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Proton exchange membrane-like alkaline
water electrolysis using flow-engineered
three-dimensional electrodes
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Renaud Delmelle 1, Xavier Pinon1, Grzegorz Pyka 1, Greet Kerckhofs 1,
Franz Egert 2,3, Fatemeh Razmjooei 2, Syed-Asif Ansar2,
Shigenori Mitsushima4 & Joris Proost1

For high rate water electrolysers, minimising Ohmic losses through efficient
gas bubble evacuation away from the active electrode is as important as
minimising activation losses by improving the electrode’s electrocatalytic
properties. In this work, by a combined experimental and computational fluid
dynamics (CFD) approach, we identify the topological parameters of
flow-engineered 3-D electrodes that direct their performance towards
enhanced bubble evacuation. In particular, we show that integrating Ni-based
foam electrodes into a laterally-graded bi-layer zero-gap cell configuration
allows for alkaline water electrolysis to become Proton Exchange Membrane
(PEM)-like, even when keeping a state-of-the-art Zirfon diaphragm. Detailed
CFD simulations, explicitly taking into account the entire 3-D electrode and
cell topology, show that under a forced uniform upstream electrolyte flow,
such a graded structure induces a high lateral velocity component in the
direction normal to and away from the diaphragm. This work is therefore an
invitation to start considering PEM-like cell designs for alkaline water elec-
trolysis aswell, in particular the use of square or rectangular electrodes in flow-
through type electrochemical cells.

The increasingly extreme effects of anthropogenic climate interference
necessitate urgent actions to limit the rise in global average
temperature1. To address these threats, the international community has
united for more than 3 decades under several climate agreements2–4

trying to impose a transition from fossil fuels to renewable energy
sources5. While electricity is projected to become the primary energy
carrier in a net-zero society, there are energy needs for which electricity
cannot easily or economically replace fossil fuels6. In this context,
hydrogen andhydrogen-based fuels emerge as promising alternatives to
meet specific needs6. Hydrogen exhibits remarkable flexibility, as it can
be converted to electricity through fuel cells7 or gas turbines8, and to

heat through burners9. Moreover, hydrogen can be converted to other
fuels, such as ammonia through the Haber-Bosch process10 or synthetic
kerosene through Fischer-Tropsch reactions11. As a result, hydrogen and
hydrogen-based fuels are expected to play a crucial role in transport to
power long‐haul heavy‐duty trucks6, ships12 and airplanes6. Additionally,
since most renewable energy sources generate energy intermittently,
hydrogen also offers a solution for long-term energy storage and load
balancing13,14. Furthermore, hydrogen can contribute as well to the
decarbonization of industrial sectors, like replacing coal as a reducing
agent in steel factories15 or substituting fossil fuels in the provision of
high-temperature heat as in the cement industry6.
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Water electrolysis driven by renewable electricity stands as the
most sustainable approach tohydrogenproduction16. At present, there
are two commercially available technologies: alkaline and proton
exchange membrane (PEM)17. The former presents the lowest capital
cost per kilowatt of electricity18 but suffers from the lowest hydrogen
production rate per electrode area19. PEM electrolysis can achieve
much higher production rates, but depends on scarce and expensive
electrocatalytic materials, such as iridium and platinum19. The ideal
electrolyser should combine the advantages of both systems, pre-
senting high production rates while using inexpensive and abundant
electrode materials20.

In this respect, the major novelty of the current work is that we
have been able to demonstrate that for water electrolysis, efforts in
tailoring the electrode’s topology towards enhanced bubble evacua-
tion has the potential of a similar performance improvement than
when merely optimising its electro-catalytic composition. This opens
up anewandyet largelyunexploreddegreeof freedom in thedesignof
highly performing electrodes for use in next generation high-rate
electrolysers. Since these are made to operate at ever increasing cur-
rent densities (>1.0A·cm−2), bubble removal efficiency (mass transfer)
can be expected to become as important as the electrochemical
reaction itself (electron transfer). In particular, by a combined
experimental and computational fluid dynamics (CFD) approach, we
have identified the electrode’s 3-D structural parameters that allow to
tune its performance towards enhanced bubble evacuation. We also
demonstrated that integrating such flow-engineered 3-D electrodes
into a laterally-graded cell configuration allows to significantly boost
the performance of alkaline water electrolysis up to 2 A·cm−2 at <2 V
cell voltage, even when keeping a state-of-the-art Zirfon diaphragm.
The improved performancewas shown to be the synergistic effect of 3
factors, as illustrated in Fig. 1: (1) the use of a forced high upstream
electrolyte flow in a dedicated zero-gap flow-through cell, as opposed
to the serpentine flow fields often used in the literature; (2) the inte-
gration of 3-D electrodes using a bi-layer configuration consisting of a
fine and thin foam in contact with a coarse and thick foam, the com-
bination being flow-engineered to enhance gas removal; (3) the
application of a Ni-based coating on the fine foam and its activation
into Raney Ni in both the anodic and cathodic parts, resulting in cat-
alytically highly active electrodes free of Pt group metals that are able
to maintain their activity at high current densities thanks to the
improved bubble evacuation.

We are aware thatquite a bit of prior art, both in PEM fuel cells and
electrolysers, already reported on the use of so-called 3-D porous
electrodes, including foams andmeshes21–23. However, inmost of these
configurations, thesewere rather used asporous transport layers (PTL)
only allowing for and not necessarily enhancing bubble evacuation.
Such PTL are then typically used in combination with electrocatalytic
elements like perforated plates. However, the latter rather serve as 2-D
electrodes, not as 3-Dporous electrodes, in the sense that no upstream
electrolyte flow can pass through these electrodes. In this work, we
report on theuse of aflow-throughbi-layer 3-D foamconfiguration and
demonstrate how such a configuration induces particular electrolyte
flow characteristics thanks to a pressure gradient in the direction
normal to and away from the diaphragm that allow to enhance bubble
removal.

Results and discussion
PEM-like alkaline water electrolysis using a state-of-the-art
Zirfon diaphragm
The synergy demonstrated in this work by the use of 3-D electrodes in
a flow-engineered bi-layer zero-gap cell geometry can be best under-
stood and appreciated when comparing to available literature data.
Several recent papers on alkaline water electrolysis under similar
conditions (temperature 70–80 °C, KOH concentration 24–30 wt%)
and using a Zirfon gas separator and Ni-based electrode materials are

summarised in Table 1. Note that a state-of-the-art Zirfon diaphragm
was chosen in this work in order to have the largest possible consistent
comparative data set from the literature. A further performance
improvement can be expected using our same 3-D electrode and cell
configuration but replacing the Zirfon diaphragm with more con-
ductive alkaline-based membranes19,24.

Representative polarisation curves are shown in Fig. 2 for two
upstream flow velocities for a pure Ni bi-layer (a) and a bi-layer with a
catalytic Raney Ni coating (b). The available literature range is indi-
cated as well. In order to gain more insight into the significant per-
formance enhancement that was obtained in both cases, all
polarisation curves within the literature range, which are shown in full
detail in Supplementary Fig. S1, have been fit using the following fun-
damental equation25:

Ecell = Eeq +b � log j
j0

� �
+Rtotal � j ð1Þ

with Ecell the measured cell voltage, Eeq the equilibrium cell voltage,
and j the imposed current density. The free fitting parameters in the
above equation are b, i.e. the sum of the Tafel slopes for the cathodic
and anodic reaction, the non-linear average j0 of their respective
exchange current densities, and the total Ohmic resistance Rtotal. The
latter consists of the resistance of the Zirfon diaphragm and any
remaining electrolyte resistance, potentially influenced by non-
evacuated bubbles, that is not shunted by the zero-gap configuration.
As illustrated in Supplementary Fig. S1, RZirfon can then be subtracted
out based on known data from the literature, thereby revealing the
specific contribution of non-evacuated bubbles as Rtotal - RZirfon.

All fitting results, including standard deviations, have been sum-
marised in Supplementary Table S1, and are shown as cumulative
normal distributions in Fig. 3 for the Tafel slope b (top) and Rtotal -
RZirfon (bottom), respectively. Formore details on the interpretation of
such a data representation in the form of a cumulative normal dis-
tribution, we refer to Supplementary Fig. S3 in SI. Two important
observations can be made from these graphs. First of all, the use of a
catalytic Raney Ni coating results in a significant decrease in Tafel
slope, and hence an improved electrochemical performance, as is
already well-documented in the literature. However, fitting results for
our own polarisation curves do not differ markedly from literature
data: the b-values for both our pureNi andRaneyNi bi-layers fall on the
same cumulative normal distribution as the respective literature data.
Therefore, our observed performance enhancement cannot be ascri-
bed to the use of Raney Ni alone.

Secondly, the Zirfon-corrected part of the Ohmic resistance
(Rtotal - RZirfon) for the polarisation curves obtained in this work clearly
do fall on a different cumulative normal distribution, and the obtained
values are also significantly lower than previously reported literature
values. This indicates that, although applying a Raney Ni coating is a
necessary contribution to the reported performance enhancement, it
is the lowering of the contribution of non-evacuated bubbles
to the Ohmic resistance in a zero-gap cell configuration that
allows to make the difference. This is explicitly confirmed by the fact
that, from Supplementary Table S1 and Fig. 3b, no significant differ-
ence inOhmic resistancewas observed after coating: the value ofRtot –

RZirfon at 0.35 l·min−1 and 1.60 l·min−1 was 152.3 ± 0.7mΩ·cm2 and
130.4 ± 0.5mΩ·cm2, respectively for our pure Ni foams, and
145.9 ± 0.3mΩ·cm2 and 128.4 ± 0.2mΩ·cm2, respectively for our Raney
Ni foams. We will show below through detailed CFD simulations that it
is rather the use of a flow-engineered bi-layer configuration, combined
with applying a forced upstream electrolyte flow that allows for the
enhanced bubble evacuation.

Finally, we are well aware that Anion Exchange Membrane Water
Electrolysis (AEMWE) has already been shown to provide current
densities easily surpassing 2A·cm−2 at 2 V cell voltage26. However, the
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Fig. 1 | Details of the structure and arrangement of our dedicated zero-gap
flow-through cell, using a high uniform forced upstream electrolyte flow.
a Flowandpumpingdirectionofboth anolyte and catholyte and thepositionof the
bi-layer foam electrodes. The area of the rectangular 4.5 × 9.5 cm2 Zirfon dia-
phragm exposed to the electrolyte is enclosed by dashed lines. It is larger than the
fluid domain (2 cmwidth) to prevent leakage;b integration of 3-D electrodes using
a bi-layer configuration consisting of a fine, 1.6mm thin 450 µm pore size foam in

contact with a coarse, 4mm thick 3000 µm pore size foam as porous transport
layer, the combination being flow-engineered to enhance gas removal;
c application of a Ni-based coating on the fine foam and its activation into RaneyNi
in both the anodic and cathodic parts, resulting in catalytically highly active elec-
trodes free of Pt group metals. The coating exposed surface is facing the 500 µm
thick Zirfon diaphragm.
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main novelty of the current paper is that the integration of well-known
electrocatalysts (Raney Ni) and a state-of-the-art durable gas separator
(Zirfon diaphragm) into a well-thought flow-engineered cell design
based on a laterally-graded bi-layer 3-D foam configuration has the
potential to significantly boost the performance of standard alkaline
water electrolysers towards PEM-like behaviour (even without the
need for new catalyst ormembranes). RaneyNi electrodes and a Zirfon
diaphragmwere simply considered in this paper as well-known bench-
mark components, allowing to demonstrate and isolate the effect of
the flow-engineered bi-layer cell design.

Forced uniform upstream electrolyte flow
FromFig. 2 and SupplementaryTable S1, it canbe seen that an increase
in electrolyte flow rate from the minimum to the maximum value (i.e.
from 0.35 to 1.6 l·min−1) caused a decrease of 12.0 ± 0.2% and
14.4 ± 0.5% in Ohmic resistance for the coated and the non-coated
foam, respectively. The observed effect is attributed to enhanced
bubble removal caused by the forced upstream electrolyte flow.
Before the start of hydrogen and oxygen production, both the elec-
trode surface and the electrolyte are free of bubbles. As soon as gas
evolution starts, bubbles start to nucleate and grow on the electrode
surface andpass into the electrolyte once a critical size is achieved. Any
adhering insulating bubbles decrease the electrochemically active
electrode surface (screening effect)27, while detached bubbles tend to
lower the electrolyte conductivity (voidage effect)28. An increase in
upstream flow rate (i.e. in the direction of gas evacuation) is capable of
shortening the bubble growth time and decrease its maximum size,
thereby lowering the voltage loss in traditional gap-cells29. In the case
of a zero-gap cell configuration however, Haverkort30 convincingly
showed that any effect of non-evacuated bubbles on the Ohmic
resistance is restricted to electrolyte areas that are not shunted by the
muchmore conductive 3-D electrodes. Thismay include their trapping
inside themicro-porous Zirfondiaphragmor in the small gap (typically
50–100 µm thick25) that usually remains between the Zirfon and the
electrode area facing the diaphragm (see also Fig. 1c). In particular,
ref. 30 demonstrated, both theoretically and experimentally, that the
frontal area of expanded metal electrodes, i.e. the area facing the
diaphragm, was not electrically active in a zero-gap cell using a Zirfon
separator. This was attributed to the fact that gas bubbles either enter

the separator or block the electrode surface in the region between the
electrode and the separator, hence creating a screening effect which
increases the Ohmic resistance. The fact that our Rtot – RZirfon values
are significantly lower than the literature is therefore an indication of a
much better bubble removal efficiency in our flow-engineered bilayer
zero-gap cell, not only in the interior of the 3-D electrode itself (which
in the case of zero-gap cells is not measurable via the Ohmic resis-
tance) but also in the small region remaining between the 3-D elec-
trode and the separator. Also note in Fig. 2 how the polarisation curves
at minimum flow show many irregularities, indicative of poor bubble
evacuation, while it becomes much smoother when increasing the
flow rate.

Looking first at the data for our pure Ni electrodes, their perfor-
mance clearly outperforms the ones previously reported in the lit-
erature. At a constant current density of 1.8 A·cm−2, the best result from
the literature was a cell voltage of 2.6 V24, whereas our own study
achieved a significantly lower voltage of only 2.1 V. Both studies used
2 × 2 cm2 Ni foam electrodes, but instead of using a coarse porous
transport foam as we did, ref. 24 used a serpentine-like flow plate at a
flow rate of only 0.05 l·min−1, which is 7 times lower than theminimum
flow used in our work. In terms of Zirfon corrected Ohmic resistance
(Rtotal - RZirfon), our work achieved a minimum value of 130 ± 1mΩ·cm2

for pureNi electrodes,which is lower than the lowest literature valueof
143 ± 8mΩ·cm2, reported in ref. 31 at a pressure of 30 bar. While it is
well-known that at higher pressures, the bubble size decreases thereby
reducing their contribution to the overall cell voltage, our flow-
engineered 3-D electrodes proved to be superior even under atmo-
spheric conditions.

Secondly, as to the coating effect, in ref. 19 the Ohmic resistance
doubled when going from pure Ni to Raney Ni, reaching
297 ± 5mΩ·cm2. This indicates that in that work, the use of serpentine-
like flow plates was unable to efficiently remove the higher amount of
gas bubbles produced at the Raney Ni electrodes. In ref. 32 2-D
perforated coatedRaneyNi plateswereused aselectrodes, but again in
the presence of non-optimised flow fields and a low flow rate of
0.05 l·min−1. As a result, their Ohmic resistance was 270 ± 4mΩ·cm2,
twice as high as in our work. Refs. 33,34 compared different Raney Ni-
based foams as electrodes. The electrolyte flow rate in these studies
was set at 0.45 l·min−1, but since the electrode area was 34.56 cm2,

Table. 1 | Details of cell setups reported in the literature for alkaline water electrolysis with a Zirfon separator and PGM free
electrodes

Ref. KOH
(wt.%)

Temp. (°C) Cathode Anode Flow (ml·min−1) Electrode
area (cm2)

Transport/contact
layer

This work 30% 70 Ni 450 μm foam Ni 450μm foam 350–1600 4 3000 μm Ni foam

This work 30% 70 Raney-Ni 450 μm foam Raney-Ni 450μm foam 350–1600 4 3000 μm Ni foam

32 30% 80 Raney Ni perforated plates Raney Ni perforated plates 50 25 Flow field (shape N/S)

70 5%a 80 Stainless steel expan-
ded mesh

Stainless steel expan-
ded mesh

80 10 Serpentine flow field

31 30% 80b Ni plate with channels Ni plate with channels 0.048–288 19.63 Flow field (shape N/S)

19 24% 80 Ni foam Ni perforated sheet 50 25 Flow field (shape N/S)

19 24% 80 Raney Ni perforated sheet Raney Ni perforated sheet 50 25 Flow field (shape N/S)

33,34 30% 80 Ni foam Ni foam 450 34.56 Serpentine flow field

33,34 30% 80 Raney Ni foam NiFe-LDH foam 450 34.56 Serpentine flow field

61 26% (6M) 70 Raney Ni multimesh Raney Ni multimesh Unknown 4 Knitted Ni wire

71 N/S 80 Ni foam Ni foam 100 5 Serpentine flow field

72 30% 80 Raney Ni foam NiFe-LDH foam 400 36 Ni foam

73 30% 80 Porous Raney Ni Porous NiFe-LDH 400 25 Serpentine flow field

24 26% (6M) 80 Ni foam Ni foam 50 4 Serpentine flow field

74 30% 80 Raney nickel foam NiFe-LDH foam 1000 34.56 Porous transport layer

N/S not specified
aNaOH as electrolyte
b30bar of pressure
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almost 9 times larger than in our case, this corresponds to a mere
0.05 l·min−1 as well when normalised to the same electrode area of
4 cm2. In ref. 34, the nature of the porous transport layer was not
specified, but in ref. 33 a single serpentine flow field was used. The
result was an Ohmic resistance of 300 ± 10mΩ·cm2, more than double
the value we obtained by our flow-engineered bi-layer configuration
under high upstream flow.

Based on the above comparison with literature data, we can
already conclude that the serpentine flow fields often used in the lit-
erature are not the best way to enhance bubble removal. It seems that
they have been simply adopted without further question from trans-
port studies related to fuel cells35,36. However, mass transport in fuel
cells involves the transport of gases as reactants away from the flow
field into the catalyst layer. This is fundamentally different from the
basic functioning of a water electrolyser, where the main transport
issue is the evacuation of gas bubbles as the reaction product away
from the electrode. Our own cell design and electrode configuration
also mitigate the negative effects of high electrolyte flows, most
notably the occurrence of jet-like, unstable flows due to small inlet
diameters. Instead, in our dedicated flow cell, the flow is uniformly
distributed over the entire width of the bi-layer electrode. This results
in an enhanced transport of bubbles away from the catalytic foam,
either directly to the outlet or laterally towards the coarse porous
transport foam. This will be demonstrated in the next section by both
single and 2-phase simulations that explicitly take into account the 3-D
bi-layer electrode topology.

Serpentine flow fields rather impede such a bubble extraction.
This is illustrated in Supplementary Fig. S2 by comparing its so-called
Cumulative Distribution Function (CDF) and Residence Time Dis-
tribution (RTD) function to the one for our bi-layer configuration. As to
theCDF (Supplementary Fig. S2e), it can be seen that the time required
for the fraction of tracers to reach 100% of the exit stream is sig-
nificantly lower for the flow-engineered bi-layer configuration. This
already suggests that our bi-layer configuration will lead to a faster

bubble extraction as well. The latter is confirmed by the RTD functions
in Supplementary Fig. S2d: themajor fraction of tracers leaving the cell
spend less time in our bi-layer configuration than when using the
serpentine flow field, resulting in amuch smallermean residence time.
Moreover, the RTD function of the bi-layer configuration also has a
narrower distribution, meaning that passive scalars convected by the
electrolyte flow leave the cell after having spent similar residence
times. This indicates that our bi-layer configuration also favours elec-
trolyte and bubble flow directly towards the outlet of the cell. In the
case of a serpentineflowfield, bubble extraction is rather impededdue
to back-and-forth flow circulations at the interface between the cata-
lytic region and the flow channels, as illustrated by the velocity
streamlines in Supplementary Fig. S2c,d. This not only leads to a higher
mean residence time, but also to a much broader residence time
distribution.

An important remark relates to the electrochemical methodology
that was used to extract the above-discussed data. It was based on
fitting of polarisation curves according to electrochemical Eq. (1), a
well-documented practice in the literature25 and the only available way
to consistently compare our own results to data from the literature.
However, by using Eq. (1), an important assumption wasmade, namely
that the value of the Ohmic resistance Rtot obtained from fitting can be
considered independent of current density. If we associate this value
(and therefore also the value of Rtot – RZirfon) with non-evacuated gas
bubbles, it is not unlikely that it might change (increase) upon
increasing current density, as a result of an increased gas production
rate. Therefore, we also performed Electrochemical Impedance Spec-
troscopy (EIS)measurements at 2 differentflow rates onourpureNi bi-
layers, and compared the obtained results for the high frequency
resistance at different current densities in the range 0.01–2 A·cm−2 to
the (single) value of Rtot obtained from fitting the entire polarisation
curve to Eq. (1). Results are included in SI as Supplementary Fig. S4. A
first important observation is that for both flow rates, the EIS-derived
high frequency Ohmic resistance shows very little variation with

Fig. 2 | Representative polarisation curves (not iR corrected) at 70 °C and 30
wt.% KOH for 2 electrolyte upstream flow velocities. a A pure Ni 450/3000 µm
bi-layer foam andb a bi-layer with a catalytic RaneyNi coating on the 450 µmfoam.
A structural representation of the bi-layer as obtained fromX-raymicro-computed

tomography is included within the figure. Lines are measured from cyclic vol-
tammetry, with bullet points fromgalvanostatic experiments being superimposed.
Hatched zones represent the range of literature data, for which all polarisation
curves are shown in Supplementary Fig. S1.
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imposed current density: for an electrolyte flow rate of 0.35 l·min−1 and
1.2 l·min−1, it ranges between 0.24 to 0.30Ω·cm2 and 0.23 and
0.27mΩ·cm2, respectively, with an average value of 0.26 ±0.02Ω·cm2

and 0.24 ±0.02Ω·cm2, respectively. Moreover, these average values
(with a relative error in both cases of less than 10%) are also statistically
equal to the polarisation curve-fitted values for Rtot of 0.27Ω·cm

2 and
0.24Ω·cm2, respectively, already reported in Supplementary Table S1.
Both of these findings give further confidence to the Rtot – RZirfon data
from our own polarisation curves as presented in Fig. 3b, and in the
validity of the associated conclusions related to enhanced bubble
removal. They also allow to exclude any significant contribution of
current inhomogeneities, which was estimated in ref. 25 as 0.02Ω·cm2

in the case of a perforated 2-D plate electrode, much smaller than our
reported Rtot – RZirfon values.

A related comment can be made on the magnitude of the error
bars on the Rtot – RZirfon data, as reported in Supplementary Table S1
and included in Fig. 3b as well. As to the latter, they are barely visible
for our own data set (red symbols), simply because the relative error
was always very small, much smaller than the error on the black and
blue literature data. This is an important additional observation that
can also be fully understood from the additional EIS measurements
discussed above. Indeed, the small error on our own curve fitted
Ohmic resistance data can be taken as indicative for the fact that Rtot

shows very little variation with current density, a statement which was
explicitly confirmed by EIS. Moreover, since current density is pro-
portional to bubble production rate, a current density in-dependent
value of Rtot can also be taken as indirect proof for the high bubble
removal efficiency of our own flow-engineered cell configuration.
Indeed, all bubbles generated within the catalytic foam will be driven
to the PTL and evacuated out, giving the same low value of Rtot at low
and high current density, i.e. at low and high bubble production rate.

Laterally-graded bi-layer zero-gap cell configuration
The integration of our 3-D bi-layer foam electrodes into a zero-gap cell
configuration has been optimized for enhanced bubble evacuation
with the help of both single-phase and 2-phase CFD simulations. Par-
ticular attention was given to the understanding of the dynamics of
electrolyte flow through macro-porous 3-D electrodes. Traditionally,
flow in such porous media has been simulated by averaged equations
based on the Representative Elementary Volume theory37. Progress in
computational power has nowmade it possible to tackle the problem
by explicitly describing the full topology of the porous electrode. The
latter involves the use of X-raymicro-computed tomography to obtain
high-resolution scanning data of the foam topology38–40. Based on
these scanneddata, ameshingworkflowwas then applied as described
in Supplementary Fig. S5 of the SI to obtain computationally ready
meshes for our electrode foams, similarly as in refs. 41,42. The detailed
flow characteristics are then investigated, with a particular focus on
the interface dynamics between a fine catalytic foam acting as a gas
production layer and a coarse porous transport foam (PTF) acting as a
bubble extraction layer.

In a first step, we have based our initial bi-layer configuration on
the experimental results of bubble evacuation efficiency as a function
of pore size that we already reported in previous work43. In that paper,
a drastic increase in available surface fraction, indicative of enhanced
bubble removal, was reported from 1000 µm pore sizes onwards.
Therefore, our initial bi-layer configuration consisted of a fine, high
surface 450 µmfoamas a gas production layer, combinedwith a coarse
3000 µm porous transport foam used as a bubble extraction layer. In
order to quantify the bubble extraction capability of our bi-layer
configuration, we then extracted from our simulations the y-velocity
component averaged over x-z planes for each position normal to the
diaphragm. This scalar quantity can be taken as indicative of mass
transfer in the lateral y-direction, i.e. in the direction normal to and
away from the diaphragm. Figure 4 shows that already for the single-
phase simulations, a clear velocity increase is observed as we move
towards the coarsebubble evacuation layer,withpeaks thatdependon
the local foam morphology. Its driving mechanism is the pressure
discontinuity on the interface between both foams. Indeed, the fine
450 µm catalytic foam acting as the gas production layer exhibits a
much higher flow resistance as compared to the coarse 3000 µm
porous transport foam (PTF). For example, for an inlet velocity of
0.22m·s−1, the upstreamz-velocity through the coarse PTF is 0.30m·s−1

while for the fine gas production layer it is only 0.06m·s−1. As a con-
sequence, bubbles that are producedwithin the fine catalytic foamwill
be evacuated laterally into the porous transport foam, so that the high
catalytically active surface area of the former no longer suffers from
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bubble entrapment. More details on the simulated flow-induced
pressure gradients and their relation to the expected buoyancy for-
ces have been included in SI (Supplementary Fig. S6).

The above conclusions derived from single-phase simulations are
further confirmed (and even enhanced) when considering 2-phase
flow, as shown in Fig. 4 aswell. Our 2-phasemodelling approach, which
was based on a simple mixture model with hydrodynamic dispersion,
was to start with a stagnant gas mixture inlet with different gas frac-
tions α at the interface of the catalytic foam and the diaphragm (i.e. at
distance y = 0 in Fig. 4) and then see the variations in the lateral velo-
city profiles as a function of gas fraction whenmoving in the direction
normal to the diaphragm. Three important and interrelated observa-
tions canbemadeonFig. 4when comparing these 2-phase simulations
to the single-phase ones. First of all, a significantly higher lateral
velocity is obtained for the 2-phase mixtures, in particular at y = 0, i.e.
at the interface of the diaphragm and the fine catalytic foam. This is
also the location where in our simulations the gas fraction was loca-
lised initially. Secondly, this increase in lateral velocity is correlated
with an increase in the negative direction of the lateral velocity com-
ponent in the zone neighbouring the diaphragm. This is indicative for
electrolyte flow being directed towards the diaphragm near its inter-
face. Note that in the single-phase simulations, this negative lateral
velocity component was present as well, but with a value of only
−0.0002m·s−1, and hence barely visible on the ordinate scale of Fig. 4.
Finally, the lateral velocity obtained from our simulations for 2-phase
mixtures isnow significantly higherover the entire thicknessof thefine
catalytic foam (where bubble generation is being localised) as com-
pared to the single-phase case. Inotherwords, bubble evacuation from
the catalytic foam into the coarse PTL foamcan be expected to be even
more enhanced as compared to the single-phase simulations. We
associate this enhanced lateral velocity of the 2-phase mixture with an
increased fraction of upstreaming electrolyte being sucked into the
catalytic foam, as a result of a less dense mixture situated near the
diaphragm (i.e. at y = 0 in our simulations). The latter is shown more
clearly in Fig. 5, which compares the velocity vectors for the single-
phase and 2-phase simulations (the latter for α =0.4). By looking in
detail at the entrance section of the bi-layer region (bottom figures),
we can see that for the single-phase the largest fraction of upstream

electrolyte flow deviates into the coarse 3000μm foam, while for the
2-phase simulations a significant fraction of electrolyte also enters the
fine 450 µm catalytic foam. These figures also demonstrate the
importance of performing 2-phase simulations using the explicit
topological description of the 3-D foam bilayer configuration. Indeed,
the negative lateral velocities observed in Fig. 4 are directly associated
with the local morphological details of the small pore sized catalytic
foam at the entrance section of the bi-layer region.

In a second step, our simulations then revealed that the 3000 μm
foam is a more suitable choice as PTF as compared to other available
coarse foams, such as the 2200 µmone (see Supplementary Fig. S7a in
SI). It indeed exhibits a lower resistance to the upstream flow, thus
creating a higher pressure difference between the catalytic and the
porous transport foam. At the same time, as compared to the use of a
450 µm foam in a gap-type cell without any rigid foam-based PTL
(corresponding to the “void” case in Supplementary Fig. S7a), it offers
a more rigid structure to electrically connect the electrode to the flat
bipolar plate and to press the catalytic foam against the separator,
thereby allowing to maintain the structural and geometrical
stability of our zero-gap configuration under high upstream flow
conditions. In this respect, the fact that no patterning or profiling is
needed of the flat bi-polar plates to improve the electrolyte flow dis-
tribution can be seen as another major advantage of our foam-based
bi-layer configuration.

We also simulated the flow behaviour for different PTF thick-
nesses, keeping the catalytic foam thickness fixed at 1.6mm. Since a
3000 μm sized foamwas selected as the optimal PTF, a thickness of at
least 4mm is needed in order to ensure structural stability along the
lateral y-direction with at least one pore per thickness. For thicknesses
larger than 4mm, it was found that the high upstream electrolyte flow
may generate vortical flow instabilities and recirculation zones in the
PTF. This is revealed in Supplementary Fig. S7b by the negative lateral
velocity values in the PTF near the bipolar plate, causing an unwanted
electrolyte backflow towards the catalytic foam. As a result, the PTF
thickness was kept at 4mm.

Finally, at the explicit request of one of the reviewers, we also
performed a number of flow sensitivity experiments comparing our
optimised pure Ni bi-layer foam configuration to the use of a single
450 µm foam combined with a pure Ni knitted mesh-type spacer as
PTL, as is often used in industrial-scale systems. These measurements
were done under galvanostatic conditions in 30wt.% KOH but at room
temperature. The reason is that, as already described in detail in
ref. 44, the cell temperature in our experimental set-up is precisely
controlled by the electrolyte temperature in the two separate anolyte
and catholyte reservoirs. Testing at room temperature then allows to
mimimise the risk for any unexpected convective effects due to a
possibledifference in heat transfer betweenboth cell compartments. It
also allows to have an additional reference point at zero flow (i.e. at
natural convection). In order to limit the cell voltage for these room
temperature experiments to <2.5 V, the applied current density was
limited to 0.5 A/cm2. The raw galvanostatic data are shown in SI as
Supplementary Fig. S8. A significantly better flow sensitivity can be
observed for the bi-layer foam configuration, not only from its much
more pronounced reduction in cell voltage, but also from the larger
reduction in noise when increasing the flow rate. A quantitative ana-
lysis of these data is provided in Supplementary Fig. S9a, showing that
the relative reduction in cell overpotential upon increasing the flow is
twice as high for the bi-layer foam configuration. These results are also
confirmed by the additional CFD simulation shown in Supplementary
Fig. S9b, where the lateral velocity profile in the y-direction away from
the diaphragm has been compared for both configurations. These
profiles clearly indicate that replacing the 3000 µm foam by a knitted
mesh-type spacer as PTLwill fundamentally change the flowbehaviour
in the cell. Even though the latter offers a higher lateral velocity within
the 450 µm foam itself, it can be seen that within the knittedmesh PTL
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itself, this velocity flattens off. Therefore, the lateral y-velocity away
from the diaphragm is significantly lower when considered over the
entire width of the cell. This can then be expected to result in a much
less pronounced bubble evacuation capacity when combining the
450 µm foam with a knitted mesh-type PTL.

Raney Ni coating and activation
As was already shown in Fig. 3a, the performance improvement by
applying a thermal spray coating of Raney Ni to the fine 450 µm pore
size foam was in line with existing literature data, and therefore does
not represent any real novelty as such. Nonetheless, this is the first
time that the application of such a RaneyNi coating and its subsequent
activation has been successfully demonstrated on small pore sized
foams45. Scanning Electron Micrographs (SEM) of both cathode and
anode foams before and after coating are shown in Supplementary
Fig. S9.More quantitative surface areadata have been extracted aswell
from high-resolution X-ray tomography analysis and presented in
Supplementary Fig. S10. The higher electrochemical activity of the
Raney Ni bi-layer electrodes as compared to pure Ni resulted in a sig-
nificantly lower Tafel slope: 49 ± 7mV·dec−1 vs. 180 ± 15mV·dec−1 for
Raney Ni and pure Ni, respectively. At the same time, from Supple-
mentary Table S1 and Fig. 3b, no significant difference in Ohmic
resistance was observed after coating, resulting in similar values for
Rtot – RZirfon for our pure Ni and Raney Ni foams, respectively. This
indicates that, despite its significantly increased ECSA as compared to
the pure Ni foam (more than a factor 200, cfr. Methods section) and
possibly different microstructural changes during operation, e.g.

related to a different formation mechanism of Ni-based (oxy)
hydroxides46,47, the Raney Ni coating does not affect the bubble eva-
cuation capacity of our flow-engineered bi-layer zero-gap cell
configuration.

We acknowledge that concerns may still exist as to the durability
of the Raney Ni coating, especially when used on 3-D electrodes
under forced electrolyte flow. Initial results of 500 h galvanostatic
testing are shown as SI in Supplementary Fig. S11. Although the data
show no performance loss over time, it should be acknowledged that
they were not taken on the same dedicated flow-through cell that we
used for the CV and EIS measurements. In other words, any possible
degradation effect resulting from the relatively high flow rates could
not be addressed in the current paper. Nonetheless, a dedicated lit-
erature review on the reliability of Raney Ni coatings was able to
retrieve some encouraging long-term reliability data48–50. For
instance, in ref. 48, Zirfon separators were evaluated in a zero-gap
electrolyser using plasma-sprayed Raney Ni electrodes 250 cm2 in
size. During a test period of 2800 h, an excellent electrochemical
stability was reported. As a more generic comment, we believe our
results to remain valid as well when using any other durable catalytic
3-D electrode in a flow-through bi-layer zero-gap cell configuration,
either obtained by applying a catalytic coating on a pure Ni foam, or
by using a catalytically more active Ni-alloy electrode itself (like Ni-Fe
or Ni-Cu). Although an optimal selection of the ultimate and most
durable electrocatalyst (coating) is not the core topic of our manu-
script, we can point to refs. 51–53 as a source of inspiration for any
other future work.

1.6 mm 4 mm 1.6 mm 4 mm

Fig. 5 | Velocity vectors scaled by magnitude for the single-phase (left) and
2-phase (right) simulations, the latterwitha gas fractionof 40%.The electrolyte
upstream inlet velocity was set at 0.22m·s−1, as in Fig. 4. The bottom figures are

details at the entrance section of the bi-layer region. The fine catalytic foam is on
the left, with a thickness of 1.6mm. The top figures cover the entire cell width
of 5.6mm.
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Perspectives and strategies for future alkalinewater electrolyser
developments
The performance improvement for alkaline water electrolysis
demonstrated in this work, with cell voltages less than 2 V at 2 A·cm−2,
has a number of important positive consequences for future electro-
lyser developments. First of all, it allows for a significant process
intensification, meaning less alkaline cells are needed for a given
hydrogen output. With a significantly increased power density of
2 V·2 A·cm−2 = 4W·cm−2, a 1MW electrolyser would now only require
25m2 of electrode surface, which is 5 to 10 times less than alkaline
water electrolysers producing 0.2–0.4A·cm−2 at 2 V. Moreover, with
today’s alkaline electrodes being circular with a diameter on the order
of 1m, they typically require 160–320 cells for a 1MW stack. Given that
the more compact design allowed by our flow-engineered 3-D elec-
trodes also allows for an easier pressurisation and sealing, and hence
the use of square electrodes (as is the case for PEM), a 1MW alkaline
stack would now only require 25 cells consisting of 1 × 1m2 squared
electrodes.

Obviously, the associated need to pump electrolyte at relatively
high upstream velocities uniformly over the entire electrode surface
within each cell comes at the expense of an additional energy con-
sumption. In this respect, we had confirmation from amajor industrial
player that similarly high cell-level flow rates (in l·min−1) are already
being used in their commercial 2-stack 1MW alkaline system. More-
over, as to the additional energy consumption required for pumping
the electrolyte at such high flow rates, estimations based on con-
fidential data from the same industrial player indicated that this would
only add about 1.6 kWh·kg−1 per stack. This is less than 2% of the
47.9 kWh·kg−1 electrical energy consumed by the stack for H2 pro-
duction. However, there still remains a design challenge to assure that
during scale-up these similar flow rates also result in similarly high and
uniform superficial upstream flow velocities (in m·s−1) over the entire
electrode surface. In this respect, the conversion from circular to
square electrodes (as is already the case for PEM) might open up new
electrolyte flow design pathways in alkaline water electrolyser cells
as well.

One may then also question the impact of such an increased
electrolyte flow rate on the shunt current when implementing our 3-D
bi-layer electrodes in an industrial-scale electrolyser stack. It repre-
sents the ionic current that passes through the electrolyte manifold,
hence by-passing the cells in parallel. A most recent and comprehen-
sive analysis of shunt currents has been reported by Sakas et al.54, who
considered an industrial 2-stack 3MW alkaline system, each stack
containing 163 cells operating in series at 1.9 V and 0.23 A·cm−2 in
25 wt.% KOH at 70 °C, with an electrolyte flow rate of 985 l·min−1

(i.e. 985/163 = 6.1 l·min−1 per cell). The same study also included a
detailed quantitative sensitivity analysis to various process conditions,
like electrolyte flow rate and supplied current. With respect to the
effect of increasing electrolyte flow, this was shown to result in a sig-
nificant increase in shunt current, in line with earlier literature
reports55,56. Extrapolating the data from ref. 54 for their reference flow
rate to the one that would be needed to align with the highest flow
velocity of 0.22m·s−1 thatweused at the cell level, thiswould result to a
2.2-fold increase in shunt current. On the other hand, the shunt current
can also be expected to decrease with the total current supply55. In the
case of our flow-engineered 3-D electrodes, the higher electrolyte flow
ratewas shown to allow for amuchhigher current density as compared
to the reference case used in ref. 54: 1.70A·cm−2 at 1.9 V, instead of
0.23 A·cm−2. So if the number of cells, the cell area and the cell voltage
are held constant, a 7.4-fold increase in total current can be imposed.
Extrapolating the data from ref. 54, one then obtains a 1.8-fold
reduction in shunt current. This 1.8-fold reduction in shunt current
resulting from the increased total current supply is of the same
order as the 2.2-fold increase in shunt current estimated from
the higher electrolyte flow rate. Even more interestingly, for the same

flow-induced increase in current density, one could also choose to
keep the total current constant and rather decrease the total electrode
area by decreasing the number of cells. In that case, the net effect can
be expected to be an even more significant decrease in shunt current
as a result of a decrease in its pathlength55. Since this effect is known to
scale with the square root of the number of cells57, it leads to a
(7.4)½ = 2.7-fold reduction in shunt current, thereby fully compensat-
ing for the projected 2.2- fold increase resulting from the higher
flow rate.

The technical details included in the above-citedwork of Sakas for
an industrial-scale alkaline water electrolyser also allow us to come
back to the issue of increased electrolyteflow.We already stated above
that in our own lab-scale flow-through cell, a much higher current
density was obtained: instead of 0.23 A·cm−2 at 1.9 V as cited in ref. 54,
we arrived at 1.5 A·cm−2 and 1.7 A·cm−2 at our lowest and highest
upstream electrolyte velocity of 5 and 22 cm·s−1, respectively (cfr. Fig-
ure 4). So if we now decide to keep, besides the cell voltage and the
total current, also the number of cells constant (rather than the cell
area), a decrease in cell area of a factor 1.5/0.23 = 6.5 to 1.7/0.23 = 7.4
can be realised. Since the cells referenced in ref. 54 have a diameter of
1.6 (hencea cell area of 2.0m2), the useof our bi-layer electrodeswould
allow to reduce the cell area down to 2.0/6.5 = 0.31m2 or 2.0/
7.4 = 0.27m2 at our lowest and highest upstream electrolyte velocity,
respectively. In the case of square electrodes, this then corresponds to
respectively 55*55 cm2 and 52*52 cm2. If we assume a cell thickness of
0.56 cm (as in our own cell in order to perfectly fit the bi-layer foams),
the industrially imposed electrolyte flow rate of 6.1 l·min−1 per cell
would then correspond to 6100/(60*55*0.56) = 3.3 cm·s−1, not so far
from the lowest velocity of 5 cm·s−1 that we used in our own flow-
through cell. To increase this upstream flow velocity even further in
the industrial system, one could also consider the use of rectangular
electrodes that are larger in height than inwidth. For instance, to arrive
at the same upstream value of 5 cm·s−1, this would only require a
36*84 cm2 rectangular electrode, without the need to increase the cell-
level electrolyte flow rate of 985/163 = 6.1 l·min−1 that is already being
used in industry today. As a matter of fact, the use of similarly sized
0.30m2 square or rectangular electrodes in flow-through type cells is
already quite common in other electrochemical engineering applica-
tions, as extensively reviewed in refs. 58,59.

Finally, from an economical point of view, the contribution of our
Ni-based bi-layer foam electrodes to the estimated cost per kW of
hydrogen produced is the lowest among any other electrolyser tech-
nology. This is illustrated in Supplementary Fig. S12 of the SI, where
polarisation curves for different water electrolysis technologies
expressing cell voltage as a function of current density (in A·cm−2) have
been re-considered by dividing the latter by the electrode cost (in
€·m−2). This then allows to express the cell voltage as a function of
current per € invested. On such plots, PEM electrolysers clearly come
out to be the worst as a result of the use of expensive and scarce
catalyst like Pt and Ir, resulting in an electrode cost up to 15,000 €·m−2.
Interestingly, both our pureNi and RaneyNi foam-based bi-layers,with
electrode costs estimated at about 400 and 1000 €·m−2, respectively,
economically outperformany other electrolyser technology. Their low
electrode cost is not only related to the use of Ni as electrodematerial,
but also to the high porosity (>90%) and associated decrease in elec-
trode material mass that is needed when implemented as macro-
porous 3-D foams.

In conclusion, we have shown that for next generation high rate
alkalinewater electrolysers,minimisingOhmic losses through efficient
gas bubble evacuation away from the active electrode can become as
important as minimising activation losses by improving the electro-
catalytic performance of the electrode itself. In particular, by a com-
bined experimental and computational fluid dynamics (CFD)
modelling approach, we demonstrated that integrating flow-
engineered 3-D Ni-based bi-layer foam electrodes into a laterally-
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graded zero-gap cell configuration allows the electrochemical perfor-
mance of alkaline water electrolysis to become PEM-like (2 A·cm−2 at
<2 V cell voltage), even when keeping a state-of-the-art Zirfon dia-
phragm. Under uniform high upstream electrolyte flow conditions in
the range 5–22 cm·s−1, such a graded structure was shown to induce a
high lateral velocity component in the direction normal to and away
from the diaphragm. As a result, gas bubbles, once formed on the
electrode surface, are evacuated much more efficiently, so that the
electrode surface canmaintain its high electrochemical activity even at
high current densities. Such a performance improvement allows for a
significant process intensification: a 1MW stack would now only
require 25m2 of electrode surface, which is 5–10 times less thanwhat is
needed in current alkaline water electrolysers. Moreover, the con-
tribution of our Ni-based flow-engineered 3-D electrodes to the esti-
mated cost per kW of hydrogen produced is the lowest among any
other electrolyser technology. The PEM-like performance demon-
strated in this work is therefore an invitation to start considering PEM-
like cell designs for alkalinewater electrolysers aswell, in particular the
use of squared or rectangular electrodes in flow-through type
electrochemical cells.

Methods
Electrode preparation
The 3-D electrodes were prepared by cutting 2× 2 cm2 of a pure Ni foam
(from Alantum) with a characteristic pore size of 450 µm and 3000 µm,
having a thickness of 1.6mm and 4mm, respectively. Their electro-
chemically active surface area (ECSA) was already determined in a pre-
vious publication as 42.4 ±0.5 cm2·cm−3 and 9.9 ±0.1 cm2·cm−3 43, leading
to a total active surface area in our cell of 27.1 and 15.8 cm2 for the
450 µmand 3000 µm foam, respectively. The fine foamwas then coated
using the same thermal process already reported elsewhere60. The initial
coating composition before activation was (Ni-57, Al-43) and (Ni-41, Al-
41, Mo-18) for anode and cathode respectively, Mo being added to the
cathode to improve the kinetics of the hydrogen evolution reaction61,62.
Activationwas carried out by separately immerging the electrodes into a
solution of 30wt% KOH (>85%, VWR chemicals) and 10wt% potassium-
sodium-tartrate-tetrahydrate (>99%, Carl Roth GmbH) at 80 °C during
24h. During this process, Al andMo are leached out (see Supplementary
Table S2) and what remains is a micro-porous Ni skeleton with a high
surface area. More details on the kinetics of the activation process can
be found in Supplementary Fig. S13. ECSA measurements on our Raney
Ni coated and activated 450 µm foam, according to the same procedure
already described in ref. 43, resulted in a value of 9000± 200cm2·cm−3.
Since this is more than 200 times higher than for the 450 µm
pure Ni foam, the contribution of the 3000 µmpure Ni foam to the total
ECSA of our Raney Ni bi-layer almost completely vanishes, being a
mere 0.3%.

Electrochemical testing
The electrolyte was prepared by dissolving 30wt% of potassium hydro-
xide pellets (>85%, VWR chemicals) in deionized water (18.2MΩ·cm,
Sartorius Arium 611), and always used within a few hours after prepara-
tion. The cell was prepared by stacking the following components: two
end plates with fittings for the inlet and outlet of the anolyte and cath-
olyte, respectively; two flat 2mm thick pure Ni end-plates (>99.5%, Alfa
Aesar) without any profiling or structuring as current collectors; two
4mm thick polytetrafluoroethylene electrode housings; and a 500μm
thick Zirfon Perl UTP 500diaphragm (fromAgfa). An ethylene propylene
diene monomer layer was inserted between each of these parts, and the
cell was pressed using six screws with a torque of 3N·m each to ensure
sealing. Two gear pumps (GJ-N25.FF3S.A, Micropump) were used to
control the catholyte and anolyte flow independently, the flow itself
beingmonitored by flow transmitters (Honsberg,model LABO-MID1-I/U/
F/C). In our setup, the electrolyte was heated at the reservoir level (made
of 316 l stainless steel). As a consequence, aminimum level of electrolyte

flow is needed to maintain the temperature in the cell at 70 °C. The
minimum and maximum electrolyte flow rate was 0.35 l·min−1 and
1.6 l·min−1, respectively, corresponding in our flow-through zero-gap cell
to an upstream electrolyte velocity of 0.05m·s−1 and 0.22m·s−1, respec-
tively. The electrochemical measurement protocol started with three
current scans from 0 to 8A (0 to 2A·cm−2) at 0.1 A·s−1, using a Solartron
Modulab XM potentiostat equipped with a 20A booster. These were
followed by 5min of galvanostatic testing at 0.5, 1.0, 1.5, and 2.0A·cm−2,
respectively, and then by three final consecutive current scans from 0 to
8A (0 to 2A·cm−2). There can be a difference between the measured
performance during current scans and galvanostatic measurements, as
the first is transient and the second steady63. Consequently, we verified
that both curves superimposed, justifying the use of the data from cur-
rent scans.More details about the experimental procedure are discussed
in Supplementary Fig. S14 of the supplementary information. Galvano-
static electrochemical impedance spectroscopy (EIS) measurements
were performed as well in order to have an independent determination
of the high frequency Ohmic resistance. The frequency range was set
between 10,000 and 0.1Hz with 3 points per decade for current den-
sities up to 500mA·cm−2, and between 2500 and 0.1Hzwith 3 points per
decade for current densities above 500mA·cm−2. The AC amplitude was
10% of the DC.

Electrode structural characterization
Both foam electrode samples (450μm and 3000μm) were imaged
with X-ray micro-computed tomography (µCT), using a Phoenix
Nanotom M (GE Measurement and Control Solutions, Germany)
equipped with a 180 kV/15W energy nanofocus X-ray tube and a
diamond-coated tungsten target. The acquisition and reconstruction
parameters are listed in Supplementary Table S3. All µCTdatasets were
reconstructed with the Datos|x software (GE Measurement and Con-
trol Solutions, Germany) and exported as XY slices (.tiff). Besides
micro-computed tomography, scanning electron micrographs of the
foams before and after coating were taken as well.

Computational fluid dynamics (CFD) simulations
After X-ray micro-computed tomography scanning, an initial surface
model of our foam samples was then created through the scanned
images. The resulting triangulated surface is not suited for numerical
simulations, as it has geometrical inconsistencies as well as having a
highly detailed resolution, due to the topological complexity of the
model and the inherent difficulties arising in the treatment of arbitrary
3-D surfaces. As further detailed in Supplementary Fig. S5 of the SI,
surface reconstruction is performedwith a variation of the alpha shape
algorithm64 on the tetrahedralmesh obtained by the point cloud of the
initial surface, using custom-made software based onGmsh65. The final
volume mesh is created with the snappyHexMesh utility of Open-
FOAM.Due to restrictions on the computational size (especially for the
fine 450μm foam), we choose to mesh a representative domain of the
electrode with a size of 6 × 6 × 5.6mm3. The thickness of the gas pro-
duction and porous transport foam was kept at 1.6mm and 4mm,
respectively. In a first stage, a single-phasemodel was used to simulate
the electrolyte flow within the bi-layer electrodes, using the pimple-
Foam solver to solve the incompressible Navier-Stokes equations
within the computational domain, based on the Finite VolumeMethod
implemented in OpenFOAM66. Then, in order to simulate 2-phase flow,
a mixture model formulation was used and implemented on the
driftFluxFoam solver available in OpenFOAM. This solver solves the
continuity and momentum equations for the gas-liquid mixture by
weight-averaging velocity, density and viscosity as a functionof the gas
fraction α and the properties of each phase. In the simulations, a
stagnant gas mixture inlet (considering different values of α) was
imposed at the interface of the catalytic foam and the diaphragm, with
zero drift velocity. In both single and 2-phase simulations, the
upstream inlet velocity was fixed to 0.22m·s−1, and the kinematic
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viscosity was set at 8.28·10−7 m2·s−1 for 30wt.% KOH at 70 °C67. For the
2-phase simulations, the density of hydrogen was set to 0.08 kg·m−3

and the dynamic viscosity to 0.88·10−5Pa·s.

Polarisation curve fitting
In Eq. (1) used to fit all polarisation curves, the reversible cell voltage
Eeq was estimated as68:

Eeq = E
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with T the temperature in Kelvin, R the universal gas constant
(8.3145 J·K−1·mol−1), F the Faraday constant (96,485 s·A·mol−1), P the
total pressure in bar (assumed to be equal to the atmospheric pres-
sure, 1.01325 bar), Pw the vapour pressure of the electrolyte in bar, P*

w
the vapour pressure of pure water in bar, and z is the number of
electrons exchanged during the reaction (=2). The partial and vapour
pressures under standard conditions P°H2

, P°O2
, P

�°
w and P°w are equal to

1 bar. The standardequilibriumcell voltagewasestimated as a function
of temperature by the following expression68:

E°eq = 1:5184� 1:54121 � 10�3 � T +9:523 � 10�5 � T � ln Tð Þ
+9:84 � 10�8 � T2

ð3Þ

with the temperature in Kelvin. The vapour pressures of water were
estimated using the following expressions68:

lnP*
w = 37:04� 6276 � T�1 � 3:416 � lnðTÞ ð4Þ

ln Pw =0:01621� 0:1380 �m+0:1933 �m0:5 + 1:024 � ln P*
w ð5Þ

with m the molality in mol·kg−1.
The Zirfon resistivity was estimated as25:

ρZirf on =ρs
� Nm ð6Þ

where ρs is the electrolyte resistivity inΩ·cmandNm the dimensionless
MacMullin number set at 2.82 as proposed in ref. 25. The electrolyte
resistivity was estimated according to69:

ρ�1
s = � 2:041 �M � 0:0028 �M2 + 5:332 � 10�3 �M � T

+207:2 �M � T�1 + 0:001043 �M3 � 3 � 10�7 �M2 � T2
ð7Þ

with M the molarity in mol·l−1.
Finally, the area resistance of the Zirfon diaphragm RZirfon,

expressed in Ω·cm2, can be obtained by multiplying the Zirfon Ohmic
resistivity by the thickness of the diaphragm (i.e. 0.05 cm).

Data availability
The data that support the findings of this study are available at http://
hdl.handle.net/2078.1/285920. Source data are provided with
this paper.
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