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Feng Liang,! Roel van de Krol,"? and Fatwa F. Abdi’34*

SUMMARY

In this study, we explore the detachment process of oxygen bubbles
from a (photo)electrode, with a focus on the often-overlooked influ-
ence of a supersaturated boundary layer of dissolved oxygen near
the (photo)electrode surface. Numerical simulations were per-
formed to examine subtle changes of the shape of the bubbles at
the bubble-electrolyte interface. The presence of the supersatu-
rated boundary layer is found to distort the interface and facilitate
bubble detachment by reducing the surface tension force. Para-
metric investigation of various factors, such as supersaturation
levels, boundary layer thickness, electrolyte flow rate, and contact
angle were performed to understand how they affect bubble
detachment. Surface tension forces are found to dominate bubble
detachment behavior over buoyancy, and the solutal Marangoni ef-
fect induced shear forces. Based on these findings, several practical
engineering considerations for minimizing bubble-induced losses in
(photo)electrochemical devices are discussed.

INTRODUCTION

Many (photo)electrochemical devices involve the generation of bubbles, such as
hydrogen and oxygen, the presence of which has various consequences. For
example, bubbles may block the active area of the (photo)electrocatalyst surface,’
resulting in a decrease in performance. They may also obstruct the ion-conducting
pathways in the electrolyte and increase the overpotential. Moreover, under
certain operating conditions, the presence of bubbles can promote product
crossover.” Indeed, removing bubbles in a water electrolysis cell by, for example,
ultrasonic agitation, has been reported to increase the current density by 15%-
18% and decrease the overpotential by up to 25%.%“ The detrimental effects of
bubbles have also been demonstrated in all-vanadium redox flow cell batteries,
where undesired oxygen and hydrogen bubble evolution negatively impact the

cell performance due to partial obstruction of electrolyte flow, decrease in the
active surface area, and reduced mass and charge transfer coefficients of the redox ~ 'Institute for Solar Fuels, Helmholtz-Zentrum

. 56 . . . Berlin fiir Materialien und Energie GmbH, 14109
species.”” In photoelectrochemical devices, where light often needs to penetrate Berlin, Germany

through the electrolyte to reach the photoelectrode, bubbles also induce optical ZTechnische Universitit Berlin, Department of

losses due to reflection and scattering.” Many strategies have been proposed Chemistry, 10623 Berlin, Germany

and tested to minimize bubble-induced losses, such as forced electrolyte 3School of Energy and Environment, City

flow, " electrode surface engineering,'*'" addition of surfactants,'”'” or applica- ~ <rversity of Hong Kong, Kowloon, Hong Kong,
SAR, China

tion of magnetic or acoustic fields."*”"” While they can be somewhat effective, the 4 ead contact

role of these engineering measures in controlling bubble dynamics is not yet fully *Correspondence: ffabdi@cityu edu hk
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L) . ' . .
St Cell Reports Physical Science 5, 102069, July 17, 2024 © 2024 The Authors. Published by Elsevier Inc. 1

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:ffabdi@cityu.edu.hk
https://doi.org/10.1016/j.xcrp.2024.102069
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrp.2024.102069&domain=pdf
http://creativecommons.org/licenses/by/4.0/

¢? CellPress

OPEN ACCESS

e mm— =

Cell Rer_)orts )
Physical Science

A E B C
G ™ 1
i '\ d YA Y
digi! 1 1
T ! !
b v 1 I
’ il : |
7 vl 1 1
c Y i u ,
S 0> dbub/ b i V“\\\\ “l“ - i s
& EARRR ! 1
P ) R : :
; ! £ X
dcolntact 3 6 N i 7 :
] [
T
Planar Fer F
(photo)electrode sz

Figure 1. Schematic illustration of a bubble adhering on a (photo)electrode surface

(A) Forces acting on an oxygen bubble adhering on a planar (photo)electrode. dyp, is the bubble diameter, deontact is the diameter of the bubble contact
region on the (photo)electrode, 6§ represents the bubble contact angle, co, is the concentration of the dissolved oxygen, 6. is the thickness of the SSBL,
and Tis the temperature. Various forces act on this bubble, and its balance determines the detachment. Fy is the Marangoni force, which develops due

to, for example, the concentration gradient (Fy, ) and the temperature gradient (Fy 7). Fiis the inertia force, Fqis the hydrodynamic drag force, Fy, is the

buoyancy force, F is the pressure force, F, is the surface tension force in the z direction, and F;, is the surface tension force in the radial (r) direction.
(B-D) Schematic illustration of a bubble adhering to a microelectrode (prior to detachment), indicating that the current density (j) distribution induces

gradients of temperature and the surface tension coefficient (¢). The same processes on a relatively large planar electrode, (C) in the absence or (D) in

the presence of the SSBL of dissolved oxygen are also illustrated.

(E) Schematic illustration of a bubble adhering to a planar (photo)electrode (prior to detachment), in the presence of the SSBL of oxygen, with relatively

low current density. The velocity of the Marangoni convection is indicated by u.

There are several stages of bubble formation in (photo)electrochemical devices. Re-
action products generated from the (photo)electrode surface first diffuse into the
electrolyte as dissolved gas and form a supersaturated region at the vicinity of the
electrodes. Bubbles start to form on (or near'") the electrodes once the concentra-
tion exceeds the solubility limit of the electrolyte.'®'" After nucleation, bubble
growth is governed by several mechanisms across various timescales. During the
first few tens of microseconds, bubbles grow linearly, and the growth is controlled
by inertia.”’ Later on, diffusion-controlled bubble growth takes place—in other
words, gas molecules diffuse into bubbles from the supersaturated region of the
liquid electrolyte.”’ Throughout this bubble growth period, a portion of the elec-
trode surface is deactivated as contact with the electrolyte is prevented. Bubble
detachment occurs when the bubble diameter exceeds a critical value, thereby
freeing the electrode surface for further electrochemical reactions as contact with
fresh electrolyte is re-established. These processes are repeated and often result
in a periodic bubble formation pattern.

One general approach to minimize bubble-induced losses is by ensuring that bub-
bles detach easily from the electrode surface. The mechanism behind bubble
detachment is, however, not trivial. Figure 1A is a schematic drawing of various
forces acting on a growing oxygen bubble. The bubble detaches from a gas-
evolving electrode when the upward force components in the z direction (e.g., buoy-
ancy force, Fy,, and pressure force, F,) cancel out those in the opposite direction
(e.g., surface tension force, Fg,, and Marangoni force, Fy). Several force balance
models that consider or ignore some of these forces have been proposed to
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determine the critical bubble detachment diameter. For example, Fritz's equation,
in which bubble departure is governed by the F, and surface tension, has been
applied successfully in several scenarios—for example, pool nucleate boiling®?
and electrolytic bubble formation.”?*"*> However, this equation is insufficient to
explain specific phenomena during bubble departure, such as bubble oscillation
on microelectrodes.?® Such mismatches are usually overcome by including a more
thorough force analysis during bubble detachment. For example, the Marangoni ef-
fect (indicated as Fy in Figure 1A) was pointed out by Lubetkin®’ and has recently
drawn much attention,?*?¢?6-3 although its exact contribution to bubble detach-
ment remains ambiguous. In principle, the Marangoni effect is governed by the
gradient of surface tension coefficient (s) at the gas-electrolyte interface, which de-
pends on the temperature (T), the electric potential (V), the electrolyte composi-
tion,®" and the concentration of the dissolved species (€).?>°% Note that the ion con-
centration gradient in the electrolyte can also induce a solutal Marangoni effect,
which is well reported by Park et al.,*" and it should differ from the Marangoni effect
in our study. The relative size of the gas-evolving electrode (compared to the bubble
size) also affects the resulting Marangoni effect. Many researchers performed bub-
ble generation-detachment experiments using a microelectrode (e.g., platinum
wire encapsulated in a glass tube), as illustrated in Figure 1B. In such a configuration,
the concentration-dependent Marangoni effect due to dissolved gases is often over-
looked due to the following reasons. Currents are concentrated at the foot of the
bubble, resulting in a localized Joule heating of the wedge-like volume of the elec-
trolyte. Indeed, a temperature difference of more than 20 K has been observed near
the foot of the bubble.? Moreover, less than 10% of the gas produced by these mi-
croelectrodes actually dissolves in the electrolyte.®’ Therefore, the temperature-
dependent Marangoni effect dominates in these microelectrode experiments.
When a large (planar) electrode is considered, which is more likely in practical appli-
cations, localized Joule heating moves upward to the bubble equator (see Fig-
ure 1C). This results in a more symmetrical and less dominant temperature-induced
Marangoni effect. At the same time, it has been suggested that ~50% of all the gas
produced (at room temperature and 1 atm) dissolves in the electrolyte.?® The con-
centration-dependent Marangoni effect due to dissolved gases therefore becomes
considerable, and the Marangoni convection pattern will change as this effect is
included (see Figure 1D).

In this work, we focus on bubble detachment from a planar (photo)electrode, as illus-
trated in Figure 1E. We focus on conditions that are representative for photoelectro-
chemical processes under irradiation with non-concentrated sunlight. The operating
current density for such processes is typically less than 20 mA cm™2, which is much
lower than in typical electrolyzers for hydrogen production (0.5-2 A cm ). Itis there-
fore expected that the potential-dependent and the temperature-dependent Mar-
angoni effects are negligible compared to the concentration-dependent Marangoni
effect. This is especially true when a supersaturated boundary layer (SSBL) of the dis-
solved gas is formed near the planar electrode. Moreover, interactions between the
neighboring bubbles and their effect on bubble detachment can be neglected due
to dispersed bubble formation under this relatively low current density. We use mul-
tiphysics modeling based on the level-set method to investigate the impact of the
SSBL on the detachment of an oxygen bubble from a planar (photo)anode. The sur-
face tension between the gaseous oxygen and the liquid electrolyte is considered,
and the electrolyte viscosity depends on the concentration of dissolved oxygen in
the electrolyte. We consider various parameters, such as the level of oxygen super-
saturation, the thickness of the SSBL, and the oxygen bubble contact angle, and
report their impact on bubble detachment. Those parameters were chosen based
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on two reasons. First, as schematically illustrated in Figure 1, the level of oxygen su-
persaturation, the thickness of the SSBL, and the oxygen bubble contact angle are
the dominant factors in affecting bubble detachment from a planar (photo)elec-
trode. Second, in practice, these parameters can be tuned to facilitate bubble
detachment via cell/electrode engineering (e.g., changing the operating pressure,
electrolyte flow rate, wettability of the (photo)electrodes). Our findings unravel
important correlations between, for example, forced convection and bubble depar-
ture from the surface of the electrode. Several practical implications for device
design and electrolyte engineering are discussed, and the potential benefits of
operating (photo)electrochemical devices at elevated pressure are outlined.

RESULTS AND DISCUSSION

Impact of SSBL properties on O, bubble detachment

A schematic representation of our model and the accompanying boundary condi-
tions are shown in Figure S1. Further details, including model validation, are
described in the experimental procedures. In short, axisymmetric, two-dimensional
(2D) multiphysics simulations are performed for an oxygen bubble generated from a
horizontal electrode. We consider that the system is at the following state: an SSBL of
dissolved oxygen has completely developed within the vicinity of the electrode. Due
to limited solubility of oxygen in the electrolyte, bubble generation happens period-
ically at a nucleation site, followed by growth and detachment from the electrode.
Since bubble detachment introduces a major disruption on the (photo)electrode sur-
face, our simulations focus on the short period (5 ms) when the bubble departs the
surface and how it is affected by the preexisting SSBL of dissolved oxygen. Other
stages of bubble evolution (e.g., bubble nucleation, bubble growth) are therefore
not included in the simulation. Within our short period of simulation time, diffusion
of dissolved oxygen is unlikely to play a role. Indeed, the Péclet numbers (Pe) in our
simulations are about 10* (i.e., 3> 1), indicating that diffusive mass transfer is negli-
gible compared to convective mass transfer. Note that the interfacial mass transfer
of the dissolved oxygen is notincluded in our model. The motion of the bubble-elec-
trolyte interface is simulated with the level-set model. A level-set function (¢) of 0.5 is
considered at the bubble-electrolyte interface. Unless otherwise mentioned, the size
of the bubble (dp,w) is T mm, which is defined as the equivalent bubble diameter.
This size is chosen for two reasons. First, previous experimental studies showed
that oxygen bubbles of this size are able to detach from the electrode.”* Second,
our simulation revealed that parasitic current, a known numerical artifact in the
level-set model,** is negligible for a bubble of this size (i.e., dpup > 0.5 mm). Another
limitation of this method is that the accuracy is largely sensitive to the mesh resolu-
tion, especially near the interface.’® We overcome this limitation by starting every
simulation case with the same 90° contact angle to ensure no additional artifacts
due to different geometry and mesh settings. The contact angle was assigned to
the pre-defined value automatically after the first time step. This is possible since
the bubble-electrode interface is defined as the wetted wall boundary condition in
our model, which is based on the Navier slip law (see Figure S1B). Note that the con-
tactangle in our simulations is considered to be the apparent contact angle, which is
the angle between the tangent to the liquid-gas interface and the line representing
the nominal solid surface.*® Changes in the contact angle are considered to be a
result of the hydrophilicity (or wettability) variation of the (photo)electrode in our
model.

We first discuss the impact of dissolved oxygen concentration on bubble detach-
ment. The dissolved oxygen concentration (co,) varies from 0 mM (i.e., no dissolved
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oxygen in the electrolyte) to 300 mM in our simulations. The boundary layer thick-
ness and the bubble contact angle are kept at 1 mm and 60°, respectively. The upper
limit of co, (300 mM) is chosen based on SuperHenry’s law.?” Although the maximum
concentration of dissolved oxygen (prior to bubble nucleation) in water at room tem-
perature and atmospheric pressure can only reach a supersaturated level of 120 mM
(~100 times of the equilibrium solubility), higher operating pressure and tempera-
ture (e.g., up to 100 atm and 80°C) can result in supersaturated dissolved oxygen
concentrations of 300 mM. Note that homogeneous bubble nucleation is assumed.
Furthermore, according to an evaluation from Lubetkin,?’ the supersaturation of
dissolved O, during water electrolysis can increase the Marangoni force by — dg/
dco, = 0.078 N m2. For comparison, we obtain — 80/dco, = 0.074 N m?, which
is very close to the reported value, by assuming dco, between the vicinity of the elec-
trode and the bulk as 300 mM and replacing the values with those in Figure S2E.
Figures 2A-2E show the simulation results for various dissolved oxygen concentra-
tions at t = 0-5 ms. When the dissolved oxygen concentration is large, the oxygen
bubble departs the surface earlier, as shown by the color maps in Figures 2A and
2B (co, = 300 and 200 mM) vs. those in Figures 2C and 2D (co, = 100 and
50 mM). This observation is also shown in Figure 2F, where the bubble coverage
of the electrode is plotted as a function of time. Notice that bubble detachment,
identified as zero bubble coverage, occurs earlier with increasing co,. When there
is no dissolved oxygen in the electrolyte (i.e., co, = 0 mM), the bubble fails to detach
from the electrode (see Figures 2E and 2F). For better visualization, Videos S1 and
S2, which cover the whole simulation time for the case with and without SSBL,
respectively, have also been provided. These results suggest that the existence of
the SSBL of dissolved oxygen facilitates bubble departure from the (photo)
electrode.

The observation above is initially surprising in view of recent reports that show that
Marangoni convection induced by concentration gradients imposes shear stress on
the bubble-electrolyte interface.?®?”*%*® The integration of this shear stress over
the entire bubble-electrolyte interface results in a stress vector toward the electrode
(i.e., opposing the bubble departure trajectory). Since other contributions to Maran-
goni effects can be ignored in our case, the Marangoni force can be written as

do

Fu = Fue = gﬁ,,mmz'%
2

dl (Equation 1)
where Fy. is the Marangoni force component induced by the concentration
gradient, l is the length of the bubble-electrolyte interface, and g is the surface ten-
sion coefficient. A closer look at the simulation results provides an explanation for
our observation. Although the average Marangoni force hinders bubble departure,
and the direction does not change with varying co, (see Figure 2H), the force distri-
bution throughout the bubble-electrolyte interface varies with different co, in the
SSBL. An example of the do/dco, distribution along the bubble-electrolyte interface
and the corresponding velocity are shown in Figure S3. This in turn results in a notice-
able change in the morphology of the bubble at the bubble-electrolyte interface
(see, e.g., bubble shape at t = 1 ms in Figures 2A-2E). Specifically, as also shown
in Figure 2F, the diameter of the bubble contact with the electrode (dcontact) be-
comes smaller. As a result, the F,; decreases according to the following

equation:***7

Fs, = mdeontacto Sin @ (Equation 2)

Here, 6 is the contact angle. Indeed, these expected trends for Fy and F; are
observed from our simulation results (see Figures 2G and 2H). These two forces
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Figure 2. Effect of supersaturations on bubble detachment

(A-E) Bubble-electrolyte interface evolution color maps at various supersaturated concentrations
of dissolved oxygen (cp,): (A) 300 mM (scale bar, 1 mm), (B) 200 mM, (C) 100 mM, (D) 50 mM, and (E)
0 mM.

(F) Bubble coverage on the (photo)electrode and diameter of the contact region vs. time for
various co,.

(G and H) Surface tension force component in the z direction (F,,) (G) and (H) the Marangoni force,
Fum, as a function of time for different co, (H). Note that Fy is not explicitly solved during our
simulation; the values are derived using Equation 1.

The insets in (F) and (G) show the magnification of the curves between 0.5 and 1 ms (as highlighted
by the gray rectangle). The bubble contact angle () is 60°, the thickness of the SSBL of dissolved
oxygen is fixed at 1 mm, and the bubble diameter is set to 1 mm.

are negative since they are in the opposite direction of the bubble departure
trajectory. Note that the contribution of Fy is already embedded inside the
simulated Fg, as deontact is affected by Fy. Therefore, the bubble detachment is
determined by a competition of the F, vs. F,. The drag force, Fy, is another force
that could prevent bubble departure (see Figure 1A). However, Fy is negligible
when the bubble growth rate is low,”**° as is the case in our simulations. F, is the
main driving force for bubble detachment, and the value is constant in our simula-
tions since bubble growth is not considered. Although Fy is not explicitly solved dur-

ing our simulation, we derive the values using Equation 1, as shown in Figure 2H.
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Since Fg, is about one order of magnitude higher than Fy, F is the dominant force
hindering bubble departure. This change in the overall force balance explains the
observation of easier bubble detachment with increasing supersaturation of oxygen
in the boundary layer.

The simulations above assume a linear gradient of the dissolved oxygen concentra-
tion in the SSBL. However, the gradient is more likely to be non-linear, as has been
reported recently.*’ We have therefore performed additional simulations with vary-
ing concentration profiles. Although the Marangoni force (Figure S4A) is modified,
Fs, remains nearly independent of the concentration profile function (see Fig-
ure S4B). In addition, Figure S4C shows the Fg, for the square root concentration pro-
file with varying dissolved oxygen concentration; the trend is similar to that of the
linear case (Figure 2G)—in other words, Fg, decreases with increasing concentration.
More important, the impact on bubble detachment is negligible, as shown by the
nearly identical profiles of bubble coverage in Figure S4D, which further confirm
that F, is indeed the dominant force preventing bubble departure. Therefore, the
following simulations consider the concentration of dissolved oxygen to be linearly
developed in the SSBL.

Next, we evaluate the impact of different thicknesses of the SSBL of dissolved oxy-
gen (6.) on the bubble detachment process. We vary 6. from 1to O mm (i.e., no SSBL),
while the concentration and the bubble contact angle are kept at 300 mM and 60°,
respectively. The simulation results are shown in Figure 3. A clear trend can be
observed: bubbles depart easier from the electrode surface with thicker 6. (see
Figures 3A-3F), consistent with the explanation provided above. The presence of
the SSBL of dissolved oxygen decreases deontact; this effect is magnified with a thicker
boundary layer, as can be seen from Figure 3G.

We briefly note that the observation that larger bubble coverage can occur for the
case of 6. = 0.2 mm vs. that for 6. = 0 mm (see t = 0-2 ms in Figures 3E-3G) is unex-
pected. To understand this, we first check the corresponding Fs;s, as shown in Fig-
ure 3H. The magnitude of Fg is higher for the case of 6. = 0.2 mm, especially after
2 ms. We then compare the value of Fy for 6. = 0.2 mm and 6. = 0 mm, as shown
in Figure S5. Although Fy is about one order of magnitude smaller than F,, the
noticeable increase in the magnitude of Fy at ~2 ms is consistent with the bubble
coverage shown in Figure 3G. The results here imply that while the presence of
SSBL generally aids bubble detachment, it is only effective if the thickness of the
boundary layer exceeds ~0.3 mm. When the thickness of SSBL is less than this value,
the morphological change in the bubble-electrolyte interface due to variation of Fy
will increase the bubble coverage and the F;, which leads to the failure of bubble
detachment. It is also interesting to note the oscillatory motion of the bubble-elec-
trolyte interface in Figures 3E-3G (also in Figures 2E and 2F), which is present
because the Fj, is not sufficient to overcome the F,, leading to the failure of bubble
detachment. An equilibrium bubble coverage value (and contact diameter) will
eventually be reached if the simulation time is extended, as shown in Figure Sé.
This extended simulation time is, however, beyond the scope of our present work,
since our model excludes mass transfer between the bubble and electrolyte; this
assumption may no longer be valid for the extended simulation time. Including O,
mass transfer through the interface in our present model is unfortunately not trivial,
and it will increase the computational cost significantly. In fact, other methods (e.g.,

)424% than the level-set method are more suitable for simu-

moving mesh method
lating such a process, especially when the morphological change of the interface

is of less interest.
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Figure 3. Effect of the thickness of the SSBL

(A-F) Bubble-electrolyte interface evolution color maps at various SSBL thicknesses of dissolved
oxygen (6.): (A) 1.0 mm (scale bar, 1 mm), (B) 0.8 mm, (C) 0.6 mm, (D) 0.4 mm, (E) 0.2 mm, and (F)
0 mm.

(G) Bubble coverage and the diameter of the contact region as a function of time for various é..
(H) Surface tension force component in the z direction (Fs,) for 6. = 0.0 and 0.2 mm. The
supersaturated concentration of dissolved oxygen is 300 mM, the bubble contact angle is 60°, and
the bubble diameter is set to 1 mm.

The impact of contact angle () is also parametrically investigated in our study, as itis
known to play a crucial role in bubble departure.**~*" Figures 4A-4C show the tem-
poral evolution of the bubble-electrolyte interface during bubble detachment for
various contact angles in the presence of the SSBL of dissolved oxygen. As the con-
tact angle is decreased from 60° to 30°, the bubble departs the electrode surface
easier. This is not surprising, since Fg, is proportional with sin 6, according to Equa-
tion 2. At the same time, a decreasing contactangle (i.e., increasing hydrophilicity of
the electrode) leads to smaller deontact; this can be seen clearly from the interface for
different contact angles at t = 1 ms in Figure 4. The smaller contact angle further
decreases the magnitude of Fg, and facilitates the bubble detachment process.
This indicates that making the surface of the electrode hydrophilic (or aerophobic)
is beneficial in terms of bubble detachment.
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Figure 4. Effect of the contact angle

(A-C) Bubble-electrolyte interface evolution plots at different times (0-5 ms) for various bubble
contact angles (6): (A) 60°, (B) 45°, and (C) 30°, in the presence of SSBL of dissolved oxygen. co, =
300 mM, 6. = 1 mm, and the bubble diameter is set to 1 mm.

(D-F) The respective plots in the absence of SSBL.

The importance of the SSBL is again emphasized by comparing the detachment with
and without the layer (Figures 4A-4C vs; Figures 4D-4F). Without the SSBL of dis-
solved oxygen, bubble detachment is hindered, especially when the bubble contact
angle is large. For 6 = 60°, the bubble fails to detach without the SSBL (Figure 4C),
whereas it detaches easily within <2 ms in the presence of the SSBL (Figure 4A).

Implication to practical device engineering

The implication of our findings to practical device engineering can now be evalu-
ated, as bubble adhesion on gas-evolving (photo)electrodes is an important chal-
lenge in many electrochemical systems. We first consider the relationship between
forced electrolyte flow and bubble departure. Introducing a shear flow over bubbles
is generally understood to induce earlier detachment and smaller departure
radii.*®*” However, in the presence of an SSBL of dissolved gas existing near the
electrode, introducing a forced electrolyte flow will decrease the thickness of this
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Figure 5. Effect of the electrolyte flow rate

(A) Thickness of the SSBL of dissolved oxygen at different electrolyte flow rates in the bulk, as
obtained from Equation 3 and the properties shown in Figure S2.

(B) The coverage of the bubble on the (photo)electrode at different electrolyte flow rates. The
bubble contact angle is set at 60°, and the diameter of the bubble is 1T mm.

SSBL. From our simulation results above (see Figure 3), this is not necessarily bene-
ficial for bubble detachment. We therefore provide a simple model to understand
how the forced electrolyte flow affects the SSBL thickness and its potential contribu-
tion to bubble detachment. Since the SSBL is analogous to the hydrodynamic
boundary layer, the relationship between the thickness of the SSBL of dissolved ox-
ygen, d., and the forced electrolyte flow rate in the bulk, U, can be estimated using

the following equation:*°

b = %Qg; DYPU, 2L (Equation 3)
Here, w0, is the kinematic viscosity of the electrolyte, Do, denotes the diffusion co-
efficient of oxygen in the electrolyte, and L is the electrode length scale. w; o, and
Do
the literature (see Figure S3).>" L is often on the order of a few centimeters, and
here, we take L = 1 cm based on the size of a typical (photo)electrode in lab-scale

, are considered to be concentration dependent based on previous reports in

devices. This relationship is then included in our bubble detachment model. We
should note that the shear stress on the bubble-electrolyte interface due to the
forced electrolyte flow is not included in our model. Therefore, our results should
not be interpreted as the competition of the SSBL vs. the forced electrolyte flow
on bubble detachment. Instead, our results illustrate the correlation of the forced
electrolyte flow rate and the 6. (Figure 5A) and the corresponding impact on bubble
detachment (Figure 5B). As shown in Figure 5, increasing Us reduces the thickness
of the SSBL, which results in longer bubble adhesion on the electrode. When U, is
>10"?m s, bubble departure is completely suppressed (at least on the timescale
of the simulation).

The results presented above illustrate that there are several competing factors that
determine how bubble detachment from the surface of an electrode is affected by
the electrolyte flow rate. At a relatively low flow rate, the presence of an SSBL likely
dominates the behavior. However, as the electrolyte flow rate increases, a more pro-
nounced shear stress, which is not included in our model, would act on the bubble-
electrolyte interface. The impact on the contact angle due to this shear stress will
become more dominant than the effect of the SSBL.? Thus, higher electrolyte flow
rate would facilitate bubble detachment, although it comes with an energetic pen-
alty as higher pumping power is required to maintain such a high flow rate. The
impact of the electrolyte flow rate on product separation should, of course, also
be considered.” Altogether, an optimum electrolyte flow rate likely exists for the
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Figure 6. Effect of bubble size

(A-C) (A) Bubble coverage, (B) the surface tension force in the z direction (Fs,), and (C) the
Marangoni force (Fuv). The contact angle of the bubble-electrolyte interface and the (photo)
electrode surface is set to 60°, the concentration of the SSBL is 300 mM, the thickness of the SSBL is
Tmm.

operation of the (photo)electrochemical reactors at which bubbles can depart easily
from the gas-evolving (photo)electrode with the assistance of the SSBL of dissolved
product and the shear stress on the bubble-electrolyte interface, with acceptable
pumping power and sufficient product separation. This is especially crucial when
considering large-scale (photo)electrochemical reactors operating for long periods
of time.

Insights from our simulation results also allow us to discuss the possible effect of
increased operating pressure on bubble detachment. Most commercial electrolyz-
ers operate at high pressure,”” " motivated by the possibility of avoiding (or
reducing) compression cost or of allowing direct utilization of the products in
high-pressure downstream processes (e.g., chemical synthesis with Hy). It has
recently been suggested that operating photoelectrochemical reactors at higher
pressure would be attractive,”” since this would mitigate some of the adverse effects
of bubble formation. At higher pressure, Henry's law dictates that the solubility of
gaseous products will increase. This will increase the concentration of dissolved
gas in the SSBL and its thickness, and it would thus facilitate bubble detachment
from the surface of the (photo)electrode (see Figure 2 and the prior discussion).
However, a higher pressure decreases the size of the bubbles.”**° The F, of these
smaller bubbles is proportional to the cube of the bubble diameter and may not
be sufficient to initiate detachment (i.e., the bubbles will continue to adhere to
the electrode). The overall impact of increased pressure operation on bubble
detachment is therefore not obvious and warrants special attention.

Using our multiphysics model, we can emulate the effect of increasing pressure by
adjusting the bubble size to smaller values. Figure 6A shows the bubble coverage
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as a function of time for these differently sized bubbles. The bubble with a diameter
of 0.8 mm detaches faster from the electrode than those with larger diameters (e.g.,
1.0 and 1.2 mm). This trend contradicts that of the F. It, however, agrees with the
trend of the F,, which points toward the electrode surface and is proportional to
the bubble coverage area. Figure 6B compares F, of these differently sized bubbles.
Note that the contact angle is fixed as 60°—in other words, the hydrophilicity of the
(photo)electrode is assumed to be independent of the change in hydrostatic pres-
sure. The assumption is reasonable, as supported by a recent experimental study
of a water-N-polytetrafluoroethylene system.>” In that study, the contact angle of
the water droplet was measured under various pressures and temperatures, and
pressure elevation up to 50 bar introduced only minor changes to the contact angle.
The magnitude of F;, increases with increasing bubble diameter, which explains how
smaller bubbles are preferred for easier detachment. Again, this observation indi-
cates that surface tension is the determining factor affecting bubble detachment
from an electrode, not the F,. Note that the Marangoni force Fy was also investi-
gated for the different bubble sizes, as shown in Figure 6C. There appears to be a
minor dependence on bubble size, especially at t close to zero, but since Fy is about
one order of magnitude smaller than F,, its impact is negligible. Overall, it can be
concluded that although the bubble diameter decreases with increasing pressure,
thereby decreasing the Fy, small-sized bubbles depart from the electrode faster
due to the smaller Fg, induced by the SSBL of dissolved gas and the smaller coverage
area. This represents a potential benefit of operating (photo)electrochemical cells at
higher pressure.

Finally, we note that our model focused on the effect of supersaturation of the dis-
solved gas on bubble detachment from planar (photo)electrodes, with the main
mechanism being a solutal Marangoni force that emerged due to the surface tension
gradient. The supersaturation of O is taken as a variable in our simulations. In prac-
tice, the supersaturation of gases during water electrolysis will be altered by various
parameters, such as hydrostatic pressure, temperature, forced electrolyte flow rate,
current density, and electrolytes. In our work, we showed how the gas supersatura-
tion can be affected by the forced electrolyte flow rate in the bulk and the corre-
sponding effect on bubble detachment. These operating parameters can be practi-
cally engineered in devices to facilitate bubble detachment. Another practical
implication of our study is in the effect of surface tension gradient to the Marangoni
effect and bubble detachment. Other than gas supersaturation, the surface tension
gradient may also be affected by the presence of, for example, the temperature
gradient during (photo)electrolysis (see the schematic in Figure 1A). This thermal ef-
fect is ignored in our work, due to relatively low current density (10-20 mA cm™2) un-
der standard solar irradiation. However, when (photo)electrochemical water split-
ting is conducted under concentrated sunlight, the current density may reach the
same order of magnitude as that in commercial water electrolyzers (i.e., 0.5-2 A
cm™2).°%°7 A "desirable” temperature gradient (i.e., facilitating bubble detachment)
could therefore be obtained by careful cell engineering.

In summary, we have developed a multiphysics model to elucidate the role of the
SSBL of dissolved oxygen on the bubble detachment from the surface of a (photo)
electrode. The model combines the Navier-Stokes equation and the level-set
method to resolve the liquid flow velocity and capture the motion of the bubble-
electrolyte interface. Convection of dissolved oxygen was also considered in the
model. Simulations using our model reveal that the SSBL plays a critical role in bub-
ble detachment. Noticeable changes in the shape of the bubbles at the bubble-elec-
trolyte interface could be observed in the presence of the SSBL, driven by the
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concentration-dependent Marangoni effect. Specifically, the concentration gradient
in the SSBL induces a gradient in surface tension (i.e., shear stress acting on the bub-
ble-electrolyte interface). This morphological change significantly affects the F,
component in the z direction, Fg,, which is the dominant force preventing bubble de-
parture from the surface of the (photo)electrode. Our simulation results show that Fs,
decreases with increasing concentration of oxygen, increasing the thickness of the
SSBL and decreasing the bubble contact angle. Based on these findings, we pro-
pose several practical engineering considerations for (photo)electrochemical de-
vices. We show that competing factors between the presence of the SSBL, shear
stress due to the forced electrolyte flow, and pumping power need to be considered
carefully as they would determine how bubble detachment from a (photo)electrode
is impacted by the electrolyte flow rate. Finally, supersaturation of the boundary
layer with dissolved oxygen is shown to significantly facilitate the detachment of
bubbles with smaller sizes due to smaller F,. This represents a potential benefit of
operating photoelectrochemical reactors at elevated pressure.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact, Fatwa F. Abdi (ffabdi@cityu.edu.hk).

Materials availability
This study did not generate new unique materials.

Data and code availability

All data reported in this paper are included in Data S1, as well as in the main text and
the supplemental information. The multiphysics model files used in this study are
available from the lead contact upon reasonable request. Any additional information
required to reanalyze the data reported in this paper is available from the lead con-
tact upon reasonable request.

Fluid dynamics

To model the physics encountered during a two-phase flow with a moving boundary,
(a gas bubble detaching from an electrode in our case), the momentum equations
need to be solved for the fluids as well as the motion of the interface. The following
continuity equation for incompressible Newtonian fluids that conserves mass was
considered:

V.U =0 (Equation 4)
where U is the velocity field. Furthermore, because the flow is incompressible, the
density of the fluid phase (p) is constant. This means that the only way to change
the mass of the computational domain (Q) is by convection, which is expressed in
the following equation.

p(z—: + (ﬁ~V)?) = —Vp+V- (;A(V? + (VU))T» + g€+ Fe (Equation 5)

Momentum conservation was solved using this Navier-Stokes equation with a sur-
face tension term. p is the pressure, ?Sa is the surface tension force, and p is the dy-
namic viscosity. The surface tension force is modeled with the continuum surface
force model.®® The left-hand side of Equation 5 contains a time-dependent term
and a convection term, while the right-hand side contains a pressure term, a viscous
dissipation term, a gravity term, and a surface tension force term.
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Level-set method

The motion of the bubble-electrolyte interface was simulated using the level-set
method, which is a technique to represent moving interfaces or boundaries using
a fixed mesh.?>*?*" The interface was represented by a certain level set or isocon-
tour of a globally defined function, the level-set function, ¢. ¢ is a smoothed signed
distance function, and its values range from O to 1. In our case, ¢ = Ois the domain of
the gas bubble, while ¢ = 1 represents the liquid phase domain. The interface is
therefore denoted by ¢ = 0.5. Both phases have significantly different densities
and viscosities, which causes a large discontinuity across the interface. To improve
the numerical robustness, a smeared Heaviside function is used.

Oforgp< — ¢
1T ¢ 1 . (7 .
H(¢) = Ftot5 sin (T) for —e<¢ <e (Equation 6)

1 for for¢ >e

The parameter e determines the thickness of the region where ¢ goes smoothly from
0to 1and is typically of the same order as the mesh element size. By default, eis con-
stant and equals half of the largest mesh size, hmax, within the domain.

The modeling interface solves the following equation to move the interface with the
velocity field T

09

Fra U-Vo = V- (€V¢ — (1 — ¢) V¢) (Equation 7)

[Vl

The terms on the left-hand side describe the (constrained) motion of the interface,
while those on the right-hand side are necessary for numerical stability. The param-
eter v determines the amount of reinitialization or stabilization of the level set func-
tion, which was individually tuned for each specific problem. A suitable value for y is
the maximum magnitude of the velocity field T.

Similarly, the density and viscosity can be written as a function of the level-set
function.

p=p+(py — p1)o (Equation 8)

po= g+ =)o (Equation 9)

where index 1 represents the part of the domain in which the level-set function is
smaller than 0.5, and index 2 denotes the region where its value is greater than 0.5.

Transport of dissolved product
The mass transport of the dissolved gas product was solved based on the theory of
diluted species,

% = — VN, = —V-(q0) (Equation 10)
where ¢ is the concentration of the dissolved product, N; is the molar flux of the dis-
solved gas, and U represents the liquid velocity, which was obtained by solving
Equation 5. An example of the liquid flow velocity can be found in Figure S7. Note
that only the convective mass transfer of the dissolved product was considered,
and the diffusion process was excluded. This assumption could be justified because
diffusion is relatively slow (compared to the convective flow rates studied here) and is
unlikely to make a considerable contribution within the simulation time in this study
(5 ms).
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Numerical treatment

The multiphysics model was solved in a fully coupled mode, using the built-in
PARDISO solver in COMSOL Multiphysics 5.6. The pressure velocity coupling was
discretized by a P1 + P1 scheme, and the level set variable was discretized with linear
elements. As a time-stepping algorithm, the generalized alpha method was used
with an automatic time-step choice. The time resolution of the results dataset was
0.05 ms. The simulations were performed on a high-performance work station (Intel
Xeon CPU E5-2650v2, 32 physical cores, 192 GB RAM). A relative tolerance of 0.005
was set as the convergence criterion. The variables and parameters used in our sim-
ulations are tabulated in Tables S1-S3.

Model and mesh independence validation

Our numerical model was validated against the volume-of-fluid-based model devel-
oped by Vachaparambil et al.”° This model has been validated by comparing against
several experimental and numerical studies (see Figures 3 and 6 of Vachaparambil
etal.”®). The comparison between our model and the model used by Vachaparambil
etal. is shown in Figure S8. The predicted evolution of the bubble-electrolyte inter-
face from our model agrees very well with the results shown by Vachaparambil et al.

The mesh independence of the present model was evaluated by solving the bubble-
electrolyte interface at 5 ms with different mesh resolutions (i.e., maximum element
size). As indicated in Figure S9A, the difference between the bubble-electrolyte
interface solved using 0.014 mm vs. 0.012 mm is marginal. However, the computa-
tion time for the more refined mesh resolution more than doubled (see Figure S9B).
Therefore, 0.014 mm was chosen as the mesh resolution in our simulations. The opti-
mized mesh for our simulation is shown in Figure S10. Note that the boundary be-
tween the two phases was used for phase initialization. After the simulation started,
the bubble-electrolyte interface evolved spatially as simulated using the level-set
method. Therefore, a refined mesh was needed for the overall domain, instead of
only refining the mesh at, for example, the contact angle region. As a reference,
the overall number of meshes is 143,187, with an average mesh quality of 0.96.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2024.102069.
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