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ABSTRACT: Spontaneous periodicity is widely found in many
biological and synthetic systems, and designing colloidal motors
that mimic this feature may not only facilitate our understanding of
how complexity emerges but also enable applications that benefit from
a time-varying activity. However, there is so far no report on a
colloidal motor system that shows controllable and spontaneous
oscillation in speeds. Inspired by previous studies of oscillating silver
microparticles, we report silver—poly(methyl methacrylate) micro-
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sphere Janus colloidal motors that moved, interacted with tracers, and

exhibited negative gravitaxis all in an oscillatory fashion. Its dynamics, including pulsating speeds and magnitude, as well
as whether moving forward in a pulsating or continuous mode, can be systematically modulated by varying chemical
concentrations, light intensity, and the way light was applied. A qualitative mechanism is proposed to link the oscillation
of Janus colloidal motors to ionic diffusiophoresis, while nonlinearity is suspected to arise from a sequence of
autocatalytic decomposition of AgCl and its slow buildup in the presence of H,0, and light. The generation of light-
absorbing Ag nanoparticles is suspected to be the key. This study therefore establishes a robust model system of
chemically driven, oscillatory colloidal motors with clear directionality, good tunability, and an improved mechanism,

with which complex, emergent phenomena can be explored.
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olloidal motors, synthetic microparticles that convert

environmental energy into autonomous motion,

represent the latest examples of stimuli-responsive
materials' " and serve as model systems to study active
matters,””® such as cells and microorganisms. On the other
hand, many biological processes exhibit activities that
spontaneously vary over time. Prominent examples include
cardiac pacemaker cells that beat by periodically resetting their
transmembrane potentials,”'® neurons with oscillatin% poten-
tials that give rise to brain waves and circadian cycles," ~'* and
cellular oscillations during embryogenesis.'”'> Synthetic
colloidal motors with oscillating dynamics could help us
understand and mimic these nonliner processes. Moreover,
oscillating colloidal motors could introduce new and attractive
features to drug delivery or microassembly applications'®~"* by
enabling possibilities such as periodic release of insulin or
cycled annealing during particle assembly.

To drive a colloidal particle into spontaneous oscillation,
however, requires special propulsion strategies. One exciting
possibility comes from chemistry. Chemical reactions are often
used to power colloidal motors via concentration gradients or
bubbles,”'”™** and the vast pool of accessible chemical
reactions hint at the possibility of time-variant motor activity.
Indeed, simple chemical reactions, such as the decomposition
of H,O, and the consequent nucleation of oxygen bubbles,
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have been reported to nudge colloids into apparent “periodic”
or “oscillatory” motion.”**® Moreover, nonlinear chemical
systems, such as Belousov—Zhabotinsky (BZ) reactions and
iodine clock, offer a more exciting and complex playground.
However, although oscillating BZ gels,””~>* droplets,”*>* and
beads® demonstrating interesting patterns and collective
behaviors have been reported, most of these systems lack
asymmetries that enable directional motion and do not operate
at micro- or even nanoscales.

On the other hand, recent discoveries of silver-based
chemical oscillations present an interesting opportunity for
designing periodic colloidal motors, yet challenges remain. In
these systems, the oxidation of Ag into Ag;PO, or AgCl on the
surface of a microparticle’®” and its photo-decomposition
back into Ag when illuminated, proceeds in a time-variant
fashion. Phenomenologically, individual particles alternated
between moving and stopping, while charged tracer micro-
spheres attached and were expelled periodically from the active
silver-based particles.”> Two major issues stand in the way
between these preliminary reports and a robust oscillating
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colloidal motor system. First, the chemically synthesized Ag or
AgCl/Ag;PO, particles suffered from size polydispersity and
shape irregularity, which not only caused the dynamics of
oscillating particles to be sporadic in both space and time but
also prevented a clear visualization of the details of their
dynamics (such as directionality and orientation). Second, the
preliminary mechanism given to explain the oscillatory
behaviors was far from being complete or self-consistent.

Despite these limitations, pioneering studies of silver-based
chemical oscillators offer a tangible framework and a source of
inspiration. In this paper, we report a Janus colloidal motor
that moves in aqueous solution in a pulsating manner with
well-controlled dynamics and directionality. To solve the issue
of polydispersity, we break the particle symmetry in a
controllable fashion by half-coating a dielectric microsphere
with silver. The resulting Janus colloidal motor oscillated
between moving and stops in a way that is much more
consistent, predictable, and clear for observation. In addition,
systematic tuning of the magnitude and frequency of their
pulses is achieved by varying the concentrations of a few
critical chemicals as well as the light intensity. We have also
made the unusual observation that turning off the light propels
Janus particles into a short but powerful pulse, while
intermittent illumination changed a pulsating Janus particle
to pseudocontinuous motion. Finally, a qualitative mechanism
is proposed at the end of the article to explain the observed
motor dynamics. This study establishes a robust model system
of colloidal motors with spontaneous, nonlinear activity with
which future applications can be developed and complex
emergent phenomena such as synchronization and chemical
waves can be explored.

RESULTS AND DISCUSSION

Individual Dynamics of Pulsating Motors. We first
briefly introduce the fabrication process of our Janus colloidal
motor and its dynamics, while more details can be found in the
Methods. In a typical experiment, Janus microspheres were
fabricated by evaporating SO nm of silver (Ag) on the surface
of a monolayer of poly(methyl methacrylate) microspheres
(PMMA) of 2.5 um in diameter (Figure la) and then
suspended in solutions of H,0, (0.5 wt %) and KCl (200 zM)
and observed from underneath with an inverted optical
microscope (Figure S1). UV light of maximum power of 387
mW/cm” was generated by a mercury lamp (see Figure S2 for
the spectrum) and applied from above. We note that H,0,,
KCl, and light are all essential ingredients for oscillatory
dynamics to occur. All optical micrographs were taken on the
X-Y plane where particles settled on, slightly above the
bottom substrate.

When first exposed to UV light, these PMMA—Ag particles
would, after a short induction period, quickly move forward
and away from the Ag cap (phase 1), followed by a slow decay
in speeds (phase 2). After moving forward for 1—2 s, the motor
entered a relatively long refractory period of very little activity
besides Brownian motion (phase 3). Soon, the next cycle of
phases 1—3 kick started. Video S1 and Figure 1 demonstrate an
example of such pulsating micromotors. A representative
trajectory of one such pulsating particle is shown in Figure 1b,
while Figure 1c,d shows its instantaneous speeds, where the
periodic oscillation in particles speeds can be clearly seen. Such
an oscillation could last for 10—20 min, beyond which point
particles gradually lost activity and eventually returned to
Brownian motion (Figure S3). Sometimes particles were able
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Figure 1. Synthesis and dynamics of pulsating colloidal motors. (a)
PMMA~—Ag Janus microspheres were fabricated by evaporating a
thin layer of silver on a monolayer of poly(methyl-methacrylate)
microspheres. Inset: Optical (top left, scale bar 2 ym) and
scanning electron micrograph (top right, scale bar 2 ym) of a
PMMA—Ag Janus particle. (b) Optical micrograph showing the
trajectory of one PMMA—Ag particle moving away from its Ag cap
for 105 s, with instantaneous speeds color-coded (see the second
half of video S1). This particle is in a solution of 0.5 wt % H,O,
and 200 uM of KCl and illuminated with a light power density of
387 mW/cm? (c) Instantaneous speeds of the pulsating PMMA—
Ag motor in (b) plotted over time. (d) Magnified view of the
highlighted peak in (c), showing a sharp rise and a slow decay of
particle speeds and a pulse period of ~12 s. The peak speed (V,,.,)
is labeled for reference. Note that the x-axis is broken between 1
and 12 s to show the onset of the next cycle.

to move slowly (a few um/s) away from their Ag caps between
two pulses, and this can be tentatively attributed to catalytic
decomposition of H,0, by Ag, as discussed in more details in
step 4’ in the mechanism section.

To briefly comment on the generality of this observation,
Janus particles made of coating silver on other dielectric
materials such as polystyrene and SiO, microspheres showed
behaviors qualitatively similar to the ones made by PMMA. In
addition, we confirm that visible light could also be used to
achieve similar but subdued dynamics (see Figure S4). A
systematic study of the particle dynamics under different
wavelengths is, however, beyond the scope of this study.

Modulating Pulses. By judiciously choosing the right set
of experimental parameters, one can design motors of a wide
spectra of pulsing dynamics, ranging from powerful but less
frequent beats to fast but feeble pulses. An example is given in
Figure 2a,b where varying the concentrations of KCI
modulated the motor dynamics. Other parameters including
concentrations of H,0,, light intensity, and solution ionic
strength have been systematically investigated, and data are
presented in Figure 2c—e. Our experiments show that a Janus
motor that pulsated frequently (i.e., of a small pulsing period)
can be a result of a low supply of KCl (Figure 2a and b) or
high supply of H,0O, (Figure 2c). Furthermore, there was a
significant decrease in particle speeds when the ionic strength
of the solution was increased by adding KINO;, while periods
remained more or less the same (Figure 2d). Such a speed
decrease in elevated ionic strength has been well documented
for many types of colloidal motor and is often considered a
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Figure 2. Tuning the dynamics of pulsating colloidal motors. (a) Speed profiles of pulsating PMMA—Ag motors in solutions that contain
various concentrations of KCl, an essential ingredient for oscillation. All the other experimental conditions were kept the same. (b—e)
Changes in the peak speeds (left y-axis, blue circles) and pulsating periods (right y-axis, red triangles) of PMMA—Ag particles by varying the
concentration of KCI (b), H,0, (c), KNO; (d), and light intensity (e). Mercury lamp of 387 mW/cm? was used in (b—d), while a halogen
lamp (mostly visible light) operating at various power levels was used in (e). Concentrations of other chemicals present in the solution are
labeled on the top of each plot. Note that the effect on pulsating periods by varying light intensity was inconsistent across multiple
experiments, and the results are therefore not given in (e). Data points in (b—e) were obtained by averaging the peak speeds or periods from
speed profiles such as those shown in (a).
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Figure 3. Oscillatory interactions between PMMA—Ag motors and SiO, tracer particles. (a, b) 1 gm negatively charged SiO, microspheres
periodically moved away from (a) and toward (b) a PMMA—Ag motor during one cycle. Time stamps are labeled on the optical
micrographs. (c) The same attraction and repulsion viewed from the side, with the corresponding phases of motion of the pulsating Janus
particle. Motors often moved upward and away from the bottom substrate (negative gravitaxis) when pulsating (phase 1). The orientation of
the colloidal motor shown during gravitaxis is speculative, since the clear and unambiguous visualization of the interface between two
hemispheres was difficult.
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hallmark of electrokinetic mechanisms (such as electrophoresis the Janus particle pulsed away (Figure 3a). They then slowly
or ionic diffusiophoresis).”® Notably, among the many aggregated toward the same hemisphere (Figure 3b). The time
experimental parameters that can affect pulsating dynamics, scales associated with the two processes suggest a fast/stronger
light intensity offers an option that is easily accessible and on repulsion and slow/weaker attraction between tracer particles

demand. This is shown in video S2 where the intensity of
pulses clearly increased as the light intensity increased.

Interaction with Tracers. Not only did a PMMA—-Ag
Janus particle pulsate forward, it also attracted and repelled
nearby charged tracer particles in a periodic fashion. This is . : ' . o
demonstrated in Figure 3 and video S3, where a few 1 um SiO, particles by Ag microparticles have been reported previously
microspheres (zeta potential —36.3 mV) were quickly expelled and were attributed to the oscillatory electric field as a result of
from the Ag hemisphere of a 2.5 ym PMMA—Ag particle as the chemical oscillations (discussed below).

and the motor. A schematic of these two processes from a side
view is given in Figure 3c in reference to the three phases of a
moving Janus particle described above. Similar oscillations
between the binding and release of negatively charged tracer
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Figure 4. Two modes of motor dynamics via temporal modulation of illumination. (a) Upon turning off the light, a pulsating PMMA—Ag
motor suddenly moves forward and away from the Ag cap before it stops (red peak). (b) By switching between continuous and intermittent
(8 Hz) illumination, a PMMA—Ag motor switches between pulsating forward and pseudocontinuous motion, respectively.
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Figure 5. Self-diffusiophoresis of a Janus motor. (a) Photodecomposition of AgCl (eq 2) releases H" and CI, and the resulting electric field
moves the Janus particle toward the uncoated side. Adapted from ref 39. (b) Self-generated electric field points inward, exerting an outward

electrophoretic force on negatively charged SiO, tracers.

Negative Gravitaxis. Another interesting observation is
the negative gravitaxis of Ag Janus motors (Figure 3c), inching
away from the substrate as they pulsated forward (video S4)
until they reached the “ceiling” that was the top of the
experimental chamber. Similar negative gravitaxis has been
recently reported for Pt-coated Janus particles in bulk H,0,’
as well as PMMA—AgCl and SiO,—TiO, Janus particles
irradiated with light.®>” A likely explanation for all these
observations, along with ours, is that the active cap (Ag/AgCl
in our case) is heavier than both water and the other
hemispheres and preferably orients downward, thus propelling
the particle upward.

On the other hand, a number of previous studies have
reported that phoretic colloidal motors, such as Pt-coated
microspheres, did not exhibit negative gravitaxis but were
preferably attached to solid—liquid interfaces such as a bottom
substrate. This “docking” effect was attributed by Das™ and
Simmchen*' to an interplay between chemical gradients and
hydrodynamic effects near an interface. However, we note that
the three known cases of negative gravitactic colloidal motors
that move away from a bottom substrate (i.c, PMMA—AgC],
Si0,—TiO,, and the current study) all produce ionic species
when operating. This suggests that whether a phoretic colloidal
motor prefers to be fixated to a solid—liquid interface or
moving away from it could be mechanism dependent, with
electrostatic/electrokinetic effects being an important factor.

Note that although a significant percentage of these Janus
particles moved out of focus in our experiments when activated
by light, some remained pulsating near the substrate, thus

enabling in-plane optical tracking that made much of the
current study possible. This is likely due to an inhomogeneous
distribution of particle properties and/or the fluctuation of
their Ag cap orientation that interrupts a continuous upward
motion.

Switching between a Pulsating and Continuous
Motor. For all of the previous sections, light was always
applied continuously throughout the experiments. In fact, no
oscillation or activity beyond Brownian motion was observed if
the experiments were carried out in darkness or in weak
lighting conditions. One therefore expects light to be a
necessary ingredient in powering motors and that a pulsating
motor would stop immediately (due to low Reynolds number)
when light is removed. On the contrary, as Figure 4a and video
SS clearly show, a pulsating motor surprisingly pulsed one final
time (away from the Ag cap) as soon as the light was turned off
or significantly weakened. Although its activity was lost after
this single pulse, by rapidly switching light on and off (e.g, at a
few Hz), a Janus particle pulsated forward at a similar
frequency to that of light triggers. For example, Figure 4b
shows a speed profile of a Janus particle illuminated with light
of an on/off frequency of 8 Hz at a duty cycle of 50% (see the
Methods for details). As a result of such rapid pulsating
forward, a Janus particle essentially moved in a pseudocontin-
uous fashion. Therefore, switching between a continuous and
intermittent lighting switches a Janus particle between a
pulsation mode and a pseudocontinuous motion, respectively
(video SS, second half). We note that the switching frequency
of 8 Hz was chosen somewhat arbitrarily, and a range of
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Scheme 1. Tentative Mechanism for Motor Oscillation”
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“The coated materials on the surface of a PMMA—Ag Janus particle cycle between Ag and AgCl. Detailed descriptions of each step are given in the
main text. Two SEM micrographs are stitched together at the top left corner to compare the surface morphology of the Ag hemisphere before and
after exposure to the solution and light. Variations of particle speeds over time during this cycle are presented at the center of the scheme, and the

numbers labeled on the speed plot match the numbering of steps.
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Figure 6. Characterizing a Janus particle after conversion. (a, b) Scanning electron micrographs of a Janus particle before (left) and after
(right) the labeled reactions. Scale bar applies to all four panels. (c) X-ray diffraction patterns of the products from reactions in (a) and (b).
In order to obtain enough samples for XRD characterization, a monolayer of Janus particles on a piece of silicon wafer was exposed to the
respective solution and lighting condition for an extended period of time. More details are given in the Methods.

frequencies from ~1 Hz to tens of Hz could achieve a similar
effect. Dependence on switching frequencies will be further
explored in a future study.

Mechanism for Pulsating Motion. The dynamics of a
pulsating Ag Janus particle, along with its oscillatory
interaction with nearby tracer particles, suggest an interplay
between nonlinear chemical kinetics and electrokinetics. In this
section, we propose a qualitative mechanism to tentatively
explain how oscillation appears and how it drives a particle to
move. In addition, we attempt to use this mechanism to
explain the effect of varying experimental parameters on
particle dynamics (Figure 2) as well as the surprising pulse
when light was turned off (Figure 4).

Our mechanism is developed on the basis of an early study
of a Ag—AgCl oscillatory chemical system by Ibele et al., who

proposed a conversion between Ag and AgCl as the main
driving force for the oscillation they observed:*®

Ag + H,0, + 2H" + 2CI” — 2AgCl + 2H,0 (1)
4AgCl + 2H,0 By 4Ag + O, + 4H" + 4CI” )

Importantly, eqs 1 and 2 and the associated release and
consumption of ions power particle motion via a phoretic
mechanism termed ionic self-diffusiophoresis (Figure 5a).*~*
For example, eq 2 releases from the particle surface protons
and CI~, whose difference in diffusivity generates an inward
electric field.*® This self-generated electric field couples to the
negative surface charges of the PMMA—AgClI particles (see the
Methods for zeta potential measurements) and pushes the
particle toward the uncoated side. Negatively charged tracer
particles nearby are also repelled by this electric field (Figure
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Sb). We note that although eq 1 reverses everything and is
supposed to cause the Janus particle to reverse its course, we
suspect eq 1 to be much slower and the force much weaker
(see the time scales associated with Figure 3a and b). The
possible contribution of substrate electroosmosis is eliminated
by examining particle dynamics in the bulk solution with the
help of acoustic levitation (see the Supporting Information for
details).

Connecting the self-diffusiophoresis to the oscillating speed
profile of a Janus motor requires a more careful look at the
reaction kinetics beyond eq 1 and 2. Specifically, oscillation in
activity is often induced by competing processes that involve
autocatalytic processes and feedback loops, such as those
exhibited by BZ reaction”’ ™" and cardiac pacemaker cells.”°
These details are, however, missing from previous studies of
Ag-based oscillatory colloidal particles.” In the following, we
propose a mechanism to qualitatively understand particle
motion during one pulse period, as well as why reactions
oscillate rather than reaching a steady state. This tentative
mechanism, illustrated in Scheme 1, is based on a combination
of material characterization, experimental observations, liter-
ature reports, and our hypothesis. It is broken down into the
following five steps as follows:

(1) Induction. After Ag Janus particles were mixed with the
experimental solution, the solution surface was converted to
primarily AgCl, as supported by scanning electron microscopy
(SEM, Figure 6b) and X-ray diffraction (XRD, Figure 6¢). The
SEM inset in Scheme 1 also shows a patched and rough surface
after this conversion.

(2) Onset of Speed Peak. The photodecomposition of AgCl
(eq 2) produced Ag nanoparticles that enabled strong
adsorption of visible light.”' The absorption of visible light
by Janus motors in our experiment was supported by an
experiment where the motor still moved (albeit with a lower
speed) after the UV component in the light was filtered out
(Figure S4), as well as two recent studies of Ag/AgCl
nanomotors moving under visible light.””>*

(3) Development of Speed Peaks. As more Ag nano-
particles were produced, more photochemical “hotspots”
accelerated the decomposition of AgCl in a way similar to
that of autocatalysis. A dramatic increase in the reaction rate
consequently led to fast and directional motion based on self-
diftusiophoresis. Soon, however, the consumption of AgCl
reduced the amount of available AgCl on the particle surface.
In addition, Ag nanoparticles grew into larger crystals (see
Figure 6a) that stopped serving as a light absorber but rather
blocked AgCl underneath from further reactions. Particle
speeds therefore decreased. Steps 2 and 3 are the core steps
explaining the rise and fall of a peak in particle speeds.

(4) Refractory Periods. As the autocatalytic episode of AgCl
decomposition comes to an end, there is a mixture of AgCl and
Ag on the particle surface. Because AgCl is a n-type
semiconductor, under light the photogenerated holes are
collected by the attached Ag particles and induced the
photoelectrochemical oxidation of Ag into AgCl. H,O,, on
the other hand, serves as an electron scavenger and is reduced
into H,O on the AgCl surface. As a result, there was a steady
buildup of AgCl on the particle surface (supported by SEM in
Figure 6b and XRD in Figure 6¢), which is suspected to be
responsible for the refractive period of a Janus particle between
its two pulses.

(4') Ag-Catalyzed H,O, Decomposition. This sidetrack
focuses on the surprising pulse of a Janus motor when light was

turned off (Figure 4a). Since Ag is known to be a good catalyst
for decomposing H,0, into O,,°>** Ag crystals on a particle
surface could, in the absence of light, catalyze this reaction,
instead of being photo-oxidized into AgCl as suggested in step
4. The resulting diffusiophoresis could propel the particle away
from the Ag-coated side, giving rise to a pulse. This quick
motion was, however, not sustainable since the surface of Ag
crystals could be quickly converted by H,O, into AgCl. The
above hypothesis is indirectly supported by a simple
experiment where, upon addition of H,O, to an aqueous
suspension of PMMA—Ag Janus particles, they immediately
moved away from the Ag side but soon stopped.

(5) The Next Pulse. As more AgCl was produced and
covered much of the Ag crystals, the remaining Ag patches
became small enough to behave again as nanoparticles
exhibiting plasmonic resonance in a way similar to that of
steps 2 and 3, giving rise to the next pulse in particle speeds.

The key to understanding why a motor continues with these
cycles rather than reaching an equilibrium is to consider that,
unlike homogeneous reactions in aqueous phase, the reaction
rates in the present experiments are not only controlled by the
availability of chemical species but also by their states. More
specifically, the autocatalytic decomposition of AgCl was only
enabled when Ag nanoparticles were present, while larger Ag
crystals removed holes and facilitated the exactly opposite
reaction, i.e., the generation of AgCl. Therefore, our proposed
mechanism consists of positive feedback that is the
autocatalysis of AgCl decomposition, negative feedback that
limits the reaction rate by the availability of AgCl, and finally a
slow reaction that restores the level of AgCl and prepares it for
the next pulse.

Based on this mechanism, we can tentatively explain the
effect of experimental parameters described in Figure 2. For
example, a higher concentration of H,0, increases the rate, but
not the total amount, of AgCl buildup in step 4 and, therefore,
reduced the wait time between two pulses without significantly
affecting particle speeds (Figure 2c). Similarly, a higher
concentration of CI” shifted the competition between the
buildup and decomposition of AgCl in step 4, producing more
AgClI at the end but took longer time to do so. This, in turn,
resulted in more intense pulses with longer periods (Figure
2b). At significantly higher CI” concentrations, though, the
elevated ionic strength undermined the electrokinetic mech-
anism in a way similar to that of KNO;, and particle speeds
reached a plateau. Since the particle moved primarily because
of the photodecomposition of AgCl in steps 2 and 3, more
intense light accelerated this process and produced a larger
ionic flux, which gave rise to a larger peak speed (Figure 2e).

Although this proposed mechanism could, at a superficial
and qualitative level, explain the oscillatory dynamics of a
pulsating Janus motor, it contains some untested hypothesis
and is not without limitations. For example, we have not taken
into account the diffusion of chemical species. The reasoning is
that although many oscillatory systems rely on a mismatch
between reaction-diffusion processes, motors are hardly limited
by diffusion when they move at a speed on the order of 10
um/s and can thus be replenished easily. In addition, the actual
kinetics of eqs 1 and 2 most likely contain pathways with
charged or neutral intermediates. This detail could alter the
mechanism we have proposed but has not been mapped in the
current study. Moreover, although the generation and growth
of Ag nanoparticles during the oscillation seems intuitive, its in
situ observation is challenging. Furthermore, it would be
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extremely helpful to measure the distributions of chemical
species and electric fields, and the flow profiles, around an
oscillating Janus particle. Experimental efforts on this subject
are underway, while numerical and analytical modeling could
prove useful too. These issues require careful and lengthy
studies and will be explored in more depth and more
systematically in a future study.

CONCLUSION

To summarize, we have developed a Janus colloidal motor with
an oscillating temporal pattern of behaviors. When illuminated
with light and exposed to H,0, and CI”, PMMA—Ag Janus
microspheres exhibited highly periodic motion that consists of
a fast then decelerating phase away from the Ag cap followed
by a refractive phase. Not only do they pulse forward, they also
moved upward and against gravity (negative gravitaxis), likely
due to a heavy but active cap. Pulsing frequency (as high as a
few hertz) and magnitude (peak speeds as high as ~30 ym/s)
can be fine-tuned via chemical concentrations. Moreover, not
only can light modulate how fast a motor moves, the exact way
light is applied can also determine whether it pulsates or moves
“continuously”. A tentative mechanism of its oscillating
dynamics is proposed based on a chemical oscillation between
fast and autocatalytic reduction and slow oxidation on the Ag/
AgCl-coated hemisphere. However, a more careful examina-
tion and in situ characterization of the material composition,
surface morphology, chemical distributions, flow profiles, and
other properties of a pulsating Janus particle is needed to
further our understanding.

Looking forward, a pulsating chemical oscillator operating at
microscale or even smaller, similar to a cardiac pacemaker cell,
could potentially function as a central clock unit in regulating
the dynamics of a large assembly of micromachines and form
the basis for a special type of stimuli-responsive, biomimetic
material. Importantly, the fact that the dynamics of this
pulsating chemical oscillator can be tuned systematically and in
situ enables on-demand designs of nonlinear systems of a wide
range of characteristics. Although we have mostly focused on
single particle dynamics in this paper, interesting nonlinear
dynamics” among these chemical oscillators such as collective
synchronization®® and chemical waves®” are exciting topics that
are being pursued and will be reported separately.

METHODS

Motor Experiments. In a typical experiment, a mixed aqueous
suspension of PMMA~—Ag particles and chemicals was transferred by
capillary effect into a rectangular shaped capillary tube made of glass
(Vitrocom No. 3520-050, thickness of ~200 ym) and observed from
underneath with an inverted optical microscope (Olympus IX71), and
light was applied from the top (see Figure SI for setup). An upright
microscope configuration can also be used. Due to gravity, Janus
particles naturally sedimented to the bottom of the capillary tube,
where the focal plane was commonly chosen. However, in cases where
colloidal particles on other planes needed to be examined, such as in
gravitaxis experiment or levitation experiment, the focus knob on the
microscope could be manually adjusted to refocus on a different
plane. Different light sources can be accessed by switching the
mounted lamp from a halogen lamp to a mercury lamp (see Figure S2
for spectra of these two light sources) by applying optical filters that
modulate light wavelength and intensity or by adjusting lamp power
levels. Videos were recorded with a CMOS camera (FLIR GS3-U3-
41C6C-C, Point Grey) typically at 30 frames per second (fps). They
were later processed by image] and analyzed by MATLAB to find the
coordinates of each particle, which were used to calculate
instantaneous particle speeds.

The experiments where light was applied intermittently were
carried out with a LED UV light source (Thorlab M365LP1-C1) with
a peak wavelength at 365 nm. Its controller is connected to a function
generator which triggered its on and off.

Surface Characterization. A monolayer of PMMA—Ag particles
was prepared on a silicon wafer, broken into small pieces, and used for
three separate tests. First, to examine the surface morphology of a
PMMA—Ag Janus particle shortly after exposure to an oxidizing
solution, the wafer piece with PMMA—Ag particles was immersed in a
solution of 1 wt % H,0, and 400 M KCIl. SEM images before and
after oxidization are stitched to give the inset image in Scheme 1.
Second, in order to confirm the occurrence of eq 1 in our
experiments, PMMA—Ag particles was immersed in a solution of
0.5 wt % H,0, and 200 #M KClI in the absence of light for 20 min.
The particles on wafer were then cleaned with DI water and SEM
(Figure 6b), and XRD (Figure 6c, bottom) characterizations were
carried out. Finally, to investigate eq 2, PMMA—AgCI particles were
synthesized by immersing a monolayer of PMMA—Ag particles into
an aqueous solution containing 0.01 mol/L FeCl, solutions and 0.025
mol/L polyvinylpyrrolidone (PVP, monomer concentration) at room
temperature for 20 min. As synthesized PMMA—AgCI particles were
washed by DI water and irradiated with UV light (103 mW/cm?) in
water for 30 min (no other chemicals). The particles on wafer were
then washed by DI water before (Figure 6a) and after XRD (Figure
6¢, top) characterizations.

Zeta potential measurements were carried out with Malvern
Zetasizer for SiO, tracer particles (—36.3 mV), PMMA microspheres
(—49.1 mV), and PMMA—AgCl microparticles (—35.1 mV).
Although we were not able to directly measure the zeta potential
on the AgCl hemisphere of a Janus particle, it is inferred to be
negative from that of a PMMA and a PMMA—AgCI particle.
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