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Marangoni convection at electrogenerated hydrogen
bubbles

Xuegeng Yang,** Dominik Baczyzmalski,”* Christian Cierpka,® Gerd Mutschke,* and
Kerstin Eckert *4

Electrolytic gas evolution is a fundamental phenomenon occurring in a large number of industrial
applications. In these processes gas bubbles are formed at the electrode from a supersaturated
solution. Since dissolved gases can change the surface tension, a gas concentration gradient
may cause the surface tension to vary locally at the gas bubble. Surface tension gradients may
also form due to temperature gradients generated by ohmic heating of the electrolyte. In both
cases, the resulting shear stress can impose a convection in the electrolyte and the gas bubble
(Marangoni effect). This phenomenon may influence the entire electrolytic gas evolution process,
e.g., by an enhanced mass transfer. In this study, the first evidence of the Marangoni convection
near growing hydrogen bubbles, generated by water electrolysis, is provided. Microscopic high
speed imaging was applied to study the evolution of single hydrogen bubbles at a microelectrode.
The convection near the interface of the growing bubble was measured by using a time-resolved
Particle Tracking Velocimetry (PTV) technique. The results indicate a clear correlation between

the magnitude of the Marangoni convection and the electric current.

The Marangoni effect refers to a mostly small-scale flow driven
by local inhomogeneities of surface tension o, either caused by
temperature (thermo-capillary flow) or by concentration gradi-
ents (soluto-capillary flow) of surface active substances (surfac-
tants) at the interface. This phenomenon has a broad relevance
ranging from chemical engineering and metallurgy to microflu-
idic phenomena, where it is responsible e.g. for the remarkable
deposition patterns of the dispersed phase and the related vari-
ation of the evaporation rate of evaporating droplets»2 or the
collective motion of the micromotors3. In chemical engineering,
the change of the surface tension, o, due variations in the con-
centration of surfactants, do/dc Ac, i.e., the forcing of the flow, is
much larger than that caused by temperature changes, do/dT AT .
Significant progress has recently been achieved in understanding
the complex convection patterns resulting from the strong nonlin-
earity introduced by the Marangoni effect*6. A distinct feature
consists in the formation of hierarchic cellular patterns in which
small convection cells of first order, free of any further substruc-
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ture, are embedded in larger cells of second order. Cell sizes up to
3rd order have been observed”. Furthermore, improved under-
standing of the influence of the Marangoni effect on the convec-
tive dynamics of autocatalytic chemical fronts has been obtained
recently®9.

In contrast to plane interfaces, the pre-set length scale of bub-
bles and drops frequently hinders the formation of such hierarchic
cellular structures, and mostly Marangoni cells of first order are
formed. However, even at the lowest hierarchy level the impact
of Marangoni convection was found to be significant as it was
shown for rising bubbles or drops with mass transfer towards the
continuous phase 1912, Also in subcooled pool boiling, thermal
Marangoni convection has long been recognized as an important
heat transfer mechanism !3-1>, The origin of this flow is the accu-
mulation of noncondensable gas at the top of the bubble laying in
the subcooled region. As a result, the partial pressure of the vapor
is reduced, which in turn decreases the local saturation tempera-
ture from the top to the bottom of the vapor bubble 1.

However, comparable evidence of a Marangoni effect does not
exist for the important class of electrogenerated bubbles. This
is especially surprising considering the importance of nucleated
gas bubbles and dissolved gases in electrolyzers!”-'® and pho-
tocatalytic reactors1%20, In particular, the hydrogen production
through water electrolysis and its application as an energy car-
rier has now become increasingly relevant in view of the steadily
growing application of renewable energies2!. However, one ma-
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Fig. 1 Schematic distribution of the current density j and the hydrogen
concentration cy, around the growing gas bubble based on previous sim-
ulations27.

jor challenge for the establishment of water electrolysis on an
industrial scale is its relatively low efficiency. A significant part of
the losses is caused by the formation of hydrogen gas bubbles on
the electrode surface22. Therefore, a better insight into the bub-
ble nucleation, growth and detachment mechanisms, including
surface tension-driven flows, is still necessary. For detailed exper-
imental investigations, microelectrodes are especially attractive
as the nucleation site is spatially constrained 23-30,

The nucleation and growth of the electrolytic gas bubbles takes
place within the the concentration boundary layer (Nernst layer)
of the supersaturated gas produced at the electrode3!. The left
side of Fig. 1 shows a schematic distribution of the concentra-
tion of the dissolved hydrogen near a gas bubble growing at a
microelectrode according to previous numerical results2’. Since
some dissolved gases such as hydrogen and oxygen are known
to alter the surface tension32, it was suspected earlier that the
inhomogeneous hydrogen concentration causes a gradient of the
surface tension along the bubble interface33. However, in ther-
modynamic equilibrium of evaporation and dissolution at the in-
terface, the concentration of dissolved hydrogen equals the satu-
ration concentration defined by Henry’s law. A quantitative de-
scription of the solutal hydrogen effect resulting from deviations
of equilibrium or further effects is missing so far. Additionally,
at microelectrodes investigated here, local ohmic heating due
to the high current density near the bubble foot is likely to im-
pose a temperature gradient along the bubble interface (Fig. 1,
right). Both, the solutal and the thermal effect, may give rise to a
Marangoni convection according to the shear stress condition at
the gas-liquid interface

t-Te-n—t-7z-n=t-Vo. @D)

In Eq. (1), 7. and 74 denote the viscous stress tensor of electrolyte
and gas, and t and n refer to the tangential and the normal vec-
tor. Thus, the shear stress, Vo, generated induces a convection
on both the electrolyte and gas side, which is directed from the
region of low surface tension at the electrode torwards higher

2| Journal Name, [year], [vol.], 1-7

surface tension farther away from the electrode. Indeed, it was
speculated by Lubetkin33 that the solutal Marangoni effect is the
origin of several puzzling and unresolved problems of electrol-
ysis. Among these are the sudden jump-off of the bubble from
the electrode and its return to it34, the radial coalescence of
bubbles3°:36 or the oscillatory tracks of microbubbles rising near
vertical electrodes3’. Moreover, the Marangoni force may retard
the detachment of the bubble from the electrode, which reduces
the active electrode area available for electrochemical reactions
and causes undesired energy losses in water electrolysis. Despite
these important unresolved issues which might be caused by the
Marangoni effect, a direct proof of its existence during the elec-
trolytic gas evolution is still missing. Using a favorable range of
electrode potentials together with advanced particle tracking al-
gorithms, we demonstrate the existence of the Marangoni flow at
single hydrogen bubbles growing at a microelectrode, and ana-
lyze its dynamics, which are strongly correlated with the faradaic
current.

Single hydrogen bubbles were generated in a glass cell with a
three-electrode system under potentiostatic conditions2’. A plat-
inum wire with a diameter of 100 um was used as the working
electrode (Fig. 1). This microelectrode was manufactured by em-
bedding the Pt wire in a glass tube of 6 mm outer diameter, which
formed the bottom of the electrochemical cell. The electrolyte
was a 1 M H,SOy4 solution. All electrode potentials refer to mer-
cury/mercurous sulphate electrode (MSE, 650 mV vs. standard
hydrogen electrode (SHE)). As in previous works26-29
ments of the electric current and microscopic high speed imaging
were employed to study the evolution of the hydrogen bubble
and the flow field in its vicinity. A diffuse LED light source was
used for the background illumination. The images were recorded
at a frame rate of 500 fps with a magnification of M ~ 6, result-
ing in a resolution of approximately 0.43 pixel/um. In difference
to Yang et. al?%, a broader range of potentials (—1.2 V...—10 V)
was applied at the working electrode for time periods of 60 sec-
onds. Under these conditions, considerably larger hydrogen bub-
bles (~ 1 mm) can be produced compared to all previous stud-
ies without any electrochemical side reaction. The advantage of
this approach is that the larger bubbles size gives rise to larger
flow structures, which enables accurate measurements of the
Marangoni convection at the foot of the growing bubble.

Polystyrene (PS) tracer particles with a diameter of 1 um were
added to the electrolyte to measure the convection around the
growing bubble, especially the Marangoni flow near the gas-
liquid interface. Since the depth of field of the imaged particles
is very small compared to the bubble size, two-dimensional mea-
surements in the center plane of the bubble are possible with this
approach. The flow measurements were performed by means of
Particle Tracking Velocimetry (PTV), a technique in which the mo-
tion of individual particles is tracked to reconstruct the flow field.
In contrast to correlation-based methods, i.e. Particle Image Ve-
locimetry (PIV), PTV enables unbiased measurements in regions
of high velocity gradients38 as is the case here. Common prepro-
cessing steps such as a background image subtraction and addi-
tional image filters were applied to remove background inhomo-
geneities and image noise, thus allowing for a reliable detection

, Imeasure-
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Fig. 2 The growth of a large H, bubble at E = -8V as a function of
time. The insets show bubble images at different times indicated by the
arrows. The red dotted line corresponds to a growth R(z) o< ¢!/3, in detail
R =330um xt'/3 (¢ is time in second).

of individual particle images. A time-resolved tracking algorithm
was applied to identify corresponding particle image pairs in suc-
cessive frames. In contrast to standard tracking techniques, this
algorithm uses a predictor for the particle displacement based on
previous times steps. This feature can be regarded as a local adap-
tive histogramm filter and was crucial for a reliable measurement
as the fluid experiences an extreme acceleration near the inter-
face. Finally, a higher order velocity estimation and vector real-
location based on a local polynomial fit of the particle trajectory
was applied to further improve the measurement accuracy3°.
The evolution of the bubble size until its detachment is exem-
plified in Fig. 2 for a cathodic potential of -8V. The inserts display
the bubble images at different times during the bubble growth.
With exception of the intial and the last phase, the bubble growth
follows the R(z) o 11/3 law 23:2640 hich is characteristic for high
current densities at the surface, particularly in the case of micro-
electrodes. In this regime, almost the entire hydrogen generated
at the electrode surface diffuses directly into the bubble at its foot
due to the high local supersaturation level. Deviations from this
growth law in the form of an accelerated growth occur in the late
phase, which can be attributed to a strong increase of the cathodic
current. At about 5 seconds after nucleation the bubble detaches
from the surface at a diameter of 1.2 mm, at which point the
buoyancy exceeds the forces keeping the bubble attached to the
electrode surface. The detachment of the bubble is immediately
followed by the nucleation of a new bubble at the microelectrode.

The transients of the current density, given by the current di-
vided by the area of the microelectrode are plotted in Fig.3a over
the duration of the experiment at different potentials. The current
density shows a periodic behavior at all potentials where each pe-
riod comprises growth and detachment of a single bubble. The
duration of these periods and the final size of the bubble increases
with the potential as shown in Fig.3b. After detachment of the
bubble from the electrode, the new bubble is still small, hence sur-

This journal is © The Royal Society of Chemistry [year]
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face coverage is minimum. As a result, the current density attains
its peak current, j,, which increases with increasing cathodic po-
tential, see Fig. 3b. With growing bubble size, a large part of the
electrode is blocked, which results in a plateau of the current den-
sity over almost 80% of the bubble lifetime. The plateau current,
Jpt>, Which is also shown in Fig. 3b, is nearly independent of the
potential applied as the surface coverage is almost 100%.

It is known that surface-active contaminations in the electrolyte
influence growth and departure diameter of the bubble23. To ex-
clude any surface-active behavior of the polystyrene tracer parti-
cles which were added at low concentration to the electrolyte for
the PIV measurements, a large part of the current transients was
repeatedly measured in the presence of tracer particles. Fig. 3b
shows that the differences in the measured quantities are small,
which clearly indicates that the dynamics remain unchanged by
the addition of the tracer particles. No attachment of these tracers
onto the bubble interface were observed during the experiments.

The temporal evolution of the flow field around a growing bub-
ble is shown in Fig. 4 for an electrode potential of -8 V. Qualita-
tively the flow fields display the same features, irrespective of the
electrode potentials in the studied range from -1.2 V to -10 V.
However, for a detailed discussion and quantitative comparison
between the different cases, measurements at higher electrode
potentials (-3 V, -4 V, -8V and -10 V) were chosen. In this po-
tential range, the bubbles become relatively large and show long
lifetimes, see Fig. 3. Thus, also the corresponding flow structures
get larger which makes it easier to properly resolve the shear flow
close to the interface.

Fig. 4 plots the particle trajectories and the corresponding ve-
locities at different stages of the bubble growth. On the upper
side of the bubble the electrolyte is simply displaced by the bub-
ble growth with a velocity of about u, ~ 0.5 mm/s. Close to the
electrode at the foot of the bubble a much stronger convection
can be observed. It reaches velocities of up to u ~ 20 — 30 mm/s
directly at the gas-liquid interface (Fig. 4d) and falls rapidly to
zero within a distance of less than 60 um from the interface. This
flow is directed parallel to the interface and points away from
the electrode. By continuity, a larger vortex is formed to re-
plenish the electrolyte that is displaced by the convection. The
fluid velocities decrease to zero directly at the bottom wall and
the electrode to satisfy the no-slip condition. Moreover, both the
size of the vortex and the fluid velocities increase during the final
growth stages as can be seen from Fig. 4. The phenomenology of
this convection with the velocity maximum at the bubble surface
shows the clear features of a Marangoni convection. Consider-
ing the three-dimensional configuration, Fig. 4 represents two-
dimensional cuts through an axisymmetric toroidal Marangoni
vortex around the hydrogen bubble.

To further analyze its temporal evolution, it is useful to define a
characteristic velocity close to the interface. However, only a few
data points are available in immediate vicinity of the interface
due to the difficulty to properly measure the extreme fluid accel-
eration in this region. Therefore, the velocity data at a distance of
about 23 —46 um (10 — 20 pixel) away from the bubble interface
within small time intervals of At =0.1 s is considered here instead.
The spatial distribution of the data in this thin shear layer along
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Fig. 3 (a) Transients of the current density averaged over the area of the microelectrode at different cathodic potentials within 60 seconds of bubble
generation. (b) Period of the current oscillations, final size of the bubbles, peak current j, and plateau current j,; density as a function of the potential
applied. Red symbols refer to measurement with PS tracer particles. All values are averaged over 5 measurements, each lasting for 60 s. Error bars

show the standard deviation.

the interface was approximated by a second order polynomial, the
maximum of which was used to characterize the development of
the convection. The evolution of this characteristic Marangoni
velocity during one bubble cycle at different potentials and the
corresponding electric current density are shown in Fig. 5. Both
quantities have been normalized according to their corresponding
value at the plateau current density jj for a better comparision
between the different potentials. For all potentials investigated it
is clearly evident that the magnitude of the Marangoni convection
is directly related to the electric current density ;.

The convection pattern in Fig. 4 displays the maximum of
the velocity at the interface, thereby differing from that of a
buoyancy-driven flow, caused by changes in density due to vari-
ations of temperature and concentration in the electrolyte. The
acceleration of fluid volume from the buoyant boundary layers
leads to a velocity maximum in the bulk liquid, hence separated
from the boundary layer. The distinct velocity maximum at the
interface, therefore, points to a forcing by the Marangoni effect.
Fig. 5 shows a clear correlation between the characteristic ve-
locity of the Marangoni flow near the interface and the current
density: the higher the current density the larger is the veloc-
ity. As already anticipated in the introduction, this enables both
the soluto- and the thermocapillary effects to come into play as
driving force. - The amount of hydrogen produced scales with
the current according to Faraday’s law, whereas the ohmic heat

4 Journal Name, [year], [vol.], 1-7

generated scales with the current squared.

To asses the respective impact of the soluto- vs. the thermo-
capillary effect we consider the ratio of the corresponding surface
tension gradients:

90 Acy, Jdo
(VG)sc — dey, 7§, N deu, % . ACHz )

~ 9 AT ~ 9
(Vo) 92 4L~ 95 & AT

The first term of the rhs of Eq. (2) contains the dependencies of o
on concentration and temperature. For the latter we take that of

do _ -4 N 41 . .
water, 57 = —1.6-107" 7 " as a representative value. To esti-

mate do/dcy, we use g—;" =-2.5-10"10_I (Ref.32). The partial
hydrogen pressure, p, in the bubble is related to the concentra-
tion of dissolved hydrogen via Henry’s law, ¢y, = Ky p, where the
Henry constant, Ky, is given by Ky = 7.8 - 10*6% (Ref. 42:43)
As a result we obtain

Jdo _ 1 do _ -5 Nm?
(95‘1.[27[(71-1%7_3'2.10 T mol -

The ratio between thermal and concentration boundary layer,
Om/d, in the second term of the rhs of Eq. (2) depends on the
Reynolds number of the Marangoni convection and on the cou-
pling between the three fields, u, ¢ and T. The Reynolds number,
Re = uR/v, amounts to O(Re) ~ 3. Hence the flow is laminar. We
take the scaling for a laminar flow over an electrode or a heated
plate for which holds &, /8, ~ Pr—'/2 (Ref. 44) and §./8, ~ Sc=!/2
(Ref.#%), respectively, as a rough estimate where Pr and Sc refer

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 Particle trajectories and corresponding velocities around the growing bubble for different growth stages at a potential of -8 V. For the sake of
better visibility, the velocity limit displayed at the color scale was set to about half of the maximum value observed.

to the Prandtl and Schmidt numbers. For the given electrolyte
they amount to Pr ~ 10> and Sc ~ 10? so that &y/8. ~ 10 is ob-
tained, i.e. the thermal boundary layer is by a factor of ten times
larger than the concentration boundary layer.

To approximate the third term, Acy, /AT, we take the concen-
tration drop, Acgy,, across & in a conservative estimation equal to
the saturation concentration ¢y, of Hy (cj, = 0.75 x 1073 mol/1
at 28°C, Ref.4®). Concerning the temperature drop, a AT < 10
K can be considered as a safe approximation for lower values of
the electric potential, which is supported by measurements with a
thermocouple instead of a Pt electrode’. Inserting all estimated
quantities into Eq. 2 we obtain Evog“ ~ 0.2. Having in mind that
the actual supersaturation in the present setup might be consid-
erably underestimated (in Ref. 26 3 value of ch, ~ 0.29 mol/l is
mentioned), this result signals that the soluto- and the thermo-

This journal is © The Royal Society of Chemistry [year]

capillary contribution can be of the same order of magnitude.

Next, the characteristic velocity scale, uy, for the Marangoni

convection is estimated. Equation (1) can be simplified to
t-T,-n=[, %“lM ‘g‘T’ %ﬁ based on two arguments: First, the

circulation inside the hydrogen bubble can be neglected because
for the ratio of dynamic viscosities between electrolyte (subscript
e) and gas holds p/p, > 1 with p, ~ 1.2-1073 kg/(m 5) *. Sec-
ond, the thermocapillary effect is roughly of the same order of
magnitude as the soluto-capillary one. The distance normal the
bubbles surface across which the velocity drops down to zero can
be estimated as I, ~ R/10. The surface-parallel length, §, along
which the temperature drop AT < 10 K*7 occurs can be estimated
to 6H ~ 2-R. Using these values we obtain uy; < 66 mm/s which
is of the same order as the maximum velocity observed in the
experiment.

Journal Name, [year], [vol.], 1-7 15
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Fig. 5 Comparison of the near-interface velocity associated with the
Marangoni convection vs. the current transient during one bubble cy-
cle at different potentials. The velocity corresponds to the maximum
velocity at a distance of about 23 — 46 um (10 — 20 pixel) normal to
the bubble interface within time intervals of Ar = 0.1 s. Both the cur-
rent and the velocity are normalized according to their value at the
plateau current. Normalization values: uj, ~ {1.9; 2.1; 2.3; 2.7} mm/s
andjip ~ {—20.4; —17.8; —12.7, —12.7} A/cm? for the potentials of E =
{-3; —4; -8, =10} V.

Although the experimental results and the theoretical analy-
sis clearly demonstrate the existence of a Marangoni vortex at
electrogenerated hydrogen bubbles, the clarification of the ma-
jor driving mechanism remains a scientific challenge. Indeed, the
forcing by ohmic heating and the gradient of dissolved hydrogen
are intricately coupled in the wedge-like electrolyte volume at the
foot of the hydrogen bubble. The transport of species along the in-
terface is dominated by the Marangoni convection only, whereas
transport of heat may also be influenced by diffusion since the
Peclet number, referring to the ratio of convective to diffusive
transport equals Per ~ 1, and the ratio between thermal to mass
diffusivity, D7 /D, is ~ 1003148, Moreover, hydrogen is only pro-
duced at the electrode surface, whereas heat is mainly generated
in the electrolyte surrounding the bubble, although its maximum
will also occur near the electrode due to the high current density
(Fig. 1). An improved understanding requires both a dedicated
strategy for a discrimination between soluto- and thermocapil-
lary effect and further improvements in the spatial and temporal
resolution to resolve the strong velocity gradient at the interface.

Furthermore, our study addresses two conceptional problems
which deserve a more detailed attention. (i) The estimation of the
solutal effect is based on the assumption that concentration gra-
dients actually exist at the interface, which is not the case at ther-
modynamic equilibrium33. (ii) A fundamental problem of compa-
rable importance as that of the surface tension of nanobubbles*?
concerns the influence of the electric charge of the bubble on the
surface tension. Typically, the bubble carries a positive charge in

6 Journal Name, [year], [vol.], 1-7

the acidic range below the isoelectric point° due to the specific
adsorption of protons at the bubble surface. However, due to the
consumption of the protons in the reaction, also a strong gradi-
ent in the pH value exists in the electrolyte wedge at the bubble
foot. One could infer to a spatially varying charge and hence
electric potential distribution at the bubble surface, which might
impact the surface tension via electrocapillary effects. Thus, the
evidence brought about the existence of a Marangoni convection
at electrogenerated hydrogen bubbles simultaneously rises impor-
tant physico-chemical questions, and we hope to stimulate further
research in this field.
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