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ABSTRACT: Gas bubble evolution are omnipresent in many electrochemical and photoelectrochemical processes. We previously
reported the formation of individual H,, N, and O, nanobubbles generated from electrocatalytic reduction of H*, oxidation of N,H,
and H,0,, respectively, at Pt nanodisk electrodes in the aqueous solution. All the nanobubbles formed display a dynamic stationary
state of three phase boundary with an invariant residual current. Here we test the hypothesis that gas nanobubbles can also be
electrogenerated in non-aqueous medium. Interestingly, we found oscillating bubble behavior corresponding to nucleation, growth
and dissolution in dimethylsulfoxide and methanol. One possible explanation of the oscillation mechanism is provided by the instable
dynamic equilibrium between the gas influx due to supersaturation and outflux due to Laplace pressure. Furthermore, the critical gas
concentration for N, nanobubble nucleation are estimated to be 148, 386, 200 and 16 times supersaturation and the contact angle of
critical nuclei to be 164, 151, 160, and 174° in water, dimethylsulfoxide, ethylene glycol and methanol, respectively. This is the first
report on electrochemical nucleation of gas bubbles in non-aqueous solvents. Our electrochemical gas bubble study based on

nanoelectrode platform has proven to be a prototypical example of single-entity electrochemistry.

INTRODUCTION

Gas-evolution is important to many electrocatalytic process,
such as chlorine-alkali process,!> H, and O, production from
water splitting,3* and CO, and N, from electro-oxidation in fuel
cells (such as methanol and hydrazine).5- It is known that the
formed gas bubbles on electrode surface will increase the
Ohmic resistance and reduce electrolysis efficiency.’-
Management of these interfacial gas bubbles inherently
requires a better understanding of bubble evolution including
nucleation, growth and detachment. Several analytical
techniques have been introduced to study the individual
nanoscale bubble at interface as well as in the liquid phase.’
Atomic force microscopy (AFM) is most popular technique and
provides the earliest evidence on the existence of surface
nanobubbles,!%!!  however, it suffers from very limited

temporal resolution, which is critical for bubble dynamics study.

The optical microscopy is a nonintrusive and direct method
with balanced temporal and spatial resolutions. Fluorescence
microscopy has been utilized to monitor the dynamic nucleation
and growth of gas nanobubbles from solvent exchange!? and
electrocatalytic water splitting.!® Super-resolution dark-field
microscopy!4 !5 and surface plasmon resonance microscopy !¢
18 are also appropriate for the visualization of interfacial
nanobubble dynamics. These studies allow the evaluation of
catalytic activity of individual nanocatalysts and provides new
ideas to elucidate heterogeneous nucleation process of
nanobubbles. On the other hand, advanced electrochemical
methods have excellent temporal resolution and current
sensitivity for single gas nanobubbles. Ying and Long et al.
employed the patch clamp technique to measure the formation
and growth time of single H, nanobubble from NaBH,
hydrolysis through a nanopore confinement.!® The scanning

probe electrochemistry, a technique utilizing glass nanopipettes
to create nanoscale dimension electrode surface, has been
successfully adopted to probe and quantify the nucleation and
bubble behavior on Pt surface.?0-2!

Previously, we developed nanoelectrode method for the
electrogeneration of individual H,, N, and O, nanobubbles,
where gas molecules are electrogenerated by reduction or
oxidation of a species yielding gas product. For example, an
individual N, nanobubble can be formed at a Pt nanoelectrode
by hydrazine oxidation, creating a highly N, gas supersaturated
solution around the electrode surface, leading to a bubble
nucleation.?? Similarly, an individual H, nanobubble can be
formed at Pt, Au and Pd nanoelectrodes by electroreduction of
proton,?3-26 while an individual O, nanobubble can be generated
by oxidation of water? or hydrogen peroxide.?” Among all
these electrogenerated gas bubbles, the nucleation is indicated
by a sharp current drop to a small but nonzero current in the
voltammetry. The gas nanobubble blocks almost all the
electrode surface and the detected residual current stays
invariant when the potential is further scanned, suggesting a
dynamic equilibrium between the gas dissolution and re-
generation.?® Based on this nanoelectrode platform, the critical
concentration necessary for gas nucleation,?>23 27 bubble
nucleation rate,?-30 as well as the geometry of critical bubble
nuclei’! have been successfully measured.

Noted that for all the previous electrochemical study of
nanobubbles, the solution medium is limited to water. We
speculated that the metal electrode surface must be sufficiently
hydrophobic for the gas nanobubble to remain tightly pinned.
Manipulation of gas/electrode/solution interaction could obtain
very different surface energetics that possibly lead to different
bubble dynamics. Herein, based on this nanoelectrode platform,
we reported an interesting bubble oscillation behavior in non-
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aqueous solution and measured the critical concentration for
nucleation, and the nanoscopic geometry of critical nuclei at
single nucleation level. Specifically, N, bubble from hydrazine
oxidation was chosen for the case study because the mechanism
and kinetics of the electrode reaction on Pt have been
previously investigated’?3* and anhydrous hydrazine is
commercially available and directly used for solution
preparation. The non-aqueous solvents chosen need to be
miscible with anhydrous hydrazine and relatively
electrochemically inert within the potential window for
hydrazine oxidation in the experiment. Selected solvents
physical properties are listed in Table 1.

Table 1. Physical properties of selected solvents?
Solvent H,O EG DMSO BIE0LE
Xrllspcfsél)ty 0.890 16.06 1.987 0.544
(Séllg\flz/a;le)tension 72.06 48.02 42.92 22.17
(l\rléls/?lubility 0.66 0.6135 1.1736 5.783%

N, diffusivity 19 0.11° 0.85b 3.11°

(X107 cm?/s)

2All data taken from Handbook of Chemistry and Physics at 25 °C,
except where otherwise referenced.’’
*Diffusivity is calculated from Stokes Einstein equation.

EXPERIMENTAL SECTION

Materials. Sulfuric acid (98%) and anhydrous hydrazine (N,Ha,
98%) were purchased from Sigma-Aldrich and used as received.
All aqueous solutions were prepared using deionized water
(182 M Q -cm). Non-aqueous solvents including
dimethylsulfoxide, acetonitrile, dimethylformamide, methanol,
ethanol, ethylene glycol, acetone, tetrahydrofuran, 1,4-dioxane,
nitromethane and dichloromethane were purchased from Fisher
scientific. Ferrocene (98%, Sigma-Aldrich) was purified twice
by sublimation. In all the solution prepared, no additional
electrolyte was added.

Nanoelectrode Fabrication. Pt nanodisk electrodes were fabricated
according to previously reported procedures.?® Details can be found
in the literature as well as our previous reports.?>24 A 25 um diameter
Pt wire (Goodfellow Corp. 99.99%) was first electrochemically
sharpened, then carefully aligned along the glass capillaries (Dagan
Corp. 0.d. = 1.65 mm, i.d. = 1.10 mm) and sealed within the glass in
H, flame. The radii of the nanodisk electrodes, a, were determined
from the voltammetric steady-state diffusion-limited current, #j;,, for
the oxidation of ferrocene (Fc — Fc* + e7) dissolved in acetonitrile
(CH5CN) containing 0.10 M tetrabutylammonium
hexafluorophosphate (TBAPFg), using the equation:

iy, =4nFD, C..a ey
where D (2.4 x 1075 cm?/s) and Ck, are the diffusion coefficient and
the bulk concentration of Fc, respectively, and » is the number of
electrons transferred per molecule (= 1 for Fc oxidation).
Experimental steady-state voltammograms for measuring the
electrode radii are presented in Figure S1 in the Supporting
Information.

Electrochemical Measurement. A Dagan Cornerstone Chem-
Clamp potentiostat and a Pine RDE4 (used as waveform generator)
were interfaced to a computer through a PCI data acquisition card
(National Instruments) to collect i—V data. A Ag/AgCl (in 3 M NaCl)
electrode and a saturated calomel electrode (SCE) were used as the
counter/reference electrode in a two-electrode cell configuration.

Macroscopic Contact Angle Measurement. Macroscopic contact
angle of liquid droplet on pre-cleaned bare Pt surface without
potential bias was measured by an optical contact angle goniometer

with automatic dispenser (Attension Theta Lite Tensiometer) with 2
pL liquid. The profile of the droplet was recorded using a video
camera as shown in Figure S2.

RESULTS AND DISCUSSIONS

The prepared Pt nanoelectrode was first used for the control
experiments of H, bubble study in 0.5 M H,SO4 and N, bubble
study in 1.0 M N,H; aqueous solution. Typical cyclic
voltammetry is shown in Figure la and b and is very
reproducible over tens of cycles. A peak current of 16.8 nA for
H, bubble nucleation and 5.8 nA for N, bubble nucleation, as
well as the essentially stable residual current after bubble
formation for a 24 nm radius Pt nanoelectrode is observed, in
agreement with our previous results.?>-23
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Figure 1. Typical cyclic voltammetry indicating bubble formation at a
24 nm radius Pt disk electrode recorded at a sweep rate of 100 mV/s.
(a) H, bubble formation in 0.50 M H,SO, aqueous solution with four
consecutive cycles. (b) N, bubble formation in 1.0 M N,H, aqueous
solution with four consecutive cycles.

Electrogeneration of N, nanobubble from hydrazine
oxidation in nonaqueous solvent were observed in EG, DMSO
and MeOH. As shown in Figure 2a, c and e, at low hydrazine
concentrations, the current shows a quasi-sigmoidal wave,
increasing with increasing overpotential. Compared to the well-
defined mass transport limited current response in aqueous
solution as demonstrated in earlier report,?? the voltammogram
in non-aqueous solution is rather “kinetically” controlled,
probably due to the absence of extra charge carrier/supporting
electrolyte in solution.3? 3° The current is proportional to the
hydrazine concentrations, confirming that the possible Faradic
current contribution from EG or MeOH oxidation is negligible
compared to hydrazine oxidation. Overall, the generated N, gas
molecules at electrode surface in this scenario is not sufficient
to stimulate a stochastic nucleation. As hydrazine concentration
further increases to 2.0 M in EG, 3.0 M in DMSO and 1.0 M in
MeOH, respectively, as shown in Figure 2b, d and f, precipitous
current drop corresponding to bubble nucleation and growth is
observed. Specifically, the hydrazine oxidation current
decreases from 1.07 nA to a residual current of 0.1 nA at a
potential of 0.20 V vs SCE with 2.0 M N,H, in EG, while the
current drops from 7.8 nA to 0.5 nA at 0.22 V with 3.0 M N,H,4
in DMSO, and from 5.5 nA to 2.5 nA at 0.33 V with 1.0 M N,H,
in MeOH, respectively. Moreover, the peak current
corresponding to bubble nucleation is found essentially
invariant with increasing hydrazine concentration (e.g., 1.07,
0.92 and 0.87 nA for 2.0, 3.0 and 5.0 M N,H, in ethylene glycol,
respectively) and the peak potential shifts to lower
overpotential due to higher transport flux at higher hydrazine
concentration. At low scan rates, the concentration of dissolved
gas around the nanoelectrode is maintained at a steady state due
to the rapid mass transport at nanoelectrodes (see Figure S3 for
scan rate independence of voltammograms). Thus the surface
concentration of dissolved gas prior to nucleation is directly
proportional to the current by:
ot o @)

4nFDa
ere n is the number of electrons transferred per gas molecule

h
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(= 4 for Ny), F is Faraday’s constant, D is the diffusion
coefficient of gas molecule in the solution (see Table 1), and a
is the radius of nanoelectrode.
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Figure 2. Typical cyclic voltammetry of hydrazine oxidation at a 24
nm radius Pt disk electrode recorded at a sweep rate of 100 mV/s. (a, b)
N,H, in ethylene glycol, (c, d) N,H, in DMSO, (e, f) N,H, in methanol
with concentrations as indicated. The arrows indicate the direction of
forward and backward scan.

A current overshoot prior to current drop is often observed in
nonaqueous solvents, as indicated in Figure 2b, d and f. Careful
investigation shows such a current overshoot is also general for
N, bubble nucleation in aqueous solution when high temporal
resolution data sampling was used (Figure S4). We speculate
such current overshoot origins from the Faradic current due to
enhanced hydrazine mass transport at the nanoelectrode
accompanying the phase transition (see Figure S5). We take the
value prior to the overshoot as the critical current for bubble
nucleation quantification. Upon bubble formation, an
essentially invariant residual current is observed with N,Hy in
EG in Figure 2b, suggesting very similar gas nanobubble
stabilization as in the aqueous solution. For the cyclic
voltammetry in DMSO as shown in Figure 2d, the current
responses show oscillating current after bubble is formed. As
the potential scans back to negative, the small residual current
suddenly increases, indicating the nanobubble is rapidly
dissolved and electrode surface is fully re-exposed. As for

methanol in Figure 2f, the current after nanobubble formation
displays rigorous variations and such noisy becomes significant
for 3.0 M N,H, in MeOH.

To disclose more details, high temporal resolution current
time traces at 20 kHz sampling rate corresponding to Figure 2d
with 3.0 M N;H4 in DMSO is presented in Figure 3a. For
comparison, a parallel current time trace with 3.0 M N,H,4 in
ethylene glycol is shown in Figure 3b where no oscillation is
associated with N, nanobubble. Zoom-ins of bubble nucleation
and partial current oscillations in DMSO are shown in Figure
3c. Initially, the N, molecules are continuously generated from
hydrazine oxidation (state (1)). Once C;“‘f is sufficiently high,

stochastic nucleation of a bubble occurs and a small bubble
nuclei forms at the electrode surface (state (2)). Due to
thermodynamically favorable bubble growth, the bubble
quickly covers almost the whole electrode surface (state (3)).
Afterwards, the bubble continues to expand with increasing
contact angle from gas side (state (4)), until the bubble breaks
and dissolves into the solution. The growing of gas bubble with
increasing volume and inner contact angle, but with invariant
residual current was previously predicted by molecular
simulations.*° This gas nucleation, growth and dissolution cycle
occurs repeatedly as long as high supersaturation can be
achieved. Corresponding schematic of bubble dynamic is
shown in Figure 3d. Eventually, when the potential scans to less
than 0.10 V vs SCE at 16.45s in Figure 3a, the N, generation
from hydrazine oxidation can no longer balance the bubble and
it suddenly shrinks and dissolves (in less than 1 ms) without
subsequent bubble nucleation. At this moment, the electrode
surface is the same as state (1) prior to nucleation. Additional
current time trace with bubble oscillation and their zoom-ins for
3.0 M N;H,; in MeOH are provided in the Supporting
Information (Figure S6).

While Figure 2d and Figure S7 in the Supporting Information
clearly shows the bubble oscillation behaviour is related with
N,H,4 concentration, studies at different scan rate in Figure 4a-
4d display the oscillation behaviour diminishes with increasing
scan rates. At scan rate as high as 1000 mV/s, only the bubble
nucleation and dissolution is observed. At low scan rate of 40
mV/s, Figure 4a shows periodic bubble oscillation with the
peak current proportional to scan potential. This correlation is
confirmed by experiments of bubble oscillation at constant
potential applied (Figure 4e-i). While the oscillation frequency
increases slightly from 1.36 s at 0.05 V to 1.64 s'! at 0.60 V
vs SCE, and the average bubble nucleation and growth time
decreases with increasing potential (Figure S8). Considering
that optical techniques for such nanobubbles dynamics at
nanoelectrodes is extremely challenging, if not possible, we
further consider the noise spectrum of the current oscillation
from Figure 4e-h. Figure S9 shows the power spectral densities
of current signal at different potentials. A main peak at
approximately 1.5 Hz indicates the periodic bubble release at
nanoelectrode. As the potential increases, this peak shifts to
higher frequency with lower power densities, indicating faster
bubble oscillation due to faster gas generation, consistent with
previous results of the overpotential fluctuation at a gas
evolving microelectrode with constant current density.*!
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Figure 3. High temporal resolution current traces of voltammetric responses at scan rate of 100 mV/s and sampling rate of 20 kHz (a) in 3.0 M
N,H, DMSO solution with bubble oscillation, (b) in 3.0 M N,H, ethylene glycol solution without current oscillation. The red and blue curves stand
for the current and potential, respectively. (¢c) Zoom-ins of four current oscillation peaks from (a) as indicated by different symbols (A, bubble
nucleation, ¥ and @ . two typical oscillation, % , bubble dissolution). (d) Schematics for different states of bubble, (Dbare electrode, (2)bubble

nucleation, 3)growth and (®)expanding.
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Figure 4. Typical cyclic voltammetry of N, bubble oscillation at a 24
nm radius Pt disk electrode in 5.0 M N,H, in DMSO solution as a
function of different scan rate (a-d) 40, 200, 400, and 1000 mV/s.
Typical current time traces of bubble oscillation at different potential
applied (e-h) 0.05, 0.20, 0.40 and 0.60 V vs SCE. Oscillation peak

Voltage (V) vs SCE

currents as a function of potential (i). All the measured are recorded at
a sampling rate of 20 kHz.

We now consider possible reasons contributing to the
oscillating behavior of nanobubles observed in DMSO and
MeOH. Conventional gas nanobubbles pinned on the surface
have been found to have extraordinary long lifetime and
unusual small contact angles (from gas side).!% 4244 Gas
supersaturation and contact line pinning are proposed to explain
the stabilization of nanobubbles.*>*’7 Lohse and Zhang
speculated the contact angle of a surface nanobubble is set by
the equilibrium between gas influx due to oversaturation and
gas outflux due to the Laplace pressure.*® At equilibrium,
sinf.=(L/L., where L is the nanobubble contact length with
critical contact length of L.=4y/P,, and { is the oversaturation.
In the case of nanobubble electrogenration in water as shown in
Figure 1, upon nucleation, the bubble pinned on the electrode
will grow aggressively and the contact angle (from gas side)
increases. When more and more electrode surface are covered
by the bubble, the electrode edge available for gas
electrogeneration will decrease, causing a reduction of gas
influx into the gas bubble. Due to strong contact line pinning of
gas nanobubble on hydrophobic electrode surface, the dynamic
equilibrium between the gas influx and outflux can always be
sustained. However, in the case of non-aqueous medium, the
pinning of gas nanobubble on electrode can be much weaker
due to the very different surface energetics. This weaker gas
nanobubbling pinning on electrode surface consequently causes
nanobubble shape instability and easier break of the equilibrium
between gas influx and outflux, eventually leading to the bubble
oscillation behavior. Note that in our previous study of H,
nanobubble from proton reduction in aqueous solution in the
presence of surfactants (Triton X-100, TEGME and CTAB), a
similar current oscillation was not observed.??> We speculate
that while the surfactant molecules will certainly decrease
liquid surface tension and lead to a different surface energetics
at the three phase interface, the surfactant molecules adsorbed
at the liquid/gas interface will also play a role to mechanically

then é}}ﬁ nanobubble shape and kinetically slow down
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diffusive outflux of gas from nanobubble, both of which can
stabilize a surface nanobubble. We believe such shape
instability is an overall consequence of several complicated
surface processes including gas bubble wetting on
electrode/glass surface interface, electrochemical reaction at
three phase boundary, and gas diffusion around surface bubble.
Possible nanobubble coalescence process prior to bubble
detachment cannot be excluded. Systematic evaluation of this
current oscillatory behaviour in experimental conditions is
certainly further needed in order to identify the detailed
mechanism. Eventually, unlike in DMSO and MeOH, the
oscillating bubbles in EG is not typical as shown in Figure 2b.
We speculate this is due to the extremely high viscosity of EG,
which could kinetically trap an oscillating bubble dynamics.

Many more non-aqueous solvents have been tested (Table S1
for the whole list), however, the well-defined peak shaped
voltammogram corresponding to bubble nucleation are not
always observed, due to possible solvent electrooxidation and
bubble instability. We limit our electrochemical analysis of N,
gas bubble to the four different solvents as listed in Table 1.
Figure 5a shows the typical voltammetric response of N, bubble
formation from hydrazine oxidation in DMSO with different
radius of Pt nanoelectrodes. Regardless the current oscillations,
the peak feature and peak current values are very reproducible
(see Figure S3 for multiple scan cycles of cyclic voltammetry
in different solvents). Figure 5b summaries the peak current
value for N, bubble nucleation, i",asa function of electrode

radius in four different solvents, and a linear relationship based
on equation 2 is adopted. The N, molecule diffusivity in the
non-aqueous solvent is estimated from their liquid viscosity
based on Stokes Einstein equation (Table 1), while Dy in water

is taken as 1.9 x 103 cm?/s.*8 From the slope of linear fit (0.301
+ 0.009 for water, 0.040 = 0.002 for EG, 0.462 + 0.032 for
MeOH and 0.326 + 0.007 for DMSO) in Figure 5b, the critical
surface concentration of N,, C., for bubble nucleation, were
estimated to be 98 + 5 mM, 236 = 12 mM, 234 + 5 mM, and
91 + 6 mM, in water, EG, DMSO, and MeOH, respectively.
These overall concentration corresponds to an ~148, ~386,
~200, and ~16 times supersaturation of the N, gas saturation
value at room temperature and atmospheric pressure for each
solvent as summarized in Table 2. Meanwhile, the critical
concentration and supersaturation values for individual
nanoelectrodes are also calculated and presented in Figure Sc
and 5d. Results are consistent from linear fit. For the three non-
aqueous solvents, DMSO, EG and MecOH, we found the
supersaturation for N, bubble nucleation is correlated with
liquid surface tension while water is excepted (Figure S13,
Supporting Information).
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Figure 5. (a) Typical i-V responses of Pt nanoelectrodes with radii of
5,17,21 and 55 nm in 5.0 M N,H,; DMSO solution at a scan rate of 100
mV/s. Potential window was limited in order to clarify the peak shape
voltammetric response. (b) Nanobubble peak current, ik (c) critical N,

concentration for bubble nucleation calculated from eq 2., Cg;.,and (d)
critical supersaturation for bubble nucleation, S (C. /Cy), based on the
solubility from Table 1 as a function of electrode radius in different
solvent mediums. Error bars are based on the voltammetric response
from multiple measurement with the same electrode. The lines and
colored bands are drawn to guide the eye.

Table 2. Contact angle from liquid side in a macroscopic liquid
droplet, oscillating bubble behaviour, critical gas concentration, Ceq,
critical supersaturation, S, for bubble nucleation, contact angle from
liquid side and radius of curvature of critical nuclei in the selected
solvents. No obvious correlation between the macroscopic and
nanoscopic angles is seen.

Solvent H,O EG DMSO MeOH

droplel (deg) 58 a4 3 2

l()):}(:il\}ia(t)iron No Rarely? Yes Yes

Cerir. (mM) 98+5 236+12 234+5 9146

8 (Cerir. /Co) 148+8 38620  200+4 161

ey 1641 15182 160:2 17442

Feury, (NM) 9.7 2.5 43 27.7
aTypical example and features is shown in Figure S11 and S12.
bEstimation from voltammetric measurement on individual

nanoelectrodes.

In classical nucleation theory for a bubble, the rate of
nucleation, J, is expressed as*

1672°® ()
3k, T(P,, ~B)’
where J; is the pre-exponential factor; y is the surface tension
of solvent-gas interface; @(0)=(2-cosf)(1+cosd)*/4 is the
geometric factor and is a function of the contact angle € from
liquid side. Py, is the pressure of the gas inside the critical
nucleus and P, is the ambient pressure. Based on the
distribution of nucleation peak currents from independent
voltammetric measurement, the pre-exponential factor, Jy, and
the properties of single critical nuclei such as contact angle, 6,
can be extracted based on a previous developed statistical
model.3! With known critical nuclei internal pressure Py, and
assuming an equilibrium between the solution and the bubble
nuclei, the radii curvature of the critical nuclei, is calculated
from the Young-Laplace equation, 7cu=2 p/(Pgas-Po). Details of
0 and r.,,, of critical nuclei pertaining to bubble nucleation in
different solvents is summarized in Table 2. Interestingly, the
estimated nanoscopic contact angles from liquid side of critical
nuclei in the non-aqueous solvents (151£2° in EG, 160+2° in
DMSO, 174+2° in MeOH) are very close to the value in water
(164+1 °), but are much higher than the macroscopic contact
(58° in H,0, 44° in EG, 31° in DMSO, 20° in MeOH). These
large contact angles of N, nanobubbles from liquid side are
consistent with previous small contact angle measured from
Tapping mode AFM for surface gas nanobubbles.’® More
interestingly, in our study, the trend of calculated @ of critical
nucleus in the four different solvents agrees remarkably well
with that of the measured gas oversaturation (Cg;, /Co-1) based
on the model previously proposed by Lohse and Zhang, where
the equilibrium contact angle of a surface nanobubble is
described by sinf.=(L/L..*°

J=J,exp(- ) 3

as
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CONCLUSIONS

In summary, we demonstrated the electrogeneration of single
N, nanobubbles in different solvent medium. In contrast to the
dynamic stationary state of nanobubbles found in aqueous
solution, which is indicated by the invariant residual current,
the oscillating behavior corresponding to bubble nucleation,
growth and dissolution cycle is observed in DMSO and MeOH.
We speculate such nanobubble dynamics is probably due to
very different contact line pinning of gas nanobubble on
electrode surface in the non-aqueous solvents, relative to water.
In future work, we will develop this bubble oscillation at
nanoelectrodes as a means of revealing the nanoscopic
interaction at the gas/liquid/electrode three phase boundary.
Based on our nanoeletrode platform for electronucleation, the
critical concentration for N, bubble nucleation is estimated to
be 98, 236, 234 and 91 mM in water, ethylene glycol, DMSO
and methanol, respectively, corresponding to 148, 386, 200 and
16 times the saturation concentration. Our unique study of
single N, nanobubbles also allows quantitative characterization
of the geometry of critical nuclei including the contact angle
and radius of curvature. Overall, our electrochemical driven gas
nanobubble study based on nanoelectrode has proven to be a
prototypical example of single-entity electrochemistry.>!
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