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Abstract Bubbles often play a critical role in microsystems involving Janus catalytic micro-motors (JCMs).
Here, we examine some peculiar behaviors of the formation, growth, and collapse of the bubbles observed in recent
experiments, in which JCM-laden droplets were dispensed
on solid substrates and mixed with droplets of hydrogen
peroxide solution. First, no oxygen bubble is visible near
isolated JCMs when their size is smaller than a certain
threshold, but bubbles can form and grow between a circular ring of small JCMs without touching any JCMs. Using
analytical modeling and numerical simulations, we show
that the lack of bubble formation near small, isolated JCMs
originates from the low supersaturation of oxygen near
their surface, which is caused by the efficient dissipation
of oxygen molecules generated on their surface toward the
bulk solution. In contrast, a cluster of small JCMs can collectively produce high enough oxygen supersaturation near
the cluster to nucleate a bubble. Second, the radius of these
bubbles grows following a power law of R ∼ t 0.7, rather
than the typical R ∼ t 1/2 or R ∼ t 1/3 laws for the growth of
bubbles driven by simple diffusion or direct gas injection
into the bubble. Our numerical simulations showed that
this anomalous growth law is a result of the cooperative
action of the oxygen supersaturation-driven bubble growth
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and the mutual motion between the JCMs and the growing
bubble. Finally, once a bubble grows to its maximal size, it
collapses far more rapidly than the time scale expected for
bubbles that contain non-condensable gas and exist in bulk
liquids. Our scale analysis and numerical simulations show
that this rapid collapse can be explained by the coalescence
of the bubble with the air–liquid interface of the liquid film.
Keywords Active particles · Supersaturation · Janus
particles · Soft matter · Catalytic micromotors

1 Introduction
Controlled motion of micro/nanoscale objects has attracted
great interests in the past decades, with applications in biology,
medicine, and environment (Baraban et al. 2012; Guix et al.
2014; Jurado-Sanchez et al. 2015; Sánchez et al. 2015; Sengupta et al. 2012). Intensive studies have been carried out to
develop micro/nanomotors for tackling various tasks in these
fields. One kind of micro-motors that has potential to achieve
this goal is the Janus catalytic micro-motors (JCMs) (Gibbs
and Zhao 2009; Manjare et al. 2012; Pavlick et al. 2011).
JCMs are micro/nanoscale particles partially coated with catalyst, which convert chemical energy into mechanical motion
via various mechanisms. While the practical application of
JCMs remains limited at present, JCMs have already been
successfully applied to delivery cargo, absorb pollutant molecules, and repair micro-cracks (Burdick et al. 2008; JuradoSanchez et al. 2015; Li et al. 2015; Orozco et al. 2013). With
further improvement, JCMs can potentially be used to perform
more challenging tasks such as drug delivery in human body
and cleaning pollution in a small body of water.
Previous experimental, theoretical, and simulation
studies on JCMs have discovered different mechanisms
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for propulsion of JCMs, such as self-diffusiophoresis
(Anderson 1989; Golestanian et al. 2005; Howse et al.
2007), self-electrophoresis (Moran and Posner 2010,
2011), and bubble propulsion (Gao et al. 2012; Gibbs and
Zhao 2009; Solovev et al. 2009). Among these mechanisms, self-diffusiophoresis and self-electrophoresis
have been studied intensively along with the effects of
operating conditions such as coating area (Michelin and
Lauga 2014), solution composition (Moran and Posner
2014), geometrical confinement (Popescu et al. 2009),
and externally imposed shear flows (Frankel and Khair
2014). Nevertheless, the movement of JCMs driven by
these phoretic effects is typically slow, with a speed
below a few tens of μm/s. A possible mechanism for
achieving fast movement of JCMs is through bubble propulsion (Manjare et al. 2015). Specifically, when JCMs
are submerged in solution containing fuel molecules
(e.g., H2O2), their catalyst surfaces break down fuels
through catalytic reactions. If the products of this reaction are gaseous molecules, then bubbles can potentially
form, grow, and collapse in the JCM system. Bubble
propulsion-based JCMs can achieve speeds up to a few
mm/s (Gao et al. 2012), which offers distinct advantages in applications where rapid movement is desired.
In addition, the movement of bubble-propelled JCMs is
less affected by the properties of liquid solutions (in particular its ionic strength) compared to that of the JCMs
driven by diffusiophoresis and self-electrophoresis.
Because of these and other reasons, there is a growing
interest in developing bubble propulsion-based JCMs.
For bubble propulsion-based JCMs, the behavior of bubbles plays an essential role in their dynamics. First of all,
whether bubbles exist in JCM systems dictates if the JCM
can be actuated by bubble propulsion (Wang and Wu 2014).
Secondly, the growth of bubble while it is attached to JCMs
can heavily influence the movement of JCMs. Indeed, if the
bubble grows rapidly, the associated “growth force”, which
originates from the inertia effects due to displacement of
fluids by the growing bubble, can dominate the movement of JCMs. Third, the collapse or burst of the bubbles
near a JCM can cause it to move at very high speed due
to instantaneous local pressure depression. For example, it
was observed that the burst of a bubble near a JCM leads to
an instantaneous JCM speed of ~O(10 cm/s) (Manjare et al.
2012). In addition, the fluid flow induced by the collapse of
a bubble can entrain the neighboring JCMs and potentially
change the direction of their movement.
While the important role of bubble behavior in determining the dynamics of JCMs is being recognized, research on
the bubble behavior in JCM systems is quite limited. Prior
experiments showed that the bubbles in JCM systems often
showed anomalous behaviors compared to those formed
in boiling experiments or in solution supersaturated by
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dissolved, incondensable gases. Specifically, many observations on the formation, growth, and collapse of bubbles
are not yet well understood.
First, for the bubble formation in JCM systems, a wide
range of observations have been reported (Gao et al. 2012;
Gibbs and Zhao 2009; Huang et al. 2013; Manjare et al.
2012, 2015; Mou et al. 2015; Wang and Wu 2014). For isolated JCMs (i.e., when JCMs are far away from each other),
bubbles are typically observed only if the radius of the JCM
is large, e.g., larger than about 10 μm (Manjare et al. 2012;
Mou et al. 2014; Soler et al. 2013). Recently, it was discovered that whether bubbles form on the JCM surface also
depends on the methods used to coat catalysts on JCM’s
surface. For example, using chemical deposition to coat Pt
on the JCM surface tends to create rougher surfaces (hence
larger liquid-Pt contact area for H2O2 decomposition); thus,
bubble can be observed even on isolated JCMs as small as
4 μm (Wang and Wu 2014). While visible bubbles usually do not form on small, isolated JCMs, recent studies
showed that, when a group of small JCMs form a cluster,
substrate-attached bubbles can be observed in the center of
the cluster (Manjare et al. 2015). Specifically, in the experiments reported by Manjare, a JCM-laden droplet with
3 × 105 JCMs/ml was deposited on clean silicon substrate
and mixed with another droplet of 10–20% H2O2 solution to form a thin liquid film. Initially, no visible bubbles
were observed and the JCMs move by self-diffusiophoresis. However, after a while, multiple JCMs can randomly
come very close to form a cluster due to the high density
of JCMs inside the liquid film (see Fig. 1a). Subsequently,
visible bubbles are observed at the center of the ring-like
cluster. Most of the time, the bubble was found to adhere to
the substrate without contacting with any JCMs. Occasionally, bubble attaching to JCM surface was observed as well.
Second, for bubbles formed in JCM systems, various
growth laws have been reported. Some studies revealed
that, for a bubble attached to an isolated, large JCM, its
growth followed a power law R ~ t0.33, which is consistent with the well-known direct injection mechanism
reported for bubble growth near thin-wire electrodes (Brandon and Kelsall 1985; Huang et al. 2013; Manjare et al.
2012). However, it was also reported, when a bubble was
formed near a group of JCMs, its growth exhibited different behaviors. Specifically, the bubble was found to adhere
to the substrate without touching any JCMs, and it forced
the adjacent JCMs to arrange into a ring structure (see the
yellow circle in Fig. 1a). As the bubble grew, it drew the
JCMs in the ring toward it through the evaporation-induced
Marangoni flow in the bubble’s vicinity (Manjare et al.
2015). It was found that the bubble growth fed by the ring
of JCMs followed a power law of R ∼ t 0.7±0.2 (see Fig. 1b).
This unusual growth law is different from that for bubble
attached to individual JCMs (~t0.33) and bubble immersed
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Fig. 1  Bubble formation, growth, and collapse near a cluster of
JCMs. a Snapshots of bubbling in JCM system. The large dark
shadow is the bubble, and the small dots represent JCMs. The yellow
circle highlights the ring of JCMs surrounding the bubble. b Time
evolution of the bubble radius from multiple experiments. Markers

with different shapes/colors correspond to different bubbles. c Snapshots of the bubble-bursting process. At t = 0 s, the bubble reaches its
maximum radius and disappears within 1 ms. The scale bar in panel c
is 20 μm (a, b are reproduced from Manjare et al. 2015 with permission)

in supersaturated bulk solutions (~t0.5) (Buehl and Westwater 1966; Enriquez et al. 2014; Jones et al. 1999; Plesset
and Prosperetti 1977).
Finally, some experiments showed that the growth of the
bubbles in JCM systems can be disrupted. In several recent
studies, it was observed that when a bubble reached some
threshold sizes, it disappeared in a very short period of time
(<1 ms), as shown in Fig. 1c (Manjare et al. 2015; Wang
and Wu 2014). This rapid collapse of bubble is too fast
to be explained by the diffusional dissolution mechanism
(Epstein and Plesset 1950). While such a collapse process
has been phenomenologically fitted to the Rayleigh-Plesset
equation (Manjare et al. 2012; Wang and Wu 2014), a
mechanistic understanding of it is still lacking.
In this work, we seek to unravel the physical mechanisms underlying the peculiar bubble behaviors observed
in recent experiments by integrating analytical modeling
and numerical simulations. The rest of the manuscript is
organized as the follows. In Sect. 2, we study the mechanics of the formation of bubbles near isolated JCM and near
cluster of JCMs. In Sect. 3, we investigate the unusual bubble growth law in JCM systems. In Sect. 4, we examine the

ultra-fast collapse of bubbles in JCM systems. Finally, conclusions are presented in Sect. 5.

2 Bubble formation in JCM systems
Before trying to understand the formation of oxygen bubbles in JCM systems, we first briefly review the formation
(i.e., nucleation) of bubble in homogenous liquid solutions. According to the classical nucleation theory, bubble formation is an activation process, i.e., for a bubble
to grow to macroscale, it must reach a critical radius Rc
by overcoming a nucleation energy barrier (Jones et al.
1999). Usually, such a process is facilitated by high levels of supersaturation (Bankoff 1958; Blander and Katz
1975). Here, we start by considering a spherical oxygen
bubble of critical size submerged in static hydrogen peroxide solution. If this bubble is in mechanical equilibrium
with the solution (neither growing nor shrinking), the
pressure difference between inside and outside of the bubble follows the Young–Laplace equation (Matsumoto and
Tanaka 2008), i.e.,
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(1)

where Rc is the critical radius of the bubble embryo (i.e.,
in equilibrium with solution), σ is the surface tension of
the solution, pb is the pressure within the bubble, and
p∞ is the pressure in bulk liquids. The energy barrier
(Debenedetti 1996) for this critical bubble to form isconcentration in its surrounding

�Ghomo =

4πσ Rc2
.
3

(2)

Assuming the bubble only consists of oxygen molecules, the oxygen concentration in the thin liquid layer in
contact with the bubble is given by Henry’s law (Plesset
and Prosperetti 1977)


2σ
,
cg,l = κH p∞ +
(3)
Rc
where κH is the Henry’s constant of oxygen at the room
temperature. If the oxygen concentration in bulk liquids
is smaller than cg,l, the diffusion of oxygen molecules
away from the bubble will drive its shrinkage. Therefore,
cg,l is the critical oxygen concentration in the bulk liquid for the formation of a critical bubble with a radius
of Rc. In another word, to form a critical bubble embryo
of radius Rc, the concentration in its surrounding solution must fulfill Eq. (3) and an energy barrier of Ghomo
must be overcome. It follows that, in bulk solutions, the
critical radius of bubble embryo and the energy barrier,
when bubble nucleation occurs, increases (decreases)
as the oxygen concentration in the solution decreases
(increases).
Equations (1–3) are for the homogeneous nucleation of
bubbles in a uniform concentration field. In JCM systems,
bubbles are usually formed by heterogeneous nucleation
on solid surfaces. Bubble formation on solid surfaces is
facilitated by the existence of gas-filled cavities on the surfaces. However, the typical size of JCMs used in the experiments is small and the coated surface is relatively smooth.
Hence, we neglect the effect of preexisting gas cavities on
the formation of bubbles. The physics of heterogeneous
nucleation of bubbles on a smooth surface exposed to a
uniform concentration field is similar to that of the homogeneous nucleation except that the energy barrier is modified. The energy barrier for the heterogeneous nucleation
of a bubble on a spherical solid object, Ghetero, is given
by (Liu 2000)

�Ghetero = �Ghomo · f (m, x)

(4)

where f (m, x) is the shape factor given by (Fletcher 1958)
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Fig. 2  Formation of a critical bubble embryo on a solid sphere
whose surface produces oxygen by catalytic reactions
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where θ is the contact angle of the liquid solution on the
solid surface and Rp is the radius of the solid sphere. Note
f has a maximal value of 1, which means the energy barrier of heterogeneous nucleation is usually lower than
homogeneous nucleation for the same bubble embryo.
This is because, in heterogeneous nucleation, the wetted surface truncates part of the bubble embryo and thus
reduces the energy barrier for the formation of gas–liquid interface. However, if the wetting is excellent (i.e.,
the contact angle of water on the JCM’s surface is small),
the truncation of bubble embryo by the solid surface will
be small. In turn, the reduction of the energy barrier for
nucleation is not significant. In JCM systems, for typical
JCMs (1 μm < Rp < 100 μm) with a small contact angle
(e.g., θ < 30°), f is larger than 0.985, which only has minor
effect on the energy barrier. Hence, the nucleation of bubble on JCM surfaces depends rather weakly on the contact
angle and JCM size. Hereafter, without a loss of generality, we take the contact angle to be zero and thus the shape
factor is 1.
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Using Eqs. (1–3) to understand the formation of bubbles
in JCM systems, however, faces another issue. Specifically,
since oxygen molecules are generated on the catalytic surface of a JCM, the oxygen concentration field near JCM
is not uniform and decreases as one moves away from the
surface (see Fig. 2). Inspired by previous studies of bubble
nucleation in non-uniform temperature fields during boiling (Hsu 1962; Liu et al. 2005), we suggest the following
criterion for the formation of a critical bubble embryo in
a non-uniform concentration field. As shown in Fig. 2, to
form a critical bubble embryo with a radius of Rc, the oxygen concentration in the liquid solution in contact with any
point on the bubble surface must be greater than that given
by Eq. (3), i.e.,

c|Γ ≥ cg,l

(6)

where Γ denotes the surface of the bubble embryo. This
criterion ensures that a critical bubble embryo does not
shrink due to the diffusion of oxygen away from its surface. Using Eq. (6) requires the oxygen concentration field
near the solid sphere. In principle, this concentration field
depends both on the size and growth history of the bubble embryo, which will greatly complicate the analysis of
bubble nucleation. Here, in spirit of the prior works on the
bubble nucleation in non-uniform temperature fields (Hsu
1962; Liu et al. 2005), we neglect these effects and assume
that the concentration field near the solid sphere is not perturbed by the presence of a critical embryo, i.e., the critical
embryo is a “phantom” bubble as far as the oxygen transport near the solid sphere surface is concerned. This simplification is partially consistent with the fact that the amount
of oxygen for forming a critical bubble is small, and as we
will see later, analysis based on this simplification produces
results consistent with experimental observations.
Before using Eq. (6) to study the bubble formation on
JCMs, we first consider a related but simpler problem,
i.e., bubble formation on a sphere fully coated with Pt and
immersed in a stagnant solution. For this problem, we can
predict analytically the minimal sphere size for the formation of a bubble on it. If an oxygen flux of q̇ is imposed on
the sphere’s surface and the bulk solution has an oxygen
concentration of c∞, then solving the diffusion equation
(Incropera and DeWitt 2002) for oxygen transport leads to

c(r) = (q̇Rp2 )/Dr + c∞ ,

(7)

where D is the diffusion coefficient of oxygen in the solution and r is the radial distance from the sphere’s center. For
the critical bubble embryo shown in Fig. 2, the oxygen concentration at r = Rp + 2Rc must satisfy the criterion given
by Eq. (6). By plugging Eqs. (3) and (7) into Eq. (6) and
replacing c∞ with κH (1 − β)p∞ (Henry’s law), we have

Fig. 3  Radius of critical bubble embryo attached to uniformly coated
spheres and half-coated JCMs immersed in bulk solutions

q̇Rp2


DκH Rp + 2Rc

 − βp∞ =

2σ
,
Rc

(8)

where β = 1 − yg,∞ and yg,∞ is the molar fraction of oxygen in the atmosphere surrounding the liquid solution. For
simplicity, assuming that yg,∞ = 1, we obtain

Rc = Rp /((Rp /α)2 − 2), α 2 = (2σ DκH )/q̇.

(9)

Equation (9) shows that the radius of critical bubble
embryo increases as the sphere radius Rp and the O2 flux
q̇ on the sphere surface decreases. Since the energy barrier for the formation of a critical embryo decreases with
the embryo radius [see Eq. (2)], it follows that formation
of critical bubble embryo becomes more difficult as the
sphere becomes smaller or as the O2 flux on the sphere
surface decreases, which is consistent with experimental
observations (Manjare et al. 2015).√In addition, when the
sphere radius Rp decreases toward 2α, the radius of critical bubble embryo diverges,
√ i.e., no bubble can be nucleated on sphere with Rp < 2α. Physically, when the size
of sphere is small, it is hard to maintain a high supersaturation of oxygen molecules near the sphere’s surface due
to the efficient dissipation of the oxygen generated on its
surface toward bulk solution, thus making bubble nucleation difficult.
For the JCMs used to obtain the results in Fig. 1a, the
O2 flux on their catalytic surface was measured to be
q̇ = 1.08 × 10−3 mol/(m2·s), when the H2O2 concentration was 10% (see Supplementary Information for details).
Using the thermophysical properties of oxygen and water at
room temperature (σ = 0.072 N·m, κH = 1.3 × 10−3 mol/
(L·atm), D = 2 × 10−9m2/s), we calculated the radius of
the critical bubble embryo using Eq. (9), and results are
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Fig. 4  O2 concentration distribution near singlet JCMs and JCMs
in small clusters. The JCMs (Rp = 2.5 μm) are situated at 1.25 μm
above the solid substrate, and their catalytic surface faces the center
of the cluster. The center-to-center distance between the opposing
JCMs in a cluster is 10 μm. The O2 production
rate on the JCM’s cat
alytic surface is 1.08 × 10−3 mol/ m2 · s . The concentration profile
is shown along the dashed lines shown in the inset. x = 0 is defined
as the center of the cluster or at the position 2.5 mm away from the
pole of a singlet JCM

shown in Fig. 3. We found that the size of the critical bubble embryo diverges as the sphere’s radius Rp reduces
toward 2.8 μm, suggesting that no bubble can be formed on
such small particles.
Two restrictive assumptions were made in the above
analysis, i.e., the environment surrounding the liquid solution was assumed to contain oxygen only and there was an
O2 flux on the entire surface of the JCM. To remove these
restrictions, we solved the O2 concentration field near
spherical JCMs with only half of their surface coated by
platinum. The O2 flux on the catalytic surface of a JCM is
the same as above. yg,∞ is taken as 0.21 because the solution containing JCMs was exposed to air in the experiments. Because the highest O2 concentration appears at the
pole of the JCM’s catalytic surface, we assumed that the
bubble embryo was attached to this pole and used Eq. (6)
to find the radius of the critical bubble embryo. Figure 3
shows that when the radius of JCM is smaller than 7.4 μm,
no finite-sized critical bubble embryo can be formed on the
JCM’s surface. This cut-off radius of 7.4 μm is similar to
prior experimental observations that, when Rp is smaller
than 5 μm, bubble rarely forms on individual JCMs (Manjare et al. 2012). The smaller cut-off radius for bubble formation in the experimental systems is likely caused by the
fact that, in experiments, many JCMs exist in the solution
and the production of O2 from them elevates the O2 concentration in the bulk solution. Since such an elevation of the
O2 concentration is not taken into account in our analysis,
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we expect to overestimate the cut-off radius of JCMs for
bubble formation.
The above results show that increasing JCM’s size or
the O2 production rate on its surface facilitates the bubble formation. Equation (7) suggests that increasing the
O2 concentration in the bulk solution (i.e., c∞) has a similar effect. This is supported by the observation that bubble can form when several small JCMs form a cluster (see
Fig. 1a). To understand this semi-quantitatively, we examined the O2 concentration field near a cluster of JCMs (see
the inset of Fig. 4) by solving the diffusion equation for
O2 transport (see Supplementary Information for details).
We assumed that these JCMs were located at Rp/2 above
the solid substrate. This assumption is consistent with the
experiments shown in Fig. 1 in which the JCMs were usually found at a short distance above the solid substrates.
The cluster contained two and four JCMs with a radius
of 2.5 μm. The distance of gaps (indicated by dashed
lines in Fig. 4) between JCMs was 2Rp. Our simulations
indicated that the highest O2 concentration in the system
occurs on the JCM’s catalytic surface. Figure 4 shows the
O2 concentration profiles along the line passing through
the JCM’s center and the pole of its catalytic surface,
and two effects of the clustering of JCMs are evident.
First, as illustrated in Fig. 4, the highest O2 concentration
on the surface of a JCMs within a cluster is higher and
it increases as the number of JCMs forming the cluster
increases, e.g., the maximal O2 concentration near a cluster of two (four) JCMs is 27% (182%) higher than near
an isolated JCM with the same size. In fact, the maximal
O2 concentration on the surface of a 2.5-μm-radius JCM
within a four-JCM cluster is higher than that on the surface of an isolated, 7-μm-radius JCM, which can form
bubbles on its own (Manjare et al. 2012). Second, the O2
concentration also drops more slowly as we move away
from the JCM surface. Together, these two effects enable
the formation of critical bubble embryos on the surfaces
of JCMs that are too small to generate bubbles by themselves, i.e., bubbles can be formed by a cluster of JCMs
with radius smaller than the cut-off radius of isolated
JCMs.
Since the highest O2 concentration in a JCM system
occurs on the JCM’s catalytic surface regardless whether
it exists in isolation or in a cluster, the critical bubble
embryos should appear preferably on the catalytic surfaces
of JCMs and then grow. However, Fig. 1a shows that, for
JCMs forming a cluster, the bubble appears mostly on the
substrate rather than on the surface of any JCMs in the
cluster. To understand this apparent paradox, we note that
these observations were made when the bubble growth–
burst cycle has already repeated many times, and thus, they
do not necessarily show where bubbles are formed during
the very first bubbling cycle.
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Fig. 5  Schematic of the switching of bubbling site in the first bubbling cycle. A critical bubble embryo is formed on the JCM surface
and grows to touch the substrate. Following the burst of the fully

grown bubble, a residual bubble is left on the substrate, which serves
as the bubbling site in subsequent bubble growth–burst cycles

Fig. 6  Simulation of bubble growth due to remote feeding by a ring
of JCMs. a Schematic of the simulation system; b a 3D sketch of the
system. The N JCMs surrounding the bubble are lumped into a torus

structure with its inner surface (marked in red) as catalytic surface
and its outer surface (marked in blue) as neutral surface

We suggest that the apparent paradox is a result of the
switching of bubbling site during the first bubbling cycle.
Figure 5 shows a schematic for the steps involved in this
process: (1) A critical bubble embryo initially forms on the
catalytic surface of one JCM; (2) the critical bubble embryo
grows to a large size (Rb ~ 50–100 μm) and touches the
substrate; and (3) the fully grown bubble collapses and
leaves small residual bubbles on the substrate and JCMs.
We note that small residual bubbles are frequently reported
for bubbles in boiling experiments (Watanabe et al. 2014)
and its existence in the JCM system is consistent with the
image shown in the right panel of Fig. 1c. The residual
bubble left on the substrate should be much larger than the
residual bubble left on the JCM’s surface due to the JCM’s
small size (Rp ~ 2.5 μm). Because of the Ostwald ripening effects, the large residual bubble on the substrate grows
while the smaller residual bubble on the JCM surface
shrinks (Manjare et al. 2012). Consequently, in the subsequent bubble growth–burst cycles, bubble is observed on
the substrate rather than on the JCM’s surface.
While the observation of bubbles on the substrate is
likely caused by the mechanism, we cannot entirely rule

out the possibility that bubbles are nucleated directly on the
substrate when multiple JCMs come close to each other.
For example, local contamination of substrate (e.g., by
hydrocarbons found ubiquitously in the environment) can
reduce the surface energy of substrate locally, thus providing favorably nucleation sites for bubbles.

3 Bubble growth in JCM systems
We next use numerical simulations to understand the
growth behavior of the bubbles shown in Fig. 1a, b, i.e.,
when a bubble is fed by the oxygen released from several
JCMs, the growth of its radius follows a scaling law of
Rb ∼ t 0.7±0.2. In the experiments, a single bubble is surrounded by a ring of N JCMs, and both the bubble and
JCMs are immersed in a liquid film. In the simulation system (see Fig. 6a, b), the bubble and liquid film are explicitly modeled, while the ring of N JCMs was lumped into
a torus structure. The inner surface of the torus structure
(colored red in Fig. 6b), representing the catalytic surfaces
of the JCMs, faces toward the bubble. A uniform outward
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Fig. 7  Time evolution of the bubble radius (Rb) predicted by simulations. a The effect of the number (N) of JCMs in the ring surrounding the bubble on the bubble growth (the inward velocity of the JCM

ring Vp is fixed at 15 μm/s). b The effect of the JCM inward velocity
toward the bubble on its growth (the number of JCMs in the ring surrounding the bubble is fixed at N = 20)

flux of O2, JO2, is imposed on this inner surface of the torus
structure (JO2 is chosen so that the net O2 flux on the torus
surface matches the net flux of O2 from the N JCMs). This
treatment allows us to perform the simulations in a twodimensional axisymmetric space while still capturing the
essential physics of the bubble growth.
In the simulations, a bubble with an initial radius of R0 is
placed on the substrate with a zero contact angle. At t < 0 s,
the solution is at rest and in chemical equilibrium with the
bubble, i.e., it has an O2 concentration given by Eq. (3).
This setup mimics the fact that, after the disappearance of
a large bubble from a site on the substrate, a small bubble is left at the same site (see Fig. 1c). At t > 0 s, the O2
generation on the inner surface of the torus is enabled, and
the torus radius Lp deceases at a constant speed of Vp. The
latter is consistent with the experimental observation that
JCMs surrounding the bubble move toward the bubble during its growth (this movement is induced by the Marangoni
flow near the bubble surface as clarified recently (Manjare
et al. 2015)). At t > 0, the generation of O2 and the transport
of O2 and fluids in the liquid film (i.e., the shaded region
in Fig. 6a) are solved to predict the growth of bubble. We
assumed that, during its growth, a bubble stays spherical and its south pole is pinned to the substrate, which
are consistent with experimental observations reported by
Manjare. The mathematical model and numerical implementation of the simulations are summarized in Supplementary Information. Below, we used an initial bubble
radius of R0 = 10 μm. The torus representing the ring of
N JCMs is placed on the substrate and has an initial radius
of Lp = 40 μm. As the dimension of the simulation domain
is much smaller than the liquid film used in experiments,
the top surface of the simulated liquid film is treated as flat

(O’Shaughnessy and Robinson 2008). The thickness of
the liquid film, H, is 100 μm, similar to that in the experiments. We set the length of the simulation domain L, to
be 200 μm. Using a larger length only changes the result
slightly.
Figure 7 shows the log–log plot of the bubble growth
behavior predicted by our simulations. The number of
JCMs surrounding the bubble and their radial velocity
toward the bubble are varied within the range found experimentally (Manjare et al. 2015). Specifically, the number
of JCMs surrounding the bubble is taken into account
implicitly by changing the O2 flux on the inner surface of
N ṁ
the torus structure, i.e., JO2 = Ai p (ṁp is the rate of O2
t (t)
produced by a single JCM; Ait (t) is the area of the inner
surface of the torus structure, which decreases as the torus
structure moves toward the center). We observes that bubble growth approximately follows a power law, Rb ~ tη, and
the exponent η is in the range between 0.69 and 0.8, which
is quite well with the experimental value η = 0.7 ± 0.2
(Manjare et al. 2015). For Vp = 15 μm/s, we find that, as
N increases from 10 to 30, the bubble grows faster and η
of the fitted power law increases from 0.7 to 0.8 (Fig. 7a).
The same trend is observed for when Vp increases from 0
to 30 μm/s while N is fixed at 20 (Fig. 7b). The dependence of the power law exponent on N and Vp helps explain
the scattering of the power law exponent observed experimentally because different bubbles usually have different N and Vp associated with them in the experiments. In
addition, the bubble grows to the maximum size in ~1 s, a
time scale in general agreement with the experiments (see
Fig. 1b).
The anomalous bubble growth with an exponent of
η > 0.5 is mostly a result of the cooperative action of
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Fig. 8  Coalescence of a bubble inside a liquid film with the air–liquid interface. Once the bubble’s north pole merges with the air above the liquid–air interface, the bubble collapses rapidly under the action of surface tension-induced flows

supersaturation-induced growth and mutual motion
between the JCMs and the growing bubble. The growth
of bubble due to the diffusion of gas molecules from a
liquid solution toward its surface leads to a growth law of
Rb ∼ t 0.5 (Enriquez et al. 2014), and this mode of bubble
growth is at work in the present system. While the bubble
is initially in equilibrium with its surrounding solution, the
production of oxygen in the solution by catalytic reactions
leads to a supersaturation of oxygen. This causes the bubble to grow. In addition, as the bubble grows, the pressure
in the bubble drops due to the reduction of the Laplace
pressure. This leads to a reduction of the oxygen saturation concentration at the liquid–bubble interface, which in
turn drives oxygen diffusion toward the bubble to feed its
growth. Finally, as the bubble grows, the distance between
the JCMs and the bubble surface reduces because of the
expansion of the bubble and the inward movement of the
JCMs. This relative motion facilitates the transport of oxygen into the bubble, and its effect is observed in Fig. 7b: As
Vp increases from 0 to 30 μm/s, the exponent η increases
from 0.69 to 0.82.

4 Bubble collapse in JCM systems
We next seek to understand the peculiar bubble collapse
phenomena in recent experiments: Bubbles with a radius of
50–100 μm disappeared rapidly (<1 ms) at the end of each
bubbling circle. Besides this extremely short time scale for
the bubble collapse, it was often found that, at same bubbling site, bubbles from different circles approached similar
maximum radius before collapsing.
We suggest that the liquid–air interface plays a fundamental role in the above peculiar behaviors. Specifically,
while rarely highlighted, the dynamics of JCMs were
often studied not in a bulk solution but in thin liquid films:
In many experiments, liquid droplets containing H2O2
were first deposited onto hydrophilic substrates, and droplet loaded with JCMs was next deposited on the thin film
of H2O2. Here, we hypothesize that the bubble collapse is
caused by the coalescence of a bubble with the air–liquid
interface. This hypothesis helps explain why the maximal
bubble size at a given bubbling site is usually same (as
bubble tends to merge with the air above the air–liquid
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interface once its size approaches the thickness of the liquid film near the bubbling site). Further, the rapid collapse
of the bubble is consistent with the short time scale of
the coalescence between the bubble and the air above the
air–liquid interface. The coalescence between a bubble of
radius Rb and a planar air–liquid interface is characterized
by the surface tension time scale (Blanchette and Bigioni
2006; He et al. 2015; Rein 1993; Wu et al. 2004)

ρl Rb3
tc =
(10)
σ
where ρl is the density of liquid phase. For a bubble with a
radius of 50 μm merging with the air–water interface, tc ~
O(50 μs), which is in line with the rapid collapse of bubbles reported earlier (Manjare et al. 2012).
To further validate our hypothesis, we performed a simulation of micro-bubble merging with an air–liquid interface. In our simulation system, a bubble with Rb = 50 μm
is placed at a distance of 0.1 μm above a substrate covered
by a liquid film with a thickness of 100 μm. At t = 0, the
north pole of the bubble coalesces with air–liquid interface,
as shown in Fig. 8a. The system is then set into motion by
solving the Navier-Stokes equations to track the evolution
of bubble surface driven by surface tension. The mathematical model and numerical implementation of this system are
summarized in Supplementary Information. Figure 8 shows
the snapshots from the simulation for t = 0, 20, 40, and
100 μs, respectively. These snapshots show that a bubble
with an initial radius of 50 μm disappears within 100 μs
after it merges with the air–liquid interface, thus supporting
the idea that the coalescence of a bubble with the air–liquid
interface can lead to the rapid bubble collapse reported in
prior experiments.

Microfluid Nanofluid (2017) 21:6

toward the bubble. We showed that this uncommon bubble
growth behavior was caused by the combination of supersaturation environment and relative movement between
growing bubble and the JCM. Finally, we suggested that
the rapid bubble collapse observed in recent experiments
was due to the coalescence of the bubble with the air–liquid
interface. Our hypothesis was supported by the agreement
between the short time scale of such coalescence observed
in experiments and in our simulations.
The present study highlights the importance of the mass
transport in regulating the bubble formation and hence the
transition of JCM propulsion between self-diffusiophoresis
and bubble propulsion. It shows that interesting new bubble
behavior can emerge when multiple JCMs form a cluster
and/or when bubbles interact with their environment (e.g.,
liquid–air interfaces). Since JCMs often do not operate in
isolated and bulk solution environments, these behaviors
warrant further study and should be taken into account
when designing and using JCMs. While the dynamics of
JCMs in these situations will be more complex than those
in bulk/isolated conditions and thus more challenging to
understand, they also provide exciting new opportunities
to realize new JCM functions. The results of this study can
be useful for the effective design and control of JCMs. For
example, when designing a JCM driven by the bubble propulsion, the criterion of bubble formation can help to determine the minimal size of the JCM once oxygen generation
rate on the JCM surface is known.
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