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1. Introduction

Competitive growth kinetics of coexisting
hydrogen bubbles on Ni electrodes: role of bubble
nucleation densityf

Weikang Yang, © ** Dongxu Gu,” Xin Liu® and Qiangmin Luo?

The coverage of hydrogen bubbles decreases the active area of electrodes, resulting in reduced
electrochemical performance. However, bubble growth locally decreases hydrogen concentration,
thereby mitigating concentration overpotential. This dual effect highlights the significance of
investigating the effect of bubbles on hydrogen removal in electrode design. Since hydrogen removal
primarily occurs via molecular transport across bubble interfaces (which drives bubble growth), we
analyzed the multi-bubble growth kinetics (R = at®) on Ni electrodes with varying roughness to compare
the hydrogen removal effect at the bubble interface. For a low-roughness (LR-surface) electrode, bubble
growth follows conventional time coefficients (8) close to 0.5, indicating that the bubbles were in an H;-
saturated environment, where the entire bubble interface participated in hydrogen removal. The elevated
bubble density on a medium-roughness (MR-surface) electrode provides additional bubble interfaces for
hydrogen removal, reducing hydrogen concentration (« decrease from 93.91 to 63.11). The time
coefficient of bubble growth remained at 0.5, confirming that the increased bubble interface was also in
the hydrogen-saturated condition. In contrast, on a high-roughness (HR-surface) electrode, the
competition of excessive coexisting bubbles for hydrogen molecules leads to the narrowing of the Hy-
saturated region, and the top of the bubble is in the H,-unsaturated region, indicating that not all of the
additional bubble interface is involved in the hydrogen removal, which is manifested as the decrease in
the time coefficient (8 decrease from 0.5 to 0.42). Based on the experimental results, we conclude that
the hydrogen removal effect does not increase linearly with increasing numbers of coexisting bubbles on
the electrode. The transition in bubble growth kinetics reflects the varying degree of bubble interface
involvement in hydrogen removal, which may serve as a consideration for designing the density of
bubble nucleation sites on electrodes.

from the mass transfer of hydrogen molecules in the electrolyte,
which reduces local hydrogen concentration near the electrode

Electrolytic hydrogen production is considered one of the most
promising approaches to address future energy crises."® Pres-
ently, extensive efforts are being undertaken to develop catalysts
with high intrinsic activity to reduce the energy barrier for water
splitting.®*> However, the substantial impact of hydrogen (H,)
bubbles adhering to the electrode has historically been over-
looked. Many studies have highlighted that growing bubbles
can obscure the catalyst surface, resulting in a reduction in the
active area of the electrode.”*™® This phenomenon also induces
undesired ohmic overpotential, resulting in energy loss and
efficiency degradation.”? However, bubble growth originates
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and consequently mitigates concentration overpotential effects.
Therefore, achieving an optimal balance between these dual
bubble effects is critical for hydrogen evolution electrode
design. Specifically, we aim for full bubble interfacial partici-
pation in hydrogen removal.

The removal of hydrogen molecules by bubbles primarily
occurs through mass transfer across the gas-liquid interface
into the bubbles. We therefore characterized the multi-bubble
growth kinetics on nickel (Ni) electrodes to evaluate the
hydrogen removal efficiency at bubble interfaces. According to
previous experimental and simulation studies, the bubble
growth follows a power-law behavior, which can be described as
R(f) = at’, where « represents the growth coefficient and
8 denotes the time coefficient.>*** The time coefficient of
bubbles is fundamentally governed by the diffusion process of
hydrogen molecules from the surrounding environment into
the bubble. Wang et al.?® employed two distinct approaches to
modulate the effective electrode area of TiO, photoanodes: (1)
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full-electrode (3 cm?) electrochemical gas evolution; (2) laser-
localized irradiation (0.00785 c¢m®) for photoelectrochemical
gas generation, observing two distinct time coefficients (8). The
experimental results reveal that when bubbles are significantly
smaller than the electrode’s reactive area, they reside in a gas-
saturated environment where growth is limited by molecular
diffusion across the gas-liquid interface (8 = 0.5), with the
entire bubble interface participating in hydrogen removal.
Conversely, when the effective electrode area was reduced, the
bubble's time coefficient significantly decreased to 0.33, as gas
molecules generated at the electrode directly entered the
bubble, limiting the process reaction, and most of the bubble's
interface remained inactive during hydrogen removal. Bashka-
tov et al®® presented additional experimental evidence by
investigating single hydrogen bubble growth on Pt microelec-
trodes in H,SO, electrolyte. Their results demonstrated a time
coefficient evolution of the bubble growth: an initial 8 = 0.5 for
several milliseconds, followed by a transition to a stable § =
0.33, when the bubble dimensions exceeded the size of the
microelectrode. These results show that the degree of bubble
interface participation in hydrogen removal can be reflected in
bubble growth kinetics. During the actual water electrolysis,
multiple bubbles grow simultaneously on the electrode but are
not isolated. Therefore, it is valuable to investigate the effects of
other coexisting bubbles on the bubble growth kinetics of
electrodes.

In this study, we investigated the growth kinetics of multiple
coexisting bubbles on the electrode surface. We also performed
the hydrogen evolution reaction (HER) as a probe reaction on
a Ni electrode, whose bubble nucleation density was well
controlled by altering the surface roughness of the electrode.
The experimental results show that the influence of coexisting
bubbles on the bubble growth kinetics is obvious. The bubble
growth rate decreases with the increase in the number of
coexisting bubbles on the electrode, which is reflected by the
decrease in the growth coefficient () in the form of R(t) = «t’.
Upon reaching a certain critical density of nucleation sites, the
bubble growth changed from a diffusion-limited to a concen-
tration-limited pattern, as manifested by a decrease in the
time coefficient (8). The experimental results demonstrate that
excessive coexisting bubble competition for hydrogen mole-
cules induces a narrowing of the diffusion boundary layer,
resulting in hydrogen-undersaturated conditions at the bubble
top regions. This phenomenon fundamentally indicates the
existence of an optimal upper limit for the density of bubble
nucleation sites.

2. Experimental
2.1 Experimental setup

The Ni electrodes were prepared based on previously reported
methods.*® In summary, the Ni block was encapsulated with
epoxy resin to expose only the working face (& 5 mm). The
subsequent working face was directly polished using sandpaper
(wuxi-1200, wuxi-800 and wuxi-400) to prepare three represen-
tative Ni electrodes with a low roughness surface (LR-surface),
a medium roughness surface (MR-surface), and a high
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Fig. 1 (a) Experimental setup, (b) Ni electrode and typical images
obtained using a high-speed camera.

roughness surface (HR-surface), which were utilized as working
electrodes. The experimental setup is shown in Fig. 1, where the
working face of the Ni electrode faces the high-speed camera to
enable clear observation of the hydrogen evolution process on
the Ni electrodes. The LED was on the same side as the high-
speed camera to use the reflected light from the electrode for
imaging. The hydrogen bubbles could be imaged under the lens
and showed a clear dark coloration.

2.2 Electrochemical measurements

All electrochemical measurements were performed using
a CHI660C electrochemical workstation (Shanghai Chenhua
Instruments Inc., China). The Standard three-electrode config-
uration was employed, consisting of a carbon rod counter
electrode and an Hg/Hg,SO, reference electrode, along with a Ni
electrode (working electrode). The electrodes were assembled in
a quartz glass cell (5 x 5 x 10 cm®) with an electrolyte of 0.5 M
H,S0, solution (Kelong Chemical Reagents Co., Ltd, China).
Cyclic voltammetry (CV) measurements were carried out in non-
faradaic regions (open-circuit potential £50 mV), employing
various scan rates ranging from 25 to 500 mV s~ to evaluate the
electrochemically active surface area (ECSA). The chro-
nopotentiometry method was employed to investigate the
bubble growth kinetics. In our experiments, the current density
was kept consistent across all samples to maintain a uniform
hydrogen production rate. HER was conducted at a relatively
low current density of 2.5 mA cm ™2 to prevent excessive bubble
formation that could interfere with observations.

2.3 Characterization

The morphology of the electrodes was observed using a material
microscope (LEICA DM4000M, Germany). The differences in
the wettability of the electrodes with varying levels of roughness
were evaluated using a contact-angle meter (Dataphysics
OCA20, Germany). The height of the electrode surfaces was
calculated using an MFP-3D Origin atomic force microscope

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(AFM, Oxford Instruments, USA). The root mean square value of
the height at all positions (Rq) was used to quantitatively
describe the roughness of the electrode surface.

2.4 Visualization and image analysis

The growth and detachment of the bubbles were recorded
under high-power LED illumination (Aputure 300d II, China)
using a high-speed camera (Phantom VEO-E 310L, USA). The
optical axis of the camera was perpendicular to the electrode
surface (Fig. 1). The exposure time and frame rate of the camera
were set to 0.1 ms and 100 fps, respectively. The sampled image
was captured from a top view of the electrode surface at a reso-
lution of the image is 1280 x 800 pixels. For the analysis of
bubble images on the electrode, we developed a program
utilizing the image processing module of MATLAB (R 2022b) to
digitize the captured images and extract parameters of bubble
size (More details shown in the ESI). To obtain the true size, we
must perform pixel calibration of the image. We captured an
image of a calibration scale with a minimum graduation of 100
pm. The pixel scale (um per pixel) was then calculated as 100/d,
where d represents the pixel length corresponding to the
minimum division. The magnification ratio of high-speed
photography can influence actual scale measurements. There-
fore, after calibration, the magnification setting was maintained
constant throughout the experiments. The narrow field depth
characteristics of high-speed cameras exert negligible influence
on the measurement accuracy when a proper focus is achieved.

The bubble size was determined through the following steps:
(1) background subtraction, noise filtering, binarization, and
hole filling; (2) utilization of the Hough algorithm to identify
multiple bubbles in the pre-processed images. Upon bubble
identification, geometric parameters were recorded. By iterating
through steps (1) and (2) for all frames of the video, we obtain
continuous size changes of multiple bubbles on the electrode in
the time domain. The growth kinetics of the five bubbles on
each electrode were collected to ensure the reliability of the
experiment.

3. Results and discussion
3.1 Characterization

The surface morphology of the fabricated Ni electrodes was
characterized wusing a material microscope, revealing
pronounced differences in surface topography among the
electrodes with varying levels of roughness. As illustrated in
Fig. 2a, the high-roughness (HR-surface) electrode exhibited
numerous pits attributed to the larger particles present in the
low mesh sandpaper. These pits were uniformly distributed
across the electrode, resulting in a surface topography with
large height variations and pronounced roughness. The
medium-roughness (MR-surface) and low-roughness (LR-
surface) electrodes are shown in Fig. 2b and c, respectively.
With the use of high-mesh sandpaper during the preparation
process, the pits with substantial height variations gradually
diminished until they were no longer visible. On the MR-surface
electrode (Fig. 2b), faint stripes were discernible because of the
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Fig.2 (a) Surface morphology of the HR-surface electrode, (b) surface
morphology of the MR-surface electrode, (c) surface morphology of
the LR-surface electrode, (d) histogram of the contact angle of
droplet/bubble on the electrodes, with a snapshot at the top (pink: the
bubble contact angle and cyan: the droplet contact angle).

sandpaper treatment process, indicating a notable reduction in
roughness. As shown in Fig. 2c, the LR-surface electrode
exhibited a smooth surface with only minimal incidental traces,
indicating the attainment of low roughness on the fabricated
electrode surface. The electrodes with different levels of
roughness induce variations in surface wettability.**** As shown
in Fig. 2d, the contact angle of water droplets on HR-surface,
MR-surface, and LR-surface electrodes increased from 44.5° to
51.2° and 62.3°, respectively, while the contact angle of under-
water bubbles decreased from 146.8° to 138.4° and 112.3°,
respectively. The results indicated that for Ni electrodes, as the
surface roughness increased, the hydrophilicity of the Ni elec-
trode surface also increased, and the interaction between
bubbles and the electrode surfaces decreased. Furthermore, the
interaction between the bubbles and the electrodes was evalu-
ated using a bubble probe constructed using AFM (More details
shown in ESI}). As presented in Table S1, the adhesion of
bubbles to the LR-surface, MR-surface and HR-surface elec-
trodes decreased from 3.74 nN to 1.82 nN and 1.12 nN,
respectively, based on the characterization of the bubble
contact angles. The measured adhesion forces were signifi-
cantly lower than the theoretical pinning forces calculated from
the surface tension principles. We attribute this discrepancy to
two primary factors: first, during the pressing phase, the bubble
may not have fully reached its equilibrium wetting state before
detachment was initiated. Second, the bubbles maintained
a Cassie-Baxter state on the rough electrode surface, where
discrete solid-liquid contact points rather than continuous
contact lines formed, leading to substantially reduced effective
contact lengths for pinning. Although the absolute values are
significantly lower than the theoretical predictions, they serve
as meaningful qualitative indicators of comparative analysis.
The roughness of the fabricated Ni electrodes was compared
by determining their roughness factor, which was indirectly
estimated by identifying the electrical double-layer capacitance
of the Ni electrodes.*® Cyclic voltammetry near the open-circuit
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Fig. 3 (a) Cyclic voltammetry results at various scanning speeds. (b)
Roughness factors of the three electrodes.

voltage (Fig. S371), with a voltage range of 50 mV, was employed
for each Ni electrode to obtain its double-layer capacitance at
various scanning speeds (Fig. 3a). Subsequently, the roughness
factors of the three electrodes were obtained by normalizing the
LR-surface electrode, as shown in Fig. 3b. The roughness factor
of the electrodes gradually decreased, demonstrating that Ni
electrodes with three levels of roughness were successfully
prepared.

To obtain a finer-scale morphology of the electrode surface
and quantify the roughness, atomic force microscopy was
employed to capture the topography of the prepared Ni elec-
trode surface. As shown in Fig. 4a-c, the three-dimensional
surface morphology of the Ni electrodes exhibited ridge-like
features, which were associated with the surface treatment of
the electrodes. The HR-surface electrode exhibited prominent
ridge-like structures with the largest height variations. The
height variations of the MR-surface electrode were reduced,
while the LR-surface electrode demonstrated the smoothest
surface among the three, consistent with the observations of the
material microscopy. To effectively illustrate the overall surface
features, the two-dimensional surface morphology of the three
Ni electrodes is shown in Fig. 4d-f. In these depictions, the
lighter color indicates higher elevations on the electrode
surface. Subsequently, we sampled the height variations of the
electrode, and the sampling path is indicated by a red line. The
plotted height variation distributions are shown in Fig. 4g-i.

Fig. 4 (a—c) Three-dimensional surface morphology of the Ni elec-
trodes. (d—f) Two-dimensional surface morphology of the three Ni
electrodes. (g—i) Height variation distribution of the red lines in (d—f).
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Table 1 The roughness (Rg) of the Ni electrodes”
Sample Mean of Ry (nm) Range of Ry (nm) SD-Rq (nm)
HR-surface 42.44 26.01 9.19
MR-surface 16.37 9.11 3.40
LR-surface 3.69 1.34 0.43

% SD: standard deviation.

Within the sampled region, the HR-surface electrode showed
a large drop (161 nm), followed by the MR-surface electrode,
and the LR-surface electrode had a remarkably smooth surface,
with negligible height variations of only 17 nm. In the present
experiments, three parallel Ni electrodes were fabricated under
identical preparation conditions. Three random regions were
selected and measured for each sample using AFM. The
measurement region size was 20 x 20 um to ensure consistency,
and the average roughness was calculated to minimize experi-
mental errors. The statistical results are presented in Table 1.

3.2 Kinetics of the multiple bubbles

During the electrolysis process, the growth of hydrogen bubbles
on the electrode surface is determined by the rate of hydrogen
molecule generation from the faradaic reaction (2H" + 2™ —
H,) and the rate of hydrogen molecule diffusion in the elec-
trolyte.*” It is worth noting that the working face of the Ni
electrodes used in our experiment had a circular shape with
a diameter of 500 um. The larger working face facilitated the
simultaneous growth of multiple bubbles on the electrodes,
which is different from the majority of previously reported
research on bubble growth kinetics.>***** Fig. 5a-c illustrates
the hydrogen bubbles on the HR-surface, MR-surface, and LR-
surface electrodes, respectively. The frames represent a single
snapshot captured from the recorded videos, revealing
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Fig. 5 (a—c) Frames of coexisting hydrogen bubbles on the Ni elec-
trodes. (d—f) Kinetics of bubble growth on the Ni electrodes. (g)
Average detachment size of bubbles on the Ni electrodes. (h) Average
time coefficient of bubbles on the Ni electrodes. (i) Average growth
coefficient of bubbles on the Ni electrodes.
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a stepwise decrease in the number of bubbles on the electrodes
with varying roughness levels. In Fig. 5a, the HR-surface elec-
trode exhibited several coexisting bubbles, which were attrib-
uted to its complex surface structure and the low degree of
supersaturation required for bubble nucleation.*® As shown in
Fig. 5b, the MR-surface electrode exhibited a decreased number
of simultaneously existing bubbles on the electrode. This
reduction can be attributed to the diminution of surface height
variation and roughness of the electrode. On the LR-surface
electrode (Fig. 5¢c), only a small amount of coexisting bubbles
was observed, which could be attributed to the smoothing of the
electrode surface, requiring a larger supersaturation for bubble
precipitation on the surface. To quantitatively describe the
kinetics, typical bubble growth processes were then obtained by
image processing to track the variation of the bubble radius
over time. To ensure the reliability of the experiment, five
bubbles were randomly selected and analyzed on each electrode
to determine their growth kinetic parameters. The selected
bubbles are highlighted by red boxes in Fig. 5a-c. It is essential
to emphasize that the coexistence of multiple bubbles was
challenging to observe on the LR-surface electrode, due to a low
nucleation site density of bubbles. Therefore, five bubbles from
the LR-surface electrodes cannot be highlighted in one frame
(Fig. 5¢). The typical time-dependent bubble growth kinetics on
each electrode are shown in Fig. 5d-f. Through observation of
the individual bubble growth process, it was found that the
evolution kinetics of bubbles on the electrode all exhibit power-
law behavior (R = «t®), where the time coefficient was closely
related to the growth kinetics of the bubbles. As shown in
Fig. 5g, the average detachment size of the bubbles on the HR-
surface electrode was 160.40 pm, smaller than those on the MR-
surface and LR-surface electrodes, which can be attributed to
the difference in adhesion forces between the bubbles and the
electrodes, which is consistent with the trends reported in the
literature. Unexpectedly, as shown in Fig. 5h, the bubbles on the
HR-surface electrode exhibited the smallest time coefficient
(0.42), while the typical time coefficient for bubbles on the MR-
surface and LR-surface electrodes was close to 0.50. The
difference in the time coefficients indicates a transition in the
bubble growth kinetics from diffusion-limited to concentration-
limited, thereby extending the period for the bubbles to reach
detachment size. Fig. 5i illustrates the bubble growth coeffi-
cients on different electrodes. Under the same growth kinetics
of bubbles for the LR-surface and MR-surface electrodes, the
decrease in the growth coefficient suggests a lower level of
oversaturation on the MR-surface, which is attributed to the
rapid decrease in hydrogen molecule oversaturation caused by
more nucleation and growth of bubbles. It is worth noting that
with more bubbles, the growth kinetics of the bubbles on the
HR-surface electrode change, rather than their growth coeffi-
cient decreasing.

3.3 Mechanism discussion

The above results indicated a close relationship between the
bubble kinetics and the surface roughness of the electrode.
After the nucleation of the bubbles, the subsequent growth
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Fig. 6 (a) Growth process of hydrogen bubbles on Ni electrodes. (b)
Growth process of multiple bubbles coexisting on Ni electrodes.

process is determined by the reaction rate of the electrode, the
gas transfer, and the adsorption and desorption rates of
hydrogen molecules at the bubble interface, as shown in
Fig. 6a.* First, hydrogen molecules generated by the chemical
reaction on the electrode surface continuously dissolve in the
vicinity of the electrode surface. Through the competition
between the adsorption and desorption of hydrogen molecules
at the gas-liquid interface, hydrogen molecules diffuse into the
interface, causing bubble growth.

Assuming that the bubbles pinned on the electrode were
spherical, the mass flux of hydrogen molecules entering the
bubbles can be expressed as follows:

d/v d [4nR?

(i) - () "
where Vi, (m*® mol™") is the molar volume of hydrogen. If
bubbles grow under a concentration-limited pattern, then the
concentration of hydrogen molecules in the liquid becomes the
rate-limiting step for bubble growth; that is, the reaction flux (J;)
of hydrogen molecules on the electrode surface limits bubble
growth (J; = Jas). Therefore, bubble kinetics with a time coef-
ficient 8 = 0.3 could be obtained as follows:*®

R(t) = (31;":‘)1/3%/3 (2)

When the bubble growth occurs under a diffusion-limited
pattern, the bubble growth rate J,s (mol s™') is equal to the
transfer rate of gas molecules to the bubble interface . It
should be noted that the hydrogen outflow flux is considered
negligible when the bubbles are completely immersed in
a hydrogen-saturated environment. The transfer rate of gas
molecules is determined by two crucial factors: the molecular
diffusion flux Ji,;, which is caused by the concentration gradient
of gas molecules, and the micro-convection flux J, driven by
the expansion of the gas-liquid interface. The total diffusion
flux to the bubble interface can be described as follows:*

1 2 dR
Jio = i1 +Ji2 = 5D <§ “\V&D E) (G -¢G) (3)

where Sy, denotes the interface area of the bubble, D represents
the diffusion coefficient of Hydrogen in the liquid, C; and C; are
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the hydrogen concentrations in the liquid and at the bubble
interface, respectively. Combined with eqn (1), the following
equation with a time coefficient 8 = 0.5 can be obtained:

R() =y (4)

where v = vD(A 4+ VA2 + 24), and A = Vy, (C; — C)).2

The bubble growth law equations provide two mathematical
models of the bubble growth mechanism controlled by the
concentration and diffusion of hydrogen molecules,
respectively.

In our experiment, the growth of bubbles on the HR-surface
electrode fell between the diffusion-limited pattern and the
concentration-limited pattern with a time coefficient of only
0.42 (Fig. 5d). This indicates that the concentration of hydrogen
molecules in the bubble environment is a major factor limiting
the rapid growth. The growth of bubbles on the LR-surface and
MR-surface electrodes consistently exhibits a diffusion-limited
pattern with a time coefficient close to 0.5. Although there
was a decrease in the growth coefficient on the MR-surface
electrode, the time coefficient indicates that the rate of
hydrogen molecule production at the electrode exceeds the rate
of diffusion into the bubble and does not restrict the growth of
the bubbles, as shown in Fig. 5e and f. Based on the experi-
mental results, we believe that there may be a mismatch
between the nucleation of bubbles and subsequent growth on
the electrode. Specifically, an increase in the surface roughness
of the electrode may lead to over-nucleated bubbles. As shown
in Fig. 6b, the top of the bubble resides in an unsaturated region
of hydrogen molecules due to excessive bubbles on the elec-
trode, which significantly impedes bubble growth and elongates
the time for the bubble to reach detachment size.

4. Conclusions

In summary, we fabricated three Ni electrodes with different
roughness levels and investigated the growth kinetics of
multiple hydrogen bubbles coexisting on the electrodes. The
experiment revealed that the increase in electrode roughness
changed the bubble growth kinetics due to excess bubble
nucleation on the rough surface. The least nucleating bubbles
were formed on the LR-surface electrode, resulting in bubble
growth in a diffusion control mode, and the bubble interface
was involved in the removal of hydrogen molecules. The MR-
surface electrode exhibited an increased number of bubbles,
inducing competition among multiple bubbles for hydrogen
molecules. Therefore, the growth coefficient of each bubble
decreased (from 93.91 to 63.11), yet they continued to grow in
a diffusion-controlled pattern, indicating that the increased
bubble surface was also involved in the removal of hydrogen
molecules. On the HR-surface electrodes, excessive bubble
nucleation resulted in an insufficient supply of hydrogen
molecules to the electrode. Consequently, the growth of the
bubbles was limited by the concentration of surrounding
hydrogen molecules, prompting a transition in the growth
kinetics from diffusion control to concentration control (8 =
0.42), which indicates that the top region of the bubble is in an
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environment of unsaturated hydrogen molecules, and the
bubble interface does not fully participate in the removal of
hydrogen molecules. The results indicate that the hydrogen-
removal efficiency by bubbles does not linearly scale with
increasing bubble population. Given that bubble coverage
intensifies with bubble density, an optimal bubble quantity is
likely to maximize overall performance. Therefore, a reasonable
nucleation sites density of bubble is a crucial factor in opti-
mizing the electrode.
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