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ABSTRACT: A hybrid micromotor is an active colloid powered
by more than one power source, often exhibiting expanded
functionality and controllability than those of a singular energy
source. However, these power sources are often applied
orthogonally, leading to stacked propulsion that is just a sum
of two independent mechanisms. Here, we report that TiO,—Pt
Janus micromotors, when subject to both UV light and AC
electric fields, move up to 90% faster than simply adding up the
speed powered by either source. This unexpected synergy
between light and electric fields, we propose, arises from the
fact that an electrokinetically powered TiO,—Pt micromotor
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moves near a substrate with a tilted Janus interface that, upon the application of an electric field, becomes rectified to be
vertical to the substrate. Control experiments with magnetic fields and three types of micromotors unambiguously and
quantitatively show that the tilting angle of a micromotor correlates positively with its instantaneous speed, reaching
maximum at a vertical Janus interface. Such “tilting-induced retardation” could affect a wide variety of chemically powered
micromotors, and our findings are therefore helpful in understanding the dynamics of micromachines in confinement.

KEYWORDS: micromotor, ICEP, photoactive, Janus interface, acceleration

icromotors are an emerging class of colloids that
move autonomously by harvesting energy stored in
the environment in the form of chemicals, electro-
magnetic waves, heat, or sound.'™ Also known as micro-
machines,” microbots,’ synthetic microswimmers,” or active
colloids® in different contexts, micromotors hold great promise
both in applied scenarios such as biomedical or environmental
applications”'? and in fundamental sciences as a model system
for the study of active matter.'" As research in both the applied
and fundamental fronts has progressed over the last two
decades or so, micromotors are increasingly exposed to more
complex environments,' > calling for innovative designs that
unlock more functionalities and better control capabilities.
The recent development of the so-called “hybrid” micro-
motors comes into focus.'* Considering the various sources of
energy a micromotor can exploit, a hybrid micromotor, one
activated by more than one power source, can accelerate/
decelerate, move forward/backward, or switch modes of
motion, upon switching between two or more different driving
forces (see a recent review' ' and refs therein). Examples
include TiO,—Pt micromotors that move both under light and
in H,0, via two mechanisms and in opposite directions'® and
AuRu bimetallic rods that can be powered by either ultrasound
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or H,0,."° The design of these hybrid micromotors confers
some unique advantages, such as a higher degree of motion
control, stronger propulsion, and the ability of switching to a
second type of fuel when the first one is depleted. A typical
feature of existing hybrid micromotors, however, is that the
two power sources are applied orthogonally, meaning that they
can be turned on and off independently without significantly
interfering with each other. Therefore, the dynamics of a
hybrid micromotor is often a result of the vector sum of the
two driving forces, a “1 + 1 = 2” scenario.

We here report how this simple 1 + 1 = 2 scenario breaks
down, where simultaneously applying light and an alternating
current (AC) electric field drives a photocatalytic titania-
platinum (TiO,—Pt) micromotor at a speed that is, in the most
extreme case, ~90% faster than simply adding up its speed
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Figure 1. Propulsion of a TiO,—Pt micromotor powered by individual sources. (a) Operating principles of a TiO,—Pt hybrid micromotor.
(left) Photocatalytic self-electrophoresis under UV light illumination. (right) Induced charge electrophoresis, or ICEP, under an AC electric
field. (center) Experiment setup for applying both the UV light and an AC electric field to a population of TiO,—Pt Janus microspheres. (b)
Optical micrograph (left) and scanning electron micrograph (right) of a TiO,—Pt Janus microsphere. (c) Speeds of a TiO,—Pt micromotor
increase as the light intensity increases. (d, e) Speeds of a TiO,—Pt micromotor increase as the driving voltages of an AC electric field
increase (d) but reverse signs as the driving frequencies increase beyond ~100 kHz (at 10 V).

under either propulsion; that is, 1 + 1 > 2. We propose that
such a synergy arises from the fact that a phoretically powered
micromotor moves near a substrate at a tilted angle (a zenith
angle less than 90°, see below), which turns out to significantly
reduce the micromotor speed, an effect we term “tilting-
induced retardation”. When an electric field is applied
perpendicular to the substrate, the tilting is rectified, returning
a micromotor to its unretarded speed. Our finding also holds
valid for experiments where magnetic fields rather than electric
fields were used to modulate the tilting angle, as well as
experiments with Pt-coated Janus micromotors that were not
light-responsive, suggesting that tilting-induced retardation
could be a universal feature for micromotors powered by
chemical gradients. This study therefore has far-reaching
implications in not only improving the performance and
efficiency of chemical micromotors but also understanding the
often-complicated interactions between active colloids with a
confining environment.'*"’

RESULTS/DISCUSSION

We begin with a brief introduction to the experimental design
and operating principles of the hybrid micromotors studied
here (Figure 1). As mentioned earlier, TiO,—Pt Janus
microspheres are exposed to both light and AC electric fields

to act as a hybrid micromotor. More specifically, TiO,—Pt
Janus microspheres are known to move under UV light (Figure
la, left),"*™** where the photogenerated electron—hole pairs
oxidize and reduce water on the Pt and TiO, hemispheres,
respectively, generating an excess of protons near the TiO, cap
and a shortage of protons near the Pt cap. On the one hand,
the proton gradient arising from this water splitting then
creates a self-generated electric field that drives the particle, a
mechanism known as self-electrophoresis. On the other hand, a
TiO,—Pt microsphere, being a metal-dielectric Janus particle,
also moves under an AC electric field (Figure 1a, right) by a
completely different mechanism.”>™*’ In this scenario, a
polarizable material generates an electro-osmotic flow on its
surface because of charges induced by the externally applied
electric fields. Since the two hemispheres of a TiO,—Pt
microsphere polarize very differently in the electric field, the
induced charge electro-osmosis (ICEO) is of different
magnitudes on the two surfaces, giving rise to an asymmetric
flow that moves the particle forward, a propulsion mechanism
called induced charge electrophoresis (ICEP). Both mecha-
nisms, self-electrophoresis under UV light and ICEP under AC
electric fields, are well-documented and propel the particle
toward the same direction, TiO, forward.

This hybrid motor design is experimentally implemented as
follows. TiO,—Pt Janus microparticles were prepared by first
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Figure 2. Synergistic propulsion of a TiO,—Pt micromotor powered by light and 10 kHz AC field. (a, b) Representative trajectory (a) and
instantaneous speeds (b) of a TiO,—Pt micromotor as power sources were varied (see labels for details). Red circles in (a) indicate changes
in propulsion modes. (¢, d) Speed of a hybrid TiO,—Pt micromotor (green data) powered by both light (orange) and 10 kHz AC electric
field (blue) is significantly higher than the cumulative speed when powered individually. This 1 + 1 > 2 effect applies to experiments
conducted at varied light intensities ((c) voltage 10 V) or varied driving voltages ((d) light intensity 500 mW/cm?).

synthesizing TiO, microspheres of ~3 um in diameter via a
template-coating method (with a 3 ym SiO, microsphere as
the core), then by sputtering Pt on half of the spheres (see
Supporting Information for details of synthesis). An important
feature is that because Pt and TiO, caps absorb and reflect
light differently, the TiO, cap appears bright while Pt appears
dark under an inverted microscope operating in bright field
(Figure 1b). One can therefore easily distinguish the Janus
interface separating the two hemispheres, a critical feature for
our later analysis of the tilting angle (see the Supporting
Information and Figure S1 for details). The experiment
chamber that enabled two power mechanisms (Figure Ia,
center) was constructed by stacking two pieces of conductive
indium—tin oxide (ITO) glass slide with a spacer in between.
AC electric fields of the maximum field strength of ~10 V/200
pm, or 5 X 10* V/m, was applied, with frequencies typically
ranging from 1 to 100 kHz. UV light of 365 nm, when needed,
was applied from above the transparent chamber, and samples
were observed and recorded from below with an inverted
microscope. An aqueous suspension of TiO,—Pt microspheres
is added to the chamber, without any additional chemicals.
When powered by either source of energy, TiO,—Pt Janus
micromotors moved as expected from our design described
above. On the one hand, their speeds scaled more or less
linearly with an increase in light intensity when photocatalysis
was the sole propulsive force (Figure 1c), agreeing with
literature reports,'*" because an increase in light intensity
leads more photogenerated electrons and holes, a higher
photocatalytic reaction rate, stronger fluxes of protons, and
therefore a faster motor speed. On the other hand, the speeds
scaled roughly to the second power of the applied electric field
strength when ICEP (@10 kHz) was solely responsible for its

motion (Figure 1d), consistent with theoretical prediction and
earlier studies.”® In both cases, the motors moved with the
TiO, forward and in randomized, independent trajectories
(Figure S2 and Video S1), indicating autonomous motion and
minimal drifting caused by light or electric fields. Moreover,
similar to earlier reports, the speeds and directionality of a
TiO,—Pt micromotor can be modulated by varying the driving
AC frequencies (Figure 1f): they move with TiO, forward via
ICEP at ~10 kHz, come to a stop at ~100 kHz, and begin to
move in the opposite direction toward Pt beyond ~200
kHz.”' 7> The last regime of reverse motion is not explored in
the current manuscript, even though switching a hybrid
micromotor between a forward and reverse motion is useful.'*

A surprising speed enhancement was observed when the two
sources of power, UV light and an AC electric field, were
applied simultaneously (Figure 2, Video S2). More specifically,
we discovered that the speed of a TiO,—Pt micromotor subject
to both light and an AC electric field (Uhght +ac) was always
higher than the simple sum of its speed under either
propulsion (Uhght or Uyc). For example, such a micromotor
moved at 25 ym/s (Uhght +ac) when simultaneously powered by
a driving electric potential of 10 V and light intensity of 300
mW/cm?, while each propulsion conducted separately
propelled a motor at 6 um/s (Upg,) and 7 pm/s (Uyc),
respectively (Figure 2a,b). The simple math of (Ulight+AC -
(Usighe + Uac))/(Usigye + Uac) shows that photocatalysis and
ICEP synergistically boost the speed of a micromotor by 92%.
Such a synergistic enhancement was found across a wide range
of experimental parameters, shown in Figure 2¢,d by the
difference between the green bar and the sum of the yellow
and blue bars.
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Figure 3. Synergistic propulsion of a TiO,—Pt micromotor powered by light and an 100 kHz AC field. (a, b) Representative trajectory (a)
and instantaneous speeds (b) of a TiO,—Pt micromotor as power sources were varied (see labels for details). ICEP becomes negligible at
100 kHz, thus “0”. Red circles in (a) indicate changes in propulsion modes.
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Figure 4. Tilting-induced retardation. (a) Orientation of a TiO,—Pt Janus microsphere moving on a substrate under constant light
illumination. This optical micrograph is generated by overlaying seven screenshots of a particle moving for a total of 12 s, imaged with an
inverted microscope. A 10 kHz AC electric field was applied from t = 7.2 s forward. Cartoon illustrations of its orientations during this
period, viewed from the bottom or the side, are given below the actual micrographs. (b) Definition of the zenith angle 6 of a Janus
microsphere moving near a substrate. When an electric field is applied, this Janus particle reorients its Janus interface to be perpendicular to
the substrate. (c) An abrupt change in both € and the speeds of a TiO,—Pt micromotor is observed as an AC electric field is applied at 7.2 .
Shaded error bars represent standard deviations from five independent micromotors. (d) Monotonic change in motor speeds (normalized to

the maximum value of 9.8 ym/s) as the zenith angle changes.

This previously unreported synergy between two seemingly
independent propulsion mechanisms for a hybrid micromotor
is somewhat counterintuitive. To elaborate, photocatalysis
operates by photogenerated electron—hole pairs that react with
chemicals on the particle surface, while ICEP is a result of
asymmetric polarization and has nothing to do with chemical
reactions. One would naively expect these two mechanisms to
be orthogonal. However, because they both involve surface
electrokinetics (variation in double layers, transport of charged
species, and ultimately a slip velocity that drives the particle),
the photocatalysis and ICEP mechanisms could in theory be

coupled. To simplify the mechanistic understanding, we first
decouple the two mechanisms by examining the speed of a
TiO,—Pt micromotor under the light and subject to an AC
electric field of 100 kHz, rather than 10 kHz (Figure 3, Video
S3). The reasoning is that ions do not catch up at a driving
frequency that is high enough, and ICEO as well as ICEP

stops. A simple estimate of the threshold frequency for ICEO

. . AR 23
to occur @, is done via @, = —,
D

thickness, R is the radius of the particle (1.5 ym), and D is the
diffusion coefficient of protons (9.31 X 1077 m?/s). With
measured conductivity values, @, is estimated to be 68 and 163

where 4 is the double layer
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Figure S. Testing tilting-induced retardation with magnetic fields. (a) Experimental scheme of varying the tilting angle of a TiO,—Ni/Pt
motor with an externally applied magnetic field, enabled by the additional Ni layer below Pt. (b) By continuously varying the zenith angle 6,
the speed of a TiO,—Ni/Pt micromotor under the light (in the absence of any electric fields) changes as a function of € in a way similar to
the case with AC electric fields (Figure 4d). Speeds are normalized to the maximum value of 9.1 ym/s.

kHz for pure water (for data in Figure 1—4) and 5% H,0, (for
data in Figure 6), respectively. As a result, we make the
reasonable assumption that ICEP becomes negligible at 100
kHz, consistent with the data shown in Figure le, and
eliminate the possible enhancement of ICEP by light
propulsion. The motor moves solely by photocatalysis in this
case. However, an increase of 80% in the photoactive motor’s
speed was registered once the electric field was turned on, that
is, [Ugnesac (Uige + 0)1/(Ugne + 0) = 80%. This
enhancement in the absence of ICEP, 1 + 0 > 1, suggests
that the observed synergy of 1 + 1 > 2 is, by its nature, a
photoactive micromotor speeding up in an AC electric field,
rather than the opposite case of an electrical micromotor
speeding up under the light.

There are a few possible ways an electric field could facilitate
the photoelectrochemical propulsion of a TiO,—Pt motor. For
example, an electric field could redistribute ions around a
TiO,—Pt microsphere that are critical for its electrophoretic
propulsion. However, this interference quickly vanishes at a
high AC frequency, such as 100 kHz, where ions cannot catch
up, and it can thus be ignored (see the estimate of . above).
Alternatively, it is also possible for an electric field to facilitate
the electron—hole separation in TiO,, leading to more efficient
photochemistry.35 However, this mechanism requires a DC
electric field along the direction from the Pt to the TiO,
hemisphere (see Figure 1a) and does not apply in the current
system.

After closely examining the orientation of a moving TiO,—
Pt motor before and after an electric field was applied, we
propose that a rectification of the tilting angle of a TiO,—Pt
micromotor, in the presence of an electric field, is responsible
for the speed enhancement in either the case of 1 +1 > 2 or 1
+ 0 > 1. To elaborate, we first note that, as mentioned earlier, a
moving TiO,—Pt Janus motor under an optical microscope
displays a clear Janus interface that separates the bright TiO,
hemisphere from the dark Pt. As it moves under the light
without an electric field, one sees a larger portion of the sphere
being black (Figure 4a), suggesting that it moves with its Pt
hemisphere tilted backward and facing the bottom substrate,
that is, a zenith angle 0 (defined in Figure 4b) smaller than
90°. Note that, because the TiO, side is somewhat transparent,
the same optical micrograph could also be interpreted as the Pt
hemisphere tilted “forward” and away from the substrate; that
is, @ > 90°. However, we postulate that the configuration with
0 < 90°, that is, that shown in Figure 4b, is more energetically
favorable, because the Pt cap is significantly heavier than water.
This preference in a configuration due to a heavier metal cap is

echoed in several experimental studies, where Janus micro-
motors exhibited negative gravitaxis.*®”

When an AC electric field was applied perpendicular to the
substrate, however, 8 changed to a value close to 90° within 1 s
and maintained mostly constant over time, indicating that the
Janus micromotor now moves with its Janus interface
perpendicular to the substrate and parallel to the applied
electric field. Such a transition in @ is presented in Figure 4a,
where overlaid optical micrographs illustrate how the Janus
interface changed for a TiO,—Pt micromotor before and after
an AC field was applied. Most importantly, Figure 4c shows
that the temporal evolution of @ of a TiO,—Pt Janus particle
correlates nicely with the variation in its speed over time,
better presented in Figure 4d by relating the motor speed at
every instance to its tilting angle @ at that moment. Clearly, the
tilt of the Janus interface of a TiO,—Pt micromotor away from
the perpendicular position significantly slows it down, an effect
we refer to as tilting-induced retardation. Qualitatively, its
speed increases monotonically as its tilting angle is increased
and sharply rises to the peak value as the angle approaches 90°.

The above two observations, that a TiO,—Pt Janus motor
moves in a tilted fashion under the light but in the absence of
an electric field, and that its & must change to ~90° once an
electric field is applied, can be qualitatively understood as
follows. First, two earlier studies have reported that chemically
powered bimetallic microrods move near a solid—liquid
interface with their long axes tilted away from the
substrate.”®* In both cases, the nonequilibrium orientation
is likely to arise from a complicated interplay among chemical
gradients, hydrodynamics, gravity, and electrostatics. Quite a
few theoretical/simulation studies also predict a tilted
configuration for a phoretically powered Janus microsphere
near a solid—liquid interface, yet measurements of these
contributions remain challenging. Nevertheless, the fact that
certain micromotors powered by chemical gradients move with
a particular orientation near a substrate is well-documented,
and the photocatalytic TiO,—Pt micromotor in the current
case is no exception.

The alignment of the Janus interface of a metal-dielectric
Janus particle parallel to an applied electric field is also a well-
known effect (see ref 40 and refs therein). To briefly explain, as
the metal cap of a Janus particle is exposed to an applied
electric field, the spontaneous electrical polarization prefers a
particle orientation that minimizes the total energy of the
system. This dictates that the Janus particle aligns its Janus
interface parallel to the applied electric field, as revealed by
simulations, to generate dipoles of the largest magnitude that
maximizes the overall polarization. Notably, the Velev group

https://dx.doi.org/10.1021/acsnano.0c03022
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Figure 6. Corroborating tilting-induced retardation with three more types of micromotors: Pt-coated PS microspheres, Pt-coated gold
microspheres, and TiO,-coated SiO, microspheres. Speeds of these three types of micromotors in their respective chemical fuels (hydrogen
peroxide in (a, b) and hydroquinone in (c)) before and after the application of 100 kHz of AC electric fields are plotted. Error bars are

presented as shades in the data plots.

has exploited this alignment for the assembly of SiO,—Au
Janus microspheres into high-order structures such as chains
and crystals.”" This reorientation and alignment, once the
electric field is turned on, is also reported in all previous
studies of micromotors powered by ICEP.***° A TiO,—Pt
microsphere in our case, given its metal-dielectric nature,
complies with this feature.

The above argument, that an electric field accelerates an
electrophoretic TiO,—Pt micromotor by rectifying its tilt, can
be corroborated by an experiment where an approach other
than an electric field (e.g, a magnetic field) is used to
modulate the tilting angle of a moving TiO,—Pt micromotor
and thus its speed (Figure S, Video S4). This was achieved by
first depositing a magnetic Ni layer before the Pt layer during
the fabrication of this Janus particle, then exposing this TiO,—
Ni/Pt micromotor to an external magnetic field (applied by a
hand-held magnet, see the Supporting Information for details).
Because the Ni layer magnetizes in the applied magnetic field
and becomes polarized, the Janus particle now favors an
orientation with a tilting angle @ determined by the externally
applied magnetic field. However, unlike the previous case,
where the electric field was always applied perpendicular to the
substrate (fixing 6 to 90°), the magnetic field in the current
experiment could be applied in any arbitrary direction, thus
enabling a wide range of @ that was inaccessible previously
(orientations of @ > 90° were difficult to realize with this
method). As a result, the tilting angle 6 of a TiO,—Ni/Pt
micromotor under UV light changed with the rotating
magnetic field (Figure Sb), leading to a significant change in
its speed. This observation agrees nicely with our hypothesis,
and the speed and @ are similarly correlated, after normal-
ization, in experiments with either an electric (Figure 4d) or
magnetic field (Figure Sb). We confirm that a magnetic field
exerts no force but only torque to a micromotor, and it moved
only after the light was applied (see Figure S3 for details).

To further support this tilting-induced retardation, the
dynamics of three different types of Janus micromotors under
an AC electric field were monitored (Figure 6 and Video SS):
Pt-coated polystyrene microspheres (Pt-PS, Figure 6a), gold—
platinum bimetallic microspheres (Au—Pt, Figure 6b), and
TiO,-coated SiO, microspheres (TiO,—SiO,, Figure 6c).
These three types of micromotors of similar shapes and sizes
(see the Supporting Information for synthesis and Figure S4
for scanning electron microscopy (SEM) images) were chosen
not only because they are popularly studied for fundamental
and applied research but also because they carry similarities yet
differences to TiO,—Pt micromotors that make them good
controls. For example, Pt-PS catalytically decomposes H,O,
into water and oxygen, and the resulting chemical gradient
moves the particle likely by combined electrophoresis and
diffusiophoresis.”*** Similarly, the photogenerated electron—
hole pairs from the TiO, cap of a TiO,—SiO, motor react with
hydroquinone (HQ) and water in the solution, and the
resulting concentration gradient powers the motor possibly in
the same way as a Pt-PS motor.”* Finally, a Au—Pt
microsphere moves in H,0, by essentially the same
mechanism as a TiO,—Pt motor, where a proton gradient
across the microsphere powers it by self-electrophoresis.**®
Complications in their respective propulsion mechanisms
aside,'" all three motors thus move by some kind of chemical
gradients,” just like a TiO,—Pt motor, and could consequently
move with a tilt as explained earlier. However, Pt-PS is the only
one among the three that has two hemispheres of significantly
different polarizability. It is therefore the only one that can be
rectified by an electric field and thus behave differently before
and after application of an electric field. Au—Pt and TiO,—
SiO,, being a metal-metal and dielectric-dielectric Janus
microsphere, are unable to generate sufficient torques under an
electric field to realign.

Experiments were performed in their respective fuels
(labeled in Figure 6, no light was needed) with or without

https://dx.doi.org/10.1021/acsnano.0c03022
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an AC electric field, and details of these experiments can be
found in the Supporting Information. Note that AC electric
fields operating at 100 kHz, rather than at 10 kHz, were used in
these control experiments to minimize the effect of ICEP that
could complicate the particle dynamics (i.e., focusing on the 1
+ 0 > 1 scenario). Results in Figure 6 indeed show that Pt-PS
micromotors accelerated by over 100% under an AC electric
field, while the speeds of Au—Pt or TiO,—SiO, motors hardly
changed under the same condition, consistent with our
reasoning above. More specifically, the dynamics of a Pt-PS
micromotor before and after the application of an AC field
closely resembles that of a TiO,—Pt micromotor, showing a
sharp transition of its tilting angle 6 and a strong correlation
between motor speed and 6. These results support our claim
that the speed of a chemically powered micromotor is slowed
by its tilt and can be significantly accelerated if this tilt can be
rectified (via an electric or magnetic field). Note that two
earlier studies reported that Pt-PS micromotors moved on a
substrate with a tilting angle of ~90° (ie, a vertical Janus
interface).””*®* We tentatively attribute this discrepancy
between earlier results and ours to the fact that the tilt of a
micromotor is sensitive to experimental conditions and the
details of the interaction between chemicals and particle
surfaces, emphasized in theoretical studies.

Before we conclude, we acknowledge the reason why tilt
slows down a phoretic micromotor, that is, tilting-induced
retardation, remains poorly understood at this moment. One
naive possibility is that, because the propulsive force on a tilted
micromotor points perpendicular to its equator, by decom-
posing the force vector into two components along and vertical
to the substrate, only part of the total propulsive force
contributes to moving the particle along the substrate (Figure
SS). This argument logically predicts that the vertical force
would lift the micromotor off the substrate (negative
gravitaxis), especially at a small 6. Indeed, we often see a
TiO,—Pt micromotor move out of focus as light is turned on
(Video S6) but not if an electric field is applied that locks its
orientation, an observation in seeming agreement with the
analysis above. However, this simple geometric argument
ignores most of the effects that, as suggested by simulations
and theories, contribute to the appearance of a tilted interface,
such as hydrodynamics and chemical gradients. This argument
also predicts that the motor’s speed along on the xy plane is
proportional to sin 6, which fits poorly with the experimental
data in Figure 4d and Sb. A more complete mechanism on the
tilting-induced retardation is currently being sought.

CONCLUSIONS

In conclusion, we have discovered a surprising enhancement in
the speed of a micromotor by up to 90% when it is powered by
both UV light and an AC electric field. We proposed a
mechanism based on the tilting of an electrokinetically driven
micromotor near a substrate, where applying an electric field
(at low or high driving frequencies) rectifies the tilt and
enhances the motor speed. Control experiments with magnetic
fields and three types of micromotors strongly support this
mechanism. This unexpected tilting-induced retardation is
suspected to be a general feature for many chemically powered
micromachines, suggesting a viable strategy to significantly
improve their performance by reorienting the Janus particle
with electromagnetic fields. Future efforts include experiments
in unconfined spaces and a better elucidation of why tilting
affects motor speeds. Our finding could also shed light on the

fundamental understanding of the interactions between active
matter and their complex environments that not only give rise
to tilting but is also relevant for many interesting collective
behaviors.

METHODS/EXPERIMENTAL

Preparation of TiO, Microspheres. TiO, microspheres were
prepared by coating SiO, microspheres with a thin (50—100 nm)
layer of TiO,, with tetrabutyl titanate as a precursor, following a
previously reported protocol.*”*® Two solutions were prepared. First,
90 uL of tetrabutyl titanate (Aladin No. T104105) was dissolved in
2.5 mL of ethanol (Aladin No. E111994); then, 300 uL of SiO,
microspheres (3 ym, S vt%, Baseline No. 6-7-0200) and 20 uL of
isomeric alcohol ethoxylates (0.1 M, BASF) were dispersed in 2.5 mL
of ethanol. The diluted TiO, precursor solution and SiO, microsphere
dispersion were then mixed by vigorous shaking using a vortex mixer.
The mixture was then sonicated for 30 min and let to react at room
temperature for 2 h. Then, TiO, microspheres were collected by
centrifugation at 4000 rpm for 5 min and washed repeatedly with
ethanol and pure water (18.2 MQ-cm) each for three times. Anatase
TiO, microspheres were obtained after they were annealed for 2 h at
450 °C. A more detailed synthesis and characterization will be
reported in a separate study.

Preparation of Au Microspheres. Au microspheres were
chemically synthesized following an earlier report.”" First, 1 mL of
chloroauric acid solution (0.6 g/mL) was dissolved in 2 mL of Arabic
gum solution (5.25 mg/mL) to obtain solution A. Then, 0.475 g of
ascorbic acid was dissolved in 9 mL of Arabic gum solution (7 mg/
mL) to obtain solution B. Solutions A and B were then vigorously
mixed by a vortex mixer. The mixed solution turned brown
immediately. Then, Au microspheres were collected by centrifugation
at 4000 rpm for S min and washed repeatedly with ethanol and pure
water (18.2 MQ-cm) each for three times. A representative SEM
image of the synthesized Au microsphere can be found in Figure S4c.

Preparation of TiO,—Pt, PS-Pt, and Au—Pt Janus micro-
spheres. TiO,—Pt, PS-Pt, and Au—Pt Janus micromotors were
prepared by sputtering Pt on one-half of the synthesized micro-
spheres. PS microspheres were purchased from Huge (2 ym, 10 vt %,
No. DRMO02). Microspheres were first suspended in ethanol (20 uL)
and dispersed by ultrasound. The suspension was then drop-casted on
a piece of clean glass slide to obtain a monolayer. Janus microspheres
were prepared by sputtering a thin (~50 nm) Pt layer on top of the
monolayer (HHV TF500), followed by sonication and resuspension
in deionized water.

Preparation of SiO,—TiO, Janus Microspheres. SiO,—TiO,
micromotors were prepared by depositing a layer of TiO, on one-half
of SiO, microspheres. SiO, microspheres (3 um, S vt %, Baseline No.
6-7-0200) were first suspended in ethanol (20 xL) and dispersed by
sonication. The suspension was then drop-casted on a piece of clean
glass slide to obtain a monolayer of SiO,. SiO,—TiO, motors were
prepared by sputtering a thin TiO, layer on top of the SiO,
monolayer (HHV TFS500). These Janus microspheres were annealed
for 2 h at 450 °C to convert TiO, to the anatase phase.

Motor Experiment and Experimental Setup. Micromotors
were dispersed in deionized water before use. PS-Pt and Au—Pt
micromotors suspensions were mixed with 30% H,0, to obtain 5%
H,0, solution. SiO,—TiO, micromotors were mixed with hydro-
quinone to obtain 500 mM hydroquinone solution.

For the electric field experiment, a cylindrical experimental cell
(200 pym tall and S mm in diameter) was constructed by stacking a
silicone spacer with a circular through-hole between two ITO glass
slides (see Figure la for a schematic). Then 5.5 uL of micromotor
suspension was transferred by a pipet to the experimental cell. The
two ITO slides were wired to a wave generator (Keysight 33500B).
The frequency was tuned from 10 to 1000 kHz, and the voltage was
tuned between 0 and 10 V,,_,.

For the experiment with light, UV light of 365 nm was generated
by a light-emitting diode (LED) lamp (Thorlabs, M36SLP1-C1) with
a power density ranging from 100 to 500 mW/cm?
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For the magnetic field experiment, a hand-held magnet was placed
around the experimental chamber to magnetize the sample from
different directions.

Data Collection and Analysis. The motion of motors was
observed under an inverted optical microscope (Olympus IX73) and
recorded by a Point Gray camera (FL3-U3-13E4C-C) at a frame rate
of 30 frames per second. The videos were processed and analyzed by
MATLAB to yield the x-y coordinates of each motor and their
instantaneous speeds (codes courtesy of Prof. Hepeng Zhang from
Shanghai Jiaotong University).

To obtain the tilting angle of the Janus motor, the zenith angle 0
was calculated from the pixel intensity of the optical micrographs (see
Figure S1 for schematic). To elaborate, motors moving with different
zenith angles show distinct moon phases in the optical micrographs.
According to literature,*” the zenith angle 6 can be calculated
approximately by the following equation

_4

B=—(1+ cos0)

2 (1)
where A is the brightness of the motor when the zenith angle is 0 (i.e.,
the motor is completely dark in the optical micrograph, Figure S1,i),
and B is the brightness of the motor with a nonzero zenith angle
(Figure S1,ii). The brightness of a motor is acquired from image]
(https://imagej.nih.gov/ij/) by averaging the pixel intensity value
within the recognized boundary of a micromotor. In practice, the
value A is hard to directly acquire from an optical image, because a
moving Janus motor is rarely completely dark. We therefore assumed
that @ = 90° (corresponding to a half-moon phase) when an electric
field is applied and doubled the brightness value in this case to obtain
A.
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TiO,—Pt moving under an AC electric field or light
separately (MP4)

TiO,—Pt moving under a 10 kHz AC electric field and
light simultaneously (MP4)

TiO,—Pt moving under a 100 kHz AC electric field and
light simultaneously. There is a very small propulsive
force when light is turned off and 100 kHz AC field is on
(MP4)

TiO,—Ni/Pt moving under a magnetic field and light
simultaneously. This video highlights the fact that the tilt
of a motor, which is modified by the external magnetic
field, can significantly slow a motor (MP4)

Pt—PS, Au-Pt, or TiO,—SiO, micromotors moving
under an AC electric field. Metal-dielectric Janus
particles are mixed as references to indicate the moment
of turning on the AC electric field, as well as to show the
absence of any electric propulsion (MP4)

TiO,—Pt micromotors moving out of focus as light is
turned on (MP4)

Schematic of the moon phases and corresponding zenith
angles, trajectories of TiO,—Pt motors under AC electric
fields or light, trajectories of TiO,—Ni/Pt motors under
magnetic fields, SEM of three types of micromotors used
as controls, schematic of the propulsive force acting on a
TiO,—Pt micromotor (PDF)
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