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Multilayer Thin Films on Fine
Particles

Sajjad Habibzadeh, Ehsan Rahmani, Mohammad Reza Saeb,
Mohammad Reza Ganjali and Jamal Chaouki

Abstract

The tunable construction of multilayer thin-film-based particulate has opened
up new horizons in materials science and led to exciting new developments in
many scientific areas during the past two decades. Indeed, to utilize the synergistic
properties of thin film coatings and the core particles, the thin film immobilized on
fine particles can be a promising approach. The interaction between the thin films
and the core fine particles results in adjustable properties of the coated particles.
Therefore, such coated systems have been considered as an important class of
emerging powder technology for a wide range of applications. Namely, multilayer
structural features can lead to designing a highly active and selective catalytic sys-
tems. In addition, multilayer-coated nano/micro particles (NMPs) can be employed
in the development of many new properties, ease of functionalization, conjugation
of biomolecules, etc. Such structure with multilayer coatings can also revolutionize
the energy storage and conversion systems.

Keywords: fine (nano/micro) particles, powder technology, multilayer coatings,
thin films

1. Introduction

Single-and/or multilayer deposition of films or coatings of particular inter-
est, without altering their bulk properties can be employed to tune the surface
properties of fine particles in different fields such as catalysis, energy production,
microelectronics, optoelectronics, etc. [1-3]. In particular, multilayer deposition
on particles offers a broad range of nanostructured thin films suitable for multiple
applications, including photocatalysis [4], advanced energy storage systems [5],
drug delivery [6, 7], etc.

Individual fine particles (nano/micro particles, NMPs) were previously studied
due to their much superior properties as compared to the agglomerated ones. Later,
it was found that composite or coated semiconductor particles could render more
enhanced performance than their corresponding individual particles where they
might even develop the particles with novel features. Lately, multilayer semicon-
ductor nanoparticles have been synthesized towards improving properties of such
semiconductor materials [8]. Furthermore, the demands of modern technology
pushed the research activity more forward to synthesize more advanced materi-
als. This demand accompanied by the development of characterization techniques
has also greatly helped to establish the structures of multicomponent nano/micro
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Figure 1.
Applications of multilayer coated-NMPs in advanced materials.

particles. Therefore, multilayer coated-NMPs structured have become one of the
most popular research topics in recent years.

Nevertheless, synthesis of multilayer coated-NMPs has faced with concerns in
terms of conformality and uniformity of coatings (shells). In one hand, the core
particles might not only be considered as the spherical shape but also a variety
of other shapes such as cube, prism, hexagon, octahedron, disk, wire, rod, tube,
etc. can be employed. In the other side, fine particles are liable to clustering either
by agglomeration (reversible) or aggregation (irreversible) processes due to the
interparticle attractive force (IPF)-to-particle weight ratio (i.e., granular Bonding
number) [9]. Therefore, to address such concerns, coating of fine particles as the
synthesis of advanced materials needs a multidisciplinary understanding of powder
technology and surface engineering.

In the present chapter, several multilayer coated-NMPs with different mor-
phologies and compositions are discussed. The corresponding coated NMPs in
various applications including catalytic, biomedical, energy, optical systems are
reviewed (see Figure 1). Before digging into multilayer coated-NMPs, we found it
quite necessary to make an applied understanding of particulate technology and
classification. This would help to design the multilayered coating systems based on
the corresponding powder characteristics. Indeed, the role of powder engineering
cannot be ignored while particles are used as the substrate in a deposition system.

2. Particulate technology and classification

Powder technology is critically employed in the whole domains of particle
processing and applications. Besides, a process involving solid particles cannot be
conducted without the essential characterization of the particles of interest. Such
characterizations encompass not only the intrinsic static parameters such as size,
density, shape, and morphology) but also their dynamic properties attributed to
the fluid flow, e.g., drag coefficient and terminal velocity. There are many tech-
niques that can be employed to characterize particles, either simple or complicated.
Namely, sieve analysis, imaging technique, dynamic light scattering (DLS) are used
to directly characterize the particle size and shape. In addition, the physical gas
adsorption technique based on the well-known BET (Brunauer—-Emmett-Teller)
method on monolayer coverage of adsorptives such as nitrogen is employed to
measure the powder surface area and the pore size.

For a particle moving in a fluid (e.g., fluidization), the force acting on the
surface of a particle depends only on the flow of the fluid in its immediate vicinity.
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A widely used classification of particulate materials based on their fluidization
properties has been long proposed by Geldart [10]. The empirical observations on
fluidized particles in terms of particle size versus the relative density difference
between the fluid phase and the solid particles are shown in Figure 2 (classical
Geldart’s diagram). Such classification is in accordance with the behavior of pow-
ders as they are fluidized by dry air at ambient pressure and temperature.

Analogous to the Geldart classification typically used in the fluidized particles
context, coated-particles can also be categorized based on the particle density and
size. A useful nondimensional number to interpret the Geldart’s diagram is the
granular Bond number Bo,, defined as the ratio of interparticle attractive force Fy
to particle weight W, [11]. Fine cohesive particles (Bo, > > 1, typically d, < 20 pm),
possess the strong attractive forces existing between the particles when compared
to their weight, are so-called Geldart C particles. For slightly cohesive particles
(Bog ~ 1,20 pm < d;, <100 pm, i.e., Geldart A particles), the particles are smoothly
flowable. Therefore, Geldart A particles seem quite efficient for industrial appli-
cations. This might lead to an important criteria in terms of particles size and
density when the coated-particles are needed to be utilized in the various industrial
sectors. In addition, powders within the limit of noncohesive particles (Bo, <1,
typically d, > 100 um for dry particles,) are deemed in the group of Geldart B
particles (i.e., granular materials).

2.1 Importance of multilayer deposition on particles

To utilize a synergistic properties of thin film coatings and the core particles, the
thin film immobilized on fine particles can be a promising approach. The interac-
tion between the thin films and the core fine particles result in adjustable properties
of the coated particles. Therefore, such coated systems have been considered as an
important class of emerging powder technology for a wide range of applications as
it was mentioned above.

Coating the core materials successively with similar or different types of
materials can result in so-called “core—multishell NMPs”, which have been
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Figure 2.
Classical Geldart’s diagram for the types of behavior of powders fluidized by dry air at ambient conditions
based on the difference between particle and gas density (vertical axis) and particle size (horizontal axis) [10].
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explored recently for a number of applications ranging from catalysis to biology.
The tunable construction of multilayer thin-film-based particulate has opened
up new horizons in materials science and led to exciting new developments in
many scientific areas during the past two decades. The multilayer coated particles
benefit from the intrinsic potential for the combination of diverse building blocks
through complementary interactions, i.e.: electrostatic interactions, hydrogen
bonding, etc., to create thin films displaying functional groups and chemical
entities at controlled sites in nanoscale arrangements [12]. In addition, a stepwise
procedure is employed to utilize different functionalities of the multishell rather
than just to protect the core materials. Furthermore, shielding the core from
incompatible outer layers of such NMPs might be performed by the inner layers
[13]. It should be noted that, traditionally, composite NMPs composed of inner
material (core) and outer layer material (shells) are often defined as core-multi-
shell NMPs (the notation of “@” represents the core-multishell structure, core @
shell_1 @ shell_ 2 @ ... @ shell_n).

Multilayer coating of powders can be applied by either wet chemical processes,
such as sol-gel and impregnation [14, 15] or by dry techniques (i.e., the use of a
reactive gas phase), including pyrolysis and chemical vapor deposition (CVD)

[16]; however, most attention in the literature has been paid to the deposition on
fine particles using wet chemical processes. This includes synthesis of core—shell
particles or layer-by-layer (LbL) assembly [4]. Indeed, LbL technique initially
employed the alternate deposition of oppositely charged polyelectrolytes to produce
nanoscale films. Further, the LbL method was successfully applied to other build-
ing blocks. A broad variety of multilayer composite films have been constructed

by replacing one or both polyelectrolyte counterparts with other charged building
blocks such as proteins, dendrimers, lipids and colloidal nanoparticles [12].

2.1.1 Multilayer-coated particles in catalytic applications

Indeed, any advancement in the technology of powders can be employed to
augment the catalytic reaction performance while working as a process engineer.
In other words, multilayer structural features lead to designing a highly active and
selective, low-cost and eco-friendly catalytic systems. This is due to the fact that the
multilayer coated particles, i.e., catalysts, can synergistically take the advantages
of the core (i.e., support) and the coated layers. For instance, a superior catalytic
activity can be obtained by tuning the surface properties (surface area, porosity,
etc.) of the core particles as the coating layers are properly engineered. In addi-
tion, combination of the properties of the core and shell might be utilized towards
improved/combined applications (e.g. magnetically separable nanocatalysts with
the possibility of the repetitive use without the loss of the catalytic efficiency).

Fe;0,@SiO,@ TiO, coated-particles were developed through a hierarchical
structure. The first layer of SiO, on the superparamagnetic Fe;0,4 core was coated
by a modified Stober process. Subsequently, TiO, was deposited on top of the silica
layer to obtain Fe;0,@SiO,@ TiO, composite. According to the x-ray diffraction
(XRD) results, a uniform and well-defined morphologies with anatase crystalline
TiO, was detected on the surface. However, the confirmation of the multilayer
coatings of Fe;0,@Si0,@TiO, with techniques other than microscopy has been yet
a crucial challenge in the coated-NMPs context. In this study, the Fourier transform
infrared spectroscopy (FTIR) spectrum was used to detect Si-O-Ti at the wave
number around 940-960 cm™". Moreover, decomposition of RhB under UV irra-
diation surpassed that of P25 composites, indicating good photocatalytic activity
(see Figure 3(d)). Further, little drop in efficiency over 18 cycles together with the
magnetic recoverability and good cyclability were reported [17].
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Habibzadeh et al. deposited a multilayer film of TiO,/SiO,/TiO, on the surface
of fine soda lime glass (SLG) particles by a fluidized bed chemical vapor deposition
(FB CVD) technique (see Figure 4(a)). The optimal values of the gas velocity for
different temperatures of the powder bed were obtained from the differential pres-
sure measurements. Titanium dioxide was deposited at 300°C whereas the silicon
dioxide deposition was implemented at room temperature. Focused ion beam
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(a) Scheme of as-synthesized composite structure, (b) TEM images of calcined Fe;0,/SiO,/TiO, particles (inset
in TEM image is the magnified ones of portions of the composite particles showing the morphological change

in the TiO, shell due to calcination), (c) FTIR spectra of the calcined Fe;0,/SiO,/TiO, structures and Degussa
P25 (commercial TiO,) and (d) Photocatalytic performance of various samples of catalysts (m = UV, ¢ = TiO,
spheres, A = Fe;0,/SiO,, V = SiO,/TiO,, > Fe;0,/Si0,/TiO,, < P25) [17].
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(a) FIB cross-sectional TEM image and (b) the average film thicknesses of the TiO,/SiO,/TiO, system on
the surface of SLG fine particles. The gold and polymer layers are added during the preparation of the TEM
sample (¢) HRTEM images of CdS/PDA/TiO, cove/shell hybrids [4, 18].
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(FIB) cross-sectional transition electron microscopy (TEM) images (Figure 4(a))
showed a thickness of ~110 and ~20 nm for titanium and silicon dioxide deposited
layers, respectively.

X-ray photoelectron spectroscopy (XPS) results confirmed pinhole-free and
uniform multilayer coatings on the surface of silica microspheres. Moreover,
the anatase crystalline and amorphous structures of TiO, and SiO,, respectively,
were detected by XRD of the multilayer-coated particles. Uniform distribution
of Ti and Si were also observed by energy-dispersive x-ray spectroscopy (EDS)
elemental mapping analysis. In addition, it was found that the multilayer coatings
developed in this study can be effectively employed as a photocatalyst in wastewa-
ter treatments [4].

The photocatalytic activity of the multilayer coatings, CdS/polydopamine/
TiO, (CdS/PDA/TiO,-Figure 4(b)) was determined. The ternary coated-particles
were synthesized where dopamine self-polymerization and titanium (IV) butoxide
hydrolysis were conducted on CdS nanospheres through hydrothermal processes.
A considerable increase in the reaction rate constants of such ternary hybrids
(more than three times) towards the degradation of RhB, methylene blue (MB) and
phenol as the pollutants were seen as compared to CdS/TiO, hybrids. The amended
photocatalytic degradation was credited to the greater light absorption and charge
carrier separation efficiency together with the introduction of PDA [18].

Xiong et al. [1] showed an enhanced catalytic activity of 3D ordered meso-
macroporous Ce 3Zr, 7O,-supported PdAu@CeO, nanoparticles for soot oxidation.
The multilayered structure catalyst found to improve the activation property for
gaseous reactants. In addition, the synergetic effect of Pd-Au-CeO, could promote
the rate determining step. Yi et al. [19] reported the synthesis of a nanocomposite
of Pd/SiO,/Fe,0; catalyst system utilized in hydrogenation of nitrobenzene. First,
monodisperse silica-coated Fe,0; nanoparticles (SiO,/Fe;0;) were obtained in
water-in-cyclohexane reverse microemulsion. Then, they were functionalized with
mercapto and amine functionalities, which have been known to have strong affin-
ity with transition metal nanoclusters, such as Pd, Fe;0,4, and Au. The multilayer
coated catalyst resulted in five times higher conversion rate as compared to the
commercial Pd/C.

Moreover, Pd@CdS@ZnO multilayer nanorods (NRs) showed a superior
catalytic activity for the degradation of toxic organic pollutants due to the effective
separation of electrons-hole pairs. The excitation-wavelength-dependent catalytic
performance of Pd@CdS@ZnO NRs showed significant enhancement at the
wavelengths equivalent to the CdS layer. The recyclability results revealed a strong
ability with favorable reusable photocatalytic efficiency. Besides, electrochemical
impedance and photocurrent detection analysis further confirmed a reduced in the
charge transfer resistance of Pd@CdS@ZnO NRs owing to embedded Pd NPs and
coating of a CdS layer on ZnO NRs [20].

2.1.2 Multilayer-coated particles in biomedical applications

The smaller size and high surface to volume ratio of fine particles are the key
features which render them useful in the biomedical fields. In addition, multilayer-
coated NMPs can be employed in the development of many new properties, ease of
functionalization, conjugation of biomolecules, etc. In particular, the application of
novel nanomaterials in the biomedical engineering has directed to the development
of the new contrast agent and drug delivery vehicle, which are of great importance
in the area of health care [7]. The discrepancy of nanoparticles has been applied
in several researches attributed to disease diagnostics, early detection studies, and
better contrast agents for enhanced imaging techniques.
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Owing to greater bio- and cyto-compatibility as well as increased circulation
time of new drug delivery vehicles the load of the drugs along with the efficacy
of the drug in the system have been reduced. Thus, the appearance of nanopar-
ticles has revolutionized all the matters related to the medical biotechnology and
biomedical engineering. This results in improving the conventional techniques
together with the experimentation of new and advanced techniques for drug
delivery and its monitoring.

In biological applications multilayer-coated NMPs have major advantages over
individual particles leading to the improvement of properties such as less cytotoxic-
ity, more dispersibility, bio- and cyto-compatibility, better conjugation with other
bioactive molecules, greater thermal and chemical stability and so on [21]. In other
words, when the particles of interest are toxic which may cause plenty of issues to
the host tissues and organs, the multilayer coatings of benign materials on top of the
core render the nanoparticles much less toxic and bio-compatible.

Sometimes the coating layers not only act as nontoxic layers, but also improve
the core material property. Moreover, hydrophilicity of particles is quite important
to disperse them in biological systems (aqueous). The increase in biodispersiv-
ity, bio- and cyto- compatibility makes it a useful alternative to conventional
drug delivery vehicle. In addition, many bio-applications are dependent upon the
conjugation of biomolecules on the surface of particles. In particular, coating of a
suitable bio-compatible material can help to conjugate a particular type of biomol-
ecules with the surface of particles. Further, coating of an inert material generally
enhances the stability of core particles when the core materials are susceptible
to chemical or thermal change during exposure to surrounding environment.
Thus, coated NMPs are more appropriate for biological applications than single
nanoparticles.

In an in vivo experiment, dual imaging contrast agent for MRI and optical
imaging purpose Gadolinium tetraazacyclododecanetetraacetic acid (Gd-DOTA) is
covalently linked with silanized nanoparticle to form Gd-DOTA, and then attached
to SiO; coated CdS/ZnS quantum dots (QDs) [22]. In fact, excitons (electron and
hole) in a QDs (i.e., semiconductor nanoparticles) can restrict the movement of
conduction band electrons, valence band holes and excitons in all three spatial
directions. However, The main problem associated with QDs is its high toxicity,
because of the presence of heavy metals in its core, which causes cell death due to
leaching out to the external environment. The deposition of outer layers or employ-
ing another metal in place of toxic cadmium, from the respective QDs might lead to
addressing the problems caused by cadmium. Kim et al. [23] performed cell labeling
in Hela cells, a human cervical cancer cell line by CTAB to prepare CdSe/CdS/ZnS
(core/shell/shell) QDs. Apart from CdSe@CdS@ZnS QDs which has been widely
applied in cell labeling, multilayer coated-QDs such as CdSe@ZnSe@ZnS [24] and
CdSe@Zny sCdy sSe@ZnSe@ZnS [25] have been used for imaging applications. In
addition, CdSe@ZnS@SiO, nanoparticles [26] which gave stronger emissions with
consistent fluorescence intensity than bare CdSe-ZnS nanoparticles alone, lead-
ing to improve imaging applications. Besides, the silica shell renders it suitable for
conjugating with bioactive agents, needed for targeted delivery to the concerned
imaging site [27].

The other aspect of coated-NMPs research revolves around targeted drug deliv-
ery. Namely, the cancer therapy and treatment of static tumors due to a low thera-
peutic index (ratio of therapeutic efficacy to side effects) of medication causes
severe deterioration in health [28]. Therefore, the effects of these drugs should
be target-oriented where the disorder of vulnerable cells is critical. Next, diabetes
and cardiovascular diseases are regarded after cancer therapy considering medical
importance; indeed, malfunctioning of certain tissue regions, or cells result in
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such diseases. For instance, malfunctioning of pancreatic f cells leads to diabetes.
Hence, a precise and permanent cure by targeting these cells particularly for drug
therapy may eliminate the problem once and for all. Chitosan/B-lactoglobulin
core/shell particles were successfully synthesized as nutraceutical carriers for
nutrient delivery increasing permeability of the molecules, increasing gastric
residence time. This subsequently provides the environmental stability (that it
lacked in normal food processing). This encapsuled nutrient system rendered the
oral administration safe [29].

As mentioned above, most particles-based drug delivery research is focused on can-
cer therapy. The material comprising the particles plays a significant role on the working
mechanism. In the category of particle-based drug delivery carriers, two types are the
most important; first, magnetic materials (i.e., iron and its oxides and sulfides), and
secondly, noble metals such as gold and silver. The former materials, i.e. the magnetic,
are mostly used as core materials since the corresponding surface exposure because
is not required to exploit their properties. However, Au owing to its efficient surface
functionalization of different ligands, might be used as a shell material.

In addition, most inorganic materials are toxic to the living system. Other metal
oxide particles, i.e., TiO,, SiO,, ZnO have also been studied for drug delivery. Gold
nanorods/mesoporous silica/hydroxyapatite (Au/SiO,/HAP) hybrid nanoparticles
with AuNR core and SiO,/HAP hybrid inorganic shell for multi-responsive drug
delivery had been prepared. According to the in vitro results of the drug release,
Au/SiO,/HAP nanoparticles showed high drug loading efficiency, superb near-
infrared (NIR)- and pH-responsive drug release properties. In addition, Au/SiO,/
HAP nanoparticles displayed a higher drug release of 37.62% upon NIR irradiation
at pH 4.5 as compared to the drug release of Au/SiO, nanoparticles over 12 h (about
6.35%). This is due to the NIR-responsiveness of AuNRs and the pH-responsiveness
of HAP in acid media. Noticeable biocompatibility of the Au/SiO,/HAP nanopar-
ticles was shown based on the cell viability results [30].

Furthermore, applying an external magnetic field facilitates conducting the
drug towards specific target cells while employing magnetic nanoparticles such as
ferrites because of their biocompatibility and superparamagnetic behavior [31].
Although such magnetic core particles have been employed as the potential drug
carriers through in vitro systems (i.e., simulating human physiological systems),
one must take into caution the toxicity of the bare Fe particles. This can be attrib-
uted to the thrombosis formation (aggregation of Fe particles), induction of free
radicals in bloodstream and their facile oxidizability. However, encapsulating of
these ferrite particles with a noble metal layer, leading to better surface chemistry
between the drug and the carrier and thus the corresponding structural stabiliza-
tion. Namely, a shell of gold has been used in anticancer drugs such as doxorubicin.
Such layer can effectively adsorb amine-groups, thus reducing particle aggregation
by steric hindrance [32]. The adsorbed drug can be released to the target sites in
response to ionic, pH stimuli or externally controlled mechanism (magnetic or
thermal). Moreover, magnetic core/mesoporous silica shell structures have been
studied for in-vitro drug carrier application [33]. While Fe/Au core/shell nano-
composites [34], Fe;0,/CaCO;/PMMA [35], Au/poly(L-aspartate-doxorubicin)-b-
poly(ethylene glycol) copolymer [36] may also find similar biomedical applications
in the near future.

2.1.3 Multilayer-coated particles in energy and other applications

Developing low-cost, eco-friendly systems with large energy conversion
and storage efficiency have been recently addressed by emerging intricate
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nanocomposites. Such structure with multilayer coatings can revolutionize the
energy storage systems, i.e., supercapacitors, li-ions batteries and hydrogen storage
as well as the corresponding energy conversion technologies including quantum dot
solar cells, dye-sensitized solar cells, silicon/organic solar cells and fuel cell.

Supercapacitors (SCs) are typical energy storage devices encompassing
electrochemical double layer capacitors (EDLCs), pseudocapacitors and asym-
metric capacitors. The electrode materials of EDLCs can be used in mobile and
stationary systems while high power pulses are required. EDLCs based on carbon
materials have attracted much attention due to its high power density and long
cycling life [37], which is attributed to the good electronic conductivity of carbon
materials together with their high chemical stability and large specific surface
areas. However, simultaneous fast charging/discharging rate, high energy density,
and long cycle performance cannot be practically obtained through a single nano-
structured electrode material owing to some inherent limitations of individual
composition. For instance, carbon materials have excellent cyclical stability and
high rate capability while faced with low specific capacitance. In general, the
ideal multilayer coating structured nanomaterials in supercapacitors should meet
a few critical requirements for coating materials. First, such coatings maintain
structural integrity and limit volume expansion. It can protect the core particle
from being affected by outside environmental and causes a rapid transport of
electrons and ions.

As the second category of SCs, pseudocapacitors which store charges through
a Faradaic process possess higher energy density compared to EDLCs [38]. Metal
oxides and conducting polymers are employed as the promising materials for
pseudocapacitors. Namely, metal oxides such as, ruthenium, manganese, nickel
and iron oxides with two or more oxidation states and good conductivity as well as
conducting polymers, e.g., polythiophene (PTh), polypyrrole (PPy), polyaniline
(PANI) and their derivatives with high storage capacity/porosity and high potential
window are considered as outstanding candidates for pseudocapacitors.

A hierarchical ZnO@MnO,@PPy multilayer arrays (see Figure 5(a—c)) fabricated
through layer-by-layer process as an active material for energy storage showed an
enhanced electrochemical performance. Specific capacitance of 1281 Fg™' at a current
density of 2.5 A g™ associated with a significant areal capacitance of 1.793 F cm > at
a current density of 3.5 mA cm™> were resulted from such electrodes. Furthermore,
excellent cycling stability of the ZnO@MnO,@PPy ternary core—shell electrode
(Figure 5(d)) with a capacitance retention of 90% after 5000 charge-discharge
cyclesat 5 A g™ was obtained [39].

Apart from the application of multilayer coatings in different types of superca-
pacitors, such coatings can be well employed as the electrode materials for lithium
ion batteries (LIBs). Indeed, many impediments, such as the slow Li" diffusion and
high resistance at the electrolyte/electrode interface can be addressed by improving
the reactivity and conductivity of Li* ion/electron, accelerating charge across the
electrolyte/electrode interface and shortening the Li* extraction/insertion pathway.
One of the most significant roles of the coatings on the cathodic and anodic LIBs’
active materials is attributed to the electronic conductivity enhancement. This
has typically been conducted by employing carbon material such as graphite or
metal/metal oxides as well as conductive polymers. Zhang et al. [40] synthesized
graphene @Fe;0,@C core-shell nanosheets (Figure 6(a, b)) have been rationally
designed and fabricated by a solvothermal method, which have been demonstrated
as a high-performance LIB anode material with a capacitance of 1200 mAh g after
almost 100 cycles, indicating the great stability and usability of this modern struc-
ture. The obtained graphene@Fe;0,@C nanosheets contains Fe;O, nanoparticles
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(a) Schematic illustration of the formation process for ZnO@MnO,@PPy ternary core—shell nanorod arrays,
(b) typical TEM images of ZnO@MnO,@PPy nanorod arrays, (c) XPS survey spectrum of the ZnO@MnO,
namnovod arrays, (d) the galvanostatic charge-discharge (GCD) plots at various curvent densities of ZnO@
MnO, (c) and ZnO@MnO,@PPy [39].

(@) /

'h Graphene & Fe,0O, ™ Amorphous carbone

1800
20004 (C) o (d)
_ 1600- e Graphene@Fe,0 @C oo,
= Graphene@Fe,0,@C %‘ 1200
E 1200 £ 5004
oy L b
H Fe,0,@C £ 600+
o Y =
400 4 F
Y e,0 300
34
0 T T T T T T T T T 0 . r r . T
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60
Cycle Number Cycle number
Figure 6.

(a) Schematic vepresentation of the electrochemical veaction path on the graphene@Fe;0,@C core—shell
nanosheet electrode (b) HRTEM image of the graphene@Fe;0,@C core—shell nanosheet. (c) Cycling
performance of the graphene@Fe;O ,@C core—shell nanosheet, Fe;O,@C cove—shell nanosphere, and Fe;O,
nanosphere electrodes at a constant current density of 200 mA g™, (d) cycling performance of the graphene@
Fe,0,@C core—shell nanosheet (a) and Fe;0,@C core-shell nanospheres (b) at different current densities [40].
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(6 nm) on the graphene sheets and coated by a uniform flexible carbon shell, as well
as show a high surface area of 136 m* g™

The three-dimensional graphene foams encapsulated hollow SnO,@Co;04 were
synthesized using 300 nm spherical SiO, particles as a template. The multilayer
coated spheres fabricated through self-assembly in hydrothermal process from
graphene oxide nanosheets and metal oxide hollow spheres. The encapsulated
architectures could considerably enhance the capacity, cycling stability and rate
capability of hollow SnO,@Co;0, spheres electrodes as the supercapacitor. This
was because of the highly conductive networks and flexible buffering matrix [41].
Furthermore, the 3D h-SnO2@C0304@GF electrode was also evaluated as LIBs
(Figure 7(a—c)). The lithium storage properties were conducted by using the as-
synthesized products as anode materials and Li metal as the cathode. Figure 7(d)
shows the discharge capacities of the different electrodes at current rates of 200,
500, 800 and 1000 mA g~’, then returns to 200 mA g~". Obviously, the 3D h-SnO,@
Co;04@GF electrodes reveal superbly high rate capability relative to the other
electrodes. For example, at a large current density of 1000 mA g™, 3D h-SnO,@
Co30,@GF electrode still delivers favorable capacity of about 380 mAh g™*, while
h-SnO,@Co30, electrode only exhibits capacity of about 120 mAh g_l, 3D h-SnO,@
GF electrode retains 160.7 mAh g™ and h-SnO; electrode retains only 56.4 mA g ™.
When the current rate is returned to 200 mA g™, the stable capacity of 3D h-SnO,@
Co;0,@GF is 676.6 mAh g_l, which is 86.9% of the initial reversible capacity at
200 mA g'1 (Figure 7(e)). The values are much larger than these of 3D h-SnO,@
GF (362 mAh g_1 and 57% retention), h-SnO,@Co;0,4 (2879 mAh g'1 and 32.5%
retention) and h-SnO, (165.2 mAh g'1 and 16.5% retention) [41].

(d) ~4=3D h-S00,@ Co 0 @GF 15004 ‘ (e) ~—3D h-Sn0,@Co,0 @GF
300 4 =3=h-Sn0,@Co .0, ) =9~ 3D h-Sn0,@GF
weigeee 11 graphene foam —O-II-SnO:@ Co,0,
=~ 4004 y
€ Z
% 300+ H
T 200{ a_ £
= Z
o 1004 S
0 Ll L] T L) Al v Ad . L Ll
0 2 K 6 8 10 0 10 20 30 40 50
Current Density (Ag") Cycle Number
Figure7.

(a) Digital photograph of 3D h-SnO,@Co;0,@GE (b) 3D graphene foams encapsulated hollow SnO,@Co;0,
spheres, (¢) HR-TEM of 3D h-SnO,@Co;0,@GF structure (d) specific capacitance of 3D graphene foams,
h-SnO,@Co,0, and 3D h-SnO,@Co;0,@GF electrodes, (e) cycling performance at various rates (from 200, 500,
800, 1000 to 200 mA g™*) for the h-SnO,, 3D h-SnO,@GE, h-SnO,@Co;0, and 3D h-SnO,@Co,0,@GF [41].
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Xie et al. reported a core@double-shell structure to synthesize barium titanate
(BT)-based high performance polymer nanocomposites. The first layer of hyper-
branched aromatic polyamide (HBP) and the second one of poly (methyl methac-
rylate) (PMMA) were deposited on top of the core particles. The synergistic effect
of both polymer shells, resulting in superior dielectric property. This cannot be
obtained in nanocomposites prepared by the conventional blending methods. The
energy densities of BT@HBP@PMMA nanocomposites were higher than that of
BT/PMMA nanocomposites accordingly. The analyses of the dielectric response of
the nanocomposites together with the mechanisms resulting in the higher dielectric
constant and lower dielectric loss in BT@HBP@PMMA nanocomposites. As a
result, the core@double-shell structure polymer nanocomposites can be considered
a newly-designed architecture with desirable dielectric properties [42].

The role of multilayer coatings NMPs in the optical application is mostly
dependent upon the shell layers’ material and thickness. By varying the core and
shell thicknesses, the color of such shells can be varied across a broad range of the
optical spectrum spanning the visible and the near infrared spectral regions. The
use of semiconductors either as the core or shells (multilayer coatings) have been
much raised. The typical band gap for semiconductor particles is normally less than
4 eV, which are those normally found in insulating materials. In comparison with
other fluorescent probes (organic dye or proteins), semiconductor nanoparticles or
quantum dots as a new class of fluorescently labeled compounds render exceptional
properties. In addition, since the fluorescent emission spectra of these particles can
be tuned by changing the particle size, such semiconductor materials are preferably
used in photoluminescence (PL) applications [43].

It should be mentioned that the main advantages of multilayer semiconductor
NMPs are ascribed to the corresponding higher quantum yield, higher photolu-
minescence efficiency, improved optical properties, increased half-life times. In
addition, facile detection of emission spectra of the semiconductor coated-NMPs is
owing to their higher wavelength shift in the visible range, photo-oxidation stabil-
ity, improved appropriate electronic properties (band gap, band alignment), and
finally better structural (lattice mismatch) properties than unlayered fine particles.
Moreover, lattice mismatch between the core and shell material can improve the
luminescence properties no matter how significant is the shell thickness. Lattice
mismatch refers to “the situation where two materials having different lattice
constants are brought together by deposition of one material on top of another”.

It should be noted that the band gap as well as the lattice structure of the material
are employed to form the semiconductor core particles and the multilayer coatings.
Namely, CdSe/HgTe/CdTe [44], CdS/HgS/CdS [45] CdSe/ZnTe/ZnS [46] and etc.
are the common multilayered coating structures applied.

Kim et al. reported a multilayered core-shell composite particles with a high
reflective efficiency and durability. The multilayer SiO, and TiO, were deposited
onto the Fe/Ag microspheres by the corresponding precursors of tetraethyl ortho-
silicate (TEOS) and titanium n-butoxide (TBOT), respectively. The coating of shell
layers were conducted through a sol-gel process. It was shown that the SiO, and
TiO, multilayered shells render the Fe/Ag microspheres high efficient for preserving
the reflectivity and increasing the durability of the core particles [47].

3. Synthesis and characterization of multilayer-coated particles
Conformal and uniform multilayer coatings NMPs are considered as an enor-

mous challenge in the fine particles deposition. In particular, the situation would
be more severe when the coating layer thickness must be controlled. Some of the
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various synthetic methods for multilayer coated- NMPs used by different research
groups are categorized into dry techniques (i.e., the use of a reactive gas phase),
such as pyrolysis, chemical vapor deposition (CVD) [16] and atomic layer deposi-
tion (ALD) [48] onto particles or wet chemical techniques including precipitation,
polymerization, microemulsion, impregnation and sol-gel condensation [8, 14, 15],
layer by layer adsorption techniques [12], etc.

In order to conduct the synthesis of multilayer coated-NMPs, the techniques
used to synthesize one of the most applied multilayer coatings, i.e., metal oxides,
will be next discussed. Namely, the sol-gel technique is widely used as a wet chemi-
cal process when metal oxides are employed as the multilayer coatings. Indeed, this
synthesis process encompasses three different routes. The reaction pathway might
go through the gelation of solutions of a colloidal powder. The other pathway might
be the hydrolysis Eq. (1) and polycondensation of metal alkoxides or metal salt
precursors Eq. (2) followed by hypercritical drying of the gels. Apart from such
two pathways, the commonly-used route for the synthesis of multilayer metal oxide
coatings has been implemented by hydrolysis and polycondensation of metal alkox-
ide precursors followed by aging and drying under ambient atmosphere. It would
be worth mentioning that the sol-gel process has preferentially been employed to
synthesize the multilayer of silicon and titanium oxides.

M (OR), + nH,0 - M (OH),, + nROH Hydrolysis (1)

M (OH), + M(OH), - (OH),.;M -0 -M - (OH),_; + H,O Condensation (2)

Furthermore, most of the various types of oxides can be synthesized through the
coprecipitation techniques. This is particularly applied for the metals which form
the hydroxide precipitate in alkaline pH. In fact, a precipitation reaction results
in at least one water insoluble salt which precipitates from the precursor media
(i.e., two or more water-soluble salts). Such a precipitation reaction is significantly
dependent upon the solubility product of the precipitated compound. Namely, the
particle formation would begin as the concentration of the product goes beyond
the solubility product value of the respective compound in the reaction media.

The mechanism of multilayer coating formation via precipitation would follow the
process of nucleation and growth (i.e., molecular addition, Ostwald ripening and
aggregation) [8, 49, 50].

The characterization of multilayer coated-nanoparticles is not as straightfor-
ward as that of multilayer coatings on the common substrates with macro-dimen-
sion, e.g., silicon, steel, plastic, etc. In addition, it would be somewhat troublesome
to distinguish the various coated layers on the fine particles; therefore, a reliable
characterization technique is always necessary for the core and multilayer coatings.
A similar approach for characterization of single particles can be applied for multi-
layer coated-NMPs; however one technique may not be sufficient. The characteriza-
tion techniques for the measurement of size, shell thickness, elemental and surface
analysis, optical properties, and thermal stability play more important role for mul-
tilayer coated-nanoparticles. Therefore, dynamic light scattering (DLS), scanning
electron microscopy (SEM) or much higher magnification - FESEM (field-emission
SEM) 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 [4, 8, 51-55].

Among the electron microscopy techniques (SEM, TEM), TEM provides
much more important information. Namely, TEM can result in corroboration of
core/multilayer coatings through contrast difference, overall particle size, core
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size, shell thickness, uniform or nonuniform shell coating, lattice fringes of the
coating material, etc. Besides, the size and morphology of the particles can be
determined from the contrast difference of the core and shell materials. In order
to reach the resolution even at the molecular level, much higher magnification,
HR-TEM (high-resolution TEM) is used. Images can release valuable outcomes
on crystallinity, lattice fringes, and even the d-spacing of the multilayer coated-
NMPs. Nevertheless, two-dimensional images of the surface cannot be obtained
by these electron microscopy techniques (SEM, TEM); thus, it is difficult to
understand the roughness of the surface. Therefore, additional information can
be found through the scanning probe microscopy (STM, AFM, etc.) techniques.
Besides, the diameter and height of the particles can be obtained using such
microscopy techniques.

More importantly, XPS is a useful spectroscopic technique to reveal surface
information including elemental composition, chemical status, and electronic state
or binding modes of surface ligands, and depth analysis or atomic composition
with depth. The kinetic energy (KE) and/or binding energy (BE) together with the
number of electrons escaping from a 1-10 nm thick layer of the surface is possible to
measure using this technique. The main disadvantages of XPS are the maintenance
and operating costs. Namely, it requires an ultrahigh vacuum (UHV) chamber and
characterization is only possible to a depth 10 nm from the particle surface [4].

4. Conclusions

This chapter reviewed a newly-emerged topic in the coating research area.
Multilayer coated NMPs have been showed to render the powder technology
more room to grow. The new properties of the coated particles can be employed
to develop multicomponent nano/micro particles in the various applications.
Particulate technology together with the surface engineering concepts was properly
discussed to address the current advancement and challenges in the particle deposi-
tion technology.

14



Multilayer Thin Films on Fine Particles
DOI: http://dx.doi.org/10.5772/intechopen.89972

Author details

Sajjad Habibzadeh™*, Ehsan Rahmani', Mohammad Reza Saeb’,
Mohammad Reza Ganjali** and Jamal Chaouki’

1 Department of Chemical Engineering, Amirkabir University of Technology
(Tehran Polytechnic), Tehran, Iran

2 Department of Resin and Additives, Institute for Color Science and Technology,
Tehran, Iran

3 School of Chemistry, College of Science, Center of Excellence in
Electrochemistry, University of Tehran, Tehran, Iran

4 Biosensor Research Center, Endocrinology and Metabolism Molecular-Cellular
Sciences Institute, Tehran University of Medical Sciences, Tehran, Iran

5 Department of Chemical Engineering, Ecole Polytechnique de Montréal,
Montréal, QC, Canada

*Address all correspondence to: sajjad.habibzadeh@mail.mcgill.ca

IntechOpen

© 2020 The Author(s). Licensee IntechOpen. Distributed under the terms of the Creative
Commons Attribution - NonCommercial 4.0 License (https://creativecommons.org/
licenses/by-nc/4.0/), which permits use, distribution and reproduction for

non-commercial purposes, provided the original is properly cited.

15



Multilayer Thin Films - Versatile Applications for Materials Engineering

References

[1] Xiong ], Mei X, Liu J, Wei Y, Zhao Z,
Xie Z, et al. Efficiently multifunctional
catalysts of 3D ordered meso-
macroporous Ce0.3Zr0.702-supported
PdAu@CeO2 core-shell nanoparticles
for soot oxidation: Synergetic effect

of Pd-Au-CeO2 ternary components.
Applied Catalysis B: Environmental.
2019;251:247-260

[2] Habibzadeh S, Li L, Omanovic S,
Shum-Tim D, Davis EC. Biocompatibility
of Ir/Ti-oxide coatings: Interaction

with platelets, endothelial and smooth

muscle cells. Applied Surface Science.
2014;301:530-538

[3] Caruso RA, Susha A, Caruso F.
Multilayered titania, silica, and laponite
nanoparticle coatings on polystyrene
colloidal templates and resulting

inorganic hollow spheres. Chemistry of
Materials. 2001;13(2):400-409

[4] Habibzadeh S, Zabeida O, Argoitia A,
Sargent R, Klemberg-Sapieha J,

Chaouki J, et al. Conformal

multilayer photocatalytic thin films

on fine particles by atmospheric
pressure fluidized bed chemical

vapor deposition. Industrial and
Engineering Chemistry Research.
2018;57(31):10345-10353

[5] Zhou T, Zheng Y, Gao H, Min S, Li S,
Liu HK, et al. Surface engineering and
design strategy for surface-amorphized
TiO,@graphene hybrids for high power
Li-ion battery electrodes. Advanced
Science. 2015;2(9):1500027

[6] Chatterjee K, Sarkar S, Jagajjanani
Rao K, Paria S. Core/shell nanoparticles
in biomedical applications. Advances
in Colloid and Interface Science.
2014;209:8-39

[7] Santos AC, Caldas M, Pattekari P,
Fontes Ribeiro C, Ribeiro AJ, Lvov Y,

et al. Chapter 16—Layer-by-layer coated
drug-core nanoparticles as versatile

16

delivery platforms. In: Grumezescu AM,
editor. Design and Development of
New Nanocarriers. Elseveir: William
Andrew Publishing; 2018. pp. 595-

635. Available from: https://www.
sciencedirect.com/science/article/pii/
B9780128136270000168

[8] Ghosh Chaudhuri R, Paria S. Core/
shell nanoparticles: Classes, properties,
synthesis mechanisms, characterization,

and applications. Chemical Reviews.
2012;112(4):2373-2433

[9] Valverde JM, Castellanos A. Types
of gas fluidization of cohesive
granular materials. Physical Review E.

2007;75(3):031306

[10] Geldart D. Types of gas fluidization.
Powder Technology. 1973;7(5):285-292

[11] Valverde JM, Castellanos A, Mills P,
Quintanilla MA. Effect of particle size
and interparticle force on the
fluidization behavior of gas-fluidized
beds. Physical Review. E, Statistical,
Nonlinear, and Soft Matter Physics.
2003;67(5 Pt 1):051305

[12] Coustet M, Irigoyen J, Garcia TA,
Murray RA, Romero G, Susana
Cortizo M, et al. Layer-by-layer
assembly of polymersomes and
polyelectrolytes on planar surfaces and
microsized colloidal particles. Journal
of Colloid and Interface Science.
2014;421:132-140

[13] Gawande MB, Goswami A, Asefa T,
Guo H, Biradar AV, Peng D-L, et al.
Core-shell nanoparticles: Synthesis
and applications in catalysis and
electrocatalysis. Chemical Society
Reviews. 2015;44(21):7540-7590

[14] Habibzadeh S, Shum-Tim D,
Omanovic S. Surface and
electrochemical characterization
of IrTi-oxide coatings: Towards
the improvement of radiopacity



Multilayer Thin Films on Fine Particles
DOI: http://dx.doi.org/10.5772/intechopen.89972

for coronary stent applications.
International Journal of Electrochemical
Science. 2013;8(5):6291-6310

[15] Dahl M, LiuY, Yin Y. Composite
titanium dioxide nanomaterials.
Chemical Reviews. 2014;114(19):
9853-9889

[16] Serp P, Kalck P, Feurer R. Chemical
vapor deposition methods for the
controlled preparation of supported

catalytic materials. Chemical Reviews.
2002;102(9):3085-3128

[17] Ye M, Zhang Q, HuY, Ge ], LuZ,
He L, et al. Magnetically recoverable
core—shell nanocomposites with enhanced

photocatalytic activity. Chemistry—A
European Journal. 2010;16(21):6243-6250

[18] Wang M, Cui Z, Yang M, Lin L,
Chen X, Wang M, et al. Core/shell
structured CdS/polydopamine/TiO,
ternary hybrids as highly active visible-
light photocatalysis. Journal of Colloid
and Interface Science. 2019;544:1-7

[19] Yi DK, Lee SS, Ying JY. Synthesis
and applications of magnetic
nanocomposite catalysts. Chemistry of
Materials. 2006;18(10):2459-2461

[20] Oh]JY, Yu]J-M, Chowdhury SR,

Lee TI, Misra M. Significant impact

of Pd nanoparticle and CdS nanolayer
of PdAd@CdS@ZnO core-shell

nanorods on enhancing catalytic,
photoelectrochemical and photocurrent

generation activity. Electrochimica
Acta. 2019;298:694-703

[21] Law W-C, Yong K-T, Roy I, Xu G,
Ding H, Bergey EJ, et al. Optically

and magnetically doped organically
modified silica nanoparticles as efficient
magnetically guided biomarkers for
two-photon imaging of live cancer cells.
The Journal of Physical Chemistry C.
2008;112(21):7972-7977

[22] Gerion D, Herberg J, Bok R,
Gjersing E, Ramon E, Maxwell R, et al.

17

Paramagnetic silica-coated nanocrystals
as an advanced MRI contrast agent.

The Journal of Physical Chemistry C.
2007;111(34):12542-12551

[23] Kim JH, Park ], Won N, Chung H,
Kim S. A highly effective and facile way
to prepare cellular labelling quantum
dots with cetyltrimethylammonium

bromide. Journal of Experimental
Nanoscience. 2009;4(2):105-112

[24] Sun YH, LiuYS, Vernier PT,
Liang CH, Chong SY, MarcuL, et al.
Photostability and pH sensitivity

of CdSe/ZnSe/ZnS quantum dots

in living cells. Nanotechnology.
2006;17(17):4469-4476

[25] Zhang H, Chen D, Zhang J,
Wang Z, CuiY, Shen L. Effect of shell
layers on luminescence of colloidal
CdSe/Zn0.5Cd0.5Se/ZnSe/ZnS Core/
multishell quantum dots. Journal of
Nanoscience and Nanotechnology.

2010;10(11):7587-7591

[26] Won Y-H, Jang HS, Chung

D-W, Stanciu LA. Multifunctional
calcium carbonate microparticles:
Synthesis and biological applications.
Journal of Materials Chemistry.

2010;20(36):7728-7733

[27] Zhelev Z, Ohba H, Bakalova R.
Single quantum dot-micelles coated
with silica shell as potentially non-
cytotoxic fluorescent cell tracers.

Journal of the American Chemical
Society. 2006;128(19):6324-6325

[28] Kateb B, Chiu K, Black KL,
Yamamoto V, Khalsa B, LjubimovaJY,
et al. Nanoplatforms for constructing
new approaches to cancer treatment,
imaging, and drug delivery: What
should be the policy? NeuroImage.
2011;54:S106-SS24

[29] Chen L, Subirade M. Chitosan/f-
lactoglobulin core—shell nanoparticles
as nutraceutical carriers. Biomaterials.
2005;26(30):6041-6053



Multilayer Thin Films - Versatile Applications for Materials Engineering

[30] Song Z, LiuY, ShiJ, MaT,

Zhang Z, Ma H, et al. Hydroxyapatite/
mesoporous silica coated gold nanorods
with improved degradability as a multi-
responsive drug delivery platform.
Materials Science and Engineering: C.
2018;83:90-98

[31] Sahiner N, Pekel N, Akkas P,
Giiven O. Amidoximation and
characterization of new complexing
hydrogels prepared from N-vinyl
2-pyrrolidone/acrylonitrile systems.

Journal of Macromolecular Science,
Part A.2000;37(10):1159-1172

[32] Kayal S, Ramanujan RV. Anti-
cancer drug loaded iron—gold
core—shell nanoparticles (Fe@Au)
for magnetic drug targeting. Journal
of Nanoscience and Nanotechnology.

2010;10(9):5527-5539

[33] Zhao W, Gu ], Zhang L, Chen H,
Shi J. Fabrication of uniform magnetic
nanocomposite spheres with a magnetic
core/mesoporous silica shell structure.
Journal of the American Chemical

Society. 2005;127(25):8916-8917

[34] Jafari T, Simchi A, Khakpash N.
Synthesis and cytotoxicity assessment of
superparamagnetic iron-gold core—shell
nanoparticles coated with polyglycerol.

Journal of Colloid and Interface Science.
2010;345(1):64-71

[35] Wang C, Yan ], Cui X, Cong D,
Wang H. Preparation and
characterization of magnetic hollow
PMMA nanospheres via in situ emulsion
polymerization. Colloids and Surfaces

A: Physicochemical and Engineering
Aspects. 2010;363(1):71-77

[36] Prabaharan M, Grailer JJ, Pilla S,
Steeber DA, Gong S. Gold nanoparticles
with a monolayer of doxorubicin-
conjugated amphiphilic block
copolymer for tumor-targeted

drug delivery. Biomaterials.
2009;30(30):6065-6075

18

[37] Fedorov MV, Kornyshev AA.
Ionic liquids at electrified interfaces.
Chemical Reviews. 2014;114(5):
2978-3036

[38] Zhang J, Fu], Zhang ], Ma H, He,
Li F, et al. Co@Co0304 core-shell three-
dimensional nano-network for high-

performance electrochemical energy
storage. Small. 2014;10(13):2618-2624

[39] MaW, Shi Q, Nan H, Hu Q,

Zheng X, Geng B, et al. Hierarchical
ZnO@MnO2@PPy ternary core—shell
nanorod arrays: An efficient integration

of active materials for energy storage.
RSC Advances. 2015;5(50):39864-39869

[40] Zhang Z, Wang F, An Q, Li W,

Wu P. Synthesis of graphene @Fe;0,@C
core—shell nanosheets for high-
performance lithium ion batteries.
Journal of Materials Chemistry A.

2015;3(13):7036-7043

[41] Zhao B, Huang S-Y, Wang T,
Zhang K, Yuen MMF, Xu J-B, et al.
Hollow SnO2@Co0304 core—shell
spheres encapsulated in three-
dimensional graphene foams for high
performance supercapacitors and

lithium-ion batteries. Journal of Power
Sources. 2015;298:83-91

[42] Xie L, Huang X, Huang Y, Yang K,
Jiang P. Core@double-Shell structured
BaTiO3—-polymer nanocomposites

with high dielectric constant and

low dielectric loss for energy storage
application. The Journal of Physical
Chemistry C. 2013;117(44):22525-22537

[43] Feng H-P, Tang L, Zeng G-M,
ZhouY, Deng Y-C, Ren X, et al. Core-
shell nanomaterials: Applications
in energy storage and conversion.

Advances in Colloid and Interface
Science. 2019;267:26-46

[44] Kim D-W, Cho K, Kim H, Park B,
Young Sung M, Kim S. Optoelectronic
characteristics of CdTe/HgTe/



Multilayer Thin Films on Fine Particles
DOI: http://dx.doi.org/10.5772/intechopen.89972

CdTe quantum-dot quantum-
well nanoparticles. Solid State
Communications. 2006;140(5):215-218

[45] Schooss D, Mews A, Eychmiiller A,
Weller H. Quantum-dot quantum

well CdS/HgS/CdS: Theory and
experiment. Physical Review B.
1994;49(24):17072-17078

[46] Cheng C-T, Chen C-Y, Lai C-W, Liu
W-H, Pu S-C, Chou P-T, et al. Syntheses
and photophysical properties of type-II
CdSe/ZnTe/ZnS (core/shell/shell)
quantum dots. Journal of Materials
Chemistry. 2005;15(33):3409-3414

[47] Kim S-D, Choe W-G, Choi ], Jeong
J-R. High reflective efficiency and
durability of multilayered core-shell
composite particles with controlled
shell thickness. Dyes and Pigments.
2018;153:53-60

[48] Herrmann CF, Fabreguette FH,
Finch DS, Geiss R, George SM.
Multilayer and functional coatings on
carbon nanotubes using atomic layer
deposition. Applied Physics Letters.
2005;87(12):123110

[49] Thanh NTK, Maclean N,
Mahiddine S. Mechanisms of nucleation
and growth of nanoparticles

in solution. Chemical Reviews.
2014;114(15):7610-7630

[50] Sokolov SV, Tschulik K,
Batchelor-McAuley C, Jurkschat K,
Compton RG. Reversible or not?
Distinguishing agglomeration and

aggregation at the nanoscale. Analytical
Chemistry. 2015;87(19):10033-10039

[51] Habibzadeh S, Kazemi-Beydokhti A,
Khodadadi AA, Mortazaviy,

Omanovic S, Shariat-Niassar M. Stability
and thermal conductivity of

nanofluids of tin dioxide synthesized
via microwave-induced combustion

route. Chemical Engineering Journal.
2010;156(2):471-478

19

[52] Habibzadeh S, Li L, Shum-Tim D,
Davis EC, Omanovic S. Electrochemical
polishing as a 316L stainless steel
surface treatment method: Towards

the improvement of biocompatibility.
Corrosion Science. 2014;87:89-100

[53] Attia M, Farag S, Habibzadeh S,
Hamzehlouia S, Chaouki J. Fast pyrolysis
of lignocellulosic biomass for the
production of energy and chemicals:

A critical review. Current Organic
Chemistry. 2016;20(23):2458-2479

[54] Shahrezaei M, Babaluo AA,
Habibzadeh S, Haghighi M.
Photocatalytic properties of 1D

TiO, nanostructures prepared from
polyacrylamide gel-TiO, nanopowders
by hydrothermal synthesis. European
Journal of Inorganic Chemistry.
2017;2017(3):694-703

[55] Shahrezaei M, Habibzadeh S,
BabaluoAA,HosseinkhaniH,HaghighiM,
Hasanzadeh A, et al. Study of synthesis
parameters and photocatalytic

activity of TiO, nanostructures.

Journal of Experimental Nanoscience.
2017;12(1):45-61



