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ABSTRACT: Considered like a fully renewable and clean energy carrier with the highest energy density, dihydrogen (Hz)
constitutes the best alternative to fossil fuels for insuring the sustainability of energy. This technologically and industrially
relevant energy vector can be produced by water electrolysis that is now widely recognized as an eco-friendly, scalable and
carbon-free route. In that context, alkaline water electrolysis is an affordable technology because it allows the use of transition
metals as electrocatalysts for both hydrogen (HER) and oxygen (OER) evolution reactions. Here, combining catalytically active
transition metal alloys (NiFe and NiCo) with a 3D printing technique, namely selective laser melting (SLM), enables access to
ca. 25 cm? microstructured cylindrical electrodes efficiently promoting alkaline HER and OER. NiCo is found to be the most
efficient electrode for HER, with an overpotential of 210 mV at 10 mA cm. It is also the most stable electrode when studied
in operation during prolonged electrolysis with a potential change of only 40 mV after 140 h electrolysis at 50 mA cm2(1.25
A). Regarding OER, NiFe shows the highest catalytic activity with an overpotential of 300 mV at 10 mA cm? and the greatest
stability in operation with an electrolysis-induced potential change of only 30 mV. Further surface characterization tech-
niques (scanning electron microscopy SEM, energy dispersive X-ray spectroscopy EDS, contact angle measurements, and
analysis of electrogenerated gas bubbles) are used to monitor the electrolysis-induced chemical changes and to get valuable
information on the bubble dynamics. Interestingly, electrolysis is found to be beneficial for enhancing the hydrophilicity/aer-
ophobicity of the electrodes and thus facilitating the detachment of the Hz or Oz bubbles.

However, this process is still costly and cannot become af-

fordable as long as it uses scarce and noble metals such as
1 Introduction Pt, Pd, Ir, Ru as electrode materials!!. These metals are prin-
cipally employed for PEM (Proton Exchange Membrane)
electrolysis in acidic medium®!2 . This type of electrolyzer
yields the highest current densities for Hz production but is
prone to corrosion owing to the harsh oxidizing conditions
in the anodic compartment. Research continues to explore
alkaline water (AWE) and anion exchange membrane
(AEM) electrolyzers because these technologies allow the
use of transition metals as electrocatalysts for both hydro-
gen (HER) and oxygen (OER) evolution reactions314. Tran-
sition metals are generally widespread and quite cheap, in
addition to offer a high electrocatalytic efficiency competing
with that of Pt group metals'>1¢ . A benchmarking study by
Jaramillo and co-workers has enabled to evaluate and
standardize the HER and OER electrocatalytic activity of nu-
merous electrodeposited Ni-based binary alloys (incorpo-
rating Co, Cr, Mo, Fe, La or W) 1718, Other groups have also
shown that ternary alloys, such as NiCoFe!?20, NiCoMo?!,
NiCrMo??, NiFeMo?* and NiFeCr?4, could be excellent

In the context of an increase in worldwide energy con-
sumption of about 60 % from 2010 to 20407, it becomes cru-
cial to develop large-scale economically viable technological
processes to produce and store energy. Facing traditional
fossil fuels responsible for climate change and global warm-
ing, dihydrogen H: constitutes a clean energy carrier and
sustainable alternative for meeting future energy de-
mands? Nowadays, Hz can be used either as an energy vec-
tor owing to its high mass energy density (123 M] kg1), or
as a chemical reagent for Haber-Bosch process3. As an en-
ergy vector, it can be consumed into a fuel cell to produce
electricity for mobility4, or to store the excess energy pro-
duced by intermittent and renewable energy sources®.
Around 95% of the global Hz production still relies on me-
thane steam reforming which leads to the emission of
greenhouse gases such as carbon dioxide and carbon mon-
oxide®’. The generation of Hz by water electrolysis is now
widely recognized as a clean and carbon-free route8-10.



candidates for electrocatalyzing these two half-reactions of
interest. In these alloys, each metal plays a key role with a
positive impact on electrocatalysis. For instance, Mo shows
a high affinity to adsorb protons while Ni can dissociate wa-
ter2s. The precise role of Fe is still in discussion, it could ei-
ther act as an active site for the reaction, or activate it26:27,
Co alloyed with Ni yields a bifunctional material able to elec-
trocatalyze both alkaline HER and OER. Concerning Cr, its
presence enables the catalytic alloy to be effectively pro-
tected against corrosion?82°, These catalytic materials are
usually deposited on conducting (metal foam or carbon)
substrates by either electrochemical or hydrothermal
methods from the corresponding metal salts3?31. Although
these simple and fast methods allow the catalyst structure
to be controlled at the nanometer scale, their industrial
scale-up is however not so easy.

In that context, 3D printing has appeared as an emerging
technique to produce a new kind of metal components with
complex geometries3233. 3D printing offers numerous ad-
vantages such as the opportunities of preparing metallic al-
loys with customized composition, novel and complex elec-
trode shapes and porous systems with high resolution and
high control on the surface microstructure. Among the dif-
ferent 3D printing methods, the SLM (Selective Laser Melt-
ing) technique is particularly suitable to print different
types of metals. The principle of SLM is based on the local
melting of metal by a high-power laser beam scanning over
ametal powder bed in a controlled manner (Figure 1). Thus,
metal pieces with complex geometries can be fabricated
layer-by-layer with a resolution between two layers of 20
um. Some groups, such as Pumera et al34-3¢ and Esposito et
al37:38, have already used this additive manufacturing tech-
nology to print electrodes or electrolyzers with original ge-
ometries.
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Figure 1. Schematic illustration of the metal additive manufac-
turing with a metal powder bed employing SLM (Selective La-
ser Melting) technology. Reproduced with permission from ref-
erence 32. Copyright 2018 Elsevier.

Fahrication platform

SLM has a current resolution of about 100 um and can rou-
tinely printed 10 cm-sized metal pieces. This technology is
already used for aeronautics industry and its development
towards the energy sector remains still to be explored. In-
deed, although the 3D printing methods hold great prom-
ises to fabricate practical catalytic electrodes3?, their use to
elaborate metallic alloys specifically designed for electro-
chemical purposes has not been yet explored to the best of
our knowledge3°40,

In this work, ca. 25 cm? cylindrical NiFe and NiCo elec-
trodes have been printed by SLM from the mixture of the
corresponding metal powders. Their electrocatalytic per-
formance for both HER and OER in alkaline medium has
been examined and compared with that of reference Ni cyl-
inder. Interestingly, it is also demonstrated that the intro-
duction of cylindrical micropatterns on the electrode sur-
face was an efficient strategy to facilitate the gas bubbles re-
lease. Moreover, complementary surface characterization
techniques have been used to investigate the chemical
changes of the electrodes caused by their prolonged ca-
thodic or anodic polarization.

2  Experimental Section
21  Chemicals

Spherical powders for 3D printing of Ni (purity 99.99 %,
15-35 um granulometry) was purchased from Hoganas.
Spherical powders for 3D printing of Fe and Co (purity
99.99 %, 15-53 um granulometry) were purchased from
Neyco. KOH (>85 %, analysis grade) and absolute ethanol
(RSE grade) were purchased from Sigma-Aldrich and Carlo
Erbatron, respectively. Ultra-pure water (Veolia Water-STI)
with a resistivity of 18.2 MQ cm was used to prepare the
aqueous solutions.

2.2 3D printing

All electrodes were designed using the software Auto
Desk Fusion 360. Magics software was used for implemen-
tation on the platform using block and contour supports. A
Turbula T2F station was used to mix the atomic powders in
a powder bed of NiFe and NiCo. Electrodes were produced
by SLS France company using the SLM technique in a Tech-
Gine TS120 under nitrogen atmosphere. Each layer of melt
metal was 20 um-thick. The so fabricated electrodes were
then removed from the support, scraped and sand, then
cleaned under pressurized air. Photographs of these elec-
trodes are shown in Figure S1 (Supporting Information).

2.3 Electrochemistry

The electrochemical measurements were performed at
room temperature on a HTDS PARSTAT PMC-200 multi-
channel electrochemical workstation equipped with an AC
frequency response analyzer (FRA). The 3D printed elec-
trode was directly used as the working electrode (geometric
surface area: 25 cm?). A graphite rod or a double stabilized
anode (DSA, model A02002, titanium foil covered by mixed
ruthenium and iridium oxides, ECS Tarn) was used as the
counter electrode for OER or HER, respectively. The refer-
ence electrode was either Hg/HgO from Origalys for
chronopotentiometry or KCl-saturated Ag/AgCl for cyclic
voltammetry. For comparison, a pure Ni electrode (25 cm?
geometric surface area) was considered. Before use, the
working electrode was sonicated for 10 min in ultra-pure
water and absolute ethanol to remove the oxide layer and
was dried at 70°C for 3 h. An electrical contact was estab-
lished with an ergot on the electrode and masked with an
insulating epoxy resin (Loctite EA9460, Ellswoth Addi-
tives). The electrode was then placed into an oven at 90°C
overnight to cure the resin.

A home-made H-type electrochemical macrocell with a
constant headspace volume was used to carry out long-term



electrolytic tests at high current intensities with ca. 25 cm?
electrodes (Figure S2). The macrocell consisted of two com-
partments with a total electrolyte capacity of 1.4 L, in order
to neglect the volume consumed during the water electrol-
ysis. The headspace volume was 1.25 L per half-cell, so that
volume changes caused by the produced gas (Hz and 03)
could be neglected. This large headspace volume was cho-
sen to avoid overpressure during GC analysis. The cell was
sealed by a flat and circular ground joint, closed by a stain-
less steel flange. The junction was made by a male-female
ground joint sealed with Teflon tape. Septa and epoxy resin
(Loctite, EA3423, Ellswoth Additives) were used to seal the
openings for gas measurement and introduction of the
working electrode.

All cyclic voltammograms (CVs) were recorded at 5 mV
st and the Ohmic drop was corrected using the cell re-
sistance determined at high frequencies (typically 100 kHz).
The corresponding Tafel slopes were determined from the
linear overpotential vs. log (current density) (n vs. log j)
plots. The current densities were normalized by the geo-
metric surface area of the 3D printed electrodes determined
with Auto Desk Fusion 360 software and all the measured
potentials were converted versus the reversible hydrogen
electrode (RHE) according to the equations given below:

In an alkaline medium (1.0 M KOH, pH = 14 + 0.1) using a
Hg/HgO reference electrode (filled with 0.1 M KOH solu-
tion):

Erne = Engyugo + 0.059 pH + E%hg/ngo
with Eougigo= +0.14 V )

In an alkaline medium (1.0 M KOH, pH = 14 * 0.1) using an
Ag/AgCl reference electrode (filled with saturated KCI solu-
tion):

EruE = Eng/agct + 0.059 pH + Efag/agal
with E0ag/agci= +0.20 V (2)

where Eng/ngo and Eag/agai are the applied potential values
versus the selected reference electrode. Potentials are given
with 5 mV precision and the reference electrodes were con-
trolled every six months*1.

Electrochemical impedance spectroscopy (EIS) meas-
urements were performed at an applied overpotential of 0.1
V for HER and 0.3 V for OER over a frequency range from
100 kHz to 100 mHz (50 frequencies, logarithmic distribu-
tion) at 10 mV amplitude. The long-term stability of the cat-
alytic electrodes was examined using chronopotentiometry
at an applied +50 mA cm? current density. EIS data were
analyzed using the Zview software.

24  Characterizations

Scanning electron microscopy (SEM) images and EDS (En-
ergy Dispersive X-Ray Spectroscopy) elemental mapping
were performed using a IT-300 JEOL microscope and an X-
Max 50 mm?2 EDS detector (Oxford Instruments).

Profilometry measurements were performed using a
Bruker Dektak X profilometer with a Stylus B type tip (12.5
um curvature radius) and tilt angle correction.

ICP-AES (Inductive Coupled Plasma Atomic Emission
Spectroscopy) measurements were performed using a 725
ES Varian station with an argon plasma.

Static water contact angles were measured with an auto-
mated Kriiss Easy Drop goniometer. At least three small
droplets of 2.0 uL of ultra-pure water were dispensed, and
the contact angles were determined using a Tangent 2 fit-
ting model.

Gas chromatography (GC) measurements for the detec-
tion and quantification of the gases produced by electrolysis
were performed with a micro-GC Agilent 990 equipped with
a TCD detector. The column was heated at 145°C, the injec-
tor at 90°C, with Alphagaz 2 Smartop argon (Air Liquide) as
the carrier gas at 29 psi. Sampling time was 50 ms and the
results are obtained in vol. %. For the determination of the
Faradaic efficiency (FE), the apparatus was calibrated with
a gas mixture containing N2 (3%, v/v), CHs (5%, v/v), CO
(10%, v/v), Hz2 (10%, v/v), CO2 (20%, v/v) and He (52%,
v/v) (from GazDetect, UN1954) and air from the laboratory.
A H-type cell perfectly closed was used and degassed under
Ar for 10 min prior to analysis. A current density of #10 mA
cm2 was applied during 1.5 h and one measurement was re-
alized every 10 min. The current density was selected con-
sidering the theoretical gas production to not exceed 10%
of the headspace volume of the cell. The FE was determined
using the gas perfect law and the pressure value measured
by a Vernier sensor. It was expressed versus a reference ma-
terial (Pt for HER and DSA for OER) studied under the same
conditions. We have checked that a 1 cm? Pt sheet or DSA
grid immersed in ca. 100 mL electrochemical cell and polar-
ized at £ 10 mA yielded FEs of 100% for HER and OER, re-
spectively.

2.5  Bubble dynamics

Pictures of the electrode covered with hydrogen bubbles
were acquired at 35 frames per second with a ThorLabs
CS165MU/M camera equipped with a MVL35M23 objective.
Screenshots from the videos were processed using the free-
ware Image | to estimate the average surface coverage and
the size of the bubbles.

3 Results and Discussion
3.1 Characterization of 3D printed binary alloys

The morphological characteristics and composition of 25
cm? 3D printed materials were evaluated by profilometry,
SEM and EDS. First, profilometry measurements revealed
rough surfaces with an average roughness of 5.0 + 1.3 um
irrespective of the composition of the binary alloy. It is
worth emphasizing that high roughness is a main character-
istic of the SLM technique*?. Dimensions of the cylindrical
patterns engraved on the electrode surface ranged from
200 to 300 um for their height, 700 to 800 um and 400 to
500 pm for their vertical and horizontal elongations, respec-
tively (Figure S3). The chemical composition and its homo-
geneity were determined by SEM-EDS at the micrometer
scale (Figure 2). NiCo showed a homogeneous distribution
of Ni and Co elements (Figure S4). The Co content was esti-
mated at 10% from EDS. In contrast, Ni and Fe were not ho-
mogeneously distributed in the NiFe alloy and two phases
were clearly evidenced: i) one phase showing Fe micropar-
ticles of 20-30 um diameter (red large areas in Figure 2) and



i) a second one characterized by um-sized Fe particles in a
Ni matrix (red dots in the green area). The average Fe con-
tent was around 6%.

Figure 2. EDS elemental mapping of NiFe showing the inhomo-
geneous distribution of Ni (blue) and Fe (red).

3.2  Hydrogen Evolution Reaction

321  Electrocatalytic activity and stability

The electrocatalytic activity of the 25 cm? 3D printed elec-
trodes was evaluated in alkaline medium (1.0 M KOH, pH
14) both for HER and OER. Based on the electrochemical
surface area of these electrodes, it is worth emphasizing
that current intensities as high as 1 A could be delivered.

Before the HER process, a reversible redox wave corre-
sponding to the formation and oxidation of nickel hy-
drides*? was observed within the potential range 0.0-0.3 V
vs RHE for the three electrodes (Figure S5). This wave was
followed by the HER one starting below ca. -0.1 V vs RHE
(Figure 3a). NiCo exhibited the highest HER activity, as sup-
ported by the lowest iR-corrected overpotential of 210 mV
measured at 10 mA cm2 (250 mA) (Table 1). This value was
20 and 60 mV lower than those determined for Ni and NiFe,
respectively. Comparable Tafel slopes between 89 (Ni) and
103 mV per decade (NiFe) were determined, in relatively
close agreement with those reported for Ni-based HER cath-
odes studied in alkaline medium 23253544,

Table 1. Key Performance Indicators (KPIs) Measured for
Ni, NiFe and NiCo for Hydrogen Evolution Reaction.

Cathode Ni NiFe NiCo
N4/ mVa 230 270 210
Tafel slope / mV dec-! 89 103 97
Faradaic efficiency / % 88 92 90
Electrolysis-induced potential 100 100 40
change / mV b

Rs/ mQ cm-2¢ 7.2 7.2 9.2
Ret / mQ cm2¢ 280 454 215

T T T T T T T T
oda L 0.00 0.30 b 89 mV dec!
o 104 Loas 20257 103 mv dec
5 = £0.20]
[
27 P00 > 50,15 97 mV dec”
T304 ——NiFe [-075  20.10] —Ni
——NiCo o ——NiFe
-40 T T T -1.00 0.05 ——NiCo
-0.3 -0.2 -0.1 0.0 T T T T T
E/Vvs RHE 35 -3.0 -25 -20 -15

log (j/ A cm?)

Figure 3. a) Ohmic drop-corrected cyclic voltammograms of Ni,
NiFe and NiCo at 5 mV s'1 in KOH 1M. b) Corresponding Tafel
plots.

a HER overpotential at -10 mA cm-2. » After 140 h electrolysis at
-50 mA cm-2.¢At-0.1 Vvs RHE.

In order to gain further insights on the electron transfer
kinetics, EIS measurements were performed at an applied
overpotential of 0.1 V and in the frequency range 105-10-
Hz. The data are presented as plots of the imaginary part
(Z") vs the real part (Z) of the complex impedance (Z=Z' +
iZ") as a function of frequency f (Nyquist diagram). All
Nyquist plots are characterized by a semicircle and can be
reasonably fitted by assuming the equivalent electrical cir-
cuit comprising a resistance (the cell resistance Rs) in series
with the charge transfer resistance (R«) and a constant
phase element (CPE) in parallel (Figure 4a). For this circuit
model, the diameter of the semicircle on the Z' axis corre-
sponds to R« Moreover, CPE is responsible for the defor-
mation of the semi-circle in the diagram due to a frequency
dispersion of the capacitance and accounts for surface inho-
mogeneities such as roughness or structuration*s-47. Con-
sistent with CV data, the Rc: of the NiCo electrode (215 mQ
cm?) was found to be smaller than that calculated for Ni
(280 mQ cm?) and NiFe (454 m{Q cm*?) demonstrating
faster HER charge transfer kinetics (Table 1).

0.3 T T = -0.2
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= Ni —Ni
= NiFe Rs Bct a 03 —— NiFe b
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Figure 4. a) Nyquist plots at-0.1 V vs RHE for Ni, NiFe and NiCo
from 100 kHz to 100 mHz and equivalent electrical circuit used
for fitting (inset). b) Chronopotentiometric curves at -50 mA
cm-2 for Ni, NiFe and NiCo in KOH 1M.

The long-term stability of 3D printed cathodes was exam-
ined at a constant current density of -50 mA cm2 over six
days. The corresponding chronopotentiometric curves
showed that NiCo was stabilized at a less negative potential
(namely -0.33 V vs RHE) with respect to the two other elec-
trodes (Figure 4b). It was also the most robust electrode as
the potential change was only 40 mV after 140 h electroly-
sis, while a potential change of 100 mV was monitored for
Ni and NiFe.

FE for HER was about 90% vs reference Pt for the three
electrodes (Figure S6 and Table 1). This value lower than



100% could be reasonably explained by the large-scale elec-
trodes and the large headspace volume of the cell leading to
unavoidable loss of produced gas. Moreover, it is noticewor-
thy that the temperature of the electrolytic solution in-
creased by 7°C after electrolysis which could also account
for a non- quantitative FE for HER.

322  Bubble dynamics

Among the factors influencing the yield of an electrolyzer,
the efficiency of the release of H2 and Oz bubbles produced
at the cathode and anode, respectively, represents a critical
issue for high-performance electrocatalysis. This problem is
often minimized in laboratory-scale electrochemical cells
by using small electrode surfaces of less than 1 cm?. This
constitutes however a major issue in industry, as bubble
films formed at large scale (a few dozen to a few hundred
tens cm?) electrodes can be more than 1 cm thick, leading to
high Ohmic resistances and mass transfer barriers of the
electrode reactions, and consequently resulting in a strong
enhancement in the electrical power consumption of the
electrolyzer#84°. Consequently, the control of both the nu-
cleation and the flow of gas bubbles is a crucial issue to op-
timize electrolysis process and reduce costs. In that context,
the N. S. Lewis’ group produced some valuable data about
this topic*850. The electrode microstructuring, in the form of
e.g. conic arrays>!, canals52, or microwires>?, and the surface
functionalization5354 have been demonstrated to be prom-
ising approaches to control the aerophobicity of the surface
and thus the bubble release®s.

In this study, photographs have been captured from vid-
eos recorded during the electrolysis of 3D printed cathodes.
Two current densities were selected, namely -1 and -30 mA
cm?, in order to observe the nucleation phase of bubbles
and their detachment from the electrode surface when a
high density of bubbles was electrogenerated. Effects of the
long-term electrolysis on the efficiency of the bubbles re-
lease were also investigated. Globally, the characteristics of
H: bubbles electrogenerated at -1 mA cm on freshly pre-
pared electrodes were not dependent on the nature of the
electrode (Figures 5 and S7). The electrode surface was cov-
ered by about 5% of Hz bubbles and the average radius of
one bubble was 55 + 15 um (determined from the image
processing by the Image] freeware, Figure S8). After a long-
term electrolysis at -50 mA cm2 for 140 h, the photographs
showed a vertically directed bubble cloud with few bubbles
remaining on the electrode surface. This apparent facili-
tated release of Hz bubbles caused by electrolysis was
thought to be ascribed to the enhanced hydrophilicity/aer-
ophobicity of the electrodes. Indeed, the contact angles
measured with KOH 1M for the three electrodes were dra-
matically decreased from ca. 110° to 30° + 5° after electrol-
ysis.

Figure 5. Photographs of the best performing NiCo electrode
for HER at -1 mA cm2 in KOH 1M before (a) and after (b) long-
term electrolysis at -50 mA cm-2 for 140 h.

A plausible reason for the enhanced aerophobicity of the
electrodes could be the formation of nickel hydrides due to
the hydrogen diffusion into Ni, which is commonly observed
for Ni electrodes studied for HER in alkaline medium*3. At -
30 mA cm?, approximately 80% of the micropatterns acted
as coalescence sites of Hz bubbles (Figure S9, movie 1). The
mean bubble departure radius was estimated to be 120 + 30
um. After electrolysis, only 10-15% of the patterns were still
covered by bubbles with unchanged departure radius
(movie 2).

3.23  Post-electrolysis characterizations

Different surface characterization techniques have been
used to monitor the potential morphology and composition
changes of the electrodes caused by 140 h electrolysis at -
50 mA cm. First, post-electrolysis profilometry analysis
confirmed that cylindrical micropatterns geometry and di-
mensions remained unchanged. Some lower atomic number
phases were now visible on NiCo and NiFe to a lesser extent
which were evidenced by the darker areas on the backscat-
tered electron SEM images (Figure 6). The EDS analysis
showed that the metallic composition of the three elec-
trodes was not significantly altered after electrolysis (Table
S1). It was however noticed an increase in the O content and
the presence of potassium varying from 2 at. % (Ni and
NiFe) to 15% (NiCo). These results are consistent with the
adsorption of potassium carbonates on the electrode sur-
face and are not surprising in sofar as such species were sys-
tematically detected for Ni-based HER and OER catalysts
polarized in alkaline KOH medium?'’. Although all the de-
tected elements were homogeneously distributed on the
electrode surface in the case of Ni and NiFe, two distinct
phases could be distinguished for NiCo (Figures $S10-S12).
The Niand Co contents of the majority phase were relatively
close to those before electrolysis while the second one
which was poor in metals and rich in K and O was probably
composed of potassium carbonates. It is obvious that these
two chemically different phases were responsible for the
bright and dark areas, respectively, in the backscattered
electron SEM images (Figure 6).

Finally, the ICP-AES analysis of the electrolytic solution
showed the absence of released metals after electrolysis.

Figure 6. Large-scale backscattered electron SEM images of Ni
(a), NiFe (b) and NiCo (c) after electrolysis at -50 mA cm-2 for
140 h.

3.3 Oxygen Evolution Reaction

3.31  Electrocatalytic activity and stability

The same protocol as that used for HER was followed for
measuring the electrocatalytic activity of the three 3D
printed electrodes for OER. Before OER, a scan rate-depend-
ent reversible redox wave (Ni3*/Ni?*) was first observed for
all anodes between 1.2 and 1.5 V vs RHE, corresponding to



the oxidation of Ni hydroxide to NiIOOH*3 which is the cata-
lytically active species for OER (Figure S5)°¢57. An addi-
tional anodic peak was also visible at ca. 1.2 V for NiCo
which could be also ascribed to the conversion of Co hy-
droxide to its oxyhydroxide form®8. This transition metal
hydroxide/oxyhydroxide redox process was followed by
the OER signal displaying a much larger current density
(Figure 7a). NiFe showed an overpotential for OER of 300
mV at 10 mA cm 2 which was lower than those measured for
Ni and NiCo (~350 mV) (Table 2). The higher efficiency of
NiFe for OER was confirmed by its Tafel slope of 33 mV per
decade (Figure 7b) which was smaller than those of NiCo
(40 mV per decade) and Ni (63 mV per decade). It is worth
noting that such values were in perfect line with those de-
termined for other Ni-based OER electrocatalysts deposited
on nickel foam or stainless steel3544,
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Figure 7.a) Ohmic drop-corrected cyclic voltammograms of Ni,
NiFe, and NiCo at 5 mV s1 in KOH 1M. b) Corresponding Tafel
plots.

Table 2. KPIs Measured for Ni, NiFe and NiCo for Oxygen
Evolution Reaction.

Anode Ni NiFe NiCo
Nygo / MV a 350 300 360
Tafel slope / mV dec-! 63 33 40
Faradaic efficiency / % 100 100 100
Electrolysis-induced potential 90 30 100
change / mV b

Rs / mQ cm-2¢ 6.0 7.2 7.2
Ret / mQ cm2¢ 20.0 6.0 87.2

a OER overpotential at +10 mA cm-2. b After 140 h electrolysis
at +50 mA cm2 ¢At 1.5 V vs RHE.

Faster OER charge transfer kinetics of NiFe was also as-
sessed by the Rc value of 6.0 mQ cm? extracted from
Nyquist plots which was much smaller than those deter-
mined for Ni (20.0 mQ cm-?) and NiCo (87.2 m(Q cm2) (Fig-
ure 8a). Additionally, NiFe showed a relatively good cata-
lytic stability under operation. Long-term electrolysis at
+50 mA cm2 for 140 h revealed that NiFe was the most ro-
bust anode as the potential change was only 30 mV after
140 h electrolysis, while potential changes of 90 and 100
mV were monitored for Ni and NiCo, respectively (Figure
8b).

FE for OER was 100% vs reference DSA for the three elec-
trodes (Figure S13). Nevertheless, it can be noticed that the
FE of DSA was only 83% vs the theoretical FE calculated
from the consumed electrical charge. This discrepancy can
be reasonably explained by the large headspace volume and

the increase in the electrolyte temperature during electrol-
ysis, as mentioned before for HER.
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Figure 8. a) Nyquist plots at 1.5 V vs RHE for Ni, NiFe and NiCo
from 100 kHz to 100 mHz. b) Chronopotentiometric curves at
+50 mA cm2 for Ni, NiFe and NiCo in KOH 1M.

3.32  Bubble dynamics

Globally, the surface coverage of Oz bubbles electrogener-
ated at +1 mA cm was lower than that of Hz bubbles (Fig-
ures 9 and S14) which is quite logical given that two moles
of Hz are produced for one mole of Oz in the overall water
splitting. Furthermore, the mean bubble nucleation and de-
parture radii were not significantly different from those es-
timated for HER (Figure S15). After a long-term electrolysis
at +50 mA cm? for 140 h, the bubbles were more easily re-
leased from the electrode surface, as a result of the in-
creased hydrophilicity /aerophobicity of the electrodes. In-
deed, similar to HER, the contact angles measured with KOH
1M for the three electrodes were decreased from ca. 110° to
30° + 5° after electrolysis. Such a trend can be explained by
the formation of metal hydroxides/oxyhydroxides during
the electrolysis®®. At +30 mA cm?, very few bubbles were
observed on the electrode surface either before or after
electrolysis (Figure S16, movies 3 and 4). Moreover, a care-
ful examination of bubbles photographs showed that the
flow of released Oz bubbles was higher for NiFe and NiCo
than for Ni at both +1 and +30 mA cm2.

e

Figure 9. Photographs of the best performing NiFe electrode
for OER at +1 mA cm-2 in KOH 1M before (a) and after (b) long-
term electrolysis at +50 mA cm-2 for 140 h.

3.3.3  Post-electrolysis characterizations

As for HER, the profilometry analysis of the three elec-
trodes after 140 h electrolysis at +50 mA cm-2 showed no
significant changes in the engraved micropatterns geome-
try and dimensions. A slight decrease in the content of Ni
was observed for Ni and NiFe whereas the metallic compo-
sition of NiCo remained stable (Table S2). The analysis by
ICP-AES of the electrolytic solution after electrolysis re-
vealed that metallic Ni was released from the Ni and NiFe
electrodes at the level of traces, i.e 60-200 ppm. Consistent
with these findings, chemically different phases were
clearly evidenced by backscattered electron SEM for Ni (Fig-
ure 10). The darker areas corresponded to phases richer in
0 and poorer in Kin the EDS map (Figure S17) and therefore
could be reasonably ascribed to Ni oxides. In contrast, all the



detected elements were globally homogeneously distrib-
uted on the NiFe and NiCo surfaces (Figures S18 and S19).

Figure 10. Large-scale backscattered electron SEM images of
Ni (a), NiFe (b) and NiCo (c) after electrolysis at +50 mA cm-2
for 140 h.

4 Conclusion

To sum-up, ca. 25 cm? cylindrical Ni, NiFe and NiCo elec-
trodes were fabricated by 3D printing technique and their
electrocatalytic performance for alkaline HER and OER was
evaluated. Nearly cylindrical micropillars engraved on the
electrode surface acted as preferential sites for the nuclea-
tion of the electrogenerated gas bubbles. Regarding HER,
NiCo was found to be the most efficient and the most stable
electrode when studied in operation during electrolysis at -
50 mA cm? (-1.25 A) over 140 h. Compared with Ni and
NiFe, this result was somewhat surprising if one considers
that the chemical composition of this material was the most
strongly modified after electrolysis with a higher propor-
tion of adsorbed potassium carbonates in particular. For the
other half-reaction, NiFe showed a superior OER activity
and stability in operation. Furthermore, the chemical com-
position of the bimetallic alloys was not significantly
changed after 140 h electrolysis at +50 mA cm2. Interest-
ingly, electrolysis was found to be beneficial for enhancing
the hydrophilicity /aerophobicity of the electrodes and thus
facilitating the detachment of the Hz or Oz bubbles.

This work constitutes a first promising step towards prac-
tical and industrially relevant functional electrodes able to
deliver current intensities higher than 1 A for electrolytic
water splitting. By taking the advantage of the versatility of
the SLM technique, other Ni-based bi- and trimetallic alloys
with different geometry and structuring will be envisaged
in order to enhance the catalytic performance and stability
in operation. In that context, the resolution of the engraved
micropatterns is still low and needs to be increased in the
future to reach the micrometer scale. This is a necessary
step to finely control the flow and the detachment of the
electrogenerated gas bubbles, and consequently the effi-
ciency of the electrolyzer. Work in this stimulating direction
is currently in progress.
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