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ABSTRACT: Electrochemical gas evolution reactions are of vital
importance in numerous electrochemical processes including water
splitting, chloralkaline process, and fuel cells. During gas evolution

Bubble evolution ~ OUH1O%k

reactions, gas bubbles are vigorously and constantly forming and /

influencing these processes. In the past few decades, extensive studies
have been performed to understand the evolution of gas bubbles,
elucidate the mechanisms of how gas bubbles impact gas evolution
reactions, and exploit new bubble-based strategies to improve the
efficiency of gas evolution reactions. In this feature article, we summarize
the classical theories as well as recent advancements in this field and

provide an outlook on future research topics.

Bubble control for
electrocatalysis

Bubble impacts

B INTRODUCTION

Electrochemical gas evolution reactions have been widely
regarded as the crucial reactions in energy conversion and
storage systems. These reactions include the oxygen evolution
reaction (OER) and hydrogen evolution reaction (HER) in
water-splitting electrolyzers, the chlorine evolution reaction
(CER) in the chloralkaline process, the hydrazine oxidation
reaction (HzOR) in fuel cells, and the CO, reduction reaction
(CO,RR) for regenerating fuels.'™'° During these gas
evolution processes, triple-phase boundaries (i.e., electrode/
gas/electrolyte interfaces) constantly form as a result of bubble
evolution, which has significant impacts on the processes at
electrodes. To accelerate the kinetics of electron transfer
reactions and overcome the overpotential associated with the
gas evolution reactions, it is essential to understand the
dynamics of electrode/gas/electrolyte interfaces and how gas
bubble behaviors influence this interface.

During the past few decades, extensive studies have been
performed on interfacial bubbles, including their generation
and detection, as well as the mechanisms of bubble nucleation,
formation, and stabilization."" For example, the formation of
nanobubbles has been investigated using the quartz crystal
microbalance,'? attenuated total internal reflection infrared
spectroscopy,’> and potential/current fluctuations."* More-
over, high-speed photography,15 in situ transmission electron
microscopy, ¢ atomic force microscopy,’” single-molecule
fluorescence microscopy,'®'” and dark field microscopy””*!
have been employed to study the dynamics of gas bubbles.
Some of these work on nanobubbles are covered in a recent
special issue of Langmuir.””> Because interfacial properties
including surface forces, lubrication, and adsorption behaviors
can be altered by gas bubbles, systematic investigation of these
interfacial bubble behaviors, especially in the context of gas-
evolving electrodes, represents an efficient avenue for

-4 ACS Publications  © 2019 American Chemical Society

5392

modulating the interfacial reaction process and improving
the efficiency of electrocatalysis.

In this feature article, we first revisit the bubble dynamics at
gas-evolving electrodes including nucleation, growth, coales-
cence, and detachment. Then, we summarize the impact of gas
bubbles on different aspects of a gas evolution system including
interfacial supersaturation, surface coverage, ohmic resistance,
mass transfer, and catalyst stability. After that, we present the
newly developed bubble-based strategies for achieving high-
efficiency gas-evolving electrocatalysis. At the end, we provide
an outlook on potential future research topics in this field.

B HOW DO GAS BUBBLES EVOLVE?

The life cycle of a bubble at a gas-evolving electrode typically
comprises four stages: nucleation, growth, coalesce, and
detachment. Nucleation is the stochastic formation of a cluster
of gas molecules from a solution supersaturated with dissolved
gas. After nucleation, the bubble continues to grow by taking
up more dissolved gas molecules. As the bubble grows, the
buoyant force on the bubble increases. When the buoyant
force is strong enough to counter the adhesion force that keeps
the bubble on the electrode surface, the bubble is lifted and
then detaches from the electrode surface. Coalescence occurs
when two bubbles are in contact, either on the electrode or in
the solution, to reduce the overall surface energy. In this
section, we briefly revisit these bubble dynamics during
electrochemical gas evolution reactions.

Nucleation. Nucleation is the first step of bubble
formation, commonly described by classical nucleation
theory.”””* As schematically shown in Figure 1, the free
energy required to form a bubble in solution is the sum of the
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Figure 1. Contribution of surface energy (blue line) and volume
energy (orange line) to the total free energy for bubble formation in
classical nucleation theory. The maximum total free energy, AGH,
corresponds to the activation energy for bubble nucleation, which
occurs at a critical bubble radius, .. A bubble with a larger radius
than the critical nucleus is energetically favorable to growth, whereas a
bubble with a smaller radius than the critical nucleus is energetically
favorable to dissolution.

surface energy for forming a gas—liquid interface and the
volume energy for forming a bulk gas phase. The energy cost
for forming the gas—liquid interface increases with the
interfacial surface area and, more specifically, is approximately
proportional to the square of the bubble radius. On the
contrary, forming a bulk gas phase from a supersaturated
solution is energetically favorable. The corresponding volume
energy change is proportional to the cube of the bubble radius.
A free-energy barrier arises for bubble formation as a result of
the opposite direction of the change in volume energy and
surface energy with regard to bubble radius. The peak value of
this energy barrier corresponds to the activation energy for
bubble nucleation, which occurs at a critical bubble radius
(). By substituting this activation energy into the Arrhenius
equation, we can obtain the rate equation:*

1677°®(0)
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In this equation, ], is the pre-exponential factor, y is the surface
tension, ®(0) = (2 — cos @)(1 + cosf)*/4 is a geometric
factor, which is a function of the contact angle (0) of the
critical nucleus on the surface, kg is Boltzmann’s constant, T is
temperature, Py, is the partial pressure of gas in the bubble,
and P, is the ambient pressure. It can be seen from eq 1 that
the nucleation rate, J, is strongly affected by P,,,. According to
Henry’s law, P, is proportional to the concentration of
dissolved gas. Altogether, it indicates that a certain super-
saturation level of dissolved gas is needed to reach a reasonable
nucleation rate.

Numerous efforts have been made to measure the
supersaturation level of dissolved gas required for bubble
nucleation at gas-evolving electrodes. However, there has been
considerable variation in the reported values. Bon,*® Shibata,’
and Eckert™® separately measured the supersaturation required
for H, bubble nucleation on Pt electrodes during HER and
found that it ranged from 20 to 160. Such a discrepancy might
arise from the different numbers and properties of nucleation
sites on their electrodes. For example, Westerheide and
Westwater” have observed that H, bubbles were formed
repetitively from the same sites where scratches or crevices
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existed. Please note that there are also many studies on the
supersaturation level of dissolved gas for homogeneous bubble
nucleation in solution,” but they are beyond the scope of this
feature article and are not discussed here.

To overcome the complexity of multiple bubble nucleation
events at the gas-evolving electrode, White and co-workers'#*°
recently developed a nanoelectrode-based method. Unlike
conventional macroelectrode measurements, the nanoelec-
trode-based method can reduce the number of bubbles
nucleating at the electrode to unity, making it a single-entity
electrochemical measurement method for bubbles. Moreover,
steady-state concentration profiles of the reactant and product
are readily achieved as a result of the fast mass transfer toward
and away from the nanoelectrode, making the supersaturation
measurement accurate.” Single H,, N,, and O, nanobubbles
have been demonstrated to be electrochemically generated
from proton reduction, hydrazine oxidation, and hydrogen
peroxide oxidation, respectively.'***™>" As shown in Figure
2A,B, during the cathodic sweep of the nanoelectrode
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Figure 2. (A) Illustration of electrochemical nucleation of a single
bubble from proton reduction using a nanoelectrode. The
corresponding (B) cyclic voltammogram and (C and D) potential—
time traces (red) and current—time traces (black) under galvanostatic
control. Reproduced from ref 25, copyright 2018 by the American
Chemical Society.

potential, the current increases until the dissolved H,
concentration at the electrode is sufficiently high for bubble
nucleation. After nucleation, the bubble grows and covers
nearly the entire surface of the nanoelectrode, causing an
immediate current drop. Further negative scan of the electrode
potential does not result in any notable changes in the current.
This stable low-current level after bubble formation was
explained by steady-state equilibrium at the electrode surface,
where the outflux of H, from the bubble into its surrounding
solution is balanced by the influx of H, §enerated at the gas—
liquid—electrode three-phase boundary.”® The peak current
(ip) is used to calculate the concentration of dissolved gas
required for nucleation

i, = 4nFD(C — Cyy)a )

where n is the number of electrons transferred per H, formed,
F is Faraday’s constant, D is the diffusion coeflicient of the
dissolved gas, a is the electrode radius, and C and G, are the
concentrations of dissolved gas on the electrode surface and in
the bulk electrolyte, respectively. It has been found that the
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concentrations required for nucleating gas bubbles at dlfferent
Pt electrodes are consistent: 0.23 + 0.02 M for H,,'' 0.11 +
0.01 M for N,,** and 0.24 + 0.04 M for O,,*° all of which
correspond to the supersaturation level of a few hundred In
the follow-up studies by Luo and co-workers,’®*’ they have
demonstrated that the supersaturation level for H, bubble
nucleation is also insensitive to the metallic electrode materials,
including Pt, Au, and Pd.

To gain further insight into the energetics of bubble
nucleation, White and co-workers®® measured the nucleation
rate of individual H, nanobubbles under different super-
saturation levels of dissolved H,. As discussed above, the
nucleation rate is a function of the concentration of dissolved
H, on the electrode surface, which can be adjusted by applying
different currents according to eqs 1 and 2. Experimentally, the
nucleation rate was estimated from the induction time for
nucleation because they are numerical inverses. To assess the
bubble nucleation rates, galvanostatic measurements at differ-
ent currents were conducted. As the current was stepped to a
constant value, the potential showed a rapid increase,
indicating the start of the HER. After a certain period, the
potential showed another rapid increase, which was attributed
to the blocked H* transport by the generated bubble. The
induction time for bubble generation can be recorded as the
current was switched back to zero. As shown in Figure 2C,D,
the nucleation events are indicated by the abrupt potential
increase (red arrows). The nucleation rate was measured to
increase by ~3 orders of magnitude (induction time from 8.1 s
to 3.3 ms) with only an ~10% increase in dissolved-gas
supersaturation (the HER current from 30 to 33 nA). The
nucleation of H, bubbles was found to be heterogeneous with
a contact angle of ~150° for the critical bubble nuclei on the
electrode surface, which was determined by fitting eq 1. A
similar heterogeneous nucleation mechanism has also been
found for O, bubbles.”” The experimental results from the
nucleation studies using nanoelectrodes can be well described
by classical nucleation theory. However, it should be noted
that for solids and crystals, nucleation mechanisms are more
complicated than that described by classical nucleation theory,
where multiple steps and a prenucleus are involved.*”*' The
complicated nucleation mechanisms seem less pronounced for
bubble nucleation at gas-evolving electrodes.

Growth. After nucleation, gas bubbles continue to grow,
driven by the higher internal pressure of the bubbles than the
Laplace pressure and the flux of dissolved gas into bubbles.*>**
Three possible modes of bubble growth have been identified:**
inertia-controlled growth, diffusion-controlled growth, and
“direct injection” growth. Bubble growth can be generally
described by an empirical equation, R(t) = AtY, where R(t) is
the bubble radius, B is the growth coeflicient, and A is a
proportionality constant. Inertia-controlled growth occurs
initially but lasts only a very short time (~0.01 s) before the
transition to the diffusion-controlled mode.*” In the inertia-
controlled growth mode, bubble growth is governed by the
momentum interaction between the bubble and ambient fluid
with a value of § = 1. The later stage of bubble growth is
controlled by the diffusion of dissolved gas into the bubble,
and f = 0.5 is expected.** The third growth mode, direct
injection, means that all of the gas species are dlrectly injected
into a bubble. The growth of the radius is R ~ t"/3, or = /5.
This growth mode has been observed for H, and O2 bubbles
on electrodes at high current densities.”” Bubble growth on
electrodes has also been studied under microgravity,*

5394

magnetic fields,” and flow.”” These previous studies on
bubble growth mostly relied on conventional analytical
techniques and tools, so little is known about the initial
bubble growth from nuclei due to the short time scale and
small dimension. Note that bubble growth requires a gas-
supersaturated solution; otherwise, a bubble undergoes the
dissolution process, which can occur in certain situations, most
obviously when no current is applied at the gas-evolving
electrode.”

Coalescence. When two bubbles come into close
proximity to each other, they can merge into a single bubble
via coalescence. The driving force for coalescence is the
decrease in surface energy from the reduced total area of the
gas—liquid interface. The coalescence process was found to
depend on many factors, including the concentration of salts as
well as the specific combination of cations and anions in the
electrolyte.””>® With the development of advanced high-speed
optical microscopy, the coalescence process has become more
evident than before. As shown in Figure 3,%* the coalescence
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Figure 3. High-speed images of two 300-um-radius bubbles during
coalescence. The images are separated from each other by 75 ps. (A—
D) Neck formation. (E—J) Propagation of the capillary wave.
Reproduced with permission from ref 54, copyright 2018 by
Cambridge University Press.

process starts by pushing away the liquid layer between the two
bubbles, from which a thin liquid film is formed as a collapsing
neck. Further thinning of the liquid film leads to the rupture at
a critical thickness (<100 nm). The collapsing neck propagates
and oscillates as a surface capillary wave. The formation of the
neck is dominated by viscosity within the first 10 ns upon
touching and then crosses over to an inertia-dominated
process.” The propagation and oscillation dynamics during
bubble coalescence can be simulated using a boundary integral
code as demonstrated by Lohse and co-workers,”* which shows
good agreement with the experimental data.

Detachment. Bubble detachment is of great importance to
gas evolution processes because it re-exposes the active area
that was previously blocked by attached bubbles. During
bubble detachment, the three-phase contact line of a bubble is
typically pinned to the substrate, which is followed by neckln%
between the bubble and substrate as shown in Figure 4.°%°
Further narrowing of the bubble neck leads to bubble

Figure 4. (A) Image of a detaching bubble. (B) Close-up images of
the bubble neck, each separated by 15 us, before disconnection.
Reproduced with permission from ref 57, copyright 2009 Springer
Nature Publishing.
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detachment from the substrate. In addition to high-speed
imaging, electrochemical noise analyses of the current,
resistance, and potential have also been utilized to study the
dynamics of bubble detachment from electrodes during gas
evolution reactions.”®””

In the most simplified model, bubble detachment is caused
by the buoyant force overcoming the adhesion force on a
bubble. For a bubble detaching from a horizontal substrate, the
theoretical bubble radius at detachment, R, at which buoyant
and adhesion forces are in balance, can be derived as>®

( 3 }’RP ]1/ 3

Ry=|>"2F

2 pg 3)
In this equation, y is the surface tension, p is the density of the
liquid, g is the gravitational constant, and R, is the radius of the
pinning area. The equation was derived by assuming a
spherical cap geometry of a bubble on the electrode surface
and only the buoyant and adhesion forces on the bubble. A
modified version of eq 3, taking the geometry of the bubble’s
contact line into account, was discussed by Lohse, Zhang, and
co-workers.”’ For a bubble detaching from a vertical wall, the
force balance analysis is more complex than that for a bubble
detaching from a horizontal substrate. Because the bubble
shape is not axisymmetrical, the buoyant force on the bubble
has two components, one is perpendicular to the wall and the
other one is parallel. Meanwhile, the adhesion force is not
constant over the circumference due to the variation in the
contact angels. As a result, it is difficult to mathematically
derive the analytical expression of Ry for bubbles detaching
from a vertical wall.®'

In addition to the buoyant force and adhesion force, the
electrostatic force between the charged bubble and electrode
surface also plays an essential role in determining the Ry..®> The
bubble surface charge was found to be a function of solution
pH, typically being positive at pH <2 and negative at pH >3.°>
The negative bubble surface charge at normal pH values is
believed to arise from the preferential adsorption of OH™ ions
at the gas/water interface, possibly under the influence of a
small net orientation of H,O diépoles at the surface with
positive ends toward the solution.”” Electrode surface charge,
on the other hand, depends on the applied potential and the
potential of zero charge of the electrode material.”* The effect
of the electrostatic interaction on bubble detachment is
manifested by the different detachment behaviors at different
pH values. The radii of detached H, bubbles are larger at low
pH compared to those at high pH. At low pH, the positively
charged H, bubbles and the negatively charged electrode result
in an attractive electrostatic force that needs to be overcome in
addition to the adhesion force, leading to larger detachment
radii of H, bubbles.”” The same electrostatic effect has been
observed for the detachment of O, and Cl, bubbles from gas-
evolving electrodes.”” Other factors such as the Marangoni
stress,6D surfactants,66 and magnetic field®” ™ have also been
studied for their influence on bubble detachment.

B WHAT ARE THE IMPACTS OF GAS BUBBLES ON A
GAS EVOLUTION REACTION?

Electrogenerated gas bubbles have a strong influence on a gas
evolution reaction. Ever since nucleation, gas bubbles have
started to affect the concentration level of their dissolved form
by an equilibrium at the gas/electrolyte interface. In the
meantime, these gas bubbles can also block the electrode

5395

surface. As bubbles grow, coalesce, and detach from the
electrode, they effectively stir the electrolyte solution and alter
the mass transfer of reactants and products. After departure
from the electrode, the generated bubbles could considerably
change the solution path through the electrolyte, causing
electrolyte ohmic resistance. All of the bubble dynamics can
potentially cause electrode damage as well.'®”" Experimental
and theoretical investigations on the im7pacts of electro-
generated bubbles started in the 1960s*””"”* but are ongoing
as a result of their complexity and importance. In this section,
we will present some classical theories as well as recent
advancements related to the impact of gas bubbles on gas
evolution reactions with respect to the following factors:
interfacial supersaturation, surface coverage, ohmic resistance,
mass transfer, and catalyst stability.

Interfacial Supersaturation. During gas evolution pro-
cesses, the electrolyte solution near electrodes is supersaturated
with dissolved gas. The interfacial supersaturation level can
reach as high as 300 to 400.""'*#***%3%% 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 overpotential (), which is expressed
73,74
as

. RT . G
c= T o0 S
nE G “)

where 7 is the number of electrons transferred to form one gas
molecule, Cg is the interfacial concentration of dissolved gas at

the electrode, and C;at is the saturation concentration of gas at

1 atm pressure. The basic mass-transfer equation relates C, to
the current density (j) as

j
— =k(C, - C
nF ( & bulk) (3)

where k is the mass-transfer coefficient of dissolved gas and
Cpul is the dissolved gas concentration in the bulk solution.

At low current densities, k is dominated by the diffusion of
dissolved gas and thus stays relatively constant. C, increases
with current density and reaches its maximum value when a
bubble nucleates. Hence, the theoretical maximum #. can be
estimated to be ~70 mV for the hydrogen evolution reaction
(n=2) and ~35 mV for the oxygen evolution reaction (n = 4)
from eq 4 using the experimentally measured supersaturation
level of ~300 required for H, and O, gas bubble
nucleation.'**?

At high current densities, gas bubbles begin to evolve at the
electrode. C, becomes a more complex function of current
density compared to that at low current densities because k has
a significant contribution from bubble-caused convective mass
transfer, which depends on the current density. Dukovic and
Tobias”® carried out a numerical study of the influence of
attached bubbles on the interfacial supersaturation using the
model in Figure 5A. In this model, they set the dissolved-gas
concentration beyond the boundary layer (the boundary layer
is colored) and at the bubble/ electrolyte interface to the gas
solubility. During gas evolution reactions, the bubble attached
to the electrode then acts as a sink drawing the dissolved gas
from the supersaturated surrounding electrolyte. The concen-
tration of dissolved gas, Cy is significantly lower near the
bubble contact area as compared to that further away (Figure
SB). As a result, the presence of attached bubbles could
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Figure S. (A) Geometric configuration of the attached bubble model
used by Dukovic and Tobias. The color contour schematically shows
the concentration distribution of dissolved gas in the boundary layer.
The white lines highlight the flux of dissolved gas. (B) Supersaturation
level of dissolved gas at the electrode surface vs the distance from the
center of the attached bubble normalized by the bubble radius (r/r;,).
Adapted with permission from ref 73, copyright 1987 by the
Electrochemical Society.

decrease the overall cell voltage for water electrolysis by locally
lowering the concentration overpotential.

Vogt has also derived a theoretical expression of C, for gas-
evolving electrodes based on a different mass transfer model in
which he considered the macroconvection past the electrode
and the microconvection caused by the attached bubbles on
the electrode.”””> The macroconvective mass transfer is the
mass transfer influenced by the liquid flow parallel to the
electrode surface, which is not related to events directly
connected to gas evolution.”” In comparison, microconvective
mass transfer is caused by the bubble growth at the electrode
pushing away the liquid in the vicinity of the adhering bubble,
resulting in a periodic disturbance of the diffusion layer with an
increase in mass transfer. For the unstirred solution, the
concentration overpotential was found to increase with
increasing current density and reach a plateau of ~65 mV.
At high current densities 2100 mA/ cm?, the efficient bubble-
induced mass transfer at the electrode prevented the local
supersaturation level from increasing further, leading to a
plateau of concentration overpotential. A similar trend in the
concentration overpotential was observed for the stirred
electrolyte. A comparison of the calculated concentration
overpotential by Vogt and the experimental data obtained by
Shibata shows good agreement.”* These results suggest that
the interfacial supersaturation of dissolved gas can also be
reduced by bubble-induced micro/macroconvection. Although
Vogt studied the influence of bubbles on interfacial super-
saturation from a different perspective compared to that of
Dukovic and Tobias, they arrived at a similar conclusion: the
formation of gas bubbles reduces the concentration over-
potential.

Surface Coverage. Attached bubbles are known to cause
unfavorable mass transport and ohmic and kinetic effects due
to the blockage of catalytic sites.”””” Before elaborating on
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these effects, we begin with a brief discussion of the bubble
coverage of electrodes (®),”*”” which is defined as the fraction
of an electrode surface covered by attached bubbles. Numerous
experimental investigations have been conducted to obtain
information on how bubble coverage varies with current
density.””**~% A typical experiment for measuring bubble
coverage involves the use of a camera to record the bubble
population and the diameters of adhering bubbles. Figure 6
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Figure 6. Bubble coverage on an electrode surface (®) as a function
of current density for gas evolution reactions in stagnant electrolyte at
ambient temperature. Reproduced with permission from ref 79,
copyright 2005 by Elsevier.

shows a collection of data obtained in stagnant electrolyte
(electrolyte without flow and with unhindered bubble release),
summarized by Vogt.”” The bubble coverage increases
nonlinearly with the current density (j) as expressed by an
empirical relationship

0.3

o=~
]G)—>1 (6)

where j, is the current density at nearly full bubble

coverage. Equation 6 is a simple equation relating the bubble
coverage to the current density in the stagnant electrolyte.
Besides current density, several other parameters can also affect
the coverage in practical applications, including the surface
state and wettability of electrodes,”®”” the composition and
flow velocity of electrolyte,””*>** temperature, reaction time,”
and pressure.*>*® An analysis of these parameters indicates that
bubble coverage is essentially affected by three quantities:*’
(1) the rate of gas evolution at the electrode, (2) the residence
time of bubbles on the electrode, and (3) the size of bubbles
when they detach.

As mentioned above, attached bubbles exert two other
effects on the electrode potential besides the concentration
overpotential: (1) inducing ohmic obstruction within the
electrolyte (ohmic effect) and (2) masking the electrode
surface, which increases the activation overpotential by
increasing the effective current density (kinetic effect).”
Accordingly, the total ovel;potential associated with attached
bubbles can be written as’”*’

n= nohm + na + r]C (7)

where subscripts ohm, a, and C stand for ohmic, activation,
and concentration, respectively.

In the previous section, we reviewed how the presence of
bubbles can lower the concentration overpotential. Now, we
continue discussing the other two terms in eq 7. Sides and
Tobias®™ theoretically analyzed the potential and current
distributions around a spherical bubble tangent to an electrode
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considering only the ohmic effect. They found if these bubbles
were 3 bubble diameters apart from each other and the bubble
diameter was '/, of the interelectrode gap in parallel planar
cell geometry, the increment of resistance (AR) caused by
these attached bubbles was a 1% increase in resistance. When
bubbles are close-packed at the electrode, the resistance
increase is at least 8% for the same cell geometry.”™

A simple model for understanding and quantifying the
kinetic effect is based on the effective area available to the
current.”” The Tafel equation relates the current density (i/A)
and kinetic overpotential (77,) on a given smooth surface in the
absence of gas bubbles by Tafel constants a and b:

i
n=a+ b log(z] )

The presence of attached bubbles reduces the superficial
electrode area, A, to the effective electrode area, A.g yielding
the expression of activation overpotential, #, due to the
increased effective current density.

n="ub log{i]
A )

Along with theoretical considerations, experimental work has
also been attempted by several groups to estimate each
component of the total overpotential.”®””"° Figure 7A shows
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Figure 7. (A) Experimental design for estimating different types of
overpotentials associated with bubble formation during hydrogen
evolution. A small crevice was intentionally created at the edge
between metal and the insulating resin on a Pt rotating disk electrode
(RDE) serving as a preferred site for forming a single H, bubble. (B)
Fluctuation of electrolyte resistance (AR), ohmic current (Aig), and
total current (Ai) during the formation and detachment of an
electrogenerated H, bubble. Adapted with permission from ref 76,
copyright 2005 by Elsevier.

the experimental design developed by Huet and co-workers.”®

They created an artificial preferential site for bubble nucleation
during the hydrogen evolution reaction at the border of a Pt
rotating disk electrode: a small crevice in the insulating resin.
At such a site, heterogeneous nucleation triggers bubble
production at a level of gas supersaturation lower than at other
sites on the electrode. The rotating disk electrode was placed
upward to facilitate bubble detachment under the action of
buoyancy and shear force. This experimental design favors the
eruption of a reproducible isolated single bubble from this
artificial discontinuity. Figure 7B shows the fluctuation of
measured electrolyte resistance (AR), ohmic current (Aiy),
and total current (Ai) during the generation and departure of a
H, bubble. The quick positive jump (in about 3 ms) in the
AR—t trace corresponds to the blockage of the electrode
surface by a growing bubble. As the bubble leaned out of the
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electrode and was finally ejected under the action of shear
forces, the screened surface was released, leading to the
electrolyte resistance decrease, with the residence time of
bubble on the metallic surface being approximately 25 ms. The
expected decrease in current due to the ohmic effect (Aiy) is
proportional to AR. However, the observed total current, Ai,
increased by a much larger (>20 times) amplitude than that for
Aiy. It is direct experimental evidence of a substantial decrease
in the concentration overpotential (77.) that overcomes the
ohmic contribution to give an increase in the total current.
Such an increase agrees with the prediction by Dukovic and
Tobias and by Vogt in the previous section.

Ohmic Resistance. Ohmic resistance can be further caused
by the dispersion of bubbles in the electrolyte. There are
numerous theoretical equations that describe the electrical
conductivity of electrolyte solution (Kyyppie,e1) filled with gas
bubbles as a function of the volume fraction of gas bubbles
(p).”"”* Below are the four most popular equations separately
derived by Maxwell,” Jeffery”* and Prager,”> Meredith and
Tobias,”® and Bruggeman97

1-p
1+

Maxwell

SRS

Kpubble,sol (1 = 1.5p + ap®) Jeffery & Prager

K 8(2 —p)(1 —

I 8C=P=P) \redih & Tobias
(4+p)4-p)
(1- p)l-S Bruggeman

(10)
where k is the electrolyte conductivity in the absence of gas

bubbles. The corresponding models used in their derivations
are schematically depicted in Figure 8A. Maxwell's model is
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Figure 8. (A) Illustration of the theoretical models for predicting the
conductivity of dispersions in a solution used by Maxwell, Prager,
Meredith and Tobias, and Bruggeman. (B) Comparison between
experimental data and theoretical predictions of solution conductivity
as a function of the bubble volume fraction.

applicable to a special case where the electrolyte is randomly
filled with spherical gas bubbles having the same radii.”’
Jeffery”* and Prager’® modified Maxwell’s equation after taking
the interactions between bubbles into account. Their results
agree with Maxwell’s result at low gas volume fraction and
significantly improve on it over medium and high volume
fractions. For the mixtures of bubbles of various sizes, there are
two available models. Meredith and Tobias’ devised an
approach called the distribution model by considering only two
different sizes in equal volume fractions. The other one was
developed by Bruggeman®’ and considers a pseudocontinuous
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distribution of sizes by accumulating the contributions of a
range of bubble sizes.

Experimental validation of the above expressions was carried
out using a conductivity cell filled with materials of well-
defined shape such as glass beads,®*”**° emulsions,”® and
foams.'” Figure 8B shows the comparison between exper-
imental data and the theoretical predictions by various
models.”®?®71% Overall, the deviations between these
equations are less than 10%, suggesting that any of the
equations can be used to estimate the bubble-induced
electrolyte ohmic resistance. We point out that the theoretical
and experimental studies discussed above are based on largely
simplified static models and the assumption of a uniform
distribution of bubbles in electrochemical cells, both of which
can substantially deviate from practical applications. There are
numerous studies on the bubble-induced ohmic resistance in
specific operating systems.'”'~''* For example, Vogt'” built a
hydrodynamic model for the ohmic resistance of cells under
the assumption that the dispersion of gas bubbles in an
electrolyte can be treated as two parts: a stagnant boundary at
the electrodes being enriched in gas and flowing bulk in the
center region. In following years, he continued to modify this
model by considering that only a fraction of the dissolved gas
turns into gas bubbles'*” and by treating the flow rates of gas
bubbles and electrolyte solution separately.'’* Kreysa and
Kuhn'% derived new equations for calculating the gas bubble
fraction as a function of the gas bubble velocity by introducing
a coalescence barrier model, where gas bubbles in a swarm are
separated from each other by a minimum distance due to
electrostatic repulsion. Experimentally, Baker'®" measured the
gas volume fraction as a function of vertical distance from the
bottom of the cell and the corresponding current density.
Bongenaar-Schlenter et al.'”> measured the bubble distribution
as a function of the distance to the electrode surface during
alkaline water electrolysis, taking advantage of the light-
screening property of gas bubbles. Janssen and co-workers
focused on the experimental investigation of the ohmic
resistance in operating alkaline water electrolyzers,' 107114

Mass Transfer. Several mass transfer processes are
simultaneously occurring at gas-evolving electrodes, including
mass transfer of the reactants from the bulk electrolyte to the
electrode surface, and the products back to bulk electrolyte or
to the gas—liquid interface. Gas bubbles influence these
processes via various mechanisms. One mechanism is that the
presence of bubbles affects the mass transfer of dissolved gas
by imposing a concentration boundary condition at the gas
bubble/electrolyte interface as discussed in Figure S. Another
mechanism is that evolved bubbles can enhance heat or mass
transport by convection, as the growing and detaching gas
bubbles mix electrolyte near the electrode with that in the bulk.
Because the improved heat transfer by evolved bubbles usually
has an insignificant influence on the performance of a gas
evolution system, rather little has been published on the heat
transfer at gas-evolving electrodes.'”>™"'” Therefore, we will
focus our discussion on mass transfer in this section. If the
reaction rate is controlled by mass transfer, then bubbling
accelerates the transport of reaction species to the electrode.
Figure 9 shows the experimental evidence of this enhancement
effect. In this experiment, Fouad and Sedahmed''® measured
the mass transfer coefficients of two indicator ions (k) during
water electrolysis [K;Fe(CN)4 and K,Fe(CN)4] and related k
to the volumetric flux of gas evolved at the electrode (V). The
mass transfer rates of K;Fe(CN)s and K,Fe(CN)y are
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Figure 9. Effect of the volumetric flux (V) of O, and H, evolved at
the electrodes on the mass transfer coefficient (k) of two indicator
species, K;Fe(CN)4 and K Fe(CN),, during water electrolysis. The
indicator species were either oxidized or reduced at the electrodes in
the presence of bubble evolution. k was obtained by determining the
change in indicator ion concentrations in the electrolyte during water
electrolysis. Reproduced with permission from ref 118, copyright
1973 by Elsevier.

significantly boosted as the gas discharge rate increases. The
most interesting finding is the linear relation between k and V'
in the log—log coordinates. Similar linear relations have been
widelgf reported in many other experimental investiga-
: 3,119-128 . . L

tions. Vogt unified these results using an empirical
correlation'”

k = const(V)"

9

(11)

where m ranges from ~0.2 to 0.7 depending on the reaction
conditions.

A few theoretical models have been constructed to explain
and correlate this experimental observation. Figure 10 shows
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Figure 10. Schematic representation of the three classical models for
mass transfer at gas-evolving electrodes. (A—C) Penetration model,
microconvection model, and hydrodynamic model, respectively.

three classical models for mass transfer at gas-evolving
electrodes according to Vogt'*” and Sides.”" The first one is
the penetration model developed by Ibl and co-workers."** In
this model, the diffusion of the reactant from fresh electrolyte,
brought to the surface after a bubble detaches, is the
mechanism for mass transfer enhancement. The periodic
renewal of electrolyte solution near the electrode slows down
the expansion of the diffusion layer, which helps to sustain a
high flux of reactant. Derived from the Cottrell equation, they
obtained an analytical expression of the mass transfer
coeflicient in the form of eq 11 with m = 0.5.

The second model is the microconvection model proposed
by Stephan and Vogt.'*' This model differs from the
penetration model mainly because it considers only convective
mass transfer. As an adhering bubble grows, it pushes away the
liquid in its vicinity. Once the bubble becomes sufliciently
large, it detaches from the surface and a new bubble forms and
grows at the same site, resulting in a periodic disturbance of
the diffusion layer and thus an enhancement of mass transfer.
Adapted from the mass transfer theory for laminar flow over a
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plane, the local and temporal mass transfer coefficient k, is
given by

Dy \0%
k.= const(—x)

X

(12)

where v, is the fluidic velocity induced by bubble expansion
and « is the distance from the bubble. The overall mass transfer
coefficient, k, is the mean value of k, in the residence time of
the bubble and the area pertinent to each adhering bubble.
After relating v, to V, k can also be approximately expressed as
eq 11 with the exponent m = 0.5. More recently, Vogt and
Stephan' revisited their theory and proposed a unified local
microprocess model by considering microconvection, pene-
tration, and wake flow transport altogether, which also gives an
m value of ~0.5. The difference between this new model and
previous ones, however, is the significant dependence of the
prefactor in eq 11 on the bubble surface coverage and
electrolyte flow rate.

The third model is the hydrodynamic model first proposed
by Janssen and Hoogland.'** In this model, the free-convective
flow of electrolyte, caused by the rising bubble swarm, is the
reason for improved mass transfer. The expression of mass
transfer coefficient is derived from the mass transfer equations
for natural turbulent convection at a plane wall is

(13)

where v, is the terminal velocity of a bubble, v is the kinematic
viscosity of the fluid, D is the diffusion coeflicient, and Zj is the
drag coeflicient on a bubble. With the recent development of
powerful computational modeling tools, significant advance-
ments have been made in the understanding of bubble—
electrolyte two-phase flow hydrodynamics, which have been
reviewed by the Lapicque group'”’ and the Alshawabkeh
group.'**

Besides the three classical models, new theories have also
been proposed with recent experimental findings. For example,
Eckert and co-workers'*>"*® found much stronger convection
at the foot of a bubble than that at the top (Figure 11) using
particle tracking velocimetry. More interestingly, the maximum
in the velocity was at the interface rather than in the solution,
thereby differing from that of buoyancy-driven flow. Therefore,

k= const(ngV/vat)l/3

RN RN TR 22l 6
t‘.'.% i I ,"I|| L) L ’|\|'\"l|l”,',||'il ”,,,]_//’-/
s v ol
Wy ! Vi
\\‘:]ll.l . l ';"
i 0z
£
E
=
8
5 S
0

Figure 11. Flow velocity around an electrogenerated H, bubble
measured by particle tracking velocimetry indicating the existence of
Marangoni convection near this electrogenerated bubble. Reproduced
with permission from ref 135, copyright 2018 by the Royal Society of
Chemistry.
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they proposed that Marangoni convection existed at electro-
generated bubbles, which might be caused by the inhomoge-
neous hydrogen concentration or ohmic heating, thus resulting
in a gradient of the surface tension along the bubble interface.

Catalyst Stability. How to overcome long-term catalyst
degradation and sustain high activity is a grand challenge in the
field of electrocatalysis.'””'*® For example, iridium-based
mixed oxides were found to be highly active OER catalysts,
but these structures have been shown to degrade significantly
in acidic electrolyte during OER."*” The major degradation
process of the mixed oxides has been attributed to the
dissolution of non-noble alkali or rare-earth element
components in acidic electrolytes. The contribution of evolved
bubbles to the degradation of electrocatalytic materials was,
however, not paid much attention, even though gas bubbles
have long been suspected to cause mechanical damage to their
surrounding materials.””'*”'*' One reason is the challenge in
obtaining direct evidence of bubble-caused catalyst degrada-
tion. Most recently, Shao-Horn and co-workers'® found direct
evidence of bubble-induced structural changes of a catalyst
during oxygen evolution using in situ TEM. They observed
that the formation and collapse of gaseous bubbles within
perovskite oxide particles caused the structural oscillations of
the catalyst (Figure 12). The structural oscillation was
explained by the uptake of water into the perovskite oxide
and the e-beam-induced O, evolution inside the oxide.
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Figure 12. (A) Schematic of water incorporation accompanied by
water splitting within Bay sSry sCoqsFeq,0;_s(BSCF) perovskite oxide
particles, which leads to structural oscillations observed on BSCF in
H,O vapor under e-beam irradiation. (B) Images of the structural
oscillations of BSCF. The blue dashed lines are guides to help in the
comparison of the motion of the particle edges. (C) Measured bubble
size vs time. Reproduced with permission from ref 16, copyright 2017
by Springer Nature.
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Although the experimental conditions used in their study
(H,O vapor plus electron beam irradiation) are not identical to
the typical OER conditions, the result is still suggestive of
similar bubble-induced structural changes during OER.

B CONTROLLED BUBBLE BEHAVIOR FOR
ELECTROCATALYSIS

In the previous two sections, we have reviewed the formation
of bubbles as well as their impacts on a gas-evolving system.
These fundamental studies are critical to developing new
bubble-based strategies to achieve improved functionality and
performance for gas-evolving electrocatalysis, which will be
discussed in this section.

Bubble Generation Control. During gas evolution
reactions, gas bubbles nucleate at the reaction interface
where the electrolyte solution is supersaturated with evolved
gas. White and co-workers have investigated the formation of
single bubbles at the surface of nanoelectrodes. The bubbles
were generated with confined dissolved-gas supersaturations at
the reaction interface. For instance, the critical concentrations
of dissolved gas at the reaction interface for H,, N,, and O,
bubble generation were demonstrated to be 0.23, 0.09, and
0.14 M, respectively.'" As introduced in previous section, such
supersaturation of evolved gas casuses a concentration
overpotential at the reaction interface.

Inspired by this overpotential mechanism, our group
recently developed a facile strategy for highly efficient HER
through tailoring the dissolved gas concentration at the
reaction interface via potassium perfluorooctanesulfonate
(PFOS) modulation.'*” The addition of PFOS facilitates
bubble generation due to its high surface activity, which lowers
the bubble nucleation energy. As the applied current for H,
evolution was stepped from 107° to 5 X 107* A, H, bubbles
started forming at a much lower current of 5 X 107> A for
PFOS-Pt than for pure Pt (Figure 13A). The facilitated bubble
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Figure 13. (A) Photographs showing bubble generation behaviors for
PFOS-Pt (top) and pure Pt (bottom). The black bands are the S0-
um-thick Pt wire electrodes. (B) iR-corrected polarization curves for
PFOS-Pt and pure Pt. Reproduced with permission from ref 142,
copyright 2019 by the Royal Society of Chemistry.

formation caused a decrease in the interfacial concentration of
dissolved H, following the possible mechanism discussed in
Figure S. In addition, the blockage of surface sites by PFOS
surfactant was demonstrated to be inhibited by the desorption
of PFOS during the reaction, ensuring the sufficient exposure
of active sites for HER. Taken together, the lowered interfacial
concentration of dissolved H, and the sufficient exposure of
active sites result in the remarkable electrocatalytic HER
performance of PFOS-Pt (Figure 13B). PFOS-Pt had a much
lower overpotential of 27 mV compared to 38 mV for pristine
Pt at a cathodic current density of 10 mA cm™ This tuning
strategy provides a promising avenue for managing the bubble
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generation behaviors at the reaction interface for efficient gas-
evolving electrocatalysis.

Bubble Release Management. Adhering bubbles to the
electrode surface hinders the diffusion of electrolyte, reduces
the surface area, and increases the ohmic drop, resulting in a
low reaction efficiency.'"*™"*° How to effectively remove
bubbles from the electrode surface represents another critical
issue for high-performance electrocatalysis. Ultrasonic and
ultragravity treatments are possible means of promoting bubble
detachment, but their industrial applications are limited
because static working conditions are preferred for electro-
chemical cells."**™"*® As such, it is meaningful to develop
alternative strategies to manage the bubbles release during gas
evolution reactions.

According to the theory of bubble detachment previously
discussed, the detachment of a bubble is governed by the force
balance between buoyancy (F,) and the adhesion force (F,)
(Figure 14A). To promote bubble release, one popular strategy
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Figure 14. (A) Force analysis of an as-formed gas bubble on the
surface of a catalyst film in an aqueous electrolyte. (B) Top-view SEM
image of nanostructured MoS, films. The inset shows the adhesion
behavior of a gas bubble on a nanostructured film. (C, D) Measured
adhesive forces of gas bubbles on nanostructured and flat films. (E)
Images showing the difference in bubble generation behavior on
nanostructured and flat films. (F) Polarization curves of Mo$S, and Pt/
C catalysts. Reproduced with permission from ref 149, copyright 2014
by John Wiley & Sons, Inc.

Potential (V vs. RHE)

is to fabricate “superaerophobic” electrodes with decreased
adhesion force.'*”">° By tailoring the micro/nanoarchitecture
of an electrode, the electrode/gas bubble/electrolyte interface
can become discontinuous, resulting in a minimal true contact
area and low adhesion force between the as-formed gas
bubbles with the superaerophobic electrode surface. Sun and
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co-workers'*” demonstrated this concept using a nano-
structured MoS, thin film (Figure 14B) as the electrode for
HER. The nanostructured MoS, showed an adhesive force of
11 + 2 uN (Figure 14C), ~10% of 125 + 6 uN for a flat MoS,
film electrode (Figure 14D). The adhesive forces were
measured using a microelectromechanical balance system. As
shown in Figure 14 CD, the electrode surfaces were first
brought into contact with a gas bubble (step 1). When the
surfaces left the gas bubble after contact, the balance force
increased gradually and reached a critical force at the end of
step 2. Finally, the surfaces broke away from the gas bubble in
step 3. The critical force was regarded as the adhesive force
between the electrode interfaces and the gas bubble. The
largely decreased adhesive force for the nanostructured MoS,
film led to small bubble sizes and reduced bubble coverage
(Figure 14E), thus improving the HER activity (Figure 14F).
The same group has also reported a similar enhancement effect
using a nanostructured NiMo film for HER;"' NiFe-LDH
mesoporous films for OER;">" a RuO,@TiO, nanosheet array
electrode for CER;"** and a Cu nanoporous film, Ni nanosheet
array, and Ni nanoflower electrode for HzOR.">*~">° Besides
the Sun group, several other groups have also explored the use
of superaerophobic electrodes for gas evolution reactions and
found similar activity improvement."**"¢!

Furthermore, the electrode stability was also found to be
associated with the release behavior of gas bubbles during gas-
evolving electrocatalysis. For instance, Li et al. found'®” that
the pine-shaped Pt nanoarray electrode showed superior
stability for HER as compared to a flat Pt electrode. The
HER current of the Pt nanoarray electrode was much more
stable than that of a flat electrode during a 36 h stability test. In
addition, the SEM images showed the bubble-induced
scratches and morphology changes on the flat Pt electrode
after the stability test. In contrast, the Pt nanoarray electrode
showed little morphology change. The improved stability for
the pine-shaped Pt nanoarray electrode was attributed to the
reduced adhesion force between the evolved bubbles and the
superaerophobic surface. The enhanced stability has also been
demonstrated on CoS, with different structures.'** Compared
to flat CoS, films, CoS, nanowire (NW) and microwire (MW)
arrays were more efficient in removing the bubbles and
preventing them from damaging the electrodes (Figure 15A,B).
After a 41 h stability test at 10 mA cm™? the HER
overpotential for the CoS, microwire array increased only by
about 20 mV (Figure 15C). In comparison, the flat CoS, film
showed a dramatic increase in overpotential by >200 mV after
3 h of the stability test.

More recently, Sinton and co-workers'®> demonstrated
another interesting application of bubble release in electro-
catalysis. They showed that the morphology of gold nano-
needle electrodes enhanced long-range CO, transport via their
influence on bubble release during CO, electroreduction. The
CO, reduction rate for CO production increased by 4-fold in
the diffusion-limited region compared to that for a nano-
particle-based catalyst, leading to improved product selectivity
toward CO, reduction.

Bubble-Assisted Electrocatalyst Fabrication. Bubbles
play another significant role in electrocatalysis via assisting the
construction of electrode structures. The fabrication of porous
electrocatalytic materials has been demonstrated using bubble-
templated electrodeposition. Liu et al.'®* reported the
construction of Cu and Sn porous foams using this method.
The generated hydrogen bubbles create a path with a
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Figure 15. (A) Schematic depictions of CoS, nanowire (NW) and
microwire (MW) arrays effectively wicking the evolved bubbles and
maintaining the solid—liquid interface. (B) SEM image of CoS, MWs.
(C) Long-term stability of different CoS, structures for HER.
Reproduced from ref 140, copyright 2014 by the American Chemical
Society.

decreased amount and disrupted diffusion of metal ions,
thereby leading to the electrodeposition between bubbles and
the porous structures. Because of bubble coalescence, the pore
size in the electrodeposited foams increased with the distance
away from the substrate. By adding acetic acid, bubble
coalescence could be suppressed, leading to reduced pore
sizes and an increased pore density in the deposited foams.'®®
Xia et al.'* found that the pore sizes in Cu films could also be
controlled by electrolyte concentration, applied currents, and
surfactant concentration. With a low Cu ion concentration and
a large current density, hydrogen evolution was accelerated,
producing large convection in electrolytes and small bubbles.
The presence of surfactants inhibited the bubble coalescence
and resulted in a well-dispersed bubble template. Porous Au
films were also prepared by the galvanic exchange reaction
between bubble-assisted deposited Cu films and Au salts."®”
Similar bubble-templated electrodeposition has also been
demonstrated to fabricate other porous metals (Co, Ag, Nj,
Pd, Pt, Bi, and Ru),"**~'”* alloys (NiAg, NiCo, NiSn, NiCoFe,
CuNi, CuPd, CuAu, CuPt, AuPt, PdNi, and PtPd),'”* '8
oxic118e7s (PbO, and MnO,),"*>' and graphene-based materi-
als.

Owing to the porous structure, electrode materials prepared
by bubble-templated electrodeposition often exhibit improved
electrocatalytic performance. For example, Broekmann and co-
workers'® developed a porous Ag foam electrode for CO,
electroreduction using a citrate-modified electrodeposition
approach with bubble assistance (Figure 16). The citrate
additives reduced the interfacial tension and thus led to the
decreased bubble size during foam deposition. The obtained
Ag-foam catalyst has a particular mesoporosity with pore
sidewalls that are composed of highly anisotropic, needle-
shaped Ag features having dimensions in the nanometer range
(Figure 16B). This unique porous structure of Ag foam
exhibited a higher CO adsorption energy in comparison to Ag
foil, resulting in a high activity for CO production at low and
moderate overpotentials and the capability for hydrocarbon
production at high overpotentials. In another example, Kwon
et al."*” synthesized a porous Co—P foam electrode by bubble-
templated electrodeposition on a Cu substrate (Figure 17). As
shown in Figure 17C,D, the porous Co—P foam exhibited a
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Figure 16. (A and B) Top-down SEM images showing the
macroporosity of an Ag foam prepared by bubble-templated
electrodeposition. (C and D) Potential-dependent product distribu-
tions of the electrochemical CO, reduction on Ag foam and Ag foil.
Reproduced from ref 188, copyright 2018 by the American Chemical
Society.
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Figure 17. (A and B) SEM images of an electrodeposited Co—P foam
on a Cu substrate with bubble assistance at different magnifications.
(C) HER and (D) OER activities of catalysts. Reproduced with
permission from ref 189, copyright 2016 by the Royal Society of
Chemistry.

much lower overpotential at 10 mA cm™ for both OER and
HER than did the Co—P film electrode. The excellent
performance of the Co—P foam as a HER and OER catalyst
was partially attributed to the porous foam structure providing
a large electrochemically active surface area, which was
calculated to be as 2.4 times higher than that of a typical
Co—P film. Similarly, Chen et al."”® developed NiCuP foams
on stainless steel foils via electrodeposition using hydrogen
bubbles as the template, followed by phosphidization. The
synthesized NiCuP foams showed improved HER and OER
activities that were better than those for commercial Pt/C and
IrO, catalysts, respectively.
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B OUTLOOK

In the previous sections, we have reviewed the classical
theories as well as recent advancements in the field of gas
bubbles in electrochemical gas evolution reactions. Although
progress has been made in this field, we believe that there are
two important subfields that need more research: bubble
behavior at the nanoscale and bubbles in selective electro-
catalysis.

Limited by the analytical tools and methods at the time,
much of the previous work on electrogenerated bubbles was
focused on bubble behavior on the micrometer scale and
above. How bubbles behave during gas evolution reactions on
the nanoscale remains mostly unknown. As more evidence is
delivering the message that the nanostructure of an electro-
catalyst determines the overall activity, it also urges us to
answer a similar question: how do the bubble behaviors at the
nanoscale affect the electrocatalytic activity?

To answer this question, several analytical methods are
being developed for the study of nanosized bubbles or
nanobubbles, including atomic force microscopy,17 single-
molecule fluorescence microscopy, ™'’ dark-field microsco-

y,”*""°! nanoelectrochemistry,'* and in situ TEM.'® With
the help of these tools, one will be able to observe bubble
behavior on the nanoscale with an unprecedently high time
and spatial resolution. The new knowledge will lead to new
understandings of the activity of electrocatalysts, new methods
to identify the active sites for establishing the structure—
activity relationship, and new strategies to improve the
activities by controlling bubble behavior. For example, our
recent work’® has shown that Pt and Au nanodomains exhibit
similar bubble nucleation conditions even though their HER
activities dramatically differ. Our finding provides valuable
fundamental insight into the relationship between the bubble
formation potential and the local HER activity. It could guide
the development of a bubble-based method that uses the
bubble formation potential as the criterion for rapidly and
conveniently evaluating the HER activity distribution on a
catalytic surface or in an ensemble of catalytic nanoparticles.

In another example, AFM studies have revealed the exotic
stability and shape of surface nanobubbles. The classical theory
predicts that a bubble with a 100 nm radius should dissolve in
microseconds due to the massive Laplace pressure inside these
nanoscopic objects.'”>'”* However, they were found to live for
hours under ambient conditions.'”* Also, surface bubbles were
found to be spherical caps, quasi-2D so-called micropancakes,
or a combination of the two.'”> The gas micropancakes are
only a few nanometers thick but spread up to several
micrometers wide. The cross-sectional profile of micro-
pancakes is flat on the top with the curvature at the boundary.
Gas micropancakes have been observed only on crystalline
substrates in water including HOPG, talc, and MoS,." 77
Furthermore, a superresolution fluorescence microscopic study
by Zhang and co-workers'® has shown that the spatial
distribution of surface nanobubbles on an oxide-supported
metal nanoparticle catalyst during HER is a function of
electrode potential rather than always being at the most active
nanoparticle sites. All of the above behaviors of surface
nanobubbles might significantly affect the surface blockage.

Besides bubble behavior at the nanoscale, the influence of
gas bubbles on selective electrocatalysis is underexplored as
well. Because the earlier bubble-related work was mainly
motivated by the development of water electrolyzers, the
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research focus was on the efficiency of HER and OER. As
society now seeks environmentally compatible processes to
reduce energy consumption and fossil fuel usage and to replace
toxic or dangerous oxidizing or reducing reagents, electrosyn-
thesis is emerging as the “chosen one” because of its potential
to be green and its ability to achieve certain transformations
that are difficult by conventional chemical approaches.'”*~>°*
However, because of the narrow electrochemical stability
window of water, electrosynthesis can often experience
interference from side reactions of water: the HER and
OER, leading to low energy efficiency. For example, the
conversion of CO, to hydrocarbons is always accompanied by
HER when performed in aqueous solutions.””” Likewise, HER
seriously harms the energy efficiency of electrochemical N,
reduction.'”*** Being the direct products from the side
reactions of water, H, and O, gas bubbles are undoubtedly
worthy of careful investigations: how and where do the gas
bubbles start forming? How do we suppress their generation?
During selective electrocatalysis, gas bubbles are generated not
only by the HER and OER but also by the non-water-splitting
electrocatalytic reactions of interest. For example, CO, can be
electrochemically reduced to various gas products including
CH,, CO, C,H,, and C;Hg. Successful identification of the gas
bubbles on a CO,RR catalyst surface will potentially lead to
new findings regarding the active structures with desired
product selectivity.
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