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Gas bubble accumulation limits mass transport in porous electrodes during alkaline water electrolysis at high
current densities. Herein, synchrotron-based operando micro-CT and microstructure-resolved lattice Boltzmann
method simulations are employed to unveil how porosity and geometric structure govern hydrogen bubble
detachment and two-phase transport in alkaline water electrolysis. It is found that porous electrodes with a
rationally designed ordered pore architecture enable efficient mass transport by minimizing gas trapping and
promoting continuous electrolyte renewal. By contrast, commercial nickel foams with low porosity, despite their
larger surface area, exhibit severe gas accumulation and poor electrode utilization. Guided by these insights, we
3D-printed a highly ordered square-grid electrode and, following catalyst deposition, achieved high-efficiency
overall water splitting at 2 A cm™2 with a cell voltage of 213 V. This methodology, integrating operando micro-
CT and lattice Boltzmann method simulations, delivers much-needed design rules for gas evolving porous
electrodes and demonstrates that tuning a 3D pore architecture is critical for advanced alkaline water electrolysis.

Green hydrogen production through water electrolysis is essential for decarbonizing hard-to-abate sectors such as steel, chemicals, and heavy transport.
However, industrial-scale alkaline electrolyzers face a critical bottleneck: gas bubbles generated during operation accumulate within the porous electrodes,

blocking active sites and severely limiting mass transport at high current densities required for economic viability. Understanding how an electrode
architecture governs bubble behaviour has been hindered by the inability to visualize these dynamics in three dimensions during operation. Here, we combine

synchrotron-based operando micro-computed tomography with advanced lattice Boltzmann simulations to directly observe hydrogen bubble evolution within
porous electrodes, revealing that bubble trapping, not the surface area, is the primary performance limiter. Guided by these insights, we designed a 3D-printed
electrode with an ordered pore architecture that achieves 2 A cm ™ at 2.13 V and ambient temperature, providing a viable pathway toward ampere-level alkaline

electrolyzers. This methodology provides design rules for next-generation gas evolving electrodes and demonstrates that structural engineering is as
performance-determining as catalyst selection for efficient water splitting.

1. Introduction

particular, performances under industrial-level current densi-
ties are severely hampered due to mass transport limitations.>*

Gas evolving reactions are essential in modern electrochemical Under such conditions, the accumulation of gas bubbles on the
energy systems, such as alkaline water electrolyzers.”” In electrode surface can severely hinder mass transport and
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compromise overall system efficiency.” The rate of bubble
release influences not only interfacial mass transfer of reac-
tants, namely water at the cathode and hydroxide anions at the
anode, but also the uniformity of gas product transportation via
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architectures of porous media can facilitate effective gas and
ion transport, reduce ohmic resistance caused by gas bubble
blocking, and improve cell performance and efficiency.® More-
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facilitate efficient bubble detachment, enabling timely gas
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release during alkaline water electrolysis and stable operation
under prolonged, high-rate conditions.

To ensure smooth operation at high electrolysis rates, the
electrode’s ability to manage convective and capillary-driven
mass transport needs to be considerably improved.”'® In
particular, the electrode structure, including specific surface
area, pore density, and thickness, has a pronounced influence
on gas bubble evolution reaction efficiency, such as that of the
hydrogen evolution reaction (HER)."" Nickel foams, of highly
tunable porosity, are widely used as electrodes in alkaline water
electrolyzers due to their high electrical conductivity, mechanical
stability, and large electrochemical surface area.'? Nevertheless,
the irregular and tortuous pore network of commercial nickel
foams traps gas bubbles and disrupts electrolyte flow, thereby
reducing the effective active area and deteriorating reaction
efficiency. Electrode structure engineering has emerged as a
promising alternative to significantly improve the flow of gas
and liquid within the electrode, thereby enhancing the intrinsic
bubble removal efficiency of electrolyzers."?

Therefore, comprehensive characterization of electrode
microstructure, porosity, and gas-liquid dynamics in their real
environment is necessary to guide the design of next-generation
high-performance alkaline water electrolyzers. In this regard,
X-ray micro-computed tomography (micro-CT) is particularly
promising and has notably been used to capture water for-
mation in hydrogen fuel cells."*'> Compared with scanning
electron microscopy (SEM), which provides sub-nanometer
resolution but is confined to small fields of view, micro-CT
enables multiscale structural analysis across representative
electrode volumes.'®'” While other visualization techniques,
such as optical microscopy and neutron radiography, have also
been employed to monitor bubble behavior, these approaches
are inherently two-dimensional and cannot resolve the three-
dimensional evolution of gas bubbles within porous electrodes.'®"?
Also, the low spatial resolution of lab-based micro-CT (typically
1-10 pm) and its limited temporal resolution (on the order of
minutes) make it challenging to capture the rapid gas bubble
nucleation, growth, and transport within microscale porous net-
works in alkaline water electrolyzers.>® Therefore, the development
of design guidelines for the development of next-generation alka-
line water electrolyzers is currently challenged by the difficulty of
capturing gas bubble dynamics in three dimensions.

Herein, we propose a synchrotron-based operando micro-CT
imaging approach combined with the lattice Boltzmann
method (LBM) to guide the structural design of porous electro-
des for water electrolysis. We propose a highly ordered square-
grid architecture, characterized by even pore size distribution
and minimal hydrogen retention, to significantly enhance mass
transport during operation. After the anode is coated with NiFe-
layered double hydroxide and the cathode with Pt catalysts, the
highly ordered square electrode enabled ultra-efficient overall
water splitting in an alkaline electrolyzer, delivering a current
density of 2 A cm 2 at a cell voltage of 2.13 V and ambient
temperature. These findings underscore the value of LBM and
operando micro-CT imaging-guided methodology towards the
rational design of gas repelling electrodes and propose
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structural benchmarks for the development of next-generation
porous electrodes for alkaline water electrolyzers.

2. Results

Commercial nickel foams span a broad range of pore densities
(typically 5 to 130 ppi, pores per inch), which aligns with the
standard structural choices employed in electrolysis and electro-
catalysis research.'” These foams feature an open-cell architec-
ture composed of irregular metallic ligaments forming a random
three-dimensional network. Here, we compare the microstruc-
ture and performance of five commercial foams with different
ppi values using optical microscopy, SEM, and micro-CT (Fig. S1
to S4, SI). The pore density, described in this work as the amount
of ppi (pore per inch, i.e., the number of pores in a linear inch of
a material), greatly varies across samples (20-130 ppi), while the
beam thickness is consistently 100 pm. As a result, the porosity
of the different foams, determined by micro-CT analysis, reduces
from 55% to 27% as the number of ppi increases from 20 to 130
(Fig. S3, SI).

LBM simulations are then conducted to predict the liquid
and gas transport pathways through these foams. Segmented
micro-CT images of the nickel foams are used as the computa-
tional domain of the LBM to capture the influence of the
heterogeneity of the microstructure and achieve more accurate
predictions.>" The two-phase flow simulations are conducted by
first saturating the porous domain with gas, then removing it
by injecting liquid and observing bubble retention. This
approach captures the tendency of gas bubbles to remain
trapped within nickel foams (Fig. 1a—c).

The residual hydrogen saturation is highest for the 130 ppi
foam, followed by the 20 ppi foam (Fig. 1e). The 130 ppi foam
possesses the smallest average pore size, which restricts gas
transport and promotes gas entrapment. Meanwhile, the 20 ppi
foam exhibits the largest pore size distribution, expressed here
as the ratio of the smallest and largest pores, resulting in
irregular pore connectivity and localized gas retention
(Fig. 1f). Among the nickel foams, the 60 ppi foam provides
the most balanced combination of pore size and distribution,
yielding the lowest residual gas saturation. The properties of a
homogeneous and well-ordered pore structure (Fig. S5, SI) were
further assessed using LBM simulations, as such architectures
may offer significant advantages in gas transport performance
(Fig. 1d). The highly ordered square electrode demonstrates the
overall lowest residual hydrogen saturation compared to com-
mercial nickel foams, confirming its superior gas transport
capability and minimal gas trapping tendency. Despite having
similar pore metrics to the 60 ppi foam, the square architecture
exhibits a geometrically ordered and periodic framework, repre-
senting a highly uniform structure that is absent in
conventional foams.

Relative permeability, which characterizes the mobility of
each fluid phase within a multiphase porous system, provides
additional insights into hydrogen and water transport in the
electrodes (Fig. 1g). The highly ordered square electrode

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 LBM simulation of liquid and gas transport in the highly ordered square electrode and nickel foams with varying pore densities from segmented
micro-CT images. Simulated gas distribution in (a) 60 ppi, (b) 40 ppi, (c) 20 ppi Ni foams, and (d) highly ordered square electrode; grey denotes the
electrode substrate, and red represents the gas; (e) residual hydrogen saturation, (f) pore size ratio, and (g) relative permeability.

demonstrates the highest hydrogen permeability, further con-
firming its superior and highly efficient gas transport behavior.
Among the nickel foams, the 20 ppi sample has the highest
hydrogen permeability due to its large and open pores, whereas the
130 ppi foam exhibits the lowest because of its smaller pores. The
60 ppi foam has intermediate hydrogen permeability, consistent
with its balanced pore size and distribution. These findings high-
light the need to balance gas mobility and gas trapping tendency:
highly open structures favor gas flow but can increase residual gas
retention, while denser porous media enhance solid surface area
but suffer from both gas trapping and reduced gas permeability.
Therefore, among the foams, the 60 ppi sample represents the
optimal compromise, whereas the highly ordered square electrode
further achieves the overall best performance.

A highly ordered square-grid electrode was realized through
a 3D-printing process (Fig. S2 to S7, SI, with fabrication details
in the Methods section). The grid size and beam thickness are
fine-tuned to match those of the commercial 60 ppi nickel
foam. As the beam thickness was gradually reduced across the
printed series, the surface roughness increased (owing to
metallization and layer-stepping effects). Microstructure-
resolved LBM of the as-prepared 3D-printed highly ordered
electrode confirms its well-defined grid morphology and reveals
a very low level of residual hydrogen gas saturation. Together,
these results demonstrate that the optimally designed highly
ordered square-grid electrode possesses geometric parameters
comparable to those of conventional foams, i.e., porosity and
pore sizes, yet exhibits markedly enhanced gas transport per-
formance. While these findings are invaluable to understand
the underlying mechanism, it is equally important to validate
them using operando characterization methods.

Despite the promises of this technique, conventional lab-based
micro-CT is not capable of resolving the dynamic evolution of gas
bubbles, as the slow imaging time of the instrument leads to
significant differences over the duration of the 3D scan. As a result,
pores are either filled with electrolyte (before electrolysis) or fully

This journal is © The Royal Society of Chemistry 2026

saturated with gas (after electrolysis) (Fig. S8, SI). Herein, we
employed operando micro-CT to directly observe gas bubble evolu-
tion in porous electrodes under electrochemical operation using an
in-house custom-designed compact tubular-shaped operando alka-
line water electrolyzer (Fig. 2 and Fig. S9, SI; 4 mm inner diameter
and 5 mm outer diameter). The properties of the 60 ppi and 130 ppi
nickel foams were investigated, as these exhibit markedly different
porosities.

We first performed a rapid linear sweep voltammetry
(Fig. S10, SI) to evaluate the performance of this compact
alkaline water electrolyzer. Both the 60 ppi and 130 ppi nickel
foam electrodes exhibited stable polarization behaviour in 1 M
KOH containing 30 wt% KI, demonstrating that the cell
configuration supports reliable electrolysis performance during
simultaneous micro-CT imaging. No visible oxidation peak of
I" appeared, as the oxidation process is masked by anodic
oxygen evolution reaction (OER) overpotential at high current
densities. Furthermore, minimal heat dissipation was observed
using thermal imaging, indicating minimal electrolyte evapora-
tion (Fig. S11, SI). Therefore, all changes in the electrolyte
content are attributed to the generation of gas bubbles under
constant load.

Previous studies have employed micro-CT imaging to inves-
tigate gas-liquid-solid interactions in electrochemical systems,
including fuel cells, CO, electroreduction, water electrolysis,
and batteries.”>’ In the context of water electrolysis, gas
bubble evolution—including gas bubble formation and accu-
mulation, as well as associated evolution in porous electrodes—
has been a central topic of micro-CT imaging investigation.
However, direct time-resolved three-dimensional observation of
dynamic bubble nucleation and growth within thick porous
electrodes during active electrolysis remains challenging. Most
reported studies ex situ capture the gas bubble displacement
after a current has been applied for a long period.”> A more
direct approach is operando imaging, which captures the
dynamics of gas bubble evolution under load in real time.

Energy Environ. Sci.
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Fig. 2 Design and configuration of the operando micro-CT electrolysis cell. (a) Schematic and (b) photograph of the custom operando cell for micro-

CT imaging of gas evolution.

In this work, bubble generation and growth were captured by
continuously measuring operando micro-CT 3D tomographs
while applying a constant current density of 10 mA cm™> over
300 s at the Australian Synchrotron MCT beamline at room
temperature. The operando micro-CT measurements in this
work do not replicate large-scale industrial alkaline water
electrolysis conditions (e.g., ampere-level current density and
80 °C). Instead, they are designed to capture gas bubble
dynamics under controlled conditions and to provide insight
into the role of electrode geometry.

Each tomograph was acquired in 7 s with an exposure time
of 40 ms per projection and a voxel size of 3.6 um, using a
53.4 keV white beam at the synchrotron. A delay between each
3D tomograph was necessary to return to the original position
and reset the instrument. The operando micro-CT measure-
ments focused on the HER side, enabling the visualization of
hydrogen bubble nucleation and growth dynamics at the cath-
ode during electrolysis. This continuous electrolysis strategy
ensured that the electrode remained under steady operating
conditions rather than intermittent load cycles, which may
disrupt the gas bubble dynamics, allow for electrolyte redis-
tribution, or even cause corrosion. Importantly, within the
second-scale window of sequential scans, the reconstructed
3D images showed an incremental change in bubble morphol-
ogy. These conditions, featuring second-scale acquisition and
high resolution, enable real-time bubble imaging that is not
achievable with conventional laboratory micro-CT (Fig. S8, SI).
Therefore, realizing operando micro-CT imaging of bubble
evolution requires establishing a well-defined feasibility win-
dow through careful balancing of beam conditions, cell geo-
metry, and materials that provide sufficient attenuation
contrast between different phases, reaction rate, and electrolyte

Energy Environ. Sci.

management. Although 10 mA ¢cm > current density is lower
than the ampere-level current density of industrial systems
conditions, the fundamental bubble life cycle and gas—pore
interactions remain structurally governed and are only ampli-
fied with higher loads.*® Direct extrapolation to industrial
conditions should be made with caution; nevertheless, the
results provide novel insight into the influence of electrode
structure on bubble dynamics.

Throughout the imaging period, the voltage profile of 60 ppi
nickel foam remains steady with minor fluctuations (Fig. 3a).
The first six sequential tomograms, accompanied by segmented
micro-CT images and aligned with the corresponding timeline,
reveal the spatiotemporal evolution of hydrogen gas bubbles
within the porous electrode during electrolysis. In the initial
stage (Fig. 3a(I), open circuit), the electrode is largely wetted,
although some residual air remains trapped within the porous
structure. Upon current application (Fig. 3a(II and III)), small,
isolated bubbles begin to nucleate along internal ligament
surfaces and gradually grow. As the reaction proceeds
(Fig. 3a(IV and V)), these hydrogen bubbles coalesce into larger
gas pockets while maintaining connectivity with neighboring pore
channels. Finally, several large bubbles are observed occupying
interconnected voids (Fig. 3a(VI)), demonstrating that the well-
connected pore structure facilitates hydrogen bubble transport
and removal throughout the electrode during operation. Notably,
the relatively open-pore architecture of the 60 ppi foam promotes
dynamic bubble behaviour, where enhanced bubble coalescence
and displacement are observed—small bubbles continuously
merge into larger ones. These features contribute to the mini-
mization of gas trapping and localized mass transport resistance,
which in turn is expected to lower concentration overpotentials
and improve overall alkaline water electrolyzer efficiency.

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Operando micro-CT visualization of hydrogen gas bubble evolu-
tion during alkaline water electrolysis. (a) 60 ppi foam of the voltage—time
curve for 300 s under a current density of 10 mA cm~2 using 1 M KOH with
30% KI; red markers (I-VI) denote the six tomographic acquisition times
used for reconstruction; sequential tomographic cross-sections (panels |-
VI) capture the spatiotemporal distribution of gas (red), liquid electrolyte
(white), and solid Ni electrode (gray) after 0's, 45,495,169 s, 204 s and 292 s;
(b) 130 ppi foam of voltage—time curve for 300 s under a current density of
10 mA cm~2 using 1 M KOH with 30% KI; red markers (I-VI) denote the six
tomographic acquisition times used for reconstruction; Sequential tomo-
graphic cross-sections (panels b—g) capture the spatiotemporal distribution
of gas (red), liquid electrolyte (white), and solid Ni electrode (gray) after 0's, 7's,
48's, 97 s, 207 s and 232 s.

The operando micro-CT characterization of 130 ppi foam
(Fig. 3b) reveals different hydrogen gas bubble behavior.
Throughout the electrolysis period, numerous small hydrogen
bubbles persist within the finer pore network and neither
migrate nor coalesce. The bubbles thus remain trapped in
confined regions, forming localized gas pockets that are slow
to detach. This shows that the dense porous structure of the
130 ppi foam restricts gas transport pathways. Moreover, the
voltage profile exhibits more frequent and irregular fluctuations
in the 130 ppi foam compared to the 60 ppi foam.>® These voltage

This journal is © The Royal Society of Chemistry 2026
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oscillations indicate that trapped hydrogen bubbles intermittently
block active sites, reflecting inefficient bubble release. The inability
to evacuate hydrogen leads to local accumulation, elevated concen-
tration overpotentials, and compromised electrochemical activity.
As a result, the 130 ppi foam requires a higher operating voltage to
maintain the same current density, further confirming that ineffi-
cient gas transport increases the overall overpotential of electro-
lysis. This interpretation is further supported by the hydrogen
saturation analysis based on operando micro-CT results, which
reveals that the 60 ppi foam structure is more readily occupied
with hydrogen gas (Fig. S12, SI). This behaviour reflects more
effective gas generation, retention, and transport in the 60 ppi
foam, whereas the lower saturation observed in the 130 ppi sample
suggests hindered gas accumulation and transport due to limited
pore connectivity and higher tortuosity. Therefore, the open pore
architecture enhances gas transport and electrolysis performance.

Electrochemical measurements were then performed to
elucidate the impact of electrode porosity on overall water
electrolysis performance for both the nickel foams, highly
ordered square electrodes, and catalyst-coated square electrodes.
As shown in H-cell experiments (Fig. S13 and S14, SI), the square
electrodes exhibited higher current densities in the high current
density regime where bubble generation is more intense, owing
to their superior ability to mitigate bubble trapping and promote
efficient bubble detachment. Foams with larger pores (20 ppi)
exhibited lower intrinsic activity under low voltages, due to
reduced surface area. In contrast, the 130 ppi foam displayed
higher current densities at low voltages, accompanied by a more
pronounced nickel oxidation peak, indicating a greater active
nickel surface area, which is also corroborated by LBM simula-
tion (Fig. S15, SI). While the higher surface area endows the
130 ppi foam with superior intrinsic activity, it displays lower
current densities at higher potentials. This result suggests that
the dense structure of low-porosity nickel foam introduces severe
mass transport limitations, hindering reactant diffusion and
bubble release. The smaller pore architecture restricts electrolyte
access and promotes bubble accumulation, as predicted by LBM
simulation and experimentally observed using operando micro-
CT, thereby slowing interfacial kinetics and compromising elec-
trolysis efficiency under high-rate conditions.

We then compared the electrochemical performances of the
nickel foams with different porosities and the highly ordered
square electrodes in a membrane electrode assembly (MEA)
alkaline water electrolyzer (Fig. 4a and Fig. S16, SI). The highly
ordered square electrode outperformed all commercial foams
(Fig. 4c), delivering higher current densities at a given voltage
than commercial nickel foams (20, 60, and 130 ppi). Its square-
like, periodic pore architecture provides straight and uniform
transport channels, enables smoother bubble detachment, and
markedly reduces voltage fluctuations. The 60 ppi foam con-
sistently outperforms the 20 ppi and 130 ppi ones, which is
attributed to a trade-off between sufficient pore volume for
effective bubble detachment and adequate structural density
to maintain low electronic and ionic resistance within the
electrode and across the electrode-membrane interfaces.
Importantly, the minimal performance difference observed in

Energy Environ. Sci.
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Fig. 4 Comparative electrochemical performance of different electrode architectures. (a) Schematic illustration of the electrolyzer assembly in a square
electrode/Zirfon™/square electrode configuration; (b) time-resolved dynamic resistance responses of 60 ppi nickel foam, 130 ppi nickel foam, and highly
ordered square electrodes at 20 kHz and 100 mA cm™~2 current density; and (c) polarization curves showing current density versus voltage for alkaline
water electrolyzers using nickel foams of different ppi densities and the highly ordered square electrode. Electrolyte: 30 wt% KOH, Zirfon™ UTP 220
membrane, and ambient temperature. (d) Electrochemical impedance spectroscopy measurements of the electrolyzer equipped with a highly ordered

square electrode, 60 ppi nickel foam electrode, and 130 ppi nickel foam electrode under a current density of 200 mA cm

H-cell tests at low current densities, particularly at low cell
voltages where bubble generation and mass transport limita-
tions are negligible (Fig. S14, SI), indicates comparable intrinsic
catalytic activity among the electrodes. The pronounced advan-
tage under high current density MEA conditions, therefore,
confirms that the improvement is predominantly structural in
origin. The difficulty of bubble removal in denser foams is
further evidenced by the severe voltage fluctuations in polariza-
tion curves, which are indicative of intermittent blockage and
release of gas bubbles during electrolysis.

To decouple the effects of geometric surface area and
intrinsic catalytic activity from structural mass transport advan-
tages, we next compare the electrochemically active surface
area (ECSA) of the best-performing Ni foam (60 ppi) with that of
the square electrode using non-faradaic cyclic voltammetry
measurements conducted in the absence of gas bubbles.
Although the 60 ppi nickel foam exhibits a significantly larger
ECSA (33.9 cm?) than the highly ordered square electrode
(13.8 cm?) (Fig. S17, SI), the square-grid architecture exhibits
markedly faster gas removal and mass transport kinetics as
shown in deconvoluted polarization curves. This is consistent
with the LBM-predicted lower residual gas saturation and
higher effective permeability. As shown in Fig. S18, SI, after

Energy Environ. Sci.
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ECSA normalization, the highly ordered square electrode con-
sistently delivers higher current densities at a given voltage
compared to the 60 ppi Ni foam.

Single-frequency impedance measurements confirm the
superior gas bubble dynamics of the highly ordered square
electrode, which exhibited the smoothest ohmic resistance
profile (Fig. 4b). In contrast, the 130 ppi foam displayed more
pronounced fluctuations, reflecting hindered bubble release in
its dense, tortuous network, while the 60 ppi foam showed
more moderate oscillations. Fourier transform analysis of these
fluctuations (Fig. S19, SI) revealed that the square electrode
possessed a narrow spectral envelope, indicative of shorter
bubble residence times and more efficient detachment
dynamics.?®*?° The denser 130 ppi foam exhibited broad low-
frequency peaks (< 0.05 Hz), characteristic of prolonged bubble
accumulation, whereas the 60 ppi foam displayed weaker
amplitudes and faster relaxation. This interpretation is corro-
borated by the smaller mean spectral envelope of the square
electrode (Fig. S20, SI), signifying reduced impedance fluctua-
tions and more stable interfacial behavior.

To further elucidate the influence of the pore architecture
on mass transfer behavior, full spectra electrochemical
impedance measurements were performed under steady-state

This journal is © The Royal Society of Chemistry 2026
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electrolysis conditions ranging from 200 to 500 mA cm >
(Fig. 4d and Fig. S21, SI). The highly ordered square electrode
exhibits the lowest impedance on the full frequency range
among all samples, with a total ohmic resistance of less than
0.2 Q cm™? at a current density of 200 mA cm™?, compared to
0.75 and 0.85 Q cm™> for the 60 ppi and 130 ppi foams,
respectively. This superior performance arises from its periodic
open-lattice architecture, which minimizes bubble coverage
under reaction conditions, enhances ion conduction, and
facilitates bubble removal. In contrast, the higher resistance
observed for the 130 ppi foam can be attributed to restricted
reactant diffusion and gas accumulation within its finer pore
network, which reduces the effective surface area and compro-
mises electrolysis performance.

When further coated with nickel iron layered double hydro-
xide catalysts (NiFe-LDH) and Pt on the grid electrode as anode
and cathode,® the electrolyzer delivered excellent water-
splitting performance. At ambient temperature, it required only
2.13 V to reach 2 A cm™? (Fig. 4c). This performance not only
surpasses that of the NiFe-LDH-coated 60 ppi foam in this study
under identical conditions, but also outperforms that of most
literature-reported NiFe-LDH catalysts in alkaline water electro-
lyzers (Table S2, SI). To further understand the origin of
performance differences, the overall polarization was deconvo-
luted into ohmic, mass transport, and activation contributions
(Fig. S22, SI) for both the 60 ppi nickel foam and the highly
ordered square-grid electrodes. We find that as the current
density increases, the mass transport overpotential of the
60 ppi nickel foam increases significantly, highlighting the
severe mass transfer limitations of commercial foams at indus-
trial current densities. In contrast, the highly ordered square-
grid structure exhibits a markedly reduced mass transport
overpotential compared to that of the 60 ppi nickel foam-
based MEA. Quantitatively, the mass transport overpotential
at 2 A cm ™2 for the ordered grid is nearly zero, compared to
~0.25 V for the 60 ppi foam. Notably, at high current densities,
the activation overpotential of the ordered electrode is signifi-
cantly lower than that of the 60 ppi foam. This behavior is likely
associated with bubble-induced active-site occlusion in the
commercial foam, where accumulated gas coverage reduces
the effective operation of the ECSA and consequently increases
the apparent activation loss. In contrast, the highly ordered
electrode mitigates gas accumulation and concentration polar-
ization, while preserving a larger fraction of the electrochemi-
cally accessible surface area under load. As a result, the ordered
structure simultaneously suppresses both mass transport and
apparent activation losses, enabling more efficient gas-liquid
transport and sustained high-rate electrolysis (Notes S2, SI).

Crucially, the superiority of the highly ordered square elec-
trode does not stem from a higher intrinsic activity, but rather
from its structural advantages in mass transport, which also
makes more active sites accessible and increases the effective
activity under high loads. These results reaffirm that structural
engineering can be as performance-determining as catalyst
selection: even with identical intrinsic activity, minimizing
gas trapping directly translates into lower operating voltage
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and lower charge transfer. Although realized here via 3D
printing, the geometric design principles demonstrated in this
work can translate to more scalable manufacturing routes for
industrial alkaline water electrolysis, such as controlling
sintering,®> metal weaving or mesh stacking,*® or roll-to-roll
perforated sheet fabrication.**

Our results underscore the critical role of optimized pore
size distribution and interconnected porosity in enabling effi-
cient hydrogen evolution, minimizing concentration overpo-
tentials, and sustaining high-rate alkaline water electrolysis.
The MEA investigations further highlight that an intermediate
and highly ordered architecture provides an effective, rapid
bubble detachment, supporting efficient operation under prac-
tical cell configurations. Notably, the pronounced differences
in performance across foams with varying pore structures and
the highly ordered square electrode suggest that bubble accu-
mulation and transport within the porous network are primary
factors limiting current output and voltage stability. While
electrochemical measurements such as impedance spectra
and linear sweep voltammetry (LSV) fluctuations can indirectly
reflect bubble behavior, operando micro-CT enables direct
visualization of these dynamics in real time, while LBM simula-
tions are a critical tool to further examine the mechanism.
Synchrotron-based operando micro-CT enables direct visualiza-
tion of dynamic bubble behavior, whereas systematic compar-
isons across different electrode geometries can be efficiently
performed using LBM simulations. By combining real-time
imaging, advanced two-phase flow simulations, and perfor-
mance measurements, we gain a deeper and more mechanistic
understanding of how hydrogen gas bubbles evolve and impact
the operation of porous electrodes during water electrolysis.
Lastly, these results highlight the need to advance dynamic
micro-CT imaging toward more industrially relevant operating
regimes and a broader range of porous electrode structural
designs for various electrochemical systems.

3. Conclusion

In this work, gas bubble dynamics in nickel-based porous
electrodes for alkaline water electrolyzers are revealed using
synchrotron-based operando micro-CT combined with LBM
simulations. For the first time, high-resolution hydrogen gas
bubble evolution during electrolysis was directly visualized in
operando, revealing how the pore architecture of the electrode
governs bubble behaviour and thus the overall electrochemical
performance. The highly ordered square electrode, with its
optimized porosity and well-defined geometrical architecture,
enables efficient bubble detachment and minimized concen-
tration overpotentials, achieving superior electrochemical per-
formance at 2.13 V and 2 A cm ™2 in MEA with a 500 pm Zirfon
membrane. This highly efficient bubble removal behaviour
enhances mass transfer and allows the highly ordered electrode
to outperform state-of-the-art benchmark electrodes for alkaline
water electrolysis. Our results demonstrate that the geometric
surface area alone cannot serve as the sole design criterion for
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porous electrodes, as active sites are blocked by gas bubbles
trapped within the electrode’s porous structure, causing severe
mass transport limitations. Looking forward, these findings offer
a pathway to scale geometry-engineered electrodes for efficient
gas involving reactions.

4. Methods

4.1. Materials

4.1.1. Metal foams. Nickel foams with pore densities of 20,
40, 60, 100, and 130 per unit inch of length (ppi) and a 3 mm
thickness were purchased from Kunshan Xingzhenghong Elec-
tronic Materials Co., Ltd, China.

4.1.2. Highly ordered electrodes fabricated by 3D printing.
The highly ordered square electrodes were fabricated using direct
metal laser sintering on an EOSINT M 280 system (3DNewshape,
France). The material used was Inconel 625 powder (58% Ni,
20-23% chromium), with a particle size distribution of 15-45 pm.
The powder morphology was spherical, ensuring optimal flowabil-
ity and packing density during recoating. A laser power of 290 W, a
scan speed of 1200 mm s~ ', a hatch spacing of 0.10 mm, and a
layer thickness of 50 pm were used to achieve the desired features.
Stripe scanning with layer-by-layer rotation was used to minimize
residual stress and thermal buildup. The chamber was maintained
under high-purity nitrogen (<0.2% O,), and the baseplate was
preheated to 80 °C to reduce thermal gradients. Post-processing
included powder removal vig air blasting and ultrasonic cleaning.
The resulting 3D-printed inconel blocks have external dimensions
of 40 mm x 40 mm X 40 mm. Each 3D-printed inconel block
featured a 0.2 mm strut diameter, with unit cell spacing varying
between 0.3 mm and 0.8 mm. The blocks were subsequently
machined into thin slices (500 pm) for electrochemical testing in
alkaline water electrolyzers, and into cylindrical pellets (3 mm in
diameter and 2 mm in height) for operando cell measurements.

4.1.3. Catalyst electrodeposition. The electrochemical coat-
ing of NiFe-layered double hydroxide (NiFe-LDH) on the square
electrode as the anode was carried out following previously
reported methods.*" Specifically, a 1 x 1 cm” electrode was
immersed in an aqueous electrolyte containing equal molar
(3 mM) concentrations of Ni(NO;),-6H,0 and Fe(NO3);-9H,0.
The electrodeposition was conducted in a standard three-
electrode cell with the square electrode as the working elec-
trode, a graphite plate as the counter electrode, and an Ag/AgCl
(3 M KCl) electrode as the reference. A constant potential of
-1.0 V (vs. Ag/AgCl) was applied for 300 s at 10 °C, during which
nitrate ions were reduced to generate local hydroxide ions,
enabling the co-deposition of Ni** and Fe*" into bimetallic
hydroxide deposits on the electrode surface. The cathode was
a platinum-coated substrate, obtained by depositing a thin Pt
layer on the square electrode via sputter coating for 30 s. The
same electrodeposition parameters were applied to all sub-
strate types, including the commercial nickel foam electrodes
and the 3D-printed electrode. This ensured consistent catalyst
loading conditions and enabled a direct comparison of struc-
tural effects independent of variations in surface chemistry.
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Therefore, catalyst loading procedures and operating condi-
tions were controlled to ensure comparability across different
electrodes.

4.2. Characterization studies

4.2.1. X-ray micro-CT experiments. X-ray micro-CT imaging
was performed at the MCT beamline of the Australian Synchro-
tron. A white beam with an energy of 45.466 keV was used in
combination with a CMOS-based white beam detector. Multiple
filters were applied, including diamond (70.9 mm position,
0.2 mm thickness), aluminum (11 mm position, 5 mm thick-
ness), copper (39 mm position, 0.5 mm thickness), and palla-
dium (43.5 mm position, 0.05 mm thickness), to optimize beam
quality. Tomographic scans were acquired with a rotation step
of 0.10032°, yielding 1820 projections with an exposure time of
0.04 s per projection. In each cycle, the micro-CT system
acquired a complete 3D scan over 7 seconds, followed by a
37-second instrument reset. The field of view was 9.25 mm
(length) x 4 mm (width), with image dimensions of 2560 X
2560 x 760 voxels, corresponding to a pixel size of 3.6 um. This
setup enabled high-resolution three-dimensional reconstruc-
tion of gas-liquid distributions within the porous electrodes
during electrochemical operation. Laboratory micro-CT mea-
surements were also performed on a TESCAN CoreTOM system
(120 kv, 80 pA), requiring ~16 s per scan (74 s reset) with a
voxel size of 21 um. For image segmentation, the reconstructed
datasets were denoised using a non-local means filtering algo-
rithm, followed by multi-Otsu thresholding to separate the
different materials. All image processing was conducted using
the scikit-image library in Python.** The eight reconstructed 3D
images were further converted into a time-lapse video using
ParaView to visualize the dynamic gas-liquid evolution within
the porous electrode. Phase segmentation and quantitative
porosity calculations were performed using Avizo based on
grayscale thresholding of the segmented phases.®®

4.2.2. Scanning electron microscopy. Micrographs of the
nickel foams with different porosities and 3D-printed electro-
des with various cell spacings were captured using a scanning
electron microscope. Images showing the surface morphology
and pore structures were obtained using a Hitachi TM4000Plus
Benchtop SEM, which is equipped with a variable pressure
mode allowing imaging of conductive and non-conductive
samples without extensive sample preparation.

4.2.2. Optical microscopy. Optical micrographs of nickel
foams with different porosities and 3D-printed electrodes with
various cell spacings were captured using a stereo zoom micro-
scope (Zeiss, Axio Zoom V16) to characterize their surface
morphology and pore structures. The images were used to
examine the surface topography and structural differences
among the electrodes.

4.2.3. Electrochemical characterization. All electrochemical
measurements were carried out using a CHI760E potentiostat with
a booster. Electrochemical characterization studies were conducted
to evaluate the performance of nickel foams with varying porosities
(20 to 130 ppi) under different operating conditions (H-cells and a
self-assembled alkaline water electrolyzer). Chronopotentiometry
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and linear sweep voltammetry were performed in the custom-
designed operando electrolyzer described above. Linear sweep
voltammetry was conducted from 0 to 3 V at a scan rate of
0.1V s~ to assess overall cell resistance and performance. Linear
sweep voltammetry was conducted at a scan rate of 10 mV s *
without IR compensation. For operando micro-CT experiments, the
cell first reached equilibrium under open circuit conditions for
300 seconds. This was followed by 300 s at 10 mA cm™ >, during
which operando micro-CT imaging was performed around every
50 seconds. In this work, the current density during the reaction is
defined using the planar membrane-electrode contact area
(A ecm™ ). In addition, the current density can be normalized to a
volumetric current density (A cm™?) for the membrane electrode
assembly, adopting an electrode thickness of 500 pm.

Electrochemical impedance spectroscopy measurements
were performed on the assembled electrolyzer under steady-
state operation at current densities from 200 to 500 mA cm ™.
The frequency range spanned from 1000 kHz to 10 mHz with an
AC amplitude of 0.2 V, allowing for the evaluation of charge-
transfer resistance and mass transport characteristics.”” To
observe gas bubble dynamics during the reaction, single-
frequency impedance measurement was conducted at 20 kHz
under different HER and OER potentials, as well as whole water
splitting at different voltages with an amplitude of 0.01 V and a
sampling rate of 2 s5.*° The fast Fourier transform (FFT) of the
current spectra revealed characteristic frequency features,
where higher frequency amplitudes corresponded to faster
gas bubble evolution. The extracted FFT patterns of the
dynamic resistance variations further illustrate how the
detected gas bubble evolution is manifested during reaction
(Notes S1, SI). The electrochemical surface areas (ECSAs) of the
catalysts were estimated from the double-layer capacitance
(Ca1), measured by cyclic voltammetry at various scan rates in
the nonfaradaic region.*®

‘], = del (1)
ECSA = Cy/Cs (2)

where j, v, and C; are the double-layer charging current den-
sities, scan rates, and specific capacitance (25 pF cm?),
respectively.

4.2.4. Electrochemical cells

4.2.4.1. H-cells. A two-compartment H-cell separated by a
Zirfon™ UTP 220 membrane with a thickness of 500 pym was
first employed to evaluate the intrinsic electrocatalytic activity.
Nickel foams with various porosities (20 to 130 ppi) and highly
ordered square electrode with catalysts were tested as anodes
and cathodes in 30 wt% KOH at ambient temperature. LSV was

performed from 0 to 3 V at a scan rate of 10 mV s~ .

4.2.4.2. Self-assembled alkaline water electrolyzer. A full alkaline
water electrolyzer (electrode/Zirfon/electrode) was assembled using
membrane-electrode assemblies (MEA) with a surface area of
1 cm’. Square electrode and Ni foams with different porosities
were employed as both the anode and the cathode, and a
Zirfon™ UTP 220 membrane was used as the separator.®® All the
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Ni foams were compressed under a pressure of 20 kPa into thin
sheets with a thickness of 500 um. The MEA was sandwiched
between 75 pm-thick PTFE gaskets to ensure uniform compression
and reliable sealing. Stainless steel end plates with embedded
current collectors provided robust electrical contact and mechanical
stability. The device was operated at ambient temperature with
30 wt% KOH as the electrolyte. The electrolyte was circulated on
both the cathode and anode sides using two peristaltic pumps
(SHENCHEN, LabS3) at flow rates of 38 mL min~ ' and
19 mL min~", respectively, to account for the stoichiometric
difference in the hydrogen and oxygen evolution rates. The
capillary number in an alkaline water electrolyzer at 1 A cm™>
is on the order of 10~°, with capillary H, ~ 5.6 x 10> at the
cathode and capillary O, ~ 2.8 x 107° at the anode, which
display capillary-dominated properties. The capillary number
(Ca) is calculated using the following equation:**

_wU ] RT

= . =L 3
a ycos @’ nF P (3)

where p is the electrolyte viscosity, U is the characteristic gas
velocity, y is the gas-liquid surface tension, 0 is the contact
angle, j is the current density, n is the number of electrons, F is
the Faraday constant, R is the gas constant, T is the temperature,
and P is the pressure, under ideal conditions (30 wt% KOH,
298 K, 1 A cm™?, 0 = 45° 1 atm).

For the deconvolution of LSV curves in the MEA, the overall
cell voltage (Ecen) can be expressed as the sum of the reversible
cell potential (E,) and three main overpotentials: activation
(Mactivation), OhMIC (Hohmic), and mass transport (Hganspord, following
a typical and widely adopted methodology reported for water
electrolysis systems.39 The <onmic term was derived from the open
circuit impedance compensation results, according to:

Mohmic :j x HFR (4)

where j is the current density (A cm™?) and HFR is the
resistance (Q cm?).

The raw polarization curves were corrected for ohmic losses
to obtain the Eonmic-corrected pOtentials. From these corrected
curves, Tafel slopes were determined in the low-current-density
region and extrapolated to higher current densities to estimate
Eqctivation-

The reaction activation overpotential was characterized
using a Tafel slope (b) of LSV:

J
Nactivation = b x log (J_) (5)

0
The transport overpotential (7ransport) Was then calculated using:

ntransport = thmic-corrected - Eactivation (6)

4.2.4.3. Operando micro-CT alkaline water electrolyzer. To
enable real-time visualization of hydrogen gas bubble evolution
during electrochemical water electrolysis, a custom-designed
alkaline water electrolyzer cell was developed for synchrotron
micro-CT imaging. The cell was engineered to support operando
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gas evolving electrolysis and X-ray transparency, while remain-
ing electrochemically compatible with a standard potentiostat
system (CHI 760E) through direct connection for controlled
electrochemical operation. The cell body was constructed from
X-ray-transparent polyether ether ketone (PEEK) and featured
an aligned cylindrical reaction chamber of 4 mm inner dia-
meter and 5 mm outer diameter. A 4 mm diameter Zirfon™ UTP
220 membrane, which physically separates the anodic and
cathodic compartments while permitting ion transport, was
sandwiched between two circular 3 mm diameter Ni foam
electrodes. Graphite rods were used as current collectors,
offering excellent electrical conductivity and chemical stability
in high-corrosion environments. To enhance X-ray contrast
between hydrogen gas and electrolyte, 30 wt% KI was added
to the electrolyte (1 M KOH) as a contrast agent. This high-
iodide formulation increased X-ray attenuation in the liquid,
facilitating bubble identification and segmentation during
tomographic reconstruction. Electrical connections were estab-
lished by attaching the working electrode to the negative
terminal and the counter electrode to the positive terminal of
the potentiostat (CHI 760E). A constant current density of
10 mA cm~> was continuously applied throughout the entire
measurement process over 300 s while performing manually
controlled X-ray tomography (7 s imaging, 37 s return to initial
position). The imaging conditions were selected to resolve
bubble nucleation and transport dynamics under controlled
electrochemical operation. Thermal imaging was performed at
a current density of 10 mA cm™? for 30 seconds using a FLUKE
VTO06 infrared camera to monitor the heat release.

4.3. Lattice Boltzmann method

To model the dynamics of immiscible two-phase flow in porous
structures, we use a color-gradient-based lattice Boltzmann
framework.”® The method integrates a multi-relaxation time
(MRT) scheme for enhanced numerical stability. We adopt a
dual-lattice approach: the D3Q19 lattice handles momentum
transport, while the D3Q7 lattice is used for evolving the mass
distribution of the individual fluid components. This choice
reflects an optimization: since the stress tensor does not appear
in the scalar mass transport equation, the computationally
lighter D3Q7 scheme provides sufficient resolution without
undermining physical fidelity.*' The evolution of the distribu-
tion functions 44 and By for the respective fluid components is
governed by:

u- éq Nb

2 N

Aq(x + Eg0t, 14 01) = wqN, {1 + n- éq} 7)

u-¢ N,
B (x + &0t 1 + 3t) = wqNy {1 + cszq - ﬁNaTaan . éq} (8)

here, N, and N, are the mass densities of each component, and
¢q» Wq, and u represent the discrete lattice velocity, directional
weight, and fluid velocity, respectively. The term f controls the
sharpness of the interface, while 7 is the local normal to the
interface, derived from the color gradient.
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The momentum field evolves through the distribution func-
tion fq:

fq(xi + éth; t+ At) :fq(xia t) +.](xiv t) (9)

with the collision term J incorporating both relaxation processes
and external body forces. In all simulations, fluid flow was modeled
under capillary-dominated conditions (Ca & 10 ), with the wett-
ability of the porous medium set to a water-wet regime. This
assumption is representative of the hydrogen evolution reaction
in alkaline media, whereby hydrophobicity is critical to detach gas
bubbles for both precious metal-based and precious metal-free
electrodes.®>* While wettability can influence the absolute level of
gas retention, the relative transport trends identified in this work
are primarily governed by pore architecture. All the flow simula-
tions were conducted under comparable flow regimes, boundary
conditions, and domain sizes.

The density and viscosity ratios between liquid and gas phases
were set to 830 and 245, respectively. In lattice units, gas density =1
and relaxation time = 2. Interfacial tension was imposed via the
color gradient formulation and calibrated to a physical surface
tension of 60 mN m™". To evaluate gas trapping potential across
different porous media, a constant flux boundary condition was
employed at the inlet normal to the flow direction to enforce a fixed
injection rate. The porous domain was initially saturated with gas,
after which water was injected to displace the non-wetting gas until
residual gas saturation was achieved.

To assess the relative permeability of fluids (defined as the
ratio of effective to absolute permeability), periodic boundary
conditions were utilized to simulate the co-injection of both
phases and to minimize boundary effects. In this setup, both
fluids were initially distributed randomly within the domain.
The lattice Boltzmann method (LBM) was then employed to
evolve the fluid-fluid interfaces until a steady-state condition
was reached.

The effective permeability (k) for each fluid is determined
using the multiphase extension of Darcy’s law:

o 1t

i 1
7 (10)

where u; is the fluid’s velocity in the direction of flow, y; is its
dynamic viscosity, and Vp; denotes pressure gradient. The
subscript i refers to either the wetting phase or the non-
wetting phase.

The average flow velocity of each fluid phase is calculated
from the ratio of its total momentum P; to its total mass M;, as
given by:

(1)
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