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Abstract

Designing, synthesizing, and modifying nanomaterials (below 100nm in size) are at the leading
edge of emerging nanoscience and nanotechnology due to exhibiting a wide range of enhanced and
new physicochemical properties such as mechanical, thermal, electronic, optical properties which are
significantly different from their bulk counterparts. It makes these materials superior and indispensable
in many modern technological applications. By taking advantage of the unique physicochemical properties
of nanocrystals, different synthetic strategies, bottom-up and top-down approach, have been developed.
Among those synthetic methods, solution-based process to synthesize nanocrystals have been mostly
employed with a specific precursor, stabilizing and /or capping agent. Despite remarkable advances in wet-
chemical syntheses for precisely synthesizing and tailoring nanocrystals, solution-based procedures are
still restricted to preparing a wider variety of nanocrystals owing to limited available precursors, organic
surfactants, and reaction conditions. Unlike well-established solution-based process, solid-state reaction,
which allows us to synthesize almost unrestricted metal-combinations and alloys, has been scarcely
employed to synthesize nanocrystals due to inevitable sintering and aggregation during the conventional
solid-state reaction process required high-temperature (>300 °C). Recently, high-temperature solid-
state reaction with different type of templates for synthesizing nanocrystals has been devised, which
could provide a potential novel nanoparticles not synthesized via conventional solution-based chemical
reaction. This review will summarize syntheses of various nanocrystals through high-temperature solid-
state reaction with spatial confinement strategy. The discussion will develop to the crucial examples of
synthesizing nanocrystals through solid-state reaction pathway, which involves growing crystals spatially
restricted within thermally stable porous materials, nanoparticles, or two-dimensional substrates.
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Introduction

Due to wide ranging technological applications and intriguing physicochemical proper-
ties, synthesis of nanocrystals (NCs) has been immensely active area of research. The prop-
erties in nanoscale are severely affected by the architecture and compositions of the NCs and
these parameters can be tailored by understanding the complex nanostructure-growth mech-
anisms and their precise engineering. To date, solution-based methods, generating nanostruc-
tures with variable dimensionality and complexity have been significantly progressed, which
require rigorous control of reaction-conditions with the use of surfactants and difficulty in
synthesizing multicomponent-NCs with incompatible interfaces [1]. To synthesize multicom-
ponent-NCs, other approaches through a process of chemical etching, galvanic chemistry,
ion-exchange, with atomic diffusion-mediated nanoscale Kirkendall effect to synthesize mul-
ticomponent-NCs have been employed [2,3]. Recently another strategies by utilizing variety
of hollow and confined nanostructures have been explored, giving rise to chemical reactions
and growing metal NCs within their well-protected confined environment, high surface area,
controllable interior access, and solution-partition [4,5]. These, the ‘rattle’ or ‘yolk-shell’ na-
no-structures where small NCs are confined within a hollow-porous shell have been intensive-
ly investigated [6-9]. Due to tedious multistep processes of the aforementioned approaches,
research groups have employed ship-in-a-bottle method, producing NCs inside hollow silica
microsphere [10-13]. Although traditional high-temperature solid-state reaction route allows
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us to synthesize unrestricted metal combinations and alloys, the
high-temperature synthesis has been rarely explored synthesizing
multimetallic NCs on the exposed surface due to the facile sintering
of NCs [14-19]. In this review, I highlight syntheses of NCs within
spatially confined reaction medium via high temperature solid-state
reaction routes. For this particular reaction, vital to the strategy is
the ‘thermally isolated environment’ of silica medium during the
high temperature reactions among diverse precursor-metal ions or
NCs, controlling their migration, sintering and phase-mixing/seg-
regation. Herein, [ will introduce crucial examples of high-tempera-
ture nanoconfined solid-state reaction.

Synthesis of Nanocrystals within Spatially Confined
Reaction Medium through High Temperature Solid-
State Reaction

In order to apply high temperature solid-state reactions to the
synthesis of nanocrystals, tens of nanometer-sized silica nano-
sphere as the reaction medium was employed, which can allow
for treatment of the high-temperature reactions among the me-
dium-embedded atoms, ions and/or nanoparticles. Through this
strategy, various chemical processes such as the diffusion and
movement, morphological transformations and solid-state chemi-
cal reactions can be confined within nanoscale and be systemati-

cally investigated. The ultimate goal of these strategies is to expand
the scope and utility of the NC-synthesis beyond the conventional
solution-based reactions and to fully exploit the diverse combina-
tions of reactants to generate libraries of nanocrystals. Shin et al.
[20] produced Fe,0,/PdO heterodimer encapsulated with silica
nanosphere by air annealing silica nanospheres (~30nm) encap-
sulated with Fe,0, NCs and Pd* complexes at 800 °C, it can be fur-
ther transformed into either a FePd alloy or Fe,0,/Pd hybrid NCs
by second heat-treatment [20]. When Au component was added to
the aforementioned system, ternary system of FeAuPd NC within
Si0, nanosphere (FeAuPd@Si0,) was synthesized at the tempera-
ture higher than 700 °C under 4% H,/96% N, atmosphere. This
reductive heat-treatment caused outward migration of FeAuPd NC,
leaving behind a hole inside silica (Figure 1) [21]. Additionally, sub-
sequent air-annealing of FeAuPd@Si0, nanomaterials resulted into
the phase-segregated oxidized hybrid NCs with different morphol-
ogies such as spherical, dumbbell, three-ball-snowman, and mush-
room-like structures, depending on the degree of migration of the
parent alloy NC inside the SiO, nanospheres (Figure 1). The migra-
tion of the FeAuPd NCs within the silica could be attributed to the
change of amorphous silica-phase into the glass transition phase at
high temperatures with accompanying decreasing viscosity of the
Si0, nanosphere.

SiO, nanosphere. Adopted with permission from [21].

Figure 1: (a-d) TEM and HRTEM images of FeAuPd@SiO, at different annealing time, (e) elemental mapping images
of the core NCs (TEM-EELS), (f) HRTEM images of morphological change of the core NCs with different position in the

Thermal transformation of NCs was also investigated by alter-
native heat-treatment of the silica nanosphere encapsulating both
Au NC/Au* and M* (M=Pt or Cu) (Figure 2). In case of Au/Pt*@
Si0,, the resultant Au/Pt** NCs were thermally converted into a
reduced AuPt NCs under reductive environment [22]. Upon oxi-
dative annealing, the AuCu NCs inside SiO, nanospheres produced
by reductive annealing at 500 °C uniquely in-situ transformed to
different Au-CuO heterostructures with varying either reaction
temperature or Cu?* content [23]. The distinct evolution pathway

of Au/CuO heterodimer through the kinetically accessed and oxida-
tively phase-segregated Au@CuO core@shell, reveals the escaping
motion of the encapsulated Au-core towards silica surface, which is
more facilitated by a thicker CuO shell (Figure 2). This result also
demonstrated the high thermal stability of the Au@CuO with a very
thin CuO-shell thickness due to the insufficient compressive lattice
strain. This study suggests that morphological thermal stability and
operational durability of hybrid NCs under high temperature oper-
ation can be adjusted based on the compositional and morpholog-
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ical parameters. Although spatially confined NCs within thermally
stable reaction medium can be synthesized via high-temperature
solid-state reaction, it is still challenging for synthesis of highly mo-
bile small NCs due to becoming low viscosity of the silica medium
at high temperature. And hence, the investigation of their high tem-
perature solid-state behavior and chemistry is difficult (Figure 3).
To suppress the mobility of the small clusters within elastic reac-
tion medium at high temperature, silica nanosphere modified with

porogenic amino silanes was employed [24]. Such aminated silica
medium at high temperature generates internal porosity gradient
due to decomposition of the amine-functional groups and the gen-
erated internal pores limit the nucleation, growth and migrations of
NCs. By taking advantage of this strategy, a diverse pool of NCs with
Pd, Pd-metal alloy, Pd-metal oxide hybrids were synthesized with
first-row transition ions embedded in the aminated silica medium

under different thermal conditions.

Figure 2: HRTEM images of oxidative heat-treatment of AuCu core NCs inside SiO, nanosphere with different Cu
content and temperature. Adopted with permission from [23].

Figure 3: (a-f) HRTEM images of Pd**/SiO, nanoparticles without porogenic amine modification at different annealing
temperature, (g-I) HRTEM images and STEM-EDS elemental mapping of Pd**/SiO,(NH,) nanoparticles with porogenic
amine modification at different annealing temperature (scale bar: 10nm). Adopted with permission from [24].

Spatial confinement approaches can transform a structure of
the nanomaterial from core@shell into hollow structure, which
was conducted with metal cation (Pt?*/Pd?**)-incorporating-sili-
ca-encapsulated manganese oxide core@shell upon annealing in
reductive environment. The morphology of the core@shell struc-
ture was gradually transformed into a hollow structure composed
of manganese silicate embedded with tiny metal NCs [25]. Addi-
tionally, a unique reversible thermal transformation between hol-
low structure and solid core@shell structure of Mn,0, core encap-
sulated in silica shell incorporating Pd/PdO NCs, upon alternatively
thermal treatment under oxidative and reductive environment,
respectively (Figure 4) [26,27]. Mechanistically, the hollowing pro-

cess of the manganese oxide core could be ascribed to the phase
transition of initially separated MnO and SiO, into a thermodynam-
ically more favorable silicate phase through outward diffusion of
Mn* ions toward SiO, behind the cavity by oxidative thermal an-
nealing. Moreover, the hollow silicate nanospheres reverted to the
initial core@shell structure by the filling of the interior cavities
with a phase-separated Mn,0, NCs. Additional incorporation of
Ni?* in the silica shell resulted in the growth of a single Ni NC at
the newly generated hollow silicate cavity, producing a yolk@shell
structure through a distinct transformation pathway involving pref-
erential reduction of Ni over Mn in the in-situ generated Ni Mn, O
mixed-metal oxide phase [28].
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Figure 4: TEM images of switchable morphology between core@shell and hollow structure by alternatively annealing
at 500 °C under oxidative and reductive environment. Adopted with permission from [26].

Conclusion

Aforementioned strategies could take a place as a very use-
ful tool to synthesize a variety of NCs through high temperature
solid-state reaction route. The use of thermally stable reaction
medium, silica, containing metal precursors or NCs can provide
a platform to investigate various heat-induced processes involv-
ing migration, phase segregation/mixing, complex morphological
modulation and reversible hollowing, which ultimately provides
libraries of surfactant-free NCs. Unlike solution-based reactions, by
leveraging the confinement effect and highly viscous-rubbery-state
of silica at high temperatures, solid-state reactions can be conve-
niently captured at multiple stages and complex NC-morphologies
can be isolated as synthetic snapshots. Additionally, by generating
micro-pores inside silica, thermally-induced migration behavior
of highly mobile small sized NCs can be restrained, giving rise to
numerous combinations of NCs. The insight accumulated from in-
vestigation of the spatial confinement strategies via high-tempera-
ture solid-state reaction could provide an opportunity to open new
paradigm for the research field in nanotechnology. This could also
give a customizable platform for various applications including re-
newable energy technology, catalysis, bio-imaging, etc.
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