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Dynamics of Single Hydrogen Bubbles at Pt Microelec-
trodes in Microgravity†

Aleksandr Bashkatov∗a, Xuegeng Yanga, Gerd Mutschkea, Barbara Fritzscheab, Syed Sahil
Hossaina and Kerstin Eckert∗ab

The dynamics of single hydrogen bubbles electrogenerated in acidic electrolytes at a Pt microelec-
trode under potentiostatic conditions is investigated in microgravity during parabolic flights. Three
bubble evolution scenarios have been identified depending on the electric potential applied and the
acid concentration. The dominant scenario, characterized by lateral detachment of the grown bubble,
is studied in detail. For that purpose, the evolution of the bubble radius, electric current and bub-
ble trajectories, as well as the bubble lifetime are comprehensively addressed for different potentials
and electrolyte concentrations. We focus particularly on analyzing bubble-bubble coalescence events
which are responsible for reversals of the direction of bubble motion. Finally, as parabolic flights
also permit hypergravity conditions, a detailed comparison of the characteristic bubble phenomena
at various levels of gravity is drawn.

Broader context

Hydrogen gas is a prominent energy source of high practical rel-
evance in energy storage via power-to-gas processes. The gas is
widely involved in numerous applications as a secondary or de-
sirable product of the process. One example is the production of
oxygen in the International Space Station by water electrolysis,
where the hydrogen plays a secondary role, but could be used for
the water recovery via the Sabatier reaction. The gas bubbles oc-
cupy the electrode surface, reducing the rate of electrochemical
reaction and the efficiency of the system. Therefore, similarly to
water electrolysis on the ground, both hydrogen and oxygen gas
bubbles need to be removed in microgravity. The bubble evolu-
tion and departure become especially challenging in the absence
of buoyancy and require intensive research at both macro- and
micro-scales. The present study provides a detailed overview of
the evolution and detachment of a single hydrogen bubble in the
microgravity environment within various experimental parame-
ters. It aims to advance the future design of water electrolysis
and photoelectrochemical water splitting experiments, and in a
more general sense to develop strategies for increasing the gas
production rate in microgravity applications.
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1 Introduction
Electrolytic gas evolution is a complex phenomenon which in-
volves several fields of science, such as electrochemistry, surface
and interface physics/chemistry and fluid dynamics, at length
scales ranging from nanometers to centimeters1,2. Until recently,
details of the process, such as the bubble departure, have not
been understood in depth3–5. It is only in the last few years that
a better understanding of balance of forces acting on the bubble
has been achieved, as the thermal Marangoni and electric forces
caused by charge absorption, which had not been considered be-
fore, have been uncovered and quantified6–8.

On the other hand, electrolytic gas evolution is a basic part of
important technologies such as alkaline water electrolysis, which
has gained further importance in light of worldwide efforts to
decarbonize the energy system9,10. A better knowledge of how to
further advance the bubble departure could reduce energy losses
and thus make green hydrogen cheaper. In addition, hydrogen
also plays an important role in space technologies. Apart from
propulsion applications, hydrogen appears as a by-product when
electrolytically producing oxygen for life support on spacecraft
such as the International Space Station (ISS). Beside the aspect
of energy efficiency, advanced concepts also exist to utilize the
hydrogen produced. By feeding a Sabatier reaction, water can be
gained in space, as described in the In-Situ Resource Utilization
(ISRU) concept11.

The process of electrolytic gas evolution is strongly influenced
by gravity, as the force balance influences the moment when the
attached bubble departs from the electrode12,13. At high current
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densities, which are relevant to industrial applications, the bubble
evolution is quite fast and therefore difficult to study experimen-
tally. Here, microgravity offers the opportunity to slow down the
bubble departure and to grow larger bubbles, making it possible
to study the processes involved more accurately. Moreover, as
the force balance on the bubble is modified, the bubble dynam-
ics might uncover effects which cannot be observed in standard
gravity.

The first experiments to study hydrogen bubble dynamics in mi-
crogravity were performed during the TEXUS 1 program (sound-
ing rocket) in 197814,15. Although some of the results reported
were questioned in later works, e.g. with respect to the depar-
ture size of the bubbles, these pioneering works inspired intense
further research. The dynamics of multiple hydrogen and oxygen
bubbles on a plane electrode were studied at drop towers16–22,
during parabolic flights23,24, on a sounding rocket14 and at the
space station25. As additional complexity arises from the interac-
tion of the bubbles during growth, investigations into single hy-
drogen and oxygen bubbles grown on a microelectrode were later
also started by Matsushima et al.26 and Sakuma et al.27. The im-
portance of bubble-bubble interaction with respect to the surface
tension force on a micro-pin-finned electrode was discussed in
Zhou et al.28.

As buoyancy is considerably reduced in microgravity, the bub-
bles stay longer and grow larger at the electrode compared to
terrestrial conditions18,19,23,25. Further forces come into play. Al-
ready in 1982 thermocapillary effects were suspected to affect the
motion of small oxygen bubbles growing at a microelectrode29.
Meanwhile, strong evidence exists that thermocapillary effects
caused by temperature gradients along the bubble interface lead
to mutual attraction of neighboring hydrogen bubbles growing
at an electrode30 and also to electrode-normal force components
which affect the bubble departure7,8,31. In electrolysis, the tem-
perature gradients arise naturally from reaction overpotentials at
the electrodes and spatially inhomogeneous ohmic losses in the
electrolyte. In addition to the thermocapillary effect, Lubetkin
was the first to discuss the possible influence of solutocapillary ef-
fects caused by the adsorption of ions or molecules at the bubble
interface which modify the surface tension as well32,33. However,
for the case of hydrogen bubbles growing on a microelectrode
it could be clearly shown that the thermocapillary effect domi-
nates and is mainly responsible for the vortical electrolyte flow
observed near the bubble7. The thermocapillary Marangoni force
is given by the integration of the thermocapillary stress over the
interface,

FM =−
∫

τMdA

where τM = (∂γ/∂T )(∂T/∂ s) is due to the variation of interfacial
tension γ with temperature T along a length s at the interface.
The total force on the bubble resulting from the thermocapillary
effect is obtained from the integration over the full stress tensor,
thereby additionally accounting for surface-normal stress compo-
nents including pressure34.

A second force, already mentioned above, is the electric force

Fe =
∫

σEdA ,

which the hydrogen bubble carrying a surface charge density σ ,
experiences in the electric field E between the anode and cathode.
When assuming a uniform surface charge density on the bubble,
this electric force varies non-linearly with the bubble position at
a microelectrode, governing the oscillations in the vertical bubble
positions observed in Bashkatov et al.6.

Furthermore, and especially in alkaline electrolytes, the detach-
ment of individual bubbles from the electrode in microgravity is
triggered by inertia caused by bubble collisions or bubble coa-
lescence17–19,25. The coalescence behavior of bubbles is known
to be influenced by the pH value and specific ion effects of the
electrolyte under study35. Hydrogen bubbles coalesce more eas-
ily in acidic H2SO4 than in alkaline KOH solutions18,19. As this
holds true regardless of the gravity level, surface chemistry plays
a major role here. The wettability of plane and modified surfaces
with respect to hydrogen and oxygen in microgravity conditions
was studied by Brinkert et al.16 and Sakuma et al.20,27. The ex-
istence of a carpet of microbubbles covering the microelectrode,
above which the hydrogen bubbles evolve in an acidic electrolyte,
is known from previous work6. However, the detailed impact
which the coalescence events between the carpet and main bub-
ble exert on the dynamics remains unresolved.
This work provides a systematic study of hydrogen bubble dynam-
ics on a microelectrode in an acidic electrolyte under microgravity
conditions. Three characteristic scenarios of the bubble evolution
are unveilled, and a key feature of the bubble under micrograv-
ity, namely the slow lateral bubble motion prior to bubble depar-
ture, is studied in detail. We show that coalescence events play
a significant role in the bubble evolution and may cause sudden
reversals within the lateral bubble motion or cause the bubble to
jump away from the electrode. Finally, the availability of both
micro- and hyper-gravity conditions on parabolic flights enables
a detailed comparison to be drawn of the characteristic bubble
phenomena at various levels of gravity.

2 Experimental design
Several platforms are available to perform experiments in a mi-
crogravity environment. They differ in terms of the residual frac-
tion of g, which varies from 10−2g in parabolic flights to 10−6g in
a drop tower or on the ISS. The possibility to control an exper-
iment on-board in person, the relatively long microgravity dura-
tion, and the comparatively short preparation time at manageable
costs make parabolic flights attractive and competitive. However,
the quality of microgravity, henceforth abbreviated to micro-g or
µg, is limited in comparison to drop tower and ISS experiments.

The microgravity experiments of this work were performed
during the 34th DLR Parabolic Flight Campaign in September
2019, conducted by the company Novespace. The campaign
lasted for two days, with 31 parabolas daily. Figure 1(a) offers
a schematic diagram of the aircraft altitude (black line) reflecting
its trajectory, and the corresponding gravitational acceleration g
(red line). Each parabolic maneuver lasts for about 3 minutes,
cf. Fig. 1a. It includes a micro-g phase (∼10−2g for about 22 s)
sandwiched by two hyper-g phases (∼1.5...1.8g for about 20 s)
depending on both the velocity and the aircraft pitch angle, refer-
ring to the angle between the fuselage and the ground. Micro-g is
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achieved in the free-fall phase of the airbus at a pitch angle range
∼ 47◦...0...-42◦. The term residual buoyancy refers to buoyancy
caused by residual gravitational acceleration, abbreviated by gres.
gres is determined as

gres =
√

g2
res,x +g2

res,y +g2
res,z ,

where gres,x, gres,y and gres,z are the components of residual grav-
itational acceleration in x-, y- and z- directions, measured during
the flight by the aircraft crew.

The experiments require a comprehensive setup design in terms
of both safety and robustness. In accordance with Novespace’s
safety regulations, all liquid-containing cells were sealed and
mounted on a breadboard inside a watertight Zarges ® box to ful-
fill the required double-stage protection principle. Furthermore,
liquid-adsorbing material was placed across the breadboard. Parts
of the setup are represented in Fig. 1b-c.

The experimental setup to perform the electrolysis is similar to
Yang et al.3, cf. Figure 1c. It comprises three electrodes inserted
into the glass cuvette of 10 × 10 × 40 mm3 and filled with the
electrolyte. The hydrogen bubbles were evolved on a �100 µm
Pt microelectrode — cathode, installed horizontally from the bot-
tom of the cuvette. Two �0.5 mm Pt wires installed from the
top were used as the anode and pseudo reference electrode. The
electrolysis was carried out in an acidic electrolyte H2SO4 with
different concentrations of 0.02, 0.1 and 0.5 mol/L, and was con-
trolled by an electrochemical station (Autolab) in potentiostatic
mode within a potential range of -1.2...-8 V for 70 s. To prevent
any leakage, the electrochemical setup was fixed inside an outer
housing by four M4 screws, reliably sealed from the top using the
O-ring. The housing has two optically accessible observation win-
dows. The holes through which the cathode, anode and reference
electrode were inserted were sealed with nail polish. Three such
housings, filled with different electrolytes, formed a cell system to
be studied on the day of the flight. The cell system was mounted
on a motorized linear stage (LIMES, OWIS GmbH). After the air-
craft took off, each of the housings were deliberately opened and
consequently closed, to equilibrate the pressure inside (1 atm)
with that in the cabin (0.8 atm).

To study the bubble dynamics in this cell system, microscopic
shadowgraphy (50 frames per second, spatial resolution 678
pix/mm) coupled to electrical current measurements (sampling
rates from 0.4 to 1 kHz) were simultaneously performed. The
shadowgraph systems employs a microscope connected to a high-
speed camera (IDT, NX4-S1) and a back-light to illuminate the
cell system, see Figure 1b. To avoid problems caused by vibrations
of the aircraft, the microscope system (Thalheim Spezialoptik,
Germany) has been designed without any springs. The motorized
linear stage permits the horizontal movement of the cell system
between groups of parabolas to image the bubble evolution at dif-
ferent electrolyte concentrations. Since the linear stage is aligned
parallel to the axis of the aircraft while the camera is directed
perpendicularly to it, the impact of pitch angle variation can be
traced in the image plane observed. The influence of this effect
is depicted again in a magnified diagram in Figure 1d, showing
the positively charged hydrogen bubble floating above the cath-

ode inclined by the pitch angle (negative here). Since the camera
and cell system are rigidly fixed on the breadboard/aircraft, an
inclination due to pitch angle variation is not visible in the im-
ages displayed later. In general, the bubbles remain in the focus
plane of the optics, which allows the accurate measurement of
radius and position of the bubbles over time from analysing the
acquired images by a Matlab R2019b algorithm (for details see
the Supplemental Material of Bashkatov et al.6). In rare cases,
when the bubble moves out of focus, the electric current is used
instead. By integrating the electric current I over time t, accord-
ing to Faraday’s law, the total charge

Q =
∫

I(t)dt

and the hydrogen volume produced can be calculated, and finally
converted to the bubble radius R (for details see Yang et al.3).

The lines of the electric current density j flowing between the
anode and cathode are schematically drawn in Figure 1d. They
bend around the non-conducting hydrogen bubble with a radius
R. The coordinate system originates at the center of the cathode
and the x-axis is directed to the rear part of the aircraft. A rele-
vant quantity in the later analyses is the difference between the
x-positions of the bubble and electrode centers, X , which is pos-
itive when the bubble moves to the right and negative when it
moves to the left.

3 Experimental results and discussion
3.1 Scenarios of single bubble evolution in microgravity

The H2 bubble evolution on a microelectrode under microgravity
was found to follow three scenarios: (1) - growth and lateral de-
tachment, (2) - continuous growth or (3) - initial growth and stag-
nation. Figure 2 gives an example case for each scenario based on
the electric current (I) flowing between the cathode and anode,
versus time. The results shown for (1), (2) and (3) were achieved
in sulfuric acid H2SO4 with a concentration of 0.02 mol/L at -5 V,
0.1 mol/L at -3 V and 0.5 mol/L at -3 V, respectively.

In Scenario (1), the upper plot in Fig. 2, numerous perturba-
tions in the current are visible. They result from multiple bubble
evolution cycles, i.e. nucleation-growth-detachment events, dur-
ing the µg phase of one parabola. The newly nucleated bubble
increases the Ohmic resistance and thus decreases the current.
Thus, the cathodic current increases when the bubble detaches.
Detachment events, marked by red circles, are caused mainly by
the combination of varying pitch angle, residual buoyancy and
coalescence. Scenarios (2) and (3) are particular, less frequent
cases. Scenario (2) is characterized by the bubble occasionally
sticking to the glass/electrode interface with partial coverage of
the electrode area and continuous slow growth during micrograv-
ity. Scenario (3) involves almost the entire electrode area being
blocked by the hydrogen bubble for most of its growth period. As
a result, the current falls to a value close to zero.

The number of hydrogen bubbles successfully recorded and
processed during the parabolas of the 34th DLR Parabolic Flight
Campaign is represented in Table 1 for each scenario. They are
grouped according to the cathodic potential and electrolyte con-
centration used. In Scenario (1) up to 17 bubbles were released
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Fig. 1 (a) Schematic representation of a parabola trajectory of the aircraft coupled with gravitational acceleration zones (not to scale). The black line
represents the aircraft altitude and the red line the component of the gravitational acceleration that is directed normal to the aircraft. θ denotes the
pitch angle varying over time. (b) The experimental setup comprising the camera, microscope, backlight and cell system mounted on the breadboard.
(c) The scheme of the housing comprising the three-electrode electrochemical setup i.e. anode, cathode, reference electrode and glass cuvette. (d)
Schematic representation of the positively charged bubble above the cathode when the aircraft is at pitch angle θ . R and X denote the bubble radius
and the lateral (x) bubble position (see the coordinate system) with respect the electrode center. The red dotted lines sketch the path of the electrical
current j towards the cathode.
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Fig. 2 The three scenarios of bubble evolution observed in microgravity:
(1) - growth and lateral detachment (0.02 mol/L H2SO4 at -5 V), (2)
- continuous growth (0.1 mol/L at -3 V) and (3) - initial growth and
stagnation (0.5 mol/L at -3 V).

in µg within one parabola, e.g. in 0.02 mol/L at -5 V, while the
evolution of a bubble takes as long as a whole µg phase in Sce-
narios (2) and (3). Thus, contrary to expectations, Scenario (1)
and not (2) or (3) is by far the most dominating scenario. This
implies that the statistics behind the bubble ensembles are natu-
rally elaborated in more detail for Scenario (1) compared to (2)
and (3).

In Scenario (3), the initial fluctuations are caused by weak hor-
izontal bubble vibrations which occur during growth in terrestrial
conditions as well.

In the following, we focus entirely on Scenario (1) in the
shaded area of Table 1. Based on the significant number of de-
tected H2 bubbles, systematic features of the bubble dynamics
under microgravity can be extracted.

3.2 Scenario (1) - Growth and lateral detachment

3.2.1 Phenomenology

Figure 3(a) shows an example of a bubble evolution for 0.02
mol/L at -5 V. The set of images tracks the temporal evolution
of a selected bubble (marked by a red circle) and its motion rel-
ative to the electrode. After just a short time O(ms), see the first
image at 0.02 s, a single hydrogen bubble is visible on the mi-
croelectrode. The further bubble growth is mainly governed by
continuous coalescence with newly nucleated bubbles on a time
scale O(µs). Every coalescence event shifts the bubble position
slightly (see below). As a result, the mother bubble frequently
levitates by several µm above the electrode. With progressing
time during the parabola, the residual buoyancy,

fb,µg =
4
3

πR3
ρl gres ,

forces the marked bubble to move to the right side away from the
electrode until it finally departs (here at 1.10 s). gres refers to
the residual gravitational acceleration plotted in Fig. 4a. ρl is the
density of the electrolyte.

This lateral detachment under the µg condition of the parabolic
flight is one of the main differences to terrestrial experiments
where vertical detachment occurs due to the much higher buoy-
ancy,

fb,1g =
g

gres
fb,µg .

The direction of bubble movement is governed by the residual
gravitational acceleration gres, which is related to the aircraft
pitch angle θ , referring to the angle between the fuselage and
the horizon (cf. Fig. 1). For pitch angles larger than zero, the
bubble thus travels in the direction of the cockpit; otherwise, it
travels in the opposite direction. As the bubble moves away from
the electrode center, it passes through several of the nucleation
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Scenario (#) Potential (V) H2SO4

-1.2 -1.5 -1.8 -2 -3 -4 -5 -6 -7 -8 (mol/L)

(1)
17 12 9 7 0.02

4 10 1 1 0.1
7 10 8 11 2 3 1 1 0.5

(2) 2 1 1 1 1 0.1
1 1 1 3 2 1 0.5

(3) 1 2 1 1 0.5

Table 1 Number of bubble studies performed at different potential and concentration.

sites of the microelectrode. As a result, some of the small bubbles
formed there merge directly with the main bubble, while others
coalesce to form another microbubble to one side (examples are
at 0.76 s or 0.90 s). Because the lateral velocity of the mother
bubble is low, the second smaller bubble (t = 0.90 s) has enough
time to expand and to coalesce with it. We use the term "mother
bubble" throughout this work for the dominating and biggest bub-
ble at the electrode, which continuously grows mainly by con-
suming smaller bubbles. Thus, we distinguish between the pri-
mary, mother bubble growing on the electrode and the continu-
ously forming bubble swarm at the electrode. The evolution of
the mother bubble, which has a substantially longer lifetime and
bigger detachment diameter than the smaller bubbles, is tracked
over time and is the main target of the present analyses.
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100 m m

Fig. 3 (a) Examples of bubble evolution in micro-g recorded at 50
frames per second in 0.02 mol/L at -5 V. The target bubble is circled
in red. The hatched area is the Pt electrode, while the blue region is
the glass bottom. (b) The averaged detachment distance Xd between
the electrode and bubble centers (upper plot) and (X/R)d normalized
with the bubble radius Rd (bottom plot) versus potential for different
electrolyte concentrations.

The detachment of the mother bubble is defined as that mo-
ment at which the last coalescence with newly appearing bubbles

occurs. Thus it is the moment when the detaching bubble inter-
acts for the last time with younger bubbles. This definition of
the detachment event, which is later correlated with the electric
current, makes sense when focusing on a small electrode area
only. At large planar electrodes, where several large bubbles may
detach in parallel, the definition needs to be modified. At the
instant of detachment, the bubble reaches the maximum lateral
distance, Xd , from the electrode center, where interaction with
the electrode vanishes. The bubble ceases to coalesce and leaves
the electrode at its detachment diameter. Figure 3(b) presents
the departure distance Xd versus potential at different electrolyte
concentrations. In the following, unless noted otherwise, the bar
over the symbol denotes averaging over all bubble cycles available
at a given voltage and concentration. The margins given in the
data refer to the standard deviation. To give an estimate, Xd,all av-
eraged over all observed cases is (168±50) µm. It is instructive to
relate (X)d to the bubble radius: we note a close similarity in that
(X/R)d ∼ 0.8 at small concentrations (0.02 and 0.1 mol/L) while
a reduction to (X/R)d ∼ 0.4 is found at the larger concentration
0.5 mol/L. Thus the bubbles already detach at a smaller lateral
distance from the electrode center at higher concentrations.
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Fig. 4 (a) Residual gravitational acceleration gres. (b) Electric current
I. (c) Bubble radius R (black line with diamond symbols). The two
insets show the bubble before and after coalescence. The target bubble
is circled in red. The red dashed line is a fit to the experimental data,
R ∝ t1/3. (d) Bubble center position relative to the electrode center X.
All data correspond to the bubble evolution of Fig. 3(a) (0.02 mol/L at
-5 V).

To analyze the bubble evolution shown in Fig. 3 in more de-
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tail, in Figure 4 we plot the electric current I (b), the bubble
radius R (c) and the lateral displacement X (d) versus time si-
multaneously with the characteristic residual gravitational accel-
eration gres = (0.023±0.011)g (a). The electric current, captured
with a temporal resolution of 400 Hz, reflects the bubble dynam-
ics, which starts with the nucleation (black circle) and ends with
the detachment (red circle). In between, numerous coalescence
events occur, marked by black stars. Two inset images (i) and (ii)
in Figure 4c show the target bubble immediately before and after
its coalescence with smaller microbubbles. They document the
correlation in time between coalescence and jumps in the electric
current, see the time slot marked in gray. Indeed, every minimum
in the electric current can be assigned to a coalescence event. Af-
ter coalescence, both a jump-like increase in the electric current
amplitude and a jump by the bubble from the surface up for about
5 µm (resolution is about 1.5 µm/pix) are observed, together
with a subsequent motion in the reverse direction, see Figure 4d.
This motion, which only lasts less than 0.02 s, is analyzed in more
detail in Fig. 6.

The radius R(t) and the horizontal bubble position X(t), ob-
tained via image analysis, are plotted versus time in Figure 4c-
d. The red dashed line in (c) corresponds to a fit according to
R ∝ t1/3. Thus, in this particular case, the bubble evolution fol-
lows the conventional growth law in accordance with Yang et al.3,
Darby et al.36, Kristof et al.37. However, this behavior is not the
rule under microgravity, as outlined in the following: The nature
of parabolic flight is that the pitch angle (cf. Fig. 1) continuously
varies in time, e.g. it changes in the range from 47 to −42◦ under
µg. As a result, the bubble might roll over the electrode, driven
by the residual gravity. Thus, the electric current is determined
not only by the size of the bubble (which determines the circular
area at the electrode that is deactivated by the bubble), but also
by the pitch-angle-dependent bubble position.

The carpet of smaller microbubbles mentioned in Section 1,
which levitates the mother bubble in terrestrial experiments6 and
in the 1g/1.8g experiments in this campaign, is either much thin-
ner under micro-g, and therefore difficult to resolve, or forms
beside the receding bubble. These differences are discussed in
Section 3.3.

3.2.2 Bubble position and radius versus time

Figure 5 shows the lateral position (a) and the bubble radius (b)
for five representative bubbles over time for two different param-
eter combinations: (i) 0.1 mol/L, -1.5 V and (ii) 0.02 mol/L, -6
V. In (i), the lateral movement of the bubble along the electrode
proceeds in an orderly manner. The bubble moves towards the
left (cockpit) if the pitch angle takes positive values. This is doc-
umented by the lines numbered 1 (41◦...34◦) and 2 (34◦...20◦).
For negative pitch angles, the bubble moves to the right, i.e. to-
wards the rear of the aircraft. The bubbles belonging to lines 4
(1◦...-19◦) and 5 (-19◦...-33◦) exhibit this behavior. For pitch an-
gles close to zero (line 3: 20◦...1◦), the bubble stays at the elec-
trode without lateral movement. Note that the first angle (20◦)
in the latter case refers to the pitch angle at the start of the bub-
ble evolution, while the last one, here 1◦, is that where the line
terminates and the bubble detaches from the electrode. Thus, it

is obvious that the lifetime increases from the 1st to 3rd lines and
decreases from the 3rd to 5th lines as the pitch angle decreases
and increases, correspondingly. In case 3, where the pitch angle
is closest to zero, the bubble detaches perpendicularly to the elec-
trode surface. A more detailed analysis of the correlation between
bubble radius, bubble position, residual gravity and pitch angle
for this case can be found in the Supplementary Information†.

By contrast, the lower concentration in (ii) does not show this
structured behavior. Moreover, the initial bubble position and
lateral movement are spatially scattered among several bubbles
and the direction of movement does not always correlate with
the pitch angle. The growing bubble is often being pushed aside
by the freshly nucleated bubbles with and without subsequent co-
alescence. This behavior remains similar among other potentials
at all the concentrations studied. Events where a fast reversal in
the direction of lateral motion occurs, characterized by a change
of sign in dX/dt, are marked by black circles. Here, for short
instants of time, the bubble moves backwards, towards the elec-
trode center. These events occur much more frequently for the
lower concentration (ii) — 0.02 mol/L than compared to (i) —
0.1 mol/L, where they only appear exactly before detachment,
and with smaller amplitude. The bubble behavior in 0.5 mol/L
(not shown) is similar to 0.1 mol/L and with almost no backward
motion events caused by coalescence.
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Fig. 5 (a) Bubble position X for multiple bubbles over their lifetime:
pitch angle-correlated motion for 0.1 mol/L and -1.5 V (orange line, see
main text) and non-correlated case for 0.02 mol/L, -6 V (black line). The
black circles in the plots indicate a backward motion of the bubble. (b)
Evolution of the radius R(t) for the bubbles shown in (a), supplemented
by the case 0.5 mol/L, -2 V (green). The black dashed line refers to the
coalescence-driven 1/3-power law and the dotted one to the diffusion-
controlled 1/2-power law of bubble growth.

Fig. 5(b) examines the development of the bubble radius over
time for the bubbles of (a), complemented by the 0.5 mol/L, -2
V case (green). The bubble evolution starts with a fast growth
leading to bubble radii of about 30-40 µm for 0.02 and 0.1 mol/L
and 90 µm for 0.5 mol/L just 20 ms after nucleation. Then, a
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smoother evolution follows which terminates in a rapid increase
in R before detachment. The growth rate, dR/dt, generally de-
pends on the electric current, the magnitude of which might be
substantially enhanced while the bubble drifts away from the
electrode. The precedence of 0.02 mol/L over the 0.1 mol/L lines
is caused by the higher potential which compensates for the dif-
ference in electrolyte concentration. As a result, the current is
higher, and hence also the growth rate. The inset in Fig. 5(b) dis-
plays the individual R(t) dependences corresponding to the bub-
ble trajectories in Fig. 5a. It is obvious that those bubbles which
experience a lateral displacement evolve more rapidly than the
stagnant bubble no. 3.

The black dashed and dotted lines represent the theoretical
1/3-power-law and 1/2-power-law growth models. The differ-
ence between the experiment and theory is visible - the experi-
mental slope changes over time. Since the experiments are con-
ducted in potentiostatic mode, the electric current determining
the bubble growth rate depends on the bubble size, and also on
its position, which is influenced by the pitch angle. Therefore,
the coefficient in the power-law relation changes constantly dur-
ing the bubble evolution in several series of experiments. How-
ever, as shown in Fig. 4(c), the 1/3-power law might fit to the
experimental data, when current does not fluctuate much along
the evolution.

Microgravity modifies the bubble dynamics known from ter-
restrial experiments. Contrary to expectations, the bubble grow-
ing under µg does not completely block the active area of the
electrode (Scenarios (2) and (3)). Instead, the residual gravi-
tational acceleration enables the bubble to move laterally away
from the electrode as shown in Figures 4d and 5a. The curves
in Fig. 5a demonstrate two important features to be investigated
next, namely the backward motion (Section 3.2.3) and the scat-
tering lifetime of the bubbles (Section 3.2.4). Both phenomena
seem to be coupled as the bubbles have a higher lifetime (Fig.
5a) if they stay close to the electrode center instead of moving
laterally aside, where their growth is affected by more intensive
coalescence.

3.2.3 The "backward motion" of bubbles

A representative event of the remarkable backward motion of a
bubble is shown in Figure 6(a) for 0.02 mol/L at -8 V. The im-
ages depict a bubble which moves laterally from the left to the
right (see arrow in Fig. 6a), similarly to Fig. 4d. The bubble
motion is accompanied by coalescence with smaller bubbles. As
an obvious result of the latter process, the bubble moves for a
short timespan in the opposite direction, backwards, towards to
the electrode center. To further analyze this backward motion,
in Fig. 6(b) we plot not only the first derivatives of the radius
dR/dt and bubble position dX/dt, but also the electric current I
and the bubble position X . Here, the backward motion, corre-
sponding to timespans with dX/dt < 0, takes place in the grayed
zones of Fig. 6(b). The first backward motion at 2.18...2.36 s is
particularly well resolved. However, two further events at 2.60
s and after 2.70 s emphasise that the backward motion is not a
singular event. In the following we focus on the first grayed win-
dow of this motion. At certain instants of time, Fig. 6(b) around

2.10 s, the bubble decelerates and its velocity, dX/dt, gets close
to zero. The vertical red dashed line in Fig. 6(a) serves as a refer-
ence for the initial bubble position at t = 2.18 s. Between the first
and second frames, the mother bubble coalesces with a relatively
big secondary bubble. As a result, the mother bubble moves to
the left. In a series of continuous coalescence events with smaller
bubbles, the mother bubble moves backwards for about 130 µm
in 0.18 s until the velocity is zero again.

It is obvious that the sudden change from dX/dt > 0 to dX/dt <
0, which initializes the backward motion, is accompanied by a
rapid increase in both dR/dt and the current I due to coales-
cence. The bubble velocity and current increase toward a maxi-
mum, and drop again later. When the electric current approaches
a value similar to that before the backward motion started, the
bubble reaches a velocity around zero. This marks the end of the
backward-motion phase and the bubble continues to move in the
direction set by the pitch angle and buoyancy.
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Fig. 6 (a) Image sequence showing the backward motion of the bubble
following a coalescence event in 0.02 mol/L at -8 V. (b) First derivative
of R(t) and X(t) over time coupled with current response I and bubble
position X in 0.02 mol/L at -8 V. (c) Absolute distance ∆X and relative
distance ∆X/d of the backward motion of bubbles at different potentials
in 0.02 mol/L. Each point is an average over 10 return events. The error
bars refer to the corresponding standard deviation.

Figure 6(c) shows the mean lateral distance ∆X which the bub-
bles travel during the backward motion in 0.02 mol/L at a poten-
tial range of -5...-8 V. ∆X was obtained by averaging over the ten
cases of the largest backward motions ∆X at each potential. The
margins show the corresponding standard deviation. The average
amplitude ∆X is seen to increase with the potential. The increase
is not compensated for if ∆X is related to the mean detachment
diameter d. While the displacement at -5 V is about 5% of the
bubble diameter, it is 10% at -8 V.

As the backward motions happen less frequently for 0.1 and 0.5
mol/L compared to 0.02 mol/L, the statistics are not sufficient
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to show a similar plot for these concentrations. Coalescence is
the main event preceding the backward movement. It might be
possible that additional forces, see Section 3.2.5, play a further
role.

3.2.4 Detachment diameter and lifetime of bubbles

Figure 7(a) summarizes the behavior of the mean detachment
diameter d and the mean bubble lifetime T versus potential for
different concentrations. Let us recall that detachment is defined
as the moment of the last coalescence event which a bubble re-
ceding from the electrode undergoes with a newly formed one.
As expected, both d and T increase with the potential and the
concentration. This is similar to what is found in terrestrial ex-
periments, where higher retarding forces were reported (see next
Section)31. One exception is the experiments in 0.1 mol/L, where
both d and T remain unchanged between -1.2 V and -1.5 V. This
is obviously caused by a substantially smaller electric current in
0.1 mol/L, cf. Fig. 10, despite the higher concentration. As a
result, d is very close to the value in 0.02 mol/L at -5 V but T is
larger by a factor of ∼ 3.
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Fig. 7 (a) Bubble detachment diameter and lifetime. (b) The standard
deviation σ divided by the mean value for mean detachment diameter
and mean lifetime versus potential at three different concentrations.

The mean values and the standard deviations σ in Fig. 7(b) are
obtained by averaging over all bubbles of the experiments in Ta-
ble 1 where more than three detachments occur. They are plotted
as σ/d and σ/T in %, respectively. Although both the detachment
diameter and the lifetime vary from bubble to bubble, the stan-
dard deviation of T is generally higher than for d. This significant
scatter of T already became obvious in Fig. 5a. The reason is seen
in stochastic events, e.g. in the accidental pinning of the contact
line of the bubble at the Pt-electrode/glass interfaces, or the ad-
hesion of the bubble to the glass. Both events dictate a reduction
in the electric current or the growth rate, which leads to longer
lifetimes. The dependency of the individual bubble lifetime T on
the electric current is presented in Supplementary Information†.
If the adhesion is not interrupted by coalescence, the bubble evo-
lution runs into Scenarios (2) and (3), as mentioned in Section
3.1.

3.2.5 Forces influencing the detachment of bubbles under
microgravity

Figure 7 has shown that the lifetime of the bubbles at the elec-
trode varies with potential and concentration. On one hand, this
might be related to the forces which attract the bubble towards
the electrode. On the other hand, the above-mentioned stochas-
tic effects caused by contact line pinning or adhesion to the elec-
trode/glass surface and subsequent accidental release by coales-
cence may play a role.

Fig. 8 (a) A bubble growing in 0.02 mol/L at -8 V at two instants of time.
The first image represents the bubble adhering to the glass interface and
the second one the same bubble at a later stage levitating above the
surface. (b) and (c) represent two quantitatively different cases of the
bubble jump above the surface caused by the bubble-bubble coalescence
in 0.02 mol/L, -5 V. The two images in both (b) and (c) show the bubble
immediately before and after coalescence.

Let us begin by discussing the latter issue. Once the bubble
sticks additional energy is required to overcome the surface ten-
sion/adhesion forces. The bubble may detach either due to an in-
crease in buoyancy (1g, hyper-g) or due to the coalescence-driven
jump mechanism. Jumps of the bubbles after coalescence are fre-
quent events, as documented by Figure 8. The first images of
(a-b) show a mother bubble stuck to the electrode-glass interface
while one or more smaller bubbles have been formed nearby. The
second images in (a-b) depict the situation shortly after coales-
cence has happened. As a result, the bubble is lifted by a few mi-
crometers. Figure 8c displays the particularly interesting case of
coalescence between bubbles of a similar size: the energy that is
released, transferred to the resultant bubble, is obviously enough
to force both detachment under µg and to enable the bubble to
jump 127 µm above the surface.

The coalescence-driven bubble detachment shown in Figure 8,
is known in the literature as a self-propelled bubble removal38,39.
The phenomenon is indebted to the excessive surface energy lib-
erated via bubble-bubble coalescence. As two bubbles coalesce
together, a deformation wave propagates. When the wave re-
turns to the surface with enough energy to overcome the wetting
forces, the bubble jumps away from the surface perpendicularly
for a certain distance, governed by the released surface energy

∆Eσ = 2πσ(d/2)2−πσ(d/ 3
√

4)2 ,
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see in detail Moreno et al.40. The phenomenon is widely known
among studies of droplet dynamics on superhydrophobic sur-
faces38,41–43 and has been discussed in detail for the gas bub-
bles in Moreno Soto et al.40,44, with hydrogen bubbles first being
mentioned as early as 196145.

The importance of the size of the two coalescing bubbles is
pointed out in Moreno Soto et al.44. When two bubbles of a sim-
ilar size coalesce, the symmetrical deformation wave causes the
resultant bubble to jump. If the radii differ significantly, the sym-
metry of the much smaller deformation wave breaks and barely
perturbs the mother bubble. The latter case is also typical of our
experiments, in which we noticed numerous detachments similar
to Fig. 8(b) with small jumps of a few µm because of the small
size of the microbubbles coalescing with the mother bubble.

Beside coalescence, further forces may influence the bubble de-
tachment. Similarly to terrestrial experiments, the hydrogen bub-
ble experiences an electric force Fe (see Sect. 1). In Bashkatov et
al.6, the electric force was shown to vary non-linearly with the
vertical bubble position, governing its vertical oscillations. This
vertical motion of the bubble on the ground takes place in an ax-
isymmetric electric field, while the lateral motion of the bubble
away from the electrode center leads to a non-axisymmetric con-
figuration. Nevertheless, Fe is also expected to have an influence
under µg. Indeed, the experiments show at least two indications
of the relevance of the electric force: (i) the bubble return events
(Fig. 5a) occur more frequently at -6 V (0.02 mol/L) than at -
1.5 V (0.1 mol/L). (ii) The lateral distance ∆X/d over which the
bubble moves back to the electrode increases with the potential
(Fig. 6c).

A further candidate influencing the detachment is the thermo-
capillary effect7,8,30,31. The Marangoni stress τM scales with the
level of Joule dissipation. Thus it increases along with the poten-
tial applied and decreases with the conductivity of the electrolyte.
As the bubble moves laterally away from the electrode, the Joule
heating can be expected to become asymmetric, leading to an ax-
ially non-symmetric temperature distribution. The ensuing ther-
mocapillary stress will thus also cause a sideways component of
the Marangoni force to act on the bubble. In addition, residual
gravitational acceleration, which cannot be completely avoided
during parabolic flights, may also influence the bubble motion. In
summary, the balance of the hitherto discussed three forces pro-
vides a general concept for the sideways motion and the eventual
lift-off of the bubble, which still requires further investigation.

3.3 Comparison of bubble growth between micro-g, hyper-g
and 1g

To highlight the differences in the formation of the above-
mentioned carpet of microbubbles between µg and (1...1.8)g, a
zoom into the bubble bottom during the hyper-g-phase is pro-
vided in Figure 9. Here, numerous microbubbles are visible, sand-
wiched between the mother bubble and the electrode, forming
what we call the carpet of microbubbles. Despite the difference
in atmospheric pressure and gravitational acceleration, the mor-
phology of the carpet stays the same as on the ground6. This is
in strong contrast to the microgravity experiments, where a car-

pet of microbubbles was not observed in this form. Instead, the
microbubble carpet forms beside the mother bubble (cf. Fig. 8a)
due to its lateral movement under microgravity.

Fig. 9 Bubble evolution accompanied by the carpet of microbubbles
in hyper-g (a) in 0.1 mol/L at -4 V and (b) 0.02 mol/L at -8 V. In
(b) the bubble return phenomenon is additionally included in the last
three images. The evolution starts in hyper-g but the bubble detaches
shortly before entering micro-g zone. t∗ is the dimensionless time, t/T ,
normalized with the bubble lifetime T .

To gain a better understanding of the role of buoyancy in the
carpet formation, another example is presented on Figure 9(b)
where the bubble nucleation occurred under hyper-g and the de-
tachment shortly before entering micro-g. In this state, the bub-
ble sits on the carpet and is able to return to the electrode several
times, as shown in the last three images before the final depar-
ture. The phenomenon is a shortened version of the bubble po-
sition oscillations discussed in Bashkatov et al.6 and is related to
the non-linear variation of electric force. By contrast, a bubble
that grows in the µg phase at a pitch angle close to zero, imply-
ing that the bubble stays close to the electrode, only admits a very
thin carpet, which is hard to distinguish (cf. Fig. 3a at t = 0.1 s
and 0.2 s). Thus, we can conclude that the carpet of microbubbles
exists as a response to the competing forces. When the bubble is
trying to leave the electrode under (1...1.8)g conditions, moving
away from the electrode over a O(µm) distance, the electric force
increases and levitates the bubble above the electrode. The gap
in between enables the carpet of microbubbles to be formed.

In Figure 10 the mean electric current I, obtained by averaging
over time, is plotted versus electric potential. The three subfig-
ures are dedicated to the three electrolyte concentrations stud-
ied: (i) 0.02, (ii) 0.1 and (iii) 0.5 mol/L. We see that the current
grows from µg via normal-g toward hyper-g (1.5...1.8g) if the po-
tential and concentration are fixed. We note that I under µg is
smaller by a factor of at least two (2.2...3.9) than under hyper-g.
As expected, at a fixed concentration I increases with the poten-
tial, further enhancing the contrast between the µg and hyper-g
phase.

In Figure 11 the hydrogen production rate V̇ is plotted versus
electric potential for three electrolyte concentrations at different
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acceleration levels. It is calculated as

V̇ =
I

2 ·F
· RH2 ·T

P
,

where I is the time-averaged current, T is the temperature (293
K) and P is the pressure (81060 Pa) in the aircraft. Further, F
and Rgas denote the Faraday constant (96485 C/mol) and the gas
constant (8.314 m3 ·Pa/K ·mol).
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Fig. 11 Hydrogen production rate versus potential at normal-g, hyper-g
and micro-g for (i) 0.02, (ii) 0.1 and (iii) 0.5 mol/L. All measurements
were made during flight (P ∼ 0.8 atm inside the airplane).

As the mean current I increases with the gravitational accelera-
tion level (see also Fig. 10), the same is observed for the hydrogen
production rate. Thus, at the same time, the Ohmic resistance re-
duces, which in general is beneficial for increasing the efficiency
of hydrogen production.

In Figure 12 (a) the mean values of bubble detachment di-
ameter d and lifetime T along with their standard deviation
(almost negligible) are plotted versus potential for the case of
hyper-g. In subfigure (b) we show the ratio of the mean val-
ues obtained in micro-g (Fig. 7) to those obtained in hyper-g,
i.e. d∗µg/1.8g = dµg/d1.8g and T ∗µg/1.8g = T µg/T 1.8g. We note that

both d and T increase with potential and electrolyte concentra-
tion, which is similar to what is found in the terrestrial environ-
ment31. The effect of the reduced gravitational acceleration re-
sults in a 2.4...2.9 times higher detachment diameter and 34...78
times higher lifetime, depending on potential and concentration.
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Fig. 12 (a) Bubble detachment diameter and lifetime measured in the
hyper-g phases. (b) Ratio of mean detachment diameter and lifetime
measured at micro-g to that measured at hyper-g versus potential at
three different concentrations.

Finally, as the electric current is directly linked with the charge
and hence with the hydrogen volume produced, in Figure 13 we
examine the bubble radius R(t) versus time for the different grav-
itational accelerations in 0.1 mol/L at -1.5 V.

The red (hyper-g), black (1g) and purple (µg) lines are ob-
tained from the experiments on board the aircraft under reduced
atmospheric pressure (∼ 0.8 atm), while the dotted line refers to
the experiments on the ground (1g) at 1 atm. Each line is an av-
erage over the evolution of 10 bubbles. The inset provides a zoom
into the initial phase. As expected, the growth rate, influenced by
the electric current, increases with increasing gravitational accel-
eration (cf. Fig. 10). The effect of a reduction in the atmospheric
pressure becomes obvious when the dotted line (bubble evolution
under 1g) is compared with the black line (1g on board the air-
craft). The reduced air pressure as found in the aircraft enables a
slightly faster growth.

The bubble evolution in the terrestrial environment proceeds
via nucleation, growth, and detachment3–5,27,46–49. The growth
phase can be divided in up to three stages4, and is described by
the equation

R(t) = β tx

with β and x denoting the growth coefficient and the
power exponent47. The short initial stage, lasting only for
O(ms), is governed by liquid inertia and characterized by x =

145,47,50. Depending on whether diffusion of the dissolved
hydrogen45,47,50–52 or coalescence with smaller hydrogen bub-
bles3,27,36,48,53 is the dominating growth mechanism, x = 1/2
or x = 1/3 is observed. The detachment results from either
bubble unpinning processes like bubble neck-breaking of the
electrode-attached bubble4 or from losing contact with the car-
pet of microbubbles underneath6. In the case of an upward-
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Fig. 13 Bubble evolution R(t) in 0.1 mol/L at -1.5 V under different
levels of gravitational acceleration and atmospheric pressures (see leg-
end). Each line reflects the evolution averaged over 10 bubbles. The
inset zooms into the initial phase.

facing/horizontal electrode without external flow, the bubble de-
taches perpendicular to it.

In contrast to that, the evolution under micro-g during the
parabolic flights follows one of the three scenarios discussed in
Sect. 3.1 and proceeds differently from that in 1g. The bubble
evolution phases discussed above are summarized for both cases
in Table 2.

We recall the bubble, levitating slightly above or being attached
to the electrode/glass surface, may grow by both, diffusion and
coalescence with the much smaller bubbles continuously nucleat-
ing at the electrode. The detachment is caused by either vertical
or lateral movement (or a combination of both directions) of the
bubble away from the electrode such that no further coalescence
events (and growth by diffusion) are possible. The analysis of the
power law in terms of the growth coefficient β and the power
exponent x gives a more complex result, as both quantities vary
during the bubble evolution and also with potential and concen-
tration. Also, attached and laterally moving bubbles cause a dif-
ferent Ohmic resistance, resulting in different values of β and x as
well. At fixed electrolyte concentration, the growth rate increases
upon increasing the potential. While the growth mechanism stays
similar for the low concentrations (0.02 and 0.1 mol/L), the be-
havior at 0.5 mol/L differs. The power coefficient might gener-
ally vary from 0.2 to 1. More details on the growth law for Sce-
nario (1) (see Table 1) are summarized in in the Supplementary
Information†.

As the Pt microelectrodes used during the experiments were
treated and cleaned in a unique way, their wettability can be
assumed to be very similar. However, as the wettability might
slightly modify with ongoing duration of the experiments5,27, it
is worth to take this aspect into account in future experiments.

4 Summary and conclusions
The evolution of single hydrogen bubbles at a Pt microelectrode
was studied in potentiostatic experiments in an acidic electrolyte
under microgravity during parabolic flights. Three characteristic

scenarios of bubble evolution were found depending on the po-
tential and electrolyte concentration: (1) - growth and lateral de-
tachment, (2) - continuous slow growth or (3) - initial growth and
stagnation. Contrary to expectations, Scenario (1), lateral bubble
motion, instead of Scenario (3), the blockage of the electrode was
found to be dominant and therefore further analyzed in detail.

As buoyancy is largely not present, detached bubbles stay close
by the electrode. Driven by small horizontal components of resid-
ual gravitational acceleration, the bubbles start to slowly drift
horizontally away from the electrode center. Here, due to the
asymmetry of the resulting current density and the temperature
distribution with respect to the electrode center, resulting hor-
izontal components of thermocapillary and electric forces may
also come into play. However, both point in opposite directions
and partially cancel each other out. During the further slow lat-
eral motion of the bubbles, reversals of the drift velocity are ob-
served. These can clearly be correlated with coalescence events
with smaller bubbles taking place prior to the reversal. As the
phenomenon of a lateral shift of the center of mass during coales-
cence is well known, we believe the velocity reversal can mainly
be attributed to the coalescence. To what extent horizontal com-
ponents of thermocapillary and electric forces contribute to the
phenomenon must be left for future work, which should include
a detailed analysis of the momentum of the bubble-surrounding
liquid (Kelvin impulse)54. The phenomenon was shown to be
dependent on the potential applied and bears similarities with
the bubble position oscillations recently reported in Bashkatov et
al.6. The slow lateral bubble movement is believed to be respon-
sible for the disappearance of the microbubble carpet found in
standard gravity conditions, as the larger number of coalescence
events with the microbubbles consumes the entire carpet, without
exception.

Further noticable differences between microgravity and
normal/hyper-gravity concern the averaged current I, which is
smaller under microgravity by a factor of more than two, a con-
trast which increases even further upon an increase in the poten-
tial. As a result, the rise in the bubble radius R(t) proceeds more
slowly than under normal or hyper-gravity.

In summary, lateral motion is an important feature of hydro-
gen bubble dynamics under reduced gravity. It allows enhanced
mass transfer toward the electrode and continuous hydrogen pro-
duction, despite Ohmic losses are larger in comparison to normal
and hyper-g. The potential for bubbles to stick to the electrode
or the neighboring glass surface is an undesired event leading to
Scenarios (2) and (3).

Since only a very limited number of tools are available
to remove the bubbles from the surface, the self-propelled
coalescence-driven removal mechanism is a valuable tool for
microgravity applications. Indeed, when the momentum from
bubble-bubble coalescence is enough to overcome the wetting
forces, the bubble jumps over remarkable distances from a few
µm to more than 120 µm away from the surfaces. This is enough
to transfer the resultant bubble to the bulk by other means, such
as additional external fluid flow. Albeit not studied here, the re-
sults could also be useful with respect to the oxygen evolution
and more generally to develop strategies for increasing the gas
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nucleation growth detachment

Presence in 1g X X X(vertically)

Presence in micro-g
for various scenarios

(i) X X X(laterally)
(ii) X X(continuous growth) none
(iii) X limited by electrode blockage none

Table 2 Presence of the different bubble evolution phases in 1g and in micro-g (achieved in parabolic flights)

production rate in microgravity applications.
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