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Abstract: Surface-templated evaporation driven (STED) method is a promising method to fabricate
supraparticles with various sizes, porosities, and shapes by drying colloidal dispersion drops on
liquid repellent surfaces. Until now, for the method, only spherical shaped colloidal particles
have been used as primary colloids. Here, we introduce six different shapes of nano-colloidal
dispersions for the STED method: nanocubics, nanoplates, nanosheets, coffin-shaped nanoparticles
(NPs), spherical NPs, and aggregates of NPs. It is confirmed that the shape and size of the primary
colloids have little effect for drying the dispersion drop when a single component colloidal dispersion
is dried. For heterogeneous supraparticles with composite material assembly, still the shape of the
colloids has no influences, while the size and dispersity play roles for tuning the morphology of the
supraparticles. From the results, we propose a way to fabricate homogeneous mixture, core/shell,
and Janus core/shell structures of the supraparticles depending on the size and dispersity of the
mixture colloidal dispersion. Indeed, knowledge on the effects of types of colloids would be of great
importance for tailoring supraparticles.

Keywords: supraparticle; superamphiphobic surface; surface-templated evaporation driven method;
core-shell supraparticle

1. Introduction

Supraparticle is composed of colloidal assembly. Due to the assembled structure,
supraparticles can include various functionalities with large surface area that can be
applied in many research and industrial fields [1], such as catalyst [2,3], electrodes [4,5],
and biomedical applications [6]. A self-assembly process in colloidal dispersion is one of
classical ways to fabricate supraparticles [7–10]. By tuning the charge–charge interaction
among the primary colloids, colloidal self-assembly is induced in solvent which synthesizes
supraparticles. It is good to prepare supraparticles with specific materials. However, for
the process, applicable materials are limited and tailoring the characteristics, such as size,
shape, and porosity, is highly complicated. Another typical method is the spray drying
process that fabricates supraparticles by fast drying sprayed colloidal dispersion drops in
air at high temperature [11–13]. Even though this process is suitable for mass production
due to the fast processing time, the size, porosity, and shape of synthesized supraparticles
are inhomogeneous and hard to control. Furthermore, a large amount of loss of materials
during the process is also an issue.

Recently, Wooh et al. introduced a new way to synthesize supraparticles by drying
colloidal dispersions on superamphiphobic surfaces, named the surface-templated evap-
oration driven (STED) method [14]. The STED method attracts attention as a promising
supraparticle synthesis due to its distinct advantages as described below. This method
needs to use no toxic chemicals and heat for the synthesis. The colloids in the dispersion
drop are assembled to the supraparticle on the liquid repellent surfaces just by capillary
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force among colloids at the end of evaporation. Various liquid repellent surfaces, exhibit-
ing low contact angle hysteresis and sliding angle, can be applied as a template, such as
superhydrophobic, superamphiphobic, and lubricant impregnated surfaces [15–19]. For
the STED method, size, shape, and porosity of the supraparticles can be easily controlled
by tuning concentration, volume, and dispersity of colloidal dispersion drops [20–24].
In addition, the STED method is advantageous to produce supraparticles with varied
materials, e.g., metal-oxide particles, metal particles, and polymer beads, by using different
colloidal dispersions. Moreover, for the primary colloids, it is expected that various shapes
of colloids can be applied [25]. However, until now, only spherical nano/micro particles
have been adopted for early stage experiments. Therefore, a study of supraparticle syn-
thesis by using diverse shapes of colloids is now strongly required, which offers the STED
method for further versatile applications.

In this study, we employed six different shapes and sizes of colloidal materials for
primary colloids: (1) nanocubics, (2) nanoplates, (3) nanosheets, (4) coffin-shaped nanopar-
ticles (NPs), (5) spherical NPs, and (6) aggregates of NPs. The nanocubics, nanoplates,
nanosheets, and coffin-shaped NPs are zeolite of different frameworks, and the spherical
NPs are made of amorphous silicates, which are all well-dispersed in water [26–30]. The
commercial TiO2 NPs (P25, Aeroxide, diameter: 20~30 nm) are used for the aggregates of
NPs in water. All the above colloidal dispersion drops formed homogeneous supraparticles
well by the STED method on the superamphiphobic surfaces. It was found that the shape
and size of primary colloids have nearly no influence in the drying behavior of drops as
well as the shape of fabricated supraparticles. The dispersion drops of aggregates of NPs
realized spherical supraparticles as in previous research [14]. The other well-dispersed
dispersion drops formed slightly different spherical supraparticles with craters on top due
to the rigid shell formation by packed colloids at the drops’ surfaces during evaporation,
which interferes with volume shrinking of drops.

Additionally, a feasibility of heterogeneous supraparticles of composite material
assemblies was demonstrated by drying colloidal mixture drops. All the tested colloidal
mixture drops also formed spherical supraparticles after evaporation. In case of the
supraparticles of single component, the supraparticles are composed of homogeneous
colloidal assembly for the entire structure. However, the morphologies of the heterogeneous
supraparticles depend on the difference in size and dispersity between mixed colloids.
In the previous literature with two different sizes of spherical primary colloids, it was
studied that small colloids prefer to move to the surface of dispersion drops at the final
stage of evaporation, causing core/shell (big/small colloids) supraparticles [31]. The
characterization of complex morphologies of colloidal assembly with binary and ternary
mixture is an attractive topic for expanding the application field of supraparticle. For the
analysis of complex colloidal assemblies, we should choose an appropriate analysis tool [32–34]
and it can provide us with assorted information on the morphology of the supraparticle.
According to the previous research, the relative concentration of the respective particle
is an important factor in identifying the pattern of colloidal assembly. However, we
chose the nanoparticle dispersion with the same volume concentration to determine the
shape of the supraparticle by the primary particle’s shape or size. In this study, it is
confirmed that the above effect is applied regardless of the shape of the primary colloids.
In addition, we introduce the effect of the aggregates of NPs on the morphology of the
supraparticle. When the aggregates of NPs are used as one of the primary colloids of
the colloidal mixture dispersion, some aggregates are precipitated in the dispersion drop
during the drying process. The precipitation at the bottom of the drop forms a core of the
supraparticle after evaporation which is more dominate than the colloidal size effect. Here,
by using the size and dispersity effect on colloidal mixture dispersion drops, we successfully
introduce various morphologies of suprastructures, e.g., well-mixed, core/shell, and Janus
core/shell structures.
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2. Materials and Methods
2.1. Materials

Ludox AS-40 colloidal silica (40%), tetraethylorthosilicate (98%), sillicic acid (99.9%),
tetramethylammonium hydroxide (25%), tetrapropylammonium hydroxide (1.0 M) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Aluminum isopropoxide (>98%),
phosphoric acid (85%), ethyl alcohol (99.5%), ammonia solution (30%), sodium hydroxide
(98%), and potassium hydroxide (98%) were purchased from SAMCHUN. Tetraethyl
ammonium hydroxide (35%) was purchased from Alfa Aesar (Ward Hill, MA, USA).
The deionized (DI) water used in the synthesis was prepared with an aqua MAX-Ultra
370 Series purification system (18.2 Ω). All chemicals were used as received without any
further purification.

2.2. Superamphiphobic Soot Surface Fabrication

To fabricate superamphiphobic soot surface [19], the candle flame was settled under
the slide glass for soot layer deposition. The glass should be held on the flame for approx-
imately 5 min to turn black. Chemical vapor deposition (CVD) of 600 µL of tetraethyl
orthosilicate (TEOS) and aqueous ammonia solution in a desiccator was held on for 24 h,
leading to a coating of silica shell on the soot layer. The ammonia solution acts as a cat-
alyst, thus leads to hydrolysis and condensation of TEOS. Calcination of the carbon and
silica layer at 500 ◦C for 2 h results in combustion of the carbon layer. For surface energy
reduction, CVD of 50 µL of trichloro (1H, 1H, 2H, 2H-perfluorooctyl)silane was held on
a vacuum-applied desiccator for 1 h.

2.3. Particle Fabrication

Various morphologies of aluminosilicate crystals and silica were prepared through hy-
drothermal methods. Zeolite nanoplates (SAPO-34) seed crystals were synthesized under a
molar gel composition of 0.6 SiO2: 1.0 Al2O3: 4.0 TEAOH: 2.0 P2O5: 75 H2O. Crystallization
was carried out at 180 ◦C for 48 h in a convection oven [26]. For crystallization of zeolite
nanocubics (LTA), a synthesis molar composition of 6.1 SiO2: 1.0 Al2O3: 13.7 TMAOH:
0.9 NaOH: 345 H2O was utilized [27]. Crystallization was carried out at 130 ◦C for 24 h
in a convection oven. Morphology of zeolite nanosheets (MFI) was synthesized based
on the seeded growth with dC-5 (bis-1,5(tripropyl ammonium) pentamethylene diiodide)
as SDAs (structure directing agents). The precursor sol molar composition was 80 TEOS:
3.8 dC-5: 20 KOH: 9500 H2O where dC-5 chemical was synthesized following recipes in
the literature [28]. It was crystallized at 140 ◦C for 24 h. Coffined-shaped MFI crystals
were prepared with a molar composition of 20 SiO2: 4.5 TPAOH: 4050 H2O. Crystallization
was carried out at 150 ◦C for 24 h [29]. Spherical silica NPs were prepared in a molar
composition of 1.0 TEOS: 11.8 ammonia: 50 H2O: 52.3 ethanol [30]. After the mixing
ingredients, it was aged at 25 ◦C for 10 min to yield spherical silica. All prepared samples
were cleaned by repeated centrifugation and decantation, and then they are redispersed in
DI water.

2.4. Supraparticle fabrication

Every single supraparticle was dried on a superamphiphobic surface in a humidity
chamber (relative humidity 30%, temperature 25 ◦C).

3. Results and Discussion

For the STED supraparticle fabrication, different shapes and sizes of primary colloidal
particles were prepared: (1) aggregates of TiO2 NPs, (2) spherical silica NPs, (3) coffin-
shaped zeolite NPs, (4) zeolite nanosheets, (5) zeolite nanocubics, (6) zeolite nanoplates
(transmission electron microscopy (TEM) images in Figure 1). The aggregates of NPs disper-
sion were prepared by sonication of TiO2 NPs (P25, Aeroxide, size: 20~30 nm) in water. The
size and shape of the aggregates are arbitrary in the range of micron scale. The spherical
silica NPs (average size: 533 ± 10 nm) were synthesized by the Stöber method [30]. The
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zeolites with different shapes, coffin-shaped NPs (average size: long axis of 3.8 ± 2.2 µm,
short axis of 1.3 ± 0.8 µm, and thickness of 380 ± 220 nm), nanosheets (average size: width
of 2 µm and thickness of 5 nm), nanocubics (average size: 670 ± 140 nm), and nanoplates
(size: thickness of 0.3 µm and lateral size of 630 ± 110 nm), were synthesized by following
previous literatures [26–30]. After synthesis, these zeolites powders were dispersed in
water as colloidal dispersions.

Crystals 2020, 10, x FOR PEER REVIEW 4 of 14 

 

spherical silica NPs (average size: 533 ± 10 nm) were synthesized by the Stöber method 
[30]. The zeolites with different shapes, coffin-shaped NPs (average size: long axis of 3.8 ± 
2.2 μm, short axis of 1.3 ± 0.8 μm, and thickness of 380 ± 220 nm), nanosheets (average 
size: width of 2 μm and thickness of 5 nm), nanocubics (average size: 670 ± 140 nm), and 
nanoplates (size: thickness of 0.3 μm and lateral size of 630 ± 110 nm), were synthesized 
by following previous literatures [26–30]. After synthesis, these zeolites powders were 
dispersed in water as colloidal dispersions. 

 
Figure 1. TEM images of various shapes of nanoparticles (NPs). (a) Aggregates of NPs, (b) spheri-
cal NPs, and (c) coffin-shaped NPs, (d) nanosheets, (e) nanocubics, and (f) nanoplates. The scales 
are 100 nm for (a), 500 nm for (b), and 1 μm for (c–f). 

In order to fabricate supraparticles via the STED method, the soot-templated super-
amphiphobic surfaces were used as a template (Figure 2a) [19]. The highly porous soot-
templated superamphiphobic surface showed high apparent contact angles for water 
(>160°) and hexadecane (~150°) and low sliding angles below 10° for both drops (5 μL) 
(Figure 2b). Due to the low frictions of liquid drops on the superamphiphobic surface, the 
receding contact line can freely move by evaporation. On the superamphiphobic surfaces, 
various supraparticles were synthesized by drying colloidal dispersion drops with differ-
ent primary particles. Drying behaviors of the dispersion drops of the aggregates of NPs 
and the spherical NPs on superamphiphobic surfaces were characterized by side-camera 
during evaporation (Figure 2c,d). Both dispersion drops formed supraparticles at the end 
of evaporation while the shapes were slightly different. The shape of the supraparticle 
from the aggregates of NPs was spherical (the last picture of Figure 2c). The spherical 
dispersion drop symmetrically shrunk as a consequence of evaporation. The contact di-
ameter of dispersion drop gradually decreased with almost constant receding contact an-
gle, characterized by side-pictures (Figure 2e). This evaporation of constant contact angle 
mode allows spherical supraparticles at the end of evaporation. In the case of the supra-
particles from the dispersion drop of spherical NPs, the doughnut-like supraparticle with 
a crater at the top was prepared (the last picture of Figure 2d). The crater was caused by a 
shell formation of colloidal particle assembly at the air/liquid interface [35]. The spherical 
NPs in water formed well-dispersed colloidal dispersion (Figure 2d). By evaporation, the 
concentration of NPs at the air/water interface increased, causing the shell with colloidal 
assembly. The rigid shell delayed the contact diameter shrinking, which collapsed the 
drop shape from the top, resulting in the supraparticle of the doughnut shape after the 
evaporation process (Figure 2f). The aggregates of NPs did not make the shell because 
most aggregates were agglomerated and sunk at the bottom of the dispersion drop by 
gravity (Figure 2c). Therefore, only few NPs existed at the air/water interface which were 
not enough to form a shell. 

Figure 1. TEM images of various shapes of nanoparticles (NPs). (a) Aggregates of NPs, (b) spherical NPs, and (c) coffin-shaped
NPs, (d) nanosheets, (e) nanocubics, and (f) nanoplates. The scales are 100 nm for (a), 500 nm for (b), and 1 µm for (c–f).

In order to fabricate supraparticles via the STED method, the soot-templated su-
peramphiphobic surfaces were used as a template (Figure 2a) [19]. The highly porous
soot-templated superamphiphobic surface showed high apparent contact angles for water
(>160◦) and hexadecane (~150◦) and low sliding angles below 10◦ for both drops (5 µL)
(Figure 2b). Due to the low frictions of liquid drops on the superamphiphobic surface, the
receding contact line can freely move by evaporation. On the superamphiphobic surfaces,
various supraparticles were synthesized by drying colloidal dispersion drops with differ-
ent primary particles. Drying behaviors of the dispersion drops of the aggregates of NPs
and the spherical NPs on superamphiphobic surfaces were characterized by side-camera
during evaporation (Figure 2c,d). Both dispersion drops formed supraparticles at the end
of evaporation while the shapes were slightly different. The shape of the supraparticle
from the aggregates of NPs was spherical (the last picture of Figure 2c). The spherical
dispersion drop symmetrically shrunk as a consequence of evaporation. The contact diam-
eter of dispersion drop gradually decreased with almost constant receding contact angle,
characterized by side-pictures (Figure 2e). This evaporation of constant contact angle mode
allows spherical supraparticles at the end of evaporation. In the case of the supraparticles
from the dispersion drop of spherical NPs, the doughnut-like supraparticle with a crater
at the top was prepared (the last picture of Figure 2d). The crater was caused by a shell
formation of colloidal particle assembly at the air/liquid interface [35]. The spherical
NPs in water formed well-dispersed colloidal dispersion (Figure 2d). By evaporation, the
concentration of NPs at the air/water interface increased, causing the shell with colloidal
assembly. The rigid shell delayed the contact diameter shrinking, which collapsed the
drop shape from the top, resulting in the supraparticle of the doughnut shape after the
evaporation process (Figure 2f). The aggregates of NPs did not make the shell because
most aggregates were agglomerated and sunk at the bottom of the dispersion drop by
gravity (Figure 2c). Therefore, only few NPs existed at the air/water interface which were
not enough to form a shell.

This difference between two primary colloidal particles fabricated different shapes as
illustrated in Figure S1. The size of supraparticles could be easily tuned by using different
concentrations and volumes of dispersion drops. The sizes of TiO2 supraparticles were
varied from 288 ± 10 µm to 1076 ± 30 µm in diameter, which were all spherical shape
(Figure 3). In contrary, most supraparticles from spherical NPs showed a collapsed top
with craters due to the shell formation (Figure 4). The spherical and doughnut-like shapes
of the supraparticles from the dispersion drops of the aggregates of NPs (0.2 vol %, 5 µL)
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and the spherical NPs (2 vol %, 5 µL) were confirmed by scanning electron microscope
(SEM) images (Figure 5a,b). Both supraparticles are porous with assemblies of TiO2
NPs and spherical NPs, respectively (magnified images at the right of Figure 5a,b). The
dispersion drops (0.2 vol %, 5 µL) of the coffin-shaped zeolite NPs, zeolite nanosheets,
zeolite nanocubics, and zeolite nanoplates were also successfully formed supraparticles by
the STED method on the superamphiphobic surfaces (Figure 5c–f). All kinds of primary
colloidal particles were strongly packed by capillary force via the meniscus of the drying
water among the particles, which allowed the formation of supraparticles with various
colloidal assemblies after evaporation.Crystals 2020, 10, x FOR PEER REVIEW 5 of 14 
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Figure 2. Supraparticle synthesis by evaporation-driven surface templated synthesis. (a) Structure of the soot-templated
superamphiphobic surface characterized by SEM (left), and a schematic of the colloidal dispersion drop on the super-
amphiphobic surface with high static contact angle. (b) Static contact angles of water and hexadecane drops on the
superamphiphobic surface. Time snapshots of drying colloidal aqueous dispersion of (c) aggregates of NPs (concentration:
0.2 vol %) and (d) spherical NPs (concentration: 2 vol %) drop on the superamphiphobic surface. (e) Contact angle and
contact diameter of TiO2 supraparticle over drying times given in (c). (f) Contact angle and contact diameter of the silica
supraparticle over drying times given in (d). The scale bars are 1 µm for (a) and 1 mm for (c,d).
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In addition to the single component supraparticles, multiple-components heteroge-
neous supraparticles were introduced by the STED method with the colloidal mixture
dispersion drops. The mixture dispersion drops of the spherical NPs and nanocubics
(1:1 volume ratio, 5 µL) created the supraparticles of well-mixed assembly, as in the illus-
tration in Figure 6a. The well-mixed spherical NPs and nanocubics at the surface of the
supraparticle were characterized by SEM (Figure 6b,c). Moreover, it was confirmed that
inside the supraparticle, was also composed of the well-mixed structure of the spherical
NPs and nanocubics, which was characterized by SEM after breaking the supraparticle
(Figure 6d,e). The sizes of spherical NPs and nanocubics were similar, 533 ± 10 nm
and 670 ± 140 nm, respectively. Both colloidal particles were dispersed well in water.
Therefore, no concentration difference was generated at the dispersion drop during the
evaporation, which resulted in the supraparticle of well-mixed spherical and cubic shaped
colloidal particles.

When the dispersion drop of the colloidal particles mixture of two different sizes,
the spherical NPs (size: 533 ± 10 nm) and coffin-shaped zeolite NPs (size: long axis of
3.8 ± 2.2 µm, short axis of 1.3 ± 0.8µm, and thickness of 380 ± 220 nm), were dried on the
superamphiphobic surface, a core/shell supraparticle was synthesized (Figure 7a). The
SEM images of the surface of the supraparticle, fabricated by drying the spherical NPs and
coffin-shaped NPs mixture dispersion drop (1:1 volume ratio, 5 µL), exhibited an assembly
consisting of only spherical NPs (Figure 7b,c). No coffin-shaped NPs were observed at
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the outer surface of the supraparticle. The coffin-shaped NPs appeared only inside of the
supraparticle which were characterized by SEM after breaking the supraparticle (Figure 7d–f).
The compositions at the core and the shell were separated with a clear boundary of the
coffin-shaped NPs and the spherical NPs. This core/shell structure formation agreed well
with the previous literature about the size effect on primary colloidal particles [31]. It was
studied that the dispersion drop of the spherical colloidal mixture of the two different sizes
prepared core/shell structured supraparticles by the STED method. By the evaporation
of water, a chemical potential gradient, relating to the local concentration of colloidal
particles, is generated from the outer surface to the center of the dispersion drop. Because
bigger particles, taking larger volume, lead to a larger chemical potential gradient than
smaller particles, the bigger particles are pushed more away from the air/liquid interface
of the drop by a stronger driving force than the smaller particles, causing the core/shell
morphology. Here, we found that the colloid size effect was still dominant for morphology
of the supraparticles even for the primary colloidal particles of different shapes. Indeed, the
shape of primary colloidal particles does not influence the morphology of the supraparticle
fabricated by the STED method.Crystals 2020, 10, x FOR PEER REVIEW 7 of 14 
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The dispersion drop of the mixture with spherical NPs and TiO2 aggregates of NPs
(1:1 volume ratio, 5 µL) also formed the supraparticle of the core/shell morphology, how-
ever, in this case, the TiO2 NPs of 20~30 nm and the silica NPs of 533 ± 10 nm occupied the
core and the shell, respectively, which was opposite the core/shell morphology with the
supraparticle of the spherical NPs and coffin-shaped NPs (Figure 8a). We observed that the
outer region of the supraparticle was predominantly occupied by the spherical particles
(Figure 8b,c). In contrary, at the center and bottom of the supraparticle, the volume was
occupied by the TiO2 NPs more than the spherical NPs (Figure 8d–e). It happened because
the TiO2 assembly was formed from the aggregates of NPs. Most aggregates of NPs were
precipitated at the bottom of the dispersion drop during the evaporation. Therefore, the
TiO2 concentration at the surface of the supraparticle was much lower than at the center
and bottom of the supraparticle. At the end of evaporation, the precipitated aggregates
of NPs at the bottom of the drop occupied the core dominantly and most well-dispersed
spherical NPs formed the shell of the supraparticle even though the size of TiO2 NPs is
smaller than silica NPs. This strategy, using the mixture of well-dispersed colloids and
aggregates of colloids, introduces a new way to fabricate an inverse core/shell morphology
(core with small particles/shell with big particles) of the supraparticle by one-pot drying.
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bics/spherical NPs. (b,c) SEM images of surface of the well-mixed supraparticle. (d) Cross-sectional SEM image of
the well-mixed supraparticle, characterized after breaking the supraparticle. (e) High magnification SEM image of the
inner-structure of the well-mixed supraparticle. The scales are 100 µm for (b,d) and 1 µm for (c,e).
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because the TiO2 assembly was formed from the aggregates of NPs. Most aggregates of 
NPs were precipitated at the bottom of the dispersion drop during the evaporation. There-
fore, the TiO2 concentration at the surface of the supraparticle was much lower than at the 
center and bottom of the supraparticle. At the end of evaporation, the precipitated aggre-
gates of NPs at the bottom of the drop occupied the core dominantly and most well-dis-
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Figure 7. Core/shell supraparticle by size effect. (a) A schematic of core/shell supraparticle with coffin-shaped
NPs/spherical NPs. (b,c) SEM images of the surface of the core-shell supraparticle. (e) Cross-sectional SEM image
of the core-shell supraparticle, characterized after breaking the supraparticle. (d,f) High magnification SEM images of the
inner-structure (indicated as boxes in image (e)) of the supraparticle; (e) the core of core and shell and (f) the boundary,
respectively. The scales are 100 µm for (b,e) and 1 µm for (c,d,f).
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Figure 8. Core/shell supraparticle by dispersity effect. (a) A schematic of the bi-composite supraparticle with aggregates of
NPs/spherical NPs. (b,c) SEM images of the surface of the bi-composite supraparticle. (e) Cross-sectional SEM image of the
bi-composite supraparticle, characterized after breaking the supraparticle. (d,e) High magnification SEM images of the
inner-structure (indicated as boxes in image (e) of the supraparticle; (d) the boundary and (e) the core of core and shell,
respectively. The scales are 100 µm for (b,e) and 1 µm for (c,d).

Even more complex morphology, a Janus core/shell structure of supraparticles could be
synthesized by the STED method with three different primary colloidal particles (Figure 8a).
The combination of the well-dispersed colloidal particles of two different sizes (the coffin-
shaped zeolite and the spherical NPs) and the aggregates of TiO2 NPs (0.5:0.5:2 volume
ratio, 5 µL) were used for synthesizing the Janus core/shell structure. Not only NP
distribution but also many factors affect the formation of the supraparticle with the crater
or rigid shell. For ease of analysis, 0.5:0.5:2 volume ratio was chosen because it forms the
spherical supraparticle. In Figures 7 and 8, both the dispersion drops of (1) the mixture of
the spherical NPs and the coffin-shaped zeolite NPs and (2) the mixture of the spherical NPs
and TiO2 aggregates of NPs formed supraparticles of a core/shell morphology. Particularly,
the aggregates of NPs made a core by the precipitation of aggregates at the bottom of
the dispersion drop. In addition, the shells of both supraparticles were occupied by the
spherical NPs. Therefore, the dispersion drop of the three primary colloidal particles
formed the shell with spherical NPs and the core with coffin-shaped NPs and TiO2 NPs.
The morphologies of the outer and center of the supraparticles were confirmed by SEM
(Figure 9b–f) with energy dispersive spectroscopy (EDS, Figure S2). The core was divided
with two regions. Because the aggregates of NPs tended to be precipitated, the bottom-side
and the top-side cores were occupied by TiO2 NPs and the coffin-shaped NPs, respectively,
so that it was called the Janus core. The combination effect of (i) size difference of well-
dispersed particles and (ii) aggregates of particles, allowed to produce a novel Janus
core/shell morphology of supraparticles.
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Figure 9. Janus core/shell structured supraparticle. (a) A schematic of the tri-composite supraparticle with aggregates
of NPs/coffin-shaped NPs/spherical NPs. (b,c) SEM images of the surface of Janus core/shell supraparticle. (d) High
magnification the SEM image of the inner-structure of the Janus core/shell structured supraparticle; the shell. (e) Cross-
sectional SEM image of the Janus core/shell structured supraparticle, characterized after breaking the supraparticle. (f) High
magnification SEM image of the inner-structure of the Janus core/shell structured supraparticle; the core. The scales are
100 µm for (b,e), 1 µm for (c,d,f).

4. Conclusions

By the STED method, dispersion drops of varied primary colloidal particles produce
supraparticles with different morphologies. Our current work introduces supraparticle
fabrication from six primary colloidal particles of different size, shape, and dispersity, and
their mixtures. It is newly found that the shape and size of the primary colloidal particle
rarely influence the morphology of the single component supraparticle. For the multi-
component supraparticles, the size and the dispersity of colloids affect the morphology,
while there is no effect on the shape of primary colloidal particles. For the two or three
components mixture system, (i) well-mixed, (ii) core/shell, and (iii) Janus core/shell can
be synthesized by the STED method. By combining the effects of colloid size and the
aggregate on the morphology of the supraparticle, the above three different morphologies
can be fabricated by simple one-pot drying. This study can provide important information
to manufacture different structured supraparticles such as the inverse opal structured
supraparticle. In addition, we anticipate that the supraparticles with various morphologies
will further widen the application and research fields of the STED method.
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352/11/2/79/s1, Figure S1: Particle flow behavior during evaporation-driven surface templated
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