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The removal of microbubbles from substrates is crucial for the efficiency of many catalytic and
electrochemical gas evolution reactions in liquids. The current work investigates the coalescence and
detachment of bubbles generated from catalytic decomposition of hydrogen peroxide. Self-propelled
detachment, induced by the coalescence of two bubbles, is observed at sizes much smaller than those
determined by buoyancy. Upon coalescence, the released surface energy is partly dissipated by the bubble
oscillations, working against viscous drag. The remaining energy is converted to the kinetic energy of the
out-of-plane jumping motion of the merged bubble. The critical ratio of the parent bubble sizes for the
jumping to occur is theoretically derived from an energy balance argument and found to be in agreement
with the experimental results. The present results provide both physical insight for the bubble interactions
and practical strategies for applications in chemical engineering and renewable energy technologies like
electrolysis.
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Gas-evolution reactions are part of many electrochemical
processes employed in industry, and importantly hold the
promise of delivering sustainable energy technologies such
as solar hydrogen [1,2]. Tremendous research efforts have
focused on understanding and fabrication of efficient
photocatalysts for gas evolution reactions [3–5], yet
electrochemical systems often still suffer from poor bubble
management [6]. Bubbles on the catalyst surface reduce the
effective contact area between the catalyst and the reacting
liquid, thereby increasing the electric resistances [7,8]. In
contrast, promoting bubble detachment can strengthen the
local liquid convection and renewal [9–12], consequently
increasing the energy efficiency of the reaction [13–15]. It
is then evident that rational design of gas-evolving electro-
chemical processes requires good control over the growth
and transport of the evolved bubbles [16].
The adhesion of a bubble on a solid surface is provided

by the capillary force exerted at the bubble rim (determined
by interfacial tensions and wettability of the electrode
surface) and countered by buoyancy. The so-called Fritz

radius, i.e., the maximum detachment radius of a spherical
bubble, quantifies adhesion. It is theoretically obtained
from a buoyancy and capillary force balance [17,18]:

RF ¼
�
3Rpσ

2gΔρ

�
1=3

; ð1Þ

where Δρ is the density difference between the gas and
liquid, σ surface tension, g gravity, and Rp the contact
radius. Ultrahigh performance of electrolysis has been
shown possible upon minimization of the capillary force,
e.g., on electrodes with underwater super-aerophobicity
(large wettability, small Rp) which accelerate bubble
detachment [4]. Another method is preferential bubble
formation by providing hydrophobic domains, e.g., located
outside of the pore space in a porous electrode [19].
Bubble coalescence dramatically changes the stability of

individual bubbles [20–28]—to the extent that Eq. (1) may
become impractical—and therefore plays a key role in the
evolution of the bubble population on surfaces. An analog
process is droplet coalescence on surfaces. The coalescence
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of similarly sized droplets may lead to out-of-plane jump-
ing motion of the merged droplet [29], which is a
consequence of the release of excess surface energy upon
coalescence atop nanostructured surfaces [29–36].
Previous work has shown that when two bubbles of

different sizes coalesce, the center of the merged bubble
shifts on the plane towards the larger parent bubble [37–
40], or that the merged bubble stays pinned to the surface
provided its radius Rm < RF [28]. However, it will be
shown in this Letter that coalescence can also result in a
“jumping mode,” namely, in the self-propelled detachment
of merged bubbles, whose premature sizes lie well below
RF. The ability to predict and promote jumping bubbles is
thus of extreme practical relevance. To this end, we
investigate bubble relocation and detachment triggered
by the coalescence of two neighboring bubbles. In par-
ticular, we identify the threshold in parameter space beyond
which a merged bubble will prematurely jump off the
surface.
Our experiments concern oxygen bubbles that evolve

from the catalytic decomposition of hydrogen peroxide
(H2O2) on a catalyst surface. The experimental setup is
shown in Fig. 1(a). Gold was selected to be the catalyst and
exposed to H2O2 solution to accelerate the generation of
oxygen. A microhole patterned gold-titanium binary layer
[Figs. 1(b) and 1(c)] was fabricated on a glass substrate
(170 μm thick) using conventional photolithography and
lift-off processes. This hole pattern provides plenty of
orderly distributed sites for bubble nucleation, which

enables the controlled formation and coalescence of bub-
bles. The gold layer (∼15 nm thick) and a titanium layer
(∼3 nm thick) were sputtered by using an ion-beam
sputtering system (home-built T’COathy system, MESA
+, NanoLab) [41], where titanium was used to strengthen
the binding performance between gold and glass in order to
avoid any delamination during bubble formation. The
static, advancing, and receding contact angles on the
microhole patterned gold surface were 85.3� 4.0°,
89.7� 2.0°, and 19.6� 3.6°, respectively. The bubbles
nucleated and grew out of an oxygen-oversaturated envi-
ronment [42,43], being pinned at the edge of the micro-
holes with a footprint radius Rp ¼ 1 μm, which was
measured by an inverted laser scanning confocal micro-
scope (A1 system, Nikon Corporation, Japan). The bubble
growth and interactions were recorded using a high-speed
camera (Phantom V2512, USA) through an inverted micro-
scope with a dry objective (Olympus, UPLFLN 20×,
NA ¼ 0.5, WD ¼ 2.1 mm). The microscope was always
focused on the gold-solution interface from the bottom
view. The bubble projections were captured at 100 fps,
sufficient to determine the bubble locations and sizes
immediately before and after coalescence.
Figure 2 shows the evolution and coalescence of two

neighboring bubbles in bottom view. Immediately after
coalescence, three typical behaviors of the merged bubble
were captured: (i) sticking to the very same position on the
substrate as the larger parent bubble, termed “sticking
bubble” [Fig. 2(a)]; (ii) moving to the center of mass of the
parent bubbles but still adhering to the substrate, termed
“moving bubble” [Fig. 2(b)]; (iii) moving to the center of

(a) (b)

(c)

FIG. 1. (a) Schematics of the experimental setup. A PDMS
container sticking to a glass coverslip is filled with 30% (w/w)
H2O2 solution with a volume of 10 × 10 × 7.5 mm3. The cover-
slip with a thickness of 170 μm is coated with a 18-nm thick
gold-titanium binary layer (15 nm for gold layer and 3 nm for
titanium layer) patterned with microholes. The decomposition of
H2O2 is taking place at the gold-solution interface, followed by
the formation of bubbles which pin at the edge of the microholes
(see inset). The bubble dynamics is measured by a high-speed
camera and confocal microscopy. (b) Scanning electron micro-
scopic image showing the hole-patterned binary layer. Each hole
has a radius of Rp ¼ 1 μm and the center distance is 5 μm. The
scale bar is 10 μm. (c) Three-dimensional schematics of the hole-
patterned catalyst substrate.

FIG. 2. Snapshots of the coalescence event between two parent
bubbles resulting in a (a) sticking, (b) moving, or (c) jumping
merged bubble. Coalescence occurs at 0.13 s. The sticking
merged bubble in (a) sticks to the location of the large parent
bubble; the moving and jumping bubbles in (b),(c) relocate to the
center of mass of the parent bubbles. Note that the merged bubble
in (c) is out of focus after coalescence, indicating jumping
followed by rising due to buoyancy. The scale bars in (a),(b),
and (c) are all 20 μm. See Supplemental Material, video [45].
(d) Schematic of the coalescence geometry and notation. The
parent bubbles are shaded in dark blue; the resulting merged
bubble in light blue.
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mass of the parent bubbles and spontaneously jumping off,
the “jumping bubble” [Fig. 2(c)]. To describe the relative
position of the merged bubble immediately after coales-
cence, dl and ds are defined as the distances from the
merged center to the center of the larger (radius Rl) and
the smaller (radius Rs) parent bubbles, respectively [see
Fig. 2(d)]. The relationship between the relative position of
the merged bubble dl=ds and the parent size ratio Rl=Rs
reveals the coalescence preference [37], see Fig. 3, in which
our experimental data are shown. On the one hand, for
sticking bubbles, especially the ones with larger parent size
ratios, the center will indeed stick to the location of the
larger parent, which is reflected by dl=ds ≈ 0. Here,
the contact line pinning force acting on the edge of the
microhole of the larger parent bubble is large enough to
control momentum conservation during coalescence. On
the other hand, for both moving and jumping bubbles,
dl ≠ 0 and the relative position dl=ds decreases as the
parent size ratio Rl=Rs increases, indicating that pinning
loses relevance and that the merged bubble is preferentially
closer to the larger parent. This coalescence preference can
be in fact attributed to the conservation of momentum in the
horizontal plane, overcoming the pinning forces. Upon
coalescence, the parent bubbles will move towards each
other while the horizontal momentum of the system must
be conserved throughout coalescence, leading to
mlulðtÞ −msusðtÞ ¼ 0, where ml (ms) and ulðtÞ [usðtÞ]
are the added mass [44] and the horizontal velocity of the
larger (smaller) parent bubble, respectively. The added
masses of the parent bubbles can be considered unchanged

during coalescence, as the whole coalescence process is
much faster than the diffusive growth of the bubbles.
Noting that dl ¼

R t2
t1 ulðtÞdt and ds ¼

R t2
t1 usðtÞdt, where

t1 and t2 are the moments immediately before and after
coalescence, respectively, one may integrate the horizontal
momentum balance in time to find that mldl ¼ msds. In
other words, the merged bubble associated with the moving
and jumping modes is horizontally located at the projection
of the center of mass of the parent-bubble system.
Therefore, the relative position of the merged bubble,

dl
ds

¼
�
ml

ms

�
−1

¼
�
Rl

Rs

�
−3
; ð2Þ

is found to depend only on the parent size ratio. We plot the
theoretical result Eq. (2) in Fig. 3 together with the
experimental data, finding excellent agreement, without
any fitting parameter. This agreement demonstrates that the
coalescence preference simply follows from the conserva-
tion of horizontal momentum, reflecting that pinning forces
at the edge of the hole are indeed irrelevant. However, for
the moving bubbles, the pinning site after coalescence
usually offsets from the projection of the center of mass,
consequently leading to some scatter of dl=ds. In addition,
as plenty of bubbles are formed in a cluster, disturbances
from the bubble growth, coalescence, and detachment in
the surroundings will affect the movement of the merged
bubbles, also resulting in scatter of the data for moving
bubbles and jumping bubbles.
In contrast to our results, Weon et al. [37] reported a

scaling exponent of −5 rather than −3 as we find in Eq. (2),
which was attributed to the topological change caused by
the release of excess surface energy. It is striking that in our
experiments surface energy seems to have no evident effect
on the coalescence preference or position, as reflected in
the agreement with the center-of-mass theory. Nonetheless,
the discrepancy between the −3 and −5 scaling may be
explained by comparing both coalescence processes. First,
our moving bubbles are subject to a pinning effect: the
merged bubble is drawn to the nearest micro-hole after
coalescence. The remaining surface energy release is
expectedly dissipated in the flow of the surrounding
viscous liquid. In Ref. [37], there is no pinning effect,
given that the bubbles can move freely on the oil-water
interface. Second, our jumping bubbles present out-of-
plane motion. In contrast, in Ref. [37] the mobility of the
merged bubbles was constrained to in-plane movement by
the interface and therefore no jumping was observed. Thus
in our configuration, the excess surface energy release is
eventually converted to the kinetic energy of the bubble
jump (i.e., to out-of-plane motion), whereas in Ref. [37], it
only contributes to the in-plane momentum and in-plane
motion.
In our experiments, the excess surface energy is so large

that the maximum radius of the merged jumping bubbles is

FIG. 3. Coalescence preference showing the relative position of
the merged bubble as a function of the parent size ratio.
Experimental data (symbols) were collected immediately after
coalescence. The sticking bubbles pin at the location of the larger
parent bubble, resulting in the data with dl=ds ≈ 0. The solid line
shows the theoretical prediction Eq. (2) following from momen-
tum conservation. The inset shows a double logarithmic plot of
the released surface energy for the jumping bubbles as a function
of the parent size ratio x ¼ Rl=Rs, see Eq. (8). The released
surface energy increases as the size ratio decreases, which favors
the jumping motion of the merged bubble.

PHYSICAL REVIEW LETTERS 127, 235501 (2021)

235501-3



64 μm, i.e., less than 30% of the calculated Fritz radius
RF ¼ 217 μm (taking Rp ¼ 1 μm) and less than 3% of the
corresponding volumes. Coalescence, not buoyancy, is
therefore responsible for the jumping motion.
Coalescence generates capillary waves that propagate

along the bubble surface and meet at the opposite apex of
the coalescence point [28]; such convergence takes place
over the capillary timescale Tc ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρR3

m=σ
p

, where ρ is the
liquid density and Rm the radius of the merged bubble
[27,28,46]. Surface tension then drives the retraction of
low-mode capillary waves (visibly corresponding to shape
oscillations of mode two [28]) towards a spherical shape.
Jumping occurs when the retraction process is vigorous
enough. Note that higher modes of oscillation (shorter
wavelengths) are fully damped by viscosity during the
retraction, as explained by the fact that the viscous
dissipation time is proportional to the square of the wave-
length λ [46], Tμ ¼ ρλ2=μ, with μ the dynamic viscosity.
The condition for jumping can be semiquantitatively

estimated by means of scaling arguments and a simple
energy balance. The core argument is that, for permanent
detachment or jumping to occur, the excess surface energy
must overcome the work done by the bubble against the
viscous drag during the expansion and retraction process.
We begin by assuming that the bubble volume is conserved
before and after coalescence. The bubble shape is consid-
ered to be a perfect sphere, as the pinning area (Rp ¼ 1 μm)
is negligible. Volume conservation implies that Rm ¼
ð1þ x3Þ1=3Rs, with the parent size ratio x ¼ Rl=Rs. The
released surface energy after coalescence is

ΔGS ¼ 4πσðR2
l þ R2

s − R2
mÞ: ð3Þ

The adhesion energy, which for all bubbles only depends
on the radius of the pinning site, can be neglected given that
it is small compared to surface energy released:

Wa

ΔGs
≈

πσR2
p

4πσR2
mΔG̃s

≤ Oð0.1Þ; ð4Þ

where we have taken Rp=Rm ∼ 0.1 and ΔG̃s ∼ 0.1 for x of
order unity (cf. inset of Fig. 3).
During the low-mode shape oscillations after coales-

cence, the functional dependence of the viscous drag
exerted on the merged bubble is assumed to be Stokes-
like, as expected for a bubble undergoing pure translational
or volumetric oscillations [47]:

Fμ ∼ μRmU. ð5Þ

The velocity scale U ∼ εωmRm represents the characteristic
velocity of the retraction process (low-mode oscillation)
with ωm ∼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ=ρR3

m

p
¼ 1=Tc being the natural frequency

of low-mode shape oscillations [48] and ε a dimensionless

amplitude which takes into account viscous damping. We
expect ε to be a decreasing function of μ, meaning that a
higher viscosity implies a lower retraction speed. And ε
must also depend on the initial deformation (excess surface
energy). Taking the retraction distance to be proportional to
Rm, the retraction distance has to scale with the excess
length due to coalescence (amplitude of deformation), and
not with the merger bubble size. Then the work Wμ done
against viscous drag consequently scales as

Wμ ∼ FμRm ∼ εμ
ffiffiffiffiffiffiffiffi
σ=ρ

p
R

3
2
m: ð6Þ

Energy conservation during coalescence results in
ΔGS ¼ Wμ þ Ek, with Ek the kinetic energy available
for the jump. This implies that the bubble will not jump un-
less ΔGS > Wμ; thus, the critical condition is ΔGS ¼ Wμ.
Equating (3) and (6) allows to express the critical radius of
the larger parent bubble Rl;cr as a function of the parent size
ratio x ¼ Rl=Rs. We obtain that the smallest radius for
which jumping occurs is

Rl;crðxÞ ¼ R� xð1þ x3Þ
½1þ x2 − ð1þ x3Þ23�2 : ð7Þ

Here, R� ∝ μ2ε2=σρ represents a coefficient of proportion-
ality with dimensions of length that absorbs all numerical
prefactors and depends only on the liquid properties and ε.
Figure 4 displays the phase diagram of the motion

regimes for the merged bubbles, in which the experimental
data for both nonjumping (sticking and moving) and
jumping motions are shown. The parents of the nonjump-
ing bubbles usually have smaller sizes, but larger size
ratios, than those of the jumping bubbles. For a fixed size of
the larger bubble, the smaller the parent size ratio, the
easier for the merged bubble to jump. For parent
bubbles of equal size, the critical larger parent radius is
Rl;crðx ¼ 1Þ ¼ 11 μm, which is directly read off from the

FIG. 4. Phase diagram of the motion regimes for the merged
bubbles. The theoretical threshold curve [solid line, Eq. (7)]
divides the phase diagram into two regimes, namely, nonjumping
(to the left), including sticking and moving, and jumping (to the
right) motions upon coalescence. Experimental data (symbols)
were collected immediately before coalescence. f is the mass
fraction of glycerol in the 30% (w/w) H2O2 solution.
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experimental data. The full threshold curve based on
Eq. (7), namely Rl;crðxÞ=Rl;crðx ¼ 1Þ, is also plotted in
Fig. 4. The threshold curve, which is purely a function of x
(it does not depend on R�), identifies the jumping and
nonjumping behavior in the phase space determined by the
parent size ratio x ¼ Rl=Rs and the normalized larger
parent size Rl=Rl;crðx ¼ 1Þ. To the right of the curve,
the merged bubbles jump off (ΔGS > Wμ); to the left, they
stick to the surface (ΔGS < Wμ). Close toΔGS ¼ Wμ, little
energy is left for the bubble to jump. Nonetheless, as long
as pinning forces are overcome, the bubble will detach from
the substrate and rise due to buoyancy. The experimental
data are in reasonable agreement with our simple estimate.
However, for some larger bubble size ratios Rl=Rs > 1.3,
the estimate Eq. (7) overpredicts jumping, presumably
because we neglected the energy of capillary waves needed
to overcome the pinning effect.
Note that the viscous dissipation of energy of the low

surface modes λ ∼ Rm governing the retraction process
has been neglected. The energy of a capillary wave with
λ ∼ Rm will have decayed over a time Tc by a factor
∼ expð−Tc=TμÞ, where Tc=Tμ ¼ μ=

ffiffiffiffiffiffiffiffiffiffiffi
ρRmσ

p ¼ Ohm is in
fact the Ohnesorge number of the merged bubble. In our
experiments, taking σ ¼ 74 mN=m and μ ¼ 1.07 mPa s
for a 30% (w/w) H2O2 solution [49] together with a typical
bubble size of Rm ∼ 50 μm, results in Ohm ¼ Oð10−2Þ.
Hence, the viscous decay of the low surface modes is
indeed small.
To further investigate the effect of liquid viscosity on the

detachment of coalesced bubbles, we added glycerol to the
30% (w/w) H2O2 solution to change the liquid viscosity by
varying mass fractions (f ¼ 30%, 40%, 50%, 60%) and
performed the identical experiments. The experimental
results presenting the corresponding phase diagrams are
shown in the Supplemental Material [45]. Irrespective of
the value of the viscosity, Rl;crðx ¼ 1Þ always remains
virtually the same as that of the case of pure H2O2 solution
(11 μm). Moreover, the phase diagrams are all remarkably
similar and in reasonable agreement with the threshold
curve based on Eq. (7). We then plot all the data together in
Fig. 4, indicating that viscosity has no discernible role on
the critical radius. This suggests that the retraction velocity
roughly scales as ε ∝ 1=μ. This is, to an extent, expected,
especially if we think of the bubble as a damped harmonic
oscillator with a damping constant ∝ μ=ρR2

m [50,51].
Consequently, the quantity εμ, hence Wμ and ultimately
R� in Eq. (7), all remain remarkably insensitive to the liquid
viscosity.
Finally, to better reveal the effect of the parent size ratio

on the jumping behavior, we examine the dimensionless
surface energy release,

ΔG̃S ¼
ΔGS

4πσR2
m
¼ 1þ x2 − ð1þ x3Þ23

ð1þ x3Þ23 ; ð8Þ

which only depends on the parent size ratio x, see inset of
Fig. 3. ΔG̃S significantly decreases as the parent size ratio
increases, exhibiting a scaling relationship of ΔG̃S ∝ x−2,
which confirms that greater size inequality is associated
with less excess surface energy for any jumping motion.
This outcome, consistent with the experimental results in
Fig. 4, constitutes an important guideline for the efficient
removal of surface-covering bubbles.
In conclusion, we report a self-propelled bubble jump

resulting from the coalescence of neighboring bubbles.
Bubble detachment occurs at sizes much smaller than those
determined by buoyancy. The released surface energy upon
coalescence is argued to be partly dissipated by the
oscillations of the merged bubble in the form of work
against viscous drag, and any remaining energy is then
supplied to the jumping motion. Finally, we have derived
an expression for the critical bubble radius above which
jumping occurs. Further experiments and numerical sim-
ulations are required to further confirm and supplement the
developed picture. Such line of research will facilitate
predictions and strategies for efficient removal of bubbles
from surfaces in practical applications such as in catalysis,
electrolysis, boiling, or plasmonic bubble generation. In
those cases, an even further enrichment of the observed
phenomena may arise from the physicochemical hydro-
dynamics of the bubbles far from equilibrium [52], such as
solutal and thermal Marangoni forces.
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