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Introduction

Combined effects of electrode morphology and
electrolyte composition on single H, gas bubble
detachment during hydrogen evolution reactionf

C

Sunghak Park, (2 *>2-¢ Aleksandr Bashkatov,
Siyoung Lee,? Detlef Lohse,

*d Jordy J. J. Eggebeen,
ef Dominik Krug ©© *®© and Marc T. M. Koper*©

During the hydrogen evolution reaction, H, gas bubbles form on the electrode surface, significantly
affecting electrochemical processes, particularly at high current densities. While promoting bubble
detachment has been shown to enhance the current density, the mechanisms governing gas bubble
detachment at the electrochemical interface remain poorly understood. In this study, we investigated the
interplay between electrode surface morphology and electrolyte composition on single H, gas bubble
detachment during hydrogen evolution reaction (HER). Using well-defined Pt microelectrodes as model
systems, we systematically modify and enhance their surface roughness through mechanical polishing to
investigate these effects in detail. By modulating the Marangoni effect through variations in electrolyte
composition and applied potential, we identified two distinct detachment behaviours. When the
Marangoni force acts towards the electrodes, H, gas bubbles are positioned closer to the electrode
surface and exhibit roughness-dependent detachment, with smaller bubbles detaching earlier on rougher
surfaces. Conversely, when the Marangoni force is directed away from the electrode, H, gas bubbles are
located farther from the electrode surface and show roughness-independent detachment sizes. These
findings highlight the importance of considering both electrode and electrolyte effects to optimize gas
bubble detachment during electrochemical reactions.

optimize the electrode/electrolyte interface, where the hydro-
gen evolution reaction (HER) and oxygen evolution reaction

Hydrogen, produced via water electrolysis using renewable
electricity, is expected to play a crucial role in achieving a sus-
tainable energy system by enabling surplus renewable electri-
city storage, decarbonizing sectors that are difficult to electrify,
and replacing fossil fuels as feedstock in chemical and fuel
production industries.” For efficient water electrolysis, exten-
sive research has been conducted to better understand and
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(OER) take place.>”® However, under high current density con-
ditions, which are typical for practical water electrolyser oper-
ations, the interface becomes more complex due to the inevita-
ble formation of gas bubbles. The evolution of these gas
bubbles—through nucleation, growth, coalescence, and
detachment—could significantly affect the energy conversion
efficiency of water electrolysis. This occurs through several
mechanisms, including altering concentration fields, blocking
the active surface area of electrocatalysts, increasing solution
resistance, and inducing convective flow.”'® Moreover, gas
bubble evolution has been suggested to affect electrode stabi-
lity, either through inducing mechanical stress or by increas-
ing local current density.'>"?

While a comprehensive understanding on how to accurately
predict and control the impacts of gas bubble evolution on
electrochemical responses has not yet been achieved, recent
studies have shown that promoting faster gas bubble detach-
ment can improve efficiency and increase current density.>"*
Gas bubble detachment is a complex phenomenon influenced
by a range of forces. When external fields such as convective
flow, magnetic, or acoustic fields are applied, additional forces

This journal is © The Royal Society of Chemistry 2025
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can be exerted to enhance gas bubble detachment and
improve efficiency.’> In the absence of such external forces,
the detachment of a single gas bubble is primarily governed by
the balance between buoyancy and surface tension at the
triple-phase boundary, as described by the Fritz model for
spreading bubbles.'® The Fritz model along with the corres-
ponding result for pinned bubbles'”*® has provided a ration-
ale for recent efforts to enhance gas bubble detachment
without additional energy input by reducing pinning forces,
achieved through engineering electrode surface properties
such as wettability, hydrophilicity, and hydrophobicity.'®*
Beyond capillarity, recent studies on single gas bubble evol-
ution using disk-type microelectrodes have highlighted the
crucial role of additional forces acting on gas bubbles gener-
ated during electrochemical reactions.**>* For instance,
electrostatic interactions between charged gas bubbles and
polarized electrodes may become important, potentially
explaining the oscillatory motion observed in single H, gas
bubbles under large overpotentials.”> Another influential
force, arising from solutal or thermal Marangoni flow**—a
convective flow along the bubble/electrolyte interface driven by
surface tension gradients due to concentration or temperature
gradients—has been experimentally validated.”” As a result of
this convective flow, gas bubbles experience an additional
hydrodynamic force known as the Marangoni force. Given that
surface tension is inherently dependent on various factors
such as temperature, pressure, and concentration, the specific
origin of the Marangoni force can vary depending on the
electrochemical conditions. A temperature gradient caused by
intense ohmic heating near the electrode surface region at
high current densities has been identified as one source of
these surface tension gradients during hydrogen evolution
reaction, a phenomenon called thermal Marangoni effect.”®>°
Furthermore, our groups have shown that variation in electro-
lyte composition and concentration could manipulate gas
bubble detachment,?**' which can be rationalized by the
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Marangoni force driven by ion concentration gradient, referred
to as the solutal Marangoni effect.®® Recent simulations
support these findings by providing detailed indication of the
relative importance of thermal and solutal Marangoni effects
under specific electrochemical conditions.?*3

In this study, we expand previous findings by investigating
how variations in electrode surface morphology and electrolyte
composition affect gas bubble behaviour at the electro-
chemical interface. Our initial observation revealed that gas
bubble detachment from a freshly polished electrode surface
was inconsistent, likely due to inconsistent contact of the
bubble with contamination on Pt. We found that an electro-
chemical pretreatment involving potential cycling between oxi-
dative and reductive potentials could provide a well-defined
clean surface with consistent gas bubble evolution. Using this
pretreatment, we further studied gas bubble evolution on elec-
trodes with varied surface morphologies. Our results reveal
that the detachment size depends on surface roughness, corre-
lating with the direction of the Marangoni force. Specifically,
when the Marangoni force is directed toward the electrode, gas
bubbles detach more quickly and at smaller sizes on rougher
surfaces compared to smoother ones, indicating roughness-
dependent detachment size. Conversely, when the Marangoni
force is directed away from the electrode, detachment size
remains the same regardless of surface roughness, indicating
roughness-independent behaviour in these conditions. These
findings highlight the importance of a comprehensive under-
standing of both electrolyte and electrode effects at the electro-
chemical interface for optimizing gas bubble detachment.
Relying solely on either electrode or electrolyte properties may
not be sufficient; instead, the combined influence of both is
essential for achieving optimal gas bubble detachment.

Results and discussion

For accurately studying single H, gas bubble evolution, estab-
lishing an appropriate surface preparation protocol is essen-
tial. To achieve this, we first focus on how to achieve reproduci-
ble electrochemical oscillations during hydrogen evolution
reaction in H,SO,, providing insights on the H, gas bubble
evolution. Previous studies using 100 pm-sized microelec-
trodes in H,SO, have shown that single H, gas bubbles period-
ically evolve from the electrode surface.’®*>® This process
induces periodic oscillations in the current during chronoam-
perometry and in the potential during chronopotentiometry,
with each oscillation peak corresponding to the moment of
bubble detachment (ESI Fig. S17). By analysing the oscillation
period in either chronoamperometry or chronopotentiometry,
the time required for bubble detachment (i.e., the period of
the bubble evolution, T) of a single gas bubble can be deter-
mined under the given conditions.

For example, Fig. 1a illustrates a complete evolution cycle of
such a single H, bubble produced at —1.3 Vgyg (vs. Reversible
Hydrogen Electrode, RHE) in 1 M H,SO,, represented by the
electrochemical current response and corresponding snap-
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shots of the bubble. Note that the observations described here
similarly also apply at less negative potentials.*® Following the
departure of the preceding bubble at time ¢ = 0, the current is
high initially, which is attributed to an increased availability of
the electrode surface and a reduction in the obstruction of
current pathway. This triggers the nucleation of numerous
nano- and micrometer-sized gas bubbles on the electrode
surface, which quickly coalesce to form a single larger bubble.
Previous studies have demonstrated that H, bubble might
reside atop a “carpet” of microbubbles, meaning that it is not
necessarily in direct contact with the electrode surface.
Consequently, bubble growth occurs not only via gas
diffusion'® but also through intensive coalescence with this
bed of tiny precursors.'*?*°

As the bubble grows, the electrochemical current gradually
reduces, eventually attaining a minimum value (approximately
at ¢/T = 0.5 in Fig. 1a). This decline is attributed to the increas-
ing size of the bubble and its position relative to the electrode
surface, which is influenced by the carpet thickness § (shown
in Fig. 1b). The §, calculated as the distance between the
bubble base and the electrode surface, has been previously
observed to vary throughout the bubble evolution (see also
Fig. 6¢c and d) in response to varying force balance.**?%3°
Although the bubble continues to grow, the electrochemical
current begins to rise again after approximately ¢/T = 0.5. This
behavior results from the interplay between the carpet thick-
ness and the bubble size, both of which affect the current path
and available electrode surface area, and consequently, the
ohmic resistance.®*° At ¢/T = 1, the bubble departs, reaching a
critical radius Ry where upward forces such as buoyancy (Fp,)
overcome downward forces like Marangoni (Fy) and electric
(F.) forces. This departure event causes a sharp increase in the
electrochemical current, marking the beginning of the next
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evolution cycle. For additional details such as the radius (R)
over time, also in 1 M HCI, we refer to ESI Fig. S2.t

Furthermore, because the size of the H, gas bubble signifi-
cantly exceeds that of the electrode, nearly all the generated H,
gas is captured by the bubble rather than diffusing into the
bulk electrolyte.>®?> Under these conditions, the detachment
radius of the single H, gas bubble can be estimated by calcu-
lating the accumulated charge during each oscillation and
applying Faraday’s law. Further details of the oscillation ana-
lysis can be found in the Experimental section.

Fig. 2a displays the oscillation of the electrochemical
current recorded in H,SO, at —0.32 Vyyg using an electrode
surface prepared by mechanical polishing. Despite holding the
potential at a fixed value, the oscillations were unstable, with
fluctuating amplitude, period, and shape across successive
periods. This instability indicates irreproducible single gas
bubble evolution on the electrode surface between different
cycles, likely influenced by surface debris or contaminations
introduced during electrode preparation. To assess the con-
dition of the Pt microelectrode surface, a blank voltammogram
was measured in H,SO, (Fig. 2b).*" The light blue curves show
no distinct hydrogen peaks at 0.125 Vgyg and 0.270 Vgyg,
which are characteristic of the (110) and (100) step sites of a
clean polycrystalline Pt surface, respectively.*>*?

Subjecting the Pt microelectrode to oxidation-reduction
potential cycling, a common pretreatment method for cleaning
a Pt surface, resulted in well-defined blank voltammogram,
with clearly visible hydrogen peaks at 0.125 Vryg and 0.270
Vrue (dark blue curved in Fig. 2b). Following this pretreat-
ment, stable, reliable, and reproducible oscillations were
observed during chronoamperometry at a fixed potential
(Fig. 2¢), indicating consistent single H, gas bubble evolution
on the electrode surface after electrochemical pretreatment.

T

Fig. 1

(@) The current vs. dimensionless time (t/T), supplemented with the snapshots of the H, bubble at different stages of its evolution (corre-

spondingly marked by hexagon symbols). t/T = 0 marks the bubble nucleation and t/T = 1 denotes the bubble detachment. T is the period of the
bubble evolution. The red inset zooms into the bubble’s bottom region, highlighting the microbubble carpet sandwiched between the primary
bubble and the electrode surface. Black scale bar represents 200 um, and white scale bar within the inset is 50 um. (b) An example of measuring the
thickness of microbubbles’ carpet, §, (for details see Experimental section). The experiments correspond to a rougher surface (mechanically polished
with sandpaper) at —1.3 Vgye in 1 M HySO4.
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Furthermore, highly reproducible oscillation data were consist-
ently obtained when the same Pt microelectrode was used
after undergoing the electrochemical pretreatment steps
(Fig. 2c and d).

In the next step, the reproducibility of the oscillation was
further evaluated by preparing four different Pt microelec-
trodes. After the potential cycling pretreatment, all four elec-
trodes displayed clear blank voltammograms, though with
varying ratios between different hydrogen adsorption/desorp-
tion peaks (Fig. 3a). Based on the ratio of the hydrogen peaks
corresponding to the (110) and (100) step sites, the electrodes
were grouped into two categories: electrodes #1 and #2 exhibi-
ted both (110) and (100) hydrogen peaks, while electrodes #3
and #4 showed one strong hydrogen peak, corresponding to
the (110) step site. These variations in peak ratios suggest

Mb™
i

Time (s)
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differences in surface texture among the electrodes, likely
caused by the non-homogeneous texture of the original Pt wire
used to prepare the Pt microelectrodes. Despite the differences
in surface texture, no significant influence on H, gas bubble
evolution was observed in H,SO, (Fig. 3b). All electrodes
exhibited clear oscillation over a wide potential range, regard-
less of their surface characteristics. The trends in period and
detachment radius were also consistent across all electrodes:
as the magnitude of average current (or overpotential)
increased, the period followed a V-shaped curve, while the
detachment radius kept increasing (Fig. 3c and d).

According to previous studies, the V-shaped behaviour of
the period can be explained by two distinct origins of the
surface tension gradient that govern the Marangoni effect.®! At
low current conditions, the surface tension gradient is primar-
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Fig. 2 This figure demonstrates the effect of the electrochemical pretreatment on reproducible electrochemical oscillation: (a) chronoamperome-
try curve of a 100 pm Pt disk microelectrode without electrochemical pretreatment (measurement condition: 0.5 M H,SO4, —0.32 Vgye). (b) Cyclic
voltammogram during electrochemical pretreatment (pretreatment condition: potential cycling between 0.05 to 1.35 Vgye, 30 cycles at scan rate of
1V s7Y). (c) Chronoamperometry curves after electrochemical pretreatment (measurement condition: 0.5 M H,50,, —0.32 Vgye). Each trial was per-
formed on different days using the same electrode and procedure. (d) Period of electrochemical oscillation in (c).
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ily determined by ion concentration gradients, leading to the
dominance of solutal Marangoni forces. Since H,SO, has a
positive surface tension increment,** the resulting solutal
Marangoni force is directed toward the electrode. At high
current conditions, the temperature gradient becomes the
dominant factor, resulting in the dominance of thermal
Marangoni forces, which also act toward the electrode due to
the higher temperature near the electrode surface. Although
both solutal and thermal Marangoni forces act in the same
direction in the case of H,SO,, their dependence on current
differs, leading to distinct relationships: in the solutal-domi-
nant regime, the period is inversely proportional to the
current, while in the thermal-dominant regime, the period
scales linearly with the current (see the ESI of Park et al.®").
Notably, the attained minimum of the period in Fig. 3c, where
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these two competing factors are comparable, occurs at similar
currents of approximately —1.5 mA for all electrodes. This
implies consistent transition behaviour between the two
regimes, independent of surface texture.

Although the general trends in period and detachment
radius were consistent across all electrodes, the absolute
values varied between them. Considering that the origin of the
Marangoni force—ion concentration and temperature gradi-
ents—is primarily influenced by the current, the deviations
observed between different electrodes under the same current
conditions suggest the involvement of additional forces other
than the Marangoni force. Possible contributors to these
additional forces include pinning forces at the triple-phase
boundary (adhesion forces),*” an apparent force arising from
the bubble-bubble coalescence, and an electrical force® (ESI
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Fig. 3 Reproducibility of electrochemical oscillation from different Pt microelectrodes. (a) Blank voltammograms of each Pt microelectrode, high-
lighting hydrogen adsorption/desorption peaks at a scan rate of 0.5 V s™* after pretreatment. (b) Linear sweep voltammograms of each Pt microelec-
trode, recorded at a scan rate of 0.1 V s™* to capture oscillatory features during the sweep. (c) Period of a single H, gas bubble evolution, obtained
from the oscillations shown in (b). (d) Detachment radius of a single H, gas bubble, derived from electrochemical oscillations in (b).
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Fig. S31). While the exact origin of these additional forces
cannot be identified at this moment, they appear to be more
sensitive to differences between electrodes, such as scratches
or slightly different morphologies, rather than surface texture
difference. For example, electrode #3 and #4 exhibited nearly
identical blank voltammograms, yet their detachment period
and radius values were notably different.

To further investigate how surface morphology affects the
detachment of single H, gas bubbles, we prepared two extreme
morphologies of electrode surfaces using different polishing
procedures (Fig. 4a). A smoother surface was prepared by pol-
ishing the electrode with diamond polishing suspensions of
decreasing particle size (smallest particle size: 0.05 pm). As
shown in Fig. 4b and c, a symmetrical, circular bright region is
clearly visible, confirming the ideal disk-shaped geometry of
the Pt microelectrode. AFM measurements further confirmed
the smoothness of the electrode surface, with a root mean
square (RMS) roughness of 9.6 nm (Fig. 4d and ESI Fig. S47).
Several fine lines visible in both the SEM and AFM images are
scratches introduced during the polishing process. In contrast,
a rougher surface was achieved by polishing the electrode with
SiC sandpaper (average particle size: 10.3 pm), followed by the
same electrochemical pretreatment. The effect of sandpaper
polishing is evident in the SEM images (Fig. 4e and f), which
reveal a much rougher surface with multiple valleys of varying
heights and orientations. AFM measurements confirm the
roughness, showing an RMS roughness of 186 nm.
Furthermore, the roughness factor—defined as the ratio
between the electrochemically active surface area and the geo-
metrical surface area—was determined from hydrogen desorp-
tion peaks.*®*” The rougher surface exhibits a higher rough-
ness factor (4.7) compared to the smoother surface (1.4),
further supporting the differences in surface morphology
between the two electrodes (ESI Fig. S51).

The effect of surface roughness on the evolution of single
H, gas bubble was investigated using linear sweep voltamme-
try in two different electrolytes: 1 M H,SO, and 1 M HCI. Both
electrolytes exhibit high microbubble coalescence efficiency
but differ in surface tension increment (H,SO,: 0.44 mN m™*
mol™" L and HCL: —0.27 mN m™" mol™" L").** The opposite
signs of these surface tension increments result in the solutal
Marangoni forces acting in opposite directions on H, gas
bubbles in each electrolyte. This contrast therefore provides an
ideal system for modulating the solutal Marangoni effect while
maintaining the evolution of individual H, gas bubbles. A
comparison of the two surface morphologies revealed that the
rougher surface exhibited a larger HER current, which is attrib-
uted to its larger surface area and distinct bubble-electrode
geometry (further discussion will be provided in the context of
Fig. 6). Specifically, the minimum point of each oscillation
(indicated by dashed lines in Fig. 5a and d) is higher for the
rougher surface, resulting in a higher average current per oscil-
lation for the rougher surface in both electrolytes (ESI
Fig. S67).

In H,SO,, the periods for both the smoother and the
rougher surfaces exhibited a V-shaped curve (Fig. 5b) as a func-

This journal is © The Royal Society of Chemistry 2025
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tion of the average current per oscillation. Across the entire
parameter range studied, faster detachment was observed
from the rougher surface. The period is determined by both
the detachment size of the gas bubble and the rate of gas
bubble growth, which is determined by the average current per
oscillation. Analysis of the detachment radius further revealed
that the faster detachment on the rougher surface was attribu-
table not only to an increased average current, hence faster
reaction and hydrogen generation, but also to a smaller
detachment radius on the rougher surface (Fig. 5c). This
reduced detachment radius suggests the retaining force acting
on the H, gas bubble in H,SO, is diminished on the rougher
surface, facilitating the earlier detachment. As discussed later,
the additional retaining force on the smoother surfaces is pri-
marily attributed to a pinning force at the bubble/electrode
contact area.

In the case of HCI electrolyte, the period decreased monoto-
nically with the (absolute) HER current (Fig. 5e¢). The absence
of an inversely correlating region in this electrolyte can be
explained by the direction of the solutal Marangoni force,
which is directed away from the electrode due to a negative
surface tension increment.** This results in faster detachment
in a low current region compared to the case of H,SO,, leading
to a continuously decreasing period as the overpotential or
current decreases. In relation to surface morphology, the slope
of the detachment period curve was smaller for the rougher
surface, indicating faster detachment from the rougher
surface, consistent with the result from H,SO,.

However, the detachment radius in HCI showed a trend dis-
tinct from that observed in H,SO,. At lower average current
levels, the detachment radius was the same for both smoother
and rougher surfaces, with roughness-dependent behaviour
(smaller detachment size for the rougher surface) appearing
only at higher current conditions (Fig. 5f). This trend was
further clarified by oscillation analysis from chronoamperome-
try, which provides average values for the period and detach-
ment radius at each potential or current level (Fig. 5g, h and
ESI Fig. S7f). It is noteworthy that the detachment radius
obtained from both surface morphologies and two separate
electrodes matched at low current, highlighting a roughness-
independent behaviour in this regime. The similar detach-
ment size across smoother and rougher surfaces indicates the
reduction or absence of roughness-sensitive retaining forces
under these specific conditions.

These observations provide a notable correlation between
the detachment radius and the direction of Marangoni force.
In H,SO,, the solutal and thermal effects align, resulting in a
Marangoni force directed toward the electrode across all
current regions. In contrast, for HCI, the direction of the
Marangoni force would gradually shift away from the electrode
toward the electrode as the current increases and the domi-
nant Marangoni effect transitions from solutal to thermal.
Previously, we estimated the boundary conditions (potentials
and currents) between these competing effects by comparing
surface tension change ratios associated with temperature and
ion concentration variations. In 1 M HCI, the boundary con-

Nanoscale, 2025, 17,10020-10034 | 10025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr00234f

Open Access Article. Published on 21 de marg 2025. Downloaded on 7/8/2025 10:23:08.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Paper

a Smoother surface

Di ing
)

tment
s7)

100 pym

View Article Online

Nanoscale

Rougher surface

tment
s)

A

100 pm

100 nm

0nm

900 nm

Fig. 4 Surface morphology characterization of microelectrodes with smoother and rougher surfaces. (a) Schematic illustration of the preparation
procedure for smoother and rougher surfaces. The smoother surface was achieved by polishing with diamond paste (particle size: 0.05 um), while
the rougher surface was prepared by polishing with SiC sandpaper (average particle size: 10.3 pym). Both surfaces underwent the same electro-
chemical pretreatment after polishing. (b and c) Scanning Electron Microscopy (SEM) images of the smoother surface. (d) AFM height image (50 pm
X 50 um) of the smoother surface. (e and f) SEM images of the rougher surface. (g) AFM height image (50 um x 50 um) of the rougher surface. Scale
bars in SEM images are 10 pm. Note that the height scale in d and g are different.

dition was identified around —1 mA.*° Using this boundary
condition, we provided a visual representation in Fig. 5, where
regions with a Marangoni force directed toward the electrode
are highlighted in yellow, and regions with a force directed
away from the electrode are marked in blue. As illustrated in
Fig. 5¢c, f and h, the detachment radius depends on surface
roughness when the resultant Marangoni force is directed
towards the electrode (yellow region). However, when the
Marangoni force is directed away from the electrode (blue
region), the detachment radius becomes independent of
surface roughness.

To further examine the geometry of a single H, gas bubble
during HER, specifically its size and position relative to the
electrode surface, an additional set of chronoamperometric
measurements was conducted at various potentials using two
new microelectrodes in parallel with image recording using a
high-speed shadowgraphy system, see Fig. 1 and 6 and ESI
Fig. S2.1 Note that each of the two electrodes has been exclu-

10026 | Nanoscale, 2025, 17, 10020-10034

sively used for the measurements in either 1 M H,SO, or 1 M
HCI. Furthermore, each of the two electrodes was first polished
using the diamond polishing suspensions (down to 0.05 pum)
to perform measurements on smoother surface and then re-
polished with a SiC sandpaper (10.3 pm) to perform measure-
ments on rougher surface.

Fig. 6 documents the detachment radius (a) and period (b)
of the bubble as a function of average current per oscillation
in 1 M H,S0, (black line) and 1 M HCI (red line). Fig. 6¢c and d
document the thickness of the carpet (see Fig. 1b for defi-
nition), as a function of time in 1 M H,SO, (c) and 1 M HCI
(d), and for various potentials. The dotted curves represent
measurements for the smoother surfaces, while the solid
curves correspond to the rougher surfaces. Additional details,
including the time-dependent current, the average current per
oscillation as a function of potential, the time-dependent radii
of single bubbles and the carpet thickness as a function of
bubble radius are provided in the ESI Fig. S8, S9 and S10.}

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Roughness effects on single H, gas bubble detachment in 1 M H,SO,4 and 1 M HCL. (a) Linear sweep voltammograms in 1 M H,SO,4. (b and c)
Period (b) and detachment radius (c) of single H, gas bubbles in 1 M H,SO,, analyzed from oscillations in a. (d) Linear sweep voltammograms in 1 M
HCL. (e and f) Period (e) and detachment radius (f) of single H, gas bubbles in 1 M HCl, analyzed from oscillations in d. (g and h) Period (g) and
detachment radius (h) obtained from oscillation analysis via chronoamperometry in 1 M HCIl using two different electrodes with different surface
conditions. Raw electrochemical oscillation data can be found in ESI Fig. S7.17 The yellow and blue areas in the figures serve as visual guides to dis-
tinguish between two different regimes: where the Marangoni force is directed toward the electrode (yellow) and away from the electrode (blue),

respectively.

Similar to Fig. 5, the average current per oscillation is con-
sistently higher across the studied potential range for the
rougher surface compared to the smoother surface (see ESI
Fig. S8t). This observation holds true for both 1 M H,SO, and
1 M HCL. The trends in bubble detachment size (Fig. 6a) and
period (Fig. 6b) also align with those observed in Fig. 5.
Specifically, for 1 M H,SO, in Fig. 6a and b, both the bubble
detachment size and period are consistently larger for the

This journal is © The Royal Society of Chemistry 2025

smoother surface across the entire range of average current
studied. In contrast, for 1 M HCI, these characteristics are
comparable in the lower range of average current (blue region
in Fig. 5) but become larger for the smoother surface at higher
average currents (yellow region in Fig. 5).

The higher electrochemical current observed for the
rougher surface compared to the smoother surface can be
attributed to differences in the geometry of the bubble-elec-
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trode system, specifically to differences in the carpet of micro-
bubbles (Fig. 6¢c and d) that separate the bubble base from the
electrode surface. In the case of 1 M H,SO, (Fig. 6¢) at —0.3
Vrug, the similarity in 6 for both surfaces results in compar-
able current and detachment size (see ESI Fig. S8f and
Fig. 6a). However, as the overpotential increases, the difference
in & between bubbles generated on rougher (larger &) and
smoother (smaller §) surfaces leads to a significant increase in
current (e.g., at —0.8 Vgpg, —1.3 Vgyg, and —1.8 Vgyg). ESI
Fig. S107 documents the carpet thickness 6 as a function of
bubble radius and applied potential. A similar trend is
observed for 1 M HCI, although values of § from smoother and
rougher surfaces are more alike in this case. Note, however,
that imaging limitations, such as slight defocusing of the
bubble contour, inaccuracies in detecting the position of elec-

View Article Online
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trode and bubble base, or image analysis errors, could poten-
tially introduce discrepancies of a few pixels (1 pixel ~ 1 pm).

The carpet thickness is governed by the balance of forces
acting on the growing bubble. In the case of 1 M H,SO,, this
balance can be thought of a competition between upward
buoyancy (Fy,), and downward forces, such as the Marangoni
(Fm) and electric (F.) forces. The apparent downward force
arising from bubble-carpet coalescence has been demon-
strated to be negligible (see ESI in Bashkatov et al."?). Both Fy
and F. have been shown to depend non-linearly on §.23%3°
Therefore, as the buoyancy force continues to grow with
increasing bubble size, the system adjusts dynamically shifting
the equilibrium position to a larger § (see ESI Fig. S10t for a §
vs. R dependence). This leads to an increase in the current,
which in turn affects the downward forces.

(a)

-+----- smoother surface

(b)

rougher surface
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Fig. 6 Detailed bubble evolution during chronoamperometry. Detachment radius (a) and period (b) as a function of average current per oscillation.
Carpet thickness (c and d) throughout the bubble evolution for 1 M H,SO4 and 1 M HCI, respectively. The dotted curves mark the smoother surfaces,

while the solid curves correspond to the rougher surfaces.
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However, this process has a limit. F\; and F. reach their
maximum magnitudes at a critical bubble carpet thickness 6,
beyond which they begin to decrease as & increases
further.>>*%3° When the buoyancy force exceeds the combined
downward forces, the equilibrium can no longer be main-
tained, resulting in bubble departure from the electrode
surface at Ry. Further complexity arises from the solutal and
thermal Marangoni effects, which may act in opposite direc-
tions—as seen in the case of 1 M HCl—and both dependent
on the current.

To strengthen the point, Bashkatov et al.”” reported that
dynamic changes in the applied potential further influence §.
When the potential increases [decreases] during bubble evol-
ution, the stronger [weaker] downward forces bring the bubble
closer to [farther from] the electrode, leading to a thinner
[thicker] bubble carpet thickness § according to the new equili-
brium position. Bashkatov et al.*® also reported that the criti-
cal § depends on the applied potential (or current). When the
potential is interrupted (set to the level of open circuit poten-
tial, OCP), the bubble departs from the electrode rapidly.

The trend observed in Fig. 6¢ and d, comparing & between 1
M H,SO, and 1 M HCI, aligns with the above discussion on
the 6-dependence of the force balance. In 1 M HCl, the carpet
thickness is approximately 2-3 times larger. This difference
can be attributed to the opposing directions of the solutal and
thermal components of the total Marangoni force. In 1 M HCl,
the upward solutal Marangoni force counteracts and weakens
the downward thermal Marangoni force or even becomes
dominant at lower potentials/currents (blue region in Fig. 5e-
h). In contrast, in 1 M H,SO,, both solutal and thermal com-
ponents act in the same downward direction. Consequently,
the net downward force is smaller in 1 M HCI, allowing for a
thicker carpet and smaller departure size. This leads to larger
currents and a significantly shorter bubble evolution period
(Fig. 6b). Overall, the quantitative relationship between carpet
thickness, electrochemical current, and Marangoni forces
remains complex and non-trivial, and its detailed analysis is
beyond the scope of the present manuscript.

A closer examination of the region around the bubble base
and the smoother electrode in 1 M H,SO, reveals the for-
mation of a neck connecting the bubble to the electrode, as
shown in Fig. 7a. This indicates that the large single bubble
partially blocks the electrode. Due to limitations in resolution,
the small observation area, and the continuous formation of
microbubbles, the neck can only be resolved shortly before
bubble detachment. Fig. 7b further demonstrates that the
bubble remains attached to the electrode surface even after the
potential is interrupted, i.e. set to a level of OCP. This behavior
is consistently observed across all potentials studied for the
smoother surface. In contrast, the bubble detaches rapidly fol-
lowing a potential interruption for the rougher surface in 1 M
H,SO, and both surfaces in 1 M HCI. Additionally, no neck for-
mation was observed throughout the bubble evolution in these
three cases (due to its substantially smaller size or absence).

The formation of the neck in 1 M H,SO, may sufficiently
explain the observed differences in detachment radius and

l.36
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period between rougher and smoother surfaces seen in
Fig. 5b, ¢ and 6a, b. The bubble-electrode contact is character-
ized by a contact radius r. (see inset in Fig. 7b) and modifies
the force balance by introducing an additional downward
pinning force, F, = 2nr.osin 6, and an upward pressure correc-

. 20
tion force, Feorn = mre? (?pr,gR) Here o denotes the

surface tension, p; - the liquid density and g - the gravitational
acceleration. Given the imaging limitations (including poor
focus in the neck region) discussed above, we cautiously esti-
mate that the bubble is pinned with a constant contact radius
between 3 pm and 5 pm. Since the bubble radius significantly
exceeds the contact radius, F.. can be neglected, leaving the
force balance between upward F,, and downward pinning force
F,,, Marangoni force Fy;, and electric force Fe.

In cases where the reaction ceases, as for example in
Fig. 7b, F\y and F. are effectively zero. Therefore, the force
balance is between F;, and F; only. For instance, considering a
bubble with R = 290 pm produced at —0.8 Vgyg in Fig. 7b, the
buoyancy force can be estimated as

4
Fp :thR:"Apg%l x 107°N. Here Ap = pi — pg =~ py is the

density difference between the liquid (p)) and gas (pg). This
suggests that the pinning force holding the bubble on the elec-
trode surface, even after the potential interruption, must be at
least of the same magnitude.

For a pinned, growing bubble, the contact angle 6 at the
gas-solid-electrolyte interface evolves, reaching at most 90°
during the bubble detachment at the pinch-off stage.*®
Furthermore, since bubble growth in Fig. 7b is interrupted
prior to detachment, the contact angle is expected to remain
well below 90°. Assuming 8 = 30°, 45° or 60° the contact radii
can be estimated via F, = Fp, yielding r. ® 5 pm, 3 pm or
2.5 pm, respectively. This estimation aligns closely with a pre-
viously estimated contact radius (7. ~ 3-5 pm).

We now address the observed differences in the detachment
radius between the smoother and rougher surfaces in 1 M
H,SO,. For rougher surfaces, we assume that neck formation
is either absent or significantly smaller than for smoother elec-
trodes. Using the average detachment radii from ESI Fig. S87
at —0.8 Vgyg for the smoother (R4 = 339 pm) and for the
rougher (Rq = 305 pm) surfaces, the corresponding buoyancy
forces are estimated as F, = 1.60 pN and F, = 1.17 pN, respect-
ively. Assuming all other downward forces remain identical,
the difference (0.43 uN) can be attributed to F,.

To estimate the pinning force F},, we arbitrarily select 7. =
3 pm and @ = 90°, yielding F}, = 1.36 uN for a bubble on the
smoother surface. The comparison demonstrates qualitative
agreement, though a quantitative discrepancy remains: Fj, is
approximately three times larger than the difference in buoy-
ancy forces (0.43 pN). The quantitative differences may arise
from inaccurate estimates of r, and 6, leading to an overestima-
tion of Fp. For example, if the contact line advances (moves
inward) before detachment, the contact angle at detachment
might be smaller, for example 6 ~ 70°.'® Further discrepancies

Nanoscale, 2025, 17,10020-10034 | 10029
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likely come from variations in other downward forces between
the smoother and rougher surfaces. Consistent with the
numerical simulations, F, and Fy; may be smaller when the
bubble grows closer to the electrode surface.***° For example,
Bashkatov et al®® (also see Hossain et al’®) estimated a
Marangoni-associated hydrodynamic force of Fj, ~ 0.40 uN at &
~ 2 pm and F, ~ 0.70 uN at § ~ 8 pm for a bubble with similar
R =304 pm but at a larger potential of —3 Vpgyire. The electric
force has been reported to be of similar*>*° magnitude. Given
these error sources, the estimate gives a reasonable magnitude
of F,.

Finally, it appears possible that the contact patch, setting
Fp,, might vary with the applied potential. At higher potentials
or currents, larger downward forces press the bubble more
strongly against the electrode, possibly enhancing the bubble-
electrode contact. Previous studies have demonstrated that an
H, bubble produced in 1 M H,SO,, but at a much higher
potential, can become fully attached to the microelectrode,
covering its surface almost entirely.*® Therefore, the increasing
difference in detachment diameters at higher potentials, as
seen in ESI Fig. S8, may be attributed to the geometry of the
neck. Overall, the observed contact radius in 1 M H,SO,
suggests that the pinning force constitutes an important
roughness-sensitive retaining force.

Building on the earlier discussion on the direction of the
total Marangoni force (sum of thermal- and solutal Marangoni
effects), acting upward at lower potentials and downward at
higher potentials in the case of 1 M HCl we could further elab-
orate on the two distinct regimes observed in Fig. 5, marked by
blue and yellow regions. At lower currents or potentials, the
Marangoni force acts upward, making bubble attachment to
the electrode surface less likely. In this regime, the pinning
force only plays a minor role (if any) in the force balance,
resulting in similar bubble sizes on both smoother and
rougher surfaces. However, upon exceeding a threshold
current or potential, the Marangoni force acts downward, thus
the bubble might stick to the electrode surface (although we

10030 | Nanoscale, 2025, 17, 10020-10034
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Fig. 7 Necking process of the bubble base attached to the smoother surface in 1 M H,SO,4. Images shortly before bubble detachment (a) and
shortly after potential interruption, i.e. setting to the open circuit potential (OCP) (b). The potential interruption is performed at a random instant of
time. The black scale bars are 200 pm and the white scale bars inside the insets are 50 um.

were not able to resolve it) and finally cause the roughness
dependent detachment features observed.

Fig. 8 summarizes the detachment characteristics and
bubble locations. Under the conditions where Marangoni force
is directed toward electrode surface, single H, gas bubbles are
typically located closer to the electrode surface and their
detachment is strongly influenced by surface roughness. This
roughness-dependent detachment is likely due to variations in
pinning forces under different surface conditions. In contrast,
when the Marangoni force is directed away from the electrode
surface, single H, gas bubbles are positioned farther from the
electrode surface and exhibit a roughness-independent detach-
ment radius. These findings highlight the importance of con-
sidering both electrode and electrolyte properties when opti-
mizing H, gas bubble detachment. Depending on the direc-
tion of the Marangoni effects, gas bubble locations and conse-
quently the force balance determining gas bubble detachment
can vary significantly.

Conclusions

In this work, we investigated the impact of electrode surface
cleanliness and morphology on the detachment of single H,
gas bubbles during the hydrogen evolution reaction in
different electrolytes using a Pt microelectrode. We found that
reproducible single H, gas bubble evolution is achieved on a
well-defined Pt surface, which can be obtained through
electrochemical pretreatment involving cycling between oxidat-
ing and reductive potentials. Furthermore, we observed that
the effect of surface roughness on bubble detachment
depends on the direction of the Marangoni force acting on the
bubbles. When the Marangoni force is directed toward the
electrode, the single H, gas bubble remains closer to the elec-
trode surface. In this configuration, the gas bubble detaches at
a smaller size on rougher surfaces compared to smoother sur-
faces, likely due to roughness-sensitive additional retaining

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Schematic illustration of our hypothesis regarding the configuration of H, gas bubble under varying Marangoni effects. When the Marangoni
force is directed toward the electrode, a single H, gas bubble is positioned closer to the electrode surface. In this case, an additional retaining force
—sensitive to surface roughness—acting on the bubble is more pronounced, resulting in roughness-dependent detachment radius. Conversely,
when the Marangoni force is directed away from the electrode, a single gas bubble is located farther from the electrode surface. In this case, the
additional retaining force might be minimal or negligible, resulting in roughness-independent detachment radius.

force, such as pinning forces at the triple-phase boundary.
Conversely, when the Marangoni force is directed away from
the electrode, the single H, gas bubble is positioned farther
from the electrode surface. In this configuration, the detach-
ment size is independent of surface roughness, likely due to
minimal additional retaining forces. These results highlight
the importance of considering both electrode surface pro-
perties and electrolyte effects, particularly the Marangoni
effect, for optimizing gas bubble detachment thus enhancing
the efficiency of water electrolysis.

Experimental
Chemicals

All chemicals were used without further purification process.
The electrolytes were prepared from H,SO, (96%, Suprapur,
Merck), HCI (30%, Suprapur, Merck), and Milli-Q water (>18.2
MQ cm, TOC < 5 ppb).

Microelectrode preparation and characterization

The Pt microelectrode was fabricated by sealing Pt wire (100 pm
diameter, 99.99%, Goodfellow) within a soda-lime glass capillary
(1.4 mm outer diameter, 1.12 mm inner diameter, Hilgenberg)
via flame annealing. For electrodes with a smoother surface, the
Pt microelectrode was polished mechanically using diamond pol-
ishing suspensions of decreasing particle size (3.0, 1.0, 0.25,
0.05 pm, Buehler) on a micropolishing cloth. For electrodes with
a rougher surface, mechanical polishing was performed with SiC
sandpaper (P2000, Starcke).

The surface morphology of the prepared Pt microelectrode
was characterized using scanning electron microscopy (Apreo,
Thermo Fisher Scientific) with an acceleration voltage of 2 kv
and an electron beam current of 13 pA. The surface roughness
was further characterized by atomic force microscopy (AFM,

This journal is © The Royal Society of Chemistry 2025

JPK NanoWizard 4) using soft tapping mode cantilevers with a
spring constant of 2 N m~' and resonance frequency of 70
kHz. All measurements were performed in air at ambient
temperature and humidity and the data was analysed using
the JPK Data Processing software. AFM images (50 pm x
50 pm) of the smoother surface were taken at 1 Hz and the
rougher surface were taken at 0.075 Hz.

Electrochemical characterization

Electrochemical experiments were conducted in a homemade
PEEK cell with a transparent glass window on the side (ESI
Fig. S11%). The electrochemical cell was cleaned by soaking it
in a permanganate solution (0.5 M H,SO,, 1 g L' KMnO,).
Prior to use, the cell was rinsed thoroughly with Milli-Q water,
immersed in diluted piranha solution to remove manganese
oxide residues. Afterward, the cells were rinsed again and
boiled in Milli-Q water five times.

Linear sweep voltammetry and chronoamperometry were
performed in a three-electrode setup using a Bio-Logic SP300
potentiostat, with a platinum wire (99.9%, MaTeck) as the
counter electrode and a leakless Ag/AgCl (ET072-1, eDAQ) as
the reference electrode. Before electrochemical measurements,
the polished electrode underwent electrochemical pretreat-
ment, cycling 30 times between reductive and oxidative poten-
tials from 0.05 and 1.35 V (vs. RHE) at a scan rate of 1 Vs~ " in
Ar-purged H,SO,.

The electrochemically active surface area of the prepared Pt
microelectrode was determined from the charge of the hydrogen
desorption peak in blank voltammogram obtained from H,SO,
electrolyte (210 uC ecm™>).*>*” The total charge for hydrogen de-
sorption was obtained by integrating the current from 0.05 to 0.6
V (vs. RHE) after subtraction of the double layer current. The
roughness factor was calculated by dividing electrochemically
active surface area by the geometrical surface area (100 pm dia-
meter disk type microelectrode: 7.854 x 10> cm?).

Nanoscale, 2025, 17,10020-10034 | 10031
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Electrochemical oscillation analysis

To gain insights into individual single H, gas bubble beha-
viours, electrochemical oscillations observed during linear
sweep voltammetry or chronoamperometry were analyzed.
Previous studies have shown a correlation between single H,
gas bubble evolution and electrochemical oscillation using
synchronized bubble shadowgraph and electrochemical
measurements.’®*® The detachment period, defined as the
time required for a single H, gas bubble to detach from the
electrode surface, corresponds to the oscillation period.

For the detachment radius, we combined Faraday’s law
with the ideal gas equation.

From the ideal gas equation:

PV AnPyR4>
NH2 bubble = — = T3RT

RT
where 7y, pubbies Ry T, P, Po, V, and R4 represent the moles of
H, in the gas bubble, the gas constant, the temperature, the
pressure, the atmospheric pressure, the detachment volume,
and the detachment radius of the H, gas bubble, respectively.
Under our experimental conditions, contributions from the
hydrostatic (~0.004P, for 4 cm electrolyte height) and the
Laplace pressure (~0.032P, for 100 pm Rq4) can be safely neg-
lected when accounting for pressure.

At the same time, the amount of H, gas produced during
one oscillation cycle can be described using Faraday’s law:

NH2, produced = iZF

where 1y produced, @, and F denote the moles of produced Hy,
the total charge during one oscillation cycle, and the Faraday
constant, respectively.

Since the diameter of a single H, gas bubble is generally
much larger than that of the microelectrode, we can reason-
ably assume that all generated H, gas molecules are captured
by the single H, gas bubble, a condition validated for micro-
electrode studies:***°

MH2 bubble = MH2 produced-

Rearranging the equations, we obtain the following
expression, which enables the estimation of R4 from the
electrochemical oscillation data:

—3RTQ\Y?
Rq = .
8nFP,
To further validate our approach, we additionally compared
the estimated detachment radius obtained from oscillation
data with that determined through image analysis (ESI

Fig. S127). As shown in ESI Fig. S12,1 this comparison sup-
ports our approach.

Image analysis

To examine the geometry of the H, bubble throughout its evol-
ution, an additional set of chronoamperometric measure-
ments was conducted in parallel with image recording using a
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shadowgraphy system. The experiments have been performed
using a three-electrode electrochemical cell, closely resembling
that used in earlier studies."®*>?” The microelectrode (&
100 pm, Pt) was inserted horizontally facing upward in the
base of a cuboid glass cuvette possessing four transparent
sides and with dimensions of 10 x 10 x 40 mm?®. The system
was completed by the reference electrode (Ag/AgCl) and a
counter electrode (@ 0.5 mm Pt wire) both inserted vertically
from the top. The electrochemical cell was controlled by a
potentiostat (BioLogic, VSP-300) at a constant potential of —0.3
to —1.8 V (vs. RHE). The current was recorded with a sampling
rate of 1 kHz over a period of 30 s. The optically transparent
cell allows the visualization of the bubble dynamics using a
shadowgraphy system. It consists of LED illumination
(SCHOTT, KL 2500) with a microscope, connected to a high-
speed camera (Photron, FASTCAM NOVA S16), providing a
spatial resolution of 996 pix per mm. Image recording was per-
formed at either 60 or 125 Hz.

The bubble radius was determined using a standard image
processing routine based on the Canny edge detection method
followed by circle fitting in MATLAB R2022b, as illustrated in
Fig. 1b. The carpet thickness, §, was calculated as the distance
between the bubble bottom and the electrode surface. To
improve precision, a separate circle was fitted to a smaller
section of the bubble edge (detected via the Canny edge
method) near the electrode, rather than using the initially
fitted circle obtained during radius calculation. The
bottom point of this newly fitted circle served as the reference
for calculating 6. For further details, we refer to the ESI in
Bashkatov et al.>®
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