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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
areinvestigated 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 H, gas bubble evolution in different electrolytes, ranging from
periodic detachment of a single H, gas bubble in sulfuricacid to aperiodic
detachment of small H, 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 H, 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 system'’. Electrochemical water splitting with
renewable electricity is a scalable technology that can provide clean
hydrogen in a sustainable way without greenhouse gas emissions®. In
electrochemical water splitting, hydrogen (H,) gas is formed through
the hydrogen evolutionreaction (HER) at the cathode, and oxygen (O,)
gas is formed through the oxygen evolution reaction at the anode*’.
Under practical high-current-density operating conditions, gas bub-
blesform at eachelectrified 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 activity®. More recently, many efforts have
beendevoted to assessing the effect of the electrolyte on atomic-and
molecular-level processes, including the role of local water structure,
cations and anions’ 2. In the case of gas bubble formation, it has been
known that gasbubbles affect gas-evolving electrochemical systemsin
various respects, including changing the gas concentration profile*",
reducing the surface area due to adherent bubbles”, increasing ohmic
resistance'® and enhancing mass transport". In addition, controlling
surface wettability has provided improved activities through facile
gas bubble detachment'®. However, a more detailed understanding
of electrochemically generated gas bubble dynamics anditsintricate
dependencies on electrochemical phenomena have been receiving
less attention®.
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Fig.1| Anion effects on HER current oscillation and H, gas bubble evolution.
a-d, Chronoamperometry measurements at —0.56 Vg, (blue curves), —0.36 Vpy¢
(red curves), —0.16 Vg (black curves) in1 M H,SO, (a), 1M HCI (b),1 M HNO; (c)
and1MHCIO, (d). Graphs shown on the right are enlargements of the orange,
greenand purple dotted boxes. e-1, Snap images of different H, gas bubble
detachment moments during chronoamperometry (indicated by the black
arrowsina-d)in1MH,SO, (e,i), IMHCI (fj),1MHNO; (g,k) and1MHCIO, (h,I).
Imagesin green and blue boxes were obtained during chronoamperometry at
-0.16 Ve (e,f,g,h) and -0.56 V¢ (i .3,k 1). Insets: images taken at At = 4 ms after
detachment. Circles, periodic formation and detachment of asingle H, gas
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bubble that forms within 4 ms. Squares, periodic formation and detachment of
asingle H, gas bubble that formsin >4 ms. In these conditions, multiple smaller
gasbubbles are observed at At =4 ms. Crosses, aperiodic detachment of small
gasbubbles. 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 H,SO,, the partition coefficient value of HSO,  is used.

Beyond acertainsupersaturation level, multiple gas bubbles spon-
taneously nucleate ontheelectrode surface, resultingin complexinter-
dependencies of various bubble behaviours during electrochemical
water splitting?®??. Recent developments in micro- and nanoelectrode
fabrication have made it possible to study the fundamental evolution of
electrochemically generated gasbubbles by reducing this complexity
and focusing on single gas bubble events. Nanoelectrodes (diameter,
<100 nm) provide aunique platform to study the nucleation of asingle
nanobubble through asudden current drop due tosurface blockage**.

Based on classical nucleation theory, heterogeneous nucleation was
proposed for aH, nanobubble formed at a platinum nanoelectrodein
H,SO, (ref. 25). Moreover, single H, gas bubble detachment has been
studied by using platinum microelectrodesin H,SO,, where the thermal
Marangoni effect (mass transfer along aninterface between two phases
duetoasurface tension gradient caused by atemperature gradient)**?
and electrostatic interaction between a gas bubble and the platinum
electrode”were considered to be the main contributing forces deter-
mining gas bubble dynamics. Although these results provide basic
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physical models®’ on H, gas bubble nucleation and detachment during
water electrolysis, the detailed effect of the electrolyte composition
on gas bubble dynamics remains elusive.

Herewereportthatthetypeofanionintheacidelectrolyteindeed
greatly influences H, gas bubble dynamics during the HER. Using a
platinum microelectrode as the platform electrode, detailed H, 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 arelation with the Hofmeister series of anions in the electrolyte.
This difference in efficiency of microbubble coalescence results in
very different H,gas bubble detachment behaviour: namely, periodic
detachment of a single H, gas bubble in electrolytes such as H,SO,, in
contrast to aperiodic detachment of small-sized H, gas bubbles, with-
out the formation of a single large H, gas bubble, in electrolytes such
as HCIO,. By carefully tuning the electrolyte composition, we further
demonstrate that the solutal Marangoni force®®*, thatis, the force due
toasurfacetensiongradient caused by a concentration gradient, plays
the crucial role in determining the H, gas bubble detachment for the
studied potential range. Thisimportantinsight 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 H, 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
theacid 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 H,
gasbubble evolution during the chronoamperometry measurement.
For example, periodically oscillating HER currents were observed
in H,SO, and HCl at -0.16 V versus areversible hydrogen electrode
(Vgrue), and originated from the periodic formation and detachment
of asingle large H, gas bubble (Fig. 1e,f and Supplementary Videos 1
and2).0ntheother hand,in HNO;and HCIO, at —0.16 Vi, 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
atthe highly negative potential and large reductive current observed
inour experiments*>*,

Thetimesynchronizationbetween the electrochemical and micro-
scopic measurements confirms the same periods for the HER current
oscillation and the single H, gas bubble detachment. Once the single H,
gasbubble hasdetached, anewsingle H,gas bubble is formed through
the successive coalescence of small-sized microbubbles near the plati-
num surface (Supplementary Video 5). After the single H, gas bubble
has formed, microbubbles near the platinum surface keep coalescing
intothe single H,gasbubble, resulting in the growth of the single H, gas
bubbleandadecreaseinthe HER current. When the single H,gas bubble
hasreachedacertainsize, it detaches,immediately followed by asharp
increasein HER current, which completes one cycle of the oscillation.

Although the single H, gas bubble evolution process in HCl is
similar to thatin H,SO,, the kinetics of single H, gas bubble formation
is different due to the different microbubble coalescence behaviour.
Theinsetimages, showinganenlarged surfaceregiontakenat At =4 ms
after departure of the previous bubble, provide direct insight into
microbubble coalescence in different electrolytes. A single H, gas
bubble was already observed in H,SO, at —0.16 V,;, whereas at the
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Fig.2| Anion effects during single H, gas bubble growth. a, Current transient
curves during one cycle of oscillation. Time is normalized by the length of
oscillation period in each electrolyte. b, Representation of single H, gas bubble
growing with nearby microbubbles, defining R, Y. and 6. ¢, Bubble carpet
thickness (thatis, 6 = Y. - R, the distance between the platinum microelectrode
surface and the base of a single H, gas bubble) during one oscillation.

same potential in HCI, two or more smaller H, gas bubbles are seen to
grow at this pointin the cycle. Microbubble coalescence is even more
inhibited in HNO, and HCIO, electrolytes at —0.16 Vi, resulting in
therandom detachment of various smaller-sized gas bubbles without
forming a single H, gas bubble (Fig. 1g,h). As the applied potential
was decreased to —0.56 Vi, the periodic evolution of a single H, gas
bubble canbe observed regardless of the type of anion (Fig. 1i-1). The
microbubble coalescence behaviours therefore depend on bothanion
type and applied potential (Supplementary Video 6 and Supplemen-
tary Figs.1-4).

Figure Im summarizes the different H, gas bubble evolution pat-
terns during chronoamperometry measurementinaphase diagram.In
particular, this figure clarifies how the H, gas bubble detachment mode
changes with variation in the potential and/or anion type when the
results are plotted in the order of H,SO,, HCI, HNO, and HCIO,: periodic
detachment of a single large H, gas bubble (pink circles) is observed
toward the upper left of the diagram, while non-periodic small-sized
H, gas bubble detachment (light green crosses) is observed toward
thelower 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 H, gas bubble to
the aperiodic detachment of small H, gas bubbles has been reported
onaplatinum microelectrode in H,SO, after adding surfactant or eth-
ylene glycol to the H,SO, electrolyte®*. The authors tried to analyse the
correlationbetween gas bubble coalescence and surface tension, and
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Fig.3| Anion effects on single H, gas bubble detachment. a, Detachment
period as a function of the potential for four different electrolytes. b, Enlarged
plot of the dashed grey box in a. Solid point data represent the average period
withs.d. obtained fromimage analysis of eight different bubble cycles for each
potential. Open point data indicate the average period with s.d. obtained from
50 HER current oscillations, except for H,SO, 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

Potential (V) versus RHE

Detachment volume (mm?®)

detachmentradius (e) as a function of potential for each electrolyte. Collection
efficiency is determined by the ratio of the amount of H, gas captured in asingle
gas bubble to the total amount of H, gas produced. Collection efficiency data are
presented as average values with s.d. (sample size, 8). Solid dots and open dotsin
cand e correspond to data from the periodic formation/detachment of a single
H, gas bubble and the detachment of small microbubbles, respectively. The open
dotsineare 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.

suggested a critical surface tension value (-70 mN m™) asa 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™
(Supplementary Table1).

To further elucidate the transition between different H, gas bub-
ble detachment modes, we check the onset potential and the corre-
sponding current for the formation of a single H, 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 H, gas bubble formationincreasesin the order H,SO,, HCI, HNO,
and HCIO,, which coincides with the inverse order of the Hofmeister
series of anions, amuch-used classification for describing ion-specific
effects®. Here we used the solute partitioning model of Pegram and
Record to quantitatively describe the Hofmeister series*. Their model
providessingle 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 asingle H, 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.

Ingeneral, the gas bubble coalescence can be analysed by consid-
eringthe gasbubble collision frequency and the coalescence efficiency,
which is the likelihood of collisions resulting in coalescence®*, 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 value®. According to
the empirical a/p categorization by Craig®, one would expect severe
coalescence inhibition of gas bubbles for HCIO, when the concentra-
tionis higher than 70 mM (ref. 40). In contrast, no substantial coales-
cenceinhibition was observed inH,SO,, HCland HNO; below 500 mM
(ref.40). Amore gradual change in the gas bubble coalescence inhibi-
tion was reported with the addition of bulky tetraalkylammonium
cations*. Although anumber of explanations have been proposed con-
cerningthe origin of coalescence inhibition, thereis still no definitive
agreement on explaining the underlying mechanism of coalescence
inhibition and the specificion effects*>*,

Based onthe 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 afixed 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
allmeasurements, (2) similar current levels are observed (thus, similar
H, supersaturation) and (3) H, nanobubble nucleation on a platinum
nanoelectrode has observed to be anionindependent**. 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
ofthe mode transition observed when varying the applied potential in
HNO,orHCIO,, both collision frequency and coalescence efficiency can
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contribute to the transition to periodic single H, gas bubble detach-
ment above a certain critical overpotential (see Supplementary Note 1
for further discussion).

Anion effects on single H, gas bubble growth

According to Fig. Im, periodic single H, 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
asingle H,gas bubble are also anion dependent (Supplementary Fig. 6).
Figure 2a shows the HER current transient during one cycle of oscilla-
tionat-0.46 Vg, normalized by the period of oscillation. In H,SO,, after
theinitial HER current decreased, the current stays relatively constant,
untilits sudden increase at the detachment moment, leading to an
asymmetric shape about the minimum current. On the other hand, in
HCI,HNO;and HCIO, 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
H,SO,. Note that the smaller magnitude of the minimum current in
H,SO, cannot be explained by differencesin 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)® caused by the gas bubbles.

Togainmoreinsightinto the anion effects onthe HER current, we
analysed the dynamics and geometry of H, 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,
theradius evolutionapproximately follows apowerlawintime R « ¥,
with the exponent x close to 1/3, consistent with reaction-limited
growth of the H, bubble*®*’. Note that the growth of the single H, gas
bubble occurs via coalescence with amicrobubble cluster, the so-called
bubble carpet®, 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
projectedimage, the thickness of the bubble carpet (6) canbe indirectly
deduced fromthe position (¥.) and radius (R) of asingle H, gas bubble
(6=Y.-R,asshowninFig.2b).

In contrast to the similar growth rate law of asingle H, gas bubble
for all electrolytes, 6 in H,SO, has distinguishable features compared
to the other three electrolytes (Fig. 2c and Supplementary Fig. 8). In
H,SO,, 6 first decreases during the initial growth stage, followed by
aslight increase up to 8 pm. By contrast, in HCI, HNO; and HCIO,, 6
increases monotonically during the growth of a single H, gas bubble,
reaching values of 19-25 um. Thus, the observed difference in HER
current transient between H,SO, and other electrolytes is probably
associated with the differencein é. In particular, the currentis seen to
recover simultaneously with theincreasein §in the otherelectrolytes
(HCI, HNO; and HCIO,), whereas the minimal change of 6 in H,SO, 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 H, gas bubble detachment

The period of asingle H,gas bubble evolution also strongly depends on
the type of anionin the electrolyte (Fig. 3 and Supplementary Fig. 9).
Across the entire potential regioninvestigated, the detachment periods
always follow the sequence: H,SO, > HCI > HNO, > HCIO, (Fig. 3a,b).
In particular, the detachment of a single H, gas bubble in H,SO, was
much slower than in the other three electrolytes. For example, the
period in H,SO, at —0.16 Vg 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 V. Fur-
thermore, the potential-dependent trend of the detachment periodin
H,SO, is opposite to the trends in the other three electrolytes. As the

Temperature gradient  lon concentration gradient

Single H, gas bubble

Fswm Fsm
(0.>0) (0.<0)

Pt Glass

Fig.4|Schematicillustration of the thermal and solutal Marangoni effects on
H, gasbubble evolution. Left: orange colour gradient depicts the temperature
field during the HER. Thermal Marangoni (TM) flow induced by temperature
gradient points away from the platinum surface region (black arrows). Right:
green colour gradient depicts the ion concentration field during the HER. Solutal
Marangoni (SM) flow induced by concentration gradient with positive surface
tensionincrement (00/0C = o > 0) away from the platinum surface region (blue
arrows). Solutal Marangoni flow induced by concentration gradient with negative
surface tensionincrement (o < 0) towards the platinum surface region (red
arrows). Note that the solutal boundary layer is much thinner by a factor of VLe
than the thermal one because the mass diffusivity is smaller than the thermal
diffusivity (where Le = k/D is the Lewis number, that is, the ratio between thermal
diffusivity and mass diffusivity; typically, Le = 100).

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

To further elucidate the origin of the different trends as afunction
ofapplied potential, we note that the period (7), the detachment radius
(Rp) and the average current (1) are related via (see the experimental
section for derivation)

—8TFPyRY
T=—8u D o))
3RTI x (CE/100)

whereF, Py, R, Tand CE are the Faraday constant, the atmospheric pres-
sure, the gas constant, the temperature and the collection efficiency of
asingle H,gasbubble, respectively. Figure 3c shows averaged currents
per cycle for different electrolytes. As the overpotential increases,
the magnitude of the averaged currentin all electrolytes increases as
well. Although the magnitude of average currentin H,SO, 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 H,SO, and other electrolytes. The collection efficiency of a
single H, gas bubble is >90% under most conditions and approaches
100%, especially in H,SO, (Fig. 3d). This indicates that essentially all of
the H,gas produced at the platinum microelectrode is captured by the
single bubble, which is consistent with earlier findings*®. In contrast
to the averaged current and collection efficiency, large differences
were observed in the detachment radius between H,SO, and other
electrolytes, which showed the same tendency as the observed elec-
trolyte sequence for 7 (Fig. 3e). Considering that ris 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 Tbetween H,SO, and HCI. Correlation curves further confirm that
the differencein detachment radius is the main origin of the observed
anion effect on the period (Fig. 3f and Supplementary Fig. 11).
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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
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15 sof 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.

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
formedin HNO; compared to HCIO, and as the current increases with
increasing overpotential. The maximum bubble radii encountered
in the non-periodic small microbubble detachment cases are about
65 um. Itappears 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 a/f3
categorization® 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 H, bubble on platinum microelec-
trode in H,SO, was proposed by the Eckert group®. They considered
aforce equilibrium among the buoyancy force, the electrical force,
the hydrodynamic force and the thermal Marangoni force. Notably,
thetemperature gradient fromlocal ohmic heating near the platinum
surface can induce a Marangoni flow, for which the resulting force
on the bubble is towards the electrode”. 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 microelectrodes™.

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 areduced 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
electricalforceis determined by the surface charge of asingle H, gas
bubble®’. 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
forceis determined by the temperature gradientalong the gas bubble/
electrolyteinterface, which, giventhat other factors such as geometry
and conductivity are similar, can be assumed to be proportional to
the ohmic heating (~/*) near the platinum surface. Once a single H,
gas bubble is formed, the magnitude of the HER current is smaller
in H,SO, than in the other electrolytes (Fig. 2a and Supplementary
Fig.13). Therefore, asingle H,gas bubble in H,SO, would experience a
smaller downward-directed thermally driven Marangoni force
compared with other electrolytes. This should lead to earlier
detachment in the H,SO, case, which is the opposite of what is
observed experimentally.
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Thisinconsistency made us consider another possibility, namely
the solutal Marangoni effect’®”, 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
boundarylayeris smaller than that of the thermal one due to the much
smaller mass diffusivity as compared to the thermal diffusivity*>. Nota-
bly, the surface tension increases with increasing concentration of
H,SO, (surface tensionincrement o, 0. = d0/0C, o. > 0)*?, whereas sur-
face tensionisdecreasing withincreasing concentration of HCI, HNO,
and HCIO, (o < 0)** (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/
electrolyteinterface to satisfy electroneutrality. In the case of H,SO,, a
lowered ion concentration near the platinum surface region lowers the
local surface tension. Consequently, the solutal Marangoni flow along
thebubble surface steers away fromthe platinumsurface, and therefore
the solutal Marangoni force would act towards the electrode. Although
asimilar ion concentration gradient is developed in HCI, HNO; and
HCIO,, the surface tension gradient is reversed due to the negative g.
Therefore, the expected direction of the solutal Marangoni forceis then
away fromthe electrode. This reversed solutal Marangoni force vector
for H,SO, compared to HCI, HNO; and HCIO, is perfectly consistent
withthe observed anion sequence for the periodic detachment radius
ofasingle H,gasbubble (H,SO, > HCl > HNO; > HCIO,). Inaddition, at
approximately 0.3 pN, the buoyancy force difference implied by the
different detachmentradiiis consistent in magnitude with the values of
order1pNtypically reported for Marangoni-induced forces in related
studies”****, Therefore, we hypothesize thatit is the solutal Marangoni
force induced by the ion concentration gradient which is the critical
factorin determiningthe single H,gas bubble detachment radius under
our measurement conditions. Itis worth mentioning that the different
directions of the solutal Marangoni force acting on the single H, gas
bubble might also explain the previously discussed differences in the
evolution of the microbubble carpet thickness (§ in Fig. 2c).

To further support this hypothesis, we prepared electrolytes of
various o values and analysed the period through chronoamperometry
measurements. The o. was controlled by mixing1 MH,SO,and 1 MHCI
in various ratios. These electrolytes feature the highest coalescence
efficienciesamongall electrolytes we used, which ensures that the single
bubbleregime extendsto the very small overpotential region. Since the
solutal Marangoni force induced by the ion concentration gradient is
proportional to o, the expectation under the above hypothesis is that
o.and rwould follow a consistent trend. AsFig. 5a,b and Supplementary
Figs.14 and 15 confirm, thisisindeed what happens for all conditions we
investigated: values of 7 are found to be larger the higher the o of the
electrolyte. However, this electrolyte dependence reduces for very large
overpotential conditions. Additionally, periods are seen to decrease
whenthe applied overpotential is reduced when thereislittle electrolyte
dependence, whereas the opposite is true in potential regions exhibit-
ing strongelectrolyte dependence of 7. These differences clearly point
towards competing mechanisms dominatingintherespectiveregions.

As discussed above, a strong electrolyte-dependent rin the small
overpotential regions canbe rationalized by the electrolyte-dependent
solutal Marangoniforce. Instead, electrolyte-independent thermal driv-
ing of the Marangoni convection might be dominantin very large over-
potential regions, where the 7 trend becomes independent of the
electrolyteidentity. This notionis strongly supported by previousinves-
tigations that identified thermal driving as the relevant mechanism at
very large overpotentials”*>. Moreover, achange in the dominant Maran-
goni effect as a function of the overpotential, and consequently of the
current, seemsreasonable, considering that theion concentration gradzi-
entscales with ] while the thermal driving approximately scaleswith 7.
Furthermore, the direction of the thermal Marangoni force (Fig. 4) and
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Fig. 6 | Surface tension change ratio due to the temperature andion
concentration (o; = d0/0T and 6. = 00/0C) as function of the applied
potential. The dominant origins of surface tension gradient are the temperature
gradient at the area above the dashed line and the ion concentration gradient at
the area below the dashed line.

its magnitude trend®**>*> explain the decreasing trends for the detach-
mentradiusand the period (Fig.5d,a, respectively) when the overpoten-
tialis 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 (o;AT) and concentration (6:AC) variation (Fig. 6) sup-
ports our conclusion that the solutal Marangoni effect is dominantin
small overpotential regions. Notably, the potential at which theratiois
1canbetentatively used asan expected boundary for the region where
the solutal Marangoni effect is dominant. In1 M H,SO,, the boundary
potentialis —0.7 Ve (1.3 mA) corresponding to the geometric current
density (/) of -17 A cm™. This implies that the solutal Marangoni effect
must be takeninto account for H,gas bubble manipulation under most
practical current density conditions™.

Conclusions

Inthis work, we have presented the effect of anionsin acidic electrolytes
on H, gas bubble dynamics during the HER on a platinum microelec-
trode. The H, 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 Marangoniforce, induced by ion concentration gradients,
determinesbubble detachment as opposed to the thermal Marangoni
force which becomes relevant at very large overpotentials (witha cur-
rent density of |/| >17 A cm™). Because the surface tension increment
varies for the different electrolytes, the resulting solutal Marangoni
forces acting on the single H, gas bubble also change. Ultimately, this
leads to different H, gas bubble detachment radii and periods according
tothetype of anioninthe electrolyte. The results of this work unravel
important physicochemical aspects of electrochemically generated H,
gas bubbles. These findings lead to an in-depth understanding of H,
gasbubble dynamics at the electrode/electrolyte/gas bubble interface,
which provides valuable insightsinto gas bubble manipulation for the
optimization of gas-evolving electrochemical systems.
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Methods

Chemicals

The electrolytes were prepared from H,SO, (96%, Suprapur, Merck),
HCI(30%, Suprapur, Merck), HNO, (65%, Suprapur, Merck), HCIO,, (60%,
EMSURE, Merck) and Milli-Q water (=18.2 MQcm).

Microelectrode preparation

The platinum microelectrode was prepared by sealing platinum wire
(100 um, 99.99%, Goodfellow) in a soda-lime glass capillary (1.4 mm
outside diameter,1.12 mm inside diameter, Hilgenberg) withabutane
torch. The prepared polycrystalline platinum microelectrode was first
polished with diamond polishing suspensions of decreasing particle
size (3,1, 0.25, 0.05 pm, 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 Vg
(30 times at 1Vs™) in N,-purged 1 M H,SO,. 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
atransparent glass window at the side (Supplementary Fig. 17). A
platinum microelectrode was placed facing upwards to study the
freely detachable H, 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 H,SO, and
1g1"KMnO,). Before the experiment, any residual KMnO, and MnO,
were removed from the electrochemical cell and glass window by
dipping themin 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,
N, purging was performed for 20 min to remove H, 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 1M
H,S0,,1M HCIO,, 1 M HNO; and 1 M HCI. 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 H, 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 (12x Navitar)
was used to observe the bubble dynamics during chronoamperometry
ataresolution of 1.3 pm per pixel. lllumination was provided by three
light sources (Schott KL2500), which were placed in front of the cell.
Optical and chronoamperometric measurements were synchronized
using atrigger signal. Image processing to extract the bubble edge and
toobtainthebubbleradius andits position was performedin 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

Theamount of H,gas ina detached single gas bubble (11, single gas bubble)
isgiven by the ideal gas equation:

PV 4TPoR}

N2 single gas bubble = RT — 3RT

P =Py + pgh +20/Rp = Py

whereR, T, Py, Ry, pgh and 20/R, are the gas constant, the temperature,
theatmospheric pressure, the detachment radius of asingle gasbubble,
the hydrostatic pressure and the Laplace pressure, respectively. Here
we can safely neglect contributions from the hydrostatic (-0.004P,)
andtheLaplace pressure (-0.032P,), considering the electrolyte height
(-4 cm) and the gas bubble size (-100 pm).

At the same time, the H, gas produced during its growth period
(u2,produced) €an be described by the application of Faraday’s law:

Tx]
nHZ,produced = —_ZF’

where 7, 7 and F are the period, average current per cycle and the
Faraday constant, respectively. The ny, singie gasbubble 8N M produced
are related by the collection efficiency (CE) of a single gas
bubble (CE (%) = nHZ,]argegas bubble/nHZ,produced)~ Thisleadstothe following
equation:

—8TFPoR?,
= 3RTTx (CE/100)’

where the period (7) is determined by the detachment radius, the aver-
age current per cycle of oscillation (7) and the collection efficiency of
asingle gasbubble (CE).

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

oT AT
Ao|r = aTaLT ~ UTELT = 07AT,

where o; = 00/0T is the partial derivative of surface tension with 7,
0T/0s is the gradient in the temperature field along the interface and
AT is the total variation in temperature at the interface. Analogously,
the difference in surface tension due to a change in the electrolyte
concentration over alength L. is given by

oC AC
Ao|c =o0c aLC ~ Oc ELC = 0cAC.

Thelength scales (L;and L) cancel for the estimates of Ag, which
thendepend onlyonATand AC, respectively. Itis noteworthy, however,
that there is a dependence on L for the resulting force on the bubble,
for which Fe= AgL if R, > L. For purely diffusive growth, one expects
L. <« L; given the much higher thermal diffusivity®. Yet, in the present
case, additional mixingis likely to occur viathe vigorous and frequent
coalescence events and the Marangoni convection. Moreover, the reac-
tionisrunning throughout the full cycle, whereas ohmic heating is most
prevalent only at the end of the cycle when the electrode blockage is
strongest™*. Taken together, these factors suggest that the scale differ-
ence is less pronounced here, such that we expect comparable force
magnitudes for similar Acinduced by thermal or solutal gradients.

ATwasestimated by rescaling the reported values of ref. 27 (maxi-
mum AT =14 K at -2.95 mA) according to AT « /* 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 AC, we
used the upper limit value (1 mol 1Y), whichis consistent with the rapid
consumption of protons at the typically very high current densities
achieved during the experiments (~-12.7 Acm2at -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

_ AocRp
Mac = uDc ’
whichrelates the competing effects of Marangoni convection and diffu-
sion, isalways substantially larger than1. The lowest value Ma. = 1,800
occurs for HCl at —0.11 Vy,;, indicating that even there Marangoni
convection s relevant.
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