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Zupančič, M.; Golobič, I. Evaluation of

Hydrogen Bubble Growth on a

Platinum Microelectrode Under

Varying Electrical Potential. Appl. Sci.

2025, 15, 4107. https://doi.org/

10.3390/app15084107

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Evaluation of Hydrogen Bubble Growth on a Platinum
Microelectrode Under Varying Electrical Potential
Klara Arhar , Matic Može * , Matevž Zupančič and Iztok Golobič
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Featured Application: Production of green hydrogen by utilizing electricity generated
from renewable energy sources.

Abstract: Green hydrogen, produced via electrolysis using renewable energy, is a zero-
emission fuel essential for the global transition to sustainable energy systems. Optimizing
hydrogen production requires a detailed understanding of bubble dynamics at the cathode,
which involves three key stages: nucleation, growth, and detachment. In this study, hydro-
gen bubble growth was investigated in a custom-built electrolysis cell with microelectrodes,
combining high-speed imaging and electrochemical measurements with a potentiostat. The
results reveal distinct growth regimes governed by a potential-dependent time exponent,
captured through a power law. Within the evaluated range of potentials, three regions with
different bubble departure behaviors were identified: (i) at low potentials (2.0–2.6 V), bub-
bles depart without coalescing, (ii) in the transitional region (2.6–3.2 V), bubbles coalesce to
varying degrees before detachment, and (iii) at high potentials (≥3.2 V), large, coalesced
bubbles dominate. These findings highlight the significant impact of coalescence on bubble
growth and departure behavior, affecting electrode coverage with gas and, consequently,
electrolysis efficiency. Understanding these interactions is crucial for improving hydrogen
evolution efficiency by mitigating bubble-induced mass transport limitations. The find-
ings contribute to advancing electrolysis performance, offering insights into optimizing
operating conditions for enhanced hydrogen production.

Keywords: hydrogen; bubbles; nucleation; bubble growth; platinum; microelectrode; electrolysis

1. Introduction
Hydrogen is emerging as a versatile and sustainable energy carrier, set to play a key

role in the global transition to cleaner energy systems. As a zero-emission fuel, it can be
used across multiple sectors, including transportation, industry, and power generation,
reducing reliance on fossil fuels. The European Union (EU) is at the forefront of hydrogen
development, establishing policies and initiatives to accelerate its adoption. An important
part of these efforts is the “Hydrogen Backbone”, a pan-European network of pipelines
connecting hydrogen production, storage, and consumption locations. This infrastructure is
aimed at creating a robust market and ensuring cost-effective hydrogen distribution. While
hydrogen combustion or utilization in fuel cells does not produce CO2, it is not necessarily a
clean energy carrier since its production (e.g., from methane) may be associated with notable
CO2 emissions. Therefore, hydrogen is assigned to “colors” based on its production method
and associated environmental impact. Gray hydrogen is derived from natural gas through
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steam methane reforming, emitting significant amounts of CO2. Blue hydrogen also
originates from natural gas but incorporates carbon capture and storage (CCS) to reduce
emissions, making it a lower-carbon alternative. Brown or black hydrogen is produced
from coal, resulting in even higher CO2 emissions. Other colors (turquoise, purple, etc.) are
associated with specific production methods. Most notably, green hydrogen is produced
via water electrolysis powered by renewable electricity, making it entirely carbon-free and
thus the most desirable type of hydrogen in the long run.

Green hydrogen is produced through water electrolysis, using renewable electricity
to split water (H2O) into hydrogen (H2) and oxygen (O2). The process involves applying
electrical potential across electrodes submerged in water, causing oxidation at the anode
(producing O2) and reduction at the cathode (producing H2). Three main electrolysis
technologies include (i) alkaline electrolysis, (ii) proton exchange membrane (PEM), and
(iii) solid oxide electrolysis (SOEC) [1,2]. Alkaline electrolysis is the most mature technology
and uses liquid electrolytes such as potassium hydroxide solution. It is also less expensive
but slower to respond to dynamic loads [3]. PEM electrolysis relies on a proton-conducting
membrane, offering high efficiency, reliability, and flexibility, but at a higher cost [4]. Finally,
SOEC is an emerging technology, which operates at high temperatures, improving efficiency
but requiring durable materials [5].

To optimize hydrogen production via electrolysis, intensive research efforts are on-
going. The main focus is on the behavior of hydrogen bubbles on the cathode, as their
formation and detachment significantly influence the efficiency of the electrolysis pro-
cess. Although previous studies examined the impact of bubble dynamics on electrical
current density, several research gaps remain. Specifically, the transitional behavior be-
tween different bubble coalescence regimes under varying applied potentials has not been
comprehensively characterized. Moreover, the direct correlation between applied poten-
tial, bubble departure size, frequency, and current density fluctuations requires further
quantification. Our study addresses these gaps by combining high-speed imaging with
potentiostat measurements to systematically analyze bubble departure behavior and its
impact on the electrochemical hydrogen production.

The main reason for this is the fact that the volume ratio between H2 and O2 emerging
from electrodes is 2:1, meaning that what is happening on the cathode side is the limit-
ing factor from the hydrodynamic point of view. Accumulated bubbles can prevent the
electrolyte from accessing the active electrode surface, increasing resistance and reducing
current density, while uneven bubble departures may disrupt the operational stability of
the system. Parameters such as bubble nucleation frequency, departure diameter, departure
dynamics, and surface properties of the electrode are being closely studied to enhance
electrolysis performance [6–10]. In the field of enhancing electrolysis, new procedures for
hydrogen evolution reaction (HER) catalysts production are being proposed [11,12] along
with several approaches for surface structure modifications [13–17]. The key information
allowing for optimization of the electrode and entire electrolysis process down the line is
an in-depth understanding of the bubble nucleation, coalescence, and departure from the
surface on the microscale. In several studies, the effect of departing bubbles is considered
and evaluated both in PEM and alkaline electrolysis systems, the conclusions can be applied
to the cathode as well as the anode electrode [18–22].

Several recent studies explored hydrogen bubble growth and departure dynamics,
with a focus on microscale analysis and with the use of microelectrodes. Park et al. [23]
investigated hydrogen bubble dynamics during electrolysis on a platinum microelectrode
by varying the electrolyte composition. Key findings include the observation that microbub-
ble coalescence efficiency aligns with the Hofmeister series for anions, leading to distinct
bubble evolution behaviors. The results highlight the critical role of the solutal Marangoni
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convection, driven by anion concentration gradients. In a further study, Park et al. [24]
demonstrated that hydrogen bubble detachment during electrolysis can be controlled and
optimized by adjusting electrolyte composition. They have shown that microbubble coa-
lescence efficiency, which determines whether detachment occurs randomly or as single
bubbles, is strongly influenced by the electrolyte, again following the Hofmeister series for
anions, and is inhibited by alkali metal cations. Guo et al. [25] also explored the effect of the
electrolyte concentration on single hydrogen bubble evolution dynamics at a microelectrode
during electrolysis. They used different H2SO4 electrolyte concentrations (0.2–1.0 M) under
various applied voltages, focusing on bubble departure diameter, average current, and
bubble lifetime. They found that the highest gas production at a potential of −6 V was
achieved at an intermediate concentration of 0.6 M. Furthermore, they proposed a force
balance model incorporating the Marangoni force for single bubbles on the microelectrode
surface, noting the critical role of the solutal Marangoni force beyond a certain electrolyte
concentration value. Similarly, Lu et al. [26] varied the electrolyte temperature and concen-
tration to study single hydrogen bubble evolution on a microelectrode. A notable reduction
in bubble departure diameter and growth time with decreasing electrical potential and
increasing reaction temperature was observed. A model for estimating the bubble coverage
on a microelectrode was also presented, incorporating bubble radius and current as key
influencing factors. Moreover, the dominance of bubble-induced micro convection as the
primary mass-transfer mechanism for gas products at high current densities was reported.
Finally, the inertia-controlled bubble growth stage was found to increase the mass transfer
coefficient, while the latter decreased during the growth stage controlled by chemical
reactions. Duan et al. [27] performed measurements using 1.2 M H2SO4 with ethylene
glycol added as a surfactant and found that under the influence of electrode adsorption,
the departure diameter of the hydrogen bubble is independent of the current density,
but the bubble departure frequency increases with the increase in current density. This
points to the observation that pinning forces that counteract buoyancy are independent
of the rate of electrochemical reaction. Hossain et al. [28] investigated the force balance
of hydrogen bubbles growing and oscillating on a microelectrode, confirming the role
of the Coulomb force caused by the adsorption of hydrogen ions at the bubble interface.
Bashkatov et al. [29] performed further work on the growth regimes of hydrogen bubbles
at microelectrodes, identifying new bubble growth regimes that differ in terms of whether
the bubble evolution proceeds in the presence of a monotonic or oscillatory variation in
the electric current and a carpet of microbubbles underneath the bubble. Furthermore,
Bashkatov et al. [30] also studied the interaction between adjacent hydrogen bubbles using
cyclical modulation of the electrical potential applied to the microelectrode. Three scenarios
of interactions were identified, with the most notable one involving the reversal of bubble
rising motion and its coalescence with the second bubble on the microelectrode surface.
This contactless motion reversal was explained through competition between buoyancy
and thermocapillary effects.

Bubble Growth Dynamics

Bubble dynamics is characterized by three key stages: nucleation, growth, and
detachment [31]. Additionally, a fourth stage, i.e., coalescence of bubbles, can be eval-
uated as one of the growth stages. When two bubbles come into mutual proximity, they
can merge via coalescence into a single bubble, resulting in a decrease in the surface energy
from the reduction in the total area of the gas–liquid interface [32]. Nucleation occurs due to
the elevated chemical potential of dissolved gas molecules near the electrode. Subsequent
bubble growth proceeds through distinct regimes dominated by specific mechanisms. In
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general, the growth phase of bubbles can be represented by a power-law dependence of
bubble radius rb versus t:

rb(t) = btx, (1)

where b is the growth coefficient and x is the growth exponent [33]. As growth progresses,
the exponent reflects the dominant mechanism. The initial stage is governed by inertia
from the surrounding liquid, with bubble radius (rb) scaling linearly with time:

rb = bt. (2)

Experimental evidence of bubble growth during the initial stage [6,33–35] is usually
limited by the spatiotemporal resolution of the acquisition system. The second stage is
a diffusion-controlled regime, where bubble growth roughly approaches a square root
dependence, as described by [33,35–39]

rb = bt
1
2 . (3)

This occurs as the surrounding liquid becomes locally saturated with gas, and diffusion
from the bulk electrolyte toward the bubble drives its growth. Higuera et al. [40] also noted
that a possible deviation from this diffusion-controlled law is due to the non-uniform
distribution of gas concentration that decreases with the distance from the electrode. Some
studies have further shown that the mass transfer of the dissolved hydrogen is not the
limiting factor of bubble growth rate [6,36,39,41], particularly for high current densities. A
third stage of bubble growth is reaction-limited, where bubble growth is constrained by the
electrochemical reaction rate at the electrode surface. The bubble radius now scales as

rb = bt
1
3 , (4)

resulting in a constant gas generation rate. Bubble growth is driven by the direct injection
of gas at the bubble foot [33,42]. In studies on micro- and nanoelectrodes, the bubble is
usually larger compared to the size of the electrode during most of the bubble growth
time, resulting in the typical presence of the direct injection [40]. Yang et al. [6] have
shown that the reaction-limited regime (i.e., smaller bubbles coalescing at the foot of the
bigger bubble) is an important mechanism of the bubble growth, despite previous certainty
regarding the validity of the growth laws being restricted to cases where bubbles do not
mutually interfere.

Bubble detachment represents the final phase, when the bubble unpins from the
electrode surface. The process of detachment is often triggered by the breaking of the
bubble neck [31], or by the loss of contact with an underlying “carpet” of microbubbles [43].
The bubble detachment can be enhanced via several methods and technologies, including
hydrophilic surfaces, and the use of magnetic, supergravity, and ultrasonic fields [44]. The
theoretical maximum radius of a bubble detaching from an upward-facing electrode in
stagnant electrolyte can be described by Fritz’s formula [45,46]:

r∗d =

(
3 r0σsin(θ)

2 ∆ρg

) 1
3
, (5)

where r0 represents the radius of the contact area between the bubble and the electrode, σ

the surface tension, θ the contact angle, ∆ρ represents the density difference between the
liquid and the gas phase, and g is the gravitational acceleration.

In gas-evolving electrochemical processes, bubbles significantly influence system
performance, particularly through overpotential losses. Key processes affected include
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mass transport, with migration of H+ ions toward the cathode, their reduction into H2 gas
at the electrocatalytic surface, and the subsequent transport of products away from the
electrode via diffusion and convection [31]. The presence of bubbles reduces the effective
active surface area of the electrode, leading to a non-uniform current density distribution.
This localized increase in current density accelerates bubble growth and the depletion of
reactants at active sites. Bubbles continue growing via diffusion-driven gas transfer and
induce moderate convective flows, which can enhance mass transport.

Once detached, bubbles generate wake flows that locally mix the electrolyte, reducing
concentration gradients and improving reactant supply. However, bubbles also obstruct ion
conduction pathways, increasing the effective resistance of the electrolyte and contributing
to ohmic losses [31]. The relationship between current density (j) and fractional bubble
coverage (σ) can be described as [47]

j =
I

A (1 − σ)
, (6)

where I presents electrical current and A area of the electrode surface, therefore I/A presents
a superficial current density, which must be strictly distinguished from the actual current
density. At low current densities, kinetic overpotentials dominate, and bubble coverage
(σ) primarily determines the total overpotential. In contrast, at higher current densities,
ohmic losses become the dominant factor due to dynamic changes in resistance as bubbles
nucleate, grow, and detach. Periodic bubble behavior influences the overall resistance of
the electrolyte, while associated convective flows mitigate concentration overpotentials
by enhancing mass transport and reducing local concentration gradients. The turbulence
induced by bubble detachment further improves mixing efficiency, amplifying the positive
effects on mass transport. However, this periodic bubble activity also adds complexity to
the dynamic electrochemical environment.

The formation of multiple bubbles in practical electrochemical systems is typically
uncontrolled. Lu et al. [48] suggested some guidelines and provided simulations, showing
that engineering cavity sizes and modifying the gas diffusion layer thickness can tune the
process of bubble nucleation. Their numerical simulation was later used for theoretical
model validation by Zhao et al. [49], where good agreement of the lower and the upper
bound for the size of the effective nucleation cavity was confirmed, as the results proved
consistent with experimental findings. For in-depth research on hydrogen bubble evolution,
isolated bubble events, and the study of their impact on gas-evolving electrodes is the
main objective, leading researchers to develop methods that enable the observation of
single bubbles. This is often achieved using nano- or micro-sized electrodes that facilitate
desired phenomena and allow for detailed investigations of individual bubble behavior
associated with electrochemical phenomena [6,31,36]. From the applicative point of view,
research on microelectrodes is fundamental for understanding and optimizing processes on
porous electrodes, their modeling, and a better understanding of the forces that determine
bubble detachment, and further provides guidelines for porous catalyst research and
development [29,50,51].

The present study aims to provide further information on the bubble growth regimes
and related parameters, such as the departure frequency and diameter. Specifically, the
effect of the electrical potential on the aforementioned parameters is focused on. A series
of experiments is performed with 100 µm platinum microelectrodes operating in a 0.5 M
aqueous solution of H2SO4. High-speed visualization is coupled with data acquisition
to analyze the behavior of the hydrogen bubbles during their growth, coalescence with
adjacent bubbles, and departure from the microelectrode. Bubble departure frequencies
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and diameters are extracted from the high-speed footage, and several regimes with different
bubble growth characteristics are identified.

2. Materials and Methods
2.1. Experimental Setup

To perform the experiments, a custom-made experimental cell was utilized and is
schematically shown in Figure 1. The cell consists of a PEEK housing (volume ~50 mL)
with large flat windows on the front and the back to allow for illumination and high-speed
visualization. The cathode upon which hydrogen bubbles grow is inserted through the
bottom of the chamber, while the anode and the reference electrode are inserted from the
top. The reference electrode serves as a stable and well-defined potential point, maintain-
ing constant potential and allowing for reliable measurement of the working electrode’s
potential relative to the reference electrode, resulting in accurate measurement and control
of the working electrode’s potential. Additionally, an in-liquid temperature sensor and a
pressure relief valve are connected to the top part of the chamber.
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Figure 1. Schematic of the experimental setup for observation of bubble growth on a microelectrode.
Blue circle denote hydrogen bubble, whereas red circles denote oxygen bubbles.

The platinum microelectrode (redox.me, Norrköping, Sweden) used as the cathode is a
round platinum wire with a diameter of 100 µm, encapsulated in a glass rod with an outside
diameter of 6 mm. The anode consists of an unsheathed platinum wire with a diameter
of 0.5 mm, positioned 2 mm above the cathode surface and held in the same position
throughout all measurements. The reference electrode is a standard Ag/AgCl electrode.
A potentiostat (Ossila, Sheffield, UK) is used to provide a constant electric potential;
applied potential accuracy is defined within ±10 mV offset. The potentiostat monitors the
temporal variations in the electric current with a current measurement accuracy of ±2 µA
in the measurement range of ±2 mA, and an accuracy of ±200 nA in the measurement
range of ±0.2 mA. High-speed visualization is performed with a Photron Mini UX-100
camera (Photron, Tokyo, Japan) using an LED backlight and a 50× magnification ultra-
long-working-distance (ULWD) objective with a lens tube.

2.2. Measurement Protocol

Before every set of measurements, the cathode was polished using a three-step process.
First, polishing was performed with 1200-grit paper and an alumina polishing powder
with 1 µm particles. In the second step, a nylon polishing cloth was used with an alumina
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polishing powder with 0.3 µm particles. Finally, a micro-polishing cloth was used with an
alumina polishing powder with 0.05 µm particles to finalize the polishing process. After
polishing, the cathode was rinsed with deionized water and sonicated in an ultrasonic
bath for 20 min. Finally, the cathode was rinsed with 0.5 M H2SO4 and inserted into the
experimental cell. The anode was polished using a 1200-grit paper, rinsed with deionized
water, and sonicated in an ultrasonic bath for 20 min.

After the polished cathode was inserted into the experimental cell, the latter was filled
with degassed 0.5 M H2SO4 solution. Degassing was performed through 1 h of sonification
in an ultrasonic bath. To further degas the cathode in situ, a potential of 3 V was applied to
it for 10 min to remove any surface-entrapped gas bubbles that could trigger nucleation
and thus affect the measurements. Prior to each experimental run, the potentiostat was
first switched off to remove the existing hydrogen bubbles from the surface. To conduct an
experimental run, the potential was set to the desired value, and the current was recorded
for at least 150 s to reach a stable value. A high-speed recording was made during the last
20 s of each run. Each series of experimental runs started at the lowest potential (typically
2.0 V), which was then incrementally increased by 0.1 V for each subsequent run. The
potentiostat was temporarily turned off between each run to stop the electrolytic activity.
When the highest potential was reached (3.5 V), the series was concluded, and the cathode
was repolished and the electrolyte replaced.

All measurements were conducted at ambient temperature (27–29 ◦C) and ambient
pressure, confirmed by temperature measurements inside the electrolyte and with the
pressure relief valve fully open, respectively.

2.3. Data Reduction

High-speed recordings were processed using custom-developed algorithms in the
MathWorks MATLAB R2022b environment. Calibration of the pixel size was performed
using a microscope stage micrometer (Olympus OBM-1/100, Tokyo, Japan) and high-speed
camera software PFV4 (Photron, version 4.0.5.2), while keeping the optical hardware and
software settings the same as later during experiments. The bubble diameter during detach-
ment from the surface was evaluated in PFV4 through manual tracking. We simultaneously
determined the period between the detachment of two consecutive bubbles.

Using a MATLAB script, the positions of the electrode surface and the solid–
liquidliquid–gas interface were manually determined for each evaluated frame. Bubble
radius, centroid position, and the bubble index were determined for each frame, while
the bubble growth rates were determined from forward difference calculation between
two consecutive frames.

3. Results and Discussion
3.1. Temporal Dynamics of the Electrical Current Density

First, the temporal changes in the electrical current were studied to determine how
the electrical potential influences the bubble evolution cycle. Figure 2 shows the electrical
current density achieved on the microelectrode at low applied potentials (below 3.0 V). The
potential of 2.0 V was the lowest potential at which stable emergence of bubbles during
the whole measurement period was observed. At potentials below 2.0 V, bubbles start
to emerge at the beginning of the measurement and stop emerging after a few seconds,
depending on the applied potential. At increasing electrical potentials, the periodic growth
and departure of small bubbles start to affect the temporal dynamics of the electrical current,
which is evident as ripples in the recorded current density in Figure 2 (e.g., at 2.9 V).



Appl. Sci. 2025, 15, 4107 8 of 24

Appl. Sci. 2025, 15, 4107 8 of 25 
 

bubbles on the electrode surface. The resulting larger bubble only departs the surface 
when its size is sufficient for the buoyancy to overcome the pinning forces [25,29,43]. At 
U = 3.2 V, a transition between the two regimes was observed approx. 25 s after the start 
of the measurement. Above 3.2 V, the standard deviation of the determined bubble 
frequency is below 7% of the average value. 

 

Figure 2. Electrical current density at low electrical potentials, where bubbles do not merge into a 
single coalesced bubble. 

In all measurements, 95% of the electrical current density drop towards the final 
value was found to occur within the first 50 s of the measurement. As the bubble growth 
was recorded and evaluated within the last 20 s of the measurement (i.e., after 150 s), 
steady state conditions can safely be assumed. 

 

Figure 3. Temporal evolution of the electric current during measurements at electric potentials 
between 3.0 and 3.5 V. The left image shows the full recording (200 s), while the middle image is the 
zoomed-in region showing the last 10 s of the measurement, and the right image shows the size of 
the bubbles at detachment at specified potentials. 
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Figure 3 shows the temporal dynamics of the electrical current density on the mi-
croelectrode at six electrical potentials. At low voltages (U < 3.2 V), solitary bubbles are
generated at a high frequency, resulting in high-frequency fluctuations in the current den-
sity. These indistinct peaks of current density led to a high standard deviation (up to
200%) of the nominal average bubble departure diameter. However, at higher potentials
(U ≥ 3.3 V), a clear bubble evolution cycle appears due to strong coalescence of the small
bubbles on the electrode surface. The resulting larger bubble only departs the surface
when its size is sufficient for the buoyancy to overcome the pinning forces [25,29,43]. At
U = 3.2 V, a transition between the two regimes was observed approx. 25 s after the start of
the measurement. Above 3.2 V, the standard deviation of the determined bubble frequency
is below 7% of the average value.
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In all measurements, 95% of the electrical current density drop towards the final value
was found to occur within the first 50 s of the measurement. As the bubble growth was
recorded and evaluated within the last 20 s of the measurement (i.e., after 150 s), steady
state conditions can safely be assumed.

Figure 4 provides a side-by-side comparison of bubble generation regimes as snapshots
from the high-speed videos, clearly showing small, mostly uncoalesced bubbles departing
the microelectrode surface at lower electrical potentials and the emergence of a large,
coalesced bubble at increased electrical potentials.
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Figure 4. Side-by-side comparison of bubble diameter at different regimes/characteristics of electrical
current density curves. The microelectrode surface is denoted with a red line.

During each measurement, the electrical current density decreased asymptotically. In
general, a lower normalized reduction in the electrical current density was observed at
higher potentials, except for the transition region at potentials of 3.2 and 3.3 V, where the
reduction was notably higher. As observed in Figure 3, the first part of the measurement at
these potentials represents the emission of microbubbles with limited coalescence, while
a notable reduction in the electrical current density occurs when the coalescence regime
with the emission of a large coalesced bubble is established. This trend is clearly observable
at 3.2 V, whereas at 3.3 V it is not obvious due to the rapid establishment of the bubble
coalescence regime within the first 2 s of the measurement.

The ratio between the first and the last peak in the measured electrical current density
at different potentials is presented in Figure 5, providing a quick evaluation of the total
decrease in electrical current density over the measurement period. These peaks corre-
spond to moments when bubbles detach from the electrode surface, temporarily increasing
the measured current density, a phenomenon that is shown in detail in Figure 6a. The
comparison highlights how the current density evolves over the 200 s measurement. The
peak value was evaluated for potentials from 2.9 to 3.5 V, and a comparison between several
measurements is provided for the highest applied potential, showing that the scatter is
considerably lower than the difference between measurements at different potentials. The
highest ratio represents the smallest difference between the first and the last peak. The
low ratio at potentials of 3.2 and 3.3 V indicates that although bubbles merge into a single
bubble detaching from the electrode surface, this region is unstable.

Figure 6a presents an example of one bubble growth cycle at a potential of 3.4 V,
where a single coalesced bubble forms. As the previous coalesced bubble detaches from the
microelectrode, small bubbles immediately start growing on the surface. For the presented
example, the rapid bubble diameter growth in the first half of a second is well correlated
with Equation (2) and observed through the drop of electrical current density. Afterwards,
the growth rate decreases as well as the current density variation during the rest of the
coalesced bubble’s growth.
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The detachment of coalesced bubbles from the electrode surface is primarily driven
by buoyancy forces [25,26,52]. As the bubble grows, the buoyancy force increases until it
surpasses the adhesive forces holding the bubble to the electrode, leading to detachment.
As the bubble detaches from the surface, the electrode surface is exposed to the electrolyte,
enhancing the active area available for the HER, resulting in an increase in the electrical
current density. The minimum value of electrical current for the given example is reached
approximately at the halfway point of the bubble growth period, indicating that bubble is
slowly reaching the final departure diameter and the buoyancy force is starting to prevail,
causing the large, coalesced bubble to start lifting from the electrode surface, resulting in
enhanced active area of the electrode surface. Figure 6b presents the difference between
the vertical distance of the bubble center from the electrode (y) surface and the bubble
radius (r). At the beginning of the growth cycle, bubbles on the surface have the shape of a
truncated sphere, resulting in negative y-r values. After the 0.5 s time mark, a bubble starts
to form into a complete sphere and starts detaching from the surface, while the emerging
microbubbles beneath prevent a full detachment. Based on the provided trend, we postulate
that growing current density prior to the bubble detachment, i.e., see Figure 6a between
1.2 and 2.2 s, is due to the slowly and continuously rising bubble that, at some point,
creates enough space for enhanced nucleation of microbubbles. This enhancement might
be due to improved diffusion of the supersaturated liquid that governs the microbubble
growth. This effect, partially observed in previous studies [29,53], remains to be further
analyzed and would require advanced diagnostics of nucleation site distribution where
microbubbles form.

Once the coalesced bubble detaches from the surface, a rapid increase in the electrical
current density occurs, resulting in a local maximum and providing maximal active area of
the microelectrode surface exposed to the electrolyte, thus enabling the growth of the next
hydrogen bubble.

The total volume of the produced hydrogen can be calculated using Faraday’s law,
which states the quantitative relationship between the substance deposited at electrodes
and the quantity of electric charge or electricity passed. The mass of a substance deposited
at any electrode is directly proportional to the amount of charge passed. The equation
for the theoretically produced volume of hydrogen during electrolysis (Vcalc) is calculated
using the following equation:

Vcalc =
E I ∆t
F MH2

· r T
p

, (7)

where E is the equivalent weight (chemical equivalent of the substance), I the measured
electrical current, ∆t the time period of interest, F the Faraday constant (96,485 C mol−1),
MH2 the molar mass of hydrogen, R the ideal gas constant, p the pressure, and T the tem-
perature. Using Equation (7), the volume of hydrogen produced during the measurements
is shown versus time in Figure 7 for potentials between 2.9 and 3.5 V. The total volume
of produced hydrogen increases linearly as the electrical current density remains almost
constant after the initial drop at the beginning of the measurement.

The power used for hydrogen generation Pel can be simply calculated from the electri-
cal current I and the applied potential ∆U as

Pel = U I. (8)

The chemical energy content of the produced hydrogen is determined through the
calculated volume of hydrogen and its higher heating value:

PH2 =
VH2 ρH2 HHVH2

∆t
, (9)



Appl. Sci. 2025, 15, 4107 12 of 24

where VH2 is the calculated volume of hydrogen, ρH2 represents the density of hydro-
gen at NTP (0.08376 kg m−3), HHVH2 denotes the higher heating value of hydrogen
(141,860 kJ kg−1) and ∆t is the elapsed time.
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In Figure 8, the efficiency of electrolysis is assessed by comparing the volume of
hydrogen produced to the theoretical volume based on Equation (7), representing the
equivalent of electrolysis efficiency. The volume of generated hydrogen, as determined from
high-speed video recordings, is compared to the theoretical volume, which is estimated
based on the applied electrical current. Individual frames from the high-speed video
recordings were analyzed to measure the radii of several hydrogen bubbles at the moment
of detachment from the electrode surface. Assuming a spherical bubble shape, their
volumes were calculated accordingly. To determine the hydrogen production rate, the
growth duration of each evaluated bubble was measured.
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3.2. Bubble Departure Diameters and Frequencies

The applied potential impacts the bubble departure frequency and the bubble depar-
ture diameter. Using high-speed video recordings, we compared the bubble departure
frequency measured using a potentiostat and the departure frequency obtained from the
high-speed camera footage. Average values together with the corresponding standard de-
viation are presented in Figure 9. Higher potential results in a greater detachment diameter
with a notable jump at 3.3 V, which was previously determined to be a regime-transition
region. The scatter of the bubble departure diameter values is up to 3% for coalesced
bubbles formed at higher potentials and up to 15% for measurements at lower potentials
with limited coalescence and microbubble emission. At 3.0 V, a higher scatter of 29%
was measured since the detachment of bubbles was nonperiodic at this specific potential,
resulting in a greater scatter of measured bubble diameters.



Appl. Sci. 2025, 15, 4107 13 of 24Appl. Sci. 2025, 15, 4107 13 of 25 
 

 

Figure 9. High-speed video recording evaluated for average bubble departure diameter at the 
applied potentials ranging from 2.5 to 3.5 V. 

 

Figure 10. High-speed video recording evaluated for average bubble departure frequency at the 
applied potentials ranging from 2.5 to 3.5 V. No data are shown for U ≤  2.8 V, as the bubble 
departure frequency could not be reliably determined due to the microbubble emission regime. 

3.3. Bubble Growth and Departure Regimes 

Bubble growth and departure regimes were investigated further through high-speed 
camera footage. At a potential of 1.9 V, bubble nucleation failed to occur. Starting from 2.0 
V and up to 2.3 V, nucleation sites are visible in the reflection of the surface. At higher 
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bubble departure diameter varies between individual nucleation sites. Bubbles detaching 
from the nucleation site on the left are considerably larger compared to the bubbles from 
the remaining nucleation sites, as evident in Figure 11. The repeatability of the bubble 
departure period and departure diameter is more consistent on that particular side, 
indicating more favorable conditions for nucleation, which can be attributed to local 
surface chemical and/or topographical properties. 

By increasing the voltage above 2.0 V, more nucleation sites become active, making 
it increasingly difficult to track individual microbubble growth. The bubble departure 
diameters increase with applied potential. Some bubble coalescence might be present 
above 2.4 V, but it is not as clear as with voltages above 2.7 V. 

Figure 9. High-speed video recording evaluated for average bubble departure diameter at the applied
potentials ranging from 2.5 to 3.5 V.

In Figure 10, the bubble departure frequency is presented for a set of applied potentials
using a logarithmic scale. Several bubbles were evaluated using high-speed video recording,
and the scatter of the measured diameters from each recording is presented with vertical
error bars. The scatter of bubble departure frequencies is approximately constant for the
detachment of coalesced bubbles, representing up to 5% of the total calculated frequency.
Again, a much higher scatter was observed at 3.0 V, pointing to irregular bubble detachment
with a value of 60% compared to the average calculated frequency. For potentials ranging
from 2.8 V downwards, frequency was not evaluated as bubbles did not coalesce into a
single bubble before detaching from the surface.
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3.3. Bubble Growth and Departure Regimes

Bubble growth and departure regimes were investigated further through high-speed
camera footage. At a potential of 1.9 V, bubble nucleation failed to occur. Starting from
2.0 V and up to 2.3 V, nucleation sites are visible in the reflection of the surface. At
higher potentials, the nucleation site density increases together with the size of the bubbles,
obscuring the identification of individual microbubbles.

For low potentials ranging from 2.0 to 2.6 V at increments of 0.1 V, a single snapshot is
presented at each potential. At 2.0 V, only three nucleation sites are active, while the bubble
departure diameter varies between individual nucleation sites. Bubbles detaching from
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the nucleation site on the left are considerably larger compared to the bubbles from the
remaining nucleation sites, as evident in Figure 11. The repeatability of the bubble departure
period and departure diameter is more consistent on that particular side, indicating more
favorable conditions for nucleation, which can be attributed to local surface chemical
and/or topographical properties.
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bubbles having a departure diameter of approximately 50 µm. The occurrence of larger 
single bubbles with a departure diameter of 100 µm or more is rare (an example is shown 
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electrode prevents other bubbles from departing simultaneously and represents the total 
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Figure 11. Comparison of bubble sizes during electrolysis at a platinum microelectrode at set
potentials ranging from 2.0 to 2.6 V. The diameter and location of the electrode are denoted by a
red line.

By increasing the voltage above 2.0 V, more nucleation sites become active, making
it increasingly difficult to track individual microbubble growth. The bubble departure
diameters increase with applied potential. Some bubble coalescence might be present above
2.4 V, but it is not as clear as with voltages above 2.7 V.

At a potential of 2.7 V, bubbles start to coalesce, as presented in Figure 12. At this
potential, despite prevailing coalescence, several non-coalesced bubbles still depart from
the surface. Occasionally, large bubbles with a diameter of up to ~60% of the electrode
diameter form, with an example presented at 0.131 s, denoted by a red arrow.
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At 2.8 V, the diameter of coalesced bubbles increases significantly compared to those
observed at 2.7 V, as shown in Figure 13. Microbubbles are rarely visible, with most bubbles
having a departure diameter of approximately 50 µm. The occurrence of larger single
bubbles with a departure diameter of 100 µm or more is rare (an example is shown in
Figure 13 at 0.581 s). The coalesced bubble with a diameter equal to or larger than the
electrode prevents other bubbles from departing simultaneously and represents the total
hydrogen generated during the bubble growth period.
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Interestingly, the bubble on the left-hand side (marked with green borderline) starts 
to depart from the surface at the 0.044 s mark but is pulled down towards the surface due 
to coalescence with another bubble seen at the back of the imaging plane (i.e., see the 
snapshot at 0.023 s). After the 0.050 s mark, this bubble starts departing again. Bubble 
interaction in the vertical direction has previously been studied by Bashkatov et al. [30], 
where the first detached bubble was attached towards the electrode surface while the 
second bubble just departed from the electrode, exhibiting a sudden reversal in motion, 
followed by coalescence with the first bubble. As the left bubble departs, all of the 
nucleating microbubbles start feeding the bubble on the right-hand side (marked with red 

Figure 13. Snapshots of the electrolysis process on the microelectrode at a potential of 2.8 V at
different time frames. The diameter and location of the electrode are denoted by a red line.

At 2.9 V, a single large coalesced bubble predominantly departs from the electrode
surface. In Figure 14, the growth of such a bubble is captured at different time frames.
Immediately after the previous bubble detachment at the 0.000 s mark, several micro
bubbles start to individually form on the surface and eventually coalesce into larger bubbles.
At 0.023 s, three coalesced bubbles are observed.
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Interestingly, the bubble on the left-hand side (marked with green borderline) starts to
depart from the surface at the 0.044 s mark but is pulled down towards the surface due to
coalescence with another bubble seen at the back of the imaging plane (i.e., see the snapshot
at 0.023 s). After the 0.050 s mark, this bubble starts departing again. Bubble interaction in
the vertical direction has previously been studied by Bashkatov et al. [30], where the first
detached bubble was attached towards the electrode surface while the second bubble just
departed from the electrode, exhibiting a sudden reversal in motion, followed by coales-
cence with the first bubble. As the left bubble departs, all of the nucleating microbubbles
start feeding the bubble on the right-hand side (marked with red borderline), which grows
in size and starts departing after the 0.063 s mark. Within 0.001 s (between 0.080 s and
0.081 s marks), the two bubbles merge into a single one that finally completely departs from
the surface. While Figure 14 only shows one case, similar behavior is frequently observed at
2.9 V operation, where the actual time and size of departure depend on the spatiotemporal
distribution of intermediate (~50 µm) bubbles.

The growth of a single coalesced bubble at 3.0 V is presented in Figure 15.
Two intermediate coalesced bubbles appear, and they merge between the 0.015 and 0.016 s
mark. This bubble nearly departs at 0.055 s but is pulled back this time due to multiple si-
multaneous coalescences with smaller bubbles that grow atop the electrode; bubble motion
compared with location at previous time stamp is denoted with red arrows.
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Bubble motion reversals and contactless interaction between two hydrogen bubbles
during water electrolysis were previously studied in-depth by Bashkatov et al. [30]. They
reported that the most prominent scenario of bubble interaction consists of a sudden re-
versal of the first detached bubble’s motion, causing the bubble to return to the electrode’s
surface and coalesce with the second bubble, attributing this effect primarily to thermocap-
illary (Marangoni) forces. When the thermal boundary layer on top of the second bubble
(i.e., bubble at the bottom) can touch the bottom of the first bubble (i.e., bubble at the
top), bubble reversal motion at specified conditions sets in. Their conclusion was that
thermocapillary migration is at the origin of H2 bubble motion reversal, and the interaction
of electrogenerated bubbles needs to be taken into account during water electrolysis.

Our observations, while not refuting the role of Marangoni forces, emphasize that
an extended contact line, formed by a dense layer of microbubbles bridging the electrode
and the larger bubble, also plays a significant role. This extended contact line increases
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the pinning force, which in turn may counteract buoyancy and contribute to the reversal
of bubble motion. Due to the limitations of our current visualization techniques, we are
unable to separate the influence of Marangoni forces from that of the extended contact line.
Nevertheless, our findings suggest that under certain conditions, both mechanisms may act
in concert to influence bubble reversal dynamics. Our observations suggest that bubbles
emerging from the electrode increase in size and merge with a larger bubble above. After
coalescence, the larger bubble experiences a downward force due to the extended contact
line between the electrode and the multitude of microbubbles bridging the gap between the
surface and the larger bubble. Since the pinning force is directly proportional to the total
contact line length, it becomes significantly stronger than buoyancy in this case, resulting in
the observed downward movement. As the bubble continues to grow, buoyancy increases,
while the microbubble cloud on the electrode partially merges due to ongoing electrolysis.
Once the contact line shortens sufficiently, buoyancy overcomes the pinning force, allowing
the bubble to detach. To fully validate this hypothesis, experiments should be conducted
on a transparent platinum layer (~5 nm thickness) to enable visualization of the triple
contact line position, for example, using the total internal reflection technique. Such an
analysis, planned for our future studies, is, however, complex and requires exceptional
spatiotemporal resolution.

The process of single bubble evolution at 3.1 V is presented in Figure 16, and the
process is largely similar to the bubble evolution at 3.0 V.
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At potentials of ≥3.2 V, very large bubbles start to form on the surface, with diameters
significantly exceeding the diameter of the microelectrode, as shown in Figure 17. The
growth time of these bubbles is notably longer, reaching several seconds. Thus, their
behavior was analyzed using a lower recording frequency.
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In Figure 18, electrical current density at the end of the measurement interval (at
t = 200 s) is presented for all the measured potentials together with the departure frequency
of large, coalesced bubbles (where applicable). Within the evaluated range of potentials,
data can be divided into three regions, with the transition regions being divided into
two sub-regions. These findings can be associated with bubble departure diameters and
departure frequencies.
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Bashkatov et al. [29] previously defined three regions based on applied potential
and the concentration of the electrolyte, namely sulfuric acid. They evaluated the same
electrolyte at different concentrations between 0.1 and 1 mol L−1 at potentials between
2 and 10 V. For the sulfuric acid concentration of 0.5 mol L−1, they identified “regime 1”
up to 4.7 V, “regime 2” between 4.7 and 10 V, and “regime 3” beyond 10 V. Based on their
findings, all of our measurements were conducted in “regime 1”, where bubble evolution
is characterized by the growth of nearly spherical bubbles atop a carpet of micro-bubbles.
Within this regime, both the position of the bubble apex and electrical current variations
are monotonic, with no significant oscillations in current during the bubble growth cycle.
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We further explored the degree of bubbles coalescence within the evaluated elec-
trical potential range using a 0.5 mol L−1 sulfuric acid electrolyte. Based on qualitative
observations from high-speed video recording and quantitative analysis of potentiostat
measurements, we defined three distinct regions characterized by specific bubble behavior
and current responses.

In “Region 1”, observed at applied potentials between 2.0 and 2.6 V, bubble formation
is characterized by the emergence of isolated, nearly spherical bubbles with negligible
coalescence. The electrical current density remains relatively stable, indicating minimal
disruption due to bubble detachment. Hydrogen bubble departure frequency in this region
could only be estimated by counting bubbles within a specified period, as no significant
current oscillations were observed.

“Region 2”, identified as a transitional range of applied potentials from 2.6 to 3.2 V,
exhibits increased bubble coalescence. Within this region, two subregions are identified.
In subregion 2a, occurring at potentials in the lower part of this range, multiple bubbles
coalesce and detach simultaneously, though not as a single entity. Specifically, several
coalesced bubbles grow and detach from the surface simultaneously instead of coalescing
into a single large bubble. Subregion 2b, observed at a potential approaching 3.2 V, is
characterized by a single coalesced bubble detaching from the surface, encompassing most
detachable bubbles present before coalescence. In this subregion, most bubbles reach a
diameter equal to the electrode diameter at the time of detachment. Within this subregion,
bubbles can be identified and tracked, as presented in Figure 18. Departure frequency is
presented for applied potentials from 3 V upwards.

“Region 3”, defined at applied potentials of 3.2 V and above, involves bubble co-
alescence leading to the formation of larger bubbles that detach more predictably. The
departure frequency can be reliably extracted from the potentiostat measurement data, as
the electrical current density exhibits pronounced drops corresponding to bubble detach-
ment events. For Region 3, the departure frequency is presented for all applied potentials,
as it can be readily extracted via high-speed video recordings as well as from the electrical
current measurements. The limitation of bubble tracking using high-speed video is that
applied magnification does not enable observation of the entire bubble at detachment due
to its large diameter.

In Table 1, an overview of the discussed regions is presented along with departure
diameters and frequency ranges, presented in previous sections.

Table 1. Overview of bubble behavior, diameter at detachment, and departure frequency for the
identified voltage regions.

Region Applied Potential (V) Bubble Behavior Diameter at
Detachment (µm)

Departure
Frequency (Hz)

1 ≥2.0
<2.6

No coalescence;
departure of
individual bubbles

≤50 N/A

2a
≥2.6
<2.8
(subregion a)

Partial coalescence:
multiple coalesced
bubbles depart
simultaneously

50–60 N/A

2b
≥2.8
<3.2
(subregion b)

Predominantly single
coalesced bubbles 70–200 8–25

3 ≥3.2
<3.5

Departure of single
coalesced bubbles ≥450 0.5–5.5
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3.4. Bubble Growth Rates

To advance the understanding of bubble evolution, significant research has focused
on nucleation, growth, and departure mechanisms. In previous work, Professor White’s
group [54–56] examined critical aspects of hydrogen nanobubble nucleation, including
activation energy, critical nucleus size, and the stability of nanobubbles [29]. These findings
are pivotal in describing the initial stages of bubble formation on electrode surfaces.

In Figure 19, the measured bubble radius versus time is presented alongside the theo-
retically predicted growth rates using different exponents according to Equations (2)–(4)
for applied potentials of 2.9, 3.0, and 3.1 V. The growth coefficients were determined to
achieve the best fit with the first part of the measured data for Equation (2), the middle
part of the data for Equation (3), and the last part of the data for Equation (4). For a
detailed frame-by-frame bubble radius analysis, high-speed video recordings using a 50×
magnification lens were used. As previously shown in Figure 17, when a potential of 3.2 V
is applied, the bubble diameter starts to exceed the size of the observable region of interest,
resulting in higher uncertainty related to bubble radius detection.
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Figure 19a presents the bubble growth versus time for the 2.9 V case. Bubble radius
increases in steps due to the coalescence of pre-coalesced (i.e., intermediate) bubbles of
similar diameters, causing a rapid increase in the observed diameter of the main (i.e., the
largest) bubble. For the 3.0 V case, (Figure 19b), this non-monotonic increase in bubble
radius is even more pronounced. The curve according to Equation (4) provides the best fit
to the experimental data in both cases, when the entire bubble growth cycle is taken into
account. In Figure 19c,d, the bubble growth rate is shown for the potential of 3.1 V and
exhibits favorable fits with predictions according to Equations (2)–(4). The initial region of
linear growth is clearly distinguishable in the first 3 recorded frames, soon switching to a
diffusion-controlled regime due to bubble coalescence. Considering greater deviations due
to the stepwise coalescence of multiple bubbles, the linear model could be used instead of
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the square root relation for the measured data within the diffusion-controlled regime. In
the reaction-limited growth stage (represented by the blue curve), the measured bubble
growth clearly follows the theoretical prediction. In Figure 19d, additional measured
points are presented, showing the measured bubble size after the detachment from the
electrode surface, designated with the light blue diagram background. Our findings
regarding the growth rate in the diffusion-controlled regime (Equation (3), i.e., rb ∝ t

1
2 ),

confirm conclusions of previous studies proposing that dissolved hydrogen is not the
rate-limiting factor.

4. Conclusions
Potentiostatic measurements and high-speed imaging were conducted to analyze

bubble growth on a 100 µm platinum microelectrode in a 0.5 M H2SO4 electrolyte. Ex-
periments were performed at various applied electrical potentials at room temperature
and pressure. Our study highlights the complex interplay between applied potential and
bubble behavior, demonstrating how increasing potential promotes bubble growth and
coalescence, ultimately influencing mass transfer and current density stability. The critical
transition from microbubble detachment to the dominance of coalesced bubbles suggests
that optimizing applied potential is crucial for balancing efficiency and bubble manage-
ment in electrolytic systems. Furthermore, the role of surface hydrodynamics and electrode
geometry in bubble detachment dynamics underscores the importance of considering
microstructural properties in electrode design. The following findings were made:

(1) In the range of 2.5–2.8 V, bubble coalescence was minimal, with microbubbles individ-
ually detaching from the electrode surface. As the potential was increased, electrical
current density fluctuations became more pronounced. Initially, the departure fre-
quency rose, but at very high potentials, the departure frequency decreased due to the
formation of very large bubbles. In general, higher potentials lead to the detachment
of a single coalesced bubble.

(2) Below 3.2 V, the departure frequency was difficult to quantify due to moderate coales-
cence and the departure of individual bubbles. Potentiostatic measurements at these
applied potentials showed that fluctuations in electrical current density were less
pronounced compared to the measurements at 3.2 V and above due to limited bubble
coalescence. The observed trends in bubble diameter increase over time aligned well
with theoretical predictions.

(3) As observed by [53,57], bubble coalescence becomes significant at higher potentials.
Increased potential enhances gas production rates, leading to the formation of larger
bubbles. This observation aligns well with our findings that, at very high poten-
tials, departure frequency decreases due to larger bubble formation. Notably, our
study provides a novel insight by identifying a distinct potential range (2.5–2.8 V)
where microbubbles detach individually with minimal coalescence—a behavior less
emphasized in previous works.

The observed trends provide valuable insights for scaling these phenomena from
microscale systems to industrial-scale electrolyzers, where bubble behavior significantly
impacts operational efficiency. In future studies, the impact of surface texture could be
incorporated to further investigate bubble growth and coalescence behavior. Such research
would provide an in-depth understanding of bubble management strategies for improving
the overall electrolysis process. More research efforts are also needed to visualize the triple
contact line and nucleation site density of microbubbles in relation to the detaching bubble.
This could explain the force balance as well as provide deeper insight into the dominating
mechanisms of bubble growth.
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While our study provides valuable insights into the initial stages of bubble forma-
tion and coalescence on a platinum microelectrode, it is important to acknowledge the
limitations inherent in the short duration of our experiments. The long-term degradation
mechanisms are not captured within the timeframe of our current study. Future research
should focus on extended-duration experiments to assess the impact of prolonged opera-
tion on catalytic activity and bubble dynamics. Such studies would bridge the gap between
our current findings and their applicability to industrial electrolyzers, ensuring that insights
gained at the microscale translate effectively to long-term, real-world applications.
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11. Gutić, S.J.; Dobrota, A.S.; Fako, E.; Skorodumova, N.V.; López, N.; Pašti, I.A. Hydrogen Evolution Reaction-from Single Crystal to

Single Atom Catalysts. Catalysts 2020, 10, 290. [CrossRef]
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