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ABSTRACT: Pt is the most active single-metal HER catalyst in
acidic media, but its performance drops sharply in alkaline
electrolytes. While recent studies have shown that tetraalkylammo-
nium (TAA+) cations can enhance alkaline HER by restructuring
interfacial water, their role under bubble-forming, high-current
conditions remains unclear. Here we show that tetrabutylammo-
nium (TBA+) exerts a dual, potential-dependent effect on Pt: it
boosts HER rates at low overpotentials but suppresses them at
higher overpotentials. Using microelectrodes with high-speed
imaging, we track microbubble formation, growth and detachment,
and find that TBA+ stabilizes bubbles through adsorption at
multiple interfaces, including the electrode and surrounding insulator, leading to persistent surface blockage via pinning and
coalescence. Rotating disk electrode measurements confirm that the resulting activity loss originates from mass transport limitations
rather than intrinsic kinetics. These findings clarify the role of organic cations in governing gas evolution dynamics and highlight the
need to account for interfacial bubble effects when interpreting alkaline HER activity.
KEYWORDS: microbubbles, hydrophobic cations, alkaline HER, interfacial adsorption, coalescence

■ INTRODUCTION
The hydrogen evolution reaction (HER) on Pt is well
understood in acidic media, where Pt exhibits the highest
intrinsic activity among single metals due to its exceptional
ability to adsorb and recombine reactive hydrogen inter-
mediates (Hads).

1−3 In alkaline media, however, Pt activity is
significantly reduced,4,5 and understanding how the electrolyte
composition modifies alkaline HER kinetics remains an open
question. In particular, the influence of the solvent and ionic
species and their associated interfacial effects has attracted
growing attention.6−9

Recent work has shown that introducing certain organic
species into the electrolyte or onto the electrode surface can
enhance HER rates in neutral and alkaline conditions.10−13

Among these, tetraalkylammonium (TAA+) cations stand
out.12,14,15 Substituting the canonical sodium (Na+) or
potassium (K+) for TAA+ can increase the exchange current
density of alkaline HER on Pt by more than a factor of 4.12

The effect scales with alkyl chain length, consistent with the
idea that increased hydrophobicity reorganizes the interfacial
water network and facilitates proton-coupled transport.11,16−19

Similar hydrophobic and amphiphilic effects have also been
shown to increase the activity of the oxygen reduction reaction
(ORR) in aqueous media,20−22 and CO2 reduction in aprotic
media.23

In our recent work, we showed that tetra-n-butylammonium
cations (TBA+), a specific class of TAA+, form a physisorbed
two-dimensional adlayer on Pt electrodes,15 significantly
decreasing the charge associated with the hydrogen under-
potential deposition (HUPD) adsorption. Despite the formation
of this adlayer, the Pt electrode increases its catalytic activity
for HER, associated with hydrogen overpotential deposition
(HOPD). This highlights how cation-induced interfacial
phenomena can regulate HER activity. However, such studies
(including our own work), have been limited to potentials
close to the onset of HER (∼−0.1 VRHE), reaching current
densities on the order of 1−10 mA/cm2.12,15 By contrast,
under high-current conditions relevant to fundamental bubble
studies, local H2 supersaturation at the electrode|electrolyte
interface gives rise to gas nucleation, growth, and detach-
ment.24,25 These processes can strongly influence the apparent
catalytic activity.

In this work, we deliberately employ well-defined planar and
microelectrode Pt systems to isolate electrolyte-interface
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interactions and gas bubble dynamics during HER. The
simplified geometries used here enable a mechanistic under-
standing of electrolyte cation effects that would be difficult to
resolve in porous catalyst layers. Here, we investigate the effect
of TBA+ on alkaline HER rates over a wider potential range,
extending into the high-current regime (≥100 mA/cm2). We
use microelectrodes to isolate interfacial bubble effects. Their
small geometry supports only a few micro- or nanobubbles at a
given time, making the measured current highly sensitive to
bubble dynamics.

This approach builds on extensive prior work where micro-
and nanoelectrodes have been used to probe bubble nucleation
(nanobubbles),26 coalescence27 and detachment.28 Beyond
their bubble-sensitivity, microelectrodes also offer analytical
advantages: the radial diffusion profile and steady-state
diffusion layer simplify the treatment of mass transport
phenomena during gas evolution.

Using this approach, we find that TBAOH enhances HER
rates relative to NaOH at low overpotentials (≥−0.35 ± 0.01
VRHE), in line with the promotional effect reported for TAA+

cations. However, at higher current densities, this trend
reverses, and the HER activity in TBAOH plummets due to
bubble accumulation and stabilization at multiple interfaces. By
combining electrochemical measurements with high-speed
imaging, we disentangle the dual role of TBA+: while it
promotes interfacial water reactivity at low overpotentials, it
also creates hydrophobic domains that hinder gas removal at
high rates. The electrolyte not only influences catalysis directly
but also controls whether bubbles block HER or not,
highlighting the need to account for bubble dynamics when
evaluating HER activity in alkaline media.

■ METHODS

General Cleaning
The electrochemical cells were cleaned by immersing them overnight
in a 20 mM solution of KMnO4 (≥99.0% Merck). The pH of the
solution was set to ≤1 with H2SO4 (96% Sigma-Aldrich). All the
material employed was rinsed with a freshly prepared 10% mixture of
H2SO4 (96% Sigma-Aldrich) and H2O2 (35% Merck) followed by 4−
5 rinsing and boiling cycles in ultrapure water (Milli-Q, 18.2 MΩ cm).

Cyclic Voltammetry, Chronoamperometry, and Linear
Sweep Voltammetry (LSV)
A standard three-electrode cell assembly and a BioLogic VSP300
potentiostat were employed for the electrochemical measurements. Pt
wire (99.9%, Mateck) was used as the counter electrode and a
HydroFlex reference electrode (Gaskatel), connected with an
additional 10 μF shunt capacitor, was used as reference electrode.
Current densities (j) were calculated by normalizing the current to
the geometric area of the Pt electrodes. An 85% iR correction was
applied using the BioLogic EC-Lab software and the remaining 15%
of the iR correction was manually performed during the data analysis.
All the potentials in this manuscript are reported vs the RHE scale,
100% iR corrected.

Electrolytes
Fresh 0.1 M NaOH solution (30% Suprapur) and 0.1 M TBAOH (40
wt % in H2O Sigma-Aldrich) were used as electrolytes (pH 13). The
electrolytes were purged with high-purity Ar (N5).

Rotating Disk Electrode (RDE) Preparation
A rotating disk electrode (RDE) setup (MSR rotator, Pine research)
was used. The working electrode was a Pt polycrystalline disk with a
diameter of 5 mm (99.99% Pine research), embedded in a polyether
ether ketone (PEEK) insert. The Pt disk electrode was manually
polished on micropolishing cloths with four different diamond

suspensions (Buehler) of decreasing particle size (3 μm, 1 μm, 0.25
and 0.05 μm), then rinsed with ethanol and Milli-Q water, and finally
sonicated in ethanol for at least 15 min to remove attached diamond
particles. Electrochemical polishing was conducted in the range −0.1
VRHE to 1.5 VRHE at 50 mV/s in 0.1 M NaOH for 20−30 cycles until a
clean CV was obtained (Figure S1).

Tafel Analysis
Tafel slope analysis was performed similar to what was described
previously, where Tafel slopes over a certain number of data points
were given vs averaged current density or potential.29−31 The slope
was calculated from HER LSV data at 50 mV/s over small potential
ranges of seven data points. Starting from the first seven points, we
shifted down by one point each time to calculate new slopes, moving
progressively down the data set. The Tafel slopes (in mV/dec) are
obtained from the linear fit of the overpotentials vs log(j), where j is
the current density in mA/cm2.

Microelectrodes Preparation
Pt microelectrodes (Ø10−25 μm) were purchased from CH
Instruments. Larger-diameter Pt microelectrodes (Ø25 μm) were
fabricated in house by pushing a Pt wire (99.99% Goodfellow) in a
glass capillary (1.12 mm inside diameter, Hilgenberg) and heating it
in the middle with a butane torch until the capillary melted, breaking
into two (with one sealed end and one unsealed end), as described
elsewhere.32 One end of a tungsten wire from GoodFellow (Ø0.5
mm, 99.95% purity) was dipped in Agar Silver Paint (Agar Scientific)
and pushed into the open end of each capillary to make the
connection with the Pt wire. When the connection was formed, the
tungsten was sealed in place with hot Limpatroner glue dispensed
with a hot glue gun. The other end was then sanded in Milli-Q water
on a P 600 to P 2500 grit sandpaper from HERMES until a flat disk of
Pt was apparent in microscopy.

A Nikon OPTIPHOT inverted microscope with 5×, 10×, 20×, and
40× magnifications was used to optically characterize the electrode at
all stages in preparation. Optical characterization was primarily done
to ensure a proper seal between the metal and the glass, ensure a good
electrical connection between the tungsten and Pt, and to verify
flatness and cleanliness of the electrode surface. The electrode surface
was then smoothed by polishing on micropolishing cloths (Buehler)
with diamond suspensions (Buehler) of decreasing particle size (6
μm, 3 μm, 1 μm, 0.25 μm, and 0.05 μm). The polishing was first
performed on a Forcipol 1 polishing wheel from Metkon, and after
appearing smooth in the microscope, was subsequently manually
polished with figure-8 motions and 0.05 μm diamond suspension and
then on a clean micropolishing cloth pad with Milli-Q water. Before
each use, the surface of the electrode was manually polished as
described and checked visually using an optical microscope. Figure S2
shows a micrograph of an acceptable electrode surface taken before
electrochemical data collection.

For microelectrodes, slight differences in the current density values
are expected among replicates due to differences in surface roughness
caused when polishing the electrode surface, as illustrated in Figure
S3.

Methylation of Microelectrodes
To directly assess the impact of a hydrophobic insulator (glass)
surface, the glass on the Pt microelectrodes was methylated by
dipping the exposed Pt end of the microelectrode in a prepared
solution of 5% dimethyldichlorosilane (Sigma, 99+%) in toluene
(Sigma, anhydrous 99.8%) for ∼30 s. The electrode was then
thoroughly rinsed with ethanol and water before use. Micrographs of a
glass slide with and without the silane treatment show that the contact
angle of a 5 μL droplet of 100 mM NaOH solution is 90 and 46,
respectively (Table S1), demonstrating higher hydrophobicity of the
glass after being methylated.

Optical Imaging
To analyze the dynamics of H2 bubbles, additional LSV measure-
ments were performed simultaneously with image recording using a
three-electrode electrochemical cell and a shadowgraphy system. The
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electrochemical cell consisted of a Ø10 μm Pt microelectrode
(working electrode) facing upward, at the base of a cuboid glass
cuvette (Hellma, 10 × 10 × 40 mm3). The cuvette was cleaned
following the General cleaning employed for all electrochemical cells.
The cuvette, filled with either 0.1 M NaOH or 0.1 M TBAOH, was

completed by a counter electrode (Ø0.5 mm Pt wire 99.9%) and a
reference electrode Ag/AgCl, both inserted vertically from the top.
The potential was controlled using a potentiostat (BioLogic VSP300).

Bubble dynamics were visualized from two perpendicular side
views, using a shadowgraphy system. The system consisted of two

Figure 1. (a−c) Linear sweep voltammograms of Pt RDE in NaOH pH 13 (gray) and in TBAOH pH 13 (yellow) during HER at 3000 rpm (a),
1500 rpm (b), and 500 rpm (c). The scan rate was 50 mV/s. The HER currents have been averaged with 2−4 replicates and the standard deviation
is displayed as a shade around the line. Currents have been normalized by the geometrical area of the electrode and potentials have been iR
corrected. (d) Optical photography taken from RDE electrode rotating at 500 rpm in TBAOH pH 13.

Figure 2. Tafel slope plots of the HER vs averaged current density on Pt RDE in NaOH pH 13 (gray) and in TBAOH pH 13 (yellow) at 3000 rpm
(a), and 500 rpm (b). The Tafel slope values have been calculated with the LSV data displayed in Figure 1a and 1c. The standard deviation is
displayed as a shade around the line.
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high-speed cameras (#1: Photron, FASTCAM NOVA S16 and #2:
Photron, FASTCAM NOVA S12). Camera #1 was equipped with a
long-distance zoom lens system (Navitar, 12X), while camera #2 was
connected to an optical microscope with a long-distance objective
(Olympus, SLMPLN 20X), providing spatial resolution of 708 pix/
mm and 996 pix/mm, respectively. The system is completed with two
backlight LED illumination (SCHOTT, KL 2500), one for each
camera. Image recording was performed at 125 frames/s.

Optical images in Figures 1d and S10 were taken with a mobile
phone iPhone XS.

■ RESULTS AND DISCUSSION
Tetraalkylammonium cations (TAA+) have been shown to
enhance hydrogen evolution reaction (HER) kinetics on Pt
polycrystalline12 and single-crystal11,15 electrodes in alkaline
media, particularly at low overpotentials (<−0.2 VRHE). Linear
sweep voltammograms (LSVs) obtained in NaOH and
TBAOH electrolytes at various rotation rates are shown in
Figure 1a−c. At low overpotentials, the expected HER
promotion by TBA+ is observed, consistent with previous
reports. However, at higher overpotentials (≥−0.35 ± 0.01
VRHE), this trend reverses and NaOH shows significantly
higher current densities. This crossover suggests that the factor
limiting HER performance changes as the potential becomes
more negative. The small shift in this crossover potential (≈20
mV between 500 and 3000 rpm), further suggests that these
differences originate from changes in mass-transport rather
than intrinsic reaction kinetics.

Direct visual observation supports this interpretation. At low
rotation rates (500 rpm) we could visually observe the
formation of a persistent bubble layer on the electrode surface
(Figure 1d). This indicates that the transition from HER
promotion to suppression in the presence of TBA+ arises from
increased bubble stability. The effect was consistent across all
rotation rates studied and became more pronounced at lower
rotation speeds. Importantly, suppression of HER activity by
TBA+ remained even at the highest rotation rates tested,
showing that typical forms of forced convection cannot fully
overcome these interfacial effects.

To corroborate these observations and assess how bubble
accumulation manifests in the electrochemical response, we
performed a Tafel analysis of the RDE data (Figure 2). In both
NaOH and TBAOH, the Tafel slopes are low at small currents

but increase sharply with current density, consistent with a
transition from kinetically controlled HER to regimes
dominated by mass transport or bubble effects. The initial
slopes and onset of this transition are similar in both
electrolytes, indicating that the underlying HER mechanism
is unchanged by replacing Na+ with TBA+. At higher currents
(and high overpotentials-see Figure S4), however, the apparent
slope in TBAOH surpasses that in NaOH, reflecting stronger
bubble-induced inhibition that persists even under high
rotation rates. Notably, the slope crossover occurs at
progressively higher current densities when the rotation rate
is increased (7.30 mA cm−2 at 500 rpm vs 8.06 mA cm−2 at
3000 rpm). This behavior confirms that forced convection
delays bubble accumulation at the electrode surface, but
cannot prevent it entirely, as stabilized bubbles in TBAOH
eventually dominate the response. Thus, the divergence
between the two electrolytes cannot be explained by intrinsic
kinetics but instead by interfacial bubble dynamics.

It is visually apparent that bubble behavior differs strongly
between NaOH and TBAOH (Figure 1d), with bubble
retention in the latter correlating directly with the decrease
in HER activity. However, the direct role of TBA+ within the
newly formed multiphase microenvironment (bubble|electro-
lyte|surface) remains difficult to resolve at this scale. To
disentangle these contributions, we next turned to micro-
electrodes. Their small size allows one to correlate sudden
drops in current density with partial blockages of the surface.
Because the surfaces are on the order of ten microns in
diameter, the current can report on the behavior of micron-
sized bubbles. This approach provides a more direct view of
how TBA+ alters bubble nucleation, growth, and detachment,
and ultimately how these effects govern the balance between
promotion and suppression across the HER potential window.

LSVs in NaOH and TBAOH solutions at pH 13 (Figure 3)
show a clear promotional effect of HER at low overpotentials
in TBAOH (Figure 3a), consistent with previous results in
macroelectrodes (see Figure S5 for Tafel analysis).12,15 High-
resolution current traces reveal a sharp decrease in current
(Figure 3a) in TBAOH. This sharp drop (yellow line at around
−0.42 VRHE), previously observed for both nano-26,33−36 and
microelectrodes27,28,37,38 is attributed to the formation of gas
bubbles at the electrode surface after the local concentration of

Figure 3. Linear sweep voltammograms of Pt microelectrode Ø25 μm in NaOH pH 13 (gray) and in TBAOH pH 13 (yellow) during HER (a)
between 0.1 VRHE to −0.8 VRHE, and (b) between 0.1 VRHE to −1.5 VRHE. Scan rate 50 mV/s. Currents have been normalized by the geometrical
area of the electrode.
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dissolved H2 near the electrode exceeds the nucleation
thresholds. Each discrete current drop observed in the LSV
corresponds to the optical appearance of one or multiple new
bubble(s) on the electrode surface (Figure S6), confirming
that the electrochemical signal directly reports on bubble
formation and detachment.

To further investigate bubble behavior in more detail, we
combined electrochemical measurements with a shadowgraphy
system (Figure 4). A Ø10 μm Pt microelectrode was
positioned facing upward at the bottom of the electrochemical
cell, allowing buoyancy to assist in bubble detachment from
the electrode surface. Control experiments with micro-
electrodes oriented both up- and downward showed similar
results (see Figure S7). We chose smaller microelectrodes to
reduce the number of bubbles on the surface, giving a clearer
picture of microbubble dynamics. Unlike previous studies
using nanoelectrodes where bubble-formation current tran-
sients were analyzed to determine the nucleation thresh-
old,26,33−35 our studies with microelectrodes focus instead on
the evolution, growth, and detachment of bubbles. Single
nucleation events are not clearly observable here, most likely
because multiple nucleation sites form across the micro-
electrode surface (as suggested by the dense layer of
microbubbles that appears after HER begins).27,39

Figure 4a shows an overlay of LSVs recorded in TBAOH
and in NaOH using a Ø10 μm Pt microelectrode. The

corresponding snapshots in Figure 4b−k, taken at the specific
potentials marked by circles in Figure 4a, illustrate significant
differences in H2 bubble behavior between the two electrolytes,
despite their nearly identical pH (13 ± 0.1).

HER in NaOH (Figure 4b−f) proceeds via a continuous
release of microbubbles, which appear in the microscopy
images around −0.27 VRHE (see Figure S8 for the
simultaneously recorded images from the front- and side-
view images of the cell). The average bubble radius increases
progressively as the overpotential rises. In contrast, HER in
TBAOH (Figure 4g−k) is dominated by the growth of a single,
much larger, and persistent microbubble that continuously
grows as the overpotential is increased (Figure 4l). Shortly
after nucleation, the primary growing H2 bubble migrates
laterally and pins to the insulating glass surrounding the Pt disk
(see Figure S9), where it remains anchored through the entire
LSV. Rather than detaching, the bubble grows mainly through
coalescence with newly formed microbubbles at the electrode
surface, reaching a radius of 165 μm by the end of the forward
scan (−2.5 VRHE) and expanding further to 215 μm during the
reverse scan. Notably, no bubble detachment is observed at
any stage (Supporting Videos S1−S4), highlighting the
extreme stability of the pinned bubble and the profound
influence of interfacial interactions on gas evolution dynamics.

We suggest that the markedly different bubble behavior
observed in TBAOH compared to NaOH arise mainly from

Figure 4. (a) Linear sweep voltammograms of Pt microelectrode Ø10 μm in NaOH pH 13 (gray) and in TBAOH pH 13 (yellow) during HER.
Scan rate 50 mV/s. Currents have been normalized by the geometrical area of the electrode. (b−k) Snap images of H2 bubble formation and
detachment during LSV in NaOH pH 13 (b-f) and TBAOH pH 13 (g−k). The arrows represent the position of the Pt microelectrode. (l)
Quantification of bubble size measured from the high-speed imaging data shown in panels (b−k). The bubble radius was extracted from the optical
frames and plotted as a function of potential for NaOH (gray) and TBAOH (yellow).
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two interrelated interfacial phenomena: (1) enhanced bubble
coalescence, and (2) stronger pinning forces. Both effects are
likely driven by the adsorption of TBA+ at various interfaces
(See Figure S10 for a schematic representation of the different
interfaces). In the following section, we place these
observations within established mechanistic frameworks to
highlight how specific cation effects at interfaces can
profoundly influence gas evolution behavior.
Enhanced Coalescence in TBAOH

In TBAOH, larger bubbles are observed compared to bubbles
in NaOH, a trend attributed to a more efficient coalescence.
The bubble sizes observed in NaOH fall within the range
typically reported for alkaline HER,40 confirming that our
system behaves consistently with previous studies and that the
differences observed in TBAOH arise from electrolyte-specific
effects rather than experimental artifacts. At pH 13, bubbles
carry a net negative surface charge, which would normally
promote electrostatic repulsion and hinder coalescence.
However, previous reports41 have shown that TBA+ can
adsorb at the bubble|electrolyte interface due to a combination
of electrostatic attraction between the cation and the negatively
charged bubble (at pH 13),42,43 and hydrophobic inter-
actions.44 This adsorption likely screens part of the negative
charge, reducing bubble−bubble repulsion and facilitating
coalescence.

Additionally, the increased hydrophobicity of the bubble|
electrolyte interface in alkaline conditions may promote
hydrophobic interactions between adjacent TBA+ layers on
neighboring bubbles, further enhancing coalescence.45 This
behavior can also be understood following the empirical
classification of ions by Craig et al.,46 which extends the
Hofmeister series to describe electrolyte effects on bubble
coalescence.28,47 According to this, electrolytes composed of
similar ion types (either αα or ββ combinations) tend to
inhibit bubble coalescence, whereas mixed αβ or βα
combinations allow bubbles to merge more easily. TBA+ are
considered as β-type (chaotropic) cations due to their large
size and weak hydration, in contrast to small alkali metal
cations such as Na+ or K+, which are α-type (kosmotropic). In
our case, the combination of β-type TBA+ with α-type OH−

forms an αβ electrolyte, which, according to Craig’s

classification, favors coalescence. This is fully consistent with
our observations that TBA+ promotes bubble merging and
stabilizes larger bubbles at the interface through interfacial
adsorption.

The effect is reinforced by the substantially lower surface
tension of TBAOH (γ ≈ 50−55 mN/m)48 compared to
NaOH (γ ≈ 72 mN/m)49 which has been linked to the
formation of larger bubbles.50 Together, charge screening,
hydrophobic interactions, and reduced surface tension provide
a coherent explanation for the enhanced coalescence observed
in TBAOH. It is worth noting that this behavior contrasts with
reports in acidic media, where reduced coalescence has been
observed.51 While we anticipate that there is a role of the
chosen anion/cation pairs in the specific studies,28,51 in acidic
media (below pH 3), bubbles have a positive charge due to the
adsorption of hydronium (H3O+),42 which likely leads to
differences in TBA+ interaction at these boundaries.51 The
reversal of this trend in alkaline TBAOH underscores the
electrolyte-specific role of TBA+ in modulating interfacial
forces and, ultimately, bubble dynamics.
Pinning Forces and Bubble Adhesion

At high overpotentials, HER in TBAOH exhibits unusually
stable bubbles that detach far less readily compared to those in
NaOH. We attribute this effect to the appearance of additional
downward pinning forces due to the bubble adhesion at the
glass (or electrode) surface and respective formation of the
contact line. Our previous study15 showed that TBA+ forms a
physisorbed adlayer on Pt and interacts more strongly in the
presence of OHads species, providing direct spectroscopic
support for the adsorption mechanism proposed here. It is
important to note that TBA+ physisorption is reversible and
potential-dependent, consistent with an interfacial electrolyte
effect rather than a persistent surface alteration. Physisorption
of TBA+ at the Pt|electrolyte interface15 increases interfacial
hydrophobicity, which promotes the accommodation of gas
bubbles on the electrode surface. Previous studies have further
shown that, while smaller TAA+ do not detectably adsorb to
the interface, TBA+ can penetrate hydrophobic phases.44 This
penetration of the alkyl chains into the bubble hydrophobic
(gas) phase may contribute to the observed bubble
stabilization on the Pt surface.

Figure 5. LSVs of Pt microelectrodes Ø100 μm in (a) NaOH pH 13 and (b) TBAOH pH 13 during HER. The glass surrounding the Pt
microelectrode was untreated (solid line) and methylated with dimethyldichlorosilane (dashed line). Scan rate 50 mV/s. Currents have been
normalized by the geometrical area of the electrode.
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We must also address that, especially as bubbles grow
beyond the microelectrode radius, eventually becoming nearly
100 times larger, the role of the surrounding glass insulator also
becomes critical. Under alkaline conditions, the glass|electro-
lyte interface is expected to carry a negative charge, making
TBA+ adsorption favorable. We suggest that this adsorption
increases the hydrophobicity of the glass surface, explaining
why bubbles nucleated at the electrode or at the electrode|glass
boundary often migrate laterally and pin to the glass. This
effect may even outweigh adsorption on Pt, where strong
molecular fluxes and convective flow continually disturb the
interfacial layer.

Bubble attachment to a surface adds an additional capillary
force due to the contact line between the bubble and the
electrode and/or surrounding glass. Strong evidence for
contact line formation is the fact that bubbles in TBAOH
remain pinned even after the LSV is completed, when both
Marangoni and electric forces have vanished.28,39 The contact
line retains small bubbles in place long after these forces
dissipate, delaying bubble detachment (i.e., until the buoyancy
is sufficient to overcome the stabilizing forces). This behavior
contrasts with the more common scenario of bubble evolution
on a microelectrode,27,28,38 including in NaOH electrolyte at
high currents (see Supporting Videos S1−S4), where the
growing bubble rests on a “carpet” of smaller microbubbles
without true pinning, and is retained predominantly by electric
and Marangoni forces. Recent work has demonstrated that a
transition from “carpet”-supported to directly pinned bubbles
can occur, depending on the electrode morphology and
electrolyte composition, both of which modulate the balance of
Marangoni forces.39

To disentangle the effect of hydrophobic changes from the
glass and electrode surfaces, we modified the insulating glass
with dimethyldichlorosilane, creating a methylated, hydro-
phobic surrounding surface (Figure 5). In NaOH, this
methylation led to a pronounced decrease in HER current
density (Figure 5a). Correlated microscopy confirmed that the
hydrophobized glass impeded the removal of microbubbles
from the microelectrode surface (Figure S11). In TBAOH, the
reduction in current density is less pronounced (Figure 5b),
consistent with the idea that TBA+ adsorption already renders
the glass surface hydrophobic, even before the silane treatment.
Together, these results confirm that the hydrophobicity of the
surrounding insulator plays a significant role in the observed
current at bubble-forming overpotentials. While the influence
of the glass is most often neglected, this has been observed
before with other hydrophobic phase interactions.36,52

Taken together, these findings show that electrolyte
composition cannot be viewed solely by its effect on catalytic
activity; instead, it fundamentally reshapes the entire multi-
phase environment of the electrode. In the case of TBA+, the
same adsorption phenomena that enhances water reactivity at
low overpotentials becomes detrimental under vigorous gas
evolution, where stabilized bubbles dominate the interface.
This dual behavior highlights the importance of evaluating
electrocatalysts across wider potential and current density
ranges, where the balance between intrinsic activity and
bubble-driven mass transport phenomena can change dramat-
ically.

More broadly, our results highlight that bubble dynamics,
often regarded as a secondary or purely engineering concern,
are inseparably linked to interfacial chemistry. We demonstrate
that physisorbed cations can control not only catalytic turnover

but also bubble coalescence, pinning, and detachment. In other
words, tuning the interface is a powerful way to control and
improve gas-evolving reactions. Future strategies will need to
combine catalytic promotion with controlled bubble manage-
ment, moving beyond the idea of universally “hydrophobic” or
“hydrophilic” interfaces. Instead, interfaces should be tailored
to the specific conditions in which the reaction takes place,
particularly in nanostructured or porous catalyst layers where
confinement and local hydrophobic domains may strongly
amplify bubble-retention effects.

■ CONCLUSIONS
This study reveals a dual, potential-dependent role of
tetrabutylammonium (TBA+) in the alkaline HER on Pt. At
low overpotentials, TBA+ physisorption on Pt enhances HER
activity by restructuring interfacial water, whereas at higher
current densities the same interfacial hydrophobicity stabilizes
bubbles, leading to persistent surface blockage through pinning
and coalescence. Microelectrode experiments combined with
high-speed microscopy reveal that this crossover originates
from H2 bubble retention at both the electrode surface and the
electrode|insulator boundary in TBAOH. Rotating disk
electrode studies confirm that the suppression persists even
under strong convection, highlighting that bubble stabilization,
not catalytic deactivation, governs performance at high rates.

Our findings show that bulky, hydrophobic cations are prone
to adsorb at multiple phase boundaries (electrode|electrolyte,
bubble|electrolyte, and insulator|electrolyte) reshaping inter-
facial properties and reducing reaction efficiency by inhibiting
bubble detachment. Thus, interfacial hydrophobicity is not
inherently beneficial or detrimental: it promotes reactivity
when gas evolution is limited, but suppresses activity once
vigorous bubble formation dominates.

Although our experiments were carried out under controlled
conditions, the interfacial mechanisms revealed here show that
tuning surface/interfacial hydrophobicity (through tailored
additives, coatings, or support materials) could help manage
bubble behavior and gas removal, offering new ways to
enhance mass transport and efficiency in real devices. The
results also highlight several practical considerations: (i)
catalyst performance should extend to industrially relevant
potentials where bubble formation and detachment becomes
rate-limiting, and (ii) microelectrode studies should account
for possible effects of the surrounding insulator on bubble
pinning. Finally, our findings indicate that hydrophobic salts
such as TBA+, while enhancing HER kinetics at low
overpotentials, are unlikely to improve performance under
high-current, bubble-evolving conditions. This perspective,
often overlooked in the literature, emphasizes that hydro-
phobic domains near a catalyst can dominate bubble retention.
Looking forward, we recommend further investigation into
how exposed or aging catalyst supports influence bubble
retention and gas removal, as such effects may significantly
impact the apparent activity of these electrodes.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acscatal.5c08904.

Electrochemical characterization, control experiments,
and visual analyses that complement the main findings;
this includes cyclic voltammograms in NaOH and
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TBAOH (Figure S1), microelectrode surface imaging
(Figure S2), and replicate voltammograms highlighting
microelectrode surface variability (Figure S3); contact
angle measurements on methylated vs untreated glass
that reveal differences in electrolyte-surface interactions
(Table S1); Tafel slope analyses at various electrode
types and rotation speeds (Figures S4−S5) to support
the discussion on HER kinetics; a series of figures
(Figures S6−S11) to document hydrogen bubble
formation and dynamics under different conditions, as
well as the influence of electrode orientation and glass
surface treatment; Note 1 and Figure S12 provide
mechanistic insight into the potential-dependent effects
of TBA+ on HER current density; bubble dynamics are
further illustrated in Supporting Videos S1−S4 (PDF)
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