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Electrochemical Performance Enhancement of 3D Printed
Electrodes Tailored for Enhanced Gas Evacuation during

Alkaline Water Electrolysis

Fernando Rocha, Renaud Delmelle, Christos Georgiadis, and Joris Proost*

A zero-gap cell with porous electrodes is a promising configuration for alkaline
water electrolysis. However, gas evacuation becomes a challenge in that case,
as bubbles can get trapped within the electrode’s 3D structure. This work
considers a number of 3D printed electrode geometries with so-called triply
periodic minimal surfaces (TPMS). The latter is a mathematically defined
structure that repeats itself in three dimensions with zero mean curvature, and
can therefore be expected to be particularly well-suited to enhance gas evacu-
ation. Another advantage as compared to other state-of-the-art 3D electrodes
like foams or felts lies in the fact that their porosity, which determines the
available surface area, and their pore size or flow channel dimensions, which
determines the degree of bubble entrapment, can be varied independently.

By a combined experimental and modeling approach, this work then identi-
fies the structural parameters that direct the performance of such 3D printed
TPMS geometries toward enhanced gas evacuation. It is demonstrated that
an optimal combination of these parameters allows, under a forced electrolyte
flow, for a reduction in cell overpotential of more than 20%. This indicates that
efforts in optimizing the electrode’s geometry can give a similar electrochem-
ical performance enhancement as optimizing its electro-catalytic composition.

This promising method allows not only to
decarbonize the current hydrogen produc-
tion but to decarbonize other industries
as well since the carbon-free electrolytic
hydrogen (or derivatives) can replace fossil
fuels in the transport and heating sectors
as well. As a consequence, the International
Energy Agency estimates a 140% growth in
hydrogen demand by 2030, with water elec-
trolysis being responsible for almost 40% of
the total production.!

There are three main water electrolysis
technologies. The most mature one is
alkaline water electrolysis (AWE), with a
market share of =60%, followed by proton
exchange membrane water -electrolysis
(=30% market share), and solid oxide
water electrolysis."? Besides being the
most mature method, AWE also has the
lowest capital cost (€/kW) at a given power
input,l¥l since it uses abundant and inex-
pensive materials.[l

1. Introduction

In 2020, 88.5 Mt of hydrogen were produced worldwide for dif-
ferent industrial applications: 42% for oil refining, 38% for
ammonia production, 15% for methanol, and 5% for direct
reduced iron. Unfortunately, 99.4% of this hydrogen was produced
from fossil fuels, resulting in the emission of 900 Mt of carbon
dioxide.! One of the strategies to decarbonize this industry is to
produce hydrogen by water electrolysis using renewable electricity.
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The state-of-the-art AWE cell configura-
tion is a zero-gap assembly. In this con-
figuration, the electrodes, in general 2D

electrodes such as perforated plates, expanded metals, or meshes,
are pressed against a separator with a thickness on the order
of hundreds of micrometers.’! Recently, 3D electrode geom-
etries such as foams and felts have been used with promising
results, %! especially when a forced electrolytic flow is imposed.”!
However, due to the stochastic nature of these geometries, gas
removal may not be optimal. As an example, Kou et al. observed
an enhancement in gas evacuation when replacing foams with
periodic 3D structures.!®!

An important method to build tailored 3D periodic metallic
structures is additive manufacturing using laser beam melting
(LBM), also known as selective laser melting (SLM).) In this
process, a thin layer of powder is deposited over a substrate
plate or on the previously deposited layer and a laser beam
melts the powder particles selectively. To avoid oxygen contami-
nation, the process is done in a closed chamber containing an
inert gas.'l With the almost unlimited possible geometries that
it allows to fabricate, it is important to find generic guidelines
as to what kind of structure presents the best electrolytic perfor-
mance in view of enhanced gas removal.

Recently, a study of membrane distillation for desalination has
successfully shown that 3D printed spacers can enhance heat
and mass transfer and reduce the formation of dead zones.'!

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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The novelty of that work was the use of mathematically devel-
oped triply periodic minimal surfaces (TPMS) as feed spacers.
A TPMS is a mathematically defined structure that repeats
itself in three dimensions with zero mean curvature.'? Later,
these spacers were tested for reverse osmosis and ultrafiltration,
showing not only an enhancement in the mass transfer but also
a reduction in fouling when compared with commercial stochas-
tically structured spacers.’¥l Following these observations, the
present study aims at the analysis of different TPMS electrode
geometries for AWE in view of enhanced gas evacuation. Three
geometries were studied: Gyroid, Fischer-Koch, and Schwarz.
They are described by the following structural equations:
Gyroid

t= cos(g-x)-sin(g~y)+cos(g-y)~sin(g-z)+ cos(g-z)~sin(g-x) 1)
Fischer—Koch

t=cos(2-g-x)-cos(g-z)-sin(g-y)+cos(g-x)-cos(2-g-y)-sin(g-z)
+cos(g-y)-cos(2-g-z)-sin(g-x) (2

Schwarz

t=sin(g-z)-sin(g-x)—0.4-sin(1.2-g-y)-cos(g-z)-cos(g-x)  (3)
with

2.1

g=" “

In these equations, the lattice size L determines the perio-
dicity and the parameter t is directly related to the porosity, as
will be further illustrated below. It is already worth noticing that
while Gyroidal and Fischer—Koch type electrodes have the same
symmetry in all directions, Schwarz-shaped electrodes have a
different symmetry for the vertical (y) direction. An example of
each of these three geometries is shown in Figure 1. For the
experiments, the electrolyte will be forced to flow vertically, par-
allel to the channels inside the Schwarz structure.

Figure 2 illustrates the effect of the parameters L and t on
the final electrode geometry for a Gyroidal structure. A lattice

Gyroid

Fischer-Koc
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size (L) of 4 mm means that the structure repeats itself every
4 mm in all directions. Hence, the lower the L, the higher the
surface area. When increasing ¢, the strut size is reduced and
consequently, the void fraction or porosity is raised. The exact
mathematical relations between surface area and lattice size L,
and between void fraction and t are shown in Figures Sla and
S1b, Supporting Information, respectively. Also note that for
Gyroids and Fischer—Koch structures, multiplying the void frac-
tion ¢ by the lattice size L gives strut size s = L- ¢. For Schwarz
structures, this is valid only for the channel strut size, but not
for the small struts connecting the channels.

The structures shown in Figure 2a have the same t parameter,
corresponding to the same porosity of 70%. However, since they
have different periodicities (L = 1 and 6 mm, respectively), they
also have different strut sizes (0.3 and 1.8 mm, respectively)
and different specific surface areas (29.8 and 6.1 cm? cm™,
respectively). The structures shown in Figure 2b have the same
periodicity of 4 mm, but a different t parameter (0 and 0.8,
respectively). As a consequence, not only the strut sizes are
different (2 and 0.9 mm, respectively), but also the porosities
(50 to 77%, respectively) and the specific surface area (10.0 and
79 cm? cm, respectively). Since bubble entrapment and gas
evacuation can be expected to vary according to both parameters,
we have chosen for our experimental campaign a systematic set
of TPMS structures and parameters, shown in Table 1.

The main objective of this paper is first of all to demonstrate
the performance enhancement of using such 3D printed elec-
trodes during AWE, and second to link this enhancement to the
underlying variations in structural geometry by assessing gas
evacuation under forced electrolyte flow conditions.

2. Results and Discussion

2.1. Geometrical and Structural Characterization of 3D Printed
TPMS Electrodes

Results for all geometrical (electrochemical active surface area

[ECSA]) and structural (porosity) measurements have been
included in Table 1, and are summarized in Figure 3 as well.

Schwarz CLP

Figure 1. Examples of triply periodic minimal surfaces (TPMS) geometries. All of them contain a lattice size L of 8 mm and a t parameter of 0.26.

Arrows indicate the direction of forced electrolytic flow.
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Figure 2. Gyroidal electrode geometries with different structural parameters: a) L=1and 6 mm att=0.6; b) t=0and 0.8 at L =4 mm.

Porosity was lower than expected for all the cases, mainly due
to the thickening of the strut, inherent from the LBM pro-
cess. Briefly, when the laser beam is scanning a strut, the sur-
rounding powder heats up due to thermal diffusion, enlarging
the melting pool and thickening the strut.™ It is shown that,
generally, the deviation from the expected value is higher for
lower expected porosities. Concerning the surface area, the
measured value is always higher than the theoretical one. This
is an expected result, since the theoretical value considers a
perfectly flat surface, not accounting for the roughness. It is
intrinsic to SLM that unmelted particles coming from the
initial metallic powder adhere to the surface, increasing sur-
face area (Figure S3, Supporting Information). This happens
because there is partial melting of boundary particles and also
an important thermal diffusion between solidified metal under-
neath and loose particles due to the big difference in tempera-
ture.l™) Strategies to remove powder particles attached to the
surface include mechanical milling and/or polishing,'%! electro-
chemical polishing,”l and a combination of abrasion and elec-
trochemical polishing.® The roughness factor (ratio between

real surface and completely flat one) decreases with surface
area, starting at 6 and going to 3, with 4 being the average
value for our 3D printed structures. Regarding strut porosity,
values were in the range of 0.5-1.6%, which is in agreement
with the literature. To illustrate, another study found porosities
between 0.01% and 1.73% for SLM-printed Inconel 625 struc-
tures, depending on strut diameter (200-1000 um) and angle
(20-90°).1°1 The exception here is the Gyroid-shaped electrode
with L = 2 mm and t = 0.8, with a strut porosity of 6%. This
difference may be related to printing parameters such as laser
power (P), beam diameter (S), and scanning speed (V). A study
shows that low volume energy density (P/[S-V]) is related to
high porosities of up to 7%.12%

2.2. Electrochemical Performance of 3D Printed TPMS Electrodes
Polarization curves have been summarized in Figure 4 for two

series of structures with similar measured ECSA values, both
at natural convection (left) and forced electrolytic flow (right).

Table 1. Structural and geometrical characteristics of selected 3D printed triply periodic minimal surface (TPMS) electrodes.

TPMS type L [mm] t Theoretical [measured] porosity [%] Theoretical [measured ECSA] area [cm?] Measured strut porosity [%]
Gyroid 2 0.80 77 (67 £1) 46.9 (173.5) 6+2
2 0 50 (43£1) 56.9 (225.4) 12402
4 0 50 (46 + 1) 32.0 (160.6) 1.6+0.1
4 1.20 90 (86 1) 16.6 (95.9) 0.92+0.01
Schwarz 2 0.18 61 (51£1) 55.8 (169.1) 0.90 £0.06
4 0.18 61 (57£1) 29.5 (115.2) 0.8+0.2
4 0.26 66 (62 1) 27.6 (98.7) 073+0.03
Fischer—Koch 2 0 50 (35%1) 95.4 (288.5) 14+04
4 0 50 (44+1) 50.8 (191.8) 0.74+0.02
8 0.70 86 (84+1) 18.1 (85.9) 0.5+0.5
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Figure 3. a) Measured porosity as a function of expected porosity. b) Electrochemical active surface area as a function of theoretical surface area.
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Figure 4. Evolution of cell voltage versus current for structures with an ECSA of 100 cm? at a) natural convection and b) forced flow, and for structures
with an ECSA of 175 cm? at c) natural convection and d) at forced flow.
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Figure 5. Evolution of the cell voltage versus electrochemical current density for structures with an ECSA of 100 cm? at a) natural convection and
b) forced flow, and for structures with an ECSA of 175 cm? at c) natural convection and d) at forced flow.

It is shown that for all electrodes, the presence of a forced flow
caused an increase in electrochemical performance. This is
mainly due to bubble removal and confirms previous results
on foam-shaped electrodes.”! Furthermore, at natural convec-
tion, an increase in ECSA from around 100 cm? (Figure 4a) to
around 175 cm? (Figure 4c) caused an important increase in
performance only for the Gyroid-shaped electrode. For Schwarz
and Fischer—Koch, the increase in surface area came along with
an equal increase in bubble entrapment. In other words, there
was no benefit in increasing the surface area because the excess
surface was covered by gas bubbles. It is interesting to observe
for these two electrodes at natural convection and ECSA near
175 c¢m? that the upward and downward current scans differ
from one another and both present instabilities/variations. This
is a result of bubbles being created and leaving the surface,
altering the active surface area by its removal. The fact that this
was observed for the same electrodes that did not present a
performance enhancement when increasing the surface area con-
firms that bubble entrapment is a dominant factor in this case.
The situation is different, however, at forced flow. At this condi-
tion, an increase in ECSA caused an increase in performance for
all the structures. This result shows the relevance of forcing the
electrolyte to circulate and remove gas from inside 3D electrodes,
allowing the use of a higher percentage of the metallic surface.

Adv. Energy Mater. 2022, 2203087 2203087 (5 of 9)

Besides the global electrochemical behavior (cell voltage vs
total current), it is important to have a closer look at the effect
of bubble entrapment. Since water electrolysis is a heteroge-
neous reaction and surface matters, the polarization curves
were therefore normalized by the surface area, as shown
in Figure 5. Without the presence of bubbles, all the curves
should superpose, as the electrode material is the same. The
onset of all polarization curves is indeed the same (near 1.7 V),
showing that the 3D printed electrodes have the same intrinsic
electrocatalytic activity. However, the normalized polarization
curves do not superpose, as shown in Figure 5. As a conse-
quence, there is a difference in bubble evacuation for these
structures. A forced flow helps to get rid of bubbles, decreasing
the bubble coverage and therefore increasing the available sur-
face area. Nevertheless, this effect is not always the same for
all structures. For the series at 100 cm?, they have a similar
starting point at natural convection and different curves when
a flow is imposed, showing different flow sensitivities. When
analyzing structures with a measured surface area (ECSA) of
175 cm?, a lower current density is observed when compared
to the ones obtained for structures with a measured surface
area of 100 cm?, as a consequence of a higher bubble entrap-
ment. In summary, an increase in ECSA usually comes along
with an increase in bubble entrapment. What allows to fully

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 6. Electrochemical current density as a function of surface area at
a constant voltage of 2.6 V.

benefit from the higher surface area is the forced electrolyte
flow. This promotes bubble release, thereby making the whole
surface area available again for reaction so that it approaches its
intrinsic ECSA value.

In this respect, some general trends are shown in Figure 6.
At a constant cell voltage of 2.6 V, it is shown that the current

electrode
region

www.advenergymat.de

density increases with the flow as a consequence of gas removal.
An alternative way of seeing this effect is to look at the Ohmic
resistance (dV/dA). The advantage of this method is that it does
not depend on the cell voltage or current chosen. Flow caused a
reduction of at least 30% in Ohmic resistance when going from
natural convection to a vertical velocity of 0.36 m s~! for most of
the electrode geometries. Furthermore, as the ECSA increases,
there is a decrease in current density as a consequence of a
higher bubble coverage. Finally, the curves for natural convec-
tion and forced flow seem to be diverging with ECSA, meaning
that flow sensitivity is higher at higher surface areas.

2.3. Simulation of Electrolyte Flow inside 3D Printed TPMS
Electrodes

Looking at the results from the CFD simulations (Figure 7), it
is shown that the different electrode geometries create different
flow patterns, and that these patterns can be related to the
pressure drop along the flow direction (Figure S5, Supporting
Information). Structures such as Gyroids and Fischer—Koch,
with the same symmetry in all directions, cause flow mixing
in the lateral direction and therefore an increase in pressure
drop at constant vertical velocity. This mixing can be benefi-
cial for processes such as desalination, where water needs to
cross a separator and mixing in a flow-by cell can deviate the
flow and force it against the separator, improving the mass
transport. However, in the case of water electrolysis, the main
objective is to get rid of bubbles as fast and as effectively as pos-
sible. As a consequence, lateral mixing may promote the coa-
lescence of bubbles. For this case, structures able to channel
the flow and reduce pressure drop will be privileged. Since the
Schwarz geometry presents a different symmetry for one axis,
it can guide the flow in the vertical direction, reducing pressure
drop. The flow rate imposed during the experiments was in

eloci
i

1.4

12

Figure 7. Velocity streamlines for structures with the same theoretical surface area (32 cm?) and porosity (61%): a) Schwarz: L =4 and t =0.18; b) Gyroid:

L =3.94 and t = 0.34; c) Fischer—Koch: L = 6.5 and t = 0.25.
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the range of 0.4-1.8 L min™!, representing a Reynolds number
between 50 and 1600, depending on the structure. For a flow
inside a pipe, normally a Reynolds number close to 2000 is
considered to be the transition value between laminar and tur-
bulent regime.?!! Even though the transition Reynolds value
is unknown for TPMS geometries, it is reasonable to estimate
that at a Reynolds number below 1600 the flow is at a laminar
regime. At laminar flow, there are different regimes defined
by their governing equations: Darcy, weak inertia, and Forch-
heimer (strong inertia). The latter was used for Re >>1, which
happens to be the case for the flow inside the analyzed struc-
tures.??2l Applying the Forchheimer equation (Equation (8))
to the plot shown in Figure S5, Supporting Information, the
obtained permeability values for Schwarz, Gyroid, and Fischer—
Koch are 0.08, 0.026, and 0.027 m?. For the friction factor, the
estimated values are 4.1, 16.9, and 19.3, respectively. In other
words, for structures with the same surface area (32 cm?) and
porosity (61%), there are intrinsic differences due to the differ-
ences in geometries. Schwarz intrinsically has a permeability
that is about three times higher than the two others and a fric-
tion factor about four to five times lower. This is a consequence
of the flow channeling. Between Gyroids and Fischer—Koch,
they both cause flow mixing in the x—z plane but even if perme-
abilities values are close, the friction factor is about 15% higher
for Fischer—Koch. This analysis covers intrinsic properties
when comparing structures with same surface and porosity,
but different geometries. Nevertheless, these properties depend
on the chosen periodicity (L) and t factor, consequently, they
should be analyzed carefully case by case.

2.4. Electrochemical Performance of 3D Printed TPMS
Electrodes as a Function of Electrolyte Flow

Flow sensitivity at the highest production rate studied here
(1.6 A) is shown in Figure 8 for the two electrode series with
similar ECSA. For this comparison, natural convection is used
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as a baseline. In other words, the cell overpotential at 1.6 A is
normalized by the value found at natural convection. This gives
100% at natural convection and as the flow increases, there
is a decrease in the relative overpotential. The first important
observation is that all the electrodes are flow sensitive and flow
alone can cause a reduction of more than 20% in cell overpo-
tential. Furthermore, the sensitivity becomes more important
as the ECSA increases, confirming the observation made previ-
ously when analyzing Figure 6. At 100 cm? of surface, the rela-
tive overpotential reduction ranges from 4% to 16%, while for
175 cm?, it is between 13% and 23%. Having a closer look at
Figure 8a, it is shown that there is a difference in sensitivity
for the different structures, with Schwarz being the most sensi-
tive. It could be argued however that the observed difference
does not arise from differences in geometry, but differences in
porosity. In this series, the higher the porosity, the less flow-
sensitive the electrode was. Porosity can indeed play a role in
flow sensitivity. It could be supposed that at a constant ECSA,
structures with higher porosities have less bubble entrapment
and as a consequence, are less sensitive to flow. To deepen the
understanding of the phenomena and confirm that there are
intrinsic differences in flow sensitivity caused by the electrode
geometry, structures with similar ECSA (160.6-191.8 cm?) and
porosities (44-51%) should be compared. This comparison is
shown in Figure 8b. For the Gyroid and Fischer—Koch, they
have the same properties, yet, the flow sensitivity is higher for
Fischer—Koch. The Schwarz-shaped electrode has a sensitivity
that is comparable to the one for Fischer-Koch, even though
its porosity is higher. Consequently, Schwarz can potentially be
the most flow-sensitive if structures with the same porosity and
ECSA are compared.

3. Conclusion

In this work, 3D printed Inconel electrodes were tested and sim-
ulated. It was first shown that it is feasible to print electrodes

0.4 Alem’

ECSA = 175cm?

porosity

Gyroid
Fischer-Koch
Schwarz

0 01 02 03
y-velocity (m/s)

Figure 8. Flow sensitivity at projected current density of 0.4 A cm for: a) Structures with a measured ECSA around 100 cm? (Cyroid: L = 4 mm,
t=1.2; Fischer-Koch: L = 8 mm, t = 0.7; Schwarz: L =4 mm, ¢t = 0.26); b) Structures with a measured ECSA around 175 cm? (Gyroid: L =4 mm, t = 0;

Fischer—Koch: L =4 mm, t = 0; Schwarz: L =2 mm, t = 0.18).
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and use them in an alkaline electrolyzer. This proof of concept
opens new possibilities for electrode geometries, combining
high surface area with effective gas removal. Furthermore, it
was shown that forced electrolytic flow is an important tool to
get rid of bubbles and liberate the electrode surface, increasing
process performance by reducing the overpotential by up to
20%. Moreover, it was shown that at the length scale used here,
there was a compromise between surface area and bubble cov-
erage. It was also shown that intrinsically, for structures with
the same surface area and porosity, geometries that channel the
flow and avoid mixing in the transversal plane present lower
pressure drop, higher permeabilities, and lower friction factor.
Finally, when looking at flow sensitivity, it was shown that struc-
tures present different sensitivities depending on the surface
area, porosity, and geometry. The sensitivity was higher for elec-
trodes with higher surface areas. Schwarz-shaped electrodes are
potentially the best of the analyzed structures, as it has intrinsi-
cally a high permeability and an important flow sensitivity.

4. Experimental Section

The electrolytic solution was 1.0 M potassium hydroxide (KOH),
prepared by dissolving KOH pellets (KOH > 85%, VWR chemicals) in
deionized water (18.2 MQ cm, Sartorius Arium 611) at room temperature
and atmospheric pressure. Room temperature was chosen because
the idea was to use natural convection (no forced flow) as a baseline.
Since heating in the experimental cell was done at the reservoir level
and there were heating losses between the reservoir and the cell, the
temperature inside the cell during natural convection would be lower
than inside the reservoirs. Details about the experimental setup can
be found in a previous publication”l and in Figure S2, Supporting
Information. The cell contains the following parts: two end-plates with
fittings for inlet and outlet of electrolyte; two nickel plate (>99.5%,
Alfa Aesar) current distributors to ensure removal/supply of electrical
charge; two PTFE electrode housings to accommodate the electrodes
and promote sealing; and a Fumasep FAA-3-PK anion exchange
membrane (130 um thickness). Between each one of these parts, an
ethylene propylene diene monomer layer ensured sealing and prevented
mechanical wear. The electrodes had dimensions of 2 x 2 X 0.8 cm
(length, width, thickness) and some of them are shown in Figure S3,
Supporting Information. The electrolytic flow was controlled by gear
pumps (GJ-N25.FF3S.A, Micropump) and measured by flow transmitters
(Honsberg, model LABO-MID1-1/U/F/C). The electrolytic reservoirs were
made of 316l stainless steel. To ensure sealing, the cell was pressed
using six screws with a torque of 3 Nm each.

Current scans from 0-2 A were performed with a scan rate of
0.1 A s7' with the help of a Solartron Modulab XM potentiostat equipped
with a 20 A booster, and complemented with 5 min of galvanostatic
experiments at geometrical current densities of 0.20, 0.25, 0.30,
0.35, and 0.40 A cm™2.

In order to have a better understanding of the electrolyte flow
behavior inside the 3D electrodes, numerical simulations were
performed as well. Regarding the numerical setup, the incompressible
Navier-Stokes equations for a single-phase flow through the cell were
solved. Both bubble size and density might strongly affect the electrolyte
flow behavior, but such highly challenging gas/liquid dual phase CFD
was outside the scope of the current work. The equations were solved
using the finite element method implemented in the open-source
MigFlow solver.Z3l A half-cell was modeled using a marching cubes
method for the meshing of the TPMS geometry in the context of GMSH
meshing software. The physical dimensions of the cell were: circular
fluid inlet/outlet with a 3 mm radius, 2 x 2 x 0.8 cm electrode. The
tetrahedral mesh had an element size in the order of 0.25 mm outside
the electrode region and 0.1 mm inside it. These values were determined
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after a mesh sensitivity analysis. For the simulations, an average fluid
velocity was imposed at the half-cell inlet and the pressure was set at
1 atm at the outlet. Solution density and dynamic viscosity were set at
1260 kg m~ and 1073 Pa s, respectively.?!l The pressure drop inside the
cell was estimated as a function of velocity. Using Paraview software,
one could visualize streamlines and velocity or vorticity contours as a
post-processing step. For simplicity, the anion exchange membrane was
approximated by a wall with no fluid crossing.
Reynolds number was estimated as:

Re = p'TW (5)

with p the fluid density, ;; the average vertical velocity, u the dynamic
viscosity, and [ the characteristic length defined as:

4V 6
I=-% (6)
with V the area of the fluid domain inside the electrode region and A the
electrode surface area.l?”l The Fanning friction factor was calculated as:

2-AP
_ 24P 0)
p-(v)
with AP the pressure drop. For permeability, a fit using the Forchheimer

equation was done in the pressure drop versus vertical velocity plot. This
equation was defined as:

=B ®)
with k; the permeability and S the drag coefficient.

Electrodes were made by LBM of a Ni-based Inconel 625 alloy
(Ni = 60%, Cr = 22%, Mo = 9%, Fe = 4%, Nb =~ 3%).1?°l This alloy was
simply chosen for ease of fabrication, allowing to use an already existing
LBM protocol. This composition might not be the ideal electrocatalyst
composition for AWE, but since this work was intended to concentrate
on the structural aspects of the electrode’s geometrical design, the
results can still be expected to be highly relevant for other electrode
compositions as well.

The ECSA of each electrode was measured using the capacitance
method: cyclic voltammetries (CVs) with different scan rates (50, 100,
150, 200, 250, 300, 350, and 400 mV s7') were applied in a range of
50 mV around open circuit potential to estimate the capacitive current.
This current was measured by taking half of the difference between the
anodic current and the cathodic one. The slope of the plot of capacitive
current against the CV scan rate gave out capacitance. To find the ECSA,
the capacitance was divided by a specific capacitance of 20 UF cm?, as
this value was reported recently in the literature?’} and also measured at
the lab.ll This measurement was made at room temperature, 1 M KOH,
using a Pt counter electrode, and an Ag|AgCl sat. reference electrode.
More details about the capacitance method can be found in ref. [28] and
some representative measurements are given in Figure S4, Supporting
Information.

Porosity was measured by hydrostatic weighting (ISO 18754:2020).
For that, dried electrode samples were weighted (my). Then, the samples
were completely submerged in a solution of 70% ethanol and 30% water
and weighed again (m,,). The density of this solution (p;) was estimated
with the help of a pycnometer. Using Archimedes’ principle, the volume
could then be estimated:

14 — My
y=—d —w 9
Ps )

Knowing the total dimensions of the electrode and the metallic
volume, porosity could be estimated and it was averaged between the
two pairs of electrodes (cathode and anode). This method allowed
estimating the strut porosity as well. For that, the strut density was
compared with the massive metallic density (p,,,):

pstmt:%:pm'(.l_x)-"pair'x (10)
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with p,;, the air density (0.001225 g mL™'l) and x the porosity. The
density for Inconel 625 was considered to be 8.44 g mL™" (value from
the manufacturer).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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