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Uses of novel technologies for improving the durability and lifespan of the construction materials have emerged as viable
solutions toward the sustainable future wherein the coating industry plays a significant role in economy growth and better
livelihoods. Thus, the continual innovation of various technologies to introduce diverse market products has become
indispensable. Properties of materials like color stability under UV, elevated temperatures and aggressive environments,
and skid and abrasion resistance are the main challenges faced by commercial coating materials, leading to more
demand of natural materials as sustainable agents. Lately, nanostructured core—shell pigments with unique compositions
have widely been utilized in composite materials to enhance their properties. Core—shell particles exhibit smart properties
and have immense benefits when combined with building materials.
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| 1. Introduction

In recent years, synthetically colored pigments have been introduced in various market products. Consequently, they have
been the subject of extensive scientific investigation. The most common uses of pigments are in paints, varnishes, printing
inks, plastics and textiles, leather decoration, building materials, rubber, paper, ceramic glazes, and so forth 2. The
durability of pigments refers to their capacity to withstand weathering processes and avoid deterioration when exposed to
an external environment . Studies have revealed that efficient uses of energy for construction materials production can
protect the environment 1. Thus, the development of durable and sustainable pigments has become fundamental in the
construction industry. Diverse methods have been introduced to improve the durability of pigments, especially the core—
shell approach for smart/functional materials preparation BIEIZI8],

Earlier, different chemical techniques have been developed to prepare high-quality core—shell nanostructures. The
multicomponent materials were shown to have better properties due to their diverse compositions and structures, making
them versatile for widespread applications IZAILUIZ Owing to their distinct properties, core—shell structures have
received intense research attention. These structures are more advantageous than other composite materials. For
example, they can strengthen or generate new chemical and physical capabilities, facilitate the structural integrity
desirable for self-maintenance, stop the core from breaking up into large particles, and ensure effective dispersion. In
addition, they offer other benefits, like typical multifunctional compositions and structures. A higher performance can be
achieved in the presence of synergy between the shells and cores 23],

The properties of materials obtained from core—shell particles can be finely tuned, making them fundamentally interesting
in the fields of science and technology WI4ILSl |n every core/shell particle, there is a core structural domain cloaked by a
shell domain. Various types of materials can constitute the core and shell domains, such as metals, polymers, and
inorganic solids. It is easy to modify the structure, size, and composition of these particles to customize their mechanical,
optical, magnetic, thermal, catalytic, electrical, and electro-optical attributes. To create hollow spheres and reduce the
expenditure of these precious materials, core/shell morphology can be employed, in which the materials with relatively
cheaper cores are coated with expensive materials 161171,

Nanoparticles are defined as particles with diameters below 0.1 um, and such particles are attractive for diverse functional
applications. In essence, these nanoparticles can be considered as smart materials due to their distinctive properties.
Nanoscale systems are more advantageous than microscale, macroscale, and bulk materials because of their large
surface area-to-volume ratios and quantum size effects 181291 The development of new and advanced synthesis methods
has enabled the production of symmetrical (spherical) and various other shaped nanoparticles (e.g., cube, prism,
hexagon, wire, rod, and tube) [2Q[2122 Nonetheless, the preparation and characterization of differently shaped
nanoparticles have only been performed recently. Some reports have indicated that it is relatively easier to make non-
spherical nanoparticles than other shapes [23124123] |t js important to note that the properties of these nanoparticles are
both size- and shape-dependent. For instance, some properties of magnetic nanocrystals (including blocking



temperatures, permanent magnetization, and magnetic saturation) are determined by their particle size, whereas the
coercivity of such a system is decided by their shape due to its impact on the surface anisotropy. For this reason,
nanoparticles are often used to improve the pigment performance 28!,

Nanotechnology has developed rapidly in recent years, and consequently, core—shell nanoparticles (NPs) have emerged
as the key functional material. Currently, many researchers have been investigating core—shell NPs with different
functional compositions. They find a wide range of applicability in various fields, including biomedicine, electronics, optics,
catalysis, and pharmaceuticals 4. Core—shell nanoparticles have distinct physiochemical traits and, thus, attract
substantial research interests 2228 The key advantages of core—shell nanoparticles are enhanced levels of protection,
encapsulation, and controlled release. Different types of core/shell nanoparticles have been identified and applied for
various practical purposes. However, it remains challenging to classify all the available core/shell nanoparticles based on
their industrial applications due to their wide varieties. Some studies were conducted on the pigments made from core—
shell nanoparticles to outline their production methods and the nature of their core and shell materials, as well as their
uses. Considering the immense benefits of core—shell nanostructures, this paper will analyze the key features and
properties of such nanosystems. The features of inorganic materials and their fabrication methods and common uses are
underscored. First, a brief overview of the different methods for the production of these particles is underlined. Next,
different classes of existing core—shell materials and their uses are highlighted. Later, various latest techniques for the
synthesis of core-—shell pigment nanocapsules, followed by the use of core—shell nanoparticles in road paints, are
explored. Finally, the paper is concluded, followed by some recommendations for further research and development within
this field. Figure 1 provides the overall structure of this paper.
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Figure 1. Flow chart of core—shell pigment materials, synthesis, test methods, and applications. CTAB: Cetrimonium
bromide ([(ClGH33)N(CH3)3]Br)

| 2. Core-Shell Nanoparticle: Synthesis Approach and Importance

Nanotechnology refers to the atomic-level manipulation of materials that can be performed by combining the engineering,
chemical, and biological approaches. Several techniques can be used to synthesize nanoparticles, like chemical,
biological, physical, and even hybrid approaches (Figure 2). Generally, two key types of approaches are used for the
production of nanostructures: “top-down” and “bottom-up”. In the former (“top-down”) approach, traditional workshops and
microfabrication techniques are used in addition to externally controlled equipment to cut, mill, shape, and mold materials
into their desired forms. The most common top-down methods are the lithographic techniques (e.g., UV, electron or ion
beam, optical near-field scanning, laser beam processing, and scan probing) and mechanical methods (i.e., machining,
grinding, and polishing) [2BABLE2 conversely, the “bottom-up” approaches focus on the manipulation of the chemical
properties of molecules, forcing them to self-assemble into a new and more beneficial form with emergent traits. The most
commonly employed bottom-up approaches include chemical synthesis, laser-induced assembly, chemical vapor
deposition, colloidal aggregation, self-assembly, and film deposition and growth 33134, Both approaches have strengths
and weaknesses. Nonetheless, one key advantage of the bottom-up approach is that it can create much smaller particles
and may be more cost-effective than the top-down approach due to its absolute precision, minimal energy loss, and



complete control over the whole process. With regards to the synthesis of core/shell nanoparticles, ultimate control is
needed to create a uniform coating around the core materials while the particles are forming. In this respect, a bottom-up
approach would be more appropriate. In addition, a hybrid approach can also be used. For example, a top-down approach
may be used to make the core, and a bottom-up approach can be subsequently employed to maintain the shell's
thickness. As water droplets can serve as nanoreactors, the use of microemulsion is also recommended to regulate the
size and thickness of shells.

Nowadays, several researchers are turning their attention towards core/shell nanostructures because of their great
benefits in a raft of fields, including chemistry, electronics, pharmaceuticals, optics, biomedicine, and catalysis.
Additionally, these nanoparticles are highly functional and show specialized properties, wherein the characteristics of the
core or shell materials can be entirely different. It is possible to modify these properties by altering the materials or the
core-to-shell ratio B3], Interestingly, the reactivity and thermal stability of the core materials can be changed by modifying
the shell coating, thereby enhancing the stability and dispersion of the core particles. This, in turn, results in unique
properties of each material employed, wherein the resultant product has an inherent ability to modify the surface functions
based on the environment when implemented 8. Some benefits of coating the core particles include the facilitation of
surface modifications; enhanced functionality, stability, and dispersion of core particles; the significant reduction of
expensive material consumption; and controlled release of the core.

Nanoparticle synthesis

|

Sputtering -
= - G=D
Laser Fungi
aison ;-
» Yeast
£
milling Loy deposition
Plants

Figure 2. The synthesis of nanoparticles using different approaches 2.

| 3. Core-Shell Synthesis Methods

As aforementioned, core—shell particles are particles that consist of a shell and a core, wherein both can be made using
the same or different materials 28249 Figure 3 shows various core/shell particles, wherein the core and shell are
marked in different colors. The core can be in the form of a single sphere (Figure 3a) or a collection of many small
spheres (Figure 3b). Moreover, there may be a hollow shell with a small sphere inside, which appears in a yolk—shell
structure (Figure 3c) 1. The shell structure may be in the form of a continuous layer (Figure 3a—c), multiple smaller
spheres accumulated onto a larger core sphere (Figure 3d,e), or a simple collection of core spheres (Figure 3f) 22, In
fact, the insertion of smaller spheres into the shell can be performed to produce more intricate core/shell structures
(Figure 3g) 431, Alternatively, the same process can be carried out using multiple shells (Figure 3h) 44145 varieties of
chemical or physical methods can be used to synthesize core/shell nanoparticles, including wet chemistry and
chemical/physical vapor deposition. Generally, multiple steps are involved in core—shell particle production. Typically, core
particles are synthesized first; after which, a shell is created around the particle. However, the methods used to achieve
these nanoparticles vary according to the type of core and shell materials under consideration 24, The primary objective
of core—shell particle preparation is to bring together the desired properties of diverse materials and structures to produce
a synergistic effect, stabilize the active particles, and generate biocompatible properties 48!, Figure 3 illustrates various
types of core—shell structures, depending on the type of core and shell materials, preparation method, and applications.
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Figure 3. Schematic representation of different types of core—shell particles (a) single sphere (b) several small spheres
(c) yolk-shell (d) small spheres onto small cores (e) small spheres onto big core (f) core spheres (g) smaller spheres into
the shell (h) multiple shells.

Core—shell nanoparticles have become a fundamental nanomaterial for various industrial usages. During the preparation
of core—shell NPs, it is important to identify a simple, quick, and cost-efficient method with the least-possible negative
impacts on the environment. To meet this target, several methods have been developed, including the microemulsion,
sol—gel, microwave synthesis, multistep reduction, epitaxial growth, electrochemical dealloying, sonochemical processing,
and Stéber methods. Alternatively, these methods can be combined to create a hybrid method. Amongst all these
approaches, the sol-gel method is most common for core—shell NP preparation. This method is a relatively new approach
for preparing nanoparticles that allows for more control over the reaction processes involved in synthesizing solid
materials. Homogenous multicomponent systems are easy to acquire, especially homogenous mixed oxides that can be
prepared through the mixing of molecular precursor solutions. The sol-gel method is used in materials science to
transform small molecules into solid materials. It is often applied to produce metal oxides like SiO, and TiO,. To achieve
this, the monomer must be converted into a colloidal solution (sol), which then serves as a precursor for a combined
network consisting of network polymers or discrete particles. Generally, the metal alkoxides are used as precursors.
During the chemical reaction, a colloidal solution called a “sol” is produced and gradually forms a gel-like diphasic
substance consisting of a liquid and a solid phase. The morphologies of these phases can be in the form of discrete
particles or continuous polymer networks. With regards to the colloid, it may be necessary to remove vast amounts of
liquid if the volume fraction of the particles (or particle density) is extremely low in order to evoke the gel-like properties. It
can be achieved in several ways, wherein the easiest one is to allow sufficient time for the sedimentation to occur.
Subsequently, the remaining fluid can be poured away. Conversely, phase separation can be sped up through a process

called centrifugation. As a wet chemical process, the sol-gel method is widely applied to produce core—shell nanoparticles
[47][48]{49]

Microemulsions are isotropic liquid mixtures consisting of water, surfactant, oil, and often, cosurfactants
thermodynamically stable and clear in appearance. There may be salt present in the aqueous phase, as well as various
other ingredients. The “oil” may actually be an intricate mix of various different hydrocarbons. As opposed to normal
emulsions, microemulsions are created by mixing components, and no high shear conditions are required to produce
them. There are three main types of microemulsions—namely, direct (oil dispersed in water, o/w), reversed (water
dispersed in oil, w/o), and bi-continuous. Microemulsions are ternary systems in which two separate immiscible phases
(water and “oil”) occur with a surfactant, and the surfactant molecules can create a monolayer between the oil and water.
Additionally, the surfactant molecules have hydrophobic tails that dissolve during the oil phase, whilst hydrophilic head
groups dissolve in the liquid phase. To synthesize gold and silver core—shell bimetallic nanoparticles quickly, two-step
microwave irradiation is often used. This strategy requires the creation of a bilayer organic barrier around the core, which
is achieved using citrate and ascorbic acids, which serve as capping agents. In turn, this enables a well-defined boundary
layer to be established between the core and the shell materials. The boundary layer plays a vital role in the process of
synthesizing various core—shell particles, which results in the production of modifiable bimetallic NPs with clearly defined
core/shell structures. These nanoparticles may have spherical or triangular seed cores.

Another technique that can be used to create core—shell materials such as carbon nanotubes is high-pressure chemical
vapor deposition. This method was developed by Nikolaev et al. Y with the main focus of creating a single-wall carbon
nanotube by combing CO with a small quantity of Fe(CO)s and passing the mixture through a heated reactor. EI-Gendy et
al. Bl synthesized carbon-coated Fe, Co, Ni, FeRu, CoRu, NiRu, NiPt, and CoPt nanoparticles using high-pressure
chemical vapor deposition and manipulating the temperature and pressure inside the reactor. In these experiments,
metal—-organic precursors known as metallocenes (carbon-rich metal elements) were used. The precursors were inserted



into a thermostatic sublimation chamber; after which, argon gas was passed through the chamber to push the vapor into
the reactor’s hot zone. The precursors could then break down the nanoparticles in the cooling finger. The precursor
entered the gas phase in the hot zone to perform a supersaturation. Subsequently, the nanoparticles were nucleated
when the supersaturation was achieved. The extent of a supersaturation can be changed by controlling the temperature
inside the sublimation chambers and the pressure/temperature inside the chemical vapor deposition reactor. High
pressure increases collisions between gas atoms, which ultimately reduces the rate at which atoms diffuse away from the
original location. However, it is important to note that supersaturation cannot be achieved if the diffusion rate is poor, and
this will result in single atoms or tiny clusters of atoms being deposited on the cooling finger.

The wet chemical technique was used B2 to synthesize Fe,O3 coated with graphene shells. A solution containing oleic
acid and 1-octadecene was heated to 320 °C in a reflux reactor to dissolve purified iron oleate. Subsequently, ethanol and
acetone were applied to wash the solution in order to generate iron oxide particles. Additionally, the Stdber process is
commonly used to prepare silica (SiO,) particles 23] of controllable and uniform size 24, and these particles can be used
for many purposes in the field of material science. This method was proposed by Werner Stober et al. in 1968 53] and is
still the most common wet chemistry synthetic approach employed to prepare silica nanoparticles 52, This technique is a
sol—gel process, in which a molecular precursor (typically tetraethylorthosilicate) is placed in water and reacted with an
alcoholic solution. This causes the newly produced molecules to join together and create bigger structures.

Du et al. B8 ysed a sol-gel reaction to coat Fe3O, nanoparticles with a SiO, shell, yielding a core/shell structure. To
synthesize the core/shell nanocomposites, a two-step procedure was used. First, the coprecipitation method was used to
acquire Fe3z04 nanoparticles; after which, electrostatic interactions with tetramethylammonium hydroxide (TMAOH) were
performed to disperse the particles in a liquid solution. Secondly, the produced SiO, during the hydrolyzation of tetraethyl
orthosilicate (TEOS) was used to cap Fe;O,. Figure 4 presents the sol-gel technique used by Li et al. 24 to produce
ZnSiO3/ZnO core—shell nanoparticles. In this experiment, they combined the sol-gel with an annealing technique to
synthesize zinc silicate-zinc oxide (Zn,SiO4@Zn0O) core-shell nanoparticles with a high band gap energy. First, the
concentrations of the Na,SiO3/ZnCl, precursors were modified to coat ZnO nanoparticles with ZnSiO3 shells of various
thicknesses; after which, a low annealing temperature (780 °C) was set. This caused the amorphous ZnSiOs to react with
ZnO and to produce a crystalline Zn,SiO,4 shell. The sol-gel technique was also used by Chai et al. ¥4 to produce
core/shell-structured Fe3zO,@SiO, nanoparticles. They employed a two-step process to create silica-coated magnetite
(Fe3s0O4@Si0O,) core—shell nanoparticles. Firstly, they used a solvothermal technique to fabricate Fe3O,4 nanoparticles.
Subsequently, SiO, produced during the hydrolyzation of tetraethyl orthosilicate was used to coat the
Fe3z04 nanoparticles.
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Figure 4. Sol-gel method for the fabrication of core—shell particles 34,

A two-step reduction method was used 38 to produce epitaxial Au@Ni core/shell nanocrystals. The first step involved
mixing octahedral, triangular and hexagonal platelike, decahedral, and icosahedral crystals; after which, HAuCls.was
reduced in ethylene glycol (EG) and heated in a microwave with polyvinylpyrrolidone (PVP) added as a polymer
surfactant. This enabled the core seeds to be produced. After this, oil bath heating was carried out to reduce
Ni(NO3),-6H,0 in EG with NaOH and PVP using oil bath heating in order to overgrow the Ni shells on the Au core seeds.
Similarly, Fan et al. B9 employed a two-step seed-mediated growth technique using Au cores to test the synthesis of
bimetallic core—shell nanocubes in liquid phases. The formation of heterogeneous core/shell structures for four typical
noble metals (i.e., Au, Ag, Pd, and Pt) was systematically assessed. The findings of these experiments highlighted the
growth modes and general requirements for achieving conformal epitaxial growth, as well as the heterogeneous
nucleation and formation of different noble metals. It identified two types of growth for heterogeneous metal shells on gold
cores—namely, conformal epitaxial growth (Au@Pd and Au@Ag nanocubes) and heterogeneous nucleation and island
growth (Au@Pt nanospheres). Based on their findings, it was concluded that the two metals should have comparable
lattice constants, with mismatches being below 5%. Other researchers also confirmed the validity of these findings
(Au@Ag (lattice mismatch, 0.2%), Au@Pd (4.7%), and Pt@Pd (0.85%)) [EAELI62]



Tsuji et al. (3 ysed a one-pot polyol technique to synthesize Ag@Cu core—shell nanoparticles with a high yield. In this
method, bubbling Ar gas was used. Chemical reagents such as AgNO3 and Cu(OAc),-H,O were added to serve as the
reagents. First, AgNO3 was reduced in ethylene glycol (EG) to synthesize Ag@Cu particles via a two-step process. To
start, Ag cores particles were separated from AgNOg3; after which, Cu(OAc),-H,O was added to create Cu shells.
However, this was ineffective and produced no Cu@Ag core—shell particles; rather, Cu/Ag bi-compartmentalized particles
were produced. In this work, Ag@Cu particles were prepared using different methods at various reaction temperatures
and heating times. It was observed that adding the two reagents in reverse was the most effective way of
producing Ag@Cu particles. To start the process, 8 mL of 15.9-mM Cu (OAc),-H,O in EG and 8 mL of 477-mM
poly(vinylpyrrolidone) (PVP; MW: 55,000 monomer units) were placed in EG, and the solution was mixed in a 100-mL
three-necked flask. To eliminate all of the oxygen from the solution, Ar gas was bubbled for 10 min at room temperature.
The solution was soaked in an oil bath at 180 °C. Subsequently, the temperature was increased to 175 °C, and the
solution was left to bubble in Ar for several minutes; after which, 2 mL of 15.7-mM AgNO3 was added to the reagent
solution and kept for 20 min at 175 °C. The concentrations of the final yields were 7.0 mM for Cu (OAc),-H,0, 1.7 mM for
AgNOg3, and 212 mM for PVP. The influence of different reaction times was tested on the reagent solution to further
investigate the Ag@Cu growth process.

A modified Stober technique was used by Chae et al. 44 to produce Fe;0,@SiO, A sol-gel method was employed to
prepare the Fe30,@SiO, nanopatrticles. The synthesis method involved the addition of 4 g of Fe;O4 particles and 4 mL of
tetraethyl orthosilicate to 40 mL of deionized water, followed by ultrasonication to mix the solution, forming a stable
emulsion. Thereafter, the emulsion was inserted into a mixture containing 50 mL of ethanol and 12 mL of NH3-H,0. The
resultant solution was stirred for 4 h at room temperature at a rate of 400 rpm, followed by centrifugation to separate the
core—shell structure of Fe30,@SiO». Figure 5 demonstrates the procedure for FesO,@SiO, synthesis.
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Figure 5. The Stober method for Fe30,@SiO, nanoparticle synthesis 4.

Sharma et al. [84 showed that core/shell particles can be fabricated through precipitation without a surfactant. They
investigated the impacts of different surfactants and various concentrations on core—shell particle development. To
investigate this, anionic and nonionic surfactants were tested. Additionally, fly ash was employed to create nanoTiO, for
shell coating 4. The main purpose of using surfactants was to enhance nanotitania shells’ adhesion to fly ash core. It
was concluded that, to determine the optimum impacts of TiO, adhesion onto fly ash, various surfactants must be tested.
One test was carried out without a surfactant, whilst other tests employed anionic and nonionic surfactants. The particles
produced with the addition of an anionic surfactant were found to have better pigment properties and reflectance in the
near-infrared area than the one obtained without a surfactant. Thus, such systems were claimed to be used effectively as
a pigment in cool coatings. Fly ash was placed in a solution containing 70% ethanol supplemented with an anionic (SDS)
or nonionic surfactant (TX-100). Next, titanium isopropoxide was added to the solution, followed by stirring for two hours.
After two hours, the solution was dried in the range of 50-600 °C, and the resultant dry powder was collected. An
experiment was conducted [ using the semi-batch emulsion polymerization method to synthesize PUA hybrid emulsion
PA/PU with a ratio of 20/80. A 250-mL four-neck glass flask containing a reflux condenser, digital thermometer, nitrogen
gas inlet, and mechanical stirrer was used in this synthesis process. To prepare the pre-emulsion, SDS (2.0 g per 100 g of
the acrylic and PU content) was dissolved in water. Subsequently, 5.0 g of MMA, 5.0 g of BA, and 0.015 g of AA (0.15 wt%
of the overall MMA and BA weights) were added gradually to the emulsifier mixture and constantly stirred. The emulsion
was then mixed for another 0.5 h. First, the reactor vessel was charged to achieve 111.3-g PU emulsion dispersion and
10% of the monomers. Then, it was set at 80 °C with constant stirring. Later, 10% of the initiator solution (0.4 g of KPS per
100-g acrylic monomers) was added to the solution and stirred for half an hour. Then, at a constant flow rate, the leftover
monomer pre-emulsion and initiator solution was poured into the flask for a total of 4 h while the temperature was
increased by 5 °C, keeping the solution at 85 °C for half an hour. The emulsion was then stirred continuously while left to
cool. After adding NaHCOg, the pH value was kept within the predetermined range.

In brief, all the developed methods to date have aimed for the green and effective synthesis of core-shell NPs with
controllable sizes, compositions, architectures, and properties through rational molecular design and material
preparations. Despite substantial advances in the methods of preparation of core—shell nanostructures, the one-step/pot
strategy in the preparation of core—shell nanostructures is still in its infancy and remains challenging. For example, the



facet control of metal@metal oxide crystalline nanoparticles in a one-step co-reduction is limited compared to those

prepared through a two-step seed-coating process.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Lin, C.; Li, Y.; Yu, M.; Yang, P.; Lin, J. A facile synthesis and characterization of monodisperse spherical pigment particl
es with a core/shell structure. Adv. Funct. Mater. 2007, 17, 1459-1465.

. Torres-Cavanillas, R.; Lima-Moya, L.; Tichelaar, F.D.; Zandbergen, H.W.; Giménez-Marqués, M.; Coronado, E. Downsiz

ing of robust 2 spin-crossover nanoparticles with ultrathin shells. Dalton Trans. 2019, 48, 15465—-15469.

. Alexander, M.; Mackechnie, J.; Yam, W. Carbonation of concrete bridge structures in three South African localities. Ce

m. Concr. Compos. 2007, 29, 750-759.

. Sadeghi-Niaraki, S.; Ghasemi, B.; Ghasemi, E.; Ghahari, M. Preparation of (Fe, Cr)203@TiO2 cool pigments for energ

y saving applications. J. Alloys Compd. 2019, 779, 367-379.

. Soranakom, P.; Vittayakorn, N.; Rakkwamsuk, P.; Supothina, S.; Seeharaj, P. Effect of surfactant concentration on the f

ormation of Fe203@SiO2 NIR-reflective red pigments. Ceram. Int. 2021, 47, 13147-13155.

. Dong, X.; Zhang, X.; Yu, X.; Jiang, Z.; Liu, X.; Li, C.; Sun, Z.; Zheng, S.; Dionysiou, D.D. A novel rutile TIO2/AIPO4 core

—shell pigment with substantially suppressed photoactivity and enhanced dispersion stability. Powder Technol. 2020, 36
6, 537-545.

. Yao, B.; Geng, S.; Wang, J.; Wang, L. Synthesis, Characterization, and Optical Properties of Near-Infrared Reflecting C

omposite Inorganic Pigments Composed of TiO2/CuO Core—Shell Particles. Aust. J. Chem. 2018, 71, 373-379.

. Huseien, G.F.; Shah, K.W.; Sam, A.R.M. Sustainability of nanomaterials based self-healing concrete: An all-inclusive in

sight. J. Build. Eng. 2019, 23, 155-171.

. lzu, N.; Uchida, T.; Itoh, T.; Shin, W. Decreasing the shell ratio of core—shell type nanoparticles with a ceria core and pol

ymer shell by acid treatment. Solid State Sci. 2018, 85, 32-37.

Ahmed, N.; Fathi, A.; Mohamed, M.; Abd El-Gawad, W. Evaluation of new core—shell pigments on the anticorrosive perf
ormance of coated reinforced concrete steel. Prog. Org. Coat. 2020, 140, 105530.

Sanchis-Gual, R.; Torres-Cavanillas, R.; Puchau, M.C.; Giménez-Marqués, M.; Coronado, E. Plasmon-assisted spin tra
nsition in gold crossover heterostructures. J. Mater. Chem. C 2021.

Torres-Cavanillas, R.; Sanchis-Gual, R.; Dugay, J.; Coronado-Puchau, M.; Giménez-Marqués, M.; Coronado, E. Design
of Bistable Core—Shell Nanoparticles Showing Large Electrical Responses for the Spin Switching. Adv. Mater. 2019, 31,
1900039.

Ahmed, N.M.; Mohamed, M.G.; Abd EI-Gawad, W.M. Corrosion protection performance of silica fume waste-phosphate
s core—shell pigments. Pigment Resin Technol. 2018, 47, 261-271.

Sertchook, H.; Avnir, D. Submicron silica/polystyrene composite particles prepared by a one-step sol-gel process. Che
m. Mater. 2003, 15, 1690-1694.

Zhuang, Z.; Sheng, W.; Yan, Y. Synthesis of monodispere 304 core—shell nanocrystals and their enhanced catalytic act
ivity for oxygen evolution reaction. Adv. Mater. 2014, 26, 3950-3955.

Zhong, Z.; Yin, Y.; Gates, B.; Xia, Y. Preparation of mesoscale hollow spheres of TiO2 and SnO2 by templating against
crystalline arrays of polystyrene beads. Adv. Mater. 2000, 12, 206—209.

Samal, A.K.; Polavarapu, L.; Rodal-Cedeira, S.; Liz-Marzan, L.M.; Pérez-Juste, J.; Pastoriza-Santos, |. Size Tunable co
re—shell nanoparticles: Synthesis and surface-enhanced raman scattering properties. Langmuir 2013, 29, 15076—1508
2.

Parashar, M.; Shukla, V.K.; Singh, R. Metal oxides nanoparticles via sol-gel method: A review on synthesis, characteriz
ation and applications. J. Mater. Sci. Mater. Electron. 2020, 31, 3729-3749.

Dugay, J.; Evers, W.; Torres-Cavanillas, R.; Giménez-Marqués, M.; Coronado, E.; Van der Zant, H.S. Charge Mobility a
nd Dynamics in Spin-Crossover Nanoparticles Studied by Time-Resolved Microwave Conductivity. J. Phys. Chem. Lett.
2018, 9, 5672-5678.

Ahmed, J.; Sharma, S.; Ramanujachary, K.V.; Lofland, S.E.; Ganguli, A.K. Microemulsion-mediated synthesis of cobalt
(pure fcc and hexagonal phases) and cobalt—nickel alloy nanoparticles. J. Colloid Interface Sci. 2009, 336, 814—819.

El-Safty, S.A. Synthesis, characterization and catalytic activity of highly ordered hexagonal and cubic composite monoli
ths. J. Colloid Interface Sci. 2008, 319, 477-488.



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Ghosh Chaudhuri, R.; Paria, S. Core/shell nanoparticles: Classes, properties, synthesis mechanisms, characterization,
and applications. Chem. Rev. 2012, 112, 2373-2433.

Han, W.; Yi, L.; Zhao, N.; Tang, A.; Gao, M.; Tang, Z. Synthesis and shape-tailoring of copper sulfide/indium sulfide-bas
ed nanocrystals. J. Am. Chem. Soc. 2008, 130, 13152-13161.

Lee, H.; Kim, C.; Yang, S.; Han, J.W.; Kim, J. Shape-controlled nanocrystals for catalytic applications. Catal. Surv. Asia
2012, 16, 14-27.

Libor, Z.; Zhang, Q. The synthesis of nickel nanoparticles with controlled morphology and SiO2/Ni core—shell structure
s. Mater. Chem. Phys. 2009, 114, 902-907.

Kim, Y.; Pee, J.-H.; Chang, J.H.; Choi, K.; Kim, K.J.; Jung, D.-Y. Silica effect on coloration of hematite nanoparticles for
red pigments. Chem. Lett. 2009, 38, 842-843.

Liu, R.; Priestley, R.D. Rational design and fabrication of core—shell nanoparticles through a one-step/pot strategy. J. M
ater. Chem. A 2016, 4, 6680—6692.

Chen, S.; Cheng, M.; Lang, Y.; Tian, C.; Wei, H.; Wang, C.-A. Preparation and characterization of monodispersed spher
ical Fe203@SiO2 reddish pigments with core—shell structure. J. Adv. Ceram. 2019, 8, 39-46.

Dodd, A.C. A comparison of mechanochemical methods for the synthesis of nanoparticulate nickel oxide. Powder Tech
nol. 2009, 196, 30-35.

Deng, W.; Xia, W.; Li, C.; Tang, Y. Formation of ultra-fine grained materials by machining and the characteristics of the
deformation fields. J. Mater. Process. Technol. 2009, 209, 4521-4526.

Salari, M.; Marashi, P.; Rezaee, M. Synthesis of TiO2 nanoparticles via a novel mechanochemical method. J. Alloys Co
mpd. 2009, 469, 386-390.

Sasikumar, R.; Arunachalam, R. Synthesis of nanostructured aluminium matrix composite (AMC) through machining. M
ater. Lett. 2009, 63, 2426-2428.

Wang, Y.; Cai, K.; Yao, X. Facile synthesis of PbTe nanoparticles and thin films in alkaline aqueous solution at room te
mperature. J. Solid State Chem. 2009, 182, 3383-3386.

Yoo, S.-H.; Liu, L.; Park, S. Nanoparticle films as a conducting layer for anodic aluminum oxide template-assisted nano
rod synthesis. J. Colloid Interface Sci. 2009, 339, 183-186.

Oldenburg, S.; Averitt, R.; Westcott, S.; Halas, N. Nanoengineering of optical resonances. Chem. Phys. Lett. 1998, 28
8, 243-247.

Daniel, M.-C.; Astruc, D. Gold nanoparticles: Assembly, supramolecular chemistry, quantum-size-related properties, an
d applications toward biology, catalysis, and nanotechnology. Chem. Rev. 2004, 104, 293—-346.

Pal, G.; Rai, P.; Pandey, A. Green synthesis of nanopatrticles: A greener approach for a cleaner future. In Green Synthe
sis, Characterization and Applications of Nanoparticles; Elsevier: Amsterdam, The Netherlands, 2019; Volume 1, pp. 1-
26.

Zhang, Y.; Fan, L.; Chen, H.; Zhang, J.; Zhang, Y.; Wang, A. Learning from ancient Maya: Preparation of stable palygor
skite/methylene 2 Maya Blue-like pigment. Microporous Mesoporous Mater. 2015, 211, 124-133.

Hayes, R.; Ahmed, A.; Edge, T.; Zhang, H. Core—shell particles: Preparation, fundamentals and applications in high perf
ormance liquid chromatography. J. Chromatogr. A 2014, 1357, 36-52.

Mao, W.-X.; Zhang, W.; Chi, Z.-X.; Lu, R.-W.; Cao, A.-M.; Wan, L.-J. Core—shell structured Ce2S3@2ZnO and its potenti
al as a pigment. J. Mater. Chem. A 2015, 3, 2176-2180.

Liu, J.; Qiao, S.Z.; Chen, J.S.; Lou, X.W.D.; Xing, X.; Lu, G.Q.M. Yolk/shell nanoparticles: New platforms for nanoreacto
rs, drug delivery and lithium-ion batteries. Chem. Commun. 2011, 47, 12578-12591.

Niu, H.-Y.; Li, W.-H.; Shi, Y.-L.; Cal, Y.-Q. A core—shell magnetic mesoporous silica sorbent for organic targets with high
extraction performance and anti-interference ability. Chem. Commun. 2011, 47, 4454—-4456.

Insin, N.; Tracy, J.B.; Lee, H.; Zimmer, J.P.; Westervelt, R.M.; Bawendi, M.G. Incorporation of iron oxide nanoparticles a
nd quantum dots into silica microspheres. ACS Nano 2008, 2, 197-202.

Wang, J.; Yang, N.; Tang, H.; Dong, Z.; Jin, Q.; Yang, M.; Kisailus, D.; Zhao, H.; Tang, Z.; Wang, D. Accurate control of
multishelled Co304 hollow microspheres as high-performance anode materials in lithiumion batteries. Angew. Chem. 2
013, 125, 6545-6548.

Lai, X.; Li, J.; Korgel, B.A.; Dong, Z.; Li, Z.; Su, F,; Du, J.; Wang, D. General synthesis and gas-sensing properties of m
ultiple-shell metal oxide hollow microspheres. Angew. Chem. Int. Ed. 2011, 50, 2738-2741.



46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Wang, D.; Xin, H.L.; Hovden, R.; Wang, H.; Yu, Y.; Muller, D.A.; DiSalvo, F.J.; Abrufia, H.D. Structurally ordered interme
tallic platinum-cobalt core—shell nanoparticles with enhanced activity and stability as oxygen reduction electrocatalysts.
Nat. Mater. 2013, 12, 81-87.

Chae, H.S.; Kim, S.D.; Piao, S.H.; Choi, H.J. Core-shell structured Fe304@SiO2 nanoparticles fabricated by sol-gel m
ethod and their magnetorheology. Colloid Polym. Sci. 2016, 294, 647-655.

Guo, X.; Canet, J.-L.; Boyer, D.; Gautier, A.; Mahiou, R. Sol-gel emulsion synthesis of biphotonic core—shell nanoparticl
es based on lanthanide doped organic-inorganic hybrid materials. J. Mater. Chem. 2012, 22, 6117-6122.

Li, Y.-M.; Liu, S.-G.; Song, F.-S.; Wang, Z.-M.; Shen, Z.-Y.; Xie, Z.-X. Preparation and thermal stability of silica layer mul
ticoated y-Ce2S3 red pigment microparticles. Surf. Coat. Technol. 2018, 345, 70-75.

Nikolaev, P.; Bronikowski, M.J.; Bradley, R.K.; Rohmund, F.; Colbert, D.T.; Smith, K.; Smalley, R.E. Gas-phase catalytic
growth of single-walled carbon nanotubes from carbon monoxide. Chem. Phys. Lett. 1999, 313, 91-97.

El-Gendy, A.; Ibrahim, E.; Khavrus, V.; Krupskaya, Y.; Hampel, S.; Leonhardt, A.; Biichner, B.; Klingeler, R. The synthes
is of carbon coated Fe, Co and Ni nanoparticles and an examination of their magnetic properties. Carbon 2009, 47, 28
21-2828.

Mendes, R.G.; Koch, B.; Bachmatiuk, A.; EI-Gendy, A.A.; Krupskaya, Y.; Springer, A.; Klingeler, R.; Schmidt, O.; Biichn
er, B.; Sanchez, S. Synthesis and toxicity characterization of carbon coated iron oxide nanoparticles with highly defined
size distributions. Biochim. Biophys. Acta BBA Gen. Subj. 2014, 1840, 160-169.

Stober, W.; Fink, A.; Bohn, E. Controlled growth of monodisperse silica spheres in the micron size range. J. Colloid Inte
rface Sci. 1968, 26, 62—69.

Bogush, G.; Tracy, M.; Zukoski lv, C. Preparation of monodisperse silica particles: Control of size and mass fraction. J.
Non-Cryst. Solids 1988, 104, 95-106.

DraSar, P. The Sol-Gel Handbook: Synthesis, Characterization and Applications; David, L., Marcos, Z., Eds.; Wiley: Ho
boken, NJ, USA, 2016.

Du, G.-H.; Liu, Z.; Xia, X.; Chu, Q.; Zhang, S. Characterization and application of Fe304/SiO2 nanocomposites. J. Sol.
Gel. Sci. Technol. 2006, 39, 285-291.

Li, Z.; Wanjala, B.; Cernigliaro, G.; Nawrocki, D.; Gu, Z. Synthesis of Zn2SiO4@ZznO core—shell nanopatrticles and the
effect of shell thickness on band-gap transition. Mater. Chem. Phys. 2020, 240, 122144.

Tsuji, M.; Yamaguchi, D.; Matsunaga, M.; Ikedo, K. Epitaxial growth of core- shell nanocrystals prepared using a two-st
ep reduction method. Cryst. Growth Des. 2011, 11, 1995-2005.

Fan, F.-R.; Liu, D.-Y.; Wu, Y.-F.; Duan, S.; Xie, Z.-X.; Jiang, Z.-Y.; Tian, Z.-Q. Epitaxial growth of heterogeneous metal n
anocrystals: From gold nano-octahedra to palladium and silver nanocubes. J. Am. Chem. Soc. 2008, 130, 6949-6951.

Wu, V.; Jiang, P.; Jiang, M.; Wang, T.-W.; Guo, C.-F.; Xie, S.-S.; Wang, Z.-L. The shape evolution of gold seeds and cor
e—shell nanostructures. Nanotechnology 2009, 20, 305602.

Tsuji, M.; Yamaguchi, D.; Matsunaga, M.; Alam, M.J. Epitaxial Growth of Core- Shell Nanocrystals Prepared Using the
PVP-Assisted Polyol Reduction Method. Cryst. Growth Des. 2010, 10, 5129-5135.

Habas, S.E.; Lee, H.; Radmilovic, V.; Somorjai, G.A.; Yang, P. Shaping binary metal nanocrystals through epitaxial see
ded growth. Nat. Mater. 2007, 6, 692-697.

Tsuji, M.; Hikino, S.; Tanabe, R.; Yamaguchi, D. Synthesis of Core—Shell Nanoparticles in High Yield Using a Polyol Met
hod. Chem. Lett. 2010, 39, 334-336.

Sharma, R.; Tiwari, S. Synthesis of fly ash based core—shell composites for use as functional pigment in paints. In Proc
eedings of the AIP Conference Proceedings 2016, Jaipur, Rajasthan, India, 24-25 October 2015; pp. 020083-1-02008
3-6.

Zhang, J.; Li, X.; Shi, X.; Hua, M.; Zhou, X.; Wang, X. Synthesis of core—shell acrylic-polyurethane hybrid latex as bind
er of aqueous pigment inks for digital inkjet printing. Prog. Nat. Sci. Mater. Int. 2012, 22, 71-78.

Retrieved from https://encyclopedia.pub/entry/history/show/28273



