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A B S T R A C T

Interfacial pH changes and bubble dynamics play pivotal roles in water electrolysis, significantly impacting
cell overvoltage and energy consumption. The quantification of these changes has proven challenging, given
the traditional focus on bulk solution pH fluctuations. In contrast to previous studies on individual bubble
growth, this research adopts a distinctive approach, analyzing over than 8,000 bubbles in each experiment
through advanced image processing computational procedures for edge detection. This methodology provides
extensive data for comprehensive statistical analysis. Furthermore, the study delves into the generation of
H2 and O2 bubbles during water electrolysis in both acidic and alkaline media, employing a platinum
strip electrode. Crucial experimental variables, such as electrolyte pH, gas type, and current density, are
systematically explored for their influence on bubble size and distribution using a 23 factorial design. In
addition to this work, finite element simulations were conducted to model interfacial pH under the same
experimental conditions. These simulations substantiate our experimental findings, confirming the occurrence
of interfacial pH transitions in some instances. This transition, in turn, influences the bubble size distribution
and consequently impacts cell voltage. These experimental and simulated datasets and potential curves
allow for comparing interfacial pH changes with bubble size and the cell voltage relationship. With broad
implications for various applications, such as energy production and material development, where interfacial
pH changes and bubble formation are essential, this novel approach allows the optimization of boundary
conditions for more effective electrochemical processes.
. Introduction

The formation of bubbles on the surface of electrodes is a wide-
anging occurrence accompanying many electrochemical processes, es-
ecially those involving water as part of the electrolyte [1–4]. This
henomenon has garnered significant interest due to its impact on the
lectrode surface, catalytic activity, and overall process efficiency [5–
].

The cell overpotential controls the electrochemical process’s ef-
iciency, which encompasses activation overpotential, concentration
verpotential, and ohmic overpotential [8–10]. Among these, the acti-
ation overpotential is notably affected by the formation of gas bubbles.
hese bubbles cover the electrode surface, leading to inefficient cat-
lytic activity and reducing solution conductivity, further hampering
he overall process efficiency [11–17].

Another phenomenon inherent in an aqueous medium’s electro-
hemical process is the electrode–electrolyte interface’s pH variation.
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Electrochemical reactions that consume or produce H+ and/or OH−

ions create a concentration gradient between the electrode surface
and the bulk of the electrolyte [18,19]. The interfacial pH variation
changes the boundary conditions around the working electrode (WE),
making species available in a different form for the reaction to occur
compared to the initial boundary conditions [20–22]. This variation
occurs fast just after the beginning of the application of an external
potential to the WE. On the other hand, measuring interfacial pH is
challenging once conventional techniques cannot measure it. Accurate
local pH variations may be detected using methods like Scanning
Electrochemical Microscopy (SECM), Scanning Ion-selective Electrode
Technique (SIET), and Rotating Ring-Disc Electrode (RRDE); however,
these techniques have limitations in temporal or spatial resolution, as
well as sensitivity, which restricts their implementation for the in situ
determination of interfacial pH change in some electrochemical systems
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[19,23–26]. In contrast, numerical simulations are a powerful tool for
evaluating interfacial pH change when experimental measurements are
challenging to accomplish [20,25,27]. Furthermore, the simulation may
support experimental results and give extra information that cannot be
gained experimentally.

To avoid this undesired efficiency loss, a comprehensive under-
standing of the behavior of bubble formation and size distribution and
the interfacial pH changes in electrochemical processes is required. By
associating this phenomenon with energy efficiency, strategies can be
identified to manipulate boundary conditions effectively and control
gas bubble formation during the process [28–34]. This study presents a
comprehensive investigation into the electrochemical production of H2
nd O2 bubbles during water electrolysis, examining both acidic and
lkaline media. While previous research had explored the development
f individual bubbles [35–38]. The study employs computational meth-
ds for image processing and edge detection to examine approximately
000 bubbles generated during each experiment. Furthermore, a finite
lement simulation was used to evaluate the interfacial pH variation
nder the applied experimental conditions, and the simulation data
ere correlated with the experimental values of the cell voltage. This
ork aims to provide valuable insights into enhancing the understand-

ng of electrolysis by comprehensively investigating the dynamics of the
orrelation between interfacial pH change and bubble size distribution
nd its effects on the cell overpotential.

. Methods

.1. Data acquisition

The experimental setup consists of an electrochemical cell with a
ectangular shape made of glass containing two auxiliary electrodes
ade of polycrystalline platinum grid (1 × 1 cm) positioned to make

he current distribution on the working electrode homogeneous. The
orking electrode is a platinum strip (0.02 × 1 cm) embedded in a
lass placed so that the bubbles come out perpendicularly, avoiding
he overlap of the objects (bubbles) and keeping the focal distance
o the acquisition image system constant. The experimental setup and
mage processing techniques (depicted in the Supplementary Informa-
ion) are shown in Fig. 1. For image acquisition, an action camera
ith fixed focus GoPro Hero 10 model was used to record at 5.3K

5312 × 2988) resolution at 60 frames per second, fps. We set the
elative position between the camera and the electrode to optimize the
ata accuracy. The cell was placed over an XYZ positioner for fine-
uning the focus. A macro lens 55mm, close-up +10 and a circular
olarizer (CLP) filter were used to reduce the focal length and the
mpact of reflections, respectively. Additionally, we utilized a portable
hotographic studio NAGANO with dimensions of 60 × 60 × 60 cm,
eaturing two integrated LED bars for illumination. The top section
f the studio houses two built-in light bars, ensuring consistent and
djustable lighting conditions.

Two different solutions were used as electrolyte: KOH 0.1mol L−1

pH 13) for alkaline medium and HClO4 0.1mol L−1 (pH 1) for acidic
edium. The stoichiometric coefficients of the reactions were used

o normalize the current densities in the chronopotentiometric exper-
ments, which produced O2 and H2 respectively while maintaining an
qual gas flow for both gases.

.1.1. Image processing techniques
In this work, we use the Edge Detection Method to process the video

rames to count the bubbles formed from the electrode to the surface.
t is impossible to analyze the frame directly since many kinds of noise
re present in the image, such as the scene’s illumination, the recipient’s
olor, and the transparent color of the bubbles. Removing all the noise
2

sing the following algorithm was necessary to get an accurate result.
Table 1
23 factorial design of experiments.

Experiment Gas pH j (mAcm−2)

1 O2 1 50
2 H2 1 50
3 O2 13 50
4 H2 13 50
5 O2 1 100
6 H2 1 100
7 O2 13 100
8 H2 13 100

2.1.2. Algorithm
The proposed image processing algorithm for addressing bubbles

encompasses six sequential steps (Grayscale, Normalization, Edge De-
tection, Mathematical Morphology, Labeling, and Threshold). Each
process segment is visually depicted in Fig. 1 and is fully described
in the Supporting Information. This methodological framework encom-
passes a comprehensive approach to handling different bubble sizes,
ultimately contributing to enhanced accuracy and reliability in bubble
analysis.

2.2. Chemometric study

A 23 full factorial design was carried out to determine the effect of
pH, applied current density (j), and gas formed (O2 and H2) in the re-
sponses, bubble size distribution, and cell potential. The combinations
between these independent variables resulted in eight experiments,
and all experiments were carried out in duplicate. The experimental
conditions are described in the Table 1.

2.2.1. Choose the tiny/big bubble size components
The datasets obtained appear to be a mixture of multiple normal

distributions due to overlapping or underlying components. Peaks in
the data might represent different sources or components, and the de-
convolution of peaks is needed to estimate the bubble size mean values
and the standard deviation of the individual normal distributions that
compose the observed data. The normalmixEM function from mix tools
package [39] version 2.0.0 for the R statistical software [40] version
4.3.2 was used to estimate the parameters of the mixture of normal
distributions from observed data, separate the observed data into its
constituent parts, and help to identify and characterize individual peaks
in the presence of overlapping. The primary objective of the procedure
is to determine the parameters associated with the normal distribu-
tions, including their amplitudes, standard deviations and means. The
algorithm is fully described in the Supporting Information.

2.3. Finite element simulation

We have developed a multiphysics model to evaluate interfacial
pH changes during water electrolysis. A simplified one-dimensional
geometry was considered to capture the interfacial pH changes effi-
ciently. The model considers a binary electrolyte constrained between
two impermeable electrodes, and only the reaction of interest was
simulated (cathodic or anodic). The model implementation was based
on our previous works, and his full description is presented in the
Supplementary Information [20,25].

3. Results and discussion

3.1. Analysis of bubble size distribution

In this study, we employed chemometric methods to extensively
evaluate the size distribution of gas bubbles formed during the water
electrolysis. This contributes to a deeper understanding of relationships
between variables, facilitating the identification of interactions and
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Fig. 1. Image acquisition and processing techniques applied to a single frame. (1): Original frame, (2): Gray-scale frame, (3): Edge detection, (4): Mathematical morphology, (5):
Labeling, (6): Threshold.
trends that may go unnoticed in univariate approaches. Minimizing ex-
perimental errors and maximizing result reliability are other significant
advantages. Thus, employing experimental design saves resources and
reduces the time needed to achieve meaningful results. Fig. 2 shows the
size distribution of bubbles in experiments 1–8 and the deconvolution
component lines, assuming a bimodal distribution and photographs of
the electrode’s surface.

By iteratively estimating parameters for two normal distributions,
including mean values and standard deviations that best align with
the data, the algorithm deconvolutes the bimodal distribution. This
iterative process enables a thorough exploration of the deconvolution
outcomes and facilitates a comprehensive understanding and optimiza-
tion of the underlying mixture components in the data. Consequently,
this approach provides valuable insights into the distinctive charac-
teristics of the underlying components. Such a method is particularly
advantageous in scenarios where data originates from two separate
sources or processes, allowing for their effective separation and analy-
sis. In the present case, a statistical analysis of the data categorizes it
into two groups: tiny bubbles (d < 150 μm, characterized by the red
deconvolution lines in the histograms) and big bubbles (d > 150 μm
characterized by the green deconvolution lines).

Fig. 3 was used to assess the significance of ranked variables and
to illustrate the influence of these variables and their cross-effects in
the response. Effects with a value exceeding the threshold (red lines)
are considered statistically significant at p = 0.05. This chart illustrates
how each variable influenced the percentage of small and large bubbles
and indicates the effect’s magnitude, direction, and importance.

Notably, the Pareto chart revealed that all the individual variables
and their interactions were statistically significant regarding bubble
size distribution. Besides, the normalized effect values prominently
showcased the magnitude of these influences. Among the variables
studied, pH emerged as the most influential, wielding a substantial
normalized effect of −7.41. The negative estimated pH effect revealed
that the response – the percentage of small over big bubbles – de-
creased with decreasing pH at the studied variable’s values. This finding
underscores the paramount role of solution acidity or alkalinity in
dictating the resulting bubble sizes. In alignment with the literature’s
established observations, which indicate that hydrogen bubbles typ-
ically exhibit smaller sizes than oxygen bubbles, our study discerns
a positive correlation between the gas variable and the bubble size
ratio [41–43]. More specifically, our findings reveal a prevalence of tiny
bubbles compared to big bubbles. This observation contributes valuable
insights to understanding gas-dependent dynamics in bubble formation.
3

The applied current has shown a significant effect on the system;
however, it increases response when it is increased. Surprisingly, the
applied current, typically regarded as a straightforward determinant of
reaction rate, displayed a comparatively lesser influence on bubble size
distribution. This deviation underscores the complexity of electrolytic
processes, where multiple factors interweave to shape the outcome. The
positive estimated gas type effect revealed that the response increased
with the gas type level, indicating that the proportion of tiny bubbles
over large ones increases for the formation of O2. This finding confirms
the trend observed in previous studies [44]. While individual analysis of
gas and pH variables present their major significance, the gas:pH inter-
action proves less significant than the third-order gas:pH:j interaction.
This discrepancy arises from the negative impact of the pH interaction,
contrasting with the positive effects of the gas and j variables. Notably,
the j variable enhances the magnitude of this cross-effect due to its
significance, contributing to the overall observed effects.

We fitted a first-order equation to make predictions based on the
experimental data regarding the percentage of small bubbles over large
ones, y. This equation can be formulated and coded as follows:

𝐲 = 71.43 + 6.39𝐠𝐚𝐬 − 8.59𝐩𝐇 + 3.95𝐉 − 4.50𝐠𝐚𝐬 ∶ 𝐩𝐇
− 5.98𝐠𝐚𝐬 ∶ 𝐉 − 4.32𝐩𝐇 ∶ 𝐉 + 6.36𝐠𝐚𝐬 ∶ 𝐩𝐇 ∶ 𝐉

(1)

In Eq. (1), coefficients with positive values indicate that these terms
favor the response, precisely the percentage of tiny bubbles over big
bubbles. However, terms with negative coefficients indicate an unfavor-
able relationship with the response. An analysis of variance (ANOVA)
was conducted to justify the significance and adequacy of the regression
model. The summary output confirmed the statistical significance of the
model at p = 0.05. The coefficient of determination (R2 of 0.958), close
to unity, and smaller standard deviation values suggest that the model
satisfactorily explains the data variability. The F-value of 26.17 further
indicates the model’s adequacy and significance. These results imply
that the model can account for 96% of the variability in the response,
with only 4% attributable to noise.

Traditionally, the literature has reported predictable trends in bub-
ble size distribution. Hydrogen bubbles tend to be smaller than oxygen
bubbles due to differences in solubility and diffusion rates [44,45]. Hy-
drogen gas in a solvent would migrate towards hydrogen bubbles owing
to its lower solubility. Additionally, with hydrogen’s mass density being
approximately 1/16th that of oxygen gas, hydrogen bubbles are more
readily detached from the cathode due to their smaller diameter com-
pared to oxygen bubbles, buoyed by the former’s lesser mass [46,47].
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Fig. 2. Bubble size distribution and photographs of the electrode’s surface for experiments 1–8.
This is verified in Fig. 2 by comparing each pair of experiments 1–2,
3–4, 5–6, and 7–8.

Alkaline conditions generally yield smaller bubbles than acidic en-
vironments. This is due to the influence of hydroxide ions (OH−) on the
surface tension at the electrode–electrolyte interface [48,49]. In acidic
environments, H+ ions enhance the cohesive forces between water
molecules, leading to a lower surface tension [50,51]. Conversely, in
alkaline environments, the presence of OH− ions reduces these cohesive
forces, resulting in higher surface tension [52–54]. It is important
to clarify the relationship between bubble size and surface tension.
A higher surface tension in alkaline solutions contributes to smaller
bubble sizes, not because of a weakened adhesion to the electrode,
but due to the complex interactions at the triple-phase boundary of
gas-solid, gas-liquid, and solid–liquid phases [6,55–57]. During bubble
growth, the gas-solid interaction at the nucleation point tends to hold
the bubble on the electrode. However, surface tension acts in the oppo-
site direction, pulling the bubble away from this interaction [58–61].
Furthermore, studies have shown that the bubble-electrode bonding
energy decreases with increasing pH, facilitating earlier detachment of
bubbles in more alkaline environments [4]. This is supported by re-
search indicating that as the pH of the solution increases, the diameter
of gas bubbles formed on platinum electrodes decreases [62].
4

This is verified for oxygen bubbles by comparing experiments 1–
3 and 5–7. However, hydrogen bubbles show an inverse tendency.
While one might expect hydrogen bubbles to exhibit a similar trend
to oxygen bubbles in alkaline environments, our observations reveal
an inverse tendency. This unexpected behavior can be attributed to
the nuanced interplay between the electrochemical reactions occurring
at the electrode surface and the variation in interfacial pH. In an
alkaline medium, the electrode generating hydrogen experiences a
transition from an alkaline to an acidic environment at the electrode
surface due to the consumption of hydroxide ions during the oxygen
evolution reaction. This transition alters the surface tension dynamics,
decreasing surface tension at the electrode–electrolyte interface. As a
result, hydrogen bubbles tend to linger longer on the electrode surface,
promoting coalescence and the formation of larger bubbles. Likewise,
higher current densities are known to generate smaller bubbles due
to the enhanced gas evolution rates at the electrode surface [63].
This is verified for oxygen bubbles by comparing experiments 1–5 and
3–7. However, hydrogen bubbles seem to be unaffected by current
density. Our experimental findings validate these established trends for
experiments 1, 4, 5, and 8, thereby reaffirming the robustness of prior
knowledge.
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Fig. 3. Pareto plot for the percentage of tiny bubbles/big bubbles.

However, only the tiny bubbles’ component line is observed for
xperiments 2 and 6, in which a bimodal distribution was expected.
his outcome is unexpected, given the lower surface tension com-
ared to experiments conducted in an alkaline medium. The same
appened to experiments 3 and 7, which were supposed to have an
nimodal distribution characterized by tiny bubbles but showed a
imodal distribution, with tiny and big bubbles formed during the
xperiments. These experiments, conducted in an alkaline medium,
ould conventionally be anticipated to yield a lower distribution of

arge bubbles. The intriguing deviations in the bubble size distribution
bserved in experiments 2, 3, 6, and 7 challenge conventional assump-
ions and may be closely linked to variations in the interfacial pH. These
eviations are particularly surprising given the anticipated influence
f heightened surface tension in acidic and alkaline conditions. It is
lausible that variations in pH at the electrode–electrolyte interface
ignificantly impact the surface tension and bubble nucleation pro-
esses, ultimately leading to the observed distributions. Specifically, the
ncreased concentration of hydronium ions decreases surface tension in
cidic conditions, this reduction in surface tension allows gas bubbles
o grow larger before detaching from the electrode surface. Conversely,
ydroxide ions increase the surface tension in alkaline environments,
s a result, gas bubbles formed in alkaline solutions detach more easily
rom the electrode surface due to the weakened adhesion caused by the
igher surface tension.

The data and discussion presented here underscore the importance
f considering bubble size distribution in water electrolysis processes.
he observed influences of applied current, electrolyte pH, and gas type
n bubble characteristics highlight the potential for tailoring bubble
ormation to enhance reaction efficiency, process stability, and safety.
dopting chemometric methods and image analysis techniques opens
ew avenues for future research, leading to more informed decisions
n the pursuit of sustainable electrochemical processes.

.2. Relation between bubble size distribution and interfacial pH change

Based on the unexpected trends in the bubble size distribution, we
onducted a detailed analysis of the experimental chronopotentiometry
urves for each experiment to elucidate the relationship between the
roposed changes in the interfacial pH and the potential behavior.

Fig. 4 shows the potential curves for the eight experiments of the
xperimental design. It can be observed that the potential curves for
5

experiments 2, 3, 6, and 7 exhibit interesting behaviors with the forma-
tion of two plateaus in comparison to experiments 1, 4, 5, and 8. These
peculiarities may be attributed to the interfacial pH changes expected
under the experimental conditions of the four experiments mentioned
above, as documented in the literature [18,20,64–66]. This transi-
tion, driven by intricate electrochemical processes at the electrode–
electrolyte interface, introduces dynamic changes to the composition
of surface-active species. Consequently, the behavior of the electrolytic
system is perturbed, resulting in unexpected bubble size distribution.

During water electrolysis, one of the half-reactions constantly un-
dergoes a significant pH variation at the electrode–electrolyte interface.
Fig. 5 represents how the electrode and solution interact during water
electrolysis. It also shows how changes in pH at the electrode interface
are closely linked to specific electrochemical reactions, H2 evolution in
an acidic medium, and O2 evolution in an alkaline medium.

As shown in Fig. 5A, the cathodic reaction takes place in an acidic
environment, which creates H2 by using up H+ ions on the electrode
surface. After the consumption of H+ species, the water itself begins
to be reduced, leading to the formation of OH− ions. Consequently,
this consumption of species results in a change in the interfacial pH
from acidic to alkaline, in contrast to the bulk pH. Moving to Fig. 5B,
the anodic reaction takes place to produce O2 in an alkaline medium.
During this stage of the reaction, there is a consumption of OH− ions,
yielding O2 and H2O. In the same way as with an acidic medium, H2O
is oxidized to make O2 and H+ ions after OH− species are used up.
Consequently, the pH at the interface transitions from alkaline to acidic
during the O2 formation process. In all cases, the interfacial pH change
generates a concentration overpotential. As the reaction conditions are
no longer the same as the initial ones, the cell potential increases its
value to maintain the electrode current constant. The results presented
here emphasize the central role of pH variations in shaping both bubble
size distribution and cell potential during water electrolysis.

To obtain a relationship between the cell potential values and
the variables studied, the overpotential values were obtained from
the extrapolation of the asymptotic potential and subtracted from the
Nernst potential values.

𝜂 = 𝐸𝑐𝑒𝑙𝑙 − 𝐸𝑁𝑒𝑟𝑛𝑠𝑡 (2)

where

𝐸𝑁𝑒𝑟𝑛𝑠𝑡 = 1.229𝑉 − 0.0591 ∗ 𝑝𝐻𝑏𝑢𝑙𝑘 (3)

To achieve this, we utilized data derived from each experiment’s
extrapolation of chronopotentiometry curves to the asymptotic po-
tential (the complete description of the method is described in the
Supplementary Information). This approach offers a comprehensive
assessment of the electrochemical behavior under different operating
conditions. The extrapolation technique employed in this study is a
well-established method in electrochemistry for estimating overpoten-
tials, as supported by previous works [67–72]. It provides a robust
method to characterize the performance of electrochemical systems. By
extending the chronoamperometric data to the asymptotic potential,
we effectively captured the limiting behavior of the electrochemical
processes under investigation.

As shown in Table 2, the experimental conditions that exhibit higher
overpotentials are those where interfacial pH transition is expected.
The experiments with the interfacial pH transition alkaline→acidic
(experiments 3 and 7) have a higher overpotential than those for the
same gas where these phenomena do not occur (experiments 1 and 5).
This overpotential can be related to concentration overpotential and
Ohmic and activation overpotential since the pH changes directly affect
the bubble size distribution and, consequently, the electrode surface
coverage. However, when the interfacial pH changes acidic→alkaline
(experiments 2 and 6), the overpotential is smaller than the exper-
iments for the same gas that does not present these phenomena (4
and 8). One possibility to explain this behavior is the change in the
bubble size distribution occasioned by the different surface tension led
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Fig. 4. Potential curves for experiments 1–8; (A) for O2 and (B) for H2.
Fig. 5. Schematic representation of the reactions that lead to the interfacial pH transition in (A) acidic and (B) alkaline medium.
Table 2
Overpotential values and interfacial pH for experiments 1–8.

Exp Gas pH j (mAcm−2) 𝜂 (V) Interfacial pH

1 O2 1 50 0.95 ± 0.01 Acidic
2 H2 1 50 0.77 ± 0.02 Acidic → Alkaline
3 O2 13 50 1.85 ± 0.1 Alkaline → Acidic
4 H2 13 50 1.32 ± 0.02 Alkaline
5 O2 1 100 1.03 ± 0.01 Acidic
6 H2 1 100 0.80 ± 0.02 Acidic → Alkaline
7 O2 13 100 2.12 ± 0.05 Alkaline → Acidic
8 H2 13 100 1.57 ± 0.003 Alkaline

by the accumulation of OH− species in the interface electrode solution.
Then, the formation of smaller bubbles occurs, decreasing the resulting
overpotential.

A notable finding of our study is the strong correlation between
bubble size distribution and cell potential. Analyzing the obtained
data, we observed distinct trends in the cell potential corresponding to
different experimental conditions. Experiments 2, 3, 6, and 7 exhibited
unique profiles in contrast to the expected behavior for constant-current
water electrolysis. This deviation from the anticipated behavior can be
attributed to the interaction between pH variations and electrochemical
reactions at the electrode surface.

Despite the size distribution showing a higher quantity of large
bubbles in experiments 3 and 7, the large bubbles formed remained on
6

the electrode surface, taking longer to detach compared to experiments
4 and 8. This could be why a higher overpotential is observed, even
though both experiments have the same pH and current density. This
difference can be explained by the interfacial pH change, which occurs
in experiments 3 and 7 but not in experiments 4 and 8. Consequently,
the solution-electrode interface becomes acidic in experiments 3 and
7, increasing the surface tension and making the bubble’s detachment
process from the electrode more difficult, promoting their coalescence.

The correlation between cell potential and bubble size distribu-
tion substantiates the interdependence of these two parameters. It
reinforces the notion that the properties of the gas bubbles formed
are intrinsically linked to the electrochemical processes occurring at
the electrode–electrolyte interface. The data, therefore, indicate that
monitoring bubble size distribution could indirectly assess cell potential
variations and vice versa.

The results of the overpotential were also treated as a response
to the experimental design used in this investigation, and its Pareto’s
chart is presented in Fig. 6. Notably, the Pareto chart revealed that
all the individual variables gas type, pH, and applied current density
were statistically significant when overpotential was used as a response
at p = 0.05. In addition, just the gas:pH and pH:j interactions were
statistically significant concerning the overpotential.

Based on the experimental data related to the overpotential (𝜂), we
developed a first-order equation for predictive purposes. This equation
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Fig. 6. Pareto plot for overpotential with significance lines.

can be formulated and coded as follows:

𝜼 = 1.30 − 0.19𝐠𝐚𝐬 + 0.41𝐩𝐇 + 0.08𝐉 − 0.08𝐠𝐚𝐬 ∶ 𝐩𝐇 + 0.05𝐩𝐇 ∶ 𝐣 (4)

In Eq. (4), coefficients with a negative impact indicate terms that
contribute to decreasing the response in terms of 𝜂. Conversely, co-
efficients with a positive influence denote terms that contribute to
an augmentation in the response concerning overpotential. To assess
the significance and suitability of the regression model, we carried
out an ANOVA, and the summarized results confirmed the statistical
importance of the model at a significance threshold of p = 0.05. The
determination coefficient (R2 of 0.993), coupled with reduced standard
deviation values, implies that the model effectively accommodates the
variability in the data. The F-value of 166.7 further reinforces the
model’s appropriateness and significance. These outcomes propose that
the model can elucidate nearly 99% of the variability in the response,
with only 1% ascribed to noise.

The gas variable exhibits a more pronounced negative impact,
indicating that the overpotential is lower when the evolved gas is H2.
This can be attributed to the smaller size of H2 bubbles than O2. Addi-
tionally, the lower density of H2 and the disparity in solubility between
these gases affect bubble formation dynamics, leading to significant
electrode coverage and a notable reduction in overpotential. On the
other hand, the pH and current variables demonstrate a positive effect,
indicating that higher pH or current results in increased overpotential.
This suggests a direct relationship between pH or current intensity
and overpotential magnitude. Additionally, the interaction between
gas type and pH has been identified as a significant determinant in
overpotential modification. While first-order variables are traditionally
more influential, our observations support that the specific interaction
between O2 gas in an alkaline environment and H2 in an acidic environ-
ment induces substantial changes in overpotential. This phenomenon
is attributed to interfacial pH variation, resulting in the complete
transformation of the environment at the surface-electrode interface.

In this sense, we employed a Computational Fluid Dynamics (CFD)
approach utilizing COMSOL Multiphysics to gain deeper insights into
the electrochemical processes. This enabled us to computationally sim-
ulate the interfacial pH at the working electrode during the initial
seconds of experiments 1 and 2.

Fig. 7 shows the experimental and simulated data for two separate
experiments, Experiment 1 (Fig. 7A) and Experiment 2 (Fig. 7B). It
shows how the cell potential changed over time (experimental) and
7

how the interfacial pH changed (simulated).
Fig. 7A depicts the cell potential and interfacial pH in the O2
evolution reaction. Noteworthy is the observation that both the interfa-
cial pH and cell potential exhibit non-significant variations throughout
the experiment. Fig. 7B presents the potential curve alongside the
simulated interfacial pH for the H2 evolution reaction over time. The
shaded region, marked by a color gradient, reveals a striking change
in potential and a pH transition. Initially acidic, the pH undergoes an
abrupt transition to alkaline within a short time frame, coinciding with
the observed shift in potential.

We propose that the observed abrupt change in the cell potential is
intrinsically linked to the pH transition and a change in the morphology
of the bubbles, as these two processes unfold simultaneously. Analyzing
the cell voltage and the simulated interfacial pH, we can assume that
the abrupt variations in voltage are directly related to the interfacial
pH transition. However, a discrepancy between the interfacial pH and
cell voltage in the transition region can be observed. We propose that
this difference can be explained by the convective movement generated
by the bubble detachment during electrolysis. As verified in previous
work of our group [73], convection is promoted by the gas bubble’s
detachment from the electrode surface. This movement leads to a
higher bubble detachment at the electrode edges and in the mixing of
species present at the electrode/solution interface. The computational
model used focused only on electrochemical reactions, neglecting the
dynamics of bubbles in the solution due to the difficulty of model
convergence and the computational effort required to simulate the in-
terfacial pH transition region. Therefore, the gas bubble dynamics could
attenuate the interfacial pH transition by the convective movement
promoted by bubble detachment, since the mixture of species can lead
to neutralization of OH− with H+ species [73–75]

Therefore, the unexpected behavior in the bubble size distribution
in experiments 2, 3, 6, and 7 can be justified by the intense variation
in interfacial pH that occurs under these conditions. These observa-
tions show that interfacial pH is pivotal in dictating the bubble size
distribution. This, in turn, has a cascading effect on the overall cell
potential.

Our methodology provided an in-depth understanding of the inter-
play between various parameters and bubble size distribution. Such
insights can be valuable in optimizing the design and operation of many
electrochemical systems.

4. Conclusions

This study explored the dynamics between experimental parame-
ters, bubble size distribution, interfacial pH changes, and cell potential
in electrochemical water electrolysis. We unraveled intricate relation-
ships underpinning the system’s behavior by systematically varying pH,
applied current, and gas type.

We have observed through careful statistical analysis that the
change in pH dramatically affects the electrochemical reactions at
the interface between the electrode and the electrolyte. The observed
differences in bubble shape and cell potential from what would be
expected show how pH changes and electrochemical kinetics work
together in complex ways. Notably, our study revealed a strong cor-
relation between bubble size distribution and cell potential, suggesting
that monitoring the former could be a proxy for assessing the latter.

The phenomenon of interfacial pH variation emerged as a cen-
tral theme in this work. We established its presence as a driving
force behind the observed experimental outcomes, reaffirming the phe-
nomenon’s significance in electrochemical processes. Moreover, finite
element simulations were used to model interfacial pH under the same
experimental conditions. This confirmed our experimental results and
gave us more information about how pH changes affect bubble shape
and cell potential.

These findings have implications beyond fundamental research, as
they can inform the design and optimization of electrochemical systems
for practical applications such as hydrogen production.
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Fig. 7. Experimental chronopotentiometry curves and simulated interfacial pH for experiment 1 (A) - O2 evolution reaction in acidic medium, and 2 (B) - H2 evolution reaction
in acidic medium.
In conclusion, this study enriches our knowledge of the intricate
interplay between pH variations, bubble size distribution, and cell
potential in electrochemical water electrolysis. By shedding light on
the underlying mechanisms and integrating simulation results, we con-
tribute to a broader understanding of electrochemical systems and open
avenues for innovation in sustainable energy technologies.
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