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Patchy Bubble-Propelled Colloids at Interfaces

David P. Rivas, Max Sokolich, Harrison Muller, and Sambeeta Das*

Liquid-liquid or liquid-air interfaces provide interesting environments to
study colloids and are ubiquitous in nature and industry, as well as relevant in
applications involving emulsions and foams. They present a particularly
intriguing environment for studying active particles that exhibit a host of
phenomena not seen in passive systems. Active particles can also provide
on-demand controllability that greatly expands their use in future
applications. However, research on active particles at interfaces is relatively
rare compared to those at solid surfaces or in the bulk. It is studied
magnetically steerable active colloids at a liquid—air interface that self-propel
by bubble production via the catalytic decomposition of chemical fuel in the
liquid medium. It is investigated the bubble formation and dynamics of
“patchy” colloids with a patch of catalytic coating on their surface and
compare to more traditional Janus colloids with a hemispherical coating. It is
found that the patchy colloids have a tendency to produce smaller bubbles
and undergo smoother motion which makes them beneficial for applications
such as precise micro-manipulation. this it is demonstrated by using them to
manipulate and assemble patterns of passive spheres on a substrate as well
as at an air-liquid interface. It is also characterized the propulsion and bubble

different viscous drag and/or chemical
distributions while also introducing ad-
ditional relevant forces such as capillary
or surface-tension based forces.!! Inter-
faces also trap active particles in a quasi-
2D space, which can result in consider-
ably different behavior than that in the
bulk. Interfaces are ubiquitous in nature
and industry and therefore are important
environments for studying the behavior
of active colloids due to their potential rel-
evance in future applications. Some ex-
amples of studies of active particles at in-
terfaces include collections of bacterial?!
or chemically fueled self-phoretically pro-
pelled Janus particles.}] Aside from few
initial studies, there has been little re-
search on active colloids at air-liquid and
liquid-liquid interfaces compared to the
bulk or at solid surfaces. Therefore, it is
of importance to study the behavior of
active colloids in these unique environ-

formation of both the Janus and patchy colloids and find that previously
proposed theories are insufficient to fully describe their motion and bubble
bursting mechanism. Additionally, it is observed that the colloids, which
reside at the air-liquid interface, demonstrate novel interfacial positive
gravitaxis toward the droplet edges, which it is attributed to a torque resulting
from opposing downward and buoyant forces on the colloids.

1. Introduction

The study of active particles at liquid-liquid and air-liquid inter-
faces involves many unique considerations compared to motion
near a substrate or in the bulk. Particles at interfaces experience
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ments. Particles at interfaces of bubbles
are also relevant in applications such as
emulsions and foams as well as in the de-
velopment of new materials.!!]
Bubble-producing colloids that cat-
alyze fuel in their medium have been
shown to self-propel and be used for
breaking up of biofilms*l or push-
ing objects.l’) Microscale colloids that
can carry out tasks such as these are
known as microrobots.[®! Microrobots show promise in biomed-
ical and engineering applications such as drug delivery, envi-
ronmental remediation, enhanced biofilm removal, sensing, and
micro-manipulation.l”-16] A catalytic microrobot, a type of chem-
ically driven microrobot, is powered by the chemical decom-
position of a fuel source present in the medium.l'”] Two com-
mon modes of propulsion for such catalytic microrobots rely
on self-phoresis or bubble generation.[**-22] Bubble-propelled mi-
crorobots have the advantage of being relatively fast and pow-
erful compared to their self-phoretic counterparts,*?3] features
that are advantageous for many of the aforementioned applica-
tions. Specifically, these properties are particularly useful in tasks
such as transport of cargo, rapid remediation, or microassem-
bly. However, there have been limited examples of precise con-
trol and manipulation using bubble-propelled microrobots, >4
as well as relatively few studies on their dynamics and bub-
ble formation/dissolution process.[?1:222526] There have also been
limited studies on the temperature dependence of microrobot
dynamics,1?’] particularly at values near room temperature. Ex-
ploring the temperature dependence of their dynamics provides
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insight into how these changes effect bubble generation and mo-
tion in realistic environmental conditions. It also is relevant to
the use of microrobots as sensors to reveal properties of their en-
vironment.

Motion driven by self-phoretic effects, such as self-
electrophoresis or self-diffusiophoresis, derive from an induced
concentration gradient of either ionic or neutral molecules,
respectively. This gradient can form around particles with an
anisotropic distribution of catalyst material on the particle’s
surface. A typical example of this is a Janus spherical colloid
in which one hemisphere of the sphere is coated in platinum.
The platinum catalyzes hydrogen peroxide to form water and
oxygen, which results in a concentration buildup of molecules
around the colloid. In bubble-driven motion, the concentration
of oxygen reaches saturation in the medium, leading to a bubble
nucleating and growing.["] The motion of the colloid in this case
is due party to the growth of the bubble, the hydrodynamic flows
created upon its dissolution, or pressure differentials.[?1:22:26]

A type of bubble-propelled machine that has been extensively
studied is a microjet, a hollow tubular microrobot that pro-
duces bubbles inside the tube and ejects them out one end, pro-
pelling it toward the other.[?>2°] Microjets typically have lengths of
50-100 pm, diameters of 5-10 um, and speeds of 300-3000
pums~L.[1%1 This type of microrobot was previously used to trans-
port spheres and manipulate micro-sheets at the liquid-air inter-
face, but lacked precise magnetic control.”) One disadvantage of
the microjet is its more complex fabrication process compared
to spherically shaped Janus particles, which can be made using
simple physical vapor deposition procedures.

For a spherical Janus catalytic colloid, self-phoretic motion
generally occurs when the diameter of the colloid is less than
about 10 um.[?] For larger diameters, bubbles begin to form at
their surface due to the greater concentration of reactant prod-
ucts. As previously mentioned, self-phoretic microrobots move
at much slower speeds and are significantly less powerful than
bubble-propelled microrobots, making them less ideal for ap-
plications requiring manipulation of objects at the microscale,
such as microassembly. For example, bubble-propelled micro-
robots are capable of an order of magnitude larger velocity, orders
of magnitude increase in generated propulsion force, and much
higher efficiency.?’]

Here, we study the motion and bubble generation of Janus and
“patchy” colloids. The patchy colloids have a smaller area of sur-
face coating of catalytic material, which we find results in gen-
erally smaller bubble size production. The patchy microspheres
that produce bubble sizes of $25 um have a smoother motion that
lacks the forward/backward cyclical motion present in the case
of larger bubble sizes that have been studied previously.[??] Aside
from the interesting observations of their difference in bubble
generation, the smaller bubble sizes and smoother motion of
these colloids makes them well suited for precise manipulation.
Therefore, we use the patchy colloids to selectively manipulate
and assemble individual particles into patterns on the solid sub-
strate as well as at the air-liquid interface. We also compare the
dynamics and bubble growth process of both the hemispherically
coated Janus as well as the “patchy” bubble propelled colloids as
a function of hydrogen peroxide concentration and temperature.
Aside from micromanipulation, moving at the liquid-air inter-
face makes the bubble-propelled colloids potentially useful tools
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in applications at interfaces such as in environmental remedia-
tion or localized interfacial biofilm removal.

2. Results and Discussion

2.1. Patchy Colloids

Figure 1a shows a schematic of the experimental setup. The col-
loids were placed in a solution of hydrogen peroxide, which was
spread onto a hydrophilic glass slide. Electromagnets were used
to steer the magnetic colloids, as depicted in Figure 1b. The active
colloids were fabricated using e-beam deposition, as depicted in
Figure 2a. Paramagnetic spheres were coated with platinum atan
angle of 6 = 10° to create the “patchy” colloids. The Janus active
colloids that were used as a comparison were first coated with
iron followed by platinum at a deposition angle of 8 = 90°. Iron
was deposited to make the microrobots more magnetic and there-
fore more easily steered, which was useful for maintaining linear
motion of the most active colloids (see Figure 2). Figure 2b shows
a fluorescence image displaying the platinum coating on the sur-
face of the patchy colloids and Figure 2c displays an SEM image
of the colloids. The surface coverage of the patchy colloids is ap-
proximately 1/4 of that of the hemispherically coated colloids.[®]
More details on the fabrication and experimental procedures can
be found in the Experimental section.

We study both the patchy and Janus active colloids at hydro-
gen peroxide concentrations of 10, 15, and 30% (w/v), as well as
at temperatures of 19.4, 21.7, 24.4, and 26.7 degrees Celsius. Ex-
periments done at the various hydrogen peroxide concentrations
were conducted at a temperature of approximately 24 °C and the
temperature controlled experiments were all conducted at a hy-
drogen peroxide concentration of 30%.

The colloids were suspended in a solution of hydrogen perox-
ide and then viewed through a microscope on a glass slide. The
platinum on the colloid surface acts as a catalyst of the hydro-
gen peroxide solution, resulting in the formation of oxygen bub-
bles. The bubbles cause the colloids to become buoyant and rise
to the air-liquid interface.[?”) The colloids generate bubbles in a
cyclical manner that follows a pattern of bubble growth followed
by bursting, causing the them to self-propel at the air-liquid
interface.

In the following sections, we begin by describing experiments
in which we used the colloids as microrobots to precisely ma-
nipulate passive spheres both at air-liquid interface and on the
glass substrate. We then describe the bubble generation and dy-
namics of the bubble-propelled colloids. Then we discuss possi-
ble mechanisms that determine the bubble size and frequency
of bursting. This is followed by a description of additional inter-
esting observations of active colloid behavior, and lastly we end
with a discussion of our results and possible future experiments
and applications.

2.2. Magnetic Control
In the absence of an applied magnetic field, the active colloids

tended to undergo circular trajectories, although some colloids
demonstrated motion both to the right and to the left relative to
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Figure 1. a) Experimental schematic showing the buoyant bubble-propelled colloids in hydrogen peroxide solution and two of the four electromagnets
used to steer them. b) A schematic of a patchy bubble-propelled colloid steered by a magnetic field.

their orientation, therefore performing trajectories resembling
a persistent random walk. Such non-linear motion of bubble-
propelled colloids has been observed previously.[?"3%] In Refer-
ence [30], it was found that active colloids with a small region of
catalytic surface coverage displayed more persistent motion than
those with a hemispherical or complete surface coverage. In our
experiments, we applied magnetic fields to control the direction
of motion of all of the active colloids. This allowed for the con-
trolled manipulation of passive objects as well as maintaining the
active colloids in the field of view for longer periods of time to ob-
tain better statistics in our analysis of their behavior.

The magnetic system was custom made and is capable of gen-
erating uniform magnetic fields along any direction in the x-y
plane with fields strengths at the sample’s center up to approx-
imately 10 mT, although generally values of around 5 mT were
used when guiding the microrobots. Electromagnets on opposite
sides of the sample applied superimposing magnetic fields that
resulted in a uniform field over the region of interest with neg-
ligible field gradients, therefore no appreciable magnetic forces
were applied to the colloids. Custom made Matlab code was used

(a) Platinum Vapor

NN\

cecee

Substrate

to control the strength and direction of the magnetic fields gen-
erated by the electromagnets. The code was integrated with an
Xbox controller, and a joystick on the controller was used to ad-
just the magnetic field strength and direction quickly and easily,
providing a responsive system that allows for directing the active
colloids while observing them in real-time. More details of the
code and electromagnetic system are provided in the supporting
information and an analogous system is described elsewhere.}!]

2.3. Manipulation and Assembly

We demonstrate magnetic control of the the active colloidal mi-
crorobots by forming a pattern with passive buoyant hollow 45—
85 um diameter spheres which float at the liquid—air interface.
We are able to be assemble the hollow spheres into shapes by the
microrobots, as shown in Video S1 (Supporting Information) and
Figure 3a. The spheres are manipulated by directing the micro-
robots such that they collide with the spheres, or by placing them
in near proximity to the spheres so that the fluid flow generated

Figure 2. a) A sketch ofthe glancing-angle deposition onto the densely packed spherical colloids. The angle of deposition is denoted by 6. b) A fluorescent
image of the spheres after the glancing-angle deposition of platinum on their surface. c) SEM image of a patchy colloid. d) EDX image of patchy colloid

showing the distribution of Pt on the surface.
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Figure 3. a) A bubble-propelled microrobot assembled buoyant 45-85 pm diameter spheres into a linear shape at the liquid—air interface. The microrobot
is magnetically steered and is coated with platinum by e-beam deposition at a glancing-angle of ten degrees. The concentration of hydrogen peroxide was
30% b) Images showing manipulation of passive 24 um diameter spheres into the letters “UD” on the glass substrate by a microrobot. The microrobot

is coated in iron at normal incidence and then with platinum at a 20 degree glancing angle. The concentration of hydrogen peroxide was 20%.

by the moving microrobots would exert a force on the spheres. We
also demonstrate precise manipulation of smaller 24 ym diame-
ter spheres on the substrate (see Video S2, Supporting Informa-
tion and Figure 3b). Manipulation at the substrate was made pos-
sible by using a thin layer of liquid on the glass slide, so that the
buoyant microrobots could physically interact with the spheres
on the substrate.

2.4. Colloid Velocity and Bubble Production

To quantify the distribution of maximum bubble size produced
Dby the catalytic colloids, we calculated the probability distribution

and display a histogram in Figure 4 for each of the hydrogen per-
oxide concentrations used in the experiments. As can be seen
from the figure, the patchy colloids generally produce bubbles of
smaller size than those produced by the Janus colloids, particu-
larly at the highest concentration of hydrogen peroxide of 30%.
Indeed, a subset of the patchy colloids produce bubbles of diam-
eter similar to or smaller than the diameter of the colloids them-
selves. This could be a useful feature when precise control of the
placement of the colloids is desired in microrobotic applications,
while avoiding disturbances created by the physical interference
of larger bubbles and the hydrodynamic influence created upon
their bursting. The larger variability in maximum bubble size of
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Figure 4. Probability of a microrobot producing a bubble of a given diameter for both the patchy and hemispherically coated microrobots for a) all
hydrogen peroxide concentrations, b—d) concentrations of 10, 15, and 30%, respectively. For viewing both data sets at the same time, the larger bars are
placed behind the smaller. At least ten active colloids from at least three different experiments were included in each of the six data sets (exact numbers
given in the Supporting Information). The error bars correspond to square root of n uncertainties.
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Figure 5. a) Average speed of the patchy (blue triangles) and Janus (yellow circles) bubble-propelled colloids as a function of hydrogen peroxide con-
centration. b) The average speed of the colloids versus their maximum bubble diameter, for all hydrogen peroxide concentrations. Error bars represent

standard error of the mean.

the patchy compared to the hemispherically coated colloids could
be due to slight differences in the shape or surface area of the
platinum coating on the patchy colloids. Such differences could
partly be due to the spheres not forming a perfect close-packed
monolayer prior to deposition, differences in deposition orien-
tations relative to the hexagonal structure, and polydispersity of
sphere sizes.

One possible explanation for the decreased bubble size ob-
served in the case of the patchy compared to the Janus colloids
could be the reduced platinum coating, resulting in a lower oxy-
gen production rate. If this is the case, one would then expect that
the Janus colloids would exhibit similar behavior as the patchy
colloids if their reaction rate was reduced sufficiently, for exam-
ple by placing them in a solution with a lower concentration of
hydrogen peroxide. As can be seen from Figure 4, lowering the
hydrogen peroxide concentration does result in a reduction of
the bubble size of the Janus colloids, although the probability for
the smallest bubble sizes (the two left-most bins, for example) re-
mains lower than that of the patchy colloids. We also find that the
speed of the Janus colloids decreases substantially as the hydro-
gen peroxide concentration is decreased, as shown in Figure 5a.
Further reducing the hydrogen peroxide concentration to 5% re-
sulted in velocities that were even further reduced and no longer
sufficiently larger than drift velocities to be accurately measured.
We discuss the determining factors of the bubble size and fre-
quency for these colloids in Section 2.6.

We also find that the speed of the colloids generally increases
with the maximum size of the bubble produced, see Figure 5b,
up to a maximum diameter of about 100 um at which point the
speed appears to have little to no dependence on bubble size. Col-
loids that produce bubble diameters of less than about 25 pm
tend to have relatively large speeds compared to those that pro-
duce somewhat larger bubbles of 25-50 um in diameter. This in-
dicates a possible distinction in their bubble production/burst or
propulsion mechanisms, which we will discuss later.

2.5. Active Colloid Dynamics
The patchy microrobots generally display three types of motion.
Colloids that produce relatively large bubble sizes of roughly

Adv. Mater. Interfaces 2023, 2300226 2300226 (5 of 12)

Dpx 2 25 pm either display exclusively forward motion with
a periodic nature or a quasi-oscillatory behavior, as has been
described in References [21, 22] (see Video S3, Supporting Infor-
mation). However, for the colloids that produce small bubbles of
approximately D .. < 25 um, this oscillation is not observed and
their motion is of a much smoother nature (see Video S4, Sup-
porting Information). This is evident from the distance travelled
Ar shown in Figure 6a. Figure 6a shows the difference in smooth-
ness between the trajectories of a 25 um patchy colloid, which had
a maximum bubble size of about 17 pm and a frequency > 19 Hz
and a 25 um Janus colloid, which had a maximum bubble size of
about 90 um and a frequency of about 5 Hz. The corresponding
instantaneous velocity for the two colloids is shown in Figure 6b.
The motion displayed by the Janus colloid results in periodic
spikes in its measured velocity, whereas the patchy colloid that
generates a smaller bubble displays a much smoother motion.
The fluctuations from the mean in the case of patchy colloids
is likely due to noise as there is no periodicity in the data. We
find that this anti-correlation between bubble size and frequency
is a general trend (see Figure S5, Supporting Information),
particularly in the cases of maximum bubble diameter D_,, <
25 um in which the frequency was typically greater than 10 Hz.

In general there are several forces acting on the colloid during
the periodic bubble growth and burst phases. The forces that act
in the horizontal direction have been identified as consisting of
two forward propulsive components, Fy g, and Fiey,g, and two
backwards components, Fy,,, and Feon->"*>*! The forward
propulsive growth force, F,.u, is due to the growth of the
bubble, which acts to push the colloid away from the bubble. The
other propulsive force, Fjuy,, is due to a hydrodynamic jetting
flow that occurs upon the burst of the bubble.[?!] The bubble
burst also results in a cavitation force due to a reduction in
pressure, F_,;.iion, Which pulls the colloid backwards.??] There is
also a drag force, Fy,,,, that acts against the direction of motion
of the colloid.

In the vertical direction, the buoyancy of the bubble results in
an upward force on the colloid, which is balanced by a downward
gravitational force. The bubble growth and burst can also result
in periodic vertical forces on the colloid.[?!]

The quasi-oscillatory motion that we observe has been ex-
plained previously as a consequence of the forces produced
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Figure 6. a) The distance traveled by a hemispherically coated Janus (yellow circles) and patchy (blue triangles) colloid as a function of time. b) the
corresponding instantaneous velocity of the colloids. The standard deviation of the velocities of the patchy and hemispherically coated colloids are
68 and 251 ums™", respectively. For the examples shown, the maximum bubble diameter of the Janus colloid was about 90 um, the frequency of bubble
production was about 5 Hz, and the concentration of hydrogen peroxide was 30%. The maximum diameter of the bubble produced by the patchy colloid
was about 17 um, the frequency was >19 Hz, and the hydrogen peroxide concentration was 10%.

on the colloid by the bubble as it grows and then bursts.?!
The motion of the colloid after bubble burst is determined by
the relative sizes of the propulsive and backward forces on the
colloid. Specifically, upon bubble burst, a region of low pres-
sure is created, which can cause the colloid to move backwards,
F_vitation-1 22} However, a hydrodynamic jetting flow can also be cre-
ated in which fluid flow creates a net forward force on the col-
loid, Fiyi-1”!! In the experiments of Reference [21] it was also
found that the relative amount of backward to forward motion
was determined by the maximum bubble size. For bubble radii
less than about 0.7 times that of the colloid, the resulting motion
was backwards followed by a moderate forward motion. For bub-
ble to colloid size ratios that are between 0.7 and 1.5, the colloids
either moved backward, followed by a larger forward motion, or
only moved forward. For larger bubble sizes up to about 1.8 times
that of the colloid, the motion was only backwards.

To investigate the forward/backward motion and its depen-
dence on bubble size, we examined each video and separated the
colloid dynamics into two categories: those in which the colloid
moved backwards upon bubble burst and those in which it only
moved forward. We show a plot of the maximum bubble radius,
R, versus average colloid speed in Figure 7a for the patchy col-
loids for cases in which the forward or backward motion could

60
O forward O
[J backward
50
240
- O
& 30 O O
et
5
20 oD (@)
0 100 200 300 400

Avg Speed (um/s)

be clearly identified (cases in which the frequencies were similar
to the frame rate were difficult to assess and were excluded). We
also show results for the Janus colloids in Figure S3 (Support-
ing Information). The blue squares represent cases in which the
colloid moved backward after the bubble burst and the black cir-
cles correspond to cases in which the colloid only moved forward.
From the plot, one can see that instances of backwards motion
occurred for colloids that produced bubbles with relatively small
radii between 20-30 um and with relatively low velocities of less
than about 100 ums~!. Therefore, our results suggest that in the
case of these colloids that produce smaller bubble sizes, the for-
ward propulsion induced by the hydrodynamic jetting flow has
a less significant influence than the backward induced motion
created by the pressure decrease upon bubble burst.

Although we do observe backward motion at bubble to colloid
diameter of a 1.8 ratio, we do not typically observe the forward
only motion at ratios less than 1.5, in contrast to Reference [21].
This discrepancy could be due to differences in the experimental
systems, for example the colloids used in that study were hol-
low and not at the interface. Also, the frequency of bubble cre-
ation was considerably larger in that study compared to the ma-
jority of colloids we studied. The colloid size was also somewhat
larger (20-50 um diameter compared to our 24 pm diameter).

500
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Figure 7. a) The maximum bubble radius versus average microrobot speed for all cases in which either a forward only (black circles) or backwards (blue
squares) motion could be observed following bubble burst. b) The frequency, v of the bubble growth/burst process times the maximum bubble radius,
Romax» Plotted against the average colloid speed. The dashed line has a slope of one and corresponds to the case in which the colloid moves one bubble

radius per cycle.
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We also note that most of our videos were taken at frame rates of
30-50 fps, therefore motion that occurred on timescales less than
about 30 ms would be hard to perceive in our videos.

In addition to the hydrodynamic jetting flow, another propul-
sion mechanism that drives the colloid forward is the growth
force produced by the bubble as it expands.[??] Since the bubbles
produced by the colloids remain attached to the colloid surface
during the growth stage, the growth force can displace the col-
loid forward by an amount no greater than the maximum radius
of the bubble. Therefore, colloids that move with velocities in ex-
cess of VR, .., where v is the frequency of bubble growth/burst
and R__. is the maximum radius of the bubble, must be pro-
pelled by other mechanisms, such as the hydrodynamic jetting
flow. In Figure 7b, we plot the bubble frequency multiplied with
the maximum bubble radius versus the average speed of the col-
loid. The dashed line has a slope equal to one and separates cases
in which the speed could be attributed solely to a growth force
mechanism (on or above the line) from those in which additional
mechanisms are required to attain the measured speeds (below
the line). As can be seen from the plot, the active colloids with
relatively large speeds of more than about 100 ums~! move faster
than what can be attributed to the growth force mechanism alone.
The hydrodynamic jetting flow could account for some of the ad-
ditional propulsion, and indeed the commonality of the approx-
imate speed of 100-200 ums~' at which the forward/backward
transition occurred in Figure 7a and at which the data intersects
the dashed line in Figure 7b implies that this may be the case. We
also note, however, that the time over which the jetting flow force
persisted in [21] was only around 1 ms, whereas we observe for-
ward motion that lasts the entire duration of the bubble growth
period (tens of milliseconds) in some cases. This is particularly
evident for the fastest colloids. An example of this can be is shown
in Video S6 and Figure S2 (Supporting Information), where it can
be seen that the center of mass of the bubble itself moves forward
during bubble growth at an average speed of around 300 pms™.
This additional propulsion mechanism following bubble burst is
unclear, but one possibility is that it is due to a self-phoretic pro-
cess, like that responsible for the active motility of smaller, non-
bubble propelled, microrobots, although at a surprisingly high
speed. Other mechanisms that could be responsible may be cap-
illary or Marongoni forces. Future theoretical or simulation work
may be needed to help determine the cause of this forward mo-
tion of the bubble.

Another factor that can affect the resulting colloid propulsion
is the orientation of the colloid relative to the bubble. In cases
in which the bubble/colloid are oriented along the interface, the
resulting propulsion is parallel to the interface and results in
a greater velocity. We observe that the relatively slower colloids
appear to reside somewhat below the bubble and therefore a
component of the force likely pushes the colloid downward,
like that observed in Reference [21], which would result in less
efficient propulsion along the interface. We note that such a
downward propulsion, if present, did not result in the focal
plane of the colloid changing noticeably. Previous experimental
work has shown that the application of a magnetic field along
the vertical direction (perpendicular to the interface) can result
in increased velocity along with decreased bubble size and
increased frequency.??) It was found that this corresponds to
a more steady tilt of the Janus colloid such that its face points
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parallel to the interface. We found that both the Janus and patchy
colloids display a rotation of their catalytic surface as the bubble
forms and then bursts (see. Video S5, Supporting Information).
The catalytic surface of the colloid rotates upward as the bubble
grows and then rotates downwards after it bursts, likely due to a
competition between the buoyant torque generated on the colloid
from the bubble as it grows and a gravitational torque produced
by the weight of the metal cap. In the cases in which the colloid
produced very small bubble sizes of less than 25 um or so, the
orientation was more steady due to the higher frequency of bub-
ble generation. One explanation, therefore, of the relatively high
speeds of the colloids that produce these small bubbles at high
bursting rates compared to those with somewhat larger bubble
sizes (as seen in Figure 5), is that they produce more efficient
forward propulsion velocity due to a more steady and horizontal
orientation of their catalytic surface. Although larger bubbles
can produce more forward force due to larger hydrodynamic
jetting flow, they may also tend to be less efficient because of the
existence of a downwards component of the force vector.

As can be seen from Figure 5, the speeds of the active colloids
increase with increasing hydrogen peroxide concentration. The
relation between the two depends on how the increase in catalytic
reaction rate caused by an increase in hydrogen peroxide concen-
tration affects not only the magnitude of the forces acting on the
colloids, but also on the orientation of those forces in the hori-
zontal direction. The relative orientation of the colloid and bub-
ble likely depends on both the bubble size and burst frequency,
and possibly the gravitational forces and torques on the colloid.

2.6. Bubble Production Size and Frequency

In this section we will discuss observations and analysis of the
bubble growth and burst. It is first relevant to determine how the
hydrogen peroxide concentration relates to the reaction rate at
the surface of the colloid and how this might effect the resulting
bubble size. As described earlier, a bubble is formed at the sur-
face of the patchy colloid when the concentration of oxygen pro-
duced through the catalytic reaction, reaches the saturation level
of about 0.28 mol/m?. Specifically, the rate of oxygen production
can be modeled using a Michaelis-Menten form [33],

[HZOZ]V
=y 1)
[H,0,], + =

where a is the rate of oxygen production, «, and a, are catalytic re-
action rate constants, and [H, O, ] is the volume concentration of
hydrogen peroxide. The ratio = has been measured to be approx-

a

imately 0.11.3%] Therefore, the reaction rate of hydrogen peroxide
at the surface of the colloid at a hydrogen peroxide concentration
of 15% and 10% is expected to be about 0.8 and 0.5 times the rate
at 30% concentration, respectively.

The smaller maximum bubble size produced by the patchy col-
loid as shown in Figure 4 could be attributed primarily to lower
H, 0, concentrations and smaller amount of catalyst on the robot
surface. Previous studies have conjectured that the maximum
bubble size is generally determined by the bubble radius at which
the amount of oxygen leaving the bubble through diffusion bal-
ances the amount entering the bubble via the catalytic reaction
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Figure 8. a) An example of the estimated bubble volume versus time for a patchy colloid in 30% H,0, that produced a bubble of maximal diameter of
around 39 pum at a frequency of 2.6 Hz. b) Data from multiple bubble growth/burst periods collapsed onto one curve. Also shown is a linear fit to the

data.

at the colloid’s surface.[?!?2] The amount of oxygen that is lost by
the bubble increases as the surface area of the bubble increases,
therefore there is a threshold maximal size at which the flux of
oxygen out of the bubble becomes larger than that into the bub-
ble and the bubble becomes unstable and can collapse. Oxygen
that diffuses away from the bubble/colloid also undergoes trans-
port due to fluid flow produced by the moving colloid and bubble
growth /burst, making for a generally complex process. However,
this simple flux balance model could nevertheless in principle
qualitatively explain the decrease in bubble size at lower hydro-
gen peroxide concentrations. Also, since the patchy colloids have
about 1/4 the amount of platinum on their surface, the oxygen
production rate is presumably also lower, which could be respon-
sible at least in part to the smaller bubble sizes. In addition, the
small patch of platinum leads to a more localized region of oxy-
gen concentration and hence presumably a greater gradient of
oxygen concentration around the colloid. This could lead to a
smaller region in which there is a sufficient amount of oxygen
to sustain bubble growth, thereby result in a smaller maximum
bubble size.

In order to further assess whether a flux balance of oxygen is
responsible for the onset of bubble burst, we estimate the volume
of the bubble as a function of time. We determine the volume
by measuring the 2D-image of the bubble in each frame of the
video and assume a spherical shape of the bubble. Note that, for
the diameters considered here, the pressure is equal to the atmo-
spheric pressure and, to a good approximation, does not vary with
bubble size .2! The volume of the bubble is therefore simply pro-
portional to the amount of oxygen inside the bubble via the ideal
gas law, PV = Nk, T, where Pis the pressure, Vis the volume, Nis
the number of oxygen molecules, kj is Boltzmann’s constant, and
T is the temperature. We plot an example of the estimated bub-
ble volume versus time in Figure 8a. Because of the relatively few
number of data points in a given bubble growth process, we com-
bine the data from multiple growth cycles in order to improve the
temporal resolution of the data. This was done by conducting a
linear fit to the data for each bubble growth cycle and shifting the
data along the time-axis such that the intercepts of the linear fits
passed through the origin. We show this result in Figure 8b along
with a linear fit to the data. As one can see from the plot, the bub-
ble volume is linear with time, indicating that the rate of oxygen
entering the bubble is approximately constant over the lifetime
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of the bubble. Note that this is distinct from what was observed
in Reference [21] in which the bubble radius grew more slowly
than t!/3 at times approaching bubble burst. An approximately
linear growth of R® with time was observed in the case of hollow
cavity bubble-propelled swimmers, however.**] The linearity we
observe in the calculated bubble volume with time also suggests
that the bubble does not significantly obstruct the catalytic sur-
face as it grows, which would act to reduce the oxygen production
rate over time and therefore presumably slow the growth rate of
the bubble volume.

Since there is no indication of a flux balance prior to bubble
burst, which would be indicated by a flattening of the data, other
factors may be involved in initiating the bubble burst in our exper-
iments, at least in cases of D, ,, 2 25 pm. We observed that hemi-
spherically coated buoyant hollow silica spheres of diameters of
45-85 um produced small bubbles (see Video S7, Supporting In-
formation). If the onset of bubble burst is due to a balance of
oxygen flux, one might expect that the larger surface area would
result in the production of larger bubbles. Instead, the opposite
is observed, which further indicates that a different process is
needed to explain the bubble burst mechanism.

We note that the bubble size is too small and the frequency
too large to obtain accurate data of the bubble size versus time
in the case of the subset of colloids with bubble sizes of D, ,,
< 25 um, therefore it is possible that the maximal bubble size
is determined by an oxygen flux-balance in those cases. One
can show that the pressure on the bubble due to surface ten-
sion, 26/R (where 6 =72 mNm™"' is the surface tension and R
is the bubble radius), starts to become important for bubble di-
ameters of this small size.?!l The surface tension is approxi-
mately equal to atmospheric pressure of 10° Pa at a bubble diam-
eter of about 3 um. Therefore, surface tension would effect the
growth of these small bubbles and would have to be taken into
account.

It is also interesting to note that the volume of a stationary
bubble in a liquid that is uniformly supersaturated with oxygen
is expected to grow non-linearly with time.353¢] Therefore, the
measured linearity of the volume of the bubble with time implies,
perhaps not surprisingly given the expected non-uniform distri-
bution of oxygen around the colloid, that this is a poor model for
the process by which oxygen enters the bubble. Instead, the lin-
earity suggests that, assuming the rate of oxygen production is
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constant, the rate of oxygen absorption by the bubble is propor-
tional to the amount of oxygen produced at the colloid’s surface.

Another possible reason for the initiation of bubble burst could
be due to contact of the bubble with the air interface. Such a pro-
cess of bubble bursting is described in Reference [36], for exam-
ple. The bubble bursting in this case is theorized to be a stochastic
process. The bubble size could then be explained by the growth
rate of the bubble, i.e., a slower growth rate would lead to a more
probable burst occurring before the bubble has time to grow to
a larger size. However, the consistency of the maximum bubble
size as shown in Figure 8 implies that a stochastic process is un-
likely to be responsible for the bubble bursting mechanism.

We conjecture that several other factors could be responsi-
ble for initiating bubble burst, such as detachment of the bub-
ble from the colloid caused either by bubble buoyancy or growth
force, which could cause the bubble to overcome the surface ad-
hesive force and move away from and detach from the colloid.
This in turn could lead to bubble instability and burst. These are
posited in Reference [37], for example, to explain the size of bub-
bles in a boiling system.

The weight of the metal coating could affect the vertical tilt-
ing of the colloid during the bubble growth and burst phases,
which could possibly also affect bubble size and the rate of bub-
ble burst. As discussed earlier, the application of vertical mag-
netic fields has been shown to decrease bubble size and increase
its burst frequency.[**! We conducted preliminary experiments on
Janus and patchy colloids with and without an iron coating which
showed qualitatively similar behavior (smaller bubble sizes and
slower velocities of the patchy compared to the Janus colloids),
indicating that cap weight is not the governing factor. More statis-
tics will be needed in future studies to determine the effect of the
cap weight on the production of very small bubbles (525 um) at
very high burst rates, however.

The surface roughness may also effect the rate of oxygen pro-
duction and, therefore, also the bubble growth and burst rate. It
has been found that rougher colloidal surfaces can cause bub-
bles to nucleate more readily.??! Therefore, the effect of surface
roughness would be an interesting future study.

2.7. Temperature Dependence

We studied the temperature dependence of the colloid dynam-
ics at temperatures of 19.4, 21.7, 24.4, and 26.7 degrees Celsius
at 30% hydrogen peroxide concentration. The average velocity of
the colloids at each temperature is shown in Figure 9. The av-
erage velocity of the patchy colloids shows little dependence on
temperature over the temperature range studied. In contrast, the
Janus colloids increase their speed by about a factor of two from
21.7 °Cto 26.7 °C.

To determine how the oxygen production rates depend on tem-
perature and on the amount of platinum surface coverage of the
colloids, we estimate the oxygen production rate produced at the
catalytic colloids’s surface assuming that it is proportional to the
rate of oxygen increase within the bubble. Because of the lin-
ear increase in bubble volume with time, as shown in Figure 8,
the volume expansion rate of the bubble can simply be found
from vV, , where V. is the maximum bubble volume and v

max’ max

is the frequency of bubble growth. We plot V, . versus 1/v in
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Figure 9. The average velocity of the active colloids as a function of tem-
perature. All experiments were conducted at a hydrogen peroxide concen-
tration of 30%.

Figure 10a for all colloids at each temperature, and also the me-
dian of vV, in Figure 10b. Interestingly, the relation between
V,..x and 1/v in Figure 10a follows a fairly linear trend, which in-
dicates that, despite the differences in maximum bubble sizes
and frequencies observed in the experiments, the rate of bub-
ble growth was fairly consistent. This implies, for example, that
a smaller maximum bubble size correlates with a smaller bub-
ble lifetime but not with a smaller or larger oxygen production
rate. The two dashed lines shown in Figure 10a are guides to the
eye and represent constant bubble volume expansion rates. The
slopes of the two lines differ by a factor of four, which is approxi-
mately equal to the ratio of surface coverage of the Janus to patchy
colloids. One can see from Figure 10b that the ratios of (vV, .}
for the Janus to patchy colloids are similar to this factor across
all the temperatures studied. Additionally, the bubble volume ex-
pansion rate of the Janus colloids increases by about 1.5 from the
lowest to the highest temperatures. This is a similar factor to that
expected from the temperature dependence of reaction rates that
generally increase by a factor of about 1.4 for a change in temper-
ature of 5 °C.

2.8. Interfacial Gravitaxis

We observe an interesting phenomenon of positive gravitaxis of
the active colloids at the air-liquid interface. We notice this phe-
nomenon generally for colloids that are near the droplet edges,
presumably because of larger surface curvature of the interface
near the edges. The colloids tend to orient such that they point
and propel toward the edges of the droplet. An example of this in-
terfacial gravitaxis behavior is shown in Figure 11 and Video S8
(Supporting Information), which displays an active colloid that
is magnetically rotated such that it propagates away from the
droplet edge and then is allowed to orient back into its preferred
state facing toward the edge of the droplet upon zeroing the mag-
netic field. We attribute this effect to the buoyancy of the bubble
creating a rotational torque on the colloid, which orients it per-
pendicularly to the gradient of the slope of the interface. This
favored orientation results in a net propagation of the colloids
down the interface and toward the edges of the droplet, thereby
demonstrating behavior analogous to positive gravitaxis of Janus
active colloids which orient with the heavy, coated, side facing
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Figure 10. a) The estimated maximum volume of the bubble produced by a colloid versus the inverse of the bubble frequency at a range of temperatures.
The dashed lines are a guide to the eye and represent constant bubble volume expansion rates. The slope of the two lines differ by a factor of four, equal
to the fractional difference in platinum surface coverage of the Janus to patchy colloids. b) The ensemble median estimated maximum bubble volume
times the bubble frequency, which we take as a proxy for the rate of oxygen produced at the surface of the colloids, as a function of temperature. The
median rather than the mean was used to avoid outliers effecting the results. Error bars represent standard error of the mean.

downward.*®! The colloids gather at the edge where they main-
tain a quasi-stationary position, presumably due to a balance of
buoyant and propulsive forces.

2.9. Addition of Surfactant

The addition of surfactant to the solution resulted in a higher
frequency of bubble production and a decrease in the size of
the bubbles created by the colloid, in accordance with previous
reports.!?8] However, it also led to the accumulation of bubbles
in the solution, thus rendering this method ill-suited for micro-
manipulation applications where the bubbles would impede the
process. A video showing the colloid in a solution with surfactant
is shown in the supporting information (Video S9, Supporting
Information).

3. Conclusion

We have studied the dynamics of GLAD coated “patchy” spheri-
cal bubble-propelled colloids at an air-liquid interface at various
temperatures and hydrogen peroxide concentrations which re-
vealed intriguing and novel behavior. We also studied Janus col-
loids as a control system to contrast the patchy colloids. We found
that a subset of the colloids produce bubbles of very small size
and that this phenomenon is enhanced in the case of the patchy

colloids. Such small bubble sizes are useful for micromanipula-
tion, which we have demonstrated with directed microassembly
and manipulation of passive objects both on a substrate and at
the air-liquid interface.

Additionally, we analyzed the propulsion mechanisms of these
colloids using previously proposed propulsion mechanisms. It
was found that they generally qualitatively account for the dy-
namics, however, we find that in some cases the center-of-mass of
the bubble during the growth stage moves forward significantly,
which has not been adequately explained previously. Future the-
oretical work is necessary to explore this further.

We also analyzed the bubble bursting mechanism, which re-
vealed unexpected behavior. For example, we find that the on-
set of bubble burst, except perhaps for the smallest bubble sizes,
is not due to an oxygen flux balance as has been proposed
previously.[’!) We conjecture that other mechanisms, such as
bubble growth force or buoyancy, may cause the bubble to de-
tach from the colloid, leading to instability and burst. We believe
that the effect of surface roughness and colloid/cap weight on
the bubble growth and burst dynamics would be an interesting
future study.

The patchy colloids respond less strongly to changes in both
temperature and hydrogen peroxide concentrations, which can
be useful in cases in which more predictable behavior is desired,
for example, where environmental conditions may be unknown
or not well controlled.

Figure 11. A Janus bubble-propelled colloid is first aligned with an external magnetic field (first frame) followed by zeroing of the field (second frame).
The colloid rotates such that it orients towards the edge of the droplet (frames three and four). The colloid produced bubbles with a maximum diameter

of about 44 um at a rate of about 4.5 Hz.
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Aside from micromanipulation, another potential use of these
magnetically controlled colloids is in interfacial applications,
such as interfacial biofilm removal. It has been shown previ-
ously that the increased mixing created by bubble-propelled mi-
crorobots leads to an increase in biofilm removal efficacy.[*l These
buoyant active colloids could be similarly beneficial in removal of
interfacial biofilms. Utilizing the magnetic guidance of these col-
loids could also provide for more targeted treatment.

Finally, we observe that the colloids display a positive gravitaxis
toward the edges of the droplet, which we attribute to opposing
downward and buoyant forces on the colloid thatleads to a torque
that aligns the colloid/bubble system normal to the gradient of
slope of the interface. This causes the colloid to orient such that
its directed motion is toward lower regions of the droplet. Such
an interfacial gravitaxis has not yet been reported to the best of
our knowledge.

We also note that the glancing-angle deposition could more
generally be useful for coating multiple different materials on the
surface of the colloids by rotating the substrate between deposi-
tions, making them potentially motile in a variety of media or able
to perform multiple tasks at once. For example, adding a patch
of titanium dioxide or ferrous iron to the surface would allow
the colloids to serve as environmental remediation agents.>*-*!]
As an example, we coated a layer of Pt at 20° GLAD followed by
20° GLAD of gold after a 180° substrate rotation in order to pro-
duce a coating of two different active catalysts on different sides of
the colloid (see Figure S10, Supporting Information for SEM and
EDX images of colloids). We confirmed that these colloids moved
in hydrogen peroxide (see Video S10 Supporting Information).

The GLAD technique could also be used to create anisotropic
surface coatings on the colloids. This would presumably lead to
rotational torques along with translational forces, and hence pro-
duce helical motion. Well-defined helical motion has previously
been sought after using smaller, diffusiophoretically propelled,
colloids,*?l but could be interesting to attain in bubble-propelled
systems as well.

4. Experimental Section

Catalytic Colloid Fabrication: The catalytic colloids were fabricated us-
ing 24 um diameter fluorescent magnetic polystyrene spheres (Spherotech
Cat. No. FCM-20052-2) using an e-beam vapor deposition procedure.
First, the spheres were pipetted into a vial and diluted by a factor of 30in DI
water. The vial was then vortexed and 30 pL of the spheres were pipetted
onto the underside of a clean microscope slide. Multiple 30 uL droplets
were placed on the bottom of the slide while maintaining space between
each droplet to avoid merging of the droplets. The spheres sedimented
and collected at the bottom of the droplets, forming a dense monolayer
with only small gaps between spheres. The droplets were then allowed to
evaporate, which left only the spheres on the glass surface. A 40 nm layer
of platinum was deposited at an angle 6, as depicted in Figure 2b. An-
gles of = 10° and 6 = 90° were used, resulting in two types of active
colloids: those with a patch of platinum on their surface and those with
hemispherical surface coverage, respectively. The Janus spheres were first
coated with a 20 nm layer of iron to make them more strongly magnetic.
Two of the micromanipulation videos shown were performed with patchy
colloids that were produced using a glancing angle of 20°, although these
were not used in any of the experiments from which data was acquired.
The colloids were removed from the glass slide by washing the slide with
DI water and allowing the run-off to collect in a vial until the vial was filled
with approximately 500 uL of water.
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Microscope and Camera:  An Axioplan 2 upright microscope was used
with an Axiovert 503 mono camera for viewing and recording videos of
the colloids. Videos were acquired using a 5x objective (Zeiss) and a frame
rate of about 30 fps was generally used, although occasionally higher frame
rates of up to about 100 fps were utilized in order to capture greater tem-
poral resolution of the microrobot and bubble dynamics.

Experimental Procedures: Experiments were conducted with glass mi-
croscope slides, which were cleaned with IPA and Acetone and then
plasma cleaned for 1 h. This ensured that the glass surface was hy-
drophilic, resulting in the hydrogen peroxide solution spreading evenly on
its surface with only a small surface curvature. Having little surface cur-
vature was important in order to minimize the component of the buoyant
forces on the colloids tangent to the interface. The vial containing the col-
loids was vortexed and then 1.5 pL was extracted and pipetted into a so-
lution of 30% hydrogen peroxide, resulting in typically between 3-5 active
colloids in the solution. For experiments in which a lower concentration of
peroxide was used, the colloids were first placed in a 30% (w/v) solution
of hydrogen peroxide for 30-45 min prior to diluting and pipetting onto
the hydrophilic glass slide. The glass slide was cut into a 1inch by 1inch
square and placed under the microscope onto a custom-built stage that
contains an array of four home-built electromagnets, arranged along the x
and y axes.

The colloids in 30% hydrogen peroxide solution tended to reach a
steady-state behavior more rapidly and did not require the full 30 min in-
cubation period to do so. Such initial activation of active catalytic colloids
has been reported previously.[**] A total volume of 140 pL of the hydrogen
peroxide solution containing colloids was used in all experiments except
those in which the colloids were used to move passive spheres on the sub-
strate. In this case, only 70 uL total solution was used and time was allowed
for some of the liquid to evaporate before conducting experiments. Based
on the volume of liquid, we estimate that the thickness of the liquid before
evaporation is approximately 220 pm and 110 um when using 140 uL and
70 pL of the solution, respectively. To quantify the amount of evaporation,
we measured the mass of 140 uL 30% hydrogen peroxide solution con-
taining the usual amount of active colloids as a function of time at room
temperature (23.9° C) and a relative humidity of 35%. It was found that
over a period of an hour, the mass of liquid decreased following an expo-
nential form with a time constant of approximately 146 min. Therefore,
after a half an hour it decreased by about 20% of its initial value and by
about 30% after an hour.

We also measured the concentration of hydrogen peroxide over time
(more details given in the supporting information) and found that the de-
composition due to the catalysis from the active colloids was negligible.
We measured a small increase in concentration of hydrogen peroxide over
time due to evaporation of the liquid drop, however, we expect this to have
a minimal effect on their behavior during the experimental time frame.

Manipulation of passive spheres at the air-liquid interface was con-
ducted by adding hollow glass microspheres (0.21 g/cc density) with a
diameter of 45-85 um (Cospheric) to the hydrogen peroxide solution con-
taining the active colloids.

It was found that the active colloids exhibit a wide range of bubble sizes,
bubble burst frequencies, and velocities. We hypothesize that this was due
to variability in the manufacturing process. Despite this variability, any
given active colloid generally produced bubbles at a remarkably consistent
rate and size.

Colloid Behavior Prior to Steady-State:  On occasion, time was required
for the colloids to reach their maximal bubble production rate after adding
them into the peroxide solution and observing them on the slide. There-
fore, videos were acquired once the colloids reached a steady-state in
which they displayed consistent behavior and approximately maximal
speed. It was observed that the colloids began generating bubbles soon
after adding them to the substrate at 30% hydrogen peroxide concen-
tration but took longer to reach a steady-state at lower concentrations.
The time required was generally approximately 30 min, although occa-
sionally a longer waiting time was needed at the lower hydrogen peroxide
concentrations.

Occasionally some colloids produced large bubbles that continued to
grow without bursting for an unusually extended period of time, on the
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order of a minute or so. This was particularly prevalent in the first several
minutes of adding the colloids to the glass slide before reaching steady-
state. Due to buoyant forces, these colloids aggregated near the center of
the slide, where the interface is at its highest point.

Temperature Control: The temperature of the environment was con-
trolled by enclosing and heating the lab space around the microscope. A
hair dryer was used to supply heat and the temperature was measured
using a digital thermometer near the microscope. Experiments were con-
ducted within 0.5 degrees of the values stated.

Video Analysis: Image analysis of the colloid’s speed and the bubble
size and frequency of growth was performed using custom python code,
details of which are provided in the supporting information. Briefly, im-
age thresholding was performed to locate the colloid and bubble cen-
ter of mass and determine the bubble size. The frequency of bubble
growth/dissolution was found by computing a fast-Fourier transform of
the bubble size as a function of time.

Statistical Analysis: Histograms show probability based on the num-
ber of counts in each bin divided by the total number of counts. The error
bars estimate the uncertainty in the probability based on square-root of
n uncertainties, i.e., by taking the square-root of the number of counts in
each bin divided by the total number of counts. The total number of counts
was at least ten from at least three different experiments. The total num-
bers for each experiment are provided in the supporting information. Error
bars in plots that show averages were based on the standard error of the
mean, i.e., the standard deviation of the data divided by the square-root of
the total number of data. Data shown in Figure 10b and Figure S1b (Sup-
porting Information) are based on the median rather than the mean to sup-
press the effect of outliers skewing the data. Video analysis was performed
in Python and analysis of data was performed in Mathematica and Matlab.
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