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Abstract. Surfactants, mimics of contamination, play an important role in nanobubble nucleation,
stability, and growth at the electrode surface. Herein, we utilize single-molecule fluorescence microscopy
as a sensitive imaging tool to monitor nanobubble dynamics in the presence of surfactant. Our results
show that the presence of anionic and non-ionic surfactant increases the rate of nanobubble nucleation at
all potentials in a voltage scan. The fluorescence and electrochemical responses indicate the successful
lowering of the critical gas concentration needed for nanobubble nucleation across all voltages.
Furthermore, we demonstrate that the accumulation of surfactants at the gas-liquid interface changes the
interaction of fluorophores with the nanobubble surface. Specifically, differences in fluorophore intensity
and residence lifetime at the nanobubble surface suggest that the labeling of nanobubbles is affected by
the nature of the nanobubble (size, shape, etc.) and the structure of the gas-liquid interface (surfactant

charge, hydrophobicity, etc.).



Introduction. Gases are produced in many energy-related electrochemical processes. Some of these gas
products offer a “green” fuel source for cleaner and sustainable alternatives to meet the energy demands
of our society. For example, in water electrolysis, water is oxidized on the anode while simultaneously
being reduced on the cathode, producing energetically rich O, and H; gas, respectively.! N, and CO,
gases are produced in hydrazine and formate fuel cells.>* However, the rapid evolution of gas molecules
and their comparatively slow diffusion from the electrode surface can create a supersaturated gas
environment favorable for nanobubble formation.* The nucleation, growth, and dissolution/detachment of
surface nanobubbles may affect electrochemical reactions for a number of reasons: reduced
electrocatalytic surface,’ reorganization of the diffusion layer,® and increased ohmic and mass-transfer
resistances.” An excellent review that details the impacts of electrochemically generated gas bubbles has
been published recently.® Nonetheless, many observed phenomena remain unexplained or inconclusive.
Expanding our understanding of the unique properties of electrochemically generated surface
nanobubbles is critical to further advance technologies related to energy generation and consumption.
The stability of surface nanobubbles has perplexed researchers for decades due to their high
internal pressures’ and long lifetimes.!® Of all the numerous explanations that have been proposed, there
are three major theories for the nanobubble stability, which include contact line pinning,'' dynamic
equilibrium,'? and gas-liquid interface stabilization by contaminants.'> Contamination theory proposes
that a thin organic layer at the gas-liquid interface stabilizes the nanobubble due to a reduction in the gas-
liquid surface tension. A reduction in the gas-liquid surface tension also leads to a reduction in the
Laplace pressure.”!* The reduced nanobubble pressure ensures that the bubble remains at the substrate
surface. An alternative explanation is that an organic-like layer hinders the influx and outflux of gas
molecules to prolong the nanobubble lifetime indefinitely.'® Interestingly, White and co-workers reported
that surfactants, mimics of contamination, lower the surface gas concentration needed to nucleate a
bubble on the surface of a metal nanoelectrode.'> We were inspired by their work as our previous studies

demonstrated that nanobubbles can nucleate well before the thermodynamic potential required for H, and



O, production.'®!7 We hypothesized that the voltage needed to nucleate a nanobubble could further be
shifted if the critical gas concentration is lowered in the presence of added surfactant molecules.

Surface nanobubbles have been studied by a wide range of techniques including atomic force
microscopy (AFM),'® dark-field microscopy'?, surface-plasmon resonance and electrochemistry.?* Ohl
and coworkers introduced a total-internal reflection fluorescence (TIRF) microscopy technique to image
nanobubble formation during solvent exchange.?! This technique was recently used by the Wang group to
study photocatalytic activity of single CdS nanoparticles by imaging the H, nanobubbles on their
surfaces.?> Our group expanded on the method by using single fluorophores to label electrochemically
generated H, nanobubbles.!® The super-resolution approach enables the monitoring of nanobubble
nucleation and growth with high temporal and spatial resolution. Highly-sensitive optical based detections
are advantageous in monitoring gas nucleation as experiments and theoretical calculations estimate that
only 30 to 50 gas molecules are needed for heterogeneous nanobubble nucleation.”*** Under these
circumstances, it could be extremely difficult, if not impossible, to measure any detectable current
fluctuations during the initial gas nucleus formation. Understanding the initial nucleation step before the
bubble grows is technologically and fundamentally relevant.

In this work, we use single-molecule TIRF microscopy to show that the presence of surfactant
promotes earlier nanobubble nucleation. We observe an increase in nanobubble generation at all voltages
where nanobubbles are detected. Furthermore, we demonstrate that shrinking nanobubbles remain on the
surface of the electrode at potentials where dissolution is increasingly more likely. Lastly, the
accumulation of surfactant at the gas-liquid interface changes the labeling fluorophore intensity and

residence time at the nanobubble surface.

Experimental Section
Chemicals: Rhodamine 6G (R6G) perchlorate (Kodak), sodium sulfate (J.T. Baker), isopropyl alcohol

(Fisher Chemical, sodium dodecyl sulfate (SDS) (Aldrich), indium-tin-oxide (ITO) coated coverslips (SPI



Supplies), triton X-100 (TX-100) (Aldrich) assume 625 g/mol for concentration calculations. All
solutions were made using deionized water (>18 MQecm).

TIRF Microscopy: TIRF microscopy was performed using a home-built inverted microscope (Olympus
IX70). An Olympus Apo N 60X 1.49 NA oil objective and an additional 1.5X magnification was used for
all imaging experiments. A 532 nm green laser (10 mW) was used as the excitation source (Crystalaser).
Light was filtered with an ET590/50m emission filter (Chroma Technology) before being detected by an
Andor iXon+ EMCCD camera. Images were recorded at an exposure time of 50 ms (19.81 Hz). An
amplifier gain of 300 and preamplifier gain of 5.1 were used in all experiments. A 6 uL droplet of
solution containing 100 pM R6G, 1M Na,SOs, and varying concentrations of SDS and TX-100 were
placed on a 2 mm diameter hole in a polydimethylsiloxane (PDMS) film defining the ITO working
electrode. In the nanobubble experiments, a voltage waveform (0 to -2 to 0 V vs Pt QRE @ 100 mV/s)
was applied using a 273 A potentiostat (Princeton Applied Research) to an ITO working electrode using a
Pt wire as a quasi-reference electrode. In constant potential experiments, the voltage was held at -1 V vs
Pt QRE while imaging nanobubble fluorophore labeling for 3000 frames (~2.5 minutes). A PCI-6251
(National Instruments) data acquisition card and a BNC-2090 breakout box were used to interface the
potentiostat with the computer. Finally, a traditional 3-electrode configuration was used to record the
current-voltage response of a Pt wire in 0.5 M H>SOj4 during a CV scan (-0.69 to 0.9 to -0.69 V vs
Hg/HgSO4 @ 100 mV/s). A 1 mm diameter Pt wire (~1 cm length) was used as the working electrode, a
Pt wire as the counter electrode, and a Hg/HgSOj electrode (CH Instruments, Inc.) as the reference.
Image Analysis: Images of single molecule labeling of nanobubbles were first background subtracted
using a rolling ball radius of 5 pixels in ImageJ. All images were adjusted to have the same brightness and
contrast before further analysis. The ThunderSTORM plugin in ImagelJ was used to detect spots deemed
to be nanobubbles.?® Each spot can be described by a point spread function which can be fitted using a 2D
gaussian function. A peak intensity threshold 1.25 times the standard deviation of the wavelet filter was

used. Intensity from each individual spot is extracted by integrating under the fitted Gaussian curve.



Single-Molecule Tracking: The TrackMate plugin in ImageJ was used for “spot” tracking.?® A Laplacian
of a Gaussian detector is used to define detect spots above a user set threshold. Once spots have been
identified, a simple LAP tracker is used to track the duration of the detected spot. The linking and gap-
closing distance was set to 300 nm. A gap-closing max frame gap of 3 frames was used. The duration of

events was obtained, and a histogram was created. The histogram was fit using a single exponential decay

function in Origin in order to extract tau, t.

oy
*
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Figure 1: Total-internal reflection fluorescence microscopy as a tool to image H» nanobubbles. A)
Experimental setup showing H, nanobubble generation and dye labeling at an ITO working electrode. B)
A series of six fluorescence images obtained in constant potential experiments showing nanobubble
labeling (or lack thereof) at open circuit potential (OCP), 0, -0.75, -1, -1.5, and -2 V vs Pt QRE. The
solution contained 100 pM R6G and 1 M Na,SOs.

Results and Discussion

Effect of SDS on Nanobubble Formation. The thermodynamic potential for electrochemical water
splitting is 1.23 V. In electrochemical water splitting, water is reduced on the cathode (2H,O + 2¢" — H»
@ + 20H") while simultaneously being oxidized (2H,O — 4H" + 4¢” + O, (y)) on the anode. Gaseous H, or

02 molecules begin to evolve at both the cathode and anode, respectively. At or above certain critical gas



concentration, a nanobubble nucleates on the electrode surface heterogeneously.?® Figure 1A shows the
experimental setup used to generate and optically detect nanobubble nucleation and growth. Briefly, an
objective-based total-internal reflection fluorescence (TIRF) microscope is used to produce a decaying
evanescent wave at the surface of an indium-tin-oxide (ITO) working electrode. A Pt wire acts as a quasi-
reference electrode (QRE). Two of the most probable reactions on the Pt wire QRE are the oxidation of Pt
itself to form Pt oxide and the water oxidation. As shown in Figure S1, the oxidation of Pt starts at ~0.02
V vs Hg/HgSOj4 reference electrode or +0.7 V vs NHE, which is ~0.7 V lower than the onset potential of
the H,O oxidation wave. Similar to our previous work, we observed early nucleation events for H,
nanobubbles at about -0.75 V vs Pt QRE.!® Although it is certainly possible that the anodic reaction on Pt
QRE was Pt oxidation, in which case, the initial H» nucleation potential would be around -0.07 V vs
NHE. However, it is also known that the oxidation of Pt is limited to the top one or two atomic layers on
the surface of the Pt electrode unless potentials >1.5 V vs NHE are reached for an extended time.?”*% As
such, it is likely that the primary anodic reaction taking place on the Pt QRE is the oxidation of water. In
this case, the -0.75 V potential observed for H, nucleation would indicate a very early gas nucleation
potential for water reduction on ITO compared to its -1.23 V thermodynamic potential. We believe this
can be understood because of the following reasons. First, the H» nanobubbles are in the range of 20-30
nm when they are initially detected, i.e., prior to reaching -1.0 V. At higher negative potentials (e.g., -1.5
to -2.0 V vs Pt QRE), most of them grow to 70-100 nm.'® Although these bubbles are detected by the
highly sensitive single-molecule fluorescence method, the overall reaction rates at these lower negative
potentials are far from an appreciable rate for practical water splitting, as one can see from the current-
voltage response in Figure 2C. Second, although ITO is not among the most active materials for HER,
certain catalytically-active defect spots may still be present, which could be responsible for the few H»
nanobubbles observed at the scattered locations on the ITO surface.

The fluorophore rhodamine-6G (R6G) is present in solution at pM concentration. At potentials
where H, nanobubbles are not present (e.g., open circuit potential), R6G molecules rapidly diffuse in and
out of the evanescent wave without being detected (Figure 1B). The quenching ability of the conductive
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ITO surface also prevents detection of R6G.>** However, in the presence of a nanobubble, the fluorophore
momentarily “sticks” to the nanobubble surface giving a short fluorescence burst that produces well
resolved spots (Figure 1B). Applying greater reducing potentials (e.g., -2V) leads to further nanobubble
growth that exceeds the penetration depth of the decaying evanescent wave (~200 nm).'® Hence, the
number of labeled and detected nanobubbles decreases (Figure 1B). Additionally, there are few

detections without the presence of dye; these detections are attributable to unavoidable sources of

fluorescent contamination (Figure S2).
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Figure 2: Imaging H, nanobubbles in the presence of SDS. A) Summed images (500 mV stack ~100
frames each) extracted from Video S1. The potential was scanned from 0 to -2 to 0 V vs Pt QRE at 100
mV/s. The solution contained 100 pM R6G and 1 M Na,SO4.The testing solution contained 50 pM SDS
while the control solution did not. B) The moving average (20 frames ~100 mV bin) of nanobubble
detections per frame as a function of SDS concentration. N=10 for each condition. C) Representative
cyclic voltammograms. The solution contained 100 pM R6G, 1 M Na,SOy4, and 0 (75 uM) SDS.

To study the effect of surfactant, we first imaged H» nanobubbles generated on an ITO electrode

during a voltage scan from 0 to -2.0 V in an aqueous solution containing 100 pM R6G, 1 M Na,SO4, and

50 uM of an anionic surfactant, sodium dodecyl sulfate (SDS). For convenience, Figure 2A shows

summed images (~ 500 mV stacks taken from Video S1) of detected nanobubbles. From the raw data, it is



immediately apparent that there are more nanobubbles being produced and detected in the presence of the
SDS (Video S1). A concentration dependent study reveals that the amount of nanobubbles produced
continues to increase as the SDS concentration increases (Figure 2B). The peak number of nanobubbles
detected in the forward and reverse scan is nearly 5 and 15 times greater, respectively, compared to the
control. It is important to note that the SDS concentrations used here are well below the critical micelle
concentration (CMC), 7-10 mM. 3!

The rate of nucleation for a gaseous surface nanobubble, J (s!), can be described by Equation
1.1532 C (s!) is a constant, y (N/m) is the liquid surface tension, o is the supersaturation concentration of
gas in the liquid, P’ (Pa) is the pressure at which nucleation takes place, and @ (dimensionless) is a

structural parameter that is described by the nanobubble contact angle theta, 0 (degrees) (Equation 2).
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It is apparent that even a miniscule decrease to the surface tension, exp(-y®), could result in a significant
increase in the nucleation rate. An increase in the nucleation rate could also correspond to a decrease in
the critical electrochemical potential needed to observe nanobubble nucleation. The inset in Figure 2B
shows more bubbles being labeled and imaged as the surfactant concentration increases within the initial
nucleation regime (-0.5 to -0.75 V). This observation indicates the successful increase in the nucleation
rate by a lowering of the nanobubble surface tension.

Furthermore, Figure 2C shows that the current output during water reduction, within
experimental error, is nearly identical with and without the presence of the surfactant SDS. As current is
directly proportional to the rate at which H, gas molecules are produced, the amount of evolved gas at the
electrode surface is comparable in the control and surfactant conditions. Hence, the presence of more
nanobubbles across all voltages in the optical readout further indicates the successful lowering of the gas
concentration needed for nucleation. A similar trend is observed using the non-ionic surfactant Triton X-

100 (TX-100) (Figure 3 and Video S2). The CMC for TX-100 is 0.22-0.24 mM.** This observed



phenomenon is consistent with recent reports that use fluorosurfactant to lower the interfacial gas

20,34

concentration for nucleation.
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Figure 3: Imaging H, nanobubbles in the presence of TX-100. A) Summed images (500 mV stack ~100
frames each) extracted from Video S2. The potential was scanned from 0 to -2 to 0 V vs Pt QRE at 100
mV/s. The solution contained 100 pM R6G and 1 M Na,SOs. The testing solution contained 0.50 pM TX-
100 while the control solution did not. B) The moving average (20 frames ~100 mV bin) of nanobubble
detections per frame as a function of TX-100 concentration. N=10 for each condition. C) Representative
cyclic voltammograms. The solution contained 100 pM R6G, 1 M Na,SOs4, and 0 (0.75 uM) TX-100.

Classical nucleation theory predicts that the rate of bubble nucleation is highly dependent on the
concentration of gas molecules present at the electrode surface. At high surface gas concentrations it
becomes thermodynamically favorable for a critical size gas nucleus to grow into a nanobubble.*> At gas
concentrations below some critical value, the rate of nanobubble formation drops precipitously.*®
Nonetheless, we observe nanobubble labeling in potential regions where we do not detect a significant
change in the faradaic current. Although catalytic sites on the ITO electrode may contribute to water
reduction, it is difficult to justify a high concentration of gas molecules at the electrode surface at the
voltages we begin to observe nanobubble labeling. In other words, the fast diffusion of gaseous molecules
is presumably more dominant than the production of gas at the electrode surface. Hence, a saturated

gaseous environment is unlikely present at the low voltages in the forward scan. Nonetheless, Seddon and
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co-workers reported that gas saturation levels are not needed for nanobubble nucleation.’” Furthermore, a
recent simulation study showed that nanobubbles can nucleate in undersaturated conditions if the gas-
electrode attraction is greater than the water-electrode attraction.?* Hydrophobic heterogeneities on the
ITO surface may also contribute to the nucleation or preferential adsorption of gas molecules to the
electrode surface. Nonetheless, more work is needed to account for this apparent thermodynamic
anomaly.

Interestingly, we also observe a large hysteresis in the amount of detected nanobubbles in the
reverse scan (Figure 1B & 2B). More specifically, the number of H, nanobubbles detected on the reverse
scan (-2.0 to 0 V) is significantly greater than that detected on the forward scan (0 to -2.0 V). Moreover,
this hysteresis is dependent on the surfactant concentration: the more surfactant we had in the solution,
the more nanobubbles were detected on the reverse scan. We reason that the hysteresis occurs due to the
detection of bubbles from the forward scan and from newly nucleated bubbles in the reverse. The peak
number of detections in the forward scan is reached between -1 and -1.5 V for all experiments. After ~ -
1.5 V, a drop in detections occurs. The drop in detections in this regime is due to bubbles becoming too
big to be effectively detected within the evanescent wave.'® As the potential is switched towards more
positive values in the reverse scan (-2 V = -1.5 V), the outflux of gas molecules begins to outweigh the
influx of gas molecules in nanobubbles already present on the electrode surface. Consequently, the
bubbles begin to decrease in size and reappear within the evanescent wave. Nevertheless, new
nanobubbles are still able to nucleate at these potentials. We are unable to distinguish nanobubbles from
the forward and reverse scan.

Finally, a considerable amount of nanobubbles are present in the low voltage regime in the
reverse scan (e.g., between -0.75 V and -0.25 V) (Figure 2B & 3B). Bubble growth and shrinkage is
influenced by the relative rates of gas outflux and influx at the gas-liquid interface. The rate of gas outflux
is difficult to quantify as it is related to the shape, size, and pressure of the nanobubble. However, one of
the advantages of generating nanobubbles electrochemically is that the relative concentration of gas
molecules at the surface of the electrode can be readily tuned by changing the electrode potential. As
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mentioned previously, the amount of H, gas molecules leaving the nanobubble is presumed to be much
greater than the influx of gas into the nanobubble as the voltage becomes more positive, i.e., less driving
force for H, gas evolution. Under these conditions, the bubbles begin to shrink until they completely
dissolve or detach from the surface. We hypothesize that the shrinkage of nanobubbles leads to the
concentration of surfactant at the gas-liquid interface. The high concentration of organic-like molecules at
the interface presumably hinders the outflux of gas molecules and further stabilizes the nanobubble.!
Figure S3 shows a simple schematic outlining our hypothesis.

However, others have noted that the permeability of gas molecules is not affected in the presence
of soluble surfactant molecules and salts.*®3? Revisiting gas molecule permeability at a surfactant doped
nanobubble surface may be necessary to support our hypothesis. Alternatively, Zhang et al. reported a
self-restoring mechanism that ensures nanobubble stability in the presence of contaminants during bubble
shrinkage or growth. *° The theoretical approach does not rely on the hindrance of gas molecules by an
organic layer.

Effect of Surfactant Type on Nanobubble Formation. To further understand how different surfactants may
affect nanobubble nucleation differently, we also examined TX-100 as another popular surfactant
molecule, and the results are summarized in Figure 3. A quick comparison of Figures 2 and 3 reveals
quite similar nanobubble dynamics in both SDS and TX-100, i.e., more bubbles were seen in the presence
of surfactants, a large hysteresis was observed between the forward and backward scans in both cases, etc.
However, a closer examination of the results revealed several distinct differences that may further our
understanding of nanobubble formation and growth. First, the SDS concentrations used to observe similar
changes in nanobubble detections are roughly ten times greater than those of TX-100 (Figure 2 & 3). We
attribute this difference to the physical properties of the surfactants (charge, size, CMC, surface activity,
etc.). For example, the CMC for TX-100 is nearly 40 times smaller than that of SDS. The greater
hydrophobic nature of TX-100 likely influences the extent and strength of adsorption to the gas-liquid
interface, and in turn, nanobubble dynamics. The surface tension for 75 pM SDS and 0.75 uM TX-100 is
~68.5 mNem™ and ~62.5 mNem’!, respectively.*'** At lower surfactant concentrations we expect the

12



surface tension to approach bulk water (72.8 mNem™). Nonetheless, the unknown shape and size of the
surface nanobubbles and extent of surfactant adsorption makes it difficult to estimate the surface tension
at the gas-liquid interface. Presumably, the surface tension at the nanobubble surface is drastically
different from bulk liquid values.

Additionally, the number of detected nanobubbles decreases at the highest TX-100 concentration,
0.75 uM (Figure 3B). This is in stark contrast to the SDS case as the number of bubbles appears to reach
a plateau around 50 uM (Figure 2B). We hypothesize that this difference is related to the size of the
nanobubbles: TX-100 stabilized bubbles become too big to be detected within the evanescent wave. The
decaying evanescent wave can be used as a crude “optical ruler”.!® Generally, fluorophores closer to the
surface of the electrode will tend to be brighter than fluorophores further from the electrode. Figure S4
shows raw images of nanobubbles formed under constant potential. SDS stabilized nanobubbles appear to
be brighter than TX-100 stabilized nanobubbles. Box-and-whisker plots of fluorophore intensity as a
function of SDS concentration reveal that the intensity of labeled nanobubble spots increases with
increasing SDS concentration; the opposite is seen in TX-100 (Figure 4). The difference in intensity may
be due to a difference in nanobubble size (z-direction). TX-100 nanobubbles appear to be larger than the
SDS nanobubbles. It is also important to note that the thickness of the surfactant layer may play a role in

the “height” of the bubble. Further investigation is warranted.
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Figure 4: Fluorophore intensity as a function of surfactant concentration. -1 V vs Pt QRE constant
potential experiment containing 100 pM R6G, 1 M Na;SOs, and A) SDS B) TX-100. Each box plot is a
collection of 10 experiments with >150,000 detected events per surfactant condition. Outliers 1.5 times
the interquartile range were removed. The red circles are average intensities per surfactant concentration.

Effect of Surfactant on Fluorophore Adsorption. The kinetics of fluorophore adsorption at the gas-liquid
interface changes in the presence of surfactant. Tau (t), a measure of nanobubble-fluorophore lifetime, is
extracted from single exponential decay fitting of histograms of nanobubble lifetimes (Figure S5).'%°
The lifetime of the nanobubble-fluorophore interaction increases roughly from 50 ms without SDS to 70
ms with 15 uM SDS present in solution (Figure SA). The increased lifetime is also immediately apparent
from Video S1. The accumulation of negatively charged SDS molecules at the gas-liquid interface will
produce a greater zeta potential at the surface of the nanobubble. In turn, we propose that the positively
charged R6G dye molecules remain on the surface longer due to an increase in electrostatic affinity for
the gas-liquid interface. The fluorophore residence time reaches a plateau starting between 15-25 uM. We
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believe this indicates that the surface of the nanobubble reaches a saturated level of SDS. A similar
saturation concentration (~13 uM) for the cationic surfactant cetrimonium bromide (CTAB) was
reported.” The difference in the saturation level is likely related to the size of the bubble and to the
physical properties of the surfactant.

However, we observe the opposite effect when using TX-100 (non-ionic) (Figure 4B). This result
is puzzling because it appears that the intensity and residence time of the fluorophore are correlated. If our
hypothesis about the intensity trends are correct, the size and shape of nanobubble may also play a role in
the adsorption of dye on the nanobubble surface. On the other hand, the hydrophobic nature of TX-100
may lead to a thicker surfactant layer on the bubble surface that results in an unfavorable environment for
R6G adsorption. Multiple factors may be at play. A detailed study to explain the change in fluorophore-

nanobubble interaction as a function of the gas-liquid interface structure is underway.
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Figure 5: Mean fluorophore residence time. -1 V vs Pt QRE constant potential experiment containing 100
pM R6G, 1 M Na,SOs, and A) SDS B) TX-100. N=10 for each condition. Error bars represent one
standard deviation from the mean.
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Conclusions

In conclusion, we have used single-molecule fluorescence microscopy as a useful means to study
the effect of surfactants on the formation of H» nanobubbles on the electrode surface. Our results
demonstrate that the use of surfactants reduces the potential driving force required to nucleate a
nanobubble. This study was successful in probing early nanobubble nucleation before any detectable
current change was observed. Additionally, nanobubble production increases in the presence of surfactant
across all voltages. We believe that these results can be explained, in part, by a lowering of gas saturation
levels needed to nucleate a nanobubble due to a reduction in the surface tension of the gas-water interface.
Nevertheless, more work is needed to explain the nucleation of nanobubbles at voltages where an
undersaturated environment likely exists. Furthermore, we propose that the rate of nanobubble dissolution
decreases as the bubble becomes smaller. A thick surfactant layer may affect the permeability of gas
molecules within the nanobubble, which helps the nanobubble stability on the electrode surface.

Finally, we observed changes in fluorophore intensity and residence lifetime in the presence of
surfactant. The adsorption of surfactant to the nanobubble surface influences the size and shape of the
nanobubble. However, the interaction of the fluorophore with the gas-liquid interface changes as a
function of the interface. Currently, we do not fully understand what properties of the bubble (size, shape,
etc.) and the surfactant (charge, chain length, hydrophobicity, etc.) impact dye adsorption. Elucidating the
major factors influencing the labeling of nanobubbles by dye molecules will provide a better
understanding of nanobubble dynamics and the gas-water interface.
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