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Abstract

Large-scale production of green hydrogen and the transition of industrial processes to its use is one of the
major challenges of industrial decarbonisation. Due to the use of rare and noble metals in the production of
electrocatalysts, large-scale production is often uneconomical and the development of new electrocatalysts
inevitable. Since the activity of an electrocatalyst depends on the materials used and the number of active
sites, lattice structures and metallic foams as electrode substrates as well as coatings with small particles
have proven to be feasible approaches for increasing the output performance. Besides, the replacement of
noble metal catalysts with multi-elemental catalysts, for example, high entropy alloys, offers the possibility of
providing a variety of different active sites to achieve high material activity at lower cost.

In this study, powder bed fusion of metals using a laser beam is used to manufacture lattice structures of
different sizes from NiCr19Fel19Nb5Mo3 (Inconel® Alloy 718). High surface-to-volume ratios are achieved
using an exposure strategy specifically adapted to produce lattice structures. Overpotentials for the oxygen
and hydrogen evolution reactions of fabricated lattices are determined using a laboratory-scale water
electrolyser. Additionally, performance measurements of lattice structures coated with various electrocatalyst
materials are performed. The results show a dependency between the overpotential and the geometry and
the process parameters used for the additive manufacturing of the uncoated lattice structures. Coated lattices
show increased activity depending on the coating material, cavity size and volume.

Keywords  Additive manufacturing - Powder Bed Fusion of Metals using a Laser Beam - Lattice - Multi-metal
electrocatalysts - Electrocatalysis - Oxygen Evolution Reaction - Hydrogen Evolution Reaction

cathode in the hydrogen evolution reaction (HER) and
oxygen at the anode in the oxygen evolution reaction
(OER). However, since rare and noble metals are used

1. Introduction

Hydrogen and hydrogen-based fuels are a pillar of the

transition towards a world with net-zero carbon
emissions [1]. In particular, industrial processes and
transport, which account for about 60 % of the total CO>
emissions [2] are facing the need for decarbonisation
from fossil fuels to renewable energy sources.
Electrification is seen as a possible solution to date, but
the diverse use of fossil fuels makes it difficult to
decarbonise all processes through electrification alone
[3, 4]. For the remaining processes, the use of green
hydrogen as an energy carrier is seen as a possible
solution, as it enables the storage and supply of large
amounts of energy [4], even across the seasons [3, 5].
Water electrolysis, also known as water splitting, is a
possibility for the production of green hydrogen,
assuming that renewable energies are used in the process
[3]. Here, electricity separates water into its constituent
elements through two distinct electrochemical reactions
at separate electrodes. Hydrogen is produced at the

in the electrocatalysts, scaling up these processes is often
not economical and has led to extensive research in the
field of electrocatalyst discovery [6].

Additive manufacturing (AM), and especially powder
bed fusion of metals using a laser beam (PBF-LB/M
according to [7]), has proven to be a suitable
manufacturing process for the rapid production of
components with specific mechanical and technological
properties [8]. In the PBF-LB/M process, a powder
feedstock material is raked onto a build platform or a
previously manufactured layer and is locally and
selectively melted by a laser beam to produce a bonding
between adjacent laser tracks and the subsequently
manufactured layers during solidification [9]. The
design freedom of PBF-LB/M enables the production of
lattice structures, which have a large surface area per
volume and weight [10] and are thus suitable for the
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production of catalysts substrates or catalysts
themselves.

Lattice structures are used in AM for a variety of
applications and purposes, such as weight reduction
[11], time and cost saving [11], waste reduction [12, 13],
manufacturing of energy absorbers [11, 14], structures
with high stiffness-to-weight-ratio, low elastic modulus
or large specific surface area [10]. Due to the versatile
properties and the fact that the structures are formed by
a repetitive spatial arrangement of specific unit cells [11,
14, 15], nearly freely configurable geometries according
to AM constraints [16] can be produced, fulfilling the
requirements of various industries such as medical [11,
17], automotive [11, 14] and aerospace [11, 18].
Current research in the field of AM of components for
use in electrocatalysis is mostly focused on the
processing of electrocatalytic materials or on the
exploitation of design freedom for the optimisation of
the design of water splitting electrolyser cells [19].
Different AM methods according to
DIN EN ISO/ASTM 52900 [7] are utilized for the
manufacturing of electrocatalysts or electrodes for
subsequent coating, such as Material Extrusion [13, 20—
25], Vat Photopolymerization [26, 27] and Powder Bed
Fusion [28-31]. In Powder Bed Fusion, investigated
materials include stainless steel 316L [28, 29, 32, 33],
Ti6Al4V [30] and high entropy alloys [34]. For high
entropy alloys transition metals and their sulphides and
phosphides are seen as potential materials [19].

The research on new electrocatalysts has been
characterised by increasing interest in materials
containing more than one chemical element in the last
couple of years. This trend can be explained by the fact
that it was proven before that mixing various elements
with distinct electrochemical activities (also using those
which are known as relatively poor catalysts) can lead to
the creation of materials with high electrochemical
activity. This is often comparable to the activity of noble
metal electrocatalysts, but not containing any of them or
containing only a limited amount of expensive and rare
elements. [35, 36]

This phenomenon was previously explained by the
synergistic interaction between elements and the
formation of multiple active sites, which are unavailable
for single elements and their simple combinations,
allowing further tuning of the electrocatalytic activity.
[37, 38]. The main problem associated with this
approach is the lack of clear-cut rules and theoretical
predictions, often being insufficient in terms of
determining which elements to combine and in which
molar ratio. Considering the number of available
chemical elements in the periodic table, this leads to a
vast option space and the necessity of conducting many
experiments. To address this problem and limit the
number of required tests, approaches like using machine

learning or density functional theory (DFT) calculation
in combination with high-throughput experimentation
were successfully applied.

Numerous synthesis techniques were reported as
suitable for the synthesis of multi-metal electrocatalysts.
Many require high pressure and temperature:
solvothermal [39, 40], hydrothermal synthesis [41],
high-temperatures: thermal shock [42], arc-melting [43]
or expensive equipment: laser deposition [44, 45],
physical [46, 47] or chemical vapour deposition [48].
Electrodeposition [49] and spray-based synthesis [50,
51] methods are considered low-cost, suitable to
produce significant amounts of material and easy to
operate.

In this work, lattice structures of different sizes are
manufactured from NiCr19Fe19Nb5Mo3 (Inconel®
Alloy 718) using a novel spot-based exposure approach
and used as electrodes (anodes and cathodes) for water
electrolysis. Furthermore, polymer/metal precursor
spraying synthesis [52] is used to coat such prepared
electrodes with known and not yet reported
electrocatalysts for both hydrogen and oxygen evolution
reactions.

2. Materials and Methods

2.1. Additive manufacturing process

AM of lattices was performed using the PBF-LB/M
system Aconity Midi (Aconity GmbH) equipped with a
400 W fibre laser source with a wavelength of 1070 nm.
Argon shielding gas atmosphere was used at an oxygen
content of < 100 ppm. Manufactured lattices consist of
symmetric body-centred cubic (BCC) unit cells with a
size of 250, 500, and 1000 um and sample size of 1 mm
x 10 mm (x-y) and a height of 10 mm (2) (Fig. 1).
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Figure 1: Schematic |nd|cat|ng size, orientation and
arrangement of unit cells in manufactured samples

10 mm

The exposure was carried out with a spot-based
exposure approach. For this purpose, the centre-
coordinates of the cross-section of each lattice-strut are
calculated and, by synchronising the laser source and the
scanner unit, melted sequentially point by point (Fig. 2).
For the investigation of the influencing variables, based
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on previous investigations on the processing window for
bulk samples, a nominal laser power of 100, 150 and
200 W, a focal diameter of 80 um and 120 um, and an
exposure time of 100 ps, 250 ps and 500 ps were used.

a) ﬁb)

Figure 2:Body-centered cubic unit cell (a) and schematic
representation of spot-based exposure strategy (b)

Gas-atomized powder feedstock material
NiCr19Fe19Nb5Mo3 (Inconel® Alloy 718) was used for
manufacturing of the lattice structures. The analysis of
the powder feedstock morphology and samples was
carried out using a SEM Gemini2 (Carl Zeiss
Microscopy Deutschland GmbH) and is shown in Fig. 3.
The morphology is predominantly spherical, but non-
spherical particles and splatters are also observed.

20 pm PO =
Figure 3: SEM image of the powder feedstock material
NiCr19Fe19Nb5Mo3 used in this study at 500x magnification

The particle size distribution of the powder feedstock
was measured using a Camsizer X2 (Microtrac Retsch
GmbH) with a Xjet module and 150 kPa dispersion
pressure and is shown in Fig. 4. The powder has a
common particle size distribution used for PBF-LB/M
ranging from 15 pum to about 53 ym and a dio of
18.96 um, dsp of 29.51 um, and dgo 0f 43.19 pm.
Density of manufactured lattices was measured using
Archimedes’ principle utilizing isopropyl alcohol and
analytical balance ALJ series (Carl Roth GmbH+Co.
KG) with an accuracy of < 0.05 %. Relative density was
then calculated wusing the material density of
NiCr19Fe19Nb5Mo3 of 8.2 g-cm?® [53]. The strut
diameter analysis was performed using an optical
microscope Keyence VHX-6000 series (Keyence
Deutschland GmbH) at 300x magnification.

The surface of manufactured lattices and Ni-foam
electrode material was measured using static-volumetric
krypton adsorption technique (multipoint BET) with
BELSORP MAX X 334 (Microtrac Retsch GmbH). The
calculation of the sample surface was carried on
condition of an adsorption energy input constant C > 0

and a correlation of relative pressure to pressure/volume
ratio p/Va(po-p) > 0.99.
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Figure 4: Particle size distribution of the powder feedstock
material NiCr19Fe19Nb5Mo3 used in this study

2.2. Coating

The coating of manufactured lattices was performed
using a polymer/metal precursor spraying technique, as
presented in [52]. A solution of metal precursors
(nitrates and/or chlorides of coating feedstock elements)
and polyvinylpyrrolidone (PVP) was sprayed onto the
target kept at 120°C (see Fig.5), forming a
polymer/metal matrix. For most of the metals, nitrates
salts (Merck, purity at least > 99 %) were used (Ni, Fe,
Co, Cr, Mn, Pd, Cu); for those when nitrate is not
available, chloride form was used (Ru, Mo). A
subsequent  two-stage heat treatment  process
transformed the coating into a stable oxide layer. In the
first step, a 10%H2/90%Ar atmosphere at 800 °C was
used to obtain the degradation of metal precursors and
graphitisation of carbon. The stable oxide layer was then
formed in the second step in a 10%0./90%Ar
atmosphere at 250 °C. [52]
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Figure 5: Schematic illustration of polymer/metal precursor
spraying synthesis process [52]. Temperature was changed
to 120 °C in this study

Coating quality assurance was performed using SEM
and SEM-EDX imaging with a JEOL JSM-7200F
operating at a working distance of 10 mm and with an
accelerating voltage of 30 kV.

2.3. Electrocatalysis experiments

Prepared lattice electrodes, as well as lattice electrodes
coated with electrocatalyst, were incorporated as
cathode (evaluating activity towards hydrogen
evolution) or anode (evaluating activity towards oxygen
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evolution reaction) into a self-build 2-compartment
flow-through electrolysis cell. The activity and short-
term stability (1 h) during alkaline water electrolysis
were assessed in a 3-electrode system. The working
electrode was always a lattice electrode (coated or not),
the counter electrode was Ni mesh (Goodfellow), and
the reference electrode was a double junction (1 M
KOH) Ag/AgCl/3 M KCI electrode. The reference
electrode was kept at a fixed distance from the working
electrode. The gasket opening determined the
geometrical surface area of the working and counter
electrode to be 0.95 cm?. Electrolyte, 1 M KOH (86.4 %,
Fisher Scientific) prepared in ultrapure water, was
purified with Chelex 100 cation-exchange resin (Sigma-
Aldrich) before use. During the measurement, the
electrolyte was constantly flowing, in separate flows,
through each compartment of the electrolysis cell due to
using a peristaltic pump. Measurements were conducted
using the potentiostat/galvanostat Autolab
PGSTAT128 N (Metrohm). First, electrochemical
impedance spectroscopy (EIS) in galvanostatic mode at
0 mA, ina frequency range between 100 kHz and 10 Hz,
was conducted to assess the value of uncompensated
resistance. After it, one linear sweep voltammogram
(LSV) (from 90 mV to 70 mV vs RHE) was recorded,
followed by chronopotentiometry (CP) measurement at
-50 mA-m for 1 h and another LSV.

All potentials are reported versus reversible hydrogen
electrode (RHE) and were calculated according to the

equation:
Urne (V) = Upglageys m ket (V) +0.210 (V) + (0.059 - pH)
Where Uagagciamkel IS potential Versus

Ag/AgCI/3 M KCI electrode, 0.210 V is the standard
potential of Ag/AgCl/3 M KCI reference electrode at
25 °C, 0.059 is the result of Nernst equation at 25 °C and
pH value of the electrolyte is 14.

3. Results and Discussion

The cell size of the unit cells, the laser power, the
exposure time and the focus diameter were investigated
as central influencing variables for the generation of
electrodes with large surfaces for subsequent coating.
Fig. 6 shows samples with unit cell sizes of 250 pum (a),
500 pm (b) and 1000 um (c). Due to the reduced pore
size and volume, the manufacturing of samples with
smaller unit cell sizes enables the realisation of a larger
surface area per volume. However, the probability of the
struts joining to form a closed surface and the
disappearance of the pores increases for samples
manufactured with higher energy input.

The energy applied to the cross-sectional area is
determined by the laser power and the exposure time.
The influence of the laser power on the geometry of the
lattice struts is depicted in Figure 7. An increasing strut

diameter and the adhesion of powder particles to the
downward-facing surfaces of struts is observed for
increasing laser powers from 100 W (Fig. 7, a), to
150 W (Fig. 7, b) and 200 W (Fig. 7, c) respectively.
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Figure 6: SEM images of lattices with a cell size of 250 um

(@), 500 um (b) and 1000 um (c) manufactured with a laser
power of 100 W, exposure time of 100 us and a focal
diameter of 80 um at 50x magnification acquired using Zeiss
Gemini2 at an angle of 30°

200 pm
—

Figure 7: SEM images of lattices with a cell size of 1000 um
manufactured with laser powers of 100 W (a), 150 W (b) and
200 W (c), exposure time of 250 us and a focus diameter of 80
um at 50% magnification acquired using Zeiss Gemini2 at an
angle of 30°
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The increased strut diameter is also linked to a reduced
pore size and volume and is similarly observed with the
increase of energy input through an increased exposure
time at constant power (see Fig.8). However, no
significant additional adhesion of powder particles to the
downward-facing surfaces is observed for increased
exposure times from 100 us (Fig. 8, a) to 250 us (Fig. 8,
b) and 500 us (Fig. 8, c) respectively.

a) N b) = C) §
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Figure 8: SEM images of lattices with a cell size of 1000 um
manufactured with a laser power of 100 W, exposure time of
100 us (a), 250 us (b) and 500 us (c) and a focus diameter of
80 um at 50 magnification acquired using Zeiss Gemini2 at
an angle of 30°

For the variation of the focus diameter (see Fig. 9), a
reduction of the strut diameter is observed upon
increasing the focus diameter from 80 pum (a) to
120 pum (b). In addition, a reduced number of powder



Rapid.Tech 3D Science Forum 2024

5

adhesions are observed on the manufactured structures,
possibly resulting from a reduced thermal gradient due
to the reduced energy density of the laser beam with an
increased focus diameter. With regard to the application,
however, the adhesion of the powder particles to the
manufactured structures is considered beneficial, as it
results in a higher surface-to-volume ratio.

Lo e 3 ’__‘:
200 pm 200 um ‘::\ .»\:::{:\

Figure 9: SEM images of lattices with a cell size of 500 um
manufactured with a laser power of 100 W, exposure time of
100 us and a focus diameter of 80 um (a) and 120 um (b) at
50x magnification acquired using Zeiss Gemini2 at an angle
of 30°

The previously shown qualitative influence of the
processing parameters on the strut diameter is also
investigated quantitatively and shown in Figure 10. The
minimum mean strut diameter of 69.6 um was achieved
with the lowest laser power of 100 W, exposure time of
100 ps and a focus diameter of 120 um. In contrast, a
strut diameter of up to 304 um was measured for the
highest energy inputs used. It can also be observed that
for cells with a unit cell size of 250 um and 500 um,
depending on the process parameters, a closed structure
rather than a lattice structure is manufactured due to the
struts combining and filling the pore volumes of the
lattice structure. In this application, this is considered
disadvantageous as it leads to inaccessibility of the inner
surface of the lattice structure and reduces the
coatability. The unit cell size of 250 pm was therefore
not considered for the coating procedure. Furthermore,
at identical process parameters, an increased strut
diameter is observed for lattices with larger unit cell
sizes. This is possibly due to the interaction of the
surrounding powder with the melt pool. Possibly due to
the previously manufactured struts close to the laser-
powder interaction zone, there is less loose and more
solidified powder in the surroundings of the melt pool,
resulting in an increased heat dissipation capacity of the
environment and a lower probability of further loose
powder particles entering the melt pool.

The stability of the manufactured struts, which is
required for installation between sealings in the
electrolyser cell setup, was estimated using the
volumetric density determined using Archimedes’
principle (Table 1). The highest mean density for the

lattices with a unit cell size of 500 um was obtained
using an exposure time of 100 ps. For a cell size of
1000 pum, the highest arithmetic density was obtained
using an exposure time of 250 us. Both sets of
parameters were therefore taken into account for the
coating experiments. Based on the investigations
regarding the powder particle adhesion to the lattice
structures, a laser focus diameter of 80 um was also
selected for further electrode production, the coating
process and the electrocatalytic experiments.

Table 1: Relative density of manufactured lattice structures
measured using Archimedes' principle

Cell Size = 250 um
Laser Power 100w 150 W 200 W
ocus Diameter|
Exposure G 80 um|[120 pum|80 pm|120 pm|80 pm|120 pm
100 ps 0.957| 0.974 | 0.896| 0.988 | 0.867| 0.938
250 ps 0.904| 0.952 | 0.939]| 0.941 | 0.952| 0.945
500 ps 0.968| 0.929 | 0.986| 0.995 | 0.941] 0.904
Cell Size = 500 um
Laser Power 100 W 150 W 200W
ocus Diameter
W 80 um|120 um{80 um{120 pm|80 um|120 pm
100 ps 0.999] 0.997 | 0.997| 0.998 | 0.956| 0.995
250 pus 0.992] 0.996 | 0.928| 0.994 | 0.868| 0.957
500 ps 0.993] 0.995 | 0.973| 0.994 | 0.899| 0.965
Cell Size = 1000 pm
Laser Power 100 W 150 W 200W
Focus Diameter|
Exposure GmE 80 pm|120 pm|80 pm|120 um{80 pm|120 pm
100 ps 0.955] 0.970 | 0.966| 0.987 | 0.967| 0.966
250 us 0.977] 0.980 | 0.999] 0.995 | 0.982| 0.999
500 ps 0.997] 0.965 | 0.995| 0.984 | 0.972| 0.979

Several factors influence the performance of an
electrode wused for water electrolysis, broadly
categorized into  material  properties,  design
considerations, and operating conditions [18, 19, 30, 34,
61, 62). Within the material properties group, factors
such as catalyst material, conductivity and surface area
are included. Operating conditions are mainly the choice
of electrolyte, temperature, pressure, electrolyte flow
rates or operating current density. The last group, design
consideration, is the most interesting in the context of
additive manufacturing, as it can be easily customized
with this technology. The design and structure of the
electrode can impact performance. Porous electrodes or
nanostructured materials can enhance the surface area
and promote better electrolyte contact, essential for
efficient electrolysis. Better electrolyte contact is
achieved by removing the gas bubbles formed during the
reaction from the electrode surface more efficiently,
which is due to the pore size, distribution and affinity of
the electrode material to the reaction products. Taking
this factor into consideration, the set of six types of
lattice structures (cell size 500 and 1000 pm
manufactured with varying laser power 100, 150, and
200 W) were then used as electrodes for OER and HER
in water electrolysis in the flow-through cell. The first
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Figure 10: Measured strut diameters of the lattice structures as a function of unit cell size and processing parameters laser power,
exposure time and focus diameter measured using Keyence VHX-6000 series

two electrodes of each type were measured as-built, one
as anode with Ni foam as cathode and the second as
cathode with Ni foam as anode. Figure 11 presents a
comparison of chronopotentiometry (CP) curves
recorded for all types of lattice electrodes used as
cathodes (a) and anodes (b). For cathode measurements,
it is visible that most of the samples exhibit very similar
performance, with the overpotential for HER at -50 mV-
cm being between 460 and 500 mV. An exception are
two samples that were produced with the parameters that
differ most from each other. An electrode with a cell size
of 500 um prepared with 200 W laser power is the
densest electrode, and an electrode with a cell size of
1000 pum and 100 W laser power is the most open. The
performance of the close-packed electrode was the best
for HER, that of the most open electrode the worst.
Additionally, all tested electrodes are stable during the
1 h electrolysis experiment (change of the measured
potential value is negligible). In the case of testing
uncoated electrodes for OER, the trend is a bit different.
All electrodes with 500 pm cell size perform alike
(overpotential at 50 mA-cm about 420 mV). CP curve
for an electrode with a cell size of 500 um prepared with
laser power of 100 W is much noisier than all the others,
which might suggest problems with removing the gas
bubbles formed during the reaction. Electrodes with
larger cell sizes have poorer performance and the
differences between the individual electrodes are
visible, with highest activity in the electrodes with the
smallest strut diameter, followed by the electrodes with
the largest strut diameter and the highest number of
particles attached to the surface. Additionally, the
performance of all electrodes is slightly decreasing
during 1h CP measurement. Next, a set of
electrocatalysts was chosen to be deposited on the
surface of all lattice electrodes. For the experimental
investigation, two catalysts for OER and two catalysts
for HER were selected, which contain a limited amount
of noble metals and differ in the number of elements in
the material system from binary to quinary. The

composition of the electrocatalyst was chosen based on
the literature and electrocatalyst screening studies
carried out in our laboratories. As OER electrocatalyst,
Ni-Fe (nominal composition: Nig2Feg) [54] and Cantor
alloy (CosCragFe11Mni7Nisg) [55] material systems were
chosen. For HER Pd-Cr-Cu-Ru (PdsoCr;CuzsRuzs) and
Cantor alloy-based systems (C020Cr20Fe20M020Niz0) [56]
were chosen. Comparisons of the CP curves obtained
with each lattice electrode type coated with all
mentioned catalysts are presented in Figures 12 and 13.
Surprisingly, well known as a good catalyst Ni-Fe (green
line in Figure 12) significantly decreased the activity of
half of the tested electrodes. For electrodes with 500 pum
cell size an increase in performance was observed for the
electrodes with the largest pore size and volume (100 W,
100 ps).

a) 0.0
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Figure 11: Chronopotentiometry curves recorded for all types
of lattice electrodes used as cathodes (a) and anodes (b).
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In contrast to electrodes with 1000 pm cell size,
electrodes with smaller pore sizes and volumes (150 W,
250 ps and 200 W, 250 ps) showed higher performance.
Moreover, the overpotential for OER for all electrodes
with Ni-Fe is increasing during the CP measurements,
suggesting possible detachment of the coating or maybe
selective removal of some elements from the catalyst
layer or electrode material itself, but this was not in the
scope of this manuscript and was not examined further.
As can be seen in Figure 12, the activity trend of Ni-Fe
covered electrodes is similar to that of the blank
electrodes, with electrodes of smaller unit cell size
showing lower overpotentials for OER. On the other

hand, deposition of Co-Cr-Fe-Mn-Ni electrocatalyst
(pink line in Figure 12) on the surface of electrodes
significantly increased the activity for OER, no matter
the size of the cell or strut diameter. Furthermore, the
stability of the electrodes was good as potential is not
significantly changed during CP measurement. The
highest improvement in activity was observed for
electrodes with 1000 pum cell size prepared with 150 W
laser power. The overpotential was decreased by
approximately 0.3 V at 50 mA-cm2 compared to the
blank electrode.

In the case of catalyst for HER, the experimental results
show a clear trend. Both catalysts increase the activity
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Figure 12. Chronopotentiometry curves recorded for all types of lattice electrodes used as anodes without and with
coating with a chosen catalyst: Co-Cr-Fe-Mn-Ni (pink line) and Ni-Fe (green line). Measurements were conducted in 1
M KOH at a current density of 50 mA.cm
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Figure 13. Chronopotentiometry curves recorded for all types of lattice electrodes used as cathodes without and with
coating with a chosen catalyst: Pd-Cr-Cu-Ru (orange line) and Co-Cr-Fe-Mo-Ni (turquoise line). Measurements were
conducted in 1 M KOH at a current density of -50 mA.cm
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Figure 14: Krypton adsorption (BET) results of lattices and Ni-Foam. Adsorbed volume (left) and BET plot (right)

of all blank electrodes, and the activity of electrodes
with Pd-Cr-Cu-Ru is superior compared to those coated
with Co-Cr-Fe-Mo-Ni. This trend is in line with
expectations as the higher performing catalyst contains
two noble metals that are to be good HER catalysts. [57—
60] The strongest decrease in overpotential for HER was
observed for electrodes with 1000 um cell size produced
with 100 W laser power, followed by electrodes
produced with 150 and 200 W laser power. The lowest
overpotential for HER, approx. 0.05 V at -50 mA-cm?,
of all electrodes covered with both catalysts was
obtained for the electrode with 1000 um cell size, which
was produced with 150 W laser power. The performance
of electrodes with smaller cell sizes with Pd-Cr-Cu-Ru
was not stable during the measurement period, which is
different for electrodes with larger cell sizes. All
electrodes with deposited Co-Cr-Fe-Mo-Ni exhibit
similar overpotentials for HER and excellent stability
during 1 h measurement.

For both reactions, OER and HER, the lowest
overpotentials were obtained for the same electrode
design with a cell size of 1000 um and moderate strut
diameter and number of attached particles. For OER,
Co-Cr-Fe-Mn-Ni and for HER, Pd-Cr-Cu-Ru turned out
to be the best electrocatalytic layers. These two
electrodes were then analysed with SEM-EDX (Figures
15 and 16). In both cases, the lattice electrode substrate
is completely covered with a uniform electrocatalyst
layer. The layer is rough with many cracks, which do not
reach the basic electrode surface. Also, small particles
attached to the strut are fully covered with the catalyst’s
layers. The Pd-Cr-Cu-Ru layer looks rougher and more
finely structured than the Co-Cr-Fe-Mn-Ni layer, but at
higher magnification it is observed that the surface of the
apparently smooth blocks of Co-Cr-Fe-Mn-Ni consists
of a layer of nanoparticles. The morphology of the
deposited film did not change during the measurements,
which indicates good adhesion and mechanical stability
of the deposited layers.

Figure 15: SEM images of a CosCrasFe11Mn17Niqs coating for
oxygen evolution reaction acquired at a magnification of
100x (a), 500x (b) and 20000x (c)

,
Figure 16: SEM images of a PdCrsCuzsRugs coating for
hydrogen evolution reaction acquired at a magnification of
100x (a), 500x (b) and 20000x (c)

To provide a further understanding of the coating
behaviour, promising uncoated lattice with 1000 pm cell
size manufactured with 150 W, a nickel foam counter
electrode and a lattice with a cell size of 500 um lattice
manufactured with 150 W are additionally investigated
related to the specific surface (see Fig. 14). The BET
measurements show an increased specific surface area
of 0.0377 m2g! for the nickel foam compared to the
lattices with a  specific surface area of
0.0072 m?g?! (1000um) and 0.0103 m?g?* (500um).
This is consistent with the observations of powder
adhesion and strut diameter, as a smaller strut diameter
increases the specific surface area.
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4. Conclusion and outlook

In this study, lattices with a unit cell size of 250 um,
500 um and 1000 um were manufactured from
NiCr19Fel19Nb5Mo3 using a spot-based exposure
strategy and the influence of the process parameters on
the fabricated structures was evaluated. The evaluation
results show that the strut diameter increases for lattices
manufactured with increasing energy, with more powder
particles being attached to the fabricated structure due to
a smaller focal diameter and higher laser power, which
is considered beneficial. Based on a selection of
promising process parameters, lattices with a unit cell
size of 500 um and 1000 um were coated using NigFes
and CogCrssFei11Mni17Niis (OER) and PdsCrsCuzsRuss
and  Co20CrypFexoMoxNi  (HER),  respectively.
Investigation of electrocatalytic performance was
performed using a lab-scale three-electrode flow-
through cell. Comparing chronopotentiometry curves
recorded on the electrodes with catalyst layers deposited
on them revealed that for both oxygen and hydrogen
evolution reactions, the lowest overpotential was
obtained for the electrode with 1000 um cell size
prepared with 150 W laser power. Therefore, this
electrode design is considered favourable for the
application in a flow-through water electrolyser.
Additionally, overpotentials obtained for HER and OER
by the electrode with this design coated with
PdsCrCuxsRus (50 mV at -50 mA.cm?) and
CosCrsgFeiiMnizNise (270 mV at 50 mA-cm?),
respectively, are close to the overpotentials recorded for
state-of-the-art catalyst reported in the literature which
makes those initial results worth further investigation
[61, 62]. Future research will aim to investigate the
scalability and exploitation of design freedom of
additive manufacturing for the design of new electrodes.
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