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GRAPHICAL ABSTRACT

Emulsion droplet confined co-assembly of PS and CNT binary soft colloids allows control over both chemical and physical conditions to construct hierarchical
supraparticles. The morphologies and detailed structures can be modulated via the colloidal size, the ratio of binary particles, the solvent removal speed, and as-
sembly speed induced phase separation.
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ARTICLE INFO ABSTRACT

Keywords: Physically confined assembly of binary colloidal mixtures in emulsion droplets provides a versatile platform for
Co-assembly engineering supraparticles with tunable morphologies and functionalities. While single-component and hard-
Microfluidics

sphere colloidal assemblies have been extensively studied, the co-assembly of binary soft colloids presents un-

Zup;apartlclets b resolved challenges in architecture control and functional integration. In this work, we investigate the co-as-
arbon nanotubes . . . . . .
Polystyrene sembly performance of emulsion droplet confined binary soft colloids of spherical polystyrene nanoparticles (PS)

and wire-like carbon nanotubes (CNTs). The supraparticles of CNT/PS with various architectures have been
obtained by varying the solvent removal dynamics and the binary colloidal composition. We find out that the
binary colloidal size and mass ratio govern the CNT/PS supraparticle structural diversity, ranging from core-
shell, core-semishell, garnet-like to densely packed architectures. Spontaneous emulsification and microphase
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segregation drive the transformation from core-shell to core-semishell architectures, revealing the critical role of
fluid dynamics and confinement effects. This understanding of mechanism enables the rational design of hybrid
magnetic supraparticles, demonstrating the broad applicability of such an approach. By establishing clear
composition-structure correlations, this work advances the controlled co-assembly of binary colloids into hier-
archical supraparticles, offering a pathway for constructing functional materials with tailored complexity.

1. Introduction

Supraparticles, a rapidly developing class of nano- to microscale
particles ranging from a few to hundreds of microns, bridge the gap
between nanoscale synthesis and macroscale processing. The tunable
properties, determined by chemical composition and physical structure,
enable them to be highly potential for various applications [1,2]. These
hierarchically structured supraparticles exhibit distinctive features such
as enhanced accessibility, high porosity, and expansive surface area [3],
allowing them to be applied in optics [4-6], sensing [7,8], catalysis
[9,10], and energy [11,12]. The construction of supraparticles typically
follows two strategies [13]: the thermodynamics/kinetics-driven as-
sembly which leverages weak interactions including hydrogen bonding
and hydrophobic forces; and the template-controlled assembly which
employs templates to confine and induce assembly via physicochemical
forces such as capillary action and van der Waals forces. Among these,
the utilization of droplets as soft templates for colloidal encapsulation
and confinement, followed by solvent evaporation, stands out as a facile
and versatile method, holding potential for advancements in supra-
particle preparation [14].

Droplet generation, an essential step in the assembly process, can be
achieved through various methods, such as vortex oscillation [15],
spray-drying [16], membrane separation [17], and microfluidics
[18-20]. Microfluidics is particularly advantageous for producing
monodisperse droplets with high uniformity, which is essential for
confined assembly studies and the precise construction of supraparticles.
In contrast to spray-drying or direct drying on superhydrophobic sur-
faces, microfluidic emulsions necessitate solvent removal through the
continuous phase, leading to relative slow drying kinetics. Such a slower
process on the other hand enhances the structural diversity and stability
of the resulting supraparticle assemblies, contributing to their improved
properties [21,22].

Recent research on colloidal assembly within emulsions has focused
primarily on simulating atomic-scale organization, understanding the
principles and governing law of self-assembly, and exploring the unique
properties of supraparticles [23,24]. Studies have predominantly uti-
lized single-component colloids, such as polystyrene nanoparticles (PS)
[25], silicon nanoparticles (SiOy) [26], and cobalt iron oxide nano-
particles (CoFeOy) [27], to mimic hard sphere systems. The advanced
materials, including metal-organic framework nanoparticles (MOF)
[28], covalent organic framework nanoparticles (COF) [29], and
lanthanide fluoride (LnF3) [30] have been employed to construct novel
supraparticles. Although binary supraparticles have been successfully
constructed [9,31,32], the assembly dynamics of binary colloidal
nanoparticles in emulsions are more complex compared to the single
colloidal particles, particularly in non-hard sphere systems. This
complexity underscores the need for deep insights into heterogeneous
self-assembly in confined emulsions, being critical for developing
diverse supraparticle structures and their applications.

Herein, a binary mixture of polystyrene nanoparticles (PS)
(contributing to form shells in supraparticles) and carbon nanotubes
(CNT) (contributing to form cores in supraparticles) was confined in
emulsion droplets prepared using microfluidic devices. The resulting
CNT/PS hybrid supraparticles exhibited a serial of structural configu-
rations beyond the simple core-shell design, including shell-like, core-
semishell, garnet-like, and densely packed appearances (Fig. 1). These
structural variations are influenced by the PS nanoparticle size and the
mass ratio of CNT to PS. Through the systematic investigation, we have

explored how the supraparticle architectures were affected by these
factors, suggesting the importance of both interparticle interactions and
the kinetics of solvent removal. In the water-in-hexadecane emulsion
system, where sorbitan monooleate (commercially termed Span 80)
acted as a surfactant, the transport/removal of water from droplets was
facilitated by the surfactant-assisted spontaneous emulsification. By
adjusting the concentration of Span 80 (10-30 wt%) and temperature
(25-60 °C), we regulated the rate of spontaneous emulsification, thereby
manipulating the kinetics of water removal from the droplets. This
tuning strategy provides valuable insights into the mechanism under-
lying the architecture transition of suprapaticles from core-shell
microcapsule/microsphere to core-semishell microsphere, revealing
the sensitivity of the self-assembly dynamics to external factors.
Furthermore, this strategy of emulsion confinement and structure tuning
has been successfully applied to construct magnetic supraparticles using
a binary colloidal mixture of PS and CNT@Fe304.

2. Materials and methods
2.1. Materials

Polystyrene nanoparticles (PS NPs, 50 mg/mL) aqueous dispersion
was purchased from Huge Biotechnology Co., Ltd. (Shanghai, China).
The multi-walled carbon nanotube (MWCNTS, outer diameter 20-30
nm, length 10-20 pm, >95 % purity) was ordered from DKnano Co., Ltd.
(Beijing, China). The iron(III) acetylacetonate (Fe(acac)s, 98 % purity
triethylene glycol (TEG, 98 % purity) n-hexadecane (98 % purity) and
the sorbitan monooleate (Span 80, Analytical reagent (AR) grade) were
purchased from Aladdin Reagents Co., Ltd. (Shanghai, China). Hydro-
chloric acid (HCI), Sulfuric acid (H2SO.), Nitric acid (HNOs) (AR grade)
and ethanol (>99.7 % purity) were all ordered from Guangzhou
chemical reagent Co., Ltd. (Guangdong, China). All chemical reagents
were used as received without further purification. Deionized (DI) water
with a resistivity of >18.25 MQ-cm was prepared using the Milli-Q water
purification system (Water Purifier Co., Ltd., Sichuan, China).

2.2. Characterization methods

The droplet generation process was monitored by using an optical
microscope (GX53, Olympus, Japan) equipped with a high-speed cam-
era (Phantom MIRO M110, Vision Research, USA). Optical images were
captured with a BX53 Olympus microscope, utilizing both reflected and
transmitted light in conjunction with a DP28 camera. For structure
characterization of the supraparticles, a suspension of the prepared
particles in ethanol was deposited onto a clean silicon substrate and
allowed to dry naturally at room temperature. The detailed structure of
these supraparticles was characterized using a FEI-SEM (ZEISS ultra 55,
Carl Zeiss, Germany) with an accelerating voltage of 2-10 kV. The
contact angle (§) was measured using an OCA pro 15 (Dataphysics,
Germany) and the zeta potential ({) was determined using a Nano plus 3
(Micromeritics, USA). Viscosity measurements were performed using a
rheometer (HAAKE MAR III, Thermo Fisher Scientific Inc., USA).
Transmission electron microscope (TEM) images of CNT@Fe304 were
captured on a Tecnai G2 F30 electron microscope under an accelerating
voltage of 300 keV. Magnetization curves were measured using a
Vibrating Sample Magnetometer (VSM, LakeShore 8604, USA) at 300 K,
with the magnetic field range set to +20,000 Oe.
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Fig. 1. (a) Schematic of the microfluidic device for droplet preparation. (b) Drawings showing the representative structures of droplet confined CNT/PS hybrid
supraparticles. Optical images of (c¢) droplet generation at the flow-focusing junction and (d) the obtained droplets at the downstream area with a puffer reservoir.
Optical images of the as-prepared droplets with the inner phases of (e, f) PS dispersion, (g, h) CNT dispersion, and (i, j) PS and CNT blend dispersion, respectively.
The insets show the corresponding size distribution and demonstrate the gradual shrinkage of the microdroplets over time.

2.3. Acid-oxidation treatment for MWCNTs

To enhance the dispersibility of MWCNTs in water, a covalent
modification method was conducted [33]. 3.0 g MWCNTs were added
into 300 mL acid mixture of HNO3 and H,SO4 with volume ratio of 1:3
(V/V) in a round-bottomed flask. The flask was placed in an oil bath and

centrifugation at 7000 rpm and thoroughly washed with DI water.
Subsequently, the resulting precipitate was dialyzed in a dialysis bag
with molecular weight cutoff of 3500 Da against DI water for 48 h to
remove remain ions. The dispersion was then freeze-dried for 24 h to
obtain carboxyl-functionalized MWCNT (MWCNT-COOH). Unless
otherwise stated, all CNTs referenced in this study are MWCNT-COOH.

heated at 50 °C for 12 h. After the reaction, the product was collected via
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2.4. Synthesis of CNT@Fe304 nanohybrids

CNT@Fe304 nanohybrids (CNT@Fe304) were synthesized according
to the previously reported work [34]. Briefly, 400 mg Fe(acac)s and 100
mg CNTs were dispersed in 60 mL TEG solution. The mixture was then
heated at 200 °C for 12 h for reaction. Afterwards, the product was
centrifuged and washed three times sequentially with ethanol and
water. The obtained CNT@Fe304 nanohybrids were then magnetically
separated and dried in a vacuum oven.

2.5. Preparation of dispersions used as inner phase

The aqueous dispersions containing colloidal particles were used as
the inner phase which became droplets using a microfluidic device. The
inner phases were prepared using CNT (10 mg/mL), CNT/Fe304 (10 mg/
mL) and PS (10 mg/mL) dispersions. As a prime example, the mixed
dispersion with a 1:1 mass ratio of CNT to PS was prepared by adding 1
mL CNT dispersion (10 mg/mL) and 1 mL PS dispersion (10 mg/mL) into
a centrifuge tube, diluting with DI water to a final solid content of 5 mg/
mL, and sonicating for 6 h. Mixed dispersions with other CNT-to-PS mass
ratios were prepared using the same procedure.

2.6. Construction of supraparticles

Polydimethylsiloxane (PDMS) microfluidic droplet generators with
flow-focusing geometries were fabricated via soft lithography. The
channels for droplet generation was designed with both width and depth
of 50 pm (Fig. Sla, b). The continuous (outer) and dispersed (inner)
phases were delivered to the microfluidic device using syringe pumps
(LSPO2-1B, Longer, Hebei, China). Syringes were connected to the de-
vice using flexible silicone tubing (outer diameter of 1.5 mm, inner
diameter of 0.5 mm). The flow rates of the outer phase were inten-
tionally set to 15 pL/min (for a continuous phase consisting of 5 wt%
Span 80 hexadecane solution), 13 pL/min (with a 10 wt% Span 80
hexadecane solution),10 pL/min (with a 20 wt% Span 80 hexadecane
solution), 7 pL/min (utilizing a 30 wt% Span 80 hexadecane solution)
with the inner phase flow rate fixed at 2 pL/min. This flow configuration
was designed to achieve incrementally varying matrix compositions
while maintaining consistent droplet diameter of ~35 pm across
different surfactant concentrations. During droplet generation, the
droplets were collected in a cell culture dish (plastic, 90 x 20 mm)
containing 2 mL outer phase.

The dishes were dried in an oven for 24 h to evaporate water from
droplets. To investigate the effect of temperature on droplet shrinkage
kinetics, droplets were dried in the oven for 24 h at different tempera-
tures (25 °C, 30 °C, 40 °C, 50 °C and 60 °C). As the moisture within the
droplets was depleted via controlled evaporation, the solute components
underwent a sophisticated self-assembly process, resulting in the for-
mation of supraparticles with unique morphologies and detailed archi-
tectures. The risk of supraparticle fragmentation or abscission of PS
should be minimized in subsequent washing and observation steps. To
maintain the integrity of the formed structure, the supraparticles were
treated at 85 °C for 5 min after assembly. Thereafter, the supraparticles
were separated from the oil phase by centrifuging at a speed of 10,000
rpm for 1 min using a centrifuge (MTX-125, Thermo Fisher Scientific
Inc. China) and then washed three times with ethanol. Finally, the
supraparticles were dried in a 1 mL centrifuge tube at room temperature.

2.7. Measurement of droplet solidification rate

Time-series images were taken after the stable droplet generation.
Droplet diameters were quantified using CellSens software. To estimate
the solidification rates of large batches of droplets, the emulsions were
produced to cover approximately half of the surface area of a culture
dish. Droplets sank down in the emulsion on the surface of coverslip due
to the density difference. The center region of the emulsion was selected
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for video recording, and the average diameter was measured from 50
randomly selected droplets for each time point. A temperature con-
trolling stage (LTS120/PE100/PE120, Linkam Scientific Instruments,
England) was used to maintain the temperature for droplet diameter
measurements at different temperatures (25 °C, 30 °C, 40 °C, 50 °C and
60 °C). Mean size of droplets was presented as the number mean and
standard deviation. Droplet shrinkage rate was calculated as the ratio of
the real time droplet diameter (Dy) to the initial droplet diameter (D).

3. Results and discussion
3.1. Monodispersed droplet generation via microfluidics

Fig. la illustrates the emulsion droplet preparation via a flow-
focusing microfluidic device. The inner phase (aqueous phase) is
sheared into microdroplets by the outer phase (oil phase) at the junction
of the flow-focusing polydimethylsiloxane (PDMS) microfluidic chip (as
shown in Fig. 1c). The microchannels at the junction area is 45.3 pm
deep and 51.8 pm wide (Fig. S1a, b). Hexadecane, containing non-ionic
surfactant Span 80, was utilized as the outer phase to stabilize the water-
in-0il (W/0) emulsion droplets (Fig. 1d). Due to the density difference,
the collected droplets rapidly sediment to the bottom of the vessel,
where they solidify into microspheres as the particles assemble with the
evaporation of solvent [35].

The emulsion (approximately 500 droplets in 200 pL oil phase) was
collected using a hydrophobic plastic dish and placed under an optical
microscope to record the transformation process from droplets to mi-
croparticles (supraparticles) at room temperature. The homogeneous
aqueous dispersion containing PS (100 nm, 5 mg/mL), CNT (5 mg/mL)
and their blend was emulsified into droplets (templates for particle as-
sembly), with average diameters of 33 + 3 pm (n = 200, the coefficient
of variation (CV) = 2.84 %), 32 &+ 2 pm (n = 200, CV = 2.73 %) and 33
=+ 2 pm (n = 200, CV = 4.03 %), respectively, as illustrated in Figs. 1e, g
and i. It is worth noting that the oil phase used here was hexadecane
containing 20 wt% Span 80 (the critical micelle concentration of Span
80 in hexadecane, ~0.007 wt%), which effectively stabilized the
emulsion droplets during drying, especially those containing PS
(Fig. S2). The water removal from the microdroplets occurs through
evaporation and the spontaneous emulsification due to the existence of
Span 80 which transfers water from the droplets to the outer phase in the
form of reverse micelles [36,37]. A shell formation was observed on the
droplet surface, with the droplet volume shrinking by half within 15
min. In 30 min, the colloid particles assembled into solid microparticles
(supraparticles), with the composition being clearly observed via the
optical microscopy in transmission mode, where PS and CNT are
transparent and black, respectively, as shown in Figs. 1f, h and j.

As the solvent evaporated and the colloidal particles assembled
under the spherical confinement provided by the droplet templates, the
inherent hydrophobic and electrostatic interactions of the materials
influenced their organization. PS NPs (water contact angle 6, of 66.5 +
0.5°, zeta potential { of —71 + 3 mV, shown in Fig. S3a, b) preferen-
tially assembled at the water-oil interface, leading to the formation of a
shell (Fig. 1f). CNT (6, = 12.8 +1.0°, { = 53 + 7 mV, shown in Fig. S3a,
b) aggregated into a solid and dense core (Fig. 1h). However, when the
microparticles were formed from the PS and CNT blend dispersion, the
obtained supraparticle exhibited a core-semishell configuration, rather
than a conventional core-shell structure (Fig. 1j). This highlights the
complexity of binary colloidal co-assembly and the challenges in con-
trolling the formed supraparticle structures.

3.2. Tunable morphologies of CNT/PS hybrid supraparticles

The prepared emulsion droplet provides a uniform template with a
micro-scale medium confined by a soft liquid interface, which prevents
colloids from escaping while allowing molecular transport and solvent
exchange, ideally for confined particle assemble to construct versatile
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architectures [38]. Herein, we investigated the co-assembly behavior of
PS and CNT within the W/O emulsion droplet system.

To create binary colloidal dispersions, PS and CNT dispersions were
mixed at different ratios and emulsified into droplets with diameters of
~35 pm via the microfluidic devices (Fig. S4). Hexadecane containing
20 wt% Span 80 was used as the continuous (outer) phase. The micro-
droplets were collected in a hydrophobic plastic dish and placed at 25 °C
until all the droplets dried into supraparticles. Despite the formation of
supraparticles in the oil phase, the formed structure was unstable and
easily fragmented during washing and transferring. Therefore, to sta-
bilize the obtained structures, the microparticles (in outer phase) were
at 80 °C for 5 min. This mild heating caused the PS particles to slightly
melt and fuse together, allowing the microparticles to separate from the
oil phase and maintain their structure when observed under an optical
microscopy in transmission mode. As displayed in Fig. 2, all micropar-
ticles retained a relatively spherical shape, attributed to the effective
confinement provided by the droplet template.

The obtained supraparticles were placed on a silicon wafer and
observed under an optical microscope in reflectance mode, PS micro-
capsules appeared in white (Fig. 2a), while the CNT microspheres
appeared in black (Fig. 2c). SEM images further confirmed the formation
of PS microcapsules (Fig. 2b) and CNT microspheres (Fig. 2d), with an
average diameter of 12 + 2 pm and 10 + 1 pm, respectively. From the
morphological perspective, the PS microcapsules exhibit a disordered
structure (Fig. 2b), whereas the CNT microspheres present a smooth
surface (Fig. 2c). This difference can be primarily attributed to the
distinct assembly mechanisms of PS and CNT within the emulsion
droplets. PS NPs, being spherical and isotropic with negative surface
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charges, tend to adsorb at the oil-water interface and form a core-shell
microcapsule. In contrast, CNTs, with their high aspect ratio and ten-
dency to align along the direction of applied forces, form a solid
microsphere with relatively smooth surface when assembled within the
W/O droplet template under the proposed experimental conditions. SEM
images of the crushed supraparticles verified the formation of hollow
microspheres (microcapsules) with PS shells (Fig. S5a) and solid CNT
cores (Fig. S5b), as observed in the transmission mode (PS shell in
Fig. S4a and CNT core in Fig. S4e).

Under the constant experimental conditions, we observed that the
structure of CNT/PS supraparticles were highly dependent on the PS
particle size (denoted as dps) and the PS to CNT ratio (denoted as Rps;
ont)- A well-defined core-shell structure with a PS shell and CNT core
was obtained at dpg = 100 nm and Rps. cnT = 3:1. The architectures were
clearly resolved under reflection mode of the microscope (Fig. 2e), being
consistent to the image obtained under transmission mode (Fig. S4b).
SEM characterization further confirmed the smooth and continuous
surface structure of the PS shell (Fig. 2f). When Rpg. cnT was reduced to
1:1 at dps = 100 nm, the supraparticles changed to a core-semishell
architecture with PS forming a partial shell around the CNT core
(Fig. 2g). Both optical and SEM images demonstrate that the formed
structures remained intact through washing and transfer processes
(Fig. 2g, h; Fig. S4c¢), indicating their remarkable mechanical stability.
Moreover, the quantitative analysis of size distribution (Fig. S6)
revealed exceptional uniformity across all architectures, with the size
CV <5 %. Further decreasing Rps. ¢yt to 1:3 produced supraparticles
with a dominant CNT core and a tiny PS cap (Fig. 2i, j; Fig. S4d),
demonstrating the potential control of supraparticle structure through

Sd wu 00l

100 nm PS R,
P

Core-shell

X 3

NT=:1
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o

Fig. 2. CNT/PS supraparticles from individualized droplets containing PS (100 nm) and CNT at various mass ratio (Rps. cnt)- (@) Optical and (b) SEM images of
solidified microspheres of single PS (100 nm), and inset is the proposed schematic of PS particle distribution in microsphere. (¢) Optical and (d) SEM images of
solidified microspheres of single CNT, and inset is the proposed schematic of CNT distribution in microsphere. (e) Optical and (f) SEM images of solidified CNT/PS
supraparticles with Rps. oyt Of 3:1, with the inset showing colloidal distribution in the microsphere. (g) Optical and (h) SEM images of solidified CNT/PS supra-
particles with Rps. ¢t of 1:1, with the inset showing colloidal distribution in the supraparticle. (i) Optical and (j) SEM images of solidified CNT/PS supraparticles
with Rps. onr Of 1:3, with the inset showing colloidal distribution in the supraparticle.
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simple particle size and ratio.

When dpg = 500 nm, the obtained CNT/PS supraparticle structures
differentiated significantly from those with dpg = 100 nm. A microcap-
sule with loosely packed shell of CNT and PS mixture has been obtained
with 500 nm PS particle at an Rps. oyt of 3:1, with a representative image
shown in Fig. 3a. The green color observed under reflection mode
(Fig. 3b) indicates short-range ordering of the 500 nm PS, as depicted in
SEM images (Fig. 3c). To validate the shell model, these supraparticles
were subjected to thermal treatment (200 °C for 2 h) in an inert atmo-
sphere, leading to the thermal decomposition of PS particles and leaving
behind a crumpled shell of CNT, as depicted in Fig. 3d. At an Rps. cnt Of
1:1, a core-shell microcapsule structure was obtained with a PS shell
encapsulating a CNT core (Fig. 3e). Optical reflection images (Fig. 3f)
clearly demonstrate the black CNT core, while SEM images (Fig. 3g)
present the PS shell. Upon calcination, the supraparticles show a smooth
surface formed by entwined CNT (Fig. 3h). When Rps. cnt Was increased
to 1:3, a garnet-like structure formed, with a dense sphere of CNT
encapsulating PS particles (Fig. 3i). Optical reflection images suggest the
formation of a CNT core (Fig. 3j), while SEM images reveal the exposed
PS, indicating the formation of garnet-like structure (Fig. 3k). Subse-
quent calcination did not change the overall supraparticle morphology,
leaving behind pores with corresponding size upon the removal of PS
particles (Fig. 31). SEM images of the fractured supraparticle further
confirm the formation of the garnet-like structure (Fig. §7).

As aresult, the emulsion droplet confined co-assembly of PS and CNT
induced to the formation of five types of supraparticle structures,
namely core-shell microcapsule, core-shell microparticle, core-semishell
microparticle, garnet-like microparticle, and spherical microparticle.
The CNT/PS supraparticle structures are correlated with dps and Rps: cNT
(Fig. 4a).

The formation of unique structured supraparticles is mainly caused
by the microphase segregation of heterogeneous components within the
spherical droplet templates, combined with solvent evaporation

Before calcination
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(Fig. S8). Due to the hydrophobicity and high negative potential, PS
particles tend to arrange at the oil-water interface, while CNT aggregate
to form the core. The microphase segregation occurs faster than solvent
evaporation, thus the PS shell initially constructed at the oil-water
interface and completely covers the entire spherical interface. If the
CNT core is not formed completely or the core is not big enough to fully
support the PS shell; as a result, the formed shell may present wrinkles.
In addition, if the PS particle is large, for instance 500 nm PS particles,
CNT could adsorb onto PS surface to form a stable shell-like structure at
Rps: ont = 3:1. While PS is small, for instance 50 nm PS particles, obvious
core (CNT) - shell (PS) structure could be obtained at Rps. cnT = 3:1.

During the formation of the PS shell, the CNT core can also act as
support, preventing deformation of the newly formed PS shell, resulting
in well-rounded core-shell structures (as shown in Fig. 4b at Rps (500 nm):
ent = 1:1, Rps (300 nm): cNT = 3:1, Rps (50 nm): enT = 1:1). With small PS at
low content, microphase segregation still occurred to form a semishell of
PS due to the relatively limited amount of PS NPs, for instance at Rpg (50
nm): cNT = 1:3 or Rps (100 nm): cNT = 1:1 (Fig. 4b). With large PS at low
content, PS NPs were entwined by CNTs and the microphase segregation
did not occur, leading to the formation of a garnet-like or spherical
microparticle structure at Rpg (500 nm): cNT = 1:3, OF Rps (300 nm): cNT = 1:1
(Fig. 4b). Further reduction in PS content would result in the structures
similar to single CNT spheres/cores.

3.3. Mechanism of the Core-shell to Core-semishell transformation

Such a CNT/PS supraparticle from droplet confined assembly is
influenced by the combined effects of microphase segregation and sol-
vent evaporation, as illustrated in Fig. 4. Therefore, we further explored
how the solvent evaporation rate regulated the supraparticles structure,
particularly the formation of the semi-shell structure. In the W/O
emulsion system, the water inside the droplet could spontaneously form
reverse micelles at a high concentration of Span 80 [36,39]. This

After calcination

500 nm PS R 3:1

PS: CNT

500 n mPS R 1:1

PS: CNT

Core-shell

PS: CNT
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= e

<
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Garnet-like e

Fig. 3. CNT/PS supraparticles obtained from droplets confined co-assembly of PS (500 nm) and CNT at various Rps; cnt- (@) Schematic drawing and (b) optical image
of CNT/PS supraparticles suspended in ethanol. SEM images of (c) dried and (d) calcined CNT/PS supraparticles at Rps. cnr Of 3:1. (e) Schematic drawing and (f)
optical image of CNT/PS supraparticles suspended in ethanol. SEM images of (g) dried and (h) calcined CNT/PS supraparticles at Rps. ¢yt Of 1:1. (i) Schematic
drawing and (j) optical image of CNT/PS supraparticles suspended in ethanol. SEM images of (k) dried and (1) calcined CNT/PS supraparticles at Rps. cnr Of 1:3.
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Fig. 4. (a) Phase diagram showing the morphology regimes of obtained CNT/PS supraparticles corresponding to dps and Rps. cnt- (b) SEM images of CNT/PS
supraparticles constructed with PS (with various size) and CNT at Rps. ¢yt Of 3:1, 1:1 and 3:1 Scale bar in (b) denotes 2 pm.
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Fig. 5. Influence of Span 80 concentration on the solidification rate and obtained structures of CNT/PS supraparticles. (a) Measured shrinkage rate (ratio of the real-
time droplet size to the initial droplet size, D;/Dy) at Span 80 concentration of 30 wt%, and (b) optical and SEM images of the corresponding calcined CNT/PS
supraparticles obtained at the final stage. (¢) Measured shrinkage rate at Span 80 concentration of 20 wt%, and (d) optical and SEM images of the corresponding
calcined CNT/PS supraparticles obtained at the final stage. (e) Measured shrinkage rate at Span 80 concentration of 10 wt%, and (f) optical and SEM images of the
corresponding calcined CNT/PS supraparticles obtained at the final stage. Insets are the schematics of co-assembly process and structures. Here, dps = 100 nm and
Rps. cnt = 1:1. Color-striped error bars represent the standard deviation (SD) of shrinkage rates obtained from 50 randomly selected droplets.
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emulsification leads to the formation of reverse micelles (water core)
that transport water from the droplet into the outer oil medium
(Fig. S4), where it then diffuses and evaporates. Such a spontaneous
emulsification rate of Span 80 reflects the solvent removal rate in
droplets, expressed as the ratio of the real-time droplet size (denoted as
Dy) to the initial droplet size (denoted as Dy), which is defined as Dy/Dy.
The main factors controlling the spontaneous emulsification rate are the
Span 80 concentration and the environmental temperature.

The structural transformation of the supraparticles is primarily
driven by the rate of water removal, with secondary contribution from
the change in the confinement effect due to viscosity change with
addition of Span 80. As shown in Fig. 5a, as the mass fraction of Span 80
in the oil phase decreases, the CNT/PS supraparticles evolves from a
complete core-shell structure to a closed semi-shell and ultimately to an
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open semi-shell. At 25 °C, the rate of water transfer and removal grad-
ually decelerates as the Span 80 concentration decrease. This reduction
in Span 80 concentration also leads to a decrease in the viscosity of the
oil phase (Fig. S9a), which weakens the confinement effect [40].

At Span 80 concentration of 30 wt%, it took ~30 min for droplets to
dry into supraparticles. As shown in Fig. 5a and Fig. S10a, a thick PS
shell formed at D¢/Dg of ~0.6 at 18 min and fully encapsulating the CNT
core, namely core-shell CNT/PS supraparticles (Fig. 5b). As the Span 80
concentration decreased to 20 wt%, the drying time increases to ~40
mins (Fig. 5¢). A thin PS shell formed at 25 min with D¢/Dg of ~0.7, and
the CNT core formed at 30 min with D¢/Dy of ~0.6. The thin PS shell
disrupts and shrinks into a semi-shell due to the solvent removal and the
formation of CNT core (Fig. S10b), inducing the formation of a closed
core-semishell CNT/PS supraparticles (Fig. 5d). When the Span 80
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Fig. 6. Influence of drying temperature on the solidification rate and obtained structures of CNT/PS supraparticles. (a) Measured shrinkage rate (D/Dy) at drying
temperature of 60 °C, and (b) optical and SEM images of the corresponding calcined CNT/PS supraparticles obtained at the final stage. (¢c) Measured shrinkage rate at
drying temperature of 50 °C, and (d) optical and SEM images of the corresponding calcined CNT/PS supraparticles obtained at the final stage. (e) Measured shrinkage
rate at drying temperature of 40 °C, and (f) optical and SEM images of the corresponding calcined CNT/PS supraparticles obtained at the final stage. (g) Measured
shrinkage rate at drying temperature of 30 °C, and (h) optical and SEM images of the corresponding calcined CNT/PS supraparticles obtained at the final stage. Insets
are the schematics of co-assembly process and structures. Here, dps = 100 nm and Rps. cnt = 1:1. Color-striped error bars represent the standard deviation (SD) of

shrinkage rates obtained from 50 randomly selected droplets.
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concentration further decreases to 10 wt%, the drying time increases to
~80 min (Fig. 5e). A flexible and thin PS shell formed at 40 min with Dy/
Dy of 0.8, and the CNT core formed at 60 min with D;/Dg of ~0.7. The PS
shell deformed and eventually broke as solvent is removed, allowing the
formation of a CNT core open semi-shell structure (Fig. S10c and
Fig. 5f).

The structural changes in CNT/PS supraparticles induced by drying
temperature variations confirm the significant role of solvent removal in
regulating assembly structures. As depicted in Fig. 6a, when using the
hexadecane containing 20 wt% Span 80 as the outer oil phase, the time
required for droplets to dry into supraparticles was approximately 8 min
at 60 °C. Similar to the behavior observed with 30 wt% Span 80 hex-
adecane oil phase, a PS shell formed at 5 min with D/Dy of ~0.7,
completely encapsulating the CNT core. With increasing temperature,
the oil phase viscosity decreased, weakening the confinement effect
(Fig. S9b). Consequently, even at 60 °C, where the evaporation rate is
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sufficient to form a complete core-shell structure (Fig. S11a), the
diminishing confinement effect leads to the deformation of PS shell
(Fig. 6b).

At a drying temperature of 50 °C, the drying time increased to ~18
min (Fig. 6¢). The PS shell formed at 10 min with D¢/D of 0.6, followed
by the formation of the CNT core (Fig. S11b). Although the CNT/PS
supraparticles still retained a core-shell structure, the delayed formation
of the PS shell led to increased deformation (Fig. 6d). When the drying
temperature was decreased further to 40 °C, it took approximately 22
min to form the supraparticles. As shown in Fig. 6e and Fig. S11c¢, the PS
shell formed at ~10 min with Dy/Dg of ~0.6, while the CNT core formed
at ~18 min with D¢/Dy of ~0.4. As a result, the significant deformation
of the PS shell induced the emergence of the core-semishell structure
(Fig. 6f). At a drying temperature of 30 °C, the drying time increased to
35 min (Fig. 6g). The thin PS shell formed at ~15 min with Dy/Dy of
~0.7 (Fig. S11d), with the formation of the CNT core at ~20 min with

Fig. 7. (a) Schematic drawing of the core-shell PS/Fe;04@CNT supraparticles. (b) SEM image of core-shell PS/Fe;04@CNT supraparticles, with the inset for its
optical image. (c¢) EDS elemental mapping of carbon (C), oxygen (O) and iron (Fe) on the supraparticle. (d-f) PS/Fe;0,@CNT supraparticles moved and aligned
corresponding to the static magnet position and orientation. The inset in (d) is the photo of supraparticles suspension, and the inset in (f) shows the collection of
supraparticles via magnetic force. (g-i) PS/Fe304@CNT supraparticles form chains and rotate with the magnetic orientation.
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Dy/Dy of ~0.5, the shell shrank into a semi-shell (Fig. 6h). The structural
transition from core-shell to core-semishell was highly reproducible
across five independent experiments (Fig. 6g-h, S12). The critical D¢/D
values for PS shell formation of 0.7 & 0.1 and for CNT core stabilization
of 0.5 + 0.1 confirm that the formed structures are governed by
controllable parameters rather than stochastic effects.

Through systematic manipulation of both surfactant concentration
and drying temperature, we have successfully modulated the structures
of CNT/PS supraparticles, revealing a deformation mechanism from
core-shell to core-semishell configurations. The structural regulation of
binary colloidal supraparticles can be achieved by adjusting the
composition and properties of the internal components, as well as by
tuning the experimental parameters. This method opens up a promising
path for the design and construction of multi-component supraparticles,
catering to the growing demand for high-performance material.

3.4. Hybrid Magnetic CNT@Fe304/PS Supraparticles

To validate the effectiveness of the proposed strategy for preparing
supraparticles with conferrable functionality, we employed CNT@Fe304
as the core material (Fig. S13). Utilizing the flow-focusing microfluidic
device, the magnetic core-shell CNT@Fe304/PS supraparticles were
successfully constructed, as illustrated in Fig. 7a. Here, a hexadecane
solution containing 20 wt% Span 80 worked as the outer phase while the
inner phase was an aqueous dispersion containing PS (100 nm) and
CNT@Fe304 with a mass ratio of 1:1. The drying temperature was
controlled at 25 °C. The core-semishell magnetic supraparticles was
obtained at a mass ratio of PS to CNT@Fe304 of 1:3 (Fig. $14).

The SEM image and optical images confirmed the successful con-
struction of both core-shell CNT@Fe304/PS supraparticles (Fig. 7b) and
core-semishell CNT@Fe304/PS supraparticles (Fig. S14b). SEM
elemental mapping (Fig. 7c and Fig. S14c) confirmed the supraparticle
structure including a PS shell and a magnetic CNT@Fe304 core. The
diameter of the core-shell CNT@Fe304/PS supraparticles was 10 + 1
pm. In the flow-focusing microfluidic device, microdroplets were
generated at a frequency of about 1 kHz.

The flow-focusing microfluidic device demonstrates a strategic bal-
ance between precision and scalability when benchmarked against
conventional methods. Table S1 summarizes the current methods for
supraparticle production, including spray drying, emulsion-based
methods, the superhydrophobic surface-mediated method, and micro-
fluidics. Each of these methods exhibits a distinct trade-off between
output and precision. Spray-drying, while offering high output
(10-1000 g/h), typically yields particles with high polydisperse (CV >
15 %) with limited control over internal structures [41]. Stirring
emulsification achieves moderate output (1-10 g/h) but lacks structural
precision [42]. In contrast, the superhydrophobic surface-mediated
method enables fine structural tuning, yet its scalability is constrained
by the reliance on specialized substrates [13]. Microfluidic technology
combines both structural precision and scalable output. Although the
current output is lower than spray-drying, microfluidics eliminates
material waste and enables complex compositions inaccessible to bulk
methods. And the output can be scaled up via channel/capillary paral-
lelization without sacrificing uniformity, suggesting microfluidics as a
versatile platform for high-precision supraparticle design where quality
outweighs sheer production volume.

The core-shell CNT@Fe304/PS supraparticles were stably dispersed
in neutral aqueous solutions, ethanol or hexadecane. As shown in
Fig. 7d-f, the CNT@Fe304/PS supraparticles dispersed in hexadecane,
aligned and formed chains along the field’s direction when subjected to
a stationary magnetic field. Upon altering the magnetic field orientation,
the supraparticle chains rotated accordingly (Fig. 7g-i). Such core-shell
CNT@Fe304/PS supraparticles demonstrated significant magnetic
responsiveness, allowing them to be effectively separated using mag-
netic field during the recycling process. By applying a magnet, we were
able to easily attract and separate the supraparticles, facilitating further
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processing and recycling, as illustrated in the insets of Fig. 7d and Fig. 7f.
It is noted that the micrometric scale supraparticles were visible under
normal microscopy and could stay stably without agglomeration,
exhibiting the potential for analytical and biomedical applications [43].
In addition, the core and shell materials and supraparticle size could be
tuned based on practical demands.

To systematically investigate the structure-property relationship in
magnetic supraparticles, we conducted a comparative analysis of the
supraparticles with core-shell (Rps.cnt@re;0. = 1:1) and core-semishell
(Rps.cNT@Fes0. = 1:3) architectures (Fig. S15). Both supraparticles
exhibited characteristic superparamagnetic behavior, with the core-
shell structure demonstrating a saturation magnetization of 3.2 emu/g
compared to 3.7 emu/g for the core-semishell variant. This difference
might be attributed to the content variation of magnetic components in
the core-semishell supraparticles. Notably, despite its slightly low
saturation magnetization value, the core-shell architecture displayed
superior performance in field-directed applications (Fig. 7d-i). This
advantage stems from two structural features of the symmetrical ar-
chitecture enabling efficient alignment under external magnetic fields
and the complete PS shell providing enhanced stability during repeated
magnetization cycles. Combined with microfluidic technology, mono-
disperse droplet template preparation was achieved, ensuring the
controllable and reproducible production of the supraparticles. This
approach not only expands the application scope of microfluidic tech-
nology but also provides a new pathway for material design and prac-
tical application, particularly facilitating the application of nano- and
micro- materials in macroscopic scenarios [44].

4. Conclusion

In summary, we demonstrate a droplet confined co-assembly strat-
egy to fabricate hierarchical CNT/PS hybrid supraparticles with pre-
cisely tunable architectures (core-shell microcapsule, core-shell
microsphere, core-semishell microsphere, garnet-like microsphere and
densely packed microsphere). The droplet-based microfluidic technol-
ogy allowed the preparation of monodisperse droplet templates with
tunable size and composition. The architectures of the formed supra-
particles are governed by a dynamic balance among the colloidal par-
ticles of PS and CNT, their mass ratio and the PS size. A factor of solvent
removal kinetics was found to play a critical role for the formation of
different architectures. By correlating the reversed micelle formation
according to Span 80 and the phase separation from the solvent evap-
oration and temperature, we revealed a new pathway to modulate water
removal speed, enabling structural transitions (e.g., core-shell to core-
semishell) for the droplet confined co-assembly of binary colloidal
particles. The successful integration of FesOs nanoparticles to create
magnetic-responsive  CNT@Fes04/PS supraparticles underscores the
method’s versatility for multifunctional hybrid design. The tunable
porosity and CNT network topology of these supraparticles hold promise
for macroscopic applications, such as magnetic-responsive microrobots
and lightweight conductive foams (CNT-rich cores) for flexible elec-
tronics. These findings bridge the nanoscale-to-macroscopic gap by
translating colloidal-scale control into bulk material properties.
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