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ABSTRACT: We introduce a polymer-mediated approach for
assembling binary colloidal particles into core−shell and other
tunable structures with their transformation into microrotors via
Janus design. By mixing polyvinylpyrrolidone (PVP)-coated
polystyrene (PS) microparticles with polymer-free silica nano-
particles, we exploit electrostatic repulsion to maintain dispersion
until ionic screening permits a close approach. At this point, PVP
acts as a molecular glue, selectively bridging bare silica onto PS
surfaces to yield PS@SiO2 core−shell structures. The number ratio
of PS to SiO2 dictates the assembly outcome. Excess PS leads to shared silica shells that link multiple cores into chains and colloidal
gels, while excess silica leads to complete shell coverage and crystallization of microspheres into close-packed hexagonal lattices.
Applying this method to Janus PS/Pt particles enables regioselective SiO2 coating on the PS hemisphere only, producing asymmetric
“PS@SiO2”/Pt Janus microspheres that assemble into dimers and trimers through directional binding on the silica-coated
hemispheres only. Remarkably, in 5% H2O2, the resulting Janus dimers transform into self-propelled microrotors that exhibit
sustained rotation, powered by the catalytic decomposition of H2O2 on the exposed platinum hemispheres. These findings present a
simple yet powerful strategy for the controlled synthesis of functional colloidal superstructures as well as stimulus-responsive
micromachines.

■ INTRODUCTION
Colloidal particles can serve as fundamental building blocks for
self-assembly, enabling the construction of larger-scale
structures and functional materials.1−3 Among such systems,
binary colloidal mixtures�comprising particles of distinct
shapes, compositions, or sizes�have attracted broad interest
for both fundamental research and applied technologies,
including ionic crystals,4−7 photonic crystals,8−11 responsive
gels,12−14 and encapsulation systems.15−17 When the size ratio
between components is large, smaller particles often play a
distinct role, leading to functional differentiation between the
species. A classic example is a mixture of large colloidal
particles with small silica nanoparticles (e.g., Ludox), where the
smaller particles act as depletants, inducing effective attractions
between the larger ones and promoting their condensation into
ordered structures.18−20

However, when an attractive interaction force is introduced
between the small and large components, the smaller particles
begin to adhere to the surfaces of the larger ones. This process
commonly leads to the formation of colloidosomes, structures
in which a central colloidal core is fully coated with smaller
satellite particles, resulting in a core−shell-like architec-
ture.21−23 Beyond these discrete assemblies, the smaller
particles can also act as colloidal “glues”, mediating directional
interactions and promoting the organization of larger colloids

into higher-order structures. While this concept holds potential
for programmable self-assembly, practical examples that
successfully harness such glue-like behavior remain rare. One
prominent exception is DNA-mediated assembly,24 which
enables highly specific and tunable interactions; however, its
complexity and high cost present substantial barriers to
scalability for large-scale material fabrication.
Polymer-mediated interactions have recently emerged as a

powerful strategy for inducing attraction between like-charged
colloidal particles.25−27 This mechanism typically involves a
complementary pair: one particle coated with polymer chains
and the other left polymer-free. Upon addition of salt to screen
electrostatic repulsion, the particles can approach close enough
for the polymer brushes to extend and adsorb onto the bare
surface, forming an bridging interaction that effectively “glues”
the particles together. A critical requirement for this strategy is
the preservation of the polymer-free interface, which allows for
selective adsorption and directional binding. To this end,
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certain amphiphilic block copolymers, such as Pluronic
surfactants, are particularly effective, as they preferentially
anchor to organic colloidal surfaces while leaving inorganic
components accessible for bridging.25

Herein, we apply this polymer-mediated strategy to control
the assembly of binary colloidal structures in which small
particles act either as passive shell components or as active
interparticle linkers, depending on the mixing ratio of both
components. Specifically, we directly synthesized PVP-coated
polystyrene (PS) microparticles and combined them with
polymer-free silica nanoparticles (SiO2) at a size ratio of
approximately 20:1, initially stabilized by electrostatic
repulsion. Upon ionic screening, the particles approach close
enough for PVP chains to bridge and anchor silica onto PS
surfaces. By varying the concentration of these two
components (NPS and NSiOd2

), we access four distinct structural
regimes: (i) isolated PS@SiO2 core−shell structures with
complete shell coverage, (ii) chain-like and (iii) gel-like
assemblies both through sharing of small particles, and (iv)
crystalline arrays of core−shell particles.
Extended to Janus PS/Pt particles, this approach achieves

regioselective SiO2 deposition solely on the PS hemisphere,
producing asymmetric “PS@SiO2”/Pt colloids that can
assemble into clusters (e.g., dimers or trimers), via directional
attraction based on the silica-coated hemispheres (where SiO2
acts as the “glue”). Intriguingly, these clusters immersed in 5%
H2O2 exhibit sustained rotation driven by catalytic decom-
position on the exposed platinum face. This work establishes a
versatile approach where the polymer mediates the fabrication
of core−shell particles and their reconfigurable assembly.
Clusters assembled from Janus core−shell particles can be
catalytically activated into microrotors, thereby advancing
colloidal material development.

■ EXPERIMENTAL SECTION
Materials. Tetraethyl orthosilicate (TEOS), an ammonia solution

(30 wt %), poly(acrylic acid), dichloromethane (DCM), and styrene
were obtained from Aladdin Reagent. Fluorescein isothiocyanate
(FITC), (3-aminopropyl) triethoxysilane (APTES), polyvinylpyrroli-
done, sodium hydroxide, and potassium persulfate were purchased
from Sigma-Aldrich Co.
Fabrication of Colloid Particles. Synthesis of Silica Particles.

Monodisperse silica particles were synthesized using an optimized
Stöber method.28 First, silica seed particles (∼50 nm) were prepared
by dissolving 2.5 mg of poly(acrylic acid) in 30 mL of ethanol,
followed by the addition of 1.5 mL of an ammonia solution (30 wt
%). Then, 0.75 mL of tetraethyl orthosilicate (TEOS) was slowly
added using a syringe pump over 4 h under continuous stirring (700
rpm) at room temperature. After TEOS addition, stirring continued
for 2 h. The resulting seed particles were used directly for subsequent
experiments without further purification.

The further growth of SiO2 particles was conducted in a 50 mL
flask containing 24 mL of ethanol, 2 mL of water, 1.5 mL of an
ammonia solution (30 wt %), and 6 mL of the seed SiO2 sol prepared
via the previous step. The mixture was placed on a magnetic stirrer at
700 rpm. Subsequently, 0.75 mL of tetraethyl orthosilicate (TEOS)
was slowly added via a syringe pump over a period of 4 h. After the
complete addition of TEOS, stirring continued for an additional 1 h.
The resulting particles were collected by centrifugation. The particles
collected by centrifugation were resuspended by ultrasonication in
deionized water for 5 min, followed by centrifugation at 1000 rpm for
10 min. This cycle was repeated six times to thoroughly remove
reaction byproducts and smaller secondary particles. Silica (diameter
of 100 ± 10 nm) typically exhibited a ζ potential of approximately
−40 mV, as measured with a Malvern Zetasizer Nano.

Synthesis of Fluorescently Labeled SiO2 Particles. Fluorescent
silica particles were prepared by covalent incorporation of FITC.28

First, 1 mg of FITC was reacted with 5 mg of (3-aminopropyl)
triethoxysilane (APTES) in 2 mL of ethanol under continuous stirring
for 24 h at room temperature. Next, 6 mL of the SiO2 suspension
(100 ± 10 nm) from the previous step, 24 mL of ethanol, 2 mL of
water, and 1.5 mL of ammonia were mixed in a 50 mL flask, and the
mixture was stirred at 700 rpm. Ten cycles of dye incorporation were
performed by sequential manual addition of 30 μL of TEOS and 5 μL
of the FITC-APTES solution every 12 min. Following the reaction,
the resulting fluorescently labeled SiO2 particles were collected by
centrifugation, washed three times with ethanol, and finally
resuspended in deionized water for storage and further use.

Synthesis of PVP-Coated Polystyrene (PS) Particles. PVP-coated
PS particles (∼2 μm) were synthesized by dispersion polymer-
ization.29 In a 250 mL three-neck flask equipped with a magnetic stir
bar, 2.5 g of polyvinylpyrrolidone (PVP) was dissolved in 200 g of
ethanol, followed by the addition of 25 mL of pretreated styrene,
which was prewashed four times with 100 mL of a 10 wt % NaOH
solution in a separatory funnel, then repeatedly washed with water
until neutral, thoroughly dried over anhydrous magnesium sulfate, and
stored at 4 °C. The mixture was stirred for 30 min and heated to 78
°C. Then, 180 mg of potassium persulfate (KPS, ≥99.0%, Sigma-
Aldrich) dissolved in 5 mL of deionized water was added via syringe
to initiate polymerization. After 12 h, seed particles (∼700 nm) were
collected and washed by two cycles of sedimentation and
resuspension in ethanol for seeded growth.

Then, 120 mL of a 1 wt % seed particle suspension was mixed with
40 mL of pretreated styrene in a 250 mL two-neck flask equipped
with a magnetic stir bar. Subsequently, 50 mg of potassium persulfate
dissolved in 2 mL of deionized water was added via a syringe. The
suspension was heated to 78 °C and stirred for 24 h to produce PS
particles with a diameter of ∼2 μm. The resulting particles were then
washed three times by repeated centrifugation and redispersion in
deionized water to remove small secondary nucleations. The PS−PVP
core (∼2 μm) typically exhibited a ζ potential of approximately −30
mV, as measured with a Malvern Zetasizer Nano.

Synthesis of PVP-Free PS Particles. Micrometer-sized PS particles
without a PVP polymer coating were synthesized via surfactant-free
emulsion polymerization and seeded growth.19,30 A mixture of 500
mL of deionized water, 60 mL of pretreated styrene as mentioned,
and 0.5 g of KPS was stirred at 300 rpm in a three-neck flask at 78 °C
overnight under nitrogen. The resulting seed particles were purified
by three cycles of sedimentation and resuspension in deionized water.

For seeded growth, 120 mL of a 1 wt % seed suspension was mixed
with 40 mL pretreated in a 250 mL two-neck flask. The mixture was
purged with nitrogen and stirred for 1 h. Subsequently, 180 mg of
KPS dissolved in 5 mL of water was injected via syringe. The
suspension was heated to 78 °C and stirred at 300 rpm for 24 h. The
resulting particles (∼2 μm) were washed three times by centrifugal
washing with deionized water. PS cores typically exhibited a ζ
potential of approximately −35 mV (Malvern Zetasizer Nano).

Fabrication of Janus PS/Pt Particles. Janus particles were
fabricated by metal sputtering.31 To fabricate Janus microspheres,
the prepared PS (PVP) microspheres were dispersed in a mixture of
ethanol and water in a volume ratio of 1:1. A 20 μL drop of the
suspension was placed on a Si wafer tilted at 45° relative to the water
surface. After a monolayer formed at the air−liquid interface, a 3 mM
SDS surfactant solution was added to the water to stabilize the PS
microsphere monolayer. During this process, SDS adsorption onto PS
surfaces is unavoidable. However, when the fabricated particles are
subsequently dispersed in abundant deionized water, the SDS
concentration becomes negligible due to extreme dilution. Under
these conditions, the measured ζ potential deviates by ≤5 mV from
the inherent values of the PVP-coated PS, a difference falling within
statistical error margins. Thus, the influence of SDS on particle surface
properties can be considered to be negligible. The monolayer was
then transferred to a preprepared Si wafer and dried in air.32

Subsequently, a platinum (Pt) layer, approximately 20 nm in
thickness, was sputter-coated onto the upper surface of the PS
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microsphere monolayer. This process was carried out using a high-
vacuum sputtering system (Leica EM ACE600). The sputtering
chamber was prefilled with argon gas and maintained at a vacuum
level of 5 × 10−3 Torr.
Assembly of Colloid Particles. A 96-well cell plate (BeyoGold,

127 mm × 85 mm × 16 mm) containing the colloidal suspension was
placed undisturbed on the microscope stage, allowing the micrometer-
sized particles to sediment under gravity and equilibrate at a stable
height above the substrate. At this point, a suspension of silica
nanoparticles was added dropwise along with a stock NaCl solution
(∼50 mM), yielding a final concentration of ∼5 mM in the
dispersion. The dropwise addition protocol allows for the
minimization of disturbance to the PS particles already dispersed
near the substrate, and the system was equilibrated for 2 h to
minimize diffusional effects from concentration gradients. By fine-
tuning the number ratio of silica particles to PS core particles (as
detailed in Figure 2a), a diverse range of microscopic configurations
emerged continuously. Once the system reached equilibrium (after 2
h), data were collected. Number concentration N (inverse liters) of
particles is calculated by original mass concentration M (grams per
liter) measured with a microanalytical balance (Mettler Toledo,
XPR2U) through gently drying, as follows: N = 3M/(4πρr3), where ρ
is the particle density (assumed ρPS = 1.05 g/cm3 and ρSiOd2

= 2.2 g/
cm3) and r is the particle radius (rPS = 1 × 10−4 cm, and rSiOd2

= 5 ×
10−6 cm).

The interaction between binary particles (i.e., PS and SiO2) is
primarily governed by the competition between electrostatic repulsion
and polymer-mediated bridging attraction. The interaction potential
mediated by polymers was evaluated using numerical self-consistent
field calculations.33,34 This approach determines the interaction
energy by computing the free energy difference between a state
where particles are widely separated (no interaction) and a state at a
specific distance of h. The expression is given by35,36

= + [ ]w h b
k T

h N u h u
( )

( ) ( ) ( ) ( )
2

B
p p p (1)

where b is the lattice size, defined as the distance between adjacent
lattice points in the lattice model, Np denotes the number of polymers
anchored between the surfaces, Ω(h) and up(h) represent the free
energy and the chemical potential of the polymers, respectively, both
dependent on interparticle distance h, and Ω(∞) and up(∞)
correspond to the grand potential of the system and the chemical
potential of the polymers in an external bulk reservoir that is in
equilibrium with the system, respectively.
Characterizations. Scanning electron microscopy (SEM) was

performed by using a Carl Zeiss Supra 55 instrument with an energy-
dispersive X-ray (EDX) analysis attachment. Samples for SEM
analysis were drop-cast onto substrates, air-dried under ambient
conditions, and sputter-coated with a 6 nm gold layer prior to
imaging. Optical microscopy images and videos were acquired by
using a Nikon 80i microscope. Fluorescence imaging was conducted
with a Nikon A1R-si confocal laser scanning microscope (CLSM).
Particle trajectories of spinning microrotors were analyzed by using
PhysVis software and Python-based algorithms. ζ potential measure-
ments were performed at 25 °C using a Zetasizer Nano ZS90
instrument.

■ RESULTS AND DISCUSSION
Polymer-Mediated Formation of Hybrid Core−Shell

Structures. Conventional methods for fabricating colloido-
some core−shell structures, like Pickering emulsification, rely
on liquid droplets as soft templates to direct shell formation.37

However, these approaches are often limited by sensitivity to
particle wettability and emulsification conditions, leading to
polydispersity in the resulting assemblies.38 Microfluidic
techniques offer improved uniformity,39 but their scalability
for large-scale production remains limited. Recently, polymer-

mediated colloidal interactions have been explored as a
versatile route to direct the assembly of hybrid structures
through specific, tunable attractions between particles.25,27

In this study, the heteroaggregation process is based on two
distinct components, organic PS cores (∼2 μm) and inorganic
silica shell particles (∼100 nm), as illustrated in Figure 1a−c.

To engineer targeted attraction between the components,
polyvinylpyrrolidone (PVP; M ≈ 50 000) was introduced as a
dispersant during PS synthesis, resulting in surface-grafted PVP
chains.29,40 While molecular weight generally influences
polymer brush length, this factor had little effect on the
assembly process,41 since the salt concentration of 5 mM is
sufficient to screen the electrostatic repulsion and bring the
particles into contact, as shown in Figure S1. As shown in
Figure S2, energy-dispersive X-ray spectroscopy (EDX)
confirms the presence of oxygen and nitrogen on the PS
surface, consistent with PVP modification.
Upon the addition of concentrated silica nanoparticles into

the PS suspension, the two species remain dispersed due to
electrostatic repulsion. As shown in Figure 1a, introducing
NaCl (concentration of ∼5 mM) screens this repulsion,
reducing the Debye length (λd) and allowing the particles to
approach within a critical distance. At this range, PVP chains
extending from the PS surface can adsorb onto the polymer-
free silica particles, forming polymer bridges that drive specific
attraction and promote assembly into colloidosomes, as shown
in Figure 1d. While a decrease in electrostatic repulsion can
mediate the assembly, reversibility is not achieved by its
subsequent increase alone (e.g., via dialysis), as evidenced in
Figure S3. This may be due to the molecular adhesion force
between the polymer and surface,42 and then the electrostatic

Figure 1. Polymer adsorption-based core−shell particles. (a)
Schematic illustration of the polymer-mediated assembly process.
Polyvinylpyrrolidone (PVP)-coated polystyrene (PS) cores (gray)
selectively capture polymer-free silica nanoparticles (green) upon
screening of electrostatic repulsion, as indicated by a reduction in
Debye length (λd). Scanning electron microscopy (SEM) images of
(b) PS cores and (c) silica satellites. (d) SEM image of assembled
PS−silica core−shell particles. The inset shows a magnified view of a
representative single colloidosome, showing uniform satellite cover-
age. (e) Confocal laser scanning microscopy (CLSM) image of
colloidosomes with fluorescein isothiocyanate (FITC)-labeled silica,
revealing a fluorescent shell surrounding the nonfluorescent PS core.
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repulsion is not strong enough to separate the particles. This
approach can be extended to shell particles of other sizes
(Figure S4).
To suppress intercore aggregation via shared silica bridges,

an excess of silica is required. The degree of silica adsorption
per PS core scales with the overall silica concentration (Figure
S5). As illustrated in Figure 1e, fluorescent labeling of silica
particles with FITC reveals a distinct fluorescent corona
around the nonfluorescent PS cores, confirming in situ shell
formation. Conversely, PS particles lacking PVP fail to form
colloidosomes and instead exhibit nonspecific aggregation, as
illustrated in Figure S6. Notably, selective cross-linking of the
silica satellites, followed by etching of the PS core, yields a
hollow shell structure (Figure S7), showing the potential for
encapsulation and artificial transmembrane carriers.16,23,43

Similarly, polymer-mediated attraction can also be induced
by introducing amphiphilic block copolymers�such as
Pluronic F127, F108, and Brij-S100�into suspensions of
unmodified PS (Figure S8). These surfactants spontaneously
adsorb due to their architecture. The hydrophobic poly-
(propylene oxide) (PPO) segments anchor to PS, while
hydrophilic poly(ethylene oxide) (PEO) segments extend into
the aqueous phase, forming a steric layer.5,25 Thereby, this
polymer-mediated approach offers a modular and scalable
route for assembling hybrid colloidosomes with tunable surface
coverage and compatibility across a wide range of colloidal
systems.
Tunable Assembly of Binary Colloidal Particles. The

assembly of binary colloidal particles exhibits a pronounced
dependence on the PS:SiO2 number ratio, enabling tunable
structure as depicted in Figure 2a. The phase boundaries are
determined by counting the fraction of single particles ( fsingle)
after the system equilibrates for 2 h, after which we quantified
fsingle from the fields of view of typically 1000 core particles
total, as illustrated in Figure 2b. We classify gray as “dispersed
core−shell” when fsingle ≥ 0.9 and green/blue as “chain/gel/
crystal” when fsingle ≤ 0.1. The phase boundary is at 0.1 < fsingle

< 0.9, which is denoted as the error bar. When the PS:SiO2
number ratio > 1:5800, the limited availability of silica satellites
promotes a distinct assembly regime in which adjacent PS
cores become interconnected by shared satellites, leading to
the formation of extended chains and colloidal gel networks, as
shown in panels c and d of Figure 2 and Figure S9. Zoomed-in
SEM imaging reveals a single layer of silica particles bridging
neighboring PS cores, suggesting that bridging occurs at the
interstitial sites. The formation mechanism of such chain
structures may be a kinetically controlled process under
thermal fluctuations. When the number concentration of larger
PS particles falls below the gel network’s threshold (∼4.6 × 109
L−1), PS particles are sparsely connected, resulting in relatively
short chains. Based on our current understanding and within
the scope of our expertise, we propose that the process may be
primarily governed by a random assembly mechanism
controlled by the number ratio. However, the detailed
dynamics of this process remain an open question for further
investigation.
In contrast, when the NPS/NSiOd2

falls below 1/5800,
indicating excess silica, two distinct assembly outcomes
emerge, governed by the absolute PS concentration. At low
PS number concentrations (NPS < 3.4 × 109 L−1 (gray region
in Figure 2a)), discrete PS@SiO2 colloidosomes form,
consistent with observations mentioned in Figure 1. At higher
PS concentrations (NPS ≥ 3.4 × 109 L−1 (green region in
Figure 2a)), the system transitions into crystalline arrays of
partially coated core−shell particles, as shown in Figure 2e and
Figure S10. Zoomed-in SEM imaging reveals double layers of
silica particles between adjacent PS cores. Limitations in crystal
size and uniformity originate primarily from polydispersity and
heterogeneity in shell formation. Further improvements will
focus on enhancing the structural order by optimizing particle
uniformity and assembly conditions.
The mechanism of ordered assembly lies in the adsorption

of small particles onto the surfaces of large particles, forming a

Figure 2. Tunable assembly outcomes. (a) Phase diagram illustrating the assembly behavior of binary colloidal mixtures as a function of the
PS:SiO2 number ratio. (b) Example of the boundary equilibrium measurement of the fraction of a single particle ( fsingle at a silica concentration of
1.5 × 1013 L−1). (c) Chain-like assemblies formed via shared silica satellites. In the inset, a SEM image showing a single layer of shared-shell
particles. (d) Gel-like structures formed via shared silica satellites. In the inset, a SEM image shows a single layer of shared-shell particles. (e)
Crystalline arrays under CLSM observation. In the inset, a SEM image shows double layers of silica particles between adjacent PS cores. Notably, to
minimize three-dimensional aggregation caused by solvent evaporation, the particle concentration used for SEM imaging was reduced compared to
that used for fluorescence imaging while maintaining the same ratio between the two species.
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core−shell structure that significantly increases the composite
particle density. This enhances gravitational sedimentation,
thereby facilitating easier two-dimensional ordered arrange-
ment of particles near the substrate, whereas the depletion
effects induced by small particles are insufficient to assemble,
as shown in Figure S11. Meanwhile, moderate electrostatic
repulsion (5 mM NaCl; λd ≈ 4.3 nm) plays a key balancing
role in maintaining the ordered structure and preventing
disordered aggregation, as shown in Figure S12.
The observed phase transition boundary originates from

distinct assembly outcomes determined by the PS:SiO2
number ratio. At a fixed SiO2 concentration, when the number
of PS particles significantly exceeds the number of available
SiO2 binding sites, intense competition for shared SiO2 shells
leads to rapid random cross-linking, trapping the system in a
nonequilibrium gel-like network. As the PS concentration
decreases, the more balanced PS:SiO2 ratio results in partially
covered PS particles linked directionally by SiO2, which may
form chain-like assemblies. Only at a sufficiently low PS
concentration (e.g., NPS/NSiOd2

< 1/5800) does SiO2 become
clearly in excess, allowing each PS particle to be fully
enveloped by SiO2 nanoparticles and to form discrete,
thermodynamically stable core−shell particles. Complemen-
tary structural characterization through CLSM (Figure 2c−e)
and radial distribution function g(r) (Figure S13) provide
direct visualization evidence that confirms the structural
programmability achieved through the mixing ratio of the
components. This establishes number concentration-mediated
assembly as a robust strategy for fabricating both disordered
and crystalline colloidal architectures from identical building
blocks. In contrast to conventional approaches�such as DNA-
mediated assembly, which requires costly sequence design and
functionalization, or depletion-driven assembly, which typically
demands substantial background depletants and offers
limitations on fixing the structure�our polymer-based
approach offers a cost-effective alternative. By simply
modulating the electrostatic interactions and predesign of a
pair of polymer-grafted and polymer-free colloids, our strategy
allows scalable and on-demand modulation of interactions
without external fields. Furthermore, tuning the concentration
ratio of the two species enables control over the assembly
structures.
Assembly of the Janus Core−Shell Particles and

Active Microrotors. Janus PS/Pt particles featuring a 20 nm
thick Pt hemispherical layer could be deposited via magnetron
sputtering (Figure 3a), as evidenced by the SEM image in
Figure 3b. When this polymer-mediated strategy is applied to
Janus PS/Pt particles, regioselective silica adsorption is
achieved. Silica nanoparticles adsorb exclusively onto the
PVP-coated PS hemisphere while avoiding the Pt-coated side
(Figure 3c,d), yielding asymmetric colloidosome architectures
(Janus “PS@SiO2”/Pt).
At a higher Janus:silica number ratio (exceeding 1/3000),

where silica acts as active interparticle linkers, dimers and
trimers predominantly form with varied geometries, as detailed
in Figure 4a−c. Fluorescence imaging confirms the fluorescent
silica coverage and shared-shell connections in these
assemblies, as shown in Figure 4b. At the optimized number
ratio (NPS/Pt/NSiOd2

≈ 1/2000), uniform dimers are obtained
(Figure 4d). The inset of the CLSM merged view highlights a
representative dimer where two Janus particles are joined by a

continuous fluorescent shell, indicating a bridging mechanism
mediated by shared silica satellites.
Beyond structural assembly, these Janus PS/Pt particles

serve as self-propelled micromotors in a hydrogen peroxide
(H2O2) solution, driven by Pt-catalyzed self-electrophore-
sis44,45 (Video S1), whereas symmetric PS@SiO2 particles
without Pt catalytic sites exhibit only Brownian motion (Video
S2). Previous studies have shown that controlled assembly of
Janus particles enables rotational motion via symmetry
breaking and directed torque generation.46−48 Inspired by
this concept, we observe that Janus “PS@SiO2”/Pt dimers
spontaneously transform into autonomous microrotors when
suspended in 5 wt % H2O2 (Figure 4d−f and Video S3).
A simplified physical model can be constructed to

understand the rotational behavior of the dimer: two identical
spheres in contact along the x-axis, where each Janus particle is
represented by drawing cross planes through its center, with
the contact parts corresponding to the silica-coated polystyrene
(PS) sides (Figure S14). The Pt-catalyzed self-electrophoretic
propulsion generates a force directed from the platinum
hemisphere toward the PS hemisphere, aligning with the
normal vector of the Janus interface (denoted as F1, F2).
Assuming equal magnitudes of propulsion, each force vector
can be decomposed into components along the x-axis and
within the orthogonal y−z plane. Rotational behavior arises
when the projections of these vectors in the y−z plane satisfy
F1yz·F2yz < 0. In the ideal case of pure rotation without
translation, the forces are equal and opposite F1 = −F2,
canceling in the axial direction and driving the tangential
rotation. Thus, dimer rotation originates from the antiparallel
projection of propulsion forces within the plane perpendicular
to the contact axis, with pure rotation achieved when the two
Janus particles are symmetrically arranged around the point of
contact.

Figure 3. Janus core−shell particles. (a) Schematic illustration of
Janus PS/Pt particle fabrication via platinum deposition onto
polystyrene spheres. (b) SEM image of Janus PS/Pt particles with a
hemispherical Pt coating; the darker side is PS. (c) Schematic of
polymer-mediated, regioselective silica adsorption onto the PS
hemisphere of Janus particles. (d) CLSM image showing Janus
“PS@SiO2”/Pt particles, with selective fluorescence on the PS side. In
the inset, the corresponding SEM image confirms the asymmetric
silica coating.
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Since the relative orientation of the two Janus particles is set
stochastically at assembly, the sign of the net torque�and thus
rotation direction (i.e., clockwise vs counterclockwise)�is
random. Only around 20% of the dimers exhibit persistent
rotational motion (Figure S15) but can be further concen-
trated by waiting for the other dimers moving directionally
away. However, this method cannot achieve complete
separation of the inactive dimers. Tracking the center-of-
mass trajectories of the two Janus particles reveals nearly
circular, concentric trajectories with the rotation center located
at the silica junction, confirming the in situ rotational behavior
of the dimeric microrotor (Figure 4g). As depicted in Figure
4h, at a H2O2 concentration of 5 wt %, the dimers exhibit an
average angular velocity of ∼2 rad/s and a linear velocity of ∼4
μm/s. Notably, the Janus dimer remains stable over the 4 h
observation period, with no dissociation observed, while the
loss of rotation is fuel-limited, as illustrated in Figure S16.

Moreover, with an increase in H2O2 concentration, both the
angular velocity (white circle, left axis) and the linear velocity
(gray circle, right axis) increase.
In contrast, trimers exhibit a markedly reduced motility. Due

to the triangular configuration and the force balance among the
three propulsion vectors, the net torque is effectively canceled
in most cases. The geometrical stability of the trimer
suppresses rotational degrees of freedom, and only a small
fraction (no more than 6% (Figure S12)) of trimers display
sustained rotation under the same conditions.
These self-assembled microrotors act as active components

in microrobotic systems, with potential uses in localized fluid
mixing,49,50 particle transport,51 and drug delivery.52,53

Although the hydrogen peroxide environment used here is
not biocompatible, our assembly strategy is universal and can
inform the design using alternative, biocompatible propulsion
schemes (e.g., enzymatic,54 magnetic,55 or acoustic56).

Figure 4. Assembly of the Janus core−shell particles and a microrotor. (a) Schematic illustration of Janus “PS@SiO2”/Pt particle assembly into
clusters. (b) Fluorescence images of dimers and trimers. (c) Phase diagram illustrating the assembly behavior of binary colloidal mixtures (Janus
PS/Pt and SiO2 particles) as a function of the Janus:silica number ratio (black circles denote Janus core−shell particles, blue circles dimers, and red
circles trimers). (d) Optical microscopy image of dimers (the inset shows a CLSM merged view of a single dimer). (e) Schematic mechanism of a
microrotor from a dimer through Pt-catalyzed reactions. (f) Representative snapshots from a microrotor motion video. (g) Centroid trajectory
tracking for two particles within a dimer. (h) Dimer angular velocity (left, white circle) and linear velocity (right, gray circle) as a function of H2O2
concentration.
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■ CONCLUSIONS
This work establishes a polymer-mediated paradigm for binary
colloidal particles to construct core−shell and other tunable
architectures. Charge screening reduces electrostatic repulsion,
enabling PVP-coated PS cores to selectively capture SiO2
particles for scalable fabrication of core−shell structures. By
varying the concentration of these two components, we access
four distinct structural regimes: (i) isolated PS@SiO2 core−
shell structures with complete shell coverage, (ii) chain-like
and (iii) gel-like assemblies both through sharing of small
particles, and (iv) crystalline arrays of core−shell particles. The
extension of Janus PS/Pt systems utilizes surface asymmetry
for regioselective SiO2 adsorption, further generating clusters
(dimers/trimers) via shared SiO2. Importantly, the Pt-
catalyzed decomposition of H2O2 creates antiparallel driving
forces that transform static dimers into rotating microrotors
with persistence. This method provides a simple and scalable
approach for binary particles to create core−shell colloids and
other tunable assemblies (e.g., crystals of core−shell particles
and dimer-based microrotors). These resulting structures
demonstrate potential for applications in fields such as
photonic crystals and microfluidic transport.
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