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Abstract

Gas bubble formation is a common phenomenon in numerous
electrochemical processes, such as water splitting, chloralka-
line process, and fuel cells. Many efforts have been made to
understand the behaviors of microsized or larger gas bubbles
in electrochemical systems in the past few decades. It was not
until recent years that the electrochemistry of nanosized gas
bubbles (nanobubbles) has begun receiving attention. In this
short review, we summarize recent advances in the field of
electrochemistry of nanobubbles, ranging from new funda-
mental understandings of nanobubble behaviors to the devel-
opment of novel bubble-based applications inspired by the
basic research of nanobubble electrochemistry.
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Early studies of electrogenerated
nanobubbles using atomic force
microscopy

Atomic force microscopy (AFM) is the tool widely used
in the early studies of interfacial nanobubbles. Back in
2007, Zhang et al. [1] imaged, for the first time, the
formation and growth of H; nanobubbles on a bare,
highly oriented pyrolytic graphite surface using in situ
tapping mode AFM. A follow-up study by Yang et al. [2]
shows electrogeneration of O, nanobubbles on highly
oriented pyrolytic graphite is also possible, albeit at a
lower yield than its H, counterpart. They found that

This review summarizes recent advances in the field of electro-
chemistry of nanobubbles.

after the initial growth, the interfacial nanobubbles were
in a dynamic equilibrium state, where the nanobubbles
do not further grow despite a continuous gas production
by electrochemical reactions. More recently, Dollekamp
et al. [3] successfully imaged the electrogenerated Hj
nanobubbles between the sheets of graphene and mica.
AFM imaging provides direct evidence for the existence
of electrogenerated nanobubbles, but it has a couple of
limitations. First, there have been concerns about the
AFM—bubble interactions affecting the morphology of
the surface bubble during the imaging. Second, owing to
the limited time resolution of AFM, it is not feasible to
use AFM to study the very early stage of the nanobubble
formation or the bubble nucleation.

Studies of a single nanobubble using
nanoelectrodes and nanopores

Nanoelectrodes are another popular tool for studying
the electrochemistry of nanobubbles. Compared with
AFM, nanoelectrodes not only offer an unprecedented
time resolution but also generate accurate electro-
chemical signals associated with the formation and sta-
bilization of a single nanobubble, enabling quantitative
studies of a single isolated nanobubble. In 2013, L.uo and
White [4] demonstrated the first experiment of gener-
ating a single H, nanobubble by reducing H" to H at a
Pt nanodisk electrode (Figure 1a). The formation of a
single nanobubble was detected from the current drop
in the cyclic voltammogram caused by the nanobubble
blocking the electrode surface (Figure 1b). There are
two important discoveries in this study. First, bubble
nucleation requires a ~300-fold supersaturation of
dissolved H; near the electrode surface, as derived from
the peak current value of the voltammogram (/).
Second, an electrogenerated nanobubble is likely to be
stabilized on the electrode surface by a dynamic steady
state, where the loss of H, owing to the diffusion from
the bubble to the bulk solution is balanced by the
electrogenerated H, (Figure la), as supported by the
presence of a residual current after bubble formation
(¢7,). The follow-up studies using nanoelectrodes are
mainly focused on gaining an in-depth and compre-
hensive understanding of these two initial discoveries.

Luo et al. [4] continued investigating the effects of
clectrode sizes and shape on bubble nucleation. They
found that the supersaturation level of dissolved Hj
required by bubble nucleation was independent of the
nanoelectrode size [5] and shape [6]. Similar studies
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Figure 1
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a) lllustration of electrogeneration of a single nanobubble at a Pt nanodisk electrode and the dynamic steady state of an electrogenerated nanobubble. (b)
A typical cyclic voltammogram recorded for a Pt nanodisk electrode. The peak current at which nanobubble formation occurs is labeled as iﬁb. The inset
shows a residual current, if , after the formation of a nanobubble. (¢) A current-controlled experiment for studying the dynamics of bubble nucleation. The

s Inps

current is stepped from 0 nA to izpp = =33 nA (orange), whereas the potential is monitored (blue). The rapid increase in the potential at ~7.5 ms (indicated
by a red arrow) corresponds to the nucleation of a single H, nanobubble. (d) A plot of the induction time for bubble nucleation, #nq, vs. the set current izpp.
(e) A series of cyclic voltammograms for a Pt nanoelectrode as a function of applied external pressure, Pey:. Insert: the expansion of the residual current
region of the cyclic voltammograms. (f) A plot of if, vs. Pex; with and without surfactant. The absolute value of the x-intercept of the regression line gives
the Laplace pressure of a nanobubble. Adapted with permission from a study by Luo and White [4] and German et al. [15 and 25], copyright (2013, 2018,

and 2016) by the American Chemical Society.

have also been carried out for other gases, including O,
[5,7,8], Nz [9], and CO; [10], which were electro-
chemically generated by oxidation of H,O,, N,;Hy4, and
HCOOQO™, respectively. The nucleation conditions for
various gases have been summarized in a recent review

article by German et al. [11] Later, Chen and Luo [12]
and Chen et al. [13] discovered that the nucleation
condition for H, bubbles was very similar using Pt, Au,
and Pd nanoelectrodes. This finding is interesting
because these three metals have significantly different
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affinities to H, [14], and one would expect the nucle-
ation condition to differ if bubble nucleation follows a
heterogeneous nucleation mechanism. The aforemen-
tioned studies are based on cyclic voltammetry of
nanoelectrodes. Although it has been noticed that z'pb
slightly increases at higher scan rates and the value of 7|
also varies somewhat during multiple potential cycles for
the same Pt nanoelectrode [4], it was sophisticated to
extract information about bubble nucleation from these
variabilities in ir[:b because of the transient nature of
voltammetry. To overcome this challenge, German et al.
[15] devised an innovative controlled current experi-
ment. In this experiment, they held a constant current
for proton reduction and monitored the potential change
(Figure 1c). As the current was stepped to a set value,
the potential showed a rapid increase, indicating the
start of proton reduction. After a certain period, the
potential showed another rapid increase (red arrow in
Figure 1c), which corresponds to the formation of a
nanobubble. The induction time for bubble nucleation
was estimated from the time between the two potential
steps. They found that the induction time decreased by
~ 3 orders of magnitude with only a ~10% increase in
the dissolved-gas supersaturation level, which is
consistent with the Arrhenius law describing an expo-
nential relationship between bubble nucleation rate and
the activation energy (in this case, the supersaturation
level). More interestingly, there is a stochastic spread of
individual induction times at each current (Figure 1d).
Analysis of the cumulative probability, P(t), for the in-
duction time at each current reveals the bubble nucle-
ation at a nanoelectrode can be described by a Poisson
process. The data fitting result shows the nucleation of
H, bubbles is heterogeneous with a contact angle of
~150° and a radius of curvature of ~5 nm for the
critical bubble nuclei on the electrode surface. Using
these geometric parameters and Henry’s law, the
number of gas molecules in a bubble nucleus was esti-
mated to be between 35 and 55. A similar heterogeneous
nucleation mechanism has also been found for O,
nanobubbles [7]. Most recently, Edwards et al. [16]
revisited the variability of Z'Eb in the cyclic voltammo-
grams and developed a theoretical model for directly
obtaining the properties of bubble nuclei from the dis-
tribution of iﬁb, which has led to similar conclusions as
the controlled current experiments.

The stability of nanobubbles has been a long-argued
topic in the interfacial nanobubble community [17,18].
Theoretical prediction has been that bubbles at nano-
scale dissolve very quickly owing to the fast kinetics of gas
dissolution into the surrounding aqueous phase, which is
driven by the high Laplace pressures of nanobubbles.
However, the experimentally observed lifetimes of
interfacial nanobubbles on a hydrophobic surface were
surprisingly long (for many hours). There are several
proposed theories to explain this discrepancy between
theoretical prediction and experimental observation,

including contamination (impurity theory) [19], dy-
namic steady-state theory [20,21], contact line pinning
theory [18], internal pressure theory [22], and gas den-
sity theory [23]. The results from the nanoelectrode
experiments are in favor of the dynamic steady-state
theory. The presence of a residual current after bubble
formation (77, ) in the cyclic voltammogram suggests the
need of a continuous supply of H, to maintain a stable
nanobubble on a nanoelectrode. After removal of this
current (by stepping to a positive potential), the nano-
bubble dissolves quickly, and the lifetime of a H, nano-
bubble was measured to be from a few ms to tens of ms,
depending on the nanoelectrode size, by electrochemical
means [24]. It was also found that N, nanobubbles had a
three times longer lifetime than the H, bubble generated
form the same electrode size because N, has a lower
solubility and smaller diffusion coefficient than H.
These findings confirmed that the dissolution of nano-
bubbles was caused by the diffusional loss of gas from the
nanobubble to the bulk solution and | was required to
compensate this loss. As 7], is a descriptor of the dynamic
steady state of the nanobubble, German et al. [25]
designed a creative pressure-addition electrochemical
experiment to extract the nanobubble’s Laplace pressure
from the 77 values. This experiment is analogous to a
standard addition experiment used in analytical chem-
istry whereby the standard is added directly to the ali-
quots of the analyzed sample. Instead, they applied
different external pressures to affect the dynamic steady
state of a nanobubble and recorded the i values
(Figure 1e). The x-intercept of the regression line gives
the negative of the Laplace pressure of a nanobubble
where the H; flux is theoretically zero (Figure 1f). In the
presence of surfactants, the nanobubble pressure drops
because the reduced surface tension leads to a lowered
Laplace pressure.

In parallel to the experimental efforts, Perez Sirkin et al.
[26] have also started using molecular simulations to
elucidate the mechanisms of nucleation and stationary
states of electrogenerated nanobubbles at nano-
electrodes. One important finding is that the formation
of a stable nanobubble on a nanoclectrode completes
within ~ 20 ns once the cluster of gas molecules exceeds
a critical size of ~0.5 nm, which contains ~30 gas
molecules. The critical bubble cluster size is in good
agreement with the experimentally estimated number
of gas molecules in a bubble nucleus [15,16].

Similar to nanoelectrodes, nanopores were also used to
detect single nanobubbles taking advantage of their
nanosized geometry. The Long group [27—31] has
pionecered this method. Figure 2a shows a typical
experimental setup, where a nanopore separates a
NaBH, solution and a buffer solution. The two solutions
mix at the nanopore orifice and react to generate Hj
nanobubbles. The gas bubble blocks the nanopore
orifice, enabling the label-free electrochemical
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a) Schematic of the experimental setup for analyzing the dynamics of chemically generated nanobubbles using a nanopore, and a typical current—time
trace showing the formation (i), growth (i—iii), and dissolution (jii—iv) of a nanobubble. (b) The SECCM setup for mapping the H, bubble nucleation
conditions on an electrocatalytic surface. A nanopipette/droplet probe is drawn near and retracted at different locations to obtain local voltammograms of
bubble nucleation. (¢) Schematic of the experimental setup utilized for imaging surface H, nanobubbles during electrocatalytic water splitting. Ho
nanobubbles generated on an indium tin oxide (ITO) surface are labeled by single rhodamine 6G molecules and imaged by total internal reflection
fluorescence microscopy. (d) A series of fluorescence images of an ITO electrode taken during a potential scan from 0 V to 2.0 V vs. Pt quasi-reference
electrode. (e) Fluorescence images showing H, nanobubbles on a gold nanoplate—decorated ITO electrode in the water at a potential from +0.5 V

to —1.8 V vs. Pt quasi-reference electrode. Adapted with permission from a study by Hu et al. [27] and Wang et al. [32] copyright (2018 and 2019) by the
American Chemical Society, and from a study by Hao et al. [43], copyright (2018) by the National Academy of Sciences.

detection of chemically generated nanobubbles. A
similar idea was adapted by Wang et al. [32] and Perera
etal. [33] in their studies of hydrogen evolution reaction
activity on a catalytic surface using scanning electro-
chemical cell microscopy (SECCM). In SECCM, a
nanopipette containing electrolyte was used as a probe
and scanned across an electrocatalytic surface to eval-
uate H; bubble nucleation conditions. Then, the
nucleation condition was correlated with the local
hydrogen evolution catalytic activity (Figure 2b). Wang
et al. [32] found the dissolved H, concentration
required for nucleating an H, bubble was heterogeneous
on a polycrystalline Pt surface, and the variation in
activation energy for nucleation was not correlated with
the grains or grain boundaries of Pt.

Recent optical microscopic studies of
nanobubbles

Both nanoelectrodes and nanopores are great tools for
studying single nanobubbles. However, they cannot

capture the motions of multiple nanobubbles simulta-
neously for studying the interbubble interactions, which
are common on a real-world electrocatalytic surface. For
this job, optical microscopy is the right tool. Various
optical microscopic techniques, including optical
interference—enhanced reflection microscopy [34],
surface plasmon resonance microscopy [35,36], dark-
field microscopy [37,38], and total internal reflection
fluorescence microscopy [39—42], have been previously
used to image interfacial nanobubbles generated by
chemical or thermal methods (e.g., laser heating, solvent
exchange, catalytic formate decomposition, and photo-
catalytic water reduction).

Recently, these microscopic techniques were adapted
and modified for investigating the electrochemistry of
nanobubbles. For example, Hao et al. [43] used total
internal reflection fluorescence microscopy to study Hj
nanobubbles at the electrode/solution interface pro-
duced by water reduction (Figure 2c). Imaging of these
surface nanobubbles was enabled by fluorescence dye
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molecules (e.g., Rhodamine 6G) that can be momen-
tarily trapped at the nanobubble’s gas/solution interface.
They found that each nanobubble mostly had one single
fluorescent molecule label, and the number of Hj

became more negative (Figure 2d). When the indium tin
oxide (I'TO) electrode was decorated by catalytic gold
nanoplates, they observed that Hj; nanobubbles
appeared not only around the more catalytic gold

nanobubbles increased as the electrode potential nanoplates but also on the less catalytic I'TO surface at
Figure 3
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a) Cyclic voltammograms of a Pt nanoelectrode at different perfluorooctanesulfonate (PFOS) concentrations from 0 to 107" g/L. (b) The peak currents in
(a), ipeak, @s a function of Cpros. (€) Comparison of iyeak in the presence of 1.0 mg/L PFOS, and after the addition of a 10- to 1000-fold excess of
poly(ethylene glycol) (PEG, 400 g/mol). (d) Polarization curves of PFOS-Pt and pure Pt in No-saturated 0.5 M HCIO4 solution. The inset shows the current
densities of PFOS-Pt and pure Pt at an overpotential of 0.04 V. (e) Cyclic voltammograms of a Pt nanoelectrode in a hydrazine solution containing
different surfactants (including PFOS, cationic fluorinated pyridinium sulfonate (CFPS), cetrimonium chloride (CTAC), sodium dodecyl sulfate (SDS), and
TritonX-100 (TX100)). (f) Comparison of hydrazine oxidation current densities for different surfactant-modulated Pt at a fixed potential of 562 mV vs. RHE.
(g) lllustration of an asymmetric nanopore electrode (ANE) for probing redox-active species. The applied bias potential (Epias) provides the potential
difference at the two ends of the Au coating on the interior wall of the nanopore, driving the oxidation of catechol to o-benzoquinone and the proton
reduction to H,. (h) The ANE for single-cell probing. The intracellular redox specie (e.g., NADH) diffuses into the ANE and reacts. (i) The catechol-
modified ANE generates a current signal due to the formation of H, nanobubbles blocking the nanopore orifice. In the presence of NADH, the catechol/o-
benzoquinone conversion is turned over by NADH, leading to an increased current response with a high amplitude. Adapted with permission from a study
by Ying et al. [31] and Ranaweera et al. [45], copyright (2018 and 2019) by the American Chemical Society, from a study by Zhao et al. [49], copyright
(2019) by the Royal Society of Chemistry, and from ref 50, copyright (2019) by Wiley-VCH.
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small overpotentials; at high overpotentials, the nano-
bubbles started gathering around the gold nanoplates
(Figure 2e). This behavior was attributed to the
hydrogen spillover in which H atoms generated on a
catalyst surface migrate out onto the support substrate,
leading to significant bubble formation on the ITO
surface. Most recently, Hao et al. [44] extended this
approach to the study of H, and O, nanobubbles on Au/
Pd alloy—modified I'TO electrode.

Applications inspired by the fundamental
studies of nanobubble electrochemistry

The goal of fundamental research is to generate new
knowledge for future applications. Already, the findings
from the fundamental studies of nanobubble electro-
chemistry have inspired several bubble-based applica-
tions. For example, the Ranaweera et al. [45] have
developed a bubble nucleation—based electrochemical
method for the selective and sensitive detection of
surfactants. This method is based on the nanoelectrode
platform previously discussed in Figure 1. It relies on the
high surface activity of surfactant analytes to affect the
electrochemical bubble nucleation. When surfactant
concentration increases, the solution surface tension
decreases lowering the nucleation energy barrier and
reducing bubble nucleation current (Figure 3a). Using
this method, they demonstrated the quantitation of
perfluorinated surfactants in water, a group of emerging
environmental contaminants, with a remarkable limit of
detection down to 30 [g/L. and a linear dynamic range of
more than 3 orders of magnitude (Figure 3b). The
experimental results are in quantitative agreement with
the theoretical model they derived from classical
nucleation theory. This bubble nucleation—based
method exhibits an exceptional specificity for the sur-
factant analytes, even in the presence of 1000-fold
excess of nonsurfactant interference, such as poly(-
ethylene glycol) (Figure 3c).

Another bubble-based application is related to electro-
chemical gas evolution reactions. During gas evolution
reactions, the electrolyte solution near electrodes is
supersaturated with dissolved gas. The interfacial su-
persaturation level can reach as high as 300 to 400 [46].
According to the Nernst equation, such a high local
concentration of the product (in this case, dissolved gas)
on the electrode surface causes a concentration over-
potential [47,48]. Zhao et al. [49] discovered that
fluorinated surfactants were effective in promoting Hj
bubble nucleation and lowering the interfacial dissolved
gas concentration while minimizes the blockage of sur-
face catalytic sites. As a result, the addition of
perfluorooctanesulfonate (PFOS—Pt) caused a signifi-
cant positive shift of the polarization curve for hydrogen
evolution, compared with the pure Pt catalyst
(Figure 3d). This finding is exciting because Pt is known
to be the best electrocatalyst for hydrogen evolution
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reaction in acids; now, the use of PFOS breaks the ‘glass
ceiling’ of catalytic performance. After achieving this
remarkable performance for the hydrogen evolution re-
action, Zhao et al. [50] further applied this strategy to
the hydrazine oxidation reaction. They found that there
was a direct positive correlation between the ability to
promote bubble nucleation and the ability to improve
the hydrazine oxidation performance for surfactants
(Figure 3e and f). Among 5 different surfactants (PFOS,
cationic fluorinated pyridinium sulfonate, cetrimonium
chloride, sodium dodecyl sulfate, and TritonX-100),
cationic fluorinated pyridinium sulfonate is most effec-
tive in reducing the N, bubble nucleation current and in
promoting hydrazine oxidation (Figure 3e and f).

Nanopore-based nanobubble studies have also led to
new applications. For example, Ying et al. [31] designed
an asymmetric nanopore electrode (ANE) that uses
nanobubble formation to amplify the signal for moni-
toring electron transfer dynamics in live cells. In this
ANE design, a thin gold coating on the interior wall of
the ANE is modified by redox-active molecules, that is,
catechol (Figure 3g). When a positive voltage bias is
applied between outside and inside the nanopore, the
gold coating acts as a bipolar electrode, driving the
oxidation of catechol to o-benzoquinone and the proton
reduction to H; at the two ends of the gold coating
(Figure 3h). In the presence of NADH, an intracellular
redox species, the catechol/o-benzoquinone conversion
can be turned over, leading to significantly increased H,
generation and nanobubble formation, which amplifies
the electrochemical signal by blocking the nanopore
orifice (Figure 3i). The ANE achieves the highly sensi-
tive and selective probing of NADH concentrations as
low as 1 pM, enabling the real-time monitoring of the
respiration chain (i.e., NADH) in a living cell and the
evaluation of the effects of anticancer drugs in an MCF-
7 cell.

Conclusions and future directions for the
field

In conclusion, this short review summarizes advances in
the field of electrochemistry of nanobubbles, ranging
from new fundamental understandings of their behav-
iors to some novel bubble-based applications stemming
from the basic research of nanobubble electrochemistry.
Despite these advances, there are still many unan-
swered questions in this field, especially about the roles
of nanobubbles in electrocatalytic systems. For
example, the work by Hao et al. [43] has clearly shown
the H; nanobubbles are constantly present on the
catalytic surface during hydrogen evolution reaction —
and the nanobubbles also behave differently from what
one would expect. However, it is unclear how these
nanobubbles affect catalytic performance. In addition,
prior electrocatalysis studies have shown the presence
of macroscopic gas bubbles on a catalytic surface can
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drastically change the product selectivity of an elec-
trocatalytic reaction [51,52]. Then, how about elec-
trogenerated nanobubbles? Will they have the same
effects? The work by Zhao et al. [49,50] has shown an
interesting empirical correlation between bubble
nucleation and catalytic activity for a gas evolution re-
action, but what is exactly happening on the catalytic
surface? In our opinion, the main challenges in studying
the roles of nanobubbles in real electrocatalytic systems
are three-fold. First, it is difficult to image surface
nanobubbles on an electrocatalytic surface with high
time and spatial resolutions. Second, it is even more
challenging to identify the electrocatalytic reaction
products around a surface nanobubble, which provides
direct evidence for investigating the nanobubble-
induced product selectivity change. Third, even when
these tools for studying the nanobubbles are well
established, it will not be trivial to correlate the results
from nanoscopic and macroscopic measurements.
There is no doubt that it is much challenging to study
these complicated catalytic systems, but it is also
rewarding.
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