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ABSTRACT: Exploring the nucleation of gas bubbles at interfaces is of fundamental
interest. Herein, we report the nucleation of individual N, nanobubbles at Pt nanodisk
electrodes (6—90 nm) via the irreversible electrooxidation of hydrazine (N,H, - N, +
4H" + 4e”). The nucleation and growth of a stable N, nanobubble at the Pt electrode is
indicated by a sudden drop in voltammetric current, a consequence of restricted mass
transport of N,H, to the electrode surface following the liquid-to-gas phase transition. The
critical surface concentration of dissolved N, required for nanobubble nucleation, CY, iticals
obtained from the faradaic current at the moment just prior to bubble formation, is
measured to be ~0.11 M and is independent of the electrode radius and the bulk N,H,
concentration. Our results suggest that the size of stable gas bubble nuclei depends only
on the local concentration of N, near the electrode surface, consistent with previously
reported studies of the electrogeneration of H, nanobubbles. CY iticq is ~160 times larger

| Pt

than the N, saturation concentration at room temperature and atmospheric pressure. The residual current for N,H, oxidation
after formation of a stable N, nanobubble at the electrode surface is proportional to the N,H, concentration as well as the
nanoelectrode radius, indicating that the dynamic equilibrium required for the existence of a stable N, nanobubble is determined

by N,H, electrooxidation at the three phase contact line.

B INTRODUCTION

Gas bubbles at solid interfaces are an important research area in
surface chemistry, physics, nanofluidics, and chemical engineer-
ing. Investigations focus on unraveling the mystery behind
bubble nucleation,'® quantifying bubble dynamics as a
function of different parameters,” "' as well as developing
potential applications of nanobubbles in lubrication,"” clean-
ing,"’ and synthesizing highly porous metallic surfaces."* It has
been proposed that interfacial nanobubbles result from a
supersaturation of gas at the solid/liquid interface,” which can
be realized by solvent exchange,g’m substrate heating,“’15 or
solution decompression.”~” Supersaturated solutions are not at
equilibrium due to the energy barrier required to form a gas
bubble. Upon nucleation, energy is released when dissolved gas
molecules at a high chemical potential nucleate a gas phase at a
lower partial potential, while formation of a bubble requires
additional energy to maintain the surface.” In practice, there is a
large discrepancy between classical homogeneous nucleation
theories and experimental results.* For example, theories
predict that the threshold concentration of gas needed to
cause nucleation should be essentially independent of the gas
species used, while experiments demonstrate the opposite.”

Existence of interfacial nanobubbles and their physical
atomic force

properties is supported by studies usin
210,16,17
Several

microscopy in tapping mode (TM-AFM).
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mechanisms have been proposed to explain the long lifetime of
surface nanobubbles, including the role of impurities on the
bubble surface,'® dynamic equilibrium,'” and contact line
pinning,””*" but still no general agreement has been reached.
Recently, electrochemical experiments have advanced funda-
mental studies of gas nanobubbles, since high overpotentials
will readily lead to supersaturation of the solution near the
electrode with electrogenerated gas, resulting in heterogeneous
nucleation. Bubbles of hydrogen or oxygen from water
electrolysis at a gas-evolving electrode were first imaged by
photography”>~** and now by AFM with nanoscopic
resolution.'®'”** Instead of generating a large ensemble of
bubbles on a macroscopic electrode surface, a single nano-
bubble can also be generated on small electrode surfaces.
Recently, we reported the electrogeneration of individual H,
nanobubbles at Pt nanodisk electrodes with radii <50 nm via
the reduction of protons.”*™>* We find that H, nanobubble
nucleation at the Pt disk electrode occurs at a constant H,
supersaturation concentration, independent of the electrode
size and proton source. These nanobubbles are stabilized by a
dynamic equilibrium between the H, diftusive outflux and the
electrogeneration of H, at the three-phase boundary.
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Herein, we focus on the electrochemical generation of N,
nanobubbles from electrooxidation of hydrazine (N,H,) on Pt
disk nanoelectrodes. N,H, oxidation is of importance in the
fields of electroanalysis and electrocatalysis, and the mechanism
and kinetics of N,H, oxidation on Pt electrodes have received
renewed attention recently.’””*> In single-particle collision
experiments, an electrocatalytic current arises when a single Pt
nanoparticle collides with the relatively inactive Ag,»2* Nj,*
boron-doped diamond,*® or carbon-fiber*” electrode to electro-
catalyze N,H, oxidation. The observed “blip” response of the
current at a high overpotential is attributed to the deactivation
of the Pt nanoparticles, although the possibility of N,
nanobubble formation has been recently suggested.”” In the
current article, we use Pt disk nanoelectrodes (<90 nm radius)
to study N,H, electrooxidation and demonstrate that single
nanobubbles of N, indeed can be electrochemically generated
at the Pt nanoelectrodes (Scheme 1). We further measure the

Scheme 1. Schematic Drawing of the Electrochemical
Formation of a Single N, Bubble from N,H,
Electrooxidation at a Pt Nanodisk Electrode with a Radius of
a < ~90 nm

N2H4 N2.aq N2H4 N2 N2H4

critical concentration of the dissolved gas required for
nanobubble nucleation, ~0.11 M, corresponding to a value
that is ~160 times larger than the corresponding N, saturation
concentration at room temperature and atmospheric pressure.
The results for N, nanobubble nucleation and stability are
qualitatively analogous to that for H, nanobubble from proton
reduction in sulfuric acid solution.”**’

B EXPERIMENTAL SECTION

Sulfuric acid (Mallinckrodt, 96.2%, ACS grade) and N,H, (Aldrich, 35
wt % in water stored under N,) were used as received. All aqueous
solutions were prepared from deionized water (18.2 MQ-cm) and
were bubbled with N, gas to remove dissolved O,. As shown below,
the saturation concentration of dissolved N, in the solution at room
temperature and ambient pressure (~0.69 mM), resulting from
bubbling, is ~0.6% of the concentration required for bubble
nucleation. N,H, solutions were freshly prepared daily to reduce the
effect of autodecomposition.”®

Pt nanodisk electrodes were fabricated according to previously
reported procedures from our laboratory.*” Details can be found in the
literature as well as our previous reports.”®”® In order to prepare
circular nanodisk electrodes, the electrochemically sharpen Pt wires
were carefully aligned along the glass capillaries and then sealed within
the glass in H, flame.* The radii of the nanodisk electrodes, a, were
determined from the voltammetric steady-state diffusion-limited
current, i, for the oxidation of ferrocene (Fc — Fc' + e7) dissolved
in acetonitrile (CH;CN) containing 0.10 M tetrabutylammonium
hexaﬂuoroghosphate (TBAPFy). The radii were calculated using the
equation:4 Al

ilim = 4nFDFcC1:kca (1)
where Dg, (2.4 X 1075 em?/s)** and Cf, (3.25 mM) are the diffusion
coeficient and the bulk concentration of Fc, respectively, and n 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.

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.

B RESULTS AND DISCUSSION

Single N, nanobubble formation is observed at Pt nanodisk
electrodes of radius <90 nm during the oxidation of N,H, when
the bulk concentration of N,H, is >0.30 M. Figure 1a shows a
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Figure 1. i—V responses of a 32 nm-radius Pt nanoelectrode immersed
in (a) 1.0 M N,H, and (b) 0.5 M H,SO, at a scan rate of 200 mV/s.
The voltammograms shown are for two scan cycles. The initial
potential is —0.80 V in (a) and 0.0 V in (b), respectively, and the
arrows indicate the direction of potential scanning.

typical cyclic voltammogram recorded at a 32 nm radius Pt
nanodisk electrode immersed into a 1.0 M N,H, solution. At
potentials positive of ~—0.70 V versus SCE, close to the
thermodynamic potential for N,H, electrooxidation reaction at
Pt electrodes,” the current associated with N,H, oxidation
slowly rises, and the voltammetric shape is controlled by N,H,
transport, ohmic loss, as well as the electron-transfer kinetics.
The current increases until reaching a peak value, i, of ~10
nA, and then suddenly drops to a stable residual current of ~1.0
nA. We ascribed this peak-shaped characteristic waveshape to
the formation of a single gas nanobubble at the electrode
surface. For comparison, the voltammetric response corre-
sponding to single H, bubble formation, using the same
electrode immersed into a 0.5 M H,SO, solution, is shown in
Figure 1b. Note that the voltammetric wave for N, bubble
formation is drawn out in comparison to H, bubble,
presumably because of slower electron-transfer kinetics.

After formation of the N, nanobubble, the current decreases
to a small residual value, iy, which is very stable at potentials
positive of the peak potential. The small i, value suggests that
the gas nanobubble blocks most of the active Pt surface,
reducing the rate of N,H, oxidation. We believe that i,
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corresponds to the rate of N, electrogeneration at the electrode
surface required to balance the N, diffusive outflux from the
bubble into the solution. Understanding the factors that control
i, provides insight into the mechanism by which a nanobubble
remains stable.

Surprisingly, #,, for N, bubbles is found to depend on the
time that the Pt disk electrode is immersed into the N,H,
solution. As typified for a 32 nm radius Pt disk electrode, the
initial #y from voltammetric responses after a freshly prepared
Pt electrode is immersed into the N,H, solution is ~10 nA. As
the immersion time increases while continuously scanning the
electrode potential, i}, decreases gradually and levels off to ~7
nA after 10 min. Control experiments with the electrode
disconnected from the cell circuit during the time intervals
between two consecutive voltammetric measurements were
also conducted, and a very similar decrease in &, was observed,
indicating that potential scanning is not required to observe the
current decrease. From the literature, the decrease of &£, with
immersion time is likely due to the known adsorption of N,H,
and reaction intermediates at the Pt surface,*”* which inhibit
the oxidation of N,H,, and further affects bubble nucleation.
The recovery of i, can be achieved by careful rinsing the
electrode with copious amounts of CH;CN and water (see
Supporting Information Figure S2), indicating weak adsorption
of adsorbates. Figure 2 shows that the voltammetric response,
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Figure 2. Cyclic voltammograms at different scan rates for a 47 nm-
radius disk electrode in 1.0 M N,H, solution obtained at immersion
times between 10 and 20 min. Little dependence of £}, on the scan rate
from 20 mV/s to 2.0 V/s is observed.

including the value of &, is essentially independent of the scan
rate between 20 mV/s to 2 V/s, indicating that the N,
concentration profile around the electrode surface reaches a
steady state within this range of voltammetric scan rates. In
quantifying the threshold gas concentration for N, bubble
nucleation, the initial value of i}, for a pristine Pt electrode is
believed to more accurately describe the nucleation super-
saturation concentration. Thus, throughout the remainder of
this paper, i, refers to the initial value obtained from averaging
the peak current from voltammetric responses within the first
five scan cycles after freshly rinsed electrodes are immersed into
the N,H, solution.

Similar to previous results reported for H, nanobubble
formation, the appearance of a sharp peak in the voltammetric
response occurs only at N,H, concentrations above a critical
value. Below this value, the voltammetic response of the
nanodisk electrode displays a sigmoidal shape that is character-
istic of a diffusion-limited response without interference of a
liquid-to-gas phase transition. Figure 3a shows voltammograms
recorded at a 27 nm radius Pt nanodisk in N,H, solutions
below the critical concentration (0.02, 0.05, 0.10, and 0.20 M)
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Figure 3. i—V responses of a 27 nm radius Pt nanoelectrode immersed
in (a) 0.02, 0.0, 0.10, and 0.20 M N,H,, where only sigmodial-shaped
waves are observed, and (b) 0.30, 0.50, 1.0, 1.5, and 2.0 M N,H,,
where peak-shaped waves are observed, at a scan rate of 100 mV/s.

for bubble formation. Unlike the one step sigmoidal shape
voltammetric response for proton reduction, the voltammo-
grams for N,H, oxidation in the absence of bubble formation
display two current plateaus in solutions containing 0.02, 0.05,
and 0.10 M N,H, (and likely three current plateaus for 0.20 M
N,H,), indicating that the N,H, oxidation reaction at Pt
nanoelectrodes is a multiple-step reaction with several redox-
active intermediates. We find that the limiting current for both
the plateau between 0.1 and 0.2 V and the plateau at 0.8 V
increases approximately linearly with the N,H, concentration.
From previous studies, it was concluded that N,H, electro-
oxidation at Pt electrodes takes place as a stepwise electro-
chemical dehydro_genation process with dissolved N, as the
main product.***” Different step reaction mechanisms and
intermediates have been proposed, which vary both as a
function of the nature and structure of the electrode surface and
electrolyte composition/pH.****

N,H* - N, + SH" + 4™ (lowpH) (2)

(high pH) (3)

Further discussion of hydrazine electrooxdation mechanism at
Pt electrodes is beyond the scope of this paper and can be
found in a comprehensive review elsewhere.”® Given that the
overall number of electrons transferred per N,H, molecule is 4,
we obtain a diffusivity of 6.1 X 107% cm?/s from the limiting
current of 5.07 nA at the 27 nm disk electrode in a 0.20 M
N,H, solution (i;,, = 4nFDCa), which lies within the range of
reported values (0.5—1.5 X 1073 cm?/s). 20104950

Despite the complexity of the mechanism of N,H, oxidation,
the key finding is that peak-shaped voltammetric responses are
consistently observed in solutions containing a concentration of
0.30 M or greater, as demonstrated in Figure 3b. Remarkably,
the N, nanobubble peak current #, at the 27 nm radius disk
electrode remains constant at ~6 nA as the N,H, concentration

N,H, + 40H™ — N, + 4H,0 + 4e~
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further increases, indicating that the bubble nucleation is
determined by a critical N, concentration at the electrode
surface, rather than the concentration of N,H, available for
oxidation. The multiple current plateaus before bubble
formation for 0.30 and 0.50 M N,H, solutions, Figure 3,
further suggest the stepwise N,H, electrooxidation reaction.
The nanobubble peak potential shifts from 0.54 V for 0.30 M
N,H, to a much lower potential of —0.42 V for 2.0 M N,H,.
The drawn out cyclic voltammogram at low N,H, concen-
tration is analogous to that observed for the H, bubble
nucleation in a weak acid solution, e.g., acetic acid, as previously
reported.”*” Additional overpotential drives the pre-equili-
brium dissociation of the weak acid prior to proton reduction to
allow sufficient H, electrogeneration to nucleate a gas
nanobubble. The large shift in the nanobubble peak potential
with N,H, concentration suggests that N,H, electrooxidation is
limited by electron-transfer kinetics, rather than mass transport.
In summary, at low N,H, concentrations, the corresponding
concentration of electrogenerated N, at the electrode surface
fails to achieve the value required for bubble nucleation, while
at higher N,H, concentrations, the concentration of N,
molecules is sufficient to nucleate a nanobubble; this critical
N, concentration is independent of the bulk concentration of
N,H,.

Since nanobubbles at interfaces are extremely sensitive to
surfactants or contaminants,'® ultrapure water was used as the
electrolyte, and subsequently a significant ohmic drop occurs
between the electrodes. To confirm that our results are not
overly distorted by the solution resistance, a 1.0 M N,H,
solution containing 0.20 M KCl as supporting electrolyte was
also investigated. As shown in Figure 4, the cyclic voltammo-

12F 0.20 M KClI no salt

Current (nA)
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Figure 4. Cyclic voltammograms at 200 mV/s for a 47 nm radius disk
electrode in 1.0 M N,H, with (red line) and without (black line) 0.20
M KCI as supporting electrolyte.

gram in the presence of 0.20 M KClI rises more steeply than
without KCl, indicating that the drawn out wave in the absence
of supporting electrolyte is partly due to the resistive drop
between the electrodes. However, regardless of whether or not
the solution contains a supporting electrolyte, the peak current
corresponding to bubble formation remains constant, further
confirming our hypothesis that a constant critical gas
concentration for nucleation.

The residual current after bubble formation is also
approximately the same after salt addition, consistent with
previous electrochemical studies on H, bubble formation,
where no change of residual current was observed when inert
salts (KCl, Na,SO,, sodium citrate) were added to the 0.5 M
H,SO, solution.”” Studies of the effects of salts on the
interfacial nanobubble stability using TM-AFM also concluded

that surface nanobubbles, once formed, were insensitive to the
addition of salts."’

We now consider the effect of Pt electrode radii on bubble
nucleation. In the case of proton reduction, a peak shape
voltammetric response corresponding to the H, bubble
formation is consistently observed only for nanodisks with
radii <~50 nm, whereas for radii >~50 nm, a sigmoidal-shaped
voltammetry with significant hysteresis is observed. The
maximum Pt electrode radius to reproducibly form a N,
nanobubble is found to be ~90 nm. Figure 5 shows typical
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Figure S. i—V responses of Pt nanoelectrodes with radii of 5.8, 27, 54,
and 90 nm in 1.0 M N,H, at a scan rate of 200 mV/s.

cyclic voltammograms recorded at Pt nanodisk electrodes of
different radii immersed in 1.0 M N,H, solution. For a 5.8 nm
radius electrode, the peak current i at which a N, nanobubble
nucleates is ~3.1 nA, while for a 54 nm radius electrode, i,
increases to ~17.8 nA. In contrast, for an electrode above the
90 nm critical radius, the cyclic voltammetric response displays
a sigmoidal-shape with large hysteresis between the forward
and backward scan (see Supporting Information Figure S3).
Why dissolved N, molecules do not nucleate into a bubble to
cover the entire electrode surface for a > ~ 90 nm is not
understood.

Assuming that the voltammetric current exclusively arises
from the N, electrogeneration and the system is at steady state
prior to the liquid-to-gas transition, the measured current can
be correlated to the diffusion of N, away from the electrode
surface using the expression:

ir}:b = 4nFDN2CIS\IZ,criticala (4)

where Dy, is the diffusivity of N, (1.9 X 1075 cm?/s),>" and n is
the number of electrons transferred per formation of a gas
molecule (= 4 for N,). Eq 4 relates the N, surface
concentration, C\, e to the peak current, iy, at the moment

just prior to bubble nucleation. Eq 4 assumes diffusion of N,
away from the disk shape electrode surface and is derived from
Fick’s laws.*”*" Based on the independent measurements using
different disk nanoelectrodes, we find that iy, is proportional to
electrode radii, as shown in Figure 6. The slope from the linear
plot of &}, vs a yields the critical surface concentration Cy jtical

of 0.11 + 0.01 M for N,, corresponding to an ~160-fold
increase above the saturation value at room temperature and
atmospheric pressure (~0.69 mM). Interestingly, such a
supersaturation value (~160) required to cause N, bubble
nucleation agrees well with the range of 180—190 reported by
Hemmingsen”~’ and 136 by Finkelstein and Tamir”” using the
classical cavitation method, where the aqueous solutions are
equilibrated with N, at a high pressure and then suddenly
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Figure 6. N, nanobubble peak current, i, as a function of
nanoelectrode radii for N, bubble nucleation in 1.0 M N,H,.

decompressed to observe gas bubbles. These threshold
supersaturation concentrations were found for bubbles at the
glass/water interface, hence heterogeneous bubble nucleation
was likely being observed. On the other hand, N, gas
supersaturation can also be achieved by the fast decomposition
of aqueous nitrite.””>* The threshold concentration for
homogeneous nucleation in aqueous solution was reported to
be 23—100 times the N, solubility at 1 atm, depending on the
solution ionic strength. However, it is generally accepted that
heterogeneous nucleation is substantially faster than homoge-
neous nucleation due to the pronounced decrease of the critical
nucleation energy barrier; this common belief is inconsistent
with the above experimentally reported nucleation super-
saturation value for N, bubble nucleation.

Once formed, we speculate that the stability of a nanobubble
should result from a dynamic equilibrium between the N,
diffusive outflux through the nanobubble/liquid interface
(controlled by Henry’s law and gas-molecule transfer kinetics)
and further N, influx into the bubble from gas electro-
generation at the three phase contact line. A similar dynamic
equilibrium mechanism for surface nanobubble stabilization has
been previously theoretically considered by Brenner,'’
suggesting that the diffusive outflux of gas is compensated by
a continuous influx of gas near the contact line, due to gas
attraction toward hydrophobic walls. In our study, the influx of
gas required to balance the diffusive outflux for a stable
nanobubble at an electrode surface can be experimentally
measured from the residual current (see Scheme 2). In the
following paragraphs, we discuss the stability of a nanobubble at
an electrode surface in terms of the measured residual current.

Scheme 2. Sketch of Gas Outflux and Influx into the Surface
Nanobubble

N, N,H,
m Bl 4 o solution

) glass

i Pt

/ \

As shown in Figures 1 and 3, after the formation of a
nanobubble, the current decreases to a residual current, if.
Because of the small size of the Pt disks and the high
consistency of the voltammetric results using different electro-
des, we believe that the gas nanobubble covers the majority of
the surface and that N,H, oxidation associated with the small
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Figure 7. Dependence of the residual current, iy, at 0.8 V from
voltammetric response at 100 mV/s for a 27 nm radius disk electrode
in N,H, aqueous solutions with different concentrations (0.30, 0.50,
1.0, 1.5, 2.0 M) in Figure 3b.

ity exclusively occurs at the circumference of the Pt disk
electrode. In Figure 3b, iy, after bubble formation for a given 27
nm radius nanoelectrode is quite stable, essentially independent
of the potential. Figure 7 shows that the i;y, obtained in Figure
3b is proportional to the N,H, concentration, suggesting that
N,H, transport to the three phase contact line for further gas
generation is likely to be the rate-limiting step in establishing
the nanobubble dynamic equilibrium. Clearly if N, diffusional
outflux were rate limiting, iy, would not scale linearly with the
N,H, concentration. Surprisingly, in our previous studies of H,
nanobubble stability, a linear dependence of iy, on proton
concentration for a given electrode was not observed.”*’
Figure 8 further shows, within experimental error, an
approximately linear relationship between iy, at 1.0 M N,H,
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Figure 8. Dependence of the residual current, iy, at 0.8 V from
voltammetric response at 100 mV/s as a function of nanoelectrode
radii at 1.0 M N,H, solution.

and the radii of nanoelectrodes used for N, bubble formation,
consistent again with the nanobubble dynamic equilibrium
being limited by the size of the three phase contact line
available for gas electrogeneration. In summary and, as
indicated in Scheme 2, we conclude that the dynamic
equilibrium for the nanobubble at the electrode surface is
limited by N, electrogeneration, which is dependent both on
the bulk N,H, concentration and the length of active three
phase contact line.

B CONCLUSIONS

In summary, this study demonstrates that single N, nano-
bubbles can be electrochemically generated from N,H,
electrooxidation at Pt nanoelectrodes with radii <~90 nm.
The voltammetric current suddenly decreases (~93% blockage)
as a gas nanobubble forms at the electrode and blocks N,H,
transport to the surface. We find that the peak currents at the
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moment of bubble nucleation are proportional to the Pt
nanoelectrode radii, but independent of N,H, concentration.
The critical surface concentration for N, nanobubble nucleation
is measured to be 0.11 + 0.01 M, corresponding to ~160 times
the saturation value at room temperature and atmospheric
pressure, consistent with the results of heterogeneous
nucleation from classical cavitation methods. After bubble
formation, the residual current is proportional to the N,H,
concentration as well as the nanoelectrode radii, implying that
the nanobubble dynamic equilibrium is limited by the N, influx
from gas electrogeneration at the three phase contact line.
Finally, we suggest that the “blip” current response feature for
single Pt nanoparticles collision at a Ni microelectrode,
corresponding to the electrocatalytic oxidation of N,H,
(reported in ref 35) is unlikely to be due to the N, nanobubble
formation at the surface of Pt nanoparticle. The N,H,
concentration used in that study (8.7 mM) is much lower
than the critical concentration required to form a gas
nanobubble found in our study (0.30 M).
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