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ABSTRACT: Gas bubbles generated by the hydrogen evolution reaction and oxygen
evolution reaction during water electrolysis influence the energy conversion efficiency of
hydrogen production. Here, we survey what is known about the interaction of gas bubbles
and electrode surfaces and the influence of gas evolution on practicable devices used for
water electrolysis. We outline the physical processes occurring during the life cycle of a
bubble, summarize techniques used to characterize gas evolution phenomena in situ and in
practical device environments, and discuss ways that electrodes can be tailored to facilitate

gas removal at high current densities. Lastly, we review efforts to model the behavior of
individual gas bubbles and multiphase flows produced at gas-evolving electrodes. We conclude our review with a short summary of
outstanding questions that could be answered by future efforts to characterize gas evolution in electrochemical device environments

or by improved simulations of multiphase flows.
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Figure 1. Schematic “life cycle” of a H,(g) bubble during the hydrogen evolution reaction from an alkaline electrolyte. Molecules are illustrative in
nature and not drawn to scale. The generation of H, occurs via the two-electron reduction of water to form hydroxide. Gas bubbles nucleate from
as few as a few dozen H, molecules on the electrocatalyst surface and then rapidly grow from < 10 nm to reach 10s of ym in diameter. The growth
of small bubbles is typically limited by radial diffusion of dissolved H, whereas the growth of larger bubbles is limited by the generation of gas at the
substrate. Departing gas bubbles at radii 10 gm to >1 mm in diameter bring dissolved reaction products away from the electrode surface and are

replaced by fresh electrolyte.
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1. INTRODUCTION

1.1. Motivation

“Green hydrogen” produced via water electrolysis is poised to
serve a crucial role in sectors for decarbonization, including
ammonia production,’ heavy-duty vehicles,” manufacture of
iron and steel, and long-duration energy storage.‘g’4 The devices
used to drive water electrolysis, electrolyzers, can be powered
by solar or wind electricity in a scalable approach to hydrogen
production without concomitant greenhouse gas emissions.”
The deployment of flexible electrolyzers, following intermittent
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and clean electricity, can be accelerated by reducing the
upfront capital cost of electrolysis and developing strategies to
mitigate system degradation experienced during frequent
shutdown.”™® Efficient removal of gases from electrode
surfaces can improve the practical current density of a cell,
thereby improving the economics and scalability of hydrogen
generation via water electrolysis. In terms of energy efficiency,
gas bubbles lead to increased electrode overpotentials’ such
that control of gas/liquid interfaces is an important component
of electrolyzer design.'’ Moreover, gas bubbles have been
implicated in catalyst failure modes that arise during frequent
load cycling.” Thus, an improved understanding gas—liquid
interfaces during water electrolysis can improve electrolysis
technologies for producing hydrogen.

A few introductory texts and reviews cover the basic theories
of gas evolution at electrodes. Sides is one of the early pioneers
of electrochemical engineering aspects of gas evolution and
authored a textbook chapter on phenomena occurring during
electrolysis."" Lubetkin authored an early, tutorial review on
the principles governing general bubble evolution.'” In the past
decade, Zhao et al. reviewed recent advancements in
understanding bubbles caused by gas-evolving reactions and
Angulo et al. reviewed the various ways in which bubbles affect
(photo)electrochemical reactors."”'® Lohse reviewed both the
simulations and experiments on surface attached nano-
bubbles.'* Swiegers summarized engineering approaches for
managing bubble effects in water electrolysis, with a focus on
alkaline electrolysis.15 Most recently, Li et al. summarized
recent literature related to micro- and nanostructured electro-
des engineered to control bubbles produced from water
splitting.'® Several more reviews summarize the principles of
water electrolysis and the state-of-the-art examples of devices
for hydrogen generation.'” ' The aim of this review is to
provide a comprehensive summary of how gas evolution
controls the behavior of electrodes evolving hydrogen and
oxygen gas, with a specific emphasis on material relevant to
producing hydrogen via water electrolysis installed at the
megawatt scale today. Investigations of gases produced at
electrode surfaces are as old as the idea of a kinetic
overpotential, and this review thus spans well over a century
of scientific research.”” We do not discuss gas—liquid interfaces
in the electroreduction of CO,, or photoelectrochemical

https://doi.org/10.1021/acs.chemrev.4c00211
Chem. Rev. 2024, 124, 10964—11007


https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00211?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00211?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00211?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00211?fig=fig1&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.4c00211?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

devices for water splitting, except where the underlying
electrochemical studies have some relevance to physics or
design principles for low temperature (<200 °C) water
electrolysis.

1.2. Scope

A holistic understanding of gas evolution in water electrolysis
begins with the fundamental physics of gas liquid interfaces,
from the definition of a bubble to the processes controlling the
“life cycle” of a gaseous phase on an electrode surface (Figure
1). We first review the physics of gas bubbles, the ways they
have been measured, and their implications for water
electrolysis. Throughout the review we have endeavored to
connect the results of these studies to what is known about the
device-level effects of gas bubbles within proton-exchange
membrane and alkaline water electrolyzers. We additionally
survey the micro- and nanoscale characterization techniques
that have been used to study the nucleation, growth, and
detachment cycle of individual bubbles at gas-evolving
interfaces as well characterize their influence on the local
electrochemical environment. We introduce the principles and
applications of in situ and operando characterization techniques
used to study population level effects of gas bubble films and
porous electrodes that are instrumental components of
practical water-splitting electrolyzers. Because our under-
standing of device level impacts of bubbles has been heavily
supported by theory and simulations, we review the
approaches to modeling gas evolution behavior. Lastly, we
discuss the use of functional materials for controlling gas
transport and highlight the most promising approaches for
controlling gas transport at electrodes evolving hydrogen and
oxygen. We conclude our review with a summary of the
opportunities for improving our understanding of gas-liquid
interfaces in electrochemical devices and designing efficient
electrolyzers removing hydrogen and oxygen gases at high
current densities.

2. ELECTROCHEMICAL MEASUREMENTS OF
GAS-EVOLVING REACTIONS

Electrochemical measurements are used to understand the
physical processes governing the relationship between current
(i) and potential (E) at polarized, gas-evolving interfaces. Most
researchers rely on three-electrode measurements to character-
ize the i-E behavior of independent electrodes employed for
the hydrogen evolution reaction (HER) or the oxygen
evolution reaction (OER). In a typical experiment, the
potential of the working electrode (WE) is controlled with
respect to a reference electrode (RE) in solution while a
counter electrode (CE) drives a complementary half-reaction
in a separate region of the cell leading to the measured current
response. Only gas bubbles generated between the WE and RE
affect the applied WE potential—primarily by increasing the
ohmic drop and reducing the effective overpotential at the WE
surface (Figure 2a).

The primary benefit of a three-electrode measurement is that
it allows for independent assessment of the polarization
response for a single gas-evolving WE, which makes it simpler
to correlate changes in E with changes in the size, coverage,
and dynamic behavior of gas bubbles.” The limitation is that
the configuration of the WE and RE is often impractical and
unrealistic compared to the configuration of the same electrode
when integrated into an electrolyzer. Thus, the measured effect
of gas-evolution on the i-E response may only be loosely

(a) (0) (d)

Kinetic Ohmic Transport
i >

Figure 2. (a) Representative configuration for a three-electrode
measurement of a WE. The measured potential includes over-
potentials at the cathode and resistance between the WE and RE. (b)
Representative i-E trace for a three-electrode measurement, where the
kinetically controlled region is seen to follow an exponential i-E
relationship (dashed red line) and the potential region under ohmic
control is expected to follow a linear i-E relationship (dashed blue
line). (c,d) Two representative configurations for a two-electrode
measurement, (c) traditional and (d) zero-gap, where gas bubbles
between the anode and cathode contribute to changes in resistance.
(e) Representative J—V trace for a two-electrode device, where the
process controlling the marginal overpotential transitions from
kinetic- to ohmic control, and eventually to transport control with
increasing applied current density.

related to device performance. This illustrates the need for
methods to characterize electrode performance in practical
device architectures.

Practical measurements of the effects of gas bubbles on
electrolyzers are often reported based on the cell potential, V,
as a function of the applied current density, J, normalized to
the projected area of the electrodes. The specific effects of gas
bubbles on the electrolyzer can be understood by changes in
the J—V behavior of a cell and are often combined with
operando characterization of the gas-evolving behavior within
the device (Section 6). Two-electrode measurements are
typically conducted by measuring the steady-state cell V at a
fixed current after allowing the device to reach a pseudo
steady-state condition. Reference electrodes have been
integrated with solid electrolytes and used to separate the
individual polarization response of both the anode and
cathode, but these measurements require careful consideration
of potential gradients within thin layers of electrolyte.”**
Following the nomenclature developed by Sides, the
contributions of bubbles to the measured potential at a gas-
evolving electrode can be separated into ohmic resistance,
kinetic overpotentials, and concentration overpotentials.’
Although the kinetic, ohmic, and transport-controlled regions
of the J-V response need not occur at the same range of ], the
general trend of the cell potential being controlled by kinetics
at low J, ohmic overpotentials dominating the voltage response
near the operating current (~2 A cm™ for proton exchange
membrane (PEM) electrolyzers), and transport overpotentials
only being observed at very high J holds across many devices.

The equilibrium potential, E,, for a generalized gas-evolving

eq)
reaction (eq 1)

yW4ze =pX+yY (1)
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may be defined by the measured potential at a metallic
electrode surface at which the oxidation and reduction
reactions occur at equal rates. This potential can be predicted
by the Nernst equation (eq 2)

RT
E =E’— — vin(yc.
“ 2F Z ) @)

where v; is the stoichiometric coefficient and is taken to be
negative for the reactants in the reduction reaction, ¢ is the
concentration of a species within the cell, y; is the activity
coefficient necessary to correct for nonideal solutions (e.g.,
Section 3.2.1), and E° is the standard electrode potential,
defined as the equilibrium electrode potential when all species
are at standard state. In a gas-evolving experiment, the
potential is held away from E,; leading to a net oxidation or
reduction current and the generation of a dissolved gas species
which will nucleate and grow new gas bubbles within the
electrolyte and further perturb the measured potential between
the electrodes in a complex manner.

The kinetic overpotential at the electrode surface = (E-
E,,), after correcting for other potential differences within the
cell, is predicted to follow a Butler—Volmer-type relationship
with the applied J (eq 3),

J= ]O(E%F/RT(E_EW) _ e—aCF/RT(E—EEq)) 3)
where a, and «, are the anodic and cathodic transfer
coeflicient, respectively, and ], is the exchange current at the
electrode surface at Eeq.23 At IJl < 10 mA cm™, H, and O,
remain dissolved in solution, few bubbles will be observed at
the electrode surface, and the polarization response is 2primarily
controlled by heterogeneous reaction kinetics.”"*> An
appreciable amount of current will flow once the onset
overpotential, here arbitrarily defined to be the overpotential
required to reach IJl > 10 mA cm™?, has been exceeded; typical
onset overpotentials for the HER in 1 M NaOH ranging from
30 to 300 mV on metals such as Pt, Ru, or Ni.?° A transition
from an exponential J-E relationship to a linear J-E relationship
indicates the onset of ohmic control of the electrode potential,
indicating the presence of an uncompensated potential drop
between the WE and RE. Because the presence of gas bubbles
affects the solution resistance (Section S5.1.1) researchers
should not assume the solution resistance measured at | = 0 is
consistent with the effective solution resistance during gas-
evolving reactions.

3. TERMINOLOGY, PHYSICS, AND DYNAMICS OF
BUBBLES

3.1. What Is a Bubble?

A bubble is defined as a finite volume of gas enclosed within
one or more continuous solid or liquid phases. We further
define two broad subcategories based on the organization of
the gas interfaces: interfacial bubbles, located at the interface of
two bulk phases'* (e.g., the solid/liquid electrolyte interface in
an alkaline water electrolysis (AWE)), and free bubbles, those
enclosed in a single phase (Figure 3). Bubbles regularly
transition from an interfacial state to a free state through the
process of detachment (Figure 1). Within porous electrodes,
used to facilitate multiphase transport in electrolyzers, bubbles
can be understood to exist as wetted pores or extended three-
phase contact regions (Figure 3b). The more conventional
descriptions of flooding and drying come from pores that are

pubs.acs.org/CR
b
® 2 Bubble
Ha(aq)
H:0(l) Drying Po=2v .;rose
>
S

Wettedpore ~ Flooding
Interfacial Electrode (s) P

Gas

Figure 3. (a, b) Schematics of broad categories of H, bubble as
defined by their topology. (Left to right): Interfacial bubble, free
bubble, porous electrode. (b) Organization of bubbles within porous
electrodes, showing pores in a flooded, dried, and wetted state.”’

saturated with liquid water/electrolyte or gas. Pores are
governed by the same physical phenomena as interfacial
bubbles, where the wetting state is a delicate balance of surface
forces (Section 3.2.2), but at extreme current densities, the
wetting state of a pore is likely to be controlled by reaction and
diffusion of liquid water and vapor.

Although the energetics of all the constituent interfaces (and
the corresponding effects of changing interfacial areas on the
free energy of the system) should be accounted for, the unique
topology of each type of bubble dictates which interfaces and
physical processes are dominant when predicting their
behavior. While all bubbles possess a finite gas—liquid
interface, the behavior of interfacial bubbles and wetted
pores is dependent on the properties of the porous solid
(Section 3.2, Section 8).

3.2. Physical Processes Governing Gas Bubbles in
Electrolyzers

The properties of bubbles and their evolution over time are
governed by the physics of multiphase flows, which includes
the physics of phase transfer (dissolved species into the gas
phase) and of the forces on interfaces between phases. In this
section, we detail the major physical drivers relevant to H, and
O, bubbles in water electrolyzers. We do not discuss bubble
physics that pertain only to vapor bubbles, which have some
importance for hydrogen fuel cells and electrolysis at elevated
pressures and temperatures; we instead refer the interested
reader to a notable general review of bubbles.”®

3.2.1. Concentrations, Henry’s Law, and (Super)-
saturation. Gas-evolving electrochemical reactions, such as
the HER, quickly produce dissolved concentrations of species
that are thermodynamically unstable. First, the current density,
J toward HER causes a flux of Hy, Ji, normal to the electrode

surface with a rate defined by eq 4

-1

2 zF (4)
where F is Faraday’s constant, z = 2 for two-electron HER, and

1 is the unit normal vector. For a constant flux, the dissolved
concentration of hydrogen, ¢, will increase adjacent to the

12>

Ju

electrode surface, following eq 5,
JH2 = Csz - DHZVCHZ (5)

where Dy is the diffusion coefficient and v is the fluid velocity

as a function of time and position. In the absence of gas
interfaces and in a stagnant electrolyte, ¢y, can be solved

analytically in time and space but once multiple gas interfaces

https://doi.org/10.1021/acs.chemrev.4c00211
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are formed, the solution requires numerical methods for
estimation (Section 7).
The partial pressure of hydrogen in solution (Py) is

determined from the concentration through Henry’s law (eq

6),
Pyky, = oy, (6)

where ki is the Henry’s law constant, measured for a specific

solution composition and temperature. The partial pressure
describes the free-energy difference which drives bubble
formation and growth. The ratio of the partial pressure to
the ambient partial pressure, Py /P,, is the saturation, S. When

S = 1 the solution would be in equilibrium with a pure
hydrogen gas reservoir above the electrolyte, whereas electro-
lytes with Py, more than P, (S > 1) are supersaturated.

Supersaturation indicates that the free energy of the system will
be reduced through the generation or growth of gas phases—
although the kinetics of formation may preclude their
formation (Section 3.3.1).

Henry’s law (eq 6) provides an idealized linear relationship
between concentration and partial pressure that holds well over
a wide range of ambient pressures (e.g, concentrations of
dissolved gas). However, at elevated pressures relevant to those
observed in the nucleation of nanobubbles (> 100 atm),””*°
activities are more appropriate, and small deviations from
linearity are observed. In this case, ex;)erimental pressure-
solubility relationships should be used.”’ For example, the
experimental relationships determined by Weibe et al.** were
used to calculate the internal pressure of a nascent nanobubble
as studied by German et al.”” Electrolysis frequently occurs in
concentrated electrolytes where the activity of H,, O,, and
other nonpolar gases will differ substantially from the
concentration due to the “salting out effect”.?>** In this case,
a generalized version of Henry’s Law is appropriate which
accounts for the activity coeflicient, y, of the dissolved species
which is itself a function of the electrolyte composition and
temperature (eq 7).

PszHz = J/HzCHz (7)

Consider that the reported yy, rises from ~1.3 in 1 M KOH
at 25 °C to y, ~ 9 in 7 M KOH at 80 °C, which is a

representative environment for alkaline water electrolysis.*®
The general implication is that effective supersaturation of
gases will be greater than what is predicted from measurements
in acids and bases at ionic strengths more commonly tested in
the literature.

3.2.2. Surface Tension, Laplace Pressure, and Contact
Angles. The imbalance of cohesive forces between solvent
molecules at the interface of a liquid phase with a second phase
(gas/liquid/solid) is defined as surface tension, a line force that
acts to minimize the surface area of an interface.”> Surface
tension is an intrinsic property that depends on the identity of
the two phases, including any dissolved species,”® and is
substantially modified by surfactants that adsorb at the
interface. An alternate expression of surface tension (N/m)
is a surface energy (J/m’), which can be interpreted as the
energetic penalty for creating an interface—such as during the
nucleation of gas bubbles (Section 3.3.1)

The outward pressure of the gas within a bubble counteracts
the spontaneous reduction in surface energy caused by
shrinking a gas—liquid interface at equilibrium. The Young—

Laplace equation relates the curvature and the pressure
difference across the interface, AP

1 1

AP =y|— + —
rx Vy (8)
where y is the surface tension, and r, and r, are the radii of
curvature in the axes to the surface; AP is also known as the
Laplace pressure. For a spherical/spherical cap bubble, we have

r, = r,=r and eq 8 simplifies to eq 9.

AP =2y/r (9)

Noting that AP = Pyyy. - Py, where Py is the gas
pressure inside the bubble and P, is the ambient partial
pressure of the gas, a simple rearrangement gives the internal
pressure of the bubble as eq 10.

_p+ X

Poubpie = Fo + == (10)

Standard addition-of-pressure measurements have shown
good agreement with eq 10 for bubbles down to 7 nm radius.’”
This suggests that breakdown of this continuum description
only occurs at molecular length scales.

For a free bubble, it is only the surface energy of the gas—
liquid interface which must be balanced by the internal
pressure of the gas. However, for interfacial bubbles, the free
energy of the system includes additional contributions to the
total surface energy, including the surface energies of the newly
formed gas—solid interface, which has an area equal to the
bubble’s footprint on the electrode surface, and the
correspondingly smaller area of the liquid—solid interface. A
summary of the forces controlling interfacial bubbles is
depicted in Figure 4. Balancing the three surface energies

Figure 4. Interfacial forces on bubbles at electrode surfaces.

results in the Young equation, which predicts that the contact
angle of the bubble with the electrode surface, 6, (by
convention, measured through the liquid phase) varies with
the relative surface energies y,_,, where the subscripts indicate
the two phases of the interface (gas, liquid, and solid)

hes — yg—s = —}/l_gCOS(H) (11)

The quantity y;_ - ¥, is often referred to as the work of
adhesion, W,; it represents the free energy difference between
the surface-attached bubble and the new solid—liquid interface.
W, for gas bubbles on real surfaces is not described by the
idealized Young equation but instead by either the Wenzel or
Cassie—Baxter equations, which account for surface roughness

and heterogeneous surface chemistry, respectively. The
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hysteresis observed in advancing/receding contact angle
measurements is inconsistent with a true equilibrium measure-
ment of surface forces and indicates that the effective W, is
controlled by the features present at the three-phase contact
line.* Indeed, Gao and McCarthy have provided experimental
evidence that contact angle measurements are descriptive of
interactions at the three-phase contact line alone,”” and the
three-phase interface often remains stationary as the contents
of the bubble vary.**~*

3.2.3. Buoyancy Forces. The dominant force driving
bubble motion at the interface is buoyancy, which generally
causes bubbles to rise. Buoyancy results from a spatial variance
in pressure as described by,

By = pgh + Py, (12)

where p is the density of the solution, 4 is the depth of solution
normal to the gravitational vector, and g is the acceleration due
to gravity. As a result, all bubbles experience a gradient in
pressure over the surface of the bubble and an uplift force
caused by buoyancy, F,. For an object partially or wholly
immersed in a fluid, this pressure acts as a force in the opposite
direction to the gravitational vector which is equal to the
weight of the displaced volume of solution, V,

Fy = pWg (13)

Because buoyancy forces arise from gravitational inter-
actions, measurements in micro- or zero-gravity environments
can minimize or eliminate them, allowing researchers to isolate
the effects of other contributions.*

3.2.4. Convective Forces. In addition to affecting the
transport of dissolved gas (eq 5), any motion of the continuous
fluid phase will impart a pressure on the surface of the bubble
that may influence a bubbles size, shape, motion, and
evolution. Movement of the solution most often results from
the displacement of liquid motion by nearby growing and
rising bubbles,"*** but forced convection due to pumpin§ of
water or electrolytes is common in water electrolyzers.”"’
Previous works have also explored a%itation via ultrasonication
and also electrokinetic phenomena.” ™’ In addition to forced
convection, bubbles lead to microconvection at the electrode
surface, caused by motion of the gas—liquid interface and
various types of convection (Section 4.1.1 and Section
5.1.1).29*%3175% I particular, convection driven by gradients
in surface tension—originally described by Block and Pearson
but commonly referred to as Marangoni convection®*°—has
been proposed to result from gradients in temperature,”*
dissolved gas,” or electrolyte.”’ Multiple sources of convection
at the three phase boundary lead to complex phenomena,
including bubbles which depart and return to the electrode
surface,”’ large bubbles which draw smaller bubbles to coalesce
through radial fluid flow,*® and rising gas bubbles which move
toward and away a vertical electrode surface in a periodic
fashion.”” These and other phenomena related to convection
have been considered and summarized by Lubetkin.*’

3.2.5. Electrostatic Forces and Surface Charges. The
surface of a bubble in liquid electrolytes frequently bears an
electrical charge, which is a function of the solution
composition. The pH is a dominant contributor to the surface
charge on the gas—liquid interface, with bubbles at pH < 2
holding a positive charge buta negative charge at pH > 3.9
The electric field present at the solid/electrolyte interface can
attract or repel charged bubble surfaces and may, in principle,
affect the contact angle of the gas bubble via electrowetting;

here we note that active electrocatalysts are relatively
nonpolarizable interfaces, and electrowetting has been found
to exert a relatively minor influence over a wide range of
applied voltages.”” In practice, it is difficult to predict the
departure diameter of gas bubbles based on static force
balances,”® and the detachment of bubbles appears to be
dominated by kinetic phenomena.>' ~>*

3.3. Evolution of Bubbles

This section considers the temporal evolution of bubbles
because of the driving forces described above, which contribute
to a dynamic life cycle of bubbles on gas-evolving electrodes
(nucleation, growth, coalescence, detachment). At different gas
bubble sizes and applied currents, one or a combination of
factors may dominate the life cycle.

3.3.1. Bubble Nucleation. Nucleation is the first step of
bubble formation and can generally be described by classical
nucleation theory.®*® The Gibbs free energy, AG, required to
form a bubble from a solution of dissolved H, or O, is the sum
of the surface energy for forming a gas—liquid interface and the
volume energy for forming a gas phase (Figure S). Forming the
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Figure S. Contributions to the free energy of bubble nucleation as
described by classical nucleation theory.””

gas—liquid interface within a solution is nonspontaneous, and
the energy required is proportional to r*. On the contrary,
forming a gas phase from a supersaturated solution is
energetically favorable, with the corresponding volume energy
proportional to 2 As a result, an energy barrier arises for
bubble formation due to the opposing effects of increasing
volume energy and surface energy of the bubble and
corresponding interfaces as a function of the bubble radius.
The maximum value of this energy barrier corresponds to the
activation free energy for bubble nucleation, AG*, which
occurs at a critical bubble radius. Substituting this activation
energy into the Arrhenius equation, the nucleation rate is
calculated as (eq 14):

1677°®(0)

I' =Texp| —————

31, - BY (14
where I is the pre-exponential factor, y is the surface tension,
kg is Boltzmann’s constant, T is the temperature, Py, is the
partial pressure of gas in the bubble, and P, is the ambient
pressure. See Edwards et al.*® for a complete derivation. ®(6)
is a geometric factor, which is a function of the contact angle
(0) of the critical nucleus on the surface (eq 15).

(2 — cos 0)(1 + cos 6)*
4 (15)

Based on eq 14, I is expected to be strongly affected by P,,.
According to Henry’s law (eq 7), Py, is proportional to the

b =

as
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Table 1. Summary of the In Situ Characterization Methods Used to Study Bubble Evolution Considered in This Review

In situ characterization

Microelectrode methods
(Section 4.1.1)

Nanoelectrode methods
(Section 4.1.2)

Nanopore-based methods
(Section 4.1.3)

Scanning electrochemical
microscopy (Section 4.1.4)

Atomic Force Microscopy
(Section 4.2)

Conventional optical
microscopy (Section 4.3.1)

Fluorescence and luminescence
microscopy (Section 4.3.2)

Interference reflection
microscopy (Section 4.3.3)

Dark field microscopy (Section
43.4)

Surface plasmon resonance
microscopy (Section 4.3.5)

Transmission electron
microscopy (Section 4.4)

Advantages

® Ensemble characterization of bubble evolution or dynamic overpotentials
e Compatible with optical imaging modalities for simultaneous characterization
o Single entity (bubble) characterization in controlled microenvironments

® Unambiguous characterization of electrochemical dynamics

e Single-entity measurements in well-controlled microenvironments

o Simpler electrode fabrication—the nanopore fabrication is decoupled from the
electrochemical experiment

® Adds spatial resolution to nanopore-based methods
o Simultaneous characterization of multiple single entities

o Imaging changes in topology of an electrode surface (e.g, the growth of bubbles)
with subnanometer spatial resolution

® Enables the integration of electrodes and force measurements on AFM probe,
which allows for single entity force measurements (e.g., bubble adhesion forces)

e Commonly available imaging technique, compatible with high-speed (> 60 frames
per second) imaging

o Nonperturbative and compatible with other in situ characterization techniques

o Simultaneous imaging of large electrode areas

e Potentially higher spatial resolution (including in super-resolution or 3D imaging
via confocal measurements) than conventional optical methods.

o Chemical information can be me(asured via spectroscopy of fluorescent molecules
. 186,187 .
(e.g, pH sensitive fluorophores ““'*’) or electroluminescence

® 3D information embedded in 2D imaging by interference patterns within the image
(colors or varying intensity along an interface)

o Compatible with high-speed imaging.

e Common reflectance modality on optical microscopes that is sensitive to edges

® 3D information in 2D imaging due to nonparallel

e Spectral discrimination (e.g., imaging via Stokes-shifted light) is sensitive to local
dielectric environment, such as the thickness of bubbles on a surface

o High-resolution (> 1 nm) imaging via electron optics

o Integrated electrochemical cells in TEM sample holders

Limitations

e Transport phenomena at microelectrodes may not translate to large-area planar electrodes

e Fabrication of electrodes requires sophisticated procedures

e Sensitive electrochemical measurements can require shielded experimental environment (e.g.,
Faraday cage)

o Electrochemical detection (e.g., ionic current) is decoupled from the electrochemistry of bubble
evolution

® Generally, a slower process than single electrode measurements
® Motion of the electrode or probe may perturb bubble evolution processes

o Generally, a slower process than other forms of imaging
o Cantilever probe can perturb objects and interfaces at the electrode surface
e Lower, diffraction-limited (> 200 nm) spatial resolution compared to other techniques

o Relies on reflectance or transmission contrast, which can obscure features (e.g., overlapping bubbles
on surfaces)

e Slower temporal resolution than conventional optical imaging (especially for confocal or super-
resolution imaging)

o Imaging is limited in opaque, structured electrodes

Extracting 3D information requires significant understanding/modeling of the optical properties of
complex interfacial modulation in refractive indices (e.g., bubbles forming on nucleation sites).

® More complicated interpretation of imaging than other 3D-sensitive modalities

e Lower, diffraction-limited resolution than other methods.

e Relatively complex instrumentation requiring lasers and spectrometers

® Spectral discrimination may limit the accessible dynamic/temporal resolution of imaging
e Specifically tailored cell environments, including submicron layers of electrolyte

e Electrons are perturbative probes which can, for example, generate bubbles via heating or radiolytic
generation of hydrogen.”
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concentration of dissolved gas. Together, it suggests a
supersaturation of dissolved gas is needed to reach a reasonable
nucleation rate. Formally, the pressure differential in eq 14
should include the partial pressures of all gases in solution,
with the resultant bubble composing of all gases in ratios equal
to their partial pressures. However, gas-evolving electrodes
typically produce purified gases such that the partial pressure of
one gas frequently dominates that of all others (including
water vapor), and the contributions of other gases may be
neglected. One notable exception to this assumption might be
electrolysis conducted at high temperatures and pressures,
which offers substantial improvements in energy efficiency and
will also lead to a more significant water vapor pressure.”®” %"
Classical nucleation theory, as described above, treats phases
using continuum approximations. While such methods have
shown good agreement with experimental measurements of
bubble nucleation,’”” the small number of species involved in
forming new gas nuclei mean that these are inherently
approximations of molecular processes. Molecular descriptions
of bubble nucleation, such as those described by Molinero et
al,*” may give more detailed insight and are discussed further
in Section 7. Lastly, it has been noted that nucleation behavior
is very sensitive to the presence of defects and pre-existing gas
cavities,”" which are likely to play a substantial role in the gas
evolution behavior of large area, rough, or porous catalyst
layers used in practical water electrolyzers.

3.3.2. Growth. The growth of a bubble occurs due to net
mass transfer into the bubble, which occurs when internal
pressure (Section 3.2.2) exceeds the partial pressure of gas in
the solution. Three key physical processes determine whether a
bubble grows: (1) the flux of gas at the electrode surface (e.g,
Ju,) (2) the transport of gas in the solution phase, and (3) the

internal pressure within the bubble. The bubble grows when
Py, exceeds the internal pressure of the bubble, resulting in

molecular transfer from the solution to the gas phase. When
the influx and outflux of gas at the interface are equal, a bubble
neither shrinks nor grows, but exists at a fixed volume. Such
behavior is observed on nanoelectrodes and the steady-state
configuration determined through numerical calculations.”
Growth of gas bubbles exerts an outward force on the solution
and the electrode surface; the stress generated by gas bubbles
has frequently been hypothesized to serve as a driving force for
degradation of the electrocatalysts in the electrolyzer.””
Bubble-induced delamination has been directly observed
during liquid cell TEM measurements where gas was generated
by the electron beam (Section 4.4),”* but this behavior has yet
to be quantified in a device-relevant environment.

3.3.3. Detachment. Detachment is the process by which
an interfacial bubble separates from the surface to form a free
bubble containing some or all its constituent gas, and is
controlled by convective and interfacial forces which can have
an attractive or repulsive influence on a bubble. An adhesive
force results due to the increased energy of the liquid—gas
interface compared to the solid—gas interface (Section 3.2.2,
this is expected to be small for clean metals and metal oxides/
hydroxides/oxyhydroxides which are hydrophilic, wetting
surfaces) and fluid flow caused by local gradients in
temperature and solute concentration (Section 3.2.4).%
Buoyancy, forced convection of the electrolyte, and coales-
cence between neighboring gas bubbles (Section 3.3.4), lead to
forces which can drive detachment. These forces have been
simulated at microelectrodes and compared to experiments

which image local fluid flow profiles at the microscale as well as
gradients in refractive index (Section 4.3.6).>°%”° In practice,
gas bubbles at pits’® and solid surfaces’" are observed to depart
at smaller diameters than would be predicted by equilibrium
force balances suggesting that other dynamic processes are
important for predicting the departure diameter. Recently,
Wang and co-workers reported a new regime of bubble
departure from a solid wall owing to the coalescence of two
bubbles.”” They found that the evolution of the three-phase
contact line at the bubble base lowered the bubble adhesion
force, leading to a departure diameter much smaller than the
conventional buoyancy limit. They further unified the
relationship between bubble departure diameter and nuclea-
tion site density under both buoyancy-driven and coalescence-
induced bubble departure regimes. Gong and co-workers have
also studied the effects of the two bubbles’ dynamic contact
angles on coalescence-induced bubble departure,”® finding a
critical contact angle of 76° from a surface energy analysis,
beyond which the coalesced bubble does not depart from the
wall.

3.3.4. Coalescence. Two bubbles in proximity may
combine to form a single bubble in a process known as
coalescence. Coalescence is typically an energetically favorable
process as it reduces the total gas—liquid and gas—solid
interfacial area. The precise energetic balance depends on the
resultant geometry, the surfaces involved, and the pressures in
the initial bubbles and final bubble. The mechanism involves
the drainage of the thin liquid film dividing the two bubbles,
the joining of the bubbles in a nonequilibrium dumbbell-like
shape, and a reversion to a more energetically favorable (quasi-
spherical/sphere-cap) geometry.”””*' Coalescence is depend-
ent on the identity of the salts in the electrolytic solution,*>*?
and while the effect is generally understood to be related to the
influence of cations on the local structure of water, some salts
have a stronger effect on coalescence than others. The behavior
and coalescence of evolved bubbles during and after detaching
from a solid surface depend on solution properties, such as
electrolyte,*”** liquid phase rheology,”> the presence of
organic additives such as surfactants® and nonsurface-active
ethylene glycol,”” most of which influence the electrical
properties of the gas—water interface.”®

4. IN SITU CHARACTERIZATION TECHNIQUES

In situ characterization techniques have been developed to
study the static and dynamic behavior of gas bubbles from
millimeters to the nanometer scale. Electrochemical methods
are well-suited for characterizing the direct impacts of gas
bubbles on the local microenvironment and we distinguish in
situ techniques from operando techniques based on the size and
geometry of the electrode. Atomic force microscopy is suitable
for characterizing very small surface-attached bubbles in liquid
electrolyte. Optical microscopy is a nonperturbative technique
well suited for studying the dynamic behavior of gas bubbles so
long as they are larger than a few hundred nanometers in
diameter. Transmission electron microscopy can directly image
gas bubbles during nucleation, but beam-induced gas
generation may convolute measurements. Electrodes inte-
grated with a quartz crystal microbalance allow measurements
of gas coverage via changes to the density of the electrolyte
adjacent to the electrode surface. The relative advantages and
disadvantages of these techniques are summarized in Table 1 at
the end of Section 4.
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Figure 6. (a) Left: Schematic of a handmade 127-ym-diameter disk electrode and the photographs of an H, gas bubble growing on the disk
electrode. Right: Typical growth data for H, and O, bubbles in 1.0 N H,SO,. Adapted with permission from reference.®’ Copyright 1964 Elsevier.
(b) Photographs of the bubble release frequency from a Pt microelectrode after adding sodium dodecyl sulfate (SDS) to reduce the surface tension.
Reproduced with permission from reference.”” Copyright 2014 American Chemical Society. (c) Particle trajectories and corresponding velocity

field around the growing bubble on a microelectrode. Reproduced with permission from reference.”™

* Copyright 2018 Royal Society of Chemistry.

(d) Hlustration of the anionic effect on bubble coalescence efficiency during water reduction at a microelectrode. Reproduced with permission from

reference.”’ Copyright 2023 Springer Nature.

4.1. Electrochemistry

The physical properties of electrochemically generated gas
bubbles at all stages of the life cycle (nucleation, growth, and
detachment, Figure 1) can be probed with electrochemical
tools that are comparable in size to individual gas bubbles,
including microelectrodes, nanoelectrodes, nanopores, and
scanning electrochemical cell microscope.

4.1.1. Microelectrode-Based Methods. Gas bubbles
form randomly on the surface of macroscopic electrodes,
making it difficult to study a single bubble and understand its
behavior. Researchers have used nano- or microelectrodes to
hold a single bubble in place to overcome this challenge. In the
1960s, Westerheide and Westwater investigated the growth of
single hydrogen bubbles generated at a 127 pm diameter Pt
disk electrode prepared using a Pt microwire surrounded by
glass capillar_;r tubing, leaving the end of the tip exposed
(Figure 6a).”” An optical microscope and camera were used to
record the physical behavior of bubbles, and the radial growth
of a single bubble was observed to follow the square root of
time (t”2), as predicted by a model based on diffusion-
controlled bubble growth in an infinite medium. The
supersaturation, S, of dissolved H, in the solution around
these bubbles was determined from data fitting to be from

10972

8=24 for ] = 100 to 200 mA cm™>. Interesting and complex
bubble behaviors were reported at the microelectrodes,
including bouncing, coalescence, and slip on the solid surface.
Later, the same group studied the growth of various gas
bubbles, including H,, O,, Cl,, and CO,, on platinum, nickel,
copper, and iron electrodes using the same experimental
setup.”” Similarly, they observed the bubble radius grew
linearly with "% for all electrogenerated gas bubbles on
microelectrodes (Figure 6a). The computed supersaturation of
dissolved gas around the gas bubbles ranges from ~1 for CO,
and Cl, to up to 20 for H,. The late-stage growth rate of gas
bubbles was found to be independent of the electrode for Pt,
Fe, Cu, and Ni, whereas the early growth behavior did depend
on the metal surface. These differences were attributed to
different surface defects on the metal electrodes, which may
have resulted from the electrode polishing step due to the
varied metal hardness. Also, the observed contact angle of
bubbles on the microelectrodes had a modest effect on the gas
bubble growth.

Following the pioneering work by Westwater and colleagues,
several other groups have used similar microelectrode setups to
investigate factors affecting electrolytic gas bubble production.
For example, Brandon and Kelsall reported similar growth

https://doi.org/10.1021/acs.chemrev.4c00211
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kinetics of electrogenerated H,, O,, and Cl, gas bubbles at
microelectrodes,” which follows an exponential function: r o
#*. The time dependence of growth (classified by the exponent
«x) varied for different stages of bubble growth, decreasing from
a value near 1 at short times (< 10 ms) through 0.5,
characteristic of radial diffusion-controlled bubble growth in an
infinite medium, to 0.3 at long times (> 100 ms), expected for
the direct collection of the hydrogen produced at the
microelectrode base into the bubble. Gabrielli et al. used
microelectrodes to establish the relationship between gas
evolution reaction overpotential caused by bubble-induced
resistance increments and bubble size.”' Uhlemann et al.
studied the dissolution behavior of a single H, bubble
electrochemically generated at a Pt microelectrode by
monitoring the open circuit potential relaxation.”” The rate
of dissolution process is not as fast as expected from the
generally applicable Epstein—Plesset model, which describes
the dissolution behavior of a single spherical gas bubble in an
infinite medium driven purely by diffusion. This slower rate is
due to several factors, including the dissolved O, and N,, and
the supersaturation of H, between the electrode surface and
bubble caused by the preceding electrode polarization.

The growth and dynamics of gas bubbles at a microelectrode
is also a function of additives and the local environment
around the electrode. Mobius, Coey et al. investigated the
influence of additives, including sodium dodecyl sulfate (an
anionic surfactant) and ethylene glycol (used to tune the
solvent viscosity) on the oscillatory release of bubbles.’”
Coalescence of bubbles at the electrode surface was inhibited
by the presence of surfactants, which led to swarms of small
(~50 um) bubbles released in an aperiodic stream (Figure 6b).
Specifically, the abrupt transition from periodic to aperiodic
release occurred when the surface tension fell below 70 mN
m~". The proposed explanation for the smaller detachment
bubble diameter than the expected value from a force balance
considering only buoyancy and surface tension was that the
presence of micron-sized bubbles adhering to the surface
interrupted the gas/electrode interface for the large, detaching
bubble. Eckert et al. further explored detachment and growth
dynamics for Pt microelectrodes surrounded by different
insulating materials, glass, and epoxy.93 The growth of the
bubble radius scaled with ****%% Jaw regardless of the
insulating material type, despite the variations in € based on
different interactions between the gas and the material
surrounding the electrode. The coalescence of the smaller
bubbles at the foot of the larger bubble was again shown to be
an important growth mechanism. Eckert et al. also studied the
oscillatory growth dynamics of H, bubbles.”*”> They found
that it was controlled by a competition between buoyancy and
the electrostatic attraction between a negatively charged
electrode and positively charged bubble surface, the magnitude
of which depends on the thickness of the microbubble carpet
beneath the single, larger bubble. The electric force on the
single bubble reaches a maximum at a carpet thickness of about
30 um, which corresponds well with the carpet thickness at
which the bubble detaches in their experiment.

Magnetic fields have been shown to influence the convection
and stabilizing forces on microsized gas bubbles. Coey et al.
studied the effect of a magnetic field that is perpendicular to
the electrode surface on an electrogenerated gas bubble.”
They found that the bubbles on both horizontal and vertical
microelectrodes grew to a greater size in a magnetic field,
doubling in diameter before they broke away. Pan et al

proposed that the changed Lorentz force distribution on a
microelectrode formed a low-pressure region in the lower part
of the bubble, stabilizing the bubble at the microelectrode
surface under an external magnetic field.*®” However,
Baczyzmalski et al. found that the magnetohydrodynamic
flow imposed only a small stabilizing force on the bubble and
observed that a secondary flow enhanced the mass transfer
toward the electrode and may reduce the local supersaturation
of dissolved hydrogen and contributed to the bubble
stabilization.”® The research community lacks consensus on
the effects of magnetic fields on gas evolution.

There has been longstanding debate about the physics
controlling mass transfer in the region near the gas/electrode
interface (Section S5.1.1). Researchers have more recently
turned their attention to single electrogenerated gas bubbles to
resolve the fluid physics at and around the three-phase-
boundary. Eckert et al. studied the Marangoni convection at a
single electrogenerated hydrogen bubble on a microelec-
trode.”® They presented evidence of Marangoni convection
near growing hydrogen bubbles generated by water electrol-
ysis, resulting from concentration gradients of dissolved gas or
temperature gradients caused by ohmic heating of the
electrolyte. Using time-resolved particle tracking velocimetry
(PTV, Figure 6¢), they found a clear correlation between the
magnitude of Marangoni convection and the electric current.
Later, Massing et al. evaluated the contribution of
thermocapillary and electrocapillary effects to the Marangoni
convection.”® They measured the velocity and temperature of
the electrolyte near the bubble interface using PTV data and
luminescent lifetime imaging, noting a considerable amount of
ohmic heating in the vicinity of the microelectrode which was
accompanied by robust flow away from the interface.
Simulations and experimental results showed a remarkable
consistency in velocity and temperature fields, suggesting that
the thermocapillary effect was the principal driving force of
convection for microelectrodes driven at | ~ 10> A cm™
Bashhatov et al. studied the dynamics of single hydrogen
bubbles at Pt microelectrodes in microgravity produced during
parabolic flights, thus isolating effects related to buoyancy.”
They found (1) the electrolysis current is smaller under
microgravity by a factor of more than two, compared to under
normal/hyper-gravity due to minimal buoyant forces; and (2)
the lateral motion of bubbles plays an important role, allowing
enhanced mass transfer toward the electrode and continuous
hydrogen production.

The development of continuum-based models for the
physics of gas bubble evolution in water has led to a better
understanding of the unclear impacts of external stimuli on
single-gas bubble dynamics (Section 7.3). Kristof and Pritzker
conducted early studies on the effect of electrolyte
composition on the dynamics of hydrogen gas bubbles at
copper microelectrodes,'”’ finding that the electrode response
in HCI solutions was noisier and showed much larger cathodic
polarization and oscillation frequency and amplitude compared
to H,SO, solutions. The addition of Na,SO, and NaCl to the
acid solutions promoted the nucleation and growth of
numerous small bubbles at any one time and diminished the
electrode potential oscillations. Most recently, Koper et al.
revisited the effect of anions including $0,*7, CI7, NO;™, and
ClO,™ in acidic electrolytes on bubble dynamics.”’ They found
that gas bubble detachment is a sensitive function of the anion
identity due to differences in microbubble coalescence
efficiency, which follows the Hofmeister series of anions in
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Figure 7. (a) Top: Schematic of the electrochemical formation of an individual nanobubble at a Pt nanodisk electrode with a radius < 50 nm.
Bottom: The characteristic peak-shaped voltammogram of the nanoelectrode associated with bubble nucleation. Adapted from reference.'* (b)
Top: A potential-time trace during electrochemical bubble nucleation under galvanostatic control. Bottom: The stochastics of nucleation times at
various applied currents. Reproduced from reference.”” (c) Top: Schematic of an off-axis dark-field microscopy setup for imaging a single H,
nanobubble generated at a carbon nanoelectrode. Bottom: Correlated electrochemical (red) and optical (black) responses during a voltammetric
scan to drive the formation of a single H, nanobubble. Reproduced from reference.'

the electrolyte. They concluded that a solutal Marangoni force
induced by ion concentration gradients (as opposed to
dissolved gas®’) determines bubble detachment at practically
relevant current densities (J < 17 A cm™2). In contrast, the
thermal Marangoni force becomes relevant at large over-
potentials (Figure 6d). Thus, the identity of the anions in the
bulk electrolyte has an influence on Marangoni convection
near the gas/electrode interface.

Most recently, Bashkatov and co-workers used a dual Pt
microelectrode system to study coalescence-induced detach-
ment dynamics.'”" Coalescence was demonstrated to enhance
the performance of electrocatalytic hydrogen evolution by
promoting more frequent detachment, and the conditions
leading to bubble detachment followed by return to the
electrode surface (previously reported at microelectrodes as
well as transparent electrode surfaces)®”*® were systematically
quantified as a function of the interelectrode spacing and the
applied current density.

4.1.2. Nanoelectrode-Based Methods. Although micro-
electrode measurements provide information about bubble
dynamics at a micrometer scale, they lack the spatial resolution
required to analyze the earliest stages of bubble growth,
occurring just after nucleation at the nanoscale. Luo and White
employed nanoelectrodes to study electrochemical H, bubble
nucleation.'”> Figure 7a schematically illustrates the exper-
imental design and shows a characteristic voltammogram of the
electrochemical nucleation of an H, nanobubble formed by
proton reduction to molecular hydrogen. Once the dissolved
H, concentration at the electrode was sufficiently high, a
bubble nucleated and quickly grew until the gas blocked nearly
the entire surface of the nanoelectrode, causing a nearly
instantaneous reduction in the absolute current. Further
cathodic polarization of the electrode did not result in notable
changes in the current. This stable, diminished current after
bubble formation was explained by a steady-state flux of H

10974

species at the electrode surface, where the flux of H,
electrogenerated by proton reduction at the three-phase
boundary equals the outflux of H, from the bubble into its
surrounding solution. The critical concentration of dissolved
H, gas required for bubble nucleation was calculated to be
~023 M from the peak current in the voltammogram,
equivalent to S ~ 310.

Further investigations on gas nucleation at nanoelectrodes
by the same research group characterized the effects of
electrode size, anions, cations, and surfactants on bubble
nucleation and stability.'*>'** The peak current scaled linearly
with nanoelectrode radii and was independent of the anion
identity (e.g., H,SO,, HCl, and H;PO,), indicating that the
critical concentration of dissolved gas required for bubble
nucleation is not a function of electrode size or acid type.'*®
Both nonionic and ionic surfactants (including Triton X-100,
TEGME, and CTAB) enable bubble nucleation at a lower level
of supersaturation, but the effect of highly charged cations and
anions, including Ru(NH,)¢*", La*", Fe(CN)¢*", and Fe-
(CN)4*", on the nucleation of H, bubbles is significant and
highly complex.'”* They observed that the presence of the two
redox ions (i.e, Ru(NH;)s* and Fe(CN),*") and nonredox
active cation, La’’, resulted in a decrease in the H,
supersaturation required for nucleation, but Fe(CN)¢*~ had
only a minor effect on the H, supersaturation. Similar methods
were used to show that the concentrations required for
nucleating gas bubbles of D, N,, and O,, bubble nucleation
from deuterium chloride reduction, hydrazine oxidation,
hydrogen peroxide oxidation, respectively, are consistent at
different platinum electrodes but vary as a function of the gas
and properties of the cell: 0.23 + 0.02 M for H2,37’105 0.11 +
0.01 M for N,,"°*'°” 024 + 0.04 M for O, '*

The chemical nature of the solid interface can influence gas
evolution. Studies by the Luo group found that the bubble
nucleation on Au and Pd nanodisks occurred at similar
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supersaturation levels as previously observed on Pt.

However, due to the additional electrochemical hydrogen
insertion into Pd, the observed faradaic current at the bubble
nucleation for Pd is higher than that for Au''® Later, the Li
group fabricated Ag nanoelectrodes and Ag nanoelectrodes
modified by MoS, quantum dots (Ag@MoS,) and found that
the bubble nucleation condition on Ag and Ag@MoS,
nanoelectrodes required a much lower supersaturation level
of ~50-fold than on Pt, Pd, and Au nanoelectrodes.'"!

Bubble nucleation from electrochemical gas evolution is a
rare event and follows stochastic patterns, occurring by a
heterogeneous mechanism with nuclei forming on the
electrode surface. The stochastic processes of bubble
nucleation can be characterized using chronopotentiometry,
where a nanoelectrode is held at a constant current to control
the flux of dissolved H, at the nanoelectrode surface while
monitoring the electrode potential (Figure 7b, top).”” For a
fixed current, the induction time prior to the single-bubble
nucleation events in a predictable manner, where German et al.
found the probability of observing an H,(g) nucleation event
increases rapidly across a narrow range of concentrations
(0.21—0.26 M) (Figure 7b, bottom). The kinetics of phase
nucleation were obtained by statistically analyzing hundreds of
individual induction times at different applied currents, and
from the relationship between the measured nucleation rate
and the calculated supersaturation level, the activation energy
for forming a critical nucleus was determined to be ~14 to 26
k,T. Whereas previously the use of pressure-addition electro-
chemistry was used to infer a nucleation radius for H,(g) at Pt
of ~10 nm,"'” these data simultaneously predicted a radius of
curvature for critical nuclei of 4.4 to 5.3 nm, corresponding to
33 to 55 H, molecules per nuclei, and a contact angle of
~150°." Most recently, Zhang et al. successfully imaged a
single H, nanobubble on a nanoelectrode using off-axis dark-
field microscopy (Figure 7c).''? Correlating optical and
electrochemical responses provides new insight into surface
nanobubble dissolution after removing the electrochemical H,
supply, primarily that the bubble restructures during this
process. The above studies using nanoelectrodes have provided
a comprehensive understanding of gas bubble nucleation
during the HER, which had been elusive for a long time.

Similar methods have been used to analyze the nucleation of
O, bubbles in HCIO, (aq)."'* A wider range of nucleation
behavior was observed in comparison to H, bubble nucleation,
with activation energies ranging from 6 to 30 k,T, contact
angles to the electrode surface of 135—155° and the number
of O, molecules contained in the nucleus (50 to 900
molecules). Later, a voltammetric method was developed to
determine the stochastic formation rate and geometry of
individual H,, N,, and O, bubble nuclei.*” In contrast to the
chronopotentiometric method which is based on induction
times, this method uses repeated potential scans to characterize
the statistical distribution of the peak current prior to
nucleation. Once again, the properties of single critical nuclei,
including contact angle, the radius of curvature, activation
energy, and Arrhenius pre-exponential factor, can be measured
from the distribution of peak currents from hundreds of
voltammetric cycles.

4.1.3. Nanopore-Based Methods. Nanopores have been
used to analyze gas bubbles using similar principles to
nanoelectrode measurements. Instead of blocking the electrode
surface for charge transfer, nanoscale gas bubbles block an
ionic path between two driving electrodes, producing an

electrical signal.''>"'® Long et al. demonstrated the character-
ization of the dynamic growth of a H, nanobubble produced
from a chemical reaction between H,0 and NaBH, within a
confined glass nanopore (Figure 8a)."'” The nanopore was
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Figure 8. (a) Schematic showing the setup for nanopore character-
ization of dynamic growth of nanobubbles produced by the NaBH,—
H,O reaction. Reproduced from reference.''” (b) Left: Schematic
showing the experimental design for evaluating the HER activities of
MoS, quantum dots via a bipolar electrochemistry mechanism at the
orifice of the nanopore. Right: Current traces of two types of signals.
A spike-like signal arises from generating H, bubbles blocking the
nanopore. Reproduced from reference.

backfilled with NaBH, in ethanol solution, and tetrabutylam-
monium hexafluorophosphate was used as an external solution.
The reaction between NaBH, and H,O forms H, bubbles,
resulted in the biphasic current pulse corresponding to the
bubble growth and subsequential dissolution. Later, the same
authors studied the temperature effects on H, nanobubble
nucleation from the NaBH,—H,O reaction using a similar
nanopore-based experimental design and measured that the
activation energy for nucleation was 8.1x 1072 J.""*''? This
nanopore setup was further modified to evaluate the HER
activities of individual MoS, quantum dots as shown in Figure
8b.'*° MoS, quantum dots and Ag nanoparticles form a
composite, which undergoes bipolar electrochemical reactions
(HER at the MoS, quantum dots and Ag oxidation to AgCl at
the Ag nanoparticle) at the orifice of the nanopore due to the
large localized potential drop. The electrocatalytic ability of
single MoS, quantum dots for HER was evaluated via the
frequency of the blockages, opening a new route to monitor
the electrocatalytic behavior of single catalytic particles. A
similar design has also been used to monitor the HER on
single Au microparticles,'”" Ag nanoparticles,"*” and catalytic
decomggsition of H,0, on single MnO, nanosphere and
cubes.
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4.1.4. Scanning Electrochemical Microscopies.
4.1.4.1. Scanning Electrochemical Cell Microscopy
(SECCM). Scanning electrochemical cell microscopy uses a
scanning probe to measure the local electrochemical behavior
of a surface with nanoscale resolution. SECCM relies on an
electrolyte-filled nanopipette as a scanned probe, which creates
a nanosized electrochemical cell when the electrolyte nano-
droplet at the tip of the pipet touches a surface (Figure 9a).
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Figure 9. (a) Top: Schematic showing the SECCM measurement of
H, bubble nucleation on a polycrystalline Pt surface. Bottom: (left)
SEM image of a polycrystalline Pt surface and (right) distribution of
the peak currents for H, bubble nucleation () from voltammetric
scans on a polycrystalline Pt surface by SECCM. Reproduced from
reference.'”® (b) Schematic of an SECM setup for electrochemical
analysis of H, bubble generation at a Pt ultramicroelectrode and a
single Pt nanoparticle on a carbon ultramicroelectrode in a tip
generation/substrate collection mode. Reproduced from reference.'>!

Ren et al. demonstrated using SECCM to map the H, bubble
nucleation conditions on a polycrystalline Pt surface.'** They
observed similar characteristic peak-shaped voltammograms as
the voltammogram at a nanoelectrode for H, bubble
nucleation in Figure 7a. From the local voltammograms, they
obtained the distribution of nucleation energetics for H,
bubbles on the Pt surface but did not observe a noticeable
correlation between bubble nucleation condition and crystal
grains or grain boundaries (Figure 9a). At approximately the

same time, Perera et al. used a single-barrel nanopipette probe
to obtain similar information about H, bubble nucleation and
growth on polycrystalline Pt and Au surfaces.'”* They
observed repeated current spikes under a fixed electrode
potential that drives hydrogen evolution reaction, which they
assigned to individual bubble nucleation—growth—detachment
life cycle described in Figure 1. Since then, the SECCM
method has been applied to map the gas bubble nucleation
conditions on various electrode substrates by Chen et al,
including Pt,'*® Au and MoSz,né a nanostructured, super-
aerophobic MoS, electrode,’”” and silica nanoparticles-
decorated glassy carbon electrodes.'”® Consistent with prior
results at Pt nanoelectrodes, SECCM results revealed a high S
for H, prior to nucleation (218, 137, and 157 mM) with
contact angles of critical nuclei ~156°, 161°, and 160° on
polycrystalline Pt, Au, and ultrathin MoS,, respectively. The
bubble nucleation energy barrier was significantly reduced on
the nanostructured electrode surface relative to its flat
counterpart, where the presence of silica nanoparticles
significantly promoted the heterogeneous bubble nucleation
process,'** but no clear correlation was observed between the
HER activity and the bubble nucleation energy barrier."”” The
promotion effect was observed to be nonmonotonically
correlated with the silica nanoparticle size with an optimal
size of ~10 nm in radius, which was explained by the
theoretical free energy barrier trend calculated from classical
nucleation theory.

SECCM has also been used to characterize bubble formation
at individual Pt nanoparticles on a conductive but electro-
catalytically inert substrate. In a system that mimics some
electrolyzer cathode designs, Georgescu et al. deposited
particles at a sufficiently low density such that zero or one
nanoparticles were found within the SECCM pipet menis-
cus.'” The formation of H, nanobubbles at the surface of
electrocatalytic Pt NPs during HER was confirmed by SECCM
measurements of the change in conductivity. Finite element
simulations show the nanoparticle catalyst geometry signifi-
cantly affects the dissolved hydrogen gas concentration
distribution for bubble nucleation. The work of Gao et al."*’
focused on hydrogen evolution in the absence of bubble
formation at nanoparticle catalysts within a Nafion thin film,
presenting an interesting example where SECCM was used to
measure a buried interface. Such an interface contrasts the
solid—liquid interface and is more closely related to the solid-
PEM interface found in many water electrolysis devices.

4.1.4.2. Scanning Electrochemical Microscopy (SECM).
Scanning electrochemical microscopy (SECM) has been used
to study electrogenerated bubbles on surfaces. Unlike SECCM,
SECM employs a mobile micro- or nanosized electrode at
which a redox reaction occurs as the scanned probe tips.'*> For
example, Bard’s group'”' pioneered the use of SECM to
measure and perturb H, bubble formation in the tip
generation/substrate collection experiment shown in Figure
9b. Two microelectrodes are situated facing each other; one
electrode (top electrode) is swept to a potential sufficient to
undergo HER and generate H,, while the other (bottom
electrode) is poised at a potential to undergo hydrogen
oxidation. The hydrogen oxidation current reports on the flux
of H,; it also acts to deplete the local H, concentration. They
also observed a peak-shaped voltammogram associated with a
gaseous H, bubble formation. When they deposited single Pt
nanoparticles with sizes down to 1 nm onto the SECM tip,
they found similar blocking effects on Pt nanoparticles
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resulting from hydrogen bubble formation. Schuhmann et al.
performed SECM measurements to study gas bubble evolution
during water electrolysis,">*~"** but unlike Bard’s experimental
design, they mainly used the substrate generation-tip collection
mode of SECM. They identified the most active catalytic sites
from the noises recorded at the SECM tip associated with the
dynamic characteristics of gas-bubble departure. Similar
substrate generation-tip collection SECM experiments were
conducted by Battistel et al. to study the local concentration of
dissolved hydrogen produced during water electrolysis.'*®
They found that at low currents, S temporarily rose to ~50. . In
contrast, once a large current was reached, the concentration
dropped, increasing the concentration of hydrogen inside gas
bubbles, and became independent of the current. Recently,
Kim et al. analyzed fluctuations in current recorded at an
SECM tip to characterize the local rate of detachment of O,
bubbles from a thin film Ir catalyst used for PEM electrolysis
(Section 5.2.2)."%7

4.2. Atomic Force Microscopy (AFM)

AFM uses tip—surface interactions to measure surface
chemistry, topology, or the energetics of interfaces with
extremely high resolution (down to individual atoms) related
to the motion of a piezoelectric stage. A few studies have used
AFM to measure in situ bubble characteristics in water
electrolysis systems. For example, Zhang et al. observed
electrochemically controlled formation and growth of hydro-
gen nanobubbles on bare highly oriented pyrolytic graphite
surface in sulfuric acid solution via in situ tapping mode AFM
(Figure 10a)."*® Specifically, nanobubbles were only observed
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Figure 10. (a) Schematic of an experimental setup for AFM imaging
of electrogenerated hydrogen and oxygen nanobubbles on a highly
oriented pyrolytic graphite (HOPG) surface and an AFM image of
surface nanobubble formation at —2.0 V vs a Pt quasi-reference
electrode. Reproduced from reference'*® and reference.'** (b)
Schematic showing the formation of surface nanobubbles and
graphene nanobubbles during water electrolysis, supported by
different images captured in electrolyte solutions (left) and in air
(right). Reproduced from reference.'*?

beyond a voltage threshold of —1.2 V vs Pt quasi-reference
electrode in 0.01 M H,SO,. The formation, growth, and
coalescence of nanobubbles and eventual release of merged
microbubbles from the surface could be well controlled by
tuning the applied voltage and the reaction time (Figure 10a).
The observed gas nanobubbles typically have curvature radii of
<2.0 um and heights of <100 nm, suggesting the possible
instability of these nanobubbles beyond these dimensions.'*” A

similar experimental design was adopted by Lohse et al,'*

who studied electrogenerated H, and O, nanobubbles on
highly oriented pyrolytic graphite surface in both pure H,O
and a 10 mM NaCl(aq) electrolyte. These data indicated that
(i) the nanobubble’s surface area and its volume growth are
highly correlated, with the authors suggesting that either the
electrolytic gas is produced at the whole surface of the
nanobubbles or it is generated at the electrode’s surface and
diffuses to the surface of the nanobubbles, and (ii) the aspect
ratio of the nanobubbles and the electric current that flows
between the two electrodes are correlated. Most recently, Sun
et al. combined AFM measurements and electrochemical
surface plasmon resonance imaging to demonstrate that surface
bubbles produced by the HER grow from pancake-shaped
nanobubbles,'*" followed by increasing the coverage and
roughly pinned three-phase boundaries, increasing the contact
angle and height. Molecular dynamics simulations further
supported such pinned-rising growth mechanism. Mita et al,
used a different AFM electrochemical cell design with a high
scanning speed to study the hydrogen and oxygen nanobubble
evolution on highly oriented pyrolytic graphite electrodes.'**
Their video data shows that the two gases exhibited different
bubble nucleation and growth behaviors: the hydrogen bubbles
grew with active coalescence while the oxygen bubbles were
smaller and irregularly moved on the graphite surface.

AFM techniques not only allow studies of surface nano-
bubbles but also may detect formation of subsurface gas
bubbles during water electrolysis. For example, An et al
reported the formation of nanobubbles between highly
oriented pyrolytic graphite layers with electrolysis (Figure
10b),"** where the trapped H,(g) between layers was reported
to reach ~5 wt %. Similarly, Dollekamp et al. observed
nanobubbles created between graphene and mica by reducing
intercalated water to H,.'** The nanobubbles have a typical
radius of several hundred nm, a height of a few tens of nm, and
an internal pressure of 0.5—8 MPa. AFM was also used to
measure the bubble-surface interactions that prolong bubble
presence at active interfaces. For example, Donose et al
developed a Pt-coated Ag,Ge needle attached to the tip of an
AFM cantilever,"* which can generate a controlled H, bubble
on the tip. This allowed them to measure the forces of bubble-
surface adhesion on hydrophilic surfaces as a function of
microbubble diameter.

4.3. Optical Microscopy

Optical microscopy is useful for large-scale imaging of bubble
evolution and dynamics at electrode interfaces. The imaging
resolution is diffraction limited, so systems that may be imaged
by high resolution imaging such as SECCM or AFM are not
accessible. However, the benefits of optical methods include
the high temporal resolution offered by high-frame-rate
cameras and the ability to easily couple real-time imaging to
electrochemical experiments. Unlike other imaging modalities
described above, optical methods typically avoid perturbing the
system from conventional conditions because the light
intensity required for imaging is low and physical contact
with the surface is not generally necessary. Though some
special cell design may be necessary to match the working
distance of the objective to the electrochemical environment.

4.3.1. Conventional Microscopy. Conventional optical
microscopy that uses reflected light for imaging has been
widely used in studying micrometer-sized and larger gas
bubbles. Due to the large literature, we only list some examples
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here. Kou et al. used high-speed optical microscopy to measure
bubble transport from the surface of 3D-printed Ni electrodes
as a function of the periodic structure of the electrode.'*® They
identified a critical bubble diameter (dependent on the
characteristic porosity of the electrode) that trapped bubble
migration through the porous structure. The regularity of the
3D printed electrode increased the observed critical diameter
compared to a random, porous Ni foam electrode, which the
researchers attributed to the irregularity and odd distortions
required for bubble migration through the random network.
The regularized 3D structure maintained significant contact
with the electrolyte and avoided mass transport issues due to
bubble persistence. Li et al. used a total internal reflection
microscopic mode to characterize the onset potential
distribution of a catalytic electrode surface.'*” At sufficiently
negative potentials, the equivalent refractive index of the
electrolyte on the electrode surface decreases due to H,
microbubbles generation, leading to an optical signal. Using
this method, they found catalytic electrodes fabricated by
depositing Pt/C catalysts on porous carbon support with
Nafion polymer binders show poor uniformity, reproducibility,
and durability.

Kempler et al. used optical microscopy to study the
nucleation and detachment of electrocatalytically generated
H, bubbles on the Pt-coated Si microwire electrodes.'*® They
showed that the structure of the surface is critical to the
generation and clearance of bubbles at a surface evolving H, at
low current densities (a regime that is more important to solar
fuels photoelectrochemistry) and inverted electrodes, where
buoyancy will lift gas bubbles against the electrode and even
drive infiltration into structured interfaces. They used high-
speed optical microscopy and particle tracking analysis to
measure the distribution of bubble nucleation sites as a
function of the microwire structure (diameter and spacing)
and electrode potential, demonstrating that bubbles are
important for relieving the saturation of dissolved H,, which
can induce an unwanted Nernstian shift in the reversible
hydrogen evolution potential. Additionally, the microwire
structure promoted bubble detachment and local convection
to reduce the gas-saturated electrolyte layer near the electrode
surface, even at ] ~ 100 mA cm™> which is a current regime
more relevant to traditional alkaline water electrolysis. Pande
et al.'"* used an inverted optical microscope to study the
coalescence dynamic of H, bubbles generated on a bottom-
facing electrode, representative of the orientation of a small
band gap photocathode in a PEC-integrated system. Direct
imaging of these bubbles helps to identify clearance
mechanisms and correlation electrochemical performance to
the behavior of bubbles for which buoyancy is a functional
issue.

Coridan et al. combined optical microscopy, electro-
chemistry, and synchrotron X-rays to image the high-speed
dynamics of bubbles at semiconductor-electrocatalyst inter-
faces."”” The intense white-beam X-ray source was used to
generate phase contrast from the edges of bubbles evolving
from a microscale Pt electrocatalyst layer on Si. The phase
contrast formed a visible image on a scintillation crystal,
magnified by an optical objective lens onto a high-speed
camera. The setup could achieve up to 100k frames per second
due to the timing of the electron bunches in the synchrotron.
This allowed the researchers to study the electrostatic pinning
of H, bubbles evolving in 1.0 N H,SO, on the Si surface
extending beyond the Pt microelectrode. The pinned bubble

contact blocked reactant access to the Pt electrocatalyst,
limiting H, evolution as determined visually (gas bubble
diameter dynamics) and by electrochemical measurements.

Mandin et al. correlated cell potentials with high-speed
imaging used to measure gas diameters and coverages during
alkaline water electrolysis in 0.1 M NaOH, in normal gravity
and zero gravity produced with a parabolic flight path
(acceleration range +5% of normal Earth gravity). Cell
voltages are increased by > 1 V, even at J < 10 mA cm™?, in
the absence of buoyancy-driven detachment and flow, which
was correlated to larger overall bubble diameters and increased
coverage of the electrode surface.'”'

Iwata et al.'>> used optical microscopy to image bubble
departure from Ni foams used for thealkaline OER. The foams
included a varied amount of polytetrafluoroethylene (PTFE)
coatings to tailor the hydrophobicity . In this way, the adhesion
at the gas solid interface was increased and bubbles remained
on the surface for longer periods of growth, which was
correlated with a measured wickability parameter. The PTFE
coverage generated several distinct modes of bubble departure,
from the release of small, independent bubbles to electrodes
filled with a stable gas layer. The retention of a gas layer in the
volume of the porous electrode limited the active surface area
and increased effective overpotentials on the structured
electrodes. This work showed how hydrophobicity must be
chosen to appropriately mitigate transport overpotentials by
promoting bubble departure without generating gas retention.

Lee et al.">” used a model microfluidic “PTL on a chip”
fabricated by soft lithography in PDMS to image the transport
of bubbles as a function of pore structure. The porosity and
pore distribution were modeled to resemble the relevant pore
structures observed in real PTLs characterized by X-ray pCT.
Although in this case the bubbles were generated by direct gas
injection rather than by electrolysis, the microfluidic system
allowed the researchers to directly monitor the migration of
bubbles through the tortuous pore network by optical
microscopy. They found that bubbles migrate through pores
in two phases: a “pressurization” step, where the bubble
gradually expands into a pore, and then a “penetration” step,
where capillarity induces the rapid filling of the pore. The
migration path is guided by the “least resistant throat,” drawing
the bubble into the next pressurization advance. This work
shows that, in addition to macroscale structural parameters
such as porosity, the detailed microstructure of the PTL should
be considered in the design of PTL materials for mitigating
mass transport limitations in electrolysis.

Microscopy can also be used to study bubble evolution due
to photoelectrochemical stimulation. Bubbles forming at an
interface induce light scattering, resulting in unanticipated
losses caused by a reduction in absorption. Leenheer et al.">*
used a laser to illuminate a focused spot on a SrTiO,
photoanode in a 1.6 M KOH aqueous solution to image the
dynamics and current losses due to the local evolution of an O,
bubble. They additionally considered the interplay of the
scattering and lensing effects that the bubble can have on light-
driven water oxidation. In this specific case of a focused laser as
a light source, they observed enhanced photocurrent in some
cases where the refractive properties of the bubble redirected
light to portions of the photoelectrode that were not blocked
by the bubble itself. Dorfi et al. addressed similar questions by
combining optical microscopy with a scanning laser that
induced local photocurrent near an H, bubble evolving from a
Si photocathode.'” Integrated external quantum yield for
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Figure 11. (a) Top: Schematic of a super-resolution single molecule fluorescence microscopy setup to image hydrogen nanobubbles during
electrochemical water reduction. H, nanobubbles generated on an ITO surface are labeled by single R6G fluorescence molecules. Bottom: Scatter
plots showing the accumulated spatial distribution of H, nanobubbles in two different potential windows. Each blue/green dot represents one
detected nanobubble, and each red dot represents an Au nanoplate. Reproduced from reference.'>® (b) Top: bright-field image of an oxygen bubble
on the ITO electrode and schematics of the electrochemical generation and fluorescence detection of OH® in the corona of an electrode-adherent
bubble. Bottom: Epifluorescence microscopy images for detecting of OH® around a bubble in the presence of fluorescein under water oxidation
conditions. Reproduced from reference’®” under Creative Commons Attribution International License 4.0 (c) Schematic of an interference
reflection microscopy setup used to study HER at single 40 nm Pt nanoparticles deposited on an ITO surface and optical images before and after
H, nanobubble formation on nanoparticles. Reproduced from reference.'® (d) Schematic of a dark-field microscopy setup used for imaging H,
nanobubbles from the electrocatalytic reduction of HCIO, on catalytic nanoparticles and dark field images of Au@Pt core@shell nanoparticles at 0
V (without bubbles) and —1 V (with bubbles) vs Ag/AgCl. Reproduced from reference.'®® (&) Schematic illustration of a dual-beam configuration
of surface plasmon resonance microscopy and typical images of an electrogenerated surface nanobubble under one beam and dual beam
illumination. Reproduced from reference.'®’
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current from the incident laser could be measured as a function
of the bubble diameter, which showed losses of up to 22% (for
a 500 um bubble) due to the scattering of incident illumination
away from the photocathode. These studies considered the
local effects of intense illumination sources in the vicinity of an
evolving bubble. The conclusions can be projected to large-
scale bubble persistence under areal illumination. In addition,
many works using microelectrodes described above in Section
4.1.1 employed optical microscopy to provide complementary
information to the electrochemical signal during electro-
chemical bubble evolution. We will not reiterate their findings
in this section.

4.3.2. Fluorescence and Luminescence Microscopy.
Optical microscopy can also use complex modalities, including

fluorescence, chemiluminescence, or confocal modes, to
achieve higher resolution, image 3D structures, or measure in
situ changes of the chemical environment. For example, the
Zhang group demonstrated the use of super-resolution
fluorescence microscopy to image the dynamic nucleation
and growth of hydrogen nanobubbles at the electrode/solution
interface during electrochemical water splitting."*® This
method is based upon a single-molecule labeling process
illustrated in Figure 11a, where fluorescence dye molecules
(e.g, Rhodamine 6G) adsorb onto the nanobubble’s gas/
solution interface and become trapped, enabling detection by
total-internal reflection fluorescence microscopic imaging.
Their results show that nanobubbles may form on an indium
tin oxide (ITO) electrode at very early stages during water
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electrolysis, i.e., > 500 mV, before reaching the thermodynamic
reduction potential of water. Moreover, they reported that H,
nanobubbles on a gold-nanoplate—modified ITO electrode
formed initially on the inert ITO surface rather than at the
more catalytic gold nanoparticles (Figure 11a), possibly due to
hydrogen spillover from ultrathin gold nanoplates. The same
authors later coated ITO with an Au/Pd alloy and imaged the
H, and O, nanobubbles formed by water electrolysis in NaOH
using single-molecule fluorescence microscopy. >’ For these
electrodes, O, nanobubbles were reported to be generated
early in the oxygen evolution on the Au/Pd-ITO electrode,
whereas the generation of H, nanobubbles was delayed due to
hydrogen storage in the Au/Pd alloy. Later, the same group
modified the initial experimental design by replacing the
rhodamine dye with a polarity-sensitive, solvatochromic
fluorophore Nile red."*® They found the Nile-red-labeled
events appear to be longer in duration than those labeled with
thodamine fluorophores, suggesting that the hydrogen nano-
bubble/solution interface is hydrophobic in nature. They also
tested the effect of surfactants on electrochemically generated
surface nanobubbles."*”'®’ They found that (i) the presence of
anionic and nonionic surfactants increases the rate of
nanobubble nucleation at all potentials in a voltage scan, (ii)
the surfactants also accumulate at the gas nanobubble—liquid
interface affecting the fluorophore intensity and residence
lifetime, and (iii) the fluorescence readout duration depends
on the electrostatic interaction between fluorophores and
surfactants on the bubble surface. However, how the bubble
properties, such as size, shape, etc., impact dye adsorption is
not fully understood.'®" Apart from Zhang’s work, Li and
workers also conducted similar total internal reflection
fluorescence microscopic experiments. Still, they focused on
the potential-dependent vertical motion of electrocatalytic
nanoparticles induced by electrogenerated gas nanobubbles.'**
As a gas bubble grows, the fluorescent label on the gas bubble
and nanoparticles are lifted outside the evanescent field and
thus cannot be detected. The hopping feature of a single
particle is closely correlated with the intrinsic activities of
electrocatalysts. It can be used as an indicator to evaluate the
gas evolution performance of electrocatalysts at the single
nanoparticle level.

In addition to fluorescence microscopy, luminescence
microscopic methods have also been developed to study
electrogenerated gas bubbles. For example, Lin et al. developed
an electrochemiluminescence microscopic method to identify
hydrogen evolution activities of single nanoparticle catalysts.'**
Specifically, they used the ON and OFF signals of electro-
chemiluminescence stimulated by the generation, growth, and
collapse of H, nanobubbles from HER to evaluate the catalytic
activities of single hollow carbon nitride nanospheres. They
observed power-law distributed durations of ON and OFF
states, suggesting multiple catalytic sites with stochastic
activities on a single catalytic nanospheres. The power-law
coeflicients of electrochemiluminescence blinking increase
with improved hydrogen evolution activities from modified
nanospheres with other active cocatalysts, including AuPd,
NiS, and Pt. Ciampi et al. designed a microscopic experiment
to study the electrochemical generation and fluorescence
detection of OH® in the corona of an electrode-adherent
bubble under anode operating condition in water (Figure
11b)."** They found that surface bubbles are not inert but
highly reactive redox sites. In the proximity of the electrode
surface, unbalanced hydroxide anions around the corona of

surface gas bubbles are oxidized to highly reactive hydroxyl
radicals at potentials as low as +1.2 V vs SHE.

4.3.3. Interference Reflection Microscopy. Interference
reflection microscopy, or interference contrast microscopy,
relies on reflections from an incident beam of li%ht as it passes
through materials of different refractive indices.'*® It has been
used to study a wide range of cellular behaviors, including cell
adhesion, motility, exocytosis, and endocytosis, with the
measured response depending on how reflected beams
constructively or destructively interfere. Kanoufi et al. probed
an ensemble of individual <30 nm Pt nanoparticles and the
surface nanobubbles generated by these nanoparticles under
electrochemical activation using an interference reflection
microscopy setup.'®> Pt nanoparticles alone produce a dark
contrast feature, but under electrolytic conditions, the contrast
of optical spots changes and becomes bright due to gas bubble
formation (Figure 11c). They evaluated the size and shape of
these electrogenerated nanobubbles by modeling the optical
response in the interference reflection microscopy config-
uration. They observed the rapid electrical disconnection of a
substantial amount of Pt nanoparticles provoked by the
nanobubble growth and the presence of hydrogen crosstalk
from less active nanoparticles to the most active ones. In a
follow-up work, the same authors studied the distribution of
electrochemically active regions of ITO electrodes for HER
and reductive decomposition reactions using the same
microscopy setup.'®’

4.3.4. Dark Field Microscopy. Dark-field microscopic
imaging relies on the scattered light out of a hollow cone of
light that is focused on the sample. This approach has been
widely used to study single nanoparticles;'”’ more recently, it
was adopted to image gas nanobubbles.'°>'”"'”> Among these
studies, Lin et al. investigated the single-nanoparticle electro-
catalytic hydrogen generation process and activity (Figure
11d).'°° They found that small nanoparticles, with a
characteristic length <30 nm, that were invisible under a
dark field microscope became visible due to the strong light
reflection of the nanobubbles covering the nanoparticles. The
electrocatalytic reaction process could be monitored in real-
time by observing the scattering intensity change. In contrast
to the above work, Zhang et al. subjected a single nanobubble
formed on a nanoelectrode to dark-field imaging using an off-
axis dark-field configuration.'"’ They found a correlation
between the electrochemical response of a nanoelectrode and
the optical signal from a dark field microscope.

4.3.5. Surface Plasmon Resonance (SPR) Microscopy.
SPR microscopy leverages the local change in the refractive
index of a plasmonic metallic surface (e.g., Au) to shift the
resonance angle and generate high-contrast images. SPR
microscopy can achieve a subnanometer thickness sensitivity,
with micrometer-scale lateral resolution. Tao et al. demon-
strated the use of SPR to image a single nanoparticle
electrocatalytic current from a hydrogen evolution reaction
for the first time.'”” The typical SPR images of a single
platinum nanoparticle have long tails pointing toward the
surface plasmonic wave due to the scattering of the plasmonic
waves by nanoparticles (Figure 11e). During the HER, a thin
layer (several tens to a hundred nanometers) of hydrogen-rich
medium around the platinum nanoparticle is generated,
altering the SPR image. The Wang group applied the same
imaging principle to study the nucleation of single nanosized
vapor bubbles,'”* dynamic stick—slip and migration of single
sub-100 nm surface nanobubbles,'” and photocatalytically
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generated hydrogen gas bubbles at single CdS nanoparticles.'”®
They further measured the refractive index of single surface
nanobubbles prepared by these different methods, including
solvent exchange process, local heating of water, and
photocatalytic splitting of water."”” Most recently, the Wang
group developed a stochastic optical reconstruction micros-
copy approach for super-resolved imaging of bubble nucleation
sites in hydrogen evolution reactions.”®” In this approach, they
obtained the location information on each nanobubble via
superlocalization fitting. By applying thousands of ON/OFF
electrode potential cycles to drive the repeated formation of
hydrogen bubbles, they reconstructed a map of nucleation sites
with a spatial resolution beyond the optical diffraction limit.
They further improved the localization accuracy using a dual-
beam configuration and achieved a spatial resolution of 30 nm
(Figure 11e). In parallel, Sun et al. combined SPR microscopy
and AFM to visualize the formation and growth of interfacial
nanobubbles during the initial stage of the hydrogen evolution
reaction.'*!

4.3.6. Particle Tracking Measurements. The local fluid
flows induced by gas bubble growth, Marangoni convection,
and detachment can be mapped using either Particle Tracking
Velocimetry (PTV)—which follows the motion of individual
particles over time and is more useful for studying unsteady
flows—or Particle Image Velocimetry (PIV)—which captures
an instantaneous, average flow field. Time-resolved PTV
measurements coupled with microscopic high speed imaging
have been critical in understanding Marangoni convection at
microelectrodes.”””® Hossain used coupled shadowgraphy and
microscale PTV measurements to prepare a detailed force
balance on the oscillatory motion of gas bubbles at
microelectrodes and Bashkatov used the same techniques in
tandem with schlieren imaging (which is sensitive to changes
in refractive index caused by gradients in temperature,
pressure, or solute concentration) to explain the observation
of motion reversal for gas bubbles undergoing detachment.”””>

4.4. Transmission Electron Microscopy (TEM)

The recent development of liquid-cell electron microscopy
makes direct observation of electrolytic H, bubble generation
possible. Dillon et al. fabricated an in situ environmental cell
from a SiN, TEM grid by patterning 25 nm Au electrodes on
commercial Si-supported amorphous SiN, windows using
photolithography (Figure 12a, b)."”® They observed that
electrogenerated hydrogen gas dissolves into the solution
initially and then nucleates near the Au electrode but not
directly on its surface. The bubble eventually wets the surface,
as shown in Figure 12¢, and the surface roughness significantly
impacts its growth kinetics because surface roughness affects
the local dihedral angle and capillarity. One complexity in the
TEM study of electrogenerated bubbles is the electron beam
effect, which can trigger radiolytic heterogeneous nucleation of
hydrogen bubbles during TEM imaging at accelerating voltages
of a few hundred keV.'”

4.5, Electrochemical Quartz Crystal Microbalance (EQCM)

Quartz crystal microbalances (QCMs) use the reverse
piezoelectric effect to detect mass changes at an interface
with high sensitivity by measuring changes in the resonant
frequency of the crystal. QCMs are commonly found in thin
film deposition systems to measure the deposition extent.
However, the crystal can include an integrated working
electrode as an in situ, electrochemical QCM."*® The addition
of a working electrode allows researchers to monitor mass

a SiO, spacer

SiN, membrane.
N,
\ Counter electrode

b
Working electrode

Figure 12. (a) Schematic of a SiN, grid for in situ environmental
TEM cell. (b) SEM image of the 50 nm SiN, window. (c) Time-lapse
TEM images showing nucleation and growth of electrolytic gas at the
gold electrode. Reproduced with permission from reference.'”
Copyright 2014 Royal Society of Chemistry.

changes caused by transformations in the active material (e.g,,
oxidation/reduction or dissolution/deposition). Hillman and
collaborators pioneered the use of an electrochemical QCM
(EQCM) to monitor electrochemical gas evolution.'®' ™'
The EQCM detection of bubbles relies on the contrast in
resonant QCM frequency, , due to the density differences in
gases and liquids occurring within a modulation layer of the
quartz crystal. The thickness of the modulation layer is on the
order of a few hundred nanometers and is proportional to (v/
®)"/? where v is the kinematic viscosity of the electrolyte. Carr
et al. initially showed that the cyclic voltammetry and EQCM
measurements could be measured simultaneously on a H,-
evolving Au electrode in an aqueous 0.1 M HCIO, electrolyte,
with bubble formation attributed to positive shifts in the
resonant frequency, corresponding to a “mass reduction” at the
electrode interface.'®’ The EQCM signal is expected to
depend on the contact area of the bubble, which could be
used to infer details about the bubble-interface structure. Later,
Li et al. used similar methods to study the evolution of H, and
Cl, bubbles on a Pt cathode in aqueous chloride solutions (0.9
M NaCl + 0.1 M HCIl). Systematic step electrolysis
experiments allowed for the observation of both interfacial
chemical changes (Pt oxidation/reduction, Pt dissolution, Cl
adsorption) and bubble evolution.'® One significant effect
that could be measured for bubble evolution in both anodic
and cathodic operation was the onset current density for the
formation of bubbles on the surface (roughly 20 mA cm™2).
The authors also noted that EQCM could potentially be useful
for measuring bubble stability or dissolution at the interface,
although competing film-formation and corrosion processes
obscure direct interpretation. Finally, the same authors
observed single bubble evolution and detachment events
during potentiostatic Cl, evolution in the same aqueous acidic
chloride solutions.'*

More recent EQCM studies have used the density contrast
to analyze the relationship of surface chemistry and bubble
formation. The goal of this work is to be able to assess the
formation of nonelectrolytic bubbles that may affect the
interpretation of electrolytic bubble evolution in EQCM
measurements. Tsionsky et al., used EQCM to assess whether
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nanoscale gas layers form at gold electrode surfaces with
varying degrees of chemical hydrophobicity.'** By roughening
the surface of the electrode, they could assess the minimum
bubble size that could be detected by the EQCM technique.
They found no evidence for nonelectrolytic bubbles larger than
a few nanometers (the expected limit of detection) gresent at
the electrode interface. However, studies by Zhang'®® showed
that nanobubbles could be formed at thiol-coated Au
electrodes during solvent exchange and characterized the
dynamics of these bubbles at low surface coverage using QCM.

5. ELECTRODE- AND DEVICE-LEVEL IMPACTS OF
GAS BUBBLES

5.1. Electrode-Level Impacts of Gas Bubbles

The influence of gas bubbles on electrolysis and specifically
water electrolysis has been discussed since the earliest days of
electrochemistry. The working potential window of aqueous
electrolytes is often defined by decomposition of water into H,
and O, gases and the intentional or unintentional generation of
gas bubbles has many deleterious effects on the performance of
cell components. In the late 19th century, Peddie reported
early observations of the increase in electrode resistance caused
by gaseous films at platinum electrodes.'®® At the turn of the
20th century, Caspari was the first to report on the influence of
gas bubbles on the effective overpotential, #, for gas-evolving
half-reactions, while noting that the HER is virtually reversible
at Pt electrodes in acid.”” Glasstone identified dissolved H, as a
precursor to bubbles of H, and noted that the minimum 7 is
connected to the formation of these gaseous products,
although he was careful to emphasize that bubble formation
is not the only process which determines 7.'* Eyring,
Glasstone, and Laidler further discussed the influence of gas
evolution on 7 in a paper presented at the 1939 meeting of the
Electrochemical Society, where it was noted that for most
metals the rate-determining step is related to ion transfer
whereas for metals with fast kinetics, such as platinized Pt, the
formation of H, becomes rate limiting."”’

5.1.1. Ohmic Contributions. Tobias made early con-
tributions to the understanding of gas-covered electrode
surfaces by studying the effective conductivity, K, of
suspensions of insulating silica particles within an electrolyte
having a bulk conductivity K, as a proxy for electrolytes
containing suspended gas bubbles, and found that K, was
better described by Bruggerman’s approximations for effective
mediums (eq 16) than the Maxwell relationship which neglects
interactions between neighboring spheres (eq 17)."”"

—=01-f)"

K, / (16)
K, 1-f

K 147

e 141

(17)

where f is the volume fraction of the insulating particles. Both
relationships converge to similar predictions in the limit of
small volume fractions (f << 1) where Maxwell’s assumptions
are satisfied. Sides and Tobias later developed analytical
solutions for the current distribution around insulating gas
bubbles at an electrode surface;'”* the same authors then
supported these models with direct observation of the
electrode surface using semitransparent electrodes,”® and

model systems such as electrodes covered with arrays of
insulating glass spheres.'”

Early experimental studies on the effects of gas bubbles on
electrolyzers producing hydrogen were developed by Hine et
al,* who used Luggin capillaries composed of PTFE to
measure the potential difference between an electrode and
diaphragm in a representative electrolyzer channels as a
function of the flow rate and operational current. These
authors introduced models which accounted for the distribu-
tion of gas bubbles within the flow channel to explain
discrepancies in the measured interelectrode resistance and
void fraction, although later measurements using two separate
Luggin capillaries mounted within the electrode plates showed
good agreement with the Bruggemann equation (eq 16)."”*
Janssen and Barendrecht measured the increase in ohmic
resistance for gas-evolving Pt, Ni, Au, and glassy carbon
electrodes in 7 M KOH and modeled the gas layer as a fixed
layer of interfacial bubbles and a diffuse layer of free bubbles,
where the effective conductivity was again predicted using (eq
16)."”° Vogt further refined the models proposed by Hine for
the case of nonperforated electrodes while considering both
the natural convection caused by interactions between rising
bubbles as well as forced convection from pumping, calculating
that a thin, densely packed “bubble curtain” can have an
outsized influence on the measured resistance.”*

5.1.2. Hyperpolarization and Concentration Over-
potentials. Bubbles contribute a negligible amount to the
ohmic losses in the cell (~1%) when the gas coverage is < 30%
of the electrode surface and the thickness of the gas layer is <
10% of the interelectrode gap. The theoretical maximum
increase in resistance for a close packed layer of spheres has
been predicted to be ~8%.'” Sides and Leistra,” contempora-
neously with Dukovic and Tobias,'”® advanced a model which
deconstructed the total bubble-induced overpotential into
contributions from not only increases in ohmic resistance but
also hyperpolarization, 7, caused by coverage (eq 18)

A
n,= blog(A—]

h (18)
and concentration overpotentials, 77, (eq 19).
RT
= Ry
L (19)

Where A;, and A are the effective catalytically active area with
and without gas bubbles, respectively, and b is the Tafel slope,
a measure of the kinetic polarization response. Tafel slopes
should ideally be measured in the absence of gas bubbles, but
this is difficult to achieve in practice as Tafel slopes should
ideally be measured at absolute potential differences >120 mV
from E,; where the expected ] for an effective HER catalysts
will lead to substantial gas generation. The separation of the
total overpotentials into individual contributions from
increased resistance, dissolved gas, and catalyst coverage was
further developed by Gabrielli who studied the ability of
potential transients at upward-facing microelectrodes covered
by gas bubbles or insulating spherical particles, showing that
the induced overpotential of individual bubbles smaller than
the electrode area is proportional to the square of their radius
(Section 4.1.1).”" This general approach to enumerating
specific contributions to bubble-related overpotentials con-
tinues to be favored for understanding the behavior of gas-
evolving electrodes.'”'**!>*
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5.1.3. Bubble-Induced Microconvection. Both the
growth and detachment of gas bubbles from an electrode
surface drive fluid flow in the region adjacent to the gas—liquid
interface. The consequence of this bubble induced convection
is increased mass transport to the electrode surface (despite
the physical obstruction of the surface by gas interfaces) and
was first directly quantified by Ibl and Venczel using the partial
current passed toward a dilute Fe** or Ce*" redox couple
reduced at a hydrogen-evolving electrode (Figure 13a,b)."”

(b) (c
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10 102 10"
J(mA cm?)

Figure 13. (a) The diffusion boundary layer thickness, &, scales with
the rate of gas evolution for many different gas evolving reactions,
electrolytes, and electrode surfaces. (b) Measurements of effective &
using limiting current density for tracer redox couples (e.g., Fe?*/3*)**
(c) Models of bubble driven convection.*

When the concentration of the redox couple is forced to zero
at the electrode surface, the partial reduction current is limited
only by transport to the electrode surface. The effective
diffusion layer thickness, J, is a constructed value that assumes
one-dimensional diffusion averaged over the electrode surface,
with the partial current toward the redox couple, j,, expressed
as

Jo = FDyc5/8 (20)

where Dy, is the diffusion coefficient of the redox couple and ¢
is the fixed concentration of the redox couple, assume to occur
at a distance 6 from the electrode surface. Based on this data,
Ibl developed a penetration model to explain increased mass
transport, where intermittent replacement of departing gas
bubbles with fresh electrolyte drives convection with standard
diffusive transport in between departures.””'”® This exper-
imental method was adapted for oxygen- and chlorine-evolving
electrodes by Janssen and Hoogland who found that mass
transport driven by microconvection depended sensitively on
the properties of the electrode surface and chemical
composition of the gas.””'”” Although the presence of attached
gas bubbles across the electrode surface, many of which are
greater in diameter than the measured diffusion length,
invalidates the premise of a uniform boundary layer, the
method is a convenient way to quantify the average mass-
transfer behavior across a gas-evolving electrode.

Sides and Tobias reported that small gas bubbles on
transparent planar electrodes moved radially to coalesce with
larger gas bubbles which were then released from the electrode
surface;>® this motion serves as a source of convection within
the otherwise stagnant fluid boundary layer (Figure 13c).
Notably radial coalescence cannot be described by a one-
dimensional model for transport through a gas-evolving
electrode and serves to counteract the lack of transport to
regions temporarily obstructed by an interfacial bubble. The
mechanism for lateral movement of gas bubbles leading to
coalescence was first attributed to a thermocapillary effect by

Guelcher and Sides,”* where a temperature gradient is
sustained by the increased joule heating in the electrolyte
region between gas bubbles, leading to fluid flow away from
the electrode surface which causes bubbles to feel mutually
attractive forces driving coalescence. Another explanation,
advanced by Eckert’s group, involves Marangoni convection,
caused by supersaturation of dissolved gas in the regions far
from gas—liquid interfaces, leading to a gradient in the local
surface tension of the electrolyte (Section 4.1.1).>>° Although
the influence of mass transport on reaction kinetics are
marginal in concentrated alkaline electrolytes at high temper-
atures (> 80 °C), the concentration of dissolved gas in the
region near the diaphragm or separator is important for
accurately predicting H, crossover behavior which is primarily
driven by Fickian diffusion.***~>%*

The fact that smaller bubbles lead to a greater mass transport
coefficients can be explained by the more frequent detach-
ment-driven convection resulting from small bubbles, which is
consistent with early models for transport at gas-evolving
electrodes developed Ibl.>** Vogt has studied the complex
relationship between the applied current density and bubble-
driven mass transport in more detail, considering multiple
modes of diffusion and convection which act in syn-
chrony.”*>*°° These models predict an increase in mass
transfer rates with increasing gas coverages when less than 20%
of the surface is obscured, but a decrease in mass transfer at
very large current densities and gas coverages. The scaling
relationship between diffusion-limited currents for a dilute
tracer molecule can be used to identify the dominant modes
mass transport.“’148

5.2. Device-level impacts of gas bubbles

The device-level impacts of bubbles on electrochemical
reactors are dependent on the geometry of the electrodes
and electrolyte. Two approaches for low-temperature elec-
trolysis account for the majority of installed water-electrolysis
capacity to-date and are therefore emphasized within this
review: (1) electrolysis in aqueous, alkaline electrolytes and
(2) electrolysis across a solid proton-conducting membrane fed
with pure water as a reactant to either or both electrodes.”’”
Aqueous alkaline water electrolysis (AWE) is the most mature
form of electrolysis, dating back to the beginning of the 20th
century and is distinguished by the typical use of nickel and
stainless-steel electrodes and inexpensive microporous separa-
tors, which are today typically operated in concentrated
solutions of KOH at ~80 °C.**° Both O, and H, gas bubbles
are formed and lead to “gas holdup” within the electrolyzer,
which has a significant impact on the overall performance of
the cell. On the other hand, proton exchange membranes water
electrolysis (PEMWE) most often occurs in cells with
deionized water being fed only to the anodic side of the cell,
such that O, bubbles are the primary concern for gas evolution
and the only H, bubbles exist as dewetted pores within the
porous cathode layer.”*®

5.2.1. Gas Evolution in Liquid Alkaline Water
Electrolysis. In AWE, gas bubbles generated between the
electrode and porous diaphragm can lead to substantial
increases in measured cell voltage at typical operating currents
and also limit the maximum operating current density.””” The
departure diameter of H, and O, bubbles produced in
concentrated KOH is strongly dependent on applied current
and ionic strength, but is typically not consistent with
predictions based on a balance of buoyancy and surface forces
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(predicted, 500—1000 um).”'**'" Bubbles between 100—200
um in diameter are observed with photography whereas
bubbles < 10 um have been observed at transparent electrode
surfaces using optical microscopy.”*'>*"* As these bubbles
grow and detach from an electrode surface held at a constant
current, a characteristic sawtooth shaped potential transient is
produced (Figure 14), where periodic drops in potential are

t(s)

Figure 14. Schematic representation of a potential transient for a gas-
evolving electrode (i) growth of gas bubbles on the surface leads to a
steady increase in potential, followed by (ii) sudden release of a large
gas bubble leading to a nearly instantaneous drop in the measured
potential (iii).

correlated with the release of large gas bubbles. Both the
period (At) and magnitude (AE) of the sawtooth pattern in
the potential transient are related to the life cycle of gas
bubbles on the electrode surface and have been discussed by
many researchers.

In a device environment, gases primarily increase the
working potential of the cell by increasing ohmic losses and
reducing the effective catalyst surface area. Swiegers estimated
that bubble-induced overpotentials in traditional alkaline
electrolyzers contribute ~300 mV of excess overpotential at
current densities > 0.5 A cm™>'° Nevertheless, gas—liquid
interfaces are required to maintain a low partial pressure of
dissolved gas in the electrolyte, since accumulation of product
H, and O, leads to a shift in the cell voltage as described by the
Nernst equation (eq 2). For example, Deng et al. measured the

voltage of individual electrode lamellae within a zero-gap
alkaline electrolyte and found that the total contribution of gas
bubbles to the overpotential was S0 mV (~4% of the total
overpotential) at ] = 0.5 A cm™ and that the net effect of “free”
gas bubbles is a reduced overpotential.”'* Here, we summarize
the various effects of gas bubbles in AWE-type cells and the
key works which identified these effects.

Most models for gas transport and the consequences of
interfacial and free bubbles have been developed for electrodes
separated by a narrow electrolyte gap and most often facing a
porous diaphragm (Figure 15a). This is consistent with the
dominant configuration for alkaline electrolyzers installed
throughout the 20th century. Advanced AWE approaches
employ a “zero-gap” design where gases are removed outside of
the electrode/diaphragm interface and thus contribute
minimally to the effective cell resistance (Figure 15b). This
configuration was originally demonstrated by Lurgi’s design for
a pressurized AWE stack.’*"” Early designs for zero-gap
electrolysis originally yielded ] = 1 A cm™ at V < 1.9 V when
operated in 42 wt % KOH at 110 °C.°**"* This approach has
received renewed interested in the literature and new design
elements such as ion-solvating membranes could further
reduce the cell resistance.”' **"”

In the past decade, researchers have adapted porous
electrode morphologies developed for fuel cell and PEMWE
applications for AWE cells that directly produce gaseous O,
and H,. In these electrodes, the classifications of “interfacial”
and “free” bubbles have less importance (Figure 3a), but rather
the porous electrode is in a wetted or dewetted state (Figure
3b). Marini and colleagues investigated alkaline electrolyzers
configured with gas diffusion layers similar in design to those
used in alkaline fuel cells and membrane electrolyzers, although
comparisons of the individual electrode performance to the full
cell performance suggested that some gases may still have
formed at the electrode/separator interface.”'®*'° Winther-
Jensen et al. demonstrated the concept of breathable AWE
electrodes by generating O,(g) from a hydrophobic Goretex
membrane electrode at 10 mA applied current. Turek’s group
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Figure 15. Cross section and exploded view of designs for traditional alkaline water electrolysis (a), advanced “zero-gap” alkaline water electrolysis
(b), and proton exchange membrane water electrolysis (c). Zero-gap alkaline water electrolysis cells can be supplied with aqueous KOH to the
cathode and/or anode and/or diaphragm, with bubble effects mitigated at electrodes free of bulk electrolyte. Proton exchange membrane water
electrolysis cells are typically fed with H,O to the anode only, with proton conduction occurring in the solid polymer electrolyte, and H, leaving as

a humidified gas stream.
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improved this hybrid approach as part of a zero-gap cell, using
an immersed porous cathode coupled with a gas-diffusion
electrode at the anode, which is similar in architecture to chlor-
alkali stacks employing an oxygen depolarized cathode. The
strategy was functional up to J =400 mA cm ™ and controlling
the wettability of the gas diffusion electrode through molecular
and structural modifications was proposed as a pathway to
greater J.**°

Swiegers and Wallace have led significant improvements on
alkaline water electrolysis by controlling the transport of gases
and eliminating free gas bubbles. The strategy was first
reported by Tiwari et al., wherein a porous polyether sulfone
separator is kept in a wetted state by capillary action and both
the anode and cathode act as gas diffusion electrodes.””" Such
“bubble free” alkaline water electrolyzers use both structure
and surface chemistry to direct liquid and gas flows from the
central separator through the porous anode and cathode,
eliminating concentration overpotentials and leading to very
low onset potentials for water electrolysis (Section 7.2, Figure
2). Hodges et al. improved on this design and reported 1 cm?’-
scale cells which stably produced H, and O, gas at ~100%
efficiency (based on the higher heating value, ~ 1.47 V). The
cell showed stable performance for 7 h at 80 °C and 300 mA
cm™2 and over 30 days of continuous operation at 400 mA
cm™ at room temperature.222 Most recently, Deng et al.
reported a membrane-less design for bubble-free electrolysis at
J=1A cm™? with < 0.02% H, detected in the O, product
stream.”** We direct interested readers to a recent review from
Swiegers et al. that thoroughly discusses cell-level and stack-
level approaches to bubble free electrolysis with an emphasis
on academic literature and industry patents on alkaline
electrolysis."> Molecular and microstructuring strategies for
directed gas transport are discussed in Section 7.

In addition to cell-level strategies, many active mitigation
strate%ies, including ultrasonication®® and applied magnetic
fields,””* have been tested as ways to remove gas bubbles from
electrode interfaces.””> Although these approaches have not
found use in industrial systems for electrolytic hydrogen, they
could perhaps play a role in electrolyzers used in reduced
gravity environments where buoyant forces do not assist in gas
removal.*®

5.2.2. Gas Evolution in Proton Exchange Membrane
Electrolysis. Gas evolution in proton-exchange membrane
water electrolyzers (PEMWE) occurs in a substantially
different environment from alkaline water electrolysis. First,
humidified H,(g) is removed directly from the cathode
through a gas diffusion layer consisting of a microporous
layer of carbon. In this environment, protons are the reactants
for the HER which are transported through the solid polymer
electrolyte. Thus, the cathode can operate in the absence of
liquid water and gas-liquid interfaces are marginal in extent and
effect. On the other hand, water is required as a reactant at the
anode, which can in principle be fed to the cell as water vapor
but in practice is fed as liquid, deionized water.”****®**” The
wetting behavior of the anode catalyst film is complex and still
poorly understood. Drying of the anode during operation at
high current densities leads to substantial transport-related
overpotentials. One advantage of PEMWE for hydrogen
production is the capability of membrane electrolyzers to
quickly increase (or decrease) power density to respond to the
availability (or lack) of surplus electricity. Although water
management can be a key performance bottleneck at high
current density, ] > 19 A cm™* have been demonstrated with

nanostructured catalyst coated membranes developed at
3M,”** which is ~10X higher than the modern industry
standard J of 2 A cm™2.**" Because gas bubbles formed in PEM
electrolyzers have little influence on the ionic resistance of the
solid polymer electrolyte, the primary consequence of excess
gassing is the prevention of reactant water from reaching the
catalyst layer.

A porous transport layer (PTL), typically ~250 um thick
and made of Tj, is used to manage the ingress and egress of
water and oxygen gas, respectively (Figure 15¢). These bubbles
do not affect the ionic resistance of the solid polymer
electrolyte but still restrict access to catalyst sites (leading to
increased observed #) and constrain mass transport within the
porous transport layer (potentially leading to a critical current
density).”** The design of optimized PTLs demands a balance
of wettability to maintain efficient delivery of water and
removal of gases from the reactive catalyst/ionomer region.
The inverse problem is posed by PEM fuel cells which manage
gas ingress and removal of product H,O as vapor, and unitized
regenerative PEM cells (a combined electrolyzer/fuel cell)
pose a yet greater challenge because both liquid and gas
transport must be controlled depending on whether the device
is currently being charged or discharged.”*"**

Grigoriev et al. conducted an early systematic study on the
effect of Ti porous transport layer structure on the perform-
ance of PEM cells. The authors discuss a potential trade-off
between the need for a densely packed current collector and
wide pores to prevent excess capillary pressures for bubble
removal. Porous transport layers were compared in MEAs with
2 mg cm™2 of Ir coated on the membrane or current collector,
and the optimum pore diameter was found to be 12—13 pm
independent of the method of catalyst coating.”** Suermann et
al. studied the effect of porosity within Ti PTLs prepared from
various particle sizes and having modal pore diameters 16—22
pum. The onset of mass transport limitations was measured as a
function of applied J (< 4 A cm™2), pressure (< 100 bar), and
temperature (40—60 °C.”** Transport-related overpotentials
required >150 mV of applied voltage at ] = 4 A cm™?, relative
to the predicted voltage from extrapolating the cell voltage
from lower current densities unhindered by transport. Lopata
et al. analyzed the effect of PTL structure on the measured cell
impedance for PEM water electrolysis cells with two loadings
of Ir at catalyst-coated membranes (0.085 mg Ir cm™ and
0.595 mg Ir cm™2). With the higher catalyst loading, the cell
impedance was insensitive to PTL structure, whereas for the
low catalyst loading narrower pore openings minimized in-
plane ohmic losses. The apparent bubble coverage was
calculated from changes in the kinetic overpotential after
correcting for high frequency impedance. For the higher
catalyst loading was found to depend on both the pore
diameter and water flow rate, but while larger apparent bubble
coverages were measured for lower catalyst loadings, there was
no clear relationship between the calculated coverage and pore
diameter.”*

Other factors, such as the surface treatment of Ti gas
diffusion layers and the pore structure influence transport
properties during electrolysis at high J. Bromberger et al.
showed that the contact angles at PTLs prepared from Ti felts
and a layer of sintered Ti powder is strongly influenced by the
interfacial titanium oxide layer that forms during polarization
of the anode.”*® Mass transport limitations were not observed
for ] < 5 A cm™* for PTLs with a modal pore diameter of 27 or
63 pm, whereas the finest porosity PTL prepared from

https://doi.org/10.1021/acs.chemrev.4c00211
Chem. Rev. 2024, 124, 10964—11007


pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.4c00211?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

powders exhibited mass transport limitations at ] > 1.5 A cm™>.

Lickert et al. investigated ] < S A cm™” and estimated the mass-
transport losses resulting from a variety of Ti PTL
structures.””” In addition to the structure of the PTL, the
onset of transport limitations was strongly dependent on the
flow rate of deionized water as well as the operating pressure.

PTLs with graded porosity and hierarchical structures have
been employed to maximize electrical contact or catalyst area
at the membrane while mitigating the transport resistance for
water and O, passing through the PTL. Stiber et al. sintered a
microporous Ti layer on an expanded Ti mesh, showing that
the addition of a microporous layer to the mesh avoided the
onset of mass transport limitations at ] < 6 A cm™> at 90 °C
and significantly reduced the effective charge transfer resistance
measured via galvanostatic electrochemical impedance spec-
troscopy, EIS, at | = 4 A em 2% Lettenmeier et al.
implemented a new technique, vacuum plasma spraying,
which produced PTLs with graded pore radii from 2—10
um.>*” Schule et al. prepared hierarchically structured
microporous layers to minimize the use of expensive, fine
titanium powders, while providing even current distribution to
the catalyst-coated membrane and providing large pores for gas
removal.**’

Bazylak prepared custom porous transport layers (PTLs) for
PEM with patterned through pores are used to reach ] = 9 A

m~2>*" Pores were machined into a commercially available

PTL and shown to improve performance, with the pores
strategically placed under regions for liquid water flow within
the bipolar plate. The effect was a reduced mass transport
overpotential at high current densities, which correlated with
an increased frequency of bubble detachment. The same group
has done much work to develop operando imaging with X-ray
and neutron sources on cells at high current densities, which
have correlated gas filling with the onset of a critical current
density during PEM electrolysis (Section 6).°%**

Recently researchers have focused on controlling the
structure of catalyst layers to promote gas release. Kim et al.
used solvent-assisted nanotransfer printing to prepare ordered
films of Ir nanowires in a “woodpile” geometry, serving as an
anode catalyst layer in a PEM water electrolyzer. This catalyst
layer yielded a mass activity of 140 A mg™" at 1.8 V. Although
larger spacings between NW led to greater overall perform-
ance, an intermediate spacing led to the greatest mass activity
of Ir, and a simpler, parallel stacking of NWs led to reduced
activity for electrolysis."*” Tian et al. used an anodic aluminum
oxide template to prepare a structured membrane/iridium
oxide catalyst interface. The resulting membrane electrode
assembly yielded exceptional mass activity toward the OER at
2.0 V and behaved as a “superaerophobic” surface toward O,
gas bubbles.”” Zhang et al. prepared microstructured Ir
catalyst layers by electroplating Ir onto gas diffusion layers
coated with polystyrene spheres, finding that this catalyst layer
minimized gas coverage and improved efficiency as compared
to dense Ir layers.”’” Lv et al. prepared an anode catalyst layer
with a hierarchical distribution of pore sizes across three sub
layers, leading to improved performance at high J (3 A cm™).
CuO was used as a pore-forming agent, with particles of 40
nm, 50—100 nm, and 150—250 nm incorporated into the
catalyst layer precursor and then leached in 10 wt % H,SO,.
Mass transport overpotentials were estimated as a residual
contribution to the cell voltage, assuming Tafel-like contribu-
tions of activation overpotentials and a constant cell resistance;
increasing pore sizes from the membrane to the PTL led to the

lowest overall cell voltage at 3 A cm™2.>****° Yuan et al. studied
the influence catalyst structure on gas detachment diameter by
imprinting an unsupported iridium oxide catalyst layer with a
commercial Ti mesh, leading to a surface texture similar to that
expected in a membrane electrode assembly compressed by
porous transport layers.”*” Tao et al. used IrRu nanosheets
supported on a layer of Pd nanowires to improve in-plane
conductivity and enhance water/gas transport to a porous
transport layer.”*® A PEM cell using a catalyst-coated
membrane configuration maintained a stable performance of
E~18Vat]=20A cm™>for 200 h (degradation rate 0.025
mV hr™') with most of the degradation in the catalyst layer
coming from dissolution of the Pd support rather than the Ir or
Ru nanosheets.

6. OPERANDO CHARACTERIZATION OF WATER
ELECTROLYSIS

The experimental study of electrochemically generated bubbles
and their effects on water electrolysis can be differentiated by
the scale at which the experiments are focused. “In situ”
denotes the characterization of the effects of bubble evolution
on narrow segments of the water electrolysis reaction. An
example is a measurement of the relationship between the
distribution of nanoparticle electrocatalysts on an electrode
surface and O, evolution rates from the OER half reaction
occurring on that electrode. “Operando” denotes the study of
full electrolysis reactions, even if the system is constructed for
experimental feasibility rather than real deployment. The
distinction is important because materials and interfaces for
these reactions can be engineered considering multiscale
effects where the focused, in situ experiments are necessary. In
this sense, operando is used here to describe experimental
characterization of integrated electrolysis systems.

6.1. Optical Operando Characterization

Optical characterization is a convenient technique for
characterizing free and interfacial bubbles when the gas
coverage is not so high that individual bubbles cannot be
resolved. Industrial electrolysis cells do not use transparent
components, but researchers have developed transparent flow
fields to visualize operando gas transport. Transparent electro-
lyzers with model pore openings have provided insights into
gas bubble dynamics and device-relevant J. Zhang’s group has
developed a transparent cell for visualizing gas evolution at
membrane electrolyzers, by replacing thick end plates with a
thin current collector with pores >100 um in diameter.”**~>>'
This design allowed visualization of the three-phase boundary
between the catalyst, the membrane, and the porous transport
layer responsible for current conduction.

Mo et al, used a transparent cell along with optical
microscopy to image bubble evolution on the anode of a PEM
electrolysis cell.”*” The results showed that O, was primarily
formed at the edges of the porous anode rather than being
uniformly distributed across the catalyst layer. Although it is
important to note that the absence of bubbles does not
necessarily confirm that the bulk of the catalyst layer is
inactive, the results do show that the layered structure of a
PEM electrolysis electrode can be designed to mitigate the
negative effects of bubble persistence across the bulk catalyst
layer. The same group used high speed optical microscopy to
confirm the observed bubble dynamics in an operando PEM
electrolysis cell through an optically transparent window into
the anode compartment.”’

https://doi.org/10.1021/acs.chemrev.4c00211
Chem. Rev. 2024, 124, 10964—11007


pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.4c00211?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

Li et al,, used high speed optical microscopy to image the
oxygen bubble dynamics in a transparent PEM electrolysis cell
under the influence of both current density and fluid flow. The
cell included a porous Ti felt gas diffusion layer (GDL), which
provided porosity at both the felt-pore scale and the larger
channel scale. Increasing J caused bubbles to detach from the
porous felt layers more quickly and at larger diameters, but
flow through the electrolyzer channels helped to remove
bubbles from occupying the pores in the GDL and the
channels. The group also studied the structure of the GDL by
comparing the Ti felt to a thin foil with a regular pattern of
perforation.”>” The resolution of high speed optical micros-
copy (6000 fps) was sufficient to characterize the structure of
gas flow through channels with a thin electrolyte layer in the
anode compartment of a PEM electrolyzer. The structure of
the GDL influenced the migration and coalescence dynamics
of bubbles in the channel. The main problem of interest was
the formation of “slug” bubbles that were so large as to clog the
electrolyzer flow channels. The researchers found that the
porous Ti foil GDL was able to control the frequency and size
of O, bubbles leaving the layer. This reduced the frequency of
slug formation by up to four times compared to the Ti felt
GDL. As a result, the time-averaged V and the frequency of
abrupt, transient increases (at fixed J) were reduced. More
recently, the same group has used the method of visualizing gas
evolution within the PTL to understand the effects of
electrolyzer conditioning on gas release at Ir-based anodes.
They also prepared in-plane channels to connect through holes
patterned into a Pt-coated Ti GDL which supported ] > 9 A
cm™? as compared to a ] ~6 A cm™* for GDLs without in-plane
channels.**?

Dedigama et al.”** developed a PEM water electrolysis cell
with multiple identical flow channels, including a central one
with an optical window. This setup was devised to image
bubble transport at high frame rates (7000 fps) as well as map
temperature changes (via thermography) of anin operando
water electrolysis cell (J = 0.2—1 A cm™2) and varying the fluid
flow rate through the channel (stagnant to 10 mL min™"). The
experiments particularly focused on comparing the transport of
electrolytically evolved bubbles to an effective phase diagram of
bubble transport in flow as originally defined by Mishima and
Hibiki (Figure 16).”>> At the highest current densities (1 A
cm™?), the researchers observed slug flow of bubbles in the
channels at all fluid flow rates. Slug flow was induced at lesser |
by reducing the fluid flow rate. Both the fluid and gas velocities
were below the predicted threshold for more turbulent bubble
flows, such as churn or annular flow, which could potentially
be favorable for mass transport. The researchers did observe a
correlation between slug flow for bubble transport and
improved mass transport overpotentials in the electrochemical
operation, possibly due to the clearance of persistent bubbles
by frequent contact with slugs.

Optical imaging has also been used to characterize the
connection between evolving bubbles and electrolysis in anion
exchange membrane water electrolysis cells. Wan et al. used a
conical template to structure a dense electrocatalyst layer with
microstructure to promote bubble departure.”*® The effective
operating principle was to push bubbles away from active
surface area, preventing bubble contract from increasing
transport overpotentials. The microstructure reduced the
internal resistances related to bubble persistence in the
electrolysis process which resulted in notably high current

Bubbly flow |~

Slug flow

Churn flow

Annular flow |

Figure 16. Schematic depiction of flow types for bubbles in a
cylindrical tube based on findings from Mishima et al.**®

densities for electrolyzers free of platinum group metal
catalysts (J = 4 A cm™ at V= 2.0 Vin 1 M KOH).

Eckert’s group employed a machine-learning-based approach
to filter bubbles which are not in the plane of focus, thus
avoiding erroneous measurements of bubble diameter.”>” The
diameter of detached H, bubbles was strongly affected by the
mesh geometry and flow rate for gas evolved at low current
densities (J = 10 mA cm™2), with the thicker expanded mesh
releasing bubbles as small as 30 pm under forced convection
and thinner meshes releasing bubbles as large as 90 ym in a
cell with no forced convection. However, for ] relevant to
alkaline water electrolyzers (200 mA cm™2), the bubble
diameter converged to 80—95 pum for all meshes and flow
rates, indicating that hydrodynamic forces generated by gas
evolution are dominant over adhesion and external convection.
High bubble coverages (>80% of the mesh area) were
observed for all J and flow rates studied. One limitation of
imaging with visible light is that only outer bubbles from a
bubble plume can be quantified, such distribution of diameters

across the full population of gas bubbles.
6.2. Neutron Radiography Operando Characterization

Neutron radiography uses neutrons to image through multi-
layered materials, like X-ray radiography, and offers substantial
differences in material interactions. Whereas X-ray attenuation
is proportional to the electron density of materials, which
increases monotonically with increasing atomic number,
neutrons can transmit through materials such as metal layers
which are opaque to X-rays or optical light (Figure 17a).
Neutron attenuation occurs through the specific interactions
between incident neutrons and nuclei and has a strong
dependence on the kinetic energy of the incident neutrons.
Neutron absorption effects that are particularly relevant to
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Figure 17. (a) Scheme of neutron radiography used for PEM electrolysis. Neutrons penetrate through membranes, PTLs and flowfields whereas X-
rays and visible light are attenuated. (b) False colorized transient neutron images of a PEM electrolyzer at 40 °C and ] = 100 mA cm ™2 Reproduced
with permission from reference.”>” Copyright 2011 IOP Publishing (c) Neutron radiograms, averaged over 5 min of PEM electrolyzer as a function
of J (A em™2), reproduced with permission from reference.”®' Copyright 2016 IOP Publishing. Color scale denotes water thickness. (d) Gas
saturation profile of a PEM electrolyzer as a function of position averaged over 75 s and prior to the establishment of steady state as a function of
the PTL thickness (through-plane distance), reproduced from reference.”* Copyright 2021 Elsevier (e) Spatial distribution of average gas
saturation in a treated and untreated PTL on the anode side of a PEM electrolyzer operating at current density J = 5 A cm ™2 The volume fraction
of oxygen gas is estimated using the Beer—Lambert law. Reproduced with permission from reference.”®* Copyright Elsevier 2021.

water splitting are the attenuation due to 'H in water. Most
other common materials, such as '?C, °O, and some metal
layers are relatively transparent to neutrons.”*® Dissolved gases
and gas bubbles are therefore easy to image. Neutron
radiography is used to image dissolved gas (via changes to
attenuation) and bubbles in the polymer layers of an
operational electrolyzer as a measure of local activity. In
research-scale devices, it has mostly been used to measure gas
flux out of the process as a function of the operating
parameters (water flow, gas purging) or materials design
choices (polymer layer material, porosity, etc.) in PEM
electrolysis.

Selamet et al,, first used neutron radiography to measure gas
and fluid transport through a model PEMWE (Figure 17b).”’
The radiography was performed in an orientation normal to
the layer axis and used to characterize the gas volume
generated at fixed J in the range of 100—400 mA cm™ as a
function of the mesh structure, electrolyte flow, and temper-
ature. Under “dry cathode” conditions, with water provided to
the anode only and reaching the cathode via diffusion through
the membrane, the thickness of the water layer could be
measured in operando and was found to increase at the lower
temperatures studied due to the lower evaporation rates.
Moreover, water accumulated on the cathode side at higher
current densities due to electroosmotic effects. Similarly, de
Beer et al,, imaged gas bubbles in the intentionally engineered
channels of the porous transport layer (PTL) to show that
structure could affect flow through the device.**’

Seweryn et al,, used neutron radiography to investigate gas
transport in the plane of the membrane layers, perpendicular to
earlier work (Figure 17¢).”®" The sintered Ti mech included
was transparent to neutrons. Neutron radiography was used to
measure water accumulation on the dry, H,-purged cathode
side as a function of flow rate across the anode. They found

that water accumulation on the cathode was sufficient to
maintain H, evolution, even for J > 2 A cm™2 Lee et al., used
neutron radiography to resolve O, bubble evolution at the
anode and water accumulation in the cathode in a PEMWE fed
with water only on the anode side.””® They found that the
performance of the dry cathode was not much different thanin
a PEMWE where water is also fed to the cathode. The
membrane design drew sufficient water through the membrane
to the cathode. The hydration of the membrane and wetting
state of the cathode layer was also measured as a function of
the gas flow rate of the cathode purge gas (N,, 0.5 L min™").

The Bazylak group has used neutron radiography to connect
macroscopic cell performance metrics to microscopic gas
transport processes at industrially relevant current densities.
Lee et al, characterized an observed inflection point in the
current—voltage characteristics of a PEM water electrolysis
cell”®® The researchers first observed a flow-dependent
inflection in this increase, which was classified as the critical
current density, above which the slope of the characteristic J-V
curve increased (Figure 17d). To characterize the mechanistic
cause of this inflection point, the researchers measured the
distribution of gas via operando neutron imaging through the
anode PTL as a function of ] (up to 9 A cm™2) and flow rate
(0.5-3.0 L min™") through a conventional PEM electrolysis
cell with a catalyst-coated membrane. They found that flow
rate was a significant factor in gas removal. The lowest flow
rates (0.5 L min™") were insufficient to reduce gas clearance.
Higher flow rates could clear the gas saturation near the
catalyst layer until the cell reached the critical current density.
This was a direct observation of cause and effect in the
electrolysis process. The same group used faster operando X-
ray imaging (again, via Beer—Lambert attenuation analysis) to
characterize the diffusive clearance of gas near the catalyst layer
in the anode PTL.”** The imaging showed that the gas
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Figure 18. (a) Rendering of a custom PEMWE cell designed for operando X-ray radiography and tomography studies. (b) Photograph of an
experimental set up for operando X-ray tomography (c) Time series X-ray radiography of an O, bubble generated within a PTL. (d) X-ray
tomography of an anode PTL and cathode GDL showing the presence of wetted and dewetted channel. (e) Spatial distribution of oxygen content
at the catalyst layer/PTL interface and in the center of the PTL as measured by X-ray tomography, red indicates oxygen saturated and blue
indicates oxygen free (a,c,d) Reproduced with permission from reference.”*” Copyright 2018 Elsevier. (b) Reproduced with permission from
reference.””" Copyright 2021 Royal Society of Chemistry. (e) Adapted with permission from reference.”’® Copyright 2020 Elsevier.

accumulation occurred with very little time delay in response
to a ramping current. The reverse process was very slow,
however. The saturation cleared by diffusion at open circuit (i
= 0) with a decaying profile time constant of roughly 500 s.
The rapid saturation and slow clearance dynamics shows that
gas saturation “hysteresis” should be accounted for in the
design of PTL layers. Later, Zhao prepared superhydrophilic
PTLs using a chemical surface treatment and then used
operando neutron radiography to characterize the effect that
the superhydrophilic treatment had on gas saturation in the
PTL (Figure 17¢),** finding that the cell voltage decreased
significantly whey using the treated PTL versus the conven-
tional one over virtually the entire tested range of J (0.2—9 A
cm™?). This supported the hypothesis that reduced gas
accumulation was the cause of the observed reduction in
overall operating V, as the superhydrophilic PTL had roughly
half of the integrated gas content of the untreated PTL at ] < 5
A cm™2. Whereas the untreated PTL was incapable of
achieving the highest targeted J (8 A cm™*)—resulting in a
“runaway voltage” due to total loss of electrolyte within the
porous electrode—the superhydrophilic PTL operated at
reasonable cell potentials across the full range of J.

10989

6.3. X-ray Radiography Operando Characterization

X-ray imaging has also been used to image bubble evolution in
operando . The transparency issues mentioned in the prior in
situ discussion require special system designs, but there are
potential advantages to imaging with X-rays. These include
higher frame rates for studying faster dynamics and the
potential for higher spatial resolution than either neutron or
optical imaging.

Selamet et al. imaged bubble in a reversible, regenerative
membrane-electrolyzer assembly (MEA) fuel cell in reverse
(electrolysis) mode using soft X-rays (having a wavelength
between 20 and 200 A).*** The authors measured the
dynamics of gas bubbles along a single flow channel at
relatively low ] (<25 mA cm™), with both sides of the
membrane fed with deionized water. Two main effects were
observed at low current densities: (i) that bubbles persisted at
specific sites in the polymer channel, and were less frequently
observed to nucleate and grow directly on the electrocatalyst
(ii) that the behavior of bubbles at the anode was different
than the behavior of bubbles at the cathode, with O, departing
quickly as small bubble streams, but H, bubbles persisting on
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the cathode side to a larger departure diameter. Hoch et al,
performed more detailed X-ray radiography studies on the
relationship between H, evolution and bubble persistence in
the PTL of a PEMWE.*®® At low IJl (10 mA cm™2), the authors
observed a notable spatial regularity and dynamical periodicity
to bubble discharge. This suggested that bubbles nucleated at
specific sites in the PTL and grew slowly with low gas
evolution rates until buoyancy caused them to discharge. At
much greater absolute current densities, the regularity was
upset. Much smaller H, bubbles were observed at the greater |
suggesting the growth and clearance mechanisms are different
at high current densities, likely due to more frequent
coalescence between bubbles.

Lee et al. also studied gas accumulation and bubble
detachment dynamics in commercial PTL materials with
intentionally fabricated, 400 ym diameter through-holes
(Figure 17¢).”°° The electrochemical effect of these through-
holes was a 4-fold reduction in the mass transport induced
overpotential at high ] (<9 A cm™2). The researchers used
operando neutron radiography to image along the stack
dimension to measure the volume fraction of gas within the
PTL, f, as a function of distance from the catalyst layer. Using
Beer—Lambert attenuation analysis to measure gas content
from radiographs, the researchers could quantify f as a function
of depth with roughly 15 um spatial resolution. Imaging of the
pore-free PTL showed that the gas fraction within 50 gm of
the catalyst layer was roughly f = 0.4—0.5 at ] >1 A cm™> The
same PTL material with the through-pores had negligible gas
fraction in the same region of the PTL at low ] and reached a
maximum value of f = 0.25 at 9 A cm™?, the highest J tested.
They then used operando X-ray radiography to image bubble
motion in the plane of the PTL. The pores induced more rapid
coalescence and departure of growing bubbles, which in turn
led to improved wetting of the catalyst layer. This explained
the influence that the through-pores had for the observed
reduction in gas saturation and mass transport overpotentials.

Lenhart et al., used synchrotron-based X-ray tomography to
image the in-plane propagation of H, bubbles in the cathode
PTL layer,267 seeking to understand the relationship between
the structure of the PTL and the mass transport issues induced
by gas bubbles near the electrode. X-ray imaging showed that
the gas bubbles migrate through the PTL layer following the
same path at a fixed J of 0.2 A cm™>. Increasing J (up to 0.6 A
cm™?) resulted in bubbles following new branches off of the
paths followed at the lower current densities. This work serves
as a representative example of how that the pore structure of
the PTL can be tailored to drive the removal of bubbles away
from the catalyst (Section 7.2)

Kalhani et al.,, used synchrotron-based X-ray radiography to
study the distribution of oxygen bubbles in a PEM-based water
electrolyzer,”®® with aim of identifying relevant mass transport
losses for Ti PTLs composed of a fibrous mesh or sintered
particles. #uCT was used to characterize the porosity, which was
higher in the fiber-based PTL than for the sintered PTL. Given
fixed water flow through the electrolyzer (3 mL min™'),
operando X-ray radiography was used to characterize O, gas
accumulation in the anode PTL as well as the removal of gas
bubbles in the channel. The researchers found that the less
porous, sintered PTL saturated with has at the highest catalyst
loadings tested (>2.0 mg cm 2 as determined by uCT),
resulting in a significant increase in the cell potential ascribed
to mass transport overpotentials. At the lowest catalyst
loadings tested (0.6 mg cm™?) the fibrous PTL generated

saturation at lesser J due to the higher density of bubble
nucleation sites generating an increase in the observed
frequency of slug-type bubble congestion in the flow channels.

The Zenyuk group has combined operando studies of PTL
with advanced tomography of the structure of PTLs and
catalyst layers (Figure 18). Leonard et al. combined operando
X-ray radiography with pre- and post operando X-ray computed
tomography (X-ray CT) as a multimodal approach to
characterizing changes in a custom PEMWE desi§ned to
minimize attenuation of X-rays (Figure 18a).”®” X-ray
radiography allowed for the researchers to image the dynamics
of bubble motion and water distribution in the channels of the
PTL (Figure 18b), whereas tomography revealed the presence
of wetted and dewetted regions within the anode and cathode
PTLs (Figure 18c-d). Elemental absorption sensitivity of X-ray
CT further enabled the researchers to generate 3D
reconstructions of the migration of metals from the IrRuO,
OER electrocatalyst and Pt HER electrocatalyst after
electrolysis. Radiography showed that the residence time of
bubbles in the PTL layer decreased with increasing J (50 mA
em™ to 200 mA cm2). X-ray CT showed that the IrRuOx
OER catalyst thinned, which is explained by the loss of metal
in the recirculating water. The Pt HER catalyst was observed to
migrate and redeposit throughout the porous PTL layer.
Satjaritanun et al. used X-ray-based tomography to image the
3D migration of O, bubbles through the anode PTL layer.””’
The uCT experiments (pixel dimension = 1.3 pm) used
radiography to contrast gas bubbles from liquid and carbon
fiber-based PTL by comparison to the same structure held at
open circuit—hence, no bubble evolution. Through relatively
rapid rotations of the system (each complete sinogram for the
CT was measured in 6 min), the researchers could use the CT
reconstructions to image the evolution of pore-scale O,
content within the PTL. This 3D imaging showed that O,
was significantly higher in concentration near the catalyst side
versus near the flow side of the PTL, and that the flow field
channels influenced the local activity of the catalyst layer
(Figure 18e). The preferential flow of O, bubbles through the
PTL was hypothesized to occur based on paths of least
resistance (either larger pores or more hydrophobic) through
the pore network. This result agreed with several observations
in more specialized in situ experiments.”>” Leonard et al. then
used the same yCT technique to characterize similar behaviors
of O, bubble migration as a function of the catalyst and stack
structure.””" This further suggests that the pore structure of the
PTL can be tailored to control wetting, improve bubble
drainage, and thus reduce the related mass transport
overpotentials.

Kim et al,, studied fabricated through-pores in the PTL that
were either only coincident on the anode/cathode flow
channels or under both the channel and the land.*”> The
addition of channels under the land resulted in an increase in
gas saturation near the catalyst layer and larger mass transport
overpotentials, consistent with findings from Satjaritanun.
These authors attributed the finding to reduced contact area
between the PTL and catalyst, a barrier to fresh flowing
electrolyte, limited in-plane mass transport, and higher
compression on the porous catalyst layer which reduced the
overall active surface area.

7. MODELING AND SIMULATION

Theoretical descriptions of bubble formation, evolution, and
steady-state behavior have contributed to the understanding of

https://doi.org/10.1021/acs.chemrev.4c00211
Chem. Rev. 2024, 124, 10964—11007


pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.4c00211?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

H, bubble behavior by complementing and aiding in the
interpretation of experimental work. These works use analytical
or numerical methods to solve equations describing a subset of
the relevant physical processes (Section 3). Notably, these
works study a broad range of length scales (107'° — 107 m)
and time scales (fs to s) to address different scientific enquiries.

7.1. Molecular Dynamics Simulation of Nanobubbles

The most detailed descriptions of gas bubble formation come
from molecular dynamics (MD) simulations. These calculate
the forces on each molecule or atom within a defined volume
to determine their trajectories over a period of time.””” The
position and velocity of every solvent and gas molecule are
accounted for at every time step (Figure 19), which produces a

a) solution
nanobubble

b) surface

i Kk
By ¢) micropancake

{ 1

Figure 19. Snapshots of MD simulation trajectories in three different
regimes of nucleated nanobubble relating to different relative surface
energies for the gas/electrolyte interacting with the electrode. From
left to right: electrolyte-electrode energy is greater than, approx-
imately equal to, or less than, the gas-electrode surface energy.
Reproduced from reference.””

highly detailed description of the bubble at the cost of
computational expense. To accurately capture the behaviors,
the time steps of the simulation must be comparable to those
of molecular motions (i.e., on the order of fs).°”*”* Moreover,
in MD simulations the number of atoms, and thus degrees of
freedom, scale with the volume of the region simulated.®?73
Thus, MD simulations are presently restricted to considering
nanoscopic regions and process time scales on the order of 100
ns. For example, Perez-Sirkin et al. simulated a 10 X 10 X 15
nm box containing 33,400 water molecules a period of 100 ns
to understand the nucleation and stationary state of a single
nanobubble on a nanoelectrode.”” The short durations of MD
simulations are well suited to answering questions about
individual nanobubbles. For example, they have been used to
answer the mechanism of nucleation as well as the stationary
states of electrochemically generated bubbles,” providing
insight into the current invariance (as a function of potential)
for single bubbles on a nanoelectrode (Section 4.1.2).””*
Both methane®?”* and N, have been used as model
gases275 generated at the surface of an electrode, which are
assumed to represent an electrochemically generated gas that is
not in equilibrium with the bulk solution. With appropriately
chosen interactions between the gas and the electrode surface
these results may be representative of behavior calculated for
H, nanobubbles. Molinero, Scherlis and co-workers® assessed
the impact of systematically varying the water-electrode and
gas-electrode binding energies on nanobubble nucleation and
stationary states at a nanoelectrode. They determined three
regimes where a solution nanobubble forms near to the
electrode surface (ie, when electrolyte-electrode energy
exceeds the gas electrode energy), surface nanobubble

nucleation (i.e, when gas-electrode energies are balanced
with electrolyte-electrode energy), or a flat micropancake
geometry with no curvature forms (i.e., when gas-electrode
energies exceed electrolyte-electrode energy) (Figure 19). The
same groups continued their investigations of the exper-
imentally observed insensitivity of current to potential when a
nanobubble is situated on a nanoelectrode (Section 4.1.2).>”*
They showed that the bubble geometry changed with
potential, from a so-called leaky regime at lower driving forces,
where the bubble does not cover the entire electrode surface,
to a tight regime where the bubble extends to the electrode
perimeter. They also concluded that these currents should be
insensitive to the electrode size, indicating that arrays of
nanoscale catalysts are preferable to a continuous catalyst
region.

Ma et al.””* and Xi et al.”’® built on earlier simulations by
developing algorithms for the generation of gas at the electrode
surface. Ma et al.’s work investigated the dynamic equilibrium
of a nanobubble on a nanoelectrode as a function of electrode
size, solvent, and nanobubble morphology.”’ Their simu-
lations showed that under appropriate conditions (nonaqueous
solvents) experimentally observed oscillations””” in the bubble
pinned to an electrode surface may be observed, as attributed
to differences in electrode—electrolyte surface energy and gas
solubility. Xi et al.’s simulations demonstrated the maintained
validity of classical nucleation theory, which is based on
continuum physics (Section 3.3.1) and had previously been
applied to experimental data for nanobubble nucleation®”*”
even at the length scale of several nm.

A broader range of MD simulations are available for
interfacial bubbles generated by processes other than electro-
chemical reactions.”’® These simulations have investigated
features which are important for practical electrodes, including
rough surfaces.””” When adapted to electrochemical systems
where gas is generated at an electrode surface, these
simulations may provide insight into the strategies for
mitigation/control of bubble nucleation, as discussed in
Section 8. Notably, Maheshwari and Harvey employed one
of the few nonequilibrium MD simulations of gas generation at
a rough surface.”® While the amount of oversaturation
required for nucleation was maximal for planar surfaces, the
amount of oversaturation was not exclusively controlled by the
roughness parameter and was found to depend on the
geometry of the surface features.

7.2. Continuum Models of Individual Bubbles

Continuum models describe physical systems using quantities
which vary over space and/or time. For example, while
molecular dynamics would describe the location of each
molecule of a species, a continuum model would describe the
concentration of molecules. As a result, continuum models
require less parameters than MD to describe a given volume
and can simulate much greater scales of length and time. They
may be used to simulate individual interfaces, or components,
or even entire electrolyzers.”'

Within continuum models, the same physical process may be
described with differing levels of detail, with more detail
coming at a cost of increased computational expenditure. For
example, transport of bubbles in solution may be described on
the level of individual bubbles with prescribed interfaces, or by
using volume averaging, whereby the quantity of H, in aqueous
and gaseous phases per unit volume are the simulated
quantities. For a detailed review of the mathematical
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formulations of these and other models for electrochemical
gas-evolving systems, we direct the reader to the recent reviews
of Alshawabkeh et al.****** The solution of the underpinning
analytical expressions are tractable for a few simple systems,
but more complex systems require numerical methods for
solution. There are a range of numerical solutions to the partial
differential equations that describe H, bubbles in electrolyzers,
such as the finite element method, finite volume method, finite
difference method, or lattice Boltzmann simulations. We do
not focus on the computational details of these methods, but
on the relevance of the results of the calculations on H,
bubbles in electrolyzers, starting with detailed models of
individual bubbles such as those formed at nanoelectrodes'**
or nanoparticles.'”” These models have been used to assess
multiple stages among the lifecycle of a bubble (Figure 1).

7.2.1. Nucleation. Luo and White used finite element
simulations of the steady-state transport processes immediately
before nucleation to determine the concentration at which a
single bubble nucleates on a nanoelectrode (Section 4.1.2).'%
The simulations show that the maximal concentration at the
surface of the electrode (~0.27 M) greatly exceeds the 0.8 mM
saturation concentration at standard state (Figure 7). Through
the relationship between this concentration and the internal
pressure in the bubble, and using a revised determination of
the surface H, concentration required to induce nucleation
(0.23 M), German et al.”’ calculated that a nucleating bubble
would have a radius of curvature of ~3.6 nm, which would
equate to 1700 molecules in a spherical bubble (less for
spherical cap bubbles). Similarly, Georgescu et al. simulated H,
transport in the SECCM measurements of H, bubble
nucleation on single Pt nanoparticles."”” Using the critical
current for nucleation, they determined a similar critical
concentration for nucleation as 0.31 M, with a distribution of
concentrations seen between particles.

7.2.2. Steady-State. Finite element simulations that
described H, equilibrium at the gas—liquid interface to
understand the current response with dynamically stable
nanobubble on a nanoelectrode (Section 4.1.2)'%* were later
extended by Liu et al., who performed a detailed assessment of
the relationship between the steady-state current and geo-
metric properties (radius, contact angle, etc.) for a single
bubble on a nanoelectrode.”” Considering that for a stable
bubble the gas entering the bubble must equal to that leaving
allowed assessment of steady-state geometries and their
relationship to the residual current in both disk-in-plane and
recessed-disk nanoelectrodes.

7.2.3. Dynamics. Van der Linde et al. simulated the
electrolysis driven growth of H, bubbles at a micromachined
silicon electrode, finding that even at low current densities
dissolved H, accumulates within the boundary layer near the
electrode surface.””’® The growth dynamics of H, produced at
a 30 um tall Si wire were broadly consistent with analytical
solutions developed by Epstein and Plesset because the bubble
quickly grew to a size that is large compared to the
micromachined nucleation site.”**

7.3. Continuum Models of Electrodes

Continuum models of electrodes occur over larger length
scales and must consider interactions between multiple gas—
liquid interfaces. Vogt led early efforts to empirically model the
mass transfer behavior of electrochemically generated gas
bubbles considering the superposition of bulk electrolyte
convection as well as convection within the “stagnant”

boundary layer at the electrode surface.”® Vogt’s early models
contributed to the understanding how supersaturation varies
with the rate of gas evolution near the electrode surface.”
These refined models in turn led to early models for the
average ohmic overpotential at gas-evolving electrodes as well
as the concentration overpotential (Sections 5.1.1 and
5.1.2).***%° Further work by Vogt focused on empirical
models for the effective coverage of various electrode surfaces
(and thus the relative inactive area of the electrode) in both
vertical and horizontal orientations, across a range of operating
current densities, and more recently congidering the influence
of operating temperature and pressure.”’>*%>*

Recent models improved on the estimation of two-phase
flows occurring in gas-evolving reactors. There are two main
approaches to modeling two-phase flows in chemical reactor,
which are distinguished by their representation of the gas
phase. So-called Euler—Lagrange (E-L) models treat the
electrolyte as a system of gaseous particles within a continuum
liquid phase whereas Euler—Euler (E-E) models assume the
electrolyte behaves as a volume-averaged two-phase fluid, thus
avoiding explicit, computationally expensive interactions
between gas bubbles (Eulerian representations of flows track
velocities across the continuum whereas Lagrangian represen-
tations follow the motion of discrete fluid elements or
particles).”®® Sokolichin et al. showed that the resulting flow
patterns from these distinct approaches can be in quantitative
agreement over long periods of simulation time, but both can
fail for void fractions in excess of 10% as interactions between
bubbles become important.**’

Mandin et al. developed an early example of an E-L model
for gas flow, considering bubbles 100 gym and 1 mm in
diameter produced at a generic vertical gas-evolving
electrode.”” The authors assumed a homogeneous liquid
electrolyte but considered the coupling between hydro-
dynamics and the current distribution at a vertical electrode.
Gas bubbles were injected using Faraday’s law and an arbitrary
unknown force for dispersion of bubbles perpendicular to
gravity was included to produce flow profiles that were more
consistent with previous experiments. Despite 100 ym bubbles
being more consistent with experimentally observed diameters,
the authors focused primarily on bubbles 1 mm in diameter
because smaller bubbles led to unphysical void fractions. When
external fluid flow was included within the simulation, the
current distribution was independent of bubble size. Hreiz
simulated the motion caused by discrete gas phases usingg an E-
L model which considered both drag and buoyancy.””" This
approach captured key features from measured particle image
velocimetry data. Velocity fields were used to study the
convection caused by hydrogen bubbles throughout the entire
volume of a narrow, vertical cell in a “no net flow
configuration”. The model focused on a monodisperse
population of gas bubbles which detach from the electrode
surface at a critical diameter, but did not consider mass transfer
to or around surface-attached gas bubbles

As the void fraction increases >10%, E-E models are more
suitable and dispersed flow is more commonly observed in
vertical electrolyzers with a fluid gap. Higuera et al. studied the
growth of hydrogen bubbles at a thin, porous catalyst layer in
contact with a dilute solution of strong acid.””* The model
considered the relationship between nucleation density and
applied current but did not consider the coalescence of
neighboring bubbles. El Askary et al. applied an E-E model for
two phase fluid flow to understand the bubbly flow in an AWE,
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Figure 20. (a—c) Schemes of modified electrode surfaces.*****” (a) PTEE particles codeposited with electroplated Ni (b) Microstructured PTFE
on a Ni surface (c) Patterned PTFE islands on a platinized Pt surface. (d) J-E behavior of nickel cathodes with (blue) and without (red)
micostructured PTFE.*” (e) J-E behavior toward the HER of platinized Pt cathodes with (blue) and without (red) PTEE islands.**® (f) J-E

behavior toward the OER for the same electrodes shown in (e).>*®

while considering interfacial transfer of both mass and
momentum, and compared the numerical results to exper-
imental measurements as a function of interelectrode spacing,
applied J, and electrolyte flow.*”

Colli and Bisang developed an E-E model to predict the
current distribution in gas evolving electrochemical reactors
which considers a range of bubble sizes and considers both
coalescence and breakup of bubbles.””* Whereas most models
consider a constant bubble diameter, this model considers a
distribution of bubble sizes which leads to more accurate
predictions of hydrodynamic behaviors. The model predicts a
previously observed phenomena: that gas fraction approaches a
limiting value with increasing ] where a transition from bubbly
flow to slug flow occurs. The same authors revisited earlier
calculations of the gas fraction by applying a more rigorous
hydrodynamic model to explain the presence of a limiting gas
fraction during electrolysis.””> Chen and Lewis compared the
resistance, concentration overpotential, and hyperpolarization
of planar and microstructured electrodes, with varied diameter
and spacing, evolving H, at ] = 100300 mA cm™%"° These
authors found that compared to a planar electrode, micro-
structured electrodes reduce the impact of gas bubbles on the
ohmic drop but may increase the effect of concentration
overpotentials. Recently Lee et al. used a E-E model to study
the supersaturation and gas blockage occurring in a zero-gap
AWE cell operating at ] < 2 A cm™2*"” The model predicted
substantial concentration gradients across the electrode
surface, with dissolved gas concentrations exceeding 1 M for
low electrolyte flow rates, based on assumption that gas nuclei
would not form until a critical concentration of dissolved gas
was reached. Lower dissolved concentrations of gas may thus
be expected to be observed at electrodes with pre-existing gas
nuclei.”!

Beyond the studies described above, a significant body of
work has been performed modeling on the shapes and
dynamics of confined bubbles, in the absence of an
electrochemical driving force. These are frequently of interest
in microfluidic systems,”* but many of the physical processes
are related to fluid flow in porous electrodes. We do not review
these works here, but direct the reader to the review of this
topic by Ajaev and Homsy as an introduction to the topic.””’
Despite the fact that gas bubbles in modern zero-gap AWE
(Section 5.2.1) and PEMWE cells (Section 5.2.2) will
primarily exert an influence on the voltage efficiency during
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their motion through the three-phase solid/liquid/gas porous
transport layer or catalyst layer, nearly all continuum models
mentioned above have focused on two-phase flows within an
interelectrode gap. Future work may incorporate gas
generation and concentration gradients into models for
confined bubble flow to more accurately predict current
distributions across catalyst layers.

8. FUNCTIONAL MATERIALS FOR GAS TRANSPORT
IN ELECTROLYZERS

8.1. Controlling Electrode/Gas Interactions

Surface forces control the dynamic behavior of gas bubbles
within electrolyzers. The equilibrium energy required to
remove a gas bubble from a solid surface is described by W,
and thus one of the primary ways of controlling gas transport
at a solid surface is by tuning the strength of interactions with
the gas or liquid phase (eq 11). A wide variety of functional
materials which either promote or inhibit the collection of gas
bubbles at electrodes for H, and O, generation have been
reported. Many of these materials have been inspired by
designs that incorporate structural motifs observed in natural
systems.”***°7*%* Generally, these designs can be separated
into two categories: (1) electrodes which have been modified
with hydrophobic or hydrophilic coatings to promote gas
adhesion or facilitate gas release, or (2) electrodes with specific
surface morphologies which control gas transport by reducing
the departure diameter or allowing capillary transport of gases
or liquids.

8.1.1. Modified Electrode Surfaces. Both metal and
metal-oxide surfaces are generally hydrophilic when appropri-
ately cleaned,’”>*% such that most efforts to change the
modify the surface chemistry of electrodes lead to more
hydrophobic surfaces. Active electrocatalysts must be in
contact with reactant electrolyte and should not be directly
covered with hydrophobic or hydrophilic materials unless they
are permeable to ions and dissolved gas, but composite
surfaces, prepared by modifying metal electrocatalysts with
hydrophobic components, such as (poly)tetrafluoroethylene,
have been used to draw bubbles away from active catalyst
regions and control the departure diameter of gas bubbles.
Teschke and Galembeck were perhaps the first to report that
PTFE coatings could be used to control the collection of gases
on perforated Ni sheets, because the hydrophobic surface led
to the coalesce of larger gas bubbles on regions that were not
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Figure 21. (a) Mechanism for gas removal via a “gel-like aerophobic surface system”. Reproduced with permission from reference.*'> Copyright
2024 Elsevier. (b) Scanning electron microscope image of a hydrogel overlayer on a Pt cathode used for H, evolution. Reproduced with permission
from reference.’"> Copyright 2024 Elsevier. (c) Optical images of directional gas transport of H, and O, bubbles on a micro/nanostructured cone

of Cu>®” (d) Optical images of bidirectional transport of water droplets on microfibers present on the legs of a water strider insect.
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responsible for ionic conduction.’”” The same authors later
reported that composite Ni/PTFE electrodes could be
prepared by spray coating Ni electrodes with PTFE particles,
10—100 pm in diameter, with a secondary coating of
electrodeposited Ni providing mechanical integrity to the
attached particles (Figure 20a). Despite the lower effective Ni
surface area available for catalysis, electrodes modified with
PTFE particles yielded lower overpotentials for the H,
compared to polished Ni surfaces and electrodes with the
lowest coverage of PTFE yielded the largest reductions to the
overpotential."*® Notably, the voltage was measured using the
current-interrupt method, which avoids the influence of IR
losses through the attached gas bubble film at the electrode
surface.

A related work from Kleinke and Teschke used patterned
reactive jon etching to prepare Ni electrodes decorated with
high-aspect ratio PTFE columns which yielded even greater
improvements to the onset overpotential for the HER in 30 wt
9% KOH compared to polished Ni surfaces (Figure 20b, d).>*

Heidrich and Miiller performed a more extensive study of
the influence of hydrophobic domains on gas-evolving
electrodes using a highly active and wettable platinized Pt
(Pt/Pt) electrode modified with hydrophobic PTFE islands,
0.5 mm in diameter (Figure 20c).”’ The electrodes were
tested in 0.5 M H,SO, for the HER and OER as well as the
chlorine evolution reaction, CER, from 3 M KCl (at pH = 3),
where patterned PTFE islands were shown to lead to lower
electrode overpotentials for the two-electron HER and CER
but led to marginal effects on the overpotential for the four-
electron OER (Figure 20e,f). Ho and Hwang observed lower
OER overpotentials for PbO, anodes in 1 M H,SO, when
codeposited with PTFE, but the polymer was found to also
modify the morphology and electrochemically active surface
area of the electrode.®’' Galvanostatic measurements by
Heidrich supported claims that a reduced dissolved concen-
tration of product gases at the electrocatalyst surface was
responsible for the greater effective current toward H, and Cl,
for PTFE-modified Pt/Pt surfaces. The observation that more
substantial effects on overpotential were observed at increased
temperature is consistent with an increased supersaturation of
dissolved gases in heated electrolytes and/or an increase in the
reversibility of the reaction kinetics.

Brussieux and Rakib used PTFE-modified Ni to control the
size and coverage of gas bubbles on an electrode surface,
finding that hydrophobic sites mostly serve as regions for
coalescence of smaller nearby gas bubbles, with larger gas
bubbles being able to persist for a greater period prior to
release.’’” Iwata and Wang studied the dynamics of gas
bubbles within the internal volume of a porous PTFE-modified
nickel foam evolving O, from 1 M KOH.”"' In contrast to
results obtained for the HER in concentrated KOH, all
quantities of PTFE coverage led to increased overpotentials for
the OER, which was primarily attributed to increases in
resistance both outside and within the internal volume of the
porous nickel foam. This result is consistent with earlier
observations by Muller that PTFE-modified electrodes are
mostly effective at reducing concentration overpotentials for
reversible gas-evolving reactions.’'’

Gas-evolving electrodes modified with hydrophilic polymer-
sare reported less frequently, as clean metal surfaces are already
wetting surfaces. However, porous polymer layers with large
opening have been found to lower the ohmic and
concentration overpotentials at H,-evolving electrodes in acid
and base’>™3'® Zhao et al, characterized the effect of
increasing the hydrophilicity of a commercial, sintered Ti sheet
PTL>®* To do this, the researchers boiled the PTL in a
mixture of ammonium hydroxide, hydrogen peroxide, and
water for 10 min, which is similar to baths developed by the
microelectronics industry for removing organic contamina-
tion,>'® but could also oxidize the metal surface. This
converted the relatively hydrophilic “as received” PTL into a
“superhydrophilic” layer which exhibited improved wickability.
Ryu et al. first reported the use of a hydrogel overlayer on Pt
electrodes effecting the HER in 0.50 M H,SO,, finding that the
hydrogel coating led to increased bubble coverage but lower
overpotentials (—0.18 V vs RHE at —10 mA cm™*) compared
to an uncoated Pt film (—0.20 V vs RHE at —10 mA cm2).*"?
Later studies measured the effect of the hydrogel on Ni foams
in 1.0 M KOH and on large area (100 cm’) modified Pt
electrodes.’**'> The hypothesized mechanism for improve-
ment relative to bare catalyst surfaces is that the textured
hydrophilic overlayer facilitates gas removal from active
catalyst sites while maintaining a gas phase in the proximity
of the catalyst surface. This simultaneously prevents the

https://doi.org/10.1021/acs.chemrev.4c00211
Chem. Rev. 2024, 124, 10964—11007


https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00211?fig=fig21&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00211?fig=fig21&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00211?fig=fig21&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00211?fig=fig21&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.4c00211?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

(a) (b)

(c)

As purchased Ni mesh

HDG Ni mesh

Riagn.: 200% 3|

Figure 22. (a) Ni lattice structure prepared by additive manufacturing designed to facilitate ordered gas release. Reproduced with permission from

reference."*® Copyright 2019 John Wiley and Sons. (b) Triply periodic minimal surfaces which were prepared out of Ni using selective laser

melting and used as electrodes for AWE. Reproduced with permission from reference.*** Copyright 2022 John Wiley and Sons. (c) Scanning

electron micrograph images of a Ni mesh treated using hot dip galvanization and etching to produce a high surface area for improved catalysis and
. _ 332 - .

gas release. Reproduced with permission from reference.””” Copyright 2018 Elsevier.

accumulation of dissolved gases at the electrode interface
without preventing diffusion of reactants and products to or
from the electrode surface (Figure 21a,b).

8.1.2. Control of Catalyst Structure. Electrodes with
nanostructured, wetting surfaces will provide increased area for
electrocatalysis relative to a flat surface, while reducing the area
for gas bubble adhesion, thus facilitating rapid gas release. Both
effects are useful for increasing the operating current density of
a water electrolyzer at a given voltage and this has been a
commonly adopted strategy for controlling gas evolution
behavior.

Many studies have explored the relationship between
complex metal architectures and H, gas evolution behavior.
Song used template-assisted printing to prepare superlattices of
Pt nanoparticles which facilitated hydrogen gas release in 1.0
M NaOH and reduced gas adhesion in water compared to
films of nanoparticles prepared via drop-casting.”' Lake et al.
characterized the gas-release behavior of microstructured
platinum electrodes at J = 100—400 mA cm > toward H, in
0.5 M H,SO,, finding that a reduction in the height of
micropillars led to an increase in the activity normalized to
electrochemically-active surface area.’’” The Jiang group has
pioneered research on “superaerophobic” surfaces, with man
structures inspired by features observed in nature.’’”*°"*'7 A
general design motif is hierarchical structure, with repeating
features at both the microscale and nanoscale, which has been
observed to lead to directional droplet transport on the legs of
water striders (Figure 21d),”"” hydrophobicity in lotus
leaves,*" rose petals,42 and underwater ferns.*' Lu and Jiang
first reported superaerophobic properties of MoS, electro-
catalyst films for the HER in 0.50 M H,SO,, showing that
vertically oriented nanosheets released bubbles at smaller
diameters and also yielded lower overpotentials compared to
flat films.>*" Li and Jiang extended this strategy to noble
metals, showing that “pine-shaped” Pt surfaces led to smaller
gas bubbles and a lower ohmic overvoltage at absolute current
densities > 30 mA cm™> compared to flat films and Pt
nanospheres.””> Additional studies on aerophobic electro-
catalyst coatings have yielded similar results on structured
carbon supports,”*” alloys,”** chalcogenides,” and phos-
phides,**® driving the HER in acidic and alkaline electrolytes.

Oxygen evolution catalysts typically restructure into high
surface area metal oxyhydroxides during operation and are thus
highly wettable surfaces, absent further modifications to the
surface roughness. Control of catalyst structure is nevertheless
important for facilitating gas release and transport at high J (>1
A cm™?) and the structure of metal supports in anode catalyst
layers for the OER in AWE and PEM electrolysis has been
studied and the effects on mass-transport-related over-

potentials characterized in device environments (Section
5.2).137,146,220

8.2. Directed Gas Transport

In an electrolyzer stack, directed flow of gas bubbles away from
current-carrying pathways and toward flow channels is a
practical barrier for maximizing the operating J. Thus,
strategies for directional gas transport have been adopted in
porous electrodes suitable for use in electrolysis cells.
Gradients in the surface composition or structure may lead
to a net driving force that directs the movement of bubbles.

Hine noted the importance of controlling the structure of
perforated electrodes in advanced alkaline water electrolysis
designs to prevent gas formation in current-conducting
pathways."” These strategies have been demonstrated in
practical systems, with many studies focused on the structure
Ni and NiFe-based electrodes used for AWE. Wendt observed
decreased overpotentials for roughened H, electrodes but
marginal improvements on roughened O, electrodes, when
tested for alkaline electrolysis in room temperature 50 wt %
KOH(aq).**” Hall et al. applied Ni and Ni—Fe alloy coatings
with a high specific surface area to AWE electrodes, noting that
H, and O, electrodes exhibited different trends in over-
potential as a function of sintering; while this affect was
attributed to differences in gas evolution it was not examined
in detail.”*® Ahn and Jang studied the influence of morphology
on gas release at Ni electrodes effecting the OER in 6.0 M
KOH, finding that a needle-like morphology maximized
wettability and also minimized the kinetic overpotential for
oxygen evolution.’’

Kou and Li used additive manufacturing techniques for
electrode structuring, showing that 3D printed nickel electro-
des with periodic structures suppress gas bubble coalescence,
jamming, and trappin§ and, hence, result in rapid bubble
release (Figure 22a)."" Lasers have been used to prepare
porous electrodes for advanced alkaline electrolysis systems.
Rocha and Proost conducted a systematic study on triply
periodic minimal surfaces of Ni that were prepared via selective
laser melting and used as electrodes for AWE (Figure 22b).%%
This study found that after controlling for porosity, geometries
that channel the flow provide lower friction factors during
electrolysis with forced convection. In a separate approach, Koj
and Turek used subtractive laser ablation to prepare high
surface area NiFe anodes that facilitated gas release and
reduced the OER overvoltage in room-temperature 32.5 wt %
KOH by 43 mV at 10 mA cm™2**" Mayrhofer et al. used a
subtractive method to prepare highly porous Ni alloys, by
performing hot dip galvanization of a porous Ni electrode and
then etching the NiZn alloy; these electrodes facilitated gas
release at current densities up to 2 A cm™ (Figure 22¢).>** Liu
and Wang prepared mesoporous carbon supports using
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Figure 23. (a) Design for a bubble-free electrolyzer, using a Goretex PTFE membrane-supported electrode. Reproduced with permission from
reference.””" Copyright 2019 Elsevier. (b) Scheme for a capillary-fed bubble-free electrolyzer, using a PES separator shown in the inset scanning
electron micrograph (adapted from Hodges et al. under Creative Commons Attribution International License 4.0)** (c) Performance of a capillary
fed electrolyzer compared to a conventional AWE.**> (d) Rose-petal electrode design with alternating hydrophobic and hydrophilic domains
controlling gas release. Reproduced with permission from reference.”” Copyright 2023 Elsevier. (e) Optical image comparison of the gas evolution
behavior of a conventional gas diffusion electrode (J = 1.3 A cm™) to a rose-petal electrode (J = 4.2 A cm™>) showing reduced bubble generation.
Reproduced with permission from reference.”> Copyright 2023 Elsevier. (f) Cell performance of a membrane-free electrolyzer with a narrow

channel filled with room temperature 1 M H,SO,, showing stable, bubble-free operation at J > 1 A cm

—2223

surfactant-templated assembly of block copolymers followed
by carbonization and functionalization with Pt and Ru
catalysts; improved performance was measured for <5 nm
pores but discrimination between dissolved H, and nanosized
H, bubbles was not reported.’*”

The Jiang group has developed new functional surfaces that
drive directional transport of attached gas bubbles, showing
that Cu and polyethylene surfaces can assist bubbles in
overcoming buoyant forces (Figure 22c).302’33’4 Three
electrode measurements of individual H, and O, electrodes
have demonstrated basic strategies for directing gas transport:
Zhang and Yu demonstrated directional transport of gas
bubbles along a metallic copper cone,”*> Winther-Jensen first
reported the use of PTFE membranes functionalized with
maleic anhydride and sputtered sequentially with Au and Pt
layers to create a breathable electrode structure.”*® Later, Li
and Cui reported a similar electrocatalyst fabrication by
sputtering polyethene membranes with Au and coating with
NiFeO, via electrodeposition.”®” This method produced
electrodes with very low overpotentials toward the OER and
a similar electrode coated with an Ag/Pt catalyst layer was used
to catalyze the oxygen reduction reaction. Tiwari developed
PTFE-membrane based electrolyzers with thicker hydrophilic
catalyst layers than originally reported by Winther-Jensen,”*!
inspired by a 1987 patent for chlor-alkali electrodes which
produced gas bubbles away from current-carrying pathways.***
The previous design reported an electrode coated with a
nonconductive refractory oxide which would suppress the
nucleation and growth of bubbles, and this was adapted to
AWE cells by compressing a mixture of PTFE and catalyst
particles between a PTFE membrane and a fine nickel mesh.
Cells assembled on either side of a liquid electrolyte layer
yielded bubble free electrolysis at J up to 300 mA cm > (Figure
23a).

Hodges et al. recently reported an improved designthat
obviated the need for an interelectrode flow channel and could
be fed passively by capillary action.”*” These capillary-fed cells
could eliminate the need for expensive gas—liquid separators
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and pumps for recirculating electrolyte, and potentially reduce
shunt currents which reduce the system efficiency. Micro-
porous polyether sulfone membranes were selected and
sandwiched between a fine Ni mesh coated in NiFeOOH
catalyst and a carbon paper GDE coated with Pt/C (Figure
23b). Significantly lower cell voltages were observed in the
absence of bubbles and these voltages were further improved
by incorporating PTFE into the anode layer, thus preventing
the porous anode catalyst layer from filling with electrolyte. ] <
1 A cm™2 were sustained with less than 0.15%vol H, detected
in the O, stream produced by the anode (Figure 23c),
although the measured trend in crossover rates deviated from
typical models used to predict crossover in traditional AWE
designs, possibly a result of undesired bubble formation.

Deng et al. used an electrode morphology inspired by
hydrophobic rose petal surfaces in a membraneless electrolyzer
operating at ] =4 A cm™in 1 M H,SO, and J = 1.5 A cm ™2 in
1 M NaOH (Figure 23f).”** $iO, microspheres were modified
with siloxane to present a hydrophobic surface, and selective
coating with catalyst particles in the interstitial voids produced
a surface with alternating hydrophobic and hydrophilic regions
(Figure 23d,e). The wetting properties of the electrode were
stable for 6 h of continuous electrolysis but bubble formation
began to occur in the following 4 h indicating that a more
robust implementation of this strategy is needed for practical
use. The next challenge for bubble-free electrolysis is to
demonstrate these approaches on large-area electrodes and/or
in a stack configuration relevant to industrial production of
electrolytic H,.

9. OUTLOOK

Research on gas evolution extends to the earliest days of water
electrolysis and modern electroanalytical methods have yielded
a detailed understanding of the physical processes controlling
gas evolution and the impacts of gas bubbles on the efficiency
of water electrolyzers. The development of nanoelectrodes
have allowed researchers to measure the influence of individual
gas bubbles from nucleation to detachment while in situ and
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operando characterization techniques using optical and X-ray
imaging have resolved complex multiphase flows within porous
electrodes at industrially relevant current densities. Much is
now understood about bulk two-phase flows in porous
electrodes, which can be analyzed with nonperturbative
methods (Table 1). However, the perturbative nature and
specialized cell-designs for electron-microscopy means that the
earliest stages of gas evolution (nucleation and growth at
nanometer scale) remain poorly characterized in device
environments. Studying the distribution and growth rate of
gas nuclei formed within catalyst layers could provide much
needed insights into the hypothesized role of bubbles in
delamination-related failure of catalyst coatings.

Efforts to control and direct gas evolution within water
electrolyzers have led to devices which produce H, at increased
throughput relative to early electrolyzer designs. Zero-gap
architectures mitigate the influence of gas bubbles on cell
resistance, but gas accumulation within porous transport layers
leads to critical current densities which limit the ultimate
throughput of electrolysis.”*’ Recently developed functional
materials and composite electrodes facilitate directional gas
transport; these materials have electrolyzers operating in liquid
electrolyte with increased efficiency and throughput while
using diaphragm separators instead of polymer membranes
(which could potentially lower the cost of future electro-
lyzers).”””*** To date, gas bubbles have not been a major
source of voltage inefficiency for membrane electrolyzers, but
gas management may become more important for electrolyzers
using reduced loadings of Ir catalyst (leading to increased local
current densities).”*”

Despite well over a century of investigations into the
behavior of gas-evolving electrodes, there are many questions
which invite further investigation by future researchers: (1) we
still do not know the true shape and contact angle of individual
gas bubbles throughout their lifetime on polarized electrode
surfaces, which has important implications for catalyst coverage
and detachment diameters; (2) for gas films at surfaces, within
porous electrodes, and rising near electrode surfaces, we lack a
detailed understanding of the molecular factors controlling
coalescence; (3) many studies have characterized nucleation
and growth phenomena for electrochemically generated H,
and O,, but only a few studies of individual gas bubbles have
been carried out at elevated temperatures and in the
concentrated alkaline electrolytes used in commercial AWE
cells;”'**"? (4) although Marangoni convection has long been
understood to be crucial for mass transfer and force balances at
a gas-covered electrode,60 the relative influence of various
temperature and concentration gradients is debated;*”*"**?*
(5) most experimental studies on Marangoni convection have
focused on micron-scale electrode sites which operate at higher
current densities than typical electrolyzers operating in liquid
electrolyte (J < 2 A cm™); the ways in which neighboring
Marangoni flows interact and the relationship to coalescence is
a nascent area of study.'”’ Moreover, these sources of
microconvection have rarely been included in continuum
level models for gas evolution.

Measurements of the above phenomena related to electro-
chemical gas evolution will lead to improved models for water
electrolysis and potentially lead to more scalable pathways for
producing hydrogen. Today’s models for small electrodes still
incorporate a subset of the relevant forces needed to
understand growth and detachment models for large area
electrodes have only recently begun to include effects related

to distributions of gas bubble diameters. The influence of
realistic surface features, such as roughness and pre-existing gas
nuclei, on the gas coverage at a large area electrode has
important implications for device design but is challenging to
model at either the molecular level or continuum level. Once
again, we note that continuum-level models of multiphase
flows in porous electrodes are needed to more accurately
predict current distributions across catalyst layers and these
results could have important implications for predicting device
efficiency and degradation rates in both AWE and PEMWE
cells.
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GLOSSARY OF SYMBOLS AND ABBREVIATIONS

A Maximum available catalyst surface area

A, Effective catalyst area after considering gas coverage
AFM  Atomic force microscopy

AWE  Alkaline water electrolysis

a Transfer coefficient
b Tafel slope

c Concentration

c* Bulk concentration
CE Counter electrode

pubs.acs.org/CR
CT Computed tomography
D Diffusion coefficient
o diffusion boundary layer thickness
E Potential
F, Buoyant force
F Faraday’s constant
f Volume fraction of particles in a medium

AG Change in Gibbs free energy
GDL Gas diftusion layer

4 Activity coeflicient

y Surface energy/surface tension
HER Hydrogen evolution reaction
h Solution depth

n Overpotential

1. Concentration overpotential
i Hyperpolarization overpotential
i Current

] Molar flux

] Total applied current density
K, Effective conductivity

K. Bulk electrolyte conductivity
MD Molecular dynamics

uCT Micro computed tomography
v Stochiometric coeflicient

fl Unit normal vector

P Pressure

PEM Proton exchange membrane electrolysis
PTL Porous transport layer

R Universal gas constant

r Radius

RE Reference electrode

p Density of solution

S Supersaturation factor

SECM  Scanning electrochemical microscopy

SECCM Scanning electrochemical cell microscopy

T Temperature

t Time

TEM Transmission electron microscopy

0 Contact angle

14 Cell potential

Vi Volume of gas bubble

v Fluid velocity

w, Work of adhesion

WE Working electrode

z Number of electrons involved in a charge transfer
reaction
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