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Solutal Marangoni effect determines bubble 
dynamics during electrocatalytic hydrogen 
evolution

Sunghak Park    1, Luhao Liu2, Çayan Demirkır    2, Onno van der Heijden    1, 
Detlef Lohse    2,3, Dominik Krug    2   & Marc T. M. Koper    1 

Understanding and manipulating gas bubble evolution during 
electrochemical water splitting is a crucial strategy for optimizing the 
electrode/electrolyte/gas bubble interface. Here gas bubble dynamics 
are investigated during the hydrogen evolution reaction on a well-defined 
platinum microelectrode by varying the electrolyte composition. We 
find that the microbubble coalescence efficiency follows the Hofmeister 
series of anions in the electrolyte. This dependency yields very different 
types of H2 gas bubble evolution in different electrolytes, ranging from 
periodic detachment of a single H2 gas bubble in sulfuric acid to aperiodic 
detachment of small H2 gas bubbles in perchloric acid. Our results indicate 
that the solutal Marangoni convection, induced by the anion concentration 
gradient developing during the reaction, plays a critical role at practical 
current density conditions. The resulting Marangoni force on the H2 gas 
bubble and the bubble departure diameter therefore depend on how 
surface tension varies with concentration for different electrolytes. This 
insight provides new avenues for controlling bubble dynamics during 
electrochemical gas bubble formation.

Hydrogen is one of the most promising energy carriers for a future 
sustainable energy system1,2. Electrochemical water splitting with 
renewable electricity is a scalable technology that can provide clean 
hydrogen in a sustainable way without greenhouse gas emissions3. In 
electrochemical water splitting, hydrogen (H2) gas is formed through 
the hydrogen evolution reaction (HER) at the cathode, and oxygen (O2) 
gas is formed through the oxygen evolution reaction at the anode4,5. 
Under practical high-current-density operating conditions, gas bub-
bles form at each electrified electrode/electrolyte interface due to the 
high local concentration of gaseous products. Therefore, a detailed 
understanding of the various processes at the electrode/electrolyte/
gas bubble interface and of the mechanisms affecting transport is 
crucial for optimizing electrochemical water splitting performance. 
To achieve such an understanding, the descriptor-based volcano plot 

has been successfully used as a framework for designing electrode 
materials for optimal activity6. More recently, many efforts have 
been devoted to assessing the effect of the electrolyte on atomic- and 
molecular-level processes, including the role of local water structure, 
cations and anions7–12. In the case of gas bubble formation, it has been 
known that gas bubbles affect gas-evolving electrochemical systems in 
various respects, including changing the gas concentration profile13,14, 
reducing the surface area due to adherent bubbles15, increasing ohmic 
resistance16 and enhancing mass transport17. In addition, controlling 
surface wettability has provided improved activities through facile 
gas bubble detachment18. However, a more detailed understanding 
of electrochemically generated gas bubble dynamics and its intricate 
dependencies on electrochemical phenomena have been receiving 
less attention19.
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Based on classical nucleation theory, heterogeneous nucleation was 
proposed for a H2 nanobubble formed at a platinum nanoelectrode in 
H2SO4 (ref. 25). Moreover, single H2 gas bubble detachment has been 
studied by using platinum microelectrodes in H2SO4, where the thermal 
Marangoni effect (mass transfer along an interface between two phases 
due to a surface tension gradient caused by a temperature gradient)26,27 
and electrostatic interaction between a gas bubble and the platinum 
electrode28 were considered to be the main contributing forces deter-
mining gas bubble dynamics. Although these results provide basic 

Beyond a certain supersaturation level, multiple gas bubbles spon-
taneously nucleate on the electrode surface, resulting in complex inter-
dependencies of various bubble behaviours during electrochemical 
water splitting20–22. Recent developments in micro- and nanoelectrode 
fabrication have made it possible to study the fundamental evolution of 
electrochemically generated gas bubbles by reducing this complexity 
and focusing on single gas bubble events. Nanoelectrodes (diameter, 
≤100 nm) provide a unique platform to study the nucleation of a single 
nanobubble through a sudden current drop due to surface blockage23,24. 
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Fig. 1 | Anion effects on HER current oscillation and H2 gas bubble evolution. 
a–d, Chronoamperometry measurements at −0.56 VRHE (blue curves), −0.36 VRHE 
(red curves), −0.16 VRHE (black curves) in 1 M H2SO4 (a), 1 M HCl (b), 1 M HNO3 (c) 
and 1 M HClO4 (d). Graphs shown on the right are enlargements of the orange, 
green and purple dotted boxes. e–l, Snap images of different H2 gas bubble 
detachment moments during chronoamperometry (indicated by the black 
arrows in a–d) in 1 M H2SO4 (e,i), 1 M HCl (f,j), 1 M HNO3 (g,k) and 1 M HClO4 (h,l). 
Images in green and blue boxes were obtained during chronoamperometry at 
−0.16 VRHE (e,f,g,h) and −0.56 VRHE (i,j,k,l). Insets: images taken at Δt = 4 ms after 
detachment. Circles, periodic formation and detachment of a single H2 gas 

bubble that forms within 4 ms. Squares, periodic formation and detachment of 
a single H2 gas bubble that forms in >4 ms. In these conditions, multiple smaller 
gas bubbles are observed at Δt = 4 ms. Crosses, aperiodic detachment of small 
gas bubbles. m, Phase diagram of different gas bubble evolution patterns at each 
condition. n, Transition point (potential/current) where the HER current starts 
periodic oscillation versus the anion partition coefficient. Solid black boxes 
and pink empty boxes indicate the onset potential of oscillation and the average 
current at that potential, respectively, revealing the strong correlation. In the 
case of 1 M H2SO4, the partition coefficient value of HSO4

– is used.
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physical models29 on H2 gas bubble nucleation and detachment during 
water electrolysis, the detailed effect of the electrolyte composition 
on gas bubble dynamics remains elusive.

Here we report that the type of anion in the acid electrolyte indeed 
greatly influences H2 gas bubble dynamics during the HER. Using a 
platinum microelectrode as the platform electrode, detailed H2 gas 
bubble dynamics are revealed through current oscillation measure-
ments and high-speed imaging, while varying the type of anion. We 
find that the microbubble coalescence efficiency at a given potential 
follows a relation with the Hofmeister series of anions in the electrolyte. 
This difference in efficiency of microbubble coalescence results in 
very different H2 gas bubble detachment behaviour: namely, periodic 
detachment of a single H2 gas bubble in electrolytes such as H2SO4, in 
contrast to aperiodic detachment of small-sized H2 gas bubbles, with-
out the formation of a single large H2 gas bubble, in electrolytes such 
as HClO4. By carefully tuning the electrolyte composition, we further 
demonstrate that the solutal Marangoni force30,31, that is, the force due 
to a surface tension gradient caused by a concentration gradient, plays 
the crucial role in determining the H2 gas bubble detachment for the 
studied potential range. This important insight provides new avenues 
for tuning and controlling bubble coalescence and detachment during 
electrochemical gas bubble formation.

Results and discussion
Anion effects on HER current and H2 gas bubble evolution
Figure 1a–d shows fluctuations and oscillations in HER currents 
during chronoamperometry measurements on the platinum micro-
electrode for various acidic electrolytes at 1 M concentration. The 
fluctuation and oscillation patterns depend on the type of anion in 
the acid electrolytes and on the applied potential; these patterns can 
be categorized as (1) periodic oscillation with a larger amplitude and 
(2) aperiodic fluctuation with a smaller amplitude. Parallel micro-
scopic observation of the platinum microelectrode revealed that 
these HER current fluctuations reflect different patterns of the H2 
gas bubble evolution during the chronoamperometry measurement. 
For example, periodically oscillating HER currents were observed 
in H2SO4 and HCl at −0.16 V versus a reversible hydrogen electrode 
(VRHE), and originated from the periodic formation and detachment 
of a single large H2 gas bubble (Fig. 1e,f and Supplementary Videos 1 
and 2). On the other hand, in HNO3 and HClO4 at −0.16 VRHE, aperiodic 
fluctuations of HER currents were observed, which were associated 
with a multiple detachment of smaller gas bubbles of various sizes 
(Fig. 1g,h and Supplementary Videos 3 and 4). We consider possible 
specific anion effects on the HER kinetics on the platinum surface 
(nitrate reduction reaction and/or chloride adsorption) as minimal 
at the highly negative potential and large reductive current observed 
in our experiments11,32,33.

The time synchronization between the electrochemical and micro-
scopic measurements confirms the same periods for the HER current 
oscillation and the single H2 gas bubble detachment. Once the single H2 
gas bubble has detached, a new single H2 gas bubble is formed through 
the successive coalescence of small-sized microbubbles near the plati-
num surface (Supplementary Video 5). After the single H2 gas bubble 
has formed, microbubbles near the platinum surface keep coalescing 
into the single H2 gas bubble, resulting in the growth of the single H2 gas 
bubble and a decrease in the HER current. When the single H2 gas bubble 
has reached a certain size, it detaches, immediately followed by a sharp 
increase in HER current, which completes one cycle of the oscillation.

Although the single H2 gas bubble evolution process in HCl is 
similar to that in H2SO4, the kinetics of single H2 gas bubble formation 
is different due to the different microbubble coalescence behaviour. 
The inset images, showing an enlarged surface region taken at Δt = 4 ms 
after departure of the previous bubble, provide direct insight into 
microbubble coalescence in different electrolytes. A single H2 gas 
bubble was already observed in H2SO4 at −0.16 VRHE, whereas at the 

same potential in HCl, two or more smaller H2 gas bubbles are seen to 
grow at this point in the cycle. Microbubble coalescence is even more 
inhibited in HNO3 and HClO4 electrolytes at −0.16 VRHE, resulting in 
the random detachment of various smaller-sized gas bubbles without 
forming a single H2 gas bubble (Fig. 1g,h). As the applied potential 
was decreased to −0.56 VRHE, the periodic evolution of a single H2 gas 
bubble can be observed regardless of the type of anion (Fig. 1i–l). The 
microbubble coalescence behaviours therefore depend on both anion 
type and applied potential (Supplementary Video 6 and Supplemen-
tary Figs. 1–4).

Figure 1m summarizes the different H2 gas bubble evolution pat-
terns during chronoamperometry measurement in a phase diagram. In 
particular, this figure clarifies how the H2 gas bubble detachment mode 
changes with variation in the potential and/or anion type when the 
results are plotted in the order of H2SO4, HCl, HNO3 and HClO4: periodic 
detachment of a single large H2 gas bubble (pink circles) is observed 
toward the upper left of the diagram, while non-periodic small-sized 
H2 gas bubble detachment (light green crosses) is observed toward 
the lower right of the diagram. These two regimes are separated by an 
intermediate regime (light blue squares), where initial microbubble 
coalescence is disturbed during single bubble formation. A similar 
transition from the periodic detachment of a single H2 gas bubble to 
the aperiodic detachment of small H2 gas bubbles has been reported 
on a platinum microelectrode in H2SO4 after adding surfactant or eth-
ylene glycol to the H2SO4 electrolyte34. The authors tried to analyse the 
correlation between gas bubble coalescence and surface tension, and 
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suggested a critical surface tension value (~70 mN m–1) as a descriptor 
for the transition point of the gas bubble detachment mode. How-
ever, the critical surface tension value cannot explain our observation 
because all the electrolytes we used have a surface tension >70 mN m–1 
(Supplementary Table 1).

To further elucidate the transition between different H2 gas bub-
ble detachment modes, we check the onset potential and the corre-
sponding current for the formation of a single H2 gas bubble, which 
can be extracted from the onset potentials of HER current oscillation 
during chronoamperometry or linear sweep voltammetry (Fig. 1n 
and Supplementary Fig. 5). The overpotential/current for the onset of 
single H2 gas bubble formation increases in the order H2SO4, HCl, HNO3 
and HClO4, which coincides with the inverse order of the Hofmeister 
series of anions, a much-used classification for describing ion-specific 
effects35. Here we used the solute partitioning model of Pegram and 
Record to quantitatively describe the Hofmeister series36. Their model 
provides single ion partition coefficients based on the surface tension 
increment data, which represents the relative ion concentration at the 
air/electrolyte interface compared to the bulk electrolyte concentra-
tion. Considering that a single H2 gas bubble is formed by microbubble 
coalescence, the observed trend implies a correlation between the 
coalescence of electrochemically generated microbubbles and the 
propensity of ions at the bubble/electrolyte interface.

In general, the gas bubble coalescence can be analysed by consid-
ering the gas bubble collision frequency and the coalescence efficiency, 
which is the likelihood of collisions resulting in coalescence37,38. It 
is known that some specific ion combinations in aqueous solution 
can hugely reduce the coalescence efficiency of gas bubbles when 

the ion concentration is above a certain critical value39. According to 
the empirical α/β categorization by Craig39, one would expect severe 
coalescence inhibition of gas bubbles for HClO4 when the concentra-
tion is higher than 70 mM (ref. 40). In contrast, no substantial coales-
cence inhibition was observed in H2SO4, HCl and HNO3 below 500 mM  
(ref. 40). A more gradual change in the gas bubble coalescence inhibi-
tion was reported with the addition of bulky tetraalkylammonium 
cations41. Although a number of explanations have been proposed con-
cerning the origin of coalescence inhibition, there is still no definitive 
agreement on explaining the underlying mechanism of coalescence 
inhibition and the specific ion effects42,43.

Based on the above gas bubble coalescence model, we can consider 
the contribution of collision frequency and coalescence efficiency to 
the observed anion effect on microbubble coalescence at a fixed poten-
tial. The collision frequency of microbubbles within the electrolyte 
depends on their number density. At a given potential, the collision 
frequency would be similar for different electrolytes, considering 
that (1) the same surface structure of platinum electrode applies for 
all measurements, (2) similar current levels are observed (thus, similar 
H2 supersaturation) and (3) H2 nanobubble nucleation on a platinum 
nanoelectrode has observed to be anion independent44. Therefore, we 
conclude that the observed anion-dependent coalescence behaviour 
originates from the different coalescence efficiencies of electrochemi-
cally generated microbubbles, following the anion propensity at the 
bubble/electrolyte interface: the microbubble coalescence efficiency 
follows the Hofmeister series of anions in the electrolyte. In the case 
of the mode transition observed when varying the applied potential in 
HNO3 or HClO4, both collision frequency and coalescence efficiency can 
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50 HER current oscillations, except for H2SO4 where entire oscillations during 
15 s of chronoamperometry were used due to the large period (Supplementary 
Fig. 9a provides specific sample sizes for each potential). Both image analysis 
and electrochemical oscillation analysis yield consistent period values within 
the error range. c–e, Change in average current (c), collection efficiency (d) and 

detachment radius (e) as a function of potential for each electrolyte. Collection 
efficiency is determined by the ratio of the amount of H2 gas captured in a single 
gas bubble to the total amount of H2 gas produced. Collection efficiency data are 
presented as average values with s.d. (sample size, 8). Solid dots and open dots in 
c and e correspond to data from the periodic formation/detachment of a single 
H2 gas bubble and the detachment of small microbubbles, respectively. The open 
dots in e are presented as average values with the 10th and 90th percentiles of the 
distribution as boundaries (sample size, 4,950). f, Correlation between period 
and detachment volume.
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contribute to the transition to periodic single H2 gas bubble detach-
ment above a certain critical overpotential (see Supplementary Note 1  
for further discussion).

Anion effects on single H2 gas bubble growth
According to Fig. 1m, periodic single H2 gas bubble evolution can be 
observed from all electrolytes when a large enough overpotential is 
applied. Interestingly, the HER current transients during the growth of 
a single H2 gas bubble are also anion dependent (Supplementary Fig. 6). 
Figure 2a shows the HER current transient during one cycle of oscilla-
tion at −0.46 VRHE, normalized by the period of oscillation. In H2SO4, after 
the initial HER current decreased, the current stays relatively constant, 
until its sudden increase at the detachment moment, leading to an 
asymmetric shape about the minimum current. On the other hand, in 
HCl, HNO3 and HClO4 electrolytes, the HER current first decreases and 
then keeps slowly increasing, thus leading to much more symmetric 
shape about the minimum current. Furthermore, the magnitude of 
the minimum current in these electrolytes is larger than the value in 
H2SO4. Note that the smaller magnitude of the minimum current in 
H2SO4 cannot be explained by differences in bulk electrical conductiv-
ity between electrolytes (Supplementary Table 1). We speculate that 
this lower current might be attributed to differences in the exposed 
surface area and the local ion distribution (and thus, changes in local 
conductivity)45 caused by the gas bubbles.

To gain more insight into the anion effects on the HER current, we 
analysed the dynamics and geometry of H2 gas bubbles during one 
cycle of oscillation. The growth patterns are similar regardless of the 
electrolyte and applied potential (Supplementary Fig. 7). In all cases, 
the radius evolution approximately follows a power law in time R ∝ tx, 
with the exponent x close to 1/3, consistent with reaction-limited 
growth of the H2 bubble46,47. Note that the growth of the single H2 gas 
bubble occurs via coalescence with a microbubble cluster, the so-called 
bubble carpet28, located underneath the single bubble (see sketch in 
Fig. 2b and Supplementary Video 5). While the precise analysis of 
individual microbubbles is challenging due to their overlap in the 
projected image, the thickness of the bubble carpet (δ) can be indirectly 
deduced from the position (YC) and radius (R) of a single H2 gas bubble 
(δ = YC − R, as shown in Fig. 2b).

In contrast to the similar growth rate law of a single H2 gas bubble 
for all electrolytes, δ in H2SO4 has distinguishable features compared 
to the other three electrolytes (Fig. 2c and Supplementary Fig. 8). In 
H2SO4, δ first decreases during the initial growth stage, followed by 
a slight increase up to 8 μm. By contrast, in HCl, HNO3 and HClO4, δ 
increases monotonically during the growth of a single H2 gas bubble, 
reaching values of 19–25 μm. Thus, the observed difference in HER 
current transient between H2SO4 and other electrolytes is probably 
associated with the difference in δ. In particular, the current is seen to 
recover simultaneously with the increase in δ in the other electrolytes 
(HCl, HNO3 and HClO4), whereas the minimal change of δ in H2SO4 is 
consistent with the plateau shape of the HER current for this case. This 
correlation can be rationalized noting that presumably less surface is 
blocked as the bubble carpet expands, resulting in the increase of the 
HER current.

Anion effects on single H2 gas bubble detachment
The period of a single H2 gas bubble evolution also strongly depends on 
the type of anion in the electrolyte (Fig. 3 and Supplementary Fig. 9).  
Across the entire potential region investigated, the detachment periods 
always follow the sequence: H2SO4 ≫ HCl > HNO3 > HClO4 (Fig. 3a,b). 
In particular, the detachment of a single H2 gas bubble in H2SO4 was 
much slower than in the other three electrolytes. For example, the 
period in H2SO4 at −0.16 VRHE is 1.619 s, which is more than an order of 
magnitude larger than the period of 0.092 s in HCl at −0.16 VRHE. Fur-
thermore, the potential-dependent trend of the detachment period in 
H2SO4 is opposite to the trends in the other three electrolytes. As the 

applied overpotential decreases, the detachment of a single H2 gas 
bubble becomes slower in H2SO4, whereas the detachment becomes 
faster in the other three electrolytes (Fig. 3a). The same anion trend 
was observed when plotted versus the average current instead of the 
applied potential (Supplementary Fig. 10).

To further elucidate the origin of the different trends as a function 
of applied potential, we note that the period (τ), the detachment radius 
(RD) and the average current ( ̄I) are related via (see the experimental 
section for derivation)

τ =
−8πFP0R3D

3RT ̄I × (CE/100)
, (1)

where F, P0, R, T and CE are the Faraday constant, the atmospheric pres-
sure, the gas constant, the temperature and the collection efficiency of 
a single H2 gas bubble, respectively. Figure 3c shows averaged currents 
per cycle for different electrolytes. As the overpotential increases, 
the magnitude of the averaged current in all electrolytes increases as 
well. Although the magnitude of average current in H2SO4 was slightly 
smaller than that of the other three electrolytes, this difference is not 
enough to explain the large difference in the detachment periods 
between H2SO4 and other electrolytes. The collection efficiency of a 
single H2 gas bubble is >90% under most conditions and approaches 
100%, especially in H2SO4 (Fig. 3d). This indicates that essentially all of 
the H2 gas produced at the platinum microelectrode is captured by the 
single bubble, which is consistent with earlier findings48. In contrast 
to the averaged current and collection efficiency, large differences 
were observed in the detachment radius between H2SO4 and other 
electrolytes, which showed the same tendency as the observed elec-
trolyte sequence for τ (Fig. 3e). Considering that τ is proportional to 
the cube of the detachment radius (that is, the detachment volume), 
the difference in radius can explain an order of magnitude difference 
of τ between H2SO4 and HCl. Correlation curves further confirm that 
the difference in detachment radius is the main origin of the observed 
anion effect on the period (Fig. 3f and Supplementary Fig. 11).
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green colour gradient depicts the ion concentration field during the HER. Solutal 
Marangoni (SM) flow induced by concentration gradient with positive surface 
tension increment (∂σ/∂C ≡ σC > 0) away from the platinum surface region (blue 
arrows). Solutal Marangoni flow induced by concentration gradient with negative 
surface tension increment (σC < 0) towards the platinum surface region (red 
arrows). Note that the solutal boundary layer is much thinner by a factor of √Le 
than the thermal one because the mass diffusivity is smaller than the thermal 
diffusivity (where Le = κ/D is the Lewis number, that is, the ratio between thermal 
diffusivity and mass diffusivity; typically, Le ≈ 100)31.
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It is noteworthy that the bubble size distributions in the case 
of small microbubble detachment (see error bars of open symbols, 
representing 10th and 90th percentiles, in Fig. 3e and Supplementary  
Fig. 12) also feature consistent trends, that is, larger bubbles are 
formed in HNO3 compared to HClO4 and as the current increases with 
increasing overpotential. The maximum bubble radii encountered 
in the non-periodic small microbubble detachment cases are about 
65 μm. It appears that microbubbles need to coalesce rapidly enough 
in the vicinity of the electrode to reach sizes somewhat larger than 
this to be retained (for example, by electrostatic and Marangoni 
forces) for continued growth. This implies that in the context of 
electrochemically generated microbubbles, the fact that the coa-
lescence efficiency changes more gradually compared to Craig’s α/β 
categorization39 is of considerable relevance because this renders 
bubble dynamics strongly and nonlinearly dependent on the operat-
ing conditions.

The different detachment radius for each anion indicates a dif-
ferent force equilibrium at the moment of detachment. Recently, a 
detailed force balance of a single H2 bubble on platinum microelec-
trode in H2SO4 was proposed by the Eckert group49. They considered 
a force equilibrium among the buoyancy force, the electrical force, 
the hydrodynamic force and the thermal Marangoni force. Notably, 
the temperature gradient from local ohmic heating near the platinum 
surface can induce a Marangoni flow, for which the resulting force 
on the bubble is towards the electrode27. The buoyancy force of an 
electrochemically generated gas bubble also requires the considera-
tion of local density changes due to the ion concentration gradient 

development, which was confirmed through the natural convection 
induced at microelectrodes50.

However, the anion dependence of the detachment radius  
cannot be explained by the solutal buoyancy force, the electrical force 
or the thermal Marangoni force presented above. The decrease in 
ion concentration near the platinum surface leads to a reduced local 
density of the electrolyte, which in turn slightly enhances the effec-
tive buoyancy force on the gas bubble. However, while the buoyancy 
force is expected to be further enhanced with increasing current, 
its dependence on anion type is negligible due to the small differ-
ences in bulk density observed among the different electrolytes 
(Supplementary Table 1). At a fixed potential, the magnitude of the 
electrical force is determined by the surface charge of a single H2 gas 
bubble51. Because of the similar pH values of the four electrolytes 
(Supplementary Table 1), the magnitude of the electrical force is also 
expected to be similar for all electrolytes. The thermal Marangoni 
force is determined by the temperature gradient along the gas bubble/ 
electrolyte interface, which, given that other factors such as geometry 
and conductivity are similar, can be assumed to be proportional to 
the ohmic heating (∼I2) near the platinum surface. Once a single H2 
gas bubble is formed, the magnitude of the HER current is smaller 
in H2SO4 than in the other electrolytes (Fig. 2a and Supplementary  
Fig. 13). Therefore, a single H2 gas bubble in H2SO4 would experience a  
smaller downward-directed thermally driven Marangoni force 
compared with other electrolytes. This should lead to earlier  
detachment in the H2SO4 case, which is the opposite of what is 
observed experimentally.
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Fig. 5 | HER current oscillations in mixed electrolytes of H2SO4 and HCl.  
a, Period trend as a function of potential for different electrolytes. b, Enlarged 
plot of the dashed grey box in a. Inset: surface tension increment values for 
each electrolyte. Period data are presented as average values with error bars 
representing the s.d. For statistical analysis, 50 HER current oscillations were 
used when the period was <0.3 s, while the entire HER current oscillations during 

15 s of chronoamperometry were used when the period was >0.3 s (specific 
sample sizes under these conditions can be found in Supplementary Fig. 14).  
c,d, Average current per oscillation cycle (c) and estimated detachment radius 
(d) for different electrolytes. The detachment radius is estimated assuming  
100% collection efficiency.
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This inconsistency made us consider another possibility, namely 
the solutal Marangoni effect30,31, because the ion concentration gradi-
ent is also able to alter the surface tension. In fact, the solutal Maran-
goni force in a binary liquid is in general stronger than the thermal 
one, although the range is smaller because the thickness of the solutal 
boundary layer is smaller than that of the thermal one due to the much 
smaller mass diffusivity as compared to the thermal diffusivity52. Nota-
bly, the surface tension increases with increasing concentration of 
H2SO4 (surface tension increment σC, σC ≡ ∂σ/∂C, σC > 0)42, whereas sur-
face tension is decreasing with increasing concentration of HCl, HNO3 
and HClO4 (σC < 0)42 (Supplementary Table 1). As illustrated in Fig. 4,  
the region near the platinum surface has a lower ion concentration 
than the bulk region due to the fast proton consumption which leads 
to a corresponding anion concentration gradient along the bubble/
electrolyte interface to satisfy electroneutrality. In the case of H2SO4, a 
lowered ion concentration near the platinum surface region lowers the 
local surface tension. Consequently, the solutal Marangoni flow along 
the bubble surface steers away from the platinum surface, and therefore 
the solutal Marangoni force would act towards the electrode. Although 
a similar ion concentration gradient is developed in HCl, HNO3 and 
HClO4, the surface tension gradient is reversed due to the negative σC. 
Therefore, the expected direction of the solutal Marangoni force is then 
away from the electrode. This reversed solutal Marangoni force vector 
for H2SO4 compared to HCl, HNO3 and HClO4 is perfectly consistent 
with the observed anion sequence for the periodic detachment radius 
of a single H2 gas bubble (H2SO4 ≫ HCl > HNO3 > HClO4). In addition, at 
approximately 0.3 μN, the buoyancy force difference implied by the 
different detachment radii is consistent in magnitude with the values of 
order 1 μN typically reported for Marangoni-induced forces in related 
studies27,49,53. Therefore, we hypothesize that it is the solutal Marangoni 
force induced by the ion concentration gradient which is the critical 
factor in determining the single H2 gas bubble detachment radius under 
our measurement conditions. It is worth mentioning that the different 
directions of the solutal Marangoni force acting on the single H2 gas 
bubble might also explain the previously discussed differences in the 
evolution of the microbubble carpet thickness (δ in Fig. 2c).

To further support this hypothesis, we prepared electrolytes of 
various σC values and analysed the period through chronoamperometry 
measurements. The σC was controlled by mixing 1 M H2SO4 and 1 M HCl 
in various ratios. These electrolytes feature the highest coalescence 
efficiencies among all electrolytes we used, which ensures that the single 
bubble regime extends to the very small overpotential region. Since the 
solutal Marangoni force induced by the ion concentration gradient is 
proportional to σC, the expectation under the above hypothesis is that 
σC and τ would follow a consistent trend. As Fig. 5a,b and Supplementary 
Figs. 14 and 15 confirm, this is indeed what happens for all conditions we 
investigated: values of τ are found to be larger the higher the σC of the 
electrolyte. However, this electrolyte dependence reduces for very large 
overpotential conditions. Additionally, periods are seen to decrease 
when the applied overpotential is reduced when there is little electrolyte 
dependence, whereas the opposite is true in potential regions exhibit-
ing strong electrolyte dependence of τ. These differences clearly point 
towards competing mechanisms dominating in the respective regions.

As discussed above, a strong electrolyte-dependent τ in the small 
overpotential regions can be rationalized by the electrolyte-dependent 
solutal Marangoni force. Instead, electrolyte-independent thermal driv-
ing of the Marangoni convection might be dominant in very large over-
potential regions, where the τ trend becomes independent of the 
electrolyte identity. This notion is strongly supported by previous inves-
tigations that identified thermal driving as the relevant mechanism at 
very large overpotentials27,53. Moreover, a change in the dominant Maran-
goni effect as a function of the overpotential, and consequently of the 
current, seems reasonable, considering that the ion concentration gradi-
ent scales with ̄I  while the thermal driving approximately scales with ̄I 2. 
Furthermore, the direction of the thermal Marangoni force (Fig. 4) and 

its magnitude trend27,49,53 explain the decreasing trends for the detach-
ment radius and the period (Fig. 5d,a, respectively) when the overpoten-
tial is reduced (see Supplementary Note 2 for more discussion).

To approximate this competition quantitatively, we compare 
estimates for the surface tension change from temperature and con-
centration gradients (see the experimental section for details on the 
calculation). The plot of the surface tension change ratio between 
temperature (σTΔT) and concentration (σCΔC) variation (Fig. 6) sup-
ports our conclusion that the solutal Marangoni effect is dominant in 
small overpotential regions. Notably, the potential at which the ratio is 
1 can be tentatively used as an expected boundary for the region where 
the solutal Marangoni effect is dominant. In 1 M H2SO4, the boundary 
potential is –0.7 VRHE (−1.3 mA) corresponding to the geometric current 
density (J) of −17 A cm–2. This implies that the solutal Marangoni effect 
must be taken into account for H2 gas bubble manipulation under most 
practical current density conditions3,5.

Conclusions
In this work, we have presented the effect of anions in acidic electrolytes 
on H2 gas bubble dynamics during the HER on a platinum microelec-
trode. The H2 gas bubble detachment mode is sensitively dependent 
on the type of anion due to the different microbubble coalescence 
efficiency, which follows the Hofmeister series of anions in the elec-
trolyte. We conclude that at practically relevant current densities, 
the solutal Marangoni force, induced by ion concentration gradients, 
determines bubble detachment as opposed to the thermal Marangoni 
force which becomes relevant at very large overpotentials (with a cur-
rent density of |J| > 17 A cm–2). Because the surface tension increment 
varies for the different electrolytes, the resulting solutal Marangoni 
forces acting on the single H2 gas bubble also change. Ultimately, this 
leads to different H2 gas bubble detachment radii and periods according 
to the type of anion in the electrolyte. The results of this work unravel 
important physicochemical aspects of electrochemically generated H2 
gas bubbles. These findings lead to an in-depth understanding of H2 
gas bubble dynamics at the electrode/electrolyte/gas bubble interface, 
which provides valuable insights into gas bubble manipulation for the 
optimization of gas-evolving electrochemical systems.
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Methods
Chemicals
The electrolytes were prepared from H2SO4 (96%, Suprapur, Merck), 
HCl (30%, Suprapur, Merck), HNO3 (65%, Suprapur, Merck), HClO4 (60%, 
EMSURE, Merck) and Milli-Q water (≥18.2 MΩcm).

Microelectrode preparation
The platinum microelectrode was prepared by sealing platinum wire 
(100 μm, 99.99%, Goodfellow) in a soda-lime glass capillary (1.4 mm 
outside diameter, 1.12 mm inside diameter, Hilgenberg) with a butane 
torch. The prepared polycrystalline platinum microelectrode was first 
polished with diamond polishing suspensions of decreasing particle 
size (3, 1, 0.25, 0.05 μm, Buehler) on micropolishing cloths and then 
polished with sandpaper (P2000, Starcke). Between each polishing 
process, the electrode was sonicated in Milli-Q water to remove any 
residual impurities. Finally, the platinum surface was additionally 
cleaned by oxidation–reduction cycling between 0.03 and 1.35 VRHE  
(30 times at 1 V s–1) in N2-purged 1 M H2SO4. The cleanliness of  
the prepared platinum surface was verified by cyclic voltammetry 
(Supplementary Fig. 16).

Electrochemical characterization
The experiments were performed in a one-compartment and 
three-electrode custom-made PEEK electrochemical cell which has 
a transparent glass window at the side (Supplementary Fig. 17). A 
platinum microelectrode was placed facing upwards to study the 
freely detachable H2 gas bubble. A platinum wire (99.9%, MaTeck) 
and leakless Ag/AgCl (ET072-1, eDAQ) were used as counterelectrode 
and reference electrode, respectively. The electrochemical cell and 
glass window were stored in permanganate solution (0.5 M H2SO4 and 
1 g l–1 KMnO4). Before the experiment, any residual KMnO4 and MnO2 
were removed from the electrochemical cell and glass window by 
dipping them in a diluted piranha solution. Then, the electrochemi-
cal cell and glass window were cleaned by boiling them five times in 
Milli-Q water. By using a Biologic (VSP-300) potentiostat, chrono-
amperometry measurements were carried out for 15 s at desired 
potentials where the HER takes place. Between each measurement, 
N2 purging was performed for 20 min to remove H2 gas in the elec-
trolyte. All data presented in Figs. 1–3 were obtained using the same 
platinum microelectrode and were measured in the order of 1 M 
H2SO4, 1 M HClO4, 1 M HNO3 and 1 M HCl. The electrochemical cell 
and platinum microelectrode were thoroughly rinsed with Milli-Q 
water whenever the electrolyte was changed. Although the exact 
values (current and period) slightly depend on the electrode, the 
same electrolyte-dependent trends in H2 gas bubble behaviour were 
confirmed by separate experiments with different platinum micro-
electrodes. Electrochemical data were plotted without ohmic resist-
ance correction. In the case of periodically oscillating HER current, 
the period of each oscillation was determined by the peak positions 
from the chronoamperometry curve.

Optical characterization and image processing
A high-speed camera (Photron Fastcam Nova S16; frame rate, 
3,000 f.p.s.) equipped with a magnification objective (12× Navitar) 
was used to observe the bubble dynamics during chronoamperometry 
at a resolution of 1.3 μm per pixel. Illumination was provided by three 
light sources (Schott KL2500), which were placed in front of the cell. 
Optical and chronoamperometric measurements were synchronized 
using a trigger signal. Image processing to extract the bubble edge and 
to obtain the bubble radius and its position was performed in MATLAB 
using a calibration based on the wire thickness. A minimum of eight 
bubbles were analysed for each case (except for those with the longest 
periods where the numbers were limited by the total recording time 
of 7.3 s) to obtain the radius and error bars indicating the variation  
in this set.

Relation between bubble detachment period, radius and 
average current
The amount of H2 gas in a detached single gas bubble (nH2,single gas bubble) 
is given by the ideal gas equation:

nH2,single gas bubble =
PV
RT

≅ 4πP0R3D
3RT

P = P0 + ρgh + 2σ/RD ≅ P0

where R, T, P0, RD, ρgh and 2σ/RD are the gas constant, the temperature, 
the atmospheric pressure, the detachment radius of a single gas bubble, 
the hydrostatic pressure and the Laplace pressure, respectively. Here 
we can safely neglect contributions from the hydrostatic (~0.004P0) 
and the Laplace pressure (~0.032P0), considering the electrolyte height 
(~4 cm) and the gas bubble size (~100 μm).

At the same time, the H2 gas produced during its growth period 
(nH2,produced) can be described by the application of Faraday’s law:

nH2,produced =
τ × ̄I
−2F ,

where τ, ̄I  and F are the period, average current per cycle and the  
Faraday constant, respectively. The nH2,single gas bubble  and nH2,produced   
are related by the collection efficiency (CE) of a single gas  
bubble (CE (%) = nH2,large gas bubble/nH2,produced). This leads to the following 
equation:

τ =
−8πFP0R3D

3RT ̄I × (CE/100)
,

where the period (τ) is determined by the detachment radius, the aver-
age current per cycle of oscillation ( ̄I) and the collection efficiency of 
a single gas bubble (CE).

Surface tension change ratio calculation
The change in surface tension due to temperature gradients over a 
typical length scale LT is given by

Δσ |T = σT
∂T
∂s
LT ≈ σT

ΔT
LT
LT = σTΔT,

where σT = ∂σ/∂T is the partial derivative of surface tension with T, 
∂T/∂s is the gradient in the temperature field along the interface and 
ΔT is the total variation in temperature at the interface. Analogously, 
the difference in surface tension due to a change in the electrolyte 
concentration over a length LC is given by

Δσ |C = σC
∂C
∂s
LC ≈ σC

ΔC
LC
LC = σCΔC.

The length scales (LT and LC) cancel for the estimates of Δσ, which 
then depend only on ΔT and ΔC, respectively. It is noteworthy, however, 
that there is a dependence on L for the resulting force on the bubble, 
for which F ∝ ΔσL if RD > L. For purely diffusive growth, one expects 
LC ≪ LT given the much higher thermal diffusivity52. Yet, in the present 
case, additional mixing is likely to occur via the vigorous and frequent 
coalescence events and the Marangoni convection. Moreover, the reac-
tion is running throughout the full cycle, whereas ohmic heating is most 
prevalent only at the end of the cycle when the electrode blockage is 
strongest54. Taken together, these factors suggest that the scale differ-
ence is less pronounced here, such that we expect comparable force 
magnitudes for similar Δσ induced by thermal or solutal gradients.

ΔT was estimated by rescaling the reported values of ref. 27 (maxi-
mum ΔT ≈ 14 K at −2.95 mA) according to ΔT ∝ I2 as implied by ohmic 
heating and using the average current levels at each potential (Fig. 5c).  
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Note that here we assume that the prefactor remains unchanged, 
which appears reasonable given the similarity of the configuration in  
ref. 27 (the same electrode size and similar bubble diameter). For ΔC, we 
used the upper limit value (1 mol l–1), which is consistent with the rapid 
consumption of protons at the typically very high current densities 
achieved during the experiments (∼−12.7 A cm–2 at −1 mA). The rela-
tive ratio between the estimated temperature and ion concentration 
contributions to the surface tension was plotted in Fig. 6 to evaluate 
the dominant driving of Marangoni convection.

Additionally, we note that the solutal Marangoni number

MaC =
ΔσCRD
μDC

,

which relates the competing effects of Marangoni convection and diffu-
sion, is always substantially larger than 1. The lowest value MaC ≈ 1,800 
occurs for HCl at −0.11 VRHE, indicating that even there Marangoni 
convection is relevant.

Data availability
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in this article and its Supplementary Information. Data for the main fig-
ures are available in Zenodo (https://doi.org/10.5281/zenodo.7867261).
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