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During electrochemical gas evolution reactions, the continuous and vigorous formation of gas bubbles hugely
impacts the efficiency of the underlying electrochemical processes. In particular, enhancing the detachment of
gas bubbles from the electrode surface has emerged as an effective strategy to improve reaction efficiency. In this
study, we demonstrate that the detachment of Hy gas bubbles can be controlled by the electrolyte composition,
which can be optimized. We employ a well-defined Pt microelectrode and utilize electrochemical oscillation
analysis to elucidate the features of Hp gas bubble detachment. Our investigation explores how the behaviour of
H, gas bubbles responds to variations in electrolyte composition and concentration. The coalescence efficiency of
electrochemically generated microbubbles, a critical factor determining the mode of Hy gas bubble detachment
(random detachment vs. single Hy gas bubble detachment), is profoundly influenced by the electrolyte
composition. Specifically, coalescence efficiency follows the Hofmeister series concerning anions and coales-
cence is consistently inhibited in the presence of alkali metal cations. Furthermore, we establish a comprehensive
model that accounts for both thermal and solutal Marangoni effects, allowing us to rationalize the trend of
detachment size and period of single Hy gas bubbles under various conditions.

1. Introduction

The production of green hydrogen via water electrolysis, powered by
renewable electricity, is receiving increasing attention in the context of
achieving the energy transition, particularly in situations where direct
electrification is not feasible [1-3]. During water electrolysis, hydrogen
and oxygen gases are continuously generated at the cathode and anode,
respectively [4,5]. The limited solubility and diffusivity of these gaseous
products in aqueous solution [6,7] result in a notable supersaturation
level close to the electrode. Consequently, the formation and evolution
of gas bubbles, including their nucleation, growth, coalescence, and
detachment from the electrode, are inevitable phenomena during
high-current density water electrolysis. Therefore, a comprehensive
understanding of gas bubble behaviour is pivotal for optimizing the ef-
ficiency of water electrolysis [8,9].

Extensive studies have shown that the evolution of gas bubbles
profoundly influences various aspects of electrochemical processes:
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reducing the active surface area due to adherent bubbles [10,11],
changing the gas concentration and electric field profile [12,13],
increasing solution ohmic resistance [14], modifying mass transport due
to convective flow resulting from the growth and detachment of gas
bubbles [15], and so on. Although a detailed understanding of the
intricate interdependencies between gas bubble evolution, transport and
their impact on water electrolyser performance remains elusive, it has
been reported that approaches enhancing the facile elimination of gas
bubbles from the electrode surface lead to noticeable improvements in
device performance [16,17]. Hence, it is of particular importance to gain
insights into the fundamental gas bubble detachment processes occur-
ring on the electrode surface under electrochemical conditions.

One of the simplest models employed to understand gas bubble
detachment from the solid surface is known as the Fritz model, which
determines the detachment size of the growing gas bubble with a
spreading contact line by considering the balance between capillarity
and buoyancy [18]. However, experimental observations reveal that the
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gas bubble detachment size during electrochemical or other
gas-evolving reactions is generally smaller than the estimated values
derived from the simple Fritz model [19,20]. This discrepancy might be
attributed to factors such as contact line pinning [19], bubble
coalescence-induced detachment [21,22], and other contributing forces.
In the case of electrochemically generated gas bubbles, Lubetkin sug-
gested two additional forces to be considered [23,24]: 1) the electro-
static force arising from an excess charge at bubble/electrolyte interface
with the polarized electrode, and 2) the Marangoni force originating
from the surface tension gradient along the bubble/electrolyte interface
due to concentration and/or temperature gradients occurring during the
electrochemical reaction. The group of Eckert has experimentally vali-
dated the significance of these contributing factors in the case of single
Hj gas bubble detachment on a 100 um Pt microelectrode in HaSO4 [25,
26]. In particular, they proposed a significant role of the thermal Mar-
angoni effect on single Hy gas bubble detachment under their experi-
mental conditions, which is induced by a temperature gradient due to
severe ohmic heating [27], and they proposed a physical force balance
model that accounts for both contributions [28]. This experimentally
observed Marangoni convection can be better predicted with numerical
simulations that consider the stagnant cap on the bubble interface,
which might be attributed to possible contaminants [29]. Recently, our
groups reported that the type of anion in acid electrolytes have a critical
impact on Hp gas bubble detachment [30]. This phenomenon arises from
differences in the coalescence efficiency of electrochemically generated
microbubbles, following the Hofmeister series of anions. Moreover, the
detachment size of a single Hy gas bubble is strongly influenced by
solutal Marangoni effects, driven by ion concentration gradients along
the bubble/electrolyte interface.

In this work, we aim to expand upon our previous findings by
encompassing a multitude of electrolyte conditions and their impact in
Hs gas bubble detachment, and presenting new possibilities for bubble
management through electrolyte “design”-i.e., by optimizing the
composition and concentration of the electrolytes. To achieve this, we
study Hy gas bubble behaviour by analyzing the electrochemical oscil-
lation at a 100 um Pt microelectrode under various electrolyte compo-
sitions and concentrations. Our observations indicate that the
coalescence efficiency of electrochemically generated Hy microbubbles
can be effectively controlled by modifying the electrolyte composition.
The coalescence efficiency follows the Hofmeister series of anions in all
acidic electrolytes we studied. The addition of alkali metal cations to the
electrolyte reduces microbubble coalescence efficiency, regardless of the
type of anion. Consequently, multiple Hy microbubbles detach randomly
in neutral and alkaline electrolytes containing a substantial amount of
alkali metal cations, in contrast to periodic formation and detachment of
single Hy gas bubbles observed in some acid electrolytes. We also
elucidate the electrolyte-dependent detachment of single H; gas bubbles
by considering the interplay of the two different Marangoni effects
(solutal and thermal) across all the studied electrolyte conditions. We
believe these findings provide valuable insights for the design of elec-
trolytes for Hy gas bubble manipulation.

2. Experimental
2.1. Chemicals

All chemicals were used without further purification process. The
electrolytes were prepared from HySO4 (96 %, Suprapur, Merck), HCI
(30 %, Suprapur, Merck), HNO3 (65 %, Suprapur, Merck), HCIO4 (60 %,
EMSURE, Merck), H3PO4 (85 %, Suprapur, Merck), CH3COOH (99.8 %,
Suprapur, Merck), LizSO4-xH20 (99.99 %, Merck), NasSO4 (99.99 %,
Alfa Aesar), K2SO4 (99.997 %, Alfa Aesar), Cs2SO4 (99.99 %, Alfa Aesar),
NaClO4-xH20 (99.99 %, Merck), NaOH solution (30 %, Suprapur,
Merck), and Milli-Q water (>18.2 MQ cm, TOC < 5 ppb).
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2.2. Microelectrode preparation

The Pt microelectrode was fabricated by sealing a Pt wire (100 pm
diameter, 99.99 %, Goodfellow) within a soda-lime glass capillary (1.4
mm outer diameter, 1.12 mm inner diameter, Hilgenberg) using a
butane torch. The prepared Pt microelectrode underwent mechanical
polishing with diamond polishing suspension of decreasing particle size
(3.0, 1.0, 0.25, 0.05 um, Buehler) on micropolishing cloth, followed by
sandpaper polishing (P2000, Starcke). Between each polishing step, the
Pt microelectrode was sonicated in Milli-Q water for 10 min to remove
any residual debris. Finally, the Pt microelectrode surface was cleaned
through oxidation-reduction cycling between 0.03 and 1.35 Vgyg (30
times, 1 V s™!) in Ar purged H,SO,.

2.3. Electrochemical characterization

The electrochemical characterization was conducted using a home-
made PEEK cell equipped with a transparent glass window on the side.
The electrochemical cell was placed in a permanganate solution over-
night (0.5 M HyS04, 1 g L' KMnO,). Prior to usage, the cell was rinsed
and submerged in a diluted piranha solution to remove any residual
MnO,, followed by multiple rinsing and boiling with Milli-Q water.
Linear sweep voltammetry and chronoamperometry measurements
were performed using a three-electrode configuration with a Bio-Logic
SP300 potentiostat. A platinum wire (99.9 %, MaTeck) and leakless
Ag/AgCl (ET072-1, eDAQ) were used as counter and reference elec-
trode, respectively. The surface of Pt microelectrode was oriented up-
wards to study freely detachable Hj gas bubble behaviours. Before each
measurement, the electrolyte was purged with Ar bubbling for 10 min to
remove O, and this Ar purging was discontinued throughout the mea-
surements. The evolution of Hy gas bubbles on the microelectrode was
recorded using a digital microscope (USB Microscope 5 MP, Toolcraft).

2.4. Electrochemical oscillation analysis

The period was determined by analysing the time between consec-
utive peak points of electrochemical oscillation. The estimated detach-
ment radius (Rp) was calculated using the following equation:

_ [-3r1Q]"?
P~ |'8xFP,

where R, T, Q, F, and P, are the gas constant, the temperature, the
current integrated over one oscillation period, the Faraday constant, and
the atmospheric pressure, respectively. It is important to note that our
calculation assumes that all of the produced H, gas is captured by a
single H; gas bubble, which has been validated by previous studies [30,
31].

3. Results

3.1. Electrochemical oscillation and Hz gas bubble behaviours in various
acid electrolytes

To obtain a comprehensive overview of Hy gas bubble behaviour in
various acidic electrolytes, we investigated electrochemical oscillations
during linear sweep voltammetry (LSV) in six different acidic electro-
lytes. A scan rate of 100 mV s™! was employed, which is slow enough to
capture the oscillatory features at different potentials (see Fig. 1). In the
case of the four strong acids (Fig. 1a-1d and Supplementary Figure 1),
the observed oscillating features were in good agreement with previous
findings obtained through chronoamperometry measurements [30]. To
explain anion-dependent Hy gas bubble behaviour during hydrogen
evolution reaction (HER), we proposed a model considering micro-
bubble coalescence and the Marangoni effect: 1) The onset of periodic
oscillation, signifying the periodic formation and detachment of single
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Fig. 1. Anion effects on H, gas bubble behaviour in acid electrolytes. Linear sweep voltammetry (LSV) of Pt microelectrode in different electrolytes: 1 M H,SO4 (a),
HCI (b), HNOs3 (c), HCIO4 (d), H3PO4 (e), and CH3COOH (f). Scan rate: 100 mV s\ The insets in Fi g. la-1d show enlarged graphs of the low overpotential region from

0 to —-0.4 Vgug, enclosed in gray dotted boxes.

Hy gas bubbles, follows the Hofmeister series of anions. This phenom-
enon arises from variations in the coalescence efficiency of micro-
bubbles for different anions. 2) The sequence of oscillation periods,
which reflects the detachment period of a single H, gas bubble, corre-
lates with the surface tension increment (o¢c = dAcs/0C) values for
different electrolytes (H2SO4: 0.44 > HCl: -0.27 > HNOj3: -0.83 >
HCIO4: -2.15, unit: mN m~! /mol L) [32]. We explained this correla-
tion by different solutal Marangoni effects for different electrolytes. The
necessary anion concentration gradient to induce this solutal Marangoni
effect, is related to the proton concentration gradient that exists during
high-rate hydrogen evolution. Due to the need to satisfy electro-
neutrality, this proton concentration gradient is matched by a corre-
sponding anion concentration gradient. Specifically, a larger positive
value of o¢ of the electrolyte leads to a larger electrode-directed Mar-
angoni force, promoting bubble coalescence and a larger oscillation
period; on the other hand, a negative o¢ gives a reverse-directed solutal
Marangoni effect, facilitating gas bubble detachment. Largely indepen-
dent of the electrolyte identity, there is also a thermal Marangoni effect,
which leads to electrode-directed Marangoni effect, especially at (very)
high current density.

We extended our investigation to include two additional acid elec-
trolytes, H3PO4 and CH3COOH, classified as weak acids with larger pKa
values [33]. The solution of 1 M H3PO,4 has a measured bulk pH of 1.10.
As the overpotential increases, the HER current level rises, and we
observe periodic current oscillations across the entire potential range
(Fig. 1e). The shape and the period of the oscillation exhibit similar
features to that of 1 M HySO4 (Fig. le and Supplementary Figure 1),
although the absolute current is lower due to the lower effective pH. The
periodic oscillation across the wide potential window can be rational-
ized by the high coalescence efficiency of microbubbles in 1 M H3POy,
taking into consideration that phosphate anions lie close to sulfate an-
ions in the Hofmeister series [34]. Compared to 1 M HySO4, a faster
detachment period for single H; gas bubbles is observed in 1 M H3PO4
under the same average current conditions (Supplementary Figure 1),

suggesting a smaller solutal Marangoni force in 1 M H3POg4. Although
similar ion concentration gradients are expected for both electrolytes
under given current conditions, the surface tension gradient can differ
due to differences in o¢. It should be noted that 1 M H3PO4 contains a
large number of undissociated H3PO4 molecules, along with protons and
(partially) dissociated phosphate anions, due to less than 10 % dissoci-
ation of H3PO4 molecules [35]. While the ¢ of H3POy is reported to be
0.85 mN m~!/mol L~ [32], the exact contributions from ions versus
undissociated H3PO4 are not clearly defined. In this context, one plau-
sible explanation for our observation is that the surface tension changes
driven by (partially) dissociated phosphate anions are less pronounced
than those caused by sulfate anions. Nevertheless, further investigation
is required to fully elucidate the surface tension gradient in H3PO4.

It is noteworthy that the LSV curve shapes of 1 M H3PO,4 and 50 mM
H3SO4 (Supplementary Figure 2) are different, despite their similar bulk
pH levels. In 50 mM HySOy4, the LSV curve exhibits a plateau current
region, which arises from proton transport limitation (more discussion
on experiments in dilute H,SO4 will follow later). In contrast, the LSV
curve for 1 M H3PO,4 shows a linear increase in HER current without a
proton transport-limited region, indicating that both undissociated and
partially-dissociated phosphates, as well as free protons, serve as proton
donors during the reaction [36].

As for 1 M CH3COOH, the observed LSV curve displays a much lower
HER current within the same potential window compared to other acid
electrolytes due to its high pH (2.35). At a potential of ~1.06 Vgyg, we
observed the detachment of very small-sized Hy gas bubbles, approxi-
mately 20 um in size, which does not lead to a periodically oscillating
HER current due to the small size of Hy gas bubbles compared to the
electrode dimension of 100 um (Supplementary Figure 3). Upon
lowering the applied potential to —1.66 Vgpg, a small fluctuating HER
current was observed corresponding with random detachment of mul-
tiple microbubbles (Supplementary Figure 3). From these observations,
we conclude that there is a pronounced coalescence suppression in 1 M
CH3COOH across the entire potential window investigated.
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To gain further insight into the manipulation of single H; gas bubble
detachment, we conducted a study on electrochemical oscillation while
adjusting the concentration of HySOy, the electrolyte which showed the
highest microbubble coalescence efficiency among the acidic electro-
lytes we previously tested [30]. In Fig. 2a, we present LSV curves ob-
tained from 1, 0.5, 0.25 M H3SO4 electrolytes, all of which exhibit
similar oscillating features. The electrochemical oscillation of the HER
current is observable across the entire HER potential window that we
measured. With decreasing concentration of HySO4, both the HER cur-
rent level and the amplitude of oscillation decreases, attributed to the
lower proton concentration. From the oscillation period, we derived the
detachment period of a single Hj gas bubble (Fig. 2b and Supplementary
Figure 4). Overall, graphs plotting the oscillation period vs. average
current (or potential) exhibit v-shaped curves for all HySO4 concentra-
tions, in good agreement with previous results in 1 M HySO4 [30]. In
Fig. 2b, we plotted the period vs. the average current per oscillation
rather than the applied potential, because of the substantial differences
in HER current level for different Ho,SO4 concentrations.

In our previous study [30], we rationalized the v-shaped
period-potential or period-current curve in 1 M H2SO4 by considering
the two different Marangoni effects, i.e. thermal and solutal, as
expressed by:

or AC

ac AT
FyprxAoc = GC—SLC +or—Lr ~ 6c—Lc + O'TL—LT =0cAC + o7 AT
c T

P) Os L

(€Y

In this equation, Fyq,, Ao, ox, s and Ly denote the force on single Hy
gas bubble due to the Marangoni effect, the surface tension change along
the gas bubble/electrolyte interface, the partial derivative of surface
tension with respect to X (where X can be (anion) concentration, C, or
temperature, T), the tangential coordinate along the gas bubble/elec-
trolyte interface, and the characteristic length scale of the gradient field
of X, respectively. Based on this model, the 6cAC term (solutal Mar-
angoni effect) dominates at the low HER current region, while at the
high HER current region, the 67AT term (thermal Marangoni effect)
becomes dominant due to ohmic heating (Fig. 3). The temperature
change (AT) can be estimated by AT = — kKZAzlzaIQ, where k represents
the thermal conductivity, . represents the electrical conductivity, I is
the average current per oscillation, and A and [ are the area and length of
the heat transfer path, determined by the geometric configuration of the
electrochemical system (see Supplementary Note 1 for more discussion).
The value of I,,,,; (I at the transition point), where these two competing
factors are comparable, can be estimated from the minimum of v-shaped
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Fig. 3. Schematic illustration of the proposed dual Marangoni effects mecha-
nism. The illustration shows surface tension gradients influenced by two fac-
tors: on the left, a temperature gradient induced by local ohmic heating
(representing the thermal Marangoni effect); on the right, an ion concentration
gradient resulting from local proton consumption (representing the solutal
Marangoni effect). For all aqueous electrolytes we studied, the thermal Mar-
angoni force is directed towards the electrode. Conversely, the direction of the
solutal Marangoni force depends on the characteristics of electrolyte: it is
directed towards the electrode in electrolytes with a 6¢ > 0, and away from the
electrode in electrolytes with a 6¢ < 0.

period-current curve. Note that we expect the 6¢AC term to be linear in I,
as the concentration gradient scales linearly with I, and that the 67AT
term scales quadratically with I (see Supplementary Note 2 for more
discussion).

As shown in Fig. 2b, the values of I.,s decrease with a decrease in
H,SO4 concentration. At a given average current condition, a lower
H3S04 concentration reduces the relative contribution of the solutal
Marangoni effect due to the decreased AC. Conversely, the relative
contribution of the thermal Marangoni effect increases due to the
increased AT, originating from stronger ohmic heating caused by
decreased k. This leads to a shift in the transition point where the
solutal and thermal effects are equal in magnitude, i.e. toward a smaller
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Fig. 2. H,SO4 concentration effects on periodic formation and detachment of single H, gas bubble. a, LSV curves with a scan rate of 100 mV sL. b, Period of
oscillation versus the average current per oscillation. Solid and dotted lines serve as guidelines for the conditions where the solutal and thermal Marangoni effects are
dominant, respectively. Inset graphs show I;4,s values obtained from different H;SO4 concentrations.
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Iirans with decreasing HoSO4 concentration. To gain a more quantitative
perspective, we consider using the upper limit value of AC ~ Cgyy,
which aligns with the rapid proton consumption at high current den-
sities during the experiments (geometric current density of 6.4 A cm™2
at —0.5 mA). Then, I;4,s and Cpyy are related via

6¢Chu 6cChui

UCAC(I = Itrans) ~ -
07 Plyans” [KaA2 —0 1P Lans? [ kA CpunA®

o—TAT(I = Itmm) -
_ kA Cpui*A @

2
—or 2l trans

1=

where A, is the molar conductivity of HoSO4. Assuming a constant A,
the magnitude of I;;qns is proportional to Cpyy, which is confirmed by the
results obtained for the three different concentrations: values of I;;qns are
-1.44, -0.68 and -0.37 mA at 1 M, 500 mM, 250 mM H3SOy,
respectively.

In 100 mM H3SOy4, the LSV curve exhibits a sigmoidal shape with
electrochemical oscillations across the entire potential window, as
shown in Fig. 4a. As the overpotential increases, the HER current
initially rises, and from —0.6 Vgyg, a plateau region is observed where
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the HER current oscillates between -0.15 and -0.26 mA. This plateau
corresponds to the mass transport limited proton reduction. On the other
hand, in the case of 1 M H3POy, which has a higher pH value (indicating
a lower bulk proton concentration), the HER current level increases
monotonously with overpotential (see Fig. 1e) without any plateau re-
gion up to -1 mA (corresponding to -12.7 A em 2 of geometric current
density). Both electrolytes exhibit a periodically oscillating HER current,
indicating the periodic formation and detachment of single Hy gas
bubbles. Assuming a similar pattern of convective flow induced by the
single Hy gas bubble detachment in both electrolytes, we attribute the
difference in LSV curve shape to the different amounts of undissociated/
partially-dissociated electrolytes, which can serve as an additional
proton source for HER [36]. In 1 M H3POy, the high concentration of
undissociated/partially-dissociated (hydrogen)phosphates provides
enough additional protons up to -1 mA, while, in the plateau region of
100 mM H3SO4, proton transport is limiting. The HER current level in
100 mM H,SOy starts to increases again from around -1.6 Vgyg, which
we assign to water reduction, since the only remaining available proton
donor in this system is water. This assignment is further supported by an
increase in the HER current in the region below —1.6 Vgyyg upon the
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Fig. 4. Electrochemical oscillation and single H, gas bubble detachment in 100 mM H,SOy. a, LSV curve with a scan rate of 100 mV s™'. The dotted gray lines are
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estimated detachment radius of single H, gas bubble is determined assuming that all produced H, gas is captured by a single Hy gas bubble.
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addition of Na™ cation (a more discussion on the effects of alkali metal
cations will follow later). It is noteworthy that periodic single Hy gas
bubble formation and detachment can be observed even in the water
reduction dominant region, indicating microbubble coalescence effi-
ciency is still high enough, even with the additional formation of OH".

To gain further insights into the detachment of single H; gas bubbles
in the 100 mM H3SO4 electrolyte, we conducted chronoamperometry
measurements. At —-0.42 Vgyg, where Hj is produced through the proton
reduction reaction with partial transport limitation, the HER current
level and its oscillation features (period and estimated detachment
radius) remained stable over 50 consecutive cycles. However, at —1.22
Vrug, the HER current level decreased during the initial few oscillation
cycles, alongside with a reduction in Hy gas bubble detachment radius
(Fig. 4c and 4f). The HER current observed at this potential (-0.18 mA)
was higher than the I;q,s in 100 mM H3SO4 (-0.14 mA, derived from Eq.
(2)), indicating that the thermal Marangoni effect becomes significant
under these conditions. This phenomenon explains the observed
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reduction in Hy gas bubble detachment radius alongside the decreased
HER current during the initial oscillation cycles. With increasing over-
potential, a longer stabilization time was required to achieve stabiliza-
tion, which reflects the timescale needed for establishing a stable ion
concentration field. Among convection, diffusion and migration, we
believe that migration of the proton plays a critical role in determining
this stabilization period. This hypothesis is supported by the observation
that no such stabilization period is observed upon the addition of a
supporting electrolyte which serves to inhibit proton migration (Sup-
plementary Figure 7). After achieving stabilization, we analyzed the
electrochemical oscillation and obtain the average values of the periods
and the estimated detachment radius of single Hy gas bubble at each
potential. These values were consistent with those obtained from the
electrochemical oscillation analysis of the LSV curve (Supplementary
Figure 5), indicating that the scan rate of 100 mV s™' was sufficiently
slow to capture the features of the stabilized ion concentration field.
As shown in Supplementary Figure 5, the oscillation period increased
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Fig. 5. Na™ cation concentration effects on Hy gas bubble evolution in 100 mM H,SO,. a, LSV curves with Na,SO4 at various concentrations measured at a scan rate
of 100 mV s™'. Orange dotted box shows enlarged graph focusing on the electrolytes with 20 and 100 mM NaySO4 added. b-d, Average current (b), period (c) and
estimated detachment radius (d) values obtained from the electrochemical oscillation in LSV curves in Fig. 5a. e-f, Average current (e), period (f) and estimated
detachment radius (g) values obtained from the electrochemical oscillation in chronoamperometry (Supplementary Figure 7). The estimated detachment radius of a
single H, gas bubble is determined assuming that all produced H, gas is captured by a single H, gas bubble.
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with increasing overpotential or I, which is different from the v-shaped
curves obtained at higher concentrations. Interestingly, no abrupt
transitions in the period and estimated detachment radius graphs were
observed at around -1.6 Vryg, where a drastic local pH change was
expected, and thus drastic change in ion concentration field, due to
additional OH" formation from the water reduction reaction. This phe-
nomenon might be attributed to the relatively small contribution of the
solutal Marangoni effect and a relatively large contribution of thermal
Marangoni effect in such a low concentration electrolyte.

3.2. Effect of alkali metal cation and bulk pH on H; gas bubble behaviour

To investigate the effect of alkali metal cations in the electrolyte on
Hj gas bubble behaviour, we added NaySO4 as a supporting electrolyte
to 100 mM HSO4, keeping the HySO4 concentration constant to mini-
mize bulk pH changes. As shown in Fig. 5a, the onset of HER from the
proton reduction reaction remains largely unchanged with the addition
of NaySO4. However, at more negative potentials, the HER current in the
proton transport-limited region decreases with increasing Na;SO4 con-
centration (as also seen from the average I values at Fig. 5b), and the
activity of water reduction reaction increases with increasing NaxSO4
concentration. These observed cation effects on HER currents are
consistent with previous literature [37-41]. The decreasing
diffusion-limited current in the proton transport-limited region with
NaySO4 addition clearly indicates that the migration of protons plays a
substantial role in proton transport under our experimental conditions.

All electrolytes containing NapSO4 exhibit random fluctuation at low
HER current, with periodic oscillations becoming observable at high
HER current. This occurrence suggests that microbubble coalescence is
inhibited at low HER current, requiring a higher HER current to form a
single Hy gas bubble, as exemplified in Fig. 1b-d. To quantitatively study
the coalescence efficiency of microbubbles, we compared the onset of
the periodic oscillation, where single Hy gas bubbles start to form
(Supplementary Figure 6). This analysis confirms a clear positive cor-
relation between the added Na;SO4 concentration and the onset HER
current for periodic oscillation. Since sulfate anions exhibit the highest
coalescence efficiency among all the anions we tested, ensuring the
formation of single Hy gas bubble in HySO4 across all sulfate concen-
trations, we conclude that the higher concentration of Na* cations in the
electrolyte lowers the coalescence efficiency of electrochemically
generated Hy microbubbles. The significant suppression of HER current
oscillation/fluctuation at low HER currents with high NaSO4 concen-
trations (e.g., 100 mM) might also be related to changes in gas bubble
nucleation as well as microbubble coalescence efficiency. Considering
that Hy gas bubble nucleation requires approximately a 200-fold su-
persaturation [42], only a limited number of nucleation sites are ex-
pected on the microelectrode under low HER current conditions. Further
research is necessary to fully understand the impact of
high-concentration supporting electrolytes on gas bubble nucleation.

For small NaySO4 additions (< 5 mM), single Hy gas bubble
detachment is facilitated in the proton reduction reaction dominant
region but has little effect on single Hy gas bubble detachment in the
water reduction reaction dominant region (Fig. 5¢, d). This trend is more
clearly seen in the data obtained through chronoamperometry (Fig. Se-g
and Supplementary Figure 7). According to Eq. (2), Iyens for 100 mM
H2SO4 is around -0.14 mA, which is similar to the proton transport-
limited current. Therefore, in the proton reduction dominant region,
the solutal Marangoni effect is dominant, and facile Hy gas bubble
detachment by adding Na;SO4 can be rationalized by the reduced sulfate
anion concentration gradient field due to the enhanced cation migration
in the mass transport boundary layer. Notably, adding only a few mM
Na™ cation is sufficient to alter the anion concentration gradient and
resultant Hy gas bubble detachment. On the other hand, in the water
reduction region, the thermal Marangoni effect is dominant, similar Hy
gas bubble detachment can be rationalized by considering a small
amount of NapSO4, which does not substantially change the electrolyte
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conductivity to affect temperature gradient. With introduction of 5 mM
NayS04, both period and detachment radius values exhibit an abrupt
change at similar I in the proton transport limited region, which cannot
be solely explained by variations in the Marangoni effect due to changes
in L.

Furthermore, with a higher concentration of Na;SO4 (> 20 mM), a
faster detachment of single Hy gas bubble with smaller sizes can be
observed (Fig. 5c and 5d). It is notable that single Hy gas bubbles only
start to form in the regions where the HER current is large enough for the
thermal Marangoni effect to dominate. Therefore, the more facile
detachment of a single Hy gas bubble with higher Na;SO4 concentration
is likely due to the reduced thermal Marangoni force resulting from
increased electrolyte conductivity with higher concentration of the
supporting electrolyte.

We studied whether similar effects were observed for different types
of alkali metal cations. We prepared 100 mM H3SO4 with 2 mM LizSO4
(o¢: 3.13 mN m~1 /mol L™1), NaySO4 (o¢: 2.77mN m~! /mol L), K»SO4
(6¢: 2.57 mN m~! /mol L™!) and Cs3S04 (o¢: 3.02 mN m~!/mol L™1) as
supporting electrolytes [43] and analyzed their electrochemical oscil-
lation patterns (Supplementary Figure 8). Similar to the case of NaSO4
addition, enhanced single Hy gas bubble detachment is observed in the
proton reduction reaction dominant region in all electrolytes containing
additional supporting electrolyte. Notably, we did not observe any
remarkable differences in period and estimated detachment radius be-
tween different types of alkali metal cations of supporting electrolyte.
This suggests that the effect of adding alkali metal cations is not specific,
but rather related to the general effect it has on the corresponding anion
concentration gradient.

Finally, we studied the effect of bulk pH on Hy gas bubble evolution.
Fig. 6a shows LSV curves obtained from various electrolytes with
different bulk pH values while maintaining constant anion concentra-
tion. As the pH value increases from ca. 1 to 4, achieved by decreasing
the HySO4 concentration, the proton transport-limited current drasti-
cally decreases due to the lowered proton concentration and migration
(Fig. 6b). In terms of Hy gas bubble evolution, no periodic oscillation is
observed in electrolytes with pH values higher than 1.7 (corresponding
to 10 mM HSO4 with 90 mM NaySOy4). This trend of microbubble
coalescence inhibition with the addition of Na* cation is in line with the
conclusion drawn from previous experiments: higher concentrations of
Na™ cations in the electrolyte lead to lower microbubble coalescence
efficiency. However, it is noteworthy that the onset HER current of
single Hy gas bubble formation increased as the bulk pH of the elec-
trolyte was increased.

For example, no single H; gas bubble formation is observed until -0.5
mA in 100 mM NaySO4 electrolyte, whereas single Hy gas bubbles start
to form around -0.3 mA in 100 mM H5SO4 with 100 mM NaySO4 elec-
trolyte. Although these two electrolytes have the same bulk concentra-
tion of Na™ cation, bulk pH values are different. Considering the more
negative surface charge at higher bulk pH electrolyte at a given potential
(on the RHE scale) as a result of higher potential of zero charge of
platinum [44], the local concentration of Na™ cation would be higher in
the electrolyte of higher bulk pH [38,39]. This likely explains the more
pronounced inhibition of microbubble coalescence in higher pH elec-
trolytes. In alignment with this observation, all LSV curves obtained
from neutral and alkaline electrolytes exhibit only small fluctuating HER
current without periodic oscillation within the measured potential range
(Fig. 6¢).

4. General discussion and conclusion

In this study, we have demonstrated the effective control of the
coalescence of electrochemically generated Hy microbubbles by altering
the composition and concentration of electrolytes. These results seem, at
least partly, consistent with previous studies on air bubbles, where
coalescence of air bubbles is inhibited under specific combinations of
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dissolved ions in an electrolyte once a critical threshold is exceeded [45,
46]. Although the exact mechanism responsible for the specific ion ef-
fects on inhibiting air bubble coalescence is not yet established,
numerous studies have suggested that the inhibitory effect of these
electrolytes is associated with the slowing down of the thinning dy-
namics of liquid film between bubbles [47,48]. This is influenced by
factors such as colliding speed and the particular arrangement of ions at
the bubble/electrolyte interface [48,49]. Craig et al.’s empirical classi-
fication of ions categorizes an electrolyte with an o cation and an « anion
(xa) or a BB combination as an electrolyte that inhibits air bubble coa-
lescence, whereas aff or fo combinations have no inhibiting effect [50].
According to this empirical classification, related to the Hofmeister se-
ries, all alkali metal cations are classified as a cations, while the proton is
classified as a p cation. Regarding anions, SO%, CI, NO3, and OH™ are
classified as o anions, while ClOyj is classified as a § anion. Based on these
empirical observations, one can predict whether air bubble coalescence
will be inhibited under the given concentration and composition of the
electrolyte.

For example, NaClO4 (ap) might be expected to exhibit no inhibition
of gas bubble coalescence, resulting in the facile formation of single Hj
gas bubbles and periodic oscillation during the HER. However, the LSV
results for NaClO4 show small fluctuating HER current without periodic
oscillation, indicating inhibited coalescence of Hy microbubbles under
the measured condition (Fig. 6¢). Therefore, to explain observed trends
in Hy microbubbles coalescence during electrochemical HER, the unique
characteristics of electrochemically generated gas bubbles need to be
considered. During the electrochemical HER, microbubbles are gener-
ated near to the surface of the electrode where the electrochemical re-
action takes place. Consequently, electrochemically generated
microbubbles are influenced by the local ion environment, which is
strongly dependent on local mass transport and surface electrochemical
reactions. During the proton reduction reaction in acidic electrolytes,
local ion concentrations decrease as the HER current increases due to
proton consumption at the surface, which might explain the abrupt
change in gas bubble evolution in acidic electrolytes around the onset
HER current of periodic oscillation. For the water reduction reaction,
local ion composition can also be altered compared to bulk properties.
As the HER current increases, more OH™ anions are generated on the
surface, making the local ion composition more similar to MOH (M:
alkali metal cation), which corresponds to an aa electrolyte according to
empirical classification. This might explain why the coalescence of
electrochemically generated Ho microbubbles is severely inhibited in all
neutral and alkaline electrolytes, regardless of bulk electrolyte compo-
sition and concentration.

When the coalescence efficiency is sufficiently high, we observed
periodic formation and detachment of single H; gas bubbles, which can
be controlled by altering the composition and concentration of elec-
trolytes. To rationalize the detachment of single Hy gas bubbles, a

detailed force equilibrium should be considered. Several forces
contribute to the behaviour of the single Hy gas bubble, including
buoyance force, capillary force if the single gas bubble is in contact with
electrode [19], force due to the coalescence with other microbubbles if
single gas bubble is sitting on a microbubble carpet[28], electrical force
[26], and Marangoni forces (both thermal and solutal)[30]. In addition
to solutal Marangoni force, the electrical force might explain the
observed electrolyte-dependent detachment of single H; gas bubbles, as
the surface charge of the gas bubble can be altered by electrolyte
composition and concentration, primarily by the pH of the electrolyte
[51,52]. Because the electrical force is proportional to the surface charge
of the gas bubble and applied potential, a constant electrical force is
expected during the chronoamperometry measurements at a fixed po-
tential. However, the observed data in Fig. 4 (where the detachment size
of single Hy gas bubble changes during chronoamperometry at a fixed
potential) directly indicate that considering only electrical force is
insufficient to explain the detachment of electrochemically generated
single Hy gas bubble. Therefore, we believe that the proposed model,
which considers a change in (the type of) Marangoni force, is a more
appropriate model under our experimental conditions, capable of
qualitatively explaining all variations in single Hy gas bubble detach-
ment we observed.

To summarize, in this work we have comprehensively investigated
the evolution of Hy gas bubbles in various electrolytes and confirmed
that a simple model based on two competing Marangoni effects (solutal
and thermal) effectively explains single Hy gas bubble behaviour during
the HER on a Pt microelectrode. In acidic electrolytes, without alkali
metal cations, the microbubble coalescence efficiency follows the Hof-
meister series of anions, which determines the onset of single Hy gas
bubble formation. The detachment size and period of a single H; gas
bubble follow well the considerations of the Marangoni effects. In the
low HER current region, the dominant factor is the solutal Marangoni
effect induced by anion concentration gradients, while in the high HER
current region, the controlling factor shifts to the thermal Marangoni
effect induced by a temperature gradient. The addition of alkali metal
cations in acidic electrolytes reduces the microbubble coalescence effi-
ciency and enhances the detachment of a single Hy gas bubble by
altering ion distribution and/or electrolyte conductivity. In neutral and
alkaline conditions, only multiple H, gas bubble detachment is observed
without the formation of single Hy gas bubbles up to -0.5 mA (equiva-
lent to —6.4 A cm™2 of geometric current density). This is attributed to the
high local concentration of alkali metal cations and OH™ near the Pt
surface. The findings presented in this work provide valuable insights for
understanding and designing electrolytes to manipulate H, gas bubble
evolution during the HER.
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