Droplet Confined Binary Colloidal Co-Assembly into Hierarchical Supraparticles with Controllable Morphology
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[bookmark: _Hlk199925637]Fig. S1. PDMS microfluidic chip for the generation of droplet templates. (a) Physical image. (b) Optical micrograph of the channel. Scale bars in (a) and (b) denote 2 cm and 500 μm, respectively.

[bookmark: _GoBack][image: ]
Fig. S2. Assembly process of 100 nm PS within the droplet templates by using hexadecane containing (a) 5 wt%, (b) 10 wt% Span 80 as the oil phase. The results shown that when using hexadecane containing 5 wt% Span 80 as oil phase, the PS nanoparticles escaped from the droplet templates with the removal of water leading to the breakage of the droplet templates, whereas when using hexadecane containing 10 wt% Span 80 as the oil phase, the PS nanoparticles did not escape from the droplet templates and assembled into a PS shell eventually. Scale bar: 50 μm.
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[bookmark: _Hlk200012185][bookmark: _Hlk199187432]Fig. S3. (a) Contact angles of water droplets on PS and CNT surfaces. (b) Zeta potential of PS (50–500 nm) and CNT in aqueous dispersions (pH 7.3±0.2, 25°C; mean± SD, n=5). The contact angle results demonstrate the high hydrophobicity of PS in comparison to CNT, while the zeta potential results indicate a strong repulsive effect of PS compared to CNT.
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[bookmark: _Hlk200138103]Fig. S4. The gradual shrinkage of the microdroplets over time and the assembly of the colloidal particles inside to microparticles with the inner phase of (a) PS (100 nm) dispersion, (b) PS and CNT blend dispersion with RPS: CNT of 3:1, (c) PS and CNT blend dispersion with RPS: CNT of 1:3, (d) PS and CNT blend dispersion with RPS: CNT of 1:3, and (e) CNT dispersion, respectively. Scale bar: 50 μm with 10 μm for magnified images.
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Fig. S5. SEM images of broken (a) PS and (b) CNT microspheres. Scale bar: 2 μm.
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[bookmark: _Hlk200138344]Fig. S6. (a) SEM images of supraparticles with core-semishell structure. (b) Corresponding size distribution of the supraparticles, CV=4.89%. Scale bars denote 50 μm and 2 μm in the main image and the inset image, respectively. 
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Fig. S7. SEM images of broken garnet-like structure CNT/PS supraparticle (a) before calcination and (b) after calcination. Scale bar: 2 μm.
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Fig. S8. Fluorescent images of the assembly process of colloidal components with droplet templets. (100 nm PS with modified fluorescent molecules) Scale bar: 20 μm with 10 μm for magnified images.
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[bookmark: _Hlk200012268]Fig. S9. (a)Viscosity of hexadecane containing different mass fractions of Span 80 at 25 °C. (mean± SD, n=5) (b) Viscosity of hexadecane containing 20 wt% Span 80 changes with temperature. At equivalent temperatures, the viscosity of the oil phase rises in proportion to higher mass fractions of Span 80, thereby intensifying the confinement effect on the droplet template. Conversely, at consistent mass fractions of Span 80, the viscosity of the oil phase diminishes as the temperature increases, resulting in a weakened confinement effect on the droplet template.
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Fig. S10. The gradual shrinkage of the microdroplets over time and schematics of the corresponding assembly process with using hexadecane containing different concentration of Span 80 at a drying temperature of 25 ℃. (a) 30 wt% Span 80, (b) 20 wt% Span 80 and (c) 10 wt% Span 80. Scale bar: 20 μm.
[image: ]
Fig. S11. The gradual shrinkage of the microdroplets over time and schematics of the corresponding assembly process with using hexadecane containing 20 wt% Span 80 at different drying temperature. (a) 60 ℃, (b) 50 ℃, (c) 40℃ and (d) 30 ℃. Scale bar: 20 μm.


[image: ]
[bookmark: _Hlk199250282][bookmark: _Hlk200012895]Fig. S12. Optical images showing gradual shrinkage of the microdroplets over time with using hexadecane containing 20 wt% Span 80 at 30 °C. (a) Images of microdroplets shrink over time. (b) Calculated shrinkage rate based on (a). Error bars represent the standard deviation (SD) of shrinkage rates from 50 randomly selected droplets.
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Fig. S13. TEM image of CNT@Fe3O4. Scale bar: 20 nm.
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Fig. S14. (a) Schematic image of PS/Fe3O4@CNT supraparticles with core-semishell structure. (b) SEM image of core-semishell PS/Fe3O4@CNT supraparticles and its optical micrograph. (c) EDS elemental mapping of carbon, oxygen and iron. 
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Fig. S15. Magnetization curves of core-semishell and core-shell PS/Fe₃O₄@CNT supraparticles measured at 300 K with applied fields ranging from -20 to 20 kOe. Both architectures exhibit characteristic superparamagnetic behavior, as evidenced by negligible hysteresis and saturation magnetizations of 3.7 emu/g (core-semishell) and 3.2 emu/g (core-shell). The inset shows an expanded view of the low-field region (±4 Oe), confirming the minimal coercivity.


[bookmark: _Hlk201760435]Table S1. Comparison of Supraparticle Fabrication Methods.
	[bookmark: _Hlk201759389]Technology
	Output
	Size 
(μm)
	Uniformity (CV)
	Advantages
	Limitations

	Spray drying[1]
	10-1000 g/h
	10-3-103
	15-30%
	High production rate
	Wide size distribution
High energy input

	Stirring emulsification[2]
	0.1-10 
g/h
	100-103
	10-20%
	Simple procedure
Low costs
	Poor structure control Batch variability

	Surface-mediated method[3]
	0.5-10 mg/h
	102-104
	<5%
	Precise structure control
Solvent-free processing
	Fragile templates
Low output

	This work
(Microfluidics)
	0.6
mg/h
	100-103
	<5%
	Good monodispersity
Low sample consumption
	Limited scalability




References
[1] A. Wolf, H. Zhou, P. Groppe, L.M.S. Stiegler, T. Kämäräinen, W. Peukert, J. Walter, S. Wintzheimer, K. Mandel, Nanoparticle Clustering in Supraparticles to Control Magnetic Long-Range Interactions, Particle & Particle Systems Characterization 42(3) (2025) 2400180.
[2] C. Kim, K. Jung, J.W. Yu, S. Park, S.-H. Kim, W.B. Lee, H. Hwang, V.N. Manoharan, J.H. Moon, Controlled Assembly of Icosahedral Colloidal Clusters for Structural Coloration, Chemistry of Materials 32(22) (2020) 9704-9712.
[3] W. Liu, M. Kappl, W. Steffen, H.-J. Butt, Controlling supraparticle shape and structure by tuning colloidal interactions, Journal of Colloid and Interface Science 607 (2022) 1661-1670.

image3.tiff




image4.tiff
30 min

t=

15 min

t=

0 min

t=

[}
<
A2

£

[}

»

core

100 nm





image5.tiff




image6.tiff




image7.tiff




image8.tiff




image9.tiff
15
6 25°C y=10s" b AT=05°C/s Y=10s"
!
— 10t
@ a
z [T
\52 5 2 =5 e .
L ) . § 3 ...-.".””..
N L
0 5 10 20 30 40 20 30 40 50 60 70 80
Mass fraction of Span 80 in hexadecane (wt.%)

Temprature(°C)





image10.tiff
a 30 wt% Span80

e e
® -

b 20 wt% Span80





image11.tiff
a 60°C

b 50°C





image12.tiff
20 30 40
Time(min)





image13.tiff




image14.tiff
a @ Ps
2 Fe0,@CNT





image15.tiff
I

.

3.7 emu/g

N

/
3.2 emu/g

.
.
.

_

/

.
.

.
.
.

e
P

/

i
.

-

.

N

B B

. I

.

.




image1.tiff




image2.tiff
08 uedg % g 08 ueds %m0l





