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Conspectus

Colloidal particles with a spherical shape and diameters in the range of 0.01-1 um have been a
subject of extensive research, with applications in areas such as photonics, electronics, catalysis,
drug delivery, and medicine. For most of these applications, it is of critical importance to achieve
monodispersity for the size while expanding the diversity in terms of structure and composition.
The uniformity in size allows one to establish rigorous correlations between this parameter and the
physicochemical properties of the colloidal particles while ensuring experimental repeatability and
measurement accuracy. On the other hand, the diversity in structure and composition offers
additional handles for tailoring the properties. By switching from the conventional plain, solid
structure to a core-shell, hollow, porous, or Janus structure, it offers immediate advantages and
creates new opportunities, especially in the context of self-assembly, encapsulation, and controlled
release. As for composition, monodispersed colloidal spheres were traditionally limited to
amorphous materials such as polystyrene and silica. For metals and semiconducting materials,
which are more valuable to applications in photonics, electronics, and catalysis, they tend to
crystallize and thus grow anisotropically into non-spherical shapes, especially when their sizes
pass 0.1 um. Taken together, it is no wonder why chemical synthesis of monodispersed colloidal
spheres has been a constant theme of research in areas such as colloidal science, materials
chemistry, materials science, and soft matter.

In this account, we summarize our efforts over the past two decades in developing solution-phase
methods for the facile synthesis of colloidal spheres that are uniform in size, together with a broad
range of compositions (including metals and semiconductors) and structures (e.g., solid, core-
shell, hollow, porous, and Janus, among others). We start with the synthesis of monodispersed
colloidal spheres made of semiconductors, metals with low melting points, and precious metals.
Through chemical reactions, these colloidal spheres can be transformed into core-shell or hollow
structures with new compositions and properties. Next, we discuss the synthesis of colloidal
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spheres with a Janus structure while taking a pseudo-spherical shape. Specifically, metal-polymer
hybrid particles comprised of one metal nanoparticle partially embedded in the surface of a
polymer sphere can be produced through precipitation polymerization in the presence of metal
seed. With these Janus particles serving as templates, other types of Janus structures such as
hollow spheres with a single hole in the surface can be obtained v/a site-selected deposition.
Alternatively, such hollow spheres can be fabricated through a physical transformation process that
involves swelling of polymer spheres, followed by freeze-drying. All these synthesis and
transformation processes are solution-based, offering flexibility and potential for large-scale
production. At the end, we highlight some of the applications enabled by these colloidal spheres,
including fabrication of photonic devices, encapsulation, and controlled release for nanomedicine.
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1. Introduction

Colloidal particles refer to objects with at least one dimension in the range of 0.01-1 um,
with the upper limit defined by the involvement of Brownian motion. They are typically
dispersed in a medium to form a colloidal suspension. The term of “colloid” was coined by
Thomas Graham, one of the greatest physical chemists in the 19th century.! Although
colloidal suspensions have been involved in everyday life since ancient times, for example,
in the form of ink or milk, the first documented synthesis only goes back to the work by
Michael Faraday in 1856 on Au colloids.2 The ruby-red color displayed by Faraday’s Au
colloids puzzled scientists for many decades and later triggered the development of surface
plasmonics, one of the forerunners of nanoscience and nanotechnology. Although a colloidal
particle can take many different shapes, the spherical shape has received the most attention
owning to its simplicity.3 In terms of surface energy, colloidal spheres represent a
thermodynamically favorable state and are therefore easy to synthesize. The spherical shape
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also makes them ideal building blocks for the fabrication of long-range ordered structures
through self-assembly or crystallization.

For colloidal spheres, one can easily define them using three parameters: size, composition,
and structure. Typically, their physicochemical properties are strongly correlated with
particle size and a narrow distribution in size is essential to the precise description of their
properties. Traditionally, the availability of monodispersed colloidal spheres has been
restricted to polystyrene and silica, two amorphous, dielectric materials with very limited
electronic and optical properties.3# There is always a strong demand to increase the
diversity of composition by including materials such as semiconductors and metals in order
to access their unique electronic, optical, optoelectric, magnetic, and thermoelectric
properties.# As for structure, it can be utilized to tailor the properties of colloidal spheres by
simply moving from the conventional solid structure to core-shell, hollow, porous, and Janus
structures. Taken together, it has been a constant theme of research to develop methods for
the chemical synthesis of monodispersed colloidal spheres with diverse, and yet well-
controlled, compositions and/or structures.

This Account focuses on the efforts from our own group towards the development of
solution-phase methods for the facile synthesis of colloidal spheres with uniform sizes while
they can be engineered to take a wealth of compositions and structures. We start with
materials that can be processed as colloidal spheres with a solid structure and then discuss
how to transform them into core-shell or hollow spheres without losing the size uniformity.
We also discuss the preparation of colloidal particles displaying an asymmetric Janus
structure while taking a pseudo-spherical shape. Finally, we highlight several properties and
applications enabled by these new colloidal spheres in the context of crystallization,
encapsulation, and controlled release.

2. Solid Colloidal Spheres with Diverse Compositions

This section focuses on the synthesis of uniform colloidal solid spheres from four new types
of materials, including amorphous selenium (a-Se),” titania (TiO5),8 metals with low melting
points (e.g., Bi, Pb, In, Sn, Cd, and their alloys),”8 and gold (Au).® To work with such a
broad range of materials, we had to explore different methods, including bottom-up and top-
down, as well as successive, seed-mediated growth. When an amorphous material is
involved, the spherical shape is naturally obtained because of its lowest total surface area
relative to all other shapes. In the case of a crystalline material, one has to eliminate the use
of any facet-specific capping agent, while optimizing the growth kinetics, in order to obtain
spherical particles.19-12 For all syntheses, a uniform size can be achieved for the products by
temporally separating growth from nucleation.3

The preparation of a-Se colloidal spheres follows a typical bottom-up approach, in which a
precursor compound is reduced or decomposed to generate the atomic building blocks that
then nucleate and grow into colloidal spheres. Figure 1A shows an SEM image of &Se
colloidal spheres with a diameter of 0.29 um, which were obtained through the reduction of
selenious acid (HSeO3) by hydrazine (NoH,4) at room temperature, with ethylene glycol
(EG) serving as a solvent.® In this protocol, the reaction was held below the glass transition
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temperature (74) of Se (ca. 31 °C) to ensure that Se was precipitated out in the amorphous
form. As such, the spherical shape was favored due to the necessity to minimize the surface
area. In addition, the use of a viscous solvent like EG, instead of water, allowed for a better
control over the transport of Se “monomers”, the number of nucleation events, and the
growth Kinetics, leading to the production of monodispersed samples. For this system, the
diameter of the &Se colloidal spheres could be readily controlled in the range of 0.09-0.42
um by simply varying the molar ratio of H,SeO3 to NoHy.®

For TiOy, its colloidal spheres can also be prepared using a bottom-up approach involving
the hydrolysis of a precursor compound. However, the formation of uniform samples was
troubled by the fast hydrolysis kinetics of the conventional precursors based on metal
alkoxides.13 At a fast hydrolysis rate, it is difficult to temporally separate growth from
nucleation for the formation of colloidal spheres in one size population only. To address this
issue, we switched to a precursor compound based on titanium glycolate, which was much
more resistant to hydrolysis relative to titanium alkoxides.® The monodispersed colloidal
spheres of titanium glycolate were obtained through a homogeneous nucleation and growth
process by pouring the glycolate-based precursor into an acetone bath containing a small
(ca. 0.3 %) amount of water. Figure 1B shows an SEM of the as-obtained 0.32 pm-titanium
glycolate spheres. Their diameters could be tuned in the range of 0.2-0.5 um by changing
the precursor concentration. The titanium glycolate could then be converted to TiO, without
altering the spherical shape through calcination in air at 500 °C (for anatase) or 900 °C (for
rutile), see the insets in Figure 1B.

Metals with relatively low melting point, including Bi, Pb, In, Sn, Cd, and their alloys, can
be prepared as monodispersed colloidal spheres using both bottom-up and top-down
approaches. The bottom-up approach involves the decomposition of a precursor in a solvent
at a temperature above the melting point of the metal.”8 As a result, the generated metal was
retained in the liquid state during the entire growth process and finally formed into uniform
spherical droplets. The droplets were then converted into solid spheres upon quenching
through pouring the reaction mixture into a cold solvent bath. Figure 1C shows an SEM
image of the 0.19-um Pb colloidal spheres obtained by decomposing lead acetate in
tetra(ethylene glycol) (TEG) at 320 °C, under N protection, and in the presence of PVP as a
stabilizer.” The diameter of the Pb spheres could be controlled in the range of 0.1-0.6 um by
adjusting the concentration of lead acetate. As for the top-down approach, powders of the
metal of interest were directly melted in a solvent and emulsified under rapid magnetic
stirring to generate uniform droplets of the melted metal.” Figure 1D shows an SEM image
of the 0.305-um Bi colloidal spheres produced by adding Bi powders into boiling
di(ethylene glycol) (DEG) in the presence of PVP, followed by quenching with cold ethanol.
Using a similar approach, uniform colloidal spheres made of Cd-Pd alloys (Figure 1E) have
also been obtained by adding both Cd and Pd powders into boiling DEG.”

To obtain colloidal spheres made of a precious metal such as Au, we developed a successive,
seed-mediated growth method to achieve both spherical shapes and narrow size
distributions.®14 This method allows for the separation of growth from nucleation, as well as
the precise control over the growth kinetics. In a typical synthesis, 10-nm Au nanospheres
were firstly prepared by taking Au clusters as the initial seeds. The as-obtained 10-nm Au
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nanospheres then served as seeds for the growth of 46-nm Au nanospheres. Finally, Au
colloidal spheres over 0.1 um could be generated through another round of seed-mediated
growth involving the 46-nm Au nanospheres as seeds. Figure 1F shows a TEM image of the
as-obtained 0.15-um Au colloidal spheres. In this process, both the involvement of slow
growth kinetics and the absence of halide ions capable of selectively capping a specific type
of facet were critical to the formation of spherical particles.® The growth kinetics could be
slowed down by injecting the Au precursor solution dropwise and/or reducing the
concentration of the reductant.

3. Colloidal Spheres with a Core-Shell or Hollow Structure

Another promising strategy for increasing the diversity, complexity, and functionality of
colloidal spheres involves the transformation of existing samples into new materials (viaa
change in composition) and structures (v7a a change in morphology). Here we focus on how
to transform some of the solid colloidal spheres in Section 2 into core-shell and hollow
morphologies through chemical reactions. Starting from uniform a-Se spheres, for example,
a combination of a template-engaged reaction and cation-exchange could be used to produce
core-shell spheres displaying a wealth of compositions (Figure 2A).15-17 In this
transformation, Ag* ions were reduced to Ag® by EG at room temperature, which reacted
with a-Se /n situto generate a AgoSe shell over the surface of each colloidal sphere for the
production of an &Se@Ag,Se core-shell sphere (Figure 2B). The Ag,Se shell could then be
converted into a variety of MSe (M = Zn, Cd, and Pb) chalcogenides via cation-exchange
between Ag* and Zn?*, Cd2*, and Pb2* ions, respectively.16:17 Figure 2, C-E, shows SEM
and TEM (insets) images of the a&-Se@MSe core-shell spheres, confirming the ability to
preserve both the spherical shape and size uniformity during the reaction and cation-
exchange process.

We also explored Pb colloidal spheres as a template for the synthesis of semiconductor
hollow spheres (Figure 3A).18 We reacted Pb colloidal spheres with sulfur at 300 °C in Ar
for the production of Pb@PbS core-shell spheres. Interestingly, as the reaction progressed, a
void would be formed and then enlarged inside each particle as a result of the Kirkendall
effect.19 The Kirkendall effect occurs when the mutual diffusion flux (J) from the core to the
shell (Jy,re) is greater than the flux in the opposite direction (Jsxez).1° In this case, the
interface between the core and the shell materials moves outward from the core and leaves a
vacancy behind, which is accumulated in the core for the generation of a gradually enlarged
void until the reaction is terminated. Figures 3, B and C, shows SEM and TEM images,
respectively, of the PbS hollow spheres obtained after the Pb had been completely reacted
with S, confirming the preservation of both spherical shape and uniform size.18

Using a different approach, we developed a method for the facile preparation of hollow
spheres containing a movable core in the interior (Figure 3D).20 Typically, a conformal silica
shell was deposited on each Au nanoparticle viathe Stéber method, followed by the
attachment of a sub-monolayer of [(chloromethyl)phenylethyl]-trichlorosilane (CMTS) on
the silica surface viathe siloxane linkage. The CMTS could initiate the atom transfer radical
polymerization (ATRP) of benzyl methacrylate, resulting in the formation of a shell of
poly(benzyl methacrylate) (PBzMA) on the surface of each particle. After removal of the
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silica with aqueous hydrofluoric acid, PBzMA hollow spheres containing movable Au cores
were obtained (Figure 3E). Based on the TEM image in Figure 3F, the thickness of the
PBzMA shell was ca. 22 nm and it could be adjusted by controlling the polymerization
conditions.

4. Colloidal Spheres with a Janus Structure

Janus colloidal particles with an asymmetric structure have received ever increasing
attention over the past two decades.?! This new class of colloidal materials is attractive for
applications related to dynamic assembly, stabilization of oil-in-water or water-in-oil
emulsions, catalysis, and fabrication of active motors and multifunctional optical, electronic,
and sensing devices.21-24 Although much effort has been directed towards the synthesis of
Janus colloidal particles, most of the methods involve complicated procedures. To address
this problem, we have developed a method for facile, scalable production of a unique type of
Janus particles characterized by a metal-polymer hybrid composition and a pseudo-spherical
shape.25-28

The synthesis of such Janus particles was achieved by introducing metal nanoparticles as
seeds for the precipitation polymerization of polystyrene (PS). Figure 4A shows a schematic
of the protocol for the production of Au-PS Janus particles.2> In a typical process, PS
polymerization was initiated by potassium persulphate (KPS) in a mixture of ethanol and
water containing styrene, divinylbenzene (DVB), and 4-styrenesulfonic acid sodium salt.
After the polymerization had started for 2 min, Au nanoparticles were introduced serving as
seeds. PS would then nucleate and grow from one side of each Au nanoparticle, eventually
leading to the formation of Au-PS spheres with a Janus structure. TEM images of the
reaction intermediates in Figure 4B-D validate the growth process of PS on Au
nanoparticles. Figure 4E shows the final Au-PS Janus products, featuring only one Au
nanoparticle partially embedded in the surface of a PS bead. This method could be extended
to generate a series of M-PS (M = Au, Pd, and Pt) Janus particles.26 It is worth noting that
initial pattern of polymerization on the metal nanoparticle critically depended on the capping
agent, as well as the concentration of DVB, a cross-linker.26-28 Additionally, the sizes of the
PS and metal in a Janus particle could be readily tuned by controlling the polymerization
time and employing metal nanoparticles with different sizes, respectively.26:27

5. Colloidal Hollow Spheres with a Hole on the Surface

We then explored these metal-polymer Janus particles as a template to prepare hollow
spheres with a circular opening on the surface. Figure 5A shows the major steps involved in
this preparation.2” A hydrophobic silica precursor, vinyltrimethoxysilane (VTMS), was used
to deposit a shell of vinyl-silica on the hydrophobic PS surface only, while exempting the
hydrophilic surface terminated in Au. The Au nanoparticle was then etched away using an
aqueous solution containing K1 and 15,2% while the PS was removed by calcination at 500 °C
or dissolution with an organic solvent such as tetrahydrofuran, with a result of the formation
of hollow silica/vinyl silica spheres with a circular opening. Figure 5B shows TEM image of
the Au-PS Janus particles containing a 50-nm Au nanoparticle, while Figure 5C shows the
SEM and TEM (inset) images of the resultant hollow silica spheres. The hollow silica
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spheres had a mean diameter of 0.192 um, a shell thickness of 16 nm, and a surface hole of
24 nm in size. The diameter of the dedicated hole could be easily tuned by changing the size
of Au nanoparticles used for the preparation of Au-PS Janus particles. For example, when
100-nm Au nanoparticles were used to prepare the Au-PS Janus particles (Figure 5D), the
surface hole on the final hollow spheres was increased to 62 nm (Figure 5E).27

In addition to the templating method, physical transformation of polymer beads can also be
used as an alternative method for the fabrication of hollow spheres with an opening.39-32 |n
a typical process (Figure 6A),30 the commercial PS beads were swollen by introducing a
good solvent for PS (e.g., toluene or styrene) into their aqueous suspension, followed by
freezing with liquid nitrogen. The volumetric shrinkage associated with the cooling process
would lead to the migration of both solvent molecules and polymer chains from the interior
of the swollen bead towards the surface, leaving behind a small void in the center. By storing
the sample in a freezer at a temperature above the melting point of the solvent but below that
of water, the solvent could be removed completely while the entire system remaining in the
solid state. The flux of solvent evaporation resulted in the formation of a hole in the wall,
and the opening could be gradually enlarged due to the migration of polymer chains. Figure
6B shows 0.55-um PS hollow spheres with an opening of ca. 50 nm in diameter produced by
swelling 0.48-um PS beads with 1% aqueous toluene (/1) and then freeze-drying.3! The
size of the opening could be easily tuned by varying the degree of swelling, which was
mainly determined by the amount of the solvent added into the aqueous suspension. For
example, when PS beads were swollen with 5% aqueous toluene (1/1), the opening was
increased to 350 nm (Figure 6C). Meanwhile, the diameter of the PS hollow spheres was
increased to 0.65 um as a result of enhancement in swelling. This protocol has been
successfully applied to a variety of amorphous or semi-crystalline polymers, including
biocompatible and biodegradable poly(caprolactone) (PCL) and poly(L-lactide) (PLLA).32
Significantly, the hole on the surface of the polymer hollow spheres could be readily closed
through a thermal or solvent-induced annealing process, for the encapsulation of various
types of chemicals and materials (see Section 7).

6. Hollow Spheres Made of Conducting Polymers

Colloidal hollow spheres made of conducting polymers have great potential in applications
related to electrocatalysis, chemical sensing, microelectronics, and optoelectronics.33:34
However, when they were prepared by coating the conducting polymer over colloidal
templates, the products often exhibited a rough surface, with almost no control over the
morphology, uniformity, and wall thickness.3435 To address these issues, we developed a
method for fabricating hollow spheres made of conducting polymers such as polypyrrole
(PPy) and polyaniline (PAni) with drastically improvements in uniformity and surface
morphology (Figure 7A).34 The key to the success of this method is to render the surface of
PS templates with sulfonic acid groups by treating with concentrated sulfuric acid for the
electrostatic adsorption of protonated pyrrole or aniline monomers. A uniform shell of the
conducting polymer could then be deposited on the PS surface after the initiation of
polymerization. Figure 7B shows an SEM image of PS@PPy core-shell spheres produced
from 2 um-PS beads, demonstrating the uniform size, smooth surface, and spherical shape
for the products. After the removal of PS with tetrahydrofuran, colloidal hollow spheres

Acc Chem Res. Author manuscript; available in PMC 2020 December 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Qiu et al.

Page 8

made of PPy were obtained (see the inset in Figure 7B). We also demonstrated the
fabrication of triple-shelled hollow spheres by switching the template from PS solid beads to
PS hollow spheres with a hole on the surface (Figure 7C).3° After removing the PS shell, we
obtained PPy hollow spheres characterized by a double-walled shell and an opening on the
surface (see inset in Figure 7C).

7. Applications of the Colloidal Spheres

The uniform colloidal spheres with a broad range of compositions and structures have
opened up new opportunities in terms of application. Colloidal spheres made of metals and
semiconductors, for example, can serve as building blocks for the fabrication of
metallodielectric or semiconductor photonic crystals. Compared to the traditional photonic
crystals made of silica or PS beads, these photonic crystals offer distinctive electrical,
optical, magnetic, or thermoelectric properties.#36:37 As for colloidal spheres with a Janus
structure, they have been explored as building blocks for the fabrication of dimers, trimers,
and superlattices. 2138 The Janus particles could also serve as a stabilizer for the creation of
a stable emulsion or as a chemical locomotion system.23:3940 For colloidal hollow spheres
with an opening on the surface, they have shown outperformance in applications related to
encapsulation and controlled release.*142 In this section, we only focus on three
demonstrations in the context of photonics, encapsulation, and controlled release.

In the first demonstration, we prepared a smart photonic crystal made of Se@Ag,Se core-
shell spheres by taking advantage of the reversible, polymorphic transition of Ag,Se.15
Below 133 °C, Ag,Se crystallizes in an orthorhombic structure and acts as a semiconductor.
When heated to 133 °C, Ag,Se transforms into a body-centered cubic structure and becomes
a good superionic conductor due to the enhanced mobility of Ag* and the low activation
energy to its diffusion and conduction. To this end, its properties could be tuned by adjusting
the structure of Ag,Se. Figure 8A shows a cross-sectional SEM image of the photonic
crystal assembled from uniform Se@Ag,Se core-shell spheres. Figure 8B shows the same
sample after it had been heated at 150 °C for 10 min, confirming the preservation of the
crystalline lattice. Figure 8C shows the near-infrared (NIR) reflectance spectra recorded
from the same sample hold at different temperatures. When the temperature was increased
from room temperature to 110, and finally to 150 °C, the peak position would be red-shifted
from 1392 to 1415, and finally to 1497 nm, as the Ag,Se shells underwent a phase transition
from orthorhombic to the body-centered cubic structure. Interestingly, the peak would shift
back to 1415 nm when the sample was re-annealed at 110 °C. Taken together, one could
reversibly tune the optical properties of the phonic crystals by changing the annealing
temperature.

In the second demonstration, colloidal hollow spheres with an opening on the surface were
used to encapsulate imaging contrast agents. The opening allowed us to easily and quickly
load a wide variety of functional components, including molecular species,
biomacromolecules, and even nanoparticles, into the interior of the hollow particles.
21,30-3241 Figure 9A schematically shows the encapsulation of different types of imaging
contrast agents into PS hollow spheres.#! The hole on the surface made it very easy and
straightforward to load essentially all sorts of contrast agents. Afterwards, the hole could be
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sealed by annealing the system at a temperature slightly above the 74 of PS. Figure 9, B-D,
shows TEM images of PS hollow spheres after the encapsulation of ioversol at different
concentrations. The encapsulated ioversol could serve as an iodinated contrast compound
(ICC) for X-ray computed tomography imaging. We have also demonstrated the feasibility
to use this method for the encapsulation of other types of contrast agents, including
perfluorooctane (PFO) for magnetic resonance imaging (MRI) and NaCl microcrystals for
thermoacoustic tomography (TAT) imaging.*!

The opening on the surface of hollow spheres could also be employed as a smart gate for the
controlled release of drugs. We demonstrated this concept by encapsulating a phase-
changing material (PCM), together with an anticancer drug and a NIR dye, into the hollow
silica spheres with an opening on the surface for NIR-triggered release (Figure 10A).27 A
mixture containing two natural fatty acids (the PCM), doxorubicin (DOX), and indocyanine
green (ICG) in dimethyl sulfoxide was firstly loaded into the hollow silica. After discarding
the unloaded materials by centrifugation, the PCM was solidified by introducing water due
to the immiscibility between them. The solid PCM could keep both DOX and ICG in the
hollow spheres. Upon ICG-enabled photothermal heating, the PCM would be melted to
undergo a phase transition from solid to liquid, triggering the release of payloads through the
hole.43-45 The loaded anticancer drug could be controllably released inside tumor cells by
NIR laser irradiation. As shown in Figure 10B, the DOX loaded in the hollow spheres were
concentrated outside the nuclei before laser irradiation. Upon exposure to an 808-nm laser,
the DOX was released from the silica hollow spheres, as indicated by the emergence of red
fluorescence in the nuclei (Figure 10C). Furthermore, the cumulative release amount of
DOX could be manipulated by varying the duration of laser irradiation (Figure 10D).

8. Concluding Remarks

To expand the diversity of colloidal spheres, we have developed a number of solution-based
methods for the synthesis of uniform samples embracing new compositions and structures.
These methods not only allow one to readily produce a wealth of novel colloidal spheres, but
also offer flexibility and potential for large-scale production. These new colloidal spheres
have shown great performance in a set of applications from assembly to encapsulation and
drug delivery. There is no doubt that the research on colloidal spheres will continue to
develop strongly, with contributions from chemists, material scientists, physicists, and
engineers. Although a number of semiconductors and metals have been prepared as
monodispersed colloidal spheres, it is still difficult to work with the vast majority of
inorganic materials because of the complications brought up by their crystalline structures.
To this end, incorporation of other functional molecules or materials into existing particles
offers an effective strategy to further diversify the composition and broaden the function of
colloidal spheres. For example, it was reported that superparamagnetic nanoparticles could
be incorporated into the &-Se spheres during their synthesis to obtain superparamagnetic
colloidal spheres more responsive to the external magnetic field.#6-4° On the other hand,
tailoring the functional groups on the surface of colloidal spheres offers another opportunity
to expand their properties and thus enhance their performance in various applications. Taken
together, it is of key importance to have tight controls over the size, composition, structure,
and surface functional group of colloidal spheres. It is hoped that readers will enjoy the
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colloidal materials and synthetic methods discussed in this Account and perhaps find the
inspiration to push the materials a step further toward industrial applications.
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Figurel.
Colloidal spheres with various compositions. (A-D) SEM images of colloidal spheres made

of (A) a-Se; (B) titanium glycolate, which could be converted to anatase (top inset) and
rutile (bottom inset) by calcination at 500 and 950 °C, respectively; (C) Pb; and (D) Bi. (E,
F) TEM images of (E) Cd-Pb alloy spheres and (F) Au spheres. Scale bars in (A-E), (F), and
the insets of (B) are 0.5, 0.1, and 0.2 um, respectively. Reproduced with permission from (A)
ref 5, (B) ref 6, (C-E) ref 7, and (F) ref 9. Copyright 2005 Wiley-VCH, 2003 Wiley-VCH,
2004 American Chemical Society, and 2014 Wiley-VCH, respectively.
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— 0.5 um

Figure2.
(A) Schematic showing the transformation of &-Se colloidal spheres into Se@Ag,Se and

Se@MSe (M = Zn, Cd, and Pb) core-shell spheres through a combination of template-
engaged reaction and cation exchange. (B-E) SEM images of core-shell spheres made of (B)
Se@AQg;Se, (C) Se@ZnSe, (D) Se@CdSe, and (E) Se@PbSe. The insets show TEM images
of the corresponding samples after the a-Se cores had been removed with hydrazine.
Reproduced with permission from ref 17. Copyright 2007 American Chemical Society.
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Figure 3.
(A) Schematic showing the synthesis of a PbS hollow sphere from a Pb sphere through the

Kirkendall effect. Jore and Jine refer to the material flow flux from the core to the shell and
from the shell to the core, respectively. (B) SEM and (C) TEM images of the PbS hollow
spheres prepared by reacting Pb spheres with sulfur under the protection of Ar. (D)
Schematic showing the formation of a PBzMA hollow sphere containing a movable Au
nanoparticle in the interior. (E) Backscattering SEM and (F) TEM images of the as-obtained
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PBzMA hollow spheres. Reproduced with permission from (A-C) ref 18 and (D-F) ref 20.
Copyright 2005 Wiley-VCH and 2003 American Chemical Society, respectively.
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Figure 4.
(A) Schematic showing the synthesis of Au-PS colloidal spheres with a Janus structure

through the precipitation polymerization of styrene in the presence of Au nanoparticles as
seeds. (B-D) TEM images of the intermediate products after the reaction had proceeded for
(B) 5, (C) 10, and (D) 30 min, confirming that PS only grew from one side of the Au
nanoparticle. (E) SEM and TEM images (inset) of the final Au-PS Janus particles.
Reproduced with permission from ref 25. Copyright 2009 American Chemical Society.
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Figureb.
(A) Schematic showing the synthesis of a hollow silica/vinyl-silica sphere with a hole in the

wall through site-selected deposition by templating with the Au-PS Janus particle. (B, D)
TEM images of Au-PS particles containing (B) 50- and (D) 100-nm Au nanoparticles. (C, E)
SEM images of the as-obtained hollow silica spheres by templating with Au-PS Janus
particles in (B, D), respectively. The insets show TEM images of the corresponding samples.
Reproduced with permission from ref 27. Copyright 2019 Wiley-VCH.

Acc Chem Res. Author manuscript; available in PMC 2020 December 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Qiu et al. Page 20

A
polymer/solvent
polymer
swelling
_—
water water
liquid N,
polymer/solvent
solvent evaporation
—
P
polymer air ice

Figure®6.
(A) Schematic illustration showing the transformation of a solid polymer bead into a hollow

sphere with a hole on the surface. (B, C) SEM images of the hollow PS spheres with
openings of (B) 50 and (C) 350 nm in diameter by swelling commercial PS beads with
different concentrations of styrene, followed by freeze-drying. Reproduced with permission
from (A) ref 30 and (B, C) ref 31. Copyright 2005 Springer Nature and 2013 Wiley-VCH,
respectively.
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Figure7.

(A) Schematic showing the preparation of single-, double-, and triple-walled hollow spheres
made of conducting polymers (PPy or PAni) by templating with PS beads and PS hollow
spheres with a hole on the surface, respectively. (B) SEM image of PS@PPy core-shell
spheres. The inset shows the TEM image of a PPy hollow sphere obtained after removing
the PS. (C) SEM image of triple-walled PPy hollow spheres. The inset shows the TEM
image of a double-walled PPy hollow sphere obtained after the removal of PS. The scale
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bars in the insets correspond to 0.3 um. Adapted with permission from (B) ref 34 and (C) ref
35. Copyright 2009 and 2010 Wiley-VCH, respectively.
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Figure8.
(A) SEM images of a crystalline lattice assembled from a-Se@

spheres. (B) SEM image of the same crystal after it had been annealed at 150 °C for 10 min.

(C) Reflectance spectra recorded from an a-Se@Ag,Se crystal.
increased from room temperature (R.T.) to 110 and 150 °C, res

1
900 1100

1 )
1300 1500 1700
wavelength (nm)

Ag»,Se core-shell colloidal

The temperature was
pectively, and then reduced to

110 °C. Reproduced with permission from ref 15. Copyright 2005 Wiley-VCH.
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Figure9.
(A) Schematic showing the encapsulation of imaging contrast agents in PS hollow spheres

by thermally closing the hole in the surface. (B-D) TEM images of PS hollow spheres after

encapsulation of aqueous ioversol solutions at different concentrations of (A) 25%, (B) 51%,
and (C) 74%. The holes were closed by heating the PS hollow spheres at 95 °C for 45 min in
an aqueous solution. Reproduced with permission from ref 41. Copyright 2012 Wiley-VCH.
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Figure 10.
(A) Schematic showing the co-loading of drug (DOX), NIR dye (ICG), and PCM into a

hollow silica sphere with a hole in the wall for NIR-controlled release. (B-D) Fluorescence
images of Hel a cells after incubation with the hollow spheres loaded with DOX, ICG, and
PCM: (B) without laser irradiation, (C) after laser irradiation for 8 min, and (D) after three
rounds of 8-min laser irradiation. The appearance of red fluorescence in nuclei upon laser
irradiation indicates the release of the loaded drug. The laser had an output peaked at 808
nm, together with an irradiance of 0.4 W cm~2. Reproduced with permission from ref 27.
Copyright 2019 Wiley-VCH.
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