEOS 116,117

reduction by

sodium citrate

HAuCl4 hydrolysis Na2SiO3 118,119

gold sol sol�gel TEOS 120

reduction by

sodium citrate

HAuCl4 SiO2 121

reduction by

sodium citrate

HAuCl4 hydrolysis TEOS 122

Ag/SiO2 reduction by N2H4 AgNO3 St€ober method TEOS 123

reduction by NaBH4 AgClO4 hydrolysis Na2SiO3 124

reduction by glycol AgNO3 sol�gel TEOS 115

reduction by

sodium oleate.

AgNO3 St€ober method TEOS 125

Ni/SiO2 WEE Ni wire St€ober method TEOS 126

Ni/SiO2 reduction by citric acid NiCl2 3 6H2O St€ober method TEOS 127

Fe/SiO2 Fe powder St€ober method TEOS 128

Fe/SiO2 Fe powder SiO2 powder 129

Co/SiO2 cryogenic

melting method

Co metal St€ober method TEOS 130

hydrolysis CoCl2, PEG control hydrolysis Na2SiO3 131

FeNi/SiO2 cryogenic

melting method

Fe, Ni metal St€ober method TEOS 130

Metal Oxide Core

Fe3O4/SiO2 wet chemical reaction FeCl3, N2H4 sol�gel TEOS 132

wet chemical reaction FeCl3, FeSO4 hydrolysis Na2SiO3 133

wet chemical reaction FeCl3, FeSO4, commercial SiO2 134

TD Fe(C5H7O2)3 sol�gel TEOS 135

chemical reaction in

microemulsion

FeCl3, FeSO4, sol�gel reaction

in microemulsion

TEOS 136

ZnO/SiO2 precipitation Zn(CH3COO)2 2H2O hydrolysis TEOS 137

Metal Chalcogenide and Metal Salt Core

CdS/SiO2 precipitation in

microemulsion

Cd(NO3)2, (NH4)2S sol�gel method

in microemulsion

TEOS 138

precipitation in

microemulsion

Cd(NO3)2, (NH4)2S silica 121

precipitation in

microemulsion

Cd(NO3)2, (NH4)2S hydrolysis MPTMS 139

AgI/SiO2 precipitation AgCIO4, KI St€ober method MPTMS 140

CdTe/SiO2 precipitation Cd(ClO4)2, NaHTe hydrolysis Na2SiO3 141

CdSe/SiO2 precipitation Cd(ClO4)2, N,N-dimethylselenourea hydrolysis Na2SiO3 141

CdSe/CdS/

SiO2

precipitation Cd(ClO4)2, M N,

N-dimethylselenourea

hydrolysis Na2SiO3 141,142

CdSe/ZnS/SiO2 precipitation (CH3)2Cd, (TMS)2S, (TMS)2Se, TOPO hydrolysis (trihydroxysilyl)propyl

methylphosphonate

143
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Table 1. Continued

synthesis techniques and reagents used

core shell

core/shell method basic reagent method basic reagent ref

ZnS:Mn/SiO2 precipitation Zn(CH3COO)2 2H2O,

Mn(CH3COO)2 4H2O, Na2S

sol�gel method

in microemulsion

TEOS 144

ZnS:Mn/SiO2 ZnS:Mn alkaline hydrolysis Na2SiO3 145

CaCO3/SiO2 Ca(OH)2, CO2 hydrolysis Na2SiO3 145,146

Gd2O3:Tm
3+/SiO2 hydrolysis with

calcination

Tm(NO3)3 3 6H2O, Gd(NO3)3 3 6H2O sol�gel method

in microemulsion

TEOS 147

Yb3+/SiO2 hydrolysis with

calcination

Yb(NO3)3 3 6H2O sol�gel method

in microemulsion

TEOS 147

Zn2SiO4:Eu
3+/SiO2 hydrolysis with

precipitation

Zn(O2C2H3)2 3 2H2O,

EuCl3 3 6H2O, TEOS

Pechini sol�gel process TEOS 148

Class II: Inorganic/Inorganic (Nonsilica) Core/Shell Nanoparticles

Metal Core

Au/Ag reduction by

β-cyclodextrin

HAuCl4 reduction by

β-cyclodextrin

AgNO3 149

Au/Co reduction by

sodium citrate

HAuCl4 reduction by N2H4, H2O CoCl2 150

Au/Pt reduction by

sodium citrate

HAuCl4 electrochemical method Pt metal 151

Au/Pt reduction by

sodium citrate

HAuCl4 reduction by

ascorbic acid

H2PtCl6 152,153

Au/Pd reduction by

sodium citrate

HAuCl4 HCl treatment and

reduction by

ascorbic acid

PdCl2 154

Au/Pd reduction by CTAC HAuCl4 reduction by CTAC K2PdCl4 155,156

Au/Pd reduction by NaBH4 HAuCl4 reduction by NaBH4 PdCl2 157

Au/TiO2 reduction by

sodium citrate

in the presence of PVP

HAuCl4 reflux at high

temperature

TBOT 158

Au/Fe2O3 reduction by NaBH4 HAuCl4 TD Fe(CO)5 159

Au/CdSe reduction by N2H4,

H2O in microemulsion

HAuCl4 reduction of by N2H4 in

AOT microemulsion

HAuCl4, CdCl2,

Se powder

160

Au/CuI reduction by NaBH4 HAuCl4 electrochemical

deposition with solid

state precipitation

CuSO4, H2SO4, KI 161

Au/CdS reduction by NaBH4 HAuCl4 electrochemical

deposition with solid

state precipitation

CdSO4, Na2S 161

Au/C reduction HAuCl4 TD glucose 162

Ni/Ag reduction by NaBH4

in microemulsion

Ni(NO3)2 reduction by NaBH4

in microemulsion

AgNO3 163

Fe/Ag reduction by LiBEt3H FeCl2 reduction in organic

media

AgNO3 164

Ni/Pt reduction by NaBH4 Ni(CH3COO)2 reduction by NaBH4

and N2H4

H2PtCl4 3 6H2O 165

Fe,Cu/

Au, Pt, Pd, Ag

reduction by vitamin C Fe(NO3)3 3 9H2O, CuCl2 reduction by vitamin C Na2PtCl6 3 6H2O,

HAuCl4 3 3H2O,

AgNO3, PdCl2

166

Co/Au, Pd, Pt, Cu hydrothermal

decomposition

Co2(CO)8 reduction

transmetalation

Au precoursor Pd(hfac)2,

Pt(hfac)2, Cu(hfac)2

167
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Table 1. Continued

synthesis techniques and reagents used

core shell

core/shell method basic reagent method basic reagent ref

Fe/Pt reduction by NaBH4 FeSO4 reduction

transmetalation

K2PtCl4 168

Ag/C reduction AgNO3 TD glucose 169

Fe/C reduction with CVD Fe3O4 carbon 170

Fe/C microwave treatment ferrocene, silicon wafer microwave treatment ferrocene 171�173

Ni/C TD Ni(C5H7O2)2 TD Ni(C5H7O2)2 172

Ag/Ag2Se reduction by

sodium citrate

AgNO3 TD with precipitation KNCSe, AgNO3, 174

Pd/PdO SMAD method Pd foil partial oxidation in air core Pd 175

Co/CdSe high-temperature TD Co2(CO)8 precipitation Cd(CH3)2, Se 176

Cu/Cu2O WEE Cu wire oxidation Cu 177

Au/CdS reduction by

sodium citrate.

HAuCl4 precipitation Cd(NO3)2, H2S 85

FePt/CdS TD with reduction Fe(CO)5, Pt(C5H7O2)2 precipitation sulfur, Cd(C5H7O2)2 178

Fe58Pt42/

Fe3O4

reduction with TD Pt(C5H7O2)2, Fe(CO)5 TD Fe(C5H7O2)3,

1,2-hexadecanediol,

oleic acid, oleylamine

179

Zn/ZnO Zn powder oxidation Zn powder 180

Nonmetallic Core

C/Au hydrothermal

degradation

glucose reduction HAuCl4 162

CNT/SnO2 multiwalled CNTs hydrolysis in acid media SnCl2 181

Metal Oxide Core

Fe3O4/Au solvothermal method Fe(C5H7O2)3, phenyl ether,

OA, oleylamine

hydrolysis with TD Au(OOCCH3)3,
1,2-hexadecanediol,

OA, oleylamine

182

Fe3O4/Au solvothermal method FeCl3 3 6H2O, sodium acrylate,

CH3COONa

reduction by

Na3C6H5O7, NaBH4.

HAuCl4 183

Fe3O4/Au wet chemical reaction FeCl3 reduction by NaBH4 HAuCl4 184

Fe3O4/SiO2/Al2O3 wet chemical reaction FeCl3, FeSO4 sol�gel method

with precipitation

TEOS 133

Fe3O4/SiO2/TiO2 wet chemical reaction FeCl3, FeSO4 sol�gel method TEOS, TBOT 133

Fe3O4/TiO2 wet chemical reaction FeCl3 3 6H2O, FeCl2 3 4H2O precipitation Ti(SO4)2, CO(NH2)2 185

Fe3O4/C hydrothermal reaction FeCl3 hydrothermal

decomposition

organic polymer 186

FexOy/C wet chemical reaction Fe(NO3)3 3 6H2O TD glucose 187

ZnO/Ag ZnO photodegradation

under UV light

AgNO3 188

ZnO/Ag hydrothermal reaction Zn(COOCH3)2 2H2O TD with precipitation SnCl2, AgNO3,

triethanolamine

189

ZnO/TiO2 commercial ZnO sol�gel method TBOT 190

Cu2O/Au reduction by N2H4 Cu(NO3)2 reduction by N2H4 HAuCl4 191

SiO2/Au commercial SiO2 TD Au(en2)Cl3 192

SiO2/

Zn2SiO4:Mn2+
modified St€ober method TEOS precipitation and

annealing

Zn(O2C2H3)2 3 2H2O,

Mn(O2C2H3)2

193

SiO2/Ca10
(PO4)6OH:Eu

3+

Ca(NO3)2 3 4H2O,

EuCl3 3 6H2O,

(NH4)2HPO4

193

Fe2O3/Au forced hydrolysis in

KH2PO4 solution

FeCl3 3 6H2O reduction by

formaldehyde

HAuCl4 194
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Table 1. Continued

synthesis techniques and reagents used

core shell

core/shell method basic reagent method basic reagent ref

MgO/Fe2O3 modified aerogel/

hypercritical drying/

dehydration method

Mg(OCH3)2 TD Fe(C5H7O2)3 195

CaO/Fe2O3 bulk CaO TD Fe(C5H7O2)3 195

La2/3Sr1/3MnO3

(LSMO)/Au

sol�gel method Mn(CH3COO)2 H2O,

diethylenetriaminepentaacetic acid

reduction by OA Au(OCOCH3)2 196

Metal Chalcogenide Core

ZnS:Mn/ZnO hydrothermal

decomposition

Zn(CH3COO)2 2H2O,

Mn(CH3COO)2 3 4H2O,

CH3CSNH2

alkaline hydrolysis Zn(NO3)2 197

CdS/Ag precipitation Cd(NO3)2, Na2S precipitation followed

by reduction by Na2SO3

AgNO3, KBr,

p(methylamino)

phenol sulfide

5

Inorganic (Semiconductor)/Inorganic (Nonsemiconductor) Core/Shell Nanoparticles

CdSe/SiO2 precipitation Cd(ClO4)2 3 6H2O, NaHTe hydrolysis Na2SiO3 141

CdTe/SiO2 precipitation with reflux Cd(ClO4)2, NaHTe hydrolysis Na2SiO3 141

CdSe/

CdS/SiO2,

precipitation with reflux Cd(ClO4)2 3 6H2O, NaHTe hydrolysis Na2SiO3 141

CdSe/

CdS/SiO2

precipitation with

SILAR method

Cd(CH3)2, Se powder,

TBP, (TMS)2S

modified St€ober method TEOS 142

CdSe/ZnS/SiO2 precipitation Cd(CH3)2, Se,

TOP, Zn(CH3)2, (TMS)2S

sol�gel method (trihydroxysilyl)propyl

methylphosphonate

143

CdS/SiO2 coprecipitation Cd(NO3)2, (NH4)2S hydrolysis MPTMS 139

CdS/SiO2 precipitation in

microemulsion

Cd(NO3)2, (NH4)2S direct coating with core

through coupling agent

APTMS, active silica 121

CdS/SiO2 mixing of two

microemulsions

Cd(NO3)2, (NH4)2S sol�gel in microemulsion TEOS 138

AgI/SiO2 precipitation AgClO4, KI modified St€ober method

using NaOH as

a catalyst

MPS 140

CdS/TiO2 precipitation Cd(NO3)2 3 4H2O, Na2S 3 9H2O, sol�gel reaction IPOT 198

ZnS/TiO2 precipitation Na2S 3 9H2O, Zn(NO3)2 sol�gel reaction IPOT 198

CdSexTe1�x/

ZnS/SiO2

CdSexTe1�x coated ZnS modified St€ober method

using NaOH catalyst

MPS 199

Inorganic (Semiconductor)/Inorganic (Semiconductor) Core/Shell

CdSe/ZnS precipitation in

microemulsion

Cd(ClO4)2, (Si(CH3)3)2Se precipitation in

microemulsion

Zn(ClO4)2, Na2S 81

ZnS/CdSe precipitation in

microemulsion

Zn(ClO4)2, Na2S precipitation in

microemulsion

Cd(ClO4)2, (Si(CH3)3)2Se 81

CdS/PbS precipitation Cd(NO3)2, Na2S, PVP precipitation Pb(NO3)2, Na2S 200

CdS/CdSe precipitation Cd(NO3)2, H2S, (NaPO3)6 precipitation Cd(NO3)2,

H2Se, (NaPO3)6

201

CdS/HgS precipitation CdCl2, (NH4)2S reduction HgCl2, (NH4)2S 202

CdS/Ag2S precipitation in

microemulsion

Cd(NO3)2, reduction in

microemulsion

AgNO3, (NH4)2S 203,204

CdS/ZnS precipitation in

microemulsion

Cd(OCOCH3)2, (NH4)2S SILAR method Zn(OCOCH3)2, (NH4)2S 82

CdS/HgS/CdS precipitation Cd(ClO4)2, H2S,

sodium polyphosphate

SILAR method Hg(ClO4)2, H2S,

Cd(ClO4)2

83
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Table 1. Continued

synthesis techniques and reagents used

core shell

core/shell method basic reagent method basic reagent ref

CdSe/CdS precipitation Cd(NO3)2, H2Se, (NaPO3)6 precipitation Cd(NO3)2, H2S, (NaPO3)6 201

CdSe/CdS precipitation Cd(ClO4)2, N,

N-dimethylselenourea,

sodium citrate

SILAR method thioacetamide, silicone oil 205

CdSe/CdS precipitation CdO, stearic acid,

liquid paraffin, TBP-Se

high temperature

ion exchange

TBP-S 206

CdSe/CdS precipitation Cd(CH3)2, Se powder, TBP precipitation Cd(CH3)2, (TMS)2S 207

CdSe/ZnS precipitation Cd(CH3)2, Se, TOP precipitation at

high temperature

Zn(CH3)2, (TMS)2S 208

CdSe/ZnS precipitation with TD Cd(CH3)2, TOPSe precipitation at

inert atmosphere

Zn(C2H5)2, (TMS)2S 209

CdSe/CdS precipitation in

microemulsion

CdCl2, NaHSe, precipitation in

microemulsion

CdCl2, Na2S 210

CdSe/CdS/ZnS precipitation Cd(CH3COO)2, TOPSe,

H2S, HDA-TOPO-TOP

SILAR method Zn(C2H5)2,

hexane, (TMS)2S

211

CdSe/ZnSe/ZnS precipitatiuon Cd(CH3COO)2, Zn(C2H5)2,

TOPSe, HDA-TOPO-TOP

SILAR method Zn(C2H5)2,

hexane, (TMS)2S

211

CdSe/ZnSe precipitation Me2Cd, TOPSe, TOP- TOPO SILAR method Zn(C2H5)2, TOPSe 212

CdSe/ZnTe reduction with

precipitation

CdCl2 3 2.5H2O, NaBH4 and Na2SeO3 precipitation Zn(C2H5)2, TOPTe 213

CdTe/CdS precipitation NaHTe, Cd(ClO4)2 3 6H2O, thiols precipitation Cd(ClO4)2 3 6H2O, H2S 214

CdTe/CdS precipitation CdCl2, hydrogen telluride gas,

thiol

precipitation CdCl2, GSH,

thioacetamide (TAA)

215

CdTe/CdSe precipitation CdCl2 3 2.5H2O, NaHTe reduction with

precipitation

CdCl2 3 2.5H2O,

NaBH4 and Na2SeO3

213

CdTe/CdSe reduction with

precipitation

CdCl2 3 2.5H2O, MPA,

trisodium citrate dihydrate,

Na2TeO3, NaBH4

precipitation at

high temperature

CdCl2, MPA, NaBH4 216

PbTe/CdSe precipitation Pb(CH3COO)2, OA,

Te powder, TOP

precipitation reaction Cd(CH3COO)2, OA 217

ZnSe/CdSe precipitation in

microemulsion

Zn(ClO4)2, BisTMS-Se precipitation in

microemulsion

Cd(ClO4)2, bisTMS-Se 4

CdS/Ag2S precipitation in

microemulsion

CdBr2, (NH4)2S precipitation in

microemulsion

AgNO3, (NH4)2S 218

Zn1�xCdxSe/ZnS reduction with

SILAR method

Se, NaBH4, Na2S 3 9H2O,

CdCl2 3 2.5H2O,

Zn(CH3COOH)2 3 2H2O

SILAR method Na2S 219

Lanthanide Inorganic/Inorganic Core/Shell

Au/SiO2/Y2O3:Eu
3+ reduction,

St€ober method

HAuCl4, TEOS, PVP direct coating at

alkaline condition

Y2O3, Eu2O3, HNO3 220

Fe3O4,γ-Fe2O3/

NaYF4:Yb,Er

coprecipitation FeCl2, FeCl3 coprecipitation NaF, YCl3, YbCl3,

ErCl3, EDTA

221

SrS:Ce/ZnO reduction precipitation SrSO4, Na2S2O3,

(Ce)2NO3, activated charcoal

oxidation Zn powder 222

CePO4:Tb/LaPO4 coprecipitation CeCl3 3 7H2O, TbCl3 3 6H2O,

tributylphosphate

coprecipitation at

high temperature in

inert atmosphere

LaCl3 3 7H2O, H3PO4 223

LaF3/Eu coprecipitation NH4F, La(NO3)3 3 6H2O ion exchange method Eu(NO3)3 3 6H2O 224

LnF3:Eu
3+/

La(NO3)3

precipitation with doping Ln(NO3)3, NH4F, Eu
3+ salt self-deposition method La(NO3)3 224�226
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These types of particles are widely used for the improvement of
semiconductor efficiency, information storage, optoelectronics, cata-
lysis, quantum dots, optical bioimaging, biological labeling, etc.
Furthermore, of the different types of inorganic/inorganic nanoparti-
cles, it canbe seen that, in general, both the cores and shells aremadeof

metal, metal oxide, other inorganic compounds, or silica. Depending
on the nature of the shell material, core/shell particles can be broadly
classified into two categories: either silica-containing ones or those
comprised of any other inorganic material. The different inorganic/
inorganic materials are listed in Table 1 according to their category.

Table 1. Continued

synthesis techniques and reagents used

core shell

core/shell method basic reagent method basic reagent ref

β-NaYF4:Yb
3+,

Er3+/β-NaYF4

precipitation (CF3COO)Na, (CF3COO)3Y,

(CF3COO)3Yb, (CF3COO)Er

precipitation with

self-deposition

(CF3COO)Na,

(CF3COO)3Y

227

LaPO4:Er/Yb precipitation followed

by doping of Er

in microeemulsion,

calcination

La(NO3)3 3 6H2O, H3PO4, Er(NO3)3 coprecipitation with

calcination

Y(NO3)3 228

β-NaYF4:Yb,Tm/

β-NaYF4:Yb,Er

precipitation at

alkaline condition

YCl3, YbCl3, TmCl3, NH4F precipitation at

alkaline condition

YCl3, YbCl3, ErCl3 229

LaF3/Eu0.2La0.8F3 coprecipitation La(NO3)3, fluorine/ADDP coprecipitation Eu(NO3)3, La(NO3)3 230

LaPO4:Eu
3+/LaPO4 doping in excess

phosphate

LaPO4, EuPO4 self-coating LaPO4 231

aAbbreviations: MPS, 3-(mercaptopropyl)trimethoxy silane; TOPO, trioctylphosphine oxide; CTAC, cetyltrimethylammonium chloride; hfac,
1,1,1,5,5,5-hexafluoroacetylacetonate; SMAD, solvated metal atom dispersion; APTMS, (3-aminopropyl) trimethoxysilane; MPTMS, 3-(mercapto-
propyl) trimethoxy silane; TBP, tributylphosphine; (TMS)2S, bis-trimethylsilane sulfide; TOP, tri-n-octylphosphine; HDA-TOPO-TOP, hexadecy-
lamine-tri-n-octylphosphine oxide-(tri-n-octylphosphine); TOP-TOPO, trioctylphosphine-trioctylphosphineoxide; MPA, 3-mercaptopropionic acid;
bisTMS-Se, bis(trimethylsilyl) selenide; ADDP, ammonium di-n-octadecyldithiophosphate; WWE, wire electric explosion; PVP, polyvinylpyrrolidone;
Fe(C5H7O2)3, iron(III) acetylacetonate; Pt(C5H7O2)2, platinum(II) acetylacetonate; Cd(C5H7O2)2, cadmium(II) acetylacetonate; Na3C6H5O7,
trisodium citrate; Ca(NO3)2 3 4H2O, calcium nitrate tetrahydrate; EuCl3 3 6H2O, europium chloride hexahydrate; (NH4)2HPO4, ammonium hydrogen
phosphate; IPOT, titanium isopropoxide or isopropyl orthotitanate; OA, oleic acid.

Figure 3. (a) UV�visible absorption spectra of aqueous dispersions containing Au/SiO2 core/shell nanoparticles with different shell thicknesses (t).
The gold cores are 50 nm in diameter for all samples. (b, c) Transmission and reflectance spectra taken from photonic crystals crystallized fromAu/SiO2

core/shell particles. The incident light was perpendicular to the (111) planes of these face-center-cubic crystalline lattices for all measurements.
Reprinted with permission from ref 120. Copyright 2002 American Chemical Society.
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2.1.1. Inorganic/Inorganic (Silica) Core/Shell Nanopar-
ticles. The silica coating used on a core particle has several
advantages. The most basic advantages of the silica coating
compared with other inorganic (metal or metal oxide) or organic
coatings are as follows: It reduces the bulk conductivity and
increases the suspension stability of the core particles. In addi-
tion, silica is the most chemically inert material available; it can
block the core surface without interfering in the redox reaction at
the core surface. Silica coatings can also be used to modulate the
position and intensity of the surface plasmon absorbance band since
silica is optically transparent. As a result, chemical reactions at the
core surface can be studied spectroscopically. Therefore, researchers
have concentrated more on silica coatings on different inorganic
corematerials such asmetals,114,116�119,121,123,126,130,131,232�234 binary
inorganic composites,130,144,235 metal oxides,132,134,135,236 and metal
salts121,139�142,146 than any other combination.
Among the possible metal cores, many researchers have studied

the noble metals such as Au114,116�119,121 and Ag123�125 coated
with silica. In addition, different metals such as Ni,126 Co,130,131

and Fe128,129 and binary metal composites such as Fe�Ni130,235

have also been studied. Silica-coated gold particles are synthe-
sized using a slightly modified St€ober (or sol�gel) process in the
presence of Au template as the core. Characterization techniques
used for these particles include SEM, TEM, AFM, XPS, and
UV spectroscopy.114,116,118,120 According to the literature, by

controlling the experimental parameters such as coating time,
concentration of reactants, catalyst, and other precursors, the
shell thickness from 20 to 100 nm can be controlled. The
spectroscopic characterization of the core/shell particles show
that with increasing shell thickness the intensity of the UV
absorbance increases and the reflectance shifts toward the higher
wavelength region as shown in Figure 3.114,116,120 This method
has been modified further in order to control the uniform
thickness of the silica on the nanosilver (Ag) core particles.124

Other researchers extended it further for coating onto Pt and
CdS nanoparticles.139 When the particles were synthesized in a
microemulsion system, it was found that with the increasing
molar ratio of water to surfactant (R = [water]/[surfactant]), the
core size increases. Particle size distribution is also wide because
of more intermicellar exchange (as shown in Figure 4a). The shell
thickness also increases with R because of the increasing avail-
ability of water molecules for the hydrolysis of TEOS.123 On the
other hand, for a fixed R value, if the molar volume ratio of water
to TEOS (H = [water]/[TEOS]) increases then the shell
thickness decreases because of decreasing TEOS concentration
(as shown in Figure 4b). Uniform sized spherical core/shell
particles as shown in Figure 5 were obtained. Silver/silica
particles can be used in fluorescence imaging, where the region
of emission again depends on the thickness of the silica
coating.123 Cha et al.125,232 synthesized silica-coated Ag core/
shell nanoparticles from AgNO3 using a different route. They
used sodium oleate to form a siver�oleate complex and later
decomposed the oleate complex by heating it at 300 �C for 2 h
and then directly used it for coating silica, which in turn was
synthesized from TEOS by a modified St€ober method.
The magnetic properties of other silica-coated cores, such as

Fe, Ni, Co, Fe3O4, or a Fe�Ni alloy compound, were also studied
in the presence of external magnetic fields.130,131,134,235,237 The

Figure 4. (a) Size of the Ag clusters with changing R ratio and (b)
variations of the thicknesses of SiO2 layers (rL) as a function ofH atR = 4
and X ([NH4OH]/[TEOS]) = 1.
Reprinted with permission from ref 123. Copyright 1999 American
Chemical Society.

Figure 5. TEM micrographs of Ag/SiO2 nanocomposites synthesized
atX = 1 andH = 100 and at different water contents: (a)R = 2; (b) R = 4;
(c) R = 6; (d) R = 10.
Reprinted with permission from ref 123. Copyright 1999 American
Chemical Society.
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saturation magnetization (MS) of inert material-coated magnetic
core/shell particles decreases compared with that of the naked
uncoated magnetic particles, and this may be because of the
intrinsic properties of the nanoparticle surface.130,134,238,239

Magnetic nanoparticle synthesis using wet chemical processes
in aqueous systems is easy, but there is the disadvantage of the
difficulty of making a stable dispersion in such aqueous or related
biological systems. Silica-coated magnetite particles, on the other
hand, are well dispersed and more biocompatible when used for
biological applications.132,134�136Thehysteresis loopdoes not follow
the same path as for naked magnetic particles when coated with an
inert material (shown in Figure 6a). The temperature-dependent in-
phase and out-of-phase magnetic susceptibility deceases because of a
decrease in the magnetic anisotropic constant (K) in the presence of
a silica coating on Fe3O4 nanoparticles (shown in Figure 6b,c).
Similarly, the magnetic susceptibility decreases by almost 10 times in
the presence of an applied external magnetic force (shown in
Figure 6d,e). This may be because the surface atoms of the magnetic
material are blocked.134 Other nonmagnetic materials such as Mn
with ZnS,144,145 as well as metals,132,135,136,240 are also used as core
materials for silica coated core/shell particle synthesis.
2.1.2. Inorganic/Inorganic (Nonsilica) Core/Shell Nano-

particles. Apart from silica, various metals and metal oxides
can also be used as shell materials. Similar to gold as the core
material, core/shell particles with gold as the shell material have
also been well studied by many researchers.182,183,192,194,241,242

Gold coating on any particles enhances many physical proper-
ties,such as the chemical stability by protecting the core material
from oxidation and corrosion, the biocompatibility, the bioaffi-
nity through functionalization of amine/thiol terminal groups,
and the optical properties.182,192 Other shell metals such as
Ni,150 Co,150 Pd,154,156 Pt,151,152,168,243 and Cu244 are also
important for some specific applications in the field of catalysis,
solar energy absorption, permanent magnetic properties, etc.
The surface-enhanced Raman scattering (SERS) activity of Pd
metal is low compared with that of Au, Ag, or Cu. However, the
SERS activity can be increased by choosing a suitable core such
as Au. Again this activity decreases with the increasing thickness

of the shell material.152,154 Metal nanoshells have recently been
developed as a new class of nanoparticles. They are composed of
a dielectric core, possibly silica-coated, with a nanorange me-
tallic layer, which is typically gold. Similar to the size-dependent
color of pure gold nanoparticles, the optical response of gold
nanoshells depends dramatically on the relative size of the core
nanoparticle as well as the thickness of the gold shell.245 By
varying the relative core and shell thicknesses, the color of such
gold nanoshells can be varied across a broad range of the optical
spectrum spanning the visible and the near-infrared spectral
regions as shown in Figure 7. The result is that the gold

Figure 6. Magnetic properties of ten-layer LBL (layer by layer) films from silica-coated (b) and uncoated (4) magnetite: (a) hysteresis loops and (b,c)
temperature and (d,e) magnetic field dependence of in-phase and out-of-phase parts of magnetic susceptibility.
Reprinted with permission from ref 134. Copyright 1999 Wiley-VCH.

Figure 7. (a) Optical resonances of SiO2/Au core nanoshells as a
function of their core/shell ratio and (b) visual appearance of gold
nanoshells with different thickness.
Reprinted with permission from ref 245. Copyright 2004 Adenine Press.
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nanoshell may prove useful for biomedical imaging in future
applications.
Pure magnetic nanoparticles have, however, some disadvan-

tage for direct use in some specific areas. The main disadvantages
are (i) the particles have a high tendency to aggregate, (ii) these
particles can undergo rapid biodegradation when directly
exposed to biological systems, and (iii) if the particles are not
stable enough, the original particle structures may change in
the presence of other external magnetic fields. As a result, magne-
tic nanoparticles with different inert inorganic coatings have
gained in importance. These classes of nanoparticles are used as
magnetic resonance imaging (MRI) contrast agents, in the
magnetic separation of oligonucleotides, in other biocomponent
applications, and finally as magnetically guided site-specific drug
delivery systems.182 More recently, biomagnetic nanoparticles
where both core and shell have magnetic properties are being
used for more advanced applications. This class of particles is
mainly used to fabricate devices for novel nanomagnetic applica-
tions because it also allows a precise engineering of the magnetic
properties by selectively tuning anisotropy, magnetization, and
the dimensions of both core and shell. Some commonly studied
systems are FePt/Fe3Pt and FePt/Fe3O4.

179,246

Core/shell nanoparticles are also used to enhance the adsorption
capacity for environmental remediation applications.Anexample is the
Fe2O3 coating on MgO and CaO nanoparticles, which can enhance
the adsorption capability of toxicmaterials, such as SO2 andH2S, from
the environment compared with that of pure MgO and CaO.195,247

2.1.3. Semiconductor Core/Shell Nanoparticles. Semi-
conductor nanoparticles are also known as quantum dots
(QDs). One definition, describes a quantum dot as a semi-
conductor where excitons (electron and hole) are confined
within all three spatial dimensions. The recommended band
gap for semiconductor particles is normally greater than that
for conductor materials but less than 4 eV, which are those
normally found in insulating materials. In the early years of this
research, pure group IVA (Si, Ge) elements were used as the
semiconductor material, whereas later, compounds of different
element groups, such as IIIA�VA, IIB�VIA, and IB�VIIA,
also became popular as semiconductor materials. The lattice
spacing of these different materials is almost the same with the
only difference the fact that the bonds have a partially ionic
character. This increases to a certain extent moving from left to
right in the periodic table. Because of overlapping of the
valence and conductance bands of two elements, the band
gap also changes; either increasing or decreasing with respect
to the pure semiconductor. The band gaps of some common
semiconductor materials are given in Table 2. For the pure
elements within a particular group, it can be seen that as we
move from top to bottom the band gap decreases. Similarly, for
the compounds of a particular element if other elements are
changed in a group, the band gap gradually decreases while
moving from top to bottom.
With respect to the core/shell nanoparticles discussed in this

section, either both the core and shell are made of semicon-
ductor materials or one is a semiconductor and the other is a
nonsemiconductor material. So, depending on the material
properties used the semiconductor core/shell nanoparticles
can be classified as follows: (i) semiconductor/nonsemicon-
ductor core/shell nanoparticles or (ii) semiconductor/semi-
conductor core/shell nanoparticles. Both types of particles are
used for medical or bioimaging purposes,88,89,91,92 enhancment
of optical properties,5,59,83�85,120,160,215,258�261 light-emitting
devices,262 nonlinear optics,263,264 biological labeling,96,97,265

improving the efficiency of either solar cells266,267 or the storage
capacity of electronics devices,268 modern electronics field
applications,269,270 catalysis,271 etc.

Table 2. Electronic Band Gaps for Different Materials

material symbol band gap (eV) ref

silicon Si 1.11 248

germanium Ge 0.67 248

silicon carbide SiC 2.86 248

aluminum phosphide AlP 2.45 248

aluminum arsenide AlAs 2.16 248

aluminum antimonide AlSb 1.6 248

gallium(III) nitride GaN 3.4 248

gallium(III) phosphide GaP 2.26 248

gallium(III) arsenide GaAs 1.43 248

gallium antimonide GaSb 0.7 248

gallium(II) sulfide GaS 3.05 249

indium(III) nitride InN 1.8 250

indium(III) phosphide InP 1.35 248

indium(III) arsenide InAs 0.36 248

zinc oxide ZnO 3.37 251

zinc sulfide ZnS 3.6 248

zinc selenide ZnSe 2.7 248

zinc telluride ZnTe 2.25 248

cadmium sulfide CdS 2.42 248

cadmium selenide CdSe 1.73 248

cadmium telluride CdTe 1.49 252

lead(II) sulfide PbS 0.37 248

lead(II) selenide PbSe 0.26 253

lead(II) telluride PbTe 0.31 254

copper(I) oxide Cu2O 1.2 255

silver bromide AgBr 2.5 256

titanium dioxide TiO2 3.03 for rutile 257

3.18 for anatase

Figure 8. Relative viability of Hela cells in the presence of (a) only TiO2

NPs, (b) only Fe3O4/TiO2 core/shell NPs, (c) only ultraviolet irradia-
tion, (d) only blue-light irradiation, (e) TiO2 NPs and ultraviolet
irradiation, (f) Fe3O4/TiO2 core/shell NPs and blue-light irradiation,
(g) external magnetic field, Fe3O4/TiO2 core/shell NPs, and blue-light
irradiation.
Reprinted with permission from ref 185. Copyright 2008 Elsevier Ltd.
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2.1.3.1. Semiconductor/Nonsemiconductor or Nonsemi-
conductor/Semiconductor Core/Shell Nanoparticles. Either
the core or shell of this type of particles is made of a semicon-
ductor material with the remaining layer either metal, metal
oxide, silica, or any other inorganic material.139,143,145,185,272

These semiconductor/nonsemiconductor core/shell nanoparti-
cles are also important among the different inorganic/inorganic
core/shell nanoparticles because of their suitability for more
advanced applications in a wide range of fields extending from
electronics to biomedical. Pure semiconductor nanoparticles or
quantum dots are also represented in a new class of fluorescently
labeled compounds with unique advantages compared with other
fluorescent probes (organic dye or proteins).273 These semi-
conductor materials are preferably used in photoluminescence
(PL) applications, because the fluorescent emission spectra of
these particles can be tuned by changing the particle size. As a
result, a single wavelength light can be used for the simultaneous
excitation of all the different sized quantum dots. The main
advantage of these particles is the fact that they have dual
properties. Among the different types of nonsemiconductor/
semiconductor nanoparticles, the “magnetic core with semicon-
ductor shell core/shell nanoparticles” are more versatile185,272

because of their magnetic and fluorescence properties. The
photocatalytic effect of magnetic core semiconductor shell
particles is higher than that of pure semiconductor particles.
He et al.185 studied the photocatalytic effect of pure TiO2 and
Fe2O3/TiO2 core/shell particles in malignant tumor therapy.
They used cervical carcinoma Hela cells as a model for checking
the efficacy of particles for apoptosis in the presence of different
external driving forces (shown in Figure 8). The results show that
the survival capacity of the tumor cells is minimal for core/shell
particles in the presence of magnetic fields and blue light
irradiation. They also studied the effect of particle concentra-
tion on apoptosis, and the results indicate that with increasing
core/shell nanoparticle concentration, the efficiency increases.
However, above a certain concentration the efficiency once
again is reduced. This leads to the conclusion that an optimum
particle concentration is required in order to achieve maximum
efficiency.
2.1.3.2. Semiconductor/Semiconductor Core/Shell Nano-

particles.Over the past 2 decades, instead of using either a single
semiconductor material or semiconductor/nonsemiconductor
core/shell material, researchers have been using semiconduc-
tor/semiconductor core/shell materials to improve the efficiency
and decrease the response time. Of particular interest is where
both the core and shell are made of a semiconductor material or a
semiconductor alloy.81,83,111,201,203,211,217,274,275 These types of
particles are used as either binary materials with core and shell or
tertiary materials, that is, a core with a double shell coating. In
most common core/shell quantum dots, the core and shell are
mainly made of alloy materials. Apart from reviewing the relevant
research papers, different aspects of the semiconductor/semi-
conductor core/shell materials have also been extensively re-
viewed by Reiss et al.112 The main advantages of such particles
are the fact that because they have an external coating of another
semiconductor material, this increases optical activity and photo-
oxidation stability.
Depending on their relative energy levels of the valence and

conductance bands and the band gap of the core and shell
materials, these semiconductor/semiconductor core/shell nano-
particles can also be classified into three different groups.

2.1.3.2.1. Shell Materials with Higher Band Gaps (Type I). In
this category, the energy band gap of the shell material is wider
than the band gap of the core material. The electrons and holes
are confined within the core area because both the conduction
and the valence band edges of the core are located within the
energy gap of the shell.276 As a result, the emission energy, hωPL,
is determined by the energy gap of the core material (Eg1).
Figure 9a schematically shows this type I structure, where the
conduction band of the shell is of higher energy (the higher band
gap material) than that of the core. The valence band of the shell
is also at a lower energy than that of core. This arrangement of
energy levels is essential in order to confine electrons and holes
within the core material. The shell is used to passivate the surface
of the core with the goal of improving its overall optical proper-
ties. Another role of the shell is to separate the more optically
active core surface from its surrounding environment. The wider
band gap shell material increases the stability against photo-
bleaching of the semiconductor core. However, the increasing
thickness of the shell layer reduces thematerial surface activity of the
core surface; as a result, quantum yield also reduces. With increas-
ing shell layer thickness, a small red shift (5�10 nm) occurs for
the UV�vis absorption spectra and the PLwavelength compared
with that of uncoated core. These types of semiconductor particles
especially those made from CdSe/CdS,89,201,205�207,210,277

CdSe/ZnS,208,209,278 or CdTe/CdS215 materials, have been
extensively studied by different research groups. Liu and Yu215

studied the absorption and emission spectra of CdTe and CdS-
coated CdTe nanoparticles and results showed that the absorp-
tion and emission peak positions are shifted to a higher wave-
length with increasing reaction time (shown in Figure 10a,b).
This is a result of the coating of CdS, the higher band gap
material, on the lower band gap material, CdTe. In this case, the
QY initially increases, but again with increasing reaction time, QY
decreases because of the increase in shell thickness. The QYs of
the core/shell nanoparticles depend on the pH of the reaction
media as shown in Figure 10c. This may be because of the release
of sulfur atoms from the organic sulfur supplier, glutathione
(GSH), at higher pH values, which leads to a more uniform
coating. In addition, Cd also reacts withGSH to formCd-GSH or
Cd(GSH)2, which can prevent an increase in QY.
2.1.3.2.2. Shell Materials with Lower Band Gaps (Reverse

Type I). This group is the reverse of the one discussed above. In
this group, the narrower band gap shell material is grown over the
wider band gap core material. In this case, both hole and electron
charges are partially delocalized on the shell materials and
emission wavelengths can be tuned by changing the thickness

Figure 9. (a) Type I and (b) type II semiconductor/semiconductor
core/shell materials. Sem1 = core material, Sem2 = shell material.
Reprinted with permission from ref 276. Copyright 2007 American
Chemical Society.
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of the shell. Within this category, the most extensively studied
systems are CdS/CdSe111,201,275 and ZnS/CdSe.81 Here the
types of particles have low quantum yields and higher resistance
against photobleaching, whereas the quantum yield can be
improved by coating another semiconductor material of a wider
band gap. For example, the quantum yield (QY) of CdSe- coated
CdS core/shell nanoparticles in aqueous media is 20%. Further
coating with a higher band gap material (CdS) means the QY
improves to 40%.279

2.1.3.2.3. Core, Shell Band Gap Staggered Type (Type II).
The third group of this category is called type II. A type II QD, in
contrast to type I, has both the valence and conduction bands
of the core either lower or higher than those in the shell. As a
result, one carrier is mostly confined to the core, while the other
is mostly confined to the shell. Therefore, the energy gradient
existing at the interfaces tends to spatially separate the electrons
and holes on different sides of the heterojunction.213,276 A
schematic diagram of a type II QD is shown in Figure 9b.
Because of the spatial separation of the electrons and holes, this
type of QD is expected to have many novel properties, including
longer exciton decay times than type I. For example, these
structures can allow access to wavelengths that would otherwise
be unavailable for a single material. In addition, type II nano-
crystals are more suitable for photovoltaic or photoconduction
applications because of the separation of charges in the lowest
excited states. The energy gap in this type of material (Eg12) is
determined by the energy separation between the conduction-
band edge of one semiconductor and the valence band edge of
the other semiconductor. Eg12 can be related to the conduction
(Uc) and valence (Uv) band energy offsets at the interface by the
following equation:

Eg12 ¼ Eg1 �Uv ¼ Eg2 �Uc ð1Þ

where Eg1 and Eg2 are the band gaps of semiconductors 1 and 2,
respectively. In this case, emission is lower than the band gap of
either semiconductor.
Here, since the effective band gap of the core/shell particle is

lower compared with the corresponding pure core and shell
materials, the possibility of manipulating the optical properties by
tuning the shell thickness is easy for these types of particles.
Therefore, the emission color is shifted toward spectral ranges280

that are difficult to attain for other types of particles. Photo-
luminescence decay time of these types of particle is higher
compared with type I semiconductor particles. Some common
examples of these types of particles are CdTe/CdSe,213,281�283

CdTe/CdS,284 ZnTe/CdS,285 PbTe/CdTe,217 ZnTe/ZnSe,280

CdSe/ZnSe,4,212,213,286 PbSe/CdSe,287 ZnSe/CdSe,288 and
CdS/ZnSe.276 It can be observed that in most of these examples
one component is aTe-based compound. In general, one pro-
blem associated with Te-containing compounds is a tendency
toward oxidation, which in turn reduces chemical stability.
Klimov and co-workers288,289 synthesized core/shell nanocryst-
als (NCs) with a wide energy gap (Eg = 2.74 eV at 300 K) where
the core semiconductor material (ZnSe) is surrounded by a shell
of narrower energy gap (Eg = 1.73 eV at 300 K) material (CdSe).
ZnSe/CdSe is a reverse type I core/shell nanoparticle, but
according to their observations, the core to shell transition can
be tuned by controlling the shell thickness. They observed that
with increasing shell thickness the transition from type I (both
electron and hole wave functions are distributed over the entire
nanocore) to type II (electron and hole are spatially separated
between the shell and the core, but there is a higher probability
that the hole is found in the core than in the shell) and back to
type I (both electron and hole primarily reside in the shell)
(reverse type I, according to the convention adopted in this
paper) localization regimes. Figure 11 shows an interesting
example of a ZnSe/CdSe core/shell nanoparticle; here the type
I or type II properties of the material depends on the shell
thickness for a fixed core radius. This material also shows a high
emission quantum yield (QY) of up to 80�90%.

Figure 10. Typical temporal evolution of the (a) absorption and (b)
corresponding emission spectra of thiopronin (TP)-capped CdTe and
TP-capped CdTe/CdS QDs with thioacetamide (TAA) as the sulfur
source. Curves a�g represents the (a) absorption and (b) correspond-
ing emission spectra of CdTe/CdS QDs under reaction for 10 min,
30 min, 1 h, 2 h, 4 h, 7 h, and 10 h, respectively. Curve h represents the
(a) absorption and (b) corresponding emission spectra of CdTe NCs.
The excitation wavelength is at 400 nm. TheCdTe core template
photoluminesce emission peaked at 518 nm. (c) QYs of the TP-capped
CdTe and GSH-capped CdTe/CdS QDs as a function of PL peak
position at different pH.
Reprinted with permission from ref 215. Copyright 2009 Elsevier Ltd.
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The efficiency of semiconductor nanomaterials is mainly
decided by two important parameters, namely, the quantum
yield (QY) and the response time. The quantum yield is defined
as the ratio of photons emitted being adsorbed by the semi-
conductor material. Normally, for single semiconductor particles
synthesized in an aqueous phase, the quantum yield is very low
but when the particular material is coated by a composite
semiconductor material with a high energy band gap semicon-
ducting material, the quantum yield increases.207�209,211,271 As
an example, the QY of naked core CdS nanocrystals is 3�6%, but
after being coated with ZnS the core/shell CdS/ZnS nanocryst-
als show a QY of 20�30%.290 For CS (core/shell) semiconduc-
tor particles, if the response time decreases, then the overall
efficiency increases and the emission spectra shift toward the
visible region; as a result, detection becomes easy. In general, CS
semiconductor particles of type I and reverse type I have low
quantum yields and in addition type II particles have low photo-
oxidation stabilities. In order to improve these two properties,
the CS particles are again coated with another semiconductor
material to form a multilayer semiconductor material.
2.1.3.3. Core/Multishell Semiconductor Nanoparticles. The

relative energy levels of VB and CB for multilayer heterogeneous
semiconductor particles are schematically presented in Figure 12.
The main advantages of multilayer semiconductor nano-
particles are higher quantum yield, higher photoluminescence
efficiency, improved optical properties, increased half-life times
of the semiconductor materials, easy detection of emission
spectra because they are shifted toward higher wavelength in
the visible range, photo-oxidation stability, improved appropriate
electronic properties (band gap, band alignment), and finally
better structural (lattice mismatch) properties than unlayered CS
particles. One definition for the term lattice mismatch refers to
“the situation where two materials having different lattice con-
stants are brought together by deposition of one material on top

of another”.The advantage of lattice mismatch between the core
and shell material is that the shell can grow to a significant
thickness without losing its luminescence properties. Over the
past few years, researchers have concentrated mainly on this type
of particle because of their exciting applications. The concept of a
multilayer semiconductor particle was first developed by
Eychm€uller et al.291 Later the same group as well as many other
research groups published in this area.83,111,292�301 In multilayer
QDs, such as core, double shell (CSS) materials, if a smaller band
gap semiconductor material is embedded between a core and the
outer shell of the material with the larger band gap, the particle is
called a quantum dot quantum well (QDQW) (as shown in
Figure 12). The selection of core and shell materials is carried
out mainly taking into consideration the band gap as well as
the lattice structure of the material used to form the CSS semi-
conductor particles. Some examples are CdSe/CdTe/ZnSe,297

CdSe/CdS/Zn0.5Cd0.5S/ZnS,
299 InAsxP1�x/InP/ZnSe,

298 InAs/
CdSe/ZnSe,300 CdSe/HgTe/CdTe,301 CdS/HgS/CdS,83

CdSe/CdS/ZnS,211 CdS/CdSe/CdS,302 and CdSe/ZnS/CdSe.279

The concept of the multishell semiconductor has been exten-
sively documented by Dorfs and Eychmuller.111 Alternate multi-
layered CdS/HgS/CdS is another example of a QDQW studied
by many researchers.83,291,303,304 The photo or optical stability of

Figure 12. Schematic representation of the energy-level alignment in
different CSS structures and in a QDQW system. The height of the
rectangle represents the band gap energy, and their upper and lower
edges correspond to the positions of the conduction and valence band
edge, respectively, of the core (center) and shell materials.
Reprinted with permission from ref 112. Copyright 2009 Wiley-VCH.

Figure 11. Three different localization regimes of ZnSe/CdSe QD in
the case of a fixed core radius and different shell widths: (a) thin shell
where both electron and hole wave functions are delocalized over the
entire hetero-NC (reverse type I (C/C) regime); (b) intermediate shell
where the hole wave function is still delocalized over the entire
heterostructure, while the electron is confined primarily to the shell
(type II (S/C) regime); (c) thick shell with both the electron and the
hole localized mostly in the shell (type I (S/S) regime) (reverse type I,
according to convention of this paper).
Reprinted with permission from ref 288. Copyright 2004 American
Chemical Society.

Figure 13. (a) Schematic diagram of an onion-like structure of alternate
multifold CdS (1.7 eV)/CdSe (2.5 eV) structure and its corresponding
energy diagram. (b) UV�vis absorption and PL spectra. (c) Corre-
sponding luminescence image for the samples under UV lamp irradia-
tion.
Reprinted with permission from ref 310. Copyright 2006 American
Chemical Society.
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this multilayered particle is comparable to that of CdS/HgS
because of the further coating of the high band gap compound
CdS. For the same reason, the quantum yield also increases.
Here, since the particles of the low band gap compound HgS
(ΔE = 2.1 eV) are sandwiched between the high band gap
compound CdS (ΔE = 2.42 eV), the electrons are confined
within the HgS layer and form a quantum well. Subsequently,
different research groups studied similar multilayer quantum
wells such as ZnS/CdS/ZnS305 and CdS/CdSe/CdS.306 The
types of particles used in them were synthesized by SILAR
(successive ionic layer adsorption and reaction) techniques.299,307

The “reverse of QDQW”, that is, a high band gap material
sandwiched between low band gap semiconductor materials, has
also been studied. In the case of CdSe/ZnS/CdSe,279,308

with CSS type semiconductor particles, because of the higher
band gap of the inner ZnS material, both the core and the outer
CdSe layer emit two different wavelengths of light. This type
of phenomena is used to generate white-light-emitting diodes
(WLEDs) bymulticolor emission within the range.308,309 In their
theoretical studies, Nizamoglu and Demir308 showed sponta-
neous multicolor emission frommultilayered heteronanocrystals

of onion-like (CdSe/ZnS)/CdSe/ZnS [(core)/shell/shell]
structures (QDQW). The schematic diagram of an onion-like
structure of alternate multifold CdS/CdSe structure as well as
corresponding energy diagram, UV�vis and PL spectra, and
luminescence image of the samples are shown in Figure 13a�c,
respectively. As shown in the figure, the outermost shell plays an
important role in PLQYs, and PL lifetimes of the core/multishell
nanoparticles. In this specific case, the PL QY increases when the
outmost shell is CdS; however, that with CdSe shell decreases
dramatically.
2.1.4. Lanthanide Nanoparticles. Some of the problems

associated with semiconductor QDs include oxidization and
quenching, as well as toxicity to the human body, and this hinders
their use in specific applications. The light emission effect of QDs
also depends on size. Furthermore, at present, QDs are prohibi-
tively expensive for most commercial applications. Other than
semiconductor QD materials and organic light-emitting materi-
als, lanthanide-doped dielectric nanoparticles, such as TiO2:Eu

3+,
NaYF4:Yb,Er, and LaPO4:Er,Yb, also have light emission
effects. As a result, replacing QDs for biolabeling by rare earth-
doped inorganic/inorganic core/shell particles is another
option. Therefore, more recently researchers have been trying
to dope rare earth materials onto dielectric materials for light
emission purposes. Study of inorganic/inorganic core/shell
nanoparticles with rare earth ions is currently an area of great
research interest. Various research groups have also studied
the optical properties and the stability of these types of
particles.220,221,223�225,227�230,311�314 The core of this type of
particle is made of one or more of the lanthanide group elements,
and the shell is made of silica or any other lanthanide group
element. Some of the advantages of these particles are a high
emission efficiency equivalent to the bulk materials, being easily
dissolved in common solvents, and finally being able to attach
onto polymeric matrices.315 In addition, these types of particles
are also fluorescently active, emit light in the visible range, which
is easy to detect, are less toxic compared with semiconductor
QD particles, and are water-soluble. Hence these are more
suitable for biological applications. The doping of any lantha-
nide metal ion onto the base lanthanide salt also improves the
photoluminescence intensity. Xi et al.312 studied lanthanide
core/shell nanoparticles where LaF3 is the base material for
both core and shell, but Ce3+, Tb3+ doping on the core and
coating with the same LaF3 material was shown to improve the
emission intensity at least 2-fold as shown in Figure 14 a.312 The
photoluminescence intensity also depends on the concentration
of the doping materials. Normally, with increasing dopant
concentration the PL intensity of the light also increases. For
example, the doping of Eu onto TiO2 with up to 20% Eu
concentration, the PL intensity of the light first increases but
then decreases on further increasing the concentration of Eu (as
shown in Figure 14b).

Figure 14. (a) Emission spectra of LaF3:Ce
3+, Tb3+ NCs (I) and LaF3:

Ce3+, Tb3+/LaF3 core/shell NCs (II); inset, photographs showing green
fluorescence from these two samples. (b) The comparison of the room
temperature photoluminescence (PL) and photoluminescence excita-
tion (PLE) spectra of nanocrystalline TiO2:Eux powders as a function of
the amount of Eu.
(a) Reprinted with permission from ref 312. Copyright 2009 Elsevier
Inc. (b) Reprinted with permission from ref 313. Copyright 2006
Elsevier Ltd.

Figure 15. Particles stabilized by (a) the electrostatic layer and (b) steric
repulsion.
Reprinted with permission from ref 78. Copyright 2008 American
Chemical Society.
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Table 3. Class I, Magnetic Core/Organic Shell Nanoparticles (Class IA, Metal Core, and Class IB, Metal Oxide Core) and Class II
Nonmagnetic Core/Organic Shell Nanoparticles (Class IIA, Metal Core, Class IIB, Metal Oxide Core, and Class IIC, Metal Salt
and Metal Chalcogenide Core)a

synthesis techniques and reagents used

core shell

core/shell method basic reagent method basic reagent ref

Class I: Magnetic Core/Organic Shell Nanoparticles

Class IA: Metal Core

Fe/PIB TD Fe(CO)5 PIB 325

Fe/PS TD Fe(CO)5 PS 325

Fe/dextran wet chemical reaction FeCl3 dextran 326,327

Class IB: Metal or Metalloid Oxide Core

Fe3O4/PEG coprecipitation FeCl3 PEG (mol wt. 4000) 77

Fe3O4/PEGMA coprecipitation FeCl3 3 6H2O, FeCl2 3 4H2O RAFT PEGMA 328

Fe3O4/PLA coprecipitation FeCl3 3 6H2O, FeCl2 3 4H2O ring-opening

polymerization

L-lactide 329

Fe3O4/PGMA/PS coprecipitation FeCl3, NaNO2 polymerization GMA, EDMA 330

Fe3O4/MPEG wet chemical reaction FeCl3 3 6H2O, FeCl2 3 4H2O MPEG (mol wt. 5000) 184

Fe3O4/starch starch

Fe3O4/PEO�PPO�
PEO block polymer

reduction FeCl3 block polymer

PEO�PPO�PEO

331

Fe3O4/poly(2-hydroxyethyl methacrylate)-

graft-poly(ε-caprolactone)

hydrothermal

degradation

Fe(OCOCH3)3 polymerization pentamethyldiethylenetriamine 332

Fe3O4/PEG wet chemical reaction FeCl2 3 4H2O, FeCl3 3 6H2O PEG-400 333

Fe2O3/polyorganosiloxane coprecipitation FeCl2, FeCl3 polycondensation TMMS, DEDMS, ClBz-T 334

γ-Fe2O3/PEI+PEO�PGA coprecipitation FeCl2, FeCl3 SP PEO�PGA 335

γ-Fe2O3/poly(2-MAOETIB) precipitation iron oxide, gelatin EP 2-MAOETIB 336

iron oxide�SiO2 composite/PS Massart method

with St€ober method

FeCl2, FeCl3, TEOS polymerization styrene 337

CoFe2O4/DTPA�CS low-temperature

solid-state method

CoCl2 3 6H2O,

FeCl3 3 6H2O, NaCl

emulsion cross-linking

polymerization

CS, DTPA 338

Class II: Nonmagnetic Core/Organic Shell Nanoparticles

Class IIA: Metallic Core

Au/aryl polyether reduction HAuCl4 self-assembly disulfide dendrons 339

Au/PSS and PDADMAC reduction HAuCl4 layer by layer coating PSS, PDADMAC 340

Au/organosilica reduction HAuCl4 St€ober method TEOS 341

Au/PSMA gold sol copolymerization methacrylic acid, styrene 342

Ag/PS reduction AgNO3 EP styrene 105

Ag/TC reduction AgNO3 TC 343

Ag/sulfonated polyaniline reduction AgNO3 sulfonated polyaniline 169

Ag/PEG�HA hybrid nanogels reduction AgNO3 precipitation

polymerization

MEO2MA, PEGDMA 344

Ag�Au/

PEG�HA hybrid nanogels

galvanic replacement

of Ag by Au in Ag/

PEG�HA hybrid

nanogels

HAuCl4

Class IIB: Metal or Metalloid Oxide Core

ZrO2/PMMA alkaline hydrolysis

in microemulsion

ZrO(NO3)2 EP MMA 345

SiO2/PMMA St€ober method TEOS EP MMA 346

SiO2/PS St€ober method TEOS PS 347

SiO2/poly(3-aminophenylboronic acid) St€ober method TEOS polymerization APBA 348
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Particles consisting of a magnetic core iron oxide coated with
ytterbium (Yb) and erbium (Er) codoped with sodium yttrium
fluoride (NaYF4:Yb,Er) have both magnetic and high fluores-
cence properties, as well as good bioaffinity.221 This type of
nanoparticle shows high luminescence and has potential applica-
tion in the field of electronics and bioimaging.221,228,313

2.2. Inorganic/Organic Core/Shell Nanoparticles
Inorganic/organic core/shell nanoparticles are made of metal,

a metallic compound, metal oxide, or a silica core with a polymer
shell or a shell of any other high density organic material. The
advantages of the organic coating on the inorganic material are
many fold. One example is the fact that the oxidation stability of
the metal core is increased when otherwise the surface atoms of
the metal core can be oxidized to the metal oxide in a normal
environment.316,317 In addition, they exhibit enhanced biocom-
patibility for bioapplications.318�321 The polymer-coated inor-
ganic materials have a broad spectrum of applications, ranging
from catalysis to additives, pigments, paints, cosmetics, and
inks.322 In many applications, the particles are coated to stabilize
them in the suspensionmedia, and the stability of such a colloidal
suspension depends mainly on the attractive and repulsive forces
between the particles. There are four different types of forces:
(i) van der Waals forces, (ii) induced short-range isotropic
attractions, (iii) electrostatic repulsion, and (iv) steric repulsion.

Depending on the synthesis media, the electrostatic and steric
repulsion forces can be controlled (schematically shown in
Figure 15) and hence the aggregation of the nanoparticles can
be prevented.78,323 For aqueous media electrostatic and for
organic media steric repulsion forces predominate where particle
stabilization is concerned. Therefore, in order to control these
forces a uniform coating of a suitable material is essential.
The topic of metal, semiconductor, or metal or metalloid oxide
core nanoparticles with high density polymer or hyperbranched
polymer shell coatings has been extensively reviewed by
Advincula.324 Depending on the material properties of the core
particles, they can be broadly classified into two different groups:
(i) magnetic/organic and (ii) nonmagnetic/organic core/shell
nanoparticles. Different inorganic/organic core/shell nanoparti-
cles are listed in Table 3 according to their classified category.
2.2.1. Magnetic/Organic Core/Shell Nanoparticles.

Magnetic nanoparticles with any polymer coating are usedmainly
for magnetic recording,361 magnetic sealing,362 electromagnetic
shielding, MRI,87,90,93,363,364 and especially in the biological field
for specific drug targeting, magnetic cell separation, etc.90,365�367

Magnetic core particle synthesis using wet chemical processes is
very common184,368�371 because of the advantages of obtaining
good crystallinity and magnetization. The principal problem
encountered is the formation of bigger size particles (order of
micrometers). The stability of the magnetic nanoparticles under

Table 3. Continued

synthesis techniques and reagents used

core shell

core/shell method basic reagent method basic reagent ref

SiO2/PS sol�gel TEOS DP styrene 349

SiO2/PS St€ober method TEOS polymerization styrene, MPTMS 350

SiO2/chitosan silica commercial chitosan 351

TiO2/PS2 sol�gel TIP, TMAO polymerization styrene, PMDETA 352

TiO2/PS sol�gel TIP, TMAO, OA ligand exchange PS2 352

Sb2O3/PMMA/PVC polymerization Sb2O3 and MMA PVC 353

TiO2�SiO2/PMMA hydrolysis silicic acid, TiCl4 polymerization MMA 354

SnO2/graphene high temperature

reflux

SnCl2, H2O, PEG reduction graphene oxide 355

Class IIC: Metal Salt and Metal Chalcogenide Core

CaCO3/PS CaCO3 EP styrene 356

CdS/thiol precipitation CdSO4, H2S thiol 357

CdS/PMMA high-temperature

TD

Cd�oleylamine

complexes, sulfur

DP MMA 358

Mn-doped CdSe/

hexadecylamine

reduction with

precipitation

CdCl2, Se powder,

MnCl2 3 4H2O

hexadecylamine 359

ZnSe/ascorbic acid reduction

precipitation

ZnCl2, Se powder ascorbic acid 360

aAbbreviations: PIB, polyisobutylene; TD, thermal decomposition; RAFT, reversible addition�fragmentation polymerization; PEGDMA, poly-
(ethylene glycol) dimethacrylate; PSMA, polystyrene methacrylate; PEA, poly(ethylene amine); MAOETIB, 2-methacryloyloxyethyl(2,3,
5-triiodobenzoate); PEO-PGA, poly(ethylene oxide)-block-poly(glutamic acid); PEO�PPO�PEO, poly(ethylene oxide)�poly(propylene oxide)�poly-
(ethylene oxide); TIP, titanium isopropoxide; TMAO. trimethylamine-N-oxide; MPTMS, methacryloxypropyltrimethoxysilane; APBA, 3-aminophe-
nylboronic acid; MEO2MA, 2-(2-methoxyethoxy)ethyl methacrylate; PSS, poly(styrenesulfonate); PDADMAC, poly(diallyldimethylammonium
chloride); GMA, glycidyl methacrylate; EDMA, ethylene glycol dimethacrylate; CVD, chemical vapor deposition; SP, suspension polymerization;
PEGMA, poly(ethylene glycol) monomethacrylate; PLA, polylactide; PGMA/PS, poly(glycidyl methacrylate)/polystyrene; MPEG, methoxypoly-
(ethylene glycol); CoFe2O4, cobalt ferrite; DTPA, diethylenetriaminepentaacetic acid; CS, chitosan; TMMS, trimethoxymethylsilane; DEDMS,
diethoxydimethylsilane; ClBz-T, (chloromethylphenyl)trimethoxysilane; TC, 3,30-disulfopropyl-5,50-dichlorothiacyanine sodium salt; PMDETA,
pentamethyldiethylenetriamine; PS2, phosphonate-terminated polystyrene; OA, oleic acid.
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an external high applied magnetic field is very important for
in vivo biological application as well as in other fields. Therefore,
in order to get a higher suspension stability of the particles by
reducing the agglomeration, the magnetic nanoparticles are
coated with different organic materials. Hydrophilic poly-
mers76,77,184,367 and polysaccharides87,326,372�374 among others
are very common. The stability of the magnetic nanoparticles has
been extensively reviewed by Laurent et al.78 Poly(ethylene
glycol) (PEG) is a water-soluble biocompatible polymer, which
has been studied by different researchers with a view to examining it
as a magnetic particle coating because of its greater biocompatibility.
Balakrishnan et al.76 synthesized magnetic iron (Fe) core parti-
cles in aqueous media using the chemical reduction of FeCl2 with
sodium borohydride and coated with amine-terminated poly-
(ethylene glycol) (aPEG). They mainly studied the effects of the
reactant concentration on particle size, crystallinity, and mag-
netic properties. According to their results, the particles become
more amorphous with increasing reactant concentration. These
types of particles can be used for the magnetic separation of
biochemical compounds, cells, and also for controlled drug release
within the body.93 Both the crystalline structure and the compo-
sition of core magnetite nanoparticles can sometimes change
during the coating process. As an example, magnetic Fe3O4

particles partially changed to α-Fe2O3 after applying a very thin
surface coating of PEG outer shell (as shown in Figure 16).77

Dextran, a polysaccharide polymer composed of exclusively
R-D-glucopyranosyl units with varying degrees of chain length
and branching, is also widely used as a shell coating.326,372�376

Dextran is used as a polymeric shell because of its high bio-
compatibility. It in turn increases the biocompatibility of the
magnetic nanoparticles to the extent that they can be used in
in vivo applications. Side-chain-functionalized dextran coated
ultrasmall superparamagnetic iron oxides (USPIO) show a
prolonged blood residence time, which allows these USPIO
particles to access the macrophages located in deep pathological
tissues (such as lymph nodes, kidney, brain, osteoarticular
tissues, etc.).326,327 Dextran-coated Fe nanoparticles are also
used for labeling red blood cells (RBC) in cell separation studies
using high gradient magnetic chromatography (HGMC).327

Recently, a special interest on superparamagnetic iron oxide
nanoparticles (SPIONs) has emerged because of their high biocom-
patibility and the fact they exhibit less residues. In fact the magnetic
property of these particles vanishes after the removal of the external
magnetic field.77,376�382 As a result, the aggregation tendencies,
because of interaction between the particles, are fewer and hence,
particles can be more easily removed from the blood circulation
system. At the same time, these particles are less toxic comparedwith
other metal or metal oxide nanoparticles.381,383 Mikhaylova et al.184

synthesized SPIONs with three different biocompatible coatings:
starch, methoxypoly(ethylene glycol) (MPEG), and gold (Au).
According to them, the particle size does not change significantly
on the shell material but the crystallinity strongly depends on the
shell material. In the presence of a Au coating, the particles are more
crystalline comparedwith thosewith anorganic or evenno coating. A
comparison of two organic coatings reveals that the MPEG-coated
particles are more crystalline than starch-coated particles (shown in
Figure 17).
2.2.2. Nonmagnetic/Organic Core/Shell Nanoparticles.

These particular types of nanoparticles are equally important to
organic-coated magnetic nanoparticles because of their wide
range of applications. The nonmagnetic inorganic materials can
be further subdivided into metal, metal oxide, and metal salt
particles coated with different organic materials. These will now
be discussed in the following sections.
2.2.2.1. Metal/Organic Core/Shell Nanoparticles. Different

metal/organic composite particles play an important role in biolog-
ical applications, since their surfaces are rich in functional groups can

Figure 18. A comparison of the absorption spectra of Ag/TC core/shell
nanoparticles in aqueous solutions, obtained for an average diameter of
Ag core of 7 nm (solid line) and 10 nm (dotted line).
Reprinted with permission from ref 343. Copyright 2008 Elsevier Ltd.

Figure 16. XRD pattern of naked Fe3O4 and PEG-coated Fe3O4.
Reprinted with permission from ref 77. Copyright 2009 IEEE.

Figure 17. Powder X-ray diffraction patterns of (a) Au-coated,
(b) MPEG-coated, (c) uncoated, and (d) starch-coated SPIONs: (/)
Au peaks; (9) MPEG peaks.
Reprinted with permission from ref 184. Copyright 2004 American
Chemical Society.
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be easily tailored for bioconjugation purposes.340,342,384 Nanoscale
noblemetals such asAu andAg have attracted considerable attention
because of their unique optical properties involving localized surface
plasmon resonance.385The external field can createRaman scattering
or surface fluorescence from nanoparticles consisting of Au or Ag
core coated with the cyanide dye, the J-aggregate of 3,30-
disulfopropyl-5,50-dichlorothiacyanine sodium salt (TC). These
particles have been studied for potential applications as sensors
and bioimaging materials.343 The J-aggregate is a type of dye that
has a specific absorption band that shifts to a longer wavelength
with increasing sharpness (a higher absorption coefficient) when
it aggregates under the influence of any external field such as a
solvent or additive, and the emission occurs from this dye
because of supramolecular self-organization with high intensity
light. Results show that for a decrease in core size (10�7 nm) for
core/shell nanoparticles, there is a red shift of 4 nm for both the
absorbance peaks (shown in Figure 18). Au coated with polyani-
line (PANI) is used as a biosensor for sensing the glucose in living
systems.386 Polymer-coated Au metal shows second harmonic
generation (SHG) properties.342 Second harmonic generation
(SHG) is a nonlinear optical process in which a monochromatic
light impinges on a surface lacking symmetry and can lead to the
generation of light at a frequency twice that of the incident light
(i.e., the second harmonic) and half the wavelength of the initial
photons. They also studied the SHG properties of a chemically
linked naphthyl styryl chromophore with polymer-coated gold
particles and found an increase to 21%( 9% compared with the
polymer only compound.342 A polymer-coated Ag nanocompo-
site material is utilized as a high-dielectric constant (K) polymer

matrix in order to enhance the dielectric properties of such
composite materials.387,388

2.2.2.2. Metal or Metalloid Oxide/Organic Core/Shell Nano-
particles. The formation of metal oxide nanoparticles using a
chemical reaction is an easy task. However, maintaining the
smaller sized particles in a dispersing media is difficult, because of
their high tendency for growth and agglomeration. The best
method for solving this problem is to coat the particles with a
monolayer of polymer coating, which can be easily removed when
required.389 Organic materials coated with different metal oxides,
especially transition metal oxides, are very important because of
their excellent applications in the fields of catalysis,390 optics,391�393

controlled release,394 material additives (filler),395�398 and so on.
A schematic presentation of organic monolayer coatings on inor-
ganic core particles is shown in Figure 19a. The most common
polymers used as organic coatings on silica cores are poly(methyl
methacrylate) (PMMA),346,354,399 polystyrene (PS),347 poly(3-
aminophenylboronic acid),348 and poly(vinyl chloride) (PVC).353

Polymer-coated silica nanoparticles increase colloidal stability
and are broadly used in optical devices, sensors, catalysis,
controlled release, material additives (fillers), and electrical
devices. The schematic diagram of polymer coatings on silica
cores is shown in Figure 19b.347,348,400

Natural polymers such as cellulose are used as a coating on
TiO2 nanoparticles to improve the pigment properties. Polystyrene-
coated TiO2 is used for the fabrication of higher capacitance
(K) gate dielectric for flexible electronics applications.352

Polymer-coated inorganic particles such as calcium phosphate
find applications in dentistry as a brace material and filler.401,402

Figure 19. (a) A schematic view of the functionalized shell (Ag/Au)/ZrO2/stearate core�shell nanocomposite. The core has a diameter of 15 nm and
the ZrO2 shell has a thickness of 3�4 nm. The zigzag chains in the figure correspond to the stearic acid chains. The presence of�OHgroups between the
chains is to indicate the presence of surface bound hydroxyl groups on ZrO2. The chains do not interact with each other making a liquid-like assembly.
Some of the chains may even be bent. (b) Schematic representation for the synthesis of polymer-coated silica particles by surface-initiated atom transfer
radical polymerization.
(a) From ref 389, Reproduced by permission of The Royal Society of Chemistry. (b) Reprinted with permission from ref 399. Copyright 2005 American
Chemical Society.
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Different inorganic metal oxides (Fe, Ti, Zr) coated with organic
shell materials were also synthesized from their respective metal
salts in TX-100 microemulsion systems.345

2.2.2.3. Metal Chalcogenide or Metal Salt/Organic Core/
Shell Nanoparticles. Metal salts coated with conductive poly-
mers such as polyaniline (PANI), polypyrole (PPy), and
polythiophene (PTh) have attracted much interest for use in
different applications in light-emitting devices,403�405 elec-
tronic devices,406,407 and chemical sensors408 and as antistatic
coatings.409,410 However, commercialization of these particles
is difficult because of the poor processability of these polymers.
Polymer coatings on CdSe QDs improve the light-emitting
properties compared with naked QDs. The contribution of the
organic layer to the spectra is higher compared with QDs at
higher current levels (shown in Figure 20).404 On the other hand, a
PMMA coating on CdS does not affect the optical properties of
the core because of its transparency. In addition, it also protects
the optical properties of the material from environmental
disturbance.358 Figure 21a shows a core particle with a UV�vis
spectrum with a maximum absorption peak at 436 nm. The core
particle exhibited a sharp emission peak at 467 nm, and there is
blue shift (510 nm) evident after coating with the polymer. In
addition, there is also no significant loss evident in quantum yield
(∼12% to ∼8%) after polymer coating.

Polymer-coated AgCl nanoparticles408 are useful for sensor
applications. Polymer-coated CaCO3 shows improved mechan-
ical properties as a filler material and is useful in different
applications.356,411 Polystyrene-coated CaCO3 is widely used in
the manufacture of paint, paper, rubber, plastics, etc. It was found
that instead of pure CaCO3, a poly(butylene tetraphthalate)
(PBT) coating on stearic acid-modified CaCO3 improves the

Figure 21. (a) UV�vis absorption of CdS core, (b) PL spectrum of
CdS core, (c) PL spectrum of CdS/PMMA core/shell NPs, (d) emission
photograph of CdS/PMMA core/shell NPs, and (e) a magnified TEM
image of a single core/shell NP.
From ref 358, Reproduced by permission of The Royal Society of
Chemistry.

Figure 22. (a) Core/shell fluorescent silica nanoparticles using differ-
ent dye species in the core including (left to right): AlexaFluor 350,
N-(7-dimethylamino-4-methylcoumarin-3-yl)maleimide, AlexaFluor488,
fluorescein isothiocyanate, tetramethylrhodamine isothiocyanate, Alex-
aFluor 555, AlexaFluor 568, Texas Red, AlexaFluor 680, and AlexaFluor
750, (b) a comparison of the brightness of free TRITC dye with same-
sized C-dots and quantum dots in water at the same optical density, and
(c) a schematic representation of the dye-rich core�shell architecture of
the C-dot particles, in this case covalently incorporating the organic dye
tetramethylrhodamine isothiocyanate (TRITC).
(a, b) Reprinted with permission from ref 452. Copyright 2005 Amer-
ican Chemical Society. (c) From ref 453, Reproduced by permission of
The Royal Society of Chemistry.

Figure 20. Typical normalized QD-LED electroluminescence spectra of three different sized CdSe QD samples measured at (a) low current levels
(0.38�13 mA/cm2), where most (>70% in all cases) of the emission is from the QDs in the device, with only small spectral contributions from either
Alq3 (when 3-(4-biphenylyl)-4-phenyl-5-tert-butylphenyl-1,2,4-triazole (TAZ) layer is omitted) or TPD (when TAZ layer is present), (b) moderate
current levels (130 mA/cm2), where two of the three spectra have a large fraction of EL from TPD, and (c) a progression of currents for a single device
(from 0.38 to 380 mA/cm2). Note that the devices emitting at 540 and 560 nm are the same in panels a and b. At low currents, a larger portion of
the excitons are created within a F€orster energy transfer radius of the QD monolayer. For all devices, 0.2% < photoluminescence quantum efficiency
(ηEL) < 0.5%.
Reprinted with permission from Ref 404. Copyright 2003 Elsevier Ltd.
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mechanical, thermal, and structural properties of the CaCO3. As
an example, the tensile strength of stearic acid-modified CaCO3

increases from 56 to 58.9 MPa because of the PBT coating; 80%
weight fraction of the overall material.412

2.3. Organic/Inorganic Core/Shell Nanoparticles
Organic/inorganic core/shell nanoparticles are structurally

just the reverse of the previous types describe above. The core
of this particular class of core/shell nanoparticles is made of a
polymer, such as polystyrene,413�422 poly(ethylene oxide),423,424

polyurethane,80,425 poly(vinyl benzyl chloride),426 poly(vinyl
pyrrolidone),427 dextrose,428 surfactant,429�432 and different
copolymers, such as acrylonitrile�butadiene�styrene,433 poly-
(styrene�acrylic acid),434 and styrene�methyl methacrylate.435

The shell can also be made from different materials, such as
metals,80,415,422,426 metal oxides,413,419,424,427,428,435�440 metal
chalcogenides,434,441 or silica.413,418,423,425,429,430,433,442�446

These types of particles, in general, have the dual properties of
both the inorganic and organic materials.447 The inorganic
material, especially a metal oxide coating on an organic material,
is beneficial in several respects, such as increased strength of the
overall material,448,449 resistance to oxidation, thermal and
colloidal stability,450 and abrasion resistance.346,448,451 At the
same time, these particles also show polymeric properties such as
excellent optical properties, flexibility, and toughness, and in
addition they can improve the brittleness of the inorganic
particles.418 Recently, this type of nanoparticle proved of great
research interest because of their extensive applications in
different fields of material science, including paints, magnetic
fluids, catalysis, microelectronics, and biotechnology.108 The
noble metals such as gold and silver coated onto polymer
materials increase the immobilization characteristics of pro-
tein; as a result these particles can be used in different areas
of biotechnology, immunosensing, and biomedical applica-
tions.80,344 Phadtare et al.80 synthesized gold-coated polyur-
ethane microsized core/shell particles for applications where
biocatalytic activity was required in such applications as pepsin
digestion. Organic/inorganic core/shell nanoparticles coated
with a silica shell with fluorescent properties are very important
in nanobiotechnology. The colors of the core/shell particles with
different dye cores with silica shells are shown in the Figure 22a.
C-dots fall into this category: they consist of dye/silica core/shell

nanoparticles having a fluorescent brightness similar to quantum
dots. Ow et al.452 first reported the synthesis of different dye/
silica core/shell nanoparticles in the size range 20�30 nm. The
particular example of the tetramethylrhodamine isothiocyanate
(TRITC) dye is shown in Figure 22b. It can be clearly seen that
the brightness of the core is actually less than that of free TRITC,
suggesting that the dense dye-rich core is heavily quenched
compared with the free dye. Interestingly, after the coating of a
dye-free silica shell onto the core, the brightness increases by a
factor of 30. This enhancement is attributed to a change in the
light emission properties of the organic dye because it is
protected from the solvent by external silica coating.

Another interesting application of these types of particles is
for the synthesis of hollow inorganic particles by using an
organic material as the sacrificial core. The schematic diagram
showing hollow nanoparticles synthesis by sacrificial organic
core is shown in Figure 23. Many researchers have used
different organic core materials for inorganic hollow particle
synthesis.80,413,414,420�422,426,434,435,454,455 A range of different
organic/inorganic core/shell nanoparticles based on different
core materials is listed in Table 4.

2.4. Organic/Organic Core/Shell Nanoparticles
In this category, both the core and shell particles are made of a

polymer or another organic material. The different synthesis
routes for different thermosensitive core/shell polymer nano-
particles have been reviewed by Ballauff and Lu.463 These classes
of particles are known as “smart particles” and have a wide range
of applications in different fields, such as drug delivery,464�466

biosensing,467 chemical separation,468 biomaterials,469,470 and
catalysis.471�475 Different organic/organic core/shell nanoparti-
cles that have been studied to date are listed in Table 5. The
advantages of having a polymer coating on another polymer is to
modify the physical properties of the overall material, such as
toughness476 or the glass transition temperature.477,478 Depend-
ing on the intended application for the polymer/polymer type
core/shell nanoparticles, they are chosen on the basis of their
glass transition temperature (Tg). The glass transition tempera-
ture is an important characteristic of a polymer because below
this temperature polymers are in what is called a “glassy state”.
When the temperature of the material crosses the glass transition
temperature, the mechanical properties of the polymers change

Figure 23. Schematic diagram of hollow nanoparticles synthesized using organic sacrificial core method.
Reprinted with permission from ref 456. Copyright 2008 American Chemical Society.
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Table 4. Organic/Inorganic Core/Shell Nanoparticles on the Basis of Different Core Materialsa

synthesis techniques and reagents used

core shell

core/shell method basic reagent method basic reagent ref

PS/Cu, PS/Cu2O EP styrene hydrolysis with

calcination

Cu(NO3)2 415

PS/Ag DP styrene reduction Ag(NH3)2OH, SnCl2 422

PS/SiO2 EP styrene sol�gel method TMOS 421

PS beads SiO2 sols 413

cross-linking

polymerization

styrene St€ober method TEOS 455

EP styrene St€ober method TEOS 420,457

EP styrene St€ober method TEOS 419

PS beads St€ober method TEOS 438

PS/TiO2 PS beads alkaline hydrolysis TiCl4 413

EP styrene sol�gel method TBOT 416,421

PS/Fe3O4 EP styrene coprecipitation FeCl2, 2H2O 419

PS/Y compound EP styrene reduction Y(NO3)3 414

PS/ZnS carboxylate modified PS (PS-CO2) coprecipitation Zn(CH3COO)2 458

PS/Zr compound PS beads reduction Zr(SO4)2 459

PU/SiO2 polymerization

or blending

PA, adipic acid, 1,4-butanediol,

neopentyl glycol,

4-methyl-2-pentanone

St€ober method TEOS 425

CU-dot/SiO2 C-dots, polye thylene imine (PEI). modified St€ober method TEOS 443

PEG/Si/

Al composite oxide

PEG sol�gel Al(NO3)3, TEOS 460

PEG/SiO2 PEG (avg. Mw 18000�25000) St€ober method TEOS 444

PVBC/Pd emulsion copolymerization VBC, DVB reduction PbCl2, HCOOH 426

PU/Au DP EHG, TDI, DBTDL reduction HAuCl4 80

PVP/SiO2 PVP (Avg. Mw. 40,000) St€ober method TEOS 444

CS-PAA/SiO2 chitosan, polyacrylic acid ion-exchange process Na2SiO3, cation exchange resin

(Amberlite 120)

445

Dextrose/TiO2 dextrose hydrolysis of TBOT TBOT 428

PMMA/SiO2 EP MMA St€ober method TEOS 461

PS-MAA/SiO2 EP styrene, methyl acrylic acid St€ober method TEOS 457

Surfactant

CTAB/SiO2 CTAB St€ober method TEOS Na2S2O3, 430,442

CTAB/Ag2S CTAB complex precipitation Na2S2O3, AgNO3 431,432

SDS and TPAB/SiO2 SDS, TPAB St€ober method TEOS 429

Copolymer

ABS/TiO2 radical EP acrylonitrile�butadiene, styrene hydrolysis Ti(SO4)2 427

PSAA/TiO2 polycondensation melamine, formaldehyde hydrolysis TiO(SO4) 439

SMA/TiO2 radical copolymerization styrene, MMA hydrolysis TBOT 435

MF/SiO2 EP melamine, formaldehyde nano-SiO2

(commercial name Aerosil 200)

418

PS/TiO2/SiO2 DP styrene, methyl acrylic acid sol�gel TBOT 462

PS/ZnS PS precipitation Zn(CH3COO)2, SC(NH2)2 458
aAbbreviations: PS, polystyrene; PU, polyurethane; PMMA, poly(methyl methacrylate); MMA, methyl methacrylate; SMMA, styrene�methyl
methacrylate (SMMA), ABS, acrylonitrile�butadiene�styrene; PSAA, poly(styrene�acrylic acid); PVBC, poly(vinyl benzyl chloride; PEG, poly-
(ethylene glycol); PVP, polyvinylpyrrolidone; PA, phthalic anhydride; CS-PAA, chitosan�polyacrylic acid; TMOS, tetramethoxysilane; TEOS,
tetraethoxysilane; TBOT, titanium tetrabutoxide or tetrabutoxide orthotitanate; TPAB, tetrapropylammonium bromide; CNT, carbon nanotube; MF,
melamine formaldehyde; TPAB, tetrapropylammonium bromide; EHG, 2-ethyl 1,3-hexanediol; TDI, toluene diisocyanate; DBTDL, dibutyl tin
dilaurate; VBC, 4-vinylbenzyl chloride; DVB, p-divinylbenzene; EP, emulsion polymerization; DP, dispersion polymerization; CTAB, cetyltrimethyl-
ammonium bromide; Na2S2O3, sodium thiosulfate; SDS, sodium dodecyl sulfate; TPAB, tetrapropylammonium bromide.
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from those of a glass (brittle) to a rubber (elastic) material. For
example, a polymer coating on a polymer with a different Tg is
used to modify latex-based paints.479,480 A high Tg core material
has the impact of improving the mechanical stability whereas
a low Tg shell material improves the film-forming ability.
Kirsch et al.481 synthesized and characterized polystyrene/poly-
(tert-butyl acrylate) core/shell and inverse core/shell particles.

Polymer/polymer core/shell particles are also extensively
used for controlled drug release applications in in vivo systems
because of their good biodegradable and drug encapsulation
property. Poly(D,L-lactic-co-glycolide) (PLGA) is a biodegrad-
able organic polymer with a high capacity for encapsulating
hydrophobic drugs. For example, 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-carboxy(poly(ethylene glycol))2000
(DSPE�PEG-COOH)-coated PLGA core/shell particles were
studied by Chan et al.482 for use in controlled drug release in
in vivo systems. They used soybean phosphatidylcholine or
lecithin for the core surface modification with the shell
DSPE�PEG-COOH mainly providing steric and electrostatic
stabilization. The reaction scheme and results showing changing
particle size with the molar ratio of lipid and PEG is shown in

Figure 24. The authors mainly studied the stability factor of the
core/shell particles and the drug release kinetics. They did this
by changing various parameters for the in vitro system. According
to their results, with increasing total lipid to polymer ratio,
the drug release rate decreased significantly initially but after a
long period of time, it then stayed almost the same. Polystyrene
is the polymer of choice as core material for these types of
particles.481,483,484 The kinetics of PLGA/SPE�PEG-COOH
core/shell particle formation by an emulsion polymerization
method has also been studied by Ni et al.484

A blend of inorganic materials with the polymer was also
found to increase the adhesion between the two polymers in the
polymer/polymer core/shell nanoparticles; as a result, the
mechanical properties improved. The addition of Sb2O3 nano-
particles as a blending agent during the synthesis of the PMMA
core for the PMMA/PVC core/shell particles resulted in an
enhancement of toughness and mechanical strength of the
PVC.353 The doping of the inorganic materials affects not only
the properties of the polymer but also the properties of the
inorganic materials.474,475,485 The thermal sensitivity and cataly-
tic activity of doped Ag metal on a shell material in a polystyrene

Table 5. Organic/Organic Core/Shell Nanoparticles Based on Different Core Materialsa

synthesis techniques and reagents used

core shell

core/shell method basic reagent method basic reagent ref

PS/NIPA EP styrene seeded EP NIPA 494

PS/PTBA cross-linking

polymerization

DIPB, styrene free radical polymerization TBA, EGDA 481

PS/styrene and MPS

hybrid copolymer

EP styrene copolymerization MPS, styrene 484

PLGA/DSPE-PEG-COOH PLGA self-coating of shell material soybean lecithin,

DSPE�PEG-COOH

482

PTBA/PS free radical polymerization TBA, EGDA cross-linking free radical

polymerization

DIPB, styrene 481

polyphenylene/PEO chloromethylation

with polymerization

dendrimer (TdG2(�10 H)10),

chloromethyloctylether, SnCl4

anionic polymerization with

nucleophilic substitution

(Williamson reaction)

EO 468,495

perylenediimide Containing

polyphenylene dendrimer/

PEO

copolymerization EO, naphthalene pottasium Williamson reaction EO 468

poly(g-benzyl L-glutamate)/

PEO

polymerization γ-BLG NCA PEG 496

PNIPAM/DHEA PNIPAM cross-linking precipitation

polymerization

PEG 496

PNIPAM/CMCS EP NIPAM, MBA,

redox initiator APS and SPS

CMCS 497

TdG2/PS-PEO chloromethylation with

polymerization

dendrimer (TdG2(�10 H)10),

chloromethyloctylether, SnCl4

Williamson reaction PI, PEO 495

TdG2/PIP-PEO chloromethylation with

polymerization

dendrimer (TdG2(�10 H)10),

chloromethyloctylether, SnCl4

Williamson reaction PIP, PEO 495

aAbbreviations: NIPA, N-isopropylacrylamide; PNIPAM, poly(N-isopropylmethacrylamide); CMCS, carboxymethyl chitosan; MBA, N,N-methyle-
nebisacrylamide; APS, ammonium persulfate; SPS, sodium pyrosulfite; DHEA, N,N0-(1,2-dihydroxyethylene)bisacrylamide; γ-BLG-NCA, γ-benzyl L-
glutamate N-carboxyanhydride; PEO, poly(ethylene oxide); EO, ethylene oxide; PTBA, poly(tert-butyl acrylate); EGTA, ethylene glycol diacrylate;
DIPB, 1,3-diisopropenyl benzene; PLGA, poly(D,L-lactic-co-glycolide); DSPE�PEG-COOH, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
carboxy(poly(ethylene glycol)); MPS, γ-methacryloyloxypro-pyltrimethoxysilane; DIPB, 1,3-diisopropenyl benzene; TBA, tert-butyl acrylate; TdG2,
polyphenylene dendrimer; PEO, poly(ethylene oxide); PIP, polyisoprene.
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core and a poly(N-isopropylacrylamide) network cross-linked by
N,N0-methylenebisacrylamide shell is much higher compare with
normal Ag metal.474,475

Another interesting application of organic/organic core/shell
nanoparticels is that with an organic dye (C-dot). C-dots coated
with a polymer are promising as tools for sensing and imaging
subcellular agents because they can be delivered into the cell
cytoplasm. However, C-dots have physical properties that inhibit
their free passage across the cell membrane. Generally, poly-
ethyleneimine (PEI) is used to coat the C-dot particles because
the PEI-coated C-dot particles act as an effective DNA delivery
tool with a clear mechanism for achieving endosomal escape.486

The results investigating the viability effects of C-dots, PEI, and
PEI-coated C-dots on COS-7 cells in an in vitro study show that
PEI alone affects COS-7 viability in concentrations above 50 μg/
mL. However, C-dots and PEI-coated C-dots do not negatively
affect cell viability over a range of concentrations 1�1000 μg/mL
as shown in Figure 25a. Increased viability was found with
increasing particle concentration. This could be attributed to
the activation of the cells in the presence of the particles. They
also studied the relative light-emitting capacity of the particles by
varying the particle to DNA ratio for different coating materials
(Results shown in Figure 25b). The results show that the
transfection effect is maximum for a higher particle to DNA
ratio for almost all the polymers compared with free DNA, except
for eudragit EPO (EPO). The emitted light intensity is maximum
for polyethyleneimine with a molecular weight of 25000 (MPEI).

In some cases, certain copolymers with functional groups
undergo a cross-linking reaction with either core or shell to form
stable spherical organic/organic core/shell nanoparticles. Sev-
eral different shells cross-linked Knedel-like (SCK) core/shell

nanoparticles with diameters between 5 and 100 nm were
synthesized by Wooley.487 The main advantages of these parti-
cles are that because they are nanostructured, they have a robust
character, and the surface stability also changes with the envi-
ronment conditions. The shell of these materials acts as a
membrane that has a permeability to allow foreign materials to
or out of the core. So, these type of materials can act as carrier
materials and even mimic some biological systems and carry the
designated material inside the cell. Generally this class of particle
core is made of polystyrene;488�490 but some other particles
using block polymers are also available.491�493

2.5. Core/Multishell Nanoparticles
Among the core/multishell nanoparticles, bimetallics are very

important. Rodríguez-Gonz�alez et al.498 showed that for multi-
shell bimetallic nanoparticles, the final shape depends on the
selection of the core metal. For Au�Ag bimetallic multishell
nanoparticles, the deposition of Ag on Au generates a pseudo-
spherical geometry. However, deposition of Au on Ag leads to
the preferential formation of polygonal particles with sharp facet
intersections. The optical properties also change with the shell
coating as shown in Figure 26. To begin, the gold colloid color
was deep red; upon deposition of a silver shell, it turned yellow; a
second gold shell led to a blue hue. Finally, after deposition of the
second silver shell, an orange color was obtained. The optical
plasmonic resonance of alternate multilayer core/shell particles
of metal and dielectric material was studied by Radloff and
Halas.58 For this type of particle, because of the plasmon
interaction of the internal and external metal layers, there will
be a hybridization of the energy level metal plasmon bands to
form symmetric and anitisymmetric plasmon resonances of

Figure 24. Synthesis of PLGA/lecithin/PEG core/shell NPs. (a) A schematic illustration showing the processes for preparing PLGA/lecithin/PEG
NPs using a modified nanoprecipitation method. (b) The NPs are comprised of a hydrophobic poly(lactic-co-glycolic acid) (PLGA) core, a hydrophilic
PEG shell, and a lecithin monolayer at the interface of the hydrophobic core and the hydrophilic shell. (c) By varying the parameters of total lipid/
polymer mass ratio and lipid/lipid�PEG molar ratio, the NP size can be tuned in a physiological environment. The asterisk (/) refers to optimal NP
formulations. (d) A TEM image shows the core/shell structure of the NPs, which were negatively stained with uranyl acetate to enhance electron
contrast between the polymers and the lipids.
Reprinted with permission from ref 482. Copyright 2009 Elsevier Ltd.
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different energies as shown in Figure 27. These plasmon resonance
energies of the concentric multilayer nanoparticles can be calcu-
lated using the Mie scattering theory. When CdSe/ZnS core/shell
QDs are coated with silica spheres, it improves their stability in
biological buffers and biocompatibility in fluorescence imaging.499

Silica-protected CdSe/ZnS QDs also act as stronger emitters with
more consistent fluorescence intensity than naked core/shell
nanocrystals. Organic coatings on inorganic core/shell nanoparti-
cles change some properties; in particular, they increase solvent
resistance and water dispersion capability. Inorganic core/shell
nanoparticles Fe3O4/SiO2 coated with poly(cyclotriphosphazene-
co-4,4-sulfonyldiphenol) (PZS) have increased solvent resistance
andwater dispersion capability. The resulting high biocompatibility
can be used directly for biological applications.500

2.6. Movable Core/Hollow Shell Nanoparticles
Previous subsections of the nanoparticle classification show

the evolution of different core/shell nanoparticles and their
potential importance. This section summarizes the most recent
developments with respect to an interesting type of nanoparticle.
These have a movable core with a hollow shell, and they have
several exciting applications. Different research groups have
developed various techniques to synthesize inorganic movable
cores with hollow shells. Some examples are Ag/polypyrrole�
chitosan,501 Ag/polystyrene,502 Sn/carbon,503 Au/C,504 Au/silica,505

Au/pBzMA,506 SiO2/TiO2,
446 SiO2/p(DVB-co-MAA),507 α-Fe2O3/

SnO2,
508 Fe3O4/p(EGDMA-co-NVCz),509 Au-functonalized

p(EGDMA-co-MAA)/p(EGDMA-co-VPy)/PEGDMA,510 and
p(MAA-co-EGDMA)/PEGDMA.511 The usual method for
the synthesis of the movable core in a hollow shell nano-
particle is based on the “template assist route”. In this method,

Figure 25. (a) Cell viability in the presence of PEI-coated C-dots.
C-dots, PEI-coated C-dots, and free PEI were incubated with COS-7
cells, and the viability was analyzed after 24 h using the MTT cell
proliferation assay kit (American Type Culture Collection) assay. (b)
Transfection as measured by luciferase luminescence. C-dots coated
with PEI MW 1800 (LPEI), PEI MW 25000 (MPEI), PEI MW 70000
(HPEI), poly-L-lysine low molecular weight (LPLL), poly-L-lysine high
molecular weight (HPLL), and eudragit EPO (EPO) were complexed
with DNA at the mass ratios indicated. DNA row indicates naked DNA
with no polymer or particles.
Reprinted with permission from Ref 443. Copyright 2008 Elsevier Ltd.

Figure 26. Color changes in colloidal dispersions of Au/Ag nanopar-
ticles with increasing number of layers. Rodríguez-Gonz�alez, B.; Bur-
rows, A.; Watanabe, M.; Kiely, C. J.; Liz-Marz�an, L. M. J. Mater. Chem.
2005, 15, 1755, ref 498, Reproduced by permission of The Royal Society
of Chemistry.

Figure 27. (a) Energy level diagram of the plasmon modes of a
concentric nanoshell, depicted in terms of the “bonding” and “anti-
bonding” modes of the inner and outer nanoshells of the composite
nanostructure, and (b) induced polarizations of the concentric
nanoshell modes.
Reprinted with permission from ref 58. Copyright 2004 American
Chemical Society.
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first core/double shell nanoparticles are synthesized, and then
the middle shell is removed using a suitable technique such
as dissolution504,506�511 or calcination.446,505,512 Of all the
reported studies, two research groups have synthesized these

particles using different novel routes. In one case (as shown in
Figure 28), they avoided the formation of the middle sacrificial
shell.501,502,513 Liu et al.502,513 synthesized the core particles inside
a reversemicroemulsion and then the polymer shell outside of the

Table 6. Movable Core/Hollow Shell Nanoparticles Based on Different Core and Shell Materialsa

core shell

type material type material sacrificial shell removal technique ref

inorganic metal Sn inorganic C TBPT/RF calcination 503

Au C SiO2 HF 504

Au SiO2 C calcination 505

oxide SiO2 TiO2 PS calcination 446

SiO2 TiO2 p(EGDMA-co-MAA) calcination 512

SiO2 SnO2 SiO2 HF 514

α-Fe2O3 SnO2 SiO2 HF 508

inorganic metal Au organic pBZMA SiO2 HF 506

Ag PS 502

Ag PPy-CS 501

oxide Fe3O4 p(EGDMA-co-NVCz) SiO2 HF 509

SiO2 p(DVB-co-MAA) PMMA C2H5OH 507

metal chalcogenide CdS PS 513

organic polymer p(MAA-co-EGDMA) organic pEGDMA SiO2 HF 511

organic/

inorganic

polymer/metal Au-functionalized p(EGDMA-co-MAA)/

p(EGDMA-co-VPy)

organic pEGDMA SiO2 HF 510

aAbbreviations: PS, polystyrene; p(DVB-co-MAA), poly(divinylbenzene-co-methacrylic acid); pMMA, poly(methacrylic acid); p(MAA-co-EGDMA),
poly(methacrylic acid-co-ethylene glycol dimethacrylate); pEGDMA, poly(ethylene glycol dimethacrylate); p(EGDMA-co-NVCz)), poly[(ethylene
glycol dimethacrylate)-co-(N-vinylcarbazole)]; p(EGDMA-co-MAA), poly(ethylene glycol dimethacrylate-co-methacrylic acid); pBzMA, poly(benzyl
methacrylate); p(EGDMA-co-MAA)/p(EGDMA-co-VPy), poly(ethylene glycol dimethacrylate-co-methacrylic acid)/poly(ethylene glycol dimetha-
crylate-co-vinylpyridine); TBPT/RF, tributylphenyltin/(resorcinol formaldehyde) core/shell nanoparticle; pPy-CS, polypyrrole�chitosan.

Figure 28. (a) Scheme of the procedure for the preparation of PPy�CS hollow nanoparticles containing movable Ag cores (Ag/PPy�CS). TEM
images of the (b)movable Sn core in a hollow carbon shell nanoparticles and (c) double-walled SnO2 nanococoons withmovable a-Fe2O3 spindles. Inset
figure shows the high resolution shell image.
(a) Reprinted with permission from ref 501. Copyright 2005 American Chemical Society. (b) Reprinted with permission from ref 503. Copyright 2003
American Chemical Society. (c) Reprinted with permission from ref 508. Copyright 2007 Wiley-VCH.
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reverse micelle (Figure 28a). Cheng et al. synthesized the porous
hollow particles first, then the core inside the shell by UV
radiation.501 All the available literature regarding different mov-
able cores inside hollow shell particles employing the removal
techniques of the inner layer are summarized in Table 6. Gen-
erally the reported studies are for spherical shaped shells with
thick shell walls. However, interestingly, Lou et al.508 reported a
double-walled ellipsoidal or cocoon shaped α-Fe3O4 movable
core for SnO2 hollow shell nanoparticles. These nonspherical
hollow particles with movable magnetic cores may prove very
useful in a range of new applications, such as magnetically
separable photocatalysts and self-assembled photonic crystals
with controlled bandgaps.

It is envisaged that the movable inorganic metal core material�
functionalized polymer shell particles could be used in different
applications, such as Sn/C particles for anodic material in lithium
battery,503 Au movable core/silica shells as good electrocatalysts
for direct methanol fuel cells (DMFC),505 and Au movable
core/polymer shells as optical probes.506 The TEM images of
different shaped movable cores in hollow shells are shown in the
Figure 28b,c.

Recently, hollow movable cores with hollow shells have also
attracted attention.512,514 Hollow SiO2 movable cores in hollow
TiO2 shell particles were synthesized by multiple coating of
successive organic layers on SiO2 and TiO2.

512 By use of this
process, the core and shell of p(EGDMA-co-MAA) were re-
moved by calcination, and the thickness of the organic and
inorganic layer was controlled by the precise adjustment of the
successive polymerization steps and the feed rate of the sol�gel
precursor. The synthesis scheme of the movable hollow SiO2

coated with TiO2 is shown in Figure 29.

3. DIFFERENT SHAPED CORE/SHELL NANOPARTICLES

Other than the conventional spherical shaped core/shell
nanoparticles, different shaped core/shell nanoparticles have
proven equally important because of their potential applications
especially in the fields of high-performance catalysis, nanoelec-
tronics, and information storage units, as well as biological and
biomedical sensors.42,45,515,516 The different shaped core/shell
nanoparticles available from the literature are summarized in
Table 7. Generally, two different approaches are used for the
synthesis of these different shaped core/shell nanoparticles. In
the first approach, a soft or hard different shape template (core) is
used to confine the physical shape.43�46,189,243,516�520 In the
second approach, a suitable capping agent, a block polymer or
some other suitable reagent, is used to control the direction and
dimension of the nanoparticle growth.42,521,522

In the first approach, a rigid core of a different shape is used as
the template, and the shell material is deposited uniformly to give

Figure 29. Procedure to synthesize monodisperse p(EGDMA-co-
MAA)/SiO2/p(EGDMA-co-MAA)/TiO2 tetralayer microspheres and
the corresponding hollow SiO2/TiO2 double-walled microspheres.
Reprinted with permission from ref 512. Copyright 2010 Elsevier Ltd.

Table 7. Different Shape Core/Shell Nanoparticles with Their Synthetic Approach

synthesis approach type of core/shell core shape shape of core/shell ref

soft or hard different

shape template

assist route

Au/Pt rod rod 243

Ag/Au prism prism 523

Ag/SiO2 prism triangular 524

Fe/FeOOH-FeO oval oval 517

Au/Ag cube, truncated- octahedron, octahedron,

twined hexagon, five-twinned decahedron, rod

cube, truncated- octahedron, octahedron,

twined hexagon, five-twinned decahedron, rod

46

Cu/Cu2O cubic, cuboctahedral, octahedral cubic, cuboctahedral, octahedral 45

Ni/NiO cylindrical, hexagonal, ellipsoidal, polyhedral cylindrical, hexagonal, ellipsoidal, polyhedral 519

Au/Pt octahedral, cubic octahedral, cubic 44

Ag/Au hexagonal hexagonal 520

SiO2/Ni spherical microflower 43

ZnO/Ag rod rod 189

Au/Ag rod dumbbell 516

Cu2O/Au cubic cubic, flowery 515

control directional growth Au/Cu2O octahedral cuboctahedral 525

rod pentagonal prism

plates concave plate

Cu2S/In2S3 spherical matchstick-like, teardrop-like, pencil-like 42

Au/Pd spherical flower 521
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similarly shaped core/shell nanoparticles. Generally, to achieve a
template with a different shape, core particles are synthesized by
changing the reaction parameters44,45 and directly used for the
coating as a template. The remaining step to form the different
core/shell nanoparticles is the same as that used for the spherical
core/shell nanoparticle formation. For example, three different
shapes (cubic, cuboctahedral, and octahedral) for Cu/Cu2O
core/shell nanoparticles can be synthesized on a similarly shaped
core by electrodeposition, without using any capping agent.45

The different shaped core/shell nanoparticles based on the shape
of the core particles are shown in Figure 30. It has been found
that for the synthesis of different shaped bimetallic core/shell
nanoparticles, both Au/Ag and Ag/Au core/shell nanoparticles
were synthesized using their respectively shaped core.46,526

Depending on the shape of the core particles, the coating
efficiency of the shell materials also changes. It was found that
the uniform coating efficiency decreases with shape distortion
from spherical.44 For the octahedral core/shell particles, the Pt
shell is incompletely coated on the octahedral Au core parti-
cles, whereas spherical cores are completely coated with the
shell material as shown in Figure 31a,c. In case of bimetallic
core/shell nanoparticles, the shell is formed by a reduction�
transmetalation process, and because of incomplete reduc-
tion of the salt by the core material, incomplete asymmetric
coatings with different shaped core/shell nanoparticles are
formed.526 Even, for the soft template, the overall particle
shape not only depends on the core shape but also on the shell
thickness and the uniformity of the shell coating.518 Dendri-
mers and polymers are generally used as the template in the
soft core method. However, the mechanism of formation for
organic/organic core/shell nanoparticles is different from
inorganic particle synthesis. For organic particle synthesis,
“grafting-onto” and “grafting-from” methods are used.104,495

Star-shaped core/shell macromolecules are formed using these
twomethods. Generally, the “grafting-onto”method is used for
the monolayer shell coating whereas, “grafting-from” is used
for multilayer shell coatings. Various cubic and prism shape
core/shell nanoparticles are shown in Figure 31b,d.

The matchstick, tetradroplike, and pencil-like core/shell nano-
particles are formed from the Cu2S spherical core by the addi-
tion of In(acac)3 with constant heating at 200 �C as a result
of the epitaxial growth of In2S3 semiconductor material with
dodecanethiol capping agent. The self-assembly and the cross-
linking of the polymer materials is another reason for the
formation of different shaped core/shell nanoparticles.522 Wang
et al.522 proposed a method for synthesizing different shaped
nanoparticles.

Although many researchers have mentioned that nonspherical
shaped core/shell nanoparticles may have different or even new
properties than those with spherical shapes, comparative studies
between spherical and nonspherical core/shell nanoparticles are
rare. However, there are some reports available on the changing

Figure 30. Scanning transmission electron microscope images using a high-angle annular dark field (HAADF)�STEM of the individual Au/Ag
nanoparticles with various shapes and their evolution models from differently shaped Au cores: (a) from octahedral Au core to cubic Ag shell; (b) from
truncated-octahedral Au core to cubic Ag shell; (c) from cubic Au core to cubic Ag shell; (d) from {111}-facet-dominated biangular Au core to {100}-
facet-dominated biangular Ag shell; (e) from {111}-facet-dominated bihexagonal Au core to {100}-facet-dominated biangular Ag shell; (f) from five-
twinned decahedral Au core to five-twinned decahedral Ag shell; (g) fromAu nanorod core with five-twinned cross section to Ag nanorod shell with five-
twinned cross section.
Reprinted with permission from ref 46. Copyright 2009 IOP Publishing Ltd.

Figure 31. TEM images of (a) Au(oct)/Pt, (b) Au(cub)/Pt, (c)
Au(sph)/Pt, and (d) Ag/Au core/shell nanoparticles with prism struc-
ture.
(a,b,c) Reprinted with permission from ref 44. Copyright 2010 Elsevier
B. V. (d) Reprinted with permission from ref 523. Copyright 2010
Wiley-VCH.
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properties of simple nonspherical nanoparticles compared with
spherical particles.527�530 Sau et al.527 extensively reviewed the
properties and applications of nonspherical noble metal nanopar-
ticles. Now, it seems fair enough to assume that similar changes in
properties will also be exhibited for core/shell nanoparticles simply
as a result of shape change. In the case of metallic nanoparticles, the
catalytic properties improvement observed for nonspherical shapes
may be attributed to the exposure of different crystallographic
facets. The change in catalytic activity and selectivity of the
nonspherical nanoparticles may be attributed to the introduction
of a number of edges, corners, and faces over the spherical particles.
As a specific example, Narayan andEl-Sayed529 have shown that the
catalytic activity of platinum nanoparticles for the electron-transfer
reaction between hexacyanoferrate(III) ions and thiosulfate ions
followed the order: cubes < spheres < tetrahedra. Other studies also
show anisotropic or nonspherical noble nanoparticles have better
catalytic activity than the corresponding spherical ones in several
applications such as fuel cells, waste treatment, bioprocessing, and
many other specific chemical reactions.527 Apart from their catalytic
properties, the optical properties of nonspherical nanoparticles also
vary dramatically with their physical dimensions. This is especially
true for noble metals. The resonance frequency is tunable over a
wide wavelength range from blue to near-infrared, and this enables
one to set the surface plasmon resonance (SPR) to a wavelength or
spectral region specific to a particular application by changing the
shape as shown in Figure 32a.528 The extinction efficiencies of the
nobel metals also changes with the shape of the particles as shown
in Figure 32b. As a result, these particles may have better biological
applications because the resonance of the anisotropic gold nano-
particles can be positioned in the near-infrared region
(800�1300 nm), where absorption by biomatter is low.527,528

4. TECHNIQUES, CLASSIFICATION, AND MECHANISM
OF CORE/SHELL NANOPARTICLE SYNTHESIS

In general, core/shell nanoparticles are synthesized using a
two-step process, first synthesis of core and second the synthesis
of the shell. The synthesis techniques of core/shell nanoparticles

can be classified into two types depending on the availability of
core particles: (i) the core particles are synthesized and sepa-
rately incorporated into the system with proper surface mod-
ification for coating the shell material;176,192,413,424,531 (ii) the
core particles are synthesized in situ, and this is followed by
coating of the shell material.80,182,532�534 In the first method,
after the core particles are separately synthesized, purified by
successive washings, and dried, they then undergo proper sur-
face modification for coating the shell material in the reaction
mixture for shell formation. In the second method, the core
particles are first synthesized using suitable reactants in the
presence of a growth inhibitor and or surface modifier; then after
core formation is complete, more reactants are added to form
the shell particle in situ.150,182 Consequently shell material is
selectively deposited on the modified core surface and core/
shell particles are formed. The basic advantage of external core
synthesis is the fact that core particles are available in pure form
and hence there is less possibility of impurities on the core
surface. Whereas, in in situ synthesis, the main problem is that
some impurity from the reaction media may be trapped between
the core and shell layer.

The most important step during synthesis of core/shell
particles is to maintain uniform coating and to control the shell
thickness. Some of the various synthetic methods for core/
shell particles used bydifferent research groups are precipitation,535,536

polymerization,93,106,537 microemulsion,203,204,218 sol�gel con-
densation,123,435 layer by layer adsorption techniques,538,539 etc.
Although several researchers have attempted to control the
thickness and uniform coating of the shell using these methods,
the methods are still not well established, and proper control is
very difficult. The main difficulties are (i) agglomeration of core
particles in the reaction media, (ii) preferential formation of
separate particles of shell material rather than coating the core,
(iii) incomplete coverage of the core surface, and (iv) control of
the reaction rate. Usually, for core surface modification purposes,
surface active agents540 and polymers123,322,540 are often used by
different research groups. These surfactants or polymers can
change the surface charge and selectivity of the core particles

Figure 32. (a) Range of plasmon resonance of gold nanoparticles as a function of their morphology. (b) Extinction efficiencies as a function of the
wavelength of the incident light of a silver cube, different truncated cubes, and a spherical nanoparticle.
(a) Reprinted with permission from ref 528. Copyright 2008 Springer. (b) Reprinted with permission from ref 530. Copyright 2007 American Chemical
Society.
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so that the shell material can be selectively deposited onto the
core surface to form uniform and completely coated core/shell
particles.

As mentioned above, different methods are used for the
synthesis of core/shell nanoparticles. Irrespective of core or shell
particles, if only the material properties are taken into considera-
tion, then particles can be broadly classified in two different
groups, (i) inorganic and (ii) organic materials. Even so, some
researchers have classified particles according to the different
types of materials and methods employed.74,75,94,104,106 In this
section, we will attempt to briefly explain the mechanisms for the
different methods with a view to improving the overall under-
standing because it is felt that this is an aspect that has not been
properly emphasized in previously published reviews.

4.1. Synthesis of Inorganic Nanoparticles
A review of the literature clearly shows that the majority of

reports are focused on inorganic materials rather than organics.
Irrespective of core or shell particles, inorganic materials can be
broadly classified into three different groups, (i) metal, (ii) metal
or metalloid oxide, and (iii) metal chalcogenide and metal salt.
4.1.1. Synthesis of Metallic Nanoparticles.Metallic cores

or shells of the core/shell nanoparticles are synthesized by the
reduction of metal salts. For the synthesis of metallic nanopar-
ticles, the synthesis media such as a microemulsion or aqueous
phase, use of surfactants, and proper reducing agents all play
a key role. The solution phase reduction mechanism is used
for the synthesis of different metal nanoparticles, such as
Au,114,116,117,120,160,339,389,541 Ag,123,124,343,389,542 Co,533,543

Fe,544,545 and Ni.519,546�550 from their respective metal salts.
The choice of reducing agent is very important for controlling the
reaction rate as well as the particle size. Based on the reducing
agent, the synthesis routes are classified into the following
groups.
4.1.1.1. Reduction by Sodium Borohydride. The most com-

monly used reducing agents are sodium borohydride and hy-
drazine for the reduction of metal ions from their respective salts.
Sodium borohydride was discovered by Schlesinger in 1942551

and is an efficient water-soluble reducing agent used in both
aqueous and organic media. Sodium borohydride has some
distinct advantages for use as a reducing agent over other
reducing agents: (i) it has low equivalent weight of 4.73 g/mol
and 1 mol can supply eight electrons; (ii) it has high reducing
power with a reducing potential �1.24 V vs standard hydrogen
electrode (SHE) at pH 14, decreasing to 0.48 V at pH 0; (iii) it
can reduce metal salts in either aqueous or nonaqueous media at

any pH. Capping agents can also be used in this reducing media
mainly for controlling the size of the particles as well as
modifying the surface charge for incorporating a favorable shell
coating.
The fundamental chemistry of reduction by borohydride

can be explained in terms of electron transfer from borohy-
dride to metal ion. Depending on the pH of the medium, the
reduction mechanism of borohydride is different. At pH <
9.24, BO3

3� is more stable compared with other anionic
forms. The half cell reaction and reduction potential (E) can be
written as

BH4
� þ 3H2O ¼ H3BO3 þ 7Hþ þ 8e� ð2Þ

E ¼ � 0:481� 0:0517 pH ð2aÞ
Under these pH conditions (<9.42), depending on the

reduction potential, the metal ion is reduced to metal and
hydrogen gas is generated. The general chemical reduc-
tion reaction of a bivalent metal ion by borohydride can be
written as

BH4
� þ 4M2þ þ 3H2O ¼ H3BO3 þ 4M þ 7Hþ ð3Þ

However, the overall reaction is a combination of reduction
and hydrolysis of borohydride, which again depends on the
reaction conditions, concentration of the reactants, mixing
efficiency, and kinetics of the reactions. Finally, the total reaction
can be represented as

BH4
� þ xM2þ þ 3H2O ¼ H3BO3 þ xM þ ð4� xÞH2

þ ð2x� 1ÞHþ ð4Þ

Figure 33. (a) Redox transmetalation processes for core/shell nano-
particle synthesis. During the reaction, the Pt2+ of Pt(hfac)2 is reduced to
Pt, while the surface Co atom of the Co nanoparticles is oxidized via hfac
ligand migration to form Co(hfac)2 as a reaction byproduct. Repeating
cycles of this reaction result in core/shell bimetallic nanoparticles. (b)
HRTEM images of 6.4 nm Co/Pt core/shell nanoparticles.
Reprinted with permission from ref 564. Copyright 2004 American
Chemical Society.

Table 8. Standard Reduction Potentials of Different
Metals552

reaction standard electrode potential, E0 (V)

Zn2+ + 2e� = Zn �0.7618

Fe2+ + 2e� = Fe �0.447

Co2+ + 2e� = Co �0.28

Ni2+ + 2e� = Ni �0.257

2H+ + 2e� = H2 0.000

Ag+ + e� = Ag 0.7996

Cu+ + e� = Cu 0.521

Cu2+ + 2e� = Cu 0.3419

Pt2+ + 2e� = Pt 1.18

Au+ + e� = Au 1.692



2404 dx.doi.org/10.1021/cr100449n |Chem. Rev. 2012, 112, 2373–2433

Chemical Reviews REVIEW

For example, Fe metal synthesis by the sodium borohydride
reduction of iron chloride can be written as545

4Fe3þ þ 3BH4
� þ 9H2O f 4Fe0 þ 2H2BO3

�

þ 12Hþ þ 6H2 ð5Þ
However, at pH > 9.42, B(OH)4

� is more stable, and hence the
reaction changes to

BH4
� þ 8OH� ¼ BðOHÞ4� þ 4H2O þ 8e� ð6Þ

E ¼ � 0:413� 0:0591 pH ð6aÞ
The borohydride ions also undergo acid-catalyzed hydrolysis
according to the following reaction:

BH4
� þ Hþ þ 3H2O ¼ H3BO3 þ 4H2 ð7Þ

Finally, in acidic or alkaline media borohydride ions release the
electrons into the media and change to a more stable compound
at that corresponding pH. The reduction of metal ion to metal
takes place in the media depending on the reduction potential.
The standard reduction electrode potentials of some common
metal ions are given in the Table 8.552

4.1.1.2. Reduction by Hydrazine. Hydrazine is another com-
mon reducing agent for metal nanoparticle synthesis from the
metal salt, and it is comparatively weaker than borohydride. The
standard reduction potential of the hydrazinium ion (N2H5

+) is
�0.23 (N2 + 5H+ + 4e� = N2H5

+) in acidic medium, whereas in
basic medium it is�1.23 (N2H4 + 4OH� = N2 + 4H2O + 4e�).
Therefore, hydrazine is used for the synthesis of metals that have
higher reduction potentials than hydrazine. Because the standard
reduction potential of metals normally varies from �1 to any
higher positive value, hydrazine is mainly used in alkaline
medium and the maximum reduction efficiency of hydrazine is
at pH > 11.553 For example, the standard reduction potential of
Ni2+ and Ni(OH)2 are �0.257 and �0.72 V, both of which are
greater than that of hydrazine in alkaline media. The overall
reduction reaction of nickel salt to Ni metal by hydrazine can be
written as

2Ni2þ þ N2H4 þ 4OH� ¼ 2Ni þ N2 þ 4H2O ð8Þ
Therefore, hydrazine is used for the synthesis of metals such as

Ni,547,554�556 Ag,557 Cu,558 and Pt559 and bimetallic compounds
such as Pd/Pt560 and Pt/Ru.561 The main advantage of using
hydrazine is that the pH- and temperature-dependent reducing
ability of hydrazine makes the reduction rate more easily
controllable.
4.1.1.3. Reduction�Transmetalation. Other than the more

common reduction techniques, metallic particles can also be
synthesized by using a redox�transmetalation method. It is an
advanced process compared with the conventional reduction
techniques. In this method, initially the core material is synthe-
sized by a common reduction process using any suitable reducing
reagent. Then the metal salt is added to the solution without any
additional reducing agent. When the metal salts come into
contact with the core surface, they are reduced by the surface
atoms of the metal core and deposited on the surface of the core.
As a result, some portions of the metal core are oxidized to metal
salt and diffuse through the shell layer into the bulk solution. A
redox reaction can then spontaneously proceed under the
favorable redox potentials between two metals. This technique
has some advantages over normal reduction, such as (i) a
conventional reducing agent is not required, (ii) shell formation

is spontaneous without any separate reaction being required,
(iii) self-nucleation of the shell metal can be avoided, and
(iv) inhomogeneous growth of the shell can be prevented.
However, the limitation of this method is that only those pairs
of bimetallic core/shell nanoparticle are possible where the shell
metal has a high reduction potential compared with the core
material. This method has been efficiently used for the selective
formation of bimetallic core/shell structures, some common
examples of which are Ni/Au,562 Co/Pt,167,563,564 Ni/Ag,550

Co/Au,167 Co/Pd,167 Co/Cu,167 and Ag/Au.565

The reaction mechanism of bimetallic Ni/Au core/shell
particle formation by reduction-transmetalation reaction can be
written as

Core formation : Ni2þ þ 2e� ¼ Ni ð9Þ

Shell formation : 3Ni þ 2AuCl4
� ¼ 3Ni2þ þ 2Au þ 8Cl�

ð10Þ
The schematic mechanism of Co/Pt core/shell particle for-

mation by the reduction�transmetalation method is shown in
Figure 33a and the HRTEM image of Co/Pt particles is shown in
Figure 33b. According to Park et al.,564 6.3 nm Co nanoparticles
were used as the core and the salt Pt(hfac)2 (hfac = hexafluoro-
acetylacetonate) was used for shell formation on the core surface
in the presence of dodecyl isocyanide as a capping material in a
nonane solvent media. Because of the higher reduction potential
of Pt compared with Co metal, during the reaction, Pt2+ is
reduced to Pt and deposited on the core surface. Simultaneously
the core surface atoms (Co) are oxidized to Co2+ to form
Co(hfac)2.
4.1.1.4. Thermal Decomposition of Organometallic Com-

pounds. High-temperature thermal decomposition of organo-
metallic compounds is another suitable method for the synthesis
of metal nanoparticles especially for core particle synthesis. In
this method, organometallic compounds are decomposed to
metals at high temperature in the presence of a surfactant in
nonaqueous media but in the absence of water and oxygen. The
surfactant acts as a dispersing agent for controlling the particle
size. A simple example of this method is the synthesis of cobalt
from a octacarbonyldicobalt complex.167,176,566 In the presence
of a surfactant molecule, Co2(CO)8 is decomposed to Co metal
at 500 �C. Organic surfactant molecules act as a dispersing and
stabilizing agent. Adsorbed surfactant on the cobalt core surface
can be removed by successive washings using anhydrous metha-
nol and storage either in toluene or benzene. Freshly synthesized
Co metal is highly reactive toward oxidation; therefore, contact
with air or water should be avoided. Otherwise the surface layers
of the cobalt will be oxidized to cobalt oxide. The thermal
decomposition of Co2(CO)8 at 500 �C can be stoichiometrically
written as

Co2ðCOÞ8 f 2Co þ 8CO ð11Þ
The metal carbonyls are highly toxic and relatively more

expensive. Therefore, in order to improve the method, octacar-
bonyldicobalt is replaced by another organometallic precursor
such as the Co(η3-C8H13) (η4-C8H12),

567 [bis(salicylidene)
cobalt(II)]�oleylamine complex.568 By using the thermal
decomposition method with an organometallic precursor
of another metal such as Cu from copper oxalate,317

[bis(salicylidiminato)copper(II)] [Cu(sal)2],
569 Au from gold

acetate [Au(OCOCH3)3],
182 and Ni from nickel acetate
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[Ni(OCOCH3)2 4H2O]
545 have all been synthesized. In the

presence of a stabilizing agent, the mechanism of particle
formation is the same as octacarbonyldicobalt complex decom-
position. However, the main advantage of using another organic
complex is that the process requires a lower temperature (∼250 �C)
compared with the metal carbonyl complex (500 �C). After separa-
tion of the metal, several washings with anhydrous alcohol are
required to remove the stabilizing agent before coating with the
required shell materials.
This technique is more useful for the synthesis of metal/metal

oxide core/shell nanoparticles from the same metal compound.
There is no additional step required for the synthesis of the shell.
After removal of the stabilizing agent from the core surface,
surface atoms are oxidized to the corresponding metal oxide by
atmospheric oxidation. A schematic diagram of Cu/Cu2O
core/shell nanoparticle formation by this technique is given
in Figure 34.
4.1.1.5. Wire Electrical Explosion. Compared with all the

other previously mentionedmethods, metal nanoparticle synthe-
sis by the wire electrical explosion (WEE) technique follows a
totally different mechanism. In this method, a high voltage is
applied through a thin wire in an inert gas atmosphere in a high-
pressure closed chamber. Under these conditions, a strong pulse
current with a high current density is passed through the wire so
that the wire becomes overheated and evaporates very quickly.
The result is that different sized metal nanoparticles are formed
within that closed chamber because of the sudden explosion
with a shock wave. In this process, the time required for thermal
expansion is as short as several tens of microseconds. This process
is not used conventionally for common industrial purposes,
because it is not only very expensive but also impossible to use
explicitly for different metals. It is mainly useful for those metals
of high electrical conductivity that are easily available in the
thin wire form. After particle formation, the particles should be
collected carefully and kept in a closed vessel to prevent atmo-
spheric oxidation. According to the available literature, this
method is only used for the synthesis of metals such as Ni,126

Al,570,571 and Cu;177 core/shell alloys such as Cu/Zn572 or
Ti/Ni,237 andmartensite stainless steel (MSS) (with alloy composi-
tion 72.1% Fe, 18.7% Cr, 6.7% Ni, 1.4% Mn, 0.8% Si, and 0.03%
C).573 The schematic diagram of the electrical explosion setup
for Ni metal synthesis is given in Figure 35. This circuit is used in

a closed chamber and a high-density strong pulse current is
passed through metal wire (EW). As a result of the sudden
heating, the wire starts to melt, and through condensation of the
liquid metal, different sized nanoparticles are formed.
According to Fu et al.,126 core Ni nanoparticles can be

synthesized by using the WEE technique in a closed chamber
with 0.25 MPa pressure by applying a DC voltage of 34 kV with a
current density of 107 A/cm2 through a Ni wire of 0.33 mm
diameter and 7.5 cm in length. But there are some problems
associated with this technique. After complete particle formation,
they are separated and must be carefully stored in a closed vessel
or in any anhydrous solvent to prevent the oxidation of the
surface atoms. This technique is also used for the synthesis of
bimetallic core/shells or metallic alloy formation. With respect to
bimetallic core/shell nanoparticle synthesis, only those combina-
tions that have a higher difference in saturation vapor pressure at
a fixed temperature are possible. In this case, the particles having
low saturation vapor pressure will form the core and the others
form the shell after complete solidification of the core material.
The core particles can also be coated in a separate step.126 After
separation of the core particles, a silica shell is coated in a
nonaqueous media from TEOS (as shown in Figure 36).
4.1.2. Synthesis of Oxide (Metal and Metalloid) Nano-

particles. Metal or metalloid oxides are another important
class of compounds that have been extensively synthesized over
the past decade as a core or shell in core/shell nanoparticles.
The synthesis of the metal oxide can be classified into two
different categories depending on the mode of transformation:
(i) gas�solid and (ii) liquid�solid transformations.574 Among
the gas�solid transformations, chemical vapor deposition (CVD)
and pulse laser deposition (PLD) are the most common tech-
niques. In general, liquid�solid transformation is the more com-
mon transformation mode for metal oxide synthesis either as a
core or as a shell than the gas�solid transformation. Among the
different liquid�solid transformation methods, the sol�gel and
coprecipitation techniques are more acceptable methods for the
synthesis of these metal or metalloid oxide nanoparticles. Silicon
and titanium oxides are preferentially synthesized by the sol�gel
method. However, coprecipitation techniques are mainly used
for all the different types of oxides especially those metals from
the hydroxide precipitate in alkaline pH. Other than these two,
there are also other methods for metal oxide formation, and these
will now be discussed.

Figure 34. Schematic diagram for Cu/Cu2O core/shell nanoparticle synthesis using the thermal decomposition of a metal organic complex.
Reaction scheme adapted from ref 569.

Figure 36. Schematic diagram used to prepare Ni/SiO2 core/shell
nanoparticles using WEE.
Reprinted with permission from ref 126. Copyright 2005 Elsevier B. V.

Figure 35. Schematic diagram of wire electric explosion (C, capacitor
group; F, plasma switch; L, inductor; R, resistance of circuit; EW,
exploding wire).
Reprinted with permission from ref 126. Copyright 2005 Elsevier B. V.
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4.1.2.1. Sol�Gel Method. The sol�gel process is a wet-
chemical technique widely used in material research related to
science and technology applications, in particular for metal oxide
nanoparticle synthesis. This process is a combination of two
steps, hydrolysis and polycondensation of suitable molecular
precursors (usually metal alkoxides or chlorides), which leads to
the gradual formation of the solid-phase network.
The interest in sol�gel processing can be traced back to the

mid-1880s. Later on this method was modified byWerner St€ober
in 1968.575 During the 1990s, research activities increased
significantly in this area, and as a result, up to 2000 more than
35 000 papers were published worldwide on this process for the
synthesis of different nanoparticles.576�578 Different research
groups used modified sol�gel methods for the synthesis of
different metal oxides.347,352,427,536,579�582 Sol�gel processes
are mainly classified into three different approaches: (i) gelation
of solutions of a colloidal powder; (ii) hydrolysis and polycon-
densation of metal alkoxides or metal salt precursors followed by
hypercritical drying of the gels; (iii) hydrolysis and polycondensa-
tion of metal alkoxide precursors followed by aging and drying under
ambient atmosphere.503 The last method is commonly used for the
synthesis of metal oxides. These three approaches can be divided into
seven steps, as describes below.
Step 1. Mixing. For the first method, the suspension of

colloidal powder or sol is formed by the mechanical
mixing of colloidal particles in water at a suitable pH
without any precipitation. For the other two meth-
ods, metal alkoxide or metal salt are used as a
precursors, which are hydrolyzed to form hydrated
metal hydroxides in the presence of water, which
subsequently undergo condensation to form an oxo
bridge (�M�O�M�). When sufficient M�O�M
bonds are formed in a region, then they cooperatively
respond to form colloidal particles or sol. The size of
the particles depends on the pH of the medium and
the ratio of water to metal alkoxide or metal salt.

Hydrolysis : MðORÞn þ nH2O

f MðOHÞn þ nROH ð12Þ

Condensation : MðOHÞn þ MðOHÞn
f ðOHÞn�1M�O�M� ðOHÞn�1 þ H2O

ð13Þ

Step 2. Casting. Since the sol is a low-viscosity liquid, it can be
cast into a mold.

Step 3. Gelation. With time, the colloidal particles and con-
densed species link together to form a three-dimen-
sional network with increased viscosity, which finally
becomes solid.

Step 4. Aging. The aging of the gel involves maintaining the
cast object for a period of time, completely immersed
in liquid for polycondensation, syneresis, coarsening,
and phase transformation.

Step 5. Drying. The liquid is removed from the intercon-
nected pore network during the drying process.

Step 6. Dehydration or chemical stabilization. The sur-
face metal�hydroxide bonds are removed in this
step, and the material is converted into a stable
ultraporous solid with sufficient interconnected
porosity, optical transparency, and good mechan-
ical strength.

Step 7. Densification. After dehydration, solid materials are
heated at high temperatures to increase density by
reducing the internal porosity.

During the last four steps, the shrinkage and densification
occurs because of (1) capillary contraction, (2) condensation,
(3) structural relaxation, and (4) viscous sintering.576 In the first
step, the rate of hydrolysis of metal or metalloid alkoxide or salt is
affected by some physical parameters such as (i) pH, (ii)
substituents, (iii) solvent, and (iv) water. The effects of these
parameters are discussed as follows.
4.1.2.1.1. Effect of pH. The hydrolysis reaction of the alkoxide

is possible in both acidic and alkaline pH with different mecha-
nisms. In acidic media, initially the alkoxide group is protonated
and simultaneously a lone pair of the water oxygen becomes
attached to the metal from the back side. However, in the basic
medium, initially a hydroxyl group is attached to the metal and
simultaneously one alkoxide group is released for each substitu-
tion. Both these mechanisms for hydrolysis of TEOS are shown
in Figure 37.
The rate of hydrolysis is minimal at neutral pH but with

increasing or decreasing pH the rate of hydrolysis increases. The
rate of condensation of the silicic species also depends on the
degree of ionization value. It is minimum at the isoelectric point
pH ≈ 2 and becomes faster with increasing pH. Therefore, for
the synthesis of silica from TEOS, it is better to use a higher pH

Figure 37. Hydrolysis mechanisms of TEOS for both acidic (a) and basic (b) media.



2407 dx.doi.org/10.1021/cr100449n |Chem. Rev. 2012, 112, 2373–2433

Chemical Reviews REVIEW

or basic conditions.583,584 Figure 38 shows the effect of pH on the
hydrolysis of TEOS and then condensation.
4.1.2.1.2. Effect of Substituents.Considering the specific case

of tetraalkoxy silane, in both acidic and alkaline media, the
nucleophilic substitution reaction proceeds on the central Si
atom from the back side compared with the leaving group. The
steric effects on the Si atom are also another important factor.
Normally, with increasing alkyl chain length and branching in the
alkyl group, the rate of the reaction decreases because of the steric
hindrance introduced by the alkyl groups on the central Si atom;
as a result, nucleophile (OH�) attack on the central Si atom is
difficult from the back side. In addition, during the reaction, the
transition state (TS) Si attains sp2 hybridization, that is, except
for the leaving group and nucleophile, all other alkyl groups are
present in the same plane. During this process, it is also difficult
to attain a planar structure with increasing branch chain. The
decreasing order of the rate of reaction is given below:

SiðOCH3Þ4 > SiðOEtÞ4 > SiðOnPrÞ4 > SiðOiPrÞ4
> SiðOnBuÞ4 > SiðOhexÞ4

The rate of reaction also depends on the electronic stabiliza-
tion of the transition state complex and the stability of the leaving
group. The electronic density on the Si atom reduces in the
following order, R�Si > RO�Si > HO�Si > Si�O�Si.
4.1.2.1.3. Effect of Solvent. Because metal or metalloid

alkoxides are soluble in alcohol but insoluble in water, a certain
amount of alcohol is always used to improve the miscibility of the
alkoxide in water. Generally, the corresponding alcohol common
to the alkoxide ligand is preferable. With the change in alkyl
group, such as increasing chain length or branching in the alkyl
group of the alkoxide, the partial solubility of the related alcohol
in water decreases. As a result, the reactivity of the metal alkoxide
also decreases because of improper miscibility. Therefore, in
general, ethanol is the solvent of choice.
4.1.2.1.4. Effect of Water.Water is also one of the reactants in

the hydrolysis reaction. According to the stoichiometry, four
moles of water are required for complete hydrolysis of one mole
of alkoxide. Subsequently during the condensation additional
water is produced. In the hydrolysis step, the reaction rate
decreases with decreasing water concentration in the system,
whereas in the presence of more water the reaction rate decreases
because of dilution of the reactants. As a result, in order to attain
the optimum reaction rate, an optimum water to alkoxide ratio
(R = [water]/[alkoxide]) is essential.
Aqueous phase sol�gel chemistry is a complex process, mainly

because of the high reactivity of the metal oxide precursors
and the double role of water as a ligand and solvent. In many
cases, three types of reactions (hydrolysis, condensation, and
aggregation) occur almost simultaneously, and these are also
difficult to control individually, so slight changes in experimental
conditions result in altered particle morphologies. Furthermore,
the as-synthesized metal oxides are often amorphous, and it is
difficult to retain full control over the crystallization process
during any additional annealing step. Although all these param-
eters can be controlled well enough for the preparation of
bulk metal oxides, there is a big challenge in the case of nano-
particle synthesis by sol�gel methods. Therefore, to overcome
these problems, researchers are trying to change the aqueous to a
nonaqueous system. In nonaqueous systems, the exclusion of
water as a continuous phase canminimize someof the limitations of
the aqueous system. Water not only acts as the oxygen-supplying

agent for the metal or metalloid oxide but also strongly influences
particle size, shape, and surface and assembly properties. In
specific cases, even the composition and crystal structure are
affected. In 2007, Niederberger585 explained the mechanism of
the sol�gel process in nonaqueous systems. Different metal
oxides, such as TiO2,

586 SiO2�GeO2,
587 CeO2,

588 and rare earth
doped Al2O3,

589,590 are synthesized by this technique.
4.1.2.2. Coprecipitation Technique. Precipitation is a most

common type of reaction that can be used to prepare wide
varieties of nanoparticles. In a precipitation reaction, two or more
water-soluble salts react with each other to form at least one water
insoluble salt that precipitates out from the media. The solubility
product of the precipitated compound is the most important
parameter for such a precipitation reaction. In this technique, first
the product will form in the liquid phase immediately after the
completion of the reaction. When the concentration of the
product crosses the solubility product value of that compound
in the reaction media, particle formation will start.
The mechanism of nanoparticle formation via precipitation

is a combination of three separate steps one after another:
(i) nucleation, (ii) growth, and (iii) agglomeration. However,
there may be different types of reactions, such as acid�base
precipitation reaction and redox precipitation reaction. In this
process, reaction takes place in the liquid phase but the particles
formed are in the solid state; for that reason it is also known as
reactive crystallization, and it also depends on several energy
terms. The first step, the reaction in the liquid phase, is associated
with the activation energy of the reaction. The rate of reaction is
faster with a lower activation energy than for that of higher
activation energy. After the completion of this reaction, embryos
(consisting of few atoms) are generated in the bulk liquid phase.
When the size of the embryos crosses, a critical radius (called a
nucleus), then only the liquid state will be converted to solid.
When the solid particles are formed in the bulk phase, a new
solid�liquid interfacial area is generated with a specific surface
energy proportional to the square of its radius. In considering the
bulk energy, because of the formation of a solid then the energy
gain is proportional to the cube of the particle radius. These two
energy terms are opposite in nature. The change in total energy is
mainly the contribution of these two energies, but some other
factor, such as motion of the particles in the media, defects in
crystal energies, and electrostatic contributions, also contribute a
little bit to the overall energy of the system.591 Normally
nucleation is the faster step if the solubility product of the particle
material is very low; in that case growth rate will be controlled by

Figure 38. Effect of pH on the rate of hydrolysis of TEOS and the rate
of condensation of silicate species at different electrolyte concentrations.
Reprinted with permission from ref 584. Copyright 1999 Elsevier B. V.
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the overall reaction rate. In the growth process, embryos form
after the reaction diffuses to the nuclei surface from the bulk
phase. Ultimately the growth rate depends on either the reaction
rate or the diffusion of the molecules from the bulk phase to the
nuclei surface, whichever is slow.592 The final step is agglomera-
tion. Here small sized particles are converted to a larger size as a
result of Oswald ripening with a decreasing specific solid�liquid
interface area to reduce the overall energy of the system.
An example of the coprecipitation reaction is where it is used

for the preparation of core/shell nanoparticles such as Fe3O4/
TiO2.

185 For the synthesis of Fe3O4, hydrated ferrous chloride
(FeCl2 3 4H2O) and ferric chloride (FeCl3 3 6H2O) are used, and
for the TiO2 synthesis, Ti(SO4)2 is the reactant. As a precipitat-
ing agent of iron oxide NH3 3H2O is used, and the chemical
reaction can be written as

Fe2þ þ 2OH� f FeðOHÞ2 ð14Þ

Fe3þ þ 3OH� f FeðOHÞ3 ð15Þ

FeðOHÞ2 þ FeðOHÞ3 f Fe3O4 þ 4H2O ð16Þ
The overall reaction can be written as

Fe2þ þ 2Fe3þ þ 8OH� f Fe3O4 þ 4H2O ð17Þ
After complete core (Fe3O4) formation, in the same solution,
Ti(SO4)2 and urea are added for TiO2 formation. Urea does not
react with Ti(SO4)2; however, it decomposes to ammonia and
that reacts with Ti(SO4)2 to form TiO2. The reaction proceeds
through the following mechanism:

COðNH2Þ2 þ 3H2O f CO2 þ 2NH3 3H2O ð18Þ

TiðSO4Þ2 þ 4NH3 f H2O 3TiðOHÞ4 þ 2ðNH4Þ2SO4 ð19Þ

TiðOHÞ4 f TiO2 þ 2H2O ð20Þ
An alternate route for preparing Fe3O4 nanoparticles has been
reported by Gupta and Gupta.90 The schematic diagram of
magnetite Fe3O4 particle formation by a precipitation reaction
is shown in Figure 39.
Similarly, other core/shell nanoparticles, such as CaCO3/

SiO2, can also be prepared by precipitation techniques using
CaO and Na2SiO3 3 9H2O as the reactants.146 Both the core
and shells were synthesized in the same media. The schematic

diagram of the reaction steps of core and shell formation are
shown in Figure 40. By similar techniques, different metal or
metalloid oxides such as ZnO,197 SiO2,

131 Fe3O4,
221 and Y2O3

220

were synthesized either as a core or as a shell by different research
groups.
4.1.2.3. Thermal Decomposition Technique. Thermal de-

composition is another technique used for the decomposition of
metal complex compounds to formmetal oxides; it is also known
as thermolysis. This method is used mainly for the synthesis of
metal oxide as a core particle in the presence of air or oxygen. The
associated reaction is normally endothermic in nature. This
method is more common for the synthesis of transition metal
oxides, because this is only applicable to stable metal complexes.
In general, because of the presence of a vacant d-orbital in the
valence orbital, the transition metals can easily form metal
complexes through the formation of a secondary bond between
the metal and electron-donating ligands.
In this process, initially a surfactant solution is used to stabilize

the metal salts and then the surfactant-stabilized metal salt is
mixed with a higher molecular weight organic compound to form
an organometallic complex. Finally, the resulting organometallic
complex is decomposed to form a metal oxide in a hydrophobic
solvent in the presence of pure oxygen at high temperatures.
After complete decomposition, reaction particles are separated
by centrifugation and then washed with a suitable solvent.
This method has been used for the synthesis of ZnO from [bis
(2-hydroxyacetophenato)zinc(II)]593 or [bis(acetylacetonato)
zinc(II)]�oleylamine complex,316 zirconium oxide (ZrO2)
from zirconyl nitrate pentahydrate (ZrO(NO3)2 3 5H2O) using
two separate stabilizing agents, oleylamine and PEG,594 or from
bis-aqua,tris-2-hydroxyacetophenato zirconium(IV) nitrate
[Zr(HAP)3(H2O)2](NO3)] as a precursor in oleylamine
(C18H37N) and triphenylphosphine (C18H15P),

595 cobalt oxide
(Co3O4) from Co(oxalate)596 and [bis(2-hydroxyacetophenato)
cobalt(II)],597 and iron oxide (Fe3O4) from Fe(acac)3 with 1,2-
hexadecanediol, oleic acid, and oleylamine at elevated tempera-
ture.179 The schematic diagramof zirconiumoxide formation by the
thermal decomposition method is shown in Figure 41.
4.1.3. Synthesis of Metal Salt and Metal Chalcogenide

Nanoparticles. Apart from metal or metal oxides, inorganic
nanoparticles, such as a metal salt and chalcogenide, are a
separate class of compounds extensively used for different
industrial applications. Specially, chalcogenide (sulfide) salts
of transition metals such as Zn, Cd, or Hg, are extensively
used as semiconductor materials in different electronic in-
dustries and rare earth metal salts are also used for bioimaging
purposes for their active fluorescence properties. This cate-
gory of nanoparticles is usually synthesized using precipita-
tion reactions.

Figure 39. Scheme showing the reaction mechanism of magnetite
particle formation by a wet process from an aqueous mixture of ferrous
and ferric chloride by the addition of a base. The precipitated magnetite
is black in color.
Reprinted with permission from ref 90. Copyright 2005 Elsevier Ltd.

Figure 40. Reaction steps for CaCO3/SiO2 core/shell nanoparticle
formation by precipitation reactions.
Reprinted with permission from ref 146. Copyright 2004 Elsevier B. V.
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Different rare earthmetal compounds such as LaPO4,
224,228,230

LaF3
224,230 and β-NaYF4

227,229 are synthesized either as core or
as shell nanoparticles. The reaction technique is the same as a
normal precipitation process, but in addition, continuous stirring
and a high temperature are required. In some cases, the reaction
requires an inert gas atmosphere.
Chalcogenide semiconductors are a group of compounds

mainly synthesized by the coprecipitation technique. In the
semiconductor group, the compounds are mainly sulfides, ha-
lides, or oxides of transition metals, and the most common
technique for the synthesis of these compounds is the slow
precipitation reaction between themetal salt and the correspond-
ing counterions in the presence of a suitable capping agent under
good stirring conditions. Some common examples of semicon-
ductor core/shell nanoparticles formation by precipitation reac-
tion are CdS/CdSe,111,201,275 CdS/ZnS,82,202 Mn-doped CdS,598

CdS/PbS,6,200 ZnS/CdSe,81 and FePt/CdS.178

CaCO3 is another common metal salt that is also synthesized
by a precipitation process to use as a core material.146 The basic
mechanisms of this process are the same as the mechanism for
metal oxide synthesis by a precipitation reaction.
The “successive ionic layer adsorption and reaction” (SILAR)

technique is another common method for the synthesis of metal
salts, especially semiconductor materials.299,599�604 This tech-
nique is used for attaining better particle growth control and is
based on a comparatively new idea, first proposed by Ristov
et al.605 Later on in 1985, this technique was named the SILAR
method by Nicolau.606 Normally, the core particles are synthe-
sized by a normal precipitation method, but the shell materials
are synthesized by SILAR to achieve better photoluminescence
properties of the semiconductor materials. The purpose of
SILAR shell growth is mainly threefold. First, it prevents
independent nucleation of the shell material; as a result the core
is coated by the shell material with less formation of separate shell
material nanocrystals. Second, the slow addition of the reactants
maintains low precursor concentration in the media throughout
the period of the reaction time, which favors isotropic and
uniform growth. This in turn results in formation of spherical
quantum dots and symmetric photoluminescence (PL) spectra.
Finally, annealing between the deposition of the alternative
shell materials (transition metal salt and other precursors) allows
sufficient time for one material to react so that the chemical
composition, structural improvement, surface morphology, and
optical and electrical properties of the shell are not biased
toward the core or other shell materials. Tolstoy has reviewed
the mechanism for the synthesis of various classes of sub-
stances (inorganic, organic, and hybrid, i.e., inorganic/organic)
by successive ionic, ionic�molecular, and ionic�colloidal
layer deposition.607

4.2. Synthesis of Organic Nanoparticles
The majority of organic nanoparticles fall into the category of

polymers. Polymerization is the most widely applicable tech-
nique for organic core or shell formation;418,426,480,482,535,538

usually by either addition or step polymerization. In the poly-
merization process, monomer molecules are combined succes-
sively into three-dimensional networks in the presence of a
suitable initiator and under appropriate reaction conditions.
Therefore, depending on the phase behavior, polymerization
processes can be also classified into different groups, (i) bulk
polymerization, (ii) solution polymerization, (iii) suspension
polymerization, and (iv) emulsion polymerization.

Normally, the organic polymer cores are synthesized sepa-
rately using emulsion polymerization353,419,426,449,463,483 and
then directly supplied as a pure template into the reaction media
for subsequent core/shell nanoparticle synthesis. The coating of
polymer shell onto the organic or inorganic core is normally done
in situ. In order to enhance the shell coating, the core surface is
normally modified either by a polyelectrolyte for an organic core
or a surface modifier (surfactants) for inorganic cores. Then the
polymerization takes place on the core surface by either bulk or
solution polymerization. There are a number of studies available
on theuse of polymernanoparticles as cores,330,353,418,419,426,463,483,608

shells,330,339,342,348,384,582,609 or both core and shell,481,482,496 as well
as review articles on inorganic core/polymer shells322 and
silica/polymer composite nanoparticles.348 A summary of differ-
ent polymers synthesized by different methods is presented in
Tables 3, 4, and 5. The basic importance of the different
hydrophilic polymer coatings on the inorganic particles is to
increase the stability and biocompatibility of those inorganic
particles. A suitable hydrophilic initiator is used for the poly-
merization process; simultaneously the initiator may also act as a
surface modifier.581 For the different polymerization processes,
either hydrophilic inorganic compounds93,105,135,481,483,582,609 or
hydrophobic compounds93 are used as initiator. Pena et al.581

synthesized TiO2/polymer composite materials by free radical
polymerization. They used poly(methyl methacrylate) (PMMA)
in acrylic acid with 0.5% of benzoyl peroxide (PBO2) for the core
surface modification. In addition, they used an initiator. Dresco
et al.93 discussed the different microemulsion methods for the
formation of magnetite core (Fe3O4) and hydrophilic polymeric
shell coating using both inorganic (K2S2O8) and organic (2,20-
azobis(isobutyronitrile)) initiators. Apart from the chemical
initiators, judicious choice of light wavelength is also used as an
initiator for the synthesis of organic polymers.494,610

For organic core or shell synthesis in aqueous media, bulk
polymerization is a more common technique; in this method
both the monomers and polymers are present in the liquid
phase. Themain disadvantages of this method are the progressive

Figure 41. Schematic diagram of synthesis route of ZrO2 nanoparticles by the thermal decomposition method.
Reprinted with permission from ref 594. Copyright 2009 Elsevier B. V.
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increase in molecular weight and viscosity and reaction only
proceeding in the liquid phase at high temperatures. Solution
polymerization is another common technique for polymeriza-
tion. The disadvantage of this technique is the necessity of
removing the solvent in order to isolate pure solid polymer. In
suspension polymerization, monomers are soluble in the med-
ium, and the reaction occurs within the droplet. A protective
agent is used, under constant vigorous stirring, to maintain the
droplets in a suspended state. The next technique to be discussed
is emulsion polymerization. Here, the monomer is dispersed in
water containing a surfactant (usually 10�12% by weight) to
form, as the name implies, an emulsion. This is a widely used
technique for industrial purposes. The main advantage of this
technique is that because it forms a stable suspension there is no
requirement for continuous stirring. Heat transfer efficiency is
very high, and the viscosity change is also low compared with
either solution or suspension polymerization processes. But the
most important task in emulsion polymerization is the formation
of stable emulsions of the monomer water mixture in the
presence of a suitable emulsifying agent. The disadvantage of
this process is the presence of a surfactant, which is difficult to
remove completely. However, this technique is the most widely
used for either organic core419,420,422,426,483,611 or shell336,345,346

synthesis.
Depending on the mechanism, polymerization reactions can

be further classified into two different categories: (i) addition
and (ii) step polymerization. These mechanisms are briefly
described below.
4.2.1. Addition Polymerization. Addition polymerization

has the features of a chain reaction. Addition polymerization
occurs through the propagation of the active species by the
successive addition of large number of monomer molecules in a
chain reaction occurring in a matter of, at the most, a second or
more usually in a much shorter time. The reaction has its origins
in the reaction with an initiator, which can be a free radical, a
cation, or an anion. Depending on the initiator, addition poly-
merization itself can also be subclassified into three different
groups: (i) free radical polymerization, (ii) cationic polymeriza-
tion, and (iii) anionic polymerization.468

4.2.2. Step Polymerization. Step polymerization is another
well-known technique. Here, polymerization proceeds through
the reaction between the functional groups of the monomers.
The reaction takes place in a stepwise manner; it is therefore a
slow polymerization process requiring more time than addition
polymerization processes. Step polymerization reactions are
mostly accompanied by the elimination of small molecules. For
this polymerization reaction, many known reactions with organic
functional groups are used: condensations, additions, ring open-
ings, amidation, and last ester interchange reactions. These types
of reactions mainly follow the bulk polymerization technique.
The step polymerization reaction between bifunctional mono-
mers with the elimination of water can be written as

xHO� R �OH þ xHOCO� R0 � COOH

f HO½ � R �OCO� R0 � COO� �xH þ ð2x� 1ÞH2O

ð21Þ
Among the different step polymerization reactions, condensation
polymerization is the most widely used technique; mostly water
molecules are condensed from the mixture. This technique is
used for the organic/organic “smart” core/shell nanoparticle
synthesis.463,481,612,613

5. FACTORS AFFECTING THE SIZE AND DISTRIBUTION
OF CORE/SHELL NANOPARTICLES

Both particle size and distribution are important parameters in
the synthesis and subsequent applications of nanoparticles. With
increase in particle size, the specific surface area and the energy
gap between the valence and conductance bands decreases. As a
result, the particle properties also change. Therefore, particles
across the whole nano range (1�100 nm) do not show the same
properties. Up to a certain size range, the particles have better
optical and quantum mechanical properties. As a specific exam-
ple, magnetic nanoparticles are important for in vivo applications,
such as controlled drug delivery and MRI. However, particles
sized above 50 nm cannot be used in in vivo applications because
they are difficult to transport by the blood and the particles tend
to coagulate within the cell. In general, for a particular applica-
tion, particles with a wide size distribution are also unacceptable.
Therefore, smaller sized particles with a narrow size distribution
and less tendency to agglomerate are the important factors to be
considered.

However, these important factors can be controlled by
selectively choosing the reaction media, the physical parameters
of the reaction such as temperature, reactant concentration, pH
of the media, and nature of the reaction, and also any external
applied force.

5.1. Synthesis Media
The synthesis media is an important factor for determining the

final particle size and its distribution after reaction. In general, for
a “bottom-up” approach, the particles are synthesized using a
chemical route either in the bulk phase (aqueous or nonaqueous)
or in microemulsion media. Both these media have inherent
advantages and disadvantages. Either is acceptable depending on
the situation.
5.1.1. Synthesis in the Bulk Phase. The synthesis of

nanoparticles in a bulk aqueous phase is an easy method
compared with any of the other methods even including micro-
emulsion. This is because of the easy separation of the particles,
ease of up-scaling, and fascile post-treatment to obtain a pure
product. In addition, it is easy to maintain the required reactant
concentration necessary to obtain the desire product. On the
other hand, in the case of bulk aqueous phase synthesis, proper
control of particle size by changing the external parameters is
difficult, especially when the material is hydrophobic. As a result,
a bigger sized particle with a wide size distribution is, in general,
expected. Apart from the size and distribution of the particles,
uniform coating of the core with the shell material to make a
complete core/shell particle is also difficult. To facilitate uniform
coating either a suitable surface modifier (surfactant or block
polymer) or selectively oppositely charged material is directly
used. Even then, the incomplete or nonuniform coating of
the shell materials and the possibility of forming individual
pure particles instead of coating are also there. The hydro-
philic particles (mainly magnetic or semiconductor core/shell
particles) are synthesized in an aqueous bulk phase. The mag-
netic nanoparticles thus synthesized generally have good crystal-
linity and magnetization properties. But the main difficulty is the
production of higher sized particles with a wide distribution.
Therefore, the ongoing challenge is to synthesize core/shell
nanoparticles with proper surface modification in order to reduce
agglomeration of the core particles, to induce uniform coating of
the shell materials, and to produce overall small sized particles with
a narrow distribution.5,83�85,87,88,91,92,184,197,260,261,326,368�374,614
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The effects of the different reaction parameters on core/shell
nanoparticles prepared by this method will be discussed in the
following sections.
5.1.2. Microemulsion Method. The synthesis of nanopar-

ticles using a microemulsion as a nanoreactor created huge
interest over at least the past two decades because of easy control
of the particle size, narrow size distribution, and also uniform
coating. Apart from these advantages, the disadvantages are as
follows: a microemulsion is a complex system consisting of a
huge surfactant, cosurfactant, and oil phases, the separation and
purification of the particles are difficult, and also there are
difficulties in producing large quantities of particles. In a micro-
emulsion system, surfactants form reverse micelles and cosurfac-
tant molecules help in the micellization process by reducing the
electrostatic repulsive forces between the charged headgroups of
the surfactant molecules. As a result, the aqueous phase is present
as a discrete nanodroplet inside the continuous oil phase, and the
particle formation reaction proceeds within the droplets. The
reverse micelles act as a center for both nucleation and epitaxial
growth of the nanoparticles. In a microemulsion system, the
particle size and morphology mainly depend on the droplet size.
The size of the droplet in turn also depends on the surfactant
hydrophile�lipophile balance (HLB) value, the chain length of
the surfactant, and the water to surfactant ratio. This method is
mainly used for different types of inorganic nanoparticle synthe-
sis for which the chemical reaction proceeds within the aqueous
phase. Different surfactants (either ionic or nonionic) can be
used for microemulsion formation with a cosurfactant and oil as
the continuous phase.
Different research groups have synthesized different core/

shell nanoparticles, characterized them, and applied them in
some applications. A wide range of core/shell nanoparticles such
as CdS/Ag2S,

203,204 Fe/Au,544 Fe3O4/SiO2,
136 PbTe/CdTe,217

CaO/Fe2O3,
615 CaO/Fe2O3,

195 MgO/Fe2O3,
195 and ZnO/

Fe2O3
195 have all been synthesized using the microemulsion

method. On the other hand, in order to simplify the scope of
experiments attention has recently focused on the theoretical
importance of the microemulsion system.616�621 These have
mainly focused on the different mechanisms and kinetics of
particle formation in microemulsion systems. Some have con-
sidered the intermiceller exchange of reactants and newborn
particles by both single and double microemulsion systems. In
these cases, particle size and polydispersity depend not only on
the droplet size or the reactant concentration but also on other
physical parameters, such as nature of the reactant, polar volume
fraction, mixing pattern of the reactants, and even types of oils
used. The effects of these different parameters are briefly
explained below.
5.1.2.1. Water to Surfactant Mole Ratio (R). Where micro-

emulsion techniques are concerned, the molar ratio of water to
surfactant is the most important parameter for controlling the
particle size and morphology. Normally with increasing molar
ratio, the water droplet size also increases so that the rigidity of
the surfactant film layer decreases. That causes more intermicel-
lar nucleation compared with intramicellar nucleation. In
addition, it also increases the aggregation of the particles
because of the collision between nanoparticle populated reverse
micelles or because of intermicellar exchange among the reverse
micelles.622�629 Finally, a higher water content reduces the
interaction between the headgroups of the surfactant molecules
and nanoparticles and that in turn increases the aggregation of
the particles.

There is also some evidence from the literature available
showing that the particle size initially increases with increasing
R and ultimately although the size reaches a plateau630�633

region the polydispersity still continues to increase. Pineli and
co-workers630,632,633 explain this as follows. At lowwater content,
the number of water molecules per surfactant molecule is too few
to hydrate the counterions and the surfactant headgroups. This
induces strong interactions between the water molecules and the
polar headgroups, so that the water molecules present as “bound”
water. With a progressive increase in the water content, there is a
change from “bound” to “free”water in the water pool; as a result,
the particle size also increases. But whenever it reaches a plateau
any further increase in R does not effectively increase the particle
size because the excess water can no longer contribute to the
hydration of new ions. Another trend is also evident from the
literature. It shows that initially the particle size increases with
increasing R until a certain value is reached, beyond which
particle size again starts to decrease.634This may be because of
the decrease in the rate of effective collision and intermicellar
transfer after a certain R value is attained.
5.1.2.2. Polar Volume Fraction. In a reverse microemulsion

with increasing polar volume fraction, the population of reverse
micelles or nanoreactors increases in the continuous oil phase.
Therefore, the collisions between particles in populated reverse
micelles also increases, which in turn leads to an increase in the
probability of aggregation. Another reason for increasing size
with increasing polar fraction may be concomitant increases in
reactant concentration so that the nucleation and growth mech-
anism changes from intramicellar to intermicellar and hence
ultimately particle size increases.625,627,628,635

5.1.2.3. Effect of Reagents. During the process of a reduction
reaction, normally the reducing agents have no effect on con-
trolling the particle size. However, with weak reducing agents,
polydispersity increases because of the slow reaction rates.631,632

In general, when the reaction is fast the nuclei concentra-
tion increases because of more intra- and intermicellar exchange;
as a result, small sized particles are obtained. For example, in
the case of CdS nanoparticle synthesis by single as well as
double microemulsion techniques, H2S gas was used as a sulfide
precursor for the single microemulsion method, whereas in the
case of the double microemulsion method aqueous Na2S was
used as the sulfide precursor.636 The results show that in the
case of H2S bubbling, the particle size is larger because of
excess sulfide ion concentration. Generally, particle size de-
pends slightly on the nature of the reactant also. In contrast,
some literature reports support the view that particle size
and its polydispersity do not depend on the nature of the
reactant.627,628,635,637

5.1.2.4. Effect of the Oil Phase. The organic phase is an
important factor in nanoparticle synthesis using microemulsion
techniques. Not all organic solvents are suitable for the forma-
tion of (w/o) microemulsions. The viscosity is an important
parameter for controlling the mechanism of particle formation.
Indirectly it controls the intramicellar exchange dynamics. For
example, when cyclohexane (viscosity = 0.85 cP) was used as the
continuous phase instead of isooctane (0.32 cP), a 10-fold
reduction in the rate of intermicellar exchange occurred; there-
fore, although the size of the water pools remained constant,
because of less intermicellar exchange the ultimate particle size
was reduce by 2-fold in the case of cyclohexane (as shown in
Figure 42).630 The decrease in particle size when using cyclo-
hexane instead of isooctane (all other parameters kept constant)
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can be explained in terms of intramicellar nucleation and growth
mechanism, and lower aggregation for cyclohexane system. A
decrease in the rate of intermicellar collisions because of the
higher viscosity of cyclohexane is the result.
5.1.2.5. Effect of Mixing. Mixing is another factor used to

control particle size especially for single microemulsion systems
with a liquid or solid as one of the reagents. The literature
confirms that the addition of a liquid reagent, even without phase
separation, increases the particle aggregation,634,638 whereas
ultrasound sonications effectively improve the reactant distribu-
tion within the reverse micelles, which ultimately gives more
uniformly small sized particles. For double microemulsion
systems, effective mixing reduces the particle size with a con-
comitant narrow size distribution. In contrast, some literature
reports also hold the view that the mixing has no effect on the
particle size and polydispersity.626,635

5.2. Effect of Temperature
Temperature is the most common reaction parameter used to

control the reaction kinetics for nanoparticle formation. In
general, for exothermic reactions, the reaction rate decreases
with increasing temperature, whereas the opposite is the case
for endothermic reactions. Normally, temperature is not an
important parameter for reductions or sol�gel reactions639 or
wire electrical explosions, but it is in fact a very important
parameter for thermal decompositions, polymerizations, or pre-
cipitation reactions. Generally, higher temperature is required
for thermal decomposition reactions, but for exothermic poly-
merization reactions, a low temperature is much better for the
conversion. In the case of precitipitation reactions, the situation
is little bit different. For particle formation through precititation,
a reaction can be divided into three different steps: (i) nucleation,
(ii) growth, and (iii) agglomeration. As a result, the size of the
particles depends on the relative rate of these three different steps.
The nucleation process depends on the nature of the chemical
reaction, whether it is endothermic or exothermic, whereas the
growth process is more complicated. It depends on the nature of
the reaction as well as the diffusion of the atoms or embryo from
the bulk to the nuclei surface. The diffusion coefficient of the
atoms or embryo increases with increasing temperature, but the
product concentration depends on the nature of the reaction. If
the reaction is endothermic in nature, then the diffusion increases
because of an increase in product concentration in the bulk, since
the endothermic reaction rate increases with temperature and
vice versa for the exothermic reaction. However, if the nucleation

rate is very fast because of an overall fast reaction, then the
growth rate depends on the diffusion rate only. According to the
Lifshitz�Slyozov�Wagner (LSW) model, the critical volume
grows linearly with time and the number of particles decreases
proportional to t�1. For a diffusion-controlled coarsening pro-
cess, the kinetics of coarsening can be written as592,640,641

rav
3 � r0

3 ¼ kct ð22Þ
where rav is the average particle size at a time t, r0 is the particle
size at time t = 0, and kc is the coarsening rate constant. The
coarsening rate constant (kc) can be obtained from the slopes of
the graph of rav

3 vs t. According to the Arrhenius equation, the
rate constant is again related to temperature and the activation
energy can be written as

kc ¼ Ae�Ea=ðRTÞ or ln kc ¼ � Ea
RT

þ ln A ð23Þ

where Ea is the activation energy for the growth process, A is a
constant, R is the universal gas constant, andT is the temperature
(in K). It can be seen that the rate constant for the coarsening, kc,
inversely depends on the temperature. The coarsening or growth
rate constant, kc, can be also written as

kc ¼ 8γDVm
2C∞

9RT
ð24Þ

where γ is the surface energy of the particles (J/m2), Vm is molar
volume for the particles, C∞ is the particle bulk concentration,
R is the universal gas constant, and T is the working temperature.
D is the diffusivity of the particles, which can be calculated by
using the Stokes�Einstein equation,

D ¼ kBT
6πηa

ð25Þ

Here kB is the Boltzmann constant (1.38 � 10�23 J/K), η is
viscosity of the media (kg/(m 3 s), and a is the hydrodynamic
radius (nm) of the particles.

Finally, the working temperature range depends mainly on the
reaction mechanism of core or shell formation. Normally, a low
temperature (∼100 �C) is preferred for coprecipitation reac-
tions, a medium temperature is preferable (∼100�500 �C) for
hydrothermal and thermal decomposition reactions, and high
temperatures (above 500 �C) are only used when calcinations are
included in the mechanism. However, in general, a low tempera-
ture is favorable for core/shell nanoparticle synthesis. This is
mainly because of the need tomaintain unsaturated shell material
formation within the reaction mixture, which influences appro-
priate coating on the core surface rather than the formation of
separate nuclei. Also a low temperature leads to less intermixing
of core and shell atoms at the interface. As mentioned before, for
in situ core/shell particle synthesis, core surface modification is
essential for good coating. The modification is normally done by
the adsorption of an appropriate surface active agent onto the
core surface so that the oppositely charged shell material is
selectively deposited on the core surface. But at high tempera-
tures, the adsorption density of the surface active agent on the
core surface is reduced; as a result selective uniform coating
presents a difficult task. Therefore, taking into consideration all
these factors, if a higher temperature is favorable for the reaction,
then an optimum temperature is maintained throughout the
reaction so that both the parameters are taken into consideration.
In general, a low temperature is preferred for core/shell particle

Figure 42. Variation of the diameter of copper particles synthesized in
Cu(AOT)2 Na(AOT) water solvent reverse micelles at various water
contents: [AOT] =0.1M; [Cu(AOT)2] = 10

�2M; [N2H4] = 3� 10�2M.
The solvents are isooctane (b) and cylohexane (2).
Reprinted with permission from ref 630. Copyright 1995 American
Chemical Society.
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synthesis in the presence of a surfacemodifier.159,183,192,215,278,483,642

However, if the shell material can be coated onto the core surface
without any surface modifier then normally the temperature is
maintained according to the reaction requirements.182,185,425

Yin et al.159 synthesized a Fe2O3 shell material using the ther-
mal decomposition of Fe(CO)5 in the presence of the surface
modifier dodecanethiol for the synthesis of Au/Fe2O3 core/shell
nanoparticles at a comparatively low temperature (200 �C),
lower than normal thermal decomposition reactions.

5.3. Effect of Reactant Concentration
The reactant concentration is another important parameter

for the control of core size or shell thickness. The establishment
of the reaction equilibrium and hence the final particle size most
probably consists of two steps: (i) reaction between the reactants
to form nuclei and (ii) collision between nuclei or diffusion of
molecules to the nuclei surface and deposition to create a final
particle size. The first step may be considered the reaction step,
which is then followed by growth. The first step can be very fast. If
the reaction rate is fast, then the result is that the final particle size
depends totally on the growth process. There appears to be no
particular trend reported in the literature relating to the change in
particle size with increasing reactant concentration. On the other
hand, increasing trends,640,643�646 decreasing trends,647,648 or
both649 on particle size are found to be dependent on the types of
particles and the synthesis media. In general, an increasing trend
is quite common because of increases in the total amount of the
product. When there is more than one reactant present, at low
reactant concentration, the number of nuclei formed will be less,
probably because of the slow reaction rate. The atoms (embryo)
formed at a later period will collide with the nuclei that have
already formed instead of forming new nuclei; this in turn leads
to larger sized particles. When the reactant concentration is
increased because of an increase in reaction rate, a greater
number of nuclei will form. This leads to smaller sized particles.

In the case of microemulsion systems, with increasing reactant
concentration, the particle size also decreases because of a change
in the mechanism of particle formation. Actually, with increasing
reactant concentration, the occupancy number of reacting spe-
cies increases for the individual micelles. The occupancy number
is defined as the number of reactant species in a reverse micelle.
Therefore, nuclei formation and the growth mechanism change
from intermicellar to intramicellar exchange; as a result, the
ultimate particle size decreases.625,627,630,635

Shell formation in the presence of a core particle normally
occurs through a heterogeneous nucleation process. The em-
bryos of shell material are directly deposited onto the core surface
and continue the formation of nuclei and growth on the surface
itself, instead of forming new nuclei in the bulk phase. As a result,
a slow reaction rate favors the formation of a uniform coating.
Therefore, a low reactant concentration is more favorable for
core/shell nanoparticle synthesis. In general, the overall core/
shell particle size or shell thickness increases with increasing
reactant concentration.150,154

5.4. Effect of Surface Modifier Concentration
Surface modifier concentration also plays an important role in

the control of size and morphology of core/shell nanoparticles.
Ionic surface modifiers adsorb onto the core surface and generate
a uniform charge on the particle surface. It is therefore possible to
generate smaller sized core particles by reducing the agglomera-
tion tendency of the particles. Consequently, an oppositely
charged shell material will selectively and uniformly deposit onto

the core surface. Experimental results show that the monomers
that constitute the surface modifiers are responsible for the actual
surface modification. They adsorb onto the surface and play a
dual role (namely, in size control and through surface modifica-
tion enhance the driving force for shell formation) in core/shell
particle synthesis.80,182,532,582 The adsorption density of the
surface modifier depends on the concentration of the modifier.
The density increases with increase in concentration up to a
certain limit and then becomes constant. Studies show that CMC
or slightly higher CMC concentrations are sufficient for mod-
ification of the core surface in order to control the particle
size. Similarly, the ultimate size of the core/shell particles can
also be controlled by using a surface modifier. But the particle
size distribution mainly depends on the surface charge of the
particles. In general, a narrow particle size distribution is obtained
for ionic surface modifiers.

5.5. Effect of pH
The effect of pH on the particle size depends mainly on the

reaction mechanism involved. This is especially true when H+ or
OH ions are directly involved in the reaction. Reduction and
precipitation reactions are also strongly affected by changes in the
media pH. In a redox reaction, the compound with the highest
reduction potential is reduced by oxidizing the compound with
the lower reduction potential. The half-cell reduction potential
of a redox couple depends on the pH of the media. Hence a
favorable pH is highly desirable for controlling the reaction. The
extent of surface modification can also be controlled by adjusting
the pH of the media. When the core is hydrophilic, the surface
charge depends on the pH, especially when polyelectrolyte (PE)
modifiers are used for the surface modification of the uniform
shell coating. Therefore, the pH of the synthesis media is usually
maintained with a view to maximizing the driving force (relative
charge difference between core and shell materials) for deposit-
ing the uniform shell coating. Lecommandoux et al.650 developed
a pH-responsive hollow magnetic nanoparticle by using micelles
and vesicles of an amphiphilic polybutadiene block polymer.

5.6. The Effect of an External Force
Other than the above-mentioned reaction parameters, the

application of an external force on the system can also be used to
control the particle size. Among the different forces used for
particle synthesis, sonication and electrical forces are the most
common.
5.6.1. Sonochemical Synthesis. The sound energy process

used to induce physical or chemical changes within a medium is
termed sonochemistry. This synthesis technique involves pro-
moting chemical reaction for the nanoparticle synthesis by using
constant sonication to improve the reaction rate, to breakdown
the agglomerates, and to enhance the dispersion of the particles
in the solvent media. The range of ultrasound used is from
20 kHz to 10 MHz. This range can be roughly subdivided into
three main regions: (i) low-frequency, high-power ultrasound
(20�100 kHz); (ii) intermediate-frequency, medium-power
ultrasound (100 kHz to 2MHz); (iii) high-frequency, low-power
ultrasound (2�10 MHz). The frequency range from 20 kHz to
∼2MHz is used in sonochemistry. Frequencies above 3MHz are
more commonly used in nondestructive testing and medical
imaging. Ultrasonic irradiation speeds up the reaction because of
the formation of localized cavities, which only last for a short
time. Thus, reaction takes place within these cavities, which act as
microreactors. In addition, there is a mechanical effect. In this
process, a mixture of reactants is prepared in a suitable solution
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with the correct temperature and pH; it is then subjected to
ultrasonic waves in order to obtain the nanoparticles; core and
shell may be synthesized stepwise. It is generally accepted that
there are three main effects of the sonication for the phenom-
enon of sonocrystallization: (i) the local transient heating of
the liquid after the bubble collapses, (ii) the shock waves genera-
ted during bubble implosion, which hinder agglomeration, and
(iii) the excellent mixing conditions created by acoustic
cavitation.651 All these phenomena lead to a reduction in particle
size and an increase in homogeneity owing to control of the local
nuclei population.
The core/shell particle size or morphology under ultrasonic

vibration depends on the shell material formation if the core is
synthesized separately and subsequently added to the reactant
mixture.652�655 Composites such as iron oxide coated with
gold656 or silica653 shell, bimetallic core/shell composites such as
Fe/Co,657 Au/Ag,658 Au/Pd alloy,659 SiO2/Ag coated silica,655

and TiO2/europium oxide coated654 core/shell nanoparticles
have all been synthesized using this method.
5.6.2. Electrodeposition. Electrodeposition is another tech-

nique used for the synthesis of core/shell nanoparticles in the
presence of an external electrical field. Formation of the shell
over the core using charged polymers or inorganic materials can
be carried out in the presence of an external electrical potential
using this method. When the reaction proceeds in an aqueous
phase at room temperature, the thickness of the shell material can
be precisely controlled by this method. In electrodeposition, the
material is deposited on a supported matrix material, which can
be used as either one of the electrodes or the electrolyte medium.
Once the matrix material core is attached because of the
electrostatic force, the shell is deposited onto the core surface
(as shown in the Figure 43). In general, the electric field is varied
like a wave with positive and negative cycles. It has been reported
that the inorganic material deposits onto the core surface during
the negative cycle, whereas the charged polymer (for the polymer
shell) is deposited during the positive cycle. Therefore, by
controlling the cycle time span, in turn the thickness of the shell
material can also be controlled. Banerjee et al.660 studied the
synthesis of iron oxide (either Fe3O4 or γ-Fe2O3) coated iron-
doped silica matrix core/shell nanoparticles using the electro-
deposition method. Chipara et al.661 studied polypyrole (PPy)/
iron nanoparticle formation by the same method. In both the
cases, the procedure is very similar. However, silica gel was used
by Banerjee et al.660 as a matrix material, whereas in the latter
study Fe was just coated onto PPy to get the PPy/Fe core/shell
nanoparticles without using any matrix material. Au/CuI and

Au/CdS core/shell nanoparticles were also synthesized by using
electrochemical atomic layer deposition.161,178 Similarly, in the
synthesis of semiconductor-coated hybrid polymer core/shell
nanoparticles, the electrodeposition method was used during the
shell coating.662 Here, a polyelectrolyte�nanoparticle aqueous
solution was used as the electrolyte media for electrodeposition;
it contained 7 wt % poly(vinyl acetate-co-crotonic acid), 8 wt %
2-propanol (used as plasticizer), and 84.65�84.98 wt % water.

6. CHARACTERIZATION OF CORE/SHELL
NANOPARTICLES

The characterization of core/shell nanoparticles is critical
because of the presence of shell material on the core surface;
hence, a suitable characterization technique is always required for
both the core and shell. Most characterization techniques used
are the same as those used for single particles, but one technique
may not be sufficient. The most significant characterization
techniques used for core/shell nanoparticles are those for the
measurement of size, shell thickness, elemental and surface
analysis, optical properties, and thermal stability among others.
Therefore, the usual characterization techniques such as dynamic
light scattering (DLS), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), thermal gravimetric
analysis (TGA), X-ray photoelectron spectroscopy (XPS),
photoluminescence (PL), and UV�vis spectroscopy are the
ones most often used. Depending on the characterization
techniques and different instruments, analysis can be classified
as described in the following sections.

6.1. Microscopic Analysis
Microscopic analysis is the most common and reliable tech-

nique for the direct visualization of the different types of nano-
particles. Scanning electron microscopy (SEM) is the most
common microscopic technique used for size and shape analysis
of nanoparticles. It can reach a magnification of 105�106.
However, for core/shell nanoparticles, it is difficult to distinguish
the difference between core and shell materials, since it can only
generate a surface image (as shown in Figure 44a). But when
SEM is connected to energy-dispersive X-ray spectroscopy
(EDX), it can be used for the elemental analysis of the shell
surface. Most recently FESEM (field-emission SEM), which can
go to a much higher magnification than normal SEM, has proven
useful. High-magnification FESEM images can provide informa-
tion about whether the shell surface is smooth or rough. Smooth
surfaces are possible when the shell material molecules are grown
directly onto the core surface because of heterogeneous nuclea-
tion. However, the shell surface becomes rough when small sized

Figure 43. The electrochemical/chemical (E/C) synthesis of CdS/S
core/shell nanocrystals.
Reprinted with permission from ref 663. Copyright 1999 American
Chemical Society.

Figure 44. SEM (a) and FESEM (b) of hollow TiO2 synthesized from
SiO2/TiO2 core/shell nanoparticles.
Reprinted with permission from ref 664. Copyright 2008 American
Chemical Society.
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particles are formed in the bulk media and deposited onto the
core surface as a result of an appropriate driving force (electrical
or van der Waals) as shown in Figure 44b.

Transmission electron microscopy (TEM) provides much
more important information: confirmation of core/shell forma-
tion through contrast difference, overall particle size, core size,

shell thickness, uniform or nonuniform shell coating, lattice
fringes of the shell material, etc. (shown in Figure 45). From
the contrast difference of the core and shell material, the size and
morphology of the particles can be easily measured. For much
higher magnification, capable of seeing resolution even at the
molecular level, HR-TEM (high-resolution TEM) is used.
Images yield information on crystallinity, lattice fringes, and
even the d-spacing of the core/shell materials (as shown in
Figure 45c).

Scanning transmission electron microscopy (STEM) coupled
with electron energy loss spectroscopy (EELS) or with energy-
dispersive X-ray spectroscopy (EDS) is used to givemore valuable
insight into the core/shell structure (shown in Figure 45).
Figure 46 clearly demonstrates that the resulting image clarity
is much better for understanding the particle morphology
compared with TEM images alone. In particular, STEM�EDS
is seen to clearly distinguish the differences between core/shell
and alloy or composite material (as shown in Figure 47.). This
figure shows that for Ru/Pt nanoparticles, with Ru as the core
material, the line spectra are mainly concentrated in the center,
whereas the line spectra of Pt are concentrated toward the
outside of the core/shell nanoparticle. Interestingly, the line
spectra of Ru�Pt alloy particles are totally different from those of
the core/shell particle; the line spectra for Ru and Pt are
distributed throughout the material. The limitation of these
electron microscopy (SEM, TEM) techniques is their inability
to generate two-dimensional images of the surface; as a result, it is
difficult to understand the roughness of the surface.

Therefore, in order to get additional information, scanning
probe microscopy (STM, AFM, etc.) techniques, which have
both advantages and disadvantages, are exploited. The diameter
and height of the particles can be obtained using suchmicroscopy
techniques (see Figure 48). As seen from the phase data shown in

Figure 45. (a) TEM image of gold nanoparticles after coating with
20 nm thick amorphous silica shells, (b) TiO2 hollow spheres, synthe-
sized from styrene�methyl methacrylate copolymer/TiO2 core/shell
nanoparticles by calcination, and (c) HRTEM image of PbTe/CdTe
nanoparticles.
(a) Reprinted with permission from ref 120. Copyright 2002 American
Chemical Society. (b) Reprinted with permission from ref 435. Copy-
right 2009 Elsevier B. V. (c) Reprinted with permission from ref 217.
Copyright 2009 American Chemical Society.

Figure 46. HRTEM (left) and STEM (right) images of the Au/Pd
nanoparticles. The top two images are of the nanoparticles with 12 nm
core and 2.25 nm shell, and the bottom two images correspond to
nanoparticles with 55 nm core and 6.8 nm shell. The STEM images are
scanned in a dark-field mode.
Reprinted with permission from ref 154. Copyright 2007 American
Chemical Society.

Figure 47. Representative STEM�EDS line spectra of (a) 4.0 nmRu/Pt
NP and (b) 4.4 nm PtRu (1:1) alloy nanoparticles. Relative atomic %
composition values (vertical axis) of Pt (red) and Ru (blue) are plotted
against the line scan probe position (horizontal axis) and are shown next
to the STEM images. A 1.5 nm probe was used to trace 10�15 nm scans
across each particle. The particle centers are at ∼5 nm in panel a and
∼7 nm in panel b.
Reprinted with permission from ref 668. Copyright 2009 American
Chemical Society.
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Figure 48b, AFM also confirms the formation of a two-phase
composite structure in the core/shell nanoparticles. Similar to
SEM, surface topography data can be obtained using scanning
probe microscopy. Unlike electron microscopy, the advantage of
scanning probe microscopy is that analysis can be done in either
an ambient or a liquid environment.665�667

6.2. Spectroscopic Analysis
Optical properties are generally extremely sensitive to any

nanocrystal surface modification; consequently they can give
some indirect ideas about the coating of the shell materials on the
core surface. UV�vis spectroscopy is a common spectroscopic
technique used in the analysis of different types of nanoparticles.
In particular, those with energy absorption capacity in the
UV�vis region that give an absorbance spectrum in this region.
In core/shell nanoparticle characterization, UV�vis is used to
compare the individual spectra of core, shell, and core/shell
material. Fluorescence or photoluminescence spectroscopy is
also used as another valuable characterization technique for
materials, such as semiconductor materials, which have fluores-
cence properties. In both the UV and PL spectra, the intensity
(absorbed or emitted light) and peak wavelengths change after
coating. In addition, with increasing thickness of the shell
material, the intensity and peak wavelengths are shifted toward
those of the pure shell materials as shown in Figure 49. However,
UV or PL spectroscopy largely provides indirect support for the
shell material coating on the core surface.

X-ray photoelectron spectroscopy (XPS) is another important
spectroscopic technique used to reveal surface information such

as (i) elemental composition, (ii) chemical status, (iii) empirical
formula, (iv) electronic state or binding modes of surface ligands,
and (v) depth analysis or atomic composition with depth. An
example of using XPS spectroscopy to examine Au/Pt core/
shell nanoparticles is shown in Figure 50. The figure shows the
high-intensity peak in the 80�90 eV binding energy region at the
0 min time point due to the pure gold particles. However,
after coating and with increasing time, the gold intensity peak
decreases. Concomitantly another peak arises at 65�75 eV
binding energy because of the Pt surface atoms and after
30 min as the shell thickness is sufficiently thick that the peak
for the gold atoms has totally vanished. The measurement of the
kinetic energy (KE) and the number of electrons escaping from a
1�10 nm thick layer of the surface is possible using this
technique. The main disadvantages of XPS are that it requires
an ultrahigh vacuum (UHV) chamber and characterization is
only possible to a depth 10 nm from the particle surface.

The same technique with some advanced modifications,
namely, “extended X-ray absorption fine structure” (EXAFS) is

Figure 48. AFM images of the morphology of starch/Ag composite
particles .
Reprinted with permission from ref 669. Copyright 2007 Elsevier B. V.

Figure 49. (A) Electronic absorption spectra of (a) CdSe/RB core/
shell and (b) CdSe nanoparticles in dispersed chloroform solution and
RB solution in methanol. In part a, spectra at different times after
addition of RB solution in CdSe dispersed solution from the top are
shown. Time range from 0 to 120 min, as marked by an arrow. The
structural formula of RB is shown in part a. (B) Photoluminescence
spectra of (a) CdSe/RB core/shell and (b) CdSe nanoparticles in
dispersed solution in chloroform and RB solution in methanol. In part
a, spectra at different times after addition of RB solution in CdSe
dispersed solution from the top are shown. The duration of time ranged
from 0 to 30 min, as marked by an arrow. The excitation wavelength for
all the spectra was 375 nm.
Reprinted with permission from ref 670. Copyright 2009 American
Chemical Society.
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also used for characterizing the nature and binding modes of
nanocrystal surface ligands. Raman spectroscopy is another useful
analytical tool for investigating the crystallographic orientation
and phonon spectra associated with core/shell nanoparticles.

6.3. Scattering Analysis
Light, electron, or neutron scattering from materials is one of

the major techniques for nanoparticle characterization either in
the colloidal state or in powder form. Dynamic light scattering
(DLS), sometimes referred to as photon correlation spectrosco-
py or quasi-elastic light scattering, is another major technique
used for direct particle size measurement in nanoparticle suspen-
sions. Bymeasurement of the size of the particles both before and
after coating, the shell thickness can be measured.667,671�673

Indirect evidence of the extent of core surface modification can
also be obtained bymeasuring the ζ potential of the core particles
in the solution.609,674 This method gives the hydrodynamic
diameter of the particles.

Powder X-ray diffraction is also extensively used for the
characterization of synthesized crystalline materials. It is used
mainly for the identification of unknown materials and to
characterize the crystallographic structure, crystalline size
(grain size), and preferred orientation in polycrystalline or
powder solid samples. The effect of finite crystallite sizes as
measured by the broadening and intensity change of the peaks in
X-ray diffraction is explained by the Scherrer equation. For core/
shell nanoparticles, it is an indirect proof of the presence of a
complete uniform coating. Because of the coating on the shell
materials, the diffraction peak intensity of the core material
decreases,182,197,542 and after a sufficient thickness is laid down,
the peak completely disappears (as shown in Figure 51a). Some
studies show that low-intensity diffraction peaks of the core
material can appear after the coating, but this may be due to
insufficient shell thickness and the amorphous nature of the shell
material (as shown in Figure 51b).129,131,133,136,146,183,675

Both small-angle X-ray scattering (SAXS) and wide-angle
X-ray scattering (WAXS) are used separately for the same
analytical purpose. For SAXS the operating angle 2θ is in
the range of 0.1��10� and the main advantages are that the
sample can be solid, liquid, or even amixture of solid and liquid of
the same or another material in any combination. ForWAXS, the

operating angle 2θ is greater than 5�, and it is mainly used to
characterize polymer compounds.

Neutron scattering is another important characterization
technique, especially in the case of magnetic or organic cores
with nonmagnetic shells made of either a polymer or metal oxide
nanoparticles.676�678 This technique provides valuable informa-
tion regarding the microstructure and composition at the core/
shell interfaces. It does this by contrast variation through
measuring the angular dependence of the neutron intensity
scattered by the sample. In the case of neutron scattering, the
microstructure is represented by the scattering length density
(SLD), which is analogous to the electron density in the case
of XRD. Additionally, this technique is also used to reveal
information about the formation of homogeneous organic cores
with high cross-linking between the core and shell polymer
through the internal networks for organic/organic core/shell
nanoparticles.679�681

6.4. Thermal Gravimetric Analysis
Thermal gravimetric analysis (TGA�DTA) is another tech-

nique used to characterize the thermal stability of compounds.
TGA analysis is the measurement of weight loss, and differential
thermal analysis (DTA) gives a thermal profile of any material as

Figure 50. XPS of (a) gold nanoparticles and Au/Pt core/shell
nanoparticles after growth for (b) 2, (c) 5, and (d) 30 min on the glass.
Reprinted with permission from ref 665. Copyright 2006 Elsevier B. V.

Figure 51. (A) XRD for (a) Fe3O4, (b) Au, and (c) Fe3O4/Au
nanoparticles and (B) XRD patterns of ZnS/Mn nanoparticles (a)
without and (b�e) with ZnO coatings of different shell thicknesses.
(A) Reprinted with permission from ref 182. Copyright 2005 American
Chemical Society. (B) Reprinted with permission from ref 197. Copy-
right 2009 Springer.
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the temperature increases. This technique is also used to support
the removal of the organic core from the core/shell particles in
the process of hollow particle formation.415�417,435,439

7. APPLICATIONS

Compared with single particles, core/shell particles havemany
practical applications, especially in the biomedical and electro-
nics fields. In this section, these applications will be discussed
briefly.

7.1. Biomedical Applications
Core/shell nanoparticles have many potential and exciting appli-

cations in the biomedical field. Although over more than a decade
some applications have already been developed there are major
applications still at the innovation stage.441,682,683 In the biomedical
field, core/shell nanoparticles are mainly used for controlled drug
delivery,78,94,109,466,684�689 for bioimaging,78,79,94,107,683,684,690�693 for
cell labeling,94,107,465,684,688,690,694 as biosensors,98,107,113,690,691,693 and
in tissue engineering applications128,695�698 etc.
7.1.1. Controlled Drug Delivery and Specific Targeting.

Recently, the performance of drug delivery systems has improved
enormously because of the development of controlled release of
drugs over the more traditional uncontrolled release. Advances
in this area have become easier and more precise because of
nanotechnology developments. Simultaneously, very specific
drug delivery is now possible to a particular location inside the
body or to an organ in what is called “targeted delivery”. The
combination of these two approaches can be exploited for
targeted drug delivery at a specific location with controlled
release. Therefore, in order to further improve the drug delivery
system, some crucial properties of the free drugs such as solubility,
in vivo stability, pharmacokinetics, and biodistribution must be

considered. The overall efficacy can be improved by using
suitable nanoparticles with increasing drug selectivity toward
the targeted tissue.98

In this process, first the drug is encapsulated inside the
mesoporous nanoparticles already prepared with a pro-
per surface coating for selective attachment to a specific cell
surface. Second, in order to release its cargo after reaching the
target cell, the nanocarrier disintegrates or opens up supra-
molecular gates chemically attached close to the outlet of the
particle’s mesopores. This release can be stimulated either
externally by heat or light or even better by exploiting the
local chemical environment of the target, such as pH or
concentration of specific ions. If the material is coated with
a fluorescent active material, then the particles also serve as a
sensor to allow particle tracking, thereby verifying the con-
trolled drug delivery.
There are two approaches used for drug controlled delivery

purposes, (i) active and (ii) passive targeting. Active targeting
is a more specific targeting with customized ligands attached to
the drug-encapsulating nanoparticles, which can be selectively
adsorbed by the target cell receptors. For example, folic acid or
methotrexate are selectively used for cancer cell therapies
because cancer cells have folate receptors98,381 that are over-
expressed on the cell surface. However, in the case of passive
targeting, the encapsulated drugs target the body with appro-
priate surface modification so that they selectively accumulate
with the targeted cells due to physicochemical or pharmaco-
logical factors.699�701

Hence for purposes such as these, magnetic nanoparticles with
fluorescence properties are considered more widely accept-
able. Therefore, magnetic nanoparticles such as iron oxide,
Fe, Ni, Co, and super paramagnetic iron oxide (SPION) core
particles with suitable shell coatings for in vivo drug release are
used.135,136,167,684 Polymer-coated magnetic core/shell nanopar-
ticles and hollow organic nanoparticles are used for controlled
drug delivery, cell labeling and separation,702�705 enzyme
transplantation,705 contaminated waste removal, and gene ther-
apy. Silica- or polymer-coated magnetic core/shell nanoparticles
are more biocompatible compared with free naked magnetic
particles and hence are used for controlled drug delivery within a
living cell.135,136,167

7.1.2. Bioimaging. Different types of molecular imaging
techniques, such as optical imaging (OI), magnetic resonance
imaging (MRI), ultrasound imaging, positron emission tomo-
graphy, and others are used for the imaging of both in vivo and
in vitro biological specimens. However, optical and magnetic
resonance imaging techniques are the most acceptable because

Figure 52. Schematic illustration of drug-loaded core/shell hybrid
nanogels with the smart gel shell immobilized on the Ag NP core for
integration of tumor-cell imaging and pH-triggered drug delivery.
Reprinted with permission from ref 711. Copyright 2010 American
Chemical Society.

Figure 53. Delineation of a GFP-expressing 9L glioma tumor by optical imaging in an intraoperative setting. Craniotomy was performed on a Fischer
344 rat bearing a 3-mm diameter 9L glioma tumor. The brain tissue overlying the tumor was removed, and optical imaging was performed. White light
image (A), GFP channel (B), and Cy5.5 channel (C).
Reprinted with permission from ref 690. Copyright 2003 American Association for Cancer Research.
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they utilize the inherent luminescent and magnetic properties of
the nanoparticles. The two principal types of nanoparticles that
have been used for imaging in vivo systems are luminescent nano-
probes for optical imaging and magnetic nanoparticles for mag-
netic resonance imaging. In some specific cases, dual-mode
nanoparticles are used for simultaneous optical and magnetic
resonance imaging.690,693,706

Normally, quantum dots (QDs) and dye-doped QDs are
used for optical imaging purposes. Quantum dots are photo-
chemically and metabolically stable, are bright, and have a
narrow tunable and symmetric emission spectrum. They do,
however, have the disadvantage of a tendency to photo-
oxidation, toxicity, and low water solubility. However, these
limitations can be minimized by coating them with a suitable
material. Subsequently these core/shell nanoparticles can be
used directly for in vivo optical imaging purposes.707�709

Pinaud et al.710 reviewed the different choices of coating for
improving the properties of these QDs. The surface plasmon
effects of Ag metal can also be used for tumor-cell imaging and
adequate local delivery to the tumor site as a result of coating
with a smart gel polymer.711 The morphology of a hydrogel-
modified encapsulated Ag and drug is shown in Figure 52.
Here, Ag is used for the cellular imaging, but the copolymer
hydrogel is used for pH-controlled drug delivery. The detec-
tion of tumor cells in a rat species was carried out using
Cy5.5�CLIO nanoparticles synthesized from NH2�CLIO
(cross linked iron oxide) and Cy5.5 (Amersham-Pharmacia).
After deposition of the particles onto the tumor cells and
exposure to light for 500 ms, the fluorescent material emits
light that makes it possible to detect the tumor cells (shown in
Figure 53). Lanthanide earth metals also have good fluores-
cence and photoluminescence properties. Hence lanthanide
metal salts with suitable biocompatible shell coatings are also
used for bioimaging and biodetection purposes in living
systems. In such applications, the doping of some lanthanide
ions such as, Er, Tm, or Yb onto other lanthanide salts shifted
the emission spectrum to a blue, green, or red wavelength, and
the spectrum intensity was also found to increase.205,227�229

The approach is similar for magnetic resonance imaging
(MRI). Here magnetic nanoparticles such as iron oxide, Fe,
Ni, Co, or super paramagnetic iron oxide (SPION) core parti-
cles are used with incorporation of the correct shell coating in
order to increase the contrast for in vivo applications. Since
these particles have better spin�lattice relaxation times,
after entering into the cell, the particles give better contrast
images.94,378,379,689�691,712,713 Kircher et al.690 reported an
MRI study for brain tumor cells of rats using Cy5.5�CLIO,
which contains Fe nanoparticles. The Prussian blue color
demonstrated the accumulation of the particles on the tumor
cell because staining was negative in uninjected animals
(shown in Figure 54). These core/shell nanoparticles also
have selective drug releasing and magnetic data storage
capabilities.94,378,379,712

7.1.3. Sensors, Replacement, Support, and Tissues.
Sensors are devices that measure a physical quantity and convert
it into an analog or digital signal that can be read by an observer
or an instrument. In in vivo applications, nanoparticles are used as
a sensor for the detection of damaged cells, DNA, RNA, glucose,
cholesterol, etc. A magnetic material coated with a fluorescence
material can be used as sensor. Here the fluorescent dye tracks
the particle location, whereas the magnetic shell serves to transfer
heat at that position via magnetic excitation.113 Magnetic-based

nanocomposites coated with any other material, such as a
fluorescent one, a metal, silica, or a polymer, are used as
bioanalytical sensors.698,714,715 Silica-coated ZnS/Mn nanoparti-
cles are used for sensing Cu2+ ions.144 Bimetallic core/shell
nanoparticles are useful as a sensor in in vivo systems. One such
example is where Au/Ag core/shell nanocomposite particles are
used for sensing cancer and tumor cells in the body.132 However,
the main limitation of such particles is that they require functio-
nalization with an antibody for selective binding with the analyte
molecules. Fe/Fe2O3 core/shell nanoparticles are selectively
used for the detection of damaged DNA.534 These particles are
attached with bioactive proteins such as cytochrome P450,
myoglobin (Mb), and hemoglobin (Hb), which are used to
mimic the in vivo toxicity.716

Polymeric core/shell nanoparticles are commonly used as
transplant materials. These can be either polymer/polymer or
polymer/metallic material forming core/shell structures. They
are used in dental braces and in joint replacements.696,717

Ultrahigh molecular weight polyethylene (UHMWPE)/silver,
is one such material used in joint replacement.697 Hollow TiO2

coated with high-density PAA polymers is used for the secretion
of neurotransmitters from cells present in the brain.539 The
salient features of the particles used in joint repair are abrasion
resistance, high impact strength, and resistance to corrosion.
Core/shell nanoparticles consisting of polymers, bioceramics,
and other inorganic materials appear to be better materials for
joint replacement129,718�720 and bone regeneration because of
superior mechanical properties, improved durability, and surface
bioactivity compared with conventional polymers or composites.

7.2. Catalytic, Electronic and Other Applications
Magnetic particles coated with a functional material such as a

noble metal, semiconductor, or appropriate oxide increase the

Figure 54. Cy5.5�CLIO nanoparticles as a preoperative MRI contrast
agent. Proton density andT2-weighted images are shown in panels A and
B, respectively. Tumor uptake of iron is evident on T2-weighted images
as regions of low signal intensity, whereas the tumor is isointense to
surrounding tissue using proton density images. Panel C shows H&E
staining of histological sections corresponding to MRI slices in A and B.
Panel D shows DAB-amplified Prussian Blue staining of histological
sections corresponding to MRI slices in panels A and B.
Reprinted with permission from ref 690. Copyright 2003 American
Association for Cancer Research.
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physical properties (optical, catalytic activity, electrical, magnetic,
and thermal) of the combined particles compared with the pure
core particles.129,159,183,194,721 Nanosized metal oxides (MgO,
CaO) have destructive adsorption capacity of halogenated
hydrocarbons and organophosphorous compounds but a coating
of a transition metal oxide [Fe2O3,

195,247,615 V2O5
272] onto the

original metal oxide increases the destructive adsorption capacity
several fold. Similarly, the catalytic conversion of CO to CO2 by
Fe2O3-coated Au nanoparticles supported on SiO2 was studied
by Yin et al.159 Their results showed that the conversion
efficiency is more than that for Au alone supported on SiO2.
They also found that the efficiency increases with preheating of
the catalyst but that excess heating can decrease the efficiency
mainly because of the increase in percentage of Au metal and
crystalline nature of the Fe2O3. The conversion efficiency of the
Au/Fe2O3 particles is improved because of the presence of the
support material. In adition, results show that the percent
improvement is almost independent of the nature of the support
material (SiO2, C, Fe2O3) except for TiO2. Similarly, a porous
stable silica coating on metal cores (Fe, Co, Ni, Ru) increases the
core stability and also improves the catalytic activity for the
production of COx-free H2 in the decomposition of NH3.

721

Normally, because of the synergetic effect, bimetallic core/shell
nanoparticles show better catalytic activity compared with the
single pure metallic nanoparticles. Bimetallic core/shell
nanoparticles,722 especially Au/Pd,157,723,724 Au/Ag,725 Au/Pt,726

Pt/Pd,727 and Co/Pt563,564 are used as catalysts in a range of
reactions.

Core/shell nanoparticles with either core or shell made of
a semiconductor or a metal are equally important in the
electronics field.352,406,407,409,614,728�731 Polymeric materials
are easy to process, but these materials have low dielectric
constant. On the other hand, ceramic materials have high
dielectric constants but are more difficult to process. Inter-
estingly, a combination of these two materials in the form
of core/shell with ceramic core and a thin polymer shell
increases the dielectric constant compared with the pure
polymer. At the same time, it renders them more easily pro-
cessable. Because of their high capacitance these materials are
used in electronics.352,731 Similar to other applications, here
the basic advantage of the core/shell particles is the shell
material coating the core surface, which increases the colloi-
dal stability and prevents photodegradation of the core
particle. Among the different inorganic materials used, silica
is the most common one. Silica is an inert material and hence
does not affect the redox reaction of the core material. Instead
it just blocks the core particle so that the colloidal stability of
the particle increases. In addition, the silica shell is optically
transparent so that chemical reaction of the core particle can
be easily studied spectroscopically.118,124,732 In addition, it
reduces the bulk conductivity of the metal core particle thus
preventing the photocatalytic degradation of the polymeric
materials. Silica shells are also used to modulate the position
and intensity of the colloidal metal surface plasmon adsorp-
tion band.124

Carbon coatings on TiO2 increase the stability of the anatase
phase as well as improving the adsorption capacity and photo-
catalytic activity.733,734 For example, carbon-coated Li3V2(PO4)3
core/shell particles17 are used to increase the efficiency of lithium
ion batteries. Carbon-coated Fe3O4 is used for the solid phase
extraction of polycyclic aromatic hydrocarbons from environ-
mental water samples.186 The main application of the carbon

coating on the metal or metal oxide nanoparticles is to increase
the core particle stability with a subsequent increase in catalytic
properties, biocompatibility, and nontoxicity.187,735,736 Organic/
silica core/shell nanoparticles combine the properties of both the
polymeric (e.g., flexibility, ductility, dielectric) and silica (e.g.,
high thermal stability, strength, hardness, UV�vis absorbance)
components while including some additional special or novel
properties, which are a result of their special microstructures.
These have potential use in many fields: plastics, rubbers, coat-
ings, inks, etc.454,737,738

7.3. Synthesis of Hollow Nanoparticles
Hollow nanoparticle synthesis using a sacrificial core tech-

nique is an important application of core/shell nanoparticles.
For the synthesis of different hollow particles both inorganic
and organic cores are used and even in some cases compo-
site materials are also used as the sacrificial core. In this
technique, the core can be easily removed from the core/shell
particle by either dissolution using a suitable solvent, acid,
or alkali solution, or by calcination at higher temperatures
to create the hollow particle. The organic or polymer cores,
especially polystyrene413,414,420�422,438,458,739 or different
polystyrene-based copolymers434,435,455,740 are more com-
monly used. However, some other polymers80,426,454 and
organic aggregates669,741,742 are also used for the synthesis
of different inorganic hollow particles. Similarly, inorganic
cores are also equally important for using as sacrificial cores
for the synthesis of hollow nanoparticles. The main difference
between an organic and inorganic core is its removal tech-
nique; normally organic cores are removed by calcination
or dissolution by suitable solvents, whereas dissolution by
acid or alkali solutions is more common for inorganic cores.
Silica,425,461,514,664,743�745 Au,122 Ag,611 Pt,746 CaCO3,

146,743

and CdSe�ZnS747 are the most common materials used as
sacrificial inorganic cores. Silica, Au, and Ag cores can be
removed by the dissolution method because they have high
solubilities in hydrofluoric acid (HF),446,454,745 KCN/
K3[Fe(CN)6],

541,748 and NH3
526,749,750 solutions, respec-

tively. Even silica cores can be used for hollow polymeric
particle synthesis.745 Figure 55 shows the schematic route
of the polymeric hollow particle synthesis using a silica core
with the image of core, core/shell, and hollow polystyrene
spheres. So where the shell material is concerned using

Figure 55. (A) Synthesis scheme for monodispersed hollow polymeric
particles; (B) 300 nm silica particles; (C) silica particles coated with
48 nm polystyrene shells; (D) hollow polymeric particles produced by
etching out the silica cores with HF.
Reprinted with permission from ref 745. Copyright 2004 American
Chemical Society.
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an inorganic or organic core, different types of hollow
nanoparticles, such as semiconductors,421,427,434,435,439,751

ceramics,414,421,430,442,459,741,742 metals,415,416,422,611,669 organ-
ics,456,461,752,753 and even inorganic�organic composite hollow
particles,454 can be synthesized. Depending on the nature of the
core and shell material properties, some examples of core
removal techniques are given in Table 9.

8. CONCLUSIONS

This review seeks to emphasize how the research area of
core/shell nanoparticles has been diversifying into a new
dimension over the past two decades. Eventually this field will
continue to produce breakthrough discoveries for the synthe-
sis, properties, modification, and applications of this new
class of nanomaterials. The future generations of core/shell

Table 9. Different Classes of Hollow Particles Synthesized from Core/Shell Nanoparticles by Sacrificial Core Techniquesa

core removal technique

core type shell type core material shell material dissolution calcination ref

organic metal sulfonated PS Ag 0.4 M SDS solution 500 �C, 3 h 422

modified starch Ag aqueous 1 α-amylase solution 669

bees wax Ag ethanol, 70 �C 754

PS Cu 500 �C, N2 atmosphere 415

semiconductor PVP TiO2 550 �C, 2 h 427

PS 450 �C, 6 h 421

MF copolymer CdS 1000 �C, 1 h 439

SMMA copolymer 500 �C, 4 h 434

CTAB Ag2S water and CS2 431,432

PSAA ZnS toluene 441

PS 450 �C, 6 h 458

oxide compounds PAA SiO2 741

poly(L-lysine) 540 �C 742

CTAB water 430,442

PS 450 �C, 6 h 421

600 �C, 4 h 420

Spray pyrolysis 739

PS�PVP�PEO micelle 500 �C, 4 h 740

PEG 600 �C, 6 h 444

PS Fe2O3�SiO2 composite 500 �C 438

PSAA Ag�TiO2 composite 550 �C, 2 h 542

PEG Si/Al composite oxide 650 �C, 8 h 460

PS Y compound high temperature, 3 h 414

Zr compound high temperature 459

organic PNIPAM HEMA dialysis against deionized water,

5 �C for 1 month

753

inorganic inorganic�
organic composite

SiO2 PMMA�Ag HF 454

metal Ag Pt NH4OH 749,755

SiO2 Ag alkaline solution 611

oxide compounds CTAB-CaCO3 SiO2 acidic solution, 8 h 550 �C, 5 h 146,743

CdSe-ZnS acid or ammonia solution, 5 days 747

Au NaCN solution 122

Ag SiO2 NH4OH 750

carbon Al2O3 300 �C, 3 h and then 600 �C 682

semiconductor S Ag2S CS2 751

organic Au polypyrrole KCN/K3[Fe(CN)6] 541,748

SiO2 PMMA HF 461

SiO2 polypyrrole 10 wt % HF, 8 h 744

SiO2�PS composite polypyrrole THF, 12 h 752

SiO2 PS HF 745
aAbbreviations: HEMA, 2-hydroxyethyl methacrylate; PNIPAM, poly(N-isopropylacrylamide); SMMA, styrene�methyl methacrylate; CTAB,
cetyltrimethylammonium bromide; PSAA, poly(styrene�methyl acrylic acid); PAA, poly(acrylic acid); PEG, poly(ethylene glycol); PVP, poly(vinyl
pyrrolidone); PS�PVP�PEO, polystyrene�poly(vinyl pyrrolidone)�poly(ethylene oxide); MF, melamine formaldehyde; PS, polystyrene; PMMA,
poly(methyl methacrylate).
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nanoparticles will exhibit many new properties that will surely
result in new applications with improved performance. Gen-
erally core/shell nanoparticles are well-known for better
stability, for being able to protect the core material from
the surrounding environment, for improved physical and
chemical properties, for improved semiconductor properties,
for easy biofunctionalization, etc. Most of the recent exciting
discoveries show that there is tremendous scope in biomedi-
cal applications such as controlled drug delivery and release,
targeted drug delivery, bioimaging, cell leveling, biosensors,
diagnostics, immunoassays, and many more. In the near
future, the development of new materials has the potential
for improving the treatment of cancer and many other life-
threatening diseases.

The literature cited in this review confirm that the different
types of core/shell nanoparticles, inorganic/inorganic nanopar-
ticles, more specifically magnetic and fluorescence core materials
coated with other inorganic materials, are extensively studied
because of their wide applications in the biomedical and electro-
nics fields. For in vivo biological applications such as bioimaging
or controlled drug delivery purposes, magnetic or semiconductor
cores are generally coated with a polymer or other inert inorganic
material (silica, gold etc.) in order to enhance their biocompatibility.

The efficiency of a core/shell semiconductor particle can
be enhanced in terms of increased quantum yield and reduced
response time by selective coating of the core material with
higher band gap shell materials. In early research, core/shell
nanoparticles of type I and reverse type I semiconductor
materials were highlighted, whereas presently type II semi-
conductors attract more interest because of the positive change
in the effective band gap than either the pure core or shell
materials. In addition, more great advances have been made in
this area as a result of the invention of core/multishell (CSS)
devices to supplant the normal core/shell materials. This
is especially true for the QDQW combination (CdS/HgS/
CdS, CdS/CdSe/CdS, etc.), where electrons and holes are
confined within a low band gap first shell layer; as a result, these
materials have excellent photoluminescence properties.

Compared with semiconductor materials, the other core/
shells are not highlighted to the same extent. Although some
organic/organic and organic/inorganic core/shell nanoparticles
are important because of the changes in some of their physical
properties (glass transition temperature, mechanical strength,
abrasion capability) and chemical properties (oxidation stabi-
lity), this in turn increases the scope of applications of such
particles in different industrial fields. Among the most studied
polymeric compounds, polystyrene can be either core or shell
because of its easy availability and its inert nature. In addition,
other biocompatible polymers such as poly(ethylene glycol) are
used extensively as a shell material with a view to increasing the
biocompatibity of the core for biosensing and drug delivery
applications. Among the common inorganic shell materials,
metals (Au, Ag) and oxides (SiO2, TiO2) are the more important
ones because of the increase in biocompatible properties, me-
chanical strength, and oxidation, thermal, and colloidal stability
of the core particles that they introduce.

The results of studies related to magnetic core/shell
(inorganic/organic) nanoparticles show that the magnetic core
of metal or metal oxide (Fe, Ni, Fe2O3) are usually coated with a
biocompatible organic shell for in vivo biomedical applications.
Superparamagnetic iron oxide nanoparticles are preferably used
for bioimaging, and control drug delivery applications because of

their excellent properties such as high biocompatibility, less
undesirable residues, and finally the magnetic properties of the
particles vanish after removal of the external magnetic field. In
the 1990s, interest was mainly concentrated on the synthesis
and characterization of different core/shell nanoparticles,
whereas during the past decade along with the synthesis of more
advanced particles, attention has focusedmore on the application
of these particles in different fields such as biomedicine, catalysis,
and electronics. As a result, a huge database is available on the
synthesis and applications of the core/shell nanoparticles.

Semiconducting fluorescence nanoparticles are generally toxic
to the human body and emit light in the UV region; as a result,
their direct in vivo application is restricted. To improve their light
emission properties as well as their biocompatibility, either the
core or shell can be made of a lanthanide material that has light
emitting properties in the visible wavelength range, or they can be
doped with a very low amount of biocompatible core or shell
materials. A further improvement in core/shell particle develop-
ment is the synthesis of particles with dual properties (magnetic
and light emitting). These have the potential of direct use in both
imaging and selective drug release.

Inmore recent developments, research has not been limited to
spherical particles but has also explored different shaped core/
shell nanoparticles. They are generally synthesized either using a
similarly shaped core particle as the template or by controlling
the shell growth on a core material. Unlike the symmetrical
growth of shell material on the core surface of a spherical core/
shell nanoparticle, the shell coating is nonuniform for other
shapes of core/shell nanoparticles. These not only are of academic
interest but also possess new properties that may prove useful for
suitable applications.

In the synthesis domain, developments are not limited by
synthesizing rigid core/shell particles; researchers have shown
that they are able to synthesize more complicated structures such
as movable cores within hollow shells and hollow movable cores
within hollow shells. Again already one step ahead of the
common spherical shape, ellipsoidal shaped movable core with
hollow shell particles have also been reported. Apart from the
pure academic interest, these particles also seem promising in
many applications, such as magnetically separable photocatalysts,
self-assembled photonic crystals with controlled bandgaps, and
magnetic inks and toners; they have good encapsulation ability,
and hence the targeted release of biomolecules is an option.
Application of a specific type of nanoparticle is also known such
as for a Sn movable core within a carbon hollow shell, which
has shown promise as an anode material in secondary lithium
batteries.

Where mechanisms are concerned, over the past few years,
some new mechanisms such as ion exchange and reduction
transmetalation have been proposed by different research groups
to support the formation of different core/shell nanoparticles.

From the application point of view also, it can be seen that
there is a wide range of applications that can be broadly described
as biomedical applications, electronics, catalysis, and chemical
and biomedical sensors.

Where the future is concerned, along with the development of
new core/shell materials, insight into new mechanisms will be
needed in order to facilitate the synthesis process. This in turn
should lead to new application areas, in particular biological
applications are expected to be fast-tracked from laboratory to
clinical trials. The importance of process scalability from labora-
tory to a commercial scale should not be underestimated. Finally,
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with such advances in the experimental work, it is also expected
that more theoretical studies will lead to a better understanding
and facilitate experimental trials. It is hoped that this review
will play some small part in helping future developments in this
important field.
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