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The dynamics of hydrogen bubbles produced via electrolysis in acidic electrolytes is studied in a
combination of experiments and numerical simulations. A transition from monotonic to oscillatory bubble
growth is observed after 2/3 of the bubble lifetime, if the electric potential exceeds —3 V. This work
analyzes characteristic features of the oscillations in terms of bubble geometry, the thickness of the
microbubble carpet, and the oscillation frequency. An explanation of the oscillation mechanisms is
provided by the competition between buoyancy and electric force, the magnitude of which depends on the
carpet thickness. Both the critical carpet thickness at detachment and the oscillation frequencies of the
bubble as predicted by the model agree well with the experiment.
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The growth of gas bubbles is a ubiquitous phenomenon
in nature and engineering [1]. Impressive examples are
related to sonoluminescence [2,3] or cavitation phenomena
[4-6] or even the evolution of CO, bubbles in champagne
[7]. The growth of hydrogen bubbles in light-driven water
splitting [8—10] or water electrolyzers is a particularly
interesting problem of high practical relevance due to the
prominent role of hydrogen in energy storage via power-to-
gas processes [11-14]. Alkaline water electrolysis is still
the most mature and least platinum-consuming technology,
albeit one suffering from inadequate efficiency. The latter
can be increased by reducing the Ohmic losses [15-19]
arising from the reduction of conductivity and the deacti-
vation of the electrode by the nonconducting bubbles. If the
hydrogen bubbles are to be transported away from the
electrodes faster, this inherently requires a better under-
standing of bubble growth and detachment.

Tremendous efforts to resolve the growth dynamics of
hydrogen bubbles during the past five decades have
brought evidence on the growth law for the bubble radius
R,  t*, where the exponent is equal to 1/2 if the growth is
controlled by the bulk diffusion of dissolved hydrogen and
equal to 1/3 if the hydrogen injection occurs at the foot of
the bubble and mostly by coalescence with smaller bubbles
[20,21]. By contrast, the current understanding of the force
balance [19,22-24] does not cover the variety of existing
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observations. Among the unresolved phenomena, one of
the most prominent is the sudden jump off of bubbles from
the electrode, and their subsequent reattachment [25-27].
There has been speculation as to whether electrostatic
attraction, the solutal Marangoni effect [16], or coales-
cence, as recently proposed in [27], is behind the physics of
the reattachment. While the solutal Marangoni effect due to
the concentration dependence of surface tension can be
ruled out based on recent works [28,29], the role of
electrostatic interactions and coalescence remains unclear.

To unravel the physics behind the oscillatory phenomena
in water electrolysis, the present Letter combines experi-
ments and numerical simulations at a microelectrode. This
is the method of choice [21,30,31] to study single H,
bubbles at high spatial resolution, since microelectrodes
provide a low number of nucleation sites and enable
relatively large bubbles to be grown. In model experiments
[cf. Fig. 1(a)] the features of long-lasting oscillations of
hydrogen bubbles are studied. By means of theoretical
analysis, the role of the electrical force during these bubble
oscillations is clarified.

In the experiments, single H, bubbles are generated on a
horizontally installed @100 ym Pt microelectrode, see
Fig. 1(a), using a three-electrode setup. A mercury-mercurous
sulfate electrode (MSE, 0.65 V vs SHE) and a Pt wire
(@1 mm) served as the reference electrode and anode,
respectively [21]. Electrolysis was carried out in an acidic
electrolyte (0.5 mol dm~ and 1 mol dm—2 H,SO,) in poten-
tiostatic mode in the potential range between —2 and —7 V
for 30 s. To analyze the bubble evolution, high-speed
microscopic shadowgraphy using a camera (IDT NX4-S1)
connected to the microscope was applied at 1000 frames per
second and a spatial resolution of up to 820 pix/mm, coupled
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FIG. 1. (a) Scheme of the slightly deformed spherical bubble,
sitting on the Pt electrode, and the carpet of microbubbles
beneath, with their relevant geometric parameters. (b) Electric
current / (solid line) and aspect ratio H* (open circles: experi-
ment; dash-dotted line: fit) of the bubbles versus time in
1 moldm— H,SO, at =5 V. The inset enlarges the oscillations
of I and H* in the dashed oval region. (c) Corresponding
oscillations of the carpet thickness 6* (solid line) and the bubble
elongation &* (dashed line).

to electric current measurements with a sampling rate of 1 kHz
(see the Supplemental Material [32]).

The bubble growth at the microelectrode takes place via
coalescence with small bubbles, forming a microbubble
carpet at the cathode, which is analyzed later on. The
geometric parameters of the bubble during its evolution
[Fig. 1(a)] were extracted by image processing of the
shadowgraphs based on the Canny edge detection method
in Matlab R2016a (see the Supplemental Material [32]): the
height H of the bubble apex above the electrode, the bubble
width W, the thickness ¢ of the carpet of microbubbles and
the elongation of the bubble foot, e. Careful inspection of
W(¢) has shown that fluctuations of the bubble width are
negligible. Hence, W is used to obtain nondimensional
quantities, marked by a star *, from the measured ones,
e.g., H/W = H*".

In Figs. 1(b)-1(c), these quantities are plotted, together
with the electric current, as a function of time over the
entire life cycle of the bubble for 1 moldm~— H,SO, at
—5 V. During the first two thirds of its evolution, the bubble
follows the conventional path at the microelectrodes,
characterized by the growth law, R « 173, in accordance
with, e.g., [21,41,42]. However, during the last third, the
bubble evolution switches into a completely different,
oscillatory mode. The inset shows that the maxima of
H* and |I| coincide: if the bubble moves upward
(H* increases) the contact area between the bubble and
the cathode is reduced and the current |I| grows. However,
there is no direct bubble-electrode contact. This is due to
the fact that the bubble oscillations are accompanied by the

formation of a carpet of small (micro)bubbles beneath the
mother bubble, cf. Figs. 1(a) and 2(c).

In the carpet, which has a thickness of §(¢), continuous
nucleation, growth, and coalescence with the mother
bubble takes place. The carpet acts like a cushion between
the electrode and the bubble, and determines the growth
of the mother bubble. Surprisingly, H* # 1 4+ 6* where
&* = 6/ W. The resulting residuum needs to be assigned to a
third contribution, e. It results from the elongation of the
bubble foot [cf. Fig. 1(a)], mainly caused by buoyancy, as
e =¢/W=H*"—-5 —1. The evolution of ¢ and &* is
shown in the Fig. 1(c). Both quantities are oscillating in
phase, whereby the oscillation amplitude of ¢* is about
three times larger than the one of 6*. Besides, &* clearly
shows a mean offset of about 0.02.

Figure 2(a) presents the carpet thickness ¢ for several
potentials over the entire bubble life time. Marked by way
of example at the —4 V curve, three characteristic times can
be identified: the first appearance of the carpet at #;, the
start of the oscillations at f,, and finally the detachment of
the mother bubble at 73, the latter being defined by the
highest peak of & oscillations. The corresponding carpet
thicknesses 0, are indicated in parallel. Figure 2(b) enlarges
the 6 and I oscillations versus time at —7 V. It shows that
the peaks coincide, which might already be expected from
Fig. 1. At the lowest potential, —2 V, see the far left curve
in Fig. 2(a), the carpet with a barely measurable thickness
of 6; ~ 1.2 um is already present at the moment when the
mother bubble is formed, thus #; ~ 0. The carpet thickness
grows monotonically with a relatively steep increase before
detachment for both —2 and —3 V. As the potential
increases, the appearance of the microbubble carpet at
is shifted towards later stages of the bubble evolution.
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FIG. 2. (a) Measured carpet thickness & versus time in
0.5 molm~3 H,SO, for different potentials. Characteristic times
t; and thicknesses §; are indicated (see text). (b) Correlation
between 6 and the corresponding current response at -7 V.
(c) Two snapshots of the carpet thickness at the stages (i) and
(ii) indicated in (b).
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For the higher potentials, —4, —6, and —7 V, the
monotonic growth of § is replaced at ¢, by an oscillatory
growth (occurring simultaneously with the / and H* oscil-
lations), which lasts until detachment. Two opposing trends
are followed by 6, and 85: while 6, decreases with increasing
potential, i.e., the oscillations already occur at smaller carpet
thickness, the critical carpet thickness at which detachment
takes place, 83, increases. Generally, the higher the potential,
the higher the growth rate of the mother bubble. Since its
growth is entirely controlled by the coalescence rate of the
microbubbles, a larger potential also implies a faster micro-
bubble production rate. As a result, both the buoyancy of the
mother bubble and the number of larger microbubbles in the
carpet increase, raising the carpet thickness.

Figure 2(c) visualizes the carpet at two distinct stages (i)
and (ii) of the oscillation as marked in red in Fig. 2(b).
Stage (i) represents the bubble at its maximum position, and
stage (ii) marks the minimum position within the oscillation
period, at which the microbubble carpet is nicely visible.

When the impact of coalescence between mother bubble
and gas layer is neglected, the mother bubble with aradius R,
sitting on the gas carpet, experiences primarily three forces
prior to detachment: (i) buoyancy given by F, = %ﬂR3 Apg,
where Ap = p; — p, refers to the density difference between
gas and electrolyte; (ii) the force F, exerted by the electric
field on the charge adsorbed at bubble interface; and (iii) the
hydrodynamic force Fj, caused by the thermocapillary
Marangoni flow. As the H, bubble is insulating, the electric
field (E) is tangential to the interface. If we assume that the
interface has a uniform surface charge density of o, the
electric force is given by F, =0/ EdA where the integra-
tion is carried out over the entire interface. Decomposing the
interfacial electric field into horizontal and vertical compo-
nents, i.e., E= E % + E,¥ [cf. the coordinate system dis-
played in Fig. 3(a)], it can be shown that the net electric force
in vertical (y) direction is

Foy=o / E,dA (1)

since [ E,dA = 0due to rotational symmetry. For simplicity
we will refer to F, , as F, henceforth.

It was reported in [29] that a thermocapillary Marangoni
flow exists at electrogenerated bubble interfaces on micro-
electrodes. Hence the bubble experiences Marangoni force
given by the integration of thermocapillary stress over the
interface [29],

FM:—/QMA (2)

where 7y, = (9y/0T)(0T/ds) is due to the variation of
interfacial tension y with temperature 7 along a length s at
the interface.
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FIG. 3. (a) Computational domain (not to scale). (b) E,
distribution over the interface for —4 V. (c) Dependence of the
electric force F, on the thickness § of the bubble carpet. Force
minima marked by vertical dashed line. Inset: potential (¢)) and
electric field (E) distribution near the bubble. (d) Oscillation
frequency of the bubble versus time. Symbols and lines refer to
measurement and model estimation, respectively. The error bars
correspond to the standard deviation calculated from a group of
eight bubbles observed in one experiment (1 moldm= H,SO,
solution).

To obtain a quantitative estimate of F,, we solve for the
electric potential distribution in the cell A¢ = 0, using
FEM simulations in COMSOL 5.4 with Dirichlet boundary
conditions at the electrodes and all other boundaries being
insulating. The computation domain is shown in Fig. 3(a).
The electrically insulating microbubble carpet covers the
cathode so that 24% of the electrode area in the outer region
is wetted by electrolyte (cf. Fig. 7 in [21]). The mother
bubble is assumed to be spherical in shape with a diameter
taken as the experimentally measured departure diameter.

To calculate F,, an estimate for ¢ is required. As the
solution pH is below the isoelectric point, the hydrogen-
water interface is expected to be positively charged [43]
due to the specific adsorption of protons at the interface and
therefore F', acts downward (—y direction). It was shown in
[29] that also the Marangoni force experienced by the bubble
acts against buoyancy. Therefore, at the moment of detach-
ment, the force equilibrium at the bubble is given by
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F,+ F)y; = F,. Thus combining this with Eq. (1), the surface
charge density can be estimated as o = (Fj, — Fy)/fe,
where f, = [ E,dA.

Hence, F); is required to be calculated to estimate o.
Therefore we solve for the temperature and flow distribu-
tion in the cell for the domain shown in Fig. 3(a) by the
methodology described in [29]. As the Pt electrode carries
significant heat away from the fluid, the counter and
working electrodes as well as the surrounding glass cuvette
were included in the computation domain.

As the carpet thickness at detachment is known for
0.5 moldm—3 H,SO, solution from experiment, we
obtain the estimate of ¢ for different electrode potential in
1073 C/m? as 1.94 (—4 V), 2.20 (—6 V), and 1.81 (=7 V).
Obviously, ¢ does not vary considerably with the electrode
potential and, therefore, we take the average value ¢ =
(1.98 £ 0.19) x 1073 C/m? as an estimate of the surface
charge density. We further assume in the following that a
quasiconstant thermocapillary Marangoni force exists during
the fast bubble oscillations (f ~ 100 Hz). As the temperature
at the interface is determined by convection (Pe > 1) [29],
this approximation is justified by the separation of the
timescales of oscillation (2/f ~ 5 ms) and Marangoni con-
vection [R/|i| ~ 0.5 mm/(10 mm/s) = 50 ms]. Hence, the
electric force remains as the primary driving force for the
oscillations.

As o is assumed to be uniform, F, is determined by the
integral of £, over the interface. The interfacial distribution of
E, for different carpet thicknesses is shown in Fig. 3(b). As
the field lines are directed downwards [see inset of Fig. 3(c)],
E, is negative over the interface. |E,| increases sharply
at small polar angle 0 [see Fig. 3(b)] and gradually decreases
to zero as @ increases. This can also be visualized from the ¢
distribution shown in the inset of Fig. 3(c). With increasing 8,
the peak in the E| distribution decreases. As a result, a
more uniform field distribution over the entire interface is
established. This E,(f) behavior results in a variation
of F, with §,i.e., F,(5) = 2zoR? [ E,(6;5) sin 0d6, where
dA = 2zR? sin 6d0 is substituted in Eq. (1).

F,(5) for different electrode potentials is shown in
Fig. 3(c). Ase > 0and E, <0, F, < 0; i.e., it acts against
buoyancy as already mentioned before. |F,| increases with
increasing o until it attains a maximum at §,, and reduces
afterwards. This position-dependent electric force acts like
a spring causing the bubble to oscillate. As F, increases
due to continual bubble growth, the oscillation amplitude
increases till §,,. Beyond 6,,, any further increment in
oscillation amplitude causes a reduction in |F,|, which can
no longer counteract F,, hence resulting in bubble detach-
ment. Thus our model predicts that 5,, ~ 30 yum, shown by
vertical dashed line in Fig. 3(c), is the final carpet thickness
at the instant of detachment. This correlates well with
experimental observation of 63 (10 ym, ...,20 ym) shown
in Fig. 2.

As the position dependence of the electric force is
responsible for the oscillatory behavior observed, we
approximate this restoring force by a linear spring
(F, =~ —ko) and estimate the oscillation frequency as,

1 Jk
f=5\ (3)

The spring constant & is approximated as the slope of the
chord of F,(5), AF,/AS between 0.5 ym and 15 pm, see
Fig. 3(c). The oscillation mass is given by m = my e+
Maqdeds Where my e 1S the mass of the bubble itself and
Madqeq 1 the added inertia as the bubble motion displaces
adjacent liquid. For a sphere, added inertia is the mass of
displaced volume halved [44], ie., myeq =37Rp.
As the density of hydrogen is much lower than that of the
electrolyte solution, My ppe <K Myqdeq and hence m & m,gqeq-
Furthermore, as the bubble clearly continues to grow during
the oscillatory regime (cf. Fig. 1), the temporal evolution of
the bubble radius observed experimentally for a 1 mol dm~3
H,SO, electrolyte is considered when calculating the
frequency.

Figure 3(d) shows that the resulting oscillation frequency
decreases with time, as also observed in experiments. In the
experiments it is also observed that the oscillation fre-
quency increases when the potential difference is increased
from —4 to —5 V, but drops again upon a further increment
to —5.5 V. This phenomenon is correctly predicted by the
spring-mass model [cf. Fig. 3(d)] and can be explained by
Eq. (3). The F,(6) curves seen in Fig. 3(c) grow steeper
when the potential is increased, and the bubble also grows
in size as the applied potential difference is increased. Thus
both k and m increase along with the cell voltage. These
two competing effects result in the reversal in the trend
observed in Fig. 3(d).

Next, we comment on the interfacial charge density o,
which is an important parameter in interfacial electroki-
netics. From measurements [45,46], it is known that the
zeta potential quickly plateaus below the isoelectric point
(IEP). Hence it can be assumed that the interface of our
bubble in a 0.5 or 1 mol dm~ H,SO, solution (pH < IEP)
possesses electrical properties comparable to Refs. [45,46]
at alow pH. Taking the interface potential to be the same as
the zeta potential and using the Grahame equation [47],
the interfacial charge density can be calculated at low pHs
as 1.55x 1073 C/m? [45] and 6.99 x 1073 C/m? [46],
respectively. Thus our estimate of ¢ &~ 2 x 1073 C/m? from
the force equilibrium at the bubble is in good agreement
with experimentally measured zeta potentials and for the
first time establishes an estimate of the surface charge
density of gas interfaces in highly acidic solutions.

This finding remains robust when bubble deformations
are acknowledged. By comparing the numerical results of
e* =0 and £ = 0.02 shown in Fig. 1, the assumption of
bubble sphericity results in an overprediction of ¢ by
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approximately 40%, thus still maintaining the correlation
with the other experimental observations. This deviation
vanishes when predicting f as k is the slope of F,(5), the
product of ¢ and f,.

Finally, we remark that the electric force F, can be
interpreted as originating from electrocapillarity as
demonstrated in the Supplemental Material [32]. Hence,
both restoring forces have their nature in different
facettes of capillarity. A refined quantification of these
Marangoni force variations will help to improve the
present model.

To conclude, two new insights into the growth
of hydrogen bubbles during water electrolysis at
microelectrodes have been established: the transition
toward oscillatory growth and the permanent existence
of a carpet of microbubbles below a hydrogen bubble. A
conclusive explanation of the oscillation mechanism has
been provided in the form of a competition between
buoyancy and the electric force. The electric force reaches
a maximum at a carpet thickness of about 30 ym, which
corresponds well with the carpet thickness at which the
bubble detaches in the experiment. Up to that carpet
thickness, the electric force is able to pull the bubble back
to the electrode, sustaining the oscillations.

The issues which remain unsolved include the
extent to which coalescence between the bubble and the
bubble carpet, which may also force a detached bubble to
return to the electrode, contributes to the observed
oscillations.
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