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ABSTRACT: The optical properties of close-packed poly-
styrene colloidal crystal particles could be improved and
controlled via adjusting their shape, by first forming colloidal
suspension−gas Janus droplets with different structures in a
double coaxial microfluidic device, and then solvent-extraction-
derived self-assembly to form nonspherical microparticles with
different shapes.

Self-assembled colloidal crystals are attracting great attention
in various fields, including chemistry, material science,

bioinstrumentation, and sensor technology. Colloidal crystals
are organized spontaneously by monodispersed colloidal
particles into bulk thermodynamic phases, exhibiting special
optical properties.1 Nonclose-packed and close-packed colloidal
crystals have both been recently studied.1 The close-packed
colloidal crystals have advantages such as relatively sharper and
more stable optical peaks and more simplified fabrication,
compared with the nonclose-packed ones. In fact, many
researchers has applied close-packed colloidal crystals into
biomolecular screening and bioassays.2 For further application
of colloidal crystals, we always need to shape it into particles
with ease and confined geometries have been introduced into
self-organization in order to control the bulk shapes. Early
research showed successful fabrication of relatively well-ordered
structures of colloidal particles with the confined geometry
effect of microchannels or capillary tubes, where confined
colloidal particles in droplets could be self-organized into
spherical colloidal crystal particles (or photonic beads) after
removing the solvent.3

There are three key problems in fabricating monodispersed
close-packed colloidal crystal particles (CCCP) from droplets
of colloidal suspension. The first problem is to ensure the
monodispersity of the particles, the second is to improve the
efficiency of the fabrication process, and the third is to establish
a way to control and optimize the CCCP’s optical properties.
The first problem, monodispersity, is solved successfully by

introducing microfluidics devices. Microfluidics has been used
to form uniform complex emulsion, and further to fabricate
monodispersed functional materials,4 because of its excellent
potential to easily control the size and the structure of the
droplets by adjusting the design of the microchannels and the
flux of each phase.5 Researchers has produced monodispersed

spherical CCCP with microfluidics devices.2,6 However, they
usually used evaporation-derived methods to remove water in
aqueous colloidal suspension droplets and then to make the
colloidal particles inside the droplets self-assemble. Although
the CCCP’s optical properties are good by using this fabrication
method, its disadvantage is also considerable: it always cost tens
of hours just to fabricate a batch of CCCP, the size of which is
just tens of micrometers.
Recently, there are two approaches in accelerating the self-

assembly process inside aqueous droplets. Kim et al.6b

introduced microwave irradiation into the system to selectively
heat the water molecules, which accelerates the evaporation
process to tens of minutes. However, microwave requires a high
energy cost and has a material-limitation, as polymer beads melt
easily under this irradiation. In order to overcome these
shortcomings, Xu et al.7 proposed a relatively efficient,
simplified, and universal method to fabricate spherical CCCP.
In our previous work, we got monodispersed aqueous
suspension of colloidal in a T-junction microchannel and
then utilized a solvent-extraction method to remove the water
in droplets to derive the self-assembly of the colloidal particles
quickly. By using lower alcohol as an extractant, we could
obtain products with both uniform shape and good optical
properties in less than 10 min and it could be applied to more
systems. We also discussed the self-organization mechanism in
rapidly shrinking droplets, and find that, in such strongly
dynamic process, the packing quality is positively related to the
relative extraction strength (or, in micro perspective, the
stability of forced absorption of colloidal particles on the
shrinking interface), which is the cofunction of extractant, the
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specific surface of the droplets and the concentration of the
colloidal particles. If we could create and control such a strong
extraction environment, even if partially on the droplets, we
may then optimize and control the optical properties of the
photonic beads easily. However, there is still a key problem
with this method. Although we could get very-high-packing
quality with a very strong extraction, the shape of the whole
particle becomes hard to control in that case.
Herein, we introduce a novel method to solve the problem,

following the principles found in our previous work, by
introducing a third phase, gas bubbles, to attach on the aqueous
colloidal suspension droplets when forming the droplets in a
double coaxial microfluidic device. The attachment of a
microbubble on a droplets, which is also called the formation
of a “Janus droplet”, will create a triphase interface on different
sides of which the mass transfer rate across the interface are not
the same, leading to a “coffee ring” effect8 in such aqueous
droplets that contact both gas and extractant. This creates
circumflux inside the aqueous droplets which might lead to a
concentrating of colloidal particles toward the triphase
interface. Consequently, we might optimize the integral optical
properties of CCCP by forming Gas−Water Janus droplets in
the extractant. If we could further adjust the structure of the
Janus droplets in order to control the relative area of the

triphase interface, we might then control the integral optical
properties of CCCPs.8

In the experiments, we chose octanol as the continuous
phase, water mixed with 0.5 wt% Tween 80 and 0.1 wt % to 1
wt % PSt colloidal particles as the dispersed aqueous phase
extractant, and air as the gas phase. We could find that this
system could satisfy the relationship to form the Janus droplet
(see Table S1 of the Supporting Information).
The key of the first step is to controllably form the Janus

droplets. Recently, many researchers have started to work on
formation of complex emulsions with Janus structure and
further on fabrication of Janus multifunctional materials,9 and
even multifunctional CCCP.6a,c,d In this work, we realize the
formation of Janus droplets in a so-called double coaxial
capillaries device, a schematic diagram is shown in Figure 1a.
Some researchers have utilized similar devices to fabricate G/
W/O double emulsions.10 Herein, octanol, the continuous
phase, flows in the outer channel which is a glass capillary. The
middle channel contains the aqueous suspension of PSt
colloidal particles, whose diameter is 200 or 260 nm and
whose concentration changes from 1 to 0.1 wt %. Air is
pumped into the inner channel through a glass capillary, whose
diameter at the tip is about 10 μm. The aqueous droplet and
the gas bubble break from the tip together and attach on each
other to form the Janus structure, and a classic process is shown
in Figure 1, panels b−e). In our experiments, the relative
standard deviation of the droplet size is less than 5%.

Figure 1. Schematic diagram of the process to fabricate nonspherical
colloidal crystal particles. (a) Janus droplets are formed in a double
coaxial microfluidic device. (b−d) Optical images of the droplet
formation process . (f−i) Different Janus droplets, where the aqueous
droplets are surfactant−saturated water without colloidal particles. (f)
Relatively large bubbles and small aqueous droplets, where the flow
rates of continuous phase, aqueous phase, and gas phase are 600, 0.1,
and 5 μL/min, respectively. (g) Bubbles and aqueous droplets with
similar size, where the flow rates are 600, 1, 1 μL/min, respectively. (h)
Relatively larger droplets and smaller bubbles, where the flow rates are
600, 10, 1 μL/min, respectively. (i) Small bubbles with extremely large
droplets, where the flow rates are 600, 30, and 0.1 μL/min,
respectively.

Figure 2. The extraction process and the products. (a−d) The
schematic image of the extraction process: (a) Janus droplets are
positioned into the extractant. (b) Water is removed by the extractant
and the aqueous part of the Janus droplet shrinks, while the bubble
keeps its volume. (c) The colloidal particles start to crystallize into a
solid. (d) The bubble is removed, and the nonspherical particle is
finally produced. (e) The optical image of nonspherical colloidal
crystal particles, packed with 200 nm PSt colloidal particles. (f) The
reflection spectra of nonspherical particles packed with 200 nm (blue)
and 260 nm (red) PSt colloidal particles. (g) SEM image of a typical
bowl-like photonic microparticle, where the scale bar is 100 μm. (h−i)
Details on the surface of the particle shown in (g), where the scale bars
are 7 μm and 600 nm.
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The structure of droplets could be controlled by adjusting
the three-phase flow rate independently (see Figure S1 of the
Supporting Information). In this work, we successfully and
controllably formed Janus droplets of different shapes, from
big-bubble−tiny-droplet to tiny-bubble−big-droplet, as shown
in Figure 1, panels f−i). After solvent extraction, these different
shapes of Janus droplets would become photonic microparticles
with different shapes.
After forming the monodispersed Janus droplets, these

droplets are positioned in an extraction dish full of extractant.
Water in the aqueous droplets is gradually removed outward to
the extractant. When the extraction is finished, colloidal
particles start to crystallize into CCCP, and then the bubble
would be divided from the particle. Thus, we could finally get
the nonspherical CCCP. Schematic diagrams of the crystal-
lization process are shown in Figure 2, panels a−d. After
solvent extraction, these Janus droplets become nonspherical
photonic particles, whose shape depends on the relative volume
of the bubbles. From Figure 2e, we could find that the products
are of highly uniformity, reflecting bright light. Comparing the
reflection spectra of colloidal crystal particle built by 200 and
260 nm PSt particles, we could recognize their unique optical
reflection peak at 515 ± 5 and 650 ± 5 nm (Figure 2f), which
match the theoretical calculation exactly. From the SEM images
of the particles (Figure 2, panels g−i), we could observe the

meniscus has a perfect bowl-like look. When we focus on the
details on the surface, we could find that the colloidal particles
packing orderly and uniformly, which ensures the optical
properties of the whole meniscus. With octanol as the
extractant, we could finish an extraction process of a 40 μm
CCCP in no more than 15 min, similar to our previous work.
By adjusting the structure of Janus droplets, we could control

the shape of colloidal microparticles. In Figure 3, panels (a−i),
we can see four typical shapes, as platelike, bowl-like, potato-
like, and spherical, respectively. All of them have a smooth
shape and bright reflection of certain wavelengths. When we
investigate the reflection spectra of CCCPs of different shapes,
we could find that the relative strength of the reflection peak
increases remarkably with the decrease of sphericity of
microparticles (Figure 3m). It shows that the nonspherical
CCCPs have stronger optical properties than the spherical
CCCPs. There is a noteworthy phenomenon that the area
where the curve radius is the smallest, namely the initial
triphase interface, always has the best optical property, the
relative area of which is positive to the integral optical
properties. These phenomena accords to our initial proposed
idea. So, we could control the particles’ optical properties
simply by adjusting the structure of Janus droplets. We
compare the best CCCPs produced in this work with the
best ones produced in our previous work, in Figure 3n, and find

Figure 3. (a−i) Schematic diagrams, optical images, and SEM images of colloidal crystal particles of different shape, where the scale bars of SEM
image is 120 μm: (a−c) platelike, (d−f) bowl-like, and (g−i) tomato-like, where the scale bar is 100 μm. (j−l) Spherical. (m) Comparison of
reflection spectra for particles of different shapes. (n) Comparison of reflection spectra between the platelike particles extracted by octanol and the
spherical particle extracted by 20% n-butyl alcohol in 80% octanol. All particles presented above are packed with 260 nm PSt colloidal particles.
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that the platelike particles reflection peak is far stronger than
that of sphere beads, which means that the integral optical
properties of CCCP are greatly optimized in this work.
We proposed a possible mechanism for this phenomenon. As

the extraction process only happens on one side of the aqueous
droplet (the water−octanol interface), while the other side has
no obvious mass-transfer, there would be circumfluence inside
the aqueous phase. This phenomena is much similar to the so-
called “coffee ring” effect. As a result, the partial concentration
of colloidal particles around the triphase interface would be
higher compared with the other part of the aqueous droplets.
The high concentration decreases the possibility for colloidal
particles absorbed on the interface, increasing the stability of
the forced absorption of colloidal particles on the interface, and
consequently improve the 2D self-assembly quality. Detailed
derivation has been shown in our last work. So, in this view, the
packing quality around the triphase interface would be much
better, then the integral optical properties are improved. An
experiment to support this mechanism is designed (see Figure
S3 for the Supporting Information).
In summary, we proposed a novel method to optimize and

control the optical properties of uniform CCCPs by forming
uniform G-W/O Janus emulsion in a double coaxial micro-
fluidic device, and then created a strong extraction area on the
aqueous colloidal suspension droplets to enhance the self-
assembly quality, partially because of the coffee ring effect. By
an adjustment of the three-phase flow rate, the size and
structure of the Janus droplets could be easily controlled, and
then the shape of nonspherical CCCPs and the strength of
CCCPs’ reflection peak could also be controlled. Compared
with earlier works, we could not only give solutions to form
uniform CCCPs and accomplish fabrication in a short time but
also give the solution to optimize and control the optical
properties. This progress could be useful in optimizing the
performance of biosensors and in developing other fields
related to photonic crystals.
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