
This journal is©The Royal Society of Chemistry 2020 Soft Matter

Cite this:DOI: 10.1039/d0sm00719f

Light-powered active colloids from monodisperse
and highly tunable microspheres with a thin TiO2

shell†

Pengzhao Xu, Shifang Duan, Zuyao Xiao, Zhou Yang and Wei Wang *

The emerging field of active matter, and its subset active colloid, is in great need of good model

systems consisting of moving entities that are uniform and highly tunable. In this article, we address this

challenge by introducing core–shell SiO2–TiO2 microspheres, prepared by chemically coating a thin

layer of TiO2 on an inert core, that are highly monodisperse in size (polydispersity 4.1%) and regular in

shape (circularity 0.93). Compared with similar samples prepared by the classic sol–gel method, Janus

TiO2–Pt active colloids prepared with core–shell TiO2 spheres move faster and boast a much

clearer Janus interface. Moreover, a unique feature of these core–shell TiO2 microspheres is their great

tunability in the colloid size, shell thickness, and even the type of the core particle. These advantages are

highlighted in two examples, one demonstrating a TiO2–Pt active colloid with a magnetic core that

enables magnetic manipulation, and the other demonstrating the collective expansion and contraction

of a uniform cluster of core–shell TiO2 colloids under UV light illumination. We believe that TiO2 micro-

spheres produced by this core–shell technique compare favorably with many other types of active

colloids being employed as model systems, and thus open up many research possibilities.

1 Introduction

There has been mounting interest over the last decade in the
interdisciplinary study of active matter,1–8 entities that convert
energy from their environment into mechanical motion while
exhibiting interesting collective behaviors. Sitting at the core of
active matter research is the development of model systems
that, at a single-particle level, move autonomously, whereas
inter-particle interactions at an ensemble level give rise to
spatio-temporal patterns. Many popular model systems of
active matter come from nature. Prominent examples include
microorganisms, such as bacteria9–11 and algae,12 and bio-
molecules, such as motor proteins,8 that spontaneously move,
communicate, and organize.

The recent progress in the synthesis and manipulation of
nanomaterials has enabled alternative model systems of active
matter, in the form of colloidal particles that self-propel in
water. These ‘‘active colloids’’13–18 are roughly micrometers
in size and often move in water in a self-generated gradient19

or by an externally applied force.20 Compared with naturally

occurring microswimmers and proteins, active colloids can be
synthesized in large quantities, and tailored to specific needs
via material functionalization. They are also easy to handle and
visualize, and arguably require less expertise to master. Advan-
tages like these have fueled the recent success of using active
colloids as model systems to understand and manipulate active
matter (see ref. 21 and references therein).

Active colloids powered by photochemical reactions com-
bine the advantages of the phoretic interactions that give rise to
rich, biomimetic collective behaviors, with the advantage of a
remotely applied and tunable power source, and have thus
emerged as an useful model system for active matter.22 Notably,
photocatalytic hematite (Fe2O3) Janus microparticles have been
shown to spontaneously organize into living crystals23,24 and
gear superstructures,25 while SiO2 microspheres half coated
with photocatalytic TiO2 can assemble nearby passive tracer
particles into crystalline structures.26 Silver containing colloids
show interesting, oscillatory behaviours and the emergence
of waves under light illumination.27–30 Despite this recent
progress, the pursuit continues for a photochemically active
colloid system that is clean, monodisperse, highly active, easy
to synthesize, and tunable, highly desirable features that will
certainly provide tremendous benefits to the study of active
matter.

With this goal in mind, we focus on active colloids made of
TiO2, because it is a well-studied material with great tunability.
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Even though a number of studies of TiO2 active colloids have
been published (see ref. 22 and 31 and references therein),
particularly in the field of materials chemistry, TiO2 micro-
spheres used in these studies are typically smaller or close to
1 mm in diameter, not perfectly spherical, and polydisperse in
size, limiting their usefulness for soft matter research. In this
article, we report a different, core–shell approach (adapted
from ref. 32) that produces highly active TiO2 microspheres of
much improved monodispersity and arbitrary particle size, by
coating pre-synthesized or commercially available inert micro-
spheres (core) with a thin, uniform layer of TiO2 (shell). These
advantages are highlighted by a comparison with TiO2 micro-
spheres fabricated by a sol–gel approach commonly found
in the literature.33,34 As active colloids, core–shell TiO2 micro-
spheres, and TiO2–Pt Janus microspheres made from them,
show uniform and consistent activity, at both individual and
ensemble levels. Furthermore, to demonstrate the versatility of
this core–shell synthesis, we showcase the ability to tune the
particle sizes (and thus speed) and coat the spherical cores that
are magnetic.

A particular emphasis is given throughout the article to
improve the reproducibility of both particle synthesis and active
colloid experiments, especially among soft matter chemists and
physicists, and the related challenges are fully documented in the
ESI.† Note that TiO2–Pt microspheres that move autonomously
under light will be referred in this article to as ‘‘motors’’ for the
sake of simplicity.

2 Experimental
2.1 Materials

Ethanol (E111994 99.5%), formic acid (F112038 99%), hydro-
quinone (H2Q H108945), tetrabutyl titanate (TBT T104105 99%)
and titanium isopropoxide (TTIP T105735 95%) were pur-
chased from Aladdin, China. Lutensol To-7 (9043-30-5, 99%)
was purchased from Shandong Usolf Chemical Technology Co.,
Ltd of China. Silicon dioxide (SiO2) microspheres (5 wt%) of
various diameters were purchased from Huge Inc. China.
Dynabeads (3742, 4–5 mm) were purchased from the BaseLine
Chromtech Research Centre, China. All reagents were used
without further purification.

2.2 Synthesis of core–shell TiO2 microspheres (CS-TiO2)

The following procedure is adapted from the literature,32,35 and
schematically illustrated in Fig. 1a. A more detailed schematic
diagram is shown in Fig. S1 (ESI†). The expanded version with
full details and precautions for the preparation process are also
given in the ESI,† and are highly recommended to readers
interested in reproducing our results.

Briefly, solution B (60 mL TBT and 2.5 mL ethanol) was
added to violently shaken solution A (50 mL of SiO2 micro-
spheres, 30 mL of 0.1 M Lutensol To-7 and 2.5 mL of ethanol).
TiO2 nanoparticles were formed through alcoholysis condensa-
tion of the titanium source, and stabilized by the surfactant.
Then, the mixture was sonicated for about 1 hour in a

sonication bath to prevent aggregation, and allowed to sit for
1 h at room temperature for the reaction to complete. In this
synthesis, the SiO2 microsphere acted as a core on which TiO2

nanoparticles were coated uniformly to form a TiO2 shell.
Finally, the SiO2–TiO2 core shell microspheres, short for
CS-TiO2, were obtained by centrifugation (shown in Fig. 1c),
and re-suspended in 2.5 mL ethanol or de-ionized water for
storage. Core–shell particles with different thicknesses of the
TiO2 shell can be synthesized by repeating the coating steps
multiple times. Occasional cracking occurred for a CS-TiO2

microsphere after repeated coating, presenting a rare opportu-
nity to see the layered structure of a core–shell microsphere.
An example is shown in Fig. 1d.

2.3 Synthesis of TiO2 microspheres by the sol–gel process
(SG-TiO2)

For the sol–gel method, the titanium source is hydrolyzed to
generate a titanium precursor (sol), which then undergoes the
sol–gel transition through condensation. The TiO2 gel then
grows gradually and is later calcined to form TiO2 micro-
spheres. In this study, we chose a non-aqueous sol–gel process
following previous reports, considering the ease of synthesis
and the sizes of the produced particles.35,36 The brief synthesis
procedure is as follows (illustrated in Fig. 1b): the mixture of
15 mL of ethanol (99.5%), 0.35 mL of formic acid and 0.65 mL
of titanium isopropoxide (TTIP) was sealed in a Teflon-lined
autoclave and heated at 150 1C for 1 h. Then, TiO2 micro-
spheres were cleaned with ethanol and de-ionized water and
collected by centrifugation.

Fig. 1 Schematic of the synthesis of TiO2–Pt Janus colloids by the core–
shell (CS) method (a) or the sol–gel (SG) method (b). A thin Pt layer was
coated by evaporation in both methods to produce TiO2–Pt Janus micro-
spheres. (c) SEM image of core–shell TiO2 microspheres. (d) SEM image of
a few cracked core–shell SiO2–TiO2 microspheres, obtained by coating
5 mm SiO2 core 5 times.
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2.4 Preparation of TiO2–Pt motors

To convert TiO2 to the anatase phase, which has better photo-
catalytic properties, TiO2 microspheres prepared by either
method were slowly heated to 450 1C in a furnace at a ramp
speed of 225 1C h�1, annealed for 2 h, and then cooled to room
temperature at the same ramp rate. TiO2–Pt Janus micro-
spheres were prepared by evaporating a 20 nm thick Pt layer
on top of a monolayer of TiO2 microspheres packed on a piece
of Si wafer or a glass slide. A 5 nm thick layer of Cr was
evaporated before Pt for better adherence. The SEM image of
core–shell TiO2–Pt microspheres is shown in Fig. S2 (ESI†). The
Janus microspheres were then removed from the substrate by
either mild sonication or gentle scraping, cleaned in water, and
resuspended in de-ionized water for later use.

2.5 Characterization

X-ray diffraction (XRD) was performed on TiO2 microspheres
prepared by either method using a Rigaku D/Max 2500 PC X-ray
diffractometer at a scanning rate of 71 min�1 from 101 to 801
(Cu-Ka irradiation, k = 1.54 Å). Scanning electron microscopy
(SEM) was performed using a HitachiS-4700 scanning electron
microscope. An inverted optical microscope (Olympus IX73)
was used for observing and recording the particle motion. The
UV-visible absorption spectrum of TiO2 microspheres by either
method was acquired on a UV-Vis spectrophotometer
(Shimadzu UV-3600) (1.67 nm s�1, 300–800 nm).

2.6 Activation and tracking of TiO2–Pt motors

In a typical experiment, a drop of B10 mL of TiO2–Pt Janus
microspheres was added to a pre-cleaned glass slide, and
observed from the bottom with an inverted microscope. UV
light of 365 nm (Thorlabs M365LP1) was applied from the top.
Particle motion was recorded by using a CMOS camera (Point
Gray, Grasshopper 3) typically at 30 frames per s. The recorded
videos were then processed using homemade MATLAB codes
(courtesy of Hepeng Zhang, Shanghai Jiaotong University), by
which particle coordinates in the x–y plane were extracted.
Particle instantaneous speeds at t = i were calculated by the

following equation Vi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxiþ1 � xiÞ2 þ ðyiþ1 � yiÞ2

p
=Dt, where

Dt = 1/30 s.

2.7 Data collection and analysis

Particle size measurement. Images acquired from SEM or
OM were loaded in ImageJ,37 from which after image proces-
sing the boundaries of any particle of a circularity above
0.8 were recognized. The particle diameter was determined by
dividing the area of the recognized particle by p and taking
square root. Particle size measurement was also performed
using the dynamic light scattering technique, but the results
were inconsistent across multiple measurements, and not used
in this article. The size polydispersity was calculated by dividing
the standard deviation by the average size.

Mean inter-particle distances in a cluster. The mass center
of each particle in a cluster (e.g. Fig. 6) was connected by
MATLAB via Delaunay triangulation. Then the average side

length Si of the ith particle was calculated. Finally, the mean
distance %S of each particle in a cluster of N particles was
calculated by �S ¼

P
Si=N . Particles along the outermost

edge of the cluster as well as the particles with fewer than
6 neighbors were ignored.

3 Results
3.1 Material characterization and size uniformity

Size uniformity is a key feature of CS-TiO2 microspheres, as
highlighted in the size distribution measurements of both
CS- and SG-TiO2 microspheres (Fig. 2a and b). Scanning elec-
tron microscopy (SEM) and optical microscopy (OM) images
were recorded for the same sample (Fig. 2a), and particle
diameters and circularity were acquired using ImageJ. The
diameters of the pure SiO2 microspheres used as the core for
CS-TiO2 microspheres were also measured for reference.
Colloid sizes measured from OM images, shown in the bottom
panel in Fig. 2b, are clearly larger than their actual sizes, likely
because of the poorly defined particle boundaries under an
OM, which lead to errors in image recognition. Taking SEM
images as a more accurate assessment (Fig. 2b, top panel), the

Fig. 2 Characterization of TiO2 microspheres prepared by the core–shell
(CS) and sol–gel (SG) method. (a) SEM (top) and OM (bottom) images of
TiO2 microspheres. Scale bars represent 2 mm, 0.5 mm and 10 mm in each
of the three panels. (b) Particle size distribution of SiO2 and TiO2 micro-
spheres (both CS- and SG-), measured by images from SEM (top) and OM
(bottom). (c) XRD patterns correspond to the anatase phase. (d) UV-Vis
adsorption spectra.
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diameters of SiO2, CS-TiO2 and SG-TiO2 microspheres were
determined to be 2.14 � 0.07 mm, 2.23 � 0.09 mm and 2.33 �
0.25 mm, respectively. Overall, the particle size measurements show
that the size distribution of CS-TiO2 microspheres, with a thin TiO2

layer of B90 nm thickness, is narrower than that of SG-TiO2, with
a size polydispersity of 4.1% vs. 10.9%. The circularity of CS- and
SG-TiO2 microspheres is 0.93 and 0.91, respectively.

Some additional material characterization was performed
on both CS- and SG-TiO2 microspheres, and the results are
shown in Fig. 2c and d. Fig. 2c shows that TiO2 microspheres
synthesized by either method and after annealing at 450 1C are
of anatase phase with good crystallinity. Being anatase phase
TiO2 is known to be critical for efficient photoactivity.38 The
results of ultraviolet-visible spectroscopy (UV-Vis) in Fig. 2d
show that both CS- and SG-TiO2 microspheres absorb light
strongly in the UV regime (o400 nm), typical for this material
with a bandgap of B3.2 eV. Notably, the absorption of CS-TiO2

microspheres shifts slightly to blue, possibly arising from the
differences in the synthesis of these two samples and their
defect properties.39 Finally, zeta potential measurements show
that both the CS- and SG-TiO2 microspheres were negatively
charged in aqueous solutions, with a zeta potential of�42.4 mV
and �43.7 mV, respectively. Although a detailed investigation of
these material properties is beyond the scope of this article, the
important message, at least for readers interested in using CS-TiO2

microspheres for active colloid research, is that they are made of
practically the same material as their sol–gel counterparts.

3.2 Single particle propulsion

In this section, we report the photo-electrochemical propulsion
of TiO2–Pt motors, which were fabricated by coating CS- or
SG-TiO2 microspheres with a thin Pt layer (see the Experimental
section for details). Our main findings, detailed below, are that,
compared with their sol–gel counterparts, CS-TiO2–Pt motors
move with a significantly faster speed, a similar speed variation,
and a much clearer Janus interface.

We begin by briefly reviewing the propulsion mechanism
of a TiO2–metal Janus microsphere (Fig. 3a), applicable to both
CS- and SG-TiO2 microspheres. This mechanism is well estab-
lished in the literature.31,40–42 Upon irradiation of light of
proper wavelengths (typically in the UV regime, see UV-vis
measurement in Fig. 2d), electrons in the valence band of
TiO2 are excited into the conduction band, leaving holes. With
the presence of a noble metal layer on the TiO2 surface, such as
gold or platinum, a Schottky junction at the metal–TiO2 inter-
face is formed that attracts electrons to the metal, leading to
the so-called electron–hole separation. Electrons then reduce
chemicals at the metal–solution interface, while holes oxidize
chemicals at the TiO2–solution interface. In the case of pure
water, the redox pairs essentially form water electrolysis:

Anode (TiO2): 2H2O + 4h+ - 4H+ + O2 (1)

Cathode (Pt): 4H+ + 4e� - 2H2 (2)

This pair of reaction results in different H+ concentrations
near the two caps of the Janus sphere, thus forming an external

electric field pointing to the Pt side from the TiO2 side. Because
a TiO2–Pt microsphere is negatively charged, it moves towards
the TiO2 side in a way similar to electrophoresis. This mecha-
nism is thus termed self-electrophoresis22,31 and is also respon-
sible for the propulsion of bimetallic colloids moving in
H2O2.43,44

In practice, however, pure water is less commonly used as
the fuel for such photochemical TiO2–Pt motors, because
propulsion is typically slow. Rather, H2O2 is a common alter-
native due to its favorable electrochemical potential at both the
cathode and anode:

Anode (TiO2): H2O2 + 2h+ - 2H+ + O2 (3)

Cathode (Pt): H2O2 + 2e� - 2OH� (4)

However, the use of H2O2 also leads to other practical issues.
First, the decomposition of H2O2 produces O2 that eventually
forms bubbles and obstructs experiments. A low concentration
of H2O2 and a low population density of motors could mitigate
this issue to a certain extent. Second, we have found that
TiO2–Pt colloids, upon illumination, move out of focus followed
by sudden movement towards the substrate and becoming
stuck on it. This peculiar ‘‘lift-off’’ remains to be understood

Fig. 3 Single particle dynamics of TiO2–Pt motors. (a) Schematic diagram
of the propulsion mechanism of TiO2–Pt colloids in water. Stacked optical
micrographs of the CS-TiO2–Pt motors made of (b) 5 mm SiO2 cores
moving in water for 13.4 s and (c) 2 mm SiO2 cores moving in water for 6 s.
(d) Temporal evolution of the speeds of CS- or SG-TiO2–Pt colloids for
10 min after illumination. Error bars represent the standard deviation of
more than 50 colloids in either case. (e) Averaged speeds of CS- or
SG-TiO2–Pt colloids within 10 s marked in (d) at different light intensities.
(f) Speed distribution of CS- or SG-TiO2–Pt motors, illuminated at
60.3 mW cm�2, within 10 s marked in (d). Experimental conditions are
labeled in each plot.
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(possibly connected to its bottom-heaviness45–47), but obviously
causes a severe problem for many studies. To circumvent these
issues, and inspired by recent studies from the Tang lab,48–50

we have in our experiments used hydroquinone (QH2) as an
alternative fuel, which forms a redox pair with its oxidized form
benzoquinone (BQ):

Anode (TiO2): QH2 + 2h+ - BQ + 2H+ (5)

Cathode (Pt): BQ + 2H+ + 2e� - QH2 (6)

Just like water or H2O2, a proton gradient is still responsible
for the photochemical propulsion of TiO2–Pt colloids in QH2 by
the same self-electrophoresis mechanism. In the remainder of
this article, aqueous solution containing 50 mM QH2 was used
as the fuel, unless otherwise noted, and minimal bubble or
unwanted lift-off was observed. This chemical can be easily
purchased from major chemical vendors, and is highly recom-
mended for readers interested in reproducing our results. Note
that both H2O2 and hydroquinone are considered hazardous
chemicals that cause serious eye damage and allergic skin
reactions, among other health issues. Proper care is therefore
needed when handling these chemicals (see safety data sheet
available online for details).

Typical single-particle dynamics of a TiO2–Pt active colloid
in QH2 solution is as follows. Because these particles are much
heavier than water, they naturally settle down at the bottom
of the observation chamber and are observed from below.
Upon turning on the UV light, TiO2–Pt Janus microspheres
immediately sprang into action, and explored the xy 2D plane
in random trajectories at a speed of a few mm s�1 with their
TiO2 caps moving forward (Video S1, ESI†). Their trajectories
were largely uncorrelated with each other at dilute concentra-
tions of particles, but clusters did appear at higher densities
(results now shown here). A key advantage of CS-TiO2–Pt Janus
motors over their sol–gel counterparts is the clear visualization
of the Janus interface that separates the TiO2 and the metal cap.
This is an important feature for many soft matter studies where
the rotational diffusion, directionality or tilting of a Janus
active colloid is concerned.51–55 Because transmissive light
was used in our experiments, transparent TiO2 hemispheres
appeared bright, while the metal cap appeared dark, a feature
clearly seen in Fig. 3b and c. This kind of clear Janus interface
is, however, not easily distinguishable for SG-TiO2–Pt (see
Fig. S3, ESI†), possibly related to how light interacts with a
solid TiO2 sphere.

A notable feature for TiO2–Pt motors fabricated by either
method is that they dash at the moment of turning on light,
i.e. an instantaneous speed that increases sharply after applying
light (discussed in more detail in the ESI†), then decreases
rapidly over a few seconds before plateauing to a stable speed

that is o50% of the initial peak. A representative temporal
evolution of the speed profile, for both CS- and SG-TiO2–Pt
motors, is given in Fig. 3d. Such a slow but steady change in
particle speeds obviously puts a limit to long time observations.
For these studies, we recommend users to wait for the system to
stabilize for at least 30 s before recording, so that the speeds of
motors do not appreciably decrease during an experiment.
Following this recommendation, we obtained and compared
in Fig. 3e and f the speeds for CS- and SG-TiO2–Pt colloids
averaged within a 10 s window. The results, shown in Fig. 3e for
various light intensities, are that TiO2–Pt colloids made of the
core–shell method consistently outperform their sol–gel coun-
terparts, reaching a peak speed of 7.2 mm s�1 and 3.0 mm s�1,
respectively at a light intensity of 114.8 mW cm�2. We do not
understand why one moves faster than the other, but suspects
that this is connected to surface morphology or how light is
absorbed in a thin shell vs. a solid sphere. Surprisingly, despite
the much better size uniformity of core–shell colloids, a popu-
lation of them still moved with a wide distribution of speeds
similar to their sol–gel counterparts. This poor distribution of
both types of colloids, shown Fig. 3f for a particular light
intensity, suggests that the seemingly uniform population of
core–shell colloids could in fact be quite heterogeneous in
coating thickness or qualities, an important issue for experi-
mentalists to note.

3.3 Tunability

One great benefit conferred by photochemically active colloids,
compared with those powered by other mechanisms, is their
tunability. This is manifested in multiple ways. For example,
the speeds of photochemically active colloids can be tuned, and
their on/off can be switched, by modulating light remotely and
continuously, as demonstrated by many existing studies.30,33,42,56

Beyond the apparent light modulation, TiO2–metal motors fabri-
cated by the core–shell method offer the unique advantage of
structural tunability, in the thickness of the TiO2 layer, in the
diameter of the inert SiO2 core, and even in the material of the
core. This portfolio of excellent adjustability, detailed below, offers
unprecedented freedom for customizing an active colloid system
for a specific study.

First, the thickness of the TiO2 shell of a SiO2–TiO2 core–
shell microsphere can be increased by repeatedly coating the
same samples with multiple layers of TiO2. For example, in
Fig. 4a we show that after each coating, the thickness of the
TiO2 shell increases in a roughly linear fashion with the
number of repetitions. By the end of the fifth coating, a TiO2

shell of B400 nm thickness was obtained. This translates to a
thickness of 90 nm for each layer of the TiO2 shell, agreeing
with the particle size measurement in Fig. 2b. Meanwhile, the
speed of the active colloids also roughly scales linearly with the
number of TiO2 layers. This is perhaps not surprising; with
the increase of the TiO2 shell thickness, there is more active
material generating electrons and holes, leading to a larger
concentration gradient and faster propulsion. There is inevita-
bly an increase in the hydrodynamic drag as the shell gets
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thicker, but that seems to be a minor effect compared with the
increase in the propulsive force.

The second way to tune the structure, and hence the activity
of a TiO2 microsphere, is to change the size of the inert SiO2

cores. Fig. 4b shows that TiO2–Pt motors made of larger SiO2

cores moved more slowly: a TiO2–Pt colloid with a 5 mm
SiO2 core moved with an average speed of B3 mm s�1, while a
smaller TiO2–Pt with a 2 mm SiO2 core moved at 7 mm s�1. This trend
that the colloid speed scales inversely to its size is in agreement with
earlier studies of chemically powered active colloids.57,58

The third, and perhaps the most interesting, way to tune the
behaviors of a TiO2 microsphere is to replace the SiO2 core with
a particle of different materials or shapes. After coating, a core–
shell TiO2 microsphere would in principle retain the shape,
monodispersity, and physical properties of the original core.
As an example, we have chosen a dynabead (a SiO2 microsphere
decorated with iron oxide) as the core, since it is one of
the most commonly used microspheres, and easy to identify
whether the magnetic core has been successfully encapsulated.
By going through the same coating procedure described above,
the obtained dynabead-TiO2 core–shell microspheres were both
magnetic and photoactive (see Fig. S4 (ESI†) for microscopic

images). By further sputtering Pt, a dynabead-TiO2–Pt Janus
microsphere moved under UV illumination, while being
subjected to magnetic manipulation. Representative trajec-
tories of a few such microspheres under a magnetic field (from
a handheld magnet) and under UV illumination are shown in
Fig. 5, which are clearly divided into a first, dark segment of
linear, concerted motion (magnetic field on and UV off), and a
second, illuminated segment that is randomized and curvy
(magnetic field off and UV on). The encapsulation of a mag-
netic core provides an additional dimension of control over the
speed, directionality, orientation, or inter-particle interactions
of photoactive colloids. Furthermore, microparticles of other
shapes, sizes, materials or even surface chemistry can be in
principle encapsulated by the same process (with a possible
modification of the protocol), but is not explored in the current
study. Note that because calcination at 450 1C is needed in
particle synthesis, the core needs to be heat resistant at this
temperature, thus excluding those made of polymer.

3.4 Collective behaviors

The study of collective behaviors of active colloids has received
considerable interest among soft matter physicists because of
its relevance to the general topic of active matter.17,59 It is also
useful in the context of swarm robotics and biomimetic
materials,60–63 and is thus a popular topic among a wide range
of disciplines. To highlight the usefulness of core–shell TiO2

microspheres in the study of collective behaviors, in this
section we show how a dense population of them (not Janus
particles) aggregate and disperse on cue (see Video S2, ESI†),
with an emphasis on cluster uniformity.

In the following experiment, CS-SiO2–TiO2 microspheres
with a thick TiO2 shell were fabricated by repeatedly coating a

Fig. 4 Tuning the speeds of core–shell TiO2–Pt colloids. (a) Average
speeds after coating 2 mm SiO2 with TiO2 layers multiple times. (b) Average
speeds after coating 1 layer of TiO2 on SiO2 cores of different sizes.
Experiments in (a and b) were performed in 50 mM of QH2 and at
60.3 mW cm�2 of light intensity.

Fig. 5 Core–shell TiO2 microspheres with a magnetic core. (a) Schematic
for coating a dynabead (magnetic microsphere) with a thin TiO2 shell to
obtain a dynabead-TiO2–Pt Janus microsphere. (b) Tracked trajectories of
dynabead-TiO2–Pt colloids during 7.7 s.
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5 mm SiO2 core with a total of 5 layers of TiO2. They were
dispersed in 5% H2O2 solutions. Under weak ambient lighting
provided by a white LED, they spontaneously and slowly aggre-
gated into tight, round clusters with local crystalline domains,
shown in Fig. 6 (t = 0). Upon turning on UV light (365 nm and
114.8 mW cm�2), these clusters of CS-TiO2 microspheres imme-
diately expanded, until a loose yet stable cluster of semi-regular
inter-particle spacing was formed after B40 s. This expanded
cluster, upon switching the light off (leaving the ambient lighting
on), contracted again into a tight, semi-crystalline cluster in B60 s.
Ref. 64 and 65 give a qualitative mechanism that attributes the
spontaneous clustering of TiO2 microspheres in the dark to the
dissociation and diffusion of protons from the TiO2 surface, and
the resulting electroosmosis. The illuminated expansion, on the
other hand, is argued to arise from the photochemical decom-
position of H2O2 and the resulting O2 concentration gradient.

Although the same observation has been reported by the Sen
group with both AgCl28,66 and TiO2 microparticles,64 and again
more recently by Mou et al.65 with TiO2 microspheres, what stands
out in our demonstration is an un-paralleled uniformity in the
shape and size of TiO2 microspheres that gave rise to close-packed
clusters when contracted, and regular inter-particle spacing when
expanded. This feature significantly facilitates fast and accurate
quantitative analysis used in many soft matter physics studies. The
changes in the mean inter-particle distances of this cluster during
this cycle are shown in Fig. 6 as a rather rudimentary example of
such a quantitative analysis.

4. Conclusions

To summarize, we have reported core–shell (CS) SiO2–TiO2

microspheres prepared by chemically coating a thin layer of

TiO2 on an inert core, adapted from a previously reported
protocol. A CS-TiO2–Pt Janus microsphere, fabricated by further
coating half of the core–shell sphere with Pt, moves in water,
dilute H2O2 or dilute hydroquinone (QH2) solutions via self-
electrophoresis under light illumination. By comparing with
similar TiO2 microspheres synthesized by the classic sol–gel
method, the main advantages, and thus the usefulness in soft
matter research, of the core–shell SiO2–TiO2 microspheres
reported here are (1) a high monodispersity in particle size
(polydispersity 4.1%); (2) particles of nearly spherical shapes
and smooth surfaces; (3) good photochemical performance and
a clear Janus interface as active colloids, and (4) great tunability
in colloid sizes, speeds and functionalities, by varying the
number of TiO2 layers, the size of the core microspheres, or
even the type of particles being encapsulated. These attractive
features become clear after a series of material characterization
and motion analysis, culminating in one example of a core–shell
TiO2 colloid with a magnetic core, and a second demonstration of
the collective expansion and contraction of a uniform cluster of
core–shell TiO2 microspheres.

There are certainly limitations to these core–shell TiO2 particles.
For example, they are more difficult and time-consuming to synthe-
size and purify compared to many other types of active colloids, and
a good amount of trials and errors are needed to overcome the
learning curve. Moreover, they are still haunted by the same
practical issues associated with photochemically powered active
colloids, such as a dash that moves the particle out of focus when
light is turned on, an inability to move at high ionic strength (not
shown here), and the requirement of a UV light source. These
limitations, fully documented in the ESI,† and currently being
addressed by us and many others working in the field, are a
testimony that no system is perfect.

Fig. 6 Expansion and contraction of a cluster of core–shell SiO2–TiO2 microspheres (not Janus). Time-elapsed optical micrographs of this cluster
surround a data plot of the temporal evolution of the mean distance of the constituent particles ( %S, see the Experimental section for details). Solid and
hollow data points correspond to light on and off, respectively.
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Despite these limitations, we advocate that the reported
core–shell TiO2 microsphere, powered and modulated by light,
is of high practical value as a good model system for active
colloids and active matter. For example, the clear Janus inter-
face and fast propulsion make studies of individual dynamics
easy, while high particle uniformity greatly facilitates the
statistical analysis of ensemble dynamics and collective beha-
viors. Importantly, the much greater tunability endowed by this
core–shell method than most other methods for synthesizing
active colloids, especially the capability of substituting the
core, offers a tremendous amount of research possibilities.
For example, by coating a colloidal particle of a unique shape
or electromagnetic properties, synthesized separately, with TiO2

and thus endowing it with photoactivity, interesting collective
behaviors can be explored in a complex energy landscape.
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